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Human activities are driving simultaneous native extinctions and alien
naturalizations, reshaping global tree diversity with major implications
for ecosystem structure and function. Here we analysed functional traits

and environmental niches of 31,001 tree species worldwide, comparing
naturalized, threatened and non-threatened species to assess current
patterns and project future shifts under intensified extinction and
naturalization. Future tree-rich ecosystems are projected to become
increasingly dominated by fast-growing, high-resource-use species with
acquisitive traits, while slow-growing, conservative species face greater
extinction risk. Although group means along the main functional axes do
not differ significantly, naturalized species occupy broader functional and
environmental spaces and thrive in colder and more variable climates,
whereas threatened species are more specialized to warm, stable and
nutrient-rich environments, with non-threatened species intermediate.
Projected naturalizations expand local functional diversity, but their
acquisitive strategies could reduce long-term ecosystem stability, while
extinctions cause pronounced contractions of functional and environmental
trait space, especially in climatically variable regions. Overall, our findings
reveal an accelerating global shift towards faster-growing tree communities,
with likely consequences for carbon storage and biodiversity, underscoring
the need to safeguard slow-growing species and limit the dominance of

acquisitive trees.

Trees are fundamental components of terrestrial ecosystems, provid-
ing essential ecological, economic and social benefits. These benefits
include regulating the climate by acting as carbon sinks' and serv-
ing as foundation species by providing habitat and food for diverse
organisms* . However, intensified anthropogenic activities and envi-
ronmental change over recent centuries have altered tree species dis-
tributions, leading to range contraction and elevating extinction risks
formany threatened species’°. At the same time, the introduction and
spread of alien species (for example, naturalized species, a subset of
alien species forming self-sustaining populations in their introduced
ranges)'%" are further reshaping global tree diversity'>". These dynam-
ics can have cascading effects on ecosystem processes and stability'*",
eventhough somealien trees may enhance certain ecosystem functions

and provide benefits to humans'®”. Ultimately, such changes may influ-
ence the capacity of forests and woodlands to provide essential eco-
system services, potentially altering their long-term sustainability®'5"°,

Although naturalized and threatened species follow contrasting
ecological trajectories®®”, they also share key similarities. Both are
subject to distributional constraints that limit their fitnessin novel and
changing environments? %, and both are strongly influenced by human
activities. Naturalized species often benefit from human-mediated
dispersal and disturbance, enhancing their ability to establish and
spread, while threatened species typically face range contractions and
elevated extinction risks under similar pressures. Given these shared
constraints but divergent outcomes, we hypothesize that natural-
ized and threatened tree species will occupy distinct functional and
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environmental niches, reflecting differences in trait strategies and
ecological tolerance®***, Specifically, we expect that (1) naturalized
species will occupy broader functional trait and environmental spaces
characterized by acquisitive strategies (for example, fast growth and
high resource use) and arelatively wide climatic tolerance”-?, whereas
(2) threatened species will be more functionally conservative (for exam-
ple, slow growth and specialized traits)” and occur in narrower environ-
mentalniches (for example, warm, stable and resource-rich regions)**?.

The intensification of global change, including land-cover trans-
formation, climate change and other anthropogenic pressures, may
involve theintroduction of many species to new areas””, while simul-
taneously driving population declines and potential extinction within
native ranges®*°. These dual processes of alien species expansion
and native species loss contribute to the taxonomic homogeniza-
tion of ecological floras® **. However, the effects of these changes on
the functional composition of the global tree flora and where these
shifts are likely to occur remain unclear®*>°. We predict that future
assemblages will (1) become increasingly dominated by fast-growing,
generalist species, particularly in climatically variable or colder envi-
ronments; and (2) experience disproportionate losses of functional
and environmental diversity due to extinctions in climatically stable
regions, thereby narrowing the overall trait space. These projected
changes are likely to compromise the resilience and functional integrity
of forest ecosystems. Recognizing how alien expansions and native
extinctions reshape functional composition is crucial for modelling
invasionimpacts and informing conservation priorities. In particular,
identifying the combinations of environmental conditions and eco-
system states that favour alien species establishment, as well as those
that exacerbate native species loss, will help guide the formulation of
effective measures to protect ecosystems at risk®” >,

