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INTRODUCTION
Invasive species can have profound impacts on
ecosystems in their invaded ranges (Mooney and Hobbs
2000). Competition among plants is thought to be
particularly important, as plants often have very similar
niche requirements; this may be one important way in
which the effects of invasive species are expressed. Many
studies have examined interactions between native and
exotic species (e.g., Meekins and McCarthy 1999, Byers
2000, Seabloom et al. 2003). However, despite long-term
recognition of the potential for invader–invader interactions (Elton 1958), few studies have focused on
interactions between invasive species at the same trophic
level (but see Laterra and Bazzalo [1999] and examples
from the marine literature: Ramsay et al. 2008, Griffen
and Byers 2009, Griffen et al. 2011). Invaders can
compete and inﬂuence each other’s dynamics, and hence
invasion outcomes.
The combined effects of two invaders can be superManuscript received 23 November 2011; revised 17 January
2012; accepted 23 January 2012. Corresponding Editor: R. A.
Hufbauer.
3
E-mail: erauschert@psu.edu

additive, additive, or subadditive. The invasional meltdown hypothesis (Simberloff 1999) encapsulates the
superadditive effect: because two invasives have positive
impacts on each other, they are more successful as
invaders, both either occupying more area or existing at
higher densities, and having larger impacts on the
ecosystem. If invaders have little impact on each other,
their effects would mainly be additive. Yang et al. (2011)
have recently proposed the possibility of invasional
interference, where two invaders impact each other
negatively and thus neither exerts as strong an inﬂuence
on the native ecosystem as it would alone. Invasional
interference occurs when both species perform less well
when together than when alone, for example if they both
exhibit reduced proportional seed set when pollinated by
a common pollinator (Yang et al. 2011). Similarly, when
the invasive European green crab was largely displaced
by a second invasive, the Asian shore crab, the overall
effect on the native bivalve prey species was similar,
despite a higher density of the Asian shore crab (Lohrer
and Whitlatch 2002). Thus, reductions in either species
due to competition could still lead to a similar level of
combined invasion impact. In some cases they may even
have a lower net impact, as has been observed using
multiple nonnative biocontrol agents to control the
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Abstract. As the number of biological invasions increases, the potential for invader–
invader interactions also rises. The effect of multiple invaders can be superadditive (invasional
meltdown), additive, or subadditive (invasional interference); which of these situations occurs
has critical implications for prioritization of management efforts. Carduus nutans and C.
acanthoides, two congeneric invasive weeds, have a striking, segregated distribution in central
Pennsylvania, USA. Possible hypotheses for this pattern include invasion history and chance,
direct competition, or negative interactions mediated by other species, such as shared
pollinators. To explore the role of resource competition in generating this pattern, we
conducted three related experiments using a response-surface design throughout the life cycles
of two cohorts. Although these species have similar niche requirements, we found no
differential response to competition between conspeciﬁcs vs. congeners. The response to
combined density was relatively weak for both species. While direct competitive interactions
do not explain the segregated distributional patterns of these two species, we predict that
invasions of either species singly, or both species together, would have similar impacts. When
prioritizing which areas to target to prevent the spread of one of the species, it is better to
focus on areas as yet unaffected by its congener; where the congener is already present,
invasional interference makes it unlikely that the net effect will change.
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invasive plant Centauria stoebe; adding the gall-inducing
ﬂy Urophora afﬁnis when Larinus minutus, a weevil, was
already present led to less overall C. stoebe seed
destruction than if L. minutus were present alone (Crowe
and Bourchier 2006).
Which of these cases occurs is essential for prioritization of management efforts, which should be based
on impacts on the local ecosystem rather than
nonnative status (Davis et al. 2011). In the case of
invasional interference, the second invader may lead to
relatively minor additional negative impacts, and hence
the prioritization of this ecosystem for management is
unaffected. On the other hand, if there is a superadditive (invasional meltdown) effect, preventing the
invasion of the second species should have a high
priority.
Carduus nutans L. and C. acanthoides L., two very
similar invasive species, have a strongly segregated
distribution in central Pennsylvania (Allen and Shea
2006). The cause(s) of this distributional difference is
unknown, but it does not appear to be driven by
different abiotic conditions or management practices
