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Abstract Plant invasiveness was commonly attrib-
uted to the invader’s competitive superiority over the
native community, but a general pattern supporting
this prediction is still lacking. This is particularly
enhanced by the fact that competitive dominance and
its role in plant invasiveness require the use of
scarcely-practiced experimental elements. Here, we
used a comprehensive experimental approach to
evaluate the competitive superiority of the highly
invasive annual Impatiens glandulifera. We used two
competition-setting treatments, which independently
examine competitive effect versus response of both
native and invasive genotypes. As a neighbour species
we used Urtica dioica, a vigorous perennial co-
occurring with I. glandulifera at both its native and
introduced ranges. By examining both components of
competitive ability we were able to show that although
invasive genotypes exert a weaker competitive
pressure compared to their native conspecifics, they
are still competitively superior to U. dioica. Our
results also suggest that the high competitive ability of
1. glandulifera could be attributed it to allelopathic
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effects on co-occurring native species. We suggest that
an appropriate experimental setup, which examines
competitive effect and response independently, can
provide a more factual evaluation of the competitive
ability of invasive plants. Furthermore, the use of a
dominant species as a target plant rather than a random
species or one with poor competitive ability, renders
our results more general, implying that I. glandulifera
might exert greater competitive effect on the less
robust co-occurring species. We conclude that our
approach is highly useful and advocate its application
in future tests of invasion success.
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Introduction

Invasive plants have often been shown to exhibit
vigorous growth and high performance (Thebaud and
Simberloff 2001; Bossdorf et al. 2005; Blumenthal
and Hufbauer 2007; Schlaepfer et al. 2010; van
Kleunen et al. 2010) and invasiveness has conse-
quently been attributed to traits that allow plants to
take advantage of high resource levels (Richards et al.
2006; Schlaepfer et al. 2010; Godoy et al. 2011), and
confer high competitive abilities (Blossey and Notzold
1995; Vila and Weiner 2004; Bossdorf et al. 2005).
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Several hypotheses were suggested to account for
the potential high competitive ability of invasive plants.
For example, high competitive ability was attributed to
adaptive changes that are selected for at the introduced
range (Blossey and Notzold 1995; Maron et al. 2004;
Bossdorf et al. 2005; Doorduin and Vrieling 2011).
Particularly, invasive plants were suggested to experi-
ence release from natural enemies, which could select
for shifts in resource allocation from herbivore resis-
tance to growth or reproduction and increased compet-
itive ability (evolution of increased competitive ability
hypothesis—EICA sensu Blossey and Notzold 1995).
Competitive superiority of invasive plants was also
hypothesized to result from their production of allelo-
pathic compounds, which suppress the growth of
neighbouring species (Inderjit et al. 2011). These
compounds were suggested to be particularly detri-
mental to the recipient communities, due to their lack of
co-evolved defences (novel weapons hypothesis—
NWH sensu Callaway and Aschehoug 2000).

These hypotheses were examined in several studies
(Vila et al. 2003; Prati and Bossdorf 2004; Franks et al.
2008; Beaton et al. 2011; Inderjit et al. 2011).
However, no general pattern has emerged, particularly
regarding the prediction of increased competitive
ability in invasive species (Vila and Weiner 2004;
Bossdorf et al. 2005; Dostal 2011).

Testing the role that competitive dominance plays in
plant invasiveness is essential for ascertaining the
suggested hypotheses. However, this examination
requires the use of a few experimental elements that
were scarcely practiced. Particularly, for competitive
superiority of invasive plants to be supported, their ability
to suppress co-occurring species (i.e. competitive effect)
should be greater than vice versa (i.e. competitive
response). Moreover, the two components of competitive
ability could potentially be associated with different traits
(Cahill et al. 2005) and with different invasion stages. For
example, competitive effect may be important at the
beginning of an invasion and enable alien species to
outcompete native plants, while competitive response
could be important at later stages and allow their stable
persistence (Miiller-Schérer et al. 2004; Bossdorf et al.
2005). Therefore, distinguishing between these two
aspects of competitive ability may provide greater insight
into the different mechanisms and stages of invasion
(Vila and Weiner 2004), but to date it has been applied in
only a few studies (Suding et al. 2004; Ridenour et al.
2008; He et al. 2009;), and their experimental setup, using
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a single ‘target-neighbour’ treatment for both competi-
tive effect and response, can not provide an independent
evaluation of the two components.

