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Humanactivities have caused the exchangeof species amongdifferent parts of theworld.When introduced
species become naturalized and invasive, they may cause great negative impacts on the environment and
human societies, and pose significant threats to biodiversity and ecosystem structure. Knowledge on
phylogenetic relatedness between native and non-native species and among non-native species at
different stagesof species invasionmayhelp for better understanding the drivers of species invasion. Here, I
analyze a comprehensive data set including both native and non-native angiosperm species in China to
determine phylogenetic relatedness of introduced species across a full invasion continuum (from intro-
duction through naturalization to invasion). This study found that (1) introduced plants are a phyloge-
netically clustered subset of overall (i.e. native plus non-native) angiosperm flora, (2) naturalized plants are
a phylogenetically clustered subset of introduced plants, and (3) invasive plants are a phylogenetically
clustered subset of naturalized plants. These patterns hold regardless of spatial scales examined (i.e. na-
tional versus provincial scale) and whether basal- or tip-weighted metric of phylogenetic relatedness is
considered. These findings are consistent with Darwin's preadaptation hypothesis.

Copyright © 2022 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Human accidental or intentional transportation of species out of
their native geographic ranges occurs across the world (Thuiller
et al., 2010). The relocation of organisms has bridged natural
dispersal barriers and opened novel opportunities for species to
expand into new regions beyond their native ranges (Thuiller et al.,
2010; Fristoe et al., 2021). For vascular plants alone, more than
13,000 species have been transported outside their native ranges
and have successfully established self-sustaining populations (van
Kleunen et al., 2015) without direct human intervention
(Richardson et al., 2000; Py�sek et al., 2004; Blackburn et al., 2011). Of
these naturalized plant species, some have spread widely and
caused great negative impacts on the environment and human so-
cieties (Blackburn et al., 2011; Lambertini et al., 2011; Simberloff
et al., 2013). These invasive species have posed significant threats
to biodiversity and ecosystemstructure and functioning (Macket al.,
2000).
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For a non-native species to become invasive, it has to progress
along a continuum with three stages (i.e. introduction, naturaliza-
tion, invasion), which is called the introduction�
naturalization�invasion (INI) continuum (Blackburn et al., 2011;
Richardson and Py�sek, 2012; Diví�sek et al., 2018), by passing a
number of dispersal barriers and environmental and biotic filters
(Richardson et al., 2000; Miller et al., 2017). Understanding the
drivers of the success of transitions fromone stage to another across
the INI continuum has become a major objective in ecology and
biogeography (Omer et al., 2022).

Previous studies have shown that the underlying drivers of
species invasion can substantially differ between different invasion
stages. For example, socio-economic drivers are deemed crucial for
introduction and naturalization (Williamson, 2006) while inva-
siveness is assumed to depend more on species’ traits (Py�sek et al.,
2009) and the interaction of non-native species with native species
and the physical environment of the recipient region (Essl et al.,
2019). Many of the characteristics attributed to successful inva-
sion of plants, such as growth forms, pollination and dispersal
types, are strongly associated with particular taxa (Lambdon,
2008). However, for many plant groups, the ecological features
that favor invasion success are poorly understood (Gallien et al.,
2019). Although key correlates of invasion success have been
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
censes/by-nc-nd/4.0/).
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identified for certain species, measuring relevant functional traits
for a large number of species is often impractical (Gallien et al.,
2019). Because species with shared ancestry are ecologically more
similar to each other than to distantly related species (Cavender-
Bares et al., 2009), and previous studies have shown that many
functional traits are phylogenetically conserved (Donoghue, 2008;
Ackerly, 2009), phylogenies can be used to overcome the problem
of missing information on traits.

