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Abstract

Aim: Darwin’s naturalization hypothesis states that dissimilarity to native species may
benefit alien species establishment due to empty niches and reduced competition. We
here add a new dimension to large-scale tests of community invasibility, investigating
the role that previously established alien species play in facilitating or hindering new
invasions in plant communities.

Location: Permanent grasslands across France (including mainland and Corsica), as a
receding ecosystem of great conservation importance.

Methods: Focusing on 121 alien plant species occurring in 7,215 vegetation plots, we
quantified biotic similarity between new invaders and resident alien species (i.e., alien
species with longer residence times) based on phylogenetic and trait distances.
Additionally, we calculated distances to native species for each alien species and plot.
Using multispecies distribution models, we analysed the influence of these biotic simi-
larity measures and additional covariates on establishment success (presence/ab-
sence) of new invaders.

Results: We found that biotic similarity to resident alien species consistently increased
establishment success of more recently introduced species. Phylogenetic relatedness
to previous invaders had an equally strong positive effect as relatedness to native spe-
cies. Conversely, trait similarity to natives hindered alien establishment as predicted
by Darwin’s naturalization hypothesis. These results highlight that various mechanisms
may act simultaneously to determine alien establishment success.

Main conclusions: Our results suggest that, with greater similarity among alien species,
invasion success increases. Such a pattern may arise either due to actual facilitation
among invaders or as a result of weaker competitive interactions among invaders than
between native and alien species, leading to an indirect facilitative effect. Alternatively,
recent environmental changes (e.g., eutrophication, climate change) may have added
new environmental filters. Determining how initial invasions might pave the road for
subsequent invasions is crucial for effective multispecies management decisions and

contributes a new aspect to our understanding of community assembly.
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1 | INTRODUCTION

Biological invasions as a major driver of global change pose a great
threat to biodiversity (Lambertini et al.,, 2011). New invasions con-
tinue to arise, to some extent simply due to delayed responses to
increasing socio-economic pressures having generated an invasion
debt (Essl et al., 2011). In addition, new alien species are transported
with increased global trade and new trade routes (Bradley et al., 2012;
Seebens et al., 2015), and climate change can provide new oppor-
tunities for alien species to establish or spread (Sheppard, Burns, &
Stanley, 2014; Walther et al., 2009). In view of this global accumula-
tion of invaders (van Kleunen et al., 2015), it is crucial to better under-
stand interactions among multiple alien species and their combined
impacts on biodiversity.

To date, understanding what allows an alien species to estab-
lish and spread in the new range (i.e., to become invasive sensu
Richardson, Pysek, et al., 2000) has been a major research objective
in ecology. In this quest, studies using a trait-based approach have
shown that invasive species often share functional traits, such as
high relative growth rates, high specific leaf area and smaller seed
mass (Ordonez, Wright, & OIff, 2010; van Kleunen, Weber, & Fischer,
2010). These traits potentially distinguish them from native or non-
invasive species and are thought to convey higher competitive abil-
ity leading to invasion success. Conversely, from the perspective of
the native community, factors such as species diversity that poten-
tially contribute to biotic resistance against invasions have received
a lot of attention (Shea & Chesson, 2002). Because the ecological
attributes that determine high performance are context-dependant,
functional similarity among species may affect invasion success
more than species richness and traits per se (Hooper & Dukes, 2010;
Lemoine, Burkepile, & Parker, 2016; Marx, Giblin, Dunwiddie, &
Tank, 2016; Ordonez, 2014). To quantify ecological differences (bi-
otic dissimilarities) among species, two approaches have been used
so far: phylogenetic and trait-based distances, which may describe
different aspects of variation in function, niche and evolutionary
history (Cadotte, Albert, & Walker, 2013). Phylogenetic relatedness
describes evolutionary history, which is the basis for phenotypic vari-
ation and is thus used as a proxy for niche similarity (Mouquet et al.,
2012; Webb, Ackerly, McPeek, & Donoghue, 2002). However, this
assumption has been questioned (Mayfield & Levine, 2010; Thuiller
et al,, 2010), alternatively advocating for a trait-based approach
(Gallien et al., 2015; McGill, Enquist, Weiher, & Westoby, 2006;
Violle et al., 2015). Functional traits describe a species’ physiology,
morphology and life history strategy and thus provide a mechanis-
tic link between fundamental biological processes and community
dynamics, with the ability to achieve generalizations in community
ecology (McGill et al., 2006).

