
Introduction

Rice water weevil (RWW), Lissorhoptrus 
oryzophilus, is a destructive pest of rice belonging 
to Coleoptera, Curculionidae, Erirhininae, and 
Lissorhoptrus. RWW is listed by the International 

Union for Conservation of Nature as one of the  
100 most threatening invasive species worldwide  
[1, 2]. In China, RWW is listed as a national agricultural 
plant quarantine pest. Adult RWW feed on the leaves  
of rice plants, leaving narrow feeding scars parallel  
to the venation of the leaves. The larvae feed in the 
roots of rice or directly bite off the rice roots [3-5]. 
The damage caused by RWW to rice reduces yield by 
20%~30% [6]. It is a great threat to rice production in 
China.
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Abstract

As an agricultural pest, the rice water weevil (RWW), Lissorhoptrus oryzophilus, poses a severe 
threat to agriculture in China. This study aimed to predict the suitable distribution of the RWW  
in China under current and future climatic conditions based on MaxEnt model with tuning parameters. 
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China and southern China. There was considerable overlap between the suitable areas of RWW and rice 
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significantly. The centroid migration in the suitable areas of RWW showed a trend of moving eastward 
and northward. The results of this study can provide theory and data support for the monitoring, early 
warning and control of RWW.
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RWW originated in the Mississippi River valley of 
south-central North America. It had spread to North 
America, Central America, South America, Asia 
and Europe [7-10]. In China, it was first discovered 
in Tanghai County, Hebei Province, in 1988, and it 
gradually spread throughout the country [11]. The 
spread of RWW in China can be divided into two 
stages: the sporadic spread stage from 1988 to 1996 and 
the distribution of RWW concentrated in Bohai Bay and 
the southeastern coastal area. Since 2001, it has been 
spreading rapidly from coastal areas to inland provinces 
[12]. By 2021, RWW had spread to 450 counties  
in 25 provinces in China [13]. Considering its rapid 
spread, we should pay more attention to the monitoring 
and control of RWW.

The supercooling point of overwintering RWW 
adult is -15.3~-21.2ºC, and the freezing point  
is -14~-18.6ºC, demonstrating the resistance of RWW 
to intense cold. When the temperature rises above 10ºC 
in early spring, overwintering adult begin to revive. 
When the temperature rises above 15ºC, diapause 
terminates, and they begin to feed [14-16]. From mid to 
late April, they gradually move to rice seedling fields or 
the weeds beside ditches. From late April to early May, 
immediately after early rice transplanting, they begin 
to migration to the paddy filed. Annual temperature 
changes cause the migration peak of overwintering 
adults to vary. In particular, the impact of precipitation 
on temperature significantly affect the main migration 
peak in April and May [17]. Therefore, temperature and 
precipitation are two important factors affecting the 
activities of RWW.

Potential distribution analysis, especially 
scientifically predicting the potential area and spread 
trend, is a prerequisite for the risk assessment, rational 
quarantine measures and scientific control of a pest [18]. 
The CLIMEX, ArcView and MaxEnt models were used 
to predict the suitable area of RWW in China [12, 19, 
20]. However, RWW has continued to spread in China. 
The latest distribution of RWW indicated a significant 
change.

Due to the continuous increase in CO2 and other 
greenhouse gas emissions and the impacts of human 
activities, the trend of global climate change has 
become more obvious. Insects are poikilotherms, and 
global climate change has both direct and indirect 
impacts on their growth and development, metabolic 
rate, survival, reproduction, migration and diffusion  
[21-25]. This can affect the geographical distribution  
of insects [26]. Previous study showed that as the global 
climate warmed up, pests spread from low latitudes  
to high latitudes and from low altitudes to high  
altitudes [27-29]. In addition, climatic factors tend 
to affect the growth of crops, resulting in changes in 
the phenological synchronicity of the species, which 
also changes the suitable distribution of insects [30]. 
However, there is still a gap on the potential distribution 
areas of RWW under future climatic conditions. 

