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Abstract The role of phenotypic plasticity in plant

invasions is among the most often discussed relation-

ships in invasion ecology. However, despite the large

number of studies on this topic, there is little

consistency. Reconsideration of the role of plasticity

by distinguishing two substantially distinct trait-

groups, performance traits (contributing directly to

fitness) and functional traits (influencing fitness indi-

rectly), could form a more operative framework for

comparative studies. In the current study we expect

that invasive species benefit from being plastic in

functional traits, which allows them to maintain a

more constant performance across different environ-

mental conditions compared to non-invasive alien

species. We compared invasive and naturalized non-

invasive alien plant species by their germination (20

species), their vegetative (10 species) and their

reproductive (four species) responses to three different

levels of water, light and nutrient availability in a

common garden experiment. Used traits were classi-

fied into performance (germination ratio, total bio-

mass, seed number) and functional traits (time to

germination, root:shoot ratio, specific leaf area,

reproductive allocation). We found that invasive and

non-invasive species responded similarly to environ-

mental factors, except for example that invasive

species germinated earlier with decreasing light con-

ditions or, surprisingly, non-invasive species reacted

more intensely to increased nitrogen availability by

having a superior ability to achieve greater biomass.

The two groups were equally plastic in all the

germination and vegetative traits measured but the

reproductive traits, since higher plasticity in relative

reproductive allocation and higher constancy in

reproductive performance showed a pronounced rela-

tion with invasiveness.

Keywords Alien species � Biomass � Fitness �
Germination � Invasion ecology � Light �
Nitrogen �Water

Introduction

The search for species characteristics that promote

‘invasiveness’, i.e. the tendency of an alien species to

invade, is one of the most challenging tasks in invasion

ecology (reviewed in Pyšek and Richardson 2007).

Baker (1965) was the first to pose the potential
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importance of phenotypic plasticity in biological

invasions. High plasticity might enable alien species

to acclimatize faster and cope better with novel

environments (Schlichting and Levin 1986; Ghalam-

bor et al. 2007). Thus, plasticity would promote

establishment in various habitats and by this means

broaden the ecological niche and distribution range

(Sultan 2001; but see Pohlman et al. 2005). Conse-

quently, invasive plant species have been hypothe-

sized to express greater phenotypic plasticity than co-

occurring native or non-invasive alien plants in

response to environmental factors that are relevant

for plant distribution and abundance (Richards et al.

2006).

Richards et al. (2006) proposed testable hypotheses

for comparing phenotypic plasticity between invasive

and non-invasive species, identifying three possible

scenarios: ‘Master-of-some’, ‘Jack-of-all-trades’ and

‘Jack-and-Master’. These scenarios combine two

aspects of response differences: the response range

(plasticity) and the average performance (more pre-

cisely a consistently greater performance across

environments), making the reaction norms hard to

compare. The need for treating trait means and trait

plasticity separately, especially in case of fitness-

related traits, was recently emphasized by Godoy et al.

(2012). The clear differentiation between performance

and functional traits by Burns and Winn (2006) offers

a very operative context for comparing the phenotypic

plasticity of invasive and non-invasive species. Per-

formance traits are those which contribute directly to

fitness (e.g. biomass, reproductive output, plant sur-

vival), while functional traits ‘‘impact fitness indi-

rectly via their effects on growth, reproduction and

survival’’ (e.g. root:shoot ratio, specific leaf area,

relative reproductive allocation) (Violle et al. 2007).

As a consequence of passive plant reactions, perfor-

mance traits are expected to show great phenotypic

responses, especially under resource limitation, e.g.

reduction in total biomass or seed number (e.g. Dorn

et al. 2000). A plastic response in functional traits (e.g.

an increased relative allocation into roots or repro-

ductive organs) might partly compensate for the

inevitable reduction in performance as a consequence

of resource shortage (Sultan 2000).

Based on this distinction, we expect that invasive

species perform consistently better across environments

(the ‘ideal weed’ of Baker 1965), and thus possess lower

plasticity in performance traits, compared to non-

invasive species, while possessing greater plasticity in

functional traits. In cases where plasticity in a functional

trait is adaptive, it is assumed to support a higher relative

performance across environmental factors (Bradshaw

1965; Pigliucci 2001).

A significant species-by-environment interaction

(so called ‘norm of reaction’, Sultan 2000) while

comparing two genotypes, populations or species

grown under at least two different environmental

conditions is most often considered a difference in the

plasticity of the compared genotypes, species or

species groups (e.g. Gerlach and Rice 2003; Burns

2004; Richards et al. 2006). Other scientists use

plasticity indices (e.g. Valladares et al. 2006; Funk

2008; Zheng et al. 2009; Godoy et al. 2011), which are

more exact numerical expressions of strictly the

variation range of a species without the inclusion of

average performance, but these indices are known to

have statistical limitations when only a few species are

compared (Valladares et al. 2006).

Comparisons between invasive alien species and

native or alien but non-invasive species provide differ-

ent insights into potential determinants of invasiveness.

