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Abstract

High competitive ability has often been invoked as a key determinant of invasion success and eco-
logical impacts of non-native plants. Yet our understanding of the strategies that non-natives use
to gain competitive dominance remains limited. Particularly, it remains unknown whether the two
non-mutually exclusive competitive strategies, neighbour suppression and neighbour tolerance, are
equally important for the competitive advantage of non-native plants. Here, we analyse data from
192 peer-reviewed studies on pairwise plant competition within a Bayesian multilevel meta-analy-
tic framework and show that non-native plants outperform their native counterparts due to high
tolerance of competition, as opposed to strong suppressive ability. Competitive tolerance ability
of non-native plants was driven by neighbour’s origin and was expressed in response to a
heterospecific native but not heterospecific non-native neighbour. In contrast to natives, non-
native species were not more suppressed by hetero- vs. conspecific neighbours, which was partially
due to higher intensity of intraspecific competition among non-natives. Heterogeneity in the data
was primarily associated with methodological differences among studies and not with phylogenetic
relatedness among species. Altogether, our synthesis demonstrates that non-native plants are com-
petitively distinct from native plants and challenges the common notion that neighbour
suppression is the primary strategy for plant invasion success.
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INTRODUCTION

High competitive ability has often been invoked as a key
determinant of invasion success and ecological impacts of
non-native plants (Levine et al. 2003; Gioria & Osborne
2014). Yet our understanding of the strategies that non-
natives use to gain competitive dominance remains limited.
Non-native plants are often assumed to be good suppressors
of their native counterparts via superior resource acquisition
or allelopathic activity (i.e. express high competitive effects
sensu Goldberg 1990; Ridenour & Callaway 2001; Vila & Wei-
ner 2004; Garcia-Serrano et al. 2007; Kueffer et al. 2007,
Maron & Marler 2008; Kuebbing & Nunez 2016; but see
Daehler 2003; Dawson et al. 2012; Dostal 2011; Perkins &
Hatfield 2014). However, theory suggests that neighbour con-
frontation is not always an optimal competitive strategy in
plants (Goldberg 1990; Novoplansky 2009). Specifically, the
ability to suppress neighbouring plants is likely to provide an
advantage only at early stages of succession and in the pres-
ence of disturbance, whereas the ability to tolerate unfavour-
able conditions associated with the presence of neighbours
(i.e. low competitive response sensu Goldberg 1990) would
determine species composition in late-successional communi-
ties (Goldberg 1990; MacDougall & Turkington 2004).
Indeed, high neighbour tolerance has been demonstrated for

many non-native plant species invading undisturbed commu-
nities (MacDougall & Turkington 2004; Suding et al. 2004,
Maron & Marler 2008; Callaway et al. 2011). Moreover, it
has been shown that non-native plants have a potential to
evolve towards increased neighbour tolerance (Huang et al.
2017). Similarly, increased competitive tolerance has been pro-
posed as a mechanism of coexistence of native with highly
abundant non-native plants (Goergen et al. 2011; Oduor
2013; Fletcher et al. 2016).

Neighbour suppression and neighbour tolerance are not
mutually exclusive strategies, yet are often associated with dif-
ferent sets of traits, suggesting a potentially different adaptive
value for non-native plants (Goldberg & Landa 1991; Keddy
et al. 1994; Cahill et al. 2005; Baron er al. 2015). Specifically,
suppressive ability is closely associated with size-related traits
(Gaudet & Keddy 1988; Cahill ez al. 2005; Violle et al. 2009;
Wang et al. 2010) and allelopathic activity (Callaway &
Aschehoug 2000; Hierro & Callaway 2003; Callaway & Ride-
nour 2004), and several hypotheses relate species invasion suc-
cess precisely to those traits and predict directional selection
on them in the new range (e.g. the evolution of increased com-
petitive ability hypothesis, Blossey & Notzold 1995; the enemy
release hypothesis; Keane & Crawley 2002; the novel weapons
hypothesis; Callaway & Ridenour 2004; Ridenour et al. 2008).
Meanwhile, competitive tolerance appears to be highly
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contingent upon the identity of the neighbouring plant and
environmental context, and thus cannot be related to any
fixed set of traits (Wang et al. 2010; Baron et al. 2015). More-
over, competitive tolerance can appear either in the form of
stress tolerance (i.e. the ability to tolerate low resource levels
or high concentrations of allelopathic chemicals) or as partial
avoidance of competition via niche divergence. The role of the
latter for invasion success has been articulated in such influen-
tial hypotheses as Darwin’s naturalisation hypothesis (Darwin
1859; a.k.a. the competition-relatedness hypothesis; Cahill et al.
2008) and the empty niche hypothesis (Elton 1958; Stachowicz
& Tilman 2005), which both predict that the ability of non-
native species to effectively use underutilised resources allows
them to establish and thrive in the novel range. Contrary to
suppressive ability, possible selection towards increased
competitive tolerance in non-native species has not been
theoretically framed.

Which of the two competitive strategies prevails among
non-native plants has not been rigorously tested. Empirical
studies and syntheses on plant competition involving non-
natives have primarily focused on competitive effects of native
and non-native plants on each other, which only allows infer-
ence about competitive superiority (Vila & Weiner 2004).
However, combining data on competition between native and
non-native plants with the vast evidence on competition
among native and non-native plants permits the assessment of
the importance of competitive suppression vs. tolerance for
invasion success. Specifically, if non-native plants are inher-
ently stronger suppressors than native plants, the performance
of native and non-native plants will be reduced more by
heterospecific non-native than heterospecific native neigh-
bours. If non-natives are innately more tolerant to interspeci-
fic competition than natives, they will be affected by
competition from heterospecifics less than native species. If
non-natives intrinsically surpass natives at both competitive
suppression and tolerance, reduced performance due to com-
petition with a non-native will be observed in native but not
in other non-native species. Alternatively, a competitive
advantage of non-native plants might be driven by a distinct
eco-evolutionary context in the novel range and thus will arise
in the form of suppression, tolerance or both only relative to
native species (Callaway & Aschehoug 2000; Callaway &
Ridenour 2004; Ridenour ez al. 2008).

