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climate scenarios, spanning 2021 to 2100. Poten-
tial distribution changes were assessed considering 
the joint invasion of all species, grouped into woody 
and non-woody categories. Areas with annual mean 
temperatures between 24 and 27  °C and higher pre-
cipitation were more prone to invasions. Non-woody 
species are projected to occupy the largest high-
suitability areas throughout the century. Cenchrus 
ciliaris L. and Prosopis juliflora (Sw.) are examples 
of major invaders under both scenarios. One region 
in the Caatinga remained suitable for both woody 
and non-woody invaders, reflecting a localized zone 
of functional co-occurrence retention despite overall 
habitat contraction. Even with projected declines in 
suitable areas (−36.4% optimistic, −28.2% pessimis-
tic), the continued presence of invasive species poses 
risks to native flora, which is generally more sensitive 

Abstract  The increasing prevalence of invasive 
plants thriving under changing climates underscores 
a major ecological concern. While many studies 
address invasions at broad taxonomic scales, our 
approach emphasizes the simultaneous projection of 
multiple species grouped by functional traits. In addi-
tion to modeling their joint distribution, we evaluated 
the persistence and spatial overlap between func-
tionally distinct invaders as a possible indicator of 
future ecological shifts. Ecosystems like the Brazil-
ian Caatinga, a seasonally dry tropical forest spanning 
833,000  km2, may be especially vulnerable to inva-
sions and climate change due to widespread land deg-
radation. We projected the future distribution of 11 
invasive species under both optimistic and pessimistic 
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to environmental change. These results highlight 
the urgency of proactive management to safeguard 
biodiversity.

Keywords  Seasonally dry tropical forest (SDTF) · 
Invasive plant species · Climate change · Species 
distribution model (SDM) · Co-occurrence patterns

Introduction

Biological invasions, driven largely by human-medi-
ated species introductions, are among the main causes 
of global biodiversity loss. Some non-native species 
display high adaptability to novel environments due 
to intrinsic traits such as rapid growth, efficient repro-
duction, and high dispersal capacity (Marin et  al. 
2020; Pinto et  al. 2020). While many of these spe-
cies can become established and persist in new habi-
tats, only a subset is classified as invasive, meaning 
they not only spread widely but also cause significant 
negative impacts on native biodiversity, ecosystem 
functioning, or human well-being. Once established, 
invasive species can outcompete native flora, disrupt 
ecological processes, and alter physicochemical con-
ditions, especially where multiple invaders co-occur 
(Diagne et al. 2021; Pérez et al. 2022; Xu Yue et al. 
2016). Their presence threatens biodiversity and 
ecosystem services critical to human well-being, 
including food production, medicinal resources, 
and environmental regulation (Pejchar and Mooney 
2009; Jones and McDermott 2018). Additionally, 
they can cause substantial economic losses, particu-
larly in agriculture and livestock sectors (Essl et  al. 
2020; Gaertner et  al. 2014), and pose growing risks 
to human health (Pyšek and Richardson 2010; Stone 
et al. 2018).

Understanding the variety of impacts caused by 
invasive plants requires consideration of their func-
tional differences, as these traits influence how spe-
cies interact with ecosystems, respond to distur-
bances, and compete for resources (Díaz et al. 2016; 
Weigelt et al. 2021). Functional traits, such as growth 
form, rooting depth, reproductive strategy, and dis-
persal mechanisms, are key predictors of invasion 
success and ecological impact (Díaz et al. 2016; Funk 
et al. 2008; Weigelt et al. 2021). Grouping species by 
functional characteristics allows researchers to gen-
eralize patterns and better assess the risks posed by 

different types of invaders (Catford et al. 2009; Díaz 
et al. 2016; Funk et al. 2008; Weigelt et al. 2021).

These functional distinctions are also relevant 
when considering the spatial co-occurrence of inva-
sive species under climate change (Díaz et al. 2016; 
Weigelt et  al. 2021). When species from different 
functional groups are projected to persist in the same 
regions, they may form or reinforce co-occurrence 
patterns that appear to be relatively recent, involv-
ing combinations of invasive species that, although 
already observed in some areas, may have emerged 
only in recent decades as a result of ongoing inva-
sion processes. These zones of overlapping habi-
tat suitability can be ecologically significant, as the 
coexistence of functionally distinct invaders may 
alter competitive dynamics, resource availability, and 
disturbance regimes in ways that differ from existing 
native community structures (Fastovich et  al. 2020; 
Feeley et al. 2020; Williams and Jackson 2007). This 
line of thinking is inspired by the concept of no-
analog communities, assemblages without historical 
precedent in terms of species composition or ecologi-
cal function, although such patterns may already be 
taking shape and simply have received limited atten-
tion so far (Williams and Jackson 2007; Blois et  al. 
2013).

Beyond co-occurrence patterns, understanding 
the individual responses of invasive plant species to 
environmental pressures, such as their capacity to 
establish and spread, is also crucial (Blois et al. 2013; 
Rejmánek and Richardson 2013). These responses 
are shaped by factors ranging from intentional intro-
ductions to climate change (Chagas et al. 2020; Gio-
ria et  al. 2023). Climate change, in particular, has 
disrupted the natural conditions across much of the 
planet, leading to ongoing shifts in the distribution of 
species. However, regional susceptibility to climate-
driven invasions is not uniform and can be shaped 
by factors such as historical land degradation, which 
compromises native vegetation and reduces ecosys-
tem resilience (Hansen and Cramer 2015; Knoke 
et  al. 2023). Seasonally dry tropical forests (SDTF) 
worldwide have experienced notable environmental 
degradation, partially reflecting a historical disregard 
that often perceives these ecosystems as less produc-
tive and diverse (Ferrer-Paris et al. 2019; Rivas et al. 
2021). Simultaneously, these regions are expected 
to undergo severe changes in precipitation and tem-
perature (Marengo et  al. 2020; Seddon et  al. 2016). 
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As a result, there are questions about the potential for 
biological invasions in such environments, including 
whether the extreme climatic conditions anticipated 
in SDTFs would promote or deter invasive species 
(Chagas et al. 2020).

