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is expected to significantly expand A. philoxeroides 
toward higher latitudes, increasing its global range 
and climatic suitability. Agasicles hygrophila is also 
predicted to expand, albeit to a lesser extent, with 
some loss of currently suitable areas and a decrease 
in suitability. The overlapping area between their dis-
tributions is projected to increase globally, except in 
the USA. This suggests promising biocontrol poten-
tial for alligator weed in many regions in the future, 
but portions of its distribution may remain unsuitable 
for the flea beetle, particularly at higher latitudes. 
The northward expansion of the plant beyond the flea 
beetle’s range may create zones with low control effi-
ciency. These findings can help management strate-
gies for this invasive plant under its future potential 
distribution.

Abstract  Climate change may exacerbate alien spe-
cies expansion into previously unsuitable areas. This 
shift in species distributions can lead to mismatches 
between interacting species. We evaluated the poten-
tial worldwide distribution of the invasive plant Alter-
nanthera philoxeroides, and its specialist herbivore, 
the flea beetle Agasicles hygrophila, under future 
global warming scenarios to identify overlapping and 
non-overlapping areas. We used species distribution 
models (SDMs) to predict the potential global distri-
bution of both species in current, and in moderately 
optimistic and pessimistic scenarios. Climate change 
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Introduction

Biological invasions and climate change are recog-
nized as two major anthropogenic drivers of global 
change, with significant negative impacts on biodi-
versity, economy, ecosystem services, and human 
health (Bellard et al., 2012, 2016, Mollot et al., 2017, 
IPBES, 2019, Rai and Singh, 2020, WWF, 2020). In 
addition to their individual impacts, climate change is 
expected to intensify biological invasions by increas-
ing the probability of some alien species expand-
ing into previously unsuitable areas (Walther et  al., 
2009). Climate change can influence all stages of 
the invasion process. Firstly, it can facilitate species 
introduction through the intensification of extreme 
climatic events or changes in human activities (Hell-
mann et  al., 2008; Walther et  al., 2009). Subse-
quently, it creates new environmental conditions that 
can enhance the survival, growth rate, reproduction, 
and competitive ability of invasive species (Hellmann 
et  al., 2008; Walther et  al., 2009). Consequently, 
climate change can lead to shifts in the geographic 
distribution of invasive species and affect their man-
agement by influencing the effectiveness of control 
strategies, particularly biological control (Hellmann 
et al., 2008).

The shifting of species distributions driven by 
climate change can lead to mismatches between the 
occurrence areas of interacting species, such as plants 
and their herbivores (Parmesan 2006), or in the case 
of invasive species, their biocontrol agents (Hellmann 
et al., 2008). Evidence in the literature suggests that 
under future climate scenarios, invasive plants have 
a significant potential for expanding their global dis-
tribution (e.g., Bradley et al., 2009; Osland & Feher, 
2019; Wang et  al., 2019). This expansion is often 
attributed to the broad thermal niche tolerance of 
highly invasive plants (Bustamante et  al., 2020) that 
may benefit from “invasion windows” that arise due 
to extreme climatic events (Diez et  al., 2012). The 
situation is particularly concerning at higher lati-
tudes, where changes in temperature and precipitation 
create new suitable habitats for plant species that 

were previously limited by winter-induced poleward 
expansion constraints (Osland & Feher, 2019; Osland 
et al., 2021).

On the other hand, many plant biocontrol agents, 
such as insects, are small ectothermic organisms, 
and ambient environmental temperature plays a cru-
cial role in regulating their distribution by influ-
encing various physiological functions, including 
respiration, metabolism, growth, reproduction, over-
wintering, and diapause (Harvey et al., 2020). Conse-
quently, extreme temperature events can, for instance, 
adversely affect the survival and biomass of certain 
insect species (Harvey et  al., 2020). Some species 
are ill-suited to cope with temperature extremes, and 
their survival may depend on their ability to migrate 
toward more suitable thermal environments (Chap-
man et al., 2015; Harvey et al., 2020), which can lead 
to a contraction of these organisms range due to cli-
matic changes (e.g., Chen et al., 2011).

Alternanthera philoxeroides (Mart.) Griseb. (Ama-
ranthaceae), commonly known as alligator weed, is 
a herbaceous amphibious macrophyte native to the 
Paraná River basin in South America. It has invaded 
all continents except Africa and Antarctica (Bulletin 
OEPP/EPPO Bulletin, 2016, Arana & Murillo, 2021). 
Alligator weed is considered a troublesome weed in 
at least 30 countries, identified as one of the 12 most 
harmful invasive species in China, and classified as 
a Weed of National Significance in Australia (Geng 
et al., 2007; Pan et al., 2007; CHAH, 2021). Its suc-
cess as an invasive species can be attributed, in part, 
to its high phenotypic plasticity (Geng et al., 2016).