The actual mechanisms and the magnitude of interspecific
plant competition are highly variable across species (Weigelt
et al. 2002), genotypes (Cahill et al. 2005; Bossdorf et al.
2009), environmental gradients (Grime 1973; Wilson & Keddy
1986; He et al. 2013) and over time (Connolly et al. 1990;
Mangla er al. 2011), and depend on species establishment
order (Goldberg et al. 2001; MacDougall & Turkington 2004)
and coevolutionary history (Aarssen 1983). This implies that
any generalisation on plant competition is prone to bias. The
two major potential sources of bias are artefacts of experi-
mental design and inherent data structure. The former bears a
risk of artificially exaggerating the magnitude of the competi-
tive effect of non-native species due to inappropriate choice of
species or environmental conditions (Vila & Weiner 2004; Pas-
sioura 2006; Dalling et al. 2013; Parepa & Bossdorf 2016).
Meanwhile, the latter is associated with the presence of

© 2018 John Wiley & Sons Ltd/CNRS

non-independence (i.e. correlative structures), which, if not
accounted for, can lead to erroneous conclusions due to infla-
tion of Type I error (Nakagawa & Santos 2012). Non-inde-
pendence arises when multiple effect sizes are obtained from a
single study, a common control is used for calculating multi-
ple effect sizes, or some species are represented in the data
more than once; phylogenetic relatedness among species is
another possible source of non-independence (Olkin & Gleser
2009; Nakagawa & Santos 2012). Failing to acknowledge, for
example, species- and study-level non-independence could
result in a bias towards a most common species in the data
set or experimental conditions of a study with the highest
number of effect sizes. To our knowledge, non-independence
has not been incorporated in previous syntheses on plant
competition involving non-natives (e.g. Vila & Weiner 2004;
Kuebbing & Nunez 2016).

To assess the relative importance of competitive suppression
and tolerance for non-native plants, we synthesised the exten-
sive experimental evidence on pairwise plant competition
within a Bayesian multilevel meta-analytic framework. Our
data set comprised 3415 observations from 192 studies pub-
lished between 1981-2017 and was representative of 471 plant
species from 283 genera and 73 families. The use of the multi-
level approach allowed us to account for non-independence
while preserving original heterogeneity in the data and to
explore the data using meta-regressions. We aimed to answer
the following questions: (1) Do heterospecific non-native
neighbours suppress native plants more than heterospecific
native neighbours? (2) Are non-native plants more competi-
tively tolerant than native plants? (3) Do native and non-
native plants differ in the intensity of inter- vs. intraspecific
competition? (4) Is the intensity of interspecific competition
mediated by phylogenetic relatedness? (5) Are neighbour sup-
pression and tolerance associated with any particular species
traits, environmental conditions or attributes of study design?
By addressing these questions, our study provides a compre-
hensive analysis of competitive strategies of vascular plants
through the prism of biogeographical origin. Our study high-
lights differential competitive behaviour of non-native and
native plant species and outlines future research directions on
the mechanisms and the role of competition in promoting
invasiveness and coexistence of plant species of different
biogeographical origin.

MATERIAL AND METHODS
Literature search

We compiled a comprehensive database of peer-reviewed stud-
ies on pairwise plant competition in several steps. First, we
searched ISI Web of Science Core Collection database for
studies involving non-native species using the search combina-
tion: Topic = ((invasi* OR invad* OR alien OR exotic OR
introduced OR non*native OR non*indigenous OR weed*)
AND (compet* OR interference OR facilitat* OR interact*)
AND (plant* OR tree* OR shrub* OR herb OR herbs OR
forb* OR grass OR grasses OR graminoid* OR vine* OR
liana* OR cact* OR sedge* OR fern*)) AND Research
Area = (environment* NOT marine NOT agriculture). Next,
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we conducted ISI Web of Science search of studies on compe-
tition among native species, explicitly excluding non-natives
from the search combination: Topic = ((compet* OR interfer-
ence OR facilitat* OR interact*) AND (plant* OR tree* OR
shrub* OR herb OR herbs OR forb* OR grass OR grasses
OR graminoid* OR vine* OR liana* OR cact* OR sedge*
OR fern*) NOT (invasi* OR invad* OR alien OR exotic OR
introduced OR non*native OR non*indigenous OR weed*))
AND Research Area = (environment* NOT marine NOT
agriculture). We did not impose restrictions in terms of publi-
cation date and language on our searches. We carried out the
two initial searches in September 2015 and updated our data-
base on a weekly basis using the same search criteria via Web
of Science alerts until December 2016. The two searches
returned 27 854 publications. To select relevant studies, we
first refined the results of the searches based on research area
and journal title and then screened titles and abstracts of the
remaining publications using a GUI screener included in the
package METAGEAR (Lajeunesse 2016) in R v.3.3.1 (R Core
Team 2016). The database was further supplemented with rel-
evant publications cited in pre-selected studies and previous
syntheses on plant interactions (Callaway 1995; Vila & Weiner
2004; Bruno et al. 2005; Maestre et al. 2005; Lortie 2010;
Bonanomi er al. 2011; Abella & Smith 2013; He er al. 2013;
Tacarella et al. 2015; Kuebbing & Nunez 2015).

Studies were included in our database if they met all the fol-
lowing criteria: (1) a manipulative study designed as an addi-
tive (including removal) or replacement series (see
Appendix S2 for details on experimental designs of plant com-
petition studies); (2) conducted in a field setting or under con-
trolled conditions in terrestrial ecosystems excluding cropping
systems; (3) a study system with two naturally co-occurring
and taxonomically identified vascular plant species; (4) a tar-
get species deliberately planted into a natural or experimen-
tally manipulated neighbour species community comprising at
least one individual; (5) study design allowed for a full range
of interaction mechanisms (i.e. studies looking only at
allelopathy, root competition, etc. were not considered); (6)
final total or aboveground biomass of a target species in a
control and competition treatment measured via destructive
harvesting and reported as either raw data or summary statis-
tics. Out of 745 relevant studies, 192 studies published
between 1981 and 2017 met our criteria and were used for sta-
tistical analyses (see Appendix S1).