One way to approach this question is by examining 
specific SDTFs, which present unique challenges due 
to their pronounced seasonality and ecological hetero-
geneity. SDTFs are not defined by a single set of uni-
versally applicable criteria, which makes it difficult to 
generalize invasion dynamics across regions. This can 
result in significant differences in biological invasions 
from one place to another (Maass and Burgos 2011; 
Meir and Pennington 2011; Pinto et  al. 2020). One 
unique SDTF is located in the northeastern region of 
Brazil, known as the Caatinga. It covers an extensive 
area of 833,000 km2, which is three and a half times 
larger than the United Kingdom (Fernandes et  al. 
2020). Recognized as the most expansive SDTF, it is 
home to roughly 10% of Brazil’s total plant diversity, 
with about 15% being SDTF specialists found exclu-
sively in the Caatinga (Fernandes et  al. 2020; Zappi 
2015). In terms of introduced species, the Caatinga 
harbors over 120 species, not all of which necessar-
ily cause severe socioeconomic or ecological harm 
(Almeida et al. 2015). On the other hand, 51 species 
are classified according to their invasion risk, includ-
ing the Asian shrub Calotropis procera Aiton (Silk 
Cotton) and the Mexican tree Leucaena leucocephala 
Lam. (Leucaena) (Leão et  al. 2011). These species 
thrive in the Caatinga due to local similarities with 
their native countries (Barbosa et  al. 2019; Hassan 
et  al. 2015) and affect ecosystem services, particu-
larly those related to regulation (Jones and McDer-
mott 2018; Leão et al. 2011; Rai and Singh 2020).

As climate change continues to reshape our planet, 
ecosystems like the Caatinga stand at the threshold of 
significant transformations (Lopes et al. 2023). With 
this perspective, our study is grounded in two pri-
mary objectives: (1) to identify the average suitable 
areas for biological invasions in the Caatinga using 
consensus Species Distribution Models (SDMs); and 
(2) to identify invasive species, broadly classified 
into woody and non-woody groups, that may thrive 
under projected climatic changes and potentially alter 
trophic structures and ecosystem functioning. This 
functional classification captures key ecological strat-
egies, with woody species often exerting long-term 
structural and competitive dominance (Rejmánek 

and Richardson 2013; Schmidt et  al. 2020), while 
non-woody species tend to display rapid coloniza-
tion in disturbed habitats (Underwood et  al. 2019; 
Scharfy et  al. 2011), both of which are relevant for 
understanding invasion dynamics in seasonally dry 
environments. Rather than attempting to simulate full 
community composition or species interactions, we 
adopt a spatially grounded approach by identifying 
areas where multiple invasive species, drawn from 
two distinct functional groups, are projected to retain 
overlapping suitability under future climatic condi-
tions. This provides an initial, ecologically meaning-
ful indication of regions where co-occurrence patterns 
of invasive species may already exist, persist, expand, 
or contract in response to climate change. Given the 
size and environmental heterogeneity of the Caatinga, 
we hypothesize that areas with higher precipitation 
will be especially vulnerable, as water availability 
remains a primary limiting factor (Maass and Burgos 
2011; Meir and Pennington 2011; Prochazka et  al. 
2024). Furthermore, species with high reproductive 
potential, often represented by non-woody invaders, 
may be particularly favored under future conditions, 
potentially expanding their geographic range and eco-
logical influence.

Materials and method

Study area

This study focuses on the Brazilian Seasonal Dry 
Tropical Forest (SDTF) known as the Caatinga, 
which covers an area of 833,000 km2 (Fernandes et al. 
2020; IBGE, 2019a). Within this region, certain areas 
endure a prolonged drought period lasting six to eight 
months, during which precipitation is less than twice 
the temperature (Bagnouls and Gaussen 1953). The 
climate in the Caatinga is predominantly semi-arid 
(Vieira et al. 2015), with average annual precipitation 
levels around 800 mm, which can exceed 1,000 mm 
in coastal regions and drop to less than 300  mm in 
some continental areas. The rainy season in the Caat-
inga typically extends from January to May, although 
this can vary due to extreme weather events and dif-
ferences in precipitation across the various vegetation 
strata within the ecosystem (Silva et  al. 2019a, b). 
Throughout the year, the region experiences a range 
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of temperatures, generally fluctuating between 22 °C 
and 30 °C (Morais et al. 2021; Silva et al. 2019a, b).

This seasonal difference, along with the unique 
characteristics of the Caatinga as a SDTF and its 
proximity to the coastal Atlantic Forest, results in 
shared vegetative similarities among the Caatinga 
area. Such vegetative similarities give rise to various 
ecological features, including the presence of Sea-
sonal Forests, Savanna Complexes, Dunes, and veg-
etation fragments influenced by hydrological factors 
(Silva et  al. 2019a, b). In turn, these environmental 
characteristics shape the survival strategies developed 
by native plants to endure the dry months (Fernandes 
and Queiroz 2018; Meir and Pennington 2011; 
Oliveira et  al. 2018). Native species in the Caatinga 
are already adapted to its climate, which includes the 
shortest rainy season (3–5 months) among all SDTFs, 
leading to traits such as small and leathery leaves, 
thorns, deep roots, and twisted trunks, as well as pro-
nounced variation in vegetation structure, from for-
ests to xerophytic shrublands (Fernandes and Queiroz 
2018; Meir and Pennington 2011).

The Caatinga naturally challenging climate is 
expected to become harsher with climate change. 
Projections indicate a temperature increase of at least 
two degrees by 2040, four degrees by 2070, and an 
impressive five and a half degrees by 2100 (Marengo 
et  al. 2020). These changes will have far-reaching 
impacts on factors such as water availability, the sup-
ply of animal feed, and local agricultural production. 
They are expected to contribute to the ongoing deser-
tification process (Nolan et al. 2018; Ringelberg et al. 
2023) and significantly affect the local diversity (De 
Kort et al. 2021; Fontúrbel et al. 2018).

