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Abstract

Biological invasions under global climate change can profoundly affect ecosystem functions and biodiversity.
Understanding how invasive species adjust their ecological niches in novel environments is essential for predicting
invasion risks and informing management strategies. This study focuses on two rapidly expanding Tamarix

species in North America, T. chinensis and T. ramosissima, aiming to determine whether niche shifts occurred
during invasion and to identify their potential drivers. We initially considered 19 bioclimatic variables for analysis,
but retained eight after correlation filtering. These variables were then used to compare populations between

the native range (Eurasia) and the invaded range (North America) to identify the key climatic determinants of
distribution patterns. Niche overlap analyses revealed low niche similarity between Eurasian and North American
populations, while niche centroid shifts indicated a tendency of the invaded populations toward drier and warmer
environments, accompanied by a slight contraction trend. Using the MaxEnt model with current climate data
(1970-2000) and future projections for 2070 under SSP1-2.6 and SSP5-8.5, we found that suitable habitats for

both species are expected to expand further across the Northern Hemisphere and shift markedly toward higher
latitudes. These findings provide a novel empirical perspective for exploring the ecological niche adaptation of
invasive species and their responses to environmental changes.
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Introduction

Global climate change and biological invasions are
increasingly impacting biodiversity, ecosystem function-
ing, and the use of regional resources as well as socio-
economic activities [1]. Invasive species often exhibit
strong environmental adaptability and high reproduc-
tive capacity, and in introduced regions they frequently
lack co-evolved natural enemies, enabling them to rap-
idly expand and occupy new ecological niches [2]. This
expansion not only leads to habitat loss and declines of
native species, but also alters hydrological regimes, nutri-
ent cycling, and community structure, resulting in long-
term and often irreversible ecosystem degradation [3].
Therefore, understanding the ecological and evolutionary
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mechanisms underlying successful invasions, particularly
whether niche shifts occur during the invasion process,
is crucial for assessing invasion risks and formulating
effective management strategies. Ecological niche mod-
els (ENMs), which statistically quantify the relationships
between species distributions and environmental fac-
tors, have become powerful tools for predicting invasion
potential and guiding management [4, 5]. Many ENM-
based studies rely on the assumption of niche conser-
vatism; however, accumulating evidence suggests that
this assumption is not universally valid. For instance,
Asian carp and Spartina alterniflora have been shown
to exhibit significant niche shifts in invaded regions,
potentially driven by adaptive evolution or enemy release
[6, 7]. Despite the growing body of research on inva-
sive species niche dynamics, comprehensive compara-
tive analyses between native and invaded ranges remain
limited, particularly for closely related taxa. Addressing
this gap is essential for determining whether such taxa
exhibit similar or divergent niche dynamics during inva-
sion. This study focuses on two representative invasive
Tamarix species— Tamarix chinensis and T. ramosissima.
These species are native to Eurasia and were introduced
to the United States and South Africa in the early 20th
century for windbreaks, soil stabilization, and landscape
greening [8, 9]. In the introduced range, however, they
have rapidly expanded and become highly invasive. Early
remote-sensing assessments indicated that Tamarix had
already invaded roughly 600,000 ha in the western United
States [10]. More recent modelling work using updated
occurrence data further suggests that its potential suit-
able habitat is much larger than previously estimated
[11]. Tamarix invasions have significant ecological and
resource management impacts, including increased soil
salinization, altered fire frequency and intensity, exacer-
bated water scarcity, and reduced agricultural productiv-
ity [12]. Furthermore, their spread is strongly influenced
by non-climatic factors, such as changes in hydrological
regimes, elevated soil salinity, and river regulation [13,
14]. Notably, the invasion of Tamarix in North America
has been accompanied by frequent interspecific hybrid-
ization. Single-locus nuclear DNA markers indicate
that approximately 23% of invasive populations in the
United States are hybrids of T. chinensis and T. ramosis-
sima, while genome-wide AFLP (Amplified Fragment
Length Polymorphism) analyses reveal hybridization
rates as high as 83-87%, with a pronounced latitudinal
gradient of introgression [15]. Such hybridization has not
been detected in the native range, indicating that these
genotypes emerged following introduction [10]. Hybrid-
facilitated invasions have been documented in at least
11 plant families, including Tamarix, Populus, and Salix,
where hybrids often exhibit enhanced growth, broader
environmental tolerance, or accelerated spread [16].
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Together, these observations establish hybridization as
a characteristic feature of Tamarix invasions, providing
useful ecological context for interpreting observed pat-
terns of niche overlap and distributional shifts. Given the
escalating ecological and management impacts of Tama-
rix invasions across broad geographic regions, and the
increasingly important role of climate change in shap-
ing species’ large-scale distribution patterns, we devel-
oped a systematic conceptual framework to compare the
climatic niches of native and invaded populations and
to assess whether niche shifts have occurred during the
invasion process. We further aimed to identify the key
climatic factors shaping niche differences and to proj-
ect potential distributional changes of the two species
under future climate scenarios. This integrative approach
allows us to evaluate niche conservatism versus shifts
and to infer possible invasion risks under climate change.
This study addresses three key scientific questions: (1)
Have the climatic niches of T. chinensis and T. ramosis-
sima changed during the invasion process? (2) If changes
have occurred, how are these changes expressed between
native and invaded populations? (3) How will current and
future climate change affect the potential geographic dis-
tributions of T. chinensis and T. ramosissima?