(Allen and Shea 2006, Rauschert et al. 2012). The role of
intraspeciﬁc thistle competition has not been well
studied (Milbrath and Nechols 2004). Interspeciﬁc
competition between these species is also not well
understood, though Warwick et al. (1990) found that
C. nutans was a more aggressive competitor than C.
acanthoides in the greenhouse, suggesting that C. nutans
might eventually replace C. acanthoides.
We examined competition between the two species as
a possible factor affecting their spatial distribution
(Bullock et al. 2000, Freckleton and Watkinson 2000),
as well as to elucidate the potential for interactions that
might alter predictions about invasion success made
from single-species studies. We studied the full life cycle,
as competition at early life-history stages can lead to
segregation and lack of competition at later stages,
which in turn can lead to misinterpretations of the role
of competition (Kubota and Hara 1996). We used three
two-cohort response-surface design ﬁeld experiments to
investigate interactions between C. nutans and C.
acanthoides at different densities and different lifehistory stages. The ﬁrst experiment involved planting
seeds in known locations (seed placement experiment).
Second, a seedling placement experiment was conducted,
in which seedlings were transplanted to known locations, to ensure the planned proportions at later life
stages. Finally, as there was an upper limit to the
densities that we could investigate with these approaches
due to limitations in marking individual seed/seedling
locations, we also performed a seed scattering experiment to examine higher densities. In all three experiments we hypothesized that C. nutans would have a
stronger effect on C. acanthoides than the reverse, at
least at the earliest stages, due to early growth
advantages arising from its larger seed size.
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METHODS
Species description
Carduus nutans and C. acanthoides are herbaceous
monocarpic perennials (Desrochers et al. 1988). Individuals of both species can produce thousands of seeds;
there is no record of vegetative reproduction (Desrochers et al. 1988). Seed set occurs during summer and
fall with the next generation emerging primarily the
same fall in suitable microsites (Ruggiero and Shea
2011). It is difﬁcult to tell the species apart at the
seedling and rosette stages (McCarty et al. 1969); after
overwintering, species differences such as leaf shape and
hairiness are more pronounced. Both species occur in
similar habitats, primarily in pastures and roadsides
(Batra 1978), and they co-occur in some locations in
their native (Eurasia) and invaded ranges.
Site description
All ﬁeld experiments were performed at the Russell E.
Larson Agricultural Center at Rock Springs (40871 0 100
N, 77894 0 200 W) in the Ridge and Valley physiographic
province of Pennsylvania, USA. The site is a former
pasture, ungrazed for more than a decade, with mostly
weedy grasses and dicots present. In the summer
preceding the planting of each cohort of each experiment, seeds were collected from naturally occurring
populations from within the areas known to have only
one species present (near Carlisle, Pennsylvania, for C.
nutans, and State College, Pennsylvania, for C. acanthoides). Seeds were removed from ﬂower heads, sifted
using mesh screens to remove ﬂat, nonviable seeds, and
used in experiments that same fall for maximum seed
viability.
Experimental design
We conducted a response-surface design experiment
(Inouye 2001) with a group of substitution series at
different densities to best estimate competition coefﬁcients and population growth parameters. All experiments consisted of a randomized complete-block design
involving ﬁve relative composition treatments (C.
nutans : C. acanthoides ratios of 100:0, 75:25, 50:50,
25:75, 0:100) at three different densities (high, medium,
and low), leading to 15 plot types. These two thistle
species are roughly equivalent in size, so replacing one
individual with a congeneric individual affects only
composition, not overall density.
Seed placement experiment
The seed placement experiment involved planting
seeds in known locations, in order to be certain of early
species identity. In September 2003 and 2004, 15 plots,
replicated in six blocks, were each planted with 16
individuals, regularly spaced on a four-by-four grid. The
size of the plots was varied to create different densities:
100 seeds/m2 (low density), 400 seeds/m2 (medium
density), and 2500 seeds/m2 (high density). Each plot
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was placed in the middle of a 0.5 3 0.5 m area in 2003
and a 2 3 2 m area in 2004, leaving a border area of at
least the same width as the spacing. Within each plot,
each of the 16 locations was randomly assigned to either
C. nutans or C. acanthoides, constrained by the number
of individuals of each species necessary for the desired
relative plot composition. Prior to the start of the
experiment, the plots were tilled, as some level of
disturbance is necessary for emergence (K. Shea,
unpublished data), and only a limited number of other
plants reinvaded the plots. Seeds were planted at a depth
of 5 mm, which enhances emergence (McCarty et al.
1969).
Seedling placement experiment

