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Abstract

Success of alien plants is often attributed to high competitive ability. However, not all aliens
become dominant, and not all natives are vulnerable to competitive exclusion. Here, we quantified
competitive outcomes and their determinants, using response-surface experiments, in 48 pairs of
native and naturalised alien annuals that are common or rare in Germany. Overall, aliens were
not more competitive than natives. However, common aliens (invasive) were, despite strong limita-
tion by intraspecific competition, more competitive than rare natives. This is because alien species
had higher intrinsic growth rates than natives, and common species had higher intrinsic growth
rates than rare ones. Strength of interspecific competition was not related to status or common-
ness. Our work highlights the importance of including commonness in understanding invasion
success. It suggests that variation among species in intrinsic growth rates is more important in
competitive outcomes than inter- or intraspecific competition, and thus contributes to invasion
success and rarity.
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INTRODUCTION

Over 13,000 plant species have established self-sustaining pop-
ulations outside their natural ranges (van Kleunen et al. 2015;
Py�sek et al. 2017), and the rise in the number of these alien
species shows no sign of saturation (Seebens et al. 2017). Con-
cerns over the impact of alien species (Vil�a et al. 2011) have
stimulated considerable interest in finding out what determi-
nes invasion success (van Kleunen et al. 2018). A primary
hypothesis is that alien plant species are more competitive
than native species (Baker 1965). Three meta-analyses on hun-
dreds of experiments support this hypothesis (Vil�a & Weiner
2004; Kuebbing & Nunez 2016; Golivets & Wallin 2018).
However, not all alien species become dominant (Williamson
& Fitter 1996), and not all native species are vulnerable to
competitive exclusion (Levine et al. 2004). It is indeed debated
whether common alien species, which are usually considered
to be invasive, and common native species are successful
because they follow the same rules and have similar character-
istics (Jeschke & Strayer 2008; Thompson & Davis 2011; van
Kleunen et al. 2011), such as a high resource-capture ability.
In addition, results of previous studies on competition
between alien and native species may be biased towards using
common alien species (Hulme et al. 2013) and rare native spe-
cies (Vil�a & Weiner 2004). Rigorous tests on competition
between alien and native species that include both rare and
common species are thus crucial to understanding the determi-
nants of invasion success and rarity (van Kleunen et al. 2011).
Quantifying competitive ability of species is challenging. So

far, there are more than 50 indices (Weigelt & Jolliffe 2003),
which fall into two main categories: competition outcomes

tition (Gibson et al. 1999).

Competition outcomes, the first category, refer to which spe-
cies will exclude or dominate over other species at the end
point for the community. Most experiments inferred competi-
tive outcomes from short-term studies (Aschehoug et al. 2016)
or were restricted to a limited number of densities of compet-
ing species (Inouye 2001), which are unlikely to mimic real
community dynamics (Hart et al. 2012). As a result, we might
not be able to adequately extrapolate competitive outcomes
between alien and native species from most previous studies.
The strength of interspecific competition, the other category,

refers to the ability of species to tolerate and suppress other
species. It is often used as a surrogate for competitive out-
comes (Gibson et al. 1999). For example, Golivets & Wallin
(2018) and Kuebbing & Nunez (2016) synthesized studies on
the strength of interspecific competition. They concluded that
alien species were more competitive than native species.
Although the strength of interspecific competition is an
important determinant of competitive outcomes, the two mea-
sures are not equivalent (Gibson et al. 1999; Aschehoug et al.
2016). Theoretical models suggest that species could become
competitive through two other determinants: high intrinsic
growth rates (i.e. growth rates in the absence of competition)
and weak intraspecific competition (Chesson 2000; Hart et al.
2018; see Fig. 1 for hypothetical examples). Empirical support
for this comes from a classic example of biological invasion:
the Argentine ant (Linepithema humile). Individuals of this
species do not exert stronger interspecific competition com-
pared to native ants (Holway 1999). Nonetheless, loss of
intraspecific competition increased population sizes of the
Argentine ant and thus their competitive effect on native ants
(Holway et al. 1998). However, few studies have examined the
relative importance of the three determinants of competitive
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outcomes (intrinsic growth rates, intra- and interspecific com-
petition; Godoy et al. 2014; Godoy & Levine 2014; Chu &
Adler 2015). Moreover, we are not aware of any study
considering these three determinants in combination with sta-
tus (i.e. alien or native) and commonness of the interacting
species.
Here, we conducted an experiment with a total of 17 alien

