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A latitudinal gradient in Darwin’s
naturalization conundrum at the global
scale for flowering plants

Shu-ya Fan 1,16, Qiang Yang 2,3,4,16, Shao-peng Li 1 , Trevor S. Fristoe 2,5,
MarcW.Cadotte 6, FranzEssl7, HolgerKreft 8,9,10, JanPergl 11, Petr Pyšek11,12,
Patrick Weigelt 8,10, John Kartesz13, Misako Nishino13, Jan J. Wieringa 14 &
Mark van Kleunen 2,15

Darwin’s naturalization conundrum describes two seemingly contradictory
hypotheses regarding whether alien species closely or distantly related to
native species should be more likely to naturalize in regional floras. Both
expectations have accumulated empirical support, andwhether such apparent
inconsistency can be reconciled at the global scale is unclear. Here, using
219,520 native and 9,531 naturalized alien plant species across 487 globally
distributed regions, we found a latitudinal gradient in Darwin’s naturalization
conundrum. Naturalized alien plant species are more closely related to native
species at higher latitudes than they are at lower latitudes, indicating a greater
influence of preadaptation in harsher climates. Human landscapemodification
resulted in even steeper latitudinal clines by selecting aliens distantly related
to natives in warmer and drier regions. Our results demonstrate that joint
consideration of climatic and anthropogenic conditions is critical to recon-
ciling Darwin’s naturalization conundrum.

Biological invasions have become ubiquitous across ecosystems
worldwide and are a defining characteristic of the Anthropocene1,2.
So far, over 13,000 plant species have successfully established self-
sustaining populations beyond their native ranges (i.e., have
become naturalized), and the increase in their numbers worldwide
does not show any sign of deceleration3,4. These naturalized aliens

have resulted in the homogenization of the world’s flora5,6 and
exert major environmental, ecological and socioeconomic
impacts7–9. The distribution of naturalized alien plants is highly
uneven globally4,10, but the determinants of naturalization success
and of global geographic patterns therein are not yet fully
understood.
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The phylogenetic relatedness between alien species and native
species in a recipient region has long been suggested as a predictor of
their naturalization success. In 1859, Charles Darwin invoked phylo-
genetic relationships in two seemingly contradictory hypotheses to
explain the naturalization of alien species11. In his first hypothesis, now
known as the preadaptation hypothesis, Darwin posited that alien
species that are closely related to the native species in a regional flora
are more likely to naturalize. This is because they are likely to share
similar adaptations to the environments in the respective region with
their native relatives11,12. In his second hypothesis, now known as Dar-
win’s naturalization hypothesis, Darwin posited that the native species
in a regional flora could reduce the chances of naturalization for clo-
sely related aliens. This is becauseclose relatives should competemore
intensely with each other and also because natural enemies of native
speciesmight also attack the closely related alien species11,13. Together,
these two seemingly opposing hypotheses, emphasizing the dominant
roles of environmental filtering and biotic interactions, constitute
Darwin’s naturalization conundrum14,15 (Fig. 1).

Solving the conundrum has gained increasing attention in recent
years, with accumulating evidence in support of both hypotheses15–20.
The apparent contradiction between the two hypotheses has been
partly resolved by considering the spatial scale of studies14,21. Evidence
for the preadaptation hypothesis is believed to be more detectable at
regional scales, where the effects of environmental filtering are more
apparent17. Conversely, Darwin’s naturalization hypothesis is thought
to be more applicable at the scale of local communities where species
directly interact. However, studies at regional scales have also revealed
instances where naturalized species are distantly related to natives15,16.

These observations could reflect that closely related species are gen-
erally more likely to share pathogens, parasites, and herbivores than
distantly related species22–25, and these shared enemies can exert their
influence over larger spatial scales. Multiple abiotic and biotic pro-
cesses, including environmental filtering and shared enemies, could
act simultaneously in regulating species naturalization, and their
relative strengths could vary considerably even at the regional scale.
Therefore, reconciling empirical support for Darwin’s two hypotheses
across different regional studies remains a major challenge.

We propose that the contradictory findings on Darwin’s natur-
alization conundrum could be clarified by considering the biogeo-
graphical context of the study regions (Fig. 1). Darwin posited that in
the temperate zone, adaptations are mostly driven by harsh climate,
while towards the equator, the importance of biotic interactions
should increase (now known as the latitudinal biotic interaction
hypothesis26,27). We, therefore, expect that support for the pre-
adaptation hypothesis should be stronger in high-latitude regions
characterizedby coldandhighly seasonal environments. In contrast, in
low-latitude regions, which usually have relatively stable environ-
ments, benign climates, and more intense biotic interactions (e.g.,
resource competition, herbivory, and disease)28,29, we expect a higher
likelihood of supporting Darwin’s naturalization hypothesis. In other
words, we predict that with increasing latitude, there should be a
decrease in phylogenetic distance between native and naturalized
alien plant species (Fig. 1). Indirect support for this hypothesis is pro-
vided by studies on native plant assemblages, which have observed an
increase in phylogenetic clustering of native plants with latitude30.
Additionally, some studies found that the phylogenetic structures of
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Fig. 1 | A schematic diagram illustrating the proposed latitudinal gradient in
Darwin’s naturalization conundrum. In high-latitude regions characterized by
harsh and cold environments, the preadaptation hypothesis (PAH) is expected to
receive stronger support due to the predominant role of environmental filtering.
Specifically, alien species closely related to native species should have a higher
probability of successful naturalization through preadaptation. Conversely, in low-
latitude regions with typically warm, stable, and benign environments, Darwin’s

naturalization hypothesis (DNH) is more likely to be corroborated due to reduced
environmental filtering and/or the heightened intensity of biotic interactions.
Consequently, alien species distantly related to native species should be more
prone to avoid negative interactions and subsequently achieve successful natur-
alization. Therefore, we predict a decline in the phylogenetic distance between
native and naturalized alien species with increasing latitude.
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native or alien communities varies with climate31–33. These studies,
however, did not specifically examine the phylogenetic distance
between alien and native species and thus did not directly address
Darwin’s naturalization conundrum.A notable exception is Park et al.17,
which found that the phylogenetic distance between alien and native
plant species increased with temperature and precipitation. However,
being restricted to the continental USA, their study did not cover
tropical or high-latitude environments and did not explicitly incorpo-
rate latitude as a factor. Therefore, a global-scale analysis of regional
floras is required to determine whether a latitudinal gradient indeed
exists in Darwin’s naturalization conundrum and whether it holds true
across continents. Such an analysis could potentially clarify some of
the seemingly inconsistent findings of previous studies focusing on
single regions15–18.

In this study, to test for latitudinal variation in naturalized-to-
native phylogenetic distances, we collated checklists of native and
naturalized alien plant species for 487 regions around the world,
covering more than 83% of the Earth’s ice-free land area. Our dataset
included native distributions for 219,520 angiosperms (i.e., flowering
plants), naturalized alien distributions for 9531 angiosperms, and
phylogenetic information for the full set of species, which represents
about 70%of the knownglobal angiospermflora.Utilizing this data, we
calculated the mean pairwise phylogenetic distances (MPD) between
naturalized alien and native plant species in each region (Supple-
mentary Fig. 1). We then assessed how MPD varied with latitude and
climate variables. Furthermore, given the strong association between
species naturalization and human-induced environmental
disturbances34,35, we additionally tested whether the degree of human
modification to the landscape influenced the relationship of

naturalized-to-native phylogenetic distance with latitude and climate.
Our study reveals a clear global latitudinal pattern of Darwin’s natur-
alization conundrum, and provides evidence that this latitudinal pat-
tern is largely driven by temperature and its seasonality.Moreover, our
results demonstrate that these patterns become stronger with
increasing human modification of the environment.

