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climate change and invasion
process
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As one of the most destructive and aggressive exotic harmful species, Solenopsis
invicta Buren has spread rapidly in China, posing serious threats to biodiversity as
well as human production and life. To formulate effective prevention and control
measures, we first compared the bioclimatic variables of S. invicta between China
and the USA. Subsequently, we employed the MaxEnt model and the “ecospat”
package to predict the potential distribution and niche shift of S. invicta. The similar
average annual temperature and annual precipitation between China and the
USA serve as crucial ecological and environmental foundations for the successful
invasion of S. invicta. Under the current climate, S. invicta is primarily distributed
in the eastern and southern coastal regions of China and the USA. Under future
climate scenarios, the suitable habitat area for S. invicta is projected to continue
increasing in China, while it is expected to decrease in the USA. Mean diurnal
range (Bio2), precipitation seasonality (Biol5), and other climatic factors exhibited
vital niche differentiation. The niche of S. invicta has significant shifted in both
climatic and geographic spaces, while maintaining niche conservatism during
the invasion process. S. invicta can effectively adapt to new habitats through
niche shifts during the invasion process. It is not advisable to directly apply the
prediction experiences and threshold values from the United States to guide the
prevention and control of S. invicta in China in the future. Overall, the analysis
provided a scientific basis for the government and local organizations to prevent
and control S. invicta.

KEYWORDS

Solenopsis invicta Buren, species invasion, MaxEnt model, ecospat, habitat change,
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1 Introduction

Biological invasion is considered the second greatest global threat contributing to
biodiversity loss after habitat destruction (Clement et al., 2025; Liao et al., 2025). With the
development of trade, transportation, and tourism, invasive alien species has become a
pressing global ecological and environmental issue (Zhu, 2012; Yan et al., 2017). Animal
invasion, defined as the introduction of an alien species into new habitats via human activities
or natural processes, represents a significant area of research within the broader field of
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biological invasions (Zhang et al., 2021; Lee et al., 2022). It can not
only lead to ecological and environmental problems, such as the loss
of native biodiversity and ecosystem collapse, but also result in
significant economic losses and pose risks to human health
(Vasconcelos et al., 2024; Li et al., 2025). China’s vast territory and
diverse climatic provide favorable environments for the establishment
and spread of alien species. Over half of the 100 most threatening
invasive species identified by the International Union for Conservation
of Nature (IUCN) in 2000 are currently established in China
(Cardenas et al., 2023). China has become one of the countries most
severely affected by biological invasions worldwide, and the challenges
associated with their prevention and control are intensifying
(Abdedayem etal,, 2023; Jiang et al., 2024). Undoubtedly, substantially
increasing investment in the prevention and control of invasive species
is both a prudent and necessary strategy (Lorenzo and Morais, 2023).
However, the growing diversity and abundance of alien species, the
complex mechanisms underlying invasions, and the unique
environmental attributes of recipient regions collectively impede
effective prevention and control (Haubrock et al., 2023). Therefore,
understanding the environmental factors that affect biological
invasion is essential for protecting ecosystems and human well-being.

Environmental factors are intrinsically dynamic, exhibiting
continuous shifting across both time and space, with climate change
now the main force propelling those shifts. Global change and
associated anthropogenic drivers alter environmental conditions that
facilitate the establishment of alien species. The overall invasive
potential of alien species are also jointly shaped by ongoing shifts in
both climatic and socioeconomic regimes (Bellard et al,, 2013; Tingley
et al., 2014). Recent syntheses indicate that climate-driven global
change concurrently (i) alters the reproduction, growth, and inter-
specific competitiveness of invasive species and (ii) reshapes
geographic ranges and impact of invasive species by eroding ecosystem
stability (Teles et al., 2022). Consequently, biological invasion is often
viewed as a dynamic, continually expanding and shifting process
whose realized distribution is inseparably coupled to the invader’s
ongoing range expansion (Dormann et al, 2012). As species
distribution changes across time and space, its niche is continually
reshaped by climate and human factors, making such niche dynamics
especially noteworthy during the invasion process (Peterson et al.,
2017; Santamarina et al., 2023). Therefore, prior to forecasting the
environmental factors and potentially suitable ranges of an invasive
species, it is imperative to test for niche shifts within the invaded
region. A growing body of literature now recognizes that quantifying
niche shifts is essential for accurately projecting the potential
distributions of alien species (Wei et al., 2017; Atwater et al., 2018;
Tang et al., 2021). By comparing climatic conditions between native
and invaded ranges, these studies have elucidated the mechanisms
driving the spread and range expansion of invasive species. Such
analyses are pivotal for tailoring effective prevention and control
strategies, as they forecast species’ spatio-temporal spread and
concurrent niche-shift dynamics (Bates et al., 2020).

