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Simple Summary: The red imported fire ant, Solenopsis invicta (Hymenoptera: Formicidae), is an
invasive pest, and it has spread rapidly all over the world. In this study, based on the distribution
data and environmental factor data of S. invicta, the optimized MaxEnt model was used to predict the
suitable areas of S. invicta growth in China under current and future climatic conditions. The results
show that the potential suitable area of S. invicta growth in the current climate is 81.37 x 10* km? in
size and is mainly located in the south and southeast of China. The total suitable area of S. invicta
growth is expected to increase in the future climate change scenario, and the suitable area is likely to
spread to higher latitudes.

Abstract: The red imported fire ant, Solenopsis invicta (Hymenoptera: Formicidae), is an invasive
pest, and it has spread rapidly all over the world. Predicting the suitable area of S. invicta growth in
China will provide a reference that will allow for its invasion to be curbed. In this study, based on
the 354 geographical distribution records of S. invicta, combined with 24 environmental factors, the
suitable areas of S. invicta growth in China under current (2000s) and future (2030s and 2050s) climate
scenarios (SSPs1-2.5s, SSPs2-3.5s and SSPs5-8.5s) were predicted by using the optimized MaxEnt
model and geo-detector model. An iterative algorithm and knife-cut test were used to evaluate the
important environmental factors that restrict the suitable area under the current climatic conditions.
This study also used the response curve to determine the appropriate value of environmental factors
to further predict the change and the center of gravity transfer of the suitable area under climate
change. The optimized MaxEnt model has high prediction accuracy, and the working curve area
(AUQC) of the subjects is 0.974. Under climatic conditions, the suitable area is 81.37 x 10* km? in
size and is mainly located in the south and southeast of China. The main environmental factors
affecting the suitable area are temperature (Biol, Bio6, and Bio9), precipitation (Biol2 and Bio14) and
NDVI. In future climate change scenarios, the total suitable area will spread to higher latitudes. This
distribution will provide an important theoretical basis for relevant departments to rapidly prevent
and control the invasion of S. invicta.

Keywords: S. invicta; MaxEnt; suitable area; environmental factors

1. Introduction

Biological invasion has become one of the global environmental problems of the 21st
century [1]. With the intensification of the process of global economic integration, China’s
trade and transportation industry is developing rapidly, biological invasion occurs increas-
ingly frequently, and the harm of invasive species is becoming increasingly serious [2].
Since the 20th century, large-scale biological invasions have occurred mainly in farmland,
forests, grasslands, islands, wetlands, rivers, oceans, and nature reserves [3].
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In 2012, relevant scholars compiled a list of alien invasive species in China, listing
a total of 488 invasive species living in terrestrial ecosystems, inland waters, and marine
ecosystems, including 171 species of animals, 265 species of plants, 26 species of fungi,
3 species of protozoa, 11 species of prokaryotes, and 12 species of viruses [4]. By the end of
2016, there were at least 610 alien invasive species in China, of which 50 were listed as the
100 most harmful alien invasive species (ICUN) in the world [2]. For biological invasion,
prevention is more critical than governance [5].

The prevention and control of alien species has become a top priority in many places.
Climatic and environmental factors are not only key factors affecting the number of popula-
tions and physiological metabolisms, but they are essential in determining the distribution
range of species [6]. The National Center for Atmospheric Research demonstrated that,
with the increase in greenhouse gas emissions and the destruction of the ozone layer, the
earth surface temperature shows an upward trend [7], with the temperature in China
increasing by 1.6-5.0 °C [8].

The successful invasion of exotic pests will not only reduce the biodiversity and
ecosystem services of the invading areas but also cause huge losses to the global economy,
environment and human health [9,10]. Therefore, it is of great practical significance to
study the potential geographical distribution of invasive species in the context of future
climate change for the monitoring and prevention of their occurrence areas and the early
identification and supervision of non-occurrence areas.

S. invicta (Hymenoptera: Formicidae) is a social insect. It is native to South America.
In 2003, it was discovered in Taoyuan and Chiayi, Taiwan [11]; it invaded Guangdong [12],
China in 2004 and then rapidly spread to 435 counties and districts in 12 provinces, causing
serious harm [13]. The loss caused by S. invicta invasion in China was calculated to total
USD 25 billion [14]. S. invicta is listed by the Ministry of Ecology and Environment of the
People’s Republic of China as the second batch of alien invasive species in China and by
the World Conservation Union (IUCN) as one of the 100 most destructive species in the
world due to their miscellaneous food habits [12], strong competitiveness, and obvious
harm to the natural environment, human health, agriculture, and forestry.

At present, foreign research mainly focuses on the geographical distribution and
restrictive factors of S. invicta in two ways: the population dynamics model based on
biological characteristics and the biological distribution hypothesis based on climate con-
straints. Korzukhin et al. discussed, in detail, the northern boundary of the distribution of
S. invicta in the United States by using the population dynamics model and a large number
of survey data from various states [15,16].

Morrison et al. estimated the distribution of S. invicta around the world [17]. Sutherst
et al. analyzed the adaptability of the United States and the world by using the Climex
model, focusing on the impact of regional climatic factors on the distribution of S. invicta [18].
As there are few studies on the distribution of S. invicta in China using MaxEnt model, it
is deemed of upmost importance to use the optimized version of it to predict the suitable
growth zone and migration route of S. invicta in current and future climatic conditions
in China.