Here we assess global differences in functional trait and environ-
mental spaces between naturalized alien and threatened native tree
species. We define threatened species according to the International
Union for Conservation of Nature (IUCN) categories, and natural-
ized species as those establishing self-sustaining populations out-
side their native ranges after human introduction*%*, Specifically,
we examined the functional traits and environmental trait spaces of
three mutually exclusive species groups—naturalized, threatened and
non-threatened—by analysing eight key leaf, wood and seed traits*?
(Supplementary Table 1) and 49 species-specific environmental
parameters*’ (Supplementary Table1) for tree species globally. Using
principal component analysis (PCA) and multivariate kernel density
estimations (trait probability density, TPD***), we quantified the func-
tional and environmental spaces occupied by each group of species.
Ofthe 31,001 (53.6% of known) tree species examined, 1,633 were clas-
sified as aliens naturalized somewhere in the world'*"*¢, while 9,529
species were identified as threatened, falling under the IUCN Red List
Categories of critically endangered (CR), endangered (EN) and vulner-
able (VU)* and supplemented by Bachman et al.**. The remaining 19,839
species were categorized as non-threatened (Supplementary Fig. 1).

Wessimulated future scenarios of species naturalization and extinc-
tionto evaluate the resulting shifts in the occupation of functional and
environmental spaces. For the naturalization scenario, we identified
potential candidates for future naturalization from the pool of cur-
rently non-threatened species (n =19,839) by assessing their expo-
sure to recent rates of changes in nine major anthropogenic drivers,
including climate change, fire and cropland expansion”®, together
with their economic uses by humans, a key global predictor of plant
naturalization*>*°, For each species, exposure values were extracted
from global spatial layers describing the intensity of these pressures,
and a composite similarity score was calculated by comparing each
non-threatened species’ exposure and use profile with that of already
naturalized species. Inreclassifying species as future naturalized spe-
cies, we assumed that ongoing or accelerating global change may drive
similar ecological responses. This scenariois exploratory and does not
imply that all such species will inevitably become naturalized; rather it
identifies those most likely to do so under continuing anthropogenic
pressures. For the extinction scenario, we reclassified the remaining
non-threatened species after the previous step and threatened species
probabilistically according to IUCN-Red-List-category-specific extinc-
tion probabilities***, thereby generating a range of plausible future
assemblages. We applied both scenarios to the global tree dataset to
project potential reorganizations of functional and environmental
trait spaces. Scenario outcomes were quantified as differencesin TPD
distributions between current and future conditions. This enabled us
toassess both the direction and magnitude of projected shifts in func-
tional and environmental space occupancy, providing afoundation for
anticipating species at risk of extinction or with high naturalization
potential and for identifying geographic regions likely to experience
future changes in species composition.

Results

Functional and environmental characteristics of tree species
worldwide

Thefirsttwo axes of the PCA for functional space explain 60.5% of the vari-
anceintraits (40.7% for PCland 19.8% for PC2; Fig.1aand Supplementary
Table 2). PClcaptures the plant economics spectrum®>*, where positive
scoresindicate anacquisitive strategy (fast growth and high resource
use rates) and negative scores indicate a conservative strategy (slow
growth and resource conservation). PC2 reflects size-related traits,
with higher scores corresponding to larger leaf sizes. This functional
PCA aligns with the classic global spectra of plant form and function®?,
and similar findings have been observed in other tree trait analyses®*.
Across the naturalized, threatened and non-threatened species groups,
none of the means of the first two PCs showed a significant difference
(Supplementary Table 4; phylogenetic-corrected analyses of variance
(ANOVAs), P> 0.05), as species tend to cluster around the middle of
the PCA space. However, naturalized species span a broader range
alongboth axes than threatened and non-threatened species (Fig. 1a).
Threatened species tend to exhibit amore conservative strategy, with

Fig. 1| Functional and environmental spaces of tree species. a,b, Functional
(a) and environmental (b) spaces of 31,001 tree species analysed in this

study based on PCA of eight functional traits and 49 environmental variables
(see Supplementary Table1for adescription of each variable). The species
were categorized as naturalized (n =1,633), non-threatened (n =19,839) and
threatened (n=9,529) (Supplementary Fig. 1), represented as blue, grey and
red open points, respectively. The centroids of each species group are shown
asclosed pointsin the corresponding colours. The numbers and percentages
ineach corner represent the species count and its corresponding proportion
relative to the total number of species in the respective group for that specific
quadrant. The density plots along the first and second PCsillustrate the
distributions of species PC scores for the three groups, with different letters
indicating significant differences based on phylogenetically corrected ANOVAs
(P<0.05; Supplementary Table 4). In the functional space (a), the PC1 axis