Darwin originally proposed that alien species that have no close
relatives in the introduced range should be more likely to establish
(Darwin, 1859). This idea, coined Darwin’s naturalization hypothesis
(DNH), proposes that dissimilarity to native species may benefit alien
species establishment due to empty niches, reduced competition
or a lack of natural enemies (Darwin, 1859; Figure 1a). Conversely,
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Darwin also suggested that relatedness to the resident community
should facilitate establishment due to similar adaptations to envi-
ronmental conditions (environmental filtering). These two opposing
hypotheses are jointly known as Darwin’s naturalization conundrum
(Diez, Sullivan, Hulme, Edwards, & Duncan, 2008; Thuiller et al.,
2010). In line with the contradictory theory, empirical studies of
the DNH have reported mixed results (Carboni et al., 2016; Diez
et al., 2008; Park & Potter, 2013; Strauss, Webb, & Salamin, 2006).
Furthermore, recent studies that considered functional similarity
in addition to phylogenetic relatedness found contrasting results
between the two approaches (Marx et al., 2016; Ordonez, 2014).
However, all previous tests of the DNH and community invasibility,
using either the standard phylogenetic approach or functional simi-
larity, neglected the contribution of resident alien species to invasion
success (Figure 1b).

In fact, in invasion biology, there has generally been a distinct
lack of studies considering multiple invaders, especially for plant
invasions; with a recent review finding that <6% of such studies ex-
plicitly tested interactions among invasive plant species (Kuebbing,
Nufiez, & Simberloff, 2013). Across the few studies that did inves-
tigate interactions among plant invaders, negative and neutral in-
teractions were found to be more common compared to positive
ones (Kuebbing & Nuiez, 2015; with similar results also found for
invasive animals; Jackson, 2015). Thus, direct or indirect antago-
nistic interactions may reduce invader performance (“invasional
interference”; Yang, Ferrari, & Shea, 2011) or lead to transient inva-
sions as one invader replaces another (Simberloff & Gibbons, 2004).
However, positive interactions (i.e., facilitation) where two (or more)
alien species benefit from each other’s presence may also occur,
which can lead to a scenario of “invasional meltdown” that corre-
sponds to an increased rate of establishment or impacts of alien
species (Simberloff, 2006; Simberloff & Von Holle, 1999). An ex-
ample of facilitative interactions between invaders is given by Flory
and Bauer (2014) who showed that the invasion by Microstegium
vimineum indirectly facilitated a secondary invasion by Alliara pet-
iolata, probably through its negative effect on native competitors
of A. petiolata increasing resource availability. Clearly, improving
our understanding of the type of interactions among multiple alien
species is of great importance for management decisions (Kuebbing
et al.,, 2013) and for building more relevant predictive models of
future invasions.

In this study, we provide the first comprehensive test of whether
similarity to resident alien species facilitates or hinders establishment
of more invaders. We address this question using a massive vegeta-
tion plot data set for French permanent grasslands from which 121
alien species were identified (Carboni et al., 2016; Violle et al., 2015).
In Europe, permanent grasslands are a receding ecosystem of great
conservation importance. We quantify the influence of biotic similarity
using relevant phylogenetic and trait-based distance metrics, while at
the same time, accounting for other potential drivers (biotic similarities
to native species, residence time, plot species richness and climatic
variation) that may further influence the establishment success of alien
species.
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FIGURE 1 Traditional tests of Darwin’s naturalization hypothesis (DNH) and our proposed extension, illustrating how biotic (phylogenetic
and trait) dissimilarity influences invasion success of alien species in communities. (a) Studies so far have tested the DNH by considering biotic
dissimilarity (specifically, phylogenetic distance) of a new invader to the native community: if invasion success increases with biotic dissimilarity,
findings are interpreted as support of the DNH, whereas if it decreases, environmental filtering dominates. (b) With ongoing invasions, the
temporal dimension of community invasibility needs to be considered: biotic dissimilarity of new invaders to alien species of longer residence
times. (c) Possible mechanisms creating the patterns depicted in (a) and (b): environmental filtering may lead to decreased invasion success
with biotic dissimilarity. If competition is the dominant mechanism, invasion success should increase with biotic dissimilarity as suggested by
the DNH (empty niches). Conversely, increased success with decreasing dissimilarity may also result if fitness differences drive competition.