Phylogenetic relatedness among species could be used as a
proxy of similarity in functional traits among the species (Webb,
2000; Zhang et al., 2011; Krishna et al., 2021). Several studies
have examined changes in phylogenetic relatedness among species
in plant communities as a result of the introduction of non-native
plants, but nearly all of these studies focus on only one or two of
the three stages of the INI continuum. For example, Lososov�a et al.
(2015), Sandel and Tsirogiannis (2016), Qian et al. (2022a), Qian and
Sandel (2022), and Park et al. (2020) have investigated the effect of
the introduction of non-native plants on phylogenetic relatedness
of plants in the recipient communities, and Zhang et al. (2021) and
Qian et al. (2022b) have investigated changes in phylogenetic
relatedness in the naturalization�invasion transition of the INI
continuum. To my knowledge, Omer et al. (2022) is the only study
that has simultaneously investigated all the three stages of the INI
continuum. Their study focused on angiosperm species in South
Africa, and they concluded that species are more likely to be
introduced for cultivation if they are distantly related to the native
flora, the probability for cultivated species to become naturalized
species is higher for species closely related to the native flora, and
the probability for naturalized species to become invasive is higher
if they are distantly related to the native flora. These findings
suggest that introduced non-native species would be a phyloge-
netically over-dispersed subset of species with respect to the pool
of all species in the recipient community (i.e., including both native
and non-native species), naturalized non-native species would be a
phylogenetically clustered subset of species with respect to the
pool of all non-native species in the recipient community (i.e.,
including both naturalized and non-naturalized species), and
invasive non-native species would be a phylogenetically over-
dispersed subset of species with respect to the pool of natural-
ized non-native species in the recipient community (i.e., including
only naturalized species). Whether these apply to other regions
across the world needs to be tested.

China is rich not only for its native flora but also for its non-
native flora. According to Lin et al. (2022), China has been intro-
duced with over 13,400 species of vascular plants. Here, I investi-
gate phylogenetic relatedness of non-native angiosperm species at
each of the three stages across the INI continuum for China as a
whole and for those province-level regions that have large numbers
of introduced plant species.

2. Materials and methods

China was divided into 28 province-level regions (Fig. S1).
Special administrative regions and municipalities were combined
with their respective neighboring provinces, as in previous studies
(e.g. Qian, 2007; Qian et al., 2022a); specifically, Beijing and Tianjin
were combined with Hebei Province, Chongqing with Sichuan
Province, Hong Kong, Macau, and Shenzhen with Guangdong
Province, and Shanghai with Zhejiang Province. Angiosperm spe-
cies lists for the regions, and data on species nativity status (i.e.
native versus exotic) and invasion stage of non-native species
(introduction, naturalization, invasion) were obtained from the
Flora of China (http://www.efloras.org/index.aspx; Wu et al.,
1994e2013), A Dataset on Catalogue of Alien Plants in China
(http://doi.org/10.57760/sciencedb.01711; Lin et al., 2022), and Hao
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and Ma (2023). Because the main goal of this study is to test the
conclusions of Omer et al. (2022), and because non-native species
in their study included only angiosperms introduced to Southern
Africa for cultivation, non-native species in the present study also
included only those that were originally introduced to China for
cultivation. However, because 99% of the non-native plant species
in China were introduced for cultivation (Lin et al., 2022), the
conclusion of this study should hold for all introduced plant species
in China. Botanical nomenclature was standardized according to
the World Flora Online (WFO, www.worldfloraonline.org), using
the package U.Taxonstand (Zhang and Qian, 2023). Infraspecific
taxa were combined with their parental species. As a result, a total
of 41,949 angiosperm species were included in this study, of which
12,902, 1061, and 182 were introduced, naturalized, and invasive,
respectively. The invasive species were a subset of the naturalized
species, which were in turn a subset of the introduced species. The
number of introduced angiosperm species in a province-level re-
gion varied from 185 to 5619. Including regions with a relatively
small number of introduced species in an analysis may bias the
result of the analysis. Therefore, for regional-level analyses, I only
included those regions that had at least 1500 introduced angio-
sperm species. Consequently, eight province-level regions were
included in regional-level analyses (Fig. S1). Non-native species in a
particular province-level region do not include those species that
are non-native to the region but native to other part of China.

