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Abstract
1. Functional and phylogenetic diversity (FD and PD respectively) of the resident 

community are expected to exert a key role in community resistance to coloniza-
tion by surrounding species, and their establishment success. However, few stud-
ies have explored this topic experimentally or evaluated the interactive effects of 
these diversity measures.

2. We implemented a diversity experiment to disentangle the role of FD and PD by 
sowing mixtures of 6 species, drawn from a pool of 19 species naturally coexist-
ing in central European mesic meadows. The mixtures were designed to cover 
four independent combinations of high and low FD and PD. Species covers were 
estimated in spring and late summer over two growing seasons. We then assessed 
the establishment success of colonizers as a function of their mean traits and phy-
logenetic distance to the resident (i.e. sown) communities, as well as the resistance 
of the resident communities to natural colonizers as a function of their functional 
and phylogenetic structure.

3. Results generally indicated a temporal shift regarding which trait values made a 
colonizer successful, from an acquisitive strategy in early stages to a more con-
servative trait syndrome in later stages.

4. FD decreased community resistance to natural colonization. However, PD tem-
pered this effect: with high PD, FD was not significant, suggesting complemen-
tary information between these two components of biodiversity. On average, 
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1  | INTRODUC TION

Shifts in species composition resulting from growing human influ-
ence and continuous climate change have brought new challenges to 
community ecology (Pecl et al., 2017). Natural community dynamics 
are driven by key processes such as the establishment of new spe-
cies in the local resident communities (Kempel, Chrobock, Fischer, 
Rohr, & van Kleunen, 2013; Vítová & Lepš, 2011). While colonization 
can occur either from a regional species pool or by an invading alien 
species, the main questions remain roughly the same (Lanta & Lepš, 
2008; Shea & Chesson, 2002): what makes a species a successful 
colonizer? What makes a community more resistant to colonization? 
Studies that aim at answering these questions could provide valu-
able knowledge on the biotic drivers influencing community assem-
bly processes.

Community resistance to colonization has traditionally been 
attributed to high species richness. Species‐rich communities are 
expected to resist colonization through a more complete use of re-
sources (Elton, 1958). Increased resistance due to greater species 
richness has been repeatedly observed in communities where di-
versity was experimentally manipulated (Fargione, Brown, & Tilman, 
2003; Fargione & Tilman, 2005; Kennedy et al., 2002; Van Ruijven, 
De Deyn, & Berendse, 2003). However, inconsistent and contradic-
tory results have been shown both within natural (Robinson, Quinn, 
& Stanton, 1995) and experimental systems (Palmer & Maurer, 
1997). Moreover, colonizers’ diversity can also be positively cor-
related with resident community diversity, particularly at large 
scales (e.g. Stohlgren et al., 1999; reviewed by Fridley et al., 2007). 
Greater diversity of colonizers in richer regions can be explained by 
the covariation of biodiversity with extrinsic factors, e.g. resource 
heterogeneity (Naeem et al., 2000).

At the local scale, inconsistent results on the relationship be-
tween resistance to colonization and species richness, and the rec-
ognition that ecosystem processes depend on species’ traits rather 
than species richness (Hooper et al., 2005) has led researchers to 
study community assembly processes through the lens of species’ 

functional traits and communities’ functional structure. Functional 
structure is often characterized by two components: functional di-
versity (FD), i.e. the extent of functional trait dissimilarity between 
species, and traits of dominant species, reflected by community 
weighted mean (CWM; Violle et al., 2007). FD, in studies using a 
variety of estimators, has been shown to increase colonization re-
sistance (Finn et al., 2013; Frankow‐Lindberg, 2012; Lanta & Lepš, 
2008; Schittko, Hawa, & Wurst, 2014; Suter, Hofer, & Lüscher, 
2017), suggesting the importance of niche‐based processes such 
as a more complementary use of available resources in functionally 
diverse communities. Other studies have found no evidence for the 
importance of processes such as complementarity or limiting simi-
larity in colonization success (Bennett, Stotz, & Cahill, 2014; Letten, 
Keith, & Tozer, 2014), leading to inconsistent results among both ex-
perimental and observational studies. In this sense, measures of FD 
which reflect the uniqueness of species in a community (Ricotta et 
al., 2016) could provide a clearer picture of the relationship between 
colonization resistance and saturation of the functional trait space 
(Gurvich, Tecco, & Díaz, 2009; Loiola et al., 2018). At the same time, 
dominant species and their trait values could have a greater impact 
on resistance to colonization than species richness itself (Smith, 
Wilcox, Kelly, & Knapp, 2004) and could, therefore, be a useful pre-
dictor of resistance to colonization. However, dominant species can 
either increase or decrease resistance to colonization in a commu-
nity. For example, high canopy cover increases competition for light, 
but also reduces stressful conditions by increasing soil moisture 
content (Smith et al., 2004). Assessing the functional structure of 
a community through both CWM and FD (Ricotta & Moretti, 2011) 
should allow to disentangle whether trait diversity or dominance (or 
both) are responsible for resistance to colonization in homogenous 
environmental conditions.

Measuring all the relevant functional traits to a given eco-
system function is often materially impossible, therefore, phylo-
genetic diversity has been proposed as a proxy, or complement, 
for unmeasured functional diversity (de Bello et al., 2017; Webb 
et al., 2002). Phylogenetic diversity summarizes the evolutionary 

colonizing species were more functionally distant from the resident species in sown 
communities with high functional diversity, i.e. those that were more colonized.

5. Synthesis. Our results confirm an interplay between FD and PD during community 
assembly processes, namely resistance to colonizers, suggesting that these two 
descriptors of biodiversity only partially overlap in their contribution to the overall 
ecological structure of a community. The hypothesis that higher FD increases re-
sistance through a more complete use of resources was challenged. Results rather 
suggested that greater FD could provide an unsaturated functional trait space al-
lowing functionally unique species to occupy it.
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relationship between species (Faith, 1992). It is commonly used 
alone or in combination with FD under the hypothesis that closely 
related species are more similar than distant ones (Cadotte, 
Cavender‐Bares, Tilman, & Oakley, 2009; Loiola et al., 2018; Mace, 
Gittleman, & Purvis, 2003). However, to the best of our knowl-
edge, few studies have measured the effect of PD on the success 
of individual‐species colonization, and overall they yielded incon-
sistent results. For example, Whitfeld, Lodge, Roth, and Reich 
(2014) demonstrated a negative effect of higher PD on invading 
Rhamnus cathartica, whereas Bennett et al. (2014) showed that in-
vading Bromus inermis was not restricted by high PD.