If facilitation dominates, increased invasion success should be associated with lower dissimilarity in case of symmetric facilitation and higher
dissimilarity in case of asymmetric facilitation. To shed light on which mechanisms apply, macroecological analyses should be complemented
with an experimental approach, in which both phylogenetic and functional distances should be considered, and distances to both native and
alien residents contrasted. [Colour figure can be viewed at wileyonlinelibrary.com]

2 | METHODS

2.1 | Study system: alien plant species invading
French permanent grasslands

This study focused on investigating alien plant invasions in permanent
grasslands across France (including Corsica), using the DivGrass data-
base, a compilation of vegetation plot data (Violle et al., 2015). This
database comprises 4,280 species occurring in more than 50,000 veg-
etation plots (25-100 m?) covering four grassland types: dry calcare-
ous grasslands, mountain grasslands, mesic grasslands and ruderal and
trampled grasslands.

Of the 160 herbaceous alien species identified by Carboni et al.
(2016) to have invaded these grasslands, 121 species were included
in our study (with the remaining species excluded due to uncertainty
regarding alien status, a lack of data on time of introduction or func-
tional traits). The focal species’ status was indicated as introduced
according to the French National Inventory of the Natural Heritage
database (https:/inpn.mnhn.fr). Specifically, the species set included
neophytes (introduced after 1492), but also 14 species that have

long been cultivated but only more recently been recorded to have
established in the wild. Given the uncertainty about their year of
first record and invasion status, these 14 species were removed in
a control analysis (see below). The complete set of 121 alien species
occurred in 7,215 plots totalling 8,292 occurrences (with each spe-
cies occurring in 1-2,646 plots and the maximum number of alien
species per plot being seven; see Table S1). For each plot, we ex-
tracted climate information from the French meteorological model
AURELHY (Bénichou & Le Breton, 1987), based on interpolated cli-
mate measurements over the period of 1971-2000 downscaled at
100 m resolution.

For the 121 alien species, we compiled the most up-to-date infor-
mation on minimum residence time (MRT) to estimate the temporal
sequence of establishment. These data were obtained from the Global
Alien Species First Record Database (Seebens et al., 2017), providing
information of the year an alien established species was first recorded
in a region (here a country or subnational island). Where data for
France (or if applicable, Corsica) were not available, MRT from an ad-

jacent country was taken as a proxy (in most cases, this was Belgium,
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in some cases, Germany; Table S2). For 20 species that occur both in
mainland France and in Corsica and for which MRT data were available
for both regions, we used two separate MRT values for the mainland
and island vegetation plots. Given the low prevalence of most alien
species, national MRT was likely a reasonable proxy, as no mismatches
between MRT and vegetation plot dates were found. MRT across the
121 species ranged from 6 to 517 years.

2.2 | Calculation of biotic dissimilarities:
phylogenetic and trait-based metrics

To investigate whether biotic dissimilarity to resident alien species
affects establishment of new invaders, for each species and plot,
phylogenetic and trait distances to alien species of longer MRT were
calculated. For phylogenetic distance, we calculated the cophenetic
distance from the dated, molecular genus-level phylogeny described
in Appendix S2 in Carboni et al. (2016). For the trait-based metrics,
we used data on specific leaf area, plant maximum height at matu-
rity and seed mass, extracted from databases (Carboni et al., 2016;
Violle etal., 2015). Although these traits represent mean values
across the global range of a species, an earlier study introducing the
DivGrass database (Violle et al., 2015) showed high correlations be-
tween regionally collected traits in French permanent grasslands and
traits obtained from the global database TRY (Kattge et al., 2011).
Following the leaf-height-seed (LHS) plant ecology strategy scheme
(Westoby, 1998), these traits describe important trade-offs between
rapid growth and coping with disturbance. The few trait values that
were missing for the alien species were imputed through multivariate
imputation by chained equations (see Appendix S3 in Carboni et al.,
2016). The three functional trait measures were then combined into
one pairwise distance measure as the Euclidean distance over three
standardized traits.

Based on these pairwise distances, for each alien species and for
each plot, we calculated the minimum phylogenetic or trait distance
to the nearest resident alien species (i.e., only alien species of longer
MRT) as well as the mean phylogenetic or trait distance to all resident
alien species. Similarly, we calculated the minimum and mean phyloge-
netic and trait distances of each alien species to all resident native spe-
cies in each plot. Overall, 2,658 herbaceous native comparison species
were present in the 7,215 plots where alien species occurred, of which
2,642 native species had data on phylogenetic relationships and 1,948
had data on traits to calculate distances. Additionally, we calculated

the total plot species richness.