While alligator weed prefers a warm, stable, and 
rainy climate (Yan et al., 2020), with an optimal tem-
perature range around 30–35ºC (Shen et al., 2005), it 
has a wide tolerance to temperatures. Genetic adapta-
tion for cold tolerance has been observed in some alli-
gator weed populations in China, enabling its spread 
to northern regions of the country (Luo et al., 2020). 
Additionally, experiments investigating the effects of 
warming have shown that temperature increases of 
1ºC and 2ºC do not significantly impact its growth 
(Meza-Lopez et  al., 2017). In fact, regional studies 
have indicated a potential poleward expansion of this 
invasive plant in areas where it is already established 
in response to climate change (e.g., USA – Kon-
cki et  al., 2015, China – Tu et  al., 2021). However, 
there is a notable lack of global-scale studies for this 
species.
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On the other hand, the specialist herbivore of 
alligator weed, and its primary biological control 
agent in invaded areas, Agasicles hygrophila Selman 
& Vogt, 1971 (Coleoptera), commonly known as 
flea beetle, has a much smaller global distribution 
compared to alligator weed, resulting in some gaps 
between their distributions (Julien et  al., 1995; Lu 
et al., 2013). Native to southern Brazil and northern 
Argentina (Center et al., 2009), this specialist herbi-
vore is restricted to subtropical regions. This reflects 
the narrow temperature range tolerated by the insect, 
which exhibits low tolerance to both cold tempera-
tures (below 15ºC) and hot temperatures (above 30ºC) 
(Stewart et  al., 1999; Zhao et  al., 2015; Harms & 
Cronin 2019; Jin et al., 2020; Jia et al., 2020).

Field surveys and experiments have indicated that 
global warming may lead to increased flea beetle pop-
ulations, enhanced herbivory, and the establishment 
of this species in new habitats previously limited by 
cold winters (Hruska et  al., 1985; Hellmann et  al., 
2008; Lu et al., 2013). However, global warming may 
also restrict the establishment, expansion, and effec-
tiveness of this insect in hot areas (Jia et  al., 2020) 
due to its strong sensitivity to high temperatures. This 
sensitivity is particularly notable in the eggs, which 
exhibit a low tolerance of 37.5ºC. Lu et  al. (2013) 
suggested that under climate change, the existing geo-
graphical gap between A. philoxeroides and its herbi-
vore A. hygrophila may shift toward higher latitudes 
due to global warming, creating a new zone with low 
or no control efficiency, rather than eliminating it 
entirely.

Despite the available regional evidence, we still 
lack a global perspective on the potential distribu-
tion of both the invasive plant, A. philoxeroides, and 
its biocontrol agent, A. hygrophila, under future cli-
mate scenarios, especially evaluating their overlap. In 
this study, we employed species distribution models 
(SDMs) to determine the new areas that could be suit-
able for both species in future global warming sce-
narios. Additionally, we aimed to identify the poten-
tial overlapping and non-overlapping areas across the 
globe for these species. Due to their distinct thermal 
requirements and tolerances, as described previously, 
we anticipate the following outcomes: (i) the climate 
suitability for alligator weed will increase, resulting 
in an expanded potential distribution, particularly in 
higher latitudes where temperature is expected to rise; 
(ii) the distribution of A. hygrophila will contract, 

leading to a decrease in suitability; and consequently, 
(iii) there will be fewer overlapping areas between the 
distributions of these two species under future climate 
scenarios.

Material and methods

Occurrence and climate data

We obtained occurrence records for both alligator 
weed and the flea beetle on a global scale, encompass-
ing their native and invaded ranges, from the Global 
Biodiversity Information Facility (GBIF) online data-
base (https://​www.​gbif.​org) (GBIF.org, 2022). Addi-
tionally, we collected occurrence information for both 
species from the literature by searching for terms such 
as ‘Alternanthera philoxeroides,’ ‘A. philoxeroides,’ 
‘alligator weed,’ ‘Agasicles hygrophila,’ ‘A. hygroph-
ila,’ and ‘alligator weed flea beetle’ in the Web of 
Science Thompson Institute for Scientific Informa-
tion (ISI; www.​isikn​owled​ge.​com; accessed on July 
14, 2021). A total of 595 articles, spanning from 1967 
to 2021, were obtained, including the recent contri-
bution by Arana and Murillo (2021). Out of these, 
376 articles contained occurrence information which 
allowed us to extract the corresponding coordinates. 
We removed duplicate points that fell within the same 
pixel that we used to determine species occurrence.

