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a b s t r a c t

We address two highly essential question using three Eurasian Bromus species with different invasion
success in North America as model organisms: (1) why some species become invasive and others do not,
and (2) which traits can confer pre-adaptation for species to become invasive elsewhere. While the
morphology and phenology of the chosen bromes (Bromus tectorum, Bromus sterilis and Bromus squar-
rosus) are highly similar, we measured complex traits often associated with invasive success: phenotypic
plasticity, competitive ability and generalist-specialist character. We performed common-garden
experiments, community- and landscape-level surveys in areas of co-occurrence in Central Europe
(Hungary) that could have served as donor region for American introductions. According to our results,
the three bromes are unequally equipped with trait that could enhance invasiveness. B. tectorum
possesses several traits that may be especially relevant: it has uniquely high phenotypic plasticity, as
demonstrated in a nitrogen addition experiment, and it is a habitat generalist, thriving in a wide range of
habitats, from semi-natural to degraded ones, and having the widest co-occurrence based niche-breadth.
The strength of B. sterilis lies in its ability to use resources unexploited by other species. It can become
dominant, but only in one non-natural habitat type, namely the understorey of the highly allelopathic
stands of the invasive Robinia pseudoacacia. B. squarrosus is a habitat specialist with low competitive
ability, always occurring with low coverage. This ranking of the species’ abilities can explain the current
spreading success of the three bromes on the North American continent, and highlight the high potential
of prehistoric invaders (European archaeophytes) to become invasive elsewhere.

� 2011 Elsevier Masson SAS. All rights reserved.

1. Introduction

Globalization has become the primary driver of one of the most
devastating form of environmental decline: biological invasions
(Vitousek et al., 1997). The number of plants and animals that are
transported deliberately or accidentally across borders is increasing
continuously, some of them causing substantial environmental and
economic damage (Vitousek et al., 1996; Mack et al., 2000). Among
the studies that have tried to unravel the mechanisms of invasions,
those that are dealing with the causes of invasiveness are contin-
uously increasing in number (Py�sek and Richardson, 2007). In spite
of scepticism about the existence of universally associated traits

with invasiveness (Crawley, 1987), experimental and field studies,
and also meta-analyses stress that particular traits do promote
invasive success under many different circumstances (van Kleunen
et al., 2010). Traditionally, these papers, seeking to understand
which attributes allow some species to become dominant over the
native community, compare introduced vs. native species in the
target area (Py�sek et al., 2004). However, a more crucial and
ecologically interesting question is why some non-native species
become invasive and others do not (Muth and Pigliucci, 2006).
There are two alternative ways to address this question: (1)
investigating species with different degrees of invasion success in
the invaded territories (the so-called ‘target area’ approach), or (2)
comparing invasive alien species to non-invasive alien species in
their native territories (‘source area’ approach). The ‘source area’
approach could have great power to identify those species with
high probability of becoming invaders (Py�sek et al., 2004), because
analysing species with the same origin, pathways and distance of
introduction decreases the variation among them, thus allowing
a focus on trait associated with invasion (Py�sek and Richardson,
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2007). Moreover, such studies can tell whether trait differences
between invasive and non-invasive species were already present in
the native range, emphasizing certain pre-adaptation for becoming
invasive (Schlaepfer et al., 2009), or whether they evolved during
the spread process in the non-native territories. Despite these
benefits, studies based on the source area approach are short in
number until recently (van Kleunen and Johnson, 2007).

This paper focuses on a source area based study (sensu Py�sek et al.,
2004) of three congener alien species of North America. The chosen
species can be ranked according to how successful they are in their
introduced range. Cheatgrass (Bromus tectorum) is “the quintessential
invader” (Novak and Mack, 2001) of North America occurring
throughout the United States and Canada. Poverty brome (Bromus
sterilis) has a narrower distributional range and it is an exotic species
with moderate invasion success, while corn brome (Bromus squar-
rosus) is even less widespread and it is not considered an invasive
species in North America (USDA PLANTS Database; Swearingen,
2006). All three species are common and widespread in Central
Europe, although with different status: B. tectorum and B. sterilis are
considered archaeophytes (alien taxa which became established
beforeAD1500, Py�seket al., 2004),whileB. squarrosus is native to that
region (Terpó et al., 1999). The two archaeophytes have been part of
the Hungarian flora for centuries, so there has been ample opportu-
nity for them to become established and adapted to the present
communities. The study region, where the three species co-occur,
could have served as a donor of alien species for North America;
this is particularly likely for cheatgrass (Novak and Mack, 2001).