2.3 | Analysis of establishment success

Establishment success (presence/absence) of alien species was ana-
lysed in R (v 3.3.2 for Windows; R Core Team 2016), employing a gen-
eralized linear mixed model (GLMM) approach with a binomial error
distribution and logit link, using the tmMe4 package (Bates, Maechler,
Bolker, & Walker, 2014). Although 121 alien species were available
to calculate biotic dissimilarities (see above), the analysis of establish-
ment success was based on 74 focal species: those occurring in sites
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where resident alien species were present. A control analysis was car-
ried out excluding 14 potentially archaeophytic species, resulting in
107 species to calculate biotic dissimilarities and 65 in the analysis of
establishment success.

Instead of analysing alien species independently by building sin-
gle species statistical models, we used a multispecies distribution
model (multi-SDM) to estimate the joint probability of establish-
ment of all alien species (Jamil, Ozinga, Kleyer, & ter Braak, 2013;
Warton et al., 2015) in function of biotic dissimilarities and other
covariates (MRT, species richness, climate). Multi-SDMs allow for
rare species to be included, allowing a more accurate estimate of the
mean community-level response (Ovaskainen & Soininen, 2011).
This is of particular benefit in our study system where alien species
prevalence is low in many cases. In the full model, fixed effects in-
cluded minimum (or mean) phylogenetic distance to resident alien
species, minimum (or mean) trait distance to resident alien species,
minimum (or mean) phylogenetic distance to native species, min-
imum (or mean) trait distance to native species, MRT of the focal
alien species, species richness of the plot, annual precipitation and
mean annual temperature. We included MRT because the length of
time a species has had to spread has been shown to greatly affect its
establishment success (Lavoie, Shah, Bergeron, & Villeneuve, 2013;
Pysek et al., 2015; Williamson et al., 2009; Wilson et al., 2007).
Species richness was used to describe potential differences among
plots (e.g., competitive pressure, empty niche space, resource avail-
ability and hence also invasibility) using a quantitative measure. To
account for general climatic variation among plots, we used annual
precipitation and mean annual temperature as two non-correlated,
integrative climatic variables shaping temperate grasslands (Cain,
1944). Random effects (varying intercepts) included species and
plot. Pairwise Spearman rank correlations between explanatory
variables were all below <0.7 (Table S3). All explanatory variables
were centred and scaled by dividing by their standard deviation.
The minimum adequate model was then obtained by individually
removing the least significant variables and applying likelihood ratio
tests. The variance explained (R%) was calculated using the function
rsquared.glmm in the package MuMIn (Nakagawa & Schielzeth,
2013). To compare models using minimum or mean biotic dissimi-
larity measures, differences in AIC (Akaike’s information criterion)
are reported. Residual spatial autocorrelation was checked for using
Moran’s | plots in the ncF package (Bjornstad, 2015; Figure S1).

In our model, we used presence-absence (“establishment suc-
cess”) of each species as a response variable. However, given the
high number of plots available in the database (leading to many
observed absences compared to presences), we used an absence-
selection procedure to avoid including absence sites that were eco-
logically unreasonable due to (1) environmental suitability (habitat
type), (2) time since introduction, or (3) dispersal limitations. To do
so, absences were first filtered based on the grassland type (i.e.,
one of the following: dry calcareous grasslands, mountain grass-
lands, mesic grasslands and ruderal and trampled grasslands),
meaning that only absences from the grassland types where the
species could potentially occur (i.e., with at least one presence
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record) were considered in the models. Second, absences were only
included in the models if the date the vegetation plot was sampled
was more recent than the MRT of the focal species (notably, for
presence points, no mismatch between MRT and vegetation plot
date was detected). These two steps resulted in 1,071 presence
(1-324 per species) and 77,857 absence records occurring in 6,915
plots (Figure S2, Table S4), which we used to run a first GLMM (re-
ferred to as the model using all absence data). In a third step, to
account for dispersal limitation, the analysis was repeated only in-
cluding those absences that fall within a given distance to presence
sites, with a 100, 50 or 25 km radius around presence sites (Figure
S2, Table S4). This was done to ensure that the results were robust
when absences were only considered if the species was likely to
have had the opportunity to disperse to the sites where it was re-

corded to be absent.

3 | RESULTS

We present results for the analyses that only included absences se-
lected among vegetation plots occurring within a 50 km distance ra-
dius around presence plots (i.e., accounting for intermediate dispersal
limitation; Table 1, Figures 2 and 3), but note that the results from
the various analyses of establishment success were qualitatively very
similar (Table S5).

