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Abstract

:

Invasive alien ant species pose serious threats to agricultural production, ecosystems, and human health in China. Solenopsis invicta Buren is the most destructive and aggressive invasive alien ant in China, causing serious agricultural and urban economic losses and public health concerns. Estimating its spatial distribution and ecological niche in China is crucial for S. invicta prevention and control. Based on 4195 occurrence records (4096 invasive occurrence records and 99 native occurrence records) and 10 environmental variables, we estimated the potential suitable area and ecological niche of S. invicta in China using the ensemble model and ‘ecospat’ package in R language. The mean AUC, KAPPA, and TSS values of the ensemble model were 0.989, 0.901, and 0.901, respectively, indicating that the ensemble model was better than the single-species distribution model for the simulation. Temperature, precipitation, and human factors are important variables that influence the distribution of S. invicta. Our results showed that the ecological niche similarity and equivalency test results showed that the ecological niches between native areas and China were not equivalent (D = 0.46, p = 0.001), but were more similar than would be expected by chance (p = 0.003). Under current climatic conditions, the total potential suitable area for S. invicta is 192.89 × 104 km2 in China, accounting for 20.09% of the land area in China; this land is mainly distributed in Hainan, Taiwan, Guangdong, Guangxi, Fujian, Zhejiang, Jiangsu, Anhui, Hubei, Hunan, Jiangxi, Guizhou, Yunnan, Chongqing, Sichuan, and Henan. Under future climatic conditions, the potential suitable areas of S. invicta will further increase, while the highly suitable areas will shift to higher latitudes. We suggest that early warning and monitoring of S. invicta in the central and northern areas of China should be strengthened to prevent its further spread.
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1. Introduction


Biological invasion is a major global issue that has resulted in a significant reduction in biodiversity and caused huge economic losses [1,2]. Biological invasions may be directly or indirectly influenced by global warming [3,4]. Global warming changes the distribution patterns of invasive alien species (IAS), which aids in the establishment of new habitats or ecological niches [5,6]. At present, there are nearly 800 varieties of IAS in China, according to the survey statistics of the Ministry of Agriculture and Rural Affairs of the People’s Republic of China [7]. Invasive alien ants are an important part of the IAS because of their multiple lifestyles, complex social organization, nesting patterns, and dietary requirements [8]. Invasive alien ants can cause declines in biodiversity, reduced yields in agriculture and forestry, ecosystem deterioration, huge economic losses, and worse human health [9]. Among the invasive alien ants, Solenopsis invicta, Wasmannia auropunctata, Linepithema humile, Anoplolepis gracilipes, and Pheidole megacephala are listed in the “100 of the world’s worst invasive alien species” list by the International Union for Conservation of Nature and Natural Resources (IUCN) [10].



Solenopsis invicta Buren (Hymenoptera: Formicidae) is an omnivorous soil-dwelling ant native to South American countries, including Brazil, Argentina, and Paraguay [11]. It has spread across four continents (North America, Oceania, Africa, and Asia) and several islands worldwide owing to its powerful ability to reproduce and disperse [12]. Solenopsis invicta invaded the Taoyuan and Jiayi areas of Taiwan, China, in 2003 and Guangdong, Mainland China, in 2004 [13]. As of 20 June 2022, S. invicta has spread to 12 provinces (Zhejiang, Fujian, Jiangxi, Hubei, Hunan, Guangdong, Guangxi, Hainan, Chongqing, Sichuan, Guizhou, and Yunnan) and 579 counties (cities, districts). Solenopsis invicta can reduce biodiversity, decrease crop yields, cause significant economic losses, and harm human health. For instance, S. invicta has replaced native ants by competition in China, resulting in the reduction of native ant populations by 23% to 84% in regions affected by invasion [14]. Solenopsis invicta causes significant reductions in the germination rates of agricultural crop seeds by gnawing, causing direct damage to agricultural production in China [15]. The cost of S. invicta control was 22,710.93 million RMB in Guangdong Province from 2007 to 2020 [16]. Solenopsis invicta bit 93.8% of people in a village in Wuchuan, Guangdong, and, worse yet, there were two deaths caused by their bites in Guangdong [17,18]. Current research focuses on molecular identification [19], biological characteristics [20], and control measures for S. invicta [21]; however, few studies have examined their risk of invasion using ecological niche models in China. Early warning and risk assessment are the most useful strategies for preventing IAS invasion [22]. However, the ecological niches of species change with time and space, especially for IAS [23]. Based only on information about the native areas of IAS, their potential suitable areas in the invasion sites cannot be accurately predicted [24]. Therefore, discovering whether S. invicta gradually adapts to the climatic conditions of the invasion site and expands its ecological niche is extremely important for its management.



