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Evolutionary imbalance, climate and 
human history jointly shape the global 
biogeography of alien plants

Trevor S. Fristoe    1  , Jonas Bleilevens1,2, Nicole L. Kinlock1, Qiang Yang    1,3, 
Zhijie Zhang    1, Wayne Dawson    4, Franz Essl5, Holger Kreft    6,7, Jan Pergl    8, 
Petr Pyšek8,9, Patrick Weigelt    6,7, Jean-Marc Dufour-Dror14, 
Alexander N. Sennikov    10, Pawel Wasowicz    11, Kristine B. Westergaard    12 & 
Mark van Kleunen    1,13

Human activities are causing global biotic redistribution, translocating 
species and providing them with opportunities to establish populations 
beyond their native ranges. Species originating from certain global regions, 
however, are disproportionately represented among naturalized aliens. 
The evolutionary imbalance hypothesis posits that differences in absolute 
fitness among biogeographic divisions determine outcomes when biotas 
mix. Here, we compile data from native and alien distributions for nearly 
the entire global seed plant flora and find that biogeographic conditions 
predicted to drive evolutionary imbalance act alongside climate and 
anthropogenic factors to shape flows of successful aliens among regional 
biotas. Successful aliens tend to originate from large, biodiverse regions that 
support abundant populations and where species evolve against a diverse 
backdrop of competitors and enemies. We also reveal that these same native 
distribution characteristics are shared among the plants that humans select 
for cultivation and economic use. In addition to influencing species’ innate 
potentials as invaders, we therefore suggest that evolutionary imbalance 
shapes plants’ relationships with humans, impacting which species are 
translocated beyond their native distributions.

Geographic imbalances in the origins of alien species that success-
fully establish populations beyond their native distributions (hence-
forth naturalize1) have long been recognized2. Asymmetric patterns 
of exchange are becoming increasingly clear3–5 as species translo-
cations continue unabated and information on alien distributions 
accumulates6,7. Despite such long-standing interest, the mechanisms 
driving the imbalanced biogeography of invasions have yet to be dis-
entangled at the global scale. Recent work has shown that disparities 
in naturalization among plants originating from different geographic 
regions persist when accounting for introduction biases4, suggesting 

a role of eco-evolutionary context in addition to anthropogenic fac-
tors. Indeed, similar imbalances have characterized many natural 
biotic interchanges throughout Earth’s history2,8,9. To explain such 
patterns, Charles Darwin suggested that geographic barriers (for 
example, oceans for terrestrial species), in effect, divide the Earth’s 
biota among various evolutionary arenas. The unique biogeographic 
conditions experienced by each regional biota influence the intensity 
of natural selection, resulting in differences in absolute fitness and, 
consequently, species’ capacities to establish in new regions when 
barriers are removed2.
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on this metric). While the consequences of evolutionary imbalance 
are often framed in terms of fitness differences between native and 
potential alien species10, we use our metric of naturalization success 
to compare evolutionary imbalance among potential donor regions. 
All else being equal, we expect aliens originating from large, biodiverse 
and stable native regions to be more likely to overcome biotic resistance 
and establish naturalized populations.

Global naturalization success varied greatly among biogeographic 
syndromes (Fig. 1a), with a clear tendency towards higher success for 
species from multi-continental syndromes (59% of species with native 
distributions spanning three or more continents were naturalized). 
Continental endemic syndromes, in contrast, have donated relatively 
few naturalized species globally (only 2% of species native to a single 
continent were naturalized). Our results also show that biogeographic 
syndromes defined by combinations of the ‘Old World’ continents of 
Africa, Europe, and temperate and tropical Asia have been particularly 
successful at donating naturalized alien species. For example, nearly 
90% of the almost 500 species with distributions spanning all four of 
these continents have become naturalized. While previous studies 
have suggested that Europe and temperate Asia have been the largest 
donors of successful alien plants3, our assessment of biogeographic 
syndromes clarifies that the apparent success of these continents is 
driven by species that span the interconnected Afro-Eurasian landmass.

Biogeographic drivers of naturalization
The greater naturalization success of species with multi-continental 
biogeographic syndromes suggests provisional support for the geo-
graphic area mechanism of the EIH. Nevertheless, to explicitly test 
whether the patterns in Fig. 1a are consistent with predictions based 
on evolutionary imbalance, we measured key characteristics of the 
native distributions of the species classified to each biogeographic 
syndrome. To correspond with our metrics of naturalization success, 
we measured distributional characteristics first at the species level and 
then aggregated to the scale of biogeographic syndromes (Methods). In 
line with long-standing interest in understanding geographic imbalance 
in the origins of naturalized plants dating back to Darwin2, this approach 
allowed us to determine where successful aliens come from, as well as 
the biogeographic features of these regions. One limitation, however, 
is that aggregation ignores the sometimes substantial differences in 
distributions among species assigned to the same biogeographic syn-
drome. We therefore performed an additional set of complementary 
analyses of naturalization success at the species level (see ‘Evolutionary 
imbalance and human use’). Data on the species’ native distributions 
were compiled across 367 global regions that are commonly used to 
define plant distributions—the finest resolution available for such a 
complete set of species (n = 336,245)26–30. Native-range characteristics 
included estimates of the geographic area of all regions comprising 
the native range (EIH mechanism 1), as well as measures of the total 
and area-corrected (γ-diversity and α-diversity, respectively) richness 
and phylogenetic diversity of co-occurring species (EIH mechanism 2).  
To capture environmental stability within species’ native distributions 
(EIH mechanism 3), we measured the variation of temperature and 
precipitation over the past 20,000 years31, as well as the maximum 
extent of glaciation during the Last Glacial Maximum32 (with higher 
values of each indicating lower stability).

In addition to variables associated with evolutionary imbalance 
mechanisms, we quantified species’ global climatic suitability based 
on the climatic similarity of potential recipient regions (that is, those 
outside a species’ native range) to the regions composing their native 
range, as well as numerous anthropogenic factors. We included infor-
mation on the economic uses for each species and measured the num-
ber of territorial links (that is, colonies or dependencies) between 
their potential recipient regions and the countries overlapping their 
native range—both of which have been shown to be major pathways of 
plant naturalization4,33,34. In addition, we measured human population 

More recently, Darwin’s ideas were formalized as the evolutionary 
imbalance hypothesis (EIH)10. The EIH posits that invasion potential 
should be highest for species originating from: (1) large regions able 
to support abundant populations with high genetic diversity that can 
facilitate effective selection and adaptation11,12; (2) regions of high 
biodiversity where lineages must compete and otherwise interact 
with many others to persist13,14; and (3) environmentally stable regions 
where selection is given ample time to optimize species for a given set 
of conditions15,16. The biogeographic characteristics proposed by these 
three mechanisms show considerable variation among global regions 
and have been invoked to explain patterns of species exchange during 
anthropogenic as well as natural episodes2,8,9,17. Despite their potential 
importance in mediating dynamics in biogeography, the tenets of the 
EIH have so far been assessed only for alien introductions among a 
limited set of regional biotas10,18. To fill this gap, we compiled data on 
native and alien distributions for nearly the entire global seed plant 
flora (336,245 species; ~99.5%; ref. 19) and quantified exchanges of 
naturalized species among biogeographic regions worldwide. Meas-
uring conditions within species’ native distributions, we then tested 
whether observed patterns of exchange are consistent with the three 
mechanisms proposed by the EIH.