Data collection

We extracted data using the following rules: (1) if both total
and aboveground biomass were reported and/or measure-
ments were taken repeatedly on the same sampling unit,
results on total biomass and of the final measurement were
included to avoid pseudoreplication (Gurevitch et al. 1992);
(2) final biomass of each species in a competition treatment
was considered an independent observation; (3) each unique
combination of factors manipulated in a study was considered
an independent observation (e.g. if a study looked at competi-
tion across multiple nutrient levels, we extracted data for each
nutrient level). For each observation, we recorded final sample
size, the mean and the standard deviation for the final

biomass of a target species in a control and competition treat-
ment. When the median and the range were reported, we used
them to approximate the mean and the variance as in Hozo
et al. (2005). Numeric data from figures were extracted using
the software GetData Graph Digitizer (http://www.getdata-
graph-digitizer.com). We checked and, if necessary, updated
the names of plant species included in our data set and col-
lected data on biogeographical origin and traits of plant spe-
cies as well as on study details (see Data collection in
Appendix S2 for more details). Our final data set contained
3415 observations, of which 1743 and 1672 corresponded to
the additive and replacement series study design respectively.
The data set included 471 species from 283 genera and 73
families.

To incorporate phylogenetic relatedness into our analyses
and to test the competition-relatedness hypothesis (Cahill et al.
2008), we used a recently published molecular phylogeny of
32 223 land plant species (Zanne et al. 2014). The phylogeny
was generated using a maximum likelihood approach based
on data from seven gene regions (18S, 26S, ITS, matK, rbcL,
atpB and trnLF) and calibrated using fossil data. The full
phylogeny is available at the Dryad Digital Repository
(https://doi.org/10.5061/dryad.63q27/). Out of 471 species rep-
resented in our data sets, 339 were included in the published
phylogeny. We calculated pairwise phylogenetic distances
among all species in the phylogeny using the function ‘cophe-
netic.phylo’, trimmed the published phylogeny to obtain phy-
logenies for target and neighbour species using the function
‘drop.tip’, and used the trimmed trees to calculate phylogenetic
correlation matrices under the Brownian motion model of
evolution using the function ‘vev.phylo’ in the package ape
(Paradis et al. 2004) in R v.3.3.1 (R Core Team 2016).

Effect size calculation

We used the data from additive and replacement series experi-
ments to calculate absolute net neighbour effects (ANNE) and
relative net neighbour effects (RNNE) respectively. The
ANNE was defined as the mean standardised difference
between the final biomass of a species in the presence of a
heterospecific neighbour vs. when grown in isolation. The
RNNE was defined as the mean standardised difference
between the final biomass of a species in the presence of a
heterospecific vs. conspecific neighbour. ANNEs and RNNEs
were quantified using Hedges” d effect size statistic. To assess
the magnitude of competitive inequality within pairs of spe-
cies, we calculated the absolute differences between reciprocal
ANNESs (N 4yNE pairs = 637). To assess the degree of competi-
tive release when competing with hetero- vs. conspecifics,
averaged across two species, we calculated the sums of recip-
rocal RNNES (NgynE pairs = 707; see Effect size calculation in
Appendix S2 for more details). The four effect size statistics
were analysed independently.

Statistical models

All statistical analyses were performed within a Bayesian mul-
tilevel modelling framework. The advantages of the Bayesian
approach are that (1) all parameters are modelled with
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uncertainty; (2) direct probability statements about quantities
of interest can be made; (3) additional relevant information
can be incorporated via priors (4) and importantly, complex
data structures can be accommodated for (Sutton & Abrams
2001). To calculate the overall mean effects and assess hetero-
geneity, we initially developed two multilevel models, without
and with phylogenetic correction; the latter can be written as:

EffectSize; = w; + ar,, + an,, + 51, + 5N, + qnii

+ i +ei+m W
W = bo + bixy, (2)
ar~N(0, 03, Ar) (3)
ay ~ N(0, GﬁNAN) (4)
st~ N(0,02 Ir) (5)
sy ~N(0,0; Iy) (6)
g~ N(0, o, Laep) (7)
1~ N(0, 0% Lysuay) (8)
e~ N(0, 5% 1,p) (9)
m~ N(0, M) (10)

where EffectSize; is the estimated effect size statistic for the
ith observation (i = 1, ..., N,); L, is the overall mean for the
ith observation; by and b; are regression coefficients; x, is the
proportion of a target species in a competition treatment cen-
tred at 0.5 for the ith observation; ar,, is the phylogenetic
effect of the kth target species (kK =1, ..., Nyrger): a,, is the
phylogenetic effect of the /th neighbour species (I=1, ...,
Noeighbour); STy, is the residual (i.e. not explained by phy-
logeny) effect of the kth target species; sy, is the residual
effect of the /th neighbour species; ¢y is the effect of the ith
sampling dependency group (i.e. common control group)
(h=1, ..., Nep); uyy is the effect of the jth study (= 1,...,
Nyuay); e; 18 the residual effect of the ith observation; m; is the
measured sampling error associated with EffeclSizel, Gir is
the phylogenetic variance at the target-species level; cs is the
phylogenetic variance at the neighbour- spe01es level, G is the
residual variance at the target-species level o’ . 1s the remdual
variance at the neighbour-species level; o2 1S "the variance at

the sampling-dependency-group level; o2 is the study-level

73
variance; csg is the residual variance; AlT is the Nyge; by
Narger Phylogenetic correlation matrix for target species; Ay is
the Noeignbour DY Nucignbour Phylogenetic correlation matrix for
neighbour species; It is @ Nygger bY Nigrger identity matrix; Iy
is a Nneighbour by Nneighhaur identity matrix; Isdcp is a Nxdep by
Nigep identity matrix; Ly 15 @ Nyygy bY Nypgy identity matrix;
Ly is a N, by N,y identity matrix; and M is a N, by Ny
diagonal matrix with sampling variances on the diagonal (see
Effect size calculation in Appendix S2 for details on sampling
variance calculation). The model without phylogenetic

© 2018 John Wiley & Sons Ltd/CNRS

correction did not include the phylogenetic effects, ay and ay.
We independently fitted the models without and with phyloge-
netic correction to the data on all ANNEs, all RNNE:s, recip-
rocal ANNEs (a subset of the ANNE data set), reciprocal
RNNEs (a subset of the RNNE data set), competitive
inequality and competitive release. We analysed the data on
reciprocal ANNEs and RNNEs because then the mean net
outcome of pairwise competition could be assessed as the
average across pairs of competing plant species, thus control-
ling for competitive inequality. In contrast, our full data sets
contained multiple unpaired observations, which could poten-
tially affect the estimates of the mean net neighbour effect of
native on native and non-native on non-native plants. Data
for analyses with phylogenetic correction were restricted to
the species included in the published phylogeny (Zanne et al.
2014). To control for differences in the full and phylogeny-
restricted data sets, we additionally performed analyses with-
out phylogenetic correction on the phylogeny-restricted data
sets.