The optimized MaxEnt model was used to predict the suitable area of S. invicta growth
in China under current and future climatic conditions. The main goals of the current study
are as follows: (1) screening out the main environmental factors by combining the factor
detector in the geo-detector model and the knife-cutting method in the MaxEnt model;
(2) using ENMeval to screen the optimal parameters of the model; and (3) predicting the
suitable area, the change, and the migration route of S. invicta under current (2000) and
future (2030, 2050) climatic conditions. The results provide a scientific basis for the effective
prevention of the invasion of S. invicta to a wider area.
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2. Materials and Methods
2.1. Species Overview

S. invicta is a social insect that can spread in many ways, mainly natural migration,
spread with floods, and goods circulation. S. invicta are extremely harmful, and their
main characteristics are strong aggression and high bite toxicity. They are very aggressive
to people, with an average of 438 out of 100,000 people in the invading areas being
attacked [19]. After being bitten by invasive S. invicta, the skin will display erythema,
swelling, pain, itching, thickening, and deformity, and it can even result in high fever, pain,
shock, and death in serious cases, seriously endangering human health [20]. In addition,
the pest also causes serious damage to crops, forests, other animals, and public facilities in
rural or urban areas [21].

The most common nests of S. invicta are mounds near the green belts and the roots of
trees. Temperature and rainfall in climate variables play an important role in determining
the distribution of S. invicta [22]. In terms of temperature, the lowest temperature of heat
tolerance of S. invicta is 3.6 °C, and the highest temperature is 40.7 °C. S. invicta begin to
look for food when the soil surface temperature is above 10 °C and do not stop foraging
until the soil temperature reaches 19 °C. The range of soil surface temperature for foraging
is 12-51 °C [23]. In terms of rainfall, continents with more annual rainfall than 510 mm
can support the survival of S. invicta, while, on continents with less annual rainfall than
510 mm, they may live close to permanent water sources (such as lakes, rivers, and springs)
or regularly irrigated areas (such as fields and lawns) [17,24].

2.2. Data and Processing of Species Distribution

The MaxEnt model needs species distribution data and environmental data. The distribution
data of S. invicta was obtained by the following: (1) search for periodical papers and rele-
vant government reports with “S. invicta” as the key words; (2) query about the species
distribution databases (the databases queried in this study include the International Center
for Agriculture and Biosciences (CABI, http:/ /www.cabi.org accessed on 4/ April /2021),
the GBIF (http:/ /www.gbif.org accessed on 5/April/2021), and the National Pest Quaran-
tine Information platform of China (http://www.pestchina.com accessed on 6/ April /2021);
and (3) referral to the National list of Agricultural Plant Quarantine pests Distribution
(http:/ /www.moa.gov.cn/ accessed on 6/April/2021) published by the Ministry of Agri-
culture in 2012-2019 and forestry pests in China [25].

Data processing: The buffer module in the neighborhood analysis of ArcGIS soft-
ware was used to eliminate the distributed data points to ensure that each grid contains
only one distribution point so as to avoid over-fitting caused by too many distribution
points. In this study, the spatial resolution of environmental data was 2.5 arc-minutes
(about 4.5 km?), and the buffer diameter was 3 km. When the distance between the two
distribution points was less than 3 km, only one of the distribution points was retained [26].
The longitude and latitude of each distribution point were determined by Google, and a
total of 354 distribution points were obtained (Figure 1).
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Figure 1. Distribution of S. invicta in China.

2.3. Environmental Factors and Processing

The climate data used in this study (1970-2000) were obtained from the World Climate
Data website (http://www.worldclim.org/, accessed on 7/ April/2021). Future climate
data (2021-2040 and 2041-2060) were based on the BCC-CSM2-MR climate system model
developed by the National Climate Center [27]. The model includes four estimated emis-
sion scenarios in SSPs proposed by the 6th International Coupled Modes Comparison Plan

(CMIP6) [28]. The data include 24 variables with a data resolution of 2.5’ (Table 1).

Table 1. Environmental factor data used in this study and the final screening modeling data.

Code Description Whether to Use for Modeling
Biol Annual Mean Temperature (°C) Yes
Bio2 Mean Diurnal Range (Mean of monthly (max temp-min temp)) (°C) No
Bio3 Isothermality (BIO2/BIO7) (x100) No
Bio4 Temperature Seasonality (standard deviation x100) No
Bio5 Max Temperature of Warmest Month (°C) No
Bio6 Min Temperature of Coldest Month (°C) Yes
Bio7 Temperature Annual Range (BIO5-BIO6) (°C) Yes
Bio8 Mean Temperature of Wettest Quarter (°C) No
Bio9 Mean Temperature of Driest Quarter (°C) Yes
Biol0 Mean Temperature of Warmest Quarter (°C) No
Bioll Mean Temperature of Coldest Quarter (°C) No
Biol2 Annual precipitation (mm) Yes
Biol3 Precipitation of Wettest Month (mm) No
Biol4 Coefficient of Variation of Precipitation Seasonality Yes
Biol5 Precipitation Seasonality (Coefficient of Variation) No
Biol6 Precipitation of Wettest Quarter (mm) No
Biol7 Precipitation of Driest Quarter (mm) No
Biol8 Precipitation of Warmest Quarter (mm) No
Bio19 Precipitation of Coldest Quarter (mm) No
NDVI Normalized Vegetation Index Yes
Altitude Altitude (m) Yes
Slope Slope (°) No
Aspect Aspect No
LUCC Land Use and Land Cover Change Yes
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As there is a certain correlation between the environmental factors, the geo-detector
model (http:/ /www.geodetector.org/ accessed on 10/ April/2021) was used to eliminate
the environmental factors with small contributions. This research uses the factor detector
in the geo-detector model [29], which can detect the extent to which environmental factors
affect the suitable area of S. invicta growth and obtain the influence value (g value) and
factor explanatory value (p value) of each factor. The current suitable area of S. invicta
growth and the environmental factor values were matched, and factor detection analysis
was carried out to obtain the q value. The environmental factors had a q value greater than
0.1. Finally, nine environmental factors were selected for follow-up modeling (Table 1).