Evolutionary imbalance is one among many potentially co-acting 
drivers of biotic invasions. Climate, for example, serves as a primary 
filter in determining which regions will be suitable for naturaliza-
tion20,21. Relationships between plants and humans also shape patterns 
of exchange by determining which species are introduced into new 
regions4,22,23. It has also been suggested that species originating from 
regions with histories of intensive human land use are better adapted 
for persistence under anthropogenic disturbance or in semi-natural 
and artificial habitats24, which may facilitate naturalization25. Accord-
ingly, in our assessments of evolutionary imbalance mechanisms, we 
additionally accounted for the influence of climatic and anthropogenic 
factors on naturalization. Beyond providing a detailed characteriza-
tion of the biogeography of alien plants and a global test of the EIH, 
our analyses therefore provide a globally comprehensive assessment 
of previously identified drivers of plant naturalization.

Results
Geographic imbalance in alien origins
For categorizing geographic origins, we used a simple yet novel 
approach to identify common patterns of plant distribution accord-
ing to the continents where species occur as native. Specifically, we 
followed the continental definitions outlined by the World Geographic 
Scheme for Recording Plant Distributions26 and classified species based 
on the combination of continents overlapped by their native distri-
bution. Each unique distributional pattern, subsequently referred 
to as biogeographic syndrome, was therefore defined by a specific 
combination of native continents (Fig. 1a and Supplementary Fig. 1). 
For example, all species endemic to North America were assigned to 
a common biogeographic syndrome, while a separate biogeographic 
syndrome included all species with native distributions spanning both 
North and South America. We found that the 19 most common biogeo-
graphic syndromes described the distributions for over 99% of the 
species in our dataset (Supplementary Fig. 1; see also ‘Defining regions 
of origin’ in Methods) and focus on these in subsequent analyses. Using 
data from the Global Naturalized Alien Flora database (GloNAF)7, we 
quantified naturalization success of the native flora classified to each 
biogeographic syndrome as the log10 ratio of the observed proportion 
of species that have naturalized outside their native distribution to the 
expected proportion of species. At the global scale, the expected value 
was based on a scenario where the probability of naturalization is equal 
for species regardless of biogeographic syndrome (that is, no biases in 
the geographic origins of naturalized aliens), and therefore equal to 
the proportion of naturalized species in the full global dataset (~4.3%; 
see ‘Quantifying naturalization success’ in Methods for further details 
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density within the native range across five broad windows of human 
history35: Prehistoric (10000–5000 bce), Ancient (5000 bce–500 ce),  
Post-Classical (500–1500 ce), Early Modern (1500–1800 ce) and Late 
Modern (1800 ce–present). Human population is related to the fre-
quency of potential encounters with and movements by people, but 
also to the degree of modification and disturbance of natural habitats 
within native distributions. Species’ associations with high human 
population density in later periods may therefore indicate greater 
likelihood of transportation beyond the native range, while regions 
supporting large human populations through earlier periods may 
have higher prevalence of species adapted to anthropogenic habitats 
and disturbance24.

Bivariate correlation tests showed that many of the distribu-
tional characteristics of biogeographic syndromes were associated 
with naturalization success (Supplementary Fig. 2). However, we 
also identified many correlations among potential drivers (Supple-
mentary Fig. 3). We therefore focused on five composite variables 
derived using principal component analysis (PCA) to describe which 
features define the biogeographic syndromes that have been most 
successful in donating naturalized plants (denoted as PC1BG–PC5BG, 

with ‘BG’ specifying that variables are quantified at the biogeographic 
syndrome level; Extended Data Table 1). Biogeographic and anthropo-
genic factors together explained 73% of the variation in naturalization 
success (adjusted R2; Extended Data Table 2). Consistent with the first 
two mechanisms of the EIH, the strongest predictor of naturaliza-
tion success (PC2BG, P < 0.01) indicated that successful syndromes 
included species with widespread distributions that overlap with a 
high diversity of co-occurring species (Fig. 1b). Species within these 
biogeographic syndromes also tended to have high climatic suit-
ability globally and to occur in areas of high human density during 
the prehistoric period. We identified an additional positive effect of 
human population across time periods (PC3BG, P < 0.01; temporal 
autocorrelation in population did not allow us to tease apart the 
relative importance of different periods), and for biogeographic 
syndromes with many economic plants and where species’ native 
distributions include countries with many territorial links to potential 
recipient regions (PC5BG, P < 0.01). Composite variables associated 
with measures of α-diversity (PC1BG, P = 0.06) or environmental stabil-
ity and glaciation disturbance (PC1BG; PC4BG, P = 0.40) were unrelated 
to naturalization success.
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Fig. 1 | Variation and drivers of global naturalization success among plant 
origins. a,b, Global naturalization success across biogeographic syndromes 
(a; coloured from low success in red to high success in blue) and drivers of 
global naturalization success (b; with ‘BG’ indicating that principal components 
were derived from variables aggregated within biogeographic syndromes; 
n = 19; full results from linear regression in Extended Data Table 2). In the top 
panel of a, coloured boxes indicate the continents where the species of a given 
biogeographic syndrome are native; continent colours correspond to the inset 
map (islands smaller than 8,000 km2 are marked with a circle). Violin plot of 
global naturalization success in a depicts uncertainty in estimated values due to 

differences in species numbers (distributions of values derived from n = 10,000 
randomizations; see Methods). In the partial residual plots shown in b, main 
contributors to a given principal component (loading >0.50) are listed along the 
x axes with the length and direction of arrows indicating the value and sign of the 
variable loading (see Extended Data Table 1). Variables associated with the EIH are 
coloured green (phy. diversity, phylogenetic diversity), anthropogenic variables 
are in purple (pop., human population; economic spp (%), percentage of species 
with an economic use) and climatic suitability in pink. Shaded bands in b indicate 
95% confidence bands.
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Climatic constraints on naturalization
Climatic suitability across potential recipient regions varied widely 
among biogeographic syndromes (Supplementary Fig. 4) and was a 
primary driver of global naturalization success (Fig. 1b and Supple-
mentary Fig. 2). The importance of climate filtering in structuring the 
biogeography of alien plants was further illustrated by comparing 
geographic patterns of naturalization success for each biogeographic 
syndrome (Fig. 2). For these analyses, we calculated a regional natu-
ralization success metric for the species native to each biogeographic 
syndrome within each potential recipient region (see ‘Quantifying natu-
ralization success’ in Methods for further details on this metric). Very 
few biogeographic syndromes, primarily those that span temperate 

and tropical continents (for example, pan-American or Afro-Eurasian 
syndromes; Fig. 2m,s), have successfully donated naturalized species 
across the globe. For the species originating from most syndromes, 
including many that ranked highly in global naturalization success, 
broad climatic regions appear resistant to naturalization. For exam-
ple, a high proportion of palaearctic species (that is, those native to 
Europe and temperate Asia) have naturalized somewhere beyond their 
native distributions (Fig. 1a), but relatively few have been successful 
in infiltrating tropical regions (Fig. 2p). Analysis of regional naturali-
zation success confirmed climatic suitability as a powerful driver of 
these geographic patterns, but also detected a signal of territorial links 
between countries of the donor and recipient regions in shaping flows 
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Fig. 2 | Geographic variation in naturalization success for species originating 
from each biogeographic syndrome. a–s, Naturalization success within each 
potential recipient region is depicted from low success in red (fewer species 
originating from the biogeographic syndrome have naturalized in the recipient 
region than expected by chance) to high success in blue (more naturalized 

species than expected by chance). Biogeographic syndromes are ordered from 
lowest to highest global naturalization success, with the colour of bounding 
boxes corresponding to the values in Fig. 1a. Bold coloured blocks at the top 
of each panel indicate the native continents composing each biogeographic 
syndrome (see key and map at top).
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of aliens. Consistent with the analyses of global naturalization success, 
these results for regional naturalization success showed that successful 
aliens tend to have strong anthropogenic associations and originate 
from large biodiverse native distributions. In addition, however, we 
found a positive effect for biogeographic syndromes where glaciation 
was low, but precipitation variability high (Extended Data Fig. 1, and 
Extended Data Tables 3 and 4).