To estimate the mean net neighbour effects for each of the
four unique permutations of target and neighbour origins (i.e.
native target and native neighbour; native target and non-
native neighbour; non-native target and native neighbour and
non-native target and non-native neighbour), we extended our
two initial models by allowing the intercept, by, in eqn 2 to
vary between the species origin permutations:

Wi = Do, + by, (11)

where by, is the regression intercept for the gth species origin
permutation (g = 1, 2, 3, 4); and the other notations are as in
eqn 2. To further explain heterogeneity that was captured at
the study, species and observation levels, we iteratively aug-
mented the initial models with additional predictors (e.g.
study duration, global invasion status and N-fixing ability of
species, etc.; see Data Collection in Appendix S2 for descrip-
tion of predictors and Table S1 in Appendix S5 for the full
list of models). Continuous predictors were mean-centred and
scaled prior to analyses to improve model fitting and facilitate
across-model comparisons.

To test the competition-relatedness hypothesis, we indepen-
dently assessed the relationship between the pair-averaged
intensity of competition, competitive inequality and competi-
tive release (response variable) and the target-neighbour phy-
logenetic distance (predictor) using an exponential function of
the form y = a(1 — e~?). This non-linear function is rooted at
0, ranges from linear to asymptotic, and was previously
shown to provide a good fit for the relationship between com-
petition and phylogenetic relatedness (Godoy et al. 2014).
When necessary, a response variable was centred around the
minimum value prior to analyses to avoid negative values. We
incorporated the exponential function into eqn 2 of our model
with phylogenetic correction, allowing parameters a and b to
vary depending on whether competing species were monocots
or eudicots (Cahill ez al. 2008):

EffectSize; = 1; + ary, +any + 51 + SNy + i

12
+ uj[,] —+e; + m; ( )
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Wy = dygg (1 — €~ Pi2) by, (13)

where EffectSize; is the measured intensity of competition,
competitive inequality, or competitive release; @, and b,
are coefficients of the exponential function for the mth mono-
cot/eudicot group (m = 1 when at least one species in a com-
peting pair is a monocot; m =2 when both species are
eudicots); xo, is the phylogenetic distance between two species
in the ith pair of reciprocal effects (i = 1, ..., Nyq); and the
other notations are as in eqns 1-2.

Computational implementation

Full Bayesian statistical inference was performed using the
Hamiltonian Monte Carlo sampling algorithm implemented
in the modelling software Stan (Carpenter et al. 2017). We
used non-centred parametrisation for all grouping effects in
our models, which allowed us to increase the sampling effi-
ciency and directly estimate all variances (Betancourt &
Girolami 2015; Stan Development Team 2016a). In all our
models, the overall mean effects and predictors were given
Normal(0, 5%) priors and scale parameters o> were given
half-Normal(0, 5°) priors, except for o2 and o2, which
were modelled with Gamma(2, 2) priors. The parameters a
and b in the relatedness-competition model (eqn 13) were
given half-Normal(0, 5%) and Gamma(2, 2) priors respec-
tively. The chosen priors were weakly informative because
they contained enough information to leave out unreason-
able parameter values (i.e. regularise the extreme inferences
that can be obtained using non-informative priors) while
not restraining parameter estimation (Simpson et al. 2017).
The inference regularisation allowed us to improve fitting
and speed up convergence of the models with phylogenetic
correction. For each model, we ran three chains with 20 000
iterations per chain, starting from default values. We used
the first half of each chain as a warm-up and thinned the
other half at the interval of 20, which resulted in a poste-
rior sample of 1500 for each parameter. We used default
settings for Stan, except for decreasing the initial step size
from its default of 1 to 0.5 and increasing the target accep-
tance rate from 0.8 to 0.999 to avoid divergent transitions
(Stan Development Team 2016a). To assess mixing, we visu-
ally examined traceplots and calculated autocorrelation in
chains. We checked convergence with the potential scale
reduction factor, R, which is close to 1 at convergence (Gel-
man & Rubin 1992). All Bayesian analyses were performed
in R v.3.3.1 (R Core Team 2016) using the package rstan,
which provides an R interface to Stan (Stan Development
Team 2016b). Stan code for all models is provided in
Appendix S3.

Model evaluation and pairwise comparisons

To evaluate the predictive accuracy of our models, we per-
formed approximate leave-one-out (LOQO) cross-validations
using Pareto smoothed importance sampling implemented
in the package /oo (Vehtari et al. 2016) in R v.3.3.1 (R
Core Team 2016). The reliability of the method depends

on the shape of the generalised Pareto distribution; we
therefore assessed the values of the tail shape parameter k
in each model to ensure that most values were between
—oo and 0.7 (Vehtari ef al. 2016). The results of the
approximate LOO cross-validations were summarised with
the LOO information criterion (LOOIC) and its standard
error, both of which were as well estimated using the
package loo (Vehtari et al. 2016) in R v.3.3.1 (R Core
Team 2016). In addition, for our final models (i.e. models
with the lowest LOOIC), we generated predicted values
using the observed predictors’ values (replicated data sensu
Gelman et al. 2015) and graphically inspected discrepancies
between observed and predicted values. An effect was con-
sidered significant if its 95% posterior credible interval did
not contain zero. Similarly, two effects were considered
significantly different if the 95% posterior credible interval
of the difference between these effects (A) did not overlap
with zero. Pairwise differences were not adjusted for multi-
ple comparisons because the Bayesian multilevel approach,
when applied in combination with appropriate, centred at
no effect priors, provides highly conservative inference that
does not require further correction for multiple compar-
isons (Gelman ef al. 2012). Posterior distributions are
reported as the posterior means and the 95% posterior
credible intervals.