Among the various invasive species, Solenopsis invicta Buren
(Hymenoptera: Formicidae), a native of South America, is a high-risk
alien insect that severely threatens agriculture, forestry, public safety,
human health and ecosystem integrity (Sung et al., 2018). In the early
twentieth century, S. invicta was inadvertently introduced into the
southern United States through lapses in quarantine and inspection,
triggering serious agricultural losses and environmental-health
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problems (Wetterer, 2013). First detected in Guangdong Province in
2004, S. invicta has since expanded into 12 Chinese provinces. Its high
adaptability enables it to rapidly become a dominant populations of
newly colonised ecosystems (Lei et al., 2019). Research indicates that
S. invicta reduces local abundance and biodiversity per unit area,
disrupts ecological equilibrium, and catastrophically fragments food
webs, often creating near or complete vacuums in the resident species
assemblage (Drees et al., 2013). Over the past decade, national-scale
modelling has consistently identified the core suitable zone within the
18-32°N latitude range (Teng et al., 2025). Regional analyses further
reveal that local establishment is primarily governed by soil moisture
and slope conditions, while the northern boundary of suitability is
projected to shift poleward under warming scenario (LeBrun et al,
2012; Song et al., 2021). Meanwhile, increasing road network density
is expected to lower the effective suitability threshold (Lin et al., 2022).
Accumulated evidence identifies climate change as the primary driver
of S. invicta invasions, altering both the species” distributional limits
and rate of spread by modulating the sequential stages of the invasion
process (Levia and Frost, 2004; Needleman et al., 2018; Lee et al.,
2021). Therefore, the most effective strategy for preventing and
controlling harmful invaders is to quantify the spatio-temporal
dynamics of invasion, identify high-risk areas, and inform targeted
monitoring and early-warning programmes. This underscores a
paradigm shift from static species distribution models to dynamic
niche frameworks.

The risk zone of invasive species, defined as the region where
establishment and impact are probable, is shaped by the interplay of
numerous environmental factors (Gan et al, 2025). For every
environmental variable, there is an optimal range within which a
species can persist. The breadth of this range and the species’ capacity
to adapt to its local environment are key components of its ecological
niche (Wang et al., 2025). Species distribution models (SDMs) are
tools that integrate known species occurrence data with associated
environmental variables to construct predictive models via specific
algorithms. These models characterize species’ ecological niches to
predict their realized and potential distributions across time and space
(Brown, 2014). Among species distribution modelling algorithms—
Bioclim, Climex, Domain, GARP, and MaxEnt—MaxEnt is a
maximum-entropy machine-learning algorithm that estimates the
potentially suitable distribution of a species (Borges et al., 2022).
MaxEnt yields higher simulation accuracy and superior predictive
performance compared to the alternative algorithms mentioned above
(Ming et al., 2018). Consequently, MaxEnt is now widely used in
conservation biology to project species’” potential ranges, evaluate
habitat suitability, forecast climate-driven niche shifts, assess the
invasion risk of alien taxa, and inform phylogeographic reconstruction
(Kumar and Stohlgren, 2009; Erikssona and Daleruma, 2018; Santana
etal, 2019). Furthermore, invasive species often undergo pronounced
niche shifts (Fenollosa et al., 2025). Rapid evolution enables invasive
alien species to develop novel adaptive mechanisms, expanding their
fundamental niche, whereas the absence of natural enemies and
vacant niches in the introduced range may shift their realized niche
(Bates et al., 2020). Invasive species can rapidly adjust their ecological
niches to match local environmental conditions, facilitating rapid
establishment in novel habitats. Consequently, conventional species
distribution models may fail to capture accurately the niche dynamics
of these invasive taxa (Srivastava et al., 2020). Ecospat is an R package
for quantifying, testing, and visualizing species’ niches and
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distributions (Di Cola et al., 2017). It can directly quantify niche
overlap and axis-specific differences between native and introduced
ranges, thereby exposing niche shifts associated with invasion
(Rodrigues et al., 2016). Thus, incorporating niche dynamics into
species distribution projections can improve assessments of
invasiveness and underlying mechanisms in novel ranges. Currently,
most research on S. invicta has addressed its invasion status,
biodiversity impacts, and control measures, whereas habitat dynamics
and niche shifts of this species remain understudied (Cook, 2003; Ma
etal, 2010; Wang et al., 2013). Here, using MaxEnt and the “ecospat”
package, we quantified the potential distributions under current and
future climate scenarios, and characterized the niche dynamics of
S. invicta in China and the USA. First, we compared the bioclimatic
envelopes of S. invicta between China and the USA and quantified
how these variables relate to, and differ from, the species” current
distributions in the two regions. Second, we used MaxEnt to project
the potential distribution of S. invicta in China and the USA under
current (1970-2000 mean) and two future period (2050 and 2070).
Third, we used the ecospat package to quantify niche dynamics
between the native and introduced ranges and to characterize how the
niche has shifted during invasion. For the first time, we systematically
quantified the mechanisms of ecological niche conservation and
expansion of S. invicta in both countries under the climate framework,
and revealed the pivotal influence of non-equilibrium invasion
dynamics on future early-warning systems.

2 Materials and methods
2.1 Occurrence data of S. invicta

Occurrence records for S. invicta in China and the USA were
compiled from the Global Biodiversity Information Facility (GBIF),
the China Academic Journal Network Publishing Database (CNKI),
the Chinese Virtual Herbarium (CVH), and literature searches via
Google Scholar (Tang et al., 2021). The occurrence records were

10.3389/ffgc.2025.1659630

screened to remove duplicates and any entries lacking precise
geographic coordinates (Zhong et al., 2023; Liao et al., 2025). Localities
with only specific place names were georeferenced using Google Earth
to obtain geographic coordinates (Kong et al., 2021). Field surveys and
cross validation further verified and supplemented the dataset,
ensuring that it accurately reflects the current distribution of the
species in both countries. Sampling bias is a critical concern in species
distribution modelling, yet any bias-reduction technique carries
inherent limitations that must be explicitly considered (Dudik et al.,
2005). To minimize spatial autocorrelation, occurrence records were
thinned to retain a single point per 10 km grid cell using the spatial
screening method (Li et al., 2023). The resulting dataset was then
cross-validated against alternative bias-reduction methods (cluster-
based filtering and grouping screening) to ensure robust model
performance (Liao et al., 2025; Luo et al., 2025). Each subset was run
independently in MaxEnt, and AUC, TSS and omission rates were
compared. Differences among the three approaches were negligible (<
5%), so the spatially thinned dataset was retained for final modelling.
This approach yielded a dataset that was both large enough for model
calibration and spatially representative of the species” actual range in
China and the USA. After thinning, 286 occurrence records for China
and 733 for the USA were retained and used to parameterize the
models. The cleaned occurrences were exported to a CSV file and
mapped with ArcGIS (Esri, USA) to visualize the species’ range in
both countries. The resulting occurrences of S. invicta in each country
are shown in Figure 1.