We are not trying to explain why B. tectorum is one of the most
successful invader of North America’s arid environments, which is
extremely well-studied (Kao et al., 2008). Rather, we intend to
ascertain why B. sterilis is less invasive and B. squarrosus is not
invasive at all by searching for differences in their phenotypic
plasticity, competitive ability and generalist-specialist character in
their native/long-established territories. We formulated three
general hypotheses:

(1) The most successful alien species in the introduced range is the
most plastic in the studied territories, i.e. it shows high
performance at different environmental conditions.

(2) The most successful alien species in the introduced range is the
most competitive in the studied territories, thus it is less
affected by intraspecific competition and by the various
abundance and composition of vegetation

(3) The most successful invasive species is more generalist than
the other bromes regarding its habitat-preference and co-
occurrence with other species.

To test these hypotheses we performed a series of experiments
and observational studies. First, we tested whether the species
differed in biomass production and reproduction in a growth
experiment in outdoor plots with and without added fertilizer and
water; second, we examined whether intraspecific competition is
different in the three Bromus species in a common-garden experi-
ment; third, we ascertained how the composition and abundance of
vegetation influence the performance and fitness of the species
with a community-scale survey; fourth, we tried to place the three
species along a generalist-specialist gradient using a landscape-
scale study. The strength of our study is threefold. First, we use
the still overlooked approach of studying the aspects of invasions,
namely the source area approach. Second, we use ‘hard’ traits
(Weiher et al., 1999) to compare the species, i.e. attributes that are
rarely quantified due to its difficulty tomeasure, however obviously
linked to invasive success. Third, we emphasize the importance of
previous spreading events, especially of archaeophytes, because
theyhave several specific traits thatmake thempotentially invasive.

2. Material and methods

2.1. Study species

All three species are winter annuals (i.e. emerging rapidly after
seed shedding in summer e early autumn), predominantly self-
pollinating species, with seeds dispersed by wind and animals
(Froud-Williams, 1983). They are highly similar phenologically
(Klotz et al., 2002), with slight differences in their morphology.
B. sterilis can grow taller (30e60 cm, B. tectorum 10e40 cm,
B. squarrosus 20e40 cm) and has longer and wider leaves than the
other two species. There are also differences in the number and
dimension of spikelets and panicles, and also in the length and
weight of seeds (Klotz et al., 2002).

2.1.1. European distribution
Although the scientific literature usually cites the B. tectorum as

native to Eurasia, cheatgrass and poverty brome are native only in
the arid steppe region of Europe (southern Europe and the Medi-
terranean region), the Middle East, and in the temperate and
tropical part of Asia (Kaczmarski, 2000). However, they are long-
established alien species (archaeophytes) in Central European
countries (Terpó et al., 1999). B. sterilis has been expanding its
European range in the last century, becoming an increasing weed
problem since the 1970s due to reduced soil cultivation and an
increased area of winter cereals (Mortimer et al., 1993). B. squar-
rosus is native from Switzerland southwards, in central, southern
and eastern parts of Europe, in Northern Africa and temperate Asia
(Clayton et al., 2006). It was introduced and now considered
a neophyte species in a few Central European countries (e.g.,
Germany, Klotz et al., 2002). In Hungary it is a native species (Terpó
et al., 1999).

2.1.2. North American distribution
B. tectorumwas first reported in North America in 1790 (Bartlett

et al., 2002). Genetic analyses have demonstrated multiple intro-
ductions of this species into North America (Novak and Mack, 1993,
2001; Bartlett et al., 2002). It was most likely introduced acciden-
tally from Eurasia as a contaminant of grain seed and packing
material, although it was occasionally spread within the United
States as a forage grass (Mack, 1981). Cheatgrass is one of the most
widespread introduced annual grasses in North America, occurring
in all 50 states as well as in most of the Canadian provinces and also
in parts of Mexico (USDA PLANTS Database). It dominates many
semi-arid ecosystems in western U.S. On a finer scale, it has been
declared invasive in natural area in 1450 counties (out of 3143)
(Swearingen, 2006). Moreover, it is a cosmopolitan species, as it has
also been introduced to Australia, Hawaii, Japan, New Zealand,
temperate South America (Upadhyaya et al., 1986).

