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Europe. We classified all plant species into groups based 
on functional traits obtained from trait databases and cal-
culated the phylogenetic distance among them. In a green-
house experiment, we submitted the two invasive species 
at two propagule pressures to competition with communi-
ties of ten native species from the same functional group. 
In another experiment, they were submitted to pairwise 
competition with native species selected from each func-
tional group. At the community level, highest suppression 
for both invasive species was observed at low propagule 
pressure and not explained by similarity in functional traits. 
Moreover, suppression decreased asymptotically with 
increasing phylogenetic distance to species of the native 
community. When submitted to pairwise competition, sup-
pression for both invasive species was also better explained 
by phylogenetic distance. Overall, our results support Dar-
win’s naturalization hypothesis but not the limiting similar-
ity hypothesis based on the selected traits. Biotic resistance 
of native communities against invasive species at an early 
stage of establishment is enhanced by competitive traits 
and phylogenetic relatedness.

Keywords Ambrosia artemisiifolia · Functional traits · 
Priority effect · Propagule pressure · Solidago gigantea

Introduction

The invasion of alien plant species has become a major 
concern worldwide due to their numerous ecological, eco-
nomic, and social impacts (Pimentel et al. 2000). Under-
standing what makes certain communities resistant to inva-
sions and which factors control the success of invasive 
alien species is essential for designing appropriate control 
measures (Middleton et al. 2010). Biotic resistance can be 
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plant species. The limiting similarity hypothesis predicts 
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grassland species used for ecological restoration in central 

Communicated by EA Gross.

Electronic supplementary material The online version of this 
article (doi:10.1007/s00442-016-3798-8) contains supplementary 
material, which is available to authorized users.

 * F. A. Yannelli 
 florencia.yannelli@tum.de

1 Chair of Restoration Ecology, Department Ecology 
and Ecosystem Management, Technical University 
of Munich, Emil-Ramann-Straße 6, 85354 Freising, Germany

2 Department of Botany and Zoology, Centre for Invasion 
Biology, Stellenbosch University, Matieland 7602, South 
Africa

3 Leibniz-Institute of Freshwater Ecology and Inland Fisheries 
(IGB), Müggelseedamm 310, 12587 Berlin, Germany

4 Institute of Biology, Department of Biology, Chemistry, 
Pharmacy, Freie Universität Berlin, Königin-Luise-Straße 
1-3, 14195 Berlin, Germany

5 Berlin-Brandenburg Institute of Advanced Biodiversity 
Research (BBIB), Altensteinstraße 34, 14195 Berlin, 
Germany

6 Norwegian Institute of Bioeconomy Research (NIBIO),  
P.O. Box 115, 1431 Ås, Norway

http://orcid.org/0000-0003-1544-5312
http://crossmark.crossref.org/dialog/?doi=10.1007/s00442-016-3798-8&domain=pdf
http://dx.doi.org/10.1007/s00442-016-3798-8


776 Oecologia (2017) 183:775–784

1 3

defined as the ability of the native community to thwart 
the invasion success of non-native species (Elton 1958). 
Although it has widely been investigated in plant com-
munities, specifically to understand how competition with 
resident plants can control plant invasions (Levine et al. 
2004), identifying which processes drive biotic resistance 
in communities is still poorly understood (Lockwood et al. 
2013).

One well-known explanation for biotic resistance 
stems from Charles Darwin. In The Origin of Species 
(Darwin 1859), he postulated that those invasive spe-
cies that are phylogenetically closely related to the 
native species of a community would be less successful 
colonizers than those that are less closely related to the 
native species. This is called ‘Darwin’s naturalization 
hypothesis’ and was explained with the higher likelihood 
of species being ecologically similar and thus compet-
ing for the same resources (Daehler 2001). Even though 
some studies have supported this prediction (Strauss 
et al. 2006), others have highlighted how spatio-tempo-
ral scales affect the outcome when addressing similar-
ity in these terms (Li et al. 2015b; Thuiller et al. 2010). 
Darwin’s perspective relies on the assumption that spe-
cies’ phylogenetic relatedness is associated with simi-
larity of traits determining species co-existence, i.e., 
the ‘phylogenetic signal’ (sensu Blomberg and Garland 
2002). Therefore, relatedness can serve as a proxy for 
trait similarity, potentially providing information on 
traits that have not been quantified so far. Nevertheless, 
it has also been found that closely related species can 
present divergences in key traits affecting the invasibil-
ity of a community (Funk and Vitousek 2007).

