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Ecological similarities and dissimilarities
between donor and recipient regions shape
global plant naturalizations

Shu-ya Fan 1,2, Trevor S. Fristoe3, Shao-peng Li 1 , Patrick Weigelt 4,
Holger Kreft 5,6,7, Wayne Dawson 8, Marten Winter 9, Petr Pyšek 10,11,
Jan Pergl 10, Franz Essl12, Amy J. S. Davis 2 & Mark van Kleunen 2,13,14

A central question in ecology is why alien species naturalize successfully in
some regions but not in others. While some hypotheses suggest aliens are
more likely to naturalize in environments similar to donor regions, others
suggest they thrive in regionswhere certain characteristics are different. Using
the native (i.e., donor) and recipient distributions of 11,604 naturalized alien
plant species across 650 regions globally, we assess whether plants are more
likely to naturalize in regions that are ecologically similar or dissimilar to their
donor regions. Our results show that species are more likely to naturalize in
recipient regions where climates are similar and native floras are phylogen-
etically similar to those of their donor regions, indicating that pre-adaptation
to familiar biotic and abiotic conditions facilitates naturalization. However,
naturalization is alsomore likely in regionswith lower native flora diversity and
more intense humanmodification than in the species’ native range. Among all
predictors, climate similarity and difference in native flora diversity emerge as
the strongest predictors of naturalization success. In conclusion, ecological
similarity in some factors but dissimilarity in others between donor and reci-
pient regions promote the naturalization of alien plants and contribute to their
uneven global distribution patterns.

The numbers of species that have been introduced from their native
ranges (i.e., donor regions) into non-native regions (i.e., recipient
regions), where they may establish self-sustaining populations (i.e.,
become naturalized), are steadily increasing worldwide1,2. Although
nearly all regions of the world harbour naturalized alien plants, the
geographical distribution of these species is highly uneven, with some
regions acting as donors or recipients of many more species than
others1,3. Amain question is thus why certain plant species successfully
naturalize in some regions but fail in others. One explanation could be
the ecological similarity of the donor and potential recipient regions.
For example, the climate matching hypothesis, rooted in the idea of
pre-adaptation, predicts that climatic similarities between the donor
and recipient regions promote naturalization4–8. Nevertheless, climate

is just one among many components of the environment that may
influence invasion success, and the roles of other aspects of ecological
similarity require further investigation9–12.

In addition to climate, a lack of pre-adaptation to the biotic con-
ditions encountered in recipient regions may further constrain plant
naturalization13–15. In their native distributions, species share con-
current evolutionary histories with co-occurring species, resulting in
adaptations to the same common ecological context13,16. Regions that
are occupied by species that share an evolutionary history with those
found in alien species’ native ranges may therefore indicate ecological
circumstances that promote species naturalization14,17. In recent cen-
turies, evolutionary trajectories of species have increasingly been
shaped by anthropogenic forces, and it has been argued that species
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adapted to human-modified habitats in their donor regions can exploit
similar opportunities provided by human activities in recipient
regions18,19. Thus, species may bemore likely to successfully naturalize
in regions that have biological and anthropogenic characteristics
similar to their native ranges.

While hypotheses based on pre-adaptation pose that greater
ecological similarity between donor and recipient regions promotes
naturalization, several other hypotheses suggest instead that greater
dissimilarity between regions may promote naturalization. For exam-
ple, the enemy release hypothesis describes how the absence of spe-
cific biological antagonists (i.e., competitors, pathogens, herbivores)
in recipient regions can provide greater opportunities for
naturalization20,21. Therefore, in regions with greater biotic dissim-
ilarity to the native range of the alien species, the likelihood of shared
natural enemies is expected to decrease, potentially resulting in higher
naturalization success. It has also been suggested that the uneven
numbers of naturalized alien plants among regions reflect differences
in the invasion potential of species among regional floras3. The evo-
lutionary imbalance hypothesis, for example, predicts that alien spe-
cies originating from regions with higher biodiversity exhibit a greater
potential to invade regions with low diversity because species from
high-diversity regions may have evolved a higher competitive
ability3,22,23. Moreover, as naturalized species are often found in habi-
tats heavily modified by humans, higher levels of human activity in
recipient regions may provide more opportunities for
naturalization24,25. However,whether similar or greater levels of human
modification are more critical for global plant naturalization remains
an open question.

The relationship between ecological similarity and naturalization
success likely depends on specific dimensions of ecological similarity,
with alien speciesmost likely to naturalize in regions that are similar to
their native ranges in some characteristics but different in others.
However, a key challenge in assessing the influence of multi-
dimensional ecological similarity lies in the nature of ecological dif-
ferences, which can be either unidirectional or bidirectional.
Unidirectional dimensions, such as geographical distance and dissim-
ilarity in floristic composition, represent absolute differences between
regions. In contrast, bidirectional dimensions, such as climate vari-
ables and native flora diversity, can take on positive or negative values,
reflectingwhether a recipient region is, for example, warmer or colder,
or has a higher or lower diversity than the native region. In either case,
the relationship between ecological distances and naturalization suc-
cess can be analyzed within a unified framework based on generalized
linear models with linear and quadratic terms (detailed descriptions
are provided in Box 1). This framework allows for the identification of
scenarioswhere species have thehighest likelihoodof naturalization in
regions that are dissimilar, moderately dissimilar, or similar to their
native range across multiple ecological dimensions (Box 1).

