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B iological invasions threaten the world’s biodiversity and the
functioning of ecosystems. Over 13,000 plant species have
successfully naturalized around the world1,2; some of them
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As traits of evolutionarily closely related species were more
similar than expected at random (according to the Abouheif’s
Cmean statistics), we repeated the above-mentioned univariate
comparisons for residuals of phylogenetic models to account for
phylogenetic non-independence of species. These comparisons
only slightly altered our previous results (Table 2, Supplementary
Table 1, and Supplementary Figure 1); we found that naturalized
species were not significantly different from native species in any
of the habitats. For invasive species, the difference found in
phylogenetically non-informed comparison was retained, with
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significant for both naturalized and invasive species (Supplemen-
tary Table 8 and Supplementary Figure 17).

Discussion
By distinguishing between different stages of the INI continuum,
we can disentangle the two competing hypotheses: introduced

species must share some characteristics to enter the community
(i.e., environmental filtering hypothesis11,12) but to disrupt the
community introduced species must be dissimilar in traits (i.e.,
the limiting similarity hypothesis13,14). We found that in a tem-
perate flora of Central Europe, traits of naturalized non-invasive
species are similar to, whereas those of invasive species are dis-
similar from, the traits of native species. This pattern was
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consistent across the six studied habitat types. Functional simi-
larity to native species is sufficient for successful naturalization of
introduced species. However, to become invasive, alien species
need to be functionally different from the mean trait values of
native species. In other words, a species needs to be similar
enough to be admissible to a community type, but different
enough, i.e., situated on the edge of the trait space, to become
invasive. Our analysis also indicates that in all habitat types, the
trait that makes this difference is being taller at maturity, which
suggests that stronger competitive ability is the key to success of
invasive alien species in this flora37. We expect the location of

invasive species to be on the edge of trait space in other floras too,
although the nature of the traits may be different.

A global meta-analysis by van Kleunen et al.9 showed that
invasive species had on average higher values of several traits than
non-invasive species and more trait differences were significant
for native vs. invasive comparison than for non-invasive alien vs.
invasive comparisons. Gallagher et al.10 found that in the Aus-
tralian flora, traits of invasive plants differed from those of nat-
uralized non-invasive congeneric species. However, unlike our
study, none of these analyses were based on the total fl
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invasive species in the temperate ecosystems of Central Europe38.
In a study comparing native species with aliens (not considering
whether species were invasive or only naturalized), Ordonez
et al.8 found that aliens were actually on average shorter than
natives, but this difference disappeared when the comparisons
were made within individual growth forms. Our analysis com-
pared traits within habitat types while excluding occasional
occurrences of (mostly juvenile) trees from open habitat types;
therefore, we also largely compared species within the same or
similar growth forms. The importance of height in our results
therefore does not reflect invasion of alien trees into treeless
habitats (where multiple mechanisms mediate establishment and
invasions39), but invasions of taller species into communities of
native species dominated by a growth form shared with the
invading alien.

Our results contradict those of several previous studies that
reported larger SLA for alien or invasive species8,10,26,40. SLA is a
leaf trait indicative of fast growth rate41,42, a property that can be
advantageous for invasion. However, most of the previously
analyzed datasets on plant traits were from floras dominated by
woody plants. In the floras dominated by herbaceous plants with
generally high SLA, such as the Central European flora analyzed
here, the trait relationships can be different43,44. Effects of SLA
and associated traits such as growth rate on plant invasiveness in
herb-dominated floras clearly require further study.

We found some evidence for larger seeds of invasive species in
forests and the difference between invasive and native species in
seed size was marginally significant in scrub vegetation. This is in

contrast with other studies showing that invasiveness is correlated
with small seed size8,26,45, which we found only for rock and scree
vegetation and residuals of phylogenetic models but these dif-
ferences were not statistically significant. Our result may be
attributable to the positive correlation of seed mass with plant
height6. If so, then invasion success in the herb-dominated flora
of a temperate biome would have a simple explanation, involving
a single trait and single mechanism rather than a complex life-
history syndrome involving interactive effects of many different
traits. However, it is important to keep in mind that this expla-
nation is valid if trait effects are considered within the context of
individual habitats. Also, it should be noted that our study con-
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average trait values of the native community and invasive species
being further from this average, but the statistical significance of
this difference was reduced. Considering that differences in plant
height between native and invasive species remained significant
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sensitive to outliers and influential points. Therefore, we used a more general test of
the difference in the CDFs for native species and naturalized or invasive species. A
standard Kolmogorov–Smirnov CDF test is based on the maximum difference
between two curves and a look-up table is used to estimate a tail probability for
CDF differences based on ranked observations56. For our test, we first scaled
species distances in each habitat to relative values and then calculated the summed
area difference between the CDF for native species and the CDF for either nat-
uralized or invasive species (ΔCDF; see also Cayuela et al.57 for a similar approach
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