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                             Invasive plants do not display greater phenotypic plasticity than 
their native or non-invasive counterparts: a meta-analysis      

    Kattia     Palacio-L ó pez    and        Ernesto     Gianoli           

  K. Palacio-L ó pez and E. Gianoli (egianoli@userena.cl), Depto de Bot á nica, Univ. de Concepci ó n, Casilla 160-C Concepci ó n, Chile. EG also at: 
Depto de Biolog í a, Univ. de La Serena, Casilla 599 La Serena, Chile.                              

 Phenotypic plasticity is commonly considered as a trait associated with invasiveness in alien plants because it may enhance 
the ability of plants to occupy a wide range of environments. Although the evidence of greater phenotypic plasticity in 
invasive plants is considerable, it is not yet conclusive. We used a meta-analysis approach to evaluate whether invasive plant 
species show greater phenotypic plasticity than their native or non-invasive counterparts. Th e outcome of such interspecifi c 
comparisons may be biased when phylogenetic relatedness is not taken into account. Consequently, species pairs belonged 
to the same genus, tribe or family. Th e meta-analysis included 93 records from 35 studies reporting plastic responses to 
light, nutrients, water, CO 2 , herbivory and support availability. Contrary to what is often assumed, overall, phenotypic 
plasticity was similar between invasive plants and native or non-invasive closely related species. Th e same result was found 
when separate analyses were conducted for trait plasticity to nutrients, light and water availability. Th us, invasive plant spe-
cies and their native or non-invasive counterparts are equally capable of displaying functional responses to environmental 
heterogeneity. Th e colonization of a wide range of environments by invasive plants could be due to their capacity to undergo 
adaptive ecotypic diff erentiation rather than to their ability to display plastic responses. Alternatively, phenotypic plasticity 
might play a role in plant invasion, but only during the initial phases, when tolerance of the novel environment is essential 
for plant survival. Afterwards, once alien plants are identifi ed as invaders, the magnitude of phenotypic plasticity might be 
reduced after selection of the optimum phenotypes in each habitat. Th e identifi cation of plant traits that consistently predict 
invasiveness might be a futile task because diff erent traits favor invasiveness in diff erent environments. Approaches at the 
local scale, focusing on the ecology of specifi c invasive plants, could be more fruitful than global macro-analyses.   

 Invasive plant species are able to spread over considerable 
spatial scales, successfully colonizing a number of habitats 
(Richardson et al. 2000). Because of their large impact on 
ecological communities (Mooney and Cleland 2001, Levine 
et al. 2003), it is deemed of great importance to identify 
the mechanisms, traits or external factors that contrib-
ute to successful invasion by alien plant species (Lake and 
Leishman 2004, Burns 2006, Py š ek and Richardson 2007). 
Th is understanding of the invasion process may possibly lead 
to accurate predictions of the occurrence or characteristics of 
future plant invasions (Kolar and Lodge 2001, Richardson 
and Py š ek 2006). 

 Since the seminal work by Baker (1965) several studies 
have addressed whether particular plant traits are positively 
associated with the likelihood of becoming an invasive species 
(Gray 1986, Rejm á nek and Richardson 1996, Reichard and 
Hamilton 1997, Goodwin et al. 1999, Py š ek and Richardson 
2007, van Kleunen et al. 2010a, b). It has been commonly 
considered that phenotypic plasticity, broadly defi ned as the 
capacity of an organism to modify its phenotypic expres-
sion in response to environmental changes (West-Eberhard 
2003), could be a mechanism facilitating plant invasion 
success (Gray 1986, Williams et al. 1995, Daehler 2003, 
Richards et al. 2006, Funk 2008). Phenotypic plasticity may 

be an adaptive feature for plants (Sultan 1995), and this is 
verifi ed when changes in phenotypic expression of func-
tional traits in response to a particular environment enhance 
plant fi tness (Pigliucci 2001, chapter 7). Plasticity may thus 
increase ecological breadth of invasive species, allowing them 
to express advantageous phenotypes in a broader range of 
environments (Richardson and Py š ek 2006, Richards et al. 
2006). Consequently, it has been hypothesized that invasive 
plant species should express greater phenotypic plasticity 
than co-occurring native or non-invasive plants in response to 
environmental factors that are relevant for plant distribution 
and abundance (Richards et al. 2006). 

 Importantly, the outcome of comparisons between inva-
sive and native or non-invasive plants may be biased when 
such tests do not take into account the phylogenetic relat-
edness of the species (Burns 2006, Richards et al. 2006, 
Funk 2008). Because phylogenetically close species share a 
common evolutionary history, they are more likely to show 
similar traits (Harvey et al. 1995). Consequently, consistent 
diff erences in trait plasticity found in comparisons between 
closely related invasives and non-invasive or native species 
may be ascribed to the invasive nature of the study spe-
cies with some confi dence (Muth and Pigliucci 2006). In 
contrast, when invasive species are compared with distantly 
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related  –  and hence markedly diff erent  –  counterparts, hypo-
thetical diff erences in trait plasticity may be equally explained 
by several traits other than the invasive feature (Muth and 
Pigliucci 2006). For instance, it has been shown that root 
morphological plasticity to soil nutrient heterogeneity is sig-
nifi cantly greater in dicots than in monocots (Kembel and 
Cahill 2005). 