2.2 Selection and comparison of climate
variables

Bioclimatic variables drive niche shifts and govern the spatial
extent of suitable habitat during invasion, and therefore constitute the
primary predictors for habitat projections (Morin and Thuiller, 2009).
We used 19 bioclimatic variables to quantify niche divergence and
habitat suitability for S. invicta in China and the USA (Table 1).

FIGURE 1

(733 points) in the USA.

o ' ® Solenopsis invicta Buren

The distribution of occurrence points of Solenopsis invicta in China and the USA. (@) Occurrence points (286 points) in China; (b) occurrence points
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TABLE 1 Bioclimatic variables in this study.

Variables Description
Biol Annual Mean Temperature (°C) °C
Bio2 Mean Diurnal Range [Mean of monthly (max temp - min oc
temp)] (°C)
Bio3 Isothermality (Bio2/Bio7) (x100) —
Biod Temperature Seasonality (standard deviationx100) e
(Coefficient of Variation)
Bio5 Max Temperature of Warmest Month (°C) °C
Bio6 Min Temperature of Coldest Month (°C) °C
Bio7 Temperature Annual Range (Bio5-Bio6) (°C) °C
Bio8 Mean Temperature of Wettest Quarter (°C) °C
Bioclimatic variables Bio9 Mean Temperature of Driest Quarter (°C) °C
Biol0 Mean Temperature of Warmest Quarter (°C) °C
Bioll Mean Temperature of Coldest Quarter (°C) °C
Biol2 Annual Precipitation (mm) mm
Biol3 Precipitation of Wettest Month (mm) mm
Biol4 Precipitation of Driest Month (mm) mm
Biol5 Precipitation Seasonality (Coefficient of Variation) —
Biol6 Precipitation of Wettest Quarter (mm) mm
Biol7 Precipitation of Driest Quarter (mm) mm
Biol8 Precipitation of Warmest Quarter (mm) mm
Biol9 Precipitation of Coldest Quarter (mm) mm

Y indicates which variables are chosen to predict suitable areas in China and the USA.

1e1s bue|
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Historical bioclimatic variables (1970-2000) were obtained from the
WorldClim database (http://www.worldclim.org), interpolated from
global meteorological-station records (Tang et al., 2021). We projected
suitable habitats for 2050 and 2070 under both low-emission (RCP-
2.6) and high-emission (RCP-8.5) scenarios (Zhang et al., 2019).
According to the Intergovernmental Panel on Climate Change’s
(IPCC) Fifth Assessment Report (AR5), RCP 2.6 corresponds to the
lowest emission scenario, while RCP 8.5 corresponds to the highest
(Drouet et al, 2015). To ensure consistency with WorldClim
projections (20-year means), we selected 2050 and 2070 (the
mid-points of the 2041-2060 and 2061-2080 windows, respectively)
and employed RCP 2.6 and RCP 8.5 to bound the low- and high-
emission extremes, thereby encompassing the full plausible range of
future suitable habitat for S. invicta. All bioclimatic variables, both
historical and future, were obtained from WorldClim v2.1 at 30
arc-seconds (~1km at the equator; Hijmans et al, 2005).
Multicollinearity among bioclimatic variables can lead to overfitting
and reduce the reliability of MaxEnt projections, so pairwise Pearson
correlations were calculated and highly correlated predictors were
removed (Kumar and Stohlgren, 2009). Initially, MaxEnt was run with
all 19 bioclimatic variables and the occurrence records of S. invicta.
The jackknife test was then used to quantify variable importance and
rank the bioclimatic predictors by their contribution to model
performance (Tang et al., 2020).

Pearson correlation analysis was used to mitigate highly correlated
predictors and reduce multicollinearity. Variables with |r| > 0.8 were
considered redundant and only the ecologically more interpretable
member of each pair was retained. After considering their ecological
relevance, we retained the member of each highly correlated pair that
possessed clearer biological meaning, easier interpretability, or higher
model importance (Zhang et al, 2016). Finally, this procedure
retained eight bioclimatic variables in China (Biol, Bio2, Bio3, Bio5,
Bio7, Bio12, Biol4, and Bio18) and nine in the USA (Biol, Bio2, Bio3,
Bio7, Bio8, Bio9, Biol2, Biol5, and Biol8; Table 1). The selected
bioclimatic variables and occurrence records were input to MaxEnt to
project habitat suitability for S. invicta in China and the USA. To
quantify niche shift during invasion, the native niche is typically used
as the fixed reference. S. invicta has been invasive in the USA for
nearly a century, whereas its presence in China spans only a few
decades. Thus, bioclimatic variables from the USA were used as the
native-range baseline for quantifying environmental niche shifts
in ecospat.