Results and discussion
We found a strong latitudinal gradient in the mean pairwise phyloge-
netic distances (MPD) between the naturalized alien and native plant
species across the globe (Fig. 2a, c). In line with our prediction, nat-
uralized alien species were more distantly related to natives within
equatorial regions, and MPD decreased significantly toward the poles
(Fig. 2c; P < 0.001). To quantify how much higher or lower these MPD
values were than expected by chance, we calculated ΔMPD values as
the deviations of the observed MPD values from expected values
derived from a null model (Supplementary Fig. 1). To ensure the
robustness of our findings across different null models, we used six
different potential source pools fromwhich the naturalized alien plant
species in a recipient region may have derived: (1) a global nonnative
species pool (Global nonnative flora), (2) the pool of species with
economic uses combined with the global naturalized species pool
(Econ. use flora), (3) the global naturalized alien species pool (Global
nat.), (4) the pool of species that have naturalized in the continent of
the recipient region (Continent nat.), (5) the global pool of specieswith
climatic suitability in the recipient region (Climate nat.), and (6) the
pool of climatically suitable species that have also naturalized in the
continent of the recipient region (Climate continent nat.; see Methods
for details; Supplementary Fig. 2). Irrespective of the choice of the
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Fig. 2 | Latitudinalgradientofphylogenetic distancebetweennaturalized alien
andnative plant species in487 regions around theworld. Phylogenetic distance
was calculated as the mean pairwise phylogenetic distance (MPD, a, c, e) and
difference between observed MPD and expected MPD (ΔMPD, b, d, f). Positive
values of ΔMPD support Darwin’s naturalization hypothesis, whereas negative
values support the preadaptation hypothesis. a, b show the global distribution of
MPD and ΔMPD. The ΔMPD values in b, f, as well as the gray circles in d, were
generated using the null model based on the global naturalized alien species pool.
The colors in a and b correspond to different MPD and ΔMPD. We used bins with
equal intervals, with the exception of the bins for the lowest and highest values, as

there were relatively few observations for those extreme values. Gray areas
represent regions without data. In c and d, the solid lines represent the linear
regressions, while the gray shadings indicate the 95% confidence intervals. In
d, different colors represent different species pools used to calculate ΔMPD (see
Methods and Supplementary Fig. 2). e, f show the interactive effect of the human
modification index (HM) and latitude on MPD (two-sided Student’s t-test: t-
value = −3.29, P =0.001) and ΔMPD (two-sided Student’s t-test: t-value = −3.15,
P =0.002). The lines represent the model predictions when fixing HM at its 10%,
50% and 90%quantiles. All relationships are statistically significant (P <0.001), and
all R2 values have been adjusted.
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species pools, ΔMPD consistently decreased with increasing latitude
(Fig. 2d; P <0.001 for all models). The phylogenetic distances between
the naturalized alien and native plant species were significantly higher
than expected in some low-latitude regions (e.g., Algeria and some
Mexican states; Fig. 2b and Supplementary Figs. 3 and 4), consistent
with the prediction of Darwin’s naturalization hypothesis. Conversely,
in most mid- and high-latitude regions (e.g., Northern Europe and
Canada), MPD was significantly lower than expected (Fig. 2b and
Supplementary Figs. 3 and 4), which supports the preadaptation
hypothesis. As previous studies have found, native flora usually have a
phylogenetic clustering tendency under pronounced environmental
filtering at high latitudes30. Our findings of a latitudinal gradient in
phylogenetic distances between the naturalized alien and native plant
species suggest that similar mechanisms contribute to the successful
establishment of closely related alien plants in these environments.

In addition to analyzing the average MPD and ΔMPD values
between all naturalized alien and native plant species in a region,
similar patterns were obtained when we assessed the relationship
betweennaturalization success (yes, no) versus phylogenetic distances
of each of the 9531 naturalized alien plant species in our dataset to the
natives in each region where they are not native (Fig. 3). At high lati-
tudes, the naturalization probability of an alien species was higher in
regions with closely related native floras, whereas, at low latitudes, the
reverse was true (Fig. 3). Therefore, both the analysis at the regio-
nal flora and individual species level showed that the probability of
observing evidence for the preadaptation hypothesis increases from
the equator to the poles.

We further tested whether the geographic patterns were
explained by global climatic gradients. We first performed a principal
component analysis (PCA) on 19 biologically relevant climate
variables36. The first PCA axis (PCTemp), explaining 45.7% of the climatic
variation, primarily represented temperature and its seasonality, with
high values indicating warm, non-seasonal environments (Supple-
mentary Table 1). Notably, PCTemp exhibited a significant negative
correlation with latitude (Pearson’s r = -0.943, P <0.001, Supplemen-
tary Fig. 5a). The second PCA axis (PCPrec), explaining 31.7% of the

climatic variation, mainly captured information related to precipita-
tion and its seasonality, with high values representing humid regions
with non-seasonal precipitation (Supplementary Table 1). Consistent
with our expectations, MPD and the six ΔMPDs significantly increased
with PCTemp and PCPrec (Fig. 4). In cold and seasonal regions (such as
Northern Europe and Canada) or arid regions (such as Central Asia,
Interior Australia, and the Southern Cone of South America), we
observed a higher likelihood of naturalization for alien species closely
related to natives (Fig. 2b and Supplementary Figs. 3 and 4). This
finding aligns with the results of a previous study17, indicating that
environmental filtering plays a more important role in determining
species' naturalization in harsher climates. Inwarmer andnon-seasonal
regions (such as western Mexico), naturalized alien species were gen-
erally more distantly related to natives (Fig. 2b and Supplementary
Figs. 3 and 4), whichmay reflect the relatively weak abiotic constraints
imposed by benign climates. Instead, intense interactions with ene-
mies and competitors may be more prevalent in these typically bio-
diverse regions, which tend to hinder the naturalization of closely
related species27,37–40.

The latitudinal gradient of naturalized-to-native phylogenetic
distances was evident in most continents, including Africa, Asia, Eur-
ope, Northern America, and Southern America (Supplementary Fig. 6).
However, Australasia showed a reversed latitudinal gradient (Supple-
mentary Fig. 6), which is consistent with its known latitudinal gradient
of plant diversity41. This reversal is likely due to the pronounced
increase in precipitation with latitude across Australasia compared to
the other continents (Supplementary Figs. 5b and 7b). Aridity appears
to act as the primary environmental filter for species naturalization in
this continents. Consistently, we found that both MPD and the ΔMPDs
decreased in regions with low PCPrec across Australasia (Supplemen-
tary Fig. 7). This is in line with the idea that Australasia, characterized
by the second lowest precipitation levels after Antarctica, exhibits
biodiversity patterns strongly shaped by variation in precipitation42.
Therefore, the reversed gradient in Australasia highlights the necessity
of conducting studies spanning multiple continents, as they not only
confirm the general patterns of species naturalization at a macro-
ecological scale but also reveal exceptions that can provide insights
into underlying mechanisms.