 Th e evidence of greater phenotypic plasticity in invasive 
plant species is not yet conclusive (Richards et al. 2006, 
Matesanz et al. 2010). While many studies have found 
higher trait plasticity in invasives, there is some empirical 
evidence indicating that, at least for some functional traits, 
invasive plants show no greater plasticity than their native 
or non-invasive counterparts (Gonz á lez and Gianoli 2004, 
Brock et al. 2005, Burns 2006, Funk 2008). To draw general 
conclusions about the relationship between phenotypic plas-
ticity and alien plant invasion, results of diff erent indepen-
dent studies must be combined using methods that permit 
a statistical synthesis of them (Gurevitch and Hedges 2001, 
Richards et al. 2006). Meta-analysis techniques provide more 
objective appraisals of the available evidence than descriptive 
reviews, and they are especially helpful to discern patterns 
in disciplines where empirical results seldom converge, as is 
the case for ecology (Arnqvist and Wooster 1995, Gurevitch 
et al. 2000, Koricheva et al. 2004). In the present study, 
using a meta-analysis approach, we combined the results of 
published studies on phenotypic plasticity of plants to sev-
eral environmental factors to test whether invasive species 
show greater trait plasticity than their native or non-invasive 
counterparts. First, we conducted a global categorical meta-
analysis including studies reporting plastic responses to light, 
water, nutrients, herbivory, CO 2 , and support availability (in 
the case of vines). Second, to detect possible particular trends 
masked by the results of the global meta-analysis, we sepa-
rately conducted meta-analyses of plastic responses to shad-
ing, drought and increased availability of nutrients, because 
these were the environmental factors with the largest sample 
sizes. In all cases the two contrasted categories were invasive 
species and closely related native or non-invasive species. In 
addition, to get a more comprehensive view of the pheno-
typic plasticity vs invasiveness issue, we used the dataset to 
test whether plasticity patterns between those two catego-
ries diff ered according to growth form (herbs, trees/shrubs, 
vines) and plant class (monocots vs dicots).  

 Methods 

 Studies addressing phenotypic plasticity in invasive vs native 
or non-invasive plant species were found using a number of 
search terms in the Web of Science (ISI), checking the refer-
ence lists of the articles so obtained, and from known review 
articles in the topic. In addition, we considered data from 
articles that did not intend to compare plasticity levels but 
were suitable to test our hypothesis. Th e latter were found in 
the Web of Science (ISI) entering as search terms the main 
response variables and major environmental factors included 
in the analysis (below). 

 In the invasion ecology literature, a number of terms are 
used to defi ne similar concepts, and misuse and confusion of 
terms also occur (Richardson et al. 2000). For the purpose of 

this meta-analysis, we classifi ed plant species into the general 
categories of  ‘ native ’  (a native species that is not invasive in 
the study area or elsewhere),  ‘ invasive ’  (an introduced species 
that is invasive in the study area), or  ‘ non-invasive ’  (an intro-
duced species that is not invasive in the study area or else-
where, and that is closely related to an invasive species). Th is 
was done following the authors ’  criteria and descriptions in 
each article. For instance, we did not fi lter out studies lack-
ing a detailed distinction between invasive and naturalized 
species (see Richardson et al. 2000 for concept discussion). 
In a few cases where the studies referred to the plant species 
just as  ‘ alien ’  or  ‘ introduced ’  we conducted a bibliographical 
search and categorized them as invasive if they were consid-
ered a widespread or noxious weed. A more strict approach 
to the nomenclature issue would have signifi cantly limited 
the sample size for this study. Although diff erent defi nitions 
and criteria for considering a plant species as invasive coexist 
in the group of included studies, we consider that it should 
not generate a bias for hypothesis testing. 

 Although the original idea was to separately evaluate the 
plasticity of physiological, morphological and life history 
traits, in the group of articles complying with all the requi-
sites (below) there were very few studies including plasticity 
of physiological traits or life history traits. We thus decided 
to analyze all traits together. Th e specifi c requirements for 
including data from an article in the meta-analysis were as 
follows. 1) Th e study included interspecifi c comparisons 
between invasive and native or non-invasive closely related 
species, i.e. species belonging to the same genus, tribe or 
family. 2) Th ere was an experimental manipulation of envi-
ronmental factors. To obtain the eff ect size from the data 
(below), we designated the control and experimental groups. 
Th is considered the customary approaches to study plastic 
responses of plants to particular factors. As a control group we 
considered treatments of high light, high water availability, 
low nutrients, low CO 2  levels, no herbivory, and no available 
support (for vines). Th erefore, our experimental groups were 
shade, water shortage, high nutrients, high CO 2  levels, her-
bivory, and available support. Although it would have been 
interesting to discriminate between plant responses to limit-
ing and non-limiting nutrients, in most cases the authors 
did not inform whether the tested nutrient was a limiting 
nutrient for the study species. Furthermore, several studies 
applied nutrient formulas instead of single nutrients, thus 
making the distinction between limiting and non-limiting 
conditions less certain. 3) Th e experiments were conducted 
in a common environment (greenhouse or common garden) 
using genotype replicates sensu lato (clone, genetic family, 
cultivar, population or species; Pigliucci 2001). 4) Th e study 
reported phenotypic plasticity of morphological or physiolog-
ical traits. When several plant traits were measured, we chose 
a priori those traits that the literature more often reports as 
involved in functional responses to particular environmental 
factors. Th us, we selected root/shoot ratio and root biomass 
in response to soil moisture, root/shoot ratio and total plant 
biomass in response to nutrient availability, and specifi c leaf 
area (SLA) and leaf area ratio (LAR) in response to light 
intensity. When both traits were included in a single study, 
trait choice was random. When none of those traits were 
included, we chose plant characters related to them, such 
as biomass allocation traits. For articles evaluating plastic 