Understanding biotic resistance from a functional trait 
perspective could be a more promising approach (Funk 
et al. 2008). The limiting similarity hypothesis proposes 
that the successful establishment of invasive species would 
be unlikely if the native species of the recipient community 
hold similar functional traits and thereby similar resource 
acquisition strategies as the invader (MacArthur and Lev-
ins 1967), resulting in increased competition for resources 
(Funk et al. 2008). Most studies have tested similarity by 
focusing on broad functional categories, i.e., phenology 
(Hooper and Dukes 2010), life forms (Maron and Marler 
2007; Young et al. 2009), or a combination of life forms 
and photosynthetic pathways (Emery 2007; Symstad 2000). 
Nevertheless, this grouping might overlook traits relevant 
for seedling establishment in an existing community (Price 
and Pärtel 2013). Plant species can be grouped into ‘func-
tional groups’ based on similarity in several traits related to 
competitive ability or resource use. Such functional groups 
might better reflect species’ niche overlap and, therefore, 
biotic resistance through limiting similarity (Byun et al. 
2013). Moreover, given that species within a functional 

group can have distinctive responses to environmental fac-
tors or biotic interactions, biotic resistance can be enhanced 
by functional redundancy of the experimental communities 
(Díaz and Cabido 2001).

Ultimately, even if both hypotheses are closely related, 
the differences are linked to how these can be tested when 
experimentally designing invasion-resistant communities. 
If the design is based on functional similarity, it is possible 
to understand how the native functional structure can influ-
ence invasion success. Assessing the same communities 
by focusing on Darwin’s naturalization hypothesis would 
indicate whether or not trait-based similarity resistance is, 
in fact, closely related to the phylogenetic structure of the 
native community. Apart from the different perspectives 
to look at biotic resistance, several other factors related 
to invasion success need also to be accounted for. Some 
studies have found that resistance can be overwhelmed by 
the number of individuals arriving in the community, i.e., 
propagule pressure (Byun et al. 2015; Miller et al. 2013), 
since it is associated with the increased chances of niches 
being occupied by invasive species (Von Holle and Sim-
berloff 2005). Therefore, experimentally testing invasion 
resistance from more than one perspective, using more than 
one invasive species and contrasting propagule pressures, 
would help to disentangle the factors that control biotic 
resistance.

In this study, we investigate whether limiting similar-
ity in terms of functional traits can be used as a proxy for 
predicting biotic resistance of plant communities to inva-
sive species. Moreover, we assess if this resistance can also 
be associated with phylogenetic relatedness, as proposed 
by Darwin’s naturalization hypothesis. We confronted two 
invasive species with native grassland species commonly 
sown in restoration projects in central Europe. With func-
tional trait information obtained from databases, we clas-
sified all species into functional groups and calculated the 
phylogenetic distance of each native species to both inva-
sive species. In a first greenhouse experiment, we designed 
redundant communities, each one composed by a constant 
number of native species from the same functional group, 
and introduced two invasive species at two propagule pres-
sure levels. In a second greenhouse experiment, we culti-
vated them pairwise with native species selected from each 
functional group.

Overall, we hypothesized that in our experimental sys-
tem, the establishment success of invasive species will be 
explained by: (1) functional similarity, where invaders are 
less successful in communities with species from the same 
functional group; (2) propagule pressure, with greater 
invader success associated with a higher number of prop-
agules; and (3) phylogenetic relatedness, where invaders 
are more successful in communities dominated by phyloge-
netically distant species.
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Materials and methods

Plant species, trait selection, and functional grouping

We used two highly problematic invasive species com-
monly found in disturbed areas in Central Europe (Kowarik 
2003), i.e., Ambrosia artemisiifolia L. and Solidago 
gigantea Aiton. Seeds of A. artemisiifolia were collected 
at River Danube in Vienna, eastern Austria (48°16′01″N, 
16°22′10″E), while S. gigantea was collected along the 
River Isar in Freising, southern Germany (48°23′57″N, 
11°45′16″E). The experimental pool of native grassland 
species contained 54 species occurring with a frequency 
≥10% in more than 100 surveys of calcareous grasslands 
in the agricultural landscapes north of Munich, Germany 
(Conradi and Kollmann 2016). The native seed material 
was obtained from the local seed producer Johann Krim-
mer (Pulling, Germany). Species nomenclature follows 
Wißkirchen and Haeupler (1998).