Here, we apply our analytical framework to test how ecological
distances between potential non-native recipient regions and native
donor regions of alien species relate to their observed naturalization
patterns. We first compile a dataset comprising the donor and
potential recipient regions (n = 650) of 11,604 naturalized angiosperm
plant species worldwide (Supplementary Figs. 1 and 2). For each spe-
cies, we calculate distances for different ecological factors between
their donor and potential recipient regions, including bidirectional
distances for temperature, precipitation, human modification, and
native flora diversity, as well as the unidirectional distance for phylo-
genetic dissimilarity of the native floras (Table 1 and Supplementary
Fig. 3). Furthermore, given that species might have a higher likelihood
of introduction to regions near their native distribution, and because
spatially adjacent regions typically exhibit similar environmental
conditions26,27, we also quantify the geographical distance between
recipient anddonor regions, which is alsoa unidirectional distance.We
then use multivariate generalized linear models with both linear and

quadratic terms (see Box 1) to quantify the shape of the relationship
between each distance and naturalization probability, and further
evaluate their relative contributions to explaining global patterns of
naturalization. We show that ecological distances across both uni-
directional and bidirectional dimensions jointly shape naturalization
success, with climatic similarity and dissimilarity of native-flora diver-
sity identified as the strongest factors associated with naturalization
success. Together, these findings advance our understanding of how
multiple ecological dimensions shape the uneven global distribution
of naturalized plants.

Results
Effects of ecological distances on plant naturalization
Using a multivariate generalized linear mixed-effects model (GLMM),
we found that similarities in different ecological dimensions showed
varying effects on plant naturalization probability in potential reci-
pient regions (Fig. 1). We assessed the bidirectional climatic distances
between donor and recipient regions using the first two axes of a
principal component analysis (PCA) on 19 bioclimatic variables28. The
first axis (PCTemp) represented temperature and its seasonality, while
the second axis (PCPrec) reflected precipitation and its seasonality
(Supplementary Table 1).When other ecological distancemetrics were
held constant, naturalization probability peakedwhen PCTemp distance
was close to zero, indicating that species weremore likely to naturalize
in regions with similar temperature conditions, specifically annual
mean temperature and temperature seasonality (Figs. 1a and 2a and
Supplementary Table 2). Compared to PCTemp distance, we found that,
for PCPrec distance, naturalization probability peaked in recipient
regions thatweremoderatelywetter andhadmore stableprecipitation
compared to the donor regions (Figs. 1b and 2a and Supplementary
Table 2).

In contrast to climatic similarities, the effects of bidirectional
distances in human modification and native flora diversity were
strongly directional. Specifically, the directional effect of human
modification distances, assessed by comparing the human modifica-
tion index (HMI) of recipient and donor regions, also significantly
influenced naturalization probability. Species were more likely to
naturalize in recipient regionswith greater humanmodification than in
their native range, though the probability declined slightly at the
highest levels of human modification differences (linear term:
β1 = 0.39, z = 12.79, P <0.001, 95% CI [0.33, 0.45]; quadratic term:
β2 = −0.09, z = −19.70, P <0.001, 95% CI [−0.10, −0.08]; Fig. 1c and
Supplementary Table 2). Moreover, bidirectional differences in native
flora phylogenetic diversity between recipient and donor regions
exhibited a significantly negative relationship with naturalization
probability (linear term: β1 = −1.82, z = −48.46, P < 0.001, 95%CI [−1.90,
−1.75]; quadratic term: β2 = −0.03, z = −4.52, P < 0.001, 95% CI [−0.04,
−0.02]; Figs. 1d and 2a and Supplementary Table 2). This result was
consistent when measuring distance based on taxonomic rather than
phylogenetic flora diversity (Fig. 1d and Supplementary Fig. 4).

Beyond these bidirectional differences, unidirectional ecological
distances, including floristic dissimilarity and geographical distance,
also contributed to variation in naturalization probability. After
accounting for the effects of other ecological distance metrics, the
relationship between floristic dissimilarity and species naturalization
probability showed that the likelihood of naturalization significantly
increased when recipient regions had native floras that were more
similar to the native ranges (linear term: β1 = −0.45, z = −16.28,
P <0.001, 95%CI [−0.50, −0.40]; quadratic term: β2 = −0.07, z = −16.34,
P <0.001, 95%CI [−0.08, −0.06]). Thiswas true irrespective of whether
we used Simpson’s phylogenetic dissimilarity (i.e., the degree of
shared evolutionary history between regions; Fig. 1e and Supplemen-
tary Table 2) or Simpson’s taxonomic dissimilarity (i.e., the degree to
which species are shared between regions; Supplementary Fig. 5).
Furthermore, we found that the probability of successful
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naturalization was highest at intermediate geographical distances
between donor and recipient regions (c. 15,000 km), showing a sig-
nificant nonlinear association (linear term: β1 =0.95, z = 43.10,
P <0.001, 95% CI [0.91, 1.00]; quadratic term: β2 = −0.12, z = −29.70,
P <0.001, 95% CI [−0.13, −0.11]; Fig. 1f and Supplementary Table 2).

Relative contributions of ecological distances
By assessing the relative importance of each ecological distance vari-
able (combining the linear and quadratic terms), we found that PCTemp

distance was the most important predictor of global plant naturaliza-
tion probability. Averaged across 999 resampled models (see “Meth-
ods”), PCTemp distance accounted for 56.21% of the explained fixed-
effect variance (95% CI [55.63%, 56.79%]; Fig. 2b and Supplementary
Table 3). This contributionwasmainly attributed to the strong effectof
its quadratic relationship with naturalization probability (quadratic
term: β2 = −1.32, z = −152.21, P < 0.001, 95% CI [−1.34, −1.30]; Supple-
mentary Table 2), indicating that temperature similarity, rather than
thedirection towardwarmeror cooler climates, is a key determinant of
global plant naturalization success. PCPrec distance also made a con-
siderable contribution to the model’s variance (average 13.53%, 95% CI