In this study, we used the RWW distribution data 
issued by the Ministry of Agriculture and Rural Affairs 
in the People’s Republic of China in 2021 and optimized 
the MaxEnt model for forecasting the potential 
distribution areas of RWW under the current and future 
scenarios of SSP126 (belonging to the low forcing 
scenario, where the radiative forcing will stabilize at 
approximately 2.6 W/m2 in 2100), SSP245 (belonging 
to the moderate radiative forcing scenario, where  
the radiative forcing will stabilize at approximately 
4.5 W/m2 in 2100) and SSP585 (belonging to the high 
forcing scenario, where the radiative forcing will reach 
8.5 W/m2 by 2100) in the 2030s, 2050s, 2070s and 
2090s [31]. This study will provide a reference for the 
monitoring, early warning and effective prevention and 
control of RWW.

Experimental

Data Sources and Processing

Basic geographic data were downloaded from the 
National Geomatics Center of China (http://ngcc.sbsm.
gov.cn/).

Host distribution data: Following the research by 
Liu et al. [32] on the results of rice cropping regions in 
China, we used ArcGIS10.4 (https://www.esri.com/) to 
extract the distribution data of rice in China (Fig. 1).

Species Occurrence Data: According to The National 
Agricultural Plant Quarantine Pests Administrative 
Region List issued by the Ministry of Agriculture and 
Rural Affairs of the People’s Republic of China in 2021, 
RWW was distributed in 450 counties in 25 provinces 
in China. The occurrence points were extracted by the 
Baidu coordinate picking system (http://api.map.baidu.
com/lbsapi/getpoint/index.html), and 450 occurrence 
points of RWW were obtained. To avoid the overfitting 
of occurrence points that influence the model predicted 
results, we used ENMTools v1.3 (http://purl.oclc.org/
enmtools) software to filter species occurrence points. 
ENMTools sampled from grid files and filtered points in 
each grid cell so that only 1 suitable point was retained 
[33]. After filtering, 444 occurrence points remained 
(Fig. 2).

Environmental Data: The environmental data 
were downloaded from the WorldClim data website 
(WorldClim, https://www.worldclim.org/). We 
selected WorldClim 2.1 climate data for research. 
The current environmental data included 19 
environmental variables from 1970 to 2000. Future 
environmental data covered 19 environmental 
variables in the 2030s (2021-2040), 2050s (2041-2060), 
2070s (2061-2080), and 2090s (2081-2100) under  
the SSP126, SSP245 and SSP585 scenarios in the  
BBC-CSM2-MR climate model [34]. The spatial 
resolution of the environmental data was 2.5 min. 
Nineteen environmental variables and RWW occurrence 
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data after filtering were imported into the MaxEnt 
model (version 3.4.1, http://biodiversityinformatics.
amnh.org/open_source/maxent) for modeling and 
analysis. First, variables with contribution scores  
<5% in MaxEnt were discarded. Then, ENMTools was 
used for correlation analysis of environmental variables. 
Finally, with the contribution rate as the standard, 
the variables with a low contribution rate among the 
variables with a Pearson correlation value ≥0.7 were 
deleted.

MaxEnt Model Optimization

Based on the filtered species occurrence data and 
environmental variables, the ENMeval (Version 0.3.1, 
https://CRAN.R-project.org/package=ENMeval) packet 

was run in R 3.6.3 to optimize the regularization 
multiplier (RM) and feature combination (FC) 
parameters which were closely related to the complexity 
of MaxEnt model. MaxEnt has 5 FC: linear-L, 
quadratic-Q, hinge-H, product-P and threshold-T [35]. 
Appropriate RM and FC parameters can improve the 
performance of MaxEnt to avoid overfitting of the model 
predicted results [36]. The Akaike information criterion 
(AIC) is a standard method to measure statistical model 
fitting [37]. AIC gives priority to the model with the 
lowest AICc value [38]. In this study, RM was set to 
0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0, and FC included 
6 combinations of L, LQ, H, LQH, LQHP and LQHPT 
[39, 40]. Finally, the combination of RM and FC with  
a delta AICc value <2 or = 0 was selected as the Maxent 
model parameters [41].

Fig. 1. The distribution of rice cropping regions in China. Based on Liu et al. [30]; ArcGIS10.4 was used to extract the distribution data 
of rice in China.