While macroclimatic conditions can strongly constrain natur-
alization success, it is important to note that these climatic variables,
along with other potentially influential environmental factors43, are
also subject tomodification by human activities in various ways and to
different degrees across the globe. Therefore, to investigate the
potential influence of humanmodification on the observed latitudinal
and climatic patterns, we further explored the interactions between
the human modification index (HM) and latitude, as well as climate
variables, on MPD and ΔMPD. The HM index quantifies the extent to
which humans have changed land cover44. Our analysis revealed that
higher values of HM strengthened the latitudinal pattern (Fig. 2e, f;
P <0.001 for the interaction between HM and latitude in all models)
and resulted in steeper gradients of MPD and ΔMPD with PCTemp

(Fig. 4b, d). The steeper gradients primarily arose from higher MPD
andΔMPDvalues at low-latitude,warm regions. Thisobservation could
be attributed to the relatively recent intense human modifications in
tropical regions that have created many novel environments34,45. Such
disturbances may particularly benefit alien species from distantly
related temperate clades that have preadapted to anthropogenic
landscapes through their long histories in human-modified environ-
ments (e.g., in Europe and Asia)46. While the precise mechanisms
warrant further investigation, our results suggest that with increasing
human modification of environments worldwide, the latitudinal gra-
dient of naturalized-to-native phylogenetic distances might steepen.

We also found that in regions with low levels of human mod-
ification, increasingly arid conditions (i.e., lower PCPrec values) were
associated with lower naturalized-to-native phylogenetic distances
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Fig. 3 | The effect of phylogenetic distance on species naturalization prob-
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each species from the global naturalized alien flora (9,531 species) and all native
species in each region (n = 4,403,923 observations). The partial relationships of
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(Fig. 4c). This result is again consistentwith environmentalfiltering as a
primary constraint on the naturalization of alien species in harsh cli-
mates. However, with increasing human modification, the positive
relationship between MPD and PCPrec became shallower and was even
reversed to negative in regions with the highest human modification
(Fig. 4c, e). Possibly, this reflects that humanmodifications, such as the
construction of artificial water bodies and other forms of water man-
agement, aswell as irrigationof agricultural land, locally alleviatewater
limitation in arid regions. These human modifications could facilitate
the establishment of distantly related alien species that would other-
wise be filtered out by the arid natural conditions.

Our findings resonate with previous studies indicating that both
environmental filtering and biotic interactions act simultaneously and
thus jointly shape naturalization success15,47. Our analysis revealed that
in some tropical regions, the observed naturalized-to-native phyloge-
netic distance was larger than expected. These results thus support
Darwin’s naturalization hypothesis, indicating that in these tropical
regions, the influence of biotic interactions may outweigh environ-
mental filtering. The reverse pattern was observed in most other
regions and particularly in the cold, seasonal environments found at
high latitudes, indicating that environmental filtering predominates in
most regions. The prevalence of negative ΔMPD values in our study is
likely attributable to our focus on regional floras rather than local
communities. Indeed, previous studies have found that negative rela-
tionships between alien-to-native phylogenetic distance and natur-
alization success were more likely found for larger spatial units (e.g.,
administrative units, like in our study), whereas positive relationships
are more likely, but not exclusively, observed at local spatial scales
(e.g., within vegetation plots), where alien and native plants are more
likely to directly compete16,17. At the spatial resolution of our study, the
alien and closely related native plant species may not necessarily
directly interact with each other. Nevertheless, it is important to
recognize that they can still affect each other indirectly through var-
ious biotic interactions, such as shared pathogens, herbivores,

pollinators, and seed-dispersers. It should also be noted that the
occurrence or absence of species at a regional scale is an emergent
outcomeof local processes. The regional lists of native species provide
an indication of the potential compositions of local communities and
the probability of an alien encountering closely or distantly related
species. While our data do not allow for direct observation of local
interactions, we can still detect a signal of their influence at regional
scales. In fact, our results align with the prediction of the latitudinal
biotic interaction hypothesis, which suggests that biotic interactions
are more pronounced at lower latitudes27.

While our analyses encompassed extensive data covering most of
the terrestrial world, we acknowledge the potential for future
advancements. Our study encountered limitations in data coverage,
particularly in parts of Southeast Asia and Africa (Fig. 2), emphasizing
the importance of cautious interpretation to account for potential
biases. It is therefore crucial to prioritize efforts in obtaining more
comprehensive species lists, particularly for naturalized aliens, in these
underrepresented regions. With the continuous expansion of public
datasets, there is an increased opportunity to explore latitudinal and
climatic patterns of alien-to-native phylogenetic relatedness, not only
across regional floras but also across local communities (i.e., vegeta-
tion plots) and across various spatial scales. Furthermore, it is worth
noting that our phylogenetic tree, although informative, contains
several polytomies at the genus level due to the current unavailability
of a fully resolved global flora phylogeny. However, it has been shown
that the use of genus-level phylogenetic trees instead of fully resolved
ones have minimal impact on measuring patterns of phylogenetic
relatedness among collections of species that contain different famil-
ies or genera48–52. This is because the deep branches of the phyloge-
netic tree have a strong influence on the overall patterns. Nevertheless,
we acknowledge that our analyses could be improved with the advent
of a more accurate species-level phylogenetic tree.

While Darwin clearly referred to the importance of the phyloge-
netic relatedness between aliens and native species in a region11, he
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evoked phylogenetic relatedness as an integrative surrogate for simi-
larity in key functional traits and niche preferences between alien and
native species. This assumption is reasonable considering the pre-
valence of niche conservatism53. The current lack of comprehensive
trait data and methods of linking the different traits to niche differ-
ences pose limitations54. Future global studies should strive to incor-
porate functional distances and niche similarities between alien and
native species in order to enhance our understanding of Darwin’s
conundrum.Moreover, as itwas recently shown that the effect of alien-
to-native phylogenetic distancemight vary among the different stages
of the invasion process19,55, future studies should also consider those
different stages under varying geographic and environmental con-
texts. Together with important insights from previous studies, our
findings of latitudinal and climatic gradients in the effect of phyloge-
netic distance on naturalization and the effects of human environ-
mental modification on these relationships will help to solve this 160-
year-old Darwin’s naturalization conundrum.

Methods
Native and naturalized alien angiosperm floras
We extracted regional lists of naturalized alien and native angios-
perms (i.e., flowering plant species) from the Global Naturalized
Alien Flora (GloNAF) database56 and the Global Inventory of Floras
and Traits (GIFT) database57,58, respectively. As the most compre-
hensive global database of naturalized alien plants, GloNAF contains
lists of naturalized alien vascular plant species for various regions
(e.g., countries, states, provinces, islands) that together cover most
of the world’s ice-free terrestrial surface10,56. GIFT is a compilation of
floras and checklists of predominantly native plant species with an
indication of their native status for more than 300,000 species
across nearly 3000 regions with near-global coverage57,58. We selec-
ted regions present in both GloNAF and GIFT. Additionally, we
merged some GloNAF regions to match the higher-level adminis-
trative divisions in GIFT regions and vice versa. To further increase
the spatial coverage of our analysis, we also collected checklists of
native species for some GloNAF regions from other data sources (see
Supplementary Table 2 for details), when the native species lists were
not yet included or incomplete in GIFT.