While the first comparison might reflect which traits

confer an advantage to invasive species in their

introduced range over co-occurring natives, the second

highlights traits possibly responsible for invasiveness

(van Kleunen et al. 2010a). As only a limited number of

studies have used the second comparative approach, and

results of such comparisons are far from concordant

(e.g. Burns 2004; Leishman and Thomson 2005; Funk

2008; Zheng et al. 2009; van Kleunen et al. 2010b, 2011;

Godoy et al. 2011), there is an urgent need for studies

comparing invasive to non-invasive alien species. Even

two recent meta-analyses seem to draw different

conclusions. Palació-López and Gianoli (2011) found

no difference between the plasticity of invasive and non-

invasive species. In an analysis by Davidson et al.

(2011), invasive species were shown to have greater

phenotypic plasticity across a wide range of growth,

morphological and physiological traits than the mostly

native species they were compared to. But this higher

plasticity of the invasives was often not associated with

a fitness benefit, on the contrary, under resource limited

or stressful conditions non-invasive species maintained

greater fitness homeostasis. Unfortunately, however,

these meta-analyses did not distinguish studies com-

paring invasive and non-invasive alien species from

studies comparing invasive and native species.
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In a common garden experiment we compared

germination, growth and allocation responses of

invasive and non-invasive alien species in their

introduced range. We used ten (germination) and five

(growth and allocation) species from both groups and

measured their responses to three different levels of

water, light and nutrient availability. Further, we

compared the reproductive output, as a direct measure

of plant fitness, and the relative reproductive alloca-

tion across these environments for two congeneric

species pairs of annuals. Germination ratio, final

biomass and reproductive output were considered

performance traits, and time to germination, root:-

shoot ratio, specific leaf area and relative reproductive

allocation were considered functional traits. As fea-

tures of germination do not refer to plant individuals

but to populations, they represent ‘demographic

parameters’ (Caswell 1989; Violle et al. 2007).

Germination ratio influences population growth and

survival, thus it can be considered a measure of

population performance, while timing of germination

has the potential to provoke long-lasting effects on

plant growth and reproduction (Tielbörger and Prasse

2009). By this means timing of germination is a

functional attribute of populations. We compared

phenotypic plasticity in functional traits and constancy

in performance traits (fitness homeostasis) between

these two groups of species with different invasiveness

status, while manipulating experimentally the avail-

ability of the three most important resources (water,

light and nitrogen), which principally determine their

growth, fitness, and ultimately their distribution.

Our questions were: (1) Do the reaction to water,

light and nutrient availability, measured by germina-

tion, vegetative and reproductive traits, differ between

invasive and non-invasive alien species in their

introduced range? (2) Are plasticity in functional

traits and constancy in performance traits associated

with invasiveness?

Materials and methods

Species selection and seed collection

In the experiments we included 20 terrestrial herba-

ceous alien plant species, 10 invasive and 10 natural-

ized non-invasive, that occur in central-eastern Europe

(Table 1). Naturalized species have, like invasive

species, established reproductive populations but are

not spreading in the landscape (Richardson et al.

2000). The species were assigned to the two groups

based on their invasiveness status in that region.

Although it does not refer to Romania but to the Czech

Republic, we mainly considered the classification of

Pyšek et al. (2002), available at the time the exper-

iment was planned, since this was built based on a

large and well-elaborated database and clear defini-

tions (after Richardson et al. 2000). When we

observed strong differences between the classification

of Pyšek et al. (2002) and our own regional experience

with the species (Asclepias syriaca, Galinsoga ciliata,

Rudbeckia hirta), we modified the classification

according to Balogh et al. (2004) and Anastasiu and

Negrean (2009), which refer to Hungary and Romania,

respectively. As far as possible, we aimed at obtaining

a phylogenetically balanced data set, hence we

included congeneric and confamilial species in the

two groups, though we had to complete our species set

with distantly related species. Since seed size highly

influences the germination requirements of species

(Moles and Westoby 2004, 2006), we aimed at

controlling for seed-size effects. Thus, average seed

size did not differ between the two groups (t test, log

transformed data, t = 0.13, df = 18, p = 0.897).

Seeds, or one-seeded fruits (hereafter seeds), were

collected in Romania (Transylvania) from one natu-

ralized population per species. Seed collection took

place during September and October 2010 and

included 10–30 individuals per species. Seeds origi-

nating from different individuals were mixed in case

of each species.

Germination experiment

In this experiment all 20 invasive and non-invasive

species were used (Table 1). In December 2010, we

sowed 50 seeds of each species individually in 1-L

pots (c. 10 9 10 9 10 cm) on the top of the soil

surface. The pots were filled with a 2:1 mixture by

weight of commercial potting soil and sand. The

potting soil mixture contained 0.032 mg N g-1 dry

soil directly available for plants. To each pot 0.025 g

of nutrient mixture (20 % P2O5, 44 % K2O, 0.05 %

Fe, 0.025 % Mn, 0.008 % Zn, 0.006 % Cu, 0.02 % B,

0.0035 % Mo) was added before the beginning of the

experiment in order to ensure that there was no

shortage in any of the necessary nutrients except for N.
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Pots were prepared to be subjected to different

treatments (seven types in total, see below) with six

replicates per species. They were placed in the

University Botanical Garden at Cluj-Napoca, Roma-

nia, arranged at random on wooden sheets, surrounded

by a metal mesh to protect against animals, and

covered with a transparent polyethylene sheet on the

top of a frame to exclude precipitation. Since some of

the species are known to require cold-wet stratification

(e.g. Impatiens glandulifera, G. ciliata) and intro-

duced populations in central-eastern Europe meet such

conditions during the winter, the wet seeds of all the

species were left out in pots in the common garden

from December until March.