Seed scattering experiment
In order to investigate higher thistle densities than
could be individually marked, a similar response-surface
experiment with six replicates was planted at the ﬁeld
site in the fall of 2004 and 2005. All plots were the same
size (20 3 20 cm), and density was varied by changing
the numbers of seeds sown (1000, 2000, and 4000 seeds/
m2). The lowest density is similar to that which would be
found near a dispersing parent plant (O. Skarpaas,
personal communication), and we chose to also investigate higher densities, as this has been shown to improve
parameter estimation (Inouye 2001). A control treatment, with no sown seeds, allowed us to monitor
background emergence. Each plot was tilled prior to
planting to remove all other vegetation; only a few
individuals of other plant species reinvaded the plots.
Seeds were scattered haphazardly across the plots and
covered lightly with soil.
Data collection and analysis
The seed placement experiment was monitored for
emergence three times a week during the one-month
peak-emergence period in September–October. All
experiments were censused for presence/absence and
size (longest leaf length and rosette diameter) in the fall

and spring, and censused destructively for size and
number of ﬂower heads in July when plants were setting
seed (completion of the life cycle). The seed and seedling
placement experiments were terminated after the ﬁrst
summer, when all ﬂowering individuals had been
removed and the remaining plot compositions were no
longer representative of the treatments. The seed
scattering experiment had higher numbers of individuals
planted; few plants ﬂowered in the ﬁrst year, leaving
similar plot composition, so plots were left intact and
monitored for a second year when more individuals
ﬂowered and set seed.
The average plot response for each species was the
basic unit for analysis, to avoid pseudoreplication
(Crawley 2002). Logistic regressions were examined for
emergence, ﬂowering success, and survivorship (Crawley
2002). Since overdispersion was present in the average
number of heads produced and average days to
emergence, these were analyzed using a quasi-GLM
model, with the variance adjusted by multiplying the
mean by the overdispersion parameter (Zuur et al.
2009), which performs well for ecological count data
(Hoef and Boveng 2007, O’Hara and Kotze 2010). The
combined density of both species and the proportion of
the plot that was planted with the other species were the
explanatory variables. At a given density, as the
proportion of one species increased, the proportion of
the other decreased. Densities were normalized to be
between 0 and 1, to facilitate comparison with the
‘‘proportion of other species’’ variable. Planting densities and proportions were used for analyses of emergence and survival, and actual densities and proportions
present at the time of measurement were used for later
life-history stages in experiments where the planting
density and actual densities were potentially different.
For the seedling-placement experiment, planted densities
were always used, as survivorship was very high.
Interactions between density and the proportion of the
other species were only included if the coefﬁcients were
signiﬁcant (P , 0.05). The block/year effect was
included as a random effect using mixed models
(glmmPQL in R). All analyses were performed using R
(R Development Core Team 2008).
We focused on the measures most closely tied to
ﬁtness for a particular experiment (emergence and
survival, and speed of emergence for experiments on
earlier stages; proportion ﬂowering, and number of
ﬂower heads produced for experiments on later stages).
If a response variable was found to be positively related
to the proportion of the other species present, we took
this to mean that individuals had higher performance in
plots with more heterospeciﬁcs vs. conspeciﬁcs, which
implies that the strength of intraspeciﬁc competition was
greater than interspeciﬁc competition. The only exception is for analyses of days to emergence, where a
negative relationship implies that the average days to
emergence was shorter.
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As emergence can be quite variable (E. Rauschert,
unpublished data), we initiated an experiment with
seedlings, in order to study speciﬁc proportions and
densities at later life stages. In early September 2003 and
2004, seeds were planted individually in pots in a
greenhouse and transplanted to the ﬁeld after their true
leaves had extended beyond their cotyledons for most
individuals (after approximately three weeks). The ﬁeld
site was mowed once prior to initiation of the
experiment. Six blocks were planned in each year, but
due to poor emergence of C. nutans in the greenhouse,
only ﬁve blocks were possible in 2003. As in the seed
placement experiment, each plot consisted of 16
individuals placed in the center of a 2.5 3 2.5 m area.
The densities studied were 4, 25, and 100 thistles/m2,
again created by varying plot sizes.
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FIG. 1. Seed-scattering experiment: the average response of emergence and survival until July by Carduus nutans and C.
acanthoides, two congeneric invasive weeds, to density and the proportion of the other species planted (data are means 6 SE).
(A, B) The proportions of C. nutans and C. acanthoides emerging and surviving decrease signiﬁcantly with increasing density.
(C, D) Emergence and survival of each thistle species in relation to the planting proportion of the other species; monoculture plots
are on the left of the graph (with zero proportion of the other species planted). The proportion emerging and surviving until July is
not signiﬁcantly related to the proportion of other species planted. Thus there is no evidence of stronger interspeciﬁc competition
relative to intraspeciﬁc competition.

