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ABSTRACT

How alien plant species integrate into local native communities remains a widely debated but largely unresolved question. For

12,460 plant communities from six different habitats, we show that naturalized non-invasive species integrate near the center of

the multidimensional functional trait space of each community, whereas invasive species tend to occupy the edges. This pattern

is driven mainly by specific leaf area, plant height and seed mass, followed by genome size. These results suggest that functional

similarity to resident native species supports successful naturalization of alien species through preadaptation to environmental

conditions. In contrast, the functional dissimilarity of invasive species enables them to exploit new niches, potentially avoiding

direct competition with co-occurring native species while still passing through environmental filters. The magnitude of differ-

ences between native, naturalized and invasive species is habitat-specific, reflecting both the local ecological conditions and the

traits of the most widespread species in a given habitat.

1 | Introduction

The introduction-naturalization-invasion (INI) continuum
(Richardson et al. 2000) separates alien species based on the in-
vasion stage they have achieved into casual, naturalized and in-
vasive. Naturalized species maintain self-replacing populations
over multiple life cycles without direct human intervention,
while invasive species, a subset of naturalized species, produce
a large number of offspring, dominate in invaded communities
and spread over long distances. Understanding the mechanisms

underlying the transition of species along this continuum is a
key challenge in invasion ecology (Richardson and Pysek 2012).

Two opposing hypotheses were proposed to explain the success-
ful naturalization in a community of native species and species
advancement to the invasive stage. The environmental filtering
hypothesis (Keddy 1992) states that alien species functionally
similar to native ones are more likely to establish and persist in
a community because they fit local environmental conditions.
In contrast, the limiting similarity hypothesis (MacArthur and
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Levins 1967) posits that alien species must be sufficiently differ-
ent from native species to reduce niche overlap and competition.
Numerous studies have compared traits of naturalized (non-
invasive) versus invasive species (e.g., Gallagher et al. 2015; van
Kleunen et al. 2010), demonstrating that certain traits of invasive
species, such as larger specific leaf area (SLA), earlier and longer
flowering, or tall stature, tend to differ from those of natural-
ized species (Gallagher et al. 2015; PySek et al. 2009). Moreover,
invasive species tend to exhibit greater trait differentiation from
native than naturalized species do (Divisek et al. 2018; van
Kleunen et al. 2010).

There is also growing evidence that novel trait combinations,
defined by the position of a species in the functional trait space,
are important for alien species to successfully naturalize or be-
come invasive (DiviSek et al. 2018; Hui et al. 2023; Mathakutha
etal. 2019; Ordonezet al. 2010). Trait space reflects various trade-
offs related to plant function that ultimately affect species sur-
vival, growth and reproduction (Reich 2014). For example, the
Leaf Economics Spectrum reflects the differences between spe-
cies with conservative and acquisitive use of resources (Wright
et al. 2004). The Plant Size Spectrum refers to the trait variation
related to the size of plants and their organs, which affects the
ability of species to compete with other plants (Diaz et al. 2016).
Phenological traits may determine reproductive success over a
season and consequently the potential of a species to colonize
new areas (Fenner and Thompson 2005). Finally, genomic traits
drive the expression of other characteristics of a species which
influence its adaptation to environmental conditions (Knight
et al. 2005). The success of alien species in local plant com-
munities can therefore be investigated within the increasingly
used framework of functional distinctiveness (Kondratyeva
et al. 2019; Munoz et al. 2023; Violle et al. 2017). This frame-
work quantifies the extent to which a species occupies a unique
position in the functional trait space and differs from others in
terms of ecological functions such as resource use, growth and
reproduction. Functionally distinct alien species may have traits
that allow them to exploit resources in ways that native species
cannot, thereby increasing their ability to dominate and spread.
Building on this idea, the concept of optimal differentiation to
the edge of trait space (EoTS; Molofsky et al. 2022) suggests
that invasive species (the most successful aliens) insert them-
selves into the edges of the multidimensional trait space of the
native community, where they still pass through environmen-
tal filters but avoid competition with native species (Figure 1).
The EoTS concept thus postulates that environmental filtering
is important for successful naturalization, but becoming inva-
sive requires a certain level of functional distinctiveness to re-
duce competition with resident species. Although this pattern
has been found for species pools of Central European habitats
(Divisek et al. 2018), it has never been studied in local plant com-
munities, that is, small areas where individual species compete
directly with each other (Tilman 1982).

The positions of native, naturalized and invasive species in the
functional trait space of a local community may also be influ-
enced by habitat type, as adaptations required for the successful
establishment and persistence of alien species in a native commu-
nity can differ among habitats (Fridley et al. 2021). Comparisons
between multiple habitats are important for identifying habitat-
specific factors that affect plant invasions. For example, in

highly disturbed habitats, trait differences between native and
alien species are less pronounced because disturbance acts as
a strong environmental filter (Kalusova et al. 2017). The degree
to which invasive species alter the phylogenetic and functional
structure of resident native species and their abundance may
also differ significantly across different habitat types (Lososova,
de Bello, et al. 2015; Sodhi et al. 2019).

Here, we use eight morphological, phenological and genomic
(hereafter functional) traits to examine the differences between
native and alien plant species in 12,460 local communities in
six major habitats of Central Europe (Table 1). We quantified
the distribution and overlap of native, non-invasive naturalized
(hereafter naturalized) and invasive species in the functional
trait space of each community. For each habitat type, we tested
whether alien species are close to the native center of the trait
space (clustering) or at the edge (dispersion). We hypothesize
that the clustering of alien species around the native center and
the overlap with native species indicates that environmental
filtering plays a crucial role in their integration into local com-
munities (Figure 1A). In contrast, if alien species are distrib-
uted at the edges and do not overlap with native species, they
likely fill empty niches in the community to avoid niche over-
lap and competition with native species (Figure 1B). While the
first mechanism may be important for species naturalization in
a community, the latter should be advantageous for becoming
invasive.

2 | Materials and Methods
2.1 | Plant-Community Data

The data on species composition of local plant communi-
ties comes from 24,918 vegetation plots sampled in the Czech
Republic, stored in the Czech National Phytosociological
Database (Chytry and Rafajova 2003; GIVD code EU-CZ-001).
The size of the vegetation plots in the dataset was restricted to
1-100m? for non-forest plots and 100-625m? for forest plots.
Each plot was classified to one of the six main terrestrial habitat
types of Central Europe (Table 1) using a computer-based expert
system (Chytry et al. 2020): (1) grassland and heathland vegeta-
tion below the timberline (hereafter grassland vegetation; 6554
plots), (2) ruderal and weed vegetation (6265 plots), (3) rock and
scree vegetation (325 plots), (4) wetland vegetation (6371 plots),
(5) scrub vegetation (553 plots) and (6) forest vegetation (4850
plots). Juvenile trees occurring in the plots of habitats 1-4 were
removed as their functional trait values describe fully grown
individuals. All non-seed plants were also removed. Based on
the classified vegetation plots, a list of species occurring in each
habitat type (species pool) was created and the frequency of oc-
currence of each species was recorded. The size of the habitat
species pools, species occurrence frequencies and percentage
covers in vegetation plots of each habitat type are shown in
Table 1.