To compare climatic conditions between the two invasive ranges,
we used SPSS 25 (IBM, Armonk, USA) to test the significance of
differences in the retained bioclimatic variables between China and
the USA. A two-way ANOVA without replication was performed to
compare the means of the 19 bioclimatic variables between China
and the USA. To mitigate sample-size effects on variance comparisons
of individual bioclimatic variables, we used bootstrap resampling to
assess the accuracy and validity of the test statistics (Lee and Rodgers,
1998). By bootstrapping equal-sized samples from the native range
to match the number of invasive occurrences, we approximated the
sampling distribution of each statistic, enabling robust inference and
re-estimation of means and variances for every bioclimatic variable.
The bootstrapping process was repeated 1,000 times to generate 95%
confidence intervals (« = 0.05) for each bioclimatic variable. p > 0.05
indicates non-significance, 0.01 < p < 0.05 denotes significance and
p <0.001 denotes high significance. Finally, violin plots were used to
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visualize bioclimatic differences between the native and

invasive ranges.

2.3 Bioclimatic niche shift

To quantify climatic niche shifts during the bridgehead invasion of
S. invicta, we followed the PCA-env workflow implemented in the R
package ecospat (v3.5). This package is designed to effectively separate,
quantify, and compare the climatic and spatial environmental
conditions of the study region (Di Cola et al., 2017). We also employed
kernel density estimation to fit the sample data and obtain the overall
probability density function (Fitzpatrick et al., 2013). The niche
occupancy rate (PNO) was estimated for each bioclimatic variable from
the average niche model. We randomly extracted 10,000 background
points within the distribution range of S. invicta in China and the USA
using DIVA-GIS v7.5.0 and obtained the corresponding environmental
variable values (Gao et al., 2021). Note that niche-shift analyses of alien
species typically treat the native-range niche as the fixed reference
(Roura-Pascual et al., 2009). Consequently, nine available bioclimatic
variables (Biol, Bio2, Bio3, Bio7, Bio8, Bio9, Bio12, Bio15, and Bio18)
are considered to be ecologically relevant for S. invicta. We conducted
a principal components analysis (PCA-env) approach to perform niche
analysis following the methods of Broennimann et al. (2007) and
Broennimann et al. (2014). Environmental variables were converted
into a two-dimensional space defined by the first and second principal
components, and projected onto a 100 x 100 grid bounded by the
minimum and maximum values of PCA in the background data
(Strubbe et al., 2013). Sampling bias is effectively corrected by this
method. To quantify climatic niche differences between the USA and
China, we implemented the PCA-env framework for invasive species.

Niche overlap was quantified with Schoener’s D, and tests of niche
equivalence and similarity were performed by comparing observed
occurrence densities in environmental space against null distributions
generated by 1,000 random reallocations (Broennimann et al,, 2012). The
niche equivalency test evaluates whether the niches of two groups are
identical by testing if the observed overlap differs from that expected
when occurrences are randomly reassigned between groups. The
calculation of niche equivalence and niche similarity was randomly
repeated 100 times, and the statistical test was performed for the value of
D (a0 = 0.05; Guisan et al.,, 2014). The null hypothesis of niche equivalence
was rejected if the observed niche overlap value was significantly higher
than that of the null distribution. Niche equivalence tests evaluate only
the overlap of occupied environmental space and do not account for the
climatic conditions of the surrounding background. Therefore, the niche
similarity test was also performed to take into account the surrounding
environment of the study area (Aguirre-Gutiérrez et al., 2015). All niche
analyses were carried out with the ecospat package in R. The variables
chosen included Biol, Bio2, Bio3, Bio7, Bio8, Bio9, Biol2, Biol5, and
Biol8. Collectively, these variables characterize the year-round
environmental regime of the species’ habitats.

2.4 Modelling optimization and model
prediction

To predict species” habitat suitability, MaxEnt model integrates
occurrence records with bioclimatic variables (Yi et al., 2016).
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Specifically, the potential distributions of S. invicta in China and the
USA were modelled with MaxEnt 3.4.1. Occurrence records and the
selected bioclimatic variables were imported into the model, which
then allocated the data into a training set and a test set at a 3:1 ratio
for model calibration and validation (Tang et al., 2021). The model
was run for a maximum of 500 iterations, with prediction results
exported in ASCII format. The classification threshold of potential
distributions was determined using the method that maximizes the
sum of sensitivity and specificity, while the normal distribution
theory and expert experience were fully considered (Freeman and
Moisen, 2008). ArcGIS 10.4 software was used to reclassify the
prediction results into four suitability categories: highly suitable
(p =2 0.72), moderately suitable (0.53 <p <0.72), low suitable
(0.25 < p < 0.53), and unsuitable (p < 0.25). Predictive performance
was assessed with the area under the receiver operating characteristic
curve (AUC) and the true skill statistic (TSS), both widely accepted
metric for species distribution models, and omission rates were also
evaluated (Wang et al., 2007). The feature combination (FC) and
regularization multiplier (RM) were optimized with the ENMeval
package in R (Morales et al., 2017). The FC enables MaxEnt to
incorporate complex mathematical relationships to predict the
response of S. invicta to bioclimatic factors, while RM constrains
model complexity, optimizing the smoothness and generalizability
of the response curves. These parameters are crucial for predictive
accuracy and were determined by calling the ENMeval package in
R (Muscarella et al., 2014). The model includes five features: linear
(L), quadratic (Q), hinge (H), product (P), and threshold (T). To
identify the optimal combination of FC and RM, the RM values
were limited to the range of 0.5 to 4.0, incremented by 0.5. The
feature combinations tested were L, LQ, H, LQH, LQHP, and
LQHPT. The
combinations. The small-sample-corrected Akaike Information

ENMeval package evaluated 48 parameter

Criteria (AICc) was used to assess the model’s fit and complexity,
with the model having the smallest AICc value being prioritized
(Velasco and Gonzélez-Salazar, 2019). The maximum sensitivity
plus specificity (MSS) and 10 percentile training presence (10 P)
were used to evaluate model overfitting, while predictive accuracy
was quantified by AUC, TSS and omission rates (Radosavljevic and
Anderson, 2014).