Evolutionary imbalance and human use
In addition to supporting the geographic area and diversity mecha-
nisms of the EIH, our analyses of naturalization success across bio-
geographic syndromes demonstrate how human history has been 
a crucial factor in dictating the global biogeography of naturalized 
plants. As shown in previous studies4, we found that plants cultivated 
and used by humans have been particularly successful in establishing 
outside their native distributions. But just as the course of human cul-
tural evolution is shaping patterns of diversity and distributions in the 
Anthropocene, the ecology and evolutionary histories of plants form 
the basis of plant–human relationships, and in turn have the potential 
to influence trajectories of socio-economic and cultural systems36–40. 
Humans select species for characteristics that confer a particular soci-
etal or economic value, but the processes of cultural evolution should 
more generally favour associations with plants that possess the highest 
capacity for survival, growth and proliferation under a range of envi-
ronmental conditions, and against a biotic background that includes 
potential competitors, herbivores and pathogens41–43. Therefore, we 
put forward that evolutionary imbalance may play an important role 
in determining the plants that humans form associations with, and 
ultimately transport beyond their native ranges.

We tested for this possible secondary effect of evolutionary imbal-
ance in shaping naturalization patterns by applying species-level 
phylogenetic generalized linear models to assess the distributional 
characteristics associated with economic use and, subsequently, natu-
ralization success (Fig. 3). As in our biogeographic level analysis, we 
derived composite variables (PC1Spp–PC7Spp, with ‘Spp’ specifying that 
variables are quantified at the species level) using PCA of predictor vari-
ables across all species (Extended Data Table 5). Our results (Extended 
Data Table 6) confirm anthropogenic factors that are expected to be 
important mediators of plant–human associations: plants with native 
distributions that have overlapped with centres of high human popula-
tion from ancient to modern times (PC2Spp, P < 0.01) and with countries 
that share many territorial links (PC7Spp, P < 0.01) were more likely to 
be selected for economic use. Unexpectedly, however, we found a 
negative effect of prehistoric human population (PC5Spp, P < 0.01). Con-
sistent with evolutionary imbalance, economic plants tended to have 
large native distributions that encompass many other species (PC3Spp, 
P < 0.01) and to persist in areas of high local diversity (PC1Spp, P < 0.01; 
Fig. 3). The effects of environmental stability were more complex. While 
glacial disturbance and low temperature stability decreased the prob-
ability of economic use (PC4Spp, P < 0.01), species originating from areas 
with low precipitation stability were more likely to have an economic 
use (PC6Spp, P < 0.01). However, climatic suitability also increased along 
PC6Spp, and was therefore generally higher for economic plants (see 
also results for PC3Spp).

These results on the drivers of economic use, in combination with 
a species-level analysis of naturalization success (Fig. 3 and Extended 
Data Table 7), suggest that species with large distributions that over-
lap with biodiverse regions are more likely to form associations with 
humans, and secondarily will have a higher probability of naturaliz-
ing once transported outside their native distribution. Interestingly, 
however, while metrics of α-diversity were associated with increased 
naturalization success for economic species, the opposite was true 
for non-economic plants. This finding perhaps reflects that many of 
the species occupying the most biodiverse regions tend to be rare, 
with small, specialized distributions44 located in landscapes where 

connectivity to trade and transportation networks is relatively low (for 
example, tropical forest or mountainous regions). These conditions 
probably mean decreased contact with humans and reduced likeli-
hood of accidental translocation into new areas45. This possibility can 
partially be addressed by investigating the degree of naturalization 
success within the subset of naturalized plants, which, by definition, 
are known to have been moved by human activities. Indeed, among 
naturalized plants, we found that species with large, biodiverse native 
distributions have become naturalized in a greater number of regions 
worldwide (Fig. 4, and Extended Data Tables 8 and 9; note that for 
composite variables PC1Nat–PC6Nat, ‘Nat’ specifies that variables are 
quantified using data only from naturalized species); this effect was 
apparent in both economic and non-economic species.

Discussion
Our analyses of the distributional characteristics for over 99% of the 
known global seed plant flora reveal geographic signatures in the 
exchange of naturalized aliens that are largely consistent with expecta-
tions from the EIH. These patterns are generally consistent across scales 
of analyses (biogeographic syndromes or individual species) and across 
metrics of naturalization success (global or regional naturalization suc-
cess; naturalization probability or number of naturalized regions at the 
species level). Our results suggest that the biogeographic conditions of 
certain global regions have preadapted species for success as invaders. 
In particular, species spanning vast, interconnected landmasses are 
overrepresented among naturalized plants. In addition, our results 
underscore the importance of climatic and anthropogenic factors in 
acting alongside evolutionary imbalance to shape the distribution of 
plants in the Anthropocene.

Species originating from large, biodiverse regions have been 
more successful at naturalizing beyond their native ranges9. This is 
in line with large areas facilitating effective selection, as proposed by 
the EIH, but wide-ranging distributions are also generally indicative of 
broad environmental tolerances as well as increased opportunities for 
interactions with humans45–48. Nevertheless, our finding of a positive 
association between native-range area and naturalization success was 
consistent when accounting for climate filtering directly (that is, analy-
ses of regional naturalization success) and within the subset of plants 
with economic uses. Large geographic distributions also generally 
include greater numbers of co-occurring species, so the native ranges 
of successful aliens also tended to encompass diverse biotic environ-
ments (that is, high γ-diversity). Across biogeographic syndromes, 
however, the predicted link between native-range α-diversity and natu-
ralization success was masked by confounding processes. We found 
that species originating from the biodiverse predominantly tropical 
continents were disproportionately rare among naturalized aliens, 
but this is probably because they tend to have less area of suitable 
climate globally (Supplementary Fig. 4) and to have less exposure to 
the global economic systems that drive anthropogenic movements of 
species22,49. Among economic plants, which have established histories 
of interacting with humans, species originating from regions of high 
local diversity were more likely to be naturalized; among all naturalized 
plants, native-range α-diversity was further associated with naturali-
zation in more regions globally. Synthesizing results across scales of 
analyses was therefore key in disentangling the signal of evolutionary 
imbalance in global naturalization patterns.

The EIH proposes that stable conditions allow the time necessary 
for natural selection to work, but the predicted association between 
naturalization success and environmental stability received mixed 
support across our analyses. One possible explanation is that the 
regions that have experienced the greatest climatic shifts over the 
past 20,000 years are also the most variable over seasonal and interan-
nual timescales50. Species that persist in these regions therefore must 
be adapted to a wider range of environmental conditions51,52, which 
probably provides an advantage for establishing in a variety of new 