We obtained current climate data from the World-
Clim database (www.​world​clim.​org) for the period 
between 1970 and 2000. The data were retrieved at a 
spatial resolution of 10 min (~ 340 km2). We utilized 
all 19 available bioclimatic variables based on tem-
perature and precipitation. These variables are widely 
recognized as biologically significant for most spe-
cies and are commonly used in ecological modeling 
(Woodward and Williams 1987). Previous studies on 
A. philoxeroides and A. hygrophila also incorporated 
some of these variables in their species distribution 
models (SDMs), highlighting their importance for 
these species (e.g., Julien et  al. 1995; Stewart et  al. 
1995; Koncki & Aronson, 2015; Wang et  al., 2017; 
Yan et al., 2020; Tu et al., 2021).

To identify non-collinear variables, we conducted 
a scree plot analysis (Fig. S1) to determine the num-
ber of factors required to capture the environmen-
tal variation without collinearity. The plot indicated 
that four factors, represented by variables, would be 

https://www.gbif.org
http://www.isiknowledge.com
http://www.worldclim.org
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adequate (Fig.  S1). Subsequently, we performed a 
factorial analysis to select the variables that would 
account for the greatest amount of environmental var-
iation while maintaining the number of factors indi-
cated by the scree plot. For both species, we included 
the following four selected non-collinear variables 
in our models: Maximum Temperature of Warmest 
Month (BIO 5), Temperature Annual Range (BIO 7), 
Precipitation of Wettest Month (BIO 13), and Precipi-
tation of Driest Quarter (BIO 17) (Fig. 1).

We obtained future climate predictions for the 
same variables from the Intergovernmental Panel on 
Climate Change, Sixth Assessment Report (IPCC-
AR6) (www.​world​clim.​org), for three time periods 
(2021–2040, 2041–2060, and 2061–2080), and gath-
ered them in a single period, representing the future 
scenario (Fig.  1). For the climate scenarios, we 
selected one moderately optimistic scenario (Shared 
Socioeconomic Pathways; SSP2-4.5) and one pessi-
mistic scenario (SSP5-8.5) of CO2 emissions (Fig. 1; 
for more details, see Riahi et al., 2017). The SSP sce-
narios, more comprehensive than the previous Rep-
resentative Concentration Pathways (RCPs) from the 

IPCC-AR5, incorporate socioeconomic factors such 
as population, economic growth, education, urbani-
zation, and technological development, and project 
how these factors may evolve by 2100 (Riahi et  al., 
2017). These factors can have significant implications 
for invasive species predictions. To account for uncer-
tainties and capture variations among models, we 
used an ensemble of six General Circulation Models 
(GCMs) (Fig. 1). These models were provided by the 
BCC (Beijing Climate Center), CCCma (Canadian 
Centre for Climate Modelling and Analysis), CNRM 
(National Center for Meteorological Research, 
Météo-France), and MIROC (Model for Interdiscipli-
nary Research on Climate).

Species distribution models (SDMs)

To predict the potential global distribution of the 
alligator weed and the flea beetle under current and 
future climate scenarios, we utilized species distribu-
tion models (SDMs). These models are correlative 
in nature and estimate potential occurrence points 
of a species beyond its known distribution range by 

Fig. 1   Flowchart of the species distribution models (SDM) 
analyses for Alternanthera philoxeroides and Agasicles 
hygrophila in current and two different future climate scenarios 
based on IPCC-AR6 projections. The climate variables used 
in the analysis are as follows: BIO5 = Maximum Tempera-
ture of Warmest Month, BIO7 = Temperature Annual Range, 

BIO13 = Precipitation of Wettest Month, and BIO17 = Precipi-
tation of Driest Quarter. The analysis incorporates an ensem-
ble of General Circulation Models (GCMs) to account for 
variations. SDM algorithms are represented by colors: red for 
envelope models, yellow for statistical models, and green for 
machine learning models

http://www.worldclim.org
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using a species occurrence matrix and environmen-
tal-climate predictors (Peterson et  al., 2011). SDMs 
have been widely employed to forecast distribution 
shifts of invasive species, particularly in the context 
of climate change scenarios (e.g., Koncki & Aronson, 
2015; Wang et al., 2017; Petsch et al., 2020). Predic-
tive models are invaluable tools for this purpose due 
to the uncertainties associated with the magnitude 
and impact of climate change. Moreover, they are 
highly effective for large-scale modeling, as they do 
not require waiting for complete data sampling, which 
could take years to obtain.