Species distribution models (SDMs) provide numerical tools for the correlation of species occurrence data with environmental variables and can be used to predict current and future potential suitable areas for the species [25,26]. There are several dozen SDMs nowadays, each with different principles, algorithms, and prediction performances [27]. Biomod2 can combine the results of several models and present them in one integrated result to improve the accuracy of predicting species distribution [28]. Biomod2 based on R software includes 10 single species distribution models: generalized additive (GAM), generalized boosted (GBM), generalized linear (GLM), classification tree analysis (CTA), multivariate adaptive regression splines (MARS), artificial neural networks (ANN), surface range envelope (SRE), flexible discriminant analysis (FDA), random forests (RF), and maximum entropy (MaxEnt) models [29]. The ensemble model has been widely used to study the potential suitable areas of invasive alien insects because of it has more reliable prediction results than a single model. For instance, ensemble models have been used to study current and future potential suitable areas for five exotic invasive pests in Europe and Pomacea canaliculata worldwide [30,31].



Currently, the distribution of S. invicta in counties (cities and districts) in China has increased by 29.24% and 242.60% compared with 2021 and 2013, respectively [32]. Therefore, this study is based on the global occurrence records of S. invicta and correlated environmental variables, using the ensemble model and ‘ecospat’ package to estimate the potential suitable areas and ecological niche dynamics of S. invicta in native areas and China. The main objectives of the study were to determine the following aspects: (1) important environmental variables influencing the potential suitable areas of S. invicta, (2) whether an ecological niche shift has occurred in S. invicta in China, (3) potential suitable areas for S. invicta in China under current and future climatic conditions, and (4) centroid shifts of S. invicta in highly suitable areas in China.




2. Materials and Methods


2.1. Global Occurrence Records of Solenopsis invicta


Global occurrence records of S. invicta were collected from the Global Biodiversity Information Facility (GBIF; https://www.gbif.org/, doi.org/10.15468/dl.q4zbxf/, accessed on 21 September 2022), Global Ant Biodiversity Informatics (GABI, https://antmaps.org/, accessed on 21 September 2022), Invasive Species Compendium of the Center for Agriculture and Bioscience International (CABI, https://www.cabi.org/, accessed on 21 September 2022), List of Agricultural Plant Quarantine Pest Distribution Administrative Areas in China (http://www.moa.gov.cn/, accessed on 23 September 2022), and documentary records. All occurrence records were selected using ENMtools to ensure that only one species occurrence record was retained in the 5 km × 5 km raster data [33]. Finally, 4195 occurrence records were retained for model construction, including 4096 invasion occurrence records and 99 native occurrence records (Figure 1).




2.2. Selection of Environment Variables


A total of 21 environmental variables were selected for this study, including 19 bioclimatic variables, altitude, and human influence factors (Table 1). Current (1970–2000) and future (2030s and 2050s) bioclimatic variables and altitude used in this study were obtained from the World Climate Database (http://www.worldclim.org/, accessed on 12 October 2022) with a resolution of 2.5′. The future climate data (2030s and 2050s) were selected from the National Climate Center’s BCC-CSM2-MR global climate model using the three shared socioeconomic pathways (Table 2). SSP1-2.6, SSP2-4.5, and SSP5-8.5 are upgrades based on the RCP2.6, RCP4.5, and RCP8.5 scenarios of CMIP5, adding the relationship between climate change and socioeconomic development. The human influence index was obtained from the Global Human Influence Index (Geographic) (https://sedac.ciesin.columbia.edu/, accessed on 12 October 2022) with a resolution of 1 km × 1 km, which was created from nine global data layers, including human land use and infrastructure (nighttime lights, built-up areas, and land cover/use), human population pressure (population density), and human access (roads, railroads, coastlines, and navigable rivers). The human influence index was resampled to 5 km × 5 km in ArcGIS software to ensure consistent resolution of all environmental variables. Correlation analysis of 21 environmental variables was performed using ArcGIS software because of the presence of multicollinearity between environmental variables. If the correlation coefficient of two environmental variables exceeded 0.8 (|r| > 0.8), the more meaningful environmental variable was retained (Figure S1). Finally, 10 environmental variables were used to build the model: mean diurnal air temperature range (Bio2), mean temperature of warmest quarter (Bio10), mean temperature of coldest quarter (Bio11), precipitation of driest month (Bio14), precipitation seasonality (Bio15), precipitation of wettest quarter (Bio16), precipitation of warmest quarter (Bio18), precipitation of coldest quarter (Bio19), altitude, and human influence index (Hii).