B. sterilis occurs in western and eastern North America (Pavlick
and Anderton, 2007). Less widespread than B. tectorum, it is
found in 34 U.S. states and two Canadian provinces (USDA, 2001),
and it has invaded natural areas in four states (231 counties,
Swearingen, 2006).

B. squarrosus occurs in 32 states and 4 Canadian provinces across
the Great Plains in the northern USA, around the Great Lakes area
and in other scattered locations (Pavlick and Anderton, 2007). It is
not considered to be invasive (Swearingen, 2006).

2.2. Common-garden experiments

Caryopses, referred to as seeds throughout this article, of
B. sterilis and B. tectorum were collected on 3rd of June, and of
B. squarrosus on 24th of June 2007 from50 fullymatured individuals
for each species in Vácrátót, Hungary (47�4203900N, 19�1400700E).
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Seeds were collected by shaking panicles in a bucket. The seeds
were subsequently dried and stored at room temperature
(20 � 2 �C) until January, when they were placed at 4 � 1 �C for
stratification for 8 weeks. Viability of seeds was determined by
incubating three lots of 50 seeds for each species on moist filter
paper from 1st of March. Germination percentages were deter-
mined after 12 days (85.28% for B. tectorum, 91.31% for B. sterilis and
88.27% for B. squarrosus).

2.2.1. Phenotypic plasticity
We investigated the phenotypic plasticity of the three Bromus

species in a common-garden experiment in the Botanical Garden of
Vácrátót, Hungary. The soil is sandy; the original vegetation type in
the area was open sand grassland (Festucetum vaginatae). From
March 23rd to July 20, 2008 an experiment was conducted
including 3 species, 2 nitrogen (N) treatments and 2 water treat-
ments. Split-plot design was applied: 4 replicates of water treat-
ments were established, each of them divided into 2 subplots of N
treatments and each subplot divided into 3 subesubplots for the 3
Bromus species. Although in natural conditions the majority of
seeds of these species germinate in autumn, it was more tractable
experimentally to sow them in the spring. This is an accepted
custom for such experiments (e.g. Yoder and Caldwell, 2002; Kao
et al., 2008), and Meyer et al. (2004) found that there is no major
differences in vernalization response as seeds versus seedlings of B.
tectorum. After digging the area, 50 seeds of the three species were
sown in each of the 72 subesubplots of 25 � 25 cm. After the
germination, 13 seedlings were randomly selected for inclusion,
while the superfluous germinants were removed in each plot. We
applied N as ammonium nitrate, once one week after germination
and three more times every three weeks thereafter. The nitrogen
treatments were: 0 g N/m2 and 15 g N/m2, while the water treat-
ments were: no watering and watering twice a week to field
capacity (approx. 300 ml of water/plot). The experimental plots
were weeded during the experiment as necessary.

At the end of the experiment, all individuals were harvested at
ground level and the plant material was dried at 72 �C for 30 h
before weighing. The harvesting date was chosen as the date when
one of the species reached full maturity, as senescence occurs
soon after anthesis (Yoder and Caldwell, 2002). Some, but not
all, B. tectorum and B. squarrosus had flowered by the time when
B. sterilis finished flowering and began to senescence. Therefore,
B. tectorum and B. squarrosusmight not have reached the total seed
production, thus data about generative biomass were not analyzed.
We must notice that the reduced reproductive output of these two
latter species might also indicate that the seeds did not respond
properly to the vernalization stimulus we applied. However, above-
ground biomass is widely used as a surrogate for plant performance
in Bromus species (Yoder and Caldwell, 2002; Lowe et al., 2003;
Miller et al., 2006; Adair et al., 2008). Rice and Mack (1991a)
found that seed number per plant and plant dry weight were
correlated in B. tectorum, and our field survey also showed that
bromes’ fitness (number of inflorescences) is highly correlated with
total above-ground biomass (see below).