represents the leaf economic spectrum, while the PC2 axis represents the

size spectrum (Supplementary Table 2). In the environmental space (b), PC1
represents a thermal gradient, with higher values indicating species adapted
towarm and stable temperatures and lower values indicating species adapted
to cold and variable temperatures; PC2 represents a gradient of water and
nutrient availability, with higher values indicating species adapted to dry and
nutrient-poor conditions and lower values indicating species adapted to moist
and nutrient-rich conditions (Supplementary Table 3). For both aandb, only
variables showing strong correlations (=0.75) with each of the first two PC axes
areshown.Ina, SLA, specific leaf area; leafN, leaf nitrogen content; LA, leaf area;
WDensity, woody density; LDMC, leaf dry matter content. Inb, variables strongly
correlated with the PC1 axis were randomly selected to facilitate visualization.
The detailed descriptions of the abbreviations of environmental variables are
provided in Supplementary Table 1.
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55.6% positioned in the conservative (negative) half of the PC1 axis,
whereas naturalized species, on average, show amore acquisitive strat-
egy (55% in the positive half). In terms of size (PC2), all three groups
tend to be characterized by small leaves, with 62.6%, 54.2% and 53.1%
of naturalized, threatened and non-threatened species, respectively,

@ Functional space

falling into this category. Notably, 40.8% of naturalized species occupy
the quadrant combining an acquisitive strategy with small leaf size—
approximately 2.7 times more than those in the acquisitive large-leaf
quadrant and 1.8 times more than in the conservative-strategy quad-
rats. In contrast, threatened and non-threatened species are more
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Fig. 2| Shifts of the occupied functional and environmental PC spaces
between current and future projection scenarios, represented as the
occupied space in the 0.99 quantile distribution (representing the existing
trait and environmental boundaries at the global scale) for each of the three
tree groups. a-f, The ratio (in percentage) between the occupied space of
eachgroup and the spaces of total species is shown. For both the best-case and
worst-case extinction scenarios, the pointsindicate the corresponding values
ofthe 100 simulations, and the open black circles indicate the mean values
ofthe simulations. The current value and the mean of the 100 simulations of
future functional and environmental spaces for each species group are shown in
Supplementary Fig. 2.

evenly distributed across the functional PCA space, although they
also have fewer species in the acquisitive large-leaf quadrant, similar
to naturalized species.

The first two axes of the PCA for environmental space explain
66.8% of the variance in environmental variables (40.2% for PC1 and
26.5% for PC2; Fig. 1b and Supplementary Table 3). PC1 primarily
captures the thermal regime and its variability, with positive scores
reflectingwarmand stable climates (for example, higher annual mean
temperature and minimum temperature of the coldest month) and
negative scores reflecting colder, more fluctuating environments
(for example, higher temperature annual range and temperature sea-
sonality). PC2 represents precipitation patterns and soil quality, with
positive scores indicating dry, nutrient-limited conditions and nega-
tive scoresindicating moist, nutrient-richenvironments. Naturalized
species span a broader range along the environmental PC1 axis than
the other two groups. They are more frequently found in colder and
morevariable climatesindrier and nutrient-limited regions than threat-
ened species, which are commoninwarmer, moister and nutrient-rich
environments (Fig. 1b and Supplementary Table 4; P< 0.05). In con-
trast, non-threatened species display a more even distribution in the
environmental space, withaslight preference (58.2%) for warmer and
more stable environments.

Composition dynamics of tree functional and environmental
spaces

We applied discriminant analysis of principal components (DAPC) to
identify 771 of the 19,839 non-threatened species with responses similar
to those of currently naturalized species, suggesting their potential
future naturalization (Supplementary Table 6). The analysis explained
64% of the model variation, with species’ responsesto fire and cropland
expansion and their economic uses by humans being the three most

significant contributors (Supplementary Table 5). Meanwhile, we simu-
lated two future extinction scenarios for the remaining non-threatened
(thatis, 19,068) and threatened species using an IUCN-category-based
extinction probability method®**. These scenarios represent best- and
worst-case outcomes by applying lower or higher extinction risk prob-
abilities for threatened (0.1and 0.999, respectively) and non-threatened
(0.0001 and 0.01, respectively) species. The simulations estimated
that 2,986 species would go extinct under the best-case scenario and
6,028 species under the worst-case scenario. Consequently, the pro-
jected future species pool consists of 2,404 naturalized species, 3,576 or
6,568 threatened speciesand 18,993 or 19,043 non-threatened species
under the worst-case and best-case extinction scenarios, respectively
(Supplementary Fig.1).