Another important aspect that should be considered
when studying the competitive ability of invasive
plants is the choice of neighbour species. The com-
petitive ability of invasive plants should be compared
using neighbour species with which they co-occur.
Ideally, these species should be selected randomly, in
which case several species are required for a valid
evaluation of their competitive effect. However, if
only a single species is to be used, it should preferably
be similar to the invasive species in terms of size and
life form or phylogenetic relatedness, so as to avoid
the random choice of poor competitors, which might
bias the results towards competitive superiority of the
invasive plant (Vila and Weiner 2004). Nevertheless,
this approach has been scarcely used (Blair and Wolfe
2004; He et al. 2009; Dostal 2011). Furthermore, there
has been no study to date which has used a competitor
which occurs at both ranges, hampering a direct
comparison of competitive ability between ranges.

Here, we used a comprehensive experimental
approach, which applies these methodological aspects,
to examine the competitive superiority of the highly
invasive annual Impatiens glandulifera (Balsamina-
ceae). This species is native to the Himalayas and
invasive in Europe, North America and New Zealand,
where it exhibits fast growth and tends to produce large,
monospecific stands (Beerling and Perrins 1993; Tick-
ner etal. 2001). Growing upto 2.5 m, itis considered the
tallest annual plant in Europe, implying that competitive
ability is likely to be a key factor in its success as an
invasive plant (Beerling and Perrins 1993). However,
attempts to examine its impact on the recipient
communities reveal contrasting and inconclusive results
(Beerling and Perrins 1993; Hejda and Pysek 2006).

To evaluate the competitive ability of 1. glandulif-
era, we used two competition-setting treatments,
which independently examined competitive effect
versus response. As a neighbour species we used
Urtica dioica, which is a tall perennial herb, known to
be highly competitive and to often form monospecific
stands (§rﬁtek 1993; Taylor 2009). U. dioica has been
shown to co-occur in high frequencies with 1. glan-
dulifera at both its invasive and native range (Beerling
and Perrins 1993; Tickner et al. 2001) and to inhibit its
growth (Tickner et al. 2001), making it a suitable
competitor for I. glandulifera.
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Recently, invasive I. glandulifera have been sug-
gested to exert strong allelopathic effects (Scharfy
et al. 2011) but no knowledge exists on the effective-
ness of allelochemical production in inhibiting the
growth of co-occurring species at its invasive range, or
on the production of such allelochemicals by native
genotypes. Therefore, to further evaluate the compet-
itive mechanisms that promote I. glandulifera inva-
siveness, we performed an additional experiment
where we examined its allelopathic effect of on
U. dioica.

In both the competition and allelopathy experiment,
we used I glandulifera from native and invasive
populations, which allowed us to examine possible
genetic differentiation in their competitive effect and
response as well as their allelopathic effects. Differen-
tiation in these traits might indicate post-invasion
evolution and elucidate the possible mechanisms that
account for I. glandulifera’s invasiveness (Bossdorf et al.
2005; Alpert 2006). For example, greater competitive
effect or response of invasive-range plants could provide
support for the EICA prediction of evolution of increased
competitive ability (Blossey and Notzold 1995).

We addressed the following predictions: (1)
L. glandulifera exhibits greater competitive effect on
U. dioica than vice versa (competitive response); (2)
1. glandulifera exerts strong allelopathic effects on
U. dioica. In addition, we used I. glandulifera from
both native-Asian and invasive-European origin to
look for potential genetic differentiation and examine
the prediction that (3) invasive genotypes exhibit greater
growth and competitive effect compared to their native
conspecifics. We furthermore addressed the question of
whether there are genetic correlations between plant
performance with and without competition, or between
competitive effect and response to examine the pre-
dicted associations between the size of invasive plants
and their competitive effect or response.