In this study, we employed six distinct SDM algo-
rithms to generate predictions: Bioclim and Gower 
(Envelope models), GLM and GAM (Statistical mod-
els), Maxent and SVM (Machine Learning models) 
(Fig.  1). Envelope models are based on distances in 
two and multidimensional spaces, utilizing only pres-
ence data of the target species. Statistical models 
involve various types of statistical analyses, such as 
correlations and regressions, and utilize presence-
absence data. Machine learning models utilize con-
struction algorithms and require both presence data 
and background information. By combining these 
different algorithms, we were able to incorporate 
the uncertainties associated with each approach and 
obtain a more robust ensemble model.

We utilized a species occurrence matrix and cli-
mate predictors to conduct the SDMs. These mod-
els generated climate suitability matrices, which 
were employed to project the potential distribution 
of the alligator weed and flea beetle for current and 
future scenarios worldwide. To construct and evalu-
ate SDMs for current and future years, we randomly 
divided the species occurrence data into 75% for cali-
bration (training) and 25% for evaluation (testing), 
repeating this process 25 times for each algorithm. 
Consequently, we obtained a total of 150 SDMs for 
each species for the current period, representing 25 
repetitions for each of the six model algorithms. For 
future scenarios, we repeated this process and addi-
tionally incorporated information on three different 
sets of future climatic scenarios, six variations of 
General Circulation Models (GCMs), and two carbon 
emission scenarios. This resulted in a total of 5400 
SDMs for future scenarios (Fig. 1).

We evaluated the performance of the models by 
assessing the area under the curve (AUC), which is 
derived from the receiver operating characteristic 

(ROC) curve. AUC values range from 0 to 1, with 
higher values indicating more accurate predictions of 
species presence or absence using the testing dataset. 
Our models demonstrated high AUC values (> 0.8) 
(Table S1), indicating their predictive solid capability. 
As a result, all the models were included for subse-
quent analysis.

We calculated a threshold for each SDM using the 
spec sens metric (Table S1) and applied this cut value 
to the climate suitability matrices of all the models. 
A threshold is used to maximize the sensitivity (true 
positive rate) plus the specificity (true negative rate), 
i.e., to maximize the percent of points correctly pre-
dicted as “presence” or “absence”. Finally, we created 
ensemble models by calculating the average predic-
tions for each modeling algorithm and standardizing 
the predictions across algorithms for each species 
(Fig. 1). To achieve this, we standardized the predic-
tions of the various SDMs and then combined them 
into a single model. Likewise, for future scenarios, we 
followed the same approach as in the current period. 
Additionally, we summarized the models developed 
for different GCMs and future time windows (cover-
ing the period from 2021 to 2080) by calculating the 
average suitability for each species, while keeping the 
two carbon emission scenarios separate.

Based on the final average models, we projected 
the potential distribution of each species for each sce-
nario of CO2 emissions. We then estimated the differ-
ence in the number of suitable grid cells between cur-
rent and future climate scenarios for alligator weed 
and flea beetle. If our first hypothesis is correct, the 
future scenarios will present more suitable grid cells 
for alligator weed than the present. In addition, there 
would be new suitable grid cells toward higher lati-
tudes on the predicted maps of future scenarios. For 
our second hypothesis to not be rejected, we expect to 
find more suitable grid cells at the present than in the 
future for the flea beetle. We also expect them to be 
concentrated at mid-latitudes on the predicted maps 
of future scenarios. Finally, we compared the number 
of suitable grid cells between the potential distribu-
tion of alligator weed and flea beetle in present and 
future scenarios. We expect to find fewer grid cells 
shared between the species distributions in the future 
so as not to reject our third hypothesis.

We conducted all data manipulation, analyses, and 
figure generation using the R software (R Core Team, 
2021). Our analysis relied on several R packages, 
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including rJava (Urbanek, 2022), vegan (Oksanen 
et al., 2020), ggplot2 (Wickham, 2016), rnaturalearth 
(South, 2017), raster (Hijmans, 2022), and dismo 
(Hijmans et al., 2020) packages.