[13.15%, 13.92%]; Fig. 2b and Supplementary Table 3), with both its
linear and quadratic components having significant effects (linear
term: β1 =0.53, z = 20.22, P <0.001, 95%CI [0.48, 0.58]; quadratic term:
β2 = −0.20, z = −47.86, P < 0.001, 95% CI [−0.21, −0.19]; Supplementary
Table 2), suggesting that naturalization success was highest when
recipient regions were moderately wetter than donor regions, while
larger differences in precipitation reduced the likelihood of estab-
lishment. Another important predictorwas thebidirectionaldifference
in native flora phylogenetic diversity, which accounted for 20.21% of
the explained varianceon average (95%CI [19.75%, 20.66%]; Fig. 2b and
Supplementary Table 3), and showed a strong negative linear asso-
ciation with naturalization probability (Supplementary Table 2), while
the quadratic term had a negligible effect (Supplementary Table 2). In
contrast, distances in human modification, floristic phylogenetic dis-
similarity, and geographical distance, while statistically significant,
each explained only a marginal share of the variance.

Consistency of the results across alternative scenarios
To assess the robustness of our findings, we additionally conducted
sensitivity analysis using different sets of potential recipient regions

BOX 1

Analytic framework
The relationship between ecological distances (unidirectional and
bidirectional distances) and naturalization probability can be analyzed
using generalized linear models (logit(y) = α +β1x +β2x²), that predict
naturalization probability through linear (β1) and quadratic (β2) terms
for a given ecological distance metric.

When conditions similar to those in the donor regions are most
favorable for naturalization, the probability peaks at an ecological
distance of zero. For bidirectional differences, this is represented as
β2 <0 and β1 = 0 in the model (c). For unidirectional differences, it is
expressed as β2 = 0 and β1 <0, indicating that naturalization probability
is highest under conditions closest to those in the donor regions (h).

When naturalization is favored in recipient regions that differ from
donor regions, bidirectional differences may only promote natur-
alization in specific directions (a, e). For instance, the evolutionary
imbalance hypothesis predicts that species introduced from

biodiverse donor regions to low-diversity recipient regions are more
likely to naturalize. In such cases, β2 = 0, while significant linear terms
indicate whether naturalization probability is highest under conditions
substantially higher (β1 > 0; a) or lower (β1 < 0; e) than donor regions.
For unidirectional differences, any formof differencemaybebeneficial
for naturalization (β2 = 0 and β1 >0, f, j).

Naturalization success may also be highest when conditions are
different, but not too different from those in the donor regions. In other
words, theremaybeanoptimal difference that facilitates naturalization
(β2 <0 in themodel). For bidirectional differences, linear terms indicate
whether the highest naturalization probability occurs under moder-
ately higher (β1 > 0; b) or moderately lower (β1 < 0; d) environmental
conditions than in donor regions. For unidirectional differences, any
moderate difference may promote naturalization (β1 > 0; g, i).
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A schematic diagram illustrating potential relationships of ecological distances between donor and recipient regions with the naturalization
probability of alien species. The left panel shows the gradient of ecological conditions in recipient regions relative to donor regions, which alien
speciesmay encounter. The right panel shows the expected relationships between ecological distances and naturalization probability under scenarios
where the ecological conditions in a given recipient region favours naturalization. The scenarios a–e show the relationships for bidirectional distances,
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coefficients of linear and quadratic terms of the generalized linear mixed model, respectively, used to describe the relationship between ecological
distances and naturalization probability. Maps were generated using polygons from the GloNAF database.
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Fig. 1 | Partial relationships between naturalization probability and ecological
distances between recipient and donor regions. The multivariate generalized
linear mixed-effects model, based on 6,931,789 observations of 11,604 alien plant
species naturalized across 650 regions, included linear and quadratic terms for
each of the six ecological distances (a–f). Positive values of the bidirectional dis-
tance indicators indicate that recipient regions have higher PCTemp, PCPrec, human
modification, and native flora phylogenetic diversity than the donor regions, while
negative values indicate the opposite. Larger values for unidirectional distances
indicate greater dissimilarity in phylogenetic floristic composition, as well as

increased geographical distance between the recipient and donor regions. The
solid lines represent the predicted mean (model fit), and the shaded areas denote
the 95% confidence intervals of these predictions. The standardized coefficients for
the linear andquadratic terms are shown in Fig. 2. Thebar below eachplot indicates
the number of data points in eachbin,where thepredictor variablewasdivided into
30 segments, with darker shades indicatingmore data points within each bin. Note
that the y-axis scales differ across panels to reflect variations in data range. Source
data are provided as a Source Data file.

Table 1 | Quantification of ecological and geographical distance metrics between donor and recipient regions

Variables Definition Explanation

Bidirectional
distance

PCTemp distance Area-weighted mean difference in average PCTemp

values across all grid cells within the recipient and
donor regions (recipient region minus donor
regions)

A positive value indicates that the recipient region is
warmer with more stable temperature than the donor
regions, while a negative value means it is colder with
more seasonal temperatures.

PCPrec distance Area-weighted mean difference in average PCPrec

values across all grid cells within the recipient and
donor regions (recipient region minus donor
regions)

A positive value indicates that the recipient region is
wetter with less seasonal rainfall than the donor regions,
while a negative value means it is drier with seasonal
rainfall.

Human modification
distance

Area-weighted mean difference in average HMI
values across all grid cells within the recipient and
donor regions (recipient region minus donor
regions)

A positive value indicates that the recipient region has a
higher degree of human modification than the donor
regions, while a negative value indicates a lower degree.