Fig. 2. The RWW occurrence points in China after filtering by ENMTools to avoid the overfitting of occurrence points that influence the 
predicted results. 444 occurrence points remained.
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Potentially Suitable Areas

The filtered RWW occurrence data, environmental 
variables and parameters of RM and FC were imported 
into MaxEnt model. The random test percentage was 
set to 25, indicating that 75% of the occurrence points 
were randomly selected as the training set, while the 
remaining 25% were used as the test set. This process 
was repeated 10 times. The suitable areas in the current 
period and the 2030s, 2050s, 2070s, and 2090s under 
the SSP126, SSP245, and SSP585 scenarios were 
predicted. The receiver operating characteristic (ROC) 
curve and the AUC value were used to evaluate the 
MaxEnt model. For the AUC value range from 0.5 to 
1, the output showing 0.5≤AUC≤0.6 was considered 
to have no predictive ability; 0.6<AUC≤0.7 had a poor 
predictive ability; 0.7<AUC≤0.8 had a general predictive 
ability; 0.8<AUC≤0.9 had a moderate predictive ability; 
and 0.9<AUC≤1.0 had a high predictive ability [42]. 
The jackknife test was used to assess the relative 
importance of different environmental variables. 
According to the response of species distribution 
probability to environmental variables, we analyzed the 
suitability thresholds of major environmental variables 
that controlled the potential distribution of species. 
The *.asc format file resulting from the MaxEnt model 
was imported into ArcGIS10.4 for mask extraction and 
reclassification. The 10th percentile training presence 
logistic threshold was selected as the threshold value to 
define the existence of species [42]. Finally, four classes 
of suitability were determined as follows: unsuitable 
area (P<0.43), low suitable area (0.43≤P<0.54), 
moderately suitable area (0.54≤P<0.67), and highly 
suitable area (P≥0.67).

Analysis of Centroid Migration

The *.asc format files of current and future climate 
conditions were imported into ArcGIS10.4. SDMtoolbox 
(Version 2.4, http://www.sdmtoolbox.org/downloads) 
which was loaded into ArcGIS10.4 for analyzing the 
centroid migration between the current and future 
climatic conditions. The computational geometry in 
ArcGIS10.4 was used to find the coordinates of the 
centroids. The distance between two centroids was 
calculated by proximity analysis in ArcGIS10.4. 

Results and Discussion

MaxEnt Model Optimization Results

The regularization multiplier (RM) and feature 
combination (FC) in the Maxent model were optimized 
based on the ENMeval package in R. The results 
showed that the parameters that confirmed delta  
AICc = 0 were RM = 1.5, FC = LQ (linear and 
quadratic), and RM = 4, FC = LQ (linear and quadratic) 
(Fig. 3). When RM = 1.5, the AUC value was 0.9765, 
and when RM = 4, the AUC value was 0.9809. The 
higher the AUC value was, the better the accuracy of 
the model prediction. Therefore, the model parameters 
RM = 4 and FC = LQ were used for simulating the 
potential distribution of RWW.

Model Evaluation Results

ROC curves were used to test the accuracy of the 
predicted suitable area of RWW by MaxEnt model. 

Fig. 3. The regularization multiplier (RM, set to 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0) and feature classes (FC, included 6 combinations 
of L, LQ, H, LQH, LQHP and LQHPT) of RWW in the Maxent model. The black dashed arrow indicates delta AICc = 0, at this time, 
RM = 1.5, FC = LQ and RM = 4, FC = LQ.
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After 10 simulations, the AUC value was 0.968 
under the current climatic conditions, and these AUC 
values ranged from 0.969 to 0.976 under the future 
climatic conditions; all were greater than 0.9 (Table 1). 
According to the evaluation criteria of the ROC curve, 
the accuracy of prediction were “very good”, and the 
predicted distribution of the model fit well with the 
actual distribution of species.