2.2.2. Intraspecific competition
Bromus seeds were sown into 12 (3 species � 4 replicates) “fan”

plots (Antonovics and Fowler, 1985; Dyer and Rice, 1997) on 20th of
March 2008 in the same area of the Botanical Garden of Vácrátót,
Hungary. The fan style plots allowed several planting densities to be
analyzed within a single plot. Each plot was composed of 8 rows,
with six individuals per row. The spacing in Row 1 was 2.5 cm
between plants. The distance to plants in the next row was
2.5 þ 25% z 3 cm with round off and spacing between plants
within that row was also 2.5 þ 25% z 3 cm. Distances between

succeeding rows and between individuals within rows were always
increased by 25%, so that the distance between plants within Row 8
was 12 cm. Every target plant was surrounded by six neighbours in
a hexagonal pattern. Seedlings which died within the first two
weeks were replaced with seedling grown for this purpose. Rows 1
and 8 were considered buffer rows, as were the first and last plants
in each row. As a result, a total of 24 plants were used for analysis of
each plot (four plants per density per plot). The above-ground
biomass of the plants was harvested in the last week of July, con-
forming to the procedure described at the phenotypic plasticity
experiment.

2.3. Field survey

The study area was the Kiskunság region, in central Hungary,
which is a huge sandy forest-steppe area in DanubeeTisza inter-
fluve. The climate is temperate with continental and sub-
mediterranean features. The mean annual temperature is 10.5 �C,
and mean monthly temperature ranges from �2 �C in January to
21 �C in July. The mean annual precipitation is around 550mmwith
two maxima: May and November (Halassy, 2004). The dominant
soil types are sandy soils with little humus content (<1%) and
chernozem-like sandy soils (Kröel-Dulay et al., 2008). The vegeta-
tion in this region is amosaic of open sand grasslands dominated by
Stipa borystenica and Festuca vaginata, juniper-poplar forest, black-
locust plantation and arable fields.

2.3.1. Naturalness and composition of vegetation
In order to assess the influence of vegetation structure and

composition on the performance of Bromus species, we chose five
sample sites: Fülöpháza (46�53027.600N, 19�2604200E), Orgovány
(46�44056.400N, 19�28033.600E), Soltvadkert (46�34051.1300N,
19�23037.3200E), Tázlár (46�3305.5200N, 9�3107.5300E), and Vácrátót
(47�4203900N, 19�1400700E). In each site, we chose patches with
different levels of naturalness in which at least one Bromus species
was present. The levels of naturalness were (1) totally degraded, (2)
heavily degraded, (3) moderately degraded, (4) semi-natural and
(5) natural state, according to an a priori defined classification
based on the composition and structure of the vegetation (conform
to the Multi-Attributed Vegetation Mapping Method in Hungary,
Molnár et al., 2007). We planed to survey 150 patches (¼3
species � 5 sampling sites � 5 naturalness categories � 2 repli-
cates), but not all species could have been found in all naturalness
categories, thus the total number of examined patches was 100. In
each chosen patch we sampled five 1 m2 plots, forming a cross-
shaped pattern, with one plot in the centre (this plot obligatorily
contained the focal Bromus species) and the other four plots
orientated to the four cardinals at 1 m distance from the edge of the
central plot. This design guarantees that absence of the focal
species is not a consequence of propagule limitation. We did our
survey from late May till the beginning of July 2007, when the
winter annuals are fully mature. To quantify the bromes’ perfor-
mance and fitness, we used the following indicators: (1) we esti-
mated the relative cover of the Bromus species for each 1�1mplot;
(2) we measured the number of inflorescences in a 50 � 50 cm
subplot, and (3) we harvested the above-ground biomass from the
same subplot, dried it at 72 �C for 30 h, thenweighed it (g/0.25 m2).
Additionally, we recorded the names and visually estimated rela-
tive cover of all species occurring within the plots.

2.3.2. Niche-breadth of Bromus species
A total number of 532 relevés were recorded in the Kiskunság

region, in 16 landscape windows, sampling 400 km2 areas, without
focusing on the three Bromus species. The identity and percentage
cover of all species were recorded in 20 � 20 m quadrats. The
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survey was done in summer 2007 and 2008; the straws of Bromus
species were still standing and were recognizable at that time. We
examined natural and semi-natural vegetation (open and closed
sand steppes, meadows, open oak, poplar-juniper and poplar
woodlands), plantations (with alien species Robinia pseudoacacia,
Pinus sylvestris and Pinus nigra, Populus pennsylvanica, or native
species Quercus robur and Populus alba) and abandoned agricultural
fields (orchard, young and older old fields, secondary open and
closed sand steppes). We used these data to calculate the co-
occurrence based niche width of the three Bromus species (see
below).