2.2 | Alien Species Classification

Our dataset contained 1705 seed plant species, of which
309 were aliens in the Czech Republic. These alien species
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FIGURE1 | The concept of optimal differentiation to the edge of trait space (EoTS) and its quantification in a local plant community. D quantifies
the mean distance of native (natv), naturalized (natz) and invasive (inv) species (community fractions) from the native center (u,,,) of the multidi-
mensional trait space (for simplicity, only two dimensions are shown). E-distance (E) quantifies the overlap of the two community fractions. The

larger E, the smaller the overlap. (A) Naturalized species integrate near the center of the native community and overlap with native species (D,,,,, and

natz
E are small) because local environmental filters select species with traits similar to the native community. Observed distances of naturalized species
should be smaller or similar to those expected for communities of the same size and only with the traits of native species. (B) Invasive species inte-
grate at the periphery of the functional trait space and overlap less with native species (D,,, and E are large) to reduce interspecific competition while
still passing environmental filters. When accounting for random expectation, the observed distances of invasive species should be larger than most

simulated distances of native species (a). The same should apply to the differences between naturalized and invasive species (b).
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TABLE1 | Alien plant invasions in local communities (vegetation plots) of six habitat types.

Ruderal Rock and
Grassland and weed scree Wetland Scrub Forest
vegetation  vegetation vegetation vegetation vegetation vegetation

Species pool size 1308 1061 404 745 907 1097

Native spp. 1124 806 326 617 774 957

Naturalized spp. 156 218 67 100 109 102

Invasive spp. 28 37 11 28 24 38
Total number of plots 6554 6265 325 6371 553 4850
No. of invaded plots 3274 5639 183 1702 339 1382

With naturalized spp. 68% 92% 90% 63% 71% 59%

With invasive spp. 65% 74% 28% 57% 69% 74%

With both 34% 65% 17% 20% 11% 32%
Mean species occurrence 85+203 108 +274 5+8 31+63 10+16 41+85
frequency in invaded plots
(£ SD)

Native spp. 94 +211 85+259 5+7 33+62 10+17 44+86

Naturalized spp. 26+53 169+ 294 5+10 16 £45 6+9 13+36

Invasive spp. 90+ 337 209 +376 5+6 46 +£105 15+23 36+126
Mean no. of species per 30.4+12.3 19.5+10.0 8.4+£6.5 11.5+74 23.0x11.4 28.5+£12.6
invaded plot (£ SD)

Native spp. 28.4+12.3 11.6+£6.9 6.3+6.1 9.8+6.7 20.1+11.4 26.5+12.9

Naturalized spp. 1.2+1.5 6.6+£5.9 19+1.5 09+£1.3 1.8+£2.3 09+1.2

Invasive spp. 0.8+0.7 14+1.3 0.3£0.5 0.8+0.9 1.1+1.0 1.0+0.9
Mean species cover (%) per 5.8+8.5 79+12.1 5073 11.3+£18.0 7.6+£9.9 9.6+14.5
invaded plot (+ SD)

Native spp. 5.5+£3.0 6.6+6.0 3.2+2.2 13.2+12.6 8.9+6.9 7.5+4.3

Naturalized spp. 3.3+£6.0 6.3+9.4 7.5+10.0 151+£27.1 3.3+4.2 41+7.6

Invasive spp. 8.8+13.9 11.8+18.6 3.6+6.7 3.9+9.2 10.0+15.0 16.9+22.5

Note: Species pool size is the total number of species recorded in the vegetation plots of each habitat type. Invaded plots are those in which at least one native species

occurred together with at least one naturalized or invasive species or with both. The species occurrence frequency is expressed as the number of plots of the habitat

type in which the species occurs.

represent a quite heterogeneous group in terms of their traits,
origin, time of introduction, and invasion status (PySek
et al. 2012). It has been shown that historically older and more
stable forests are phylogenetically more diverse and less in-
vaded than younger and less stable (frequently disturbed) hab-
itats such as grasslands and other open habitats (Lososova, de
Bello, et al. 2015; Lososov4, Smarda, et al. 2015). These hab-
itats are invaded by species from the same lineages as native
species and are preadapted to similar types of disturbances
(Lososovd, de Bello, et al. 2015). Typically, they are weeds
from families Lamiaceae and Poaceae. The most successful
invaders in the country are from families Asteraceae, Poaceae,
Brassicaceae, Rosaceae, Fabaceae or Amaranthaceae. The in-
formation on species invasion status was taken from PySek
et al. (2012), where it was based on criteria introduced by
Richardson et al. (2000). Naturalized species (259 in our

dataset) were defined as alien species that form self-sustaining
populations over several life cycles without human-facilitated
input of propagules. Invasive species (50), a subset of natural-
ized species, were defined as alien species that produce off-
spring in very large numbers and spread over long distances
(Richardson et al. 2000). The most frequent naturalized and
invasive species in each habitat type are listed in Figures S1
and S2. Of the 24,918 vegetation plots in our dataset, native
species co-occurred with alien species in 12,460 plots. These
plots were used in subsequent analyses.