PCAs of functional traits and environmental variables under the
projected naturalization and extinction scenarios revealed distinct
shiftsin trait space occupancy (Supplementary Fig. 2). For naturalized
species, the proportion of occupied space inboth functionaland envi-
ronmental PC spacesis projected toincrease from40.2% to 46.6% and
from 60.5%t0 69.1%, respectively (Fig. 2a,d). In contrast, the PC spaces
occupied by threatened and non-threatened species are expected
to shrink due to species extinctions (Fig. 2b,c,e,f). This reduction is
particularly pronounced for threatened species, with both functional
and environmental spaces predicted to contract by approximately
14% under the worst-case scenario (Fig. 2¢,f). Non-threatened species
showed asmaller (-1.5%) decrease in both PC spaces (Fig. 2b,e).

In addition to changes in PC space occupancy of each category,
the projected future scenarios caused notable shifts in both func-
tional and environmental spectra, as revealed by overlapping cur-
rent and projected probability densities for all tree species. Both the
worst-case projection scenario (Fig. 3) and the best-case scenario
(Supplementary Fig. 3) showed broadly consistent patterns, despite
some differences in PC space occupancy for threatened species
group (Fig. 2). The shifts in functional spectra were asymmetrical,
with greater reductions in the conservative portion of the PC1 axis
(left) and a concomitant increase in the acquisitive half (Fig. 3a).
Despite relatively stable dissimilarities and high shared proportions
between the three species groups under current and future projected
scenarios (Supplementary Fig. 4a-c,m-o0), these changes suggest
that the projected naturalized species cannot fully compensate for
the functional losses caused by the projected extinctions, and vice
versa. A similar pattern emerged in the environmental space, with
marked increasesin species associated with either warm, stable, moist
and nutrient-rich conditions or dry, nutrient-poor regions, alongside
reductions in the colder, more variable environments (Fig. 3b). An
increase in the non-overlapping areas (Supplementary Fig. 4k) in the
environmental space between current and future projected scenarios
resultedin ~10% reductionsin dissimilarities between the naturalized
and non-threatened species groups as well as the naturalized and
threatened species groups (Supplementary Fig. 4d,e). This indicates
a substantial contraction of the environmental space due to the pro-
jected extinction of currently threatened and non-threatened species,
and an extensive expansion of the environmental space occupied by
projected naturalized species, with those contractions and expansions
occurring predominantly in divergent environmental regions (Fig. 3b).

Discussion

Human activities are reshaping tree communities worldwide through
the simultaneous extinction of native species and expansion of alien
species, leading to significant shifts in functional traitand environmen-
tal spaces. Ourresultsindicate that future tree-rich ecosystems (that s,
ecosystems where trees play an ecologically prominent role—through
either structural dominance or functional importance) could be
increasingly dominated by species with acquisitive traits, characterized
by rapid growth, shortlifespans and rapid return of sequestered carbon
to the atmosphere®, while slow-growing, conservative species face
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Fig. 3| Shifts in functional and environmental spectra. a,b, Shifts in functional
(a) and environmental spectra (b), expressed as changes in kernel density
estimates (thatis, TPDs), for tree species between the current state and the worst-
case projected future scenario (that is, changes of species pools). Red tones
indicate regions where TPD values decrease (that is, those traits or environmental
preferences become less frequent in the future), while blue tones indicate areas
where TPD values increase, indicating traits or environmental preferences that
are expected to become more prevalent. The dashed contour lines represent the
0.99 quantile of the current functional and environmental space, delineating the
existing boundaries of trait and environmental preferences at the global scale.
Detailed explanations of each PC are provided in Fig. 1. The worst-case projected
future scenario was simulated by applying different extinction probabilities to
non-threatened and threatened species that were classified as data deficient (DD)
and not evaluated (NE) by IUCN; that is, non-threatened species were assigned
probabilities corresponding to near threatened (NT), and threatened species
were assigned probabilities corresponding to CR.