2.4. Statistical analyses

The effect of N and water addition on the total biomass of three
Bromus species was analyzed using a linear mixed model, where
the random part represents the nested design of plots i.e. water
treatments nested within blocks, N treatments nested withinwater
treatments and species nested within N treatments. We followed
the four-step protocol proposed by Zuur et al. (2009): we started
with the full model, and first the random part was simplified
excluding non-significant terms based on ML-test. Then, using the
resulted simplified random part of the model, fixed effects were
tested by F-test. Finally, a model containing only the significant
fixed effects was used to estimate parameters.

The intraspecific competition was also analyzed using a linear
mixed model, using species as categorical and density as contin-
uous fixed effects, and block as random factor. To satisfy the
normality and linearity requirement, total biomass data were log-
transformed prior to analysis.

The preliminary study of field survey data showed that (1) due
to that high number of zeros they cannot be analyzed by traditional
statistical methods (only the central plot among 5 must have
contained at least one of the Bromus species, i.e. the focal species),
(2) maxima rather than the average of performance characteristics
were influenced by the studied factors. We therefore chose quantile
regression (Cade et al., 1999; Koenker, 2005), using the upper
quartile as the dependent value (i.e. tau ¼ 0.75). The independent
variables were: total vegetation cover, cover and species richness of
functional types (annuals, perennial grasses, perennial herbs, and
woody species) and naturalness categories.

Niche width of the three species was measured by Whittaker’s
beta-diversity of plots in which the species occurs (Zeleny, 2008).
This approach was suggested by Fridley et al. (2007) to overcome
the problem of traditional measures requiring habitat classification
and which were sensitive to differences in the classification. It is
based on the rate of species turnover among plots in which the
studied species occur (Zeleny, 2008). In case of generalists, this rate
is relatively high, because in many different habitats the species co-
occur with higher number of species than species restricted to
specific habitats. Since beta-diversity depends on the number of
plots, 50 plots in which the focal species occurs were chosen
randomly without replacement for estimating beta diversity, and
this procedure was repeated 50 times to estimate standard errors.
The statistical analyses were done using Statistica 7 (StatSoft, 2004)
and R 2.7.1 (R Development Core Team, 2008).

3. Results

3.1. The phenotypic plasticity of the three Bromus species

Generally, the three species experienced varying degrees of
phenotypic plasticity in response to nitrogen and water availability
(Table 1). Water addition had no effect on the performance of the
bromes. The spring and summer when the experiment was

conducted was exceptionally wet, as the June and July was
extremely rainy: the cumulative rainfall in June was 114.9 mm
(the average cumulative rainfall for June 1971e2000 was 73.8, data
from the National Meteorological Service), while in July 142.7 mm
(1971e2000: 64.1 mm, respectively), it rained almost every two
days, thus neutralizing the effect of the water treatment. The effect
of nitrogen treatment varied among species (Table 1, Fig. 1): it did
not influence the biomass production of B. sterilis (t ¼ 0.9393,
d.f. ¼ 39, p ¼ 0.3534) nor B. squarrosus (t ¼ 1.057, d.f. ¼ 39,
p ¼ 0.2968). B. tectorum was the only species responding to the
elevated nitrogen (t ¼ 2.7218, d.f. ¼ 39, p ¼ 0.0097).

3.2. The effect of intraspecific competition on the three
Bromus species

Intraspecific competition had significant effect on the biomass
of all three species: all of them gained the highest above-ground
biomass per individuals at the lowest monoculture density, but
there were no significant differences among species in the slope of
the fitted line (F2,276 ¼ 1.6725, p ¼ 0.189).