While numerous studies use PD as a proxy for FD, PD and FD 
are not necessarily correlated (Gerhold et al., 2011; Prinzing et al., 
2008). This lack of correlation can be explained by the ability of PD 
to potentially capture unmeasured functional diversity (de Bello et 
al., 2017; Webb et al., 2002) and by the limitation of the phylogenetic 
approach to reflect traits with weak phylogenetic signal, i.e. which 
are less conserved over the phylogeny (Flynn, Mirotchnick, Jain, 
Palmer, & Naeem, 2011). Therefore, several studies (Cadotte, 2013; 
Pavoine & Bonsall, 2011; Prinzing et al., 2008) have highlighted how 
a combination of phylogenetic and functional measures may paint 
a more complete picture of ecosystem functioning. Nevertheless, 
studies that test this approach experimentally are still rare (Feng, 
Fouqueray, & van Kleunen, 2018; Tan, Pu, Ryberg, & Jiang, 2015).

While resistance to colonization can be studied through traits and 
phylogeny of the resident community, it seems equally important to 
take into account the perspective of the colonizing species and the 
traits that enable them to successfully enter into already established 
communities (Roscher, Gerighausen, Schmid, & Schulze, 2015). Based 
on the limiting similarity theory, a successful colonizer should present 
functional traits that do not completely overlap with those of the res-
ident community (Funk, Cleland, Suding, & Zavaleta, 2008). Several 
studies have tried to identify traits defining a successful colonizer 
but a review of these studies has highlighted some contradictions 
(see Pyšek & Richardson, 2007). This lack of consistency can partly 
be explained by interactions between different traits (Küster, Kühn, 
Bruelheide, & Klotz, 2008), by trait dissimilarity to resident species 
being more important for establishment success than specific traits 
values (Feng et al., 2018; Loiola et al., 2018), and by different traits 
values being advantageous at different stages of colonization or in dif-
ferent environments (Crawley, Harvey, & Purvis, 1996; Kempel et al., 
2013; Van Kleunen, Dawson, & Maurel, 2015; Thompson, Hodgson, 
Grime, & Burke, 2001). Hence, different studies, both experimental 
and observational, might provide partially contrasting results. The 
possibility to combine trait and phylogenetic information on species 
can help to reveal processes underlying community assembly.

In addition to plant properties determining the outcome of col-
onization, environmental conditions such as nutrient availability, 
can modify ecosystem processes by affecting plant–plant interac-
tions and community saturation. For instance Lepš (2014) showed 
that 15 years of fertilization in a central European oligotrophic 
meadow, led to increased competition between plants and species 
richness depletion by exclusion of subordinate species.In terms of 

colonization, lower nutrient availability was found to reduce estab-
lishment of colonizers (Fargione & Tilman, 2005) while higher levels 
of nitrate in the soil was found to increase the total abundance of 
colonizers in resident plant communities (Knops et al., 1999; Roscher 
et al., 2009; Thompson et al., 2001).

In our study, we combine trait‐based and phylogeny‐based mea-
sures, both from the resident communities’ and from single coloniz-
ing species’ perspective, in an attempt to provide a more complete 
understanding of the colonization process. We assessed the effects 
of different levels of FD, PD and fertilization on spontaneous colo-
nization in experimental grassland communities with a fixed amount 
of sown species. The methodological approach leading to these 
contrasted levels of FD and PD also generated a gradient of satu-
ration of phylogenetic and functional space. We recorded sponta-
neous colonization by unsown species and combined this vegetation 
data with species’ traits and phylogeny data in order to address the 
following questions: (a) Which traits promote species colonization 
success? (b) Are the colonizing species filling empty functional and/
or phylogenetic space of the resident community? (c) How does the 
functional and phylogenetic structure of the resident community 
affect resistance to colonization? Furthermore, through a fertiliza-
tion treatment we investigated if the relations between traits and 
colonization depend on nutrient availability. We argue that such a 
multi‐directional evaluation can help us to understand how ecolog-
ical differences between species, in particular between colonizers 
and residents, can shape the colonization process.

2  | MATERIAL S AND METHODS

2.1 | Experimental design and data collection

A sowing experiment was carried out on a mesic meadow 30 km 
southeast of Tábor, at an elevation of 660 m (Vysočina region, Czech 
Republic, 49.331N, 15.003E). The climate is temperate continental 
with an average annual temperature of 6.7°C and average annual 
precipitation of 759 mm (data from Černovice meteorological sta-
tion, c. 4 km from the site). The study site is an abandoned crop field, 
last cultivated in 2001 and ploughed in 2014 prior to the experiment.

