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ABSTRACT

The future distribution of invading species depends on the climate space available and certain life history
traits that facilitate invasion. Here, to predict the spread potential of plant species introduced in North
America north of Mexico (NAM), we compiled distribution and life history data (i.e., seed size, life form,
and photosynthetic pathways) for 3021 exotic plant species introduced to NAM. We comparatively
examined the species’ range size and climate space in both native and exotic regions and the role of key
life history traits. We found that large climate space for most exotic plants is still available in NAM. The
range sizes in global exotic regions could better predict the current range sizes in NAM than those in
global native regions or global native plus exotic regions. C3 species had larger ranges on average than C4
and CAM plants, and herbaceous species consistently showed stronger relationships in range size be-
tween native and exotic regions than woody species, as was the case within the C3 species group. Seed
size was negatively related to range size both in native regions and in NAM. However, seed size sur-
prisingly showed a positive correlation with global exotic range size and no correlation with the current
actual global (native plus exotic) range size. Our findings underline the importance of species’ native
distribution and life history traits in predicting the spread of exotic species. Future studies should
continue to identify potential climate space and use underappreciated species traits to better predict

species invasions under changing climate.
Copyright © 2024 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

(Petitpierre et al., 2012). Therefore, identifying the climate space
available for a species is urgently needed to project its potential

The introduction and spread of nonnative (introduced, alien,
exotic) species continue to cause enormous ecological and eco-
nomic damage. It has long been commonly perceived that climates
predominantly limit the distributions of most species worldwide
(Thomas, 2010). However, accumulating new evidence in the past
2—3 decades shows that the current geographical distributions of
many species in their native regions are not a result of the limita-
tions of the climate. Nevertheless, although many, if not most,
species could only occupy their partial (inner) climate space,
climate space would still set the outer limits for species distribution
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distribution in the future, not only for native species (for conser-
vation purposes) but also for introduced/invading species (for
management purposes) (Gallien et al., 2010; Sychrova et al., 2022).

In practice, however, identifying a species’ climate space (en-
velope) and predicting future invasions is not an easy task (Bradley
etal., 2010), mainly because a species’ range could also be limited or
affected by many non-climate factors (Richardson et al., 1994),
which include biotic factors such as life history, dispersal, and ge-
netic flexibility (Ricklefs et al., 2008; Whitney and Gabler, 2008;
Nunez-Mir et al., 2019), and abiotic factors such as geographical
barriers. Yet, for introduced species, distribution and associated
climate conditions from native regions are very informative and
can be used in projecting exotic distributions (Reichard and
Hamilton, 1997; Guo et al., 2006; Ricklefs et al., 2008; Albright
et al., 2010; van Kleunen et al., 2015; Hock et al., 2020).

2468-2659/Copyright © 2024 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
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Using the native distribution of a species as a powerful tool to
predict the spread and distribution of the species in exotic regions
is a common practice (Guo, 2006; Broennimann et al.,, 2007;
Williamson et al., 2009; Rejmanek, 2014; Casado et al., 2018; Hock
et al., 2020; Sychrova et al., 2022; Liu et al., 2023). This approach
has long been used in intentional species introductions (Pearson
et al, 2022) and human-assisted species migration (McLachlan
et al.,, 2007) because it has been commonly perceived that species
from the similar climates may be easier to survive and naturalize
after introduction. However, such an approach has been increas-
ingly challenged by accumulating evidence that native and exotic
distributions of the same species often do not match, especially in
the climate space they occupy (Broennimann et al., 2007). Such
mismatches are primarily due to the effects of non-climate factors
such as the initial location of introduction, time since introduction,
and altered interactions with different sets of coexisting species.
Residence time is especially important because it is closely linked to
the spread and distribution of introduced species, many still
spreading in their exotic regions (Williamson et al., 2009).