Materials and methods

Occurrence data

In this study, we focused on T. chinensis and T. ramosis-
sima, the two taxa that dominate the North American
invasion, making them the most ecologically consequen-
tial and representative Tamarix lineages for analyzing
climatic niches and potential distributions. We obtained
species distribution records using the dismo package in
R and collected data from the Global Biodiversity Infor-
mation Facility (GBIF, https://www.gbif.org/), with occur
rence downloads accessed on 13 June 2024 [17, 18]. After
removing duplicate latitude and longitude points, as well
as those with unrecognized geographic coordinates, we
extracted the distribution data points of T. chinensis and
T. ramosissima from both Eurasia and North America.
Within Eurasia, historical dispersal and human-mediated
introductions have resulted in the coexistence of popula-
tions with different biogeographic origins, making a fine-
scale separation of native and introduced occurrences
difficult at the continental level. Accordingly, occurrence
records from Eurasia were used to represent the native
climatic background of each species, with the aim of
characterizing the climatic conditions associated with
their region of origin. This continental-scale representa-
tion was adopted as a baseline for subsequent compari-
sons with populations in North America, rather than to
resolve detailed dispersal or introduction histories within
Eurasia.
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To reduce sampling bias in model predictions, occur-
rence records were randomly thinned to ensure a
minimum distance of five kilometers between points,
corresponding to the approximate spatial resolution of
the climatic layers (5 km at the equator). Using these pro-
cessed data, 227 and 367 cleaned occurrence points were
retained for T. chinensis and T. ramosissima in Eurasia,
respectively, and 231 and 724 points in North America,
respectively. Based on these occurrence records, two
rectangular calibration areas were delineated to represent
regions with the highest density of Tamarix records in
Eurasia and North America (Fig. 1).
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Fig. 1 Geographic distribution records of Tamarix chinensis and T. ramosis-
sima. a Global occurrence points of both species; b Occurrence points of
T. chinensis; ¢ Occurrence points of T. ramosissima. In both panels b and ¢,
circles represent occurrence records in the native range, while triangles
indicate records in the invasive range
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In addition to the single-species datasets, distribu-
tion records of T. chinensis and T. ramosissima were
combined to construct an integrated dataset, hereafter
referred to as the Species complex. For this Species com-
plex, the environmental background was defined based
on the spatial extent of the combined occurrence records,
with separate rectangular calibration areas delineated for
the native and invaded ranges to maintain consistency
with single-species analyses. It should be noted that the
species complex serves solely as an analysis unit based on
distribution data, intended to complement environmen-
tal and spatial analyses of overall ecological niches and
potential distributions, providing a comprehensive depic-
tion of climatic suitability patterns across the native and
invaded ranges of the two species, and is not intended to
identify or distinguish specific hybrid lineages.

Selection and comparison of climate variables

Because this study focuses on climatic niche dynamics at
a transcontinental scale, we restricted predictor variables
to bioclimatic factors that are consistently available and
ecologically meaningful across broad geographic extents.
Although non-climatic factors such as soil salinity,
hydrological conditions, and river regulation are known
to influence Tamarix spread at local and regional scales,
these variables are difficult to harmonize across native
and invaded ranges in terms of spatial coverage, resolu-
tion, and data consistency. Incorporating such variables
may also introduce scale mismatches, thereby reducing
the transferability and comparability of analytical out-
comes among regions. Therefore, this study deliberately
focuses on climatic variables to elucidate the role of cli-
mate in shaping large-scale niche patterns and potential
distributional shifts under climate change. Nineteen bio-
climatic variables were selected to investigate the ecolog-
ical niche differences and suitable habitats of T. chinensis
and T. ramosissima in Eurasia and North America. These
variables have a spatial resolution of 2.5 arc-minutes
(approximately 5 km®) and were obtained from the
WorldClim database (http://www.worldclim.org) [19].
Historical climate data (1970-2000) were used to provide
a baseline for model projections. Two Shared Socioeco-
nomic Pathway (SSP) scenarios, SSP1-2.6 and SSP5-8.5,
derived from the BCC-CSM2-MR climate model, were
used to predict species distributions under future climate
conditions. The future period of the 2070s (2061-2080
average) was chosen to assess mid-to-late 21st century
climate impacts on Tamarix distributions.

Since multicollinearity among predictor variables can
lead to overfitting and inaccurate model evaluation, the
Pearson correlation coefficient (|r| > 0.85) was used to
retain one variable from each highly correlated pair,
based on the correlation matrix of the 19 bioclimatic
variables (Supplementary Figure S1). After addressing
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highly correlated variables, eight bioclimatic variables
were retained for model construction (Table 1): Annual
Mean Temperature (biol), Mean Diurnal Range (bio2),
Temperature Seasonality (bio4), Annual Precipitation
(bio12), Precipitation Seasonality (biol5), Precipita-
tion of Driest Quarter (biol7), Precipitation of Warmest
Quarter (biol8), and Precipitation of Coldest Quarter
(bio19). These variables were chosen based on their eco-
logical relevance for Tamarix and their contribution to
reducing redundancy in the dataset.

Statistical analysis of climatic variables

To investigate the ecological niche differences of various
populations or species in terms of bioclimatic variables,
the eight bioclimatic variables retained after Pearson cor-
relation analysis were used. Values for each variable were
extracted from the species distribution points by over-
laying the coordinates with global climate raster data,
yielding the corresponding climatic factor values for each
point.

After data processing, non-parametric statistical
methods were applied to evaluate significant differences
among groups for each variable, as the data did not nec-
essarily meet normality assumptions. First, the Kruskal-
Wallis rank sum test was conducted to assess overall
differences of each bioclimatic variable among groups.
For variables showing significant differences at a signifi-
cance level of p < 0.05, pairwise comparisons were sub-
sequently performed using Dunn’s test with Bonferroni
correction to control for Type I error due to multiple
comparisons [20].