Species distribution models (SDMs)

Predicting the invasibility of ecosystems such as the 
Caatinga requires tools capable of estimating poten-
tial changes in species distributions under future cli-
matic scenarios. Species Distribution Models (SDMs) 
offer an approach to this task by correlating georef-
erenced occurrence data with environmental vari-
ables, such as climate, soil, and topography (Chagas 
et al. 2020; Lin et al. 2023). Through this modeling, 
it is possible to identify areas of higher suitability for 
non-native and invasive non-native species, support-
ing management efforts and ecological planning (Essl 
et al. 2020; Silva et al. 2019a, b).

The Maximum Entropy (MaxEnt) machine learn-
ing algorithm was used to construct SDMs for species 
that are invasive in the Caatinga. SDMs are predi-
cated on the ecological niche concept, representing 
the range of conditions and resources necessary to 
sustain populations within an ecosystem (Polechová 
and Storch 2008). The primary output of SDMs is 
habitat suitability maps reflecting the environmental 
conditions essential for a species existence or survival 
(Ganglo 2023; Sun et al. 2022).

MaxEnt employs the maximum entropy principle 
to estimate the relative occurrence rate of a species 
across a landscape, based on environmental predic-
tors at each location. In physics, this approach cor-
responds to a measure of uncertainty in the state of 
a system, and in the context of MaxEnt, it is used to 
predict where a species might exist based on available 
data (Baldwin 2009; Merow et al. 2013). The relative 
occurrence rates predicted by MaxEnt, denoted as 
P*(z), are calculated using the formula:

In this equation, z is the vector of environmen-
tal variables at a location, λ is the vector of feature 
weights (regression coefficients), and (z) represents 
the empirical distribution of background environ-
mental conditions, which incorporates sampling bias 
through the use of a bias file. The numerator captures 
how well the environmental conditions at a given 
location align with those associated with known spe-
cies occurrences, while the denominator ensures nor-
malization across the landscape (Merow et al. 2013).

The model assigns a predicted suitability score to 
each cell within the study area, reflecting the neces-
sary conditions for the species survival. These scores 
do not represent true probabilities of presence but 
rather indices of habitat suitability that can be inter-
preted as the species’ relative preference across the 
landscape (Ganglo 2023; Merow et al. 2013).

The results obtained through modeling should 
be interpreted with caution, especially in studies 
involving multiple populations of species. Informa-
tion about these populations may be scarce, such 
as their health and their ecological interactions 
with the environment. These factors are important 
for constructing specific environmental predic-
tors, which could potentially improve the accuracy 
of distribution models, despite the availability of 

P ∗ (z) = Q(z) exp(� ⋅ z)∕ ΣzQ
(

z�
)

exp
(

A ⋅ z�
)
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high-quality, non-customized predictors on the 
internet (Booth 2022; Ganglo 2023; Hui 2023).

Climate change scenarios

Climate change scenarios, providing insights into 
future climate conditions, are developed based on 
factors such as greenhouse gas emissions and other 
relevant variables (Joshi et al. 2003; Kärcher 2018). 
These scenarios represent possible futures and 
can already be tailored to specific Global Climate 
Models (GCMs), which are computer models used 
to simulate the Earth’s climate system (Bracon-
not et al. 2012; Kirtman et al. 2013). In this study, 
future climate data from the WorldClim database 
(https://​www.​world​clim.​org) were used, which 
incorporates a range of these climate scenarios 
associated with different GCMs. These scenarios 
consider diverse emissions, socioeconomic develop-
ments, and other relevant factors that align with the 
respective GCMs, allowing for the exploration of 
a spectrum of potential climate outcomes (Keyßer 
and Lenzen 2021; Riahi et al. 2017).

The GCM used in this study was the EC-Earth3-
Veg, in which the study area exhibits some climatic 
characteristics similar to those of the semi-arid 
region, in addition to being an efficient model for 
representing the effects of climate change on veg-
etation with greater accuracy. Only one GCM was 
used to facilitate modeling with more than two 
species (Abbas et  al. 2022; Lin et  al. 2023; Pard-
ing et al. 2020), and associated with it, an optimis-
tic (ssp1-2.6) and a pessimistic (ssp5-8.5) scenario 
were used. In the optimistic scenario, a world with 
low greenhouse gas emissions (2.6 watts per square 
meter of radiative forcing until 2100) is simulated, 
with the aim of limiting global warming to less 
than 2 degrees Celsius above pre-industrial levels 
(O’Neill et  al. 2016). In contrast, the pessimistic 
scenario simulates a trajectory marked by global 
population growth and a heavy reliance on fossil 
fuels as the basis of the world economy. This leads 
to a substantial increase in greenhouse gas emis-
sions (8.5 watts per square meter of radiative forc-
ing in 2100), resulting in a significant increase in 
global average temperatures from 4.1 to 4.8  °C 
above pre-industrial levels by 2100 (Brooks et  al. 
2014; O’Neill et al. 2016).

Data collection

A total of 22 monthly variables were collected based 
on their relevance as factors for predicting species’ 
future distribution, as indicated in the literature (Gan-
glo 2023). These variables were obtained at a five-
minute spatial resolution (in minutes of longitude and 
latitude) for four future time intervals (2021–2040, 
2041–2060, 2061–2080, and 2081–2100). A detailed 
list and description of all variables is provided in 
Appendix A.

A previous study identified 51 invasive species in 
the Caatinga based on their established presence in 
natural environments, their recognition as invaders 
in the region, and their occurrence in at least three 
of the ten states within the Caatinga’s boundaries 
(Leão et  al. 2011). The occurrences for these inva-
sive species were extracted from the Global Biodi-
versity Information Facility (GBIF; https://​www.​gbif.​
org/) and SpeciesLink (https://​speci​eslink.​net/). To 
minimize potential errors commonly associated with 
GBIF data, such as imprecise coordinates or records 
from cultivated individuals, we restricted the data to 
records from peer-reviewed publications and herbar-
ium specimens only. We also removed duplicates and 
excluded records without geographic coordinates or 
with clearly erroneous spatial information (Moudrý 
et al. 2024; Xu et al 2022; Zizka et al. 2019).