To date, the most frequently used climate variables in predicting
the spread of invasive species include mean annual temperature
(MAT) (Dangles et al., 2008) and mean annual precipitation (MAP),
which are the two most important predictors of species distribu-
tion, especially for plants (Petitpierre et al., 2012), and are the sole
climatic variables used to define biomes (Whittaker, 1975). The
studies examining latitudinal shifts in species invasions (Guo et al.,
2012; Zhang et al., 2023) have associated the findings with climatic
niche shifts (Early and Sax, 2014; Atwater et al., 2018). A key
question in predicting further invasions, however, remains largely
under-explored: How much climate space in MAT and MAP is still
available for invaded species in an exotic region such as North
America to match those in global native regions? To answer such
questions, integrated information regarding current distribution
(location and range size) and related underlying climate data in
both native and exotic regions is needed.

Because of the close links between certain plant traits, such as
seed size and species distribution (range size) in native regions
(e.g., Guo et al.,, 2000; Jandt et al., 2021) and because the inva-
siveness of introduced species shows phylogenetic relatedness
among species (Qian et al., 2022; Qian, 2023a, 2023b, 2023c; Qian
and Deng, 2024), many studies have attempted to use similar traits
(e.g., Reichard and Hamilton, 1997; Goodwin et al., 1999; Nunez-
Mir et al., 2019; Gioria et al., 2023) and phylogenetics (Pysek,
1998) to predict species invasiveness and spread in exotic regions
(Ricklefs et al., 2008; Garcia et al., 2014). Not only does one can use
native distributions to predict exotic distributions, but one can also
use distributions in other exotic regions to predict the actual and
potential distributions in a particularly concerned region such as
North America. There are different ways to classify plant species
based on certain traits and functions, but each could offer different
and sometimes unique insights into the mechanisms of plants’
responses to environmental change. In terms of responses to
climate change, classifications using photosynthetic pathways and
life/growth forms might be especially meaningful. For example,
previous studies have shown that C3, C4, and CAM plants show
different sensitivities to climate change (e.g., warming and in-
creases in atmosphere CO, concentration) (Ehleringer and Monson,
1993; Hamilton III et al.,, 2008; Jia et al., 2016). Early studies also
show that woody species have accumulated fewer changes per
million years in climatic niche space than related herbaceous spe-
cies (Smith and Beaulieu, 2009). Also, the climate space used by
woody species is usually smaller than sister herbaceous species
(Smith and Beaulieu, 2009). It would be useful to test in the future
whether and to what extent relevant information from native
species may be applied to exotic species.
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Although new studies continue to show that the current dis-
tributions of many species are not limited by climate factors alone,
it is still largely unknown what proportion and which of the
nonnative species in an exotic region are indeed not constrained by
climates. Also, the role of life history traits in species invasions and
possible effects of climate change continue to generate in-
consistencies and inconclusive results. We address the following
questions using data from 3021 globally introduced plant species in
North America north of Mexico (hereafter NAM which includes the
continental United States and Canada) from the rest of the world
(Figs. ST and S2). (1) To what degree native and exotic distributions
around the globe can predict invaded (exotic) distribution in NAM?
(2) How much potential climate space is still available for exotic
plant species naturalized in NAM? (3) Can certain life history traits
such as photosynthetic pathways, seed size, and life forms explain
species distribution (range size) better in native than in exotic re-
gions (Rejmanek and Richardson, 1996)? Answers to these ques-
tions are urgently needed for basic ecology and invasive species
management.

2. Methods

Naturalization is one of the stages of the intro-
duction—naturalization—invasion continuum (Blackburn et al.,
2011; Richardson and Pysek, 2012). North America has been
invaded by more naturalized exotic plant species than any other
continent (Pysek et al., 2017). We compiled distribution data for
3021 exotic plant species introduced from the rest of the world to
continental North America north of Mexico (hereafter NAM). These
species were considered naturalized in NAM (van Kleunen et al.,
2019). Native and nonnative distributions of these species were
obtained from van Kleunen et al. (2019) and the World Checklist of
Vascular Plants (Brown et al., 2023). The operational geographical
units used to document species distributions are geographical units
at level 3 of the scheme of the International Working Group on
Taxonomic Databases for Plant Sciences (Brummitt, 2001). Oceanic
islands and Antarctica were excluded. We used the package
U.Taxonstand (Zhang and Qian, 2023) to standardize botanical
nomenclature according to the World Checklist of Vascular Plants.
Native and nonnative range sizes of each species were estimated
according to the operational geographical units where the species
was present (i.e., the total area of the operational geographical units
in which the species occurred in either case).