Methods
Study species

Impatiens glandulifera Royle (1834), is a riparian
annual species, occurring mainly along riversides,
marshlands, and forest edges (Beerling and Perrins
1993; PysSek and Prach 1995; Kollmann and Bafiuelos
2004; Hejda and Pysek 2006). It was introduced into

Europe in 1839 and has become highly invasive,
exhibiting an exponential increase in abundance and
distribution (Beerling and Perrins 1993; Pysek and
Prach 1995). I. glandulifera is self-compatible though
protandrous and widely visited by pollinators. When
ripe, the pods explode at the slightest touch and seeds
are dispersed up to 5 m (Beerling and Perrins 1993).
Urtica dioica L. (Urticaceae) is a dioecious peren-
nial herb (§ri’1tek 1993; Taylor 2009), which has a wide
distribution in Europe, Asia and America, where it
inhabits riparian and open areas (Taylor 2009).

Plant sources and seed handling

For the competition experiment, 1. glandulifera seeds
were collected in autumn 2008. At the invasive range,
seeds were collected from two populations in Ger-
many (Baden- Wiirttemberg) and two in the Czech
Republic (South Bohemia). Seed collections in the
native range were very difficult to realize and we
obtained seeds from two populations in India (state of
Jammu and Kashmir). Seeds from 20 mother plants
(families) per population were grown in summer 2009
at a common garden at Tiibingen University. In order
to control for maternal effects, which might confound
our inference of genetic differentiation among native
and invasive genotypes (Moloney et al. 2009), we used
F1 genotypes following hand-pollination crosses.
Controlled crosses were performed within populations
by gently removing the pollen-loaded androecia of a
fully expanded flower and coating with it the stigma of
a flower in another individual. All pollinated flowers
were covered prior to and following pollination with a
light fabric organza to avoid access of insect pollin-
ators. 20 additional F1 seeds per population were
grown in summer 2010 under control conditions in a
common garden at Tiibingen University, from which
we obtained F2 seeds using the same hand-pollination
procedure. This procedure was repeated in 2011 to
produce F3 seeds for the allelopathy experiment.

Seeds for both experiments were kept in paper bags
according to their family. Prior to the each experiment,
the seeds were placed in Petri dishes with moist filter
paper and were cold stratified at 4 °C for four weeks to
initiate germination (Baskin and Baskin 1998).

Seeds of U. dioica were collected in autumn 2009 and
2011 for the competition and allelopathy experiments,
respectively, at 10 randomly chosen locations around
Tiibingen, which are also inhabited by I. glandulifera.
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Competition experiment

At the end of March 2010, seeds from six families per
population of both I. glandulifera and U. dioica were
sown in 1.5 L pots filled with potting soil (Topferde,
Einheitserde, Gebr. Patzer GmbH & Co. KG, Kreutz-
tal, Germany) and placed in a heated greenhouse. 20
seeds from each family were sown per pot.

At the end of April 2010, seedlings were trans-
planted into 20 L pots filled with potting soil and
randomly assigned to one of the following four
treatments (Fig. 1): I glandulifera control with a
single plant per pot; U. dioica control with a single
plant per pot; competitive response, with 1. glandulif-
era as a single target plant surrounded by four U. dioica
neighbours; competitive effect, with U. dioica as a
single target plant surrounded by three I. glandulifera
neighbours. The two competition treatments had
different numbers of neighbour plants in order to
compensate for the weaker competitive ability of U.
dioica compared to I. glandulifera (Tickner et al.
2001). The experimental design resulted in a total of
144 pots [4 competition treatments x 6 I. glandulifera
origins (2 native + 4 invasive) x 6 families].