2.4. MaxEnt Model Construction and Parameter Optimization

Ecological niche modeling uses the known distribution data, relevant environmental
variables of species, and the ecological needs of species, and it projects the results to differ-
ent times and spaces to predict the potential distribution of species. Common ecological
niche models include BIOCLIM, DOMAIN, GARP, CLIMEX, and MaxEnt [30]. Compared
with other ecological niche models, the MaxEnt model (http:/ /biodiversity /informatics.
amnh.org/open/source/Maxent, version 3.4.1, accessed on 12/April /2021) is less affected
by sample deviation [31], strong stability, and high accuracy and has the ability to predict
habitat suitability of alien invasive organisms [32-34].

When the default parameters of the MaxEnt model are used to simulate the potential
distribution of species, over-fitting can easily occur, and the prediction results may not
reflect the actual situation [31]. This problem can be avoided by the adjusting function
feature combination (feature combination, FC) and regulated frequency doubling (regu-
larization multiplier, RM). In practice, when using the MaxEnt model to simulate species
distribution, most researchers use default parameters. The default parameters of MaxEnt
are derived from 226 species [35].

Studying the species distribution under the default parameters, over-fitting and
high complexity can occur, and this may also reduce the accuracy of the research results;
therefore, it is necessary to optimize the model. The AICc index is a standard tool used
to measure the goodness of statistical model fitting, which can avoid over-fitting of data.
ENMeval data packets can be used in order to adjust the parameters of MaxEnt model
regulation frequency doubling (RM) and feature combination (FC). The minimum value
of AICc was selected as the optimal setting, and the final model was established [36].
The S. invicta fitness values predicted by MaxEnt model are continuous raster data; the
values are between 0 and 1; and the closer the values are to 1, the higher the possibility
of species existence. The grades of suitable area are as follows: unsuitable area < 0.1;
0.1 < poorly suitable area < 0.3; 0.3 < moderately suitable area < 0.6; and highly suitable
area > 0.6.

2.5. MaxEnt Model Evaluation

At present, the most widely used method to evaluate the accuracy of the model is the
ROC curve method (AUC method). As AUC is not affected by the diagnostic threshold
and can provide performance evaluation results on all threshold ranges, it is recognized
as the best evaluation index in the field of niche model evaluation [37]. The range of the
AUC value is 0-1, and the simulation prediction grades are very bad (AUC < 0.80), good
(0.80 < AUC < 0.90), better (0.90 < AUC < 0.95), and excellent (0.95 < AUC < 1.00) [38].

3. Results
3.1. Optimal Model and Accuracy Evaluation

Based on the number of species distribution points of S. invicta, the MaxEnt model
RM =1 (Figure 2). The mean AUC value was higher when the parameter settings were
FC = LQH and RM = 3, indicating the optimized model’s prediction of S. invicta. However,
when the parameters were set to FC = LQH and RM = 3, the values of mean AUC.diff and
mean OR10 were significantly lower than those of the Maxent model under the default
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parameters (Figure 2), indicating that the optimized model is helpful in reducing the
complexity of the model, avoiding over-fitting of species data, and enhancing the ability to

predict the suitable area.
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Figure 2. Evaluation results of MaxEnt model S. invicta under different settings.

The MaxEnt model was reconstructed based on the optimal combination, and the
ROC curve is shown in Figure 3, in which the training AUC is 0.974 and the test AUC

is 0.973.
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Figure 3. Receiver operating characteristic curve of S. invicta.
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3.2. Dominant Environmental Factors

The contribution of the NDVI was the highest, the average temperature contribution
rate of the driest season was 20.4%, the driest monthly precipitation contribution was
18.5%, the min temperature of the contribution of the coldest month was 14.6%, the annual
precipitation contribution was 14.2%, the annual average temperature contribution was
7.9%, and the annual temperature range contribution was 1.1%. The contribution of altitude
and land use were the lowest.

According to the knife-cutting method in the MaxEnt model, only considering the use
of a single environmental variable, the six environmental variables that have the greatest
influence on the regularization training gain are as follows: annual average temperature,
min temperature of coldest month, mean temperature of driest quarter, temperature an-
nual range, annual precipitation, and coefficient of variation of precipitation seasonality
(Figure 4). Therefore, in this study, the environmental variables with a contribution rate of
more than 10% and the first three environmental variables affected by positive planning
training gain were selected as the main environmental variables affecting the distribution of
S. invicta, which were the annual mean temperature, minimum temperature of the coldest
month, mean temperature of the driest quarter, annual precipitation, coefficient of variation
of the precipitation seasonality, and NDVL

Without variable ®
| With only variahle ®
With all variahles ®

0.8 1.0 1.2 1.4 16 18 20 2.2 2.4 26
regularized training gain

Figure 4. Jackknife test result of environmental factor for S. invicta.

The running results of MaxEnt model show that when the probability of the presence
of S. invicta is >0.6 and the grade of the suitable area is high, the NDVI ranges from 0 to 0.58.
When the NDVI is 0.33, the probability of the presence of S. invicta reaches the maximum,
and the mean temperature of the driest quarter is —13.18 to 22.68 °C. When the mean
temperature of the driest quarter is 22.68 °C, the probability of the presence of S. invicta
reaches the maximum. The seasonal variation coefficient of precipitation ranges from
0.11 to 133.21, and when the seasonal variation coefficient of precipitation is 133.21, the
probability of the presence of S. invicta reaches the maximum and the min temperature of
the coldest month is 4.21-5.52 °C (Figure 5).
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Figure 5. Response curves of probability of the presence of S. invicta.