heightened extinction risks. Naturalized species, typically generalists,
exhibit abroader range of functional strategies, allowing them to thrive
across diverse environmental conditions, particularly in colder and
more variable climates (Supplementary Fig. 5a). In contrast, threatened
tree species are primarily confined to warm, stable and nutrient-rich
environments (Supplementary Fig. 5b), making them highly vulnerable
to habitat disturbances and climatic fluctuations. Together with our
future projections, this suggests that, as naturalized species continue

to establishin new regions, they will drive an expansion of acquisitive
trait dominance, yet thisincrease will not compensate for the functional
and environmental losses caused by species extinctions. These find-
ings highlight the complex shiftsin tree biodiversity driven by human
activities, emphasizing the urgent need for not only the mitigation of
the dominance of acquisitive alien species but also the protection of
functionally distinct, slow-growing native trees to maintain ecosystem
processes and resilience.

Because of their contrasting fortunes, naturalized alien and threat-
ened species are often assumed to be distinct?>*>. However, despite
clear differences in geographic ranges and human economic uses
(Supplementary Fig. 6), our results revealed no significant differ-
ences in the average functional PCs between these groups. Despite
being currently outnumbered by threatened and non-threatened
species, naturalized alien tree species spanned abroader range of func-
tional strategies, enabling them to survive in diverse environments.
This is further reinforced by their economic utility, which facilitates
human-assisted spread (that is, relatively high introduction effort in
temperate regions)*****, and their broader environmental tolerances’®,
leading to larger geographic distributions—especially in variable cli-
mates” and frequently disturbed habitats***°. However, naturalized
species are less frequently found in warm and stable climates with
moist and nutrient-rich conditions, probably due to the strong biotic
resistance of native species®®*?and relatively low propagule pressure
in these areas'”". We also found a higher proportion of naturalized
species adopting anacquisitive strategy, particularlyamong those with
smallleaves (40.8% of the total naturalized tree species). Consequently,
the naturalization of tree species is shaped by a combination of high
human affiliation, large environmental niches, high tolerance to diverse
conditions, and fast economic traits and life cycles.

In contrast, both threatened and non-threatened tree species
displayed very similar functional strategies, although threatened
species exhibited aslightly narrower functional range and atendency
towards more conservative strategies. Threatened species also inhabit
regions with less climate variability, particularly moist, nutrient-
rich regions?, such as eastern Madagascar and Central America
(Supplementary Fig. 5b). These species, often endemicto tropical and
subtropical regions (for example, tropical moist broadleaf forest®’),
face high competition for resources and thus adopt conservative
traits®*®, characterized by thick leaves, high wood density, slow growth
and self-compatibility. Threatened tree species have narrower environ-
mental niches, lower tolerance to environmental change and special-
ized habitat adaptation®*>,

Under projected scenarios of naturalization and extinction, the
functional and environmental spaces occupied by tree species showed
notable shifts in both extent and intensity. Importantly, these shifts
areasynchronous: the expansion of naturalized species does not fully
compensate for the loss of functional and environmental space result-
ing from species extinctions. Future naturalized tree species are more
likely to exhibit acquisitive strategies and have small leaves, whereas
species at greater risk of extinction tend to possess more conservative
traits and are concentrated in moist, nutrient-rich and climatically
variableregions. Unlike present trends, future naturalized tree species
may increasingly establish in warmer and relatively stable climates. This
shift probably reflects broader environmental tolerances or intensi-
fied anthropogenic impacts, such as increased human-facilitated
dispersal, habitat modifications and climate change®**°*, While
present-day naturalized species span colder and more variable environ-
ments (Fig. 1b), the projected environmental shifts (Fig. 3b) indicate
that future tree assemblages will become increasingly dominated by
species associated with warm and climatically stable regions. This
transitionreflectsboththeloss of cold-adapted threatened taxaand the
continued expansion of generalist or warm-tolerant naturalized spe-
cies. However, the potential loss of endemic species, particularly within
tropical and subtropical biodiversity hotspots (Supplementary Figs. 7
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and 8), remains a critical concern”®*>¢¢, Although some losses from
potential extinctions in trait space might be occupied by newly natu-
ralized species, such replacements could further endanger native
specialists in these regions®. An important caveat here is that our
projectionsrely on currently naturalized species as proxies for future
naturalizations. This assumes some continuity in the traits associated
with naturalization success. However, the naturalization of trees is
typically aslow, time-lagged process, and currently naturalized species
may disproportionately represent fast-establishing, human-associated
taxa*”*. In contrast, species with slower demographic strategies may
stillbein the lag phase of naturalization and thus underrepresented**’.
Nevertheless, giventhe inherently slow spread of suchwoody species,
they are unlikely to substantially influence functional compositionin
the near future’®”,