2.3. Construction of the Model


The potential suitable area of S. invicta was modeled using 10 single-species distribution models (GAM, GBM, GLM, CTA, MARS, ANN, SRE, FDA, RF, and MaxEnt) in biomod2 (R package) based on species occurrence records and environmental variables. In the single-species distribution model setup, 75% of the species occurrence records were used as training data and the remaining 25% as test data; 1000 pseudoabsence points were randomly selected, and the model was repeated 10 times. Finally, the results of 10 single-species distribution models were obtained, and 4 single models were selected by evaluation indicators (AUC, TSS, and KAPPA) to construct an ensemble model, which was used to predict the potential suitable area of S. invicta.




2.4. Ecological Niche Comparison Measures


The environmental principal components analysis (PCA-env) in the R language ‘ecospat’ package was used to study the ecological niche shifts of S. invicta in native and invasive countries [34]. Evaluation of ecological niche shifts of IAS requires the introduction of several ecological niche indicators, such as ecological niche overlap index D, equivalence, and similarity. Ecological niche overlap index D indicates the overlap rate of ecological niches of S. invicta in the native areas and China; the index has a value range from 0 to 1, with larger values indicating a higher overlap rate of ecological niches in the two areas [35]. Ecological niche equivalence analysis was performed by randomly dividing all occurrence records for the species into native and China data, whether native and China ecological niches are equivalents (i.e., whether ecological niches overlap when two occurrence records are randomly assigned in native and China). Randomly repeated 100 times (to ensure rejection of the null hypothesis with high confidence), the null hypothesis of ecological niche equivalence could not be rejected if the observed value of the overlap index D was within 95% of the simulated value. Ecological niche similarity tests whether ecological niches in the native and Chinese areas are more similar than randomly selected niches. Randomly repeated 100 times, the actual ecological niches in the native and Chinese were more similar than randomly assigned records if the observed ecological niche overlap index D was greater than 95% of the simulated value [36].




2.5. Model Evaluation and Potential Suitable Area Classification


The area under the receiver operating characteristic (ROC) curve (AUC), true skill statistic (TSS), and kappa coefficient (KAPPA) were used to evaluate model performance. AUC values were evaluated as follows: excellent (0.8 to 1), usable (0.5 to 0.8), and poor (<0.5) [37]. The values of KAPPA and TSS ranged from 0 to 1, with higher values indicating a higher model prediction accuracy.



The ASCII layer of the presence probability of S. invicta was obtained from the results of the ensemble model, with values ranging from 0 to 1000. The results were then clipped according to the Chinese vector boundary to obtain the potential suitable area of S. invicta in China. Finally, the potential suitable areas of S. invicta were classified into four types using ArcGIS: highly suitable area (600–1000), moderately suitable area (400–600), poorly suitable area (190–400), and unsuitable area (0–190).



As the geographical distribution of highly potential suitable areas of S. invicta is irregular and it is difficult to describe its migration tracks, we used the potential highly suitable area centroids to describe the migration tracks of S. invicta in China [38]. The centroids of highly suitable areas of S. invicta under current and future climatic conditions were obtained using the Feature to Point function of ArcGIS software.





3. Results


3.1. Evaluation of Model Accuracy


The results show that the GAM, GBM, GLM, and RF models generally performed most effectively (Figure 2). The mean AUC values for the GAM, GBM, GLM, and RF were 0.977, 0.979, 0.977, and 0.981, respectively. The mean KAPPA values for the GAM, GBM, GLM, and RF were 0.875, 0.857, 0.867, and 0.889, respectively. The mean TSS values for the GAM, GBM, GLM, and RF were 0.872, 0.868, 0.863, and 0.892, respectively. Therefore, we selected the GAM, GBM, GLM, and RF to construct the ensemble model. The mean AUC, KAPPA, and TSS values of the ensemble model were 0.989, 0.901, and 0.901, respectively. The results showed that the ensemble model was more accurate and stable in predicting the potential suitable area of S. invicta compared with the single-species distribution model.