Information for five numerical and four categorical traits, re-
lated to the competitive ability and niche occupation of the species 
were obtained from the LEDA trait database (Kleyer et al., 2008) 
and BiolFlor (Kühn, Durka, & Klotz, 2004) for both the sown spe-
cies and unsown (i.e. spontaneous colonizers) species. The continu-
ous traits were canopy height (m), seed mass (mg), specific leaf area 
(SLA, mm2/mg), leaf dry matter content (LDMC, mg/g) and length of 
flowering period (month 1–12). Categorical traits were Raunkiær's 
life form (T = Therophyte, G = Geophyte, H = Hemicryptophyte, and 
C = Chamaephyte), lifespan (a = annual, b = biennial and p = peren-
nial), growth form (e = erosulate, leaves are separated by long in-
ternodes all along plant growth; h = hemirosette, plants combining 
a rosette and elongation phase; r = rosette, leaves are exclusively 
separated by short internodes) and nitrogen‐fixing ability (1 = yes, 
0 = no; the only nitrogen fixers present on our site were legumes).
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The experimental set‐up was a fully randomized factorial de-
sign with three factors: functional diversity (low and high), phylo-
genetic diversity (low and high) and fertilization (yes/no). Following 
the framework from Dias et al. (2013), we simulated all potential 
combinations of six species from a pool of 19 species (27,132 com-
binations). From the simulated combinations of species, we removed 
those with extreme CWM values (highest and lowest 10%) for the 
continuous traits. We also removed communities with more than 
4 legumes or 4 grasses, in order to avoid an over‐disproportionate 
dominance of functional or taxonomic groups in the communities 
(see Figure S1 for complete flowchart of community selection pro-
cess). Then, we randomly selected four groups of 10 communities 
each, covering relatively extreme values of FD and PD with constant 
species richness (Table S2). In the low FD and low PD group, an ad-
ditional constraint was set in the random selection of communities: 
one of the 10 communities had to contain 5 grasses in order to fur-
ther increase the gradient of PD covered in the experiment.

Each of the 40 communities was sown on two randomly selected 
plots in the field, one fertilized and one unfertilized, in order to test 
the effect of nutrient availability. A concentrate of composted cow 
manure was applied at a rate of 2.2 t/ha (33 N, 55 P2O5, 33 K20) on 
each fertilized plot at the beginning of the growing season in March 
2015, 2016 and 2017.

Each 1.5 × 1.5 m plot, separated by a 0.5 m buffer zone, was 
sown with a combination of 6 species obtained from a pool of 19 
species naturally present in mesic meadows of the area (See Table 
S1 for sowing densities and trait values). Seeds were obtained from 
a local commercial provider (Planta Naturalis). In order to maximize 
the evenness in species abundance and considering that species 
with heavier seed generally establish better, the sown proportions of 
seeds from species with bigger seed mass were reduced. Specifically, 
the number of sown seed decreased linearly with the logarithm of 
seed mass (see details on the calculation of sown species proportion 
in Table S1). To ensure a good establishment of the sown commu-
nities, sowing took place twice in 2015, once in spring and once in 
autumn. In summer 2015, the entire field was mainly dominated by 
Chenopodium album; to avoid this species restricting the growth of 
sown communities, we weeded it from all the plots.

Vegetation sampling was carried out in 2016 and 2017 during 
May and September. Cover of sown and unsown species was visually 
estimated on a positively unbounded percentage scale in order to 
account for the different strata of vegetation. All species that were 
not sown in a particular plot were considered as colonizers, i.e. spe-
cies present in the local seed bank and species disseminated from 
the surrounding area or from the other experimental plots. Another 
experiment running at the locality, together with marginal seed ad-
mixtures from the seed provider, provided some potential colonizers 
that do not belong to the local species pool (e.g. Dianthus superbus). 
Nevertheless, the vast majority of colonizers were naturally occur-
ring species in the surrounding area. Species nomenclature follows 
the key to the flora of the Czech Republic (Kubát et al., 2002).

FD and PD of the sown communities were computed using Rao's 
index (Rao, 1982). It is important to note that, for a fixed amount of 

sown species and an expected even distribution of species cover (as in 
our experimental setup), this index is equivalent to a measure of spe-
cies uniqueness (Ricotta et al., 2016). This measure of uniqueness (U) 
is the complement of functional redundancy (R), i.e. R = 1 – U (Ricotta 
et al., 2016), where redundancy reflects the saturation of communi-
ties in terms of functional or phylogenetic space. In other words, com-
munities with higher sown FD are less saturated in functional trait 
space because they are less redundant in their traits values.

For FD we considered seven different traits (lifespan and life 
form were excluded from diversity measures at the community level 
since all sown species were hemicryptophytes, therefore perenni-
als; these traits were only used to characterize the unsown species 
and their functional distances from the sown communities; Table S1). 
The ‘trova’ function (de Bello, Carmona, Mason, Sebastia, & Lepš, 
2013) was used to estimate the Gower dissimilarity between pairs 
of species. CWMs of the resident species were calculated as aver-
age trait values of the 6 sown species. To compute CWM, FD and 
PD, we considered species weights to be the same, as their initial 
proportion was intended to be equal (we also computed FD and 
CWMs for the observed communities, using observed species cov-
ers as weights, and generally obtained similar main results, see fur-
ther below). Height, seed mass and SLA were ln‐transformed prior to 
the calculation of indices to reduce skewness of the distribution. For 
categorical traits, CWM is equivalent to the proportion of species in 
each category. To calculate phylogenetic distances between species, 
we used a dated ultrametric supertree of European plant species, 
‘Daphne’ (Durka & Michalski, 2012) and the function ‘cophenetic’ 
from the ape r package (Paradis, Claude, & Strimmer, 2004).

2.2 | Statistical analysis

2.2.1 | Functional traits promoting 
colonization success

All analyses were carried out with the r software version 3.3.2 (R 
Core Team, 20177). The colonization success of each species was 
estimated as the ln(x + 1) transformed sum of its cover over the 80 
plots at each sampling time. All continuous traits were scaled around 
their mean and standardized by their standard deviation. Linear 
mixed‐effect models (LMEM), as implemented in the nlme package 
(Pinheiro, Bates, DebRoy, Sarkar, & R Core Team, 2018), were used 
to identify which traits could best predict colonizing success with 
species identity included as a random factor. We first tested the 
effect of year, season and their interaction. Since only years had a 
significant effect and it only had two levels, it was included as an a 
priori covariate, i.e. fixed effect, in the models rather than as an ad-
ditional random variable. Species traits, as well as their interaction 
with years, were first tested individually and then added sequen-
tially (forward selection) to select the best predictive model through 
the Akaike information criterion (AIC). A drop of 2 AIC points was 
considered to significantly improve the model. When categorical 
variables were identified as significant predictors, post‐hoc multiple 
comparisons were performed using the multcomp package (Hothorn, 
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Bretz, & Westfall, 2008) to identify statistically different categories. 
In total, 110 species occurring in at least one plot within one sam-
pling session were used in the analysis (resulting in 327 data points).