During the experimental period from March until

October 2011, we manipulated the availability of

water, light and nitrogen separately, thus creating

three levels (low, medium and high) of each environ-

mental variable.

Water availability was adjusted by the quantity of

water the pots received and the frequency of watering.

Soil water content (% vol) was kept at 15 % in low-

water-quantity pots, 28 % in medium and 51 % in

high-water-quantity pots. The moist treatment was

equivalent to 76 % of field capacity for this soil mix.

Besides ambient light as one of the light availability

treatments (high), two levels of decreased light

availability were achieved by applying a green plastic

shade net used in agriculture and horticulture, in

single- and in double-layers (low versus deep shade)

above the pots during the whole experiment. Since our

experimental site was small and homogeneous in its

environmental conditions, we used two big shade

cages (one for the low and one for the deep shade) with

all the pots receiving these treatment types. Low

shading (14 % transmitted photosynthetically active

radiation, PPFD; medium light availability) corre-

sponds to the typical light availability for seeds on the

soil surface in grasslands (Spehn et al. 2000; Ruprecht

et al. 2010). Deep shading (3 % PPFD, low light

availability) corresponds to the light availability on the

soil surface in deciduous, mixed coniferous-deciduous

and coniferous forests (Messier et al. 1998). Since

shade nets can also affect the quality of the incident

light, we checked the light absorbance spectra of the

green shade net and found a higher absorbance at

400–460 and 600–670 nm wave length, which is

approximately similar to the absorbance spectra of

chlorophylls and carotenoids, thus mimicking well the

shading effect of plant canopies.

The nitrogen availability gradient included adding

0 g (low N availability), 0.05 g (medium N availabil-

ity, corresponding to 5 g m-2) and 0.1 g (high N

availability, corresponding to 10 g m-2) of ammo-

nium-nitrate per pot once at the beginning of the

experiment.

In each series only one environmental factor was

manipulated, while the levels of the other two factors

were kept at medium soil water content for all N and

light treatments, full ambient light for all N and water

treatments and medium N availability for all light and

water treatments. By this means we created seven

Table 1 List of 20 alien plant species, 10 invasive and 10 non-invasive species, their family and seed (propagule) sizes (weight)

Invasive species Family Seed weight (mg) Non-invasive species Family Seed weight (mg)

Amaranthus retroflexusa Amaranthaceae 0.46 Amaranthus albusa Amaranthaceae 0.31

Galinsoga parvifloraa Asteraceae 0.16 Galinsoga ciliataa Asteraceae 0.21

Oenothera biennisa Onagraceae 0.43 Oenothera glaziovianaa Onagraceae 0.41

Rudbeckia laciniataa Asteraceae 2.96 Rudbeckia hirtaa Asteraceae 0.78

Solidago canadensis Asteraceae 0.05 Artemisia annua Asteraceae 0.1

Veronica persica Plantaginaceae 0.58 Cymbalaria muralis Plantaginaceae 0.12

Juncus tenuis Juncaceae 0.01 Duchesnea indica Rosaceae 0.26

Helianthus tuberosus Asteraceae 3.55 Geranium sibiricuma Geraniaceae 2.81

Asclepias syriacaa Asclepiadaceae 5.79 Datura stramonium Solanaceae 7.27

Impatiens glandulifera Balsaminaceae 8.92 Phytolacca esculenta Phytolaccaceae 11.86

All the species were involved in the germination experiment, while only species marked by a were used in the growth experiment.

Data on seed weight are the results of measurements of 300 (3 9 100) seeds per species
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types of environments for the seeds put to germinate,

as the medium for the water and nitrogen treatments

and the high light availability treatment was common.

Germinated seeds (radicle protruding from the seed

coat) and appearing seedlings were counted and

removed once a week from 21 March (first germina-

tion events) until 17 October 2011 (no further

germination). We calculated the proportion of emerg-

ing seedlings until the end of the experiment (germi-

nation ratio, %) as well as the time to germination in

weeks using the formula R(i 9 ni) 9 (Rni)
-1, with i

being the number of weeks since the first counting and

ni the number of germinating seeds at week i

(Tielbörger and Prasse 2009).

Growth experiment

We used only ten species, five invasive and five non-

invasive alien species, for this second experiment

(Table 1). In May 2011, we transplanted 90 seedlings

of each species individually into 3-L pots filled with

the same mixture of potting soil and sand as described

above. Two weeks after transplantation (acclimatiza-

tion period), 15 individuals per species were assigned

to the same experimental treatments under which they

had germinated. During the experimental period from

May until October 2011 we manipulated the avail-

ability of water, light and nitrogen separately, thus

creating three levels (low, medium and high) of water

and N availability and two levels of light availability

(low and high) for the plants. The lowest light

availability (double shading, 3 % PPFD) was omitted

from this experiment because it did not correspond to

the natural situation for developing plants. As in the

germination experiment, we used one big shade cage

with all the plant individuals receiving this treatment

type. Soil water content (% vol) was slightly different

from that in the germination experiment, probably

because of the modifying effect of plant roots (water

lifting): 19 % in low-water-quantity pots, 33 % in

medium- and 72 % in high-water-quantity pots.