3.3. The effect of interspecific competition, composition and
naturalness of the vegetation on the three Bromus species

As the total biomass, the relative cover and the number of
inflorescences were highly correlated for all three species (rs> 0.81,
p < 0.001 for all species and all comparisons), only the number of

Table 1
Analysis of variance testing the effect of N and water treatment on the total biomass
of the three Bromus species. Values in bold indicate significant p value.

dfnum dfden F p

Nitrogen 1 6 2.10 0.19
Water 1 3 0.48 0.53
Species 2 24 5.37 0.01
Nitrogen � Species 2 24 3.53 0.04
Water � Species 2 24 0.76 0.47
Nitrogen � Water 1 6 0.66 0.44
Nitrogen � Water � Species 2 24 1.15 0.33

Fig. 1. The N treatment plotted against the total biomass of the three Bromus species
(empty circle ¼ no N, filled triangle ¼ high N). The figures represent means � standard
errors. The difference between N treatments is significant for B. tectorum (t ¼ 2.7218,
d.f. ¼ 39, p ¼ 0.0097), but not for B. squarosus (t ¼ 1.057, d.f. ¼ 39, p ¼ 0.2968) or
B. sterilis (t ¼ 0.9393, d.f. ¼ 39, p ¼ 0.3534).
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inflorescences was used in subsequent analyses. The different
degrees of interspecific competition, i.e. the total cover of other
vegetation differently influenced the performance of the three
species: B. squarrosus and B. tectorum did not respond to the
increasing vegetation cover, their fitness remained relatively
constant across different vegetation densities, while the B. sterilis
enhanced its performance under denser vegetation (Fig. 2). One
possible explanation is that higher vegetation cover may mean
stronger competition (especially for light), but it may alsomean less
harsh abiotic conditions.

The number of inflorescences was negatively influenced by the
increasing cover of annual species and perennial herbs in
B. squarrosus, but it was positively affected by the increasing
number of annual species (Table 2). The relative cover of B. tectorum
only responded negatively to the relative cover of perennial grass
species (Table 2). The performance of B. steriliswas just moderately
affected by the composition and abundance of co-occurring
species: the number of inflorescences (and also the biomass and
relative cover) was negatively affected by the perennial grasses;
however, it was positively related to tree cover (Table 2).

The performance of all three species was influenced by the
naturalness of the vegetation (Fig. 3). B. tectorum was present in
four naturalness categories out of five. It was less successful in
natural habitats, where the specialist species outperformed it.
B. squarrosus had the most even performance, occurring regularly
in the most natural sites, although always with low coverage.
B. sterilis occurred mostly in black-locust stands, which has low
naturalness, since Robinia pseudoacacia is an introduced invasive
species in Europe.

3.4. Co-occurrence based niche width

The calculated, co-occurrence based niche widths highlight the
habitat generalist character of B. tectorum. It occupies many
different habitats, thus showed the highest beta-diversity among
plots inwhich it occurred; while at the other extreme B. squarrosus,
restricted to specific habitats, had the lowest beta-diversity, thus
representing a less habitat generalist character (Fig. 4).

4. Discussion

Cheatgrass is a cosmopolitan weed (Randall, 2002), and it is one
of the most serious plant invaders in North America (James, 2008),

being the dominant plant across millions of hectares in the Inter-
mountain West (Hardegree et al., 2010). We were curious to know
whether the cheatgrass exhibited superior performance compared
to two congeneric species also in their Central European native/
long-established range. We evaluated “hard” traits highly associ-
ated with invasiveness: the plasticity, competitive ability and
generalist-specialist characters of the three bromes, traits that
might determine the differences regarding their success in North
America.