2.3 | Functional Traits

Data on species' functional traits were compiled from the da-
tabases Pladias (Chytry et al. 2021), LEDA (Kleyer et al. 2008),
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GIFT (Weigelt et al. 2020) and various literature sources
(Table S1). For each species, the following functional traits
were used: (1) maximum plant height (m), (2) seed mass (mg),
(3) leaf area (mm?), (4) specific leaf area (SLA; mm? mg™), (5)
leaf dry matter content (LDMC; mg g™'), (6) middle of the flow-
ering period (month), (7) length of the flowering period (num-
ber of months) and (8) 2C genome size (Mbp). The strongest
Spearman correlation was between maximum height and leaf
area (p=0.553; Figure S3). Only the maximum plant height,
middle and length of the flowering period were available for
all species in our dataset. For the remaining traits, data were
only available for 68% (LDMC), 73% (leaf area), 78% (SLA) and
85% (seed mass and 2C genome size) of the species. Since the
common practice of removing missing data not only reduces
the sample size but may also introduce bias, we imputed miss-
ing trait values using three methods described in Table S2.
Here, we present only results based on missForest imputation
(Stekhoven and Biithlmann 2012), while results from MICE-
PMM (van Buuren and Groothuis-Oudshoorn 2011) and
Phylopars (Goolsby et al. 2024) are in Data S1. Before analy-
ses, all traits except the middle of the flowering period were
log10-transformed. All traits were then scaled to zero mean and
unit variance. Finally, all species were assigned to five broadly
defined life forms: (1) macrophanerophytes (woody plants over
10m tall, mainly trees; 60 species), (2) nanophanerophytes
(woody plants up to 10m tall, i.e., mainly shrubs; 66 species),
(3) chamaephytes (dwarf shrubs and semi-shrubs; 55 species),
(4) herbs (1522 species) and (5) epiphytes (2 species). For the
overall trait spectrum of each habitat visualized using principal
component analysis, see Figures S4-S9.

2.4 | Species Distribution in the Functional
Trait Space

For each vegetation plot, we constructed an eight-dimensional
trait space where each axis was represented by one of the eight
functional traits. Each species present in the community was
then represented as a unique point in this trait space. To quan-
tify the distribution of community fractions (native, naturalized
and invasive species) in this trait space, we measured (1) the
mean distance of each fraction from the native center, and (2)
the overlap of each two fractions. Mean distance from the center
(Figure S10a) was calculated as:

Z i = Hnan -

X ieX

where || - || denotes Euclidean norm, x; is a vector of trait values of i
-th species from group X (i.e., native, naturalized or invasive), ny
is the size of this group and u,,,, is the trait space center (mean
vector) for native species. Dy is thus analogous to the unweighted
functional dispersion index by Laliberté and Legendre (2010).

The overlap was quantified using E-distance, which measures
the dissimilarity between two probability distributions (Rizzo
and Székely 2010, 2016). We chose this metric because it de-
tects differences in both the location (average position) and
dispersion (whether one group is functionally more or less
diverse than the other group) of the compared groups. The

empirical E-distance for two groups of species (Figure S11a)
is calculated as:

0= oy 2 2ol =55 T S -sl -2 % 3 i

anY X ieXje nYlE Yjey

where || - || denotes Euclidean norm, x; and y; are vectors of trait
values of i-th and j-th species from groups X and Y, respec-
tively, and n is the size of respective group. In the second and
third term, if i =j, then ”xi _fo =0 and ||yi —yj” =0, respec-

tively. If the distribution of the two species groups in the trait
space is identical (complete overlap), the E-distance is zero.
The higher the value, the more the two distributions differ.
The magnitude of E-distance, therefore, directly reflects the
degree of functional segregation (or dissimilarity) between na-
tive and alien species (Figure S12).

In addition, we developed weighted versions of the abovementioned
metrics, in which square-root-transformed species percentage cov-
ers in the vegetation plots were used as weights. The calculation of
these weighted versions is explained in Figures S10b and S11b. The
results of associated analyses can be found in Data S1.

As an alternative to the Euclidean distance used by both
the abovementioned metrics (D and E), we also used the
Gower (1971) distance with the extension by Podani (1999) to or-
dinal variables, considering the middle of the flowering period
as this type of variable. For each vegetation plot, we then cal-
culated D and E metrics based on principal coordinate analysis
(PCoA) axes from a Gower species dissimilarity matrix instead
of the original traits (Laliberté and Legendre 2010). The results
based on this approach are included in Data S1.

For scrub and forest vegetation plots, the abovementioned met-
rics were calculated separately for herb-layer plants (herbs and
dwarf shrubs) and phanerophytes (nanophanerophytes and
macrophanerophytes).

2.5 | Null Models

We used null models to determine whether native and alien com-
munity fractions in each plot are more clustered or dispersed
around the center of the native trait space than would be expected
for randomly assembled communities and to account for different
sizes of individual community fractions. For each vegetation plot
in which naturalized or invasive species were compared with na-
tive species, we simulated trait composition by a stratified random
drawing of species from the habitat's native species pool. For the
comparison between naturalized and invasive species, trait com-
position of these community fractions was simulated by drawing
from the habitat's naturalized species pool. The number of spe-
cies in the plot, the proportion of different plant life forms and the
cover of individual species (When the weighted versions of D and E
metrics were used) were maintained in each simulation. Selections
from species pools were either (1) unweighted (i.e., completely ran-
dom), (2) weighted by species occurrence frequency in the habitat,
with more frequent species having a higher chance to be selected
or (3) weighted by the probability of species occurrence in the plot,
so that species likely to occur in the plot based on co-occurrence
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with resident native species had a higher chance of being se-
lected. Occurrence probability was calculated using the Beals
index (Beals 1984) implemented in the R package vegan (Oksanen
et al. 2022). We present here only the results based on the Beals
weighting, while the results of null models 1 and 2 are in Data S1.

We repeated the simulations 999 times for each vegetation plot
to obtain the distribution of the simulated D values for each com-
munity fraction. We then calculated the deviation from the null
expectation (AD) as the observed D minus the mean of the sim-
ulated values. Positive AD indicates dispersion towards the edge
of the trait space, while negative AD indicates clustering around
the center, relative to the null expectation for a community
fraction of the same size. We intentionally did not calculate the
standardized effect size (SES) because it is sensitive to variation
in species richness and therefore less suitable for comparisons
between groups with different numbers of species (Sandel 2018).

For E-distance measuring the overlap of each two community
fractions present in the plot, we used the abovementioned sim-
ulations to calculate the probability (also called empirical p-
value) that the observed overlap is larger (E-distance is smaller)
than in simulated communities. Probability was calculated as
(the number of simulated E-distance values that are equal to or
greater than the observed one + 1)/(the number of simulations
+ 1). Probability values approaching zero indicate that the ob-
served overlap is smaller (E-distance is larger) than in simulated
communities, while the value of one indicates larger observed
overlap (smaller E-distance) than in all simulated communities.

For each habitat type, the deviations from expected distance
(AD) and the overlap probabilities were summarized using box-
plots and density plots. To test whether AD values for individ-
ual community fractions are significantly different within the
habitat type, we used the Wilcoxon signed-rank test for paired
samples. The resulting p-values were adjusted using Benjamini
and Hochberg's (1995) method. The effect size (r) for the differ-
ence between compared community fractions was calculated
by dividing the z-statistic from the Wilcoxon test by the square
root of the sample size (N). The effect size (in absolute value) is
considered to be small when r<0.3, medium when 0.3<r<0.5
and large when r>0.5. These analyses were performed not only
within the eight-dimensional trait space of each plot, but also for
each functional trait separately.

