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Abstract Invasion success is favoured by the

introduction of pre-adapted genotypes. In addition,

novel pressures in the introduced range may lead to

phenotypic changes related to fitness or competitive

ability of introduced plants. Polyploidy appears to be

over-represented in invasive plants, but differences

between cytotypes in growth strategies including

trade-offs among plant traits have received little

attention so far in the context of biological invasions.

We grew Centaurea stoebe L. and Senecio inaequi-

dens D.C. in a greenhouse experiment to test for

differences in fitness (shoot biomass, reproductive

output) and competitive ability (vegetative size,

specific leaf area, leaf dry matter content, root–shoot

ratio) between diploid and polyploid cytotypes as

well as between native and introduced plants. For

both species, diploid and tetraploid genotypes occur

in the native range, whereas only tetraploids are

present in the introduced range. In the native range

of both species, diploid and tetraploid genotypes had

different growth strategies. Tetraploid genotypes of

C. stoebe and S. inaequidens had, respectively,

higher specific leaf area and stem height than diploid

ones. Thus, for both species, native tetraploids

appeared more competitive than native diploids,

which could explain, at least partially, the invasion

success of the pre-adapted tetraploid genotypes. The

comparison of native and introduced tetraploid

genotypes revealed differences in traits linked to

competitive ability, which could be linked to novel

selection in the new environment. In S. inaequidens,

we found evidence for a competition-colonisation

trade-off, whereas persistence of C. stoebe in the

new range seemed to be linked to a competition-

defence trade-off.
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Introduction

Invasive species represent a threat to natural and

managed ecosystems (Pimentel et al. 2000; Prieur-

Richard et al. 2000). Understanding how they can

invade ecosystems is a major challenge to ecologists

(Richardson and Pysek 2006). Evolutionary processes

such as hybridization or polyploidisation may cause

intrinsic changes of the species which can lead to

higher fitness (Hufbauer and Torchin 2007) or change

in ecological breadth (Petit and Thompson 1999;

Soltis and Soltis 2000; Weber and Schmid 1998).

Especially in the last decade, evidence for adaptive

evolutionary changes during the invasion process is

increasing (Facon et al. 2006; Lee 2002; Prentis et al.

2008; Richards et al. 2006; Whitney and Gabler

2008). Given that these changes are detrimental in

many cases, successful invaders probably result

from selection on numerous hybrid combinations

(Ellstrand and Schierenbeck 2000).

The process of invasion may be the result of a strong

selection sequence leading to an assemblage of

biological traits contributing to invasion success.

Among others, one strategy to become a successful

invader is to have a higher fitness (i.e. biomass

production and reproductive output) than its native

competitors in the new area (Colautti et al. 2006;

Daehler 2003; Pyšek and Richardson 2007) and/or a

higher competitive ability (Daehler 2003). The simul-

taneous study of fitness and competitive ability traits

could give insights on traits related to invasiveness.

Competitive ability can be encompassed by a small

number of functional traits linked to light capture,

production of biomass and nutrient use (Goldberg and

Landa 1991; Keddy et al. 1998; Westoby 1998).

Vegetative traits such as plant height or lateral spread

of the canopy are known to be indicators of plant

competition for light and space, respectively (Grime

1977). Specific leaf area (SLA), leaf dry matter content

(LDMC) and root–shoot ratio (RSR) are traits related

to growth rate and resource use and allocation (Navas

and Moreau-Richard 2005; Reich et al. 1992). Clas-

sical studies in evolutionary ecology have often

focused on variation in single traits. Only little

attention has been paid to co-variation among charac-

ters, despite the fact that trade-offs have been recog-

nised for their importance in explaining coexistence

and local persistence (Silvertown 2004; Suding et al.

2003). SLA, LDMC and RSR are involved in the trade-

off between production of biomass and conservation of

nutrients (Reich et al. 1992) whereas capitulum

production is linked to the competition-colonisation

trade-off (Coomes and Grubb 2003). The study of

trade-offs among traits and their directional co-varia-

tion might thus provide insights into pre-adapted life-

history strategies for invasiveness (Chun et al. 2007;

Kuster et al. 2008). According to the trade-off between

production of biomass and resource use, competitive

species should have higher SLA and lower LDMC

compared to resistant ones, to ensure a fast cycling of

nutrients and a rapid growth (Reich et al. 1999). The

competition-colonisation trade-off states that compet-

itive species should have larger seeds with short

dispersal distance compared to colonisers (Coomes

and Grubb 2003; Turnbull et al. 2004).