To enhance model robustness, only species with at 
least 100 georeferenced occurrences within the Caat-
inga were selected. Additionally, species cultivated 
for multiple purposes were excluded to avoid mod-
eling issues related to immature or unstable popula-
tions, such as economic use, horticulture, medicine, 
food, or ornamental purposes. Cultivated plants are 
often managed in ways that do not reflect natural con-
ditions and may include young or recently planted 
individuals that are not fully established. By exclud-
ing such species, we ensure that our data reflects 
populations that are more likely to be mature and sta-
ble, rather than those potentially subject to frequent 
disturbances or economic exploitation (Brinckmann 
et  al. 2022; Xia et  al. 2022). This approach is sup-
ported by information from the Brazilian database 
Instituto Horus (https://​bd.​insti​tutoh​orus.​org.​br/). 
These criteria led to the selection of 11 of the 51 spe-
cies listed in the literature.

Occurrences from both the species’ native and 
invaded ranges were included to refine the modeling 

https://www.worldclim.org
https://www.gbif.org/
https://www.gbif.org/
https://specieslink.net/
https://bd.institutohorus.org.br/
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outcomes (Bergamin et  al. 2022; Broennimann and 
Guisan 2008). For each species, up to 1500 occur-
rence points were selected from each range and used 
together in the modeling process (Supplementary 
1). Furthermore, the species were classified into two 
broad functional groups based on their structural 
characteristics: woody species, comprising perennial 
plants with developed woody tissues such as trees and 
shrubs, and non-woody species, consisting of herba-
ceous plants like forbs and grasses, typically char-
acterized by rapid growth and flexible rooting sys-
tems (Rejmánek and Richardson 2013; Scharfy et al. 
2011).

The modeling of the distribution of invasive plant 
species was designed to provide a broad understand-
ing of potential impacts of future climate changes. 
We opted not to include species-specific factors such 
as dispersal mechanisms, ecological interactions, or 
disturbance responses in the model. This approach 
enhances the comparability and reproducibility of the 
study, as it relies on standardized and widely acces-
sible data. This strategic focus provides preliminary 
insights into the potential distributional shifts of 
invasive species under changing climatic conditions, 
facilitating broader ecological and conservation plan-
ning efforts (Booth et al. 2014).

Statistical approach

A pairwise correlation analysis of the 22 variables 
was conducted to minimize multicollinearity and 
enhance modeling accuracy. Pairs of variables with 
a Pearson correlation coefficient of r ≥ 0.8 or r ≤ –0.8 
(|r|≥ 0.8) were considered highly correlated, and in 

each case, one variable was removed. Although a 
threshold of 0.7 is common in ecological modeling 
(Dormann et al. 2013), we adopted the more conserv-
ative value of 0.8 based on the moderate number of 
predictors and the ecological focus of the study (Dai 
et al. 2022; Dormann et al. 2013). This value balances 
the reduction of collinearity with the preservation of 
biologically meaningful variables, and aligns with 
recommendations from previous studies where fewer, 
ecologically grounded predictors were employed 
(Dormann et  al. 2013; Elith et  al. 2006; Graham 
2003).

For each correlated pair, the retained variables 
were chosen based on ecological relevance to the 
Caatinga, functional characteristics of both woody 
and non-woody invasive species and the climatic 
dynamics of seasonally dry tropical forests, with 
particular attention to precipitation and temperature 
regimes, following guidance from the literature and 
expert-based reasoning (Dormann et  al. 2013; Feng 
et  al. 2019; Fernandes, Queiroz, 2018; Fernandes 
et  al. 2020; Lin, Chiu, 2020; Maass, Burgos, 2011; 
Nievola et al. 2017; Ringelberg et al. 2023; Whitting-
ham et al. 2006).

Ultimately, only seven variables were retained 
(Table  1), five of which were precipitation related. 
This predominance reflects not only the statistical 
outcome of the multicollinearity filtering process 
but also aligns with the ecological characteristics of 
the Caatinga, where water availability plays a central 
role (Alves and Fabricante 2019; Barbosa et al. 2019; 
Ramos et  al. 2023; Ribeiro Menezes et  al. 2022; 
Salimon and Anderson 2017). Nevertheless, temper-
ature-related variables were also retained, possibly 

Table 1   Multicollinearity test using the Pearson correlation coefficient of environmental variables. Only the variables with r ≥ 0.8 
are shown

Bio1 = Annual mean temperature (°C), Bio3 = Isothermality (%), Bio12 = Annual precipitation (mm), Bio15 = Precipitation season-
ality (mm), Bio17 = Precipitation of the driest quarter (mm), Bio19 = Precipitation of the coldest quarter (mm), Pr = Monthly total 
precipitation (mm)

Variable Bio1 Bio3 Bio12 Bio15 Bio17 Bio19 pr

Bio1 1
Bio3 0.708 1
Bio12 −0.095 0.003 1
Bio15 0.414 0.507 −0.034 1
Bio17 −0.243 −0.299 0.367 −0.435 1
Bio19 0.522 0.544 0.560 0.095 0.191 1
Pr 0.099 0.190 0.367 −0.435 0.632 0.478 1
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reflecting the importance of thermal conditions in 
shaping species distributions in seasonally dry tropi-
cal environments (Cláudio et  al. 2024; Gonçalves 
et al. 2017; Nievola et al. 2017).

To mitigate potential issues related to spatial 
autocorrelation and sampling bias in the occurrence 
data, we generated a bias surface based on the spatial 
density of occurrence points. Using the R statistical 
environment (R Core Team 2016), we rasterized the 
georeferenced occurrence records of the 11 invasive 
species over a global template raster constructed from 
the final set of seven environmental variables selected 
after multicollinearity reduction. We then applied a 
kernel density function to estimate the intensity of 
sampling effort across the study area, generating a 
continuous bias layer. This bias surface was exported 
in ASCII (a plain-text raster format commonly used 
in GIS) format and used as a sampling bias file in 
MaxEnt to guide background point selection and 
reduce overfitting (Merow et  al. 2013; Senula et  al. 
2019; Stanley et al. 2018; Zizka et al. 2019). All steps 
were conducted using the raster and dismo packages 
in R.