The package V.PhyloMaker2 (build.nodes.1; Jin and Qian, 2019,
2022) was used to generate a phylogeny for the 41,949 angiosperm
species, based on an updated and expanded version of the dated
megaphylogeny GBOTB reported by Smith and Brown (2018) as a
backbone phylogeny (i.e., GBOTB.extended.TPL.tre; Jin and Qian,
2022). All families in my data set were resolved in the mega-
phylogeny. I added the genera and species in my data set that were
absent from the megaphylogeny to their respective families and
genera using V.PhyloMaker2 software (Scenario 3; Jin and Qian,
2022), which sets branch lengths of added taxa in a family by
placing the nodes evenly between dated nodes and terminals
within the family and placing a missing species at the mid-point of
the branch length of its genus. I pruned the megaphylogeny to
generate a phylogenetic tree retaining only the 41,949 angiosperm
species present in China. Qian and Jin (2021) showed that, for the
phylogenetic metrics used here, values derived from a fully-
resolved species level tree are nearly identical to those from a
tree resolved only at genus level. Because the vast majority of the
genera and a large number of species in my data set were resolved
in the phylogeny, the phylogenetic metrics derived from the phy-
logeny are expected to be robust (Qian and Jin, 2021). Smaller
phylogenetic trees were extracted from the phylogenetic tree for
various analyses (see below for details).

Net relatedness index (NRI) and nearest taxon index (NTI)
(Webb, 2000; Webb et al., 2002) were used to measure phyloge-
netic relatedness among species. These two metrics are among the
best metrics measuring phylogenetic relatedness and have been
commonly used in studies on community phylogenetics, including
studies on naturalized species and invasive species (e.g. Zhang
et al., 2021; Qian and Sandel, 2022). Positive values of NRI and
NTI indicate that species within assemblages are more closely
related than expected for a random draw from the species pool.
These metrics were calculated using the package PhyloMeasures
(Tsirogiannis and Sandel, 2016). NRI represents phylogenetic
relatedness based on the average phylogenetic distance of all spe-
cies in an assemblage whereas NTI quantifies phylogenetic relat-
edness by incorporating only the distances of the closest relative
(Webb et al., 2002; Cadotte et al., 2018). Therefore, using NRI and
NTI simultaneously in this study allows exploring patterns of spe-
cies assembly at both deep and shallow evolutionary histories.

http://www.efloras.org/index.aspx
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I calculated several sets of NRI and NTI for China as a whole and
for each province-level region using tailor-made species pools.
First, NRI and NTI for each group of non-native species (introduced,
naturalized, invasive) for China as a whole and for each province-
level region were calculated. For this set of NRI and NTI, species
pool for NRI and NTI of introduced species included all (i.e., native
and introduced) species; species pool for NRI and NTI of naturalized
species included introduced species only; species pool for NRI and
NTI of invasive species included naturalized species only. Second, I
calculated NRI and NTI for introduced and native species separately
with respect to species pools including both introduced and native
species, for naturalized and non-naturalized introduced species
separately with respect to species pools including both naturalized
and non-naturalized introduced species, and for invasive and non-
invasive naturalized species with respect to species pools including
both invasive and non-invasive naturalized species. Third, I calcu-
lated NRI and NTI for invasive species with respect to the pool of
introduced species. Species pools for different plant groups in each
province-level region included only respective species (i.e., all,
introduced, naturalized) in the province-level region. Fourth, I
calculated NRI and NTI for naturalized species in each province-
level region with respect to the species pool including all natural-
ized species in China, and for invasive species in each province-
level region with respect to the species pool including all invasive
species in China.

An observed value of NRI or NTI was compared to a null
expectation generated from 999 random draws of equal species
richness (i.e., being equal to the number of introduced, naturalized
or invasive species in the raw assemblage under consideration)
from the species pool. For normally distributed data, significance at
p-value <0.05 is equivalent to NRI or NTI >1.96 (i.e., significantly
more phylogenetic clustering), or < �1.96 (i.e., significantly more
phylogenetic over-dispersion) (Hortal et al., 2011).

To assess the relationships between phylogenetic relatedness
and climatic conditions, I obtained mean annual temperature and
annual precipitation climate data from the CHELSA climate data-
base (boi1 and bio12, respectively; https://chelsa-climate.org/
bioclim). The mean value of each of the two climate variables was
calculated for each province-level region using 30-arc-second res-
olution data. I also investigated the relationship between phylo-
genetic relatedness and latitude. Pearson's correlation analysis was
conducted to assess the strength of each of the relationships.