Intra-specific comparisons between native and

introduced populations of an invasive species are of

high importance to understand the invasion success.

For a given species, this biogeographic comparison of

ecological features can highlight critical traits and

trait combinations that might enable plants to be more

common in their introduced communities relative to

their native ones (Hierro et al. 2005).

The aim of this experiment was to study the

differences in plant fitness and competitive ability

according to the different genotypes of invasive

species. We used two invasive species, Centaurea

stoebe L. and Senecio inaequidens D.C., which (1)

both belong to the same family (Asteraceae), (2)

occupy similar ecological niches in their native range

(i.e. mainly dry meadows and habitats disturbed by

human activities), and (3) tend to invade similar

habitats in their introduced range (semi-natural and

disturbed grasslands). Furthermore, these two species

are assumed to have undergone polyploidisation by

hybridization leading to the presence of diploid and

tetraploid genotypes (Lafuma et al. 2003; Mrás et al.

unpublished results). However, while both genotypes

are predominantly present in discrete populations in

their native range, the introduced range is exclusively

dominated by tetraploid genotypes (Lafuma et al.

2003; Treier et al. 2009). According to recent studies,

both diploid and tetraploid cytotypes may have been

introduced in the new range, but only tetraploid ones

managed to survive and spread, probably because of

pre-adaptation to new environmental conditions

(Bossdorf et al. 2008; Treier et al. 2009). If we

define for convenience a geocytotype as a ploidy
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level in a given range (native or introduced range),

both studied species have three geocytotypes: (1)

native diploid, (2) native tetraploid, and (3) intro-

duced tetraploid.

We performed a greenhouse experiment for

9 months. For both species, we compared fitness

and competitive ability traits of the three geocyto-

types. Comparison between native diploid and native

tetraploid genotypes can indicate traits that might

pre-adapt polyploids to become invasive in the

introduced range, whereas comparison between

native and introduced tetraploids may give insights

into potential evolutionary changes following intro-

duction in the new range. We hypothesised that (1)

fitness of tetraploid genotypes is higher than fitness of

diploid genotypes, and fitness of introduced tetrap-

loids is higher than that of native tetraploids. Since

several hypotheses regarding invasion success are

linked to changes in traits related to competitive

ability, we expected (2) both species’ functional traits

to differ between tetraploid geocytotypes so that

plants in introduced populations should be taller,

have lower LDMC, higher SLA and lower RSR than

native ones. Furthermore, as evolutionary and eco-

logical processes can affect trait co-variations and

trade-offs, which could result in differences in growth

strategy leading to invasive success, we hypothesised

that for both species (3) trait trade-offs occurred

between native diploid and native tetraploid geno-

types, as well as between tetraploid genotypes, in a

way that tetraploids are more competitive than

diploids (higher SLA, lower LDMC, increased veg-

etative size) and introduced genotypes have higher

colonisation ability than native genotypes (higher

reproduction input).

Materials and methods

Study species

Centaurea stoebe L. (syn. C. maculosa Lam.) is an

herbaceous biennial or short-lived perennial tap-

rooted forb with a rosette of basal leaves and

relatively thick flowering stems (Hook et al. 2004).

Its native range spans from Western Asia to Western

Europe, where diploid and tetraploid cytotypes appear

in discrete populations (Broennimann et al. 2007). It

was introduced in the Pacific Northwest of the US in

the late 1800s (Watson and Renney 1974) and spread

rapidly throughout US and Canada (Duncan 2001;

Skinner et al. 2000). It causes substantial economic

damage through its low nutritive value, which reduces

forage quality (Campobasso et al. 1994). Tetraploid

cytotypes are thought to have arisen from interspecific

hybridization (Mráz et al. unpublished results). A

niche shift has been observed between native and

introduced populations (Broennimann et al. 2007),

and especially between tetraploid genotypes. Intro-

duced tetraploid genotypes mainly occur in areas with

drier and more continental conditions than do tetrap-

loids in Europe, but the niche of native diploids and

tetraploids is largely overlapping (Treier et al. 2009).