Across all analyses, smaller phylogenetic and trait distances to
resident alien species increased establishment success of new invad-
ers (Figures 2, 3 and S4, Tables 1 and S5). Effect sizes of phylogenetic
distance were similar across all models, but the effect size of trait dis-
tance was higher for models including only absences within a smaller
radius around presence sites (and not significant in the models using
all absence data, Table S5). A negative effect of phylogenetic distance

Minimum distances

on establishment success was also found with respect to native spe-
cies (Figures 2 and 3). Conversely, mean trait distance to native spe-
cies had a positive effect on establishment success: alien species were
more likely to establish in plots where they were less similar to native
species (Figure 3). For models using minimum distances, trait distances
to native species were not significant (Table S5). As the calculations
of dissimilarity measures were based on a small number of alien com-
parison species, values for minimum and mean phylogenetic or trait
distances were generally very similar, whereas, for dissimilarities to
native species, minimum distances were lower than mean distances
(Figures S3 and S4).

All other explanatory variables were retained in the minimum ade-
quate models (Table S5). Longer MRT increased establishment success
(Figures 2, 3 and S4, Tables 1 and S5). Establishment success of alien
species also increased with species richness and mean annual tem-
perature and decreased with annual precipitation. The control analysis
excluding 14 potentially archaeophytic species (long since cultivated
but with more recent first record in the wild) showed qualitatively sim-
ilar results, with stronger effects of alien trait distances (Figures S6 and
S7, Table Sé).

4 | DISCUSSION

Our analysis consistently showed that biotic similarity to resident
alien species increased establishment success (measured as prob-
ability of presence) of new invaders at the vegetation plot level, re-
gardless of whether a minimum or mean distance measure was used
and whether all absences or only those within a given dispersal dis-
tance radius around presence sites were considered. As we discuss
below, higher success with greater similarity among invaders may

arise because similarity of new invaders to resident alien species

TABLE 1 Parameter estimates and

MEICEEIE S standard errors (in parentheses) of the full

Minimum adequate

Explanatory variable Full model model

Alien phylogenetic -0.354 (0.043)*** -0.354 (0.043)***
distance

Alien trait distance -0.199 (0.072)*** -0.198 (0.069)**

Native phylogenetic -0.332 (0.052)*** -0.331 (0.052)***
distance

Native trait distance 0.006 (0.070)

Minimum residence 0.487 (0.116)*** 0.487 (0.116)***
time

Species richness 0.277 (0.033)*** 0.277 (0.033)***

Annual precipitation -0.260 (0.045)*** -0.260 (0.045)***

Mean annual 0.222 (0.046)*** 0.222 (0.046)***
temperature

R? (%) 17.2(34.1) 17.2 (34.0)

AIC 6,913.3 6,911.3

AAIC +2.0 0

and minimum adequate multispecies
distribution models that included absences
only within a distance radius of 50 km

Full model = min.
adequate model

~0.324(0.044) around presence sites. Significant
explanatory variables (based on likelihood
-0.254 (0.072)** ratio tests) are indicated by **p < .01;
-0.265 (0.054)*** ***p < 001. R? (marginal R? and in
parentheses conditional R? is indicated as
0.354 (0.070)*** well as AIC and differences in AIC (AAIC)
compared to the model with the lowest
0.461 (0.119)*** AIC
0.360 (0.032)***
-0.244 (0.045)***
0.233 (0.047)***
14.5 (34.6)
6,928.5
+17.2
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facilitates invasions, either directly or mediated via relative interaction
strengths. Alternatively, such a pattern may arise as a result of fitness
differences driving alien-alien competition or recent environmental
changes (e.g., eutrophication, climate change) having added new abi-
otic filters. For biotic similarity to native species, conflicting results
of phylogenetic versus trait distance were found, highlighting that
various mechanisms may act simultaneously: although new invaders
benefit from greater relatedness possibly indicating adaptation to the
local environment, they succeed using different functional strategies

than the natives (as suggested by the DNH).