(n = 9) and native (n = 8) annual species that are either com-
mon (n = 10) or rare (n = 7) in Germany. We described com-
petition between 48 pairs of these alien and native species by
growing 19,600 individuals in a response-surface design
(Inouye 2001) in which we varied the density of both species
of a pair independently. By parameterising a classical compe-
tition model with our data, we tested (1) whether the three
theoretically justified determinants of competitive outcomes –
intrinsic growth rates, intra- and interspecific competition
coefficients – were related to status and commonness. Then,
we tested (2) whether alien species are more competitive than
native species (i.e. competitive outcomes), and (3) whether the
competitive outcomes were related to commonness of alien
and native species.

MATERIALS AND METHODS

Study species

To increase our ability to generalize the results (van Kleunen
et al. 2014), we initially selected 21 annual plant species that
are either native or alien in Germany. We used annual species
because they have short and simple life cycles that can be rea-
sonably described by classical competition models (Levine &
HilleRisLambers 2009). Those 21 species represented four
confamilial groups, each of which, ideally, included at least
one common native species, one rare native species, one com-
mon alien species and one rare alien species. Because all

species (except Cotula coronopifolia) mainly occur in grass-
lands and overlap in their distributions according to the Flor-
aWeb database (Bundesamt f€ur Naturschutz 2003), they are
likely to interact with each other in nature. All alien species,
including the rare ones, are naturalised (sensu Richardson
et al. 2000) in Germany. We selected confamilial groups to
control for phylogenetic correlations among species. However,
due to difficulties in obtaining seeds and insufficient germina-
tion of some species, we could use only 17 of the 21 species
(Table S1).
As commonness (or rarity) has multiple dimensions (Rabi-

nowitz 1981), we selected species as being either common or
rare based on two dimensions: occupancy frequency and local
abundance level (Fig. S1; Table S1). Specifically, we assigned
a species as common if it is widespread in Germany and is
locally abundant, and as rare if it is not widespread in Ger-
many and is not locally abundant. For the criterion of occu-
pancy frequency, we used the range size of the species in
Germany (calculated as the number of 130-km2 grid cells
occupied by the species, which was extracted from the Flora-
Web database). We assigned a species as widespread if it
occupies more than 500 out of all grid cells (i.e. 3000) in Ger-
many. For the criterion of local abundance level, we assigned
a species as abundant if it can form large groups (data
extracted from the FloraWeb). It should be noted that the
median number of grid cells of the rare and common species
differed by more than one order of magnitude (108 vs. 1653
grid cells). So, they are quite different. Moreover, the most
widespread rare species, Bromus japonicus, often occurs as iso-
lated individuals, whereas the least widespread common spe-
cies, Vulpia bromoides, often occurs in large groups. So, even
though these two species were the most similar in occupancy
frequency, they differed strongly in abundance level.
While we use here the terms common and rare as this

applies both to native and alien species, the common alien
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Figure 1 Three hypothetical examples illustrating the relationship between competitive outcome and its three determinants – intrinsic growth rate and

strength of intra- and interspecific competition. In example (a), species 1 and species 2 have the same intrinsic growth rates, represented by the same sizes

of the two species without competition. When in interspecific competition with each other, species 1 is unaffected, and species 2 has a 50% reduction in

fitness (e.g. growth rate). In this situation, the competitive outcome is that species 1 has a higher fitness than species 2 when grown together (i.e. species 1

is more competitive). In example (b), species 3 has twice the intrinsic growth rate of species 1, and when grown in interspecific competition with species 1

has a 25% reduction in fitness. In this situation, species 1 is less competitive than species 3. In example (c), we include intraspecific competition. Species 4

and species 1 have the same intrinsic growth rates and are both unaffected by interspecific competition. However, when grown with intraspecific

competition, species 1 is unaffected, whereas species 4 has a 50% reduction in fitness. In this situation, species 1 is more competitive than species 4.