2.2.2 | Functional and phylogenetic distances 
between the colonizers and the resident community

The functional and phylogenetic distances between each of the col-
onizers and the resident communities were calculated as the mean 
of the 6 pairwise distances with the 6 sown species of each resident 
community, using the species pairwise distance matrix previously 
calculated (Gower distance on seven functional traits or cophenetic 
phylogenetic distance). Furthermore, for each plot, we averaged the 
distances obtained above for each of the colonizers in that plot (see 
below). For each species, LMEMs were used to evaluate the relation-
ship between its cover (ln(x + 1) transformed) and its mean func-
tional or phylogenetic distance (scaled and standardized) from the 
sown species in each plot, with plot identity included as a random 
factor. The strength of the relationship was derived from the esti-
mate and variance explained only by the fixed factors (R2

M, marginal 
R2) using the mumIn r package (Barton, 2018). In total, 79 species 
(those with at least 10 occurrences across the four sampling ses-
sions) were used in the analysis. Fertilization, year and season had 
no significant effect and therefore were not included in the model.

Additionally, in order to compare the functional and phylogenetic 
distances of the set of colonizers in each plot across the different 
diversity treatments, we summarized the distance of the colonizers 
to the resident species as one mean value per plot (and per sam-
pling time). This also provides a greater statistical power, because 
for several of the colonizers the number of observations was only 
slightly above 10 plots. These averaged functional and phylogenetic 
distances of the colonizers to the resident species were treated as 
response variable in a LMEM with diversity treatments as fixed pre-
dictor and plot identity as random factor.

2.2.3 | Functional and phylogenetic structure of the 
resident community and its resistance to colonization

Finally, we analysed to what extent the functional and phylogenetic 
structure of the resident community could predict the level of colo-
nization by unsown species. The level of colonization was calculated 
as the ln(x + 1) transformed sum of unsown species cover in each plot 
and sampling session. LMEMs were used to assess the effect of dif-
ferent components of functional and phylogenetic structure (PD, FD 
over all traits, FD and CWM for individual traits), as well as fertiliza-
tion, on the total cover of unsown species. Plot identity was included 
as a random factor and year as an a priori covariate. First, each pre-
dictor was tested individually, and then, forward selection based on 
AIC was applied on groups of predictors: (a) all individual FD, (b) all 
CWM and (c) all FD and CWM. This analysis included 320 measures, 
80 plots sampled on four different occasions. We also considered 
the effect of observed FD, PD and CWMs of sown species on the 
abundance of colonizers, which were generally consistent with the 

one presented here. We argue that it is preferable to consider the 
values based on sown densities (i.e. all the sown species in equal 
proportions) because the realized community composition could al-
ready be a consequence of colonization (Roscher et al., 2013), thus 
leading to potential circularity in the analyses. Moreover, the sown 
species successfully established in almost all the plots. Out of the 80 
communities, only 2 did not fulfil the sown species richness at least 
one time during the four sampling sessions. Therefore, the intended 
diversity levels are the relevant factors in our analyses.

3  | RESULTS

Over the 320 samples, 91 colonizing species were identified in ad-
dition to the 19 sown ones. The four most abundant unsown taxa 
were Taraxacum sect. Ruderalia, Trifolium repens, Plantago lanceo‐
lata and Elytrigia repens which represented, respectively, 21%, 9%, 
9% and 8% of the total cover of unsown species. The average total 
cover occupied by colonizing species per plot increased from 18.4% 
(SD = 11.6) in 2016 to 30.9% (SD = 17.0) in 2017.

3.1 | Functional traits promoting 
colonization success

The results show a change in the traits of successful colonizers from 
2016 to 2017 driven by a shift in successful species in the two sea-
sons (Figure 1). The interaction effect with year was significant for 
five of the traits tested individually (Table S3). Perennial colonizers 
were generally more abundant than annuals and this difference in-
creased in 2017 (F2,214 = 15.27, p < .001; Figure 1a). Similar results 
were obtained with species lifeforms: hemicryptophytes signifi-
cantly increased from 2016 to 2017, whereas therophytes decreased 
(F3,213 = 13.27, p < .001; Figure 1b). In 2016, LDMC, SLA and flower-
ing period length showed no relationship with colonization success, 
whereas in 2017 species with higher LDMC, lower SLA and shorter 
flowering period were more abundant (respectively F1,215 = 13.27, 
p = .005; F1,215 = 6.91, p = .010; F1,215 = 25.53, p < .001; Figure 1d–f). 
Nitrogen‐fixing colonizers were more abundant than non‐nitrogen 
fixing colonizers and this relationship remained stable across the 
2 years of sampling (F1,215 = 1.73, p = .189; Figure 1c).

When all traits were combined into a single model, the only 
selected predictors in addition to year were nitrogen fixing ability, 
lifespan and the interaction between lifespan and year. In this final 
model, 16.2% of the variation in species colonization success was 
explained by the fixed predictors (Table 1).

3.2 | Functional and phylogenetic distances 
between the colonizers and the resident community

Fifteen unsown species presented a significant relationship between 
their abundance per plot and the mean distance (phylogenetic or 
functional) from the resident community, 13 of which were positive 
(Figure 2a). These species yielded significantly higher cover in the 
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plots where they were functionally more different from the resident 
community. The variance explained by fixed factors (R2

M) ranged 
from .07 to .45. When we considered phylogenetic distances, the 

number of species with a significant relationship was reduced to 11 
with 7 positives. R2

M ranged from .04 to .43 (Figure 2b).
When considering the average distance of all colonizers to the 

residents per plot, communities with high sown FD were on average 
colonized by species more functionally distant from the residents 
than communities with low FD (Figure 2c). Communities with high 
sown PD tended to be colonized by species on average more phy-
logenetically similar to the residents than communities with low PD 
(Figure 2d). However, the differences in colonizers’ phylogenetic 
distance among diversity treatments were relatively low, and signif-
icant only between high PD – low FD and low PD – high FD treat-
ments (Figure 2d).