N-addition was adjusted for the higher soil volume

per pot and the greater N required to ensure growth as

opposed to germination: 0 g (low N availability),

0.3 g (medium N availability, corresponding to

7.5 g m-2) and 0.6 g (high N availability, correspond-

ing to 15 g m-2) of ammonium-nitrate were added per

pot once at the beginning of the experiment. Again,

only one environmental factor was manipulated in

each series, while the level of the other two factors was

kept on medium soil water content, full ambient light

and medium N availability (see above). By this means

plants were subjected to six different types of abiotic

environments.

We collected all the seeds produced by eight

randomly chosen plant individuals of those species

which were shedding seeds during the experimental

period (A. albus, A. retroflexus, G. ciliata, G. parvifl-

ora, all annual species).

Between the end of August and the beginning of

October we harvested each individual at the moment

of its peak biomass, at the first signs of senescence. At

harvesting, the roots were washed free of soil, and

roots and shoots were separated and oven-dried at

60 �C for 48 h before weighing. Total biomass,

root:shoot ratio and specific leaf area (SLA = leaf

area 9 dry leaf biomass-1, based on three leaves of

each of the six plant individuals selected randomly per

treatment level) were calculated for all ten species on

nine to fifteen individuals (for total biomass and

root:shoot ratio) or six randomly chosen individuals

(for SLA) per species and treatment level combina-

tion, at the end of the experiment. Total number of

seeds per individual (expressing reproductive output)

and relative reproductive allocation (total seed

mass 9 total plant biomass-1) could be obtained only

for two congeneric species pairs (see above).

Data analysis

We classified our studied variables into performance

(germination ratio, total biomass, seed number) and

functional traits (time to germination, root:shoot ratio,

SLA, relative reproductive allocation) and used them

as dependent variables in subsequent analyses.

Plant traits are often not independent of phyloge-

netic relatedness (Felsenstein 1985), and especially

plant demands for certain levels of environmental

variables (e.g. moisture or nutrients) were proved to be

determined by phylogenetic relationships of species

(Prinzing et al. 2001; Lososová and Lánı́ková 2010).

Since our two species groups (invasive and non-

invasive species) are not fully balanced (not all the

species pairs are congeneric), we considered the

phylogenetic relatedness of species in our analyses.

phyloGenerator (Pearse and Purvis 2013) was used to

download sequences from GenBank and assign branch

lengths to the phylogenetic tree. Three genes were

Is plasticity versus constancy linked with invasiveness?
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selected for this purpose based on availability: matur-

ase K (matk), internal transcribed spacer 1 (ITS1) and

the large subunit of the ribulose-bisphosphate carbox-

ylase gene (rbcL). Sequence data from all three

sequences were available for 15 out of 20 species;

data from 2 genes were available for 2 of our species

and only 1 gene for the remainder 3 species.

Sequences were aligned using Mafft (Katoh et al.

2005). Positions that were missing in more than half of

the species were trimmed using trimAL (Capella-

Gutiérrez et al. 2009). Next, sequences were concat-

enated; this resulted in an alignment with 2,133

positions (median number of positions without miss-

ing data/indels 1,919, range 246–2,120). This align-

ment was then used to estimate branch lengths for our

initial phylogeny in RA 9 ML (Stamatakis 2006),

following a GTRGAMMA model of evolution. The

alignment was partitioned according to the three gene

sequences and the topology of our initial tree was used

as a binary constraint tree. We used a rapid bootstrap

search with 100 replicates followed by a thorough ML

search; the best tree from this search was then

transformed to an ultrametric tree using PATHd8

(Britton et al. 2007) and used in subsequent analyzes.

As our data contained fixed variables (invasiveness

status, treatment levels), a random variable (species),

as well as phylogenetic information, we employed

Markov Chain Monte Carlo Generalized Linear Mixed

Models (MCMCglmm) to analyse the effect of

treatment levels (separately for each environmental

factor) on the performance and functional traits of the

two species groups.

During a forward stepwise model-selection proce-

dure, models were initially run with the treatment

levels included as the sole fixed explanatory variable

beside the random effect. Afterwards, the next fixed

factor, invasiveness status, was also included in the

model and the deviance information criterion (DIC)

was calculated to check whether or not the inclusion

improved the model fit. DIC differences lower than 5

indicated clearly better models (Bolker 2008). In a

third model, the interaction of the two explanatory

variables was also included. A best model containing

the interaction between invasiveness status and treat-

ment levels would indicate a difference in the

plasticity of invasive and non-invasive species. In

order to control for the phylogenetic relations, a fourth

model was run with phylogenetic information added to

the best model (i.e. the most parsimonious one). As an

exception, phylogenetic information was not included

while analysing the reproductive traits, since the two

invasiveness groups were highly balanced in these

datasets. We present estimates of the posterior mode

(b) and 95 % credible intervals (95 % CI) for fixed

factor contrasts. Parameter estimates whose 95 % CI

did not cross zero were considered statistically

significant.