2.6 | Traits Driving Functional Differences

We used regression trees (CART; Breiman et al. 1984), to an-
alyze which individual traits contribute most to the dispersion
(AD > 0) or clustering (AD < 0) of naturalized and invasive
community fractions in the trait space of each vegetation plot.
The AD values for plots of different habitat types were pooled
and used as the dependent variable while the mean values of
individual traits for each community fraction were used as ex-
planatory variables. Optimal tree size was determined by 10-fold
cross-validation as the smallest tree that reached the minimum
cross-validation error plus 1 SE. Besides the primary splitter
variable, we also identified surrogates for each node, that is,
variables allocating at least 90% of the cases to the same cluster
as the primary splitter.

All analyses were performed in R software version 4.2.1 (R Core
Team 2022), and the packages used are listed in Table S3.

3 | Results

We found distinct patterns in the distances of each community
fraction from the native center of the eight-dimensional func-
tional trait space in each local community (for distances within
each individual trait, see Figures S13-S14). The distances of
native (AD,,,) and naturalized (AD,,,) species in most hab-
itats were similar or even smaller (indicating clustering) than
expected for a community fraction of the same size composed
of only traits of native species pool. In contrast, the distances
of invasive species (AD,,,) were larger in five of six habitat
types (except wetlands; Figure 2). However, in scrub and forest
vegetation, they were only larger in the herb layer. The mag-
nitude of the within-habitat differences between co-occurring
community fractions depended on the habitat type. We found
very small, mostly negative, differences between native and
naturalized community fractions. Their effect size ranged from
r=0.03 in grasslands (z=-1.47, p=0.143) to r=0.45 in wet-
lands (z=-14.6, p<0.001). This indicates that the distribution
of naturalized species in the community trait space is mostly
not different from native species and is more clustered than ex-
pected. In contrast, invasive community fractions were usually
distributed further away than co-occurring native species. The
magnitude of the within-habitat differences ranged from r=0.18
for ruderal and weed vegetation (z=11.8, p<0.001) to r=0.84
for forest herb layers (z=24.7, p<0.001). In scrub and forest
vegetation, however, this pattern can largely be attributed to
Impatiens parviflora (Figure S15). On the other hand, invasive
trees and tall shrubs showed an even stronger clustering than
co-occurring native species (r=0.39, z=-2.63, p=0.03 for scrub
vegetation and r=0.71, z=-12.84, p<0.001 for forest vegeta-
tion). A similar pattern was also observed in wetland vegetation
(r=0.31,z=-9.59, p<0.001).

When comparing the distances of naturalized (AD,,,,) and in-
vasive (AD;,,) community fractions (expressed as deviations
from the expected distance of a naturalized community fraction
of the same size), we found a pattern similar to the ‘native vs.
invasive’ comparison. In all habitats, invasive species were dis-
tributed closer to the edge of the community trait space than
were co-occurring naturalized species. The magnitude of the
differences ranged from r=0.19 for wetlands (z=3.45, p <0.001)
to r=0.83 for forest understories (z=15.2, p<0.001). The excep-
tions included tree and shrub layers in scrub and forest vegeta-
tion where invasive community fractions were clustered around
the trait space center more than co-occurring naturalized spe-
cies (r=0.48 and 0.84, z=-1.87 and -4.77, p=0.096 and 0.001,
respectively).

After weighting the distances of individual community fractions
(D) by species covers, the observed effect sizes decreased slightly
for most comparisons (Figure S18). However, weighting changed
the direction of difference and statistical significance in only a
few cases, including the ‘native vs. naturalized’ comparison for
grasslands, scrub and forest vegetation. In these cases, the ob-
served differences were very small and on the edge of statistical
significance.
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Using E-distance, we found that in all habitat types (except the
tree layer in scrub and forests), native and naturalized species
overlapped more than native and invasive species and more
than naturalized and invasive species. Null models showed that
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FIGURE 2 | Distances of native (cyan), naturalized (gold) and invasive (magenta) community fractions from the native center of the eight-
dimensional trait space in each vegetation plot. Distances are expressed as the deviation (AD) from the mean expected distance for community frac-
tions of the same size simulated by the weighted random drawing of native species (or naturalized species for the ‘naturalized vs. invasive’ compar-
ison) from the habitat species pools. Positive values indicate a tendency towards overdispersion (greater distance from the center of the native trait
space than expected for the simulated community), while negative values indicate a tendency towards clustering (shorter distance from the center
than expected). N is the number of plots, z is the statistical value of the Wilcoxon signed-rank test for paired samples. p-values were adjusted follow-
ing Benjamini and Hochberg (1995): ***p <0.001, ** 0.001 <p <0.01, * 0.01 <p <0.05, ns p > 0.05. Statistically significant results (p <0.05) are in bold.
Red and blue fonts indicate negative and positive differences, respectively. The effect size r (in absolute value) associated with the Wilcoxon test is
considered small when r<0.3, medium when 0.3 <r<0.5, and large when r>0.5. The thick horizontal line in each box indicates the median, the dot
indicates the mean, the bottom and top of each box indicate the 25th and 75th percentiles, respectively, and whiskers represent either the maximum/

minimum value or 1.5 X interquartile range, whichever is closer to the mean.

simulated values for wetlands to the 58th percentile for grass-
lands. Native and invasive community fractions overlapped less.
In most habitats except for wetlands and tree and shrub layers
in scrub and forest vegetation, the median observed overlap
was smaller (E-distance was larger) than in 60% (ruderal and
weed vegetation) of simulated communities, and in three habi-
tats it was even smaller than in 70% of simulated communities.
The overlap of naturalized and invasive community fractions
in these habitats was also small. These community fractions
overlapped less than comparable fractions in 64% (ruderal and
weed vegetation) of simulated communities with only traits of
naturalized species. For probabilities of overlap after removing
Impatiens parviflora, see Figure S16.

The use of species covers as weights in the calculation of E-
distances led to very similar results. The probability of overlap
increased slightly in a few cases, including the ‘native vs. natu-
ralized’ comparison in ruderal and weed vegetation and the ‘na-
tive vs. invasive’ comparison in grasslands (Figure S19).

All alternative approaches to these analyses using (1) the PCoA
axes from the Gower distance matrix (Figures S20-S23), (2)
the data from the MICE-PMM and Phylopars imputations
(Figures S24-S31) and (3) alternative null models (Figures S32-
S39) produced very similar results. Changes only occurred in
comparisons where the differences between community frac-
tions were small or the sample size was small, while the overall
pattern remained unchanged.