RESULTS
In the seed placement experiment, 52% of Carduus
nutans and 41% of C. acanthoides emerged in 2003 (720
seeds planted for each species), whereas only 41% and
28% emerged in 2004, respectively. The mean time to
emergence was similar for both species (14 days). There
were large differences in plant performance between
blocks. Analyses of the average days to emergence did
not demonstrate strong impacts of the proportion of the
other species present. This was only signiﬁcant for the
proportion of C. nutans emerging, where it had a
negative effect; however, this effect appears to be largely
driven by the 75% C. acanthoides category, which had
lower C. nutans emergence. There was a signiﬁcant
interaction of density by proportion of the other species
in the model of C. acanthoides emergence; density had a
negative effect in monoculture but a higher proportion

emerged as the proportion of C. nutans increased and
density was higher. Density had a negative impact on the
days to C. acanthoides emergence, which implies
generally faster emergence at higher densities. There
were no signiﬁcant relationships with density for C.
nutans.
In the seedling placement experiment nearly all
individuals survived from the fall to the next summer
(542/581 and 692/720 of C. nutans in the ﬁrst and second
cohorts, respectively, and 608/619 and 688/720 of C.
acanthoides), but the two years of this experiment had
very different ﬂowering rates: 49% of C. nutans and 38%
of C. acanthoides ﬂowered in the ﬁrst cohort, while only
13% and 6%, respectively, ﬂowered in the second cohort.
The proportion ﬂowering was not signiﬁcantly related to
density or to the proportion of the other species present.
The number of ﬂower heads produced by C. nutans was
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positively affected by increased proportion of C.
acanthoides. The number of ﬂower heads produced
was negatively related to overall density for both species
(Appendix: Fig. A1).
In the seed scattering experiment, of the 4200 seeds
planted in each cohort, there were 358 C. nutans and 245
C. acanthoides in July of the ﬁrst year of the ﬁrst cohort,
and 248 and 183 seeds, respectively, in the second
cohort. No emergence was observed in the control plots.
In the ﬁrst year of the ﬁrst cohort only 9.5% of emerged
C. nutans and 1.6% of C. acanthoides ﬂowered, but by
the second year 24% and 22%, respectively, were
ﬂowering. In year one of cohort two there was negligible
ﬂowering, but by the second year 76% of C. nutans and
60% of C. acanthoides ﬂowered.
In the seed scattering experiment, overall plot density
had a negative impact on emergence and survival to July
and on the number of ﬂower heads produced for both