Ourresultsindicate that future tree-rich ecosystems may become
more dominated by functionally acquisitive species characterized
by rapid growth, high resource uptake and short lifespans®>*>, While
the extent of these shifts is unknown, they could potentially enhance
primary productivity and nutrient cycling efficiency in the short
term but might also reduce ecosystem stability®>’? and compromise
long-term carbon storage, as fast-growing acquisitive species tend to
have low resilience to stress and resource limitation’”*. The decline
of conservative species, which are critical for maintaining ecosys-
temresilience and long-term services®, highlights the importance of
anticipating and mitigating the ecological consequences of trait-based
shifts. Active management strategies, such as replanting locally extinct
species, restoring functional megafauna”~’” and controlling invasive
species, can help buffer these impacts. By facilitating seed dispersal
and establishment of conservative tree species and reducing the domi-
nance of acquisitive alien species through targeted disturbances’”’,
such interventions can counteract the homogenizing influence of
naturalizations. Ultimately, these efforts support ecosystem functions
dependenton conservative traits®®, thereby enhancing biodiversity and
promoting long-term ecosystem stability and resilience.

While our results show significant shifts in functional trait and
environmental space due to projected tree species naturalization and
extinction, they do not imply that all predicted events will necessar-
ily occur. Both naturalization and extinction are driven by complex,
occasional and often unpredictable processes™ >, particularly given
the relatively slow growth rates and long life cycles of tree species.
Our binary classification of naturalization and extinction status may
oversimplify nuanced ecological dynamics underlying these processes.
Naturalization success can also be represented by metrics such as the
area occupied or the number of regions colonized*’ while extinction
risk may be better captured by measures of functional extinction®.
Moreover, naturalization and extinction are not always mutually exclu-
sive; for instance, Pinus radiata is narrowly distributed in its native
range around the Californian coast but has naturalized extensively
worldwide®”. Despite these simplifications, our findings aim to illus-
trate potential future trends under a relatively conservative scenario
for both naturalization and extinction (particularly given that the
analysis includes only 53.6% of known tree species)*” and assuming
continued species exchange and ongoing changes in habitat condi-
tions. In addition, our analysis is generally scale-free, as we did not
incorporate spatial information. This is because the species-specific
traitsand environmental variables we used are based on mean values—
representing theoretical optima—across a species’ entire distribu-
tion range. While this approach overlooks intraspecific variation and
local adaptation (particularly across native and introduced ranges for
naturalized species), it remains widely applied in global-scale analyses
where data availability is limited****. Consequently, our findings may
differ from those of other studies” that show that naturalized alien
species tend to be more acquisitive and occur in nutrient-rich sites.
The scale-free nature of our analysis also prevents us from assessing
the potential impacts of projected naturalization on native species, in

particular threatened species that co-occur in the same ecosystems.
Future studies at finer scales, complemented by experimental and
standardized field-based approaches, and expanded global functional
trait datasets are therefore needed to better understand the potential
ecological consequences of tree species naturalization and extinction.

Our findings reveal that the concurrent processes of tree natu-
ralization and species extinction are reshaping the global functional
and environmental diversity of trees. Future tree-rich ecosystems are
projected to be increasingly dominated by acquisitive species—char-
acterized by rapid growth, high resource uptake and short lifespans—
while slow-growing, conservative species face elevated extinction risks.
This shift, accompanied by atendency towards species associated with
warmer and more stable climates (Fig. 3), may enhance short-term pro-
ductivity and nutrient cycling but at the expense of long-term carbon
storage and ecosystem stability. The projected expansion of natural-
ized species will not fully offset the loss of functionally and climatically
distinct native trees, leading to an overall contraction of functional
and environmental spaces. These trends highlight the urgency of
proactive conservation and restoration strategies that both safeguard
slow-growing, stress-tolerant species and curb the dominance of highly
acquisitive alien species’”*°. Maintaining broad functional and climatic
diversity amongtree species will be essential for sustaining ecosystem
resilience and biodiversity in a rapidly changing world.