We acquired climate data (biol and bio12 for MAT and MAP,
respectively) from the CHELSA climate database (https://chelsa-
climate.org) (Karger et al., 2017). We calculated the average value
of either climatic variable based on all pixels at the 30-arc-second
resolution located within the distributional range of a species
within each geographical region defined in van Kleunen et al.
(2019).

To evaluate the climate spaces of the introduced species, we
divided the global terrestrial regions into 300 km x 300 km grid
cells based on the Mollweide (equal-area) projection. We chose this
broad spatial resolution to document climatic data to better match
the spatial scale of the geographical units used to document plant
distributions used in this study. We calculated the average value of
MAT or MAP based on all pixels at the 30-arc-second resolution
within each grid cell. After excluding the grid cells with < 50% of
land or no plant species, a total of 1469 grid cells were included in
this study, 261 of which were located in NAM.

To investigate whether the ratio of the nonnative range of a
species to the overall (i.e., native plus nonnative) range of the
species is constrained by phylogenetic relationships of species, we
used Pagel’s A (Pagel, 1999) to assess whether there is a significant
phylogenetic signal in the ratio of the nonnative range of a species
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to the overall range of the species, using the function phylosig in the
package phytools (Kembel et al., 2010). A value of 0 indicates no
phylogenetic signal in the ratio across the phylogeny, whereas a
value of 1 indicates a strong phylogenetic signal, which matches
expectations under the Brownian motion model. The significance of
Pagel’s \ was assessed based on 1000 randomizations. We used the
megatree “GBOTB.extended. WCVP.tre” as a backbone and the
functions build.nodes.1 and Scenario 3 in the package U.Phylo-
Maker (Jin and Qian, 2023) to add species to the megatree, and
pruned the resulting phylogeny to retain only the 3021 species
examined in this study.

We used linear regression analyses to examine the relationships
between native and exotic range sizes. These relationships were
separately explored between global native regions and exotic re-
gion NAM, between global native and global exotic regions, and
between global exotic (excluding NAM) and exotic region NAM.
Mann—Whitney Rank Sum Tests were adopted to examine the
post-naturalization changes in mean range size (i.e., the relative
range size in native and exotic regions). This was done for paired
comparisons between the two life forms (woody vs. herbaceous
species) and among the three photosynthetic pathways, i.e., be-
tween C3 and (4, between C3 and CAM, and between C4 and CAM.

To examine how life history traits may influence the
native—exotic range size relationships, we collated the life history
data for seed size, life form (woody vs. herbaceous), and three
photosynthetic pathways (C3, C4, and CAM) from multiple sources,
including online traits databases (https://plants.usda.gov/home)
and regional floras such as the Flora of North America, Flora of
China, and Centre for Agriculture and Bioscience International
(CABI), with more complete life history data for 2441 species
(Figs. S1 and S2).

The effects of seed size were examined for global native, global
exotic, global native plus exotic, and NAM, respectively. To examine
the detailed responses in range size and possible mechanisms
related to climate, we grouped all the exotic plant species based on
life form (i.e., herbaceous vs. woody species) and photosynthetic
pathways (i.e., C3, C4, and CAM) because they may show different
sensitivities to climate fluctuation. To confirm the findings related
to the spatial spread of different life forms in exotic regions for all
2031 plant species, we also divided all C3 species into woody and
herbaceous species and made comparisons between the two life
forms. We did not do this for C4 and CAM plants as there were very
few woody species for comparison in these two plant groups.