When min temperature of coldest month is 5.52 °C, the probability of the presence
of S. invicta reaches the maximum. The range of annual rainfall is 15.36-3092.69 mm, and
when the annual rainfall is 872.98 mm, the probability of the presence of S. invicta reaches
the maximum, and the annual average temperature ranges from 16.75-25.75 °C. Finally,
the probability of the presence of S. invicta reaches the maximum value when the average
temperature of the year is 25.75 °C.

3.3. Suitable Areas under Current Conditions

Under the current climatic conditions, the suitable areas of S. invicta growth are mainly
concentrated in Yunnan, Guangxi, Guangdong, Hainan, Fujian, eastern Sichuan, western
Chonggqing, and southern Jiangsu. Highly suitable areas are southern Guangdong, coastal
areas of Fujian, western Taiwan, Guangxi Province, and sporadic areas of Yunnan Province,
which are in eastern Yunnan Province and Guangxi and Guangdong Province, Hunan,
Jiangxi, Zhejiang, and Fujian Province (Figure 6). The total suitable area of S. invicta growth
under the current climatic conditions is 81.37 x 10* km? in size, accounting for 8.48% of
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the total land area. The highly, moderately, and poorly suitable areas account for 3.98%,
13.10%, and 82.92% of the total suitable area, respectively (Table 2).

Suitable index
[Junsuitable area
I roorly suitable area
M oderately suitable area
[ lighly suilable arca

0 500 1000km ¥
| I I s

Figure 6. Potential current and suitable area of S. invicta growth in China.

Table 2. Suitable areas of S. invicta growth under different climate change scenarios (10* km?).

Period Highly Suitable MSo:liet!:;tleely Poorly Suitable Total Suitable

Current 3.24 10.66 67.47 81.37
2030s, SSPs1-2.6 3.87 14.44 84.54 98.98
2030s, SSPs2-4.5 4.00 15.40 88.78 108.18
2030s, SSPs5-8.5 4.26 16.05 92.83 113.14
2050s, SSPs1-2.6 4.29 16.31 92.62 113.22
2050s, SSPs2-4.5 5.02 19.42 104.68 129.12
2050s, SSPs5-8.5 5.46 20.94 110.31 136.71

3.4. The Suitable Areas under Future Climate Change Scenarios

Compared with the prediction results of the suitable area of S. invicta growth in China
under the current climatic conditions, the suitable area of S. invicta growth is increasing
(Figure 7). The main characteristics are as follows:

(1) The SSPs1-2.6 scenario: The total suitable area of S. invicta growth increased by
21.64% and 39.14%, respectively in 2030 and 2050; the highly suitable areas of S. invicta
growth increased by 19.44% and 32.41% in 2030 and 2050, respectively; the moderately
suitable areas of S. invicta growth increased by 35.46% and 53.00% in 2030 and 2050,
respectively; the poorly suitable areas of S. invicta growth increased by 25.30% and 37.28%
in 2030 and 2050, respectively.

(2) The SSPs2-4.5 scenario: the total suitable area of S. invicta growth increased by
32.95% and 58.68% in 2030 and 2050, respectively; the highly suitable areas of S. invicta
growth increased by 23.46% and 54.94% in 2030 and 2050, respectively; the moderately
suitable areas of S. invicta growth increased by 44.47% and 82.18% in 2030 and 2050,
respectively; the poorly suitable areas of S. invicta growth increased by 31.58% and 55.15%
in 2030 and 2050, respectively.

(3) The SSPs5-8.5 scenario: the total area of suitable area of S. invicta growth increased
by 39.04% and 68.01% in 2030 and 2050, respectively; the highly suitable area of S. invicta
growth increased by 31.48% and 68.52% in 2030 and 2050, respectively; the moderately
suitable area of S. invicta growth increased by 50.56% and 96.44% in 2030 and 2050, respec-
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tively; the poorly suitable areas of S. invicta growth increased by 37.59% and 63.50% in 2030
and 2050, respectively.

2050, S8Ps1-2.6

2030, SSPsl-2.6

2050, SSPs2-3.5

2030, SSPs5-8.5

2050, SSPs5-8.5

I Poorly suitable arca [ Moderately suitable arca
[ Unsuitable area [ | Highly suitable area

Suitable index

Figure 7. Potentially suitable area of S. invicta growth under different climate change scenarios
in China.

The distribution center of S. invicta under the current climatic conditions was located
in Liuzhou City, Guangxi Province. As can be seen from Table 3 and Figures 8 and 9, the
main characteristics are given below:
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Table 3. Future changes in suitable habitat area (10* km?).

Period Loss Gain Unchanged
2030s, SSPs1-2.6 0.08 19.32 72.96
2030s, SSPs2-3.5 0.04 23.89 73.00
2030s, SSPs5-8.5 0.05 28.60 72.99
2050s, SSPs1-2.6 0.14 28.42 72.89
2050s, SSPs2-3.5 0.11 4291 72.93
2050s, SSPs5-8.5 0.01 49.44 73.03

2030, SSPsl-2.06 2050, SSPs1-2.6

2030, SSPs5-8.5 2050, SSPs5-8.5

Suitable index - Loss - Gain - Unchanged

Figure 8. Changes in the potential geographical distribution of S. invicta under climate change scenarios.
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Figure 9. Highly suitable area centroid distributional shifts under climate change for S. invicta.