Quantifying heterogeneity

The reliability of the overall trend estimated by meta-analysis
depends on the degree of consistency among individual studies
(i.e. heterogeneity). Following the approach proposed by Nak-
agawa & Santos (2012), we quantified the total heterogeneity,
o2,,, as the sum of all variance components in a model; 62, in
the model with phylogenetic correction was calculated as fol-

lows:

o, = cﬁl, + cfm + Gf,[_ + GfN + Gfl +06+ 0l +o (14)

where o2 is the total sampling variance; and the other

notations are as above. The total sampling variance, o2, was

estimated as follows:

P=W—-WXXWX)'XW (15)
k —

A 4 (16)

" [P

where W is a diagonal matrix with the inverse sampling vari-
ances on the diagonal; X is the design matrix; k is the number
of observations; p is the number of columns in X; and #r[P] is
the trace of the P matrix. We calculated the relative amounts
of heterogeneity captured by individual grouping effects as the
ratio of the variance associated with a specific grouping effect
to the total heterogeneity. Such approach to quantifying
heterogeneity is an extension of the common practice of calcu-
lating the P statistic (Higgins & Thompson 2002) to a multi-
level meta-analytic setting (Nakagawa & Santos 2012). For
example, the study-level heterogeneity, If,, can be written as
follows:
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62

P=—_. (17)
“ Ol

Similarly, we quantified phylogenetic signals for target and
neighbour species, H3. and H3, as the ratio of the phyloge-
netic variance for target and neighbour species respectively to
the sum of all variance components in a model except for the
total sampling variance, o2,. Using the same notation, the two
phylogenetic signals can be written as follows:

02

Hy = s 18
BT R A AL "
2
(o)
Hy : (19)

02,40, 402, 402 +0.+ 0+ 0
The phylogenetic effects, H% or H3, range between 0 and 1

and are equivalent to Pagel’s 1 (Pagel 1999) (discussed in
Nakagawa & Santos 2012).

Publication bias

Publication bias occurs whenever the research that appears in
the published literature is systematically unrepresentative of the
population of completed studies (Rothstein er al. 2005). The
most commonly addressed type of publication bias is when sta-
tistically significant results have a higher chance to be published
than otherwise (i.e. the ‘file drawer problem’; Rothstein ez al.
2005). We tested for the presence of this type of bias in our
data by exploring asymmetry in funnel plots. We visually
inspected contour-enhanced funnel plots (Peters et al. 2008) of
the posterior means of meta-analytic residuals (i.e. the sums of
observation-level errors, ¢; and sampling errors, m1;) of our final
models against precisions (i.e. inverse of sampling errors, w;)
created with the package meta (Schwarzer 2007) in R v.3.3.1 (R
Core Team 2016). In addition, we performed an Egger’s regres-
sion analysis on the posterior means of meta-analytic residuals
as described in Nakagawa & Santos (2012). The modified
Egger’s regression model can be written as follows:

0NN(bo+blﬁ, G% (20)
0i = (ei +mj)\/wi (1)

where by and b; are regression coefficients; 6(2) is the residual
regression variance; I is a N, by N, identity matrix; e; is
the observation-level (i.e. residual) error for the ith
observation (i = 1, ..., N,); m; is the sampling error associ-
ated with the ith effect size; w; is the inverse of the sampling
variance associated with the ith effect size. When the inter-
cept, by, is significantly different from zero, one concludes that
there is evidence for publication bias (Nakagawa & Santos
2012). Meta-analytic residuals were used instead of initially
proposed effect size estimates because non-independence of
effect sizes violated the assumptions of the original methods
(Egger et al. 1997; Peters et al. 2008). We also tested for time-
lag bias, which occurs when effect size correlates with publica-
tion date, by including the year of publication as a predictor
in our initial models (Trikalinos & Ioannidis 2005).

© 2018 John Wiley & Sons Ltd/CNRS

RESULTS
Net neighbour effects

Overall, target plants were negatively affected by the presence
of a heterospecific neighbour (overall mean ANNE: —1.06
[—1.25, —0.86]; overall mean reciprocal ANNE: —0.95 [—1.19,
—0.72]). However, the magnitude of competitive suppression
varied with biogeographical origin of a target and a neighbour
species (Fig. 1). The results on all data were largely consistent
with the results on reciprocal net neighbour effects (Fig. 1) and
none of those were affected by phylogenetic correction (Fig. 2).
Non-native neighbours were, on average, equally strong sup-
pressors against heterospecific native and heterospecific non-
native plants (A all ANNEs: 0.01 [—0.22, 0.25]; A reciprocal
ANNEs: —0.02 [—0.26, 0.24]; Fig. la,c). Likewise, the mean
absolute effect of native on native was comparable to that of
native on non-native (A all ANNEs: —0.13 [-0.32, 0.07]; A
reciprocal ANNEs: —0.22 [—0.46, 0.01]; Fig. la,c). The mean
absolute effect of non-native on native was not different from
the effect of native on native (A all ANNEs: —0.18 [—0.38,
0.01]; A reciprocal ANNEs: —0.07 [—0.27, 0.14]; Fig. la,c). At
the same time, non-natives were significantly less affected by the
presence of a heterospecific native than heterospecific non-
native neighbour (A all ANNESs: 0.30 [0.07, 0.52]; A reciprocal
ANNESs: 0.32 [0.09, 0.55]), whereas natives were more affected
by the presence of a heterospecific non-native than vice versa (A
all ANNEs: —0.31 [-0.53, —0.10]; A reciprocal ANNEs: —0.29
[-0.56, —0.06]; Fig. la,c).