Finally, regression trees revealed which individual functional
traits contributed most to the clustering (AD < 0) or dispersion
(AD > 0) of naturalized and invasive community fractions in
the eight-dimensional trait space of each plot across all habitat
types. We found that the most important traits influencing the
distance of naturalized herbs and dwarf shrubs from the na-
tive center of the trait space were the time of flowering, LDMC,
length of flowering and seed mass (Figure 4). On the other
hand, SLA, seed mass, plant height and leaf area, followed by
genome size, were the most important traits for invasive species
(Figure 5). However, the effect of SLA was largely attributable to
Impatiens parviflora (Figure S16).

4 | Discussion
Using eight functional traits to explore the integration of alien

plant species into local communities of six main habitat types
in Central Europe, we showed that each of the two opposing

hypotheses, that is, environmental filtering (Keddy 1992) and
limiting similarity (MacArthur and Levins 1967), is import-
ant at a different stage of the invasion process (Richardson
et al. 2000). The distribution of naturalized species in the trait
space of most communities appeared to be very similar to na-
tive species, suggesting that they have similar adaptations to
local environmental conditions and resource use as native spe-
cies. This preadaptation may facilitate their naturalization in
the community, and environmental filtering appears to be the
most important factor at this stage of the introduction-natu-
ralization-invasion continuum. However, this convergence in
traits may also result from competitive hierarchy (Mayfield and
Levine 2010). If certain trait values confer superior fitness in a
given environment (e.g., greater height for light competition),
both successful native and alien species may converge on this
strategy while suppressing other (e.g., shorter) species. This may
lead to a community where all remaining species are function-
ally similar. Therefore, the observed similarity of naturalized
to native species may reflect not only adaptations to the abiotic
environment but also adaptations to competition from the native
species. Regardless of the underlying mechanism, the similar-
ity of naturalized to native species may also lead to significant
niche overlap. Functionally similar species are often assumed to
utilize resources in a similar way, particularly for the resource-
acquisition traits (e.g., Wright et al. 2004), which can increase
the intensity of competition. Increased competition may poten-
tially act as a barrier to the progression of naturalized species to
the invasive stage.

In contrast, invasive species in communities of most habitat
types exhibited trait combinations that differed from native and
naturalized species, which shifted them to the edge of the func-
tional trait space of the community. This suggests that it may be
advantageous for an already naturalized alien species to differ,
at least to some degree, from native species to become invasive.
Alternatively, this functional distinctiveness could be the re-
sult of competitive exclusion, where invasive species have dis-
placed native species with the most similar strategies. However,
inferring competition from trait patterns is challenging, as the
link between trait differences and the strength of competitive
interactions is often complex and context-dependent (Levine
et al. 2025). Although the occurrence at the edge of the trait
space is not direct proof of competition avoidance, it represents a
clear strategy of functional differentiation. This may help inva-
sive species to exploit new niches, use resources more effectively
and invest them to gain dominance over co-occurring native
species. The observed patterns largely persisted after weighting
the distances by species covers. The weighting caused a slight
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FIGURE 3 | Probability of overlap between native and naturalized species (cyan/gold), native and invasive species (cyan/magenta) and natural-
ized and invasive species (gold/magenta) in the eight-dimensional trait space of each plot. Probability was calculated by comparing the observed
overlap value, expressed by E-distance, with the distribution of 999 simulated overlap values for two community fractions with corresponding sizes
and traits of only native (for ‘native vs. naturalized” and ‘native vs. invasive’ comparisons) or naturalized species (for ‘naturalized vs. invasive’ com-
parison). Probability values approaching zero indicate that the observed overlap is smaller (E-distance is larger) than in simulated communities,
while values approaching one indicate larger observed overlap (smaller E-distance) than in all simulated communities. N is the number of plots in
which native and alien species were compared.
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decrease in the magnitude of most differences, but significantly
affected only a few comparisons where the observed differences
were very small. This may indicate that successful alien species
use strategies that are at least partially similar to those of domi-
nant native species.

Our results are consistent with other studies that have documented
different traits or trait combinations of invasive species (Gallagher
et al. 2015; van Kleunen et al. 2010; Mathakutha et al. 2019), but
alsowith the differences between native and alien species observed
at the level of habitat species pools (Divisek et al. 2018), where
plant height was the main trait distinguishing invasive species.
Here, we also found evidence that tall invasive species are func-
tionally more distinct from both native and naturalized species,
but the effect of SLA on the shift of invasive species towards the
edge of the community's trait space was even more pronounced,
particularly due to Impatiens parviflora, which is an exceptionally
successful invasive species in Central European forests (Wagner
et al. 2017). Being taller and able to outcompete other species by
shading is indeed an advantage, but rapid resource acquisition
seems to be equally or even more important within local commu-
nities. A larger SLA indicates thinner or less dense leaves, which
has several implications for a plant's growth strategy, resource use
efficiency and adaptability to varying environmental conditions. A
large SLA is often associated with a high relative growth rate and
is characteristic of species adapted to resource-rich environments,
where the ability to rapidly utilize available light, water and nutri-
ents is crucial (Kraft et al. 2015; Wright et al. 2004). This finding
is consistent with other studies that have also reported larger SLA
for invasive species (Gallagher et al. 2015; Hamilton et al. 2005;
Leishman et al. 2007; Ordonez et al. 2010).

Besides SLA and plant height, we identified a large effect of
seed mass. Unlike other studies showing that small seed mass
correlates with species invasiveness (Hamilton et al. 2005;
Leishman et al. 2007; Ordonez et al. 2010), we found that inva-
sive species tend to have larger seeds than native and natural-
ized species. Heavier seeds often contain more reserves, which
support seedling growth and increase their tolerance to stress
factors such as shading from co-occurring plants. Thus, heavier
seeds can give rise to more vigorous seedlings that can outcom-
pete neighbouring plants (Moles and Westoby 2006; Turnbull
et al. 1999) and become dominant in a community.

We also found some evidence for the effects of genome size.
According to the Large Genome Constraint Hypothesis (Knight
et al. 2005), plants with larger genomes may be less tolerant to
environmental stress and less plastic under stress gradients.
A small genome may be associated with earlier germination,
faster plant growth, higher photosynthetic rate and larger SLA
(Bennett 1987; Knight and Ackerly 2002). Pysek et al. (2023)
found that a small genome is advantageous during naturaliza-
tion, but not for invasive spread. However, here we found that
both small and large genomes can shift species to the edge of the
trait space. The effect of genome size, therefore, remains unclear
and requires further investigation.