Climatic niche analysis
To investigate the ecological niche dynamics of Tama-
rix species between their native (Eurasia) and invasive

Table 1 Occurrence-associated bioclimatic variables of Tamarix
species in native and invasive ranges

Bioclimatic Variable T. chi- T.ramo-  Species
nensis sissima com-
(EU vs. (EU vs. plex (EU
NA) NA) vs. NA)

bio1 (Annual Mean Temperature) * ns ns

bio2 (Mean Diurnal Range) * * *

bio4 (Temperature Seasonality) * * ns

bio12 (Annual Precipitation) * * *

bio15 (Precipitation Seasonality) * * *

bio17 (Precipitation of Driest ns * *

Quarter)

bio18 (Precipitation of Warmest * * *

Quarter)

bio19 (Precipitation of Coldest * * ns

Quarter)

Note: “*” indicates a statistically significant difference between EU and
NA (a=0.05), whereas “ns” denotes no significant difference. EU=Eurasia;
NA=North America
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(North America) ranges, Principal Component Analysis
in environmental space (PCA-env) was employed. This
method integrates environmental background data and
species occurrence records from the study regions to
construct the main climatic gradient space based on the
first two principal components. Kernel density estima-
tion was applied to reduce potential sampling bias in the
occurrence data.

Niche overlap between the two geographic populations
was quantified using Schoener’s D metric (ranging from 0
to 1), and permutation tests (« = 0.05) were performed to
assess the statistical significance of niche differences [21].
Key climatic variables driving niche shifts were identified
by analyzing the variable loadings on the principal com-
ponent axes, highlighting those contributing significantly
to niche divergence.

Occurrence density distributions of native and invasive
populations were visualized within the two-dimensional
climatic space, and relative shifts of niche centroids were
examined. This analysis revealed whether niche shifts
occurred and clarified their direction and magnitude,
providing evidence for the ecological adaptation and
invasion mechanisms of Tamarix species.

Test of niche equivalence and niche overlap

Niche overlap between geographic ranges was quanti-
fied in environmental space using Schoener’s D [21] and
Warren’s I [22] indices, both of which range from 0 (no
overlap) to 1 (complete overlap). These metrics provide
a quantitative basis for comparing climatic niches across
regions.

Based on these overlap metrics, niche equivalency and
niche similarity tests were conducted to evaluate the
comparability of species’ climatic niches between native
and invasive ranges. Both tests rely on a randomization
framework but differ in their null hypotheses and permu-
tation procedures [22, 23].

The niche equivalency test examines whether two
niches are statistically indistinguishable by testing the
null hypothesis that occurrence records from different
geographic ranges are drawn from the same underlying
climatic niche. Occurrence points from the native and
invasive ranges were pooled and randomly reassigned
into two groups while preserving the original sample
size of each range. This procedure was repeated 1,000
times to generate a null distribution of niche overlap
values. The observed overlap was then compared with
this null distribution, and values falling outside the 95%
confidence interval (p <0.05) led to rejection of the niche
equivalency hypothesis, indicating significant niche dif-
ferences between regions.

In contrast, the niche similarity test evaluates whether
the observed niche overlap between two regions is
greater or lower than expected by chance given the
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available environmental background. In this test, the
niche of one region was held constant, while niches were
randomly sampled from the environmental background
of the other region. This process was repeated 1,000
times to generate a distribution of expected overlap val-
ues. If the observed overlap was significantly higher than
the random expectation (p<0.05), niche similarity was
considered greater than expected by chance, supporting
climatic niche conservatism. Conversely, non-significant
results (p>0.05) suggested that niche similarity did not
exceed random expectations, indicating potential niche
differentiation.

Quantification of niche position and breadth

Principal component axes of environmental variables
were extracted using PCA, and niche density grids were
constructed within the principal component space. To
quantify niche position and breadth, 100 grid cells were
randomly sampled from the niche density map, weighted
by cell density. Scores of these cells along the first (CP1)
and second (CP2) axes were extracted. The median score
on each axis represented the niche position, while the
variance of the scores represented the niche breadth.
This approach allows comparison of niche characteristics
across different species or population groups, enabling
assessment of potential niche shifts or expansions
between native and invasive ranges.

All analyses were conducted in R (version 4.3.3) using
the ecospat package [24]. The niche partitioning analysis
was based on the combined environmental space of both
the native and invasive ranges rather than their intersect-
ing environment.

Ecological niche model construction and optimization
Ecological niche models (ENMs) were applied to assess
the climatic suitability of Tamarix species in both native
and invasive ranges by linking species occurrence records
with environmental variables. These models are based
on the assumption of niche conservatism and are widely
used in invasion biology to evaluate potential spread and
habitat suitability.

MaxEnt (version 3.4.1) was employed to generate dis-
tribution models. MaxEnt is a machine learning algo-
rithm based on the maximum entropy principle, relying
solely on occurrence data and environmental predictor
variables [25]. To reduce variability, each model was run
10 times, and the model best representing the species’
average environmental suitability was retained [26].

Model complexity and tuning

Model calibration is essential for improving the predic-
tive accuracy of ecological niche models, as optimizing
feature combinations (FCs) and the regularization multi-
plier (RM) can significantly enhance model performance
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[27]. The Kuenm R package was employed to fine-tune
the MaxEnt model, ensuring optimal performance [28].