3.2. Important Environmental Variables


In this study, the contribution values of each environmental variable were assessed using a single-species distribution model. Our results showed that the four environmental variables with the highest average contribution values were the precipitation of driest month (Bio14, 0.355), human influence index (Hii, 0.222), mean temperature of warmest quarter (Bio10, 0.212), and precipitation of wettest quarter (Bio16, 0.139) in GAM; precipitation of driest month (Bio14, 0.253), human influence index (Hii, 0.238), mean temperature of warmest quarter (Bio10, 0.117), and mean temperature of coldest quarter (Bio11, 0.091) in GBM; precipitation of driest month (Bio14, 0.360), mean temperature of warmest quarter (Bio10, 0.239), human influence index (Hii, 0.194), and mean temperature of coldest quarter (Bio11, 0.165) in GLM; and mean temperature of coldest quarter (Bio11, 0.146), human influence index (Hii, 0.143), mean temperature of warmest quarter (Bio10, 0.134), and precipitation of driest month (Bio14, 0.134) in RF (Figure 3). In summary, the important environmental variables influencing the potential suitable areas for S. invicta were the precipitation of driest month (Bio14), mean temperature of warmest quarter (Bio10), mean temperature of coldest quarter (Bio11), and human influence index (Hii).




3.3. Ecological Niche of Solenopsis invicta in China


The average values of the 10 environmental variables for S. invicta changed in native areas and China (Figure 4). The mean diurnal air temperature range (Bio2), mean temperature of warmest quarter (Bio10), altitude, and human influence index (Hii) changed less significantly in the native areas and China, whereas the other environmental variables changed significantly. The mean temperature of coldest quarter (Bio11) of S. invicta in China was 11.85 °C, which was lower than that of the native area, indicating that S. invicta is well-adapted to the mean temperature of coldest quarter. Meanwhile, S. invicta was more adapted to areas with a humid climate, with the precipitation seasonality (Bio15), precipitation of wettest quarter (Bio16), and precipitation of warmest quarter (Bio18) in China being higher than those of the native areas by 34.80–49.18%. Overall, S. invicta is better adapted to cold and humid climates in China.



The ecological niches of S. invicta in native areas and China shifted according to the comparative ecological space (Figure 5). The ecological niche overlap index D was 0.46, according to the simulation results based on the native area and Chinese occurrence records of S. invicta. The ecological niche of S. invicta in China compared with their native areas showed a certain degree of ecological niche expansion (NE = 0.29, only appears in the ecological niche space of China), while the ecological niche stability was higher in China (NS = 0.70, the ecological niche space appears both in China and native). The null hypothesis of equivalence (p = 0.001) was rejected, while the null hypothesis of similarity (p = 0.003) was not rejected for the ecological niches of S. invicta in native areas and China; thus, the ecological niches of the species in native areas and China are similar but not identical. In summary, the ecological niches of S. invicta in native areas and China are somewhat different, indicating that the ecological niches of the species have shifted; however, ecological niche expansion is smaller, and ecological niches generally maintain higher stability.




3.4. Potential Suitable Areas of Solenopsis invicta in China under Current Climatic Condition


The results showed that our model predictions were consistent with the actual distribution of S. invicta. (Figure 6). The total potential suitable area of S. invicta in China was 192.89 × 104 km2, accounting for 20.09% of the total area in China, and is mainly distributed in the southern area of China (Table S1). The highly suitable area was 93.35 × 104 km2, accounting for 9.72% of the total area in China, and mainly distributed in Yunnan, Guangdong, Guangxi, Hainan, Fujian, Taiwan, Zhejiang, Jiangxi, Hunan, Guizhou, Sichuan, and Chongqing. The moderately suitable area was 49.97 × 104 km2, accounting for 5.21% of the total area in China, and mainly distributed in Hainan, Taiwan, Jiangsu, Anhui, Hubei, and Guizhou. The poorly suitable area was 49.57 × 104 km2, accounting for 5.16% of the total area in China, and mainly distributed in Jiangsu, Anhui, Hubei, Henan, and Yunnan.