Importance Analysis of Environmental Variables

The contribution rate and Pearson correlation 
analysis were used to select environmental variables. 
The contribution rate of precipitation of the warmest 
quarter (Bio18) was highest, accounting for 56.9%, 
followed by temperature seasonality (Bio4), mean 
temperature of the coldest quarter (Bio11) and 
precipitation seasonality (Bio15), accounting for 16.2%, 
6.8% and 5.8%, respectively (Table 2). The importance 

of 4 environmental variables following 10 repetitions 
was shown in the jackknife test figure (Fig. 4). The 
longer the blue bar is, the more influential the variable 
is on the species distribution, and the shorter the green 
bar is, the more information the variable has compared 
to others. The maximum gain was obtained when Bio11 
was used alone, followed by Bio18, Bio15, and Bio4. The 
gain was minimal when Bio4 was used alone. When 
Bio11 was removed, the reduced gain was maximum, 
followed by Bio18. Therefore, Bio11 and Bio18, which 
contained more information than the other variables, 
were the dominant environmental variables effected the 
distribution of RWW.

The response curves between the dominant 
environmental variables Bio4, Bio11, Bio15, and Bio18 
and the distribution probability were drawn (Fig. 5). 
The results indicated that the suitable range of 
temperature seasonality (Bio4) was 652~1308. The 
optimum range for the mean temperature of the coldest 
quarter (Bio11) was -9.1~9.2ºC. When the temperature 
was -9.1~1.3ºC, the distribution probability increased 
with increasing temperature. When the temperature 
was 1.3~9.2ºC, the distribution probability decreased 
with increasing temperature. The suitable range of 
precipitation seasonality (Bio15) was 58~123. When 
the coefficient was 58~99, the distribution probability 
increased with the increasing coefficient. Afterward, the 
coefficient continued to increase, the change was more 
drastic, and the distribution probability decreased. The 
suitable range of precipitation of the warmest quarter 
(Bio18) was 404~3534 mm. When the precipitation of 
the warmest quarter was 404~3147 mm, the distribution 
probability increased with increasing precipitation. 
When the precipitation was 3147~3534 mm, 
the distribution probability of RWW decreased with 
increasing precipitation, and the reduction was large.

Potential Distribution of RWW under 
the Current Climatic Conditions.

The total suitable area of RWW in China was 
391.0698 million hm2, accounting for 40.77% of China’s 
total area (Fig. 6, Table 3). The suitable areas were 
mainly distributed in east China, central China and 
south China, with a few distributions in other regions. 
Unsuitable areas, low suitable areas, moderately 
suitable areas and highly suitable areas accounted for 
59.23%, 18.29%, 14.01% and 8.47% of China’s total 
area, respectively. The highly suitable areas were 
mainly distributed in Shandong, Liaoning, Hebei and 
Anhui Province. Shandong Province covered the largest 
highly suitable areas, accounting for 18.83%. Liaoning 
Province and Hebei Province accounted for 14.87% 
and 13.52%, respectively. The moderately suitable 
areas were mainly distributed in Hubei, Guangxi 
Zhuang Autonomous Region, Sichuan and Zhejiang 
Province. Among them, Hubei Province had the largest 
moderately suitable area, accounting for 10.69%.  
The Guangxi Zhuang Autonomous Region and 

Table 1. The AUC value simulated by the MaxEnt model under 
different climate scenarios.

Climate Scenarios AUC

Near current 0.968

2021-2040 SSP126 0.969

2041-2060 SSP126 0.973

2061-2080 SSP126 0.976

2081-2100 SSP126 0.975

2021-2040 SSP245 0.975

2041-2060 SSP245 0.974

2061-2080 SSP245 0.973

2081-2100 SSP245 0.973

2021-2040 SSP585 0.975

2041-2060 SSP585 0.976

2061-2080 SSP585 0.974

2081-2100 SSP585 0.975

Table 2. Percent contribution and permutation importance of 
environmental variables to model simulations. Bio4: temperature 
seasonality; Bio11: mean temperature of the coldest quarter; 
Bio15: precipitation seasonality; Bio18: precipitation of the 
warmest quarter.