Senecio inaequidens D.C. is an erect perennial

dwarf shrub native to South Africa and Lesotho. In

the native range, diploid and tetraploid cytotypes

form discrete populations, with tetraploid ones being

present in more mountainous area than diploid ones

(Lafuma et al. 2003). It was accidentally introduced

to Europe at the end of 1880s (Bornkamm 2002)

where it is now widespread. It is also found in

Australia and South America (see Ernst 1998 and

Lafuma et al. 2003 for review). When growing in

pastures, S. inaequidens is avoided by cattle, which

leads to reduction of forage quality. Tetraploid

cytotypes are thought to have arisen by interspecific

hybridization and are thought to survive more

stressful habitats than diploids (Lafuma et al. 2003).

Seed collection

Seeds of C. stoebe were collected during summer

2005 throughout its native range in Europe (Austria,

Hungary, Switzerland and Ukraine) as well as in

its introduced range in Montana and Oregon, US

(Broennimann et al. 2007; Treier et al. 2009). Seeds

of S. inaequidens (mostly provided by Dr. Daniel

Prati, University of Leipzig-Halle and Sandrine

Maurice, Institut des Sciences de l’Evolution Mont-

pellier) were collected in Western Europe, South

Africa and Lesotho (Lafuma et al. 2003).

Pot experiment

A 9-month pot experiment was set up in the green-

house of the University of Lausanne, Switzerland.

During February 2006, 180 seeds of each species were

sown in germination trays filled with sieved garden
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soil from the University of Lausanne in which neither

species grew previously. For each species, half of the

seeds came from tetraploid introduced populations

and half from native populations, either diploid or

tetraploid. As ploidy level of seeds of S. inaequidens

was known prior to the experiment, we used seeds

from 45 diploid and 45 tetraploid parents from the

native range, and 90 seeds from tetraploid parents

from the introduced range. Since ploidy of C. stoebe

was unknown at the beginning of the experiment and

was analysed later, it came out that among native

seeds, 70 seeds were from diploid parents and 20 from

tetraploid parents. The 90 seeds from the introduced

range were from tetraploid parents.

After 1 month, surviving seedlings (330 out of

360) were transplanted into 1 L pots. Each pot was

filled with standard potting soil (mix of sand, peat

and Swiss garden compost made of branches and

leaves without any additional microorganisms, pro-

vided by Ricoter S. A., Aarberg, Switzerland) and

contained one individual. Pots were randomly

arranged on tables and watered every 2–4 days.

For bio-security reasons and in order to prevent seed

set, inflorescences of all plants were cut at weekly

intervals during the experiment. We acknowledge

that this cutting may have affected individual

fitness, but since all the capitula were cut for all

individuals, we consider that the cutting effect was

the same for all individuals and geocytotypes. Nine

months after sowing all living plants (212 individ-

uals) were harvested and plant traits measured.

Details on the origin of the seeds used for this study

are given in Table S1 in the Electronic Supplemen-

tary Material.

Measurements

Shoot biomass and reproductive output (flowering

ability, onset of flowering and capitulum production)

were measured at the end of the experiment on all the

212 plants living. Flowering ability was recorded as a

binary response of whether capitula were produced or

not during the experiment. Number of days between

sowing and the appearance of the first capitulum and

the total number of capitula produced by flowering

plants during the experiment were recorded to

measure the onset of flowering and the capitulum

production, respectively.