Methods

Data collection

Weidentified global tree species from previous published literature
Forthesespecies, eight functionaltraits, including five leaf traits, one seed
traitand twowhole-planttraits (see Supplementary Table 1for the details)
were obtained from Guo et al. and Xu et al.*>®, These traits were initially
extracted from major trait databases, including TRY (https://try-db.
org/TryWeb/Home.phpref.87), TOPIC®***°and BIEN (http://bien.nceas.
ucsb.edu/bien/refs. 91,92). Missing values were imputed using Bayesian
hierarchical probabilistic matrix factorization (BHPMF), a robust and
recommended gap-filling technique for functional trait studies®®*.
Although functionaltrait datawere available for only 11,659 species with
at least one recorded trait, with measured values covering 6.67-26.1%
of traits (Supplementary Table 1), the BHPMF imputation achieved a
relatively low root mean squared error of 0.087, indicating robust perfor-
mance and highimputation accuracy. Thisreliability is supported by the
strong phylogeneticsignalsinall eight traits (Pagel'sA ranging from 0.602
to 0.954)**%¢, We also extracted species’ environmental requirements
from the Tree Globally Observed Environmental Ranges (TreeGOER*)
database. This database provides information on the environmental
requirements on 38 bioclimatic, 8 soil and 3 topographic variables (see
Supplementary Table1for the details) for 48,129 tree species. Although
TreeGOER provides several summary metrics for each environmental
variable (forexample, mean, median, minimumand maximum), they are
highly correlated. Therefore, only the mean values were used for further
analysisto avoid redundancy. This studyincludes the 41,835 tree species
that have data on both functional traits and environmental preferences
for the following steps.

We aligned these tree species to the Global Naturalized Alien
Flora database'**® to identify existing naturalized species, and 1,633
records were matched. We classified the conservation status of the
remaining species according to the [IUCN Red List* and the Global-
TreeSearch database®. Specifically, species classified as CR, EN or
VUwere considered threatened, while NT and least concern (LC) were
considered non-threatened. For species classified as DD or NE, we
updated their status following Bachman et al.*®, who used Bayesian
additive regression trees to predict the extinction risk (threatened
versus non-threatened) of angiosperms using multiple species char-
acteristics (for example, range size, human footprint and climate).
Accordingly, the 15,067 species classified as DD or NE were classi-
fied asnon-threatened (6,383 species) or threatened (5,342 species).

42,84,85
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We excluded species that have no informative IUCN conservation
status and/or have low confidence (that is, predictions outside the
95% credible interval) of estimation in the predicted database. This
processresulted inatotal of 31,001 species being included in further
analyses, with1,633,19,839 and 9,529 species classified as naturalized,
non-threatened and threatened, respectively. The current distribution
of naturalized tree species is broad but shows concentrationsin north-
easternand Central America, most of Europe and southeastern China.
In contrast, threatened tree species are predominantly distributed
intropical regions, with notable hotspotsin Madagascar and Central
America (Supplementary Fig. 5).

Identifying species with potential for future naturalization or
extinction

Toidentify potential naturalized species from non-threatened species,
we applied DAPC using the adegenet package (v.2.1.10)” inR%. DAPC is
amultivariate statistical method that combines PCA and discriminant
analysis to identify clusters of related candidates”. The analysis used
non-threatened and naturalized tree species’ exposure to changes in
major threats over a 20-year period (2000-2020) as input, including
the percentage of each species’ range burned, deforested, converted to
cropland or urbanized, with tree cover decline per year as well as yearly
changes in minimum and maximum temperature, precipitation and
vapour pressure deficit within each species’ extent®®, We also included
two key predictors of naturalization: species’ human economic uses
and native range size*>*°. PCA was first performed on these collected
metricstoreduce data dimensionality, and the resulting components
were used as input for discriminant analysis to maximize differences
between naturalized and non-threatened species while minimizing
within-group variation. Three DAPC models were developed with step-
wise inclusion of the change rates, human economic uses and native
range size. The model incorporating change rates of major threats and
humaneconomicuses performed best, with 64% of the total variation
explained. Non-threatened speciesidentified as naturalized by DAPC
were classified as potential naturalized species, resulting in 771 species
being projected as naturalized.