Variable Percent contribution 
(%)

Permutation 
importance

 Bio18 56.9 10.9

Bio4 16.2 0.7

Bio15 6.8 1.8

Bio11 5.8 13.3
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Sichuan Province accounted for 9.43% and 8.37%, 
respectively. The low suitable areas were mainly 
distributed in Xinjiang Uygur Autonomous Region, 
Inner Mongolia Autonomous Region, Guizhou, 
Guangdong and Shannxi Province. Among them, 
Xinjiang Uygur Autonomous Region had the largest 
area of low suitability, accounting for 22.12% of the 
total area of low suitability. The second was the Inner 
Mongolia Autonomous Region, accounting for 12.83%.  
The unsuitable areas were mainly distributed in the 

Xinjiang Uygur Autonomous Region, Tibet Autonomous 
Region, Inner Mongolia Autonomous Region, Qinghai, 
Gansu, Yunnan and Heilongjiang Province. The 
Xinjiang Uygur Autonomous Region had the largest 
unsuitable areas, followed by the Tibet Autonomous 
Region and Inner Mongolia Autonomous Region, which 
accounted for 21.22%, 20.24% and 15.36% of the total 
area of unsuitable areas, respectively.

The RWW distribution area had a high degree 
of overlap with rice cropping regions in China.  

Fig. 4. Jackknife analytical results showed the most influential environmental variables predicting potentially suitable distribution areas 
of RWW in China. Blue bar represents the regularized training gain for models using a single variable only; Green bar represents the 
jackknife without that single variable; Red bar represents the jackknife with all variables.

Fig. 5. Response curves between the distribution probability of RWW and environmental variables. a) temperature seasonality (Bio4), 
b) mean temperature of the coldest quarter (Bio11), c) precipitation seasonality (Bio15), d) precipitation of the warmest quarter (Bio18). 
Blue margins show±SD calculated over 10 replicates.
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trend of decreasing first and then increasing. Compared 
with the current values, the unsuitable area would 
decrease by 9.74% (2030s) and increased by 11.14% 
(2050s), 7.59% (2070s), and 7.61% (2090s). The change 
in the low suitable area showed a decreasing trend, and 
the decreasing range gradually increased. The area 
would decrease by 11.58% (2030s), 37.62% (2050s), 
55.92% (2070s) and 54.28% (2090s). The change in 
the moderately suitable area would first increase and 
then decrease. It would increase by 27.77% (2030s) and 
decrease by 15.71% (2050s), 10.86% (2070s), and 7.12% 
(2090s). The change in the highly suitable area would 
increase gradually. It would increase by 47.23% (2030s), 
29.35% (2050s), 85.75% (2070s) and 75.81% (2090s).

Under the SSP245 scenario, from the present to 
the 2090s, the unsuitable area of RWW showed an 
overall trend of first increasing and then decreasing. 

The suitable areas of RWW were mainly distributed 
in southern China double cropping rice region, central 
China double single cropping rice region and eastern 
China cropping rice region. The highly suitable areas 
were mainly distributed in the central and eastern 
China rice regions (Fig. 7).

Potential Distribution of RWW under Future 
Climatic Conditions

The suitable area of RWW would increase, and the 
highly suitable area would increase the most, while the 
low suitable area and moderately suitable areas would 
decrease under different scenarios and periods in the 
future (Figs 8, 9, Table 4).

Under the SSP126 scenario, from the present to 
the 2090s, the change in the unsuitable area showed a 

Fig. 6. The potential distribution area of RWW in China under current climatic conditions.

Fig. 7. The potential distribution area of RWW in China based on a comprehensive analysis of the predicted results of the model under 
current climatic conditions and rice-cropping regions. non-growing regions were classified as unsuitable areas for RWW.
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Compared with the current values, the increases would 
be 10.44% (2030s) and 5.08% (2050s), and the decreases 
would be 7.22% (2070s) and 13.7% (2090s). The low 
suitable area showed a decreasing trend, decreasing by 
45.71% (2030s), 59.47% (2050s), 18.06% (2070s) and 
25.35% (2090s). The moderately suitable area would 
first decrease, then increase and finally decrease, 

decreasing by 22.94% (2030s), increasing by 17.12% 
(2050s), and decreasing by 11.46% (2070s) and 2.48% 
(2090s), respectively. The change in the highly suitable 
area showed an increasing trend over a large range. 
Compared with the current area, the highly suitable 
area would increase by 63.74% (2030s), 64.69% (2050s), 
108.55% (2070s) and 154.79% (2090s).