1395

responses to environmental factors other than water, nutrients 
or light, we selected the most relevant plant trait according 
to the authors. For each article, only one trait per species per 
factor was included in the meta-analysis in order to comply 
with the required statistical independence of data (Gurevitch 
and Hedges 2001). Th is was done because including sev-
eral traits from a single study would artifi cially infl ate the 
degrees of freedom of the analysis in the likely event that 
plant traits were correlated. Th e fact that the criteria for trait 
selection within articles were defi ned beforehand allowed us 
to undertake a non-biased approach. 5) Means, sample sizes, 
and standard deviations  –  or other measure of variation that 
allowed its calculation  –  were reported for both control and 
experimental groups. For those studies in which this infor-
mation was missing, we contacted the authors and requested 
the data. Some studies displayed the information in graphs. 
To use these data, graphs were scanned, digitally enlarged 
and then analyzed with SigmaScan Pro. We excluded stud-
ies that quantifi ed phenotypic plasticity using only plasticity 
indices. 6) More than one data point was obtained from a 
single article when the study included several species or sev-
eral factors. To choose the pair of species to be compared, we 
checked their phylogeny and selected those that were more 
closely related and/or shared growth form. 

 Meta-analysis was conducted using the MetaWin 2.0 
software (Rosenberg et al. 2000). We fi tted random-eff ects 
models to categorical data (mixed-eff ects model; Gurevitch 
and Hedges 2001). Mixed-eff ects models assume that stud-
ies within a category share a common mean eff ect but that, 
in addition to sampling error, there is also random varia-
tion among studies in a category (Gurevitch and Hedges 
2001). Th e two contrasted categories were invasive species 
and closely related native or non-invasive species. Th e latter 
two categories were merged for the main analysis to increase 
its statistical power and because both contrasts (invasive vs 
native; invasive vs non-invasive) point to the same question: 
whether invasiveness is associated with plasticity. Neverthe-
less, we also conducted separate analyses for the two con-
trasts to test whether the overall trend of results was verifi ed 
in each of them. Th e main hypothesis, greater plasticity in 
invasive species, was tested by comparing the eff ect size (an 
estimate of the magnitude of plasticity, below) between data 
sets from invasive species vs their native and non-invasive 
counterparts. In addition to this global meta-analysis includ-
ing plastic responses to all factors (light, water, nutrients, her-
bivory, CO 2 , and support availability), we separately carried 
out meta-analyses of plastic responses to shading, drought and 
increased availability of nutrients because these were the envi-
ronmental factors with the largest samples sizes. Th is was done 
to detect possible particular trends masked by the results of 
the global meta-analysis. Likewise, we also conducted separate 
analyses of the main contrast, i.e. invasive species vs native 
or non-invasive species, according to growth form (herbs, 
trees/shrubs, vines) and plant class (monocots, dicots). 

 To estimate the eff ect size of each study, we chose the 
log response ratio ( L ) because it quantifi es proportion-
ate changes between experimental and control groups, 
thus minimizing plant size infl uences (Hedges et al .  1999, 
Hawkes and Sullivan 2001). Th e eff ect size was calculated 
as  L   �  ln (X

—
 ex )  –  ln ( X

—
co ). Where X

—
 represents the sample 

mean and the subscripts  ‘ ex ’  and  ‘ co ’  refer to experimental 

and control conditions, respectively. Th e weighted mean of  L  
is computed considering the pooled study variance (Rosen-
berg et al. 2000). Because of the sorting of treatments and 
traits described above, mean eff ect sizes were considered sig-
nifi cant, i.e. overall plasticity was verifi ed, when  L  was posi-
tive and bias-corrected bootstrap 95% confi dence intervals 
(Adams et al. 1997, Gurevitch and Hedges 2001) did not 
overlap zero (Hawkes and Sullivan 2001). More related to 
hypothesis testing, if those 95% confi dence intervals around 
mean eff ect sizes corresponding to invasive species and native 
or non-invasive species did not overlap, then these categories 
were considered to diff er in plasticity. We further tested this 
hypothesis of between-category heterogeneity in the global 
meta-analysis by inspecting the p-values associated with the 
 Q  B  statistic, which can be tested against a  χ  2  distribution 
(Gurevitch and Hedges 2001). 

 Th e fact that we also included articles that did not intend 
to compare plasticity levels reduced the possibility of a bias 
in estimating eff ect sizes due to the likely underrepresenta-
tion of studies fi nding non-signifi cant results or rejecting the 
hypothesis of interest (Palmer 1999, Koricheva et al .  2004). 
Furthermore, because we only chose one of several response 
traits for a given factor included in each study, and that the 
focus traits were mostly selected a priori, it is very likely that 
our sample included non-biased eff ect sizes.   