On average, native plants were more suppressed by hetero-
than conspecific neighbours, whereas for non-native plants,
the intensities of intra- and interspecific competition were
nearly equal (Fig. 1b,d). In agreement with the results on the
absolute effects, native plants were not more suppressed by
heterospecific non-native than heterospecific native neigh-
bours, as compared to conspecific neighbours (A all RNNEs:
—0.12 [-0.52, 0.29]; A reciprocal RNNEs: —0.34 [—0.85,
0.17]; Fig. 1b,d). In the meantime, relative to interspecific
competition, non-natives tended to compete more intensely
with heterospecific non-native than heterospecific native neigh-
bours, yet this was significant only when all data were anal-
ysed (A all RNNEs: —0.49 [-0.96, —0.04]; A reciprocal
RNNEs: —0.34 [—0.85, 0.17]; Fig. 1b,d).

The slope associated with the proportion of a target species
in the competition treatment was significantly positive across
all models on the net neighbour effects.

Competitive inequality and competitive release

Overall, pairs of competing species differed in terms of their
absolute effects on each other (overall mean competitive
inequality: 1.23 [1.03, 1.45]); yet the magnitude of competitive
inequality varied across the three origin-defined types of two-
species combinations (Fig. 3a). Specifically, pairs of native
species had, on average, more similar competitive abilities
than non-native heterospecific pairs (A competitive inequality:
0.39 [0.02, 0.76]); meanwhile, competitive inequality across
native—non-native pairs did not significantly differ from that
of native (A competitive inequality: 0.21 [—0.02, 0.45]) and
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Figure 1 On average, non-native plants were less affected by competition from heterospecific native than heterospecific non-native (a, c) but not conspecific
neighbours (b, d). Native plants were equally suppressed by heterospecific native and heterospecific non-native neighbours (a, c¢) and these effects were
stronger than those of conspecific neighbours (b, d). Polygons are mirrored posterior kernel density plots, within-polygon horizontal lines from the bottom
are 2.5, 50 and 97.5% posterior quantiles, within-polygon points are the posterior means and within-polygon vertical lines are the posterior standard
deviations. Solid horizontal lines are the posterior mean estimates for the overall meta-analytic means. Indexes above the polygons indicate significant

pairwise differences (95% credible interval does not include zero).

non-native pairs (A competitive inequality: —0.18 [—0.46,
0.13]; Fig. 3a). The magnitude of competitive release in inter-
vs. intraspecific competition in native-non-native pairs was
higher than in native pairs (A competitive release: 0.91 [0.05,
1.75]), but not different from that in non-native pairs (A com-
petitive release: —0.15 [—0.99, 0.68]; Fig. 3b). Phylogenetic
correction did not affect these results (Fig. 3c,d).

Sources of heterogeneity and model comparison

Without phylogenetic correction, unexplained heterogeneity
constituted 85.6 [83.6, 87.7]% and 81.0 [77.1, 84.8]% of the
total heterogeneity for ANNEs and 90.8 [89.7, 92.0]% and
91.2 [89.8, 92.6]% of the total heterogeneity for RNNEs in
the data sets on all and reciprocal effects respectively. Signifi-
cant amounts of heterogeneity were captured at all levels
across all data sets, with the study and observation levels con-
sistently being the most and the least important sources of
heterogeneity respectively (Fig. 4a,b). In the ANNE data, the
second largest amount of heterogeneity arose due to clustering
at the sampling-dependency-group level (i.e. due to the use of

common controls), followed by heterogeneity at the neigh-
bour- and target-species levels. In the RNNE data, more
heterogeneity was captured at the neighbour- and target-spe-
cies than sampling-dependency-group level (Fig. 4a,b). Inter-
estingly, when only reciprocal effects were analysed, the
amounts of heterogeneity at the neighbour- and target-species
levels were almost equal for both ANNEs and RNNEs
(Fig. 4a,b). Heterogeneity patterns in the models with phylo-
genetic correction largely followed those in the models with-
out phylogenetic correction (Fig. 4c,d). We detected
significant yet very weak phylogenetic signals among neigh-
bour species (all ANNEs: 0.08 [0.01, 0.23]; reciprocal ANNE:s:
0.10 [0.01, 0.28]; all RNNEs: 0.15 [0.01, 0.40]; reciprocal
RNNESs: 0.07 [0.001, 0.28]) and target species (all ANNESs:
0.05 [0.003, 0.15]; reciprocal ANNEs: 0.1 [0.005, 0.27]; all
RNNESs: 0.07 [0.002, 0.20]; reciprocal RNNEs: 0.06 [0.001,
0.26)).

Additional predictors only slightly improved the models
(Table S1 in Appendix S5). Globally invasive plant species
were significantly stronger suppressors than globally non-inva-
sive species (A from the overall mean effect: —0.33 [—0.60,
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Figure 2 Phylogenetic correction did not change the overall conclusions of the meta-analyses: non-native plants were less affected by heterospecific native
than heterospecific non-native (a, c) but not conspecific neighbours (b, d), whereas native plants were equally suppressed by heterospecific native and non-
native neighbours (a, ¢) and the magnitude of heterospecific suppression was higher than of conspecific suppression (b, d). Note that the results are for the
species included in the phylogeny (Zanne et al. 2014). Other details are as in Fig. 1.

—0.06]); however, this pattern disappeared after we accounted
for local invasion status. N-fixers were more affected by
heterospecific competition than non-N-fixers (—0.35 [—0.67,
—0.02]), regardless of whether a neighbour was an N-fixer or
not. Trees exhibited significantly weaker competitive effects in
comparison to other life habit types (0.51 [0.09; 0.95]). In
addition, neighbour effects tended to be more negative in
tropics than on average (—1.78 [—3.24, —0.27]) and as the
duration of experiment increased (regression slope: —0.11
[—0.23, 0.01]). Experimental setting and the presence of soil
microbiota did not have consistent effects on ANNEs. Rela-
tive to conspecific neighbours, heterospecific perennials, espe-
cially trees, were less suppressive than other life forms
(perennial: 0.49 [0.03, 0.94]; tree: 1.00 [0.28, 1.77]). In water-
stressful environments, heterospecific neighbours, particularly
those with the CAM photosynthetic pathway type, tended to
have positive effects compared to conspecific neighbours (de-
sert habitat: 3.98 [0.93, 6.99]; CAM photosynthesis: 8.71 [2.71,

© 2018 John Wiley & Sons Ltd/CNRS

14.91]). Other predictors did not have consistent effect on
RNNEs. Overall, both our initial and extended models had
high predictive accuracy (Fig. S1 in Appendix S4).