Results

In general, the potential distribution of alliga-
tor weed is projected to significantly expand under 
global warming. When comparing the future sce-
narios (SSP2-4.5 and SSP5-8.5) to the present, there 
is a substantial increase in the number of suitable 
grid cells for A. philoxeroides. Specifically, there is 
a 48.56% increase in suitable cells for SSP2-4.5 and 
a 64.5% increase for SSP5-8.5 (Figs.  2a, c, e, and 
3a, c; Videos S1 and S3). When comparing the two 
future scenarios, the distribution of alligator weed 

is expected to expand even further by 19.49% in the 
more pessimistic scenario (Fig. 3e – red cells). While 
the species may potentially lose 4.77% and 2.62% of 
the currently suitable cells in the SSP2-4.5 and SSP5-
8.5 scenarios, respectively, there will still be a consid-
erable increase in overall suitable habitat (Figs. 3a, c 
– yellow cells; Video S3). Additionally, not only will 
the potential area increase, but the climate suitability 
of the grid cells will also improve, as evidenced by 
the increase in red cells in the future maps (Fig. 2a, c, 
e; Video S1).

The expansion of suitable habitat for alligator 
weed is projected to occur predominantly toward 
higher latitudes in the northern hemisphere and in 
specific regions, such as the interior of the Amazon, 
Western Argentina, Central America, central Africa, 
Eastern Europe, and Western China (Figs.  2a, c, e, 
and 3a, c; Video S1 and S3). In the USA, there is a 

Fig. 2   Potential global distribution of Alternanthera philox-
eroides (alligator weed) a, c, e and Agasicles hygrophila (flea 
beetle) b, d, f based on their climatic niches. The maps illus-

trate the current distribution (a, b) as well as two future CO2 
emission scenarios: a moderately optimistic scenario (c, d) and 
a pessimistic scenario (e, f)
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significant potential for northward expansion, extend-
ing into southern Canada on both coasts (Fig. 3a, c; 
Video S3). However, it is worth noting that the suita-
bility level is expected to decrease, particularly along 
the southeast coast of the USA, where it is currently 
highly suitable to the species (Fig. 2a, c, e; Video S1). 
There is also a smaller predicted southward expansion 
toward Mexico but with lower suitability (Figs. 2a, c, 
e, and 3a, c; Video S1 and S3). Additionally, the areas 
that will become unsuitable for the species in the 
future are primarily located in Texas, the USA, and 
the east coast of Mexico (Fig.  3a, c – yellow cells; 
Video S3).

Alligator weed distribution will potentially reach 
higher latitudes in South Korea and Japan, and the 
climate suitability in these countries will tend to 
increase in future scenarios (Figs.  2a, c, e and 3a, 

c; Videos S1 and S3). In China, the distribution can 
expand north and west to the center of the country, 
but with lower suitability (Figs.  2a, c, e and 3a, c; 
Videos S1 and S3). Expansion and greater suitabil-
ity are expected across the east coast of Australia and 
the north island of New Zealand (Figs.  2a, c, e and 
3a, c; Videos S1 and S3). Lastly, we observed sev-
eral suitable areas for colonization in many European 
countries, even where it has not yet been recorded 
(Figs. 2a, c, e and 3a, c; Videos S1 and S3).

For the flea beetle, there is also a projected expan-
sion in future scenarios, although to a lesser extent 
compared to alligator weed (SSP2-4.5 vs. Pre-
sent = %; and SSP5-8.5 vs. Present = % increase in 
suitable cells; Figs.  2b, d, f and 3b, d; Videos S2 
and S4). The difference between the SSP2-4.5 and 
SSP5-8.5 scenarios is small, with a 8.61% increase 

Fig. 3   Comparisons of the potential global distributions of 
Alternanthera philoxeroides (alligator weed) a, c, e and Agasi-
cles hygrophila (flea beetle) b, d, f between different scenarios. 
Panel (a and b) compares the distributions between the current 

scenario and a moderately optimistic CO2 emission scenario, 
while panel (c and d) compares the current scenario with a 
pessimistic scenario. Panel (e and f) presents a comparison of 
both future scenarios
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in suitable cells expected in the pessimistic scenario 
(Fig. 3f – red cells). Also, there is an increase in the 
number of cells that are currently suitable for the 
flea beetle under climate change (Present vs. SSP2-
4.5 = 23.89%; and Present vs. SSP5-8.5 = 28.06%; 
Fig.  3b, d – yellow cells; Video S4). However, the 
climate suitability for the flea beetle has the potential 
to decrease substantially in the future, as indicated by 
the increase in blue cells globally (Fig. 2b, d, f; Video 
S2).