http://www.nature.com/natecolevol


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-023-02172-z

Pr
ob

ab
ili

ty
ec

on
om

ic
 u

se
Pr

ob
ab

ili
ty

na
tu

ra
liz

at
io

n

0

0.4

0.6

0.2

0.8

1.0

0

0.4

0.2

0.8

1.0

0.6

−5 −4 −3 −2 −1 10 02

0

0.4

0.6

1.0

0.2

0.8

0

0.4

0.6

0.2

0.8

1.0

0

0.4

0.6

1.0

0.2

0.8

0

0.4

0.6

0.2

0.8

1.0

0

0.4

0.6

1.0

0.2

0.8

0

0.4

0.6

0.2

0.8

1.0

0

0.4

0.6

1.0

0.2

0.8

−4 −3 −2 −1 0 1 2

−6 −4 −2 0 2 −2 0 2 4 6 8

−2 20 4 6 8 10 12

0

0.4

0.6

1.0

0.2

0.8

0

0.4

0.2

0.8

1.0

0.6

0

0.4

0.6

1.0

0.2

0.8

0

0.4

0.2

0.8

1.0

0.6

0

0.4

0.6

1.0

0.2

0.8

−2 0 2 4

−4 −3 −2 −1 0 1 2 −2 20 4 6 8 10 12−2 0 2 4

−3 −2 −1 1 2

−5 −4 −3 −2 −1 10 02 −6 −4 −2 0 2 −2 0 2 4 6 8−3 −2 −1 1 2

PC1Spp PC2Spp PC3Spp PC4Spp

PC1Spp PC2Spp PC3Spp PC4Spp

β = –0.05

PC5Spp PC6Spp PC7Spp

PC5Spp PC6Spp PC7Spp

β = 0.13
β = 0.26

β = 0.27

β = 0.42
β = 0.74

β = 0.11

β = 0.40
β = 0.36

β = 0.04

β = 0.09
β = –0.24

β = 0.64

β = 0.41
β = 0.28

β = 0.94

β = 0.27
β = 0.77

β = –0.05

β = 0.34
β = 0.30

Pop. Prehistoric
Pop. Ancient

Precip. var.
Clim. suitability

Territorial links

Pr
ob

ab
ili

ty
ec

on
om

ic
 u

se
Pr

ob
ab

ili
ty

na
tu

ra
liz

at
io

n

Mean α-richness
Mean α-phy. diversity

Max α-richness
Max α-phy. diversity

γ-phy. diversity
γ-richness

Pop. Early Modern
Pop. Late Modern

Pop. Post-Classical
Pop. Ancient

Glaciation
Temp. var.

Geographic area
γ-richness

γ-phy. diversity
Clim. suitability

Fig. 3 | Drivers of economic use and naturalization across the global seed 
plant flora (n = 334,667). Panels illustrate the results of phylogenetic binomial 
regression predicting either plant economic use (top panels, outlined in purple) 
or naturalization (bottom panels, outlined in red; full results in Extended Data 
Tables 6 and 7). Lines show the estimated probability of economic use (top panels 
in black) or naturalization (bottom panels, with purple for economic species 
and turquoise for non-economic species) along a given species-level principal 
component (PC1Spp–PC7Spp, with ‘Spp’ indicating that PCs were derived using data 
for all species; see Extended Data Table 5), with all other principal components 
set to the median value. Bars within plots show the observed proportion of 
species with an economic use (top panels in black) or naturalized outside their 

native distributions (bottom panels, with purple for economic species and 
turquoise for non-economic species) within 30 even bins across values of a given 
principal component, with opacity indicating the relative number of species 
of a given group (for example, economic or non-economic) in the bin. Main 
contributors to a given principal component (loading >0.50) are listed along  
the x axes, with the length and direction of arrows indicating the value and sign  
of the variable loading. Variables associated with the EIH are coloured green  
(phy. diversity, phylogenetic diversity; temp. var., temperature variability; 
precip. var., precipitation variability), anthropogenic variables in purple  
(pop., human population) and climatic suitability (clim. suitability) in pink.
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regions. Additionally, we were only able to measure environmental 
stability for the areas within modern native distributions of the species. 
At continental scales, species have the potential to track favourable 
habitats to dampen the impacts of environmental change53.

In quantifying global patterns in the exchange of naturalized 
plants, our results suggest an influence of evolutionary imbalance 
among biogeographic regions, but the movement of alien species is 
ultimately driven by human activities. Anthropogenic factors were 
consistently strong predictors of naturalization success across our 
analyses. Plants that have existed alongside large human populations, 
and by extension widespread anthropogenic disturbance, from prehis-
toric to modern time periods, especially in areas where cultures have 
established many territorial links (primarily via colonialism) across 
the world, have been particularly successful at naturalizing outside 
their native distributions. Proximity to humans and their global eco-
nomic networks additionally increased the likelihood that species 
have been adopted for economic use, which our results reaffirm as a 
primary pathway of naturalization. However, we additionally revealed 
a previously unrecognized role of evolutionary imbalance in shaping 
plant–human relationships. The native distributions of economic 
plants tend to have characteristics consistent with those predicted by 
the EIH mechanisms; the same characteristics are further associated 
with naturalization success among these species. Interestingly, the 
global regions that have produced the most successful plant invaders 
have also given rise to human societies that have expanded into and 
colonized new lands—often beyond their continents of origin—to 
create vast empires36,37. While this association is partially explained 
by colonial networks providing opportunities for these plants to be 
transported beyond their native distributions34, our analyses suggest 

that eco-evolutionary forces also play a role in the success of these 
species. Biogeographic factors have similarly been suggested to drive 
imbalances among human cultures that have been pivotal in shaping 
their expansions and contractions36. Our study therefore highlights 
intriguing parallels and potential interactions between evolutionary 
imbalance in biological and cultural systems.

When assessing evolutionary imbalance at the global scale, the 
resolution of available data necessarily imposes certain constraints. 
Measuring the success of aliens using data on naturalizations, for 
example, we are unable to capture the multidimensional and con-
tinuous nature of invasiveness46. Future studies evaluating conse-
quences of evolutionary imbalance in invasion ecology will no doubt 
benefit from harnessing information on the abundances, impacts 
and extent of occurrence for aliens as it becomes available for more 
species in more regions. Owing to the context-dependent nature of 
biotic interactions, measuring native and alien distributions at the 
relatively coarse scales that are currently available may also overlook 
potentially meaningful details. For example, competition with natives, 
and by extension evolutionary imbalance, has been shown to be less 
important for mediating invasions in disturbed habitats18. While we 
considered broad differences in climate across potential recipient 
regions, our analyses were unable to account for the local habitats 
where species naturalize. However, considering the important role 
of disturbance in facilitating invasions globally, we believe that this 
speaks to the strength of the evolutionary imbalance signal present in 
our data. Ultimately, we emphasize that inferences from global analy-
ses such as ours can be most impactful when considered alongside the 
results of studies conducted across scales, taxa, locations and diverse 
ecological contexts.
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Fig. 4 | Drivers of naturalization extent among the naturalized alien seed 
plant flora (n = 13,280). Partial residual plots from phylogenetic linear 
regression predicting number of naturalized regions among the global 
naturalized flora (full results in Extended Data Table 9). Relationships for 
economic plants are shown in purple and non-economic plants in turquoise 
(darker coloured points indicate more species within a given interval of x and 
y values). Main contributors to a given principal component (loading >0.50) 

are listed along the x axes, with the length and direction of arrows indicating 
the value and sign of the variable loading (see Extended Data Table 8; ‘Nat’ 
indicates that PCs were derived using only data for naturalized species). Variables 
associated with the EIH are coloured green (phy. diversity, maximum area-
corrected phylogenetic diversity; temp. var., temperature variability; precip. 
var., precipitation variability), anthropogenic variables in purple (pop., human 
population) and climatic suitability in pink.
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Understanding the characteristics and circumstances that allow 
alien species to establish is crucial for mediating the ongoing swell of 
biological invasions54. We identify evolutionary imbalance as a so-far 
poorly accounted driver of biological invasions. Focusing on the bio-
geographic conditions that select for invasion potential, our analyses 
cannot infer whether a common suite of traits or diverse ecological 
strategies characterize successful aliens. However, our results indicate 
that readily measured features of species’ native distributions can be 
informative in forecasting potential invaders as well as potentially vul-
nerable regions. In addition, we identified eco-evolutionary processes 
that have shaped plant–human relationships and the global move-
ments of alien species. While our insights into evolutionary imbalance 
have direct implications for invasion biology, they can also be applied 
more generally to understanding spatiotemporal dynamics in the 
distribution of biodiversity, such as the natural biotic exchanges that 
have occurred throughout Earth’s history.