(1) The SSPs1-2.6 scenario: The distribution center latitude increased by about 0.47°,
the suitable area increased by 19.32 x 10* km?, the decreased area was 0.08 x 10* km?,
and the maximum proportion of stable area was 72.96 x 10* km?. The suitable areas
mainly appear in northern Guangxi, northern Guangdong, and eastern Sichuan Province.
Yunnan, Guizhou, Hunan, Jiangxi, and Fujian Province have fragmentary distribution.
Hubei, Anhui, Zhejiang, Jiangsu, Henan, southern Tibet Autonomous Region, southern
Shandong, and southern Shaanxi Province all displayed a small distribution.

The latitude of the S. invicta distribution center in 2050 increased by about 0.62°, the
suitable area increased by 28.42 x 10* km?, the decreased area was 0.14 x 10* km?, and
the stable area was 72.89 x 10* km?. The distribution of suitable areas was larger than
that in 2030, mainly in northern Guangxi, northern Guangdong, and eastern Sichuan, and
fragmented distribution was observed in Yunnan, Guizhou, Hunan, Jiangxi, and Fujian.
Hubei, Anhui, Zhejiang, Jiangsu, Henan, central Taiwan, southern Tibet Autonomous
Region, southern Shandong, and southern Shaanxi have displayed a small amount of
sporadic distribution.

(2) The SSPs2-3.5 scenario: The latitude of the S. invicta distribution center in 2030
increased by 0.59°, the suitable area increased by 23.89 x 10* km?, the decreased area
was 0.04 x 10* km?, and the suitable area was 73.00 x 10* km?2. The new suitable areas
mainly appear in northern Guangxi, northern Guangdong, and eastern Sichuan Province.
Yunnan, Guizhou, Hunan, Jiangxi, and Fujian Province have fragmentary distribution.
Hubei, Anhui, Zhejiang, Jiangsu, Henan, central Taiwan, southern Tibet Autonomous
Region, and southern Shaanxi Province all displayed a small distribution.

The latitude of the S. invicta distribution center in 2050 increased by 1.09°, the suitable
area increased by 42.91 x 10* km?, the decreased area was 0.11 x 10* km?2, and the
proportion of the stable area was 72.93 x 10* km?. The suitable areas were mainly in
northern Guangxi, northern Guangdong, northern Fujian, eastern Sichuan, eastern Hunan,
and southern Hubei Province. Fragmentary distribution was found in Tibet Autonomous
Region, Yunnan, Guizhou, Jiangxi, Zhejiang, Anhui, Jiangsu, and other provinces, while
small distribution was observed in Henan, Shandong, and Shaanxi.

(3) The SSPs5-8.5 scenario: The latitude of the S. invicta distribution center in 2030
increased by 0.80°, the suitable area increased by 28.60 x 10* km?, the decreased area
was 0.05 x 10* km?2, and the suitable area was 72.99 x 10* km?2. The suitable areas were
mainly in northern Guangxi, northern Guangdong, and eastern Sichuan. Yunnan, Guizhou,
Hunan, Jiangxi, and Fujian Province displayed fragmentary distribution. Hubei, Anhui,
Zhejiang, Jiangsu, Henan, southern Tibet Autonomous Region, southern Shandong, and
southern Shaanxi Province all displayed a small distribution.
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The latitude of the S. invicta distribution center in 2050 increased by 1.12° compared
with the current distribution center, the suitable area increased by 49.44 x 10* km?, the
decreased area was 0.01 x 10* km?2, and the suitable area was 73.03 x 10* km?2. The suitable
areas were mainly in northern Guangxi, northern Guangdong, eastern Sichuan, Guizhou,
Hunan, Hubei, Jiangxi, Fujian, and other provinces. Tibet Autonomous Region, Yunnan,
Zhejiang, Jiangsu, Anhui, and other provinces displayed fragmented distribution, while
southern Shaanxi, Shandong, and Henan provinces displayed a small amount of sporadic
distribution.

4. Discussion

In this study, the optimized MaxEnt niche model was used to predict the suitable
areas of S. invicta growth in China under current and future climatic conditions. We found
that, under the current climatic conditions, the range of suitable areas of S. invicta growth
was 18.15-35.04° N, 91.66°-122.03° E, and the northern boundary reached southern Tibet,
northern Yunnan, eastern Sichuan, central Chongqing, southern Hubei, southern Henan,
central Anhui, and southern Jiangsu. The center of gravity of the geometric distribution of
S. invicta was generally predicted in this study, and the range of distribution of suitable
areas gradually spread to the northeast, suitable areas in Hunan, Hubei, Jiangxi, Zhejiang,
Jiangsu, Shandong, and other provinces.

In the future climate change scenario, the increased area of S. invicta growth was much
larger than that of the loss, indicating that S. invicta will continue to spread. Chen et al. take
the days higher than the threshold temperature of the development of S. invicta and the
effective accumulated temperature as decisive factors and the average annual precipitation
and altitude as limiting factors [39]. It was predicted that most of Guangdong, central and
southern Guangxi, southern Yunnan, Hainan, Taiwan, Hong Kong, and Macao are the
main suitable areas of S. invicta growth.

Shen Wenjun used a similar deviation method to predict the suitable areas of S. invicta
growth [40]. The prediction results show that Hong Kong, Macao, Guangdong, Guangxi,
Anhui, Jiangsu, Shanghai, Jiangxi, Zhejiang, Fujian, Taiwan, Guizhou, Yunnan, Hainan,
and other regions have a high probability of invasion. In terms of the overall trend, these
two methods and the methods in this paper had similar results.