Fig. 8. Changes of unsuitable area, low suitable area, moderately suitable area and highly suitable area of RWW under three different 
climate scenarios (SSP126, SSP245, and SSP585) in the 2030s, 2050s, 2070s and 2090s. 
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Under the SSP585 scenario, from the present to the 
2090s, the unsuitable area of RWW would first increase 
and then decrease, increasing by 9.47% (2030s) and 
3.87% (2050s) and decreasing by 30.04% (2070s) and 
17.53% (2090s). The low suitable area would decrease, 

decreasing by 57.57% (2030s), 65.61% (2050s), 31.37% 
(2070s) and 17.53% (2090s). The moderately suitable 
area would first decrease, then increase and finally 
decrease. Compared with the current situation, the area 
would decrease by 7.22% (2030s) and 23.25% (2050s), 

Fig. 9. The future potential distribution of RWW under the SSP126, SSP245, and SSP585 climate scenarios by 2030s, 2050s, 2070s 
and 2090s. A:SSP126-2030s; B: SSP126-2050s; C: SSP126-2070s; D: SSP126-2090s; E: SSP245-2030s; F:SSP245-2050s; G:SSP245-
2070s; H: SSP245-2090s; I: SSP585-2030s; J: SSP585-2050s; K: SSP585-2070s; L: SSP585-2090s.
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increase by 25.69% (2070s) and decrease by 15.29% 
(2090s). The highly suitable area showed an increasing 
trend with a large range, increasing by 70.13% (2030s), 
153.73% (2050s), 236.34% (2070s) and 275.95%  
(2090s).

The unsuitable area would decrease the most under 
the SSP585 scenario in the 2070s and 2090s and 
would increase the most under the SSP126 scenario in 
the 2050s and SSP245 scenario in the 2030s. Under 
the SSP585 scenario in the 2030s and 2050s and the 
SSP245 scenario in the 2050s, the low suitable area 
would decrease the most. The moderately suitable area 
would decrease the most under the SSP245 scenario in 
the 2030s and the SSP585 scenario in the 2050s and 
would increase the most under the SSP126 scenario  
in the 2030s. The highly suitable area would increase 
the most under the SSP585 scenario in the 2070s and 
2090s.

Centroid Migration of RWW in Suitable Areas 
under Future Climatic Conditions

According to Fig. 10 and Table 5, the centroid of 
RWW in China was located in Henan Province under 
current climatic conditions. 

Under the SSP126 scenario, the centroid of the 
RWW suitable area would migrate northwestward to the 
southern of Shanxi Province by the 2030s. By the 2050s, 
it would continually move southeastward. By the 2070s, 
the centroid of RWW would move southwestward. From 
the 2070s to the 2090s, it would migrate northwestward 
to the southern of Shandong Province. 

Under the SSP245 scenario, the centroid would 
migrate northeastward from Henan to southern 
Shandong by the 2030s. From the 2050s to the 2070s, 
the centroid  would move southwestward, then 
northwestward. By the 2090s, the centroid would 
migrate to the northern of Henan Province. 

Under the SSP585 scenario, from the present to the 
2050s, the centroid would migrate southeastward to 
Shandong Province. By the 2070s, the centroid would 
migrate northwestward. By the 2090s, it would migrate 
southeastward to the Shandong Province. 

Comparing the current and 2090s, the centroid 
of RWW suitable area would migrate eastward and 
northward in all three scenarios.

Discussion

As an agricultural pest, RWW poses a threat to 
China’s agricultural production, especially to rice 
[43]. RWW has continued to spread in China. Climate 
change broadens the suitable areas of insects and 
promotes the invasion and colonization of insects to 
other regions [44, 45]. At the same time, climate change 
also affects the suitable areas of plants, and changes  
in host plant distribution can also have a certain  
impact on the distribution of insects [46, 47]. There is  
a gap in the research on the suitable area of RWW 
under future climatic conditions. Therefore, it is of  
great significance to explore the effects of climate 
change on the distribution of RWW and to formulate 
quarantine measures for monitoring and warning of 
RWW.