3 Results

3.1 Evaluation of the accuracy and
contribution rate of variables

The MaxEnt model was retrained with the optimized parameter
combination. Across all current and future climate projections, AUC
and TSS values exceeded 0.9, and the omission rate was below 10%,
collectively indicating consistently high predictive accuracy. Under the
maximum sensitivity plus specificity threshold, 95.2% of occurrence
records were accurately predicted, and 91.4% of unsampled or
non-distributed areas were correctly identified. Under the 10th
percentile training presence threshold, 93.4% of occurrence records
were accurately predicted, and 89.6% of unsampled or non-distributed
areas were correctly identified. Both threshold determination methods
demonstrated that MaxEnt model was more accurate at predicting
areas where S. invicta occurs than at predicting non-distribution areas.
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In China, Biol, Bio7, and Bio12 are the three dominant bioclimatic
drivers of current habitat suitability for S. invicta. Together these
variables account for > 82% of the model’s contribution to habitat
suitability (see Table 2). In the USA, habitat suitability for S. invicta is
driven primarily by Biol, Bio8, and Bio12, which together account for
> 89% of the model’s contribution (see Table 2). Notably, Biol and
Bio12 are consistently key determinants of S. invicta habitat suitability
in both China and the USA.

3.2 Direct comparison of environmental
variables

Comparisons revealed that, apart from Biol and Biol2, all other
bioclimatic variables differed significantly between China and the
USA (p < 0.001; Figure 2). The min temperature of coldest month for
S. invicta in China was higher than that of the USA (AT = 4.86 °C).
China also exhibited a smaller mean diurnal range (AT = —4.21 °C)
and a narrower annual temperature range (AT = —6.62 °C) than the
USA. Compared with populations in the USA, S. invicta in China has
become particularly more temperature-sensitive during invasion.
Mean annual precipitation in China was 28.35 mm higher than that
in the USA. Precipitation in the wettest month (AT = 11.62 mm),
wettest quarter (AT =31.60mm) and warmest quarter
(AT =29.39 mm) was likewise higher in China than in the USA. But
precipitation in the driest month (AT = —3.23 mm), driest quarter
(AT =-12.21 mm) and coldest quarter (AT =—14.06 mm) was
correspondingly lower in China than in the USA. In China, S. invicta
tolerates wider precipitation extremes but exhibits greater sensitivity
to temperature variation.

3.3 Climatic niche overlap, equivalency and
similarity

Climatic niche comparisons of S. invicta between China and the
USA are presented in Figures 3, 4. Principal-component analysis of
the MaxEnt-selected bioclimatic variables showed that the first two

TABLE 2 Contribution rate of bioclimatic variables in prediction of
current suitable areas.

Variable contribution rate
of the USA (%)

Variable contribution rate
of China (%)

Variables Contribution  Variable Contribution
rate rate
Biol 50.1 Biol 61.1
Bio2 23 Bio2 0.9
Bio3 1.2 Bio3 0.8
Bio5 24 Bio7 32
Bio7 115 Bio8 49
Biol2 21.1 Bio9 4.1
Biol4 10.4 Biol2 23.8
Biol8 0.9 Biol5 0.6
Biol8 0.7
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FIGURE 2
Comparison of Solenopsis invicta environmental variables between native (the USA) and invasive countries (China) by R.

axes explain 62.25% of the total variance (PCl =41.02%,
PC2 =21.23%), indicating a shift and expansion of the realized
climatic niche in the invasive regions examined. PC1 (41.02%)
correlates positively with temperature seasonality, whereas PC2
(21.23%) correlates negatively with precipitation seasonality. Niche
overlap (D) between China and the USA was 0.301, and the vector
of climate-niche shift deviated significantly from the background
climate gradient (p < 0.05). Meanwhile, niche comparisons between
China and the USA revealed small unfilled portions in both ranges,
each substantially smaller than their area of overlap. Niche-
equivalence testing rejected the null hypothesis of identical niches
(p < 0.05), whereas the similarity test did not (p > 0.05), indicating
significant overlap but non-equivalent climatic niches between
China and the USA. Together, the equivalence and similarity tests
indicate that the climatic niche of S. invicta has shifted significantly
during its transition from the USA to China. In particular, pair-
wise comparisons of environmental variables between the USA and
China revealed significant divergence in niche requirements,
demonstrating that S. invicta possesses strong adaptive capacity via
niche shift during invasion.

Frontiers in Forests and Global Change

Single-factor bioclimatic analysis and the corresponding PNO
curves intuitively reflect niche shifts across all 19 climate variables for
S. invicta in China and the USA (Figure 4). Bio2 and Biol5 showed
obvious divergence, indicating that daily temperature amplitude and
seasonal rainfall variation are the primary constraints shaping the
differing distributions of S. invicta in China and the USA. Other
variables exhibited similar response breadths in both countries,
notably Bio8 and Biol2, indicating comparable adaptation to
wet-season temperature and total annual rainfall. Moreover, the
species’ response to Biol5 differed markedly between China and the
USA, indicating a rapid adjustment to altered seasonal rainfall regimes
during invasion.