In order to obtain Gaussian error distribution, some

of the response variables were transformed to fulfil

normality: germination ratio was arcsin square root

transformed; time to germination, root:shoot ratio and

SLA were natural-log transformed; and total biomass

was square root transformed (except for the light

availability experiment, where it was natural-log

transformed) prior to the analysis. We applied the

analyses with a non-informative prior, 13,000 MCMC

iterations, burn-in after 3,000 iterations and a thinning

interval of ten iterations according to the documenta-

tion in Hadfield (2010). All analyses were run using

the MCMCglmm-package and the R statistical envi-

ronment (R Development Core Team 2010).

In order to assess the general behaviour of the

species across all resource treatments, we calculated a

plasticity index for each species in response to the

range of all environments created experimentally as

the coefficient of variation over the experimental

treatments based on medians (CVmd = standard devi-

ation of medians 9 means of medians-1). This index

has been proposed by Valladares et al. (2006) for

datasets deviating from normality, and even though it

does not account for the direction of the plastic

response, it properly expresses species variation

across multiple environments. In the case of functional

traits we expected higher plasticity, thus higher CVmd

values, while in the case of performance traits lower

plasticity, thus higher constancy (equitability) in the

invasive species. We compared plasticity values

between the two species groups separately for each

trait by Mann–Whitney U tests. Since there is no

estimator of dispersion in CVmd (as well as in the

majority of plasticity indices) and since the sample

size is usually too low, comparisons of plasticity

values between only a few species pairs have serious

statistical limitations (Valladares et al. 2006).
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Results

Difference in performance traits between invasive

and non-invasive alien species

Germination ratio

The most parsimonious models were those with the

treatment levels but without the interaction with

invasiveness status, thus the abiotic environment’s

water, light and nitrogen availability influenced the

germination ratio of both species groups, invasive and

non-invasive, in a similar way (Online Resource 1,

Fig. 1a, c, e). Inclusion of phylogenetic information

did not improve the best model (Online Resource 1).

On average, with decreasing water, nitrogen and light

availability the germination ratio of seeds decreased

(Fig. 1a, c, e, Online Resource 2). Concerning

constancy in the germination performance, there was

no difference in the plasticity index of the germination

ratio between invasive and non-invasive alien species

(z = 0.53, p = 0.597, Online Resource 3).

Total biomass

In the case of water and light the most parsimonious

models were those with the treatment levels, but in the

case of nitrogen the interaction between treatment

levels and invasiveness status was also important

(Online Resource 1). On average, plants increased

biomass in response to increasing levels of water, light

and N supply, but non-invasive species reacted more

intensely to increased nitrogen availability compared

to invasives (Fig. 2g, Online Resource 2). According

Fig. 1 Germination ratio

and time to germination of

invasive (black circles and

continuous lines) and non-

invasive alien species (white

circles and dashed lines) in

response to different

treatment levels of water (a,

b), light (c, d) and nitrogen

availability (e, f). Values are

means of species means and

SE (original, untransformed

data). Different letters above

the whiskers denote

significant differences

between treatment levels

together for the two species

groups (upper case) or

separately for invasive

(upper case) and non-

invasive species (lower

case) as revealed by fixed

factor contrasts (for detailed

results see Online Resource

2)
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to the plasticity index across all six types of environ-

ments (low to high water, light and nitrogen avail-

ability; Online Resource 3), there was no significant

difference between the two species groups (z = 1.10,

p = 0.917).

Seed number

This information could be obtained only for two

congeneric annual species pairs of Amaranthus and

Galinsoga. The most parsimonious models were those

with the treatment levels but without the interaction with

invasiveness status (Online Resource 1), thus availability

of water, light and nitrogen influenced reproductive

output in the same way. Most of all, shading drastically

decreased the total seed number of all the four species,

but low water or low nitrogen availabilities led to

reduced seed production as well (Fig. 3a, c, e). Based on

the plasticity index, invasives were capable of producing

a more constant number of seeds across all environ-

ments, thus having lower plasticity values, compared to

their non-invasive congeners (CVmd = 0.50 vs. 0.77 for

the Amaranthus species; CVmd = 0.93 vs. 1.08 for the

Galinsoga species).

Fig. 2 Total plant biomass, ratio between the biomass of roots

and shoots and SLA of invasive (black circles and continuous

lines) and non-invasive alien species (white circles and dashed

lines) in response to different treatment levels of water (a, b, c),

light (d, e, f) and nitrogen availability (g, h, i). Values are means

of species means and SE (original, untransformed data).

Different letters above the whiskers denote significant differ-

ences between treatment levels together for the two species

groups (upper case) or separately for invasive (upper case) and

non-invasive species (lower case) as revealed by fixed factor

contrasts (for detailed results see Online Resource 2). Margin-

ally significant differences are marked by asterisk
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Difference in functional traits between invasive

and non-invasive alien species

Time to germination

For water and nitrogen availability, the most parsi-

monious models were those with the treatment levels

only, while for light availability the interaction

between treatment levels and invasiveness status

added to the significance (Online Resource 1). Unfa-

vourable environmental conditions (low water, light

and nitrogen availability) delayed the germination of

the seeds in both species groups. However, with lower

light availability, invasive species germinated earlier

than non-invasives (Fig. 1b, d, f, Online Resource 2).