Following transplant, the pots were placed in a
common garden at Tiibingen University, where they
were arranged in blocks according to families. The
pots were placed at a minimum distance of 90 cm to
avoid light competition effects (Fig. 1) and stabilized
with planting sticks to avoid their overturn by wind.
10 g of slow-release fertilizer (Osmocote Classic

Maternal genotype
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Fig. 1 Representation of the spatial arrangement of treatments
in the common garden. Circles represent pots/treatments in
which I and U represent Impatiens glandulifera and Urtica
dioica individuals, respectively
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14 % N, 14 % P,0Os, 14 % K,0; Scotts, Geldermal-
sen, The Netherlands) and an insecticide treatment
(Neudosan, H. Nitsch und Sohn GmbH und Co. KG,
Kreutztal, Germany) were applied to each pot. The
latter was applied to control for confounding differ-
ences in herbivore resistance between plants. Plants
were irrigated to field capacity two to four times a
week, according to weather conditions.

During the experiment, I. glandulifera and U. dioica
were recorded for their onset of reproduction. As
maturation did not occur simultaneously for 1. glandu-
lifera plants from the different origins, harvest of target
plants in the competitive response treatment took place
when plants exhibited signs of senescence and ceased to
produce new flowers (end of August and late September,
for invasive and native plants, respectably). U. dioica
target plants in the competitive effect treatment were all
harvested at the end of August, to ensure the same effect
from both native and invasive plants.

Growth parameters were estimated following harvest,
including height and above-ground vegetative biomass
of both species, the latter of which was measured after
pre-drying the plants for at least 10 days in the
greenhouse and oven-drying them in 90 °C for 4.5 and
2 days, for I. glandulifera and U. dioica, respectively.
For I. glandulifera, reproductive output was estimated by
collecting seeds every 1-2 weeks during the reproduc-
tive period (June—September) from six ripe pods at
various locations on the plant. Seeds were counted and
weighed on the day of collection. Pod number was not
estimated as ripe pods explode and fall upon the slightest
vibration. For U. dioica, reproductive output was
estimated by counting the number of inflorescences on
both gynoecious and androecious plants, which did not
exhibit significant differences in either dry mass
(ANOVA control: Fy 46 = 0.63, P = 0.43; competition:
Fi46 = 0.86, P = 0.36) or number of inflorescences
(ANOVA control: F; 46 < 0.001, P = 0.99; competi-
tion: F; 46 = 0.02; P = 0.90).

Competitive effect and response were estimated for
all response variables using the Relative Interaction
Index (Armas et al. 2004), namely the relative change
in the performance of a target individual in the
competitive effect or response treatments (Peompetition)
compared to that of its sibling under competition-free
conditions (P.ontrol):

Pcompetition - Pcon[rol

RII =

Pcompetition + Pcomrol
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Values of this index range from —1 to 1. Negative
values indicate suppressive effect by neighbours and
higher (less negative) values indicate greater tolerance
of competition.

Allelopathy experiment

In April 2012, U. dioica seeds were sown in Petri
dishes with moist filter paper and placed for 4-5 days
in a heated greenhouse. Following germination, the
seedlings were planted in 1 L pots either alone, with a
single invasive-range I. glandulifera seedling or a
native-range seedling. The pots were filled with
potting soil, and for half of the pots the soil was
thoroughly mixed with 20 mL of activated carbon
(particle size 0.15 mm; neoLab Migge Laborbedarf-
Vertriebs GmbH). Activated carbon is commonly used
for investigating the allopathic effects of root exudates
due to its high capacity to absorb organic compounds,
which could thus alleviate the negative effects of
allelochemicals and differentiate between their effect
and that of resource depletion by neighbours (Call-
away and Aschehoug 2000; Inderjit and Callaway
2003). The pots were arranged in blocks according to
families within I. glandulifera origin. The experimen-
tal design resulted in a total of 108 pots [3 competition
treatments (control + 2 I. glandulifera origins) x 2
activated-carbon treatments x 18 blocks].