3.5. Potential Suitable Areas and Changes of Solenopsis invicta in China under Future Climatic Conditions


The potential suitable areas and changes to S. invicta under three future (2030s and the 2050s) climatic conditions (SSP1-2.6, SSP2-4.5, and SSP5-8.5) in China are shown in Figure S2 and Figure 7. The potential suitable areas for S. invicta in China were mainly distributed in Hainan, Taiwan, Guangdong, Guangxi, Fujian, Zhejiang, Jiangsu, Anhui, Henan, Hubei, Hunan, Jiangxi, Yunnan, Guizhou, Sichuan, and Chongqing (Figure S2). The land area of potential suitable areas of S. invicta increases under predicted future climatic conditions in China. The areas of increased distribution were mainly distributed in Henan, Jiangsu, Shandong, Hubei, and Guizhou; the areas of decreased distribution were mainly distributed in Yunnan, Hainan, and Taiwan.



Under SSP1-2.6 in 2030s, the total, highly, moderately, and poorly suitable areas for S. invicta were 218.70 × 104 km2, 124.22 × 104 km2, 55.35 × 104 km2, and 39.13 × 104 km2, respectively, accounting for 22.78%, 12.94%, 5.76%, and 4.08% of the total area of China, respectively (Table S1). Under SSP1-2.6 in 2050s, the total, highly, moderately, and poorly suitable areas of S. invicta were 229.90 × 104 km2, 145.51 × 104 km2, 49.66 × 104 km2, and 34.73 × 104 km2, respectively, accounting for 23.95%, 15.16%, 5.17%, and 3.62% of the total area of China, respectively. The total and highly suitable areas gradually increased, the poorly suitable areas gradually decreased in the 2030s and the 2050s, and the moderately suitable areas increased in the 2030s and decreased in the 2050s.



Under the SSP1-2.6 in 2030s and 2050s, the gain areas were 25.26 × 104 km2 and 36.47 × 104 km2, respectively (Table S2), and mainly distributed in Henan, Jiangsu, Shandong, Hubei, Guizhou, and Yunnan. The loss areas were 0.49 × 104 km2 and 0.17 × 104 km2, respectively, and mainly distributed in Taiwan, Hainan, Yunnan, and Tibet (Figure 7).



Under SSP2-4.5 in 2030s, the total, highly, moderately, and poorly suitable areas for S. invicta were 224.08 × 104 km2, 128.51 × 104 km2, 56.99 × 104 km2, and 38.58 × 104 km2, respectively, accounting for 23.34%, 13.39%, 5.93%, and 4.02% of the total area of China, respectively. Under SSP2-4.5 in 2050s, the total, highly, moderately, and poorly suitable areas of S. invicta were 236.45 × 104 km2, 151.92 × 104 km2, 50.35 × 104 km2, and 34.18 × 104 km2, respectively, accounting for 24.63%, 15.83%, 5.24%, and 3.56% of the total area of China, respectively. The total, highly, and moderately suitable areas gradually increased, and poorly suitable areas gradually decreased in the 2030s and the 2050s.



Under the SSP2-4.5 in 2030s and 2050s, the gain areas were 28.43 × 104 km2 and 43.50 × 104 km2, respectively, and were mainly distributed in Henan, Jiangsu, Shandong, Hubei, Guizhou, and Shaanxi. The loss areas were 0.06 × 104 km2 and 0.43 × 104 km2, respectively, mainly distributed in Taiwan, Hainan, and Yunnan.



Under SSP5-8.5 in 2030s, the total, highly, moderately, and poorly suitable areas for S. invicta were 221.99 × 104 km2, 125.75 × 104 km2, 55.25 × 104 km2, and 40.99 × 104 km2, respectively, accounting for 23.12%, 13.10%, 5.75%, and 4.27% of the total area of China, respectively. Under SSP5-8.5 in 2050s, the total, highly, moderately, and poorly suitable areas for S. invicta were 241.47 × 104 km2, 167.64 × 104 km2, 44.17 × 104 km2, and 29.66 × 104 km2, respectively, accounting for 25.15%, 17.46%, 4.60%, and 3.09% of the total area of China, respectively. The total and highly suitable areas gradually increased, and the poorly suitable areas gradually decreased in the 2030s and the 2050s. Moderately suitable areas increased in the 2030s and decreased in the 2050s.



Under the SSP5-8.5 in 2030s and 2050s, the gain areas were 28.43 × 104 km2 and 48.57 × 104 km2, respectively, and were mainly distributed in Henan, Jiangsu, Shandong, Hubei, Guizhou Shaanxi, and Sichuan. The loss areas were 0.32 × 104 km2 and 0.29 × 104 km2, respectively, and were mainly distributed in Taiwan, Hainan, and Yunnan.