3. Results
3.1. Native vs. exotic distributions

The ratio of nonnative range size to the overall (native plus
nonnative) range size of a species varied greatly from 0.016 to
0.995, with the mean and SD of the ratio for the 3021 species being
0.513 + 0.276. We found a significant phylogenetic signal in the
ratio of nonnative range size to overall range size (Pagel’s A = 0.644,
P < 0.0001), suggesting that closely related species have similar
ratios of nonnative range sizes to overall range sizes (Fig. 1).

Among the 3021 exotic plant species, 215 were introduced to
continental NAM only (i.e., NAM exotic range areas = global exotic
range areas). Most herbaceous exotic plants were introduced to
NAM from Europe, and the majority of most woody species were
introduced from Asia and Europe (Figs. S1a and b). The majority of
C3 and CAM plants were also from Europe, but most C4 plants were
from Asia and Africa (Figs. S1c, d, e). As expected, to some extent,
most of the herbaceous plants were found at higher latitudes in
NAM than woody plants, and both groups were mostly on the east
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Fig. 1. Variation (indicated by colored lines) in the ratio of the exotic range size to the
overall (native plus exotic) range size across the phylogeny of the 3021 exotic plant
species introduced from the rest of the world to North America north of Mexico (NAM).

and west coasts. Also, C3 and, to a lesser extent, CAM plants were
distributed at higher latitudes than C4 plants (Fig. S2).

At the global scale, 1265 (42%) species already had larger global
exotic ranges than their native ranges (Fig. 2a). Although NAM
(24,709,000 km?) only occupies 19% of the entire global terrestrial
region (129,777,684 km?), 378 out of the 3021 (15%) exotic plant
species already had larger range sizes in NAM alone than their
native ranges (the species above the y = x line in Fig. 2a; see also
Fig. S3 and Appendix S1). Species rank and dominance curves based
on range size shifted between native and exotic regions; that is,
relative to their native regions, many more introduced species had
very small ranges (Fig. S4).

NAM exotic range sizes showed a positive relationship with
global native range sizes, but the relationship with global (except
NAM) exotic range sizes was stronger (Fig. 2a and b). However, the
global native and exotic range sizes are positively correlated. The
positive correlation is constrained by the diagonal y = -x line; that
is, when native ranges are very large, it is impossible for global
exotic ranges to be very large also (due to fixed global land area, i.e.,
when a species’ native region is very large, its potential exotic re-
gion becomes limited (Fig. 2c).

All plant groups (C3, C4, CAM, herbaceous, woody) showed
positive relationships between native and NAM (exotic) range sizes.
However, the slopes of the relationships between native and NAM
range sizes were not significantly different among these plant
groups (in all cases, P > 0.05; Fig. 3a and b). Nevertheless, taken
together and on average, all plant groups considered here (i.e., C3,
C4, CAM; herbaceous vs. woody) still had larger ranges in native
than in NAM, mainly because the exotic region in NAM is smaller
than the native regions (Fig. 3c and d).

In the native regions, C3 species had much smaller ranges than
C4 species (as expected, Mann—Whitney Rank Sum Test,
T = 205573, P < 0.001) but larger ranges than CAM plants
(T = 64828, P < 0.001) which had about 1/3 of range sizes of C4
plants (T = 8532, P < 0.001). In NAM, however, there was no sig-
nificant difference in range size between C3 and C4 plants
(T = 158772, P = 0.482), but both groups had significantly larger
ranges than CAM plants (C3 vs. CAM, T = 66061, P < 0.001; C4 vs.
CAM, T = 10835, P = 0.007; Fig. 3c). Therefore, in comparison, C3
species clearly increased their range sizes in NAM more signifi-
cantly than C4 and CAM species (Figs. 3¢ and S5).
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In both native and exotic (NAM) regions, herbaceous plants had
larger ranges than woody plants (Mann—Whitney Rank Sum Test,
T = 441104, P < 0.001 and T = 488878, P < 0.001, respectively;
Figs. 3d and S5). However, herbaceous species constantly exhibited
stronger relationships in range size between native and exotic re-
gions (Fig. 3b). Similarly, among C3 species, herbaceous species also
showed stronger relationships in range size between native and
exotic regions than woody species (Fig. S6).