In general, the expansion of the flea beetle’s distri-
bution follows similar patterns to the plant (Figs. 2b, 
d, f and 3b, d; Videos S2 and S4). The most signifi-
cant loss of suitable area and suitability occurs in 
the USA, resulting in very few areas with moderate 
to high climate suitability, mainly concentrated on 
the west coast near the Canadian border, as well as in 
Louisiana, Tennessee, and North Carolina (Figs. 2b, 
d, f and 3b, d; Videos S2 and S4). In China, there 
is an increase in suitability in areas where it is cur-
rently moderate, but a sharp decrease in surrounding 
regions (Fig. 2b, d, f; Video S2). Higher latitudes in 
South Korea and most of Japan have the potential 
to become suitable for the flea beetle, with coastal 
regions maintaining a relatively high level of climate 
suitability, although to a lesser extent compared to 

the plant (Fig.  2). Additionally, there is an increase 
in suitability predicted under climate warming in 
regions such as the east coast of Australia, north of 
the Iberian Peninsula, central Europe, and the east 
coast of the Black Sea (Fig. 2b, d, f; Video S2).

Comparing the distributions of the two species, the 
model(s) predicted an increase of 32.74% and 41.42% 
in the number of shared cells in the SSP2-4.5 and 
SSP5-8.5 future scenarios, respectively (Fig. 4 – blue 
cells; Video S5). However, this increase will not 
occur uniformly across all regions. There will be a 
potential decrease in the overlapping area in the USA. 
Furthermore, in these shared locations, high climate 
suitability is expected for the plant, but low suitability 
for the flea beetle, particularly in the southeast region 
(Figs. 2 and 4). Overlapping areas with high climate 
suitability for both species will be concentrated in 
Louisiana, Tennessee, and North Carolina, where 
they will remain highly suitable for the flea beetle 
(Figs. 2 and 4). Similarly, the southeast of China, the 
coast of South Korea, Japan, and the east coast of 
Australia are territories highly suitable for both spe-
cies, resulting in large areas of overlap (Figs.  2 and 
4). In Europe, there will be numerous overlapping 
areas in several countries (e.g., north of the Iberian 
Peninsula), but a significant portion of the plant’s 

Fig. 4   Comparison of the potential global distributions of Alternanthera philoxeroides and Agasicles hygrophila in a the present, b a 
moderately optimistic future CO2 emission scenario, and c a pessimistic future CO2 emission scenario
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distribution will remain unsuitable for the flea beetle, 
especially in higher latitudes (Fig. 4; Video S5).

Discussion

Our models for alligator weed support our first 
hypothesis. Not only does alligator weed have great 
potential for expansion worldwide, but the number 
of highly suitable sites will also increase with global 
warming. This expansion has been predicted in spe-
cific countries such as the USA (Koncki et al., 2015) 
and China (Tu et al., 2021). As climate change leads 
to warmer areas on the globe (IPCC, 2021), species 
adapted to high temperatures, like alligator weed, are 
expected to gain more climatically suitable areas for 
their establishment. This is consistent with the fact 
that alligator weed thrives at optimal temperatures of 
30–35ºC and has an upper threshold temperature for 
population growth of 36ºC (Julien et al., 1995; Shen 
et al., 2005), which explains our predictions.

Precipitation, also included as a response variable 
in our models, is expected to increase globally by an 
average of 5 to 10% by 2100 (under the SSP2-4.5 
and SSP5-8.5 scenarios, respectively), although not 
uniformly across the globe. Alligator weed, being an 
amphibious plant, can grow in both aquatic and ter-
restrial habitats due to its high phenotypic plasticity 
in response to water availability (Geng et al., 2007). 
It can tolerate a wide range of soil moisture levels, 
with optimal shoot emergence, plant height, and bio-
mass occurring at around 30–35%, while no shoot 
emergence or growth occurs below 5% or above 60% 
moisture levels (Shen et  al., 2005). Therefore, it is 
reasonable to expect that a species with such plastic-
ity would possess mechanisms to cope with the pre-
dicted changes in precipitation associated with global 
warming.