All pots were supplemented with 2 g of a slow
release fertilizer to reduce possible confounding
effects of activated carbon on nutrient availability
(Lau et al. 2008) and treated with a systemic insec-
ticide. The plants were harvested in July 2012 and
response parameters of U. dioica were estimated,
including height, total length of inflorescences and
above-ground vegetative biomass, after oven-drying
the plants in 90 °C for 2 days.

As for the competitive effect and response, allelo-
pathic effects of 1. glandulifera were estimated using a
Relative Allelopathy Index, similar to the RII (Armas
et al. 2004), which is the relative change in the
performance of each U. dioica genotype without
activated carbon (P, carbon) compared to that of their
siblings grown in soil with activated carbon (P.apon):

Pno carbon — Pcarbon
RAl=——7"—"—"—
P o carbon T P carbon

Values of this index also range from —1 to 1. Negative
values indicate allelopathic effect by neighbours, but

might also suggest facilitative effects of activated carbon
(Inderjit and Callaway 2003). This can be resolved by
examining RAI values for control plants growing
without 1. glandulifera, for which zero values would
indicate that the addition of activated carbon has no
confounding effects on the performance of U. dioica.

Data analyses

Due to the unbalanced number of populations per
region, differences between competitive effect and
response were examined using linear mixed-effects
models based on restricted maximum likelihood for all
response variables, with competition setting (effect
and response) and plant origin as fixed factors and
country and population as random factors nested
within origin and country within origin, respectively.
Separate analyses for competitive effect and response,
with plant origin as a fixed factor and country and
population as random factors, where then used to
determine significant differences among origins
within a competitive setting.

Additionally, differences in plant performance
among invasive and native plants growing under
competition-free conditions were examined using
linear mixed-effects models for all response variables,
with origin as a fixed factor and country and popula-
tion as random factors nested within origin and
country within origin, respectively. Differences in
onset of flowering were examined using Pearson’s >
test.

Genetic correlations between siblings’ perfor-
mance under competition-free conditions and com-
petitive effect or response, and between siblings’
competitive effect and response were examined using
Pearson correlation for all response variables. Sepa-
rate analyses were performed for invasive and native
plants.

Differences in allelopathic effect between U. dioica
plants growing alone, with native or with invasive L.
glandulifera were examined using univariate ANO-
VAs for height and above-ground biomass, with
competition as a fixed factor and block as a random
factor. Additionally, one-sample t-tests were used to
examine whether RAI values are significantly differ-
ent from zero (i.e. no effect of activated carbon) (Sokal
and Rohlf 1995). Because many U. dioica plants had
no inflorescences, RAI values could not have been
calculated for total inflorescence length and the
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response of U. dioica to activated carbon was thus
analysed for the original values. As these values did
not meet the assumption of normality, the effect of
activated carbon was examined separately for plants
growing alone, with native or with invasive I. glan-
dulifera using non-parametric Kruskal-Wallis tests.
All statistical analyses were performed using PASW
18 (SPSS Inc., Chicago, IL, USA).

Results
Competitive effect and response

Regardless of their origin, I glandulifera plants
exhibited a 285 % greater competitive effect on U.
dioica than vice versa (i.e., competitive response) in
above-ground biomass and 28 % greater competitive
effect in height (Table 1; Fig. 2a, b), despite the fact
that U. dioica was subjected to competition with only
three individuals, compared to four for I. glandulifera.

The negative effect exerted by 1. glandulifera on
the above-ground biomass of U. dioica was signifi-
cantly affected by plant origin and was 19 % greater in
native compared to invasive plants (Fig. 2a). Simi-
larly, the response of 1. glandulifera to competition
with U. dioica was significantly affected by plant
origin as invasive plants exhibited a 114 and 43 %
greater negative response in their above-ground
biomass compared to native plants (Fig. 2a). This
association between greater competitive effect and
reduced competitive response of native compared to
invasive plants is indicated also by the significant

Table 1 Results of linear mixed-effects models for the effects
of competition setting (competitive effect vs. response) and
origin, country and population of I glandulifera on the

interaction between competition setting and origin
(Table 1).