Therefore, this study optimized the parameter setting of the MaxEnt model based
on AICc information criterion, which can effectively avoid overfitting and better predict
species distribution in line with the Shelford tolerance rule (law of tolerance) [41]. The
AUC value tested by the model is 0.974, which shows that the prediction result of the
optimized model has high accuracy and credibility, and the prediction result is consistent
with the actual distribution of S. invicta in China.

Among many environmental factors, we selected nine climatic, topography, and land
use factors to predict the suitable area of S. invicta growth. According to the prediction
results of the MaxEnt model, the main environmental factors affecting the distribution
of S. invicta are annual average temperature, lowest temperature in the coldest month,
average temperature in the driest season, annual rainfall, seasonal coefficient of variation
of precipitation, and the NDVL

This study shows that the probability of the presence of S. invicta increases slowly
when the NDVI value is 0-0.58, while when the value is between 0.58 and 1.0, its probability
of the presence begins to decrease, and with the increase in the lowest temperature in the
coldest month, the average temperature in the driest season, and the seasonal variation
of precipitation, the probability of the presence of S. invicta also increases. When the
annual rainfall is 15.36-872.98 mm, the probability of the presence of S. invicta increases
slowly, while when the rainfall is 872.98-3092.69 mm, the probability of the presence of S.
invicta decreases, and when the average temperature reaches 1.25 °C, the probability of the
presence of S. invicta increases.

Lei studied the optimum activity temperature of S. invicta and found that the optimum
activity temperature was 26 °C, followed by 22 °C and 18 °C [42]. Sutherest et al. used
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17 °C, 21 °C, and 24 °C as the starting temperatures to simulate the growth of S. invicta.
It was found that the simulation results of 17 °C were consistent with the development of
larvae and pupae and the actual activity of the population. In this study, the best range
of annual average temperature of S. invicta was 16.75-25.75 °C, and the probability of
the presence of S. invicta reached the maximum when the annual average temperature is
25.75 °C, which proves that the results of this study are credible.

For invasive species, in addition to being affected by climatic conditions, the distribu-
tion may also be related to the spread speed of red fire ants, which spread outward at a rate
of 198 km per year in the southern area of the United States [43]. The reason why red fire
ants spread fast is that they have a strong reproductive ability, and a queen can produce
about 7000 workers [44]. In the actual living environment of the species, interspecific
competition, species propagule pressure, human interference, and climate change all have
an impact on predicting its potential distribution [45,46]. Therefore, the suitable areas of S.
invicta predicted in this study should be combined with the actual situation of the invaded
areas, and then the formation of relevant prevention plans and control measures should be
carried out.

Combined with the results of this study, in order to prevent the invasion and spread
of S. invicta, according to the occurrence law and biological characteristics of S. invicta,
monitoring points should be set up in suitable areas, highly suitable areas, and areas
with suitable climatic conditions for the growth and reproduction of S. invicta. We should
take positive and effective measures to prevent and control their harm, aim to reduce the
economic losses caused by disasters, and effectively slow down the speed of this species’
outward spread.

5. Conclusions

The results show that invasive S. invicta can survive in at least 12 provinces of mainland
China, especially in South China with high temperature, humidity, and rainfall. Among the
three climate change scenarios and the total suitable area of S. invicta growth, the increase
in the highly suitable area of S. invicta growth is much larger than that in the lost area,
indicating that S. invicta may not face extinction and will continue to spread in the future.
Therefore, S. invicta occurrence areas should be monitored and controlled in addition to
early identification and supervision of non-occurrence areas.

Author Contributions: ].S. and H.Z. jointly conceived and designed the study and wrote the initial
draft of the manuscript. M.L., WH., Y.Y. and J.L. conducted the preliminary data search and statistical
analysis, prepared the final data, and co-wrote the final manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (grant
number 41461011) and Lanzhou Talent Innovation and Entrepreneurship Project (grant number
2019-RC-105).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data is included in the article. For the data provided in this study,
see the Sections 2.2 and 2.3 in the text.

Conflicts of Interest: The authors declare no conflict of interest.

1. Ju, RT,;Li, H,; Shi, ZR; Li, B. Progress of biological invasions research in China over the last decade. Biodivers. Sci. 2012, 20,

581-611.

2. Peng, L.; Wan, FH.; Hou, Y.P. Research progress on prevention and control of invasive insects in China. Chin. J. Appl. Entomol.

2020, 57, 244-258.

3. Xu, H.G,; Qiang, S.; Genovesi, P.; Ding, H.; Wu, J.; Meng, L.; Han, Z.M.; Miao, J.L.; Hu, B.S.; Guo, ].Y,; et al. An inventory of
invasive alien species in China. NeoBiota 2020, 15, 1-26. [CrossRef]


http://doi.org/10.3897/neobiota.15.3575

Insects 2021, 12, 874 15 of 16

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

Ying, Y.; Xian, X.; Jiang, M. Biological Invasion and Its Research in China: An Overview. Biol. Invasions Manag. China 2017, 56,
3-19.

Kolar, C.S.; Lodge, D.M. Progress in invasion biology: Predicting invaders. Trends Ecol. Evol. 2001, 16, 199-204. [CrossRef]
Fang, F; Zhang, C.X,; Huang, H.J; Li, Y,; Chen, ].C.; Yang, L.; Wei, S.H. Potential distribution of Tausch’s goatgrass(Aegilops
tauschii) in both China and the rest of the word as predicted by MaxEnt. Acta Pratacult. Sin. 2013, 22, 62-70.