Functional traits of the native and invasive species were 
used for classifying them into functional groups. Eight 
traits were selected: canopy height at maturity, life form, 
shoot morphology, morphology of vegetative organs, leaf 
dry matter, specific leaf area (SLA), seed mass, and plant 
longevity. These traits are used as proxies for species dis-
persal, establishment success, growth, persistence, and 
competitive ability (Funk et al. 2008; Westoby et al. 2002), 
thus related to community assembly processes (Kraft et al. 
2008). Traits, such as canopy height at maturity, SLA, and 
seed mass have been found to be correlated with invasive-
ness (Hamilton et al. 2005), while longevity, i.e., if the spe-
cies is perennial or annual, accounts for a temporal niche 
overlap (Wilsey et al. 2011). Information on the traits was 
obtained from the BiolFlor (Klotz et al. 2002) and LEDA 
databases (Kleyer et al. 2008).

For functional grouping, the non-numerical functional 
traits were transformed into dummy variables with binary 
values, and later converted to continuous values using 
a principal coordinate analysis. This was accomplished 
using Jaccard’s distance measure saving the first five prin-
cipal coordinates. Based on all functional traits, a cluster 
analysis was conducted using Gower’s similarity coeffi-
cient among species and the Ward linkage method. Three 
functional groups were identified after clustering all spe-
cies according to similarities in functional traits, i.e., 
FG1–3 (Fig. S1); both invasive species were classified in 
FG2. To check if clusters significantly differed from each 
other, a multivariate analysis of variances was performed 
with the same variables, showing significant differences 
among the clusters (F = 13.6, P < 0.0001). Subsequently, 
differences in the quantitative traits among the FGs were 
analyzed by means of one-way ANOVAs and pairwise 

subsequent comparisons using Tukey test. All functional 
group analyses were performed using the Infostat software 
(Di Rienzo et al. 2013).

Phylogenetic analyses

Phylogenetic analyses were performed using R version 
3.1.0 (R Development Core Team 2014). A dated phy-
logenetic tree of all angiosperms was used as a backbone 
(Zanne et al. 2014) for constructing a phylogenic tree of all 
species used in our experiments, generated by phyloGen-
erator (Pearse and Purvis 2013) within the R package pez. 
With the same package, we computed the distance between 
species pairs within the phylogenetic tree using branch 
lengths and calculated distance-based metrics (Fig. S1). 
Furthermore, we checked for a phylogenetic signal in the 
quantitative functional traits selected using Abouheif’s test 
(Abouheif 1999) in the R package adephylo. This test cor-
roborates the assumption that closely related species share 
similar functional traits.

Experimental design

Two greenhouse experiments were carried out at the Cen-
tre of Greenhouses and Laboratories Dürnast, School of 
Life Sciences Weihenstephan, Technical University of 
Munich (48°24′N, 11°41′E). The first experiment started 
in the early July 2013 and ran for 8 weeks in a semi-open 
greenhouse with a glass roof but wire mesh walls, so that 
climatic conditions were similar to the conditions outside, 
with an average temperature of 18 ± 7 °C. The second 
experiment started in June 2014 and was carried out during 
8 weeks in an unheated closed greenhouse with an average 
temperature of 21 ± 6 °C.