3.4 Potential ecologically suitable
distribution under current climate
conditions

MaxEnt projections were classified into four habitat-suitability
classes for S. invicta: high, moderate, low, and unsuitable. In China
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(Figure 5a), highly suitable areas covers 1.769 x 10° km? (1.83% of
the national land area) and is concentrated in Hainan, Guangdong,
Guangxi and Fujian Provinces. Moderately suitable areas
surrounds highly suitable areas, extending over 2.2969 x 10° km?,
accounting for about 23.9% of the national land area. Low suitable
areas occur mainly in Yunnan, Jiangxi, southern Guizhou and
Hunan Provinces, and along the Chonggqing-Sichuan border. In
the USA (Figure 5b), highly suitable areas occurs primarily in
Florida, southeastern Texas, the southern coastal plains of
Louisiana, Mississippi and Alabama, and the eastern coastal region
of Georgia, South Carolina and North Carolina. These highly
suitable areas cover 3.2781 x 10° km?, representing approximately
3.57% of the total land area of the United States. Moderately
suitable areas extends northward from the highly suitable areas,
covering most of Texas, Louisiana, Mississippi, Alabama, Georgia,
South Carolina and North Carolina. These moderately suitable
areas covers 7.1328 x 10° km?, representing approximately 7.78%
of the land area of the United States. In both countries, S. invicta
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is largely confined to low-latitude coastal regions of the east
and south.

3.5 Potential ecologically suitable
distribution under future climate
conditions

Future suitable habitats for S. invicta in China and the USA are
shown in Figures 6, 7. Under both RCP 2.6 and RCP 8.5, highly
suitable areas in China will expand outward from the current
distribution areas. Yunnan and Guangxi provinces are projected to
become increasingly suitable for S. invicta establishment and
persistence. Furthermore, regions presently free of S. invicta are
projected to remain largely invasion-resistant under the future
climates in China. In China, S. invicta is projected to remain largely
confined to areas south of 30°N. Under future climates, North
Carolina will face increasing invasion pressure, with highly suitable
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habitat projected to expand inland. Overall, suitable habitat for
S. invicta in the USA is projected to remain largely south of 36°N.

Projected changes in habitat suitability for China and the USA are
shown in Figure 8. Under future climates, the combined area of highly
and moderately suitable habitat for S. invicta in China is projected to
expand. Climatic conditions under RCP 8.5 are more conducive to the
expansion of suitable habitat. In the USA, the highly suitable areas is
projected to decline initially and then expand, whereas the moderately
suitable area will follow the opposite trend. Under both RCP 2.6 and
RCP 8.5, the centroid of suitable habitat for S. invicta is projected to
shift northwestward in China and southeastward in the USA
(Figure 9). Compared with RCP 2.6, RCP 8.5 exerts a stronger
influence on the centroid shift of S. invicta.

Frontiers in Forests and Global Change

4 Discussion

4.1 Performance of the species distribution
modelling approach

Species distribution models (SDMs) accurately forecast suitable
habitat ranges for species and quantify the relationships between
climate variables and species presence (De Marco et al., 2008; Evans
et al, 2015). MaxEnt, one of the most widely used SDMs, can
efficiently leverages large-scale species data to estimate habitat
suitability. This capability enriches the environmental data available
for building comprehensive species-environment relationships (Elith
and Leathwick, 2009). Consequently, MaxEnt is widely regarded as
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one of the most reliable tools for species distribution prediction. The
International Union for Conservation of Nature (IUCN) now
integrates MaxEnt into research on biological invasions, endangered-
species conservation, and climate-change impacts (Cassini, 2011).
To forecast the effects of global climate change on the future
spread of S. invicta in China and the USA, we developed ecological
niche models for both current and future climate scenarios. The
ranges and climates projected by our model closely match the
documented occurrences of S. invicta in both regions (Sung et al.,
2018). It is worth noting that climate is not the sole driver of invasion
success. Invasion dynamics also hinge on the species’ intrinsic
adaptive capacity, disturbance levels in recipient habitats, reproductive
and dispersal traits, and anthropogenic activity (Wilson et al., 2009;
Schweiger et al., 2010). Nevertheless, climate remains a key
determinant of species survival and reproduction, profoundly shaping
the geographic distribution and biological control of alien species
(Bellard et al., 2012). Climate also governs species interactions,
thereby influencing alien distributions and the outcome of

Frontiers in Forests and Global Change

(Uden et al, 2015). Here,
we characterized the niche of S. invicta with 19 environmental

biological-control ~programmes

variables and evaluated model performance using AUC, TSS and
omission rates. With AUC and TSS exceeding 0.9, and the omission
rate below 10%, the model delivers highly accurate, robust predictions.
Given the high AUC, spatial sorting bias may have inflated the
evaluation metrics. Consequently, we emphasize TSS and omission
rate alongside AUC and recommend independent, spatially blocked
cross-validation for future projections.

4.2 Climatic space for S. invicta

Environmental variables strongly shape insect distributions. Both
the eastern seaboards of China and the USA are maritime, lying
largely within the mid-latitude temperate zone (30-50°N). This
similar physiography generates comparable temperature and
precipitation regimes, providing a common climatic template for
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trans-continental invasion by the same species (Tiffney, 1985; Chen
et al, 2005; Zhao et al, 2015). Among the numerous climatic
variables that affect alien species distributions, only a handful of key
factors drive the invasion process (Occhipinti-Ambrogi, 2007).
Under current climates, temperature is the primary constraint on
S. invicta survival in both China and the USA. Annual mean
temperature (Biol) was identified as the most critical factor of species
distribution, contributing more than 50% in both countries.
Temperature is a key determinant of insect reproduction, a
prerequisite for population persistence (Regniere et al., 2012). Annual
average temperature captures the thermal conditions required for
growth and development of S. invicta. Deviations from the optimal
thermal range disrupt reproductive and physiological processes in
insects (Janowitz and Fischer, 2011). Foraging as the paramount life
activity of insects is affected by temperature. Worker ants of S. invicta
foraged between 15 and 43 °C, and the average weight of individual
forager increased by about 30% with rising soil temperature (Porter
and Tschinkel, 1987). Elevated environmental temperature will