Due to time constraints, we randomly selected a

subset of seven individuals of each geocytotype of

both species for measurements of traits related to

competitive ability (vegetative size, SLA, LDMC and

RSR). On each selected individual, five leaves were

taken randomly among the healthy fully developed

ones for measurements of total leaf area, fresh and

dry biomass (Cornelissen et al. 2003). Total leaf area

was measured using a LI-3100C Leaf Area Meter (Li-

COR, Lincoln, Nebraska, US). Leaves were dried at

60�C for 72 h and weighed for dry mass. Specific leaf

area (SLA, leaf area per unit leaf dry mass in

m2 kg-1) and leaf dry matter content (LDMC, leaf

dry mass per unit of leaf fresh mass in mg g-1) were

calculated for each plant as the mean of measure-

ments of its five selected leaves. These plants were

then separated into shoots and roots, dried at 35�C for

7 days (to allow potential chemical analyses), and

weighed together with the leaves collected for leaf

trait measurements. Two distinct measures of vege-

tative size were done for the two species due to their

distinct growth form: stem height for S. inaequidens

and lateral extension of the canopy for C. stoebe

(Grime 1977; Navas and Moreau-Richard 2005).

Root–shoot ratio (RSR) was calculated as the ratio

between root and shoot dry mass.

Statistical analyses

All the analyses were carried out with R 2.7.2

(R Development Core Team, 2008). Flowering ability

binary data were analysed with a generalised linear

model fitted with a binomial distribution and a logit

link function (Venables and Ripley 1999) using the

glm function of the stats library. Count data of onset

of flowering and capitulum production of flowering

plants were analysed with a generalised linear model

fitted with a quasi-poisson distribution. Shoot bio-

mass was analysed with a linear model which is more

robust than analysis of variance for unbalanced

designs (Pinheiro and Bates 2000). To reduce heter-

oscedasticity, shoot biomass was log-transformed.

Since changes between geocytotypes can be species

specific, analyses were performed separately for each

species, after having tested the difference between

species. Vegetative size, LDMC, SLA and RSR

measured on the subset of n = 42 individuals were

analysed using analysis of variance (ANOVA using

aov function) after having tested assumptions. To
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achieve the assumption of normality for analysis of

variance and reduce heteroscedasticity, LDMC, SLA

and vegetative size were log-transformed. Separate

ANOVA were performed for each species to test for

differences between geocytotypes within species. We

used Tukey post-hoc tests to assess significant or

marginally significant differences between levels of

factors when needed. We considered marginally

significant differences (P \ 0.10) for the functional

traits since the low number of replicates could show

some trends that would need to be tested in a similar

experiment with more replicates.

To study the multivariate response of traits, we

performed a redundancy analysis (RDA) which

constrained fitness and functional traits of the subset

of individuals (n = 42) by species and geocytotype.

Since vegetative size did not correspond to the same

measure on the two species (plant height vs. lateral

extension of the canopy), it was scaled at the species

level before analysis to enable comparison between

species. Permutation tests were used to assess the

significance of these multivariate regression models.

Results

Comparison of traits among geocytotypes

Neither of the species differed significantly in shoot

biomass among geocytotype (Table 1; Fig. 1a). The

differences of reproductive outputs according to

geocytotypes were species specific. There were no

differences in flowering ability among geocytotypes

of S. inaequidens, but introduced geocytotypes flow-

ered significantly later than native diploid ones

(Table 1; Fig. 1b). In addition, the number of capitula

produced by introduced genotypes was higher than by

native ones (Table 1; Fig. 1c). By contrast, the

proportion of flowering individuals of native tetra-

ploid geocytotypes of C. stoebe was significantly

higher than that of the other geocytotypes (70% of

flowering individuals within native tetraploids vs.,

respectively, 37.2 and 29.2% within native diploid

and introduced tetraploid geocytotypes, Table 1). The

onset of flowering did not differ between geocyto-

types (Table 1; Fig. 1b), but the number of capitula

produced was higher for diploid genotypes than for

tetraploid ones (Table 1; Fig. 1c).

Native diploid and tetraploid genotypes showed

differences in various functional traits according to

the species considered. Within native geocytotypes of

C. stoebe, tetraploid cytotypes had a lower LDMC

(Table 2; Fig. 2a) and a higher SLA (Table 2;

Fig. 2b) than diploid cytotypes. These traits did not

differ significantly between native diploid and native

tetraploid genotypes of S. inaequidens, whereas

tetraploid individuals were taller than diploid indi-

viduals (Table 2; Fig. 2d). Functional traits were not

significantly different between introduced tetraploid

and native tetraploid genotypes for either of the plant

species studied.