Comparing the plasticity values for species across all

the seven types of environments, there was no

significant difference between the two groups

(z = -1.29, p = 0.199, Online Resource 3).

Allocation to shoots and roots

The most parsimonious models for water and nitrogen

were those with the treatment levels only, while in the

case of light the interaction between treatment levels

and invasiveness status improved the model (Online

Resource 1, Fig. 2b, e, h). Invasive species invested

relatively more in their belowground parts with

increased light availability than did non-invasive

species (Fig. 2e, Online Resource 2). Based on the

plasticity indices calculated across all the six types of

Fig. 3 Total number of

seeds produced and relative

reproductive allocation of

two congeneric pairs of

invasive (black squares and

continuous lines;

Amaranthus retroflexus,

Galinsoga parviflora) and

non-invasive alien species

(white squares and dashed

lines; A. albus, G. ciliata) in

response to different

treatment levels of water (a,

b), light (c, d) and nitrogen

availability (e, f). Values are

means of species means and

SE (original, untransformed

data). Different letters above

the whiskers denote

significant differences

between treatment levels

together for the two species

groups (upper case) or

separately for invasive

(upper case) and non-

invasive species (lower

case) as revealed by fixed

factor contrasts (for detailed

results see Online Resource

2)
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environments, the two groups did not differ (z =

-0.313, p = 0.754, Online Resource 3).

SLA

Treatment levels only, and not interaction with

invasiveness status, determined the most parsimoni-

ous models for SLA (Online Resource 1). In both

species groups SLA increased under low water

availability, and even more so under low light

conditions (Fig. 2c, f). The effect of nitrogen avail-

ability was only marginally significant (Fig. 2i, Online

Resource 2). In addition, we found no difference in the

plasticity indices calculated for SLA between invasive

and non-invasive species (z = 1.149, p = 0.251,

Online Resource 3).

Relative reproductive allocation

This information could be obtained only for two

congeneric annual species pairs of Amaranthus and

Galinsoga. For nitrogen availability, the most parsi-

monious models were those with the treatment levels

only, while for water and light availability the

interaction between treatment levels and invasiveness

status added additional significance (Online Resource

1). Invasive and non-invasive species thus had differ-

ent reaction norms in relative reproductive allocation

in response to water and light availability. Non-

invasive species increased, while invasive species

decreased their relative reproductive allocation with

higher water availability (Fig. 3b). Shading strongly

decreased the relative reproductive allocation of both

the invasive and non-invasive species, but more

remarkably in the latter (Fig. 3d, Online Resource

2). At the same time, invasive species were more

plastic in their relative reproductive allocation in

response to different environmental conditions than

were their non-invasive congeners (CVmd = 0.65 vs.

0.56 for the Amaranthus species; CVmd = 0.49 vs.

0.39 for the Galinsoga species).

Discussion

Comparisons of invasive and non-invasive alien

species in the introduced range under multiple envi-

ronments can provide valuable information about

traits that promote invasiveness and about the role of

phenotypic plasticity in plant invasions (Richards et al.

2006; van Kleunen et al. 2010a). By using two

different approaches for measuring plasticity (reaction

norms and plasticity indices) and by paying special

attention to treating separately performance and

functional traits, our results revealed effects of three

environmental factors (water, light and nitrogen

availability) on several traits of the studied invasive

and non-invasive species groups. Our findings about

the reaction of invasive and non-invasive species to

the studied environmental variables were not influ-

enced by phylogeny.

Is constancy in performance traits linked

with invasiveness?

The regeneration from seeds is a particularly vulner-

able stage in the life cycle of many plant species, and

germination performance might have long-lasting

effects on emerging plant individuals and the long-

term survival of populations (e.g. Tielbörger and

Prasse 2009; Donohue et al. 2010; Orrock and

Christopher 2010). The breadth of germination

requirements is associated with the ecological

demands and geographical range of plant species,

and by this means germination requirements limit the

occupied niche and the establishment in novel sites

(reviewed by Donohue et al. 2010). These relations

might be especially important in invasion ecology.

Successful recruitment of alien species in their intro-

duced range has been associated with rapid and

profuse seedling emergence (van Kleunen and John-

son 2007 and literature cited therein), and especially

germination ratio is positively associated with inva-

siveness (Colautti et al. 2006; Pyšek and Richardson

2007). In our study we found that the germination ratio

of invasive and non-invasive alien species responded

in the same way to different levels of water, light and

nitrogen availability. Profuse germination is indis-

pensable for increasing population size and distribu-

tion range in plants, therefore it is generally assumed

that this attribute promotes invasion success in alien

species. Our results point out that plasticity in

germination ratio does not necessarily condition alien

species to become invasive.

The invasive species were expected to have a more

constant performance compared to non-invasive alien

species in the introduced range, and thus to maintain a

more constant biomass across various types of
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environmental conditions. This ability would make

them prepared equally well for different types of

habitats, and may explain their greater success.