Frontiers in Forests and Global Change

12

promote foraging-gene expression of S. invicta, enhancing food
conversion (Zhou et al., 2020). However, relative humidity, saturation
deficit, soil moisture, and wind speed showed no association with
1987). Meanwhile,
temperature also governs the reproduction and development

foraging activity (Porter and Tschinkel,

activities of S. invicta. Larval development occurs only within a
narrow thermal window: 24-36 °C is optimal, and 17 °C represents
the theoretical lower threshold (Porter, 1988). Interestingly,
development time decreased significantly with rising temperature,
and temperature likewise governs invasion speed and spread. In new
habitats, the flight of reproductive ants is the primary natural spread
mechanism, and flight speed increases with temperature but declines
with body mass (Vogt et al., 2000). Consequently, the latitudinal
temperature gradient constrains S. invicta from expanding into
higher latitudes. Killion and Grant set the northern invasion limit at
the —17 °C annual minimum isotherm (Killion and Grant, 1995),
and Allen believes that —12.2 °C alone halts the northward spread of
S. invicta in the USA (Allen et al., 1995).
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Besides temperature, moisture and precipitation strongly
influence insect physiology and population dynamics. Our model
identified annual precipitation as a further key constraint on the
species” suitable range in both countries. Environmental moisture
mainly affects insect water balance, and further regulates growth and
development of insects (Benoit, 2010; Jactel et al., 2012). Soil-moisture
studies show that worker ants can tolerate high water moisture,
whereas drought significantly reduces survival of S. invicta (Xu et al.,
2009). For example, eggs of Cyclocephala immaculata immaculata
develop only when soil moisture exceeds 12.5%, and embryos are
highly moisture-sensitive (Potter, 1983). In addition, rainfall and soil
moisture also govern longevity. Mortality of S. invicta is high when
relative soil water content falls below 20%, whereas values above 40%
have no discernible effect on lifespan (Xu et al., 2009). Nevertheless,
pronounced outbreaks can follow drought, largely because reduced
winter soil moisture enhances overwintering survival (Dominiak
et al., 2007). Over-wintering survival of Heliothis zea produced is
much lower in humid than in dry soil (Rummel et al., 1986). Higher
winter soil moisture has also been shown to increase pupal
overwintering mortality in other insect species (HOSHIKAWA et al.,
1988; Liu et al., 2007; Hou et al., 2009). Soil moisture is only one of
several factors affecting overwintering-pupa survival, and mortality is
also influenced by soil temperature, soil-layer structure and
irrigation regime.

4.3 Suitable habitat and its dynamics

Climate change will reshape interactions among human activities,
abiotic conditions and biota, potentially intensifying biological
invasions (Pyke et al., 2008). Using the optimized MaxEnt model,
we projected and mapped suitable habitats of S. invicta in China and
the USA, quantified its spatial pattern and identified the key limiting
factors. Leveraging two representative concentration pathways, our
study is the first to project the distribution of S. invicta in both China
and the USA under changing climates using MaxEnt. Our projections
show that suitable habitat for S. invicta will continue to expand in
China but will contract modestly in the USA. S. invicta are mainly
distributed in the eastern and southern coasts of both countries, where
rainfall is abundant and heat is sufficient (Gershunov and Barnett,
1998; Qian and Qin, 2008). Under current climates, our predicted
distribution aligns well with documented occurrences in both
countries, yet deviates somewhat from earlier forecasts—especially
within China. On the one hand, S. invicta has been present in China
for a relatively short time, and its adaptation to the local environment
remains unstable (Wetterer, 2013). On the other hand, Chinese
scholars generally regard the coldest quarterly average temperature
(—12.2 °C or —17 °C) as the northern boundary for S. invicta in China
based on the experience of the USA, and take the precipitation
(510 mm) as the watershed to determine the suitability of S. invicta
(Killion and Grant, 1995; Korzukhin et al., 2001). Yet habitat deemed
suitable solely from these thresholds is likely over-estimated.
Moreover, although Beijing, Tianjin and Shandong Province—lying at
latitudes similar to parts of the USA—were considered to be at risk,
Chinas complex topography, distinctive microclimates and intensive
human modification limit the usefulness of latitude-only predictions.
Under the current climates, S. invicta is mainly distributed in the
eastern and southern regions of both China and the USA. These
regions correspond to the subtropical monsoon climate of China and
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the subtropical humid climate of the USA, where monsoonal warmth
and abundant rainfall are beneficial for S. invicta. Meanwhile, the
forest-rich eastern and southern coasts of both countries also supply
abundant food for S. invicta (Li et al.,, 2004; Keenan et al., 2015).
Furthermore, pest occurrence probability is linked to forest cover, and
future climate-driven changes in forest extent will further shape pest
distributions (Hudgins et al., 2017). However, given the omnivorous
diet of S. invicta, forest influence on its distribution may be partially
buffered. Altitude strongly modifies regional climate, hydrology and
vegetation, thereby indirectly constraining the spread of invasive
species (Becker et al., 2005). The Qinghai-Tibet Plateau, for example,
hindered the possible path of Spodoptera exigua Hiibner from India
into China (Wang et al., 2020). Although altitude variables was not
included in our model, we noticed that the Rocky Mountains
significantly prevented S. invicta from expanding into the western
United States. By contrast, the Yunnan-Kweichow Plateau with similar
in altitude has extensive suitable habitat, probably because the
surrounding high human density offsets the climatic limitation.