 Results 

 We found 35 studies suitable to be included in the meta-
analysis according to our criteria. Th is group included 
17 studies that did not aim at comparing plasticity levels 
between species explicitly. Th e full data set comprised 93 
independent cases of comparisons of phenotypic plastic-
ity between invasive plant species and their native or non-
invasive closely related counterparts (80 cases of invasives vs 
natives; 13 cases of invasives vs non-invasives). A total of 
81 cases (87%) reported plastic responses to variation in 
light, water or nutrients (Table 1). Forty cases (43%) were 
within-genus comparisons and eight cases (9%) were con-
tribal genera comparisons, i.e. comparisons of genera belong-
ing to the same tribe. 

 Graphical results indicate that mean eff ect sizes corre-
sponding to invasive plant species and native or non-invasive 
species were very similar in the full data set (95% confi dence 
intervals showed considerable overlap; Fig. 1). Statistical 
results confi rmed the pattern of similar trait plasticity between 
categories (invasive vs native or non-invasive species) for the 
global meta-analysis ( Q  B   �  0.164, p  �  0.68). Likewise, 
when both contrasts (invasive vs native; invasive vs non-
invasive) were analyzed separately the overall trend of results 
was verifi ed in each of them (invasive vs native,  Q  B   �  0.127, 
p  �  0.72; invasive vs non-invasive,  Q  B   �  0.084, p  �  0.77). 
Th e main outcome of the meta-analysis did not result 
from contrasting patterns for the diff erent environmen-
tal factors; results of the comparisons were nearly identi-
cal for studies addressing plastic responses to light, water 
or nutrients (Fig. 2). All of these groups exhibited signifi -
cant phenotypic plasticity (CI around mean eff ect sizes did 
not overlap zero; Fig. 2) and plasticity to light was greater 
than plasticity to water (Fig. 2) both for invasive plants 
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  Table 1. Characteristics of studies included in the meta-analysis. The table shows the selected trait in each study, the type of comparison 
carried out by the study (between invasive and native species, INV  &  NAT, or between invasive and non-invasive species, INV  &  NON), 
the family of the species compared, the taxonomic category shared by the species pair, the growth form of the species compared, and the 
ecological factor considered in the evaluation of phenotypic plasticity. A full article list is given in Appendix 1.  

Article Trait Comparison Family Shared taxon Growth form Factor

Ashton and Lerdau 2008 Shoot/Root ratio INV  &  NAT Caprifoliaceae Genus Climber Herbivory
Ashton and Lerdau 2008 Shoot/Root ratio INV  &  NAT Celastraceae Genus Climber Herbivory
Ashton and Lerdau 2008 Shoot/Root ratio INV  &  NAT Vitaceae Subfamily Climber Herbivory
Bakker and Wilson 2001 Root/Shoot ratio INV  &  NAT Poaceae Family Herbaceous Water
Baruch and Bilbao 1999 Total leaf area INV  &  NAT Poaceae Tribe Herbaceous Herbivory
Bilbao and Medina 1990 Root/Shoot ratio INV  &  NAT Poaceae Subfamily Herbaceous Nutrients
Black et al. 1994 Root length INV  &  NAT Poaceae Tribe Herbaceous Nutrients
Brock and Galen 2005 Specifi c leaf area INV  &  NAT Asteraceae Genus Herbaceous Water
Burns 2006 Total biomass INV  &  NON Commelinaceae Genus Herbaceous Nutrients
Burns 2006 Total biomass INV  &  NON Commelinaceae Genus Herbaceous Nutrients
Burns 2006 Total biomass INV  &  NON Commelinaceae Genus Herbaceous Nutrients
Burns 2006 Total biomass INV  &  NON Commelinaceae Genus Herbaceous Nutrients
Burns 2006 Total biomass INV  &  NON Commelinaceae Genus Herbaceous Nutrients
Burns 2006 Root/Shoot ratio INV  &  NON Commelinaceae Genus Herbaceous Water
Burns 2006 Root/Shoot ratio INV  &  NON Commelinaceae Genus Herbaceous Water
Burns 2006 Root/Shoot ratio INV  &  NON Commelinaceae Genus Herbaceous Water
Burns 2006 Root/Shoot ratio INV  &  NON Commelinaceae Genus Herbaceous Water
Burns 2006 Root/Shoot ratio INV  &  NON Commelinaceae Genus Herbaceous Water
Drenovsky et al. 2008 Root biomass INV  &  NAT Asteraceae Family Herbaceous Nutrients
Drenovsky et al. 2008 Root biomass INV  &  NAT Asteraceae Family Herbaceous Nutrients
Feng et al. 2007 Specifi c leaf area INV  &  NON Asteraceae Subfamily Herbaceous Light
Funk 2008 Leaf area ratio INV  &  NAT Poaceae Subtribe Herbaceous Light
Funk 2008 Leaf area ratio INV  &  NAT Myrtaceae Subfamily Herbaceous Light
Funk 2008 Leaf area ratio INV  &  NAT Fabaceae Subfamily Tree Light
Funk 2008 Leaf area ratio INV  &  NAT Rosaceae Genus Tree Light
Funk 2008 Leaf area ratio INV  &  NAT Poaceae Family Shrub Light
Geng et al. 2006 Root biomass INV  &  NAT Amaranthaceae Genus Herbaceous Water
Godoy 2009 Specifi c leaf area INV  &  NAT Malvaceae Family Herbaceous Light
Godoy 2009 Specifi c leaf area INV  &  NAT Fabaceae Family Tree and shrub Light
Godoy 2009 Specifi c leaf area INV  &  NAT Asteraceae Genus Herbaceous Light
Godoy 2009 Specifi c leaf area INV  &  NAT Poaceae Family Herbaceous Light
Godoy 2009 Specifi c leaf area INV  &  NAT Asteraceae Subfamily Tree Light
Godoy 2009 Specifi c leaf area INV  &  NAT Poaceae Family Herbaceous Light
Godoy 2009 Specifi c leaf area INV  &  NAT Solanaceae Genus Herbaceous Light
Godoy 2009 Specifi c leaf area INV  &  NAT Myrtaceae Subfamily Tree and shrub Light
Godoy 2009 Specifi c leaf area INV  &  NAT Fabaceae Subfamily Tree Light
Godoy 2009 Specifi c leaf area INV  &  NAT Solanaceae Family Shrub Light
Godoy 2009 Specifi c leaf area INV  &  NAT Onagraceae Subfamily Herbaceous Light
Godoy 2009 Specifi c leaf area INV  &  NAT Oxalidaceae Genus Herbaceous Light
Godoy 2009 Specifi c leaf area INV  &  NAT Pinaceae Genus Tree Light
Godoy 2009 Specifi c leaf area INV  &  NAT Anacardiaceae Family Tree and shrub Light
Godoy 2009 Specifi c leaf area INV  &  NAT Solanaceae Subfamily Herbaceous Light
Godoy 2009 Specifi c leaf area INV  &  NAT Fabaceae Family Tree and shrub Light
Godoy 2009 Specifi c leaf area INV  &  NAT Ulmaceae Genus Tree Light
Godoy 2009 Root/Shoot ratio INV  &  NAT Malvaceae Family Herbaceous Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Fabaceae Family Tree and shrub Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Asteraceae Genus Herbaceous Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Poaceae Family Herbaceous Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Asteraceae Subfamily Tree Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Poaceae Family Herbaceous Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Solanaceae Genus Herbaceous Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Myrtaceae Subfamily Tree and shrub Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Fabaceae Subfamily Tree Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Solanaceae Family Shrub Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Onagraceae Subfamily Herbaceous Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Oxalidaceae Genus Herbaceous Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Pinaceae Genus Tree Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Anacardiaceae Family Tree and shub Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Solanaceae Subfamily Herbaceous Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Fabaceae Family Tree and shrub Nutrients
Godoy 2009 Root/Shoot ratio INV  &  NAT Ulmaceae Genus Tree Nutrients
Goergen and Daehler 2001 Root/Shoot ratio INV  &  NAT Poaceae Subfamily Herbaceous Water