4.1 | Mechanisms leading to the biotic
similarities and invasion success patterns

Tests of the DNH have produced conflicting results, which led previ-
ous studies to discuss the importance of spatial scale (Carboni et al.,
2016; Diez et al., 2008). At large spatial scales with low resolution,
environmental filtering signals may mask signals of biotic interaction
(Diez et al., 2008; Thuiller et al., 2010), as shown for example by the
contrasting results of two studies in California that investigated phy-
logenetic relatedness of invasive alien species to the regional native

community in comparison with non-invasive alien species (Park &

0 100

200 300 400 0 20 40 60 80 100 120

MRT (years) Species richness

Potter, 2013; Strauss et al., 2006). Our large-scale analysis is instead
focused on interactions in realized species compositions at the fine
resolution of vegetation plots of one broad ecosystem type (perma-
nent grasslands) that are located across one country (France), and thus
the DNH should more likely hold true. As we are specifically inter-
ested in biotic interactions, we further deliberately reduced potential
effects of environmental filtering by only including absence records
from grassland types where a species has been shown to occur, using
limited dispersal distances and accounting for the influence of climatic
variation among plots on establishment success.

While we did not expect a strong signal of environmental filtering,
we found mixed results, with alien species more likely to establish in
plots where they have closely related native species, but then being
ecologically dissimilar to the natives based on traits. Such a result is in
line with previous findings by Marx et al. (2016) and Ordonez (2014),
suggesting that to successfully invade, alien species must be similar
in certain aspects to pass environmental filters and yet functionally
different enough to persist by exploiting empty niches. By considering
biotic similarity to resident alien species in the community, our study
adds a new and important dimension, the temporal sequence of in-
vasions, to the challenge of resolving Darwin's naturalization conun-

drum (Figure 1b). Interestingly, our results showed that phylogenetic
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distance to resident alien species had an equally strong negative effect
on establishment success as distance to native species (although the
two variables were not correlated, Figure S4), whereas results for trait
distance to aliens opposed those for trait distance to natives.

These results thus suggest that while competition drives na-
tive-alien interactions in French grassland communities (resulting in
functional dissimilarity), there is either no strong competition among
aliens or possibly even facilitation (allowing similar species to coexist).
Indeed, environmental filtering is unlikely to be the dominant mecha-
nism driving the establishment of new invaders because if it was, we
should find signatures for both alien-native and alien-alien functional
patterns. However, if recent environmental change has added new
filters (e.g., Bobbink et al., 2010), this could possibly explain similar-
ity to resident aliens but not natives and potentially contribute to the
observed patterns. More likely, however, we see two biotic mecha-
nisms that may explain that invader similarity increases establishment
success and which can lead to more invaders establishing even in
the presence of other invaders (Kuebbing et al., 2013; van Kleunen
et al., 2015). First, if the relative strength of competitive interactions
between invaders is lower than between native and alien species,
then such a scenario may indirectly facilitate establishment of more

invaders (Kuebbing & Nufez, 2016). A recent meta-analysis on plant

Species richness

T median values. Actual data are jittered
60 80 100 120 around O (absence) and 1 (presence) for
better visibility

interactions supports this idea, showing that the negative effect of
alien plants on native species was double compared to on other alien
plants (Kuebbing & Nufez, 2016). If, due to a negative effect of the
resident alien species on native species, the magnitude of an indirect
positive effect experienced by the new invader is greater than the di-
rect negative effect among invaders, overall, a facilitative effect results
(Callaway & Walker, 1997).

Second, another possible explanation for our results is that ac-
tual facilitation could be relevant for alien plant-plant interactions,
with the relative strength of facilitation more important with greater
similarity among alien species (i.e., symmetric facilitation, Figure 1c).
Although mutualisms between trophic levels have been well appreci-
ated, facilitation within trophic levels has received less attention. Yet,
Mclntire and Fajardo (2014) pointed out that facilitation is a “ubig-
uitous driver of biodiversity”, and positive interactions such as facil-
itation or mutualisms may also influence invasion success (Mitchell
et al., 2006). Hence, facilitation needs to be integrated into theory of
community phylogenetics (Elias, Gompert, Willmott, & Jiggins, 2009).
Understanding facilitative interactions could be highly relevant for in-
vasions if invasional meltdowns may be a consequence (Simberloff,
2006; Simberloff & Von Holle, 1999). The magnitude of symmetric
facilitation among co-occurring invaders (e.g., to what degree species
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may benefit from shared pollinators, seed dispersers or mycorrhizal
fungi) is expected to increase with greater phylogenetic relatedness
(Mitchell et al., 2006; Figure 1c), which could be particularly important
when the invaders are different to the native species. For example,
having close relatives in the community reduced pollen limitation of
the annual plant Lasthenia fremontii (Sargent, Kembel, Emery, Forrestel,
& Ackerly, 2011). Enhanced pollinator services could arise either just
due to increased flower density or due to one alien species acting as
a magnet species benefitting the other invader (Molina-Montenegro,
Badano, & Cavieres, 2008).