Under future climates, MaxEnt projects a gradual expansion of
suitable habitat in China and a contraction in the USA. For example,
suitable habitat is projected to keep expanding in Guangxi and
Hainan, whereas it will contract along the southern US coast,
including Baton Rouge, Louisiana. Future climate change will alter
global mean annual rainfall and its spatial pattern (Dore, 2005;
Trenberth, 2011). Global warming is projected to intensify aridity
across tropical and subtropical regions of the Northern Hemisphere
(0-30°N), likely explaining the projected contraction of S. invicta
habitat in the low-latitude coastal USA (Dai, 2011; Trenberth et al,,
2014). The total annual rainfall in China has increased under global
warming (Gong and Wang, 2000). For example, the Qinghai-Tibet
region has experienced a marked precipitation increase, whereas
rainfall in the southwestern region has declined slightly overall (Li
etal, 2010). Altered rainfall patterns in China have enabled S. invicta
to expand its range steadily toward the northwest. Moreover, enhanced
BIOME4 projections further indicate a northward shift of natural
vegetation boundaries in eastern China, providing additional support
for the potential northwestward spread of S. invicta. In summary, our
results illustrate how climate, topography enemy and human activity
jointly sculpt the invasion trajectory. Scientific forecasts in the future
should integrate dynamic climate projections, fine-scale elevation data
and spatially explicit human-modification layers rather than relying
on single-factor thresholds or latitude surrogates.

4.4 Climatic niche overlap, equivalency and
similarity

A species” fundamental niche comprises the set of environmental
conditions under which it can persist. More broadly, “niche” also
encompasses the position occupied by a population in space and time.
Climate as an environmental factor is particularly important for the
present of alien species (Pearman et al., 2008). Climatic differences
alter resource availability, driving niche differentiation and shaping the
distinct spatial patterns of alien species (Lavergne et al, 2010).
Identifying patterns produced by niche conservatism is a prerequisite
for predicting species invasion (Wiens et al., 2010). Here, our niche-
equivalency and similarity tests reveal a dual pattern for S. invicta:
significant climatic niche conservatism alongside measurable
divergence during invasion into China. High stability indicates that
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the species largely retains the core temperature-precipitation envelope
of its native range, consistent with the conservatism reported in other
invasive systems. Meta-analysis including S. invicta confirms high
niche stability across multiple ant invasions (Liu et al., 2020). However,
the equivalence test rejected the null of identical niches, whereas the
similarity test did not, demonstrating that the observed expansion into
hotter, more seasonally variable climates is not a passive artefact of
differing background conditions but reflects active colonization of
novel environmental space. This apparent paradox—conservatism in
the original niche and simultaneous expansion of the invasion
process—suggests that S. invicta combines strong physiological
buffering with rapid adaptive adjustment. Meanwhile, enemy release
and altered biotic interactions allow genuine niche expansion beyond
the native envelope (Liu et al., 2020). Consequently, predictive models
that assume strict niche conservatism may underestimate the species’
future spread in invaded regions, emphasizing the need for dynamic,
adaptation-aware forecasts. Not all climatically suitable habitats in
China have been occupied during the invasion, and vacant ecological
space persists alongside ongoing expansion, leaving the population in
a state of disequilibrium. Vacant yet climate-suitable habitat reflects
China’s non-equilibrium invasion: short invasion duration,
microclimatic barriers and human suppression leave substantial
ecological space unoccupied (Liu et al., 2020). Therefore, future
climate change is likely to drive further ecological-niche shifts
during invasion.

Building on the above evidence of simultaneous conservatism and
expansion, we infer that the observed niche divergence reflects
genuine evolutionary change rather than passive background effects.
Lack of natural enemies and altered biotic interactions in China
probably relax selection pressures, allowing the species to colonize
hotter, more seasonal climates that lie outside its native envelope
(Broennimann et al., 2007; Tingley et al., 2014). Range expansion itself
further promotes niche shifts, while growing evidence for extensive
epigenetic variation provides a mechanistic pathway for rapid
physiological adjustment despite limited genetic diversity (Allendorf
and Lundquist, 2003; Prentis et al., 2008; Hawes et al., 2018). Together,
these processes clarify why niche similarity is maintained even as
equivalence is rejected, and underscore the need to incorporate
flexible, adaptation-aware parameters when forecasting future spread.

5 Conclusion

Biological invasions are the second greatest reason of global
biodiversity loss, which is essentially a dynamic process of species
distribution changes. Ecological niche models (ENMs) grounded in
machine learning principles are widely applied in invasion and
conservation biology. We first compared bioclimatic variables
characterising S. invicta in China and the USA, then used MaxEnt to
project current and future habitat suitability in both countries, and
finally quantified niche shifts with the ecospat package. We found that
similar mean annual temperature and precipitation in China and the
USA provide an essential climatic template for S. invicta’s invasion
success, whereas divergence in other bioclimatic variables reflects the
species’ capacity to adapt to novel habitats. Second, S. invicta is
currently concentrated along the eastern and southern coasts of both
countries, and its suitable range will expand in China but contract in
the USA under future climates. Consequently, uncritical adoption of
US-derived thresholds and prediction practices is inadequate for
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guiding future S. invicta management in China. Third, mean diurnal
range (Bio2), precipitation seasonality (Biol5) and other variables
showed significant niche differentiation, underscoring the species’
capacity for rapid climatic adaptation during invasion. Niche
conservatism shaped the early stages of invasion, yet S. invicta
subsequently exhibited significant climatic and geographic niche shifts
during its expansion. Overall, ENM-based prediction and assessment
of alien species” suitable habitats and niches offer both theoretical
insights and practical value. Our study delineates suitable habitats and
quantifies climatic niche shifts during S. invicta’s spread from the USA
to China, providing managers with a scientific basis for formulating
evidence-based control policies.
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