The greater competitive effect and decreased com-
petitive response exhibited by native compared to
invasive I glandulifera corresponded with their 58 %
greater above-ground biomass under control competi-
tion-free conditions (Table 2; Fig. 3a). Although inva-
sive plants produced 38 % more pods compared to
native plants (Table 2; Fig. 3c), this did not translate to
greater seed production (Table 2; Fig. 3d). Invasive
plants also exhibited an earlier onset of flowering
compared to native plants (Pearson’s y* test: y> =
20.073, df = 10, P = 0.029).

Within-population genetic correlations were not
found between the performance of genotypes under
competition-free conditions, their competitive effect
and competitive response, except for the competitive
response of native genotypes which, in contrast with
our predictions, correlated negatively with their per-
formance under control conditions (Table 3).

Allelopathic effects

Both native and invasive I glandulifera genotypes
exerted strong allelopathic effects on the production of
above-ground biomass in U. dioica (Table 4; Fig. 4a),
but did not differ in these effects (Fig. 4a). Under
competition-free conditions there was no difference
between control plants and those treated with activated
carbon (Fig. 4a), suggesting its use did not elicit any
confounding effects on the performance of U. dioica.
However, no effects were found for either plant height
(Table 4; Fig. 4b) or total inflorescence length (Kruskal—

competitive response of the target plants, estimated by the
Relative Interaction Index (Armas et al. 2004) [RII = (com-
petition — control)/(competition + control)]

Source of variation df Above-ground biomass (g) Height (cm) Reproductive output
F P F P F P
Competition setting (CS) 1 166.105 0.000 41.474 0.000 0.041 0.840
Origin (O) 1 0.035 0.852 0.063 0.843 0.754 0.388
Country[O] (C[O]) 1 0.034 0.855 5.906 0.018 0.293 0.591
Population[C[O]] (P [C[O]]) 3 0.362 0.781 0.692 0.561 0.916 0.439
CS x O 1 13.625 0.000 1.984 0.164 0.000 0.996
CS x C[O] 1 1.457 0.232 5.836 0.019 0.265 0.609
CS x P [C[O]] 3 0.623 0.603 1.007 0.396 0.104 0.957

Reproductive output represents total seed biomass and total inflorescence length for 1. glandulifera and Urtica dioica, respectively.

Square brackets represent nested terms
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Fig. 2 Competitive effect and response in growth and reproduc-
tive parameters of Impatiens glandulifera from native (Nat) and
invasive (Inv) origin grown under competition with Urtica dioica.
Values are Relative Interaction Index (mean + SE) [RII = (com-
petition — control)/(competition + control)]. Reproductive out-
put represents total inflorescence length (cm) and total seed
biomass (g) for U. dioica and I. glandulifera, respectively.
Significant differences between native and invasive genotypes are
indicated above bars (*P < 0.05; Separate linear mixed-effects
models for competitive effect and response) Additional statistical
analyses are presented in Table 1

Wallis test, control: x2 = 1241, df =1, P = 0.265;
native: x2 =0.099, df=1, P =0.753; invasive:
¥ = 0.647,df = 1, P = 0.421).