(Continued )
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Article Trait Comparison Family Shared taxon Growth form Factor

Gonz á lez and Gianoli 2004 Specifi c leaf area INV  &  NAT Convolvulaceae Genus Climber Light
James et al. 2009 Root length INV  &  NAT Asteraceae Family Herbaceous Nutrients
James et al. 2009 Root length INV  &  NAT Asteraceae Family Herbaceous Nutrients
Kercher and Zedler 2004 Shoot/Root ratio INV  &  NON Poaceae Tribe Herbaceous Flooding
Kolb et al. 2002 Shoot biomass INV  &  NAT Poaceae Tribe Herbaceous Nutrients
Kolb et al. 2002 Root biomass INV  &  NAT Poaceae Tribe Herbaceous Water
Kolb and Alpert 2003 Root/Shoot ratio INV  &  NAT Poaceae Genus Herbaceous Nutrients
Leicht and Silander 2006 Specifi c leaf area INV  &  NAT Celastreaceae Genus Climber Light
Lowe et al. 2003 Total biomass INV  &  NAT Poaceae Family Herbaceous Nutrients
Miller and Zedler 2003 Root/Shoot ratio INV  &  NAT Poaceae Family Herbaceous Flooding
Pattison et al. 1998 Leaf area ratio INV  &  NAT Asteraceae Genus Herbaceous Light
Pfeifer-Meister et al. 2008 Total biomass INV  &  NAT Poaceae Family Herbaceous Nutrients
Pfeifer-Meister et al. 2008 Total biomass INV  &  NAT Poaceae Family Herbaceous Nutrients
Pfeifer-Meister et al. 2008 Root/Shoot ratio INV  &  NAT Poaceae Family Herbaceous Water
Pfeifer-Meister et al. 2008 Root/Shoot ratio INV  &  NAT Poaceae Family Herbaceous Water
Powell and Knight 2009 Above biomass INV  &  NAT Asteraceae Genus Herbaceous Nutrients
Sans et al. 2004 Total biomass INV  &  NAT Asteraceae Genus Herbaceous Nutrients
Sasek and Strain 1991 Total biomass INV  &  NAT Caprifoliaceae Genus Climber CO 2 
Schierenbeck et al. 1994 Shoot/Root ratio INV  &  NAT Caprifoliaceae Genus Climber Herbivory
Schumacher et al. 2009 RGR leaf INV  &  NON Myrtaceae Genus Tree Light
Schweitzer and Larson 1999 Internode lenght INV  &  NAT Caprifoliaceae Genus Climber Support 