Methods
Distribution data
Native distributions for the global seed plant flora (n = 420,748 spe-
cies and infraspecific taxa) were compiled from numerous sources. 
Most records were downloaded from Plants of the World Online 
(n = 389,451)30, with additional taxa added from the Global Composi-
tae Database (n = 15,301)27, the United States Department of Agricul-
ture Germplasm Resources Information Network (n = 11,453) and the 
International Union for Conservation of Nature Red List of Threat-
ened Specied (n = 4,543)28. Native distributions were standardized 
to the 369 regions of level 3 (TDWG3) of the Biodiversity Information 
Standards World Geographical Scheme for Recording Plant Distri-
butions26; in order to align with naturalized distribution data, the 
regions of Yemen and Socotra and the two portions of Turkey were each 
merged, respectively, resulting in a total of 367 regions. Distributions 
for infraspecific taxa were collapsed to the species level and matched 
to the taxonomy of the World Checklist of Vascular Plants following 
their provided list of synonyms19. Our final database included native 
distributions for 336,245 species. In the case of ancient introductions 
(that is, archaeophytes), determining the native status of a species in 
a particular region can be challenging, especially in areas with long 
histories of human disturbance55. While all four datasets that con-
tributed native-range data make efforts to separate these non-native 
regions when reporting species’ native distributions, some amount of 
uncertainty is unavoidable. However, archaeophytes should contribute 
few species to our overall dataset; in the case of Europe, a continent 
where the archaeophyte flora is relatively well documented, the rich-
ness of archaeophytes is only around 2% of the native flora richness56. 
In addition, because archaeophytes are typically defined as having been 
established within an area for at least five centuries, the regions where 
uncertainty in native status is highest are not necessarily irrelevant to 
a species’ evolutionary history.

Naturalized distributions were taken from GloNAF7. Naturalized 
distributions were matched to TDWG3 regions as described in Sup-
plementary Data 1, collapsed to the species level and harmonized with 
the taxonomy of the World Checklist of Vascular plants following their 
provided list of synonyms. In cases where a species was considered 
naturalized according to GloNAF and native according to the com-
bined native distribution dataset, we classified the species as native 
and removed the naturalized record. In total, our dataset included 
naturalized distributions for 14,461 species (4.3% of the global seed 
plant flora). While data on naturalizations does not indicate a species’ 
degree of invasiveness in a given region (that is, its ability to proliferate, 
spread or impact native ecosystems), we note that establishment is a 
crucial phase in the invasion process that can be strongly influenced by 
the biotic interactions that occur following introduction57. We there-
fore use global patterns in plant naturalizations to ask whether aliens 
originating from certain regions are more likely to overcome biotic 

resistance and establish populations than the aliens originating from 
other regions.

Defining regions of origin
One challenge in quantifying geographic biases in naturalization suc-
cess is to define ecologically meaningful classifications for the geo-
graphic origins of species. Previous efforts to investigate geographic 
imbalances in species exchange have typically relied on broad clas-
sifications of species origins (for example, Northern versus Southern 
Hemispheres2, temperate versus tropical zones58 or Old versus New 
World24,59) or assigned species to individual continents of origin3,4,60. 
The former risks overlooking important differences within broad 
classifications, while the latter ignores the fact that many of the bio-
geographic features that define species distributions (for example, 
the neotropics, Mediterranean basin, or Eurasian taiga) span multiple 
continents—both are issues that may obscure important patterns. To 
overcome these limitations, we classified common patterns of plant 
distributions according to the combination of continents where each 
species occurs as native. Specifically, we followed the continental 
scheme outlined by the World Geographic Scheme for Recording Plant 
Distributions (that is, TDWG level 1 regions; TDWG1)26 and refer to each 
unique pattern of native distribution across these nine continents as 
biogeographic syndromes. The TDWG1 regions generally follow geo-
graphic continents, with Asia divided into temperate and tropical Asia, 
and the Pacific Islands forming a single region (Supplementary Fig. 1). A 
species was considered native to a continent if it was recorded as native 
in at least one TDWG3 region within the continent. While 511 possible 
combinations of continents exist, we identified only 161 biogeographic 
syndromes among the global seed plant flora. Over 99% of species were 
classified to the 19 most common patterns; 104 (65%) of the patterns 
corresponded to fewer than 10 species, while 42 (26%) corresponded 
to a single species. Certain combinations of continents (biogeographic 
syndromes) were more common than others for a number of reasons: 
geographic diversity patterns (for example, primarily tropical conti-
nents have more species than primarily temperate); combinations with 
fewer continents are observed much more frequently because small 
range sizes are much more common across species than large range 
sizes; and because of geographic constraints on distributions such as 
oceans or other barriers (for example, thousands of species have native 
distributions that include North and South America, but exceedingly 
few occur in the combination of North America and Australasia).

Quantifying naturalization success
Naturalization success for the species within each biogeographic 
syndrome was measured as the log10 ratio of the observed proportion 
of species that have become naturalized compared to the expected 
proportion:

Naturalization success = log10

(observednaturalized/expectednaturalized)

For each biogeographic syndrome, we calculated naturalization 
success globally, and within each potential TDWG3 recipient region. 
For global naturalization success, the observed naturalized value was 
the proportion of species with native distributions described by a given 
biogeographic syndrome that were recorded in the GloNAF dataset as 
naturalized outside of their native distribution. For regional naturali-
zation success, the observed naturalized value was calculated as the 
proportion of species assigned to the given biogeographic syndrome 
that have naturalized in a focal recipient region (species native to the 
focal recipient region were excluded when calculating this proportion). 
For both metrics, the expected naturalized value is based on a scenario 
where the probability of naturalization is equal for species among 
biogeographic syndromes (that is, no biases in the geographic origins 
of successful aliens). For global naturalization success, the expected 
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proportion was the proportion of naturalized species in the global 
flora (4.3%). For regional naturalization success, the expected propor-
tion was the proportion of the global flora that have naturalized in the 
focal recipient region (species native to the focal recipient region were 
excluded when calculating this proportion). This metric is a convenient 
measure of naturalization success because it follows an asymptotic 
normal distribution and can be interpreted intuitively: values above 
or below zero indicate more or fewer, respectively, naturalized species 
than expected, and values are symmetric around zero (for example,  
1 indicates 10 times more species than expected, −1 indicates 10 times 
fewer than expected). It also controls for the diversity of native species 
in each biogeographic syndrome (that is, naturalized species are more 
likely to originate from biodiverse regions by chance) and for the num-
bers of naturalized species recorded in potential recipient regions (that 
is, some regions are more invasible or have more complete naturalized 
species lists compared to others). In comparing naturalization success 
among biogeographic syndromes, we therefore did not need to include 
covariates associated with recipient region invasibility (for example, 
anthropogenic factors such as the degree of landscape modification) 
or quantify relative measures of evolutionary imbalance variables 
(for example, difference in biodiversity between donor and recipi-
ent regions). To explore uncertainty due to stochasticity in expected 
proportions, we additionally derived expected values through ran-
domizations4 when calculating global naturalization success. For 
each of 10,000 iterations, we randomly selected 14,461 species (the 
number of naturalized species in the GloNAF dataset). Uncertainty in 
expected values was higher for biogeographic syndromes with fewer 
species (Fig. 1a).