3. Results

When China as a whole was considered, NRI for introduced
species was much smaller than that for native species when they
were calculated using the species pool including both introduced
and native species in China (Fig. 1a), indicating that introduced
species were phylogenetically over-dispersed relative to native
species; however, the opposite patternwas observedwhen NTI was
considered (Fig. 1d). Naturalized introduced species were more
phylogenetically clustered than non-naturalized introduced species
with respect to the species pool including all introduced species in
China, and invasive naturalized species were also more phyloge-
netically clustered than non-invasive naturalized with respect to
the species pool including all naturalized species in China,
regardless of whether NRI or NTI was considered (Fig. 1). For
province-level regions, when NRI and NTI were considered collec-
tively, introduced species were phylogenetically more clustered
than native species in 11 out of 18 cases, naturalized introduced
species were phylogenetically more over-dispersed than non-
naturalized introduced species in 11 out of 18 cases, and invasive
naturalized species were phylogenetically more clustered than
non-invasive naturalized species in all the 18 cases (Fig. 1).
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For China as a whole, values of NRI and NTI were positive for
introduced angiosperm species with respect to overall (native plus
introduced) angiosperm species, for naturalized angiosperm spe-
cies with respect to introduced angiosperm species, and for inva-
sive angiosperm species with respect to naturalized angiosperm
species (Figs. 2 and 3). NRI was smaller than NTI for introduced and
invasive species (3.28 versus 11.78 and 2.40 versus 3.14, respec-
tively), and was greater than NTI for naturalized species (14.34
versus 6.02). Because all the values of NRI and NTI were greater
than 1.96, introduced, naturalized, and invasive angiosperm species
were significantly (p < 0.05) clustered with respect to their species
pools. Invasive species were also significantly clustered with
respect to the pool of all introduced species in China (NRI and
NTI ¼ 8.87 and 3.85, respectively).

When the eight selected province-level regionswere considered
separately, values of NRI and NTI were positive in all cases, i.e., for
introduced, naturalized, and invasive angiosperm species with
respect to their respective regional species pools (Figs. 2 and 3). Of
the 48 values of NRI and NTI (i.e., 8 regions by 3 types of non-native
species by 2 phylogenetic metrics), 39 (81%) were significant
(p < 0.05; Figs. 2 and 3). NRI was greater than NTI for introduced
species in seven of the eight regions (i.e., all except for Yunnan), for
naturalized species in all the eight regions, and for three of the
eight regions (i.e., Guangdong, Jiangxi, and Jiangsu). The mean of
the 24 values of NRI was significantly greater than that of NTI (7.69
versus 3.75; paired t-test, p < 0.05). When NRI and NTI were
calculated based on species pool including all introduced species in
each region, they were positive in all the 16 cases, 13 (81%) of which
were significant (Table S1).

NRI and NTI for regional plant assemblages were negatively
correlated with mean annual temperature and annual precipitation
and positively correlated with latitude, regardless of whether
naturalized species in each region were compared with all intro-
duced species in China or invasive species in each region were
compared with all naturalized species in China (Table 1). This in-
dicates that phylogenetic relatedness of both naturalized and
invasive species increased with increasing climate stressfulness.

4. Discussion

This study found that (1) introduced plants for cultivation are a
phylogenetically clustered subset of overall (i.e., native plus intro-
duced) angiosperm flora, (2) naturalized plants are a phylogeneti-
cally clustered subset of introduced plants for cultivation, and (3)
invasive plants are a phylogenetically clustered subset of natural-
ized plants. In other word, changes in phylogenetic relatedness
across the INI continuum (i.e., from introduction through natural-
ization to invasion) are in the same direction (i.e., towards more
phylogenetic clustering). These three patterns hold regardless of
spatial scales examined (i.e., national versus provincial scale) and
whether basal-weighted or tip-weighted metric of phylogenetic
relatedness is considered, as shown in Figs. 2 and 3. To my
knowledge, this study is the first to investigate patterns of phylo-
genetic relatedness of non-native angiosperms across a full INI
continuum by comparing phylogenetic relatedness of non-native
species at different invasion stages (i.e., introduction, naturaliza-
tion, invasion) with their respective species pools within sampling
areas. Omer et al. (2022) conducted a study investigating phylo-
genetic relatedness of non-native species at different invasion
stages for angiosperms in South Africa; however, their study did not
investigate phylogenetic relatedness of non-native species at each
of invasion stages with respect to the pool of species for each study
area; instead, their study compared introduced and naturalized
angiosperm species to the pool of global angiosperm species that
do not belong to the native flora of Southern Africa. Because the