availability
Simoes and Baruch 1991 Water use 

effi ciency
INV  &  NAT Poaceae Tribe Herbaceous Water

Simoes and Baruch 1991 Leaf elongation INV  &  NAT Poaceae Tribe Climber Herbivory
Song et al. 2009 Total biomass INV  &  NAT Asteraceae Genus Climber CO 2 
Song et al. 2009 Total biomass INV  &  NAT Convolvulaceae Genus Herbaceous CO 2 
Thomsen et al. 2006 Root/Shoot ratio INV  &  NAT Poaceae Genus Herbaceous Nutrients
Thomsen et al. 2006 Root/Shoot ratio INV  &  NAT Poaceae Tribe Herbaceous Nutrients
Thomsen et al. 2006 Root/Shoot ratio INV  &  NAT Poaceae Subfamily Herbaceous Nutrients
Williams and Black 1994 Root biomass INV  &  NAT Poaceae Subfamily Herbaceous Water
Wilson et al. 2004 Root biomass INV  &  NAT Acanthaceae Genus Herbaceous Water
Zheng et al. 2009 Specifi c leaf area INV  &  NAT Asteraceae Genus Herbaceous Light

Table 1. (Continued)

( Q  B   �  7.936, p  �  0.05) and native or non-invasive plant 
species ( Q  B   �  9.582, p  �  0.01). 

 Th e main result, i.e. no diff erence in plasticity associ-
ated with invasive status, was consistently found when the 
analysis was conducted separately for the included growth 
forms: herbs ( Q  B   �  0.001, p  �  0.99; n  �  61), trees/shrubs 
( Q  B   �  1.005, p  �  0.31; n  �  21), and vines ( Q  B   �  0.002, 
p  �  0.96; n  �  11). Overall, all plant categories taken together, 
the three growth forms did not diff er in phenotypic plasticity 
( Q  B   �  4.582, p  �  0.10). Th ere was a non-signifi cant trend 
for herbaceous species to show greater plasticity than woody 
species and climbing plants (data not shown). With regard to 
plant class, no diff erences in plasticity between invasive and 
native or non-invasive species were found when the analysis 
was performed singly for monocots ( Q  B   �  0.003, p  �  0.31; 
n  �  28) and dicots ( Q  B   �  0.247, p  �  0.61; n  �  65). Over-
all, monocots and dicots showed similar levels of phenotypic 
plasticity ( Q  B   �  1.211, p  �  0.27). 

 We compared eff ect sizes by category of phylogenetic 
relatedness (tribe, genus, sub-family, family). We found no 
signifi cant diff erences ( Q  B   �  3.233, p  �  0.27), which indi-
cates that the phylogenetic correction was homogeneous 
and hence it did not introduce confounding eff ects in the 
analysis. Finally, because a signifi cant proportion of the data 
was obtained from Godoy (2009) (Table 1) and it could 
introduce a bias in the outcome of the meta-analysis, we ran 
all the analyses with and without considering these data. It 

was then verifi ed that the main results did not change when 
Godoy ’ s data were excluded (overall plasticity:  Q  B   �  0.144, 
p  �  0.70; plasticity to light:  Q  B   �  0.372, p  �  0.54; plas-
ticity to nutrients:  Q  B   �  0.109, p  �  0.74; the contrast of 
plasticity to water was the same because Godoy ’ s study did 
not include this factor).   

 Discussion 

 In a classical work, Baker (1965) proposed that plasticity 
should be one of the plant traits associated with weediness 
(colonizing potential). Ever since Baker, several other stud-
ies have considered that phenotypic plasticity could be a 
mechanism enhancing plant invasion (Gray 1986, Williams 
et al. 1995, Daehler 2003, Richards et al. 2006, Richardson 
and Py š ek 2006, Funk 2008). Contrary to what is often 
assumed, results of the present meta-analysis indicate that 
invasive plant species and their native or non-invasive 
counterparts show similar levels of phenotypic plasticity, i.e. 
they are equally capable of displaying functional responses 
to environmental heterogeneity. Th is pattern held when the 
main question was addressed in several subsets, grouped by 
abiotic factor eliciting the phenotypic response, plant growth 
form, or plant class. Interestingly, a recent meta-analysis 
concluded that invasive alien species had higher values 
of performance-related traits than non-invasive species 
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analyses  –  according to relatedness  –  but these diff erences were 
not detected in unpaired analyses. After comparing several 
traits in invasive and non-invasive plant species in a meta-
analysis, van Kleunen et al. (2010a) concluded that analy-
ses that do not account for phylogeny might either fail to 
detect or spuriously detect traits associated with invasiveness, 
which in their case were shoot allocation and leaf physiol-
ogy, respectively. Likewise, in a meta-analysis comparing the 
eff ects of alien and native neighbour plant species on visi-
tation to native co-fl owering species, Morales and Traveset 
(2009) found that results of a phylogenetically controlled 
analysis were only partially consistent with those of a con-
ventional analysis. 

 Darwin ’ s naturalization hypothesis, which posits that 
exotic species are more likely to successfully invade an 
ecological community if they are not closely related to the 
native fl ora, has received mixed empirical support (Diez 
et al. 2008, Proche ş  et al. 2008). Based on this hypothesis, it 
could be suggested that, by selecting closely related pairs to 
test for diff erences in plasticity between invasive and native 
or non-invasive species, our study dismissed aggressive spe-
cies that presumably could have expressed signifi cant levels 
of plasticity. We stress that, regardless of the existence of an 
association between phylogenetic relatedness and probability 
of successful invasion, to adequately test whether phenotypic 
plasticity is linked with invasiveness, the study must control 
for phylogeny. Th us, even if it is shown that distantly related 
alien plant species are not only successful invaders but also 
more plastic than closely related alien species, we could not 
certainly ascribe their success to phylogenetic distance or 
phenotypic plasticity. 