Native flora phyloge-
netic diversity distance

Difference in the area-corrected phylogenetic
diversity of the native flora between the recipient
and donor regions (recipient region minus donor
regions)

A positive value means that the recipient region’s native
flora has a higher phylogenetic diversity than the donor
regions, while a negative value means it is lower.

Unidirectional
distance

Floristic phylogenetic
dissimilarity

Area-weighted mean of pairwise phylogenetic
Simpson’s dissimilarity indices between the reci-
pient and donor regions

A larger value indicates less shared evolutionary branch
length between the floras of recipient and donor regions,
indicating they are more phylogenetically dissimilar in
their floristic composition.

Geographical distance Area-weighted mean of the pairwise distances
between the geographical centroids of the reci-
pient and donor regions

A larger value indicates that the recipient region is geo-
graphically more distant from the donor regions.
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and subsets of naturalized alien plants. These included restricting
potential recipient regions to continents where species were already
naturalized, limiting the number of potential recipient regions, and
analyzing subsets of species with economic uses or widespread dis-
tributions (see “Methods” for details). Across all scenarios, similar
temperature conditions, lower native flora phylogenetic diversity, and
higher humanmodification in recipient regions consistently facilitated
naturalization success (Supplementary Fig. 6). As someof thepotential
recipient regions in our dataset are islands, we additionally tested
whether results differed between island and mainland regions. We
found that main patterns were similar between the two groups of
regions (Supplementary Fig. 7).

Discussion
We assessed how different components of ecological similarity
between the donor and potential recipient regions related to natur-
alization probability for 11,604 naturalized alien plants globally. Our
results revealed that similarity in climate and differences in native
plant diversity between donor and recipient regions are the most
important factors shaping global patterns of plant naturalization. Alien
plants were more likely to naturalize in regions with temperature
conditions similar to their donor regions, while differences in other
environmental factors, such as moderately wetter and lower native
flora diversity in recipient regions, also facilitated naturalization suc-
cess. Our findings underscore the importance of assessing multi-
dimensional ecological similarities to reveal how specific ecological
distances between donor and recipient regions influence the natur-
alization success of alien species globally.

Plant species were more likely to naturalize in regions that have
similar temperature conditions to their donor regions, highlighting
the importance of climatic matching in facilitating naturalization
success. Among all ecological dissimilarities considered, tempera-
ture similarity showed the strongest association with naturalization
probability, surpassing other biological or anthropogenic similarity
metrics. This pattern further supports the long-standing view that
climatic pre-adaptation, particularly to temperature, is a crucial
factor influencing species naturalization7,8,29. In addition to climatic

pre-adaptation, human preferences for introducing certain plants
also likely contribute to these patterns. For example, in Germany,
horticultural introductions often target species with traits like
frost tolerance, which aligns closely with the local climate30. Simi-
larly, in southern Africa, many species introduced for cultivation
originated from regions with comparable climatic conditions31.
Thus, both ecological filtering through pre-adaptation and human
introduction preferences for climate matching likely contributed to
the increased likelihood of naturalization in climatically similar
regions30.

Although our results suggest the importance of climatic suit-
ability, naturalization probability peaked in regions with temperature
conditions that were slightly warmer and less seasonal than those of
the species’ native ranges. Additionally, the probability of naturaliza-
tion peaked when the recipient region was moderately wetter and
more stable than the native region. One possible explanation is that in
their native ranges, species may not fully occupy their fundamental
climatic niches due to biotic interactions. This may be particularly the
case under stable, warm, and wet climates, where biotic interactions
are often intense (species interaction-stress hypothesis32). In recipient
regions, however, the alleviation of non-climatic barriers such as nat-
ural enemies may allow species to occupy parts of their fundamental
climatic niches, such as wetter environments, from which they are
excluded in their native ranges33. The wetter conditions may offer
additional opportunities that facilitate the colonization and spread of
naturalized species. Other studies have also shown that many global
invaders originating from drylands tend to establish in wetter envir-
onments, including forests and riparian zones9. Similar patterns have
been observed in other taxonomic groups. A global analysis of birds
found that naturalized species on islands, where native diversity and
ecological resistance are generally lower, are often able to occupy
latitudes lower than those in their native ranges34. These low-latitude
regions areusually characterizedbywarmer andwetter climates.While
our data do not allow us to explicitly test mechanisms such as biotic
interactions or niche shift, theobservedpatterns seemtobe consistent
with the idea that biotic release can open new climatic opportunities
for naturalization of alien species20,21.
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relative importance for each ecological distance, calculated as the combined con-
tributions of their linear and quadratic terms across 999 bootstrap replicates,
with each replicate fitted on 5000 randomly selected observations from the
complete dataset of 6,931,789 observations. Density plots (top) show the full dis-
tributionof relative importancevalues (%), andboxplots (bottom) show themedian
(center line), the upper and lower quartiles (box limits), and the largest and smallest
values within 1.5× the interquartile range (whiskers); outliers are not shown. Source
data are provided as a Source Data file.
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In addition to the importance of climatic similarity, we found that
thefloristic similarity between the nativefloras in recipient regions and
those in donor regions was positively related to naturalization success
of alien species. The composition of the native flora serves as a com-
prehensive indicator of environmental suitability, reflecting long-term
adaptation of floras to specific biotic and abiotic conditions, including
those beyond themacroclimatic variables included in our analyses16. A
higher taxonomic and phylogenetic similarity of the native floras
suggests that recipient regions share more native species and evolu-
tionary history with the donor regions. This could be associated with
similar abiotic environmental filters, and potentially indicates the
presence of suitablemutualistic partners in the recipient regions, such
as pollinators and seed dispersers16,17,35. However, this assumption
requires further confirmation through direct comparisons and field
observations of communities of pollinators and dispersers, as well as
their traits, between recipient and donor regions. Although floristic
similarity had a positive effect, its contribution to naturalization suc-
cess was relatively weak compared to climatic similarity at the global
scale. This contrasts with findings from regional-specific studies, such
as those in eastern North America, where floristic similarity was iden-
tified as a stronger predictor of naturalization success than climatic
similarity17. Such differences may reflect variation in the invasion
stages considered and the spatial extent analyzed36,37. Climatic simi-
larity usually acts as a primary constraint during the naturalization
stage and may be further strengthened when considering greater
environmental heterogeneity at global scales, whereas during the
spread stage, its constraining effect may weaken38. Therefore, for
predictions of distributions of alien species across invasion stages, it is
crucial to consider not only climatic matching between native regions
and regions of introduction but also similarity of the native floristic
composition and evolutionary history16,17. This consideration would be
particularly crucial for high-latitude regions, where harsh environ-
mental conditions may intensify the role of pre-adaptation in species
naturalization39.