3.3 | Functional and phylogenetic structure of the 
resident community and its resistance to colonization

An important part of the variation in colonization level per plot, i.e. 
the sum of colonizing species cover within each plot per sampling 
session, was explained by year alone (R2

M = .20, Table S4 model 
2). However, adding the diversity treatment in the model sub-
stantially improved its fit (R2

M = .31, Table 2a). The results show 
that resident communities with higher FD had a greater cover of 
colonizing species, particularly when PD was low (Figure 3a). With 

F I G U R E  1   Species’ colonization success as a function of species’ traits and sampling year. Each panel presents the relationship between 
species success (i.e. the sum of cover a species yielded over all the plots on each sampling session) and the species’ functional traits in interaction 
with sampling year. In this figure, we present only the traits that were significant predictors of species colonizing success. The interaction between 
year and functional traits was significant for all but nitrogen fixing ability. The small dots represent partial residual of each data points. Panels a to 
c, the larger dots with error bars represent the 95% confidence interval (CI) around the mean of each group (except for panel a and b, where the 
oversized CI due to low number of representing species were not drawn for biennials and geophytes, respectively). The letters represent statistical 
group differences (p < .05) according to the Tukey HSD test, taking into account the random variable, i.e. species identity. The solid line in panels d, 
e and f represents the slope estimate surrounded by 95% CI in coloured area [Colour figure can be viewed at wileyonlinelibrary.com]

TA B L E  1   Functional traits affecting species colonization 
success. The model presents the functional traits that have been 
selected to predict the colonization success of unsown species, 
(i.e. using the sum of species cover over all the plots on each 
sampling session). We present the ANOVA (type II) table of the 
most parsimonious model based on forward selection of predictors 
(including all species functional traits as well as their interaction 
with year) by AIC. Species identity was included as a random 
variable to take into account the non‐independence of points (i.e. 
same species at different sampling sessions). The model used 327 
observations from 110 groups (species). The variation explained by 
fixed and random factors was R2

C = .69 and the variation explained 
by fixed factors only was R2

M = .16

Variable F value p(>F)

Intercept 24.08 <0.001

Year 11.65 <0.001

Lifespan 6.66 0.002

Nitrogen fix 4.10 0.045

Year: Lifespan 15.52 <0.001
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high PD, the colonization level in high FD communities was not 
significantly higher than in low FD communities. The interaction 
between the effect of year and diversity treatment was not signifi-
cant (F3,236 = 1.40, p = .245; Table 2a), neither was the interaction 
between the effect of year and any individual traits, FD or CWM 
tested in the rest of the analysis (Table S4). Fertilization had no 
significant effect (F1,72 = .59, ns), nor its interaction with diversity 
treatment (F3,72 = .80, ns, Table S4).

When considering FD of each individual traits, only functional 
diversity based on seed mass (FDSEED_MASS) and nitrogen fixing 

ability (FDNITROGEN_FIX) were significant (Table S4, model 5 to 11), 
rising the R2

M to .29 and .26, respectively. When added in a single 
additive model, functional diversity based on species SLA (FDSLA) 
was selected on top of FDSEED_MASS and FDNITROGEN_FIX, and the 
model's R2

M reached .33 (Table S4, model 12). FDSLA reduced colo-
nization while FDSEED_MASS and FDNITROGEN_FIX increased it. Models 
using individual CWM traits as predictors yielded comparable per-
formance, with the exception of erosulate growth form and flow-
ering period length, which were also significant predictors of plot 
colonization (Table S4 models 13 to 19). However, after forward 

F I G U R E  2   Colonizers’ functional (a, c) and phylogenetic (b, d) average distances from the resident species. Panels a and b present the 
relationships between species cover and their functional (a) or phylogenetic (b) distance from the resident community. For each unsown 
species with more than 10 occurrences, a linear mixed effect model was fitted to predict the cover of the species by its mean functional (a) 
or phylogenetic (b) distance from the sown species of the resident community. The distances were scaled, centred around the mean and 
divided by SD, to standardize the coefficients and allow direct comparisons between species. The estimates of the slopes along with their 
95% confidence interval are presented only for the models with p < .1. p‐values are represented by symbols on the right: ‘.’ for p < .1, ‘*’ for 
p < .05, ‘**’ for p < .01, ‘***’ for p < .001). R2 is the marginal coefficient of determination of the models representing the variation explained 
by the fixed factor only (i.e. phylogenetic or functional distance from the resident sown community). Panels c and d present the average of 
colonizers’ functional (c) and phylogenetic (d) distances from the resident species in each community across the four diversity treatments. 
The letters above each box represent statistical groups differences (p < .05) according to Tukey HSD test, taking into account the random 
variable, i.e. plot identity
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selection on individual CWM traits, only CWMNITROGEN_FIX and 
CWMEROSULATE were added to the best performing model, and the 
model's R2

M reached .31 (Table S4, model 20).
Finally, the best predictive model of community colonization 

contained both CWM (CWMNITROGEN_FIX, CWMFLOWERING_PERIOD and 
CWMHEIGHT), FD (FDSEED_MASS and FDSLA) and sown PD as predictors, 
and it explained 42% of the variability (Table 2b). The partial effect of 
CWMNITROGEN_FIX and FDSEED_MASS were positive, i.e. increased coloni-
zation, while the partial effect of CWMFLOWERING_PERIOD, CWMHEIGHT 
and FDSLA were negative, i.e. decreased colonization (Figure 4).

4  | DISCUSSION

Our analyses, based on experimental plant communities with con-
trasting functional and phylogenetic levels, address the complexity 
of the colonization process via complementary approaches consid-
ering both the colonizers and the resident community perspective. 

We found support that functional traits help in predicting species 
colonization success, but this effect also depended on time and on 
the dissimilarity between the colonizers and the resident commu-
nity. The functional and phylogenetic diversity of resident species 
also presented an interactive effect on the resistance to coloniza-
tion, underlying the effect of saturation in functional and phyloge-
netic space of the resident species.