Regions with data on native and naturalized alien plants vary lar-
gely in their size. Because the study scale may affect the relationship
between phylogenetic relatedness and species naturalization17, we
reduced this potential effect by restricting our analyses to regions
larger than 5000 km2. Small mainland regions were merged into the
country that they belong to, and small oceanic islands were excluded
from our analysis. However, to assess the sensitivity of the analyses to
the region-size threshold, we also conducted additional tests using
thresholds of 0, 1000, and 10,000 km2, which confirmed that patterns
were consistent regardless of the threshold (Supplementary Table 3).
Furthermore, including region area in our statistical model did not
change the statistical significance and signs of the effect sizes of the
explanatory variables that we were interested in (Supplementary
Fig. 8). We therefore only report results without region area as an
explanatory variable in the main text. Our selection criteria based on
the 5000 km2 threshold resulted in 487 regions, which in total cover
more than 83% of the world’s terrestrial ice-free surface.

Because regional checklists of non-angiosperms are usually not as
complete as those of angiosperms, we restricted our analysis to
angiosperms.Weharmonized all taxonomic names of both naturalized
alien and native species using the R package Taxonstand v.2.459,
according to The Plant List (http://www.theplantlist.org/), which was
used as a taxonomic reference list for both the GloNAF56 and GIFT57,58

databases. We excluded hybrids and assigned infraspecific taxa to the
binomial species level. If infraspecific taxa were standardized to two
different accepted binomial names, they were considered to be sepa-
rate species, and their native or alien status was assigned accordingly.

If multiple infraspecific taxa were standardized to the same binomial
species name, the species was considered native if at least one of the
infraspecific taxa was classified as native. Species with an uncertain
native/alien status or with a conflicting status (including 1286 of
1,156,207 records in total), i.e., being native to a region according to
GIFT but being naturalized to the same region according to GloNAF,
were assigned as native species. However, the results remained con-
sistent when we assigned them as naturalized aliens (Supplementary
Fig. 9). After cleaning the data, our final dataset encompassed dis-
tributions of 9531 naturalized alien species and 219,520 native species
across 487 regions, which represent ~70% of the global angiosperm
flora (Supplementary Fig. 10).

Phylogenetic analyses
To calculate the phylogenetic distances between species, we con-
structed a phylogenetic tree for the global flora using accepted names
from The Plant List. As a basis for this tree, we used the phylogeny
“ALLMB” constructed by Smith and Brown (2018)60, which is to date
one of the most comprehensive trees for seed plants. We first stan-
dardized the taxon names of this tree with The Plant List using the
package Taxonstand59, and pruned the tree to only include taxa with
accepted names in The Plant List. Some plants with accepted names in
The Plant List were not found in the tree, andwe therefore added them
manually. Specifically, for species that were missing but had con-
generic species present in the tree (7.2% of species), we grafted those
species to the roots of the corresponding genera. When the entire
genus was missing from the tree (1.3% of species), we grafted the
species to the roots of the families they belong to. We then pruned the
global flora tree to only include the 224,593 species analyzed in this
study (including all native angiosperms, naturalized alien angios-
perms, and economically useful angiospermsmentionedbelow). Some
species in our mega tree species were added as polytomies of their
genera or family, while others are fully resolved at the species level.
This approach might introduce potential biases when examining lati-
tudinal and climatic gradients in naturalized-to-native phylogenetic
distances. Therefore, we also created a treewith a lower butmore even
phylogenetic resolution across regions. This was achieved by adding
all species to the roots of the corresponding genera or,when the entire
genus was missing from the tree, to the roots of the families they
belong to. We found that the use of this less-resolved tree yielded
similar results (Supplementary Fig. 11). This finding supports recent
studies showing that phylogenetic metrics derived from mega-
phylogenies resolved only at the genus level and those derived from
fully resolved species-level trees are nearly perfectly correlated
(Pearson’s correlation coefficients ranged from 0.966 to 1.000)51,52.
The reason for this high correlation is that the assembled communities
typically contain distantly related species across different families or
genera that traversedeepnodes. Thus,fine-tuning the relative distance
among species within the same genus has minimal impact on phylo-
genetic distance metrics.

For each region, the phylogenetic distance between naturalized
aliens and native species can be calculated as the mean pairwise phy-
logenetic distance (MPD) and as the mean nearest taxon distance
(MNTD)61,62. MPD represents the average of the pairwise phylogenetic
distances between naturalized aliens and the native species in a region
(Supplementary Fig. 1), and could therefore capture both shallow and
deep branching in the phylogenetic tree62,63. In contrast, MNTD esti-
mates the average of the phylogenetic distances of each naturalized
alien species with its closest native relative in the focal region and is
more strongly influenced by patterns towards the tips of the tree62,63.
As it is difficult to achieve good resolution at the tips of the largemega-
phylogeny with numerous polytomies, we opted to only use MPD in
our analysis.

To assess whether the naturalized alien species weremore closely
or more distantly related to the native ones than expected by random
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chance, we adopted a null-model approach. This involved comparing
the observed MPD between naturalized alien and native species to the
distribution of simulated distances that were drawn randomly from a
potential alien species source pool. Specifically, we conducted 1000
random simulations by keeping the native species composition and
the number of naturalized alien species in a region unchanged but
randomly drawing the identities of the naturalized alien species from
the respective source pool. Hence, this approach allowed us to
account for the different potential source pools of alien species, the
likelihoodof introduction to a region, and the probability of successful
naturalization based on the climatic suitability of the focal regions. For
each region and null model, we initially calculated the standardized
effect size of MPD (SES.MPD) as (observed MPD – mean of the
expected MPDs) divided by the standard deviation of the expected
MPDs. While SES.MPD provides information about whether the
observed MPD value of a region deviates significantly from the
expected values, it is less suitable for comparisons among regions
because of SES.MPD values are sensitive to variation in species
richness64,65. To avoid this, it has been suggested to use rarefaction64,
but because the variance inMPDvalues expected from randomizations
is higher in species-poor regions, rarefactionunnecessarily reduces the
certainty of estimates for many regions65. Therefore, we instead cal-
culated ΔMPD as the difference between observed MPD and the mean
of the expected MPDs (Supplementary Fig. 1) and used the inverse of
the variance of the distribution of expected MPDs as a weight in the
statistical models to account for uncertainty (see the section ‘Statis-
tical analyses’ below). Nevertheless, if we analyzed SES.MPD instead of
ΔMPD, the results were very similar (Supplementary Figs. 12 and 13).
Positive values of ΔMPD (or SES.MPD) indicate that naturalized alien
species are more distantly related to native species in a region than
expected by chance, aligning with Darwin’s naturalization hypothesis.
Conversely, negative values indicate that naturalized alien species are
more closely related to native species, supporting the preadaptation
hypothesis. All phylogenetic distance indiceswere calculated using the
R package picante v.1.8.266.