3.2. Climate space and life history traits

Among the 3021 species, 444 already occupy ranges in NAM
with maximum MATSs greater than that in their native regions, 1405
occupied ranges in which minimum MATs were lower than in their
native regions, 661 exceeded the maximum MAPs found in the
native regions, and 493 had minimum MAPs lower than in their
native regions. The corresponding figures were much larger in
global exotic regions (including NAM), i.e., 1342 had already
exceeded the maximum MAT found in their native regions, 1767
had lower minimum MAT than that in their native regions, 1701
exceeded their native regions’ maximum MAP, and 1105 had lower
minimum MAP than that in their native regions.

Many of the 3021 species shifted their ranges toward colder
places within the potential climate space (i.e., poleward shifts),
especially C3 species (Fig. 4). In general, the 3021 species used more
temperature space (MAT), but not precipitation space (MAP),
especially where precipitation was very low (i.e., mostly the
southwestern deserts; Fig. 4). The estimated climate space based on
climate conditions across the 261 grids in NAM also indicated more
climate space is still available for further spread of most exotic

5000
4000 H o °
Global na’uve\<>
3000 + _ il
NAM climate spaceo
€ _
£ 2000
o
<< 1000 A
=
O 4
NAM exotic
-1000 -
-2000 - }
-40 -20 0 20 40
MAT (°C)

Fig. 4. Species-based climate space filling across the global (native) and NAM (exotic)
by the 3021 introduced plant species in continental North America. The gray and red
lines represent the ranges of MAT and MAP centered at the mean values of the 3021
exotic species used in their native and NAM, respectively. Blue symbols represent the
estimated climate space across 261 grids (i.e., grid-based) in NAM. The difference
between blue squares and red lines thus indicates the potential climate space for
further spread in NAM in the future. The min MATs of some exotic plants in NAM seem
to be reaching or exceeding their limits, although the southern part of NAM has higher
exotic richness. The 3021 exotic species now occupy only a narrow range of potential
precipitation gradients (MAP).
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species (as indicated by the difference between blue and red
symbols in Fig. 4).

On average, the ranges currently occupied by exotic plants in
NAM still use smaller climate spaces in NAM than in their native
regions. Therefore, most of the 3021 species still have an enormous
potential to spread further, as shown by the unused climate space
available. However, the climate spaces used by the exotic plants
were unbalanced; that is, there was a more significant overlap
between used climate space and available space where MAT and
MAP were low. In other words, exotic plants used more climate
space in relatively cooler and drier places, as indicated by the much
larger climate space available at high-maximum space than at
minimum-low space (Fig. 5a b).

One of the stable and frequently used life history traits, seed size
(weight, g), showed negative relationships with global native range
size (Fig. 6a) and NAM exotic range (Fig. 6b) size as expected (partly
due to the seed size-seed number trade-offs and greater dis-
persibility of smaller seeds than larger seeds) but an unexpected
positive relationship with global exotic range size and no rela-
tionship with global native and exotic range size (Fig. 6¢ and d).

4. Discussion

Our findings show the future spread potentials of many intro-
duced species in terms of climate space still available in their exotic
regions. The minimum MATSs across some exotic plants’ ranges in
NAM seem already reaching or exceeding their limits, although the
southern part of NAM has higher exotic richness. The 3021 exotic
species now occupy only a narrow range of potential precipitation
gradients (MAP; Fig. 4). The spreads of the exotic plants are not
even, with most climate space occupied where MAP is around
1000 mm (or 500—-1500 mm) and MAT between -15 and 25 °C
(Figs. 3 and 4). NAM lacks some warmer/drier climates that native
regions have (as indicated by the blue symbols in Fig. 4; see also
Fig. S5), which could limit the spread of certain species. However,
this could only be the case if no significant genetic modification or
adaptation occurs (Whitney and Gabler, 2008). Conversely, NAM
also offers novel conditions for many introduced species with
limited distributions, as shown in Figs. 1 and 4, especially if these
species are not limited by climates in their native regions. Despite
the considerable evidence for the “niche conservatism hypothesis”
(Petitpierre et al., 2012), many also show ‘niche shifts’ after intro-
duction, especially when all exotic regions are considered (Atwater
et al., 2018).