Evolutionary imbalance drivers
Variables associated with the three evolutionary imbalance mecha-
nisms were measured first within the native distributions of species 
(based on the TDWG3 regions), and then aggregated to a single value 
for each biogeographic syndrome (the unique combination of TDWG1 
continents) as the mean across species. Geographic area (mechanism 1)  
was measured as the combined area of all TDWG3 regions where a 
species was considered native. Species diversity (mechanism 2) was 
measured as species richness and, to account for the evolutionary 
distinctness of potentially interacting species, as Faith’s phyloge-
netic diversity61. When measuring phylogenetic diversity, we used the 
global seed plant phylogeny from ref. 62 with missing species added 
to the root of their respective genera or family, following the meth-
ods in ref. 4. For each form of diversity, we calculated three metrics 
from lists of co-occurring native species for the TDWG3 regions of a 
given species’ native distribution: the diversity of co-occurring species 
across the entire distribution (γ-diversity); the area-corrected diver-
sity of the entire distribution (mean α-diversity); and the maximum 
area-corrected diversity of regions within the native distribution (max 
α-diversity). Area-corrected diversity was calculated as the residuals of 
the log–log relationship between geographic area and species richness 
or phylogenetic diversity across unique species distributions (mean 
α-diversity; richness: β = 0.49, P < 0.01, R2 = 0.44; phylogenetic diver-
sity: β = 0.44, P < 0.01, R2 = 0.39) or regions (max α-diversity; richness: 
β = 0.40, P < 0.01, R2 = 0.63; phylogenetic diversity: β = 0.29, P < 0.01, 
R2 = 0.58)63. To capture environmental stability of species native distri-
butions (mechanism 3), we measured the stability of temperature and 
precipitation from 21000 bce to the present. Climatic data came from 
the StableClim database31; for both temperature and precipitation, 
we measured the average absolute change across 100-year intervals 
(henceforth temperature and precipitation variability). In the case 
of precipitation variability, changes were measured relative to the 
overall mean precipitation. Both sets of raster data were projected to 
Wagner IV equal-area projection and average values were extracted 
for species’ native distributions. For precipitation variability, values 
were log-transformed following extraction. As the derived values 

provided a measure of change over time, lower values indicate more 
stable regions. We additionally measured the extent of glaciation dur-
ing the Last Glacial Maximum, with higher glaciation corresponding 
to lower stability. The proportional glaciated area of species’ native 
distributions was extracted from ref. 32.

Anthropogenic drivers
Data on plant economic uses came from the World Checklist of Useful 
Plants64, with names standardized to the World Checklist of Vascular 
Plants taxonomy19. Following the results of ref. 4, we only considered 
plants with economic uses that have been shown to be associated 
with increased naturalization success: animal foods, environmental 
uses, gene sources, human foods, materials and medicines. For each 
biogeographic syndrome, we calculated the proportion of species used 
for an economic purpose.

Data on human population came from the HYDE 3.2 dataset35. 
The data and hindcasting methods used to produce these population 
estimates are accompanied by substantial uncertainties, especially for 
older time periods. However, for our purposes—relative comparisons of 
population across broad regions and coarse time periods—they should 
provide reasonable approximations. We calculated the average human 
population across geographic grid cells within five broad windows of 
human history: Prehistoric (10000–5000 bce), Ancient (5000 bce– 
500 ce), Post-Classical (500–1500 ce), Early Modern (1500–1800 ce) 
and Late Modern (1800 ce–present). Because human cultures have 
shown substantial variation in the direction and timing of their trajec-
tories, it is impossible for broad time bins such as these to be globally 
representative. Acknowledging unavoidable cultural and geographic 
biases, we chose these windows because they roughly correspond to 
historical developments relevant to the biogeography of alien plants: 
the advent of cities, civilizations and their associated anthropogenic 
disturbances occurred during the Ancient period; the Post-Classical 
period saw the expansion of trade networks across the Afro-Eurasian 
landmass; colonial empires transported many plants between colo-
nized and colonizing lands during the Early Modern period; and the 
Late Modern time period saw the advent of industrial systems and 
rapid acceleration in the speed and extent of transportation networks. 
Global rasters of population for each time period were projected to 
Wagner IV equal-area projection, and we calculated average values 
within each region. Then, we found for each species the maximum 
value of all TDWG3 regions within its native distribution. At the scale 
of biogeographic syndromes, we averaged values across species.

Information on territorial links came from the TRADHIST dataset65, 
supplemented with additional information on colonies and dependent 
territories for the period starting in 1492 (that is, the year of Columbus’ 
arrival in the Americas and the start of the period during which the vast 
majority of introductions and naturalizations have occurred), following 
the methods and sources in ref. 33. Because data on territorial links were 
provided at the country level, we matched TDWG3 regions to countries 
as described in Supplementary Data 2. For each species, we counted 
the number of potential recipient regions with territorial links to the 
countries that overlap with the native distribution. For analyses of 
regional naturalization success, we calculated the proportion of species 
from each biogeographic syndrome with territorial links between the 
countries in their native distribution and the given recipient region. 
When analysing global naturalization success, we calculated for each 
biogeographic syndrome the proportion of species with territorial 
links averaged across all potential recipient regions, weighted by the 
area of regions.

Climatic suitability
For estimating climatic suitability of species across potential recipi-
ent regions, we started by calculating the distance in climatic space 
defined by mean annual temperature (Bioclimatic variable 1 from 
the WorldClim version 2 database66) and square-root transformed 
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annual precipitation (Bioclimatic variable 4) between species’ native 
distributions and each potential recipient region. Climate raster data 
were originally downloaded at 10-min resolution and aggregated to 
50-min resolution, in order to simplify downstream calculations, and 
projected to Wagner IV equal-area projection. For each cell within 
a given recipient region, we calculated the minimum Euclidean dis-
tance in two-dimensional climate space to the cells in a focal species’ 
native distribution and then averaged these minimum values across 
the region. Values of zero for this metric of climatic distance indicate a 
recipient region with climatic conditions completely contained within 
the species’ native distribution; increasing values indicate increasing 
climatic distance, similar to the metric proposed by ref. 67. Our measure 
of climatic suitability was then the additive inverse of this value, such 
that lower (that is, more negative) values indicate lower climatic suit-
ability. The climatic suitability within each potential recipient region 
for a given biogeographic syndrome was the average across species, 
excluding those native to the recipient region. Global climatic suit-
ability for a biogeographic syndrome was the average of these values, 
weighted by the geographic area of regions. Global climatic suitability 
at the species level was also calculated as the mean across regions 
weighted by area.

Data for all variables for biogeographic syndromes can be found 
in Supplementary Data 3, data for analysis of regional naturalization 
success in Supplementary Data 4 and species-level data in Supple-
mentary Data 5.

Statistical analyses
We performed five complementary regression analyses to test for 
drivers of (1) global and (2) regional naturalization success among 
biogeographic syndromes, (3) probability of economic use and (4) 
naturalization among species, and, for species that have natural-
ized beyond their native distribution, (5) the number of naturalized 
regions. All analyses were performed in R version 4.2.0 (ref. 68). For 
each analysis, we performed PCA with varimax rotation on predictor 
variables, maintaining rotated components with cumulative variance 
explained of at least 90% (Extended Data Tables 1, 3, 5 and 8). Climatic 
suitability and territorial links were not included in the PCA for regional 
naturalization success because these values varied for every region by 
biogeographic syndrome comparison. While there are various methods 
for dealing with collinearity between predictor variables, we chose the 
PCA approach because it is transparent in presenting correlations and 
rightly calls attention to the inherent uncertainty in which (combina-
tions of) correlated variables may be driving a given relationship69. 
Removing redundancy by retaining only the best predicting variable 
to represent each cluster of correlated variables is an alternative sug-
gestion for easing model interpretability, but this can be misleading in 
hiding correlated variables that may be ecologically relevant. However, 
in line with this option and to show more completely the relationships 
among our data, we include the results from single predictor models in 
Supplementary Data 6. Within these results, we highlight which variable 
is the best predictor among the variables clustering with a given PC.

For analysis of naturalization success among biogeographic syn-
dromes (analyses 1 and 2), we performed linear regression with the log 
of native species number for each biogeographic syndrome as weight. 
Our regional analysis (analysis 2) included metrics of naturalization 
success for species from each biogeographic syndrome within each 
recipient region; to account for each biogeographic syndrome con-
tributing multiple measures of regional naturalization success, we used 
a linear mixed model (in the nlme package70) with the biogeographic 
syndrome included as a random effect. To account for the possibil-
ity of spatial autocorrelation across recipient regions, we compared 
models incorporating various types of spatial correlation structure 
(exponential, gaussian, linear, rational quadratic, spherical, no cor-
relation structure) and selected exponential based on comparison of 
the Akaike information criterion.