Previous studies have found that successful invaders have early
or long flowering periods (Cadotte and Lovett-Doust 2001; Lake
and Leishman 2004; PySek et al. 2003). A longer flowering may
provide more opportunities for pollination, potentially leading

to higher reproductive success over a season and the coloni-
zation of new areas (Fenner and Thompson 2005). We found
that in some communities, naturalized species flowered earlier
and for a longer time than native species, but such communi-
ties were few. In most communities, the flowering phenology of
both species groups was similar. For invasive species, flowering
phenology did not appear to differ from native or naturalized
species. The effect of flowering phenology on naturalization or
invasiveness of alien species thus probably depends on the eco-
logical context, not only in the invaded range but also in the
native range, as it is a conservative trait (Godoy, Castro-Diez,
et al. 2009; Godoy, Richardson, et al. 2009).

Our dataset comes from the temperate zone of Central Europe
and habitats with a large proportion of herbaceous plants.
Some habitats (e.g., ruderal and weed vegetation) are highly
invaded, while others (e.g., wetlands and forests) are invaded
much less. The most widespread naturalized species, such
as Tripleurospermum inodorum or Convolvulus arvensis, and
the most successful invaders, such as Arrhenatherum elatius,
Cirsium arvense or Impatiens parviflora, were recorded at most
sites of their suitable habitats. Such species largely drive the ob-
served patterns. When we removed I. parviflora, the number of
plots in which invasive species occurred at the edge of the trait
space decreased considerably, especially in forest understories.
Exceptions to the pattern observed in most habitats include
the tree and shrub layers in forests and scrub and partly also
wetlands. This suggests that the success of the most common
invaders in these habitats (Robinia pseudoacacia in forests and
Bidens frondosa in wetlands) may depend on traits other than
those included in our study (e.g., nitrogen-fixing capacity, dis-
persal mode or tolerance to waterlogging).

We used trait data from the literature and databases, which
may introduce some error compared to direct measurements.
However, measuring traits in our nationwide dataset was not
feasible. Therefore, our results cannot reflect intraspecific trait
variability among communities. Another disadvantage is the in-
completeness of trait values. In our study, three of eight traits
had complete data, but the other five had, on average, 22% of
missing values. To account for the variability introduced by
different trait imputation methods, we analyzed datasets from
three commonly used algorithms (missForest, MICE-PMM and
Phylopars). This confirmed that the observed patterns are ro-
bust and largely insensitive to the chosen method.

In conclusion, our study provides evidence that the functional
integration of alien species depends on the stage of invasion
and the habitat type in which it happens. The results suggest
that environmental filtering primarily shapes naturalization,
selecting for aliens that are functionally similar to native spe-
cies, whereas functional differentiation becomes crucial for
the subsequent stage, that is, invasion. While we recognize the
challenges of inferring ecological processes from trait patterns,
our study highlights the value of this approach for revealing the
differences between co-occurring native and alien species and
understanding how alien species integrate into local plant com-
munities. Future studies could test how trait differences affect
direct competition between native, naturalized and invasive
species, or include intraspecific trait variation and additional
key traits, such as those related to dispersal or below-ground
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resource acquisition. This would provide a more complete pic-
ture of the assembly processes in invaded communities.

Author Contributions

J.D,, P.P.,, DM.R,, N.J.G,, B.B,, J.M. and M.C. conceived the ideas. J.D.,
Z.L. and M.C. prepared the data. J.D., N.J.G. and B.B. designed the
methodology. J.D. analyzed the data. J.D. led the writing of the man-
uscript. P.P., D.M.R. and M.C. contributed to the writing. All authors
commented on the manuscript.

Acknowledgements

We thank three anonymous reviewers and the editor, Dr. Helene Muller-
Landau, for their helpful comments on the previous versions of the
manuscript. J.D., P.P. and Z.L. were supported by the Czech Science
Foundation (project no. 25-16176S). P.P. and D.M.R. were supported by
long-term research development project RVO 67985939 (Czech Academy
of Sciences). D.M.R. also acknowledges support from the Mobility 2020
project no. CZ.02.2.69/0.0/0.0/18_053/0017850 (Ministry of Education,
Youth and Sports of the Czech Republic). Support from USDA ARS
NACA Agreement 58-8062-8-012 and USDA Hatch was provided to J.M.
Computational resources were provided by the e-INFRA CZ project
(ID:90254), supported by the Ministry of Education, Youth and Sports of
the Czech Republic and the ELIXIR-CZ project (ID:90255), a part of the
international ELIXIR infrastructure. Open access publishing was facili-
tated by Masaryk University, as part of the Wiley - CzechELib agreement.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

All data and R codes used in the analyses are publicly available in the
Zenodo repository: https://doi.org/10.5281/zenodo.17116216.

Peer Review

The peer review history for this article is available at https://www.webof
science.com/api/gateway/wos/peer-review/10.1111/ele.70235.

References

Beals, E. W. 1984. “Bray-Curtis Ordination: An Effective Strategy for
Analysis of Multivariate Ecological Data.” In Advances in Ecological
Research, vol. 14, 1-55. Academic Press.

Benjamini, Y., and Y. Hochberg. 1995. “Controlling the False Discovery
Rate: A Practical and Powerful Approach to Multiple Testing.” Journal
of the Royal Statistical Society: Series B: Methodological 57: 289-300.

Bennett, A. F. 1987. “Interindividual Variability: An Underutilized
Resource.” In New Directions in Ecological Physiology, edited by M.
E. Feder, A. F. Bennett, W. W. Burggren, and R. B. Huey, 147-169.
Cambridge University Press.

Breiman, L., J. Friedman, C. J. Stone, and R. A. Olshen. 1984.
Classification and Regression Trees. 1st ed. Chapman and Hall.

Cadotte, M., and J. Lovett-Doust. 2001. “Ecological and Taxonomic
Differences Between Native and Introduced Plants of Southwestern
Ontario.” Ecoscience 8: 230-238.

Chytry, M., J. Danihelka, Z. Kaplan, et al. 2021. “Pladias Database of the
Czech Flora and Vegetation.” Preslia 93: 1-87.

Chytry, M., and M. Rafajova. 2003. “Czech National Phytosociological
Database: Basic Statistics of the Available Vegetation Plot-Data.” Preslia
75:1-15.

Chytry, M., L. Tichy, K. Boublik, et al. 2020. “CzechVeg-ESy: Expert
System for Automatic Classification of Vegetation Plots From the Czech
Republic. ZENODO.” https://doi.org/10.5281/zenodo.3605562.