Li, M.Y,; Ju, YW.; Wu, WH.; He, YJ.; Xu, G.C. Dynamic analysis of potential habitat of alien forest invasive species under climate
change scenarios: A case study of Dendroctonus frontalis. J. Beijing For. Univ. 2009, 31, 64—69.

Jiang, Z.H.; Zhang, X.; Wang, J. Projection of climate change in China in the 21st century by IPCC-AR4 Models. Geogr. Res. 2008,
787-799.

Wan, FH.; Guo, J.Y.; Wang, D.H. Alien invasive species in China: Their damages and management strategies. Biodivers. Sci. 2002,
10, 119-125.

Bullock, J.M.; Chapman, D.; Schafer, S.; Roy, D.; Brough, C. Assessing and Controlling the Spread and the Effects of Common Ragweed
in Europe; Natural Environment Research Council: Swindon, UK, 2012; pp. 85-104.

Zhou, W.C.; Cai, K.Z. An introduction to the alien invasive species of Solenopsis invicta in Taiwan. Taiwan Agric. Res. 2005, 39-41.
Zeng, L.; Lu, Y.Y,; He, X.F; Zhang, W.Q.; Liang, G.W. Identification of red imported fire ant Solenopsis invicta to invade mainland
China and infestation in Wuchuan, Guangdong. Chin. J. Appl. Entomol. 2005, 42, 144-148.

Sun, Z.]. Red imported fire ant: A dangerous alien species. Ecol. Econ. 2021, 37, 5-8.

Fu, Q.Y; Song, Z.D.; Zhao, Y.; Li, S.L.; Xu, Y]. Analysis on the control cost of Solenopsis invicta in mainland China.
J. Environ. Entomol. 2021. Available online: https:/ /kns.cnki.net/kems/detail /44.1640.q.20210223.0815.002.html. (accessed on
27 September 2021).

Korzukhin, M.; Porter, S.D. Spatial Model of Territorial Competition and Population Dynamics in the Fire Ant Solenopsis invicta
(Hymenoptera: Formicidae). Environ. Entomol. 1994, 23, 912-922. [CrossRef]

Korzukhin, M.D.; Porter, S.D.; Thompson, L.C.; Wiley, S. Modeling temperature-dependent range limits for the fire ant Solenopsis
invicta (Hymenoptera: Formicidae) in the United States. Environ. Entomol. 2001, 30, 645-655. [CrossRef]

Morrison, L.W,; Porter, S.D.; Daniels, E.; Korzukhin, M. Potential Global Range Expansion of the Invasive Fire Ant, Solenopsis
invicta. Biol. Invasions 2004, 6, 183-191. [CrossRef]

Sutherst, R.W. A Climate Model of the Red Imported Fire Ant, Solenopsis invicta Buren (Hymenoptera: Formicidae): Implications
for Invasion of New Regions, Particularly Oceania. Environ. Entomol. 2005, 34, 317-335. [CrossRef]

Yaeger, W. Frequency of fire ant stinging in Lowndes County, Georgia. . Med. Assoc. Ga. 1978, 67, 101-102.

Hoffman, D.R. Reactions to less common species of fire ants. J. Allergy Clin. Immunol. 1997, 100, 679—-683. [CrossRef]

Allen, C.R.; Epperson, D.M.; Garmestani, A.S. Red imported fire ant impacts on wildlife: A decade of research. Am. Midl. Nat.
2014, 152, 88-103. [CrossRef]

Ward, D.F. The potential distribution of the red imported fire ant, Solenopsis invicta Buren (Hymenoptera: Formicidae), in New
Zealand. N. Z. Entomol. 2009, 32, 67-75. [CrossRef]

Chen, N.Z.; Shi, Z.W.; Ma, X.G. Identification of red imported fire ant and important related species. Chin. Bull. Entomol. 2005,
341-345.

Vinson, S.B. Invasion of the red imported fire ant (Hymenoptera: Formicidae): Spread, biology, and impact. Am. Entomol. 1997,
43,23-39. [CrossRef]

Song, Y.S. China’s Forestry Pest Survey Results in 2014-2017; China Forestry Publishing House: Beijing, China, 2019.

Wang, R.L.; Li, Q.; Fen, C.H.; Shi, C.P. Predicting potential ecological distribution of Locusta migratoria tibetensis in China using
MaxEnt ecological niche modeling. Acta Ecol. Sin. 2017, 37, 8556-8566.

Xin, S.G.; Wu, TW,; Zhang, ].; Zhang, F; Li, W.P; Zhang, YW.; Lu, Y.X,; Fang, Y.J.; Jie, WH.; Zhang, L.; et al. Introduction of BCC
models and its participation in CMIP6. Clim. Chang. Res. 2019, 15, 533-539.

Weng, Y.W.; Cai, W.]J.; Wang, C. The application and future directions of the Shared Socioeconomic Pathways (SSPs).
Clim. Chang. Res. 2020, 16, 215-222.

Wang, ].E,; Xu, C.D. Geodetector: Principle and prospective. Acta Geogr. Sin. 2017, 72, 116-134.

Zhang, Q.; Zhang, D.E; Wu, M.L.; Guo, ].Y,; Sun, C.Z,; Xie, C.X. Predicting the global areas for potential distribution of Gastrodia
elata based on ecological niche models. Chin. |. Plant Ecol. 2017, 41, 770-778.