The first experiment had a fully randomized design 
with five replicates and two treatments, i.e., ‘functional 
group identity of the community’ and ‘invasive species 
propagule pressure’. The first consisted of four levels, i.e., 
FG1, FG2a, FG2b, and FG3. There were two sets of com-
munities designed from FG2 due to the higher number of 
species, and because both invasive species were included 
in this group. The composition of each community was set 
by randomly selecting ten native species from each iden-
tified FG (Table S1). If two species from the same genus 
were selected by chance, one was replaced by another spe-
cies. Each of the ten native species was sown at a density of 
0.3 g m−2, which corresponds to a total density of 3 g m−2, 
a common practice in grassland restoration in Central 
Europe (Kiehl et al. 2010). The invasive species propagule 
pressure treatment consisted of two levels, i.e., low pres-
sure (LP) with 0.3 g m−2, equivalent to the amount of seeds 
of one native species in the community, and high pressure 
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(HP) with 1 g m−2 that was selected according to average 
values of viable seeds found in soil seed banks published 
for A. artemisiifolia and extrapolated to S. gigantea for bet-
ter comparison (Rothrock et al. 1993). Seeds of invasive 
species were mixed with the native seeds and scattered on 
top of the soil. Monocultures of each invasive species at the 
two propagule pressures were grown as a control. All com-
munities were grown in 40 × 30 × 6 cm3 plastic trays with 
peat-based substrate (EinheitsErde®, Einheitserdewerke 
Werkverband e.V., Altengronau, Germany; N 180 g m−3; P 
240 g m−3; K 240 g m−3; pH 5.8).

The second experiment was a competition experiment 
with an additive design (Snaydon 1991), replicated four 
times. For this experiment, we randomly selected four out 
of ten species of each functional group and combined each 
of them pairwise with one of the invasive species. The lat-
ter was planted in the middle of a pot and surrounded by 
four equidistantly sown individuals of a native species from 
the pool. In addition, each invasive species was cultivated 
separately without competition of native species as con-
trols. All treatments were grown in rectangular trays con-
taining 16 pots measuring 8 × 8 × 10 cm3 and using the 
same substrate as the first experiment. In both experiments, 
pots were initially watered every day from above until ger-
mination and plant establishment, then changed to watering 
on demand by flooding the tables and allowing the pots to 
saturate for 1 h.

Measurements

In both experiments, the biomass was harvested at 1 cm 
above ground, 8 weeks after sowing. In the first experiment, 
to avoid edge effects, the harvesting area was placed in the 
centre of each tray leaving 4 cm distance to the edges. This 
was not necessary in the second experiment. In both experi-
ments, the above-ground biomass was sorted by species; 
all samples were dried for 3 days at 65 °C and weighted 
immediately after this period.

Data analysis

All statistical analyses were performed with R version 
3.1.0 (R Development Core Team 2014). From the first 
experiment, when necessary, the biomass data of both inva-
sive and native species were log transformed. The effect of 
communities’ functional group identity on the invasive spe-
cies at the two propagule pressures and the interactions was 
identified using two-way ANOVAs and multiple pairwise 
comparisons with Tukey tests using the R package agrico-
lae. Differences in native biomass production among the 
FG communities were also identified by means of one-way 
ANOVAs and pairwise subsequent comparisons.

To test Darwin’s naturalization hypothesis, the weighted 
mean phylogenetic distance of each invasive species to 
the native community and the phylogenetic distance to 
the most abundant native species of each community were 
calculated (Thuiller et al. 2010). The weighted mean phy-
logenetic distance was computed by weighting the mean 
distance to the invader according to the amount of biomass 
produced per native species in the community. The effect 
of the weighted mean phylogenetic distance and the phy-
logenetic distance to the most abundant native species on 
the invasive species biomass were studied by means of 
non-linear regression models using the function nls(). We 
compared different models and selected a two-parameter 
asymptotic exponential model based on best fit, signifi-
cance of estimates, and AIC values (Bates and Watts 1988): 
y = a (1 − e−bx).

In the second experiment, we calculated the relative 
competition index (RCI) to assess the competitive effect of 
the native species on the invasive species. RCI was calcu-
lated using the values of aboveground invasive species bio-
mass as follows (Weigelt and Jolliffe 2003):

where γ corresponds to the values for total above-ground 
invasive species biomass in control and under treatment. In 
this context, the absence of an effect results in an RCI value 
of zero, a high suppression effect of the treatment results in 
RCI values closer to one, and facilitative effects are indi-
cated by negative values. Subsequently, we used the RCI 
values to identify whether suppression is explained by trait 
or phylogenetic distance to the invasive species, using lin-
ear models.