4.1 | Functional traits promoting 
colonization success

Our analyses based on colonizing species’ functional traits support 
observations made by previous studies, i.e. a shift in traits character-
izing successful colonizers along successional phases of the coloniza-
tion process: initial colonizers are replaced by species with different 
traits (Catford et al., 2019; Roscher et al., 2015; Thompson et al., 
2001). In the first year after establishment, annual colonizers with 
therophytic life form, high SLA and low LDMC were relatively abun-
dant, although no significant difference in abundance was detected 

TA B L E  2   Effect of the functional and phylogenetic structure 
of the resident community on resistance to colonization. For 
each model, we present the ANOVA (type II) table of the most 
parsimonious model based on forward selection of predictors 
by AIC. In model (a), diversity treatment, i.e. 4 combinations of 
high and low FD and PD, is used to predict the amount of cover 
colonized by unsown species in each plot. In model (b), sown 
community functional attributes have been selected to predict 
the amount of cover colonized by unsown species in each plot. 
Forward selection of predictors, including all community functional 
attributes as well as their interactions with year, was based on AIC. 
In both models, plot identity was included as a random variable to 
account for the non‐independence of data points (i.e. same plot at 
different sampling sessions). R2

M represent the variation explained 
by the fixed factors only and the conditional R2 (R2

C) represent the 
variation explained by both the fixed and random factors. Both 
models used 320 observations from 80 groups (plots)

Variable F value p(>F)

(a) Diversity treatments explain the level of colonization (R2
M = .31, 

R2
C = .60)

Intercept 4,316.14 <0.001

Year 157.33 <0.001

Diversity treatment 7.02 <0.001

Year: diversity treatment 1.40 0.245

(b) Community functional attributes explain the level of colonization 
(R2

M = .42, R2
C = .60)

Intercept 6,340.61 <0.001

Year 154.56 <0.001

CWMNITROGEN_FIX 27.71 <0.001

FDSEED_MASS 9.14 <0.01

FDSLA 11.53 0.001

CWMFLOWERING_PERIOD 5.59 0.020

CWMHEIGHT 8.57 0.005

PDSOWN 5.01 0.028

F I G U R E  3   Conditional plots of sown functional (FD) and 
phylogenetic diversity (PD) treatment (a) and sampling year (b) on 
the level of colonization by unsown species (colonizers’ cover). 
Each panel represents the partial effect of a single factor on the 
response when other variables are held constant, i.e. to their 
reference level: year 2016 for panel a and high PD high FD for panel 
b. Although the statistical inferences were made on ln‐transformed 
cover values, the response variable is plotted on the original scale 
for graphical purposes. The black horizontal lines represent the 
mean value predicted by the models and the grey area their 95% 
confidence interval. The lower case letters represent statistical 
groups differences (p < .05) according to Tukey HSD test, taking 
into account the random variable, i.e. plot identity
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compared to species with contrasting traits (Figure 1). However, only 
one year later, species with a perennial life cycle, hemicryptophytic 
life form, low SLA and high LDMC were significantly more success-
ful. This pattern reflects the advantage of fast resource acquisition 
at the beginning of the colonization and growing importance of more 
conservative strategies as succession advances, when interspecific 
relationships become a stronger driver of the community composi-
tion (Catford et al., 2019; Crawley et al., 1996; Garnier, Cortez, Billès, 
Navas, & Roumet, 2004; Pyšek & Richardson, 2007).

Furthermore, shorter flowering period was one of the advantageous 
traits during the second year of sampling. This can be explained by the 
negative correlation between flowering period length and trait values 
associated with the afore‐mentioned conservative strategy (Figure S5), 
which requires more investment in vegetative organs. Such a trade‐off 
between investment in sexually reproductive versus vegetative func-
tions is indicated by several studies associating a long flowering period 
with traits typical for an annual life cycle (Cadotte & Lovett‐Doust, 
2001; Crawley et al., 1996; Lake & Leishman, 2004; Roscher et al., 2015).

The last trait promoting successful colonization of the experi-
mental communities was nitrogen fixing ability. In a 20‐year‐long field 
experiment where colonizers were sown into mature resident commu-
nities, Catford et al. (2019) also showed that the establishment success 
of colonizers was higher for legumes compared to non‐legume species. 
However, unlike in our study, their result was significant only in terms 
of occupancy (presence/absence) of colonizers in seeded plots, not in 

abundance neither in dispersion to the neighbouring unseeded sub-
plots. The importance of nitrogen fixing ability on colonization success 
in our results could have been overvalued by the fast vegetative spread 
and competitive strength of some of the legume colonizers present in 
our experiment (e.g. Trifolium repens, Lotus corniculatus).

4.2 | Functional and phylogenetic distances 
between the colonizers and the resident community

Besides identifying the particular functional trait values upholding 
colonizers, another aspect of colonization success lies in the theo-
ries of niche complementarity (Naeem, Thompson, Lawler, Lawton, 
& Woodfin, 1994) and limiting similarity (Macarthur & Levins, 1967). 
According to these theories, species should be more successful colo-
nizers when their functional traits allow them to occupy an empty 
niche in the community, i.e. when they are more functionally differ-
ent from the resident species (Thuiller et al., 2010).