In our first hypothesis we argue that the most successful inva-
sive species should be the most plastic, showing high performance
and robust fitness across a wide range of conditions. We chose to
test the phenotypic response of the species to additional nitrogen
andwater, because the highly efficient water and/or nitrogen use of
B. tectorum has been frequently identified as a key mechanism
facilitating the establishment and persistence of this annual
grass in the otherwise nutrient-poor systems (Beckstead and
Augspurger, 2004; Norton et al., 2007). Earlier studies demon-
strated that B. tectorum exhibits tremendous phenotypic plasticity
in response to variation in resource availability (Mack and Pyke,
1983; Anderson, 1996). In a greenhouse study with five levels of
nitrogen treatment, B. tectorum continued to gain above-ground
biomass at every level, while the biomass response of the perennial
grass competitor (Bouteloua gracilis) became asymptotic (Lowe
et al., 2003). We also confirmed this: B. tectorum displayed high
phenotypic plasticity by producing significantly more above-
ground biomass under elevated nutrient content than in control
conditions. The fact that B. tectorumwas the only species among the
three bromes which reacted to the nitrogen treatment confirms the
validity of our first hypothesis: B. tectorum was the most plastic
among the three species with respect to soil nitrogen content.
B. tectorum showed enhanced performance under favourable
conditions, thus it can be considered an opportunistic species (the
so-called Master-of-some strategy, Richards et al., 2006). Although
our plasticity experiments only involved water and nitrogen
treatment, the response for different light intensities of the three
bromes could also be informative about their colonization potential
especially when entering dense vegetation. Our field data about the
performances under various vegetation densities might be used as
surrogate for outlining the bromes’ responses for different light
conditions. B. tectorum had a nearly even performance under
different vegetation cover, thus high plasticity for various light
conditions. The possible advantages of high phenotypic plasticity

Fig. 2. Quantile regression between the total vegetation cover and the number of inflorescences in 50 � 50 cm plots for all three Bromus species.
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(for light, nitrogen or other resources) in the invasion process have
been argued (e.g. Parker et al., 2003; Richards et al., 2006).
Concisely, as the success and rate of spread of an invasive species
largely depends on ability to tolerate abiotic conditions, those
species that can thrive under a broad spectrum of environments
through phenotypic plasticity have a higher probability of
becoming invasive (Dybdahl and Kane, 2005 and literature
therein). It has been suggested that the range expansion of
B. tectorum might be due to its ability to quickly occupy a range of
habitats in a recently invaded region (Rice and Mack, 1991b). It

worth also to mention that beside the phenotypic plasticity a high
proportion of variance in phenotypic traits in B. tectorum can
accounted for by genetic differences among populations in United
States (Meyer and Allen, 1999).

The second hypothesis stresses the importance of competitive
ability in the invasion process, as has been reported (Seabloom
et al., 2003; Bossdorf et al., 2004; Callaway and Ridenour, 2004).
We showed that the performance of B. tectorum was negatively
influenced only by perennial grasses among the interspecific
competitors. In concordance with earlier studies on B. tectorum
(Palmblad, 1968; Rice and Mack, 1991a) the increasing number of
intraspecific competitors also affected its performance, however it
is not likely that the negative density dependence might constrain
cheatgrass’ invasion (but see Palmblad, 1968).

B. sterilis reacted positively to increasing abundance of the
vegetation, mostly in the understory of the planted R. pseudoacacia
stands, where it could become dominant or even mono-dominant.
It could be responding to the shade or to the nitrogen provided by
this leguminous woody plant; however, we don’t think either of
those mechanisms explains this pattern. We found that B. sterilis is
not a shade-dependent species, because it produced high biomass
and reproductive output in full light conditions in our common-
garden experiment. Moreover, it did not respond to the nitrogen
treatment, so it is not likely that the nitrogen-fixing capacity of
Robinia attracts B. sterilis. A possible explanation could be that
B. sterilis is among the few species tolerating the robinetin and
several other allelochemicals the black-locust secretes (Nasir et al.,
2005), and its aggressive reproductive qualities (Call and Nilsen,
2003), thus exploiting an almost ‘empty’ niche. B. squarrosus was
the least competitive among the three species and was affected by
the increasing competition of annual and perennial species as
well.

We also supposed that the most successful invader was a habitat
generalists in its home range. According to Baker’s (1965)hypothesis,
many colonizing or invasive species owe their success to their ability
to thrive in a wide variety of habitats or environments. Since then
several studies have found that the degree of habitat generalization
is a good indicator of invasion success (Marvier et al., 2004). Habitat
generalists are more successful at establishing, spreading, and
attaining high population densities, traits that characterise invasive
species as well. It was already known that B. tectorum is a habitat

Fig. 3. The number of inflorescences plotted against the naturalness of the vegetation for the three Bromus species (naturalness categories: 1 ¼ totally degraded state, 2 ¼ heavily
degraded state, 3 ¼ moderately degraded state, 4 ¼ semi-natural state, 5 ¼ natural).

Table 2
The effect of species composition (relative cover and species number of different
functional groups) on the number of inflorescences of the three studied Bromus
species. Values in bold indicate significant p value.