The initial step in MaxEnt involved importing the 
seven variables and georeferenced data points. The 
algorithm was set to calculate linearity, quadratic, and 
product features of the variables to generate response 
curves (Merow et  al. 2013). Evaluating the linearity 
of the data ensures, for example, that the mean pre-
cipitation in areas where the species can be found is 
roughly equivalent to the mean precipitation in areas 
where they are currently observed. Quadratic fea-
tures, on the other hand, help restrict the variance in 
precipitation at potential species occurrence locations 
to match the variance in observed locations. Mean-
while, product features help ensure that the relation-
ship between precipitation and other factors is con-
trolled or constrained (Merow et al. 2013).

Variable contribution and model evaluation were 
assessed using MaxEnt’s built-in procedures. The 
algorithm was configured to calculate the relative 
importance of variables through the Jackknife test, 
which incorporated Principal Component Analysis 
(PCA) (Bradie and Leunig 2017; Merow et al. 2013). 
The area under the curve (AUC), a discriminative 
metric used to distinguish between species pres-
ence and false records, was computed to validate the 
obtained results (Lin et al. 2023; Parding et al. 2020). 
The AUC values range from zero to one, with values 

closer to one indicating better results. These analyses 
were performed in MaxEnt for each of the 11 inva-
sive species in 500 iterations, reaching convergence at 
0.00001 (Martins et al. 2020; Merow et al. 2013).

All 11 species included in the analysis had AUC 
values ≥ 0.7, indicating reliable model performance 
(Fig.  1). Given this satisfactory performance, the 
SDMs for these 11 species were overlaid to create a 
consensus set of SDMs for both climate change sce-
narios and their four-time intervals, aiming to rep-
resent the average potential habitats that could be 
invaded by these species. To achieve this, the indi-
vidual models were combined using the ’mean’ com-
mand in the R base package (R Core Team 2016).

Classification of invasion suitability was based 
on the continuous values produced by the consensus 
maps, which range from 0 to 1 (Merow et al. 2013). 
Suitability levels were defined using conservative 
thresholds based on the strength of model predic-
tions: low suitability was assigned to values below 
0.8, medium suitability to values between 0.8 and 
0.89, and high suitability to values above 0.9. These 
thresholds were chosen to highlight areas with the 
greatest potential for invasion under future climatic 
conditions.

Classification was performed in QGIS V.3.40.6 
using raster analysis tools. The r.report function was 
applied to summarize the area (in km2) associated 
with each suitability class (Kurt Menke et al. 2016). 
As a form of validation, polygons were manually 
delineated over the classified rasters, and their areas 
were calculated using the “Calculate Geometry” 
plugin in QGIS, which computes polygon area and 
line length in user-defined units.

Identification of functional co‑occurrence zones

An exploratory spatial approach using QGIS V.3.40.6 
(Senf et  al. 2021) was employed to assess changes 
in functional co-occurrence among invasive species 
under future climate scenarios. Georeferenced occur-
rences of the 11 invasive species were kept constant 
for both time periods (2021–2040 and 2081–2100), 
allowing the analysis to focus exclusively on pro-
jected shifts in habitat suitability (Elith and Leath-
wick 2009; Yang et al. 2015).

Areas with high suitability (values > 0.9) projected 
for both woody and non-woody invasive species were 
identified as functional co-occurrence zones. These 



	 C. L. C. Silva et al.208  Page 8 of 21

Vol:. (1234567890)

zones potentially represent regions where combina-
tions of functionally distinct invasive species may 
persist or expand under changing climatic conditions. 
Although some co-occurrence is already observed 
in the present, available occurrence records suggest 
that these combinations are relatively recent, likely 
emerging over the past decades due to ongoing inva-
sion processes. This interpretation is based on the 
temporal metadata associated with species occur-
rence records, primarily from GBIF and SpeciesLink, 
which indicate that most records within co-occur-
rence zones were collected between 2008 and 2023. 
Although the age of individual plants at the time of 
sampling is unknown, this pattern suggests that the 
establishment of these combinations is relatively 
recent.

The spatial extent of these zones was compared 
across time periods and scenarios (optimistic and pes-
simistic) to quantify their persistence, contraction, 
or expansion. While based on visual inspection and 

not on modeled biotic interactions, this approach pro-
vides a spatially grounded perspective on how climate 
change may influence the structure and continuity of 
invasion patterns involving distinct functional groups.

Results

The modeling accuracy for the 11 species included 
(i.e., μ-AUC > 0.7) was satisfactory for both climate 
change scenarios within their respective time interval 
(Table 2).

The annual mean temperature (Bio1) and annual 
precipitation (Bio12) were the environmental vari-
ables that most affected the majority of the mod-
eled species in the scenarios assessed at each time 
interval, followed by monthly total precipitation 
(pr), isothermality (Bio3), seasonal precipitation 
(Bio15), precipitation of the driest quarter (Bio17), 
and precipitation of the coldest quarter (Bio19). The 

Fig. 1   Species (n = 11) that were modeled based on the number of georeferenced points available for the Caatinga. Only species 
with a minimum of 100 points and area under the curve (AUC) values above 0.7 were included



Climate projections and the future of invasive plants in the Caatinga﻿	 Page 9 of 21  208

Vol.: (0123456789)

latter variable was considerably less important in 
predicting the potential distribution of the modeled 
species in the Caatinga (Fig. 2).

Consensual distribution in the Caatinga

The suitability for biological invasion by the 11 mod-
eled species remained consistent across different sce-
narios and time periods, with the only notable change 
being in the extent of areas potentially susceptible 
to invasion (measured in km2). Regions highly suit-
able for biological invasions are primarily located in 
the north and east of the study area, spanning from 
coordinates −4.2305°, −39.5503° to −6.5909°, 
−35.7894° (Fig. 3).