 Ecotypic diff erentiation, a process by which a popula-
tion is genetically diff erentiated in traits that are functional 
for a given habitat (Turesson 1922), is an alternative (but 
non-exclusive) mechanism that plants may use to cope with 
environmental heterogeneity (Bradshaw and Hardwick 
1989). Although alien plants experience genetic bottlenecks 
during founding events, repeated introductions may ame-
liorate genetic diversity loss, thus allowing invasive plants 
to undergo adaptive population diff erentiation (Dlugosch 
and Parker 2008). Th ere is evidence from invasive plants 
that plasticity prevails over genetic diff erentiation at explain-
ing species spread (Williams and Black 1993, Parker et al. 
2003, Geng et al. 2007, Loomis and Fishman 2009, Ross 
et al. 2009) but, in general, both mechanisms can contribute 
to the invasive potential of alien plants (Sexton et al. 2002, 
Richardson and Py š ek 2006, Ca ñ o et al. 2008, Godoy et al. 
2011). In view of the results of the present meta-analysis, it 
might be hypothesized that the successful colonization of a 
wide range of environments by invasive plants, rather than 
explained by their ability to display plastic responses, could 
be due to a greater capacity to undergo ecotypic diff eren-
tiation as compared to native species. Th us, the ample eco-
logical breadth commonly observed in invasive plant species 
could result from a series of locally adapted ecotypes (Rice 
and Mack 1991, Mooney and Cleland 2001, Dawson et al. 
2007, Lavergne and Molofsky 2007). 

 An alternative explanation to the main results obtained 
could be that phenotypic plasticity does play a role in 
plant invasion, but only during the initial phases, wherein tol-
erance of the novel environment is essential for plant survival. 

(van Kleunen et al. 2010a). Th erefore, it seems that the 
greater performance typical of invasive plant species relies 
more on constitutive advantages, probably evolved in the 
colonized range (below), than on greater fl exibility of phe-
notypic expression. 

 Our results agree with the arguably most ambitious 
experimental comparison of plasticity between invasive and 
native plant species conducted so far (Godoy 2009). In a 
common garden experiment, Godoy (2009) compared a 
number of morphological and physiological responses to 
two gradients of light and nutrient availability in 20 inva-
sive – native confamilial pairs and found similar levels of 
phenotypic plasticity in both groups. In contrast, a review 
by Daehler (2003) concluded that invaders are more plastic 
than natives. However, it was a vote-counting review with 
a small simple size (12 studies) and, more important, it 
did not account for phylogeny. Th e latter may bias the inva-
sive vs native comparison because phylogenetic relatedness 
may covary with phenotypic trait expression and phenotypic 
plasticity (Kembel and Cahill 2005, Muth and Pigliucci 
2006, Richards et al. 2006, Funk 2008). Burns (2006) 
found diff erences between invasive and non-invasive 
Commelinaceae species in SLA and growth rate using paired 
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Figure 1.     Mean eff ect size (log response ratio  �  bias-corrected boot-
strap 95% CI) of phenotypic plasticity of invasive versus native or non-
invasive plant species in response to diff erent factors: light, water, 
nutrients, herbivory, CO 2 , and support availability (n  �  93 
records).  
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  Figure 2.     Mean eff ect size (log response ratio  �  bias-corrected boot-
strap 95% CI) of phenotypic plasticity of invasive versus native or 
non-invasive plant species in response to experimental treatments 
of water (n  �  15), nutrients (n  �  38), and light (n  �  28 records).  
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species, could be more fruitful than macro-analyses at the 
global scale. 

 Forty-fi ve years after Baker fi rst proposed plasticity as an 
invasiveness trait, the evidence seems to indicate that inva-
sive plants are not more plastic than natives or non-invaders. 
However, there is still room for testing this hypothesis on ear-
lier stages of the invasion process, thus indirectly evaluating to 
what extent genetic assimilation has eroded formerly greater 
levels of phenotypic plasticity in invasive plants. In addition, 
because plant invasion ecology and phenotypic plasticity are 
extremely active research fi elds, in the short-term there will be 
enough data to refi ne the approach conducted herein and test 
for distinct patterns associated with plasticity of physiologi-
cal, morphological and life history traits. Furthermore, larger 
data sets will also allow for an explicit adaptive approach to 
alien plant plasticity, thus testing to what extent phenotypic 
plasticity underlies fi tness gains or fi tness homeostasis in benign 
and stressful environments, respectively, as compared to closely 
related native or non-invasive plant species.         

  Acknowledgments   –  KPL was supported by a CONICYT fellowship 
(M-58080056). We are grateful to Marcus Brock, Jean Burns, 
Jennifer Funk, Sandra Wilson and Oscar Godoy for providing fur-
ther data from their published studies. We thank helpful comments 
by James Cahill, Fernando Carrasco, Jennifer Funk, Susana G ó mez-
Gonz á lez, Cristian Salgado-Luarte and Fernando Valladares.         