Parameter selection involved 31 different feature com-
binations, encompassing the five basic feature types pro-
vided by MaxEnt: linear (L), quadratic (Q), hinge (H),
product (P), and threshold (T), resulting in 1,240 unique
parameter configurations. The regularization multiplier
(RM) was set within a range of 0.1 to 4, with an incre-
ment of 0.1, yielding 40 different RM values to compre-
hensively explore model complexity. All 1,240 models
were trained using the distribution data of the two spe-
cies, and model evaluation was conducted using the
corrected Akaike Information Criterion (AAICc < 2) to
select models with the least information loss [29].

This extensive testing of FC and RM combinations
allowed selection of the best-performing model for pre-
dicting the potential distribution of T. chinensis and T.
ramosissima, ensuring high predictive accuracy while
avoiding overfitting.

Reciprocal distribution modeling

The ecological niche modeling (ENM) approach [30] was
applied to assess the potential distribution of T. chinen-
sis and T. ramosissima in both their native and invasive
ranges. This approach involves two steps. First, a model
is trained using distribution data from the native range
(e.g., Eurasian range of Tamarix) and projected onto the
invasive range (e.g., North American range of Tamarix)
to predict suitability in the new environment. Second, a
model is trained using distribution data from the inva-
sive range and projected back onto the native range to
evaluate adaptability to the original environment. This
reciprocal modeling framework facilitates understanding
of niche conservatism and species’ responses to environ-
mental changes.

Modeling under current and future climate scenarios

To evaluate the effects of climate change on species dis-
tributions, ecological niche models were developed for T.
chinensis, T. ramosissima, and the species complex using
the eight bioclimatic variables retained after Pearson
correlation analysis. For each taxon, models were con-
structed for current climatic conditions and for future
projections for the 2070s (2061-2080 average) under
SSP1-2.6 and SSP5-8.5 scenarios based on the BCC-
CSM2-MR climate model. The resulting MaxEnt outputs
were binarized using the Maximum Training Sensitivity
plus Specificity threshold (MTP) to delineate suitable
and unsuitable habitats. Based on this classification, suit-
able habitat areas were measured using the entire conti-
nents of Eurasia and North America as boundaries, and
changes under different climate scenarios were compared
to assess the effects of climate change on potential spe-
cies distributions.
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Fig. 2 Comparison of occurrence-associated bioclimatic variables of Tamarix chinensis, T. ramosissima, and their combination species in the introduced
and native ranges. Violin plots show the distributions of selected bioclimatic variables (bio1, bio2, bio4, bio12, bio15, bio17, bio18, and bio19) associated
with species occurrences across different species and regions. Different letters above the plots indicate statistically significant differences among groups
based on Kruskal-Wallis tests followed by post hoc pairwise comparisons (a=0.05). The horizontal axis represents different Tamarix categories within
various regions: CHLEU indicates T. chinensis in the Eurasian continent, CHI.NA indicates T. chinensis in North America, RAM.EU indicates T. ramosissima in
the Eurasian continent, RAM.NA indicates T. ramosissima in North America, COM.EU represents the combination of both species in the Eurasian continent,

and COM.NA represents the combination of both species in North America

Model evaluation

The predictive performance of the Ecological Niche
Models was evaluated using the area under the receiver
operating characteristic (ROC) curve (AUC) [31]. The
ROC curve illustrates how the proportion of correctly
predicted presences (true positives) changes relative to
incorrectly predicted presences (false positives) under
different decision thresholds. The AUC summarizes this
information into a single, threshold-independent value,
representing the probability that the model assigns
a higher suitability score to a true presence than to a
pseudo-absence, and is therefore widely used to evaluate
model discrimination performance [32].

According to the standardized evaluation system, an
AUC value > 0.9 indicates excellent predictive perfor-
mance, while a value above 0.8 represents high predictive
accuracy. Conversely, the closer the AUC value is to 0.5,
the poorer the model’s predictive ability [33].

Results

Direct comparison of environmental variables

The significance of differences in occurrence-associ-
ated bioclimatic variables between the native (Eurasia)
and invasive (North America) ranges for 1. chinensis, T.
ramosissima, and the Species complex are summarized
in Table 1, while the distributions of these variables are
illustrated in Fig. 2.

For T. chinensis, significant differences were observed
for all bioclimatic variables except biol7 (precipitation
of the driest quarter). Invasive populations experienced
higher annual mean temperature (biol) and diurnal
temperature range (bio2), while temperature seasonality
(bio4) and most precipitation-related variables (biol2,
bio15, bio18) were lower compared to native populations.
Precipitation of the coldest quarter (biol9) was slightly
lower in native populations.

For T. ramosissima, all variables differed significantly
except biol (annual mean temperature). Invasive popu-
lations showed higher diurnal temperature range (bio2),
whereas temperature seasonality (bio4) was lower. Most
precipitation variables (biol2, biol7, biol8, bio19) were
lower in invasive populations, except for precipita-
tion seasonality (biol5), which was higher in invasive
populations.

For the Species complex, significant differences were
observed for all variables except biol, bio4, and biol9.
Invasive populations were characterized by higher

diurnal temperature range (bio2) and lower precipita-
tion-related variables (biol2, biol5, biol7, biol8) com-
pared to native populations.

Overall, these patterns indicate consistent shifts in
temperature and precipitation variables between native
and invasive ranges, highlighting key climatic factors that
may contribute to the successful establishment of Tama-
rix species in North America.

Niche comparisons in environmental space

Principal component analysis (PCA) revealed that the
first two components accounted for 68.6% of the total cli-
matic variation, with PC1 and PC2 explaining 49.4% and
19.2%, respectively (Fig. 3d). PC1 primarily represented
a precipitation gradient, and PC2 represented tempera-
ture variation. Since PCA axes are oriented arbitrarily,
the direction of climatic gradients was interpreted based
on the loading patterns rather than the sign of the axes.
The loadings indicated that positive PC1 corresponds to
wetter conditions, whereas positive PC2 indicates cooler
environments. The climatic spaces occupied by 7. chinen-
sis, T. ramosissima, and the Species complex in the native
(Eurasia) and invasive (North America) ranges are shown
in Fig. 3a to 3c. The corresponding niche metrics are
summarized in Tables 2 and 3.