Our analysis of colonizing species covers in relation to the func-
tional and phylogenetic distances to the resident community re-
vealed a significant advantage of being functionally more different 
for 16% of the species and phylogenetically more different for 9% 
of the species, indicating that these species occupied functional and 
phylogenetic ‘gaps’ unoccupied by the resident species. Using the 
measure of mean distance between colonizers and resident species, 
following the approach proposed by Ricotta et al. (2016), allows 

F I G U R E  4   Conditional plots highlighting the effect of each predictor selected in the most parsimonious model (obtained by forward 
selection on the sown communities’ functional attributes) on the level of colonization. Each plot represents the partial effect of a single 
component of community functional trait structure on the response when all other variables are held constant, i.e. to their median. Although 
the statistical inferences were made on ln transformed cover and standardized predictor (centred around the mean and standardized by SD), 
the response and predictive variable are plotted on their original scale for better interpretability. The black lines represent the mean value 
predicted by the models and the grey area their 95% confidence interval
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to evaluate the presence of gaps in functional and phylogenetic 
space. Similarly, Fargione et al. (2003) found that established spe-
cies suppressed colonizing species from the same functional group 
more strongly than functionally dissimilar ones. Recently, Feng et 
al. (2018) showed that functional distance between the native com-
munity and invasive species had a stronger positive effect on the 
performance of invasive species than phylogenetic distance. On the 
contrary, Breitschwerdt, Jandt, and Bruelheide (2015) found that 
colonizers experimentally introduced in semi‐natural grassland com-
munities had higher survival rate when they were more similar to the 
resident community. However, in several other cases, experiments 
failed to provide evidence for the limiting similarity hypothesis on 
the effect of phylogenetic and functional distances on the estab-
lishment of colonizing species (Bennett et al., 2014; Funk & Wolf, 
2016). One source of discrepancy in those results, both within and 
between observational and experimental approaches, could be at-
tributed to different methodological aspects. For instance, different 
sets of traits, distance metrics or scales at which vegetation is sur-
veyed could affect the results from different studies.

In our study, negative relationships between the colonizer's 
functional or phylogenetic distance to the resident community and 
its cover were found in only 2% and 5% of the species, respectively. 
Similar results were found in a pot experiment on non‐native invad-
ers by Conti et al. (2018), showing that invaders’ growth was less 
suppressed in functionally similar native communities. Those results 
are in line with the idea of weaker competitor exclusion (Mayfield 
& Levine, 2010), postulating that competition can sometimes fa-
vour species that are similar in their competitive behaviour, leading 
to trait and phylogenetic similarity between co‐existing species. 
However, with less than 5% of such cases among our species, we 
cannot conclude that colonizers in our experiment generally follow 
a pattern that would present strong evidence for weaker competitor 
exclusion.

Recently, Roscher et al. (2018) showed that absolute trait dis-
tance between focal species and co‐occurring species explained 
a very limited part of the variation in the productivity of the focal 
species. In line with our results, most of the variation in species 
productivity was explained by the actual trait values of the species, 
rather than their trait distance to the residents. Moreover, in a meta‐
analysis of experimental studies, Price and Pärtel (2013) suggest 
that functional group similarity has relatively small impact on biotic 
resistance.

Only four species showed significant relationships with both 
functional and phylogenetic distance analysis (Cirsium arvense, 
Elytrigia repens, Taraxacum sect. Ruderalia and Lotus corniculatus) 
and only one species showed significant but contradictory slopes 
in functional and phylogenetic distance analysis (Viola arvensis). The 
restricted overlap in colonizers’ responses to functional or phyloge-
netic distance from the resident communities supports the idea that 
phylogenetic and functional distances are complementary rather 
than redundant in the information they carry.

It is important to stress that for the majority of species there 
was no significant relationship between colonizer success and its 

functional or phylogenetic distance to resident species. The signa-
ture of limiting similarity in traits and phylogeny was evident only for 
a subset of the colonizers when considered individually (see above). 
Catford et al. (2019) found effects of absolute trait difference be-
tween colonizer and community on individual colonizers’ success 
only for plant height. For other traits (i.e. SLA, seed mass, LDMC) 
only the trait hierarchical difference were significant predictors. It is 
possible that our sown communities with six species might not suf-
ficiently saturate the functional space to trigger niche complemen-
tarity consistently. However, during the experiment, we observed 
18.5 ± 3.5 species per plot (mean ± SD). A nearby experiment with 
identical habitat condition shows that after 20 years, species rich-
ness stabilized around 20 species/m2, with about 12 species per plot 
yielding cover higher than 1% (Lepš personal communication).

Despite the signal of limiting similarity being weak when consid-
ering individual species, it was consistently stronger when consider-
ing the whole set of colonizers in a given plot (average of colonizers 
distances). This probably because of the limited ‘power’ of tests on 
individual species, often based on slightly more than 10 plots colo-
nized per species, while with the averaging approach we maximized 
the number of observations. The sown communities with high FD 
were the ones where colonizers yielded the highest cumulated cover 
percentage (Figure 3a) and where those colonizers were on aver-
age more functionally distant from the residents (Figure 2c). In other 
words, in low FD plots the overall colonization success was restricted 
by the saturation of the trait space in the resident community.

4.3 | Functional and phylogenetic 
structure of the resident communities and their 
resistance to colonization

The analysis between sown FD and PD and resistance to coloniza-
tion suggests a non‐trivial interaction between the effects of PD and 
FD. In contradiction with the idea that functional diversity promotes 
resistance to colonization through a more complete use of available 
resources, communities with higher FD were generally more colo-
nized (except in the case of FDSLA, see below). However, this effect 
was significant only at low levels of PD, suggesting that high PD inhib-
its colonization in high FD communities. Our results are in opposition 
with those obtained by Feng et al. (2018), who show that the perfor-
mance of alien plants decreased with increasing diversity of the native 
community (for both FD and PD). On the other hand, they are partially 
in line with the analysis of a large vegetation database by Loiola et al. 
(2018), which revealed that native communities invaded by aliens had 
both higher FD and PD. These slight differences could be explained 
by the fact that Loiola et al. (2018) used natural communities from 
different regions of the Czech Republic covering large environmental 
gradients, but also gradients of FD and PD which were not entirely in-
dependent, whereas our localized and experimentally designed com-
munities allowed functional and phylogenetic orthogonal contrasts.