Trait Number of inflorescences

Slope SE p

Cover of annual species
B. squarosus �0.30 0.28 <0.05
B. sterilis 2.01 1.36 0.89
B. tectorum 0.70 0.73 0.28

Cover of perennial grasses
B. squarosus �0.05 0.10 0.09
B. sterilis �0.58 0.36 <0.001
B. tectorum �0.58 0.34 <0.01

Cover of perennial herbs
B. squarosus �0.26 0.13 <0.05
B. sterilis 3.26 1.81 0.57
B. tectorum �0.35 0.59 0.21

Cover of trees and shrubs
B. squarosus 0.05 0.07 0.06
B. sterilis 0.53 0.34 <0.01
B. tectorum 0.01 0.30 0.06

Number of annual species
B. squarosus 5.49 2.57 <0.01
B. sterilis �7.39 5.60 0.72
B. tectorum 3.36 2.61 0.17

Number of perennial grasses
B. squarosus �2.61 1.34 0.12
B. sterilis �6.82 4.96 0.78
B. tectorum �1.14 3.12 0.07

Number of perennial herbs
B. squarosus 1.89 1.89 0.09
B. sterilis �4.54 7.63 0.55
B. tectorum 6.69 3.66 0.17
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generalist, persisting in a broad range of habitat types and environ-
mental conditions (Chong et al., 2006; Crall et al., 2006); howeverwe
also showed that it is more of a generalist than the other two
congeneric species according to the co-occurrence niche width.
Although it is an archaeophyte in Hungary, it can be considered an
intrinsic part of the local communities, thriving in a broad range of
habitats, from semi-natural to disturbed once co-occurring with the
native habitat-specialist species. However, its performance is better
in annual-dominated, disturbed or degraded habitats, because
perennial species can out-compete it. B. sterilis occurs only in
frequently disturbed habitats, thus it could not adapt to natural
communities as B. tectorum did. The literature indicates this species
is typically found on rough and waste ground, in hedgerows, by
roadsides, and along the arable land (Stace,1997; Peters et al., 2000).
B. squarrosus is the least of a generalist among the three studied
bromes, being out-competed by other annual species and perennial
grasses. It is mostly present in undisturbed, natural vegetation with
high annual diversity, typically with low percent cover.

In summary, B. tectorum was shown to be the most well-
equipped species among the three studied bromes, being pre-
adapted to become a successful invasive species: it was the most
plastic, mostly insensitive to interspecific competition and a habitat
generalist. B. sterilis, although not very plastic and less of a gener-
alist, has a special and unique ability to tolerate the highly allelo-
pathic R. pseudoacacia, character that could confer benefit also in its
American spread. B. squarrosus was negatively influenced by the
presence of other annuals and perennial herbs, and most like
a specialist. This ranking of the species’ abilities can explain the
current spread of the three bromes on the American continent, but
not in Europe, where none of them is outstandingly successful.
Norton et al. (2007) suggested that the principal difference
between the two continents regarding the different success of the
cheatgrass and other annual grasses is the amount of available
nutrients in soils, as the European territories have been highly
exploited for centuries, depleting the soil nutrients, while the
chronic disturbances which altered the nutrient cycles in the arid
and semi-arid western USA occurred much more recently,
preserving higher levels of nutrients. If this is correct, then Euro-
pean archaeophytes deserve special attention as potential invaders
to areas with more recent disturbances, because they already
survived an introduction and spreading event in the historical

Europe in associationwith early agricultural activities (La Sorte and
Py�sek, 2009), at the beginning of soil exploitation with increased
resource availability and altered disturbance regime. Moreover, the
distribution of archaeophytes had increased with their secondary
range (where they are long-established), thus the probability of
being transported elsewhere also increased (Goodwin et al., 1999).
La Sorte and Py�sek (2009) suggest that archaeophytes are in better
position to become invasive in a newly conquered region due to
their longer histories as aliens (extra-regional residence time). In
additions, archaeophytes are more prevalent in man-made habitats
rather than in semi-natural habitats, and thus they have a better
chance of being moved by humans. They may also be pre-adapted
to disturbances which is an important feature of successful aliens
(Hierro et al., 2005).
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