The ecological niche overlap between the native and
invasive ranges was low for both individual species, sug-
gesting that they occupy substantially different climatic
niches across regions. In contrast, analysis of the Species
complex showed increased overlap, indicating greater
climatic consistency in the merged distribution range
(Table 2).

Niche centroid shift analysis showed that all three
groups experienced a significant leftward shift along the
first principal component axis (PC1), indicating that the
invasive range is characterized by drier climatic condi-
tions compared to the native range. Additionally, T. chi-
nensis exhibited a pronounced downward shift along
the second principal component axis (PC2), suggesting
a tendency toward drier and warmer environments in
the invasive range. These centroid shifts reflect changes
in environmental preferences between the native and
invasive ranges and support the hypothesis of ecological
niche reconstruction during invasion.

Niche breadth analysis revealed a clear contraction
along PC1 across all groups, most notably in T. chinensis.
While most groups also showed reduced niche breadth
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Table 2 Ecological niche overlap (Schoener's D and Hellinger's Table 3 Ecological niche position and breadth of Tamarix

/) among Tamarix chinensis, T. ramosissima, and the Species chinensis, T. ramosissima, and the Species complex in Eurasia and
complex across native and invasive ranges North America based on the first two principal components
Species 1 Species 2 Niche Overlap Species Posi- Breadth Posi- Breadth
T. chinensis (native) T. chinensis (invasive) D=0.11,/=023 tion1 1 tion2 2

T. ramosissima (native) T. ramosissima (invasive) D=0.13,/=028 T.chinensis (native) -079 165 476 0.59
Species complex (native) ~ Species complex (invasive) D=0.15,/=0.31 T chinensis (invasive) 032 022 6.0 0.32

T. chinensis (native) T. ramosissima (native) D=064,1=0.84 T-ramosissima (native) 055 098 436 0.55

T. chinensis (invasive) T. ramosissima (invasive) D=063,/=087 T-ramosissima (invasive) -032 052 584 0.56
Note: D represents Schoener’s D, and [ refers to Hellinger's-based | statistic of ~ Species complex (native) -0.55 1.23 453 0.59
ecological niche overlap Species complex (invasive) -032 038 584 038

Note: “Position1” and “Position2” indicate the species’ mean niche positions
along the first and second principal component axes, respectively. “Breadth1”
and “Breadth2” refer to niche breadth along PC1 and PC2
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along PC2, T. ramosissima remained relatively stable,
suggesting consistent climatic tolerance in the invasive
range (Table 3).

Reciprocal distribution modeling

The native Maxent model indicates that T. chinensis is
primarily distributed in eastern China, northern China,

and Central Asia, with particularly high suitability in the
North China Plain, the lower reaches of the Yellow River,

(a) Native model — T. chinensis

40°N

30°N
0°E

(b) Native model — T. ramosissima

0°E

(c) Reciprocal model — T. chinensis

40°N

30°N

40°N

30°N
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and the eastern coastal regions of China. 7. ramosissima,
on the other hand, shows high suitability in southern
Europe, Central Asia, and northern and northwestern
China, with dense populations especially along the Medi-
terranean coast and in North China (Fig. 4). Both Tama-
rix species are generally associated with arid, semi-arid,
and temperate climates. Models calibrated with invasive-
range occurrence data show that both species exhibit
high suitability in the southwestern United States and

in 4 >

60°E 120°E

(d) Reciprocal model — T. ramosissima

p High

Climatic suitability

Low

Fig. 4 Distribution models of Tamarix chinensis and T. ramosissima calibrated in the native range (a, b) and projected to the invasive range (c, d). aT. chi-
nensis distribution model calibrated in the native range. bT. ramosissima distribution model calibrated in the native range. ¢ Reciprocal distribution model
for T. chinensis trained in the invasive range. d Reciprocal distribution model for T. ramosissima trained in the invasive range
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northwestern Mexico (Appendix Fig. 2). These regions
are characterized by arid and Mediterranean-type cli-
mates, with sparse and uneven rainfall and large temper-
ature fluctuations.

However, when the models were projected across
regions to construct reciprocal niche models, substan-
tial discrepancies emerged between the predictions and
the actual species distributions. The native-range mod-
els failed to accurately predict the species’ distributions
in the invasive range, and the invasive-range models
similarly failed to capture their distributions in the native
range.

Predicting future potential distribution

The ecological niche models developed in this study
indicate that the current potential distributions of T
chinensis (Fig. 5) and T. ramosissima (Fig. 6) closely
match known distribution data, confirming the reliabil-
ity of the models. To assess potential species responses
under contrasting future climate conditions, two Shared
Socioeconomic Pathway (SSP) scenarios were consid-
ered, with SSP1-2.6 representing a low-emission, sustain-
able development pathway and SSP5-8.5 representing a
high-emission, fossil fuel-driven pathway. Under these
future climate scenarios for the 2070s (2061-2080 aver-
age), suitable habitats exhibit clear latitudinal differences.
Regions north of 30°N are projected to experience a
northward shift of suitable habitats, while areas south of
30°N generally show a contraction. In traditionally suit-
able regions, such as the North China Plain in East Asia
and the southwestern United States, suitable habitats are
projected to move northward under both SSP1-2.6 and
SSP5-8.5. In particular under SSP5-8.5, the northward
movement of suitable-area boundaries in eastern Eurasia
and western North America is expected to be more pro-
nounced. (Figs. 5¢c and 6c¢).