https://chelsa-climate.org/bioclim
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Fig. 1. NRI and NTI for native versus introduced species (a, d), for naturalized versus non-naturalized introduced species (b, e), and for invasive versus non-invasive naturalized
species (c, f) for China as a whole and for the eight selected province-level regions. Species pools used in calculating NRI and NTI included all (introduced plus native) species in
panels a and d, all introduced (naturalized plus non-naturalized) species in panels b and e, and all naturalized (invasive plus non-invasive) species in panels c and f. Species pools for
different plant groups in each province-level region included only respective species in the region.
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conclusions of their study are relevant to those of the present study,
I discuss them below.

This study found that NRI and NTI for introduced species in
China were significantly greater than 1.96 with respect to the
species pool including both introduced and native species in China.
This suggests that species are more likely to be introduced for
cultivation if they are closely related to the native flora of China.
This appears to be contrary to the conclusion of Omer et al. (2022)
that non-native species distantly related to native species were
more likely to be introduced for cultivation in South Africa. How-
ever, their conclusion is drawn based on the comparison of intro-
duced species in South Africa with those species in the global
species pool that have not been introduced into South Africa, and
the model that only explained a small amount (< 10%) of the
variation, as Omer et al. (2022) noted. My study confirms the notion
that the species that have been intentionally introduced are not a
random selection from the global flora but possess certain char-
acteristics that make them of interest for cultivation, because
humans might preferentially introduce plant species with
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characteristics that could provide economic and social benefits or
ecosystem services that are not provided by species of the native
flora (Omer et al., 2022). Many introduced plant species for culti-
vation may belong to a relatively few major clades (e.g., families or
orders), causing phylogenetic clustering. For example, of the 246
families of the introduced angiosperms in this study, 71% of the
12,902 introduced species belong to the top 10% of the families, and
14% of the introduced angiosperm species occur in only three
families (Orchidaceae, Cactaceae, and Fabaceae); this proportion is
much higher than the proportion (56%) of the species in the top 10%
of the 309 families in the overall angiosperm flora of China.

My study found that naturalized plants are a phylogenetically
clustered subset of introduced plants for cultivation in China. This
finding is consistent with the observation of Omer et al. (2022) for
Southern Africa that those introduced angiosperm species that are
more closely related to native species were more likely to natu-
ralize, which is expected to increase phylogenetic relatedness
(clustering) among species in a community. This pattern of
increasing phylogenetic relatedness among species in the recipient



Fig. 2. NRI (red triangle) for introduced (left), naturalized (middle), and invasive (right) angiosperm species for China as a whole and for each of the eight selected province-level
regions, with respect to their respective national and provincial species pools. Species pool for introduced species included all (i.e., native and introduced) species; species pool for
naturalized species included introduced species only; species pool for invasive species included naturalized species only. Species pools for different plant groups in each province-
level region included only respective species (i.e., all, introduced, naturalized) in the region. Each histogram represents the frequency of NRI values derived from 999 null as-
semblages randomly drawn from the species pool.
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community of naturalized species has been broadly documented
for both plants (Qian et al., 2022a; Qian and Sandel, 2022) and
animals (e.g. Xu et al., 2022). The observed pattern is consistent
with Darwin's preadaptation hypothesis (Qian and Sandel, 2022).
Specifically, Darwin proposed that introduced species may be more
likely to naturalize if they are closely related to natives in the
recipient communities, a hypothesis that is based on assuming
similar ecological niches among closely related species, and focuses
on the influence of environmental filtering, rather than competitive
exclusion. The presence of a closely related native species in a
173
region suggests that environmental conditions are also suitable for
that non-native species, so should be a positive indicator of likely
naturalization success.