The performance of nonnative plants in NAM that also occur in
other parts of the world can better predict their distributions in
NAM than their native distributions, suggesting that such intro-
duced plants may perform more similarly among exotic regions
than between native and exotic regions. This finding provides
critical information needed for developing early warning systems.
For example, NAM should enforce early actions to prevent the
introduction of invasives that are successful in the rest of the world,
and climate space is available in NAM (Early et al., 2016; Kendig
et al., 2022). Conversely, our findings also provide insights into
further invasion potential by introduced species in NAM with po-
tential applications to other regions in the world. This is important
because many species have already had much larger ranges in NAM
than in their native regions. This may be partly due to the avail-
ability of more climate space in NAM and partly through enemy
release (Liu and Stiling, 2006), mutualistic interactions (with native
and even other exotic plants or animals) (Simberloff and Von Holle,
1999), and genetic adaptation and modification (Whitney and
Gabler, 2008), among others.

The success of numerous invasive species around the world
proves that many species may be the result of releasing from
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Fig. 5. The climate space used by the 3021 exotic plant species in their native and exotic regions. On average, the 3021 exotic species in North America north of Mexico (NAM) still
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maximum space than at minimum-low space. (b) A comparison of the minimum and maximum MAT and MAP used by the 3021 species in their native regions (blue) and in exotic

NAM (red).

multiple biotic and abiotic constraints or stresses simultaneously,
not just one factor at a time, such as natural enemies (Liu and
Stiling, 2006). Our study shows that, in such a short period of
time (i.e., only a few hundred years), many exotic plant species
already have much larger ranges than their native ranges. This is
particularly striking because our target exotic region, NAM, is vastly
smaller than the rest of the globe as the native region of the 3021
species. This observation may have implications in predicting
future species distribution based on their current distribution data
used in available species distribution models or SDMs (or biocli-
matic envelopes or ecological niche models) (Hui, 2023; Welk et al.,
2002). The positive relationship between native and exotic range
sizes of the same set of species (Fig. 2¢) and a significant phyloge-
netic signal in the ratio of the exotic range sizes to the overall (i.e.,
native plus exotic) range sizes suggests that potential range sizes of
newly naturalized species can to a certain extent be predicted both

by their native range sizes and by exotic range sizes of their close
relatives (Fig. 1).

It is not surprising that certain life history traits such as seed size
can better explain native range sizes than exotic range sizes
because many exotic species are still spreading (i.e., due to the time
factor). [Unfortunately, for the vast majority of the 3021 species
examined here, the time since invasions are still unknown because
most of them were not intentionally introduced.] The opposite
relationships between seed size and range size in global native plus
exotic regions and global exotic regions may primarily be due to
human intervention (e.g., it is possible humans might have inten-
tionally introduced and spread large-seeded species for economic
or some other purposes) (Petitpierre et al., 2012; Dong et al., 2023).
Aless frequently used but may be a more climate-sensitive trait, the
photosynthetic pathways also reveal valuable information
regarding species invasions. For example, while warmer
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Fig. 6. Examples of life history traits (seed size) better explain native range sizes and exotic range sizes in NAM that are consistent with previous research. The opposite re-
lationships between seed size and range size in global native plus exotic regions and in global exotic regions (including NAM) may be mostly due to human intervention (Petitpierre

et al, 2012).

temperatures could potentially increase the productivity of C4
species, elevated atmospheric CO, may not promote photosyn-
thesis in most C4 plants but could enhance the growth, yield, and
abundance of C3 plants (Ehleringer and Monson, 1993; Hamilton III
et al., 2008). This observation is consistent with the ongoing woody
encroachment in NAM (Ratajczak et al., 2012).