3.6. The Centroids Migration of Highly Suitable Areas of Solenopsis invicta


Under future climatic conditions, the centroid of the highly suitable areas of S. invicta shifted to higher latitudes and lower longitudes (Figure S3).



Under current climatic conditions, the centroid of highly suitable areas of S. invicta was located at point (112.78° E, 26.49° N). Under SSP1-2.6, the centroids of the highly suitable areas were located at points (112.53° E, 27.08° N) and (112.08° E, 27.31° N) in the 2030s and 2050s, respectively, and shifted between 0.25° E and 0.59° N from the current to the 2030s and between 0.45° E and 0.23° N from the 2030s to the 2050s. Under SSP2-4.5, the centroids of the highly suitable area were located at points (112.16° E, 27.23° N) and (112.12° E, 27.57° N) in the 2030s and 2050s, respectively, and shifted between 0.62° E and 0.26° N from the current to the 2030s and 0.04° E and 0.34° N from the 2030s to the 2050s. Under SSP5-8.5, the centroids of the highly suitable areas were located at points (112.41° E, 27.17° N) and (111.76° E, 27.58° N) in the 2030s and 2050s, respectively, and shifted between 0.37° E and 0.68° N from the current to the 2030s and between 0.65° E and 0.41° N from the 2030s to 2050s.





4. Discussion


Solenopsis invicta is one of the most dangerous invasive alien species in China, having rapidly spread to 12 provinces (cities, autonomous regions) and 579 counties (cities, districts) since its invasion of mainland China in 2004, which has caused high concern among government departments [13]. Predicting the potential suitable areas of S. invicta is an important approach to prevent further spread. Species distribution models can predict the potential geographic distribution of IAS in a region, determine the geographic range and specific locations of their colonization and distribution once invaded, and provide guidance for early warning, control, and prevention of IAS [39]. The fundamental assumption of SDMs is niche conservatism; therefore, whether the ecological niche of the IAS has shifted has an important impact on the predictive accuracy of SDMs [40]. Our results show that although the ecological niche of S. invicta has undergone a smaller expansion in China, the overall ecological stability has remained high. Finally, we predicted potential suitable areas of S. invicta under current and future climatic conditions in China based on 4195 global occurrence records and 10 environmental variables using ensemble model. Our results provide a scientific basis for the monitoring and controlling of S. invicta.



4.1. Important Environmental Variables Affecting the Distribution of Solenopsis invicta


Insects are typically poikilothermic animals, and global climate change has a significant impact on them [41,42]. Global warming affects insect distribution patterns, growth, and development, phenological synchronization with host plants, egg-laying rates, and genetic composition [41,43,44]. The results of the model showed that the mean temperature of warmest quarter (bio10), mean temperature of coldest quarter (bio11), precipitation of driest month (bio14), and human influence index (Hii) were the environmental variables with the highest contribution to the potential distribution of S. invicta in China. This finding shows that temperature and precipitation are the main factors affecting the distribution pattern of S. invicta, while the human influence index is also important [45,46].



Temperature is an important factor affecting S. invicta foraging: the soil temperature at a depth of 2 cm is an important indicator of foraging activity, while temperature regulates the foraging time of S. invicta and other urban ant species [47,48]. There was a significant correlation between the foraging activity and temperature of S. invicta [45]. The study used 17, 21, and 24 °C as starting temperatures to simulate the growth of S. invicta, and concluded that a temperature of 17 °C was most consistent with the development of larvae and pupae and the actual activity of the population [49]. Studies have shown that, as global temperatures rise, China’s temperatures will rise further in the future [50]. Overall, the southern area of China will provide suitable areas for the further spread of S. invicta.



Changes in precipitation can affect insect development time, pathogen transmission, and nest security, while precipitation itself can directly affect the lives of small insects [51,52]. Our study showed that precipitation factors limit the distribution of potential suitable areas for S. invicta in China. Continental areas with an average annual precipitation above 510 mm are suitable for S. invicta, whereas in areas with an average annual precipitation below 510 mm, only areas near rivers, lakes, and frequently irrigated areas can be colonized by S. invicta [53,54]. However, excessive precipitation has negative effects on this species, such as the possible destruction of nests, negative impacts on foraging, and even direct threats to their lives [7,55].