species, but density had a positive effect on the
proportion ﬂowering in the second year (Figs. 1 and
2). The proportion of the other species present was not
signiﬁcantly related to any attribute for either species
(Table 1).
DISCUSSION
Competition is thought to be important for plants
because most plants require the same resources, such as
nutrients (i.e., water and macronutrients such as
nitrogen and phosphorus), light and space (Tilman
1997). In general, the more similar plants are, the more
intense the level of competition between them may be
(Johansson and Keddy 1991). The strongest evidence we
observed for density dependence was from later life
stages at high densities. Importantly, competition from
the other thistle species does not seem to differ from
intraspeciﬁc competition; our hypothesis of a stronger
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FIG. 2. Seed-scattering experiment: the number of ﬂower heads produced in both cohorts in response to actual densities and
actual proportions of the other species present. For both species, (A, B) density had a signiﬁcant negative effect on the number of
heads produced, but (C, D) there was no signiﬁcant effect of the proportion of the other species present (i.e., no evidence for
stronger interspeciﬁc competition). In this ﬁgure, Carduus acanthoides results are from the second year of each cohort due to
extremely low proportions ﬂowering in the ﬁrst year.
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TABLE 1. Key statistical results for the three two-cohort response-surface competition experiments involving the invasive thistle
species Carduus nutans and C. acanthoides.
C. nutans
Response and explanatory variables

Communications

A) Seed placement experiment
Proportion emerging
Intercept
Proportion of the other species
Combined density
Interaction

Coefﬁcient

C. acanthoides
P

Coefﬁcient

P

0.40
0.22
0.83
1.34

0.52
0.00**
0.03*

0.019
0.54
0.074

0.04*
0.62

Average no. days to emergence
Intercept
Proportion of the other species
Combined density

2.64
0.167
0.105

0.18
0.19

2.68
0.038
0.18

0.71
0.01**

B) Seedling placement experiment
Proportion ﬂowering
Intercept
Proportion of the other species
Combined density

1.14
0.223
0.083

0.53
0.70

1.54
0.36
0.48

0.40
0.06

1.03
0.32
0.19

0.03*
0.05*

2.9
0.32
0.35

0.13
0.01*

C) Seed-scattering experiment
Emergence and survival to July
Intercept
Proportion of the other species planted
Combined density planted

2.25
0.38
0.60

0.10
0.00**

2.30
0.34
0.75

0.18
0.00***

Proportion ﬂowering in the second year
Intercept
Proportion of the other species present
Combined density present

0.42
0.11
1.66

0.85
0.03*

0.44
0.58
1.72

0.30
0.01**

Number of ﬂower heads produced
Intercept
Proportion of the other species present
Combined density present

2.10
0.16
3.02

0.70
0.00***

3.67
0.45
2.23

0.45
0.04*

Number of ﬂower heads produced
Intercept
Proportion of the other species
Combined density

Summary

At the earliest stages, conﬂicting
evidence that C. acanthoides is
impacted by density and weak
evidence than C. nutans was
more strongly impacted by
interspeciﬁc competition.

Total density had a negative
impact on the numbers of heads
produced. No evidence of
greater inter versus intraspeciﬁc
effects for C. acanthoides. C.
nutans may be more affected by
intraspeciﬁc competition.

Density has a negative effect on
emergence and survival to July,
and on the number of ﬂower
heads produced. However, it
has a positive impact on the
proportion ﬂowering, and there
is no evidence that interspeciﬁc
competition is greater than
intraspeciﬁc competition.

Notes: In most cases, a negative relationship implies poorer performance with a high density or high proportion of other species
present; for the average days to emergence, a negative relationship implies faster emergence.
* P  0.05; ** P  0.01; *** P  0.001.

competitive effect of Carduus nutans was not supported.
We found most evidence for density dependence in the
seed scattering experiment, where we investigated
densities far higher than would typically be found under
a parent plant.
Negative pollinator-mediated interactions have been
observed between these two species by Yang et al.
(2011), who found that proportional seed set was
reduced in mixed stands vs. pure stands for both species.
However, this did not translate into a plant-level ﬁtness
effect, as similar numbers of seeds per individual were
still produced. It is possible that the ﬁtness of seeds
produced in mixed stands is lower. Yang et al. (2011)
found that more pollination events occurred within a
single plant in mixed arrays, but the performance of seed
from different types of crosses, and the hypothesis that
selfed seeds are less ﬁt, remains to be tested. Nonetheless, even in mixed stands, the ﬂowering phenology
overlap of these two species is not complete in central
Pennsylvania (USA), and both species ﬂower alone for