Based on our estimates of potential suitable habitat
area, in the native range (Eurasia), by 2070, 1. chinensis
is nearly stable under SSP1-2.6, T. ramosissima decreases
slightly, and the species complex increases slightly. Under
SSP5-8.5, T. chinensis and the species complex further
increase, while 7. ramosissima continues to decline. In
the invasive range (North America), under SSP1-2.6,
T. chinensis decreases slightly, T. ramosissima remains
nearly stable, and the species complex increases; under
SSP5-8.5, all three taxa show pronounced expansion.
(Supplementary Table S1).

Discussion

Tamarix populations in the invasive range exhibit stronger

adaptation to arid climates

This study focused on the core distribution areas of Tam-
arix chinensis and Tamarix ramosissima in Eurasia and
North America. Although populations of these species
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within Eurasia include both native and historically intro-
duced lineages, at a macro-geographical scale, the spatial
separation, climatic background, and long-term ecologi-
cal conditions between Eurasia and North America far
exceed the local climatic heterogeneity within Eurasia.
This intercontinental scale difference allows Eurasian
occurrence records to represent the primary climatic
background of the species, providing a robust macro-
scale reference for comparisons with populations in the
North American invasive range [34].

Both study regions are located between 30° and 50° N
latitude and exhibit comparable interannual temperature
fluctuations and seasonal precipitation patterns, indicat-
ing broadly similar climatic contexts. Given the strong
physiological and demographic sensitivity of Tama-
rix to temperature, such similarity in thermal regimes
between the native and invaded ranges likely constitutes
an important climatic precondition facilitating its suc-
cessful invasion in North America. Indeed, when his-
torical climate data are considered, extreme temperature
conditions—particularly winter minima and summer
maxima—remain critical thresholds constraining the
realized distribution of these species [35, 36]. Reproduc-
tive success in Tamarix is highly temperature-dependent,
and deviations from optimal thermal ranges can impair
floral development, fertilization, and seed maturation,
as well as disrupt enzymatic activity and photosynthetic
efficiency, ultimately limiting population persistence
[37-39].

Despite this overall similarity in temperature regimes,
comparisons between native and invasive ranges reveal
pronounced shifts in climatic niches, especially along
temperature-related dimensions. For both T. chinensis
and T. ramosissima, invasive populations are associated
with higher diurnal temperature range (Bio2) and lower
temperature seasonality (Bio4), and invasive populations
of T. chinensis additionally experience higher annual
mean temperature (Biol). These shifts may extend the
growing season, reduce winter mortality, and enhance
competitive ability under arid conditions [40, 41]. A
greater diurnal temperature range may also promote
nocturnal dew formation, thereby reducing transpira-
tion demand and limiting salt accumulation [42], while
specialized salt glands further alleviate salinity stress
[43]. Reduced temperature seasonality may further
induce phenological adjustments, such as earlier bud-
burst or delayed senescence, indirectly favoring invasion
by increasing competitive advantage relative to native
species.

Precipitation patterns further differentiate the invasive
habitats of the two Tamarix species. Overall, most pre-
cipitation-related variables (Biol2 and Biol8, and Biol7
in T ramosissima) are lower in the invasive range than
in the native range, indicating generally drier conditions.
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Fig. 5 Modeled global habitat suitability for Tamarix chinensis under a present-day climate, b future climate in 2070 under the SSP1-2.6 scenario, and ¢
future climate in 2070 under the SSP5-8.5 scenario. Red indicates the highest predicted habitat suitability. Map lines depict the study area and do not

necessarily represent officially recognized national boundaries

However, precipitation seasonality (Biol5) and precipi-
tation of the coldest quarter (Biol9) exhibit contrasting
changes. For T. chinensis, Biol5 decreases while Biol9
increases, whereas 7. ramosissima shows the opposite

trend. These differences may reflect distinct strategies for
coping with local water availability. Specifically, T. chi-
nensis has flexible phenology, allowing it to adjust growth
cycles according to rainfall timing, and a well-developed
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Fig. 6 Modeled global habitat suitability for Tamarix ramosissima under a present-day climate, b future climate in 2070 under the SSP1-2.6 scenario, and
c future climate in 2070 under the SSP5-8.5 scenario. Red indicates the highest predicted habitat suitability. Map lines depict the study area and do not

necessarily represent officially recognized national boundaries
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deep root system that could efficiently utilize intermittent
rainfall and episodic flood events [44]. In contrast, the
increased precipitation seasonality in the invasive range
of T. ramosissima may reflect adaptation to concentrated
rainfall events, and during this process the species main-
tains water balance and metabolic function through sto-
matal regulation and osmotic adjustment [45, 46].

These shifts in niches related to temperature and pre-
cipitation suggest that Tamarix populations in North
America are responding to novel environmental condi-
tions through adaptive flexibility, which may enhance
their establishment and persistence in arid and semi-arid
regions.

Niche expansion occurred during the invasion of Tamarix
species

The ecological niche defines the range of environmental
conditions under which a species can survive, grow, and
reproduce. It encompasses factors such as temperature,
humidity, water availability, and resource distribution, as
well as the species’ ability to adapt to novel environments
[47]. Regional climatic variation can promote intraspe-
cific differentiation by selecting for phenotypes suited
to new environmental contexts, potentially resulting in
expansion, contraction, or reconfiguration of ecological
niches during biological invasions [48].