Althoughwe found that environments similar to the ones indonor
regions significantly facilitate naturalization, we also observed that
moderate differences in certain ecological variables can further facil-
itate species naturalization. Consistent with the predictions of the
intermediate-distance hypothesis40,41, we observed that species had
the highest naturalization probability at intermediate geographical
distances from their donor regions. This hypothesis explains the pat-
tern as arising from a trade-off between colonization pressure, which
increases with distance because species from more distant donor
regions are more likely to be absent from (i.e., not native to) the
recipient region, and post-introduction survival, which decreases as
environmental differences increase40,41. Interestingly, our analyses
recover an intermediate-distance pattern even while considering only
recipient regions outside the species’ native distributions and
accounting for key climatic factors, suggesting alternative mechan-
isms from those originally proposed to explain the hypothesis. The
results may reflect the influence of other unmeasured variables, such
as abiotic factors (e.g., soil conditions or land use) anddistance-related
drivers, including trade flows and historical dispersal processes, which
should be considered in future studies. A previous study found that for
plants, the optimal distance for biological invasion was c. 10,000 km41,
whereas we found it to be c. 15,000 km. This discrepancy could reflect
differences in themethods used to calculate distances and the fact that
the previous study was limited to c. 800 invasive plant species41, while
our dataset included over 11,000 naturalized alien plant species.
Nevertheless, both studies are consistentwith patterns of intermediate
introduction distances favouring naturalization.

Differences in human activity and plant diversity between reci-
pient and donor regions showed significant and directional influences
on species naturalization. Specifically, alien species are more likely to
naturalize in regions that have been more intensively modified by

humans than their donor regions, rather than in regions with similar
levels of modification. This may be because human-modified envir-
onments often offer additional resources and ecological opportu-
nities, such as increased nutrient availability and modified
microhabitats, which may suppress native species and facilitate the
establishment of alien species24,25,42,43. Moreover, regions with intense
human activity typically coincide with dense human populations,
intense trade, and extensive transportation networks, which together
increase opportunities for alien species introductions, cultivation, and
spread43–45. For example, Europe imports about 19% more goods from
Asia than it exports to Asia, potentially increasing the introduction
pressure fromAsia to Europe46. Such asymmetries in global trade flows
may further amplify the probability of species introductions into
highly disturbed regions45. However, beyond a certain threshold,
recipient regions with substantially higher levels of human modifica-
tion compared to donor regions exhibited reduced naturalization
probability. This may be because excessive humanmodification—such
as areas dominated by impervious surfaces or dense urban infra-
structure—limits the availability of natural spaces for plant population
establishment. In general, our results showed that differences in
human activity between donor and recipient regions were a weaker
predictor of naturalization success than temperature similarity,
despite previous studies highlighting anthropogenic factors as strong
drivers of naturalization44,47,48. This suggests that the local intensity of
human activity in recipient regions, rather than donor-recipient dif-
ferences, may be a more important factor driving naturalization. In
other words, even if donor and recipient regions differ little in overall
human activity levels, recipient regions with high levels of human
disturbance may still offer opportunities for naturalization. It is also
possible that the composite human modification index used here did
not fully capture the specific dimensions of human influence most
relevant to naturalization outcomes. Future research could benefit
from integrating both the local intensity of human activity and its
dissimilarity to donor regions, alongsidemore specific indicators, such
as trade volume, transport connectivity, and propagule and coloniza-
tion pressures, to clarify how human influence shapes global patterns
of plant naturalization.

We also found that species were more likely to naturalize in
recipient regions that had a lower native phylogenetic or taxonomic
diversity than the donor regions. This finding aligns with the predic-
tions of the evolutionary imbalance hypothesis, which posits that
species from regions with high biodiversity have undergone pro-
longed intense competition, resulting in a higher competitive ability
that facilitates naturalization22,23. A recent global analysis also supports
this idea, showing that species from biodiverse regions aremore likely
to establish naturalized populations outside their native ranges3.
Although differences in native plant diversity between regions have
received limited attention in global studies, our model identified it as
the second most important predictor of global naturalization prob-
ability, following temperature similarity. Similar patterns have been
observed at regional scales; for example, in New Zealand forests, the
phylogenetic diversity of the donor region was identified as the
strongest predictor of community invasibility22. It is possible that the
global pattern identified by our study partly reflects the fact thatmany
species from mainland regions, usually characterized by high biodi-
versity, have become naturalized on islands, which usually have a low
biodiversity and are highly susceptible to invasions49,50. However, our
analyses indicate that thispatternholds consistently acrossboth island
and mainland regions (Supplementary Fig. 7), suggesting its robust-
ness across different geographical contexts, rather than being solely
attributable to island effects.