As also anticipated in our first hypothesis, the 
potential distribution of alligator weed is expected to 
expand toward higher latitudes from its current estab-
lished areas. These regions, in general, are projected 
to experience increased temperatures and precipi-
tation in the future, except for certain areas such as 
the Iberian Peninsula, southern France, Italy, and the 
east coast of Australia, which are expected to become 
drier (IPCC, 2021). As we mentioned earlier, alligator 
weed thrives in warm and rainy climates (Yan et al., 
2020), but it is also capable of tolerating different 

levels of water availability and growing successfully 
in terrestrial habitats (Geng et  al., 2007). Therefore, 
the anticipated drier conditions in these specific 
regions do not appear to pose a significant challenge 
for the species in the future.

Contrary to our second hypothesis, our models 
indicate that the distribution of the flea beetle is also 
projected to expand toward higher latitudes in future 
climatic scenarios, although to a lesser extent com-
pared to alligator weed. Climate change is expected 
to result in warmer conditions, particularly in regions 
where the flea beetle is currently absent or has lim-
ited distribution (IPCC, 2021). The flea beetle is con-
strained by cold temperatures and cannot successfully 
overwinter in high-latitude areas (Coulson, 1977; 
Julien et  al., 1995; Stewart et  al., 1999; Zhao et  al., 
2015; Wang et  al., 2019). However, with the emer-
gence of new warm areas in the future, the flea beetle 
will have the potential to survive winter conditions 
and establish populations in regions that are currently 
unsuitable.

However, as predicted, the flea beetle is also 
expected to lose a significant number of currently 
suitable areas, leading to an overall decline in suit-
ability. This species has a narrow range of environ-
mental tolerances, with optimal conditions falling 
within non-extreme values (Julien et al., 1995). Con-
sequently, it is unlikely that the extreme conditions 
projected for the future in some locations (IPCC, 
2021) will create a suitable environment for opti-
mal flea beetle fitness. Therefore, despite the slight 
increase in total area, the flea beetle will have limited 
availability of highly suitable sites for its establish-
ment in a changing climate.

In terms of geographic distributions, the expansion 
of the flea beetle and the location of its most suitable 
sites appear to align with the patterns observed for 
the alligator weed. As a result, the overlapping areas 
between these two species are expected to increase 
and shift toward higher latitudes, contradicting our 
third hypothesis. However, due to the significantly 
greater expansion of the plant, a large portion of its 
potential future distribution will remain unsuitable 
for the flea beetle, resulting in numerous non-over-
lapping areas worldwide. Lu et al. (2013) previously 
suggested that the existing geographic gap between 
alligator weed and its specialist herbivore could shift 
to higher latitudes under global warming, thereby cre-
ating a new zone with low or no control efficiency. 
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Our models support this notion by demonstrating the 
presence of such non-overlapping areas at the global 
scale.

The USA was the pioneering country in using the 
flea beetle as a biological control agent for alligator 
weed, with varying levels of effectiveness across dif-
ferent latitudes (Coulson, 1977). However, our mod-
els indicate that climate change impacts will be par-
ticularly detrimental to the flea beetle’s suitability in 
the USA, including areas where biological control 
has previously been successful (as noted by Coulson, 
1977). In contrast, our models predict a northward 
expansion of the plant with moderate to high climate 
suitability, surpassing the predictions made by Kon-
cki & Aronson (2015). Consequently, there is likely 
to be a substantial mismatch between the plant and 
herbivore distributions, resulting in a considerable 
gap where the plant can thrive more easily than the 
flea beetle. Many regions where the plant is currently 
considered a weed will also become unsuitable for the 
flea beetle in the future, such as Florida. Therefore, 
the use of biological control for alligator weed will 
no longer be a viable and effective option in these 
areas, requiring the exploration of alternative control 
methods.

In China, both alligator weed and the flea beetle 
have already been observed to expand northward (Lu 
et al., 2013). Northern regions of China have experi-
enced a temperature increase in recent decades, and 
this trend is expected to continue along with increased 
precipitation (Gao et  al., 2015; Yang et  al., 2018). 
In response to these changing conditions, alligator 
weed and the flea beetle have been gradually spread-
ing northward. However, the plant’s distribution limit 
currently remains farther north than that of the flea 
beetle (Lu et al., 2013). Our models indicate that this 
expansion trend will persist into the future, but it will 
be more pronounced for the plant. This implies that 
while the flea beetle may potentially control the plant 
at higher latitudes than it does presently, the plant will 
still be able to occupy regions beyond the flea beetle’s 
reach in the northward direction. Moreover, alligator 
weed has shown increased invasiveness with higher 
latitudes in China, and there is evidence suggesting 
that warming temperatures may enhance its competi-
tive ability against native species (Wu et  al., 2017). 
Consequently, in the absence of effective biocontrol 
measures predicted for the northernmost regions, it 
can be expected that the alligator weed will have even 

more detrimental impacts on the native biota in these 
areas under climate change (Wu et al., 2017).