Once low-suitability areas were excluded from the 
calculation (a conservative approach), the Caatinga is 
left with a total potential area of 195,982 km2 (23.5% 
of its total area) that is suitable for biological inva-
sions in the optimistic scenario, and of 226,003  km2 

Table 2   Mean AUCs (Area Under the Curve) for the 11 mod-
eled invasive plant species in the Caatinga, in each climate 
change scenario over time

Interval AUC Optimistic 
scenario

AUC Pes-
simistic 
scenario

2021 a 2040 0.721 0.755
2041 a 2060 0.765 0.756
2061 a 2080 0.763 0.762
2081 a 2100 0.703 0.726

Fig. 2   a Importance of the environmental variables in project-
ing the distribution of 11 invasive species (Jackknife test) in 
the Caatinga ecosystem, Brazil. The bars indicate the training 
gain: using only each individual variable (black bars), using all 
variables together (yellow bar), and the reduction in gain when 
each variable is omitted from the complete model (gray bars); 

b Main variables explaining the distribution of each invasive 
species under optimistic and pessimistic scenarios. Species 
labeled in gray are mainly influenced by annual mean tempera-
ture, while species in green are primarily affected by annual 
precipitation. Lines link each species to the dominant variable 
shaping its future distribution
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(27%) in the pessimistic scenario for the 2021–2040-
time interval (Table 3). Following this period, in the 
optimistic scenario, the area suitable for invasion is 
projected to decrease, reaching 124,494  km2 in the 
final interval. Similarly, in the pessimistic scenario, 
the suitable area is also projected to decrease, reach-
ing 162,202 km2 (Table 3).

Functional group distribution

The projected impact of climate change suggests that, 
in the initial period (2021–2040), high-suitability 

areas (suitability > 0.9) are expected to cover between 
approximately 30,000 and 58,000  km2 across the 
functional groups (Fig.  4a). During this period, 
non-woody species are projected to occupy the larg-
est high-suitability areas, a trend that persists across 
subsequent decades under both climate scenarios 
(Fig.  4). Woody species exhibit a modest expansion 
in the early period but show a consistent decline 
in high-suitability areas (> 0.9) over time, under 
both the optimistic and pessimistic scenarios. The 
medium-suitability category (0.8–0.89) was excluded 
to avoid visual clutter and highlight areas with the 

Fig. 3   Projected habitat suitability for 11 invasive plant spe-
cies in the Caatinga ecosystem, Brazil, across four future time 
periods (2021–2040, 2041–2060, 2061–2080, and 2081–2100) 
under two climate scenarios: optimistic (SSP1-2.6) and pes-
simistic (SSP5-8.5). Panels a–h show predicted potential suit-

ability, where the color gradient represents habitat suitability 
scores from low (beige) to high (green). Areas with medium 
suitability have scores between 0.8 and 0.89, while areas with 
high suitability have scores above 0.9



Climate projections and the future of invasive plants in the Caatinga﻿	 Page 11 of 21  208

Vol.: (0123456789)

highest likelihood of supporting invasions, allowing 
for a more conservative and ecologically meaningful 
interpretation.

Species with broader invasion range

In high suitability areas of both scenarios, inva-
sive species such as the grasses Cenchrus cili-
aris L. and Cenchrus echinatus L., the tree Pros-
opis juliflora (Sw.) DC., and the shrub Calotropis 
procera (Ait.) R. Br. stand out, especially in the 

optimistic scenario, with projected occupied areas of 
34,959 km2, 19,937 km2, 5,629 km2, and 6,000 km2, 
respectively (Fig. 5).

Persistence and consolidation of functional 
co‑occurrence zones

By the end of the century, a 55% reduction in high-
suitability area is projected under the optimistic 
scenario, corresponding to a loss of approximately 
17,706  km2 (Fig.  6b), along with a 50% decrease 

Table 3   Suitable areas (km2) for biological invasion under climate change scenarios over the years

High = High suitability for biological invasion; Medium = Medium suitability; Opt = Optimistic scenario and Pe = Pessimistic sce-
nario

2021–2040 2041–2060 2061–2080 2081–2100

Opt Pe Opt Pe Opt Pe Opt Pe

High 44,664 56,210 60,234 33,556 54,468 30,302 19,917 41,002
Medium 151,318 169,793 147,814 187,500 180,211 191,120 104,577 121,200
Total 195,982 226,003 208,048 221,056 234,679 221,422 124,494 162,202

Fig. 4   Projected high-suitability areas for potential invasion 
by two functional groups of invasive species (woody and non-
woody) in the Caatinga ecosystem (Brazil), across four future 

time periods: a 2021–2040, b 2041–2060, c 2061–2080, and d 
2081–2100. Bars represent areas (km2) under optimistic (gray) 
and pessimistic (black) climate scenarios
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in the number of invasive occurrences, considering 
both functional groups. Similarly, under the pessi-
mistic scenario, a 28% reduction in suitable area is 
projected, equivalent to about 5,002 km2, accompa-
nied by a 66% decrease in occurrences (Fig. 6d).

One specific region (–6.304°, –38.220°), how-
ever, remained suitable and continued to support 
overlapping occurrences from both woody and non-
woody species across both periods. In this area, 
co-occurrence extent declined by about 202 km2 
(4.58%) under the optimistic scenario and 2,937 
km2 (55%) under the pessimistic one. Although 
both scenarios indicate habitat contraction, the pro-
jected persistence of overlapping suitability in this 
region may reflect a localized retention or consoli-
dation of relatively recent co-occurrence patterns, 
shaped by previous invasion dynamics. This stabil-
ity, despite broader losses elsewhere, could repre-
sent a site of ecological relevance where function-
ally distinct invaders have already converged and 
may continue to interact under future climatic con-
ditions (Fig. 6b–d).