Although additional sensitivity analyses confirmed the robustness
of our results, we acknowledge limitations of our study that leave
opportunities for future advancements when more detailed datasets
become available. One limitation is the lack of geographically explicit
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data on species introductions at the spatial resolution of our analysis,
which limited our ability to account for actual naturalization failures of
introduced aliens. As spatially explicit records of alien species intro-
ductions become more widely available51,52, they would help address
this gap and provide better understanding of the factors that deter-
mine species naturalization success. Furthermore, our analysis was
limited by the spatial resolution of available floristic inventory data,
which typically is at the level of administrative regions such as coun-
tries or provinces. This broader scale may overlook finer-scale habitat
differences and ecological interactions (e.g., competition and mutu-
alisms),whichareoften crucial at the community level53. Future studies
could benefit from higher-resolution data to capture these habitat
differences and ecological interactions and investigate how they
influence naturalization success.

As the numbers of naturalized alien species continue to rise2, it
becomes increasingly crucial to understand the global patterns and
mechanisms of species naturalization. By assessing the relationship
between naturalization probabilities and ecological distances between
donor and recipient regions for naturalized alien plants around the
world, we showed that whether species prefer recipient regions that
are similar or dissimilar to their donor regions depends on the ecolo-
gical factor considered. Our results thus underscore the necessity of
considering multidimensional ecological dissimilarities and their
directional aspects, to understand global patterns of species natur-
alization, and improve predictions of regional invasion risk. Notably,
under increasing human disturbance54, climate change55, and trade45,56,
future efforts should focus on the potential spread of species from
high-diversity regions within the same biogeographic zone to low-
diversity regions and rapidly urbanizing areas, which are likely to
emerge as hotspots for global plant naturalization and invasion.

Methods
Donor and recipient distributions of naturalized alien plants
To obtain the donor and recipient distributions of naturalized
alien plants around the globe, we first extracted the list of nat-
uralized alien plant species and the regions in which each of those
species is naturalized from version 2.0 of the Global Naturalized
Alien Flora (GloNAF) database1,57. The GloNAF database includes
~16,000 naturalized alien vascular plant species and covers over
1300 regions (e.g., countries, states, provinces, islands)1,57. The
native distributions (i.e., the donor regions) of these naturalized
alien plants were retrieved from version 3.0 of the Global Inven-
tory of Floras and Traits (GIFT) database using the R package
GIFT v.1.2.058. This database contains the native distributions of
approximately 370,000 plant species across nearly 3400 regions
worldwide58,59. We selected regions present in both GloNAF and
GIFT, and we also merged certain regions from the GloNAF
database to match larger regions in GIFT, and vice versa.

Because regional checklists for non-angiosperms are usually
not as comprehensive as those for angiosperms (i.e., flowering
plants), our study focused on naturalized angiosperms only. As
both GloNAF and GIFT use the World Checklist of Vascular Plants
(WCVP)60,61 as taxonomic reference list, species names in both
databases could be matched directly. We only retained species
names that are accepted in WCVP. Hybrids were excluded from
our analysis, and infraspecific taxa (such as varieties and sub-
species) were assigned to the binomial species level. Further-
more, if GloNAF identifies a species as naturalized in a particular
region, but GIFT indicates it is native to that region, we cate-
gorized the species as native and removed the naturalization
record. We note that our main results remain consistent even if
these species with conflicting status were classified as naturalized
(Supplementary Fig. 8). We excluded naturalized alien plants for
which native distribution data were not recorded in our dataset.
This might be species that are only known from cultivation.

Consequently, our dataset includes the native and naturalized
distributions of 11,604 naturalized angiosperm species across 650
regions globally, covering approximately 85% of the global ice-
free land surface.

Quantification of ecological distances between recipient and
donor regions
To compare the ecological distances between donor and potential
recipient regions of naturalized alien plants, we defined the latter as
all regions outside the species native distribution. These potential
recipient regions encompass regions where the species has suc-
cessfully naturalized as well as those where it has not. For each
naturalized alien plant, we measured the distances between each of
its donor and potential recipient regions as the bidirectional dis-
tances with regard to climate, diversity of the native floras, the
degree of human-induced landscape modification, as well as the
unidirectional distances for composition of the native floras, and
geographical location.

To quantify climatic distances between the donor and potential
recipient regions, we obtained all 19 bioclimatic variables at 10 arc-
minutes resolution from WorldClim version 2.128. Given the colli-
nearity among the bioclimatic variables, we conducted a PCA.
Before the PCA, certain bioclimatic variables, due to their skewed
distributions, were transformed to obtain approximately normally
distributed variables by using the R package normalizer v.0.1.0
(Supplementary Table 1)62. All transformed variables were scaled to a
mean of zero and a standard deviation of one. The PCA was then
conducted based on these standardized bioclimatic variables. The
first two principal component axes (PCTemp and PCPrec) explained
44.42% and 33.25% of the climatic variation, respectively, accounting
for a total of 77.67% (Supplementary Table 1). Higher PCTemp and
PCPrec values indicated warmer, less seasonal temperatures and
wetter, less seasonal precipitation, while lower values corresponded
to colder, drier conditions with stronger seasonality (Supplemen-
tary Table 1). For each potential recipient region of a naturalized
alien plant, the climatic distances to the donor regions were calcu-
lated as the area-weighted mean of pairwise differences in average
PCTemp and PCPrec values. Specifically, we first computed the average
PCTemp and PCPrec values for all grid cells within each region,
including those fully or partially overlapping with the region. To
account for variation in the sizes of donor regions, we used the area
of each donor region as a weight in the calculation of the area-
weighted mean for each recipient-donor region pair. Positive values
of bidirectional distance in PCTemp and PCPrec indicated that the
average climate in the recipient region was warmer, wetter, and less
seasonal than in the species’ donor regions. Conversely, negative
values indicated that the recipient region was colder, drier, and
more seasonal than in the species’ donor regions.