signiﬁcant periods of time. In our experiments, concerns
about potentially introducing an invasive species not
present locally (C. nutans) precluded allowing experimental plants to disperse seed so that we could follow
the next generation. However, we did examine the effects
of maternal competitive environment on seeds in the
greenhouse. We observed no differences between maternal inter- and intraspeciﬁc competition, and the overall
germination rates were relatively high (Rauschert 2006).
Our ﬁndings are also consistent with classical reviews of
competition: the strength of interspeciﬁc and intraspeciﬁc competitions among primary producers was found
to be similar, regardless of the level of productivity
(Gurevitch et al. 1992), and similar results were found
speciﬁcally for plants (Goldberg and Barton 1992).
We observed considerable variation in individual
plant performance. For example, in Fig. 2 (a, b), at
low densities, there is a wide range of numbers of ﬂower
heads produced, with less variation in the lower numbers
observed at higher densities; it appears that density
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an area is already invaded by one species, it seems
relatively unlikely that the subsequent invasion of the
other will greatly increase the net impact on the
invaded community.
More broadly, our results suggest important general
insights for invasive-species management. Biotic resistance, typically thought of as the native community’s
ability to repel invasion, may lead to reduced invasion
success, both in terms of the ability to invade and the
abundance attained by invaders (Levine et al. 2004).
However, many communities are already heavily invaded by nonnatives, often by species with similar traits (as
is the case in our study). Based on our ﬁndings, we argue
that nonnative community members may also play a
large role in biotic resistance. Taking such invasional
interference into account will be critical for successful
invasive species management.
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dependence may lead to an upper boundary on plant
performance, with many individuals at lower densities
performing well below this level as a result of factors
other than density. This ‘‘envelope effect’’ has also been
observed with other plants (Goldberg 1987, Guo et al.
1998). Some of this may have been mediated by
responses to underlying resource heterogeneities, to
other vegetation (though the seed-initiated experiments
were conducted on bare ground), or even via indirect
interactions between the two invasive species (White et
al. 2006). Even if there is a strong mean effect of
competition, given enough variation in response to
competition, inferior competitors may still be able to
persist for extended periods because they sometimes are
able to succeed (Chesson 2000) This high variation also
suggests that competition between these species would
be unlikely to lead to a stable segregated pattern, as the
degree of inter vs. intraspeciﬁc competition experienced
by individuals can vary and hence lead to different
outcomes.
Sfenthourakis et al. (2006), in a meta-analysis of
species co-occurrences, found no evidence for widespread competition among congeneric species. They also
found no evidence for stronger associations between
species pairs. They suggest that patterns observed are
more a result of history or habitat preferences. There are
no clear differing habitat preferences for these two
thistles (Allen and Shea 2006), and it appears that, at the
scale of a ﬁeld, aggregation in favorable sites has a
stronger effect than small-scale interspeciﬁc competition
(Rauschert et al. 2012). Slow spread rates projected for
wind dispersal of these species suggest that human
activity may be responsible for regional spread (Skarpaas and Shea 2007). Thus historical invasion patterns
may be the cause of the segregated pattern observable
today. Due to the lack of stronger direct interspeciﬁc
competitive effects between Carduus nutans and C.
acanthoides documented in this study, we would expect
the segregation of these two species to degrade over
time, unless other factors are involved in maintaining
this pattern, as discussed above.
In conclusion, we found no strong evidence for
stronger interspeciﬁc competition between C. nutans
and C. acanthoides, but some evidence for combined
density dependence. It seems that for these thistle
species, intraspeciﬁc competition is similar to interspeciﬁc competition, and that the response to density
may be small under usual ﬁeld conditions. For the
Carduus system, the concept of invasional interference
most closely applies; certainly the risk of invasional
meltdown (Simberloff 1999) is low for this pair of
invaders. Both species respond somewhat to the
overall density of Carduus thistles, so we would predict
that one species invading into an area occupied by the
other might change their ratios, but would not greatly
impact the overall density of thistles. In terms of
management, priority should be given to keeping
Carduus thistles out of areas that are thistle-free; if
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SUPPLEMENTAL MATERIAL
Appendix
A ﬁgure showing the number of ﬂower heads produced in response to the total planting density and the proportion of other
species present in the seedling placement experiment (Ecological Archives A022-073-A1).