However, we did not find any difference in the overall

plasticity in total biomass between invasive and non-

invasive species. In addition, contrary to other studies

which have found that the success of invasive species

is increased in nutrient-rich conditions (e.g. Maillet

and Lopez-Garcia 2000; Daehler 2003; Leishman and

Thomson 2005; but see Schumacher et al. 2009), our

results show that the non-invasive alien species we

studied had a superior ability to capitalize on resources

and grow larger under elevated nitrogen availability,

which can be considered a specialization to more

nutrient rich habitats (Burns 2006). Probably that is

why they occur mostly in highly disturbed, nutrient

rich ruderal sites (Medvecká et al. 2012). Since the

potential to respond to increased resource availability

seems to be a general attribute of successful species

with a wide distribution or high frequency (Dawson

et al. 2012a, b), it is very probable that at least some of

the currently non-invasive species we studied readily

have the ability to spread quickly and become invasive

in the future (see later, Pyšek et al. 2012).

Offspring number has the highest influence on the

dynamics of population size and distribution range in

plants, but collecting experimental data about the

lifetime reproductive output of plant individuals has

serious limitations. In our study we could determine

the reproductive output of only two annual congeners

(Galinsoga and Amaranthus species), thus the results

may not be extrapolated to the whole species set. Due

to their short life span, annual species are proper

objects for such investigations. We found that the two

invasive species (G. parviflora and A. retroflexus) had

a more constant seed number across different envi-

ronmental conditions compared to their non-invasive

congeners (G. ciliata and A. albus).

Is plasticity in functional traits linked

with invasiveness?

As a functional attribute of populations, a more plastic

timing of germination was expected from invasive

species. Based on plasticity indices calculated across

all the seven types of environments (overall plasticity)

there was no difference between the two species

groups; however, the seeds of invasive species

germinated more rapidly, compared to the seeds of

non-invasives, with decreasing light conditions. The

environmental conditions under which germination

proceeds determine the environmental conditions

experienced after germination. Based on our results,

if, for example, the soil was too dry or light availability

too low, seeds delayed their germination waiting for

better conditions to come, in order for the emerging

seedlings to have proper conditions for development.

At the same time, adjusting germination to more

favourable periods of the year is often compromised

by a more abundant presence of competitors. Early

germination is a good strategy to avoid competition,

which may allow seedlings to capitalize on resources

and grow larger (van Kleunen and Johnson 2007;

Orrock and Christopher 2010). After the results of

Schlaepfer et al. (2010) about invasive and non-

invasive alien species in their native range, rapid

germination was one of the traits that pre-adapted

species to become invasive elsewhere. Forcella et al.

(1986) also found that fast germination is associated

with invasiveness of the alien Echium species in

Australia. We found slight differences between the

plasticity of the two groups as a reaction to light

availability, where invasive species germinated earlier

than non-invasive aliens only with decreasing light

conditions.

The ability to capture resources is considered to be

one of the most important determinants of successful

plant invasions (Davis et al. 2000; Blumenthal 2005).

A plastic response in allocation to shoots versus roots

would allow a species to increase its relative invest-

ment in roots under conditions of water or nutrient

shortage, or to increase its relative allocation to

aboveground parts under shaded conditions. By this

means a more plastic allocation pattern might ensure a

more successful foraging of resources in any kind of

environment. Invasive and non-invasive alien species

in our experiment were found not to differ in their

plasticity of allocation between above- and below-

ground parts, nor in SLA, two vegetative functional

traits.

In accordance with our expectations, the two

invasive annuals whose reproductive traits could be

studied had a more plastic relative reproductive

allocation across different environmental conditions

(overall plasticity) compared to their non-invasive

alien congeners, but this result cannot be extrapolated

to all the studied species.
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Conclusions

We found that invasive and non-invasive species

responded similarly to environmental factors, except a

few cases, e.g. earlier germination with decreasing

light conditions of the invasive species and greater

biomass accumulation with increased nitrogen avail-

ability of the non-invasive species.

Further, we found that invasive species and their

non-invasive relatives were equally plastic in almost

all functional traits, similar to results in a recent meta-

analysis (Palació-López and Gianoli 2011). One of the

reasons might be the dynamic nature of invasiveness

status through time caused by the changing behaviour

of alien species in their introduced range (e.g. some

species begin to spread, others currently do not spread

any more; see e.g. Pyšek et al. 2002, 2012). An

alternative explanation can be that phenotypic plas-

ticity in functional plant traits and constancy in

performance traits (fitness homeostasis) do play a role

in plant invasion, but less in vegetative attributes of

plants and more in reproduction-related traits. In our

study, the plasticity of reproductive traits, analysed in

only four species from the whole species set, showed a

more pronounced relation with invasiveness compared

to germination-related or vegetative attributes. The

ability to maintain a more constant reproductive

output, probably fostered by a more plastic relative

reproductive allocation across a range of environ-

ments, as found for the two annual congeners (Galin-

soga and Amaranthus species), may be an important

factor in the rapid spread of alien species. Analysing

this relationship needs further, more focused studies.
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Alapı́tvány Kiadó, Budapest, pp 61–92

Blumenthal D (2005) Interrelated causes of plant invasion.