Results

Effects of functional groups, limiting similarity, 
and propagule pressure on invasive species suppression

The classification of all grassland species into functional 
groups resulted in functional group FG1 containing a high 
number of grass species, whereas FG3 had none, and FG2 
was intermediate with four grass species. All groups con-
tained mostly perennials and hemicryptophytes, FG1 and 
FG2 had mostly hemi-rosette species, and FG3 was domi-
nated by erosulate species (Table 1). The community FG1 
was dominated by runner species, FG2 by species with 
rhizomes, and FG3 by species with pleiocorm structures. 
The only differences for the quantitative straits were found 
for dry leaf mass, with FG1 and FG2 having significantly 
higher content than FG3 (ANOVA, F = 3.48, P < 0.04).

RCIγ =

γControl − γTreatment

γControl

,
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Results from the first experiment showed that biomass of 
A. artemisiifolia was significantly affected by the functional 
identity of the community (ANOVA, F = 7.12, P = 0.0002; 
Fig. 1) and propagule pressure (F = 7.46, P = 0.009), with 
no interaction effect (F = 2.35, P = 0.07). Biomass of A. 
artemisiifolia was highly suppressed by community FG1, 
while it did not differ among the other FGs. For biomass 
of S. gigantea, we found a significant effect of the func-
tional identity of the community (ANOVA, F = 20.7, 
P < 0.0001), propagule pressure (F = 12.4, P = 0.001), 
and no interaction (F = 1.25, P = 0.31). A higher suppres-
sion was found for FG1 at low and high propagule pres-
sure, and the least effective treatments was FG2b at high 
propagule pressure (Fig. 1). Therefore, though both inva-
sive species were classified into FG2, the community based 
on species from FG1 was the most successful at suppress-
ing both of them. Furthermore, on average, both invasive 
species showed a 35% reduction in aboveground biomass at 
low propagule pressure. Biomass of the native species was 
the highest in FG1 irrespective of the competing invasive, 
followed by FG3, and with no differences between the two 
FG2 communities (A. artemisiifolia: F = 28.2, P < 0.0001; 
S. gigantea: F = 26.5, P < 0.0001).

Effect of phylogenetic distance on biotic resistance

We found a phylogenetic signal for seed mass and leaf 
mass, but not for the other traits (P < 0.05; Table S2). The 
phylogenetic analysis revealed that the two invasive spe-
cies were closely related, and both showed similar patterns 
of suppression explained by phylogenetic distance. When 
looking at the weighted mean phylogenetic distance of the 
community to the invasive species, we found the lower 

biomass values for the invasive species at close phyloge-
netic distances, increasing at higher phylogenic distances 
(two-parameter asymptotic exponential models; A. arte-
misiifolia: a = 3.35, P < 0.0001, b = 0.038, P = 0.033; S. 
gigantea: a = 2.98, P = 0.00038, b = 0.038, P = 0.076, 
Fig. 2). Specifically, suppression decreased with increas-
ing phylogenetic distance of the community until reach-
ing an asymptote. In terms of the phylogenetic distance to 
the most abundant native species of the community, results 
followed the same trends. For both invasive species, lower 
values of invasive biomass were found in communities 
where the most abundant species were closely related (two-
parameter asymptotic exponential model; A. artemisiifolia: 
a = 3.12, P < 0.0001, b = 0.013, P = 0.0013; S. gigantea: 
a = 3.14, P < 0.0001, b = 0.012, P = 0.0022; Fig. 2).

Species‑specific effects of phylogenetic vs trait 
similarity under competition

When each invasive species was exposed to pairwise com-
petition with one native species at a time, the suppres-
sion effect was better explained by phylogenetic distance 
than by trait distance for both species. According to the 
RCI, there was no significant effect of trait distance on 
invasive species suppression (linear model for A. arte-
misiifolia: adjust. R2 = –0.011, P = 0.52; for S. gigantea: 
adjust. R2 = 0.0061, P = 0.26; Fig. 3). Phylogenetic dis-
tance had a negative effect on invasive species, accord-
ing to RCI, with significant results for S. gigantea (linear 
model, adjust. R2 = 0.13, P = 0.0049; Fig. 3), and a similar 
trend for A. artemisiifolia (adjust. R2 = 0.051, P = 0.059). 
Thus, a higher competitive effect of the native species 
was observed when species were closely related with the 