The competition-relatedness hypothesis

We were not able to provide support for the competition-relat-
edness hypothesis. The exponential curves reached the plateau
almost immediately, indicating lack of the relationship of phy-
logenetic distance with the intensity of competition (Fig. S2a,
b in Appendix S4), competitive inequality (Fig. S2c¢) and com-
petitive release (Fig. S2d).

Publication bias

We detected a significant funnel plot asymmetry towards
highly negative effects sizes with small precisions (Fig. S3 in
Appendix S4). Year of publication did not explain any
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heterogeneity in the data, pointing to the absence of time-lag
bias (model 13 in Table S1).

DISCUSSION
Net neighbour effects

Our synthesis showed that in a heterospecific competitive set-
ting, non-native plants tend to outperform native plants,
hence agreeing with the findings of previous meta-analyses
(Vila & Weiner 2004; Kuebbing & Nunez 2016). However,
contrary to the predominant view of non-natives as strong
competitive suppressors (Levine ef al. 2003; Kuebbing &
Nunez 2016), we showed that competitive advantage of non-
native plants is primarily due to their low responsiveness
(i.e. high tolerance) to the presence of a native neighbour
and not because the degree of suppression they impose on
natives is higher than that among natives (Fig. la,c). The
observed discrepancy with earlier syntheses (Vila & Weiner

2004; Kuebbing & Nunez 2016) could be due to method-
ological differences, particularly differences in study inclusion
criteria and statistical approach. For example, we considered
only results of manipulative studies that were presented as
individual plant biomass (as opposed to combining data
from manipulative and observational studies on multiple
traits). Furthermore, we used the Bayesian multilevel mod-
elling approach, which imposes shrinkage on estimated
group-level parameters and, in combination with zero-centred
priors, provides highly conservative inference (Gelman ez al.
2015).

Importantly, competitive tolerance of non-natives was evi-
dent in relation to heterospecific native but not heterospecific
non-native plants, suggesting that this strategy is more likely
to be driven by the distinct eco-evolutionary context in the
introduced range rather than by the inherent ability of non-
natives to withstand competition (Fig. la,c). This result is in
agreement with several empirical studies that showed low
responsiveness of non-native plants to the presence of natives

© 2018 John Wiley & Sons Ltd/CNRS
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(Bakker & Wilson 2001; Suding ez al. 2004; Maron & Marler
2008; French 2012; Mason et al. 2012) and extends the earlier
finding that non-native plants experience lower level of inter-
specific competitive suppression in the introduced relative to
native range (Callaway et al. 2011; Sun et al. 2014). Several
non-mutually inclusive mechanisms could potentially lead to
high tolerance of non-natives in regard to native heterospeci-
fics. As one plausible explanation, non-natives might have
evolved in highly competitive environments, which provided
them with an advantage when introduced to environments
with lower intensity of interspecific competition than at home.
This is in line with the evolutionary imbalance hypothesis,
which relies on the assumption that species from different
parts of the world differ in their efficiency in converting
resources into offspring for a given type of environment (Frid-
ley & Sax 2014). Alternatively, non-native species might pos-
sess traits that allow them to fill in an ‘empty’ niche and thus
partially avoid competition with natives. For example, Suding
et al. (2004) experimentally demonstrated that Centaurea dif-
fusa attained neighbour tolerance via its ability to effectively
use phosphorus, which was not a limiting resource for natives.
Importantly, under such circumstances, competitive tolerance

© 2018 John Wiley & Sons Ltd/CNRS

of non-native plants can be overridden by forcing them to
compete with other species for the same resource (Suding
et al. 2004; Pearson et al. 2017). Lastly, heterospecific neigh-
bour tolerance of non-natives could be at least to a certain
extent the product of coevolution with native plant species,
geared towards long-term persistence in the new range (Huang
et al. 2017).

Native and non-native plants were clearly distinguished
from one another in terms of their response to inter- vs.
intraspecific competition. Differential response to inter- vs.
intraspecific competition has been repeatedly documented and
interpreted as evidence for the prevalent role of competitive
hierarchy (here defined in terms of the relative ability to sup-
press) compared to niche differentiation in structuring native
plant communities (Willson e al. 1987, Argyres & Schmitt
1992; Goldberg & Barton 1992). Specifically, weak competi-
tors are expected to perform better in the presence of
con- than heterospecifics, whereas strong competitors often do
better when surrounded by hetero- relative to conspecifics (Stoll
& Prati 2001; Lambers er al. 2004). However, this pattern did
not fully hold for native vs. non-native species in our study.
Although we found that natives were less suppressed by hetero-
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than conspecifics, the origin of a heterospecific neighbour was
of no importance (Fig. 1b,d). Moreover, the effect of a
heterospecific neighbour on non-natives was not consistently
smaller than that of a conspecific neighbour, as would be
expected if non-natives were strong suppressors (Fig. 1b,d).
Nevertheless, when averaged across competitors, native-non-
native pairs were to a larger degree released from competition
in a hetero- vs. conspecific setting than native species pairs, sup-
porting our previous statement that non-natives are competi-
tively tolerant in regard to heterospecific natives (Fig. 3b).

Notably, the distinction between native and non-native spe-
cies in terms of the magnitude of competitive release in inter-
vs. intraspecific competition was due to their differential
response to both hetero- and conspecifics. As collectively sug-
gested by our results, non-natives were, on average, more
affected by intraspecific competition than native species (note
that we were not able to directly measure the intensity of
interspecific competition because of the limitations of the
experimental designs of individual plant competition studies).
This is inconsistent with a recent study by Miiller ef al.
(2016), who showed that biogeographical origin does not
explain the intensity of competition with conspecifics. How-
ever, other lines of evidence suggest possible reasons for the
observed difference. For example, the relative reduction in
biomass in intraspecific competition might positively correlate
with plant’s biomass in isolation (Freckleton & Watkinson
2001). This pattern might hold in our data as we found that
within native—non-native species pairs, biomass of individual
non-native plants was, on average, greater than that of native
plants (0.92 [0.00, 1.87]). Moreover, it has been shown that
there is a trade-off between intra- and interspecific competitive
ability at least in some non-native plant species (Lankau &
Strauss 2007; Lankau 2009) and that non-native species may
evolve towards increased intensity of intraspecific competition
(Huang & Peng 2016), which could be as well reflected in our
data.