Conversely, other facilitative mechanisms may more likely occur
between more distantly related species (i.e., asymmetric facilitation,
Figure 1c), as facilitation has been shown in some cases to lead to
phylogenetic divergence (Valiente-Banuet & Verdud, 2007). Such con-
flicting patterns have also been discussed for competitive mecha-
nisms, which may be either based on niche differences that favour
coexistence or fitness differences that drive competitive exclusion
(Chesson, 2000). Depending on the strength of the respective under-
lying mechanisms (i.e., niche overlap versus weaker competitor ex-
clusion), trait divergence or convergence in a community may result
(Kraft et al., 2015; Mayfield & Levine, 2010). Hence, elucidating the
biotic interactions at play is particularly challenging. Indeed, if com-
petitive interactions among aliens are driven by fitness differences
rather than empty niches, establishment success of functionally dif-
ferent invaders could be reduced (i.e., exclusion of weaker alien com-
petitors), providing yet another explanation for our observed pattern
(Figure 1c). For example, for fish introductions in Swedish lakes,
Henriksson, Wardle, Trygg, Diehl, and Englund (2016) showed that
species with high invasion success also contributed high biotic resis-
tance against further invasions (but without testing how this may be

driven by biotic dissimilarities).

4.2 | Limitations to the interpretation of the analysis

Clearly, the numerous direct or indirect biotic interactions acting
in concert, as well as the multitude of ways in which these mech-
anisms translate into biotic similarity indices (Figure 1c), make
generalizations and predictions of invasion success inherently chal-
lenging. We note that results may depend on the indices used to
quantify biotic similarity. Adding a trait-based approach to com-
munity phylogenetics will help disentangle mechanisms and con-
tribute to deconstruct Darwin’s naturalization conundrum (Marx
et al., 2016). However, the opposing results for the effect of trait
distance to native and alien species may depend on the specific
traits selected. The traits we used are highly relevant to study com-
munity invasibility as they are related to competitive performance,
but we note that SLA, plant height and seed mass have often been
shown to differ between alien and native species (Ordonez et al.,
2010; van Kleunen et al., 2010). For our study species of 121 alien
and 1,948 native species with trait data, SLA did not differ across
the two groups (with a median of 22.7 vs. 21.7 m?/kg), but plant
height (0.7 vs. 0.4 m) and seed mass (1.7 vs. 0.8 mg) were higher for
alien compared to native species. Because establishment success is
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higher with functional distance to the native community, this sug-
gests that such trait differentiation is important at the community
level. However, similar or closely related native species could also
have gone locally extinct as a consequence of invasion (as shown
by Li et al., 2015; using time series data). Furthermore, we note
that we used mean trait values, whereas ideally locally collected
trait data would be preferable given recent debates on the impor-
tance of inter- versus intraspecific trait variability (e.g., Albert et al.,
2012; Siefert et al., 2015; Violle et al., 2012). On a similar note,
we acknowledge the constraint of lacking plot-scale invasion data.
However, given that the regional MRTs we used span a large time
period (500 years), local invasion sequence is likely following re-
gional sequence in the majority of cases.

A central point to consider is that the effect of similarity on in-
teraction strength and the general applicability of the positive effect
of biotic similarity among invaders in French permanent grasslands
may also depend on species numbers or abundance. Plant density af-
fects the relative strength of competition and facilitation (Callaway &
Walker, 1997). One example would be a positive effect of attracting
shared pollinators, which at high densities may then become com-
petitive (Yang et al., 2011). Hence, it may be beneficial to be similar
as long as only few species are present (or only at low densities), but
once there are many (or highly abundant), similarity may cease to be
beneficial (this could potentially explain the negative effect of mean
distance to native species, but positive effect to alien species). To
test this idea, a more heavily invaded study system would need to
be investigated. Within our study system, we assessed the potential
influence of the number of alien species co-occurring per plot on the
calculation of the distance measures: minimum distance to resident
alien species decreases with the number of species the calculation
is based on, and mean distance tends to increase with the variance
tending to decrease; however, these trends are weak as indicated
by the generally high standard deviation and they are similar across
presence-absences sites (Figure S5). Thus, we consider our analysis
to be robust to the calculation of dissimilarity measures, but note
that our conclusions may not extrapolate to ecosystems with higher
alien species richness.