Although the effect of PD was weak, it appeared as an import-
ant factor in modulating the expression of FD. Moreover, PD was 
selected as a significant predictor in the best model along with 
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CWM and FD of individual traits (Table 2b). This could suggest that 
some important traits were not considered but are nonetheless re-
flected in the phylogeny of the species. Among potential candidates 
of unmeasured traits accounted for by phylogeny are clonal traits. 
There is growing evidence for the importance of clonal traits in in-
terspecific plant competition (Benot, Bittebiere, Ernoult, Clément, 
& Mony, 2013; Saiz, Bittebiere, Benot, Jung, & Mony, 2016), as well 
as their phylogenetically conserved character, i.e. related species 
show similar clonal attributes. For example, Herben, Tackenberg, 
and Klimešová (2016) found relatively high values of Pagel's lambda 
(a measure of phylogenetic signal) between 0.8 and 0.95 for clonal 
traits, where a value of 1 indicates high phylogenetic conservatism.

Statistical models of colonization level per plot yielded similar 
performance whether they were based on forward selection of FD 
or CWM indices per trait (Table S4 models 12 and 20). Both mod-
els retained indices of nitrogen fixing ability, which reflects the high 
correlation between CWM and FD values for traits with only two 
levels (r = .95, Figure S4). However, the best model (Table 2b) issued 
from forward selection on all potential predictor variables integrated 
both FD and CWM indices, highlighting how the complementarity 
between the two types can provide a better representation of the 
community functional structure, as shown in Ricotta and Moretti 
(2011).

Colonizers were more abundant in communities that presented 
a higher proportion of legumes (CWMNITROGEN_FIX) or greater vari-
ation of seed mass (FDSEED_MASS). A high percentage of legumes in 
the community might have made it more receptive to colonization 
because nitrogen fixation requires energy (Gutschick, 1981), at 
the expense of competitiveness, and releases nitrogen in the soil, 
increasing resource availability for competing species (Vitousek 
& Howarth, 1991). However, seed mass is usually associated with 
high competitive ability at the seedling stage (Bitomský, Mládek, & 
Cimalová, 2018). This unexpected positive relation might result from 
a confounding effect because, in this experiment, legume species 
had higher seed mass and the correlation between CWMN_FIX and 
FDSEED_MASS was significant (r = .48, p‐value < .05 Figure S4).

Furthermore, colonization was negatively associated to 
CWMHEIGHT, CWMFLOWERING_PERIOD and FDSLA. These results are 
expected as plant height is strongly related to competitive ability 
of plants, especially in terms of light pre‐emption (Hautier, Niklaus, 
& Hector, 2009). The effect of CWMFLOWERING_PERIOD on coloniza-
tion can be interpreted as a reflection of other correlated traits 
that are indicative of a conservative strategy, rather than an effect 
of flowering period itself. Among sown species, long flowering 
period was strongly associated with low SLA and rosette growth 
form, with the latter two traits potentially leading to a large oc-
cupation of the surface of the plot, thus reducing the available 
space for colonizers. Finally, higher FDSLA values should reflect 
complementarity between acquisitive and conservative strategies 
of the sown community, optimizing resource pre‐emption, mostly 
regarding water and light (Wright et al., 2004). However, partial 
effects of FDSLA and FDSEED_MASS essentially compensated each 
other. The mean sum of colonizers’ cover decreased from 24% to 

8% along the FDSLA gradient while it increased from 10% to 30% 
along the FDSEED_MASS gradient (Figure 4, panels b and c). Such 
interplay between the effects of diversity in different traits can 
explain the a priori contradiction between the results in FDSLA and 
multidimensional FD. It also emphasizes the complex interpreta-
tion of FD in multivariate trait space.

4.4 | Fertilization

Fertilization had no detectable effect, neither on the performance 
of colonizers nor on the resistance of the sown community to colo-
nizers, a result also found in Lanta and Lepš (2008). One possibil-
ity could be that colonization processes and community dynamics 
are not affected by the level of nutrient availability, though this is 
in contradiction with studies showing strong competitive exclu-
sion between species under fertilization treatments (Lepš, 2014). 
A second plausible explanation could be that both colonizers and 
resident species established on the plots at the same time and 
might have equally benefited from fertilization. Finally, the ab-
sence of an effect of fertilization could result from the already 
high plot coverage. Burke and Grime (1996) showed that the effect 
of fertilization was strengthened by disturbance, which created 
gaps in the vegetation cover.

Alternatively, we can hypothesize that the effect of fertiliza-
tion was down‐weighted because nutrient availability was not 
a strong limiting factor in our site, or because the difference in 
nutrient availability between fertilized and unfertilized plots was 
insufficient, due to an already high fertility level of the entire field. 
This could be the consequence of (a) the former exploitation of 
the site as crop field with a subsequent annual fertilization until 
2001, and (b) the boosting effect of ploughing on mineralization 
processes by micro‐organisms due to the increased oxygen avail-
ability in the soil (Grace, MacRae, & Myers, 1933). If these two 
factors are important, then their impacts should decrease in time 
and we can expect that in the future, the fertilization treatment 
will play a more important role in the communities’ dynamics. Our 
results indicate that the effects of abiotic conditions such as in-
creased nutrient availability strongly depend on specific site con-
ditions and time.

5  | CONCLUSIONS

Our results reinforce the idea that beyond propagule availability, 
successful colonization relies on an interplay between the intrin-
sic characteristics of the potential colonizer and invasibility of the 
ecosystem. We brought evidence that successful colonizers were 
characterized by different combinations of traits along the succes-
sive steps of colonization, adding time as a key factor in characteri-
zation of colonization as in Thompson et al. (2001) and Catford et 
al. (2019). In our study, we found evidence for the limiting similarity 
theory, stating that colonizers should be more successful in com-
munities from which they differ more, even though the effect was 
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weak, similarly to the conclusions of the meta‐analysis conducted by 
Price and Pärtel (2013).

The interplay between FD and PD in their support of community 
resistance to colonizers is an important novel finding of this study. 
It supports the idea that, given the set of traits and the species pool 
considered in this study, FD and PD only partially overlap in their 
description of community structure. The widespread hypothesis 
that higher FD increases resistance by a more complete use of re-
sources is challenged. Greater FD, especially at low species richness 
and low phylogenetic diversity, could rather provide an unsaturated 
functional trait space in which colonizers are on average more func-
tionally dissimilar from the residents and yield higher cover.
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