Discussion

This study used climatic and georeferenced data to 
assess how climate change may influence the distri-
bution of invasive plant species in the Caatinga, the 
world’s largest seasonally dry tropical forest (SDTF). 
By modeling the potential distribution of 11 target 
species, we identified areas with high environmental 
suitability for biological invasions and examined how 
these patterns may shift under future climate scenar-
ios. While invasive species were initially expected to 
expand their geographic range due to climate change, 
our findings indicate that this expansion may be 
more limited than anticipated. In the next few dec-
ades, non-woody and woody species may have new 
opportunities for invasion in areas that will main-
tain a relatively milder climate, with average annual 
temperatures ranging from 24 to 27  °C and higher 
annual precipitation (900–1000 mm) (INMET 2020). 
However, the overall trend reveals that non-woody 
species are projected to occupy the largest high-suit-
ability areas throughout the century, while woody 

Fig. 5   Projected high-suitability areas (km2) for 11 invasive 
plant species in the Caatinga ecosystem (Brazil) by the end 
of the twenty-first century (2081–2100), under optimistic (left 

bars) and pessimistic (right bars) climate scenarios. Species are 
grouped by functional type: non-woody (top) and woody (bot-
tom), as indicated by the respective icons
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species tend to decline after an initial modest expan-
sion, under both optimistic and pessimistic climate 
scenarios. Additionally, our projections suggest the 
retention of functional co-occurrence zones, where 
multiple invasive species from distinct functional 
groups are expected to remain overlapping in envi-
ronmentally suitable areas under future conditions. 
Although these patterns are theoretical and contin-
gent on species-specific dynamics not fully captured 

by our models, they may reflect or amplify ecological 
configurations that have emerged only recently and 
received limited attention in the Caatinga. As such, 
they highlight regions where invasion dynamics could 
be shifting toward assemblages with no clear histori-
cal equivalents.

Temperature and precipitation play a pivotal 
role in plant distribution, reproduction, and adap-
tation (Criddle et  al. 1994; Ringelberg et  al. 2023; 

Fig. 6   Changes in high-suitability areas (dashed black lines) 
where functional co-occurrence between woody and non-
woody invasive species already occurs and is projected to 
persist or decline in the Caatinga ecosystem (Brazil) compar-
ing early (2021–2040) and late century (2081–2100) under 

optimistic a–b and pessimistic c–d scenarios. A retention zone 
(blue outline) highlights a region of sustained overlap, poten-
tially reinforcing co-occurrence patterns already underway. 
Black points indicate local habitat loss for at least one group
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Yao et  al. 2024), and have proven crucial in defin-
ing the suitability of habitats to invasive plants. The 
decreasing suitability observed here after 2040 is 
likely due to the anticipated increase in temperature 
and decline in precipitation in the Caatinga over the 
coming decades (Koch et  al. 2021; Marengo et  al. 
2020). Research into plant distribution in both semi-
arid and temperate climates has underscored the 
significance of these variables. Much like our find-
ings, these studies have revealed that harsher warm-
ing scenarios negatively impact potential areas for 
invasion (Andersen et al. 2015; Xu Yue et al. 2016).

The areas that are most suitable for invasive 
plants are primarily located on the north and east 
of the Caatinga ecosystem, which is due to vari-
ous factors. One of these factors involves the inter-
play between temperature and precipitation. As we 
move away from the coastal regions towards the 
interior, a pattern emerges where the average tem-
perature rises, while precipitation decreases (Santos 
et  al. 2014). As a consequence, it is plausible that 
the number of suitable areas for the development 
of certain species, even if they are highly resilient, 
may decrease. In contrast, in regions near the coast, 
when the warm air over the land comes into contact 
with the cooler ocean waters, the maritime effect 
occurs, resulting in cloud formation and possibly 
precipitation, which may promote plant invasions in 
these regions (Dantas 2016; Santos et al. 2014).

In terms of functional groups, woody species are 
projected to occupy smaller high-suitability areas 
over time, particularly toward the end of the twenty-
first century. Interestingly, the georeferenced occur-
rence points of certain woody species are concen-
trated in regions marked by geographical barriers, 
such as the Serra da Borborema (eastern Caatinga) 
and the Rio São Francisco (southern Caatinga). 
These features can limit dispersal and restrict the 
expansion of invasive populations (Alexander et al. 
2022). However, some species may still gradually 
colonize adjacent slopes and mountaintops over 
time, aided by wind or animal-mediated dispersal 
mechanisms (He et al. 2023; Iseli et al. 2023; Rich-
ardson et  al. 2000). While certain individuals may 
overcome these physical barriers, understanding 
how climate change may influence local climatic 
conditions by altering temperature and precipitation 
patterns remains essential to predict future inva-
sion routes and species spread (Moura et  al. 2023; 

Prochazka et  al. 2024). This topic deserves further 
exploration in future studies.

Projections for non-woody species suggest that 
this group may occupy larger high-suitability areas 
by 2100, even if the expansion is not substantial over 
time. This pattern is likely driven by the dominance 
of invasive grasses within this group, which tend to 
exhibit high water use efficiency, strong acclimatiza-
tion capacity, rapid propagule dispersal, and elevated 
seed production within a single season. Additionally, 
grasses often benefit from a broad array of dispersal 
agents, including wind, water, and animals, as exem-
plified by species such as C. ciliaris (Almeida et al. 
2015; Ghirardo et  al. 2022; Pertierra et  al. 2023). 
These functional traits may allow them to exploit 
dynamic or disturbed environments more effectively, 
maintaining their suitability across a range of future 
climatic conditions in the Caatinga.