Human trade and travel break down the geographical limits of species, resulting in increased biological invasions. Studies have shown that recent human historical processes influenced the invasion of global ants [56]. Interestingly, the human influence index (Hii) also had a greater effect on the distribution of potential suitable areas for S. invicta. It has been shown that S. invicta can survive in human buildings and infrastructure [49]. According to the spread pattern of S. invicta, long-distance dispersal is only possible through human activity and major events [57]. Studies have shown that human activities are the main drivers of S. invicta invasion [58]. Therefore, studying the human influence index (Hii) that stimulates invasive ants may be key to understanding and controlling ant invasion.




4.2. Ecological Niche Shifts of Solenopsis invicta after Invasion in China


Ecological niches play an important role in predicting the distribution patterns of species; however, the native ecological niches of species do not include all suitable habitats for their survival, especially for IAS [59]. Invasive alien species undergo significant ecological niche shifts during invasion and after colonization, particularly among invertebrate, vertebrate, amphibian, and plant populations [60]. Invasive alien species adapt to new habitats and spatially expand their ecological niches after colonization through several methods, eventually resulting in differences between native and invasive ecological niches, such as thermal niche shift [61,62]. Solenopsis invicta spread rapidly after its invasion of mainland China in 2004; thus, accurately simulating and predicting the ecological niche of this species in response to climate change is of great significance.



Our study found that the ecological niche overlap index D is only 0.46 between the native and Chinese ecological niche of S. invicta, which indicates that the species has adapted to the Chinese climatic environment [63]. Due to the obvious differences between the ecological niche requirements and climatic environment of China after the invasion of S. invicta, the species has adapted to the climatic environment of the habitat. There are many reasons for ecological niche shifts in species, such as biotic interactions, dispersal constraints, and human factors [64]. These factors cause species to exceed the limits of their native ecological niches and occupy a variety of non-native ecological niches [65]. In conclusion, our results indicate that the ecological niche of S. invicta has shifted less after invasion in China; however, the overall ecological niche has maintained high stability.




4.3. Distribution of Potential Suitable Areas for Solenopsis invicta under Current and Future Climatic Conditions


Our study showed that under current climatic conditions, the potential suitable areas of S. invicta are mainly distributed in Hainan, Taiwan, Guangdong, Guangxi, Fujian, Zhejiang, Jiangsu, Anhui, Hubei, Hunan, Jiangxi, Guizhou, Yunnan, Chongqing, Sichuan, and Henan. These areas have suitable temperatures and adequate moisture, providing suitable habitats for the colonization and spread of S. invicta [45]. Our study results are consistent with the actual distribution, indicating the high accuracy of our model’s results [66]. Moreover, the potential suitable area for S. invicta will increase in China under future climatic conditions. One study predicted the potential suitable area of S. invicta in China based on the optimized MaxEnt model, with the area of potential suitable areas increasing under future climatic conditions [67]. There are also studies that used random forest (RF) models to predict the potential suitable area of S. invicta in Korea, which increased under the RCP8.5 scenario [68]. Although the SDMs used were different, the results of the above studies are consistent with those of our study.



Global warming will also cause a change in the distribution patterns of IAS, such as shifting to higher latitudes [69]. Our study showed that under future climatic conditions, the highly potential suitable area of S. invicta will shift to higher latitudes in China. The study shows that under future climatic conditions, the potential suitable areas of S. invicta, L. humile, and Helicoverpa zea will shift to higher latitudes in China [37,67,70]. The above study also confirms our results.




4.4. Measures for the Control and Management of Solenopsis invicta


The main methods for dispersal of S. invicta are natural and man-made [71]. Natural dispersal mainly includes mating flights, flow with floods, and ground migration, whereas man-made dispersal is mainly spread over long distances by gardening, waste soil, agricultural machinery, and transportation [72]. Solenopsis invicta has colonized China for nearly two decades, and control measures are mainly focused on the external prevention of invasion and internal prevention of spread. Customs departments should strengthen the quarantine of goods from countries with confirmed occurrence of S. invicta. Owing to the limited distance for natural dispersal of S. invicta, man-made dispersal is mainly prevented in the country [71]. The inspection of goods, vehicles, and agricultural machinery from S. invicta colonization areas should be strengthened to prevent and control man-made dispersal [14]. Areas colonized by S. invicta should also be removed, mainly through biological and chemical measures [66]. Biological measures include the use of parasitic flies and microsporidia to control S. invicta, with some positive results shown in [73,74]. Chemical measures include the use of chemicals for direct elimination of S. invicta, especially organic solvents, spinosyn, poison baits, and other chemicals; however, they are somewhat damaging to the ecosystem [75,76]. Finally, a complete monitoring, prevention, and control system should be established to prevent the continued spread of S. invicta in China.