Diaz, S.,J. Kattge,J. H. C. Cornelissen, et al. 2016. “The Global Spectrum
of Plant Form and Function.” Nature 529: 167.

Divisek, J., M. Chytry, B. Beckage, et al. 2018. “Similarity of Introduced
Plant Species to Native Ones Facilitates Naturalization, but Differences
Enhance Invasion Success.” Nature Communications 9: 4631.

Fenner, M., and K. Thompson. 2005. The Ecology of Seeds. Cambridge
University Press.

Fridley, J. D., I. Jo, P. E. Hulme, and R. P. Duncan. 2021. “A Habitat-
Based Assessment of the Role of Competition in Plant Invasions.”
Journal of Ecology 109: 1263-1274.

Gallagher, R. V., R. P. Randall, and M. R. Leishman. 2015. “Trait
Differences Between Naturalized and Invasive Plant Species Independent
of Residence Time and Phylogeny.” Conservation Biology 29: 360-369.

Godoy, O., P. Castro-Diez, F. Valladares, and M. Costa-Tenorio. 2009.
“Different Flowering Phenology of Alien Invasive Species in Spain:
Evidence for the Use of an Empty Temporal Niche?” Plant Biology 11:
803-811.

Godoy, O., D. M. Richardson, F. Valladares, and P. Castro-Diez. 2009.
“Flowering Phenology of Invasive Alien Plant Species Compared With
Native Species in Three Mediterranean-Type Ecosystems.” Annals of
Botany 103: 485-494.

Goolsby, E., J. Bruggeman, and C. Ane. 2024. “Rphylopars: Phylogenetic
Comparative Tools for Missing Data and Within-Species Variation. R
Package Version 0.3.10.” https://CRAN.R-project.org/package=Rphyl
opars.

Gower, J. C. 1971. “A General Coefficient of Similarity and Some of Its
Properties.” Biometrics 27: 857-871.

Hamilton, M. A., B. R. Murray, M. W. Cadotte, et al. 2005. “Life-History
Correlates of Plant Invasiveness at Regional and Continental Scales.”
Ecology Letters 8:1066-1074.

Hui, C., P. PySek, and D. M. Richardson. 2023. “Disentangling the
Relationships Among Abundance, Invasiveness and Invasibility in
Trait Space.” NPJ Biodiversity 2: 1-7.

Kalusova, V., M. Chytry, M. van Kleunen, et al. 2017. “Naturalization
of European Plants on Other Continents: The Role of Donor Habitats.”
PNAS 114: 13756-13761.

Keddy, P. A. 1992. “Assembly and Response Rules: Two Goals for
Predictive Community Ecology.” Journal of Vegetation Science 3:
157-164.

Kleyer, M., R. M. Bekker, I. C. Knevel, et al. 2008. “The LEDA Traitbase:
A Database of Life-History Traits of the Northwest European Flora.”
Journal of Ecology 96: 1266-1274.

Knight, C. A., and D. D. Ackerly. 2002. “Variation in Nuclear DNA
Content Across Environmental Gradients: A Quantile Regression
Analysis.” Ecology Letters 5: 66-76.

Knight, C. A., N. A. Molinari, and D. A. Petrov. 2005. “The Large
Genome Constraint Hypothesis: Evolution, Ecology and Phenotype.”
Annals of Botany 95: 177-190.

Kondratyeva, A., P. Grandcolas, and S. Pavoine. 2019. “Reconciling the
Concepts and Measures of Diversity, Rarity and Originality in Ecology
and Evolution.” Biological Reviews 94: 1317-1337.

Kraft, N. J. B., P. B. Adler, O. Godoy, E. C. James, S. Fuller, and
J. M. Levine. 2015. “Community Assembly, Coexistence and the
Environmental Filtering Metaphor.” Functional Ecology 29: 592-599.

Lake, J. C., and M. R. Leishman. 2004. “Invasion Success of Exotic
Plants in Natural Ecosystems: The Role of Disturbance, Plant Attributes
and Freedom From Herbivores.” Biological Conservation 117: 215-226.

12 of 13

Ecology Letters, 2025

5U90 17 SUOLUILIOD BRI 8|G0 [ddke Uy A paueNab a2 Sao1Ie VO ‘3N 0 Sa|N 10} ARG 1T 8UIIUO AB]1M O (SUOIPUCO-PUE-SLLBYLIOO" A3 1M AeJq][ouIU0//STY) SUONIPUOD) PUE SWS | aU) 95 *[GZ0Z/TT/60] Uo ArIqiT8uIiu0 A81M ‘01jandsy Uaez0 aUeiyood AQ GEZ0/@R/TTTT 0T/I0pL00"Aa| W AIRIqIPUIIUO//SANY W1y Papeojumoq ‘TT ‘SZ0Z ‘8rZ0TorT


https://doi.org/10.5281/zenodo.17116216
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ele.70235
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ele.70235
https://doi.org/10.5281/zenodo.3605562
https://cran.r-project.org/package=Rphylopars
https://cran.r-project.org/package=Rphylopars

Laliberté, E., and P. Legendre. 2010. “A Distance-Based Framework
for Measuring Functional Diversity From Multiple Traits.” Ecology 91:
299-305.

Leishman, M. R., T. Haslehurst, A. Ares, and Z. Baruch. 2007. “Leaf
Trait Relationships of Native and Invasive Plants: Community- and
Global-Scale Comparisons.” New Phytologist 176: 635-643.

Levine, J. I., R. An, N. J. B. Kraft, S. W. Pacala, and J. M. Levine. 2025.
“Why Ecologists Struggle to Predict Coexistence From Functional
Traits.” Trends in Ecology & Evolution 40: 147-158.

Lososova, Z., F. de Bello, M. Chytry, et al. 2015. “Alien Plants Invade
More Phylogenetically Clustered Community Types and Cause Even
Stronger Clustering.” Global Ecology and Biogeography 24: 786-794.

Lososova, Z., P. Smarda, M. Chytry, et al. 2015. “Phylogenetic Structure
of Plant Species Pools Reflects Habitat Age on the Geological Time
Scale.” Journal of Vegetation Science 26: 1080-1089.

MacArthur, R., and R. Levins. 1967. “The Limiting Similarity,
Convergence, and Divergence of Coexisting Species.” American
Naturalist 101: 377-385.

Mathakutha, R., C. Steyn, P. C. le Roux, et al. 2019. “Invasive Species
Differ in Key Functional Traits From Native and Non-Invasive Alien
Plant Species.” Journal of Vegetation Science 30: 994-1006.