Therefore, competitive outcomes might not always be well predicted by the strength of interspecific competition (i.e. arrows in examples a & b)
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species can be considered as invasive alien species, and the
rare alien species as non-invasive alien species. Still, there are
multiple definitions of invasive species. Richardson et al.
(2000) and Blackburn et al. (2011) proposed that invasive
alien species need to overcome the barrier to spread in the
landscape. The Convention on Biological Diversity (CBD
2000) and Levine et al. (2004) proposed that invasive alien
species have negative impacts on other species. However, it is
likely that a widespread and locally abundant species has a
rapid spread rate and has negative impact; therefore, occu-
pancy frequency and abundance level are important demo-
graphic dimension of invasiveness (Catford et al. 2016; van
Kleunen et al. 2018).

Experimental set-up

The experiment, except the seed germination, took place out-
doors in the botanical garden of the University of Konstanz,
Germany (47°41’31” N, 9°10’44” E; 460 metres above sea
level). On 5 or 12 June 2017, we sowed the 17 species sepa-
rately into plastic trays filled with potting soil (Topferde@,
Einheitserde Co., Sinntal-Altengronau, Germany; pH 5.8;
2.0 g L-1 KCl; 340 mg L�1 N; 380 mg L�1 P2O6; 420 mg L�1

K2O; 200 mg L�1 S; 700 mg L�1 Mg). To ensure that the dif-
ferent species were in similar developmental stages at the
beginning of the experiment, we sowed the species at different
times (Table S1), according to their germination speed known
from previous (pilot) experiments. We then placed the trays
with seeds in a greenhouse under natural light condition, with
a temperature between 18 and 25°C.
Based on the numbers of available seedlings, we used the 17

species to make 48 pairs to study pairwise competition
between the alien and native plant species (Table S2). For
each alien–native species pair, we transplanted the seedlings
according to a response-surface experimental design (Inouye
2001), in which we had 20 different density combinations,
such that the total density ranged from 4 via 8 and 12 to 16
plants per pot, and the frequency of each species from 0 via
0.25, 0.5 and 0.75 to 1 (Fig. 2). Response-surface designs
mimic the dynamics of species populations across space and
time (Hart et al. 2012) and allow more accurate parameterisa-
tion of mathematical models of competition than other
designs, such as additive and substitution designs (Inouye
2001). Despite their various advantages, response-surface
designs have been relatively little used (van Kleunen et al.
2006; Hart et al. 2012), because they are more labor intensive
than other competition designs.
From 26 to 30 June 2017, we transplanted the seedlings,

according to the design described above, into 3-L plastic pots
(16 9 16 9 12 cm) filled with potting soil (Topferde@). For
individuals in bicultures, we arranged the two species in inter-
spersed patterns (Fig. 2) to reduce the effect of intraspecific
aggregation (Stoll & Prati 2001). We replicated each density
combination per pair of species twice, which resulted in a
total of 1960 pots and 19,600 individuals. All pots were placed
on plastic dishes to preserve water, and were separated by
leaving 10 cm between pots to reduce interference. We
replaced seedlings that died within 2 weeks after transplanting
by new ones. We randomised the blocks (i.e. pairs) and pots

within the blocks twice, once on 30 June 2017 and once on 14
August 2017. The plants were watered twice in 2018 summer
to avoid severe drought stress.