Table 1  Characteristics of each functional plant group (FG) based on a cluster analysis using information on eight functional traits obtained 
from two data bases, for all native and invasive species

In the case of qualitative traits, when more than one of these traits can be found in each functional plant group, the most representative trait 
included in each is shown in bold (highest mean > 0, when transformed to dummy values)

For quantitative traits, characteristics of each group are presented by mean ± SD, and different letters indicate significant differences among the 
communities (ANOVA, P < 0.05; n = 5)

Functional plant trait Functional group

FG1 FG2 FG3

Longevity Perennial Perennial, annual Perennial

Life form Hemicryptophytes,  
chamaephytes

Hemicryptophytes, therophytes, 
geophytes, hemiphanerophytes

Hemicryptophytes, chamaephytes

Shoot morphology Hemi-rosette Hemi‑rosette, rosette, erosulate Rosette, erosulate

Morphology of vegetative organs Runner, tuft Rhizome, runner, pleiocorm, tuft Runner, pleiocorm

Seed mass (mg) 1.04 ± 1.21 2.34 ± 2.80 2.33 ± 2.84

Canopy height (m) 0.37 ± 0.19 0.41 ± 0.35 0.31 ± 0.20

SLA (mm2 mg−1) 23.7 ± 12.1 21.8 ± 6.6 25.4 ± 5.4

Dry leaf mass (mg g−1) 276.9 ± 88.8a 236.8 ± 60.6a 195.3 ± 54.7b
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invasive species, a pattern consistent in S. gigantea and A. 
artemisiifolia.

Discussion

Functional group identity and propagule pressure 
in community resistance

There was a clear effect of the community functional group 
identity on the establishment of invasive species. FG1 was 
most successful in suppressing both invaders with similar 
trends, which is contrary to our hypothesis of higher sup-
pression in communities from the same functional group 
(FG2) based on the limiting similarity hypothesis. Char-
acteristics of FG1 that may explain its resistance are the 
higher number of grass species included in this community 

(six out of ten species of the mixture), and trait differences 
potentially leading to a competitive advantage (Keddy and 
Shipley 1989).

The abundance of grass species in a community has 
been found to correlate positively with invasion resistance 
in field experiments during grassland restoration (Török 
et al. 2010), especially when the seed mixtures consisted of 
at least 70% perennial grasses (Lepŝ et al. 2007). Grasses 
are particularly efficient in using the upper soil resources 
due to their extensive root system, thus reducing the avail-
able resources for invaders (Fargione et al. 2003). In addi-
tion, as found for forb species (Hooper and Dukes 2010), 
phenological overlap of grasses can negatively influence 
recruitment of invasive species (Longo et al. 2013).
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While there were no significant differences between FG2 
and FG1 when considering each trait alone, the most distinct 
characteristic of FG1 was the dominance of runner species. 
Such vegetative reproduction can confer a spatial advantage 
in resource uptake. These differences along with root traits 
associated with the grass species, not included in our traits 
selection, point to a competitive advantage of species in 
FG1 over the invasive species. The higher biomass values 

found in FG1 compared to the other communities confirm a 
better resource uptake by this community. At the same time, 
biomass of the resident community has been found to be a 
good indicator for high competitive ability and biotic resist-
ance (Lulow 2006). Therefore, our results support the idea 
that, independently of trait dissimilarity, competitive hier-
archies can result from differences in particular trait values 
conferring a competitive advantage (Kunstler et al. 2012).
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A. artemisiifolia: adjusted R2 = 0.051, P = 0.059, indicated by (*); S. 
gigantea: adjusted R2 = 0.13, P = 0.0049; n = 5, indicated by **). 
Dashed lines separate positive and negative RCI values, related to 
suppression and facilitation, respectively
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In our experiment, suppression was higher at low prop-
agule pressure values of the invasive species, while higher 
propagule pressure was related to an increase in IAS bio-
mass. These findings underline that propagule pressure is a 
good predictor of plant invasions. Nevertheless, often a sat-
uration point exists beyond which additional seeds will not 
result in increased invasion (Byun et al. 2015). We stress 
that biotic resistance was not able to completely exclude 
invasive species during the time our experiment was run-
ning, which could lead to their successful recruitment if 
able to produce seeds. However, the high suppression effect 
by FG1 communities maintained at high propagule pressure 
confirms the idea that, in resistant communities, increased 
propagule pressure may not always lead to invasion success 
(Barney et al. 2016). Finally, in this study, we only consid-
ered the number of invasive species’ seeds arriving (‘prop-
agule size’), yet the temporal component given by the num-
ber of release events (‘propagule number’; Lockwood et al. 
2005) can play a significant role as well.