Finally, although we found that biotic similarity to resident alien
species increased establishment success, this may not hold true for
other aspects of invader performance (as e.g., shown in the con-
trasting results of establishment success versus biomass produc-
tion in an experimental study of invader interactions; Flory & Bauer,
2014) and should thus be further investigated in other studies. In
a next step, to clearly link the observed patterns to processes and
assess the relative importance of simultaneous interaction types,
experimental tests are necessary (e.g., see Violle, Nemergut, Pu, &
Jiang, 2011 for an example of a microcosm study on protists that
confirmed increasing competition with decreasing phylogenetic
distance). In an experimental setting, the number and density of
invaders can be specifically manipulated and the influence of the
choice of traits and various performance measures studied to bet-
ter elucidate the mechanisms at play and test the hypotheses pro-
posed in this study.
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4.3 | Importance for conservation

Even given these limitations, our study raises some important
issues concerning the management of plant invasions. MRT
consistently had a strong effect on establishment success, as
expected from results of previous studies (Lavoie et al., 2013;
Pysek et al., 2015; Williamson et al., 2009; Wilson et al., 2007).
Indeed, if residence time is not accounted for, the role of traits
may be overestimated (PySek et al., 2015). Notably, the strong
effect of MRT on establishment success supports the well-
established view that early control measures are most effective
when managing biological invasions. However, as the reality
of conservation involves multiple invaders, more studies are
needed to address interactions among alien species and how
these may affect their impacts (Kuebbing et al., 2013). Should
resident alien species facilitate the invasion of further alien
species, early control becomes even more crucial. In invasion
ecology, there has been a focus towards biotic resistance and
the role of natural enemies rather than positive interactions
(Richardson, Allsopp, D'Antonio, Milton, & Rejmanek, 2000),
which is in line with the general bias in ecological theory and
empirical research in favour of competition as the dominant
biotic interaction structuring communities. Yet, in addition to
our main finding that invader similarity increases establishment
success, we also found the surprising result that species rich-
ness per plot had a positive effect on establishment success of
alien species, raising additional concern for conservation man-
agement. However, species richness itself is not as informa-
tive to elucidate potential mechanisms at play compared to
descriptions of functional diversity and distance, and many of
the same limitations as discussed above in regards to biotic dis-
similarity measures apply. Also, we note that comparability of
species richness among plots is limited because the plot sizes
in our data set are not constant. However, this bias should be
rather limited as varying plot sizes reflect the optimal sampling
of homogeneous communities and experience with vegetation
plots in European grasslands shows that few species are added
beyond plot sizes of 25 m? (Dierschke, 1994). One explanation
for the positive diversity-invasibility relationship is that even
at this regional scale, environmental conditions may generally
be more favourable in some plots compared to others, exceed-
ing biotic resistance effects due to species richness. Another
possible explanation is given by Bulleri, Bruno, and Benedetti-
Cecchi (2008), however, who argue that such a pattern could
arise because of a higher probability of including facilitators.
Clearly, a better understanding of how both positive and nega-
tive biotic interactions (and specifically, the quantification of
interaction strengths) shape communities is crucial for conser-
vation. Better predictions of when facilitation among invad-
ers and possibly even a case of invasional meltdown is likely
and how it is determined by ecological attributes of the spe-
cies involved will assist in directing management efforts most

effectively.

5 | CONCLUSIONS

Following 500 years of species introductions around the globe and
the ongoing arrival of new species facilitated by global change and
trade, it is urgent to consider the effects of resident alien species on
invasion success of subsequent invaders. Our study provides novel
insights into how biotic similarity to resident alien species may affect
new invaders. The generality of our principal finding that invader simi-
larity may increase invasion success needs to be tested across other
study systems. Inference of the actual ecological mechanisms at play
is difficult from observed species associations, as various processes
such as a multitude of biotic interactions and habitat requirements
could produce these patterns. One hypothesis based on our results
is that with greater invader similarity, invasion success increases pos-
sibly due to greater facilitation or relative interaction strengths lead-
ing to an overall facilitative effect. Whether this hypothesis applies or
the suggested alternatives (competition driven by fitness differences
or abiotic filtering based on recent environmental changes) should
now be tested with an experimental approach to provide conclusive
evidence. Determining how initial invasions pave the road for sub-
sequent invasions contributes a new aspect to our understanding of
community assembly and has important implications for multispecies
management decisions and conservation of permanent grasslands.
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