Measurements

From 25 to 29 September 2017, we harvested half of the
experiment (i.e. one of the two replicates). Aboveground bio-
mass of each individual was harvested separately, dried at
70°C to constant weight and weighed to the nearest milligram.
The other half of the experiment, we kept in the garden to
measure the number of recruited offspring in the following
year. We prevented seed dispersal by installing an open-top
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Figure 2 Graphical illustration (a) and an example (b) of the response-

surface design used for each pair of alien and native plant species. Each

pair is grown in 20 density–frequency combinations. Aboveground

biomass was measured for each individual separately. The example (b)

shows the pair of the common alien Bidens frondosa and the rare native

Filago pyramidata
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enclosure in each pot. The enclosure was made of white fabric
and 50 cm tall, and reduced ambient light by c. 30%. From 7
August to 5 September 2017 and for each pair of species, we
installed enclosures for all pots when one or more individuals
in that pair had started to fruit. We removed all enclosures in
April 2018, and counted the number of recruits in each pot
from 20 to 28 September 2018.

Statistical analyses

Intrinsic growth rates and competition coefficients
To describe competition between alien and native species in
each pair, we fitted our data on aboveground biomass of indi-
vidual plants to the following model:

lnðBi;tÞ ¼ lnðkiÞ � aiiNi;t � aijNj;t:

This is a linearised version (by taking the natural log of
both sides of the equation) of a modified Ricker competition
model (Ricker 1954).
We chose the Ricker model because it has been widely used

to link empirical data and theory, and its properties are well
understood (Inouye 2001; Hart et al. 2012). In the equation,
Bi,t is the individual aboveground biomass of species i in year
t. Ni,t and Nj,t are the number of individuals of species i and j
in year t respectively. ki is the intrinsic growth rate of species
i, aii describes the per capita effect of species i on itself (i.e. it
is the intraspecific competition coefficient) and aij describes
the per capita effect of species j on species i (i.e. the interspeci-
fic competition coefficient). Positive values of competition
coefficients indicate competition among individuals, and nega-
tive values indicate facilitation. Therefore, Bi,t is affected by
the number of conspecific and heterospecific competitors (i.e.
aiiNi,t and aijNj,t), and equals ki in the absence of competition.
We used a linear mixed-effects model to fit the equation for

each species per pair. We included the number of conspecific
competitors and the number of heterospecific competitors as
fixed effects, and pot as random effect to account for the non-
independence of individuals in the same pot. We used number
of individuals at the end of the growing season of year t
rather than that at the beginning of the growing season. This
is because most mortality happened early in the experiment.
However, analyses using the number of individuals at the
beginning of the growing season showed similar results
(Table S3). This indicated that density-dependent mortality
was not as important as growth in our experiment.
Ideally, Bi,t should be

Ni;tþ1

Ni;t
, the per capita population growth

rate from one year to the next based on the number of
recruits. However, it is usually difficult to link competition
models with experimental data. In our experiment, only 8 of
the 17 species consistently had recruits in the second year,
which limited our ability to generate sufficient intrinsic growth
rates and competition coefficients from the offspring recruit-
ment data. Therefore, we used aboveground biomass of each
individual at the end of the growing season (i.e. after
3 months of growth) instead. This means that the estimated
intrinsic growth rates and competition coefficients are sensi-
tive to the relationship between number of recruits and above-
ground biomass. However, for the species with recruits, we
found that the relationship between number of recruits and

aboveground biomass was positively linear and not affected
by status or commonness. We therefore believe that our esti-
mates of intrinsic growth rate, intra- and interspecific compe-
tition, based on biomass data, are robust (Appendix S1).
To test whether intrinsic growth rates and intraspecific com-

petition coefficients were related to status and commonness,
we used linear mixed-effects models. The models treated status
of target species (i.e. species i), commonness of target species
and their interaction as fixed effects, and species (nested
within family) of target species and identity of species pair
(e.g. the alien species Bidens frondosa and the native species
Brassica nigra formed the first pair in our study) as random
effects. We did not include the information of competitor spe-
cies (i.e. species j) as fixed or random effect, because we
assumed that intrinsic growth rates and intraspecific competi-
tion were only determined by the target species itself. To test
whether interspecific competition coefficients were related to
status and commonness, we used another linear mixed-effects
model. The model treated status of target species, common-
ness of target and competitor species and their interactions as
fixed effects, and species of target and competitor species
(each nested within family) and identity of pair as random
effects. In these models, we included the inverse of the vari-
ance as weight, such that fitted parameters with larger vari-
ance would have less weight on the results.