Table 4. Prediction of the area (ten thousand hm2) and rate of change (%) of different RWW suitable areas in China under future climate 
conditions.

Climate Scenarios

Unsuitable area Low suitable area Moderately suitable area Highly suitable area

Area
(ten thousand 

hm2)

Rate of 
change 

(%)

Area
(ten thousand 

hm2)

Rate of 
change 

(%)

Area
(ten thousand 

hm2)

Rate of 
change 

(%)

Area
(ten thousand 

hm2)

Rate of 
change 

(%)

Current 56817.73 17552.92 13435.44 8118.62

SSP126 2030s 51284.61 -9.74 15519.89 -11.58 17167.09 27.77 11953.12 47.23

2050s 63148.27 11.14 10949.47 -37.62 11325.32 -15.71 10501.64 29.35

2070s 61131.45 7.59 7736.76 -55.92 11976.49 -10.86 15080.01 85.75

2090s 61146.85 7.61 8025.57 -54.28 12478.83 -7.12 14273.46 75.81

SSP245 2030s 62750.1 10.44 9528.62 -45.71 10352.82 -22.94 13293.17 63.74

2050s 59705.06 5.08 7113.63 -59.47 15735.15 17.12 13370.87 64.69

2070s 52714.64 -7.22 14382.65 -18.06 11896.37 -11.46 16931.06 108.55

2090s 49033.32 -13.70 13103.34 -25.35 13102.65 -2.48 20685.4 154.79

SSP585 2030s 62199.3 9.47 7448.47 -57.57 12464.9 -7.22 13811.95 70.13

2050s 59017.56 3.87 6035.74 -65.61 10311.64 -23.25 20599.77 153.73

2070s 39749.73 -30.04 11982.54 -31.73 16886.58 25.69 27305.85 236.34

2090s 46859.03 -17.53 7162.08 -17.53 11381.74 -15.29 30521.86 275.95
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MaxEnt, CLIMEX and ArcView were used to study 
the suitable areas of RWW [12, 19, 20]. The MaxEnt 
model can complete the simulation analysis of the 
suitable area of RWW under current and future climatic 
conditions, and the prediction results are stable, reliable, 
and easy to interpret. It has been widely applied to 
various species [48,49]. However, the default parameters 
of the MaxEnt model were predominantly used in 
previous studies, which could lead to excessive model 
fitting [50, 51]. To solve this problem, adjusted RM 
and FC parameters in the MaxEnt model would reduce 
the complexity and model overfitting in the species 
distribution [52, 53]. This study used the ENMeval 
packet based on R developed by Muscarella et al. 
[36] to optimize the MaxEnt model parameters. We 
evaluated the complexity of the MaxEnt model by using 

AIC values (AICc) and selected a combination of delta 
AICc = 0 to improve the prediction ability of MaxEnt 
and reduce the influence of the overfitting of the model 
to species distribution points [54].

In this study, the optimized MaxEnt model and 
ENMTools were used to conduct correlation analysis 
and jackknife tests on 19 bioclimatic variables. The 
results showed that the temperature seasonality (Bio4), 
mean temperature of the coldest quarter (Bio11), 
precipitation seasonality (Bio15), and precipitation of 
the warmest quarter (Bio18) were most closely related 
to the RWW distribution. Li et al. [55] showed that 
the occurrence period of RWW was closely related 
to the annual temperature change. The temperature 
change from April to May affects the occurrence 
period of overwintering adults and first-generation 

Fig. 10. Centroid movement of RWW under the SSP126, SSP245, and SSP585 climate scenarios  by 2030s, 2050s, 2070s and 2090s. 
Climate scenarios were distinguished by different color line: the SSP126 was displayed by a red line, SSP245 was displayed by a blue 
line and SSP585 was displayed by a green line. a) Movement of the centroid of RWW in China; b) Enlarged view of the red box in A.