Discussion

In this study we examined the use of a new approach to
test for predicted competitive superiority of invasive

plants. By using an appropriate experimental setup,
which independently examines both competitive
effect and response, we were able to confirm the
competitive dominance of Impatiens glandulifera over
a native resident species. Our results indicate that both
invasive and native I. glandulifera genotypes exerted
greater competitive effects on the co-occurring spe-
cies, Urtica dioica, than vice versa, despite the fact
that U. dioica is a vigorous perennial herb, which is
highly dominant in habitats occupied by I. glandulif-
era (PySek and Prach 1995; Tickner et al. 2001). These
results highlight the need for using both components
of competitive ability in studies of invasive species.
Had we measured only their competitive effect we
could have concluded that, compared to their native
conspecifics, invasive I. glandulifera exert a weaker
competitive pressure on their recipient species. How-
ever, by examining both components of competitive
ability we were able to show that invasive genotypes
are still competitively superior to their co-occurring
species at their invasive range. We therefore suggest
that the assessment of both competitive effect and
response can effect the interpretation of results and
advocate that it can provide a more comprehensive
examination of the competitive superiority of invasive
plants, as previously proposed also by Vila and Weiner
(2004).

The results of this study also support the prediction
that I. glandulifera’s competitive superiority and
invasive characteristics could be promoted by its
strong allelopathic effects on co-occurring native
species. The novel weapons hypothesis (NWH) asserts
that the production of allelochemicals could confer a
competitive advantage for invasive plants, to which
associated species at the invasive range have not
evolved defences (Callaway and Aschehoug 2000).
The fact that both native and invasive genotypes
exhibited strong allelopathic effects suggests that this
attribute is indeed common also in native genotypes.
However, the change in the response of the recipient
community predicted by the NWH requires a com-
parison of allelopathic effects at both the native and
invasive range and thus could not be inferred from the
results of this study. Further studies are therefore
needed in order to compare the allelopathic effects of
native and invasive I. glandulifera on co-occurring
species at both the native and invasive range.

The notion that the competitive superiority of
L. glandulifera could be the result of allelopathic
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Table 2 Results of linear mixed-effects models for the effects of origin on growth and reproductive parameters of Impatiens

glandulifera plants growing under competition-free conditions

Source of variation

df  Above-ground biomass (g)

Height (cm) Number of pods Number of seeds

F P F P F P F P
Origin 1 10.962 0.030 0.310 0.677  9.267 0.005 0.390 0.537
Country[Origin] 1 0.074 0.787 8.557 0.007  0.060 0.808 0.701 0.410
Population[Country[Origin]] 3 3.465 0.028 4399 0.011 0.626 0.605 0.364 0.780
Square brackets represent nested terms
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Fig. 3 Growth and reproductive parameters of Impatiens glandulifera plants from native and invasive origin (mean £ SE) under
competition-free conditions. Additional statistical analyses are presented in Table 2

effects rather than rapid exploitation of limiting
resources might be supported by the lack of genetic
correlations between the size of individuals and their
competitive effect. The fact that allocation to biomass
did not equip I. glandulifera plants of either origin
with greater competitive effect and even hindered the
competitive response of native plants suggests that
their competitive advantage might be attributed to
factors that are traded-off with biomass, such as the
ability to tolerate low resource levels (Goldberg and
Landa 1991; Cahill et al. 2005; He et al. 2010) or the
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production of allelochemicals (Lankau and Klieben-
stein 2009). These results stress the importance of
examining genetic correlations rather than only cor-
relation between population means when studying the
adaptive implications of life-history traits.

Unlike the support of the competitive superiority of
I. glandulifera in its invasive range, our results failed
to support the hypothesis that this competitive advan-
tage is the result of evolution of increased competitive
ability (EICA) at the invasive range (Blossey and
Notzold 1995). Although the use of only two native
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Table 3 Within-origin genetic correlations between siblings’
performance under competition-free conditions and competi-
tive response and effect, estimated by the Relative Interaction
Index (Armas et al. 2004) [RII = (competition — control)/
(competition + control)]

Origin N  Above-ground Height  Reproductive
biomass (g) (cm) output
Control versus competitive response
Native 12 —0.67* —0.66*  —0.56
Invasive 24 0.17 —0.08 —0.15
Control versus competitive effect
Native 12 0.16 0.42 0.26
Invasive 24  —0.28 0.07 —0.02
Competitive response versus effect
Native 12 -0.52 —0.39 0.46
Invasive 24  —0.23 0.12 0.29