Competitive outcomes
We tested competitive outcomes between alien and native
plants with two different methods. One is based on popula-
tion-level aboveground biomass (see below). The other is
based on fitness differences sensu Chesson (Chesson 2000;
Saavedra et al. 2017; Hart et al. 2018), which offers a long-
term theoretical prediction. Because the intrinsic growth rates
in our study are not based on recruitment data, we could only
measure fitness difference qualitatively, rather than quantita-
tively. Nevertheless, the results based on fitness differences are
similar to those based on population-level aboveground bio-
mass. Therefore, we focus in the manuscript on the results
based on population-level aboveground biomass, but we
include the results of the fitness differences in Appendix S2.
We calculated lnRRk, the competitive outcome between

alien and native plants in each of the biculture pots (k) as:

lnRRk ¼ lnðTBk aÞ � lnðTBk nÞ;
where TBk_a and TBk_n are the total aboveground biomass

of alien and native species, respectively, in the biculture pot k.
Positive values of lnRRk indicate that alien species had higher
biomass than native species in biculture k, and negative values
indicate the opposite. Then, for each pair of species, we used
a linear model with lnRRk as the response variable and an
intercept as the only explanatory variable. Therefore, a posi-
tive value of the intercept fitted for a pair indicates that, on
average, the alien species in that pair had higher biomass than
the native species across a wide range of density combinations
(i.e. the alien species are more competitive than the native
species), and a negative value of the intercept indicates the
opposite.
Finally, to test competitive outcomes between alien and

native species (i.e. intercepts fitted above for the 48 pairs),
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and whether competitive outcomes were explained by com-
monness of alien and native species, we used a linear mixed-
effects model. The model treated commonness of alien and
native species and their interaction as fixed effects, and species
(nested within family) of alien and native species as random
effects. We also included the inverse of the variance of the
competitive outcomes as weight.
All analyses were conducted in R 3.4.0 (R Core Team 2017)

with the lme4 package (Bates et al. 2015). Results were plotted
with the plot function. To evaluate model variation explained
by fixed effects, we used the r2glmm package (Jaeger et al.
2017). We assessed the significance of fixed effects with likeli-
hood-ratio tests by comparing models with and without the
effect of interest.

RESULTS

Intrinsic growth rates and intra- and interspecific competition

coefficients

Alien species had significantly higher intrinsic growth rates
(i.e. aboveground biomass in the absence of competition) than
native species (Fig. 3a; Table 1; v2 = 8.812, P = 0.003). More-
over, common species had significantly higher intrinsic growth
rates than rare species (Fig. 3a; Table 1; v2 = 6.174,
P = 0.013). Intrinsic growth rates were not significantly
affected by the interaction between commonness and status
(Fig. 3a; Table 3).
Overall, intra- and interspecific competition coefficients (aii

and aij) were positive (Fig. 3b,c), which indicate that both the
intra- and interspecific interactions were competitive and not
facilitative. Alien species experienced significantly stronger
intraspecific competition than native species (Fig. 3b; Table 1;
v2 = 4.943, P = 0.026). Although common and rare species on
average did not differ in strength of intraspecific competition,
we found a significant interaction between status and com-
monness (Fig. 3b; Table 1; v2 = 4.095, P = 0.043). For alien
species, the common ones experienced stronger intraspecific
competition than the rare ones, whereas for native species, the
reverse was true (Fig. 3b).
Alien species tended to experience weaker interspecific com-