On average, non-natives were less equivalent in terms of
their competitive effects on each other than native species;
meanwhile, at odds to our expectation, pairs of native and
non-native species did not significantly differ in their competi-
tive inequality neither from non-native, nor from native spe-
cies pairs (Fig. 3a,c). Given the fact that the native ranges of
competing non-natives always overlapped, strong reciprocal
suppression among non-natives could be attributed to higher
intensity of interspecific competition in their home vs. intro-
duced range, as discussed previously. Alternatively, competi-
tion between non-native species could be exacerbated upon
embedding them into a new ecological context, but this
requires additional testing. Strong competition among
non-natives can potentially affect the structure and dynamics
of invaded plant communities, leading to increased biotic
resistance to future invasions compared to uninvaded commu-
nities. For example, soil nutrient and moisture pre-emption in
non-native-dominated communities have been shown to ham-
per establishment of other non-native plants (Berube & Myers
1982; Davies et al. 2010). Similarly, non-native species can be
more effective than natives in preventing previously dominant
invasive species from re-establishment (Davies et al. 2015).
Our understanding of plant species competition and

coexistence in invaded communities will be greatly enhanced
by further research on multiple non-native species.

Heterogeneity

Heterogeneity in our data was mainly concentrated at the
study level, indicating much higher similarity of effect sizes
within than between studies (Fig. 4). This heterogeneity
remained largely unexplained since none of the predictors at
the study level showed a consistent effect. The use of a com-
mon control for calculating effect sizes was the second most
important source of heterogeneity, followed by species-specific
effects (Fig. 4). At the species level, we showed that N-fixers
were less tolerant to competition, but not necessarily less sup-
pressive of their neighbours than non-N-fixers. The latter,
however, should not be considered in conflict with the exten-
sive evidence on the facilitative role of N-fixers (Gémez-Apar-
icio et al. 2008). The spatial and temporal scale captured by
our data was too small for detecting facilitation (Bruno et al.
2003). Moreover, soils used in competition experiments might
have been initially rich in nitrogen, which could negatively
affect competitive ability of N-fixers or mitigate their positive
effect on neighbours (Harpole & Tilman 2007). Phylogenetic
relatedness among neighbour and target species explained
only little heterogeneity in the data, and correcting for it did
not affect the overall results (Figs. 2, 3). Furthermore, in
agreement with previous studies (Cahill ef al. 2008; Dostél
2011; Fritschie et al. 2014; Godoy et al. 2014; Feng & van
Kleunen 2016), we were unable to provide support for the
relatedness-competition hypothesis. As previously suggested,
lack of the relationship between phylogenetic relatedness and
plant competition and coexistence might be because phy-
logeny does not precisely capture average fitness differences
and stabilising niche differences among species (Godoy et al.
2014). Notably, the amount of heterogeneity remaining after
accounting for all the known correlative structures (i.e. resid-
ual heterogeneity) was negligible, or put another way, varia-
tion in the data occurred at the levels higher than individual
observation. The presence of multiple crossed dependencies
within our data once again highlights the high context-depen-
dent nature of the process of plant competition. We therefore
highly encourage the use of a multilevel approach in future
syntheses on plant competition and invasion.

Publication bias

We detected a significant negative asymmetry in funnel plots,
suggesting that our inference could be potentially biased
towards negative effect sizes (Fig. S3). We were not surprised
by this as the bias in reporting and interpretation of the
results towards significant negative effects has long been
recognised among studies on species competition and invasion
(Connell 1983; Warren ef al. 2017). However, in contrast to
the high sensitivity to extreme values of the methods used for
detecting publication bias (the significance of the Egger’s
regression intercept was driven by roughly 6 and 3% of the
ANNE and RNNE data respectively), our analyses were
robust to potential outliers (Fig. S1). Moreover, our data were
not systematically biased towards one origin group, which
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suggests that origin-level comparisons are largely unaffected
by publication bias. More importantly, we stress that the
results of this study are representative of the short-term out-
comes of competition in two-species systems under not neces-
sarily realistic conditions and therefore might not scale up to
community-level patterns (see Duralia & Reader 1993; Dor-
mann & Roxburgh 2005; Engel & Weltzin 2008; Martorell &
Freckleton 2014 for further discussion). Moreover, we used
individual plant biomass as a proxy for fitness, yet biomass
and fitness are not always positively correlated (e.g. Colautti
& Barrett 2013). When possible, future studies on the role of
origin in plant competition should incorporate indirect effects
that arise in systems with three and more species and assess
the outcome of competition directly in terms of fitness.

Concluding remarks

Our study demonstrated that non-native plants are competi-
tively different from their heterospecific native counterparts
in several ways. Specifically, we showed that, contrary to
what is commonly believed, neighbour tolerance and not
neighbour suppression allows non-natives to outperform
native plants in a two-species setting. Interestingly, even
though non-natives were less affected by heterospecific
natives than vice versa, their overall performance when sur-
rounded by natives was often not enhanced in comparison
to that in the presence of conspecifics. We also showed that
both inter- and intraspecific competition tended to be more
intense among non-natives that among natives. Collectively,
our results suggest that reduced intensity of interspecific
competition in the introduced compared to native range
plays an important role in the success of non-native plant
species.

It remains unknown to what degree competitive tolerance
of non-natives is driven by their distinct eco-evolutionary his-
tory and to what degree it is a product of rapid evolution in
the introduced range. If competitive tolerance has high adap-
tive potential in the novel range, we might expect to see its
increase in non-native plants over time (e.g. Huang et al.
2017). Similarly, we are limited in our knowledge on how
native plants evolve in response to competition from non-
native neighbours (Strauss et al. 2006). A handful of studies
showed than native plants can develop tolerance towards their
novel counterparts (e.g. Callaway et al. 2005; Lau 2006), and
this could to a certain extent explain why native plants
responded similarly to native and non-native neighbours in
our study. Future studies that experimentally manipulate both
competition and selection would greatly improve our under-
standing of the role of competition in plant invasions.
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