Trait trade-offs among geocytotypes

of both species

The measured functional traits clearly separated the

two species in the redundancy analysis (Fig. 3)

revealing two growth strategies (999 permutations,

P \ 0.001). The first axis represented the strategy of

resource allocation. It separated C. stoebe with a high

resource allocation to roots from S. inaequidens that

invested into shoot biomass and flowering. Species

Table 1 Results of the analyses of differences in performance traits according to geocytotypes using linear model and generalised

linear models

Shoot biomassa Flowering abilityb Capitulum productionb Onset of floweringb

df F value P value df F value P value df F value P value df F value P value

C. stoebe 2 0.865 0.424 2 147.53 0.047 2 14.733 \0.001 2 1.792 0.1801

Residuals 115 115 39 39

S. inaequidens 2 0.007 0.993 2 14.83 0.104 2 3.099 0.049 2 8.959 \0.001

Residuals 91 91 89 89

a Analysed with linear model
b Analysed with generalized linear model
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were significantly different regarding functional

traits linked with competitive ability (Fig. 2) as

C. stoebe had a higher RSR (Fig. 2c, F1,40 = 42.65,

P \ 0.001), showing a higher allocation in roots than

S. inaequidens.

The second axis indicated the nutrient acquisition/

conservation strategy of the plants. This axis was not

significant, thus there was no clear differentiation of

species and geocytotypes along this gradient. How-

ever, although geocytotypes of both species had mean

SLA between 11 and 21 m2 kg-1 and mean LDMC

ranging from 160 to 235 mg g-1, C. stoebe had a

significantly higher LDMC (Fig. 2a, F1,40 = 7.72,

P = 0.008) and lower SLA (Fig. 2b, F1,40 = 5.16,

P = 0.029) than S. inaequidens. Within each species

there was a continuum from individuals with nutrient

conservation strategy (high LDMC) to individuals

with highly competitive strategy through resource

investment in rapid growth (high SLA), with a

tendency of introduced tetraploid geocytotypes hav-

ing an ‘‘intermediate’’ strategy, as shown by the

position of centroids on the RDA biplot. RDA

constrained by species only (not shown) indicated

that species explained 29.7% of the total variation

of traits, which was significant (F1,40 = 13.01,

P \ 0.005), while RDA constrained by geocytoype

(not shown) indicated that geocytotype explained

only 2.5% of total trait variation, which was not

significant (F2,39 = 0.88, P = 0.53).

Discussion

Differences between the species

Both species were characterised by high values of

SLA and low values of LDMC, which is typical for

species with fast relative growth rate in relation to

fast acquisition of resources (Cornelissen et al. 2003;

Navas and Moreau-Richard 2005; Poorter and De

Jong 1999; Weiher et al. 1999). Thus, both species

could be defined as exploitative species (Diaz et al.

2004; Grime 1979; Wright et al. 2004). However,

species had different sets of trait values, which gave

them distinct growth strategies, as shown by the RDA

biplot. Centaurea stoebe was characterised by a

higher investment in leaf toughness (higher values of

LDMC) and a higher resource-allocation to below-

ground parts (as shown by higher values of RSR) than

S. inaequidens. This resource allocation to leaf tissues

and belowground parts can be linked to resource

conservation and resistance against physical hazards

or herbivory (Cornelissen et al. 2003). Senecio

inaequidens was characterised by a higher investment
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in shoot biomass and reproductive outputs, contrib-

uting to a higher competitive effect and leading to

longer persistence in the environment (Goldberg and

Landa 1991; Navas and Moreau-Richard 2005;

Weiher et al. 1999) than C. maculosa.

Both species showed differences in reproductive

output between geocytotypes, however, we found

these differences to be species specific. While the

number of flower heads of C. stoebe was higher in

diploid than in tetraploid genotypes, polyploid S.

inaequidens invested more in flowering potential than

diploid genotypes, as shown by the higher number of

flower heads produced. By increasing capitulum

production, introduced geocytotypes of S. inaequi-

dens enhanced propagule pressure in the new area,

which has often been considered as a major

Table 2 Analysis of variance on functional traits related to competitive ability of the three geocytotypes for both species (n = 21 for

each species)

LDMC SLA Vegetative size RSR

df F value P value F value P value F value P value F value P value

C. stoebe 2 2.891 0.082 4.735 0.022 0.147 0.864 0.973 0.397

Residuals 18

S. inaequidens 2 0.325 0.727 0.202 0.819 3.119 0.069 0.024 0.976

Residuals 18
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component of invasion success (Kolar and Lodge

2001; Lockwood et al. 2005; Von Holle 2005;

Williamson 1996), because it enhances chances of

establishment and subsequent potential for spreading.