5. Conclusions


In this study, the ensemble model was used to predict the potential suitable areas of S. invicta in China under current and future climatic conditions, and the overall prediction of the model was excellent. These predictions were based on the occurrence records from areas native and China, using the ‘ecospat’ package to research the ecological niche of the species. The most important environmental variables influencing the distribution of S. invicta were the mean temperature of warmest quarter (Bio10), mean temperature of coldest quarter (Bio11), precipitation of driest month (Bio14), and human influence index (Hii). We found that the ecological niche of S. invicta expanded to an extent; however, the overall ecological niche retains high stability. Under current climatic conditions, the total potential suitable area of S. invicta is 192.89 × 104 km2 in China, with these areas mainly located in southern China. Under future climatic conditions, the potential suitable areas for S. invicta will further increase, while highly suitable areas will shift to higher latitudes. Solenopsis invicta has colonized China for nearly 20 years, and customs and quarantine departments around the country should strengthen the inspection of foreign goods to prevent foreign importation and internal proliferation of S. invicta. The results of our study provide theoretical guidance for the prevention and control of S. invicta.
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Figure 1. Global occurrence records of Solenopsis invicta. 
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Figure 2. Evaluation of AUC, KAPPA, and TSS for single-species distribution models. 
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Figure 3. Contribution values of environmental variables in GAM, GBM, GLM, and RF models. 
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Figure 4. Comparison of environmental variables of Solenopsis invicta in native areas and China. 
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Figure 5. Comparison of environmental variables of Solenopsis invicta between native areas and China. Red arrows indicate Schoener’s D. Red and green areas indicate expansion and unfilling, respectively, blue areas indicate overlapping ecological niches, and red arrows indicate changes in S. invicta’s ecological niche centers between native areas and China. 
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Figure 6. Ensemble model-based simulation of potential suitable areas of Solenopsis invicta in China under current climatic conditions. 
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Figure 7. Changes in potential suitable areas of Solenopsis invicta under future climatic conditions. 






Figure 7. Changes in potential suitable areas of Solenopsis invicta under future climatic conditions.



[image: Diversity 15 00607 g007]







[image: Table] 





Table 1. Environmental variables correlated with distribution of Solenopsis invicta.
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	Variable
	Description
	Unit





	Bio1
	Annual mean temperature
	°C



	Bio2
	Mean diurnal air temperature area
	°C



	Bio3
	Isothermality (bio2/bio7) (*100)
	—



	Bio4
	Temperature seasonality (standard deviation*100)
	—



	Bio5
	Max temperature of warmest month
	°C



	Bio6
	Min temperature of coldest month
	°C



	Bio7
	Temperature annual area (bio5-bio6)
	°C



	Bio8
	Mean temperature of wettest quarter
	°C



	Bio9
	Mean temperature of driest quarter
	°C



	Bio10
	Mean temperature of warmest quarter
	°C



	Bio11
	Mean temperature of coldest quarter
	°C



	Bio12
	Annual precipitation
	mm



	Bio13
	Precipitation of wettest month
	mm



	Bio14
	Precipitation of driest month
	mm



	Bio15
	Precipitation seasonality (coefficient of variation)
	—



	Bio16
	Precipitation of wettest quarter
	mm



	Bio17
	Precipitation of driest quarter
	mm



	Bio18
	Precipitation of warmest quarter
	mm



	Bio19
	Precipitation of coldest quarter
	mm



	Altitude
	Altitude
	m



	Hii
	Human influence index
	—
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Table 2. Three emission scenarios.
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	Emission
	Description





	SSP1-2.6
	SSP1 (low forcing scenario) upgrade to RCP2.6 scenario based on (Radiative forcing reaches 2.6 W/m2 in 2100)



	SSP2-4.5
	SSP2 (medium forcing scenario) upgrade to RCP4.5 scenario based on (Radiative forcing reaches 4.5 W/m2 in 2100)



	SSP5-8.5
	SSP5 (high forcing scenario) upgrade to RCP8.5 scenario based on (SSP5 is the only SSP scenario that can achieve radiative forcing to 8.5 W/m2 in 2100)
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