Our findings from herbaceous vs. woody nonnative plant com-
parisons are consistent with previous observations on eastern
Asia—North America disjunct plants that herbs show stronger re-
lationships in range size between the two regions (Ricklefs and
Latham, 1992; Liu et al, 2023). Herbaceous species considered
here consistently have larger ranges in both native and exotic re-
gions than woody species. More importantly, herbaceous species do
show a stronger relationship in range size between native and exotic
regions than woody species, further suggesting that the two groups
of species have different ecological specializations and/or different
sensitivities to similar environmental changes (Ricklefs and Latham,
1992; Smith and Beaulieu, 2009). It is possible that herbs could more
rapidly fill in their potential niches than woody species because of
their higher flexibility and adaptability, mostly due to their relatively
shorter generation time (Smith and Beaulieu, 2009).
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It is difficult to confirm to what extent the native distributions
could be used to predict exotic distributions, at least in the NAM
exotic plant case, where many exotic species are still spreading
(many currently still have very small ranges in NAM relative to their
native ranges) (see also Atwater et al., 2018). First, we only used
MAT and MAP in both native and NAM as constraint climate vari-
ables to show spread potential. Yet, in the real world, other climate
factors, such as persistent drought or extreme cold conditions, may
be more critical for certain species (Petitpierre et al., 2012). Our
study focused on MAT and MAP because many previous studies
have shown that these two factors are major determinants of plant
distributions (Whittaker, 1975). Second, although each species has
a specific climate space, most species never fully use such space
because of other important limiting factors such as dispersal, time
to spread, land use, and interactions with coexisting species (e.g., as
food sources or natural enemies). For these reasons, many species
could only use part of their real climate niche. In addition, the
spread of some species depends on future climate change that
could directly or indirectly alter their niche availability and genetic
adaptation (Bradley et al., 2010). Species shifting to higher latitudes
after invasion may have larger and expanding ranges (e.g., Li et al.,
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2014), which seems consistent with Rappoport's rule and the
negative richness—range size relationship (that is, in species-rich
regions at lower latitudes, species interact with more competitors
or natural enemies) (Guo et al., 2022).

The applicability of the “niche conservatism hypothesis” in
predicting species invasions could be influenced by two major
factors: (1) time since invasion (whether species have had enough
time to occupy their suitable habitats) (Williamson et al., 2009) and
(2) how similar the regions (or source-recipient regions in species
invasions) to be compared are (Qian and Ricklefs, 2004). Future
research needs to identify what species are at the ‘climatic equi-
librium’ with their environments and what species are far from it. It
is highly possible that different range edges (e.g., margins at major
cardinal directions at N, S, W, E) of the same species may be at
different levels of climatic equilibrium or, in other words, part of
range margins of the species may be limited by climate, but other
margins may be confined by other factors. Furthermore, managed
or human-assisted migration and species conservation could be
more successful when the role of climate change and climate space
is better understood for early planning and actions (Beaury et al.,
2019).

In sum, our findings stress the importance of using species’
distribution (rather than realized niche) in native regions to predict
exotic or future distributions unless the native and target exotic
regions are more or less comparable in size and environmental
conditions (Guo et al., 2023). The levels of success in invasion in
other parts of the world can better predict the distribution in NAM
than the native distributions. Current distribution may often not
indicate the range limits of most exotic but especially invasive
species (Atwater et al., 2018). In the future, more studies are needed
to examine whether different organisms show different levels of
climatic control over species ranges. The answer to this question
may be applied to management applications such as biocontrol
(Tanga et al., 2021). For example, it is possible that dramatic climate
change could cause the ranges (location and size) of more species to
be limited by climate factors.
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