To simulate future extinction, probabilities of extinction were
assigned to both remaining non-threatened and threatened species
according to their IUCN categories***: 0.0001 for LC, 0.01 for NT, 0.1
forVU, 0.667 for ENand 0.999 for CR. For the 15,067 species classified as
non-threatened or threatened, two extinction scenarios were applied:
(1) abest-case scenario, where non-threatened species were treated as
LC and threatened species as VU; and (2) a worst-case scenario, where
non-threatened species were treated as NT and threatened species as CR.
Foreachscenario, the expected number of extinctions was calculated for
eachIUCN category, and species were randomly selected for extinction
accordingly. This process was repeated 100 times to account for uncer-
tainty in predicting which species might go extinct. Under the projected
futurescenario (Supplementary Fig.7), naturalized species are more likely
tooriginate fromtropical areas, particularly parts of Africaand Malaysia
(Supplementary Fig. 8a). This pattern may reflect the current underrepre-
sentation of tropical regions as donors of naturalized species”, the appeal
of charismatic tropical species for introduction*>*°® and increasing
global connectivity between tropical and non-tropical regions’. Potential
extinctioneventsare projected to occur primarily inregions that already
host high numbers of threatened species (Supplementary Fig. 8b,c).

Data analysis

We performed several PCAs on the scaled functional traits and envi-
ronmental spaces of all 30,983 species using the function PCA from
the R package FactoMineR (v.2.11)'°°. The first two PC axes, together
explaining over 60% of the total variation (Supplementary Tables 2
and 3), were used to construct two-dimensional functional and envi-
ronmental spaces for global tree species, following the approach of
Carmona et al.**. To assess whether the three species groups differ in

functional traits and environmental spaces, we conducted phyloge-
netically corrected ANOVAs using the phylANOVA function from the
R package phytools (v.2.3.0)'° on the scores of the first two PCs, with
aspecies-specific phylogeny of trees*.

To analyse the occupied areas of the three species groups within
the functional trait and environmental spaces under current and
projected future scenarios, we estimated the probabilistic distribu-
tion of species across these spaces using multivariate kernel den-
sity estimations implemented in the R packages TPD (v.1.1.0)* and ks
(v.1.14.3)'°>1%%_Each functional and environmental space was divided
into 40,000 cells (200 per dimension), and the TPD value was esti-
mated for each cell. The TPD value of acell reflects the relative density
of species in that part of the space compared to the total number of
species, representing areas where species share similar functional
traits or environmental preferences. For future functional trait and
environmental spaces of non-threatened and threatened species, the
mean TPD value per cell was calculated across the 100 randomizations
and used for visualization.

The area occupied by each species group, and by all species col-
lectively, was quantified at the 99% quantile threshold within the
functional and environmental spaces to minimize the influence of
potential outliers. This estimation was conducted for both current
scenarios and allrandomizations of future scenarios. To assess changes
between current and future conditions, we calculated the ratio of the
area occupied by each species group to the total area. We also com-
puted overlap-based dissimilarity and its decomposition (shared versus
non-shared area) among each pair of the three species groups across
scenarios, following the methodology described in Carmona et al.*.
Furthermore, we quantified changes in the functional and environ-
mental spectra under future scenarios by estimating the differences
inoccupied space of each species group. Specifically, for each group,
we calculated theimpact of simulated naturalization and extinction by
subtracting, for each cell, the TPD value under future scenarios from
the corresponding value under current conditions. Positive and nega-
tive values indicate increases and decreases in the relative density of
speciesin each cell, respectively. For non-threatened and threatened
species, these differences were averaged across all randomizations to
generate mean changes for visualization.

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

Data availability

Thedatathatsupportthefindings of this study areavailable via GitHub at
https://github.com/kun-ecology/global_tree.fun-env.space and are mir-
roredonZenodoat https://doi.org/10.5281/zenod0.17662284 (ref.104).
The trait data were obtained fromref. 42, and the environmental data
were extracted from ref. 43.

Code availability

R scripts for reproducing the analyses and figures are available
via GitHub at https://github.com/kun-ecology/global_tree.fun-
env.space and are mirrored on Zenodo at https://doi.org/10.5281/
zeno0do.17662284 (ref.104).
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Design type Indicate task or resting state, event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI |:| Used D Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based  [_| Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| I:' Graph analysis

|:| I:' Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis | Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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