Although the number of records for the stud-
ied species has increased over the past 12  years 
(2011–2023) (Fabricante et al. 2021), their spread in 
the Caatinga remains constrained by environmental 
thresholds such as water availability and temperature 
extremes. Nonetheless, these invaders often exhibit 
broader ecological tolerances than native flora, par-
ticularly under disturbance regimes. Even if climate 
change reduces overall invasion potential in some 
areas, the localized persistence of functionally dis-
tinct species may still drive ecological restructuring 
(Funk 2013; Heberling and Fridley 2013; O’Loughlin 
et  al. 2021). We identified a single region where 
woody and non-woody invaders are both projected 
to persist under high environmental suitability, which 
may represent a zone of functional co-occurrence 
retention in the Caatinga. While this study does not 
simulate biotic interactions or full community struc-
ture, the projected overlap suggests that the region 
may already be staging new ecological interactions 
among invasive species. Historical records show 
that invasive plants can alter community composi-
tion over relatively short timeframes, as seen in post-
colonial introductions across tropical regions (Pyšek 
et al. 2020). Despite the limited temporal scope of our 
80-year projections, this overlap may signal an incipi-
ent form of ecological reorganization. Even if local-
ized or restricted, such patterns could have cascading 
effects on biodiversity, ecosystem functioning, and 
trophic stability in the Caatinga (Monteiro et al. 2023; 
Pyšek et al. 2020; Rai and Singh 2020).
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Beyond spatial patterns, grasses like C. ciliaris 
exemplify how these species can disrupt trophic struc-
tures. Its rapid growth reduces shelter for native fauna 
and elevates wildfire risks, partly due to its extensive 
and dense root systems (Boone et  al. 1998). Climate 
change disruptions might provide opportunities for 
such species, especially if they are not dependent on 
specific ecological relationships (Rhodes et  al. 2021). 
Another case is P. juliflora, a species that has success-
fully established in the Caatinga, aided by efficient seed 
dispersal mechanisms involving livestock (David et al. 
2017; Nascimento et al. 2020). This ecological flexibil-
ity contrasts with many native specialist plants, which 
rely on a narrower range of seed dispersers and pollina-
tors and are therefore more susceptible to the adverse 
effects of environmental change (Duffy and Johnson 
2017; Gambel and Holway 2023; Landim et al. 2025). 
As such, even as climate change influences habitats for 
invasive species, they might maintain an edge over spe-
cialized native counterparts (Bellard et al. 2018).

Effective management of the Caatinga requires a 
strategic and multifaceted approach. By identifying 
the northern and eastern regions as particularly vul-
nerable to plant invasions, our results highlight prior-
ity areas for targeted conservation and intervention 
strategies. These regions demand dedicated studies 
and tailored management plans that consider both 
current and projected climate scenarios. Rigorous 
monitoring, combined with tools such as species dis-
tribution modeling, georeferenced data, and remote 
sensing, is essential to anticipate and prevent the 
spread of invasive species (Tuanmu and Jetz 2015). 
Efforts to restore degraded areas and prioritize native 
biodiversity in land-use planning are critical for main-
taining ecosystem resilience in the Caatinga (Messier 
et al. 2022). In addition, public awareness and com-
munity involvement are key to supporting successful 
management outcomes (Dechoum et al. 2019). Cam-
paigns that discourage the use of invasive species and 
promote conservation practices can help safeguard 
the Caatinga’s biodiversity and reinforce its value as a 
unique and irreplaceable natural heritage (Antongio-
vanni et al. 2022; Eylering et al. 2025).

Conclusion

The Caatinga, the world’s largest seasonally dry 
tropical forest (SDTF), faces complex challenges 

from invasive plant species, especially under the 
pressures of climate change. Our findings show 
that a variety of invasive species, particularly non-
woody plants such as grasses, are more likely to 
persist and expand under future climatic conditions. 
These species exhibit functional traits such as rapid 
reproduction and high dispersal capacity, which 
may allow them to thrive even as the environment 
becomes hotter and drier. In contrast, woody spe-
cies are projected to experience a decline in suitable 
areas, especially toward the end of the century. Due 
to the Caatinga’s vast extent and environmental het-
erogeneity, specific regions, especially in the north-
ern and eastern portions, appear more susceptible 
to invasion and should be prioritized for monitor-
ing and management efforts. Importantly, we identi-
fied one region where woody and non-woody inva-
sive species are projected to continue co-occurring 
under favorable environmental conditions. This 
spatial overlap suggests that co-occurrence pat-
terns, involving functionally distinct species not 
historically found together in the Caatinga, not 
only already exist but may persist or even expand 
in the future. While this does not imply the for-
mation of entirely new communities, it highlights 
subtle shifts in invasion dynamics that may lead 
to novel species associations over time, warranting 
further investigation. Crucially, the relatively lim-
ited future expansion of many invasive species does 
not imply reduced ecological risk. On the contrary, 
it may reflect that invasives are already established 
in vulnerable regions, where their persistence could 
amplify the ecological impacts of climate change on 
native biodiversity, which tends to be more sensi-
tive (Gambel and Holway 2023). Proactive meas-
ures such as forest restoration, increased native spe-
cies diversity, and the incorporation of biodiversity 
into land-use planning are essential to strengthen 
the resilience of the Caatinga. As with many global 
ecosystems, the future of the Caatinga depends on 
forward-looking strategies that reconcile conserva-
tion goals with the realities of a changing climate.
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Appendix 1: Description of bioclimatic variables 
used in the models

Variable Description

Bio1 (°C) Annual Mean Temperature
Bio2 (°C) Mean Diurnal Range (Mean 

of monthly (max temp—min 
temp))

Bio3 Isothermality (Bio2/
Bio7 × 100)

Bio4 Temperature Seasonality 
(standard deviation × 100)

Bio5 (°C) Max Temperature of Warmest 
Month

Bio6 (°C) Min Temperature of Coldest 
Month

Bio7 Temperature Annual Range 
(Bio5—Bio6)

Bio8 (°C) Mean Temperature of Wettest 
Quarter

Bio9 (°C) Mean Temperature of Driest 
Quarter

Bio10 (°C) Mean Temperature of Warmest 
Quarter

Bio11 (°C) Mean Temperature of Coldest 
Quarter

Bio12 (mm) Annual Precipitation
Bio13 (mm) Precipitation of Wettest Month
Bio14 (mm) Precipitation of Driest Month
Bio15 (mm) Precipitation Seasonality 

(Coefficient of Variation)
Bio16 (mm) Precipitation of Wettest 

Quarter
Bio17 (mm) Precipitation of Driest Quarter

Variable Description

Bio18 (mm) Precipitation of Warmest 
Quarter

Bio19 (mm) Precipitation of Coldest 
Quarter

Tn (°C) Monthly minimum mean 
temperature

Tc (°C) Monthly maximum mean 
temperature

Pr (mm) Monthly total precipitation
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