How a potential source pool of naturalized alien species is defined
can affect the output of the null models and the interpretation of the
results67. To assess whether the patterns we found were robust, we
considered six different potential pools of alien species (Supplemen-
tary Fig. 2). These pools of potentially introduced species for the focal
region differed in size. The first species pool included all species not
native to the focal region (i.e., the global nonnative species pool, global
nonnative flora). As particularly alien species with economic uses, such
as for human food and animal fodder, are likely to be introduced and
become naturalized68, we used as a second species pool of a focal
region all non-native species that have a known economic use. How-
ever, because that would exclude naturalized species without known
economic use, we also included in this species pool all other species
from the global naturalized flora (i.e., the pool of economic-use species
combined with the global naturalized species pool, econ. use flora).
Data on species with economic uses was extracted from the World
Checklist of Useful Plant Species69. As a third species pool, we used all
species that have become naturalized in at least one region worldwide
(i.e., the global naturalized alien species pool, global nat.). While it is
likely that somenaturalized alien species havebeen introduced into the
greatmajority of the world, this might not apply to all naturalized alien
species. Therefore, we used, as a fourth species pool, all species that
havenaturalized in at least one regionof thebiogeographical continent
that the focal region is part of (i.e. the pool of species that have nat-
uralized in the same continent as a given recipient region, continent
nat.). This assumes that when a species is naturalized in at least one
region of a continent, it is more likely to have also been introduced to
all other regions of that continent. For this null model, we divided the
world into eight continents using the Taxonomic Databases Working
Group continent scheme (TDWG, including Africa, Asia, Europe, South

America,NorthAmerica, Antarctica, the Pacific Islands, andAustralasia,
https://www.tdwg.org/standards/wgsrpd/). We combined the TDWG
continental regions Asia-Temperate and Asia-Tropical into Asia
because of the short latitudinal range in Asia-Tropical.

The fifth species pool considered the climatic suitability of the
naturalized alien species for the focal region (i.e., the global pool of
naturalized species with climatic suitability in a recipient region, cli-
mate nat.). This approach accounts for the fact that humans are more
likely to intentionally introduce climatically suitable plant species than
climatically unsuitable ones70,71. Additionally, this null model controls
for the fact that species from across temperate continents tend to be
more closely related than those from across tropical continents72. To
predict the potential geographic distribution of each species in the
global naturalized flora, we employed maximum entropy modeling
(MaxEnt v.3.4.1) using the R package dismov.1.3.573. Thismodelingwas
based on bioclimatic variables from both its native and naturalized
ranges, and relied on six climate variables extracted fromWorldClim at
2.5 arc-min resolution. These variables included mean diurnal range,
temperature seasonality, the maximum temperature of the warmest
month, precipitation seasonality, precipitation of the wettest quarter,
and precipitation of driest quarter, which are known to be related to
species distributions. To ensure the reliability of our models, we
examined pairwise Pearson’s correlations between these climate vari-
ables and found them to be below 0.7. This indicates that collinearity
among the variables should have a negligible effect on subsequent
model estimations and predictions74. Ideally, climatic niche modeling
would rely on known point-occurrence data instead of regional
occurrence data. Although some widely naturalized alien species (i.e.,
invasive species) have extensive point-occurrence records, compre-
hensive point-occurrence data for all naturalized alien species at a
global scale is currently unavailable. Consequently, we used coarse
occurrence data (i.e., regional occurrence data) to construct species
distribution models. To do this, the global map was rasterized into
50 km × 50 km grid cells, with the assumption that a species that
occurs in a region resides in each grid cell of that region. Additionally,
we upscaled the six bioclimatic variables tomatch the resolution of the
regional occurrence data. To ensure the reliability of our models in
predicting global distribution of all naturalized alien species, we firstly
focused on species with more than 15 occurrences, as that number is
considered to be sufficient for running a species distribution model75.
For each naturalized alien species, we then allocated 80% of the dis-
tribution data for model training and 20% of the distribution data for
testing the model’s performance. We retained models with an area
under the curve (AUC) greater than 0.7 (considered a valid model)76.
Using these valid models, we proceeded to predict the climatic suit-
ability of each species in every grid cell, based on climatic data in the
487 regions. Subsequently, we extracted the potentially climatically
suitable regions for each naturalized alien species by using the max-
imum training sensitivity plus specificity threshold. Specifically, if a
region has at least one grid cell with suitability not lower than the
threshold, then we postulate the species to be climatically suitable for
this region. Finally,wedefined the climatically suitable species pool for
each focal region by assuming that only the species whose potential
distribution overlaps with the focal region could naturalize there. The
sixth and last species pool was even more strict and combined the
criteria used tomake the fourth and fifth species pools. In otherwords,
the sixth species pool assumed that for a focal region, only the species
that are both climatically suitable and have also naturalized in the
continent of the focal region have a chance to naturalize there (i.e., the
pool of climatically suitable species that have also naturalized in the
continent of the recipient region, climate continent nat.).

Climate variables and human modification index
We considered climate variables and human modification of the
landscape as potential drivers of global patterns in the naturalized-to-
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native phylogenetic distance. For climate variables, we used all 19
bioclimatic variables from WorldClim36 at 2.5 arc-min resolution. To
account for collinearity among the 19 bioclimatic variables, we per-
formed a PCA on the centered and scaled bioclimatic variables. Due to
the skewed distribution of some variables, we used various transfor-
mations to approximate normal distributions (see Supplementary
Table 1) by using the R package normalizer v.0.1.077. The first two PC
axes (PCTemp and PCPrec) accounted for 77.8% of the variation, where
PCTemp mainly reflects the temperature and its seasonality, and PCPrec

mainly reflects precipitation and its seasonality (Supplementary
Table 1). Then, we calculated PCTemp and PCPrec for each region as the
mean value across all grid cells in that region. These two variables are
also strongly correlatedwith the global aridity index (AI), andpotential
evapotranspiration (ET)78 (Supplementary Fig. 14). Therefore, we only
considered PCTemp and PCPrec in our analyses, which provide inde-
pendent indices of temperature and precipitation effects.

To characterize the influence of anthropogenic stressors, we
incorporated the global human modification index (HM). HM is
strongly positively correlated with human population density79 (Sup-
plementary Fig. 14), but is an index that much more comprehensively
quantifies human-caused changes of terrestrial lands (including
changes due to human settlement, agriculture, transport, energy
production and electrical infrastructure)44. TheHM is available at 1-km2

resolution and ranges from 0 (low human impact) to 1 (high human
impact)44. The average HM for each region was calculated as the mean
value across all grid cells in that region.

Statistical analyses
To describe the general pattern of naturalized-to-native phylogenetic
distance along the latitudinal gradient, we first used linear regressions
to test whether there were statistically significant relationships
(P < 0.05) of latitude with MPD and the six ΔMPDs, each based on a
different null model. To explore how human modification of the
environment affects the latitudinal gradient of phylogenetic distance,
we additionally ran multiple linear regression models of MPD and
ΔMPD on latitude, HM, and their interaction. We used the R package
visreg v.2.7.080 to visualize the effect of the significant interaction
between HM and latitude (P <0.05; Fig. 2e, f). For plotting, we set the
HM values to the 10%, 50%, and 90% quantiles of the HM values across
all regions.