Climate Scenarios Period
Centroid Coordinates

Direction Displacement (km)
Longitude (oE) Latitude (oN)

Current 112.9027 33.4177

SSP126

2030s 112.2306 35.8039 Northwest 25.98

2050s 116.3453 35.5967 Southeast 39.76

2070s 115.9244 34.3046 Southwest 14.16

2090s 115.8261 35.0372 Northwest 7.78

SSP245

2030s 116.3700 34.9535 Northeast 37.20

2050s 115.9678 34.6373 Southwest 5.11

2070s 115.4090 35.9309 Northwest 14.57

2090s 114.6736 36.1056 Northwest 7.32

SSP585

2030s 115.8617 33.8838 Southeast 28.98

2050s 116.6615 35.6125 Southeast 19.77

2070s 111.9170 37.4954 Northwest 49.71

2090s 116.1352 36.8480 Southeast 41.23

Table 5. Shift centroid coordinates, distance and direction of the Centroids of RWW under different future climatic conditions.
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larvae. In the second half of April, RWW begin to 
migrate into the early rice field. The time of peak 
migration is also correlated with temperature [56], 
and precipitation affects air temperature, especially 
during April and May. Rain leads to low temperatures, 
which delay the occurrence of overwintering adults 
and the main migration peak. In contrast, low rainfall 
and high temperature lead to an earlier occurrence of 
overwintering adults and the main migration peak. 
In this study, precipitation of the warmest quarter 
(Bio18), <404 mm or >3534 mm, was not suitable for 
the survival of RWW. Therefore, too little or too much 
precipitation influences air temperature, which then 
affects the growth and development of RWW and their 
migration time, thus affecting their distribution area.

Rice is the main host plant of RWW, and its 
distribution has a specific influence on the distribution 
of RWW [57]. Rice cropping regions are mainly 
distributed in central China, south China, east China 
and northeast China, with sporadic planting in 
northwest China [58, 59]. This result suggested that 
there was considerable overlap between the suitable 
area of RWW and rice cropping regions in China. Our 
results were approximately the same as Qi et al. [12]. 
However, the distributions of low, moderately and 
highly suitable areas were different. These differences 
may be attributed to the different environmental 
variables and model parameters of MaxEnt.

In this study, the total suitable area of RWW under 
future climatic conditions would increase, showing  
a trend of eastward and northward migration.  
The highly suitable area would increase most 
significantly, and the trend of northern expansion would 
be obvious. However, the moderately suitable areas 
would show a decreasing trend overall. The diffusion 
of the moderately suitable area would mainly occur in 
south China. The decreasing trend of the low suitable 
area would be more obvious than that of the moderately 
suitable area, and the low suitable area would mainly 
change into the moderately suitable area and the 
highly suitable area in the future. The analysis of the 
centroid migration of RWW showed that the centroid 
could migrate to the east and north in the future, 
though the northern trend would be more obvious. The 
centroid would migrate from Henan Province to Anhui, 
Shandong, Hebei and Shanxi Province. The potential 
planting boundary of single- and double-cropping rice 
in China would move significantly northward due to 
climatic warming [60], and the suitable distribution area 
of RWW would also moving northward. Therefore, the 
RWW may cause economic losses due to its widespread 
northern trend.

In conclusion, the management of RWW invasion 
should be strengthened in rice cropping regions. 
Physical, chemical and biological control measures 
should be adopted to contain any increased risk. 
Quarantine measures should be strengthened, and 
strict management measures should be formulated to 
prevent the invasion of RWW into rice cropping regions 

without the occurrence of this pest. The predicted 
results of suitable areas in the future can provide a 
reference for the monitoring and prevention of RWW, 
timely adjustment of key prevention and control areas 
based on field investigation, and formulation of targeted 
quarantine measures.

Conclusions

The results of this study revealed the suitable 
distribution of the RWW in China under current and 
future climatic conditions. Under the current climatic 
conditions, the suitable areas mainly included eastern 
China, central China and southern China and covered 
391.0698 million hm2, accounting for 40.77% of China. 
There was considerable overlap between the suitable 
areas of RWW and rice cropping in China. Under 
future climatic conditions, the suitable areas of RWW 
would increase. Among them, the highly suitable areas 
of would increase significantly under SSP126, SSP245 
and SSP585. The centroid migration in the suitable 
areas of RWW showed a trend of moving eastward and 
northward. The results of this study can provide theory 
and data support for early warning and quarantine 
inspection.
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