petition from native species than native species did from alien

species (Fig. 3c). However, this difference was not statistically
significant (Table 1; v2 = 1.975, P = 0.160). None of the other
factors significantly affected the strength of interspecific com-
petition (Table 1).
Intraspecific competition was stronger than interspecific

competition (Fig. 3b,c; Appendix S3; v2 = 5.284, P = 0.022).
This difference in strength between intra- and interspecific
competition was larger in alien species than in native species
(Fig. S6; Table S6; v2 = 4.678, P = 0.030). For alien species,
this difference was larger in common than in rare ones,
whereas for native species, the reverse was true (Fig. S6;
Table S6; v2 = 6.487, P = 0.011). We also found that status
and commonness of species explained only a small amount of
variation in intra- or interspecific competition, whereas they
explained a large amount of variation in intrinsic growth rates
(R2P in Table 1).

Competitive outcomes

When growing together, alien species overall tended to have
higher biomass than native species across the different density
combinations (Fig. 4). However, this difference was not statis-
tically significant (Table 2; v2 = 2.085, P = 0.149). Overall, the
competitive outcome was more in favour of the alien species
when the alien was common (Table 2; v2 = 3.608, P = 0.058),
and less in the alien’s favour when the native was common
(Table 2; v2 = 3.450, P = 0.063). As a consequence, common
alien species had higher biomass than rare natives, but similar
biomass as common natives (Fig. 4). This indicates that com-
mon aliens were more competitive than rare natives. The same
pattern was found for rare alien species competing with com-
mon and rare natives, but with a smaller magnitude of the
differences (Fig. 4). In addition, we found that the higher
competitive ability of common alien species over rare natives
is mainly driven by intrinsic growth rates rather than by com-
petition coefficients (Appendix S2).

DISCUSSION

We found that alien plant species did not achieve higher
aboveground biomass when growing with native species. This
indicates that alien and native species overall did not differ
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markedly in their competitive abilities. However, common
alien species were more competitive than rare natives. For the
three determinants of competitive outcomes (i.e. competitive
ability), we found that, although common alien species experi-
enced stronger intraspecific competition than native species,
alien and common species had higher intrinsic growth rates
(i.e. growth rates in the absence of competition) than native
and rare species respectively. Finally, the strength of inter-
specific competition was not related to status or commonness
of the species. So, our results suggest that although alien and
native plant species do not generally differ in competitive

abilities, the common aliens have higher competitive abilities
than the rare natives, mostly due to higher intrinsic growth
rates.

Competitive abilities of alien and native plant species

On average, alien species were not more competitive than
native species. Therefore, our results contradict those of two
recent meta-analyses which found that alien species were more
competitive than native species (Kuebbing & Nunez 2016;
Golivets & Wallin 2018). However, in the two meta-analyses,
approximately 90% of the alien species were invasive plants.
Therefore, the meta-analyses likely revealed the high competi-
tive ability of invasive plants, rather than of alien plants in
general (Guerin et al. 2018). In line with this, we found that
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Table 2 Effects of commonness of alien species, commonness of native

species and their interaction on competitive outcomes (i.e. which species

have higher aboveground biomass in bicultures across different density

combinations). Significant differences were not found. Marginally signifi-

cant (0.05 ≤ P < 0.1) effects are shown in italics

v2 P

Intercept† 2.085 0.149

Commonness of alien (Ca) 3.608 0.058

Commonness of native (Cn) 3.545 0.063

Ca 9 Cn 0.043 0.835

Random effects SD

Species of alien (nested in family) 0.263

Family of alien 0.810

Species of native (nested in family) 0.847

Family of native 0.000

Residual 0.360

Variation explained by fixed effects, R2P 36.4%

*The intercept term indicates the competitive outcome between alien and

native species irrespective of commonness.