We further performed multiple linear mixed-effects models to
assess the relative importance of PCTemp, PCPrec and their interactions
with HM on MPD, and the six ΔMPDs. To account for differences
among the TDWG continents, we included the continent as a random
intercept. To account for uncertainty in the estimation of ΔMPD, we
used the inverse of the variance of the distribution of expected MPDs
as a weight in the ΔMPD models. Linear mixed-effects models were
performed in the R package lme4 v.1.1.2881. The standardized effect
sizes of the predictor variables in the above models were calculated
using the R package effect size v.0.6.0.182. Again, we used the R pack-
age visreg v.2.7.080 to visualize the effect of the significant interaction
(P < 0.05) between HM and climate variables (PCTemp and PCPrec) on
MPD and ΔMPD based on the global naturalized species pool. Speci-
fically,weplotted thepartial relationshipof climate variableswithMPD
and ΔMPD for the 10%, 50%, and 90% quantiles of HM. R2 in all models
has been adjusted, and all statistical analyses were conducted in R
v.4.0.383.

The analyses described in the preceding section calculate for
each focal region the average of the MPD values across the natur-
alized alien species in that region, whichmeans that region is the unit
of analysis. As an alternative analysis, we calculated MPD of each of
the 9531 naturalized alien species in our dataset to the natives in each
of the 487 regions where the species is not native. Then we ran a
binomial generalized linear mixed model, using the R package lme4
v.1.1.2881, across all species and regions to test how the naturalization

success of a species in a region relates to itsMPD to the natives in that
region, the latitude of the region and their interaction. To account for
non-independence of observations for the same species and the
same region, we included species identity and region identity as
random factors. Furthermore, as species might vary in their
responses to MPD and latitude, we also included random slopes of
species with regard to MPD, latitude, and their interaction. Since the
binomial response variable hadmanymore zeros than ones, we used
the complementary log-log link function84. For visualizing the sta-
tistically significant interactions of MPD and latitude (P < 0.05), we
fixed latitude at several fixed values to depict the predicted rela-
tionship between species naturalization success andMPDat different
latitudes.

Considering the variation in species inventory completeness
among regions, with notably better documentation of species inhighly
developed areas, we conducted additional tests to identify potential
biases that this variationmight introduce to the latitudinal patterns we
found. Specifically, we first focused on the regions (467 regions)where
the estimated completeness of naturalized species lists exceeded 50%,
based on completeness-estimate scores from the GloNAF database56.
In this subset of regions, we re-analyzed the linear relationship
between MPD and latitude. Second, we obtained the average native
species inventory completeness percentages in 430 regions from
Dawson et al. (2017)1. Then we developed the linear regression model
of MPD with latitude for these 430 regions, incorporating the average
inventory completeness percentage as a weighting variable. This
weighting approach assigns greater weight to regions with higher
completeness levels. As these additional analyses still revealed a lati-
tudinal cline in naturalized-to-native phylogenetic relatedness (Sup-
plementary Table 4), we only show the results based on all regions in
the main text.

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

Data availability
The data generated in this study have been deposited in the figshare
(https://doi.org/10.6084/m9.figshare.20055611.v5)85. The GloNAF
database together with the shapefile that was used to produce the
maps have been published in a data paper56. The GIFT database is
accessible via the GIFT R-package (https://CRAN.R-project.org/
package=GIFT)58.

Code availability
The code for the analyses and figures are available at figshare (https://
doi.org/10.6084/m9.figshare.20055611.v5)85.

References
1. Dawson, W. et al. Global hotspots and correlates of alien species

richness across taxonomic groups. Nat. Ecol. Evol. 1, 0186 (2017).
2. Vitousek, P. M., Mooney, H. A., Lubchenco, J. &Melillo, J. M. Human

domination of Earth’s ecosystems. Science 277, 494–499 (1997).
3. Seebens, H. et al. Projecting the continental accumulation of alien

species through to 2050. Glob. Chang. Biol. 27, 970–982 (2021).
4. van Kleunen, M. et al. Global exchange and accumulation of non-

native plants. Nature 525, 100–103 (2015).
5. Yang,Q. et al. The global loss offloristic uniqueness.Nat. Commun.

12, 7290 (2021).
6. Daru, B. H. et al. Widespread homogenization of plant communities

in the Anthropocene. Nat. Commun. 12, 6983 (2021).
7. Bellard, C., Cassey, P. & Blackburn, T. M. Alien species as a driver of

recent extinctions. Biol. Lett. 12, 20150623 (2016).
8. Diagne, C. et al. High and rising economic costs of biological

invasions worldwide. Nature 592, 571–576 (2021).

Article https://doi.org/10.1038/s41467-023-41607-w

Nature Communications |         (2023) 14:6244 8

https://doi.org/10.6084/m9.figshare.20055611.v5
https://CRAN.R-project.org/package=GIFT
https://CRAN.R-project.org/package=GIFT
https://doi.org/10.6084/m9.figshare.20055611.v5
https://doi.org/10.6084/m9.figshare.20055611.v5


9. Vila, M. et al. How well do we understand the impacts of alien
species on ecosystem services? A pan-European, cross-taxa
assessment. Front. Ecol. Environ. 8, 135–144 (2010).

10. Pyšek, P. et al. Naturalized alien flora of the world: species diversity,
taxonomic and phylogenetic patterns, geographic distribution and
global hotspots of plant invasion. Preslia 89, 203–274 (2017).

11. Darwin, C. On the Origin of Species. (J. Murray, 1859).
12. Ricciardi, A. & Mottiar, M. Does Darwin’s naturalization hypothesis

explain fish invasions? Biol. Invasions 8, 1403–1407 (2006).
13. Daehler, C. C. Darwin’s naturalization hypothesis revisited. Am. Nat.

158, 324–330 (2001).
14. Thuiller, W. et al. Resolving Darwin’s naturalization conundrum: a

quest for evidence. Divers. Distrib. 16, 461–475 (2010).
15. Cadotte, M. W., Campbell, S. E., Li, S. P., Sodhi, D. S. & Mandrak, N.

E. Preadaptation and naturalization of nonnative species: Darwin’s
two fundamental insights into species invasion. Annu. Rev. Plant
Biol. 69, 661–684 (2018).

16. Ma, C. et al. Different effects of invader-native phylogenetic relat-
edness on invasion success and impact: ameta-analysis of Darwin’s
naturalization hypothesis. Proc. R. Soc. B-Biol. Sci. 283,
20160663 (2016).

17. Park, D. S., Feng, X., Maitner, B. S., Ernst, K. C. & Enquist, B. J.
Darwin’s naturalization conundrum can be explained by spatial
scale. Proc. Natl Acad. Sci. USA 117, 10904–10910 (2020).

18. Diez, J. M. et al. Learning from failures: testing broad taxonomic
hypotheses about plant naturalization. Ecol. Lett. 12,
1174–1183 (2009).

19. Li, S. P. et al. Contrasting effects of phylogenetic relatedness on
plant invader success in experimental grassland communities. J.
Appl. Ecol. 52, 89–99 (2015).