In this study, PCA-env analyses revealed substan-
tial differences in niche space between native and inva-
sive populations of T. chinensis and T. ramosissima. Low
niche overlap between ranges indicates that both spe-
cies have adjusted their ecological niches to the environ-
mental conditions of North America. Niche equivalency
and similarity tests confirmed significant differences
between continents, providing no support for strict niche
conservatism.

Reciprocal distribution models further corroborate
these results. Models trained on native-range occur-
rences poorly predicted invasive distributions, and vice
versa, with invasive-range models erroneously project-
ing suitable habitats in uncolonized areas such as Gulf of
Mexico coastal wetlands. These mismatches likely reflect
niche shifts rather than simple model error, influenced by
the species’ affinity for riverbanks and wetlands.

The observed niche shifts are likely driven by a combi-
nation of high dispersal capacity, pre-adaptation to arid
and saline environments, and ecological release from
natural enemies in the invaded range. Similar strate-
gies are seen in other halophytic invaders; for example,
Mesembryanthemum crystallinum modifies local soil
salinity through root-mediated salt secretion, facilitating
colonization of arid regions in the western United States
[49]. Genomic evidence, including polyploidy, gene flow
among populations, and chromosomal variations, further
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supports enhanced environmental adaptability in Tama-
rix [50].

Interestingly, while niche shifts occurred, niche breadth
analyses indicate a general contraction in the climatic
niches of both species during invasion, suggesting
increased specialization to certain environmental condi-
tions in North America. Analysis of niche centroid posi-
tions provides additional support for directional shifts.
All three taxa showed a leftward displacement along the
first PCA axis (associated with precipitation), reflect-
ing adaptation to drier environments. T. chinensis also
exhibited a downward shift along the second axis, corre-
sponding to warmer conditions. Together, these changes
in centroid positions and niche breadth capture both the
direction and extent of ecological niche restructuring
during invasion.

Climate change may locally increase the invasion potential
of Tamarix

The impact of climate change on the distribution of inva-
sive species has become an important research topic.
Accurately predicting potential distributions is crucial for
identifying high-risk areas and guiding effective manage-
ment strategies [51]. Ecological niche models (ENMs),
particularly MaxEnt, are effective for capturing complex,
nonlinear relationships between species and environ-
mental variables, making them powerful tools for pre-
dicting invasion risks under climate change [52, 53].

This study is the first to apply MaxEnt to simulate both
current and future global distributions of T chinensis and
T. ramosissima. Models exhibited high predictive perfor-
mance (AUC > 0.8), and predicted climatic niches closely
matched observed occurrences, providing a reliable basis
for projecting future range shifts [25].

Future climate change may lead to a northward shift in
the suitable habitats of T. chinensis and T. ramosissima,
particularly within traditionally suitable regions such as
eastern Eurasia and the southwestern United States. At
the same time, areas that currently exhibit low climatic
suitability, such as northeastern China and central United
States, may become emerging habitats for Tamarix. This
pattern reflects the general tendency of invasive spe-
cies to migrate toward higher latitudes and elevations in
response to rising temperatures [54]. Notably, our quanti-
tative analysis of suitable habitat areas in both native and
invasive ranges indicates that by 2070, the native ranges
of Tamarix chinensis, T. ramosissima, and the Species
complex show species-specific changes, whereas suit-
able habitat areas in the invasive ranges generally expand.
Considering the overall northward shift of these three
taxa, we infer that suitable habitats may undergo spatial
reorganization, with local patterns experiencing dynamic
adjustments rather than uniform expansion. Accordingly,
management strategies should simultaneously address
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emerging habitats and existing invaded areas, emphasiz-
ing early-stage surveillance and rapid response, particu-
larly through focused monitoring of riparian corridors
and other disturbance-prone habitats where Tamarix
establishment is most likely. Preventive measures aimed
at limiting initial establishment and reducing the likeli-
hood of secondary spread are especially important, as
interventions are generally more effective and less costly
before Tamarix populations become widely established
55, 56].

According to the IPCC Sixth Assessment Report
[57], the frequency and intensity of extreme high-tem-
perature events in the Northern Hemisphere are pro-
jected to increase, often accompanied by more frequent
droughts. These climatic changes are expected to relax
thermal constraints at higher latitudes, thereby increas-
ing the climatic suitability of these regions for Tamarix
establishment. This response is consistent with the strong
physiological adaptability of Tamarix, including deep
root systems that access groundwater and dynamic sto-
matal regulation that maintains water balance, allowing
persistence and spread under hot and dry conditions
[13]. However, the extent to which warming promotes
invasion is unlikely to be uniform across regions, as pre-
cipitation regimes may substantially modulate these
effects. While rising temperatures may facilitate north-
ward range expansion, areas characterized by higher
precipitation may impose constraints on establishment
and growth [58]. Consequently, future distributions of
T. chinensis and 1. ramosissima are likely to reflect the
combined influence of temperature increases and spatial
heterogeneity in precipitation. Overall, continued cli-
mate warming is expected to elevate invasion potential
in high-latitude regions, underscoring the importance
of integrating climate-based niche projections with for-
ward-looking monitoring and management strategies to
better anticipate and mitigate future Tamarix invasions.

Climate warming is likely to increase the invasion
potential of T. chinensis and T. ramosissima in high-lat-
itude regions, driven by their physiological adaptability
and ongoing shifts in climatic suitability. Together, these
findings underscore the value of integrating climate-
based niche projections with forward-looking monitor-
ing and management efforts to better anticipate and
mitigate future Tamarix invasions under continued cli-
mate change.