Table 1 Effects of status of target species (i.e. native or alien), commonness of target (and competitor) species and their interaction on intrinsic growth rates

(ki) and intra- and interspecific competition coefficients (aii and aij). Significant (P < 0.05) effects are in bold

ki aii aij

v2 P v2 P v2 P

Status (S) 8.812 0.003 4.943 0.026 1.975 0.160

Commonness of target (Ci) 6.174 0.013 0.405 0.525 0.054 0.817

S 9 Ci 1.370 0.242 4.095 0.043 0.452 0.502

Commonness of competitor (Cj) – – – – 0.709 0.400

S 9 Cj – – – – 0.042 0.837

Ci 9 Cj – – – – 0.625 0.429

S 9 Ci 9 Cj – – – – 0.003 0.956

Random effects SD SD SD

Pair 0.193 0.005 0.005

Species of target (nested in family) 0.533 0.002 0.002

Family of target 0.398 0.000 0.000

Species of competitor (nested in family) – – 0.017

Family of competitor – – 0.000

Residual 0.465 0.381 0.367

Variation explained by fixed effects, R2P 43.9% 6.7% 3.0%

For ki and aii, information of competitor (i.e. species j) was not included in the model, because we assumed that ki and aii were only determined by the tar-

get species per se.
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common alien species, which can be considered as invasive
species, were more competitive than rare natives. This high-
lights the importance of including commonness of alien and
native species in studies aiming to understand invasion suc-
cess. Moreover, the two meta-analyses did not measure com-
petitive ability directly. Instead, they used the strength of
interspecific competition as a surrogate. This might be insuffi-
cient, because competitive ability also depends on two other
determinants: the strength of intraspecific competition and
intrinsic growth rates. Neither of these two determinants was
directly measured in the two meta-analyses. Our study, by
measuring competitive ability empirically (Fig. 4) and theoret-
ically (Appendix S2), provides a robust test for differences in
competitive ability.
It is also worth noting that rare alien species were as com-

petitive as common natives, and tended to be more competi-
tive than rare natives. Therefore, rare alien species also have
the potential to exclude rare native species, which implies that
more alien species might become dominant in the future, par-
ticularly if natives suffer more from climate change than aliens
do (Haeuser et al. 2017; Haeuser et al. 2018). The higher com-
petitive ability of rare alien species compared to rare natives
can be due to several reasons. First, all alien species used in
our study are naturalised alien ones, which is a small propor-
tion (usually 5–20%; Williamson & Fitter 1996) of introduced
alien species. Therefore, even those rare alien species might
not be a random sample of the global flora. Second, alien spe-
cies are likely to be released from their natural enemies
(Keane & Crawley 2002; Chun et al. 2010). If this enemy
release hypothesis holds for rare alien species, they can gain
advantages over rare native species.
Alien species can only become common if they have had

sufficient time to reproduce and spread in the landscape.
Therefore, it could be that some of the rare alien species are
not dominant yet because they were introduced only recently.
However, this is likely not the case in our study system,
because the common and rare alien species did not differ in
their residence time (Appendix S4). Furthermore, adding resi-
dence time as a covariate in our models did not significantly
affect the differences in competitive ability between alien and
native species (Appendix S4). Therefore, we speculate that the
common alien species became abundant and widespread
because they have stronger competitive abilities and conse-
quently rapid spread rates.

Three determinants of competitive ability

We found that alien and common species had higher intrinsic
growth rates than native and alien species respectively. This is
in line with the results of a meta-analysis (van Kleunen et al.
2010) and an empirical study that considers both commonness
and status (Dawson et al. 2012). Our finding suggests that
naturalised alien and common species, at least for annual spe-
cies, have a fast life history (i.e. are r-selected; Pianka 1970),
such that they could quickly achieve massive populations
when they arrive in non-competitive environments (Rejm�anek
& Richardson 1996). In addition, high intrinsic growth rates
of alien species, especially for common aliens, could provide
rapid recovery from disturbance (Haddad et al. 2008).