20. Li, S. P. et al. The effects of phylogenetic relatedness on invasion
success and impact: deconstructing Darwin’s naturalisation con-
undrum. Ecol. Lett. 18, 1285–1292 (2015).

21. Procheş, Ş., Wilson, J. R., Richardson, D. M. & Rejmánek, M.
Searching for phylogenetic pattern in biological invasions. Glob.
Ecol. Biogeogr. 17, 5–10 (2008).

22. Kempel, A., Rindisbacher, A., Fischer, M. & Allan, E. Plant soil
feedback strength in relation to large-scale plant rarity and phylo-
genetic relatedness. Ecology 99, 597–606 (2018).

23. Jiang, Y., Wang, Z., Chu, C., Kembel, S. W. & He, F. Phylogenetic
dependence of plant–soil feedback promotes rare species in a
subtropical forest. J. Ecol. 110, 1237–1246 (2022).

24. Ness, J. H., Rollinson, E. J. & Whitney, K. D. Phylogenetic distance
can predict susceptibility to attack by natural enemies. Oikos 120,
1327–1334 (2011).

25. Ødegaard, F., Diserud, O. H. & Østbye, K. The importance of plant
relatedness for host utilization among phytophagous insects. Ecol.
Lett. 8, 612–617 (2005).

26. Zvereva, E. L. & Kozlov, M. V. Latitudinal gradient in the intensity of
biotic interactions in terrestrial ecosystems: sources of variation
and differences from the diversity gradient revealed by meta-
analysis. Ecol. Lett. 24, 2506–2520 (2021).

27. Schemske, D. W., Mittelbach, G. G., Cornell, H. V., Sobel, J. M. &
Roy, K. Is there a latitudinal gradient in the importance of biotic
interactions? Annu. Rev. Ecol. Evol. Syst. 40, 245–269 (2009).

28. Dobzhansky, T. Evolution in the tropics. Am. Sci. 38, 208–221
(1950).

29. Louthan, A. M., Doak, D. F. & Angert, A. L. Where and when do
species interactions set range limits? Trends Ecol. Evol. 30,
780–792 (2015).

30. Qian, H., Zhang, J., Sandel, B. & Jin, Y. Phylogenetic structure of
angiosperm trees in local forest communities along latitudinal and
elevational gradients in eastern North America. Ecography 43,
419–430 (2020).

31. Qian, H., Zhang, Y., Zhang, J. & Wang, X. Latitudinal gradients in
phylogenetic relatedness of angiosperm trees in North America.
Glob. Ecol. Biogeogr. 22, 1183–1191 (2013).

32. Qian, H. & Sandel, B. Phylogenetic structure of regional angiosperm
assemblages across latitudinal and climatic gradients in North
America. Glob. Ecol. Biogeogr. 26, 1258–1269 (2017).

33. Kusumoto, B., Kubota, Y., Shiono, T. &Villalobos, F. Biogeographical
origin effects on exotic plants colonization in the insular flora of
Japan. Biol. Invasions 23, 2973–2984 (2021).

34. Davis, M. A., Grime, J. P. & Thompson, K. Fluctuating resources in
plant communities: a general theory of invasibility. J. Ecol. 88,
528–534 (2000).

35. Kempel, A., Chrobock, T., Fischer, M., Rohr, R. P. & van Kleunen, M.
Determinants of plant establishment success in a multispecies
introduction experiment with native and alien species. Proc. Natl
Acad. Sci. USA 110, 12727–12732 (2013).

36. Fick, S. E. & Hijmans, R. J. WorldClim 2: new 1-km spatial resolution
climate surfaces for global land areas. Int. J. Climatol. 37,
4302–4315 (2017).

37. Coley, P. D. & Barone, J. A. Herbivory and plant defenses in tropical
forests. Annu. Rev. Ecol. Syst. 27, 305–335 (1996).

38. Coley, P. D. & Aide, T. M. In Plant–animal Interactions: Evolutionary
Ecology in Tropical and Temperate Regions (eds Price, P. W.,
Lewinsohm, T. M., Fernandes, G. W., & Benson, W. W.) 25–49
(Wiley, 1991).

39. Janzen, D. H. Herbivores and the number of tree species in tropical
forests. Am. Nat. 104, 501–528 (1970).

40. Connell, J. H. In Dynamics of Populations (eds den Boer, P. J. &
Gradwell, G. R.) 298–312 (Centre for Agricultural Publishing and
Documentation, 1971).

41. Cai, L. et al. Global models and predictions of plant diversity based
on advanced machine learning techniques. N. Phytol. 237,
1432–1445 (2023).

42. Udy, K. et al. Environmental heterogeneity predicts global species
richness patterns better than area. Glob. Ecol. Biogeogr. 30,
842–851 (2021).

43. Cain, S. A. Foundations of plant geography. (Harper and Brothers,
New York, 1944).

44. Kennedy, C. M., Oakleaf, J. R., Theobald, D. M., Baruch-Mordo, S. &
Kiesecker, J. Managing the middle: a shift in conservation priorities
based on the global human modification gradient. Glob. Chang.
Biol. 25, 811–826 (2019).

45. Shea, K. & Chesson, P. Community ecology theory as a framework
for biological invasions. Trends Ecol. Evol. 17, 170–176 (2002).

46. di Castri, F. InBiological invasions: a global perspective (eds J. Drake
et al.) 1–30 (Wiley, 1989).

47. Malecore, E. M., Dawson, W., Kempel, A., Müller, G. & van Kleunen,
M. Nonlinear effects of phylogenetic distance on early-stage
establishment of experimentally introduced plants in grassland
communities. J. Ecol. 107, 781–793 (2019).

48. Cadotte, M. W. Phylogenetic diversity–ecosystem function rela-
tionships are insensitive to phylogenetic edge lengths. Funct. Ecol.
29, 718–723 (2015).

49. Cadotte, M. W., Cardinale, B. J. & Oakley, T. H. Evolutionary history
and the effect of biodiversity on plant productivity. Proc. Natl Acad.
Sci. USA 105, 17012–17017 (2008).

50. Cadotte, M. W., Hamilton, M. A. & Murray, B. R. Phylogenetic relat-
edness and plant invader success across two spatial scales. Divers.
Distrib. 15, 481–488 (2009).

51. Li, D. et al. For common community phylogenetic analyses, go
ahead and use synthesis phylogenies. Ecology 100, e02788 (2019).

52. Qian, H. & Jin, Y. Are phylogenies resolved at the genus level
appropriate for studies on phylogenetic structure of species
assemblages? Plant Divers 43, 255–263 (2021).

Article https://doi.org/10.1038/s41467-023-41607-w

Nature Communications |         (2023) 14:6244 9



53. Wiens, J. J. & Graham, C. H. Niche conservatism: integrating evo-
lution, ecology, and conservation biology. Annu. Rev. Ecol. Evol.
Syst. 36, 519–539 (2005).

54. Kattge, J. et al. TRY plant trait database – enhanced coverage and
open access. Glob. Chang. Biol. 26, 119–188 (2020).

55. Omer, A. et al. The role of phylogenetic relatedness on alien plant
success depends on the stage of invasion. Nat. Plants (Lond., U. K.)
8, 906–914 (2022).