Climatic response patterns and management strategy
assessment based on integrated data

Ecological niche analyses based on the integrated distri-
bution data of T. chinensis and T. ramosissima revealed
significant differences in most bioclimatic variables
between native and invasive ranges. Precipitation-related
variables (biol2, biol5, biol7, biol8) were consistently
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lower in the invasive range, while the mean diurnal tem-
perature range (bio2) was higher, suggesting adaptive
adjustments to drier and more thermally variable con-
ditions. Certain variables (e.g., biol, bio4, biol9) that
were significant in analyses of individual species were
no longer significant when data from both species were
combined, indicating that integration may mask species-
specific responses and reflect a more generalized pattern
of niche adaptation.

Niche overlap analyses further showed that T chinensis
and T. ramosissima maintain highly overlapping ecologi-
cal spaces across regions, pointing to convergent strate-
gies and similar environmental tolerances. The Species
complex model exhibited slightly higher overlap between
native and invasive ranges than single-species mod-
els, suggesting that the merged taxon possesses broader
and more stable climatic tolerance. Although the niche
breadths along the two principal component axes slightly
narrowed after integration, the changes were minimal,
and the centroid shifts remained in the same direction,
indicating consistent directional niche shifts.

These patterns indicate that, in regions where the two
species coexist or frequently hybridize, species-level dis-
tinctions may not fully reflect ecological reality, thereby
increasing the complexity of long-term management.
Hybridization can blur the morphological and ecologi-
cal boundaries of the parental species, making accurate
identification and species-specific management difficult
in practice [10]. Hybridization studies [59] have shown
that hybrids may occupy ecological niches distinct from
either parent, exhibiting altered climatic tolerances and
habitat preferences. Such niche restructuring can lead
to heterogeneous responses to environmental condi-
tions and management interventions, thereby increasing
uncertainty in spread dynamics predictions and reducing
the effectiveness of strategies targeting parental species
individually. Therefore, in cases where species boundar-
ies are blurred or hybrid taxa are present, our analyses
based on integrated distribution data of the two species
propose a hypothetical discussion that, in hybrid or coex-
isting regions, the two species could be considered as a
unified ecological management unit.

Moreover, integrating distribution data can enhance
model reliability, as larger sample sizes improve the pre-
dictive accuracy of species distribution models [60]. The
combined models generate more continuous and robust
predictions of suitable habitats, better capturing the
overlapping climatic tolerances and coexistence patterns
of the two species. In native ranges, the Species com-
plex model predicts an increase in suitable habitat under
future climate scenarios, while the individual species
exhibit species-specific responses, including minor fluc-
tuations or declines, likely reflecting the stabilizing effect
of integrating data from both species. These integrated
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approaches provide a robust technical framework in both
theoretical and operational terms, allowing exploration
of potential shifts in habitat suitability patterns under
strong niche overlap. It should be noted, however, that
this approach is not intended to infer specific hybrid-
ization events and does not represent discrete hybrid
taxa, as hybridization is a genetic process that cannot be
resolved solely from distribution data.

Finally, it should be noted that, although T. chinensis
and T ramosissima exhibit a high degree of overlap in
both their ecological niches and geographic distributions
across native and invasive ranges, significant differences
remain, indicating that even under conditions of high
ecological similarity, they may retain ecologically mean-
ingful distinctions. Therefore, the hypothesis of treating
them as a unified ecological management unit should be
applied cautiously, taking into account taxonomic accu-
racy and regional ecological differences. Future research
could further integrate gene flow analyses and ecological
interaction data to verify whether they constitute a stable
evolutionary unit.

Conclusion

This study indicates that T. chinensis and T. ramosissima
have experienced notable niche contraction during their
invasion from Eurasia to North America, accompanied
by shifts in temperature- and precipitation-related distri-
butions. These changes suggest that the species may have
adjusted their ecological strategies to cope with novel
environmental conditions, enhancing their potential to
establish and spread in arid and semi-arid regions. Max-
Ent simulations under current and future climate scenar-
ios (SSP1-2.6 and SSP5-8.5 for 2070) show that suitable
habitats of Tamarix species in the Northern Hemisphere
shift toward higher-latitude regions. The rapid environ-
mental adaptability of these two species under climate
change may enhance their invasiveness, highlighting the
urgency of implementing adaptive management strate-
gies to mitigate ecological impacts. These results pro-
vide a quantitative basis for assessing the future invasion
potential of Tamarix species and inform the develop-
ment of targeted management strategies under changing
climatic conditions.
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Supplementary Material 1. Supplementary Figure S1: Heatmap of Pearson
correlation coefficients among 19 bioclimatic variables used in this study.
Colors from blue to red indicate negative and positive correlations, with
intensity reflecting correlation strength (=1 < r < 1). Highly correlated
variables were identified to guide variable selection for ecological

niche modeling and reduce multicollinearity. Supplementary Figure S2:
Distribution models of Tamarix chinensis and T. ramosissima calibrated

in the invasive range (a, b) and projected to the native range (c, d). Panel
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(a) shows the distribution model of T. chinensis calibrated in the invasive
range, while panel (b) shows the model for T. ramosissima calibrated in
the invasive range. Panels (c) and (d) display reciprocal distribution models
trained in the native range for T. chinensis and T. ramosissima, respec-
tively. Supplementary Figure S3: Modeled global habitat suitability for the
species complex under three climate scenarios: (a) present-day climate,
(b) future climate in 2070 under SSP1-2.6, and (c) future climate in 2070
under SSP5-8.5. Areas shown in red indicate the highest predicted habitat
suitability. Map boundaries indicate the study area and do not necessarily
correspond to officially recognized national borders. Supplementary Table
S1: Suitable habitat areas (km?) for Tamarix species and the Species com-
plex under current and future climate scenarios (SSP1-2.6 and SSP5-8.5 for
2070) in Eurasia and North America.
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