Hernandez, PA.; Graham, C.H.; Master, L.L.; Albert, D.L.J.E. The effect of sample size and species characteristics on performance
of different species distribution modeling methods. Ecography 2010, 29, 773-785. [CrossRef]

Mamun, M.; Kim, S.; An, K.G. Distribution pattern prediction of an invasive alien species largemouth bass using a maximum
entropy model (MaxEnt) in the Korean peninsula. J. Asia-Pac. Biodivers. 2018, 11, 516-524. [CrossRef]

Qin, A;; Jin, K,; Batsaikhan, M.-E.; Nyamjav, J.; Li, G.; Li, J.; Xue, Y.; Sun, G.; Wu, L.; Indree, T. Predicting the current and future
suitable habitats of the main dietary plants of the Gobi Bear using MaxEnt modeling. Glob. Ecol. Conserv. 2020, 22, e01032.
[CrossRef]

West, A.M.; Kumar, S.; Brown, C.S,; Stohlgren, T.J.; Bromberg, J. Field validation of an invasive species Maxent model. Ecol. Inform.
2016, 36, 126—134. [CrossRef]

Phillips, S.J.; Dudik, M. Modeling of species distributions with Maxent: New extensions and a comprehensive evaluation.
Ecography 2008, 31, 161-175. [CrossRef]


http://doi.org/10.1016/S0169-5347(01)02101-2
https://kns.cnki.net/kcms/detail/44.1640.q.20210223.0815.002.html.
http://doi.org/10.1093/ee/23.4.912
http://doi.org/10.1603/0046-225X-30.4.645
http://doi.org/10.1023/B:BINV.0000022135.96042.90
http://doi.org/10.1603/0046-225X-34.2.317
http://doi.org/10.1016/S0091-6749(97)70173-8
http://doi.org/10.1674/0003-0031(2004)152[0088:RIFAIO]2.0.CO;2
http://doi.org/10.1080/00779962.2009.9722178
http://doi.org/10.1093/ae/43.1.23
http://doi.org/10.1111/j.0906-7590.2006.04700.x
http://doi.org/10.1016/j.japb.2018.09.007
http://doi.org/10.1016/j.gecco.2020.e01032
http://doi.org/10.1016/j.ecoinf.2016.11.001
http://doi.org/10.1111/j.0906-7590.2008.5203.x

Insects 2021, 12, 874 16 of 16

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

Zhu, G.P; Liu, Q.; Gao, Y.B. Improving ecological niche model transferability to predict the potential distribution of invasive
exotic species. Biodivers. Sci. 2014, 22, 223-230.

Zhang, H.; Song, J.; Zhao, H.; Li, M.; Han, W. Predicting the Distribution of the Invasive Species Leptocybe invasa:
Combining MaxEnt and Geodetector Models. Insects 2021, 12, 92. [CrossRef] [PubMed]

Swets, ]. Measuring the accuracy of diagnostic systems. Sciernce 1988, 240, 1285-1293. [CrossRef] [PubMed]

Chen, C.; Gong, WR,; Hu, B.S.; Zhou, G.L.; Bao, Y.X,; Liu, F.Q. Potential establishment areas of Solenopsis invicta in China:
A prediction based on GIS. Chin. ]. Appl. Ecol. 2006, 17, 2093-2097.

Shen, W.J.; Wang, Y.N.; Wan, EH. Application of Analogy Deviation to Predict Potential Distribution of Solenopsis invicta Buren
(Hymenoptera: Formicidae) and Its Invasion Probability in China. Sci. Agric. Sin. 2008, 41, 1673-1683.

Zhu, G.P; Qiao, H.J. Effect of the Maxent model’s complexity on the prediction of species potential distributions. Biodivers. Sci.
2016, 24, 1189-1196. [CrossRef]

Lei, Y.; Jaleel, W.; Khan, M.A.; Shahzad, M.F; Khan, K.A. Effect of constant and fluctuating temperature on the circadian foraging
rhythm of the red imported fire ant, Solenopsis invicta Buren (Hymenoptera: Formicidae). Saudi J. Biol. Sci. 2020, 28, 64-72.
[CrossRef]

Morrill, W.L. Dispersal of red imported fire ants by water. Fla. Entomol. 1974, 57, 39-42. [CrossRef]

Markin, G.P; Dillier, ].H.; Collins, H.L. Growth and Development of Colonies of the Red Imported Fire Ant, Solenopsis invicta.
Ann. Entomol. Soc. Am. 1973, 66, 803-808. [CrossRef]

Boulangeat, I.; Gravel, D.; Thuiller, W. Accounting for dispersal and biotic interactions to disentangle the drivers of species
distributions and their abundances. Ecol. Lett. 2012, 15, 584-593. [CrossRef]

Qiao, H.J.; Hu, ].H.; Huang, ].H. Theoretical basis, future directions, and challenges for ecological niche models. Sci. Sin. 2013, 43,
915-927. [CrossRef]


http://doi.org/10.3390/insects12020092
http://www.ncbi.nlm.nih.gov/pubmed/33494404
http://doi.org/10.1126/science.3287615
http://www.ncbi.nlm.nih.gov/pubmed/3287615
http://doi.org/10.17520/biods.2016265
http://doi.org/10.1016/j.sjbs.2020.08.032
http://doi.org/10.2307/3493830
http://doi.org/10.1093/aesa/66.4.803
http://doi.org/10.1111/j.1461-0248.2012.01772.x
http://doi.org/10.1360/052013-192

	Introduction 
	Materials and Methods 
	Species Overview 
	Data and Processing of Species Distribution 
	Environmental Factors and Processing 
	MaxEnt Model Construction and Parameter Optimization 
	MaxEnt Model Evaluation 

	Results 
	Optimal Model and Accuracy Evaluation 
	Dominant Environmental Factors 
	Suitable Areas under Current Conditions 
	The Suitable Areas under Future Climate Change Scenarios 

	Discussion 
	Conclusions 
	References