By contrast, tetraploid geocytotypes of C. stoebe

showed a decrease in flowering potential. Previous

results for this species also showed that tetraploid

geocytotypes produced significantly less seeds per

flowering plant than diploid geocytotypes, mainly

due to a lower number of seeds per capitula (Henery

et al. 2010). Lower reproductive effort in tetraploid

genotypes could be the result of changes in allocation

to defence or traits related to persistence (Henery

et al. 2010).

Thus, even among invasive species of the same

family living in ecologically similar habitats, life

strategies can be markedly different. This explains

the difficulties in finding key traits related to inva-

siveness at this taxonomic level (Muth and Pigliucci

2006) and stresses the need for selecting pertinent

functional traits that can best reveal the mechanisms

by which certain species become invasive in their

introduced range.

Traits trade-offs during invasion process

Invasion of both species might be due to pre-adapta-

tion of the cytotypes to the conditions in the new range,

since traits related to competitive ability differed in the

native range between diploid and tetraploid genotypes.

In the native range of S. inaequidens, polyploidy was

linked to higher stem height. Taller plants can quickly

overgrow the surrounding vegetation and therefore

better compete for light in the early growing season.

Within the native range of C. stoebe, tetraploid

geocytotypes invested more resources in photosyn-

thetic tissues (higher SLA) and less in defence

components (lower LDMC), allowing them faster

growth and nutrient cycling. For both species, the

higher competitiveness of tetraploid over diploid

genotypes might explain the establishment success of

the tetraploid genotypes when introduced in a new area

as compared to the diploid considering that diploid

genotypes have also been introduced (Henery et al.

2010; Lafuma et al. 2003; Treier et al. 2009).

Compared to tetraploid native geocytotypes, tetra-

ploid introduced geocytotypes of both species showed
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more generalised strategies. Vegetative height in

introduced S. inaequidens was lower suggesting that

novel pressures in the introduced range may have led

to selection for greater allocation to flowering and

decreased investment in overtopping. The trade-off

between flowering and growth could therefore explain

why introduced genotypes were not taller than native

ones. In C. stoebe, defence characteristics were more

apparent in introduced genotypes (lower SLA, higher

LDMC). The fast cycling strategy linked to high

competitive ability could have been beneficial in the

initial stages of invasion (Guesewell et al. 2006), but

subsequent spread would have selected individuals

more adapted to herbivory and perturbations, through

unpalatable and resistant tissues. Besides effects of

selection in the new range, these results could also

simply be due to genetic drift. However, by using

plants from various populations covering a large area

of the distribution in both native and introduced

ranges, we tried to minimise effects of genetic drift.

Thus, these results allow us to argue in favour of a

two-phase invasion, as described by Dietz and

Edwards (2006), where high competitive ability of

native tetraploids would have permitted them to

invade low stressed and rich habitats, and where

subsequent evolutionary changes towards a less com-

petitive and more stress tolerant strategy would have

allowed the second phase of invasion into harsher and

poorer habitats. Such evolutionary adjustments could

explain the time lag between the species’ first intro-

duction and the beginning of invasion (Richards et al.

2006).

It appeared that introduced tetraploid genotypes had

an intermediate growth strategy as compared to

strategies adopted by diploid and tetraploid geocyto-

types within their native range (Fig. 3). With such an

intermediate strategy, introduced tetraploid geocyto-

types could have a higher potential to deal with various

or changing environments since they could be able to

shift their growth strategy between conservative

defence-oriented and exploitative-competitive charac-

teristics. For C. stoebe, this is confirmed by the niche

shift observed in tetraploid genotypes in the introduced

range and the broader environmental conditions toler-

ated by these genotypes (Broennimann et al. 2007;

Treier et al. 2009).
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