Probability of economic use and naturalization among species 
(analysis 3 and 4) were analysed using phylogenetic binomial regression 
using the phyloglm function from the phylolm package71. The phylo-
genetic tree was the same as used for calculating phylogenetic diver-
sity (Supplementary Data 7), with tree height scaled to 1 (refs. 33,62).  
Finally, to analyse the number of naturalized regions for naturalized 
species (analysis 5), we used phylogenetic linear regression71 with log 
region number as the response. The use of phylogenetically informed 
analyses reduced the possibility that any geographic patterns are 
driven by the imbalanced representation of certain taxa or (assuming 
phylogenetic trait conservatism) traits across regional native floras. 
For analyses of naturalization probability and number of natural-
ized regions (analyses 4 and 5), we included interactions between 
economic use and other predictor variables. Non-significant interac-
tions were removed during model selection. To assure that there was 
no implicit dispersion72 in our binary regression models (analyses 3 
and 4), we followed advice in the DHARMa R package73; specifically, 
we calculated simulation-based standardized residuals, grouped them 
by each predictor variable or by biogeographic syndrome ID, and in 
each case calculated dispersion for the grouped residuals. R code for 
reproducing analyses can be found in Supplementary Code 1.

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

Data availability
All results are based on publicly available data as described in Methods. 
Data used in analyses can be downloaded in Supplementary Data 1–5 
and 7 through https://doi.org/10.6084/m9.figshare.21512145 (ref. 74).

Code availability
R code used to perform analyses can be found in Supplementary Code 1,  
available through https://doi.org/10.6084/m9.figshare.21512145  
(ref. 74).
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Extended Data Fig. 1 | Drivers of regional naturalization success among 
biogeographic syndromes (n = 6061 biogeographic syndrome x recipient 
region comparisons). Partial residual plots from linear mixed model predicting 
regional naturalization success among biogeographic syndromes (full results 
Extended Data Table 4). In the bottom panels, main contributors to a given 
principal component (loading > 0.50) are listed along the x-axes with the length 
and direction of arrows indicating the value and sign of the variable loading  

(see Extended Data Table 3; ‘BGReg’ indicates that PCs for the regional analysis 
were derived using data for biogeographic syndromes, but not including climate 
suitability or territorial links). Variables associated with the evolutionary 
imbalance hypothesis are colored green (Precip. Var. = precipitation variability), 
anthropogenic variables purple, and climatic suitability in pink. Shaded bands 
indicate 95% confidence bands.
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Extended Data Table 1 | Loadings for varimax rotated principal components of predictors of global naturalization success 
measured for biogeographic syndromes (‘BG’)

PC1BG PC2BG PC3BG PC4BG PC5BG

Log(γ-Richness) 0.27 0.86 0.31 −0.04 0.25

Max α-Richness 0.8 0.38 0.35 0.04 0

Mean α-Richness 0.96 −0.09 0.05 0.01 −0.08

Log(γ- Phy. Diversity) 0.35 0.82 0.29 −0.05 0.3

Max α-Phy. Diversity 0.92 0.32 0.14 −0.01 −0.04

Mean α- Phy. Diversity 0.97 −0.16 0.01 −0.03 0.02

log(Geographic area) −0.19 0.88 0.26 −0.02 0.24

Temperature variability −0.7 0.36 0.22 0.47 0.08

log(Precipitation variability) −0.39 0.48 −0.09 −0.73 0.03

Glaciation −0.54 0.1 0.19 0.75 0.04

Climate Suitability −0.3 0.87 0.23 −0.09 0.03

log(Population Prehistoric) 0.11 0.73 0.56 0.12 −0.12

log(Population Ancient) 0.03 0.37 0.92 0.05 0.08

log(Population Post-Classical) 0.13 0.29 0.94 0.06 0.06

log(Population Early Modern) 0.01 0.11 0.92 0.06 0.31

log(Population Late Modern) 0.08 0.27 0.93 0.11 0.17

Territorial Links −0.26 0.29 0.36 0.14 0.72

% Economic Species 0.14 0.48 0.41 −0.34 0.59

Cumulative variance 0.26 0.53 0.78 0.87 0.94

Loadings with an absolute value greater than 0.50 are in bold; less than 0.10 are in grey.
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Extended Data Table 2 | Coefficients from linear regression predicting global naturalization success across biogeographic 
syndromes (n = 19)

Estimate Std. Error t-value p

Intercept 0.30 0.07 4.13 0.001

PC1BG −0.15 0.07 −2.06 0.060

PC2BG 0.38 0.07 5.07 < 0.001

PC3BG 0.30 0.07 4.28 < 0.001

PC4BG −0.07 0.08 −0.85 0.406

PC5BG 0.27 0.08 3.45 0.004

Adjusted R2 = 0.74

Significance values based on two-sided tests.
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Extended Data Table 3 | Loadings for rotated principal components of predictors of regional naturalization success 
measured for biogeographic syndromes (‘BGReg’ for biogeographic syndrome by region analysis)

PC1BGReg PC2BGReg PC3BGReg PC4BGReg

γ-Diversity 0.17 0.33 0.91 −0.12

Max α-Diversity 0.76 0.32 0.46 0.1

Mean α-Diversity 0.97 0.04 0.01 0.13

Log(γ- Phy. Diversity) 0.24 0.32 0.88 −0.14

Max α-Phy. Diversity 0.88 0.13 0.42 0.07

Mean α- Phy. Diversity 0.97 0.02 −0.05 0.07

log(Geographic area) −0.29 0.28 0.88 −0.15

Temperature variability −0.78 0.23 0.3 0.36

log(Precipitation variability) −0.35 −0.1 0.34 −0.78

Glaciation −0.64 0.2 0.12 0.65

log(Population Prehistoric) 0.03 0.5 0.74 0.13

log(Population Ancient) −0.01 0.9 0.39 0.04

log(Population Post-Classical) 0.1 0.93 0.32 0.07

log(Population Early Modern) −0.02 0.97 0.15 0.01

log(Population Late Modern) 0.03 0.94 0.31 0.09

% Economic Species 0.09 0.5 0.54 −0.48

Cumulative variance 0.29 0.56 0.83 0.93

Climate suitability and territorial links are not included because they were measured for every biogeographic syndrome by region pair. Loadings with an absolute value greater than 0.50 are in 
bold; less than 0.10 are in grey.
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Extended Data Table 4 | Coefficients from linear mixed model predicting regional naturalization success across 
biogeographic syndromes (n = 6061 biogeographic syndrome x recipient region comparisons)

Estimate Std. Error t-value p

Intercept −0.71 0.21 −3.37 < 0.001

PC1BGReg 0.28 0.22 1.28 0.222

PC2BGReg 0.67 0.22 3.08 0.008

PC3BGReg 0.83 0.22 3.80 0.002

PC4BGReg −0.48 0.22 −2.22 0.043

Climate Suitability 0.62 0.04 15.52 < 0.001

Territorial links 0.08 0.04 2.06 0.040

Marginal R2 = 0.42

Conditional R2 = 0.56

Biogeographic syndrome was included as a random effect (sd = 0.89). The range parameter, approximating the distance beyond which spatial autocorrelation is no longer detectable, was 
estimated as 819.69 km. Significance values based on two-sided tests.
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Extended Data Table 5 | Loadings for varimax rotated principal components of predictors of probability of economic use 
and probability of naturalization among species (‘Spp’)