This study found that invasive plant species are a phylogeneti-
cally clustered subset of naturalized plant species, consistent to
Darwin's preadaptation hypothesis. However, this finding appears
to be contrary to the finding of Omer et al. (2022) that naturalized
plant species most distantly related to the natives are more likely to
become invasive in South Africa, causing phylogenetic relatedness
to decrease. Unlike the present study which focused on invasive



Fig. 3. NTI (red triangle) for introduced (left), naturalized (middle), and invasive (right) angiosperm species for China as a whole and for each of the eight selected province-level
regions, with respect to their respective national and provincial species pools. Species pool for introduced species included all (i.e., native and introduced) species; species pool for
naturalized species included introduced species only; species pool for invasive species included naturalized species only. Species pools for different plant groups in each province-
level region included only respective species (i.e., all, introduced, naturalized) in the region. Each histogram represents the frequency of NTI values derived from 999 null as-
semblages randomly drawn from the species pool.
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angiosperm species of plants introduced to China for cultivation,
Qian et al. (2022b) conducted a study including all invasive
angiosperm species of introduced plants; they found that invasive
plants are a phylogenetically clustered subset of naturalized plants,
which is consistent with the finding of the present study. In addi-
tion, they found that more harmful invasive species are more
phylogenetically clustered with respect to species pools of natu-
ralized plants, compared to less harmful invasive plants, in China.

This study showed that when species in the pool of introduced
species are assembled into regional naturalized species
174
assemblages, species in naturalized communities tend to be
phylogenetically more clustered in more stressful climatic condi-
tions (lower temperature and precipitation). Similarly, when spe-
cies in the pool of naturalized species are assembled into regional
invasive species assemblages, species in invasive communities also
tend to be phylogenetically more clustered in more stressful cli-
matic conditions. These patterns are broadly consistent with those
reported in previous studies for native angiosperms in China (e.g.
Lu et al., 2018; Qian et al., 2019). The negative relationships of
phylogenetic relatedness of naturalized species with temperature



Table 1
Correlation coefficients for the relationships of phylogenetic relatedness metrics
(NRI, NTI) with mean annual temperature (MAT), annual precipitation (AP), and
latitude (LAT) for naturalized and invasive species in the eight selected province-
level regions in China. NRI and NTI for naturalized species in each region were
derived from the species pool including all introduced (naturalized plus non-
naturalized) species in China; similarly, NRI and NTI for invasive species in each
region were derived from the species pool including all naturalized (invasive plus
non-invasive) species in China.

Metric MAT AP LAT

NRI (naturalized) �0.290 �0.314 0.299
NTI (naturalized) �0.533 �0.413 0.461
NRI (invasive) �0.125 �0.145 0.143
NTI (invasive) �0.562 �0.178 0.263
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and precipitation observed in this study are also consistent with
those reported in previous studies for China (Qian et al., 2022b).
However, the negative relationships of phylogenetic relatedness of
invasive species with temperature and precipitation observed in
this study tend to be inconsistent, in some cases, with those re-
ported by Qian et al. (2022a), who investigated a different set of
invasive species and a different set of regions in China. If the
negative relationships of phylogenetic relatedness with tempera-
ture and precipitation are general for native, naturalized, and
invasive angiosperms, this would suggest that the assembly of
plants in these three groups from species pools into regional
communities is likely driven by the same environment-filtering
mechanisms, such as phylogenetic niche conservatism
(Donoghue, 2008; Qian et al., 2022a, b).

In sum, in this study, I analyzed a comprehensive data set to
determine phylogenetic relatedness of non-native angiosperm
species at different stages of the introduction�naturalization�
invasion continuum. I found that invasive plants are a phylogenet-
ically clustered subset of naturalized plants, which are a phyloge-
netically clustered subset of introduced plants for cultivation, which
in turn are a phylogenetically clustered subset of overall (i.e. native
plus introduced) angiosperm flora in China. These patterns, all of
which are consistent with Darwin's preadaptation hypothesis, hold
true regardless ofwhether national or regionalfloras are considered
and whether deep or shallow evolutionary history is considered.
Future studies should test whether the patterns observed in this
study can be observed in other regions across the world, and
whether the patterns observed for plant species apply to animal
species.
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