Mayfield, M. M., and J. M. Levine. 2010. “Opposing Effects of
Competitive Exclusion on the Phylogenetic Structure of Communities.”
Ecology Letters 13: 1085-1093.

Moles, A. T., and M. Westoby. 2006. “Seed Size and Plant Strategy
Across the Whole Life Cycle.” Oikos 113: 91-105.

Molofsky, J., D. S. Park, D. M. Richardson, et al. 2022. “Optimal
Differentiation to the Edge of Trait Space (EoTS).” Evolutionary Ecology
36: 743-752.

Munoz, F., C. A. Klausmeier, P. Gaiizére, et al. 2023. “The Ecological
Causes of Functional Distinctiveness in Communities.” Ecology Letters
26:1452-1465.

Oksanen, J., G. L. Simpson, F. G. Blanchet, et al. 2022. “Vegan:
Community Ecology Package. R Package Version 2.6-4.” https://CRAN.
R-project.org/package=vegan.

Ordonez, A., I. J. Wright, and H. OIff. 2010. “Functional Differences
Between Native and Alien Species: A Global-Scale Comparison.”
Functional Ecology 24: 1353-1361.

Podani, J. 1999. “Extending Gower's General Coefficient of Similarity to
Ordinal Characters.” Taxon 48: 331-340.

Pysek, P, J. Danihelka, J. Sadlo, et al. 2012. “Catalogue of Alien Plants
of the Czech Republic (2nd Edition): Checklist Update, Taxonomic
Diversity and Invasion Patterns.” Preslia 84: 155-255.

Pysek, P., V. Jarosik, J. Pergl, et al. 2009. “The Global Invasion Success
of Central European Plants Is Related to Distribution Characteristics
in Their Native Range and Species Traits.” Diversity and Distributions
15: 891-903.

Pysek, P., M. Lu¢anovd, W. Dawson, et al. 2023. “Small Genome Size and
Variation in Ploidy Levels Support the Naturalization of Vascular Plants
but Constrain Their Invasive Spread.” New Phytologist 239: 2389-2403.

Pysek, P., J. Sddlo, B. Manddk, and V. Jaros$ik. 2003. “Czech Alien Flora
and the Historical Pattern of Its Formation: What Came First to Central
Europe?” Oecologia 135: 122-130.

R Core Team. 2022. R: A Language and Environment for Statistical
Computing. Vienna.

Reich, P. B. 2014. “The World-Wide ‘Fast-Slow’ Plant Economics
Spectrum: A Traits Manifesto.” Journal of Ecology 102: 275-301.

Richardson, D. M., and P. PySek. 2012. “Naturalization of Introduced
Plants: Ecological Drivers of Biogeographical Patterns.” New Phytologist
196: 383-396.

Richardson, D. M., P. PySek, M. Rejméanek, M. G. Barbour, F. D. Panetta,
and C. J. West. 2000. “Naturalization and Invasion of Alien Plants:
Concepts and Definitions.” Diversity and Distributions 6: 93-107.

Rizzo, M. L., and G. J. Székely. 2010. “DISCO Analysis: A Nonparametric
Extension of Analysis of Variance.” Annals of Applied Statistics 4:
1034-1055.

Rizzo, M. L., and G. J. Székely. 2016. “Energy Distance.” WIREs
Computational Statistics 8: 27-38.

Sandel, B. 2018. “Richness-Dependence of Phylogenetic Diversity
Indices.” Ecography 41: 837-844.

Sodhi, D. S., S. W. Livingstone, M. Carboni, and M. W. Cadotte.
2019. “Plant Invasion Alters Trait Composition and Diversity Across
Habitats.” Ecology and Evolution 9: 6199-6210.

Stekhoven, D.J., and P. Biihlmann. 2012. “MissForest—Non-Parametric
Missing Value Imputation for Mixed-Type Data.” Bioinformatics 28:
112-118.

Tilman, D. 1982. Resource Competition and Community Structure.
Princeton University Press.

Turnbull, L. A., M. Rees, and M. J. Crawley. 1999. “Seed Mass and the
Competition/Colonization Trade-Off: A Sowing Experiment.” Journal
of Ecology 87: 899-912.

van Buuren, S., and K. Groothuis-Oudshoorn. 2011. “Mice: Multivariate
Imputation by Chained Equations in R.” Journal of Statistical Software
45:1-67.

van Kleunen, M., E. Weber, and M. Fischer. 2010. “A Meta-Analysis of
Trait Differences Between Invasive and Non-Invasive Plant Species.”
Ecology Letters 13: 235-245.

Violle, C., W. Thuiller, N. Mouquet, et al. 2017. “Functional Rarity: The
Ecology of Outliers.” Trends in Ecology & Evolution 32: 356-367.

Wagner, V., M. Chytry, B. Jiménez-Alfaro, et al. 2017. “Alien Plant
Invasions in European Woodlands.” Diversity and Distributions 23:
969-981.

Weigelt, P., C. Konig, and H. Kreft. 2020. “GIFT - A Global Inventory
of Floras and Traits for Macroecology and Biogeography.” Journal of
Biogeography 47: 16-43.

Wright, 1. J., P. B. Reich, M. Westoby, et al. 2004. “The Worldwide Leaf
Economics Spectrum.” Nature 428: 821-827.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Data S1: ele70235-sup-0001-DataS1.
docx.

Ecology Letters, 2025

13 of 13

5U90 17 SUOLUILIOD BRI 8|G0 [ddke Uy A paueNab a2 Sao1Ie VO ‘3N 0 Sa|N 10} ARG 1T 8UIIUO AB]1M O (SUOIPUCO-PUE-SLLBYLIOO" A3 1M AeJq][ouIU0//STY) SUONIPUOD) PUE SWS | aU) 95 *[GZ0Z/TT/60] Uo ArIqiT8uIiu0 A81M ‘01jandsy Uaez0 aUeiyood AQ GEZ0/@R/TTTT 0T/I0pL00"Aa| W AIRIqIPUIIUO//SANY W1y Papeojumoq ‘TT ‘SZ0Z ‘8rZ0TorT


https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan

	Naturalized and Invasive Species Integrate Differently in the Trait Space of Local Plant Communities
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Plant-Community Data
	2.2   |   Alien Species Classification
	2.3   |   Functional Traits
	2.4   |   Species Distribution in the Functional Trait Space
	2.5   |   Null Models
	2.6   |   Traits Driving Functional Differences

	3   |   Results
	4   |   Discussion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	Peer Review
	References