Values are Pearson correlation coefficients. Reproductive
output represents total seed biomass and total inflorescence
length for Impatiens glandulifera and Urtica dioica,
respectively. Level of significance: * P < 0.05

Table 4 Results of univariate ANOVAs for the effects of
competition with Impatiens glandulifera and block on the
allelopathic effects exerted on Urtica dioica, estimated by a
Relative Allelopathy Index [RAI = (no carbon — carbon)/(no
carbon + carbon)]

Source of variation df  Above-ground  Height (cm)
biomass (g)
MS F MS F
Competition 2 0404 3.869*% 0.255 0.728
Block 13 0369 3.534* 0.068 0.194
Competition x block 16 0.105 0.350

Level of significance: * P < 0.05

populations of I. glandulifera might not inform much
about genetic divergence between the invasive and
native range, the reduced competitive ability of the
invasive genotypes, both in terms of competitive effect
and response, suggests the potentially reduced role of
competition as a selection pressure in invasive
I. glandulifera. For example, Bossdorf et al. (2004)
suggested that invasive plants might be selected for
reduced competitive ability if they experience reduced
competition at the introduced compared to native
range. This idea might be supported by our findings, as
even the reduced competitive effect of the invasive
1. glandulifera plants was sufficient to out-compete the

a
0.01-- - -
-0'2- .
0.4+ -
-0.6-
*k
*%

|b

0.0-"." " "-
0.1
0.2 -

Control  Native Invasive

Above-ground biomass (g)

Height (cm)

Fig. 4 Effects of activated carbon on growth parameters of
Urtica dioica grown under competition-free (control) conditions
or with . glandulifera from native or invasive origin. Values are
Relative Allelopathy Index (mean £ SE) [RAI = (no car-
bon — carbon)/(no carbon + carbon)]. Significant differences
between competition-treatment means and zero are indicated
above bars (**P < 0.01; one-sample ¢ tests). Additional
statistical analyses are presented in Table 4

dominant U. dioica. However, genetic divergence
between invasive and native populations might be
attributed to processes other than adaptive post-
invasion evolution. Particularly, many invasive spe-
cies have been shown to be small non-random samples
of their source native-range population, often leading
to founder effects and genetic bottlenecks (Sakai et al.
2001; Dlugosch and Parker 2008). As very little is
known about either the number of I glandulifera
source populations or the number of their introduc-
tions into Europe, and as only two native populations
were sampled in this study, we cannot discern between
adaptive evolution, founder effects or non-random
sampling of native populations in causing the observed
genetic divergence.

The genetic differentiation exhibited between native
and invasive I. glandulifera genotypes coincides with
the results of Kollmann and Bafuelos (2004), who
found a latitudinal trend of decreased growth and onset
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of reproduction in northern populations across the
invasive range of I. glandulifera, which they associated
with variations in the length of the growing season.
Although Kollmann and Bafiuelos (2004) studied only
invasive-range populations of I glandulifera, the
reduced biomass allocation and onset of reproduction
exhibited also by our invasive compared to native
genotypes might be accounted for local adaptations
merely to a shorter growing season rather than to
selection pressures specific to the invasive range.
Further studies with additional replications of native
populations are thus needed to substantiate the potential
role of evolution in the invasiveness of this species.

Conclusion

This study is the first to demonstrate the competitive
superiority of the highly invasive species I. glandulif-
era, and attribute it to its allelopathic effects on a co-
occurring native species. Our results demonstrate
essential methodological aspects that should be imple-
mented when studying the common prediction of
increased competitive ability of invasive plants. We
suggest that an appropriate experimental setup, which
examines competitive effect and response indepen-
dently, can provide a more factual evaluation of the
competitive ability of invasive plants. Furthermore,
the use of a dominant co-occurring species as a target
plant rather than a random species from only one range
or one with poor competitive ability, renders our
results more general, implying that I glandulifera
might exert greater competitive effect on the less
robust co-occurring species.
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