PC1Spp PC2Spp PC3Spp PC4Spp PC5Spp PC6Spp PC7Spp

Log(γ-Richness) 0.57 0.08 0.78 −0.06 0.15 0.13 0.04

Max α-Richness 0.94 0.15 0.19 −0.07 0.12 0 −0.03

Mean α-Richness 0.97 0.09 −0.07 −0.13 0.05 −0.05 −0.04

Log(γ- Phy. Diversity) 0.59 0.09 0.77 −0.11 0.12 0.05 0.05

Max α-Phy. Diversity 0.92 0.11 0.27 −0.13 0.09 −0.1 −0.07

Mean α- Phy. Diversity 0.95 0.11 −0.06 −0.18 0.02 −0.15 −0.03

log(Geographic area) −0.14 0.01 0.95 0.04 0.12 0.19 0.09

Temperature variability −0.4 0.07 0.03 0.68 0.3 0.25 0.28

log(Precipitation variability) −0.14 −0.31 0.13 −0.06 0.02 0.86 0.07

Glaciation −0.18 0.04 −0.02 0.94 −0.07 −0.05 0.03

Climate Suitability −0.06 0.16 0.53 0.24 0.11 0.66 0

log(Population Prehistoric) 0.23 0.42 0.26 0.05 0.78 0.12 0

log(Population Ancient) 0.12 0.7 0.17 0.02 0.64 0.01 0.08

log(Population Post-Classical) 0.17 0.83 0.14 −0.01 0.45 −0.07 0.04

log(Population Early Modern) 0.05 0.96 0.01 0.02 0.06 −0.1 0.1

log(Population Late Modern) 0.15 0.93 −0.01 0.07 0.06 −0.06 0.08

Territorial Links −0.09 0.18 0.1 0.13 0.02 0.05 0.96

Cumulative variance 0.27 0.35 0.51 0.60 0.66 0.74 0.94

Loadings with an absolute value greater than 0.50 are in bold; less than 0.10 are in grey.
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Extended Data Table 6 | Coefficients from phylogenetic binomial regression predicting probability of economic use among 
species (n = 334,667)

Estimate Std. Error t-value p

Intercept −2.61 0.02 −157.53 < 0.001

PC1Spp 0.04 0.01 5.97 < 0.001

PC2Spp 0.64 0.01 80.35 < 0.001

PC3Spp 0.94 0.01 106.71 < 0.001

PC4Spp −0.05 0.01 −5.62 < 0.001

PC5Spp −0.05 0.01 −6.37 < 0.001

PC6Spp 0.27 0.01 32.08 < 0.001

PC7Spp 0.11 0.00 25.95 < 0.001

α = 29.79

R2
Lik = 0.29

The α parameter estimates phylogenetic signal, with low values indicating strong signal and high values low; for a tree scaled to a height of one, values above 50 correspond to negligible 
phylogenetic signal. Goodness of fit is measured using R2

Lik
75. Significance values based on two-sided tests.

http://www.nature.com/natecolevol


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-023-02172-z

Extended Data Table 7 | Coefficients from phylogenetic binomial regression predicting probability of naturalization among 
species (n = 334,667)

Estimate Std. Error t-value p

Intercept −3.71 0.04 −84.25 < 0.001

Economic Use 1.83 0.03 57.39 < 0.001

PC1Spp −0.24 0.01 −22.53 < 0.001

PC2Spp 0.28 0.01 25.11 < 0.001

PC3Spp 0.77 0.01 55.22 < 0.001

PC4Spp 0.30 0.01 31.91 < 0.001

PC5Spp 0.26 0.01 20.17 < 0.001

PC6Spp 0.74 0.01 52.30 < 0.001

PC7Spp 0.36 0.01 51.01 < 0.001

Economic Use* PC1Spp 0.33 0.02 18.63 < 0.001

Economic Use* PC2Spp 0.16 0.02 9.46 < 0.001

Economic Use* PC3Spp −0.50 0.02 −26.02 < 0.001

Economic Use* PC4Spp 0.04 0.02 2.84 0.005

Economic Use* PC5Spp −0.13 0.02 −7.16 < 0.001

Economic Use* PC6Spp −0.32 0.02 −15.88 < 0.001

Economic Use* PC7Spp 0.04 0.01 3.43 < 0.001

α = 12.63

R2
Lik = 0.38

The α parameter estimates phylogenetic signal, with low values indicating strong signal and high values low; for a tree scaled to a height of one, values above 50 correspond to negligible 
phylogenetic signal. Goodness of fit is measured using R2

Lik
75. Significance values based on two-sided tests.
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Extended Data Table 8 | Loadings for rotated principal components of predictors of number of naturalized regions among 
species that have naturalized beyond their native distributions (‘Nat’)

PCNat PC2Nat PC3Nat PC4Nat PC5Nat PC6Nat

log(γ-Richness) 0.26 0.58 0.73 −0.17 0.12 0.02

Max α-Richness 0.40 0.83 0.20 0.08 −0.14 0.12

Mean α-Richness 0.09 0.90 0.08 −0.35 0.05 −0.07

log(γ-Phy. Diversity) 0.27 0.59 0.70 −0.21 0.14 −0.02

Max α-Phy. Diversity 0.29 0.85 0.27 −0.03 −0.23 0.02

Mean α-Phy. Diversity 0.12 0.87 0.11 −0.38 0.10 −0.12

log(Geographic area) 0.28 0.05 0.92 0.05 0.12 0.08

Temperature variability 0.14 −0.44 0.04 0.67 0.46 −0.02

log(Precipitation variability) −0.24 −0.05 0.25 −0.16 0.08 0.89

Glaciation −0.01 −0.24 0.01 0.92 0.01 −0.15

Climate Suitability 0.22 0.15 0.84 0.11 0.03 0.23

log(Population Prehistoric) 0.76 0.26 0.34 0.16 −0.15 0.17

log(Population Ancient) 0.91 0.18 0.22 −0.03 0.15 0.02

log(Population Post-Classical) 0.92 0.22 0.20 −0.07 0.10 −0.09

log(Population Early Modern) 0.88 0.10 0.13 −0.10 0.26 −0.21

log(Population Late Modern) 0.86 0.14 0.15 0.14 0.08 −0.18

Territorial Links 0.27 −0.03 0.18 0.10 0.89 0.08

Cumulative variance 0.26 0.51 0.69 0.79 0.86 0.92

Loadings with an absolute value greater than 0.50 are in bold; less than 0.10 are in grey.
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Extended Data Table 9 | Coefficients from phylogenetic linear regression predicting number naturalized regions among 
species that have naturalized beyond their native distributions (n = 13,280)

Estimate Std. Error t-value p

Intercept 0.51 0.43 1.19 0.234

Economic Use 0.83 0.02 36.07 < 0.001

PC1Nat 0.17 0.02 10.95 < 0.001

PC2 Nat 0.07 0.02 4.12 < 0.001

PC3Nat 0.21 0.01 18.47 < 0.001

PC4Nat 0.07 0.01 6.17 < 0.001

PC5Nat 0.24 0.02 13.36 < 0.001

PC6Nat 0.03 0.01 2.70 0.007

Economic Use* PC1Nat 0.10 0.02 4.66 < 0.001

Economic Use* PC2Nat 0.08 0.02 3.79 < 0.001

Economic Use* PC3Nat (−0.02) (0.02) (−1.14) (0.255)

Economic Use* PC4Nat (0.02) (0.02) (1.10) (0.270)

Economic Use* PC5Nat 0.17 0.02 7.86 < 0.001

Economic Use* PC6Nat (0.02) (0.02) (0.87) (0.384)

λ = 0.38

adjusted R2 = 0.24

Values for interactions removed during model selection are shown in parentheses from the last model before they were removed. Phylogenetic signal is measured as λ, with 0 indicating no 
phylogenetic signal and values of 1 corresponding to expectations of Brownian motion. Significance values based on two-sided tests.
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