To quantify the distance in the degree of human-caused land-
scape modification, we used the human modification index (HMI) at
1 km2 resolution, which comprehensively assesses the extent of
modification of terrestrial lands due to 13 anthropogenic stressors,
including variables related to human settlement, agriculture,
transportation, mining and energy production and electrical
infrastructure63. HMI ranges from 0 to 1, with increasing values
corresponding to progressively higher degrees of human modifica-
tion of the landscape63. For each potential recipient region of a
naturalized alien plant, the bidirectional distance in HMI was defined
as the area-weighted mean of pairwise differences in the mean HMI
values between the potential recipient region and each donor
region. The mean HMI values for each region were derived from the
average of all grid cells overlapping the region, and the pairwise
differences were weighted by the area of the donor regions. Positive
values indicated that the recipient region exhibited a higher level of
human modification than the donor regions, while negative values
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indicated a lower level of humanmodification in the recipient region
compared to the donor regions.

To calculate the bidirectional distance in diversity of native
floras between potential recipient and donor regions, we assessed
differences in taxonomic and phylogenetic diversity of native floras.
Taxonomic diversity was measured as the number of native species
(i.e., species richness), and phylogenetic diversity was calculated as
Faith’s phylogenetic diversity (i.e., Faith’s PD)64 using the R package
picante v.1.8.265. The native angiosperm flora for each of the 650
regions was obtained from the GIFT database58. For calculating
Faith’s PD, we used the comprehensivemega-phylogeny provided by
the R package GIFT v.1.2.058, encompassing approximately 350,000
angiosperm species. For species absent from the mega-phylogeny,
we incorporated them into the phylogenetic tree manually using the
R package phytools v.2.1.166. Specifically, 33 species were grafted at
the roots of their respective genera. Five species whose genera were
entirely missing were grafted at the roots of their respective famil-
ies. We then pruned the phylogeny to include only the
287,070 species analysed in this study. Given the considerable var-
iation in the area of regions from which naturalized alien plants
originate and the strong association between the floristic diversity
and regional area67, we used area-corrected measures of taxonomic
and phylogenetic diversity for our analyses. Specifically, we first
calculated the area, Faith’s PD, and species richness for each of the
650 regions, as well as the total area, Faith’s PD, and species richness
of all native species within entire native distributions of each nat-
uralized alien plant. So, if a naturalized alien plant is native in ten
regions, we calculated the cumulative area of these 10 regions as
well as Faith’s PD and species richness for the combined flora of
these 10 regions. We then performed log-log linear regressions of
Faith’s PD and species richness against their respective areas,
respectively. The area-corrected phylogenetic diversity and area-
corrected taxonomic diversity were then derived from the residuals
of these regressions (Supplementary Fig. 9). Thus, for a potential
recipient region of a given naturalized alien plant, the bidirectional
distances in biodiversity were calculated by comparing the area-
corrected phylogenetic and taxonomic diversities of the recipient
region to those of the donor region. Positive values indicate that the
potential recipient region has higher phylogenetic and taxonomic
diversities than the native distribution, while negative values indi-
cate lower phylogenetic and taxonomic diversities. Given the strong
correlation between area-corrected phylogenetic diversity and area-
corrected taxonomic diversity (Pearson’s correlation coefficient:
r = 0.98, P < 0.001; Supplementary Fig. 10), we chose to use area-
corrected phylogenetic diversity as our biodiversity metric, because
it offers a more comprehensive measure by incorporating evolu-
tionary history. Additionally, models incorporating area-corrected
phylogenetic diversity had lower AIC values than those using area-
corrected taxonomic diversity (ΔAIC = 787), suggesting that the
effect of phylogenetic diversity is not solely driven by taxonomic
diversity. Nevertheless, results based on area-corrected taxonomic
diversity were consistent with those using area-corrected phyloge-
netic diversity (Supplementary Fig. 4).

To quantify the unidirectional distance in floristic composition
between potential recipient regions and donor regions, we calcu-
lated the taxonomic and phylogenetic dissimilarities of their native
floras. Specifically, we used R package betapart v.1.5.468 to calculate
the Simpson taxonomic dissimilarity and Simpson phylogenetic
dissimilarity, which measure the proportion of shared species and
shared evolutionary branch lengths between two floras,
respectively69,70. These indices are considered robust against dif-
ferences in species richness between regions68. Thus, for each
potential recipient region of a given naturalized alien plant, we
calculated the area-weightedmean of pairwise Simpson’s taxonomic
and phylogenetic dissimilarity indices between the potential

recipient region and each donor region. Both taxonomic and phy-
logenetic dissimilarity values range from 0 to 1, with greater values
indicating fewer shared species and less shared evolutionary branch
lengths between the floras of donor and recipient regions. However,
given the strong correlation between taxonomic and phylogenetic
dissimilarities (Pearson’s correlation coefficient: r = 0.72, P < 0.001;
Supplementary Fig. 10), we chose to present only phylogenetic
dissimilarity in themain text as it may better capture the flora’s long-
term evolutionary adaptations to specific environments. Addition-
ally, the model with phylogenetic dissimilarity had a lower AIC than
the one with taxonomic dissimilarity (ΔAIC = 4069). Nonetheless,
the results based on taxonomic dissimilarity are consistent with
those of phylogenetic dissimilarity presented in the main text
(Supplementary Fig. 5).