Limiting similarity vs Darwin’s naturalization 
hypothesis

The underlying assumption of both the limiting similar-
ity and Darwin’s naturalization hypothesis is that invasion 
success can be predicted by resemblances in ecological 
strategies of the native community and the invasive species 
(Ordonez 2014). Although similar, the difference lies on 
whether the similarity can be explained by traits related to 
competitive interactions (Funk et al. 2008), or if these traits 
are conserved in a phylogeny by relatedness (Cahill et al. 
2008). In our experiments, phylogenetic distance was a better 
predictor for invasion success, while we found no supporting 
evidence for limiting similarity based on trait distance.

A first explanation of the lack of positive results in the 
context of limiting similarity is related to the use of trait 
databases as sources of information. Trait information is 
measured for adult plants and may not reflect the effect of 
limiting similarity during establishment, with the excep-
tion of seed mass (Hooper and Dukes 2010). In addition, 
the lack of a pattern explaining suppression in terms of 
trait similarity could be a result of trait variability. In other 
words, when the trait information is analyzed through 
cluster analysis, even if some of the traits show a pattern 
explaining resistance, such a pattern could be masked 
by other traits included in the analysis. Another possi-
ble explanation is that traits related to competitive ability 
were used more often in our study than those associated 
with resource partitioning. These last are essential to por-
tray community processes related to limiting similarity. In 
other words, traits related to resource uptake can have dif-
ferent roles affecting niche differentiation or competitive 
ability, the latter placing species in a competitive hierarchy 

(Herben and Goldberg 2014). Overall, using traits to clas-
sify functional groups is a promising approach, but future 
studies should select them according to their potential 
effect in community processes (Price and Pärtel 2013).

As predicted by Darwin’s naturalization hypothesis, phy-
logenetic relatedness explained suppression of both invasive 
species under competition with native species. These results 
support the idea that phylogenetic similarity of communi-
ties can be used as predictor of biotic resistance at this scale 
(Ma et al. 2016; Strauss et al. 2006). In agreement with our 
results, Li et al. (2015b) found the average size of A. arte-
misiifolia to increase with phylogenetic distance to the native 
community in an experimental setting. At a community 
level, we detected that suppression of both invasive species 
increased at low values of weighted mean phylogenetic dis-
tance to the native community and phylogenetic distance to 
the most abundant native species. In contrast, the invasive 
species reached a threshold of establishment performance at 
higher values of phylogenetic distances, which is not surpris-
ing given that there are limited amounts of resources avail-
able, such as nutrients or light. The similarity in suppression 
patterns found for both selected metrics might be related to 
the high abundance of native species in FG1 closely related 
to both IAS, e.g., Achillea millefolium. These findings sup-
port the idea that the most important role in biotic resistance 
is played by a limited number of dominant species (Thuiller 
et al. 2010). Furthermore, the fact that both invasive species 
showed similar patterns strengthens our findings in terms of 
Darwin’s naturalization hypothesis. However, because both 
invasive species belonged to the same family, it remains to 
be tested whether our results are generalizable to invaders 
from other plant families. The mechanisms of competition 
during the early establishment also need further attention, as 
they are not accounted for in most studies dealing with Dar-
win’s naturalization hypothesis (Li et al. 2015a).

Conclusions

Suppression of the two IAS A. artemisiifolia and S. 
gigantea was better predicted by phylogenetic relatedness 
as asserted by Darwin’s naturalization hypothesis than by 
limiting similarity based on functional group identity. The 
latter was not a good predictor for biotic resistance at estab-
lishment in the context of our selected traits and the infor-
mation from the trait databases. Overall, our findings sup-
port the idea that few closely related species with dominant 
traits play the most important role in biotic resistance.
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