56. van Kleunen, M. et al. The Global Naturalized Alien Flora (GloNAF)
database. Ecology 100, 2 (2019).

57. Weigelt, P., König, C. & Kreft, H. GIFT - A Global Inventory of Floras
and Traits for macroecology and biogeography. J. Biogeogr. 47,
16–43 (2020).

58. Denelle, P., Weigelt, P. & Kreft, H. GIFT – an R package to access the
Global Inventory of Floras and Traits. bioRxiv 2023, 546704 (2023).

59. Cayuela, L., Granzow-de la Cerda, Í., Albuquerque, F. S. & Golicher,
D. J. Taxonstand: an Rpackage for species names standardisation in
vegetation databases. Methods Ecol. Evol. 3, 1078–1083 (2012).

60. Smith, S. A. & Brown, J. W. Constructing a broadly inclusive seed
plant phylogeny. Am. J. Bot. 105, 302–314 (2018).

61. Strauss, S. Y., Webb, C. O. & Salamin, N. Exotic taxa less related to
native species are more invasive. Proc. Natl Acad. Sci. USA 103,
5841–5845 (2006).

62. Webb, C. O., Ackerly, D. D., McPeek, M. A. & Donoghue, M. J. Phy-
logenies and community ecology. Annu. Rev. Ecol. Syst. 33,
475–505 (2002).

63. Tucker, C. M. et al. A guide to phylogenetic metrics for conserva-
tion, community ecology and macroecology. Biol. Rev. 92,
698–715 (2017).

64. Sandel, B. Richness-dependence of phylogenetic diversity indices.
Ecography 41, 837–844 (2018).

65. Kalusová, V. et al. Phylogenetic structure of alien plant species
pools from European donor habitats. Glob. Ecol. Biogeogr. 30,
2354–2367 (2021).

66. Kembel, S. W. et al. Picante: R tools for integrating phylogenies and
ecology. Bioinformatics 26, 1463–1464 (2010).

67. Cadotte, M. W. & Davies, T. J. Phylogenies in ecology: a guide to
concepts and methods. (Princeton University Press, 2016).

68. van Kleunen, M. et al. Economic use of plants is key to their natur-
alization success. Nat. Commun. 11, 3201 (2020).

69. Diazgranados, M. et al. World Checklist of Useful Plant Species.
(Royal Botanic Gardens, Kew & Knowledge Network for Biocom-
plexity, 2020).

70. Kinlock, N. L. et al. Introduction history mediates naturalization and
invasiveness of cultivated plants. Glob. Ecol. Biogeogr. 31,
1104–1119 (2022).

71. Maurel, N., Hanspach, J., Kühn, I., Pyšek, P. & van Kleunen, M.
Introduction bias affects relationships between the characteristics
of ornamental alien plants and their naturalization success. Glob.
Ecol. Biogeogr. 25, 1500–1509 (2016).

72. Carta, A., Peruzzi, L. & Ramírez-Barahona, S. A global phylogenetic
regionalization of vascular plants reveals a deep split between
Gondwanan andLaurasianbiotas.N. Phytol.233, 1494–1504 (2022).

73. Hijmans, R. J., Phillips, S., Leathwick, J. & Elith, J. dismo: species
distribution modeling. R. package version 1, 3–5, https://CRAN.R-
project.org/package=dismo (2021).

74. Dormann, C. F. et al. Collinearity: a review ofmethods to deal with it
anda simulation studyevaluating their performance.Ecography36,
27–46 (2013).

75. van Proosdij, A. S. J., Sosef, M. S. M., Wieringa, J. J. & Raes, N.
Minimum required number of specimen records to develop accu-
rate species distribution models. Ecography 39, 542–552 (2016).

76. Phillips, S. J. & Dudik, M. Modeling of species distributions with
Maxent: new extensions and a comprehensive evaluation. Eco-
graphy 31, 161–175 (2008).

77. Vilela, B. Normalizer: making data normal again. R package version
0.1.0. (2020).

78. Zomer, R. J., Xu, J. & Trabucco, A. Version 3 of the Global Aridity
Index and Potential Evapotranspiration Database. Sci. Data 9,
409 (2022).

79. Center for International Earth Science InformationNetwork - CIESIN
- Columbia University. Gridded Population of the World, Version 4
(GPWv4): Population Density, Revision 11. Palisades, New York:
NASA Socioeconomic Data and Applications Center (SEDAC).
(2018) Available at https://doi.org/10.7927/H49C6VHW. Accessed
28/12/2022.

80. Breheny, P. & Burchett, W. Visualization of regression models using
visreg. R. J. 9, 56–71 (2017).

81. Bates, D., Machler, M., Bolker, B. M. & Walker, S. C. Fitting linear
mixed-effects models using lme4. J. Stat. Softw. 67, 1–48
(2015).

82. Ben-Shachar, M., Lüdecke, D. & Makowski, D. Effectsize: estimation
of effect size indices and standardized parameters. J. Open Source
Softw. 5, 2815 (2020).

83. R. Core Team. R: A language and environment for statistical com-
puting. (R Foundation for Statistical Computing, 2020).

84. Zuur, A. F., Ieno, E. N., Walker, N., Saveliev, A. A. & Smith, G. M.
Mixed effects models and extensions in ecology with R.
(Springer, 2009).

85. Fan, S. et al. Data and R codes for A latitudinal gradient in Darwin’s
naturalization conundrum at the global scale for vascular plants.
https://doi.org/10.6084/m9.figshare.20055611.v5 (2022).

Acknowledgements
We thank Andrey Kupriyanov and Aleksandr L. Ebel for providing plant
distribution data. This research was supported by the National Natural
Science Foundation of China (NSFC3222051, NSFC31971553) to S.P.L.
and the Fundamental Research Funds for the Central Universities. M.v.K.
and Q.Y. thank the German Research Foundation DFG (grant
264740629), F.E. appreciates funding by the Austrian Science Founda-
tion FWF. P.P. and J.P. were supported by EXPRO grant no. 19-28807X
(Czech Science Foundation) and long-term research development pro-
ject RVO 67985939 (Czech Academy of Sciences).

Author contributions
S.P.L. andM.v.K. cameupwith the original idea, S.Y.F. andQ.Y. prepared
and analyzed the data and wrote the first manuscript draft with major
inputs fromS.P.L., T.S.F.,M.W.C. andM.v.K. F.E., H.K., J.P., P.P., P.W., J.K.,
M.N. and J.J.W. provided data and contributed to the writing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41607-w.

Correspondence and requests for materials should be addressed to
Shao-peng Li.

Peer review information Nature Communications thanks Tina Heger,
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-023-41607-w

Nature Communications |         (2023) 14:6244 10

https://CRAN.R-project.org/package=dismo
https://CRAN.R-project.org/package=dismo
https://doi.org/10.7927/H49C6VHW
https://doi.org/10.6084/m9.figshare.20055611.v5
https://doi.org/10.1038/s41467-023-41607-w
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-41607-w

Nature Communications |         (2023) 14:6244 11

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A latitudinal gradient in Darwin’s naturalization conundrum at the global scale�for flowering plants
	Results and discussion
	Methods
	Native and naturalized alien angiosperm floras
	Phylogenetic analyses
	Climate variables and human modification index
	Statistical analyses
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