For a given naturalized alien plant, the geographical distance of
each potential recipient region to the donor regions was calculated
as the area-weighted mean of the pairwise distances between their
geographical centroids using the R package geosphere v.1.5-1471. We
also calculated the area-weighted mean of the nearest distance
between the geographical boundaries of each potential
recipient region and the donor regions. As the distances between
geographical centroids and regional boundaries were highly corre-
lated (Pearson’s correlation coefficient: r = 0.996, P < 0.001; Sup-
plementary Fig. 10), the main results were consistent when
using distances based on geographical nearest distance (Supple-
mentary Fig. 11).

Statistical analyses
We modelled the naturalization success of an alien plant in a
potential recipient region as a function of the various ecological
distances and geographical distance, using a GLMM. We accounted
for the statistical non-independence of multiple records per region
and per species by incorporating region ID and species ID as random
effects. Given that naturalization success is a binary response vari-
able (naturalization vs. non-naturalization), we used a binomial
distribution for our analysis. Due to the higher number of non-
naturalization cases (zeros) compared to naturalization cases
(ones), we used the complementary log–log link function, which is
suitable for asymmetric data72. All subsequent GLMM analyses used
the same link function and included the same random effects. As
fixed terms, we included linear and quadratic terms of the bidirec-
tional distances of PCTemp, PCPrec, the degree of human modifica-
tion, and the phylogenetic diversity of the native floras, as well as the
phylogenetic dissimilarity of the native floras and the geographical
distance. To visualize the effect of each variable on the probability of
species naturalization, we plotted the predicted partial relationships
between the probability of species naturalization and each distance
metric while holding other variables constant at their mean values.
To facilitate comparisons of the effects of the different ecological
distance variables, we also calculated the standardized coefficients
for each fixed effect.

The above model makes the assumption that each species had
the opportunity to naturalize in each potential recipient region.
However, it could be that a species failed to naturalize in some of
those regions because it has never been introduced there. To
account for this, we also conducted sensitivity analyses using several
subsets of the data. First, because an alien species is more likely to
have been introduced to regions on the same continents where it has
become naturalized, for each species, we restricted the potential
recipient regions to those that are on continents where the species
has become naturalized in at least one region. Second, we assumed
potential recipient regions to include all non-native regions globally,
but restricted the set of species to those that have known economic
uses, because these species are likely to have been introduced to
many regions. From the World Checklist of Useful Plant Species
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(WCUPS)73, we selected naturalized alien plants with economic uses
that previously were found to have strong associations with natur-
alization success74: animal foods, environmental uses, gene sources,
human foods, materials, and medicines. The names of the species in
WCUPS were standardized according to WCVP60,61, resulting in 5730
naturalized alien plants with economic uses. Third, as species that
are widely naturalized most likely were also introduced to more
regions, we restricted the analysis to plants that have naturalized in
at least 10 regions (3001 species) and those that have naturalized in
at least 2 regions (7341 species), corresponding to the 75th and 50th
percentiles of the distribution of the number of naturalized regions
per species, respectively. Moreover, considering the potential
imbalance between the number of regions where naturalization has
succeeded and those where it has failed, we analyzed varying num-
bers of regions with naturalization failures to assess the robustness
of our findings. Specifically, we randomly selected ten, twenty, and
fifty times the number of successfully naturalized regions from
those not yet observed to have naturalization, without exceeding
the total number of non-native regions75. These regions were then
combined with the successfully naturalized regions to identify
potential recipient regions for further analysis. Using these data
subsets, we ran the above GLMMs and calculated the standardized
coefficients for each ecological distance metric (Supplemen-
tary Fig. 6).

We conducted an additional analysis focusing on the natur-
alization of species native to mainland regions on islands and in
other mainland regions (Supplementary Fig. 7). For this analysis, we
restricted the dataset to species with native distributions exclusively
or partially in mainland regions, resulting in a subset of 11,299 nat-
uralized alien plants (representing 97.4% of all species). Islands and
mainland regions were classified according to the definitions pro-
vided in the GloNAF database57. We ran GLMMs separately for nat-
uralization in mainland and island regions to assess how
naturalization probability relates to ecological distance metrics, and
we then calculated the standardized coefficients for each distance
variable.

While differences in the standardized model coefficients pro-
vide useful insights into the relative importance of each ecological
distance, we further complemented this with an additional analysis
using a bootstrap approach implemented in the R package glmm.hp
v.0.1-876,77. This approach estimates variable importance by parti-
tioning the marginal R² attributable to fixed effects, incorporating
both linear and quadratic terms76,77. Both theoretical and delta R²
were calculated (Supplementary Table 3), with theoretical R² values
reported in the main text (Fig. 2b). Given the substantial size of our
full dataset (~6.9 million observations), running glmm.hp on the
entire dataset was not feasible. Instead, we randomly selected 5000
observations for each bootstrap sample. For each sample, we fitted a
GLMM (the model used in Fig. 1), and used glmm.hp to estimate the
combined contribution of the linear and quadratic terms for each
ecological distance. We repeated this procedure 999 times, and the
resulting relative importance distributions were visualized using
density plots and boxplots.

The above GLMMs were constructed using the R package lme4
v.1.1-35.178, and the standardized coefficients (scaled without center-
ing) for the variables were extracted from the corresponding models.
We only used two-sided tests. The predicted relationships between
naturalization probability and each predictor variable were visualized
using the R package ggeffects v.1.5.079. All statistical analyses were
conducted in R v.4.3.380.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study have been deposited in figshare
(https://doi.org/10.6084/m9.figshare.28513706)81. Source data are
provided with this paper.

Code availability
The code for the analyses and figures is available in figshare (https://
doi.org/10.6084/m9.figshare.28513706)81.
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