Despite the decoupling observed between alligator 
weed and the flea beetle in certain areas due to climate 
changes, there are still numerous regions worldwide 
where biological control using the flea beetle appears 
promising for the future. In Southeast Asia, France, 
Italy, and the Iberian Peninsula, the invasion process 
of alligator weed is relatively recent, and the extent of 
the invaded area remains small (Bulletin OEPP/EPPO 
Bulletin, 2016, Arana & Murillo, 2021). Focusing 
efforts on invasive plants during the early stages of 
invasion can greatly enhance the likelihood of suc-
cessful biocontrol (Culliney 2005). Additionally, the 
presence of many overlapping areas with high climate 
suitability for both species in these regions suggests 
that biocontrol programs may remain viable, even in 
the face of climate change.

Although alligator weed has not yet been reported 
in many European countries, South Korea, and Japan, 
our models indicate that there are numerous areas 
highly suitable for its establishment in these regions. 
The projected climate suitability for the plant in 
these areas shows a similar increasing trend to that 
observed in the USA and China, where the species 
has been invasive since the late nineteenth century 
(Coulson, 1977; Chen et  al., 2008). Considering the 
rapid spread of alligator weed within a span of three 
decades in the USA, forming extensive mats that 
caused various negative impacts such as hindering 
navigation in slow-moving rivers (Coulson, 1977), it 
is likely that alligator weed would quickly expand and 
become a troublesome invader in these areas if the 
species is introduced. Additionally, these regions also 
have the potential to provide suitable conditions for 
the flea beetle in the future, making biocontrol using 
the flea beetle an option to consider in case of a future 
invasion.

The southern regions of Canada, the Amazon, 
Mexico, the South Island of New Zealand, and the 
Nordic countries are projected to have low suitability 
for the establishment of alligator weed under global 
warming. Additionally, these areas will be entirely 
unsuitable for the flea beetle. It is crucial for these 
countries to remain vigilant and monitor any signs 
of the introduction of this invasive plant. In the event 
of an invasion, alternative control methods should 
be considered to effectively manage it. Furthermore, 
although Julien et al. (1995) indicated that many areas 
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in Africa would be favorable for alligator weed, our 
models showed very few areas with low suitability in 
Ethiopia, Mozambique, and Madagascar. Currently, 
this species is not regarded as a pest on the African 
continent, and it appears unlikely that it will become 
one in the future.

Model limitations and future perspectives

Our predictions for future climate scenarios are based 
on the assumption of niche conservation for both spe-
cies. Wang et  al. (2017) found that alligator weed 
does not exhibit a significant shift in its niche between 
native and invaded areas in the present. However, Luo 
et al. (2020) observed genetic adaptation in alligator 
weed for cold tolerance, enabling its colonization of 
colder regions in China. Additionally, due to its high 
phenotypic plasticity (Geng et al., 2016), it is plausi-
ble that this species possesses mechanisms to tolerate 
the significant changes projected for the future. There-
fore, it is reasonable to expect some niche changes for 
this species under future climate scenarios.

The same possibilities may apply to the flea bee-
tle as well. Ectothermic organisms have the potential 
to mitigate the effects of warmer maximum tempera-
tures resulting from climate warming through behav-
ioral thermoregulation (Kearney et al., 2009). Insects 
can also gradually adjust their thermal tolerance and 
expand their range accordingly (Guo et al. 2012). In 
fact, there is evidence suggesting that the flea beetle 
can develop cold tolerance within a few years through 
a naturalization process involving bet-hedging strate-
gies (Guo et  al., 2012). Furthermore, microhabitats 
can provide refuge for the flea beetle, protecting it 
from low non-freezing temperatures for short periods 
and enabling successful overwintering (Guo et  al., 
2012).

Therefore, it is important to interpret our predic-
tions for future scenarios with caution, as both spe-
cies have the potential to modify their physiological 
traits and adapt to climate warming through pheno-
typic plasticity or long-term evolutionary changes. 
Future research should aim to investigate how these 
species may evolve over time in response to cli-
mate warming and how such changes may influence 
their future distribution. Nonetheless, our results 
align closely with the existing knowledge for par-
ticular regions and we hope that they can provide 
valuable insights for governments, stakeholders, 

and managers in effectively managing the control of 
this invasive plant in the context of future climate 
changes.
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