Science 310:243–244

Bolker BM (2008) Ecological models and data in R. Princeton

University Press, Princeton

Bradshaw AD (1965) Evolutionary significance of phenotypic

plasticity in plants. Adv Genet 13:115–155

Britton T, Anderson CL, Jacquet D, Lundqvist S, Bremer K

(2007) Estimating divergence times in large phylogenetic

trees. Syst Biol 56:741–752

Burns JH (2004) A comparison of invasive and noninvasive

dayflowers (Commelinaceae) across experimental nutrient

and water gradients. Divers Distrib 10:387–397

Burns JH (2006) Relatedness and environment affect traits

associated with invasive and noninvasive introduced

Commelinaceae. Ecol Appl 16:1367–1376

Burns JH, Winn AA (2006) A comparison of plastic responses to

competition by invasive and non-invasive congeners in the

Commelinaceae. Biol Invasions 8:797–807

Capella-Gutiérrez S, Silla-Martı́nez J, Gabaldón T (2009) tri-

mAl: a tool for automated alignment trimming in large-

scale phylogenetic analyses. Bioinformatics 25:1972–1973

Caswell H (1989) Matrix population models: construction,

analysis, and interpretation. Sinauer, Sunderland

Colautti RI, Grigorovich IA, MacIsaac HJ (2006) Propagule

pressure: a null model for biological invasions. Biol

Invasions 8:1023–1037

Daehler CC (2003) Performance comparisons of co-occurring

native and alien invasive plants: implications for conser-

vation and restoration. Annu Rev Ecol Evol Syst

34:183–211

Davidson AM, Jennions M, Nicotra AB (2011) Do invasive

species show higher phenotypic plasticity than native

species and, if so, is it adaptive? A meta-analysis. Ecol Lett

14:419–431

Davis MA, Grime JP, Thompson K (2000) Fluctuating resources

in plant communities: a general theory of invasibility.

J Ecol 88:528–534

Dawson W, Fischer M, van Kleunen M (2012a) Common and

rare plant species respond differently to fertilisation and

competition, whether they are alien or native. Ecol Lett

15:873–880

Dawson W, Rohr RP, van Kleunen M, Fischer M (2012b) Alien

plant species with a wider global distribution are better able

to capitalize on increased resource availability. New Phytol

194:859–867

Donohue K, de Casas RR, Burghardt L, Kovach K, Willis CG

(2010) Germination, postgermination adaptation, and

species ecological ranges. Annu Rev Ecol Evol Syst

41:293–319

Dorn LA, Pyle EH, Schmitt J (2000) Plasticity to light cues and

resources in Arabidopsis thaliana: testing for adaptive

value and costs. Evolution 54:1982–1994

E. Ruprecht et al.

123



Felsenstein J (1985) Phylogenies and the comparative method.

Am Nat 125:1–15

Forcella F, Wood JT, Dillon SP (1986) Characteristics distin-

guishing invasive weeds within Echium (Buglos). Weed

Res 26:351–364

Funk JL (2008) Differences in plasticity between invasive and

native plants from a low resource environment. J Ecol

96:1162–1173

Gerlach JD, Rice KJ (2003) Testing life history correlates of

invasiveness using congeneric plant species. Ecol Appl

13:167–179

Ghalambor CK, McKay JK, Carroll SP, Reznick DN (2007)

Adaptive versus non-adaptive phenotypic plasticity and the

potential for contemporary adaptation in new environ-

ments. Funct Ecol 21:394–407

Godoy O, Valladares F, Castro-Dı́ez P (2011) Multispecies

comparison reveals that invasive and native plants differ in

their traits but not in their plasticity. Funct Ecol

25:1248–1259

Godoy O, Valladares F, Castro-Dı́ez P (2012) The relative

importance for plant invasiveness of trait means, and their

plasticity and integration in a multivariate framework. New

Phytol 195:912–922

Hadfiled J (2010) MCMC methods for multi-response general-

ized linear mixed models: the MCMCglmm R package.

J Stat Softw 33:1–22

Katoh K, Kuma KI, Toh H, Miyata T (2005) MAFFT version 5:

improvement in accuracy of multiple sequence alignment.

Nucleic Acids Res 33:511–518

Leishman MR, Thomson VP (2005) Experimental evidence for

the effects of additional water, nutrients and physical dis-

turbance on invasive plants in low fertility Hawkesbury

Sandstone soils, Sydney, Australia. J Ecol 93:38–49
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Palació-López K, Gianoli E (2011) Invasive plants do not dis-

play greater phenotypic plasticity than their native or non-

invasive counterparts: a meta-analysis. Oikos

120:1393–1401

Pearse WD, Purvis A (2013) phyloGenerator: an automated

phylogeny generation tool for ecologists. Methods Ecol

Evol 4:692–698

Pigliucci M (2001) Phenotypic plasticity: beyond nature and

nurture. John Hopkins University Press, Baltimore

Pohlman CL, Nicotra AB, Murray BR (2005) Geographic range

size, seedling ecophysiology and phenotypic plasticity in

Australian Acacia species. J Biogeogr 32:341–351

Prinzing A, Durka W, Klotz S, Brandl R (2001) The niche of

higher plants: evidence for phylogenetic conservatism.

Proc R Soc B 268:2383–2389
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