Overall, this would explain the frequent association between
invasion success and disturbance (Davis et al. 2000), and the
observation that anthropogenic environments are the major
donors of naturalised alien species (Kalusov�a et al. 2017).
In contrast to the results of two recent meta-analyses, which

found that alien species experienced weaker strength of inter-
specific competition than native species (Kuebbing & Nunez
2016; Golivets & Wallin 2018), we found no significant differ-
ence in interspecific competition experienced by native and
alien species. Possibly, although we measured interspecific
competition with a more accurate approach (i.e. response-sur-
face design) and used an unprecedented large number of spe-
cies pairs (48), the number is still lower than the numbers of
species pairs used in the two meta-analyses mentioned above,
and we thus had a lower statistical power. In addition, the
two meta-analyses included both annual and perennial species,
whereas we only used annuals. Because perennial species live
longer, they may compete with other species more often than
annuals do. If that is the case, a better ability to tolerate or
suppress other species might make it easier for perennial alien
species to persist and to exclude natives.
Interestingly, alien species, especially the common ones,

experienced stronger intraspecific competition than native spe-
cies. Together with our finding that intraspecific competition
was greater than interspecific competition (which indicates
niche differences sensu Chesson 2000; Appendix S3), common
alien species should be disadvantaged by severe intraspecific
competition when they become dominant in communities.
Although this is true, intrinsic growth rates were high enough
to ensure that common aliens could dominate in our experi-
mental mesocosms. This illustrates that for a proper predic-
tion of competitive outcomes, one requires data on the
combination of intrinsic growth rates, intra- and interspecific
competition. The reason why common alien species experience
strong intraspecific competition is not known. However, we
speculate that it might arise from a growth – intraspecific
competition trade-off. For example, species with large sizes
would experience severe light competition due to crowding in
monoculture. This trade-off is supported by a recent study
(Dost�al et al. 2019), but still rarely tested and deserves further
investigation.

Potential limitations and future directions

We performed our experiment outdoors in order to have more
natural conditions. However, we grew the plants on a rela-
tively nutrient-rich commercial potting soil. This could poten-
tially have biased our results. A high nutrient level of the
potting soil can turn competition for multiple nutrients into
competition for light (Hautier et al. 2009), which is one-di-
mensional and thereby leads to competitive exclusion more
easily. Therefore, in nature, common alien species might not
always exclude rare native species if multiple nutrients are lim-
ited. Ideally, one would therefore do competition experiments
under a range of different nutrient conditions. Moreover,
although we chose relatively large pots (3L), they are still
likely to have limited root growth, particularly of large plant
species (Poorter et al. 2012). Given that in our experiment,
common alien species were found to be larger than rare native
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species, the common alien ones might have suffered more
from root limitation. So, it could be that in nature, common
alien species might be released from root growth limitation
and thereby become even more competitive than the rare
natives.
It should be noted that only small amounts of variation in

the intra- and interspecific competition coefficients were
explained by the status and commonness of the species
(Table 1). Of the random factors in the models analysing the
competition coefficients, the variance components related to
the identities of the species were also relatively small, whereas
the variance component of the residuals was large. This may
indicate that other factors, such as intraspecific variability and
environmental stochasticity, can strongly affect the magnitude
and direction of intra- and interspecific competition coeffi-
cients.

CONCLUSIONS

We demonstrated that naturalised alien plant species were
not more competitive than native species after accounting
for the effect of commonness. However, common alien spe-
cies were more competitive than rare native species, and this
might be an important cause of loss of rare native species.
More importantly, our results suggest that, although high
intrinsic growth rates would sometimes come at the cost of
strong intraspecific competition, they are the major driver of
high competitive ability of common alien species, and thus
might play an essential role in both invasion success and rar-
ity. Finally, most pairwise competition experiments aimed to
determine the strength of interspecific competition (Kuebbing
& Nunez 2016; Golivets & Wallin 2018), which is insufficient
to predict competitive outcomes as suggested by our results.
Therefore, experiments examining intrinsic growth rates and
intraspecific competition are urgently needed if we are to
predict coexistence between native and alien species more
definitively.
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