 References 

  Adams, D. C. et al. 1997. Resampling tests for meta-analysis of 
ecological data.  –  Ecology 78: 1277 – 1283.  

  Alpert, P. et al. 2000. Invasiveness, invasibility and the role of envi-
ronmental stress in the spread of non-native plants.  –  Perspect. 
Plant Ecol. 3: 52 – 66.  

  Arnqvist, G. and Wooster, D. 1995. Meta-analysis: synthesizing 
research fi ndings in ecology and evolution.  –  Trends Ecol. 
Evol. 10: 236 – 240.  

  Baker, H. G. 1965. Characteristics and modes of origin of weeds. 
 –  In: Baker, H. G. and Stebbins, G. L. (eds), Th e genetics of 
colonizing species. Academic Press, pp. 147 – 168.  

  Bradshaw, A. D. and Hardwick, K. 1989. Evolution and stress  –  
genotypic and phenotypic components.  –  Biol. J. Linn. Soc. 
37: 137 – 155.  

  Brock, M. T. et al. 2005. A comparison of phenotypic plasticity in 
the native dandelion  Taraxacum ceratophorum  and its invasive 
congener  T .  offi  cinale .  –  New Phytol. 166: 173 – 183.  

  Burns, J. 2006. Relatedness and environment aff ect traits associated 
with invasive and noninvasive introduced Commelinaceae.  –  
Ecol. Appl. 16: 1367 – 1376.  

  Ca ñ o, L. et al. 2008. Increased fi tness and plasticity of an invasive 
species in its introduced range: a study using  Senecio  pteropho-
rus .  –  J. Ecol. 96: 468 – 476.  

  Crispo, E. 2007. Th e Baldwin eff ect and genetic assimilation: revis-
iting two mechanisms of evolutionary change mediated by 
phenotypic plasticity.  –  Evolution 61: 2469 – 2479.  

  Daehler, C. C. 2003. Performance comparison of co-occurring 
native and alien invasive plants: implications for conservation 
and restoration.  –  Annu. Rev. Ecol. Evol. S. 34: 183 – 211.  

  Dawson, K. et al. 2007. Experimental evidence for an alkali eco-
type of  Lolium multifl orum , an exotic invasive annual grass in 
the central valley, CA, USA.  –  Biol. Invas. 9: 327 – 334.  

  Diez, J. M. et al. 2008. Darwin ’ s naturalization conundrum: dis-
secting taxonomic patterns of species invasions.  –  Ecol. Lett. 
11: 674 – 681.  

Afterwards, the novel phenotype resulting from trait plastic-
ity becomes genetically fi xed following directional selection on 
the optimum phenotype in the novel habitat (introduced 
range) (Sexton et al. 2002), and the magnitude of phenotypic 
plasticity might be reduced because of plasticity costs. Th is 
process is known as genetic assimilation (Pigliucci et al. 2006, 
Crispo 2007). Because almost all invasion ecology studies are 
conducted when plant species have already attained the invasive 
status, i.e. far beyond the initial stages of the invasion process, 
it might be hypothesized that the occurrence of genetic assim-
ilation caused our analysis to fail in detecting diff erences in 
trait plasticity between the subject groups. It has earlier been 
considered that genetic assimilation could be relevant for the 
process of plant invasions, and that it should be taken into 
account as a likely scenario regarding the evolution of plasticity 
in invasive plant populations (Richards et al. 2006). Th e genetic 
assimilation hypothesis, particularly its prediction regarding the 
selection of the optimum phenotype in the introduced range, 
is consistent with the above discussed fi nding of superiority 
in performance traits in invasive plant species (van Kleunen 
et al. 2010a). 

 In contrast to an earlier report on root plasticity (Kembel 
and Cahill 2005), we found no diff erences in phenotypic 
plasticity between monocots and dicots. Likewise, compa-
rable levels of phenotypic plasticity were shown in herbs, 
trees/shrubs, and vines despite their diff erences in ecological 
niches, mechanical attributes and life-history traits (Rowe 
and Speck 2005). Th us, similar magnitudes of plasticity are 
found across plant classes, plant growth forms, and invasive 
status. It seems that the often documented patterns of varia-
tion in phenotypic plasticity within species matching theo-
retical expectations (reviewed by Matesanz et al. 2010) do 
not fi nd a counterpart at the macroevolutionary level. 

 Results reported in the current study challenge the notion 
that the magnitude of phenotypic plasticity is a good indica-
tor of the potential of alien plant species to become invasives. 
It has proven diffi  cult to identify traits that consistently pre-
dict invasiveness because diff erent traits favor invasiveness in 
diff erent habitats (Alpert et al. 2000, Burns 2006). Results 
of earlier studies may be interpreted as suggesting that  
‘ the quest for the holy trait ’  regarding alien plant invasive-
ness might be futile. Th us, results in Daehler (2003) show 
that alien invasive plants do not consistently outperform co-
occurring native species in terms of growth rate, competitive 
ability (but see Vil à  and Weiner 2004) or fecundity, the out-
come being contingent on growing conditions. Th e latter has 
been also shown for carbon capture strategies of Australian 
plant species (Leishman et al. 2010). A review by Py š ek and 
Richardson (2007) found comparative studies showing that 
invasiveness was positively associated with clonality, extended 
fl owering period, and dispersal by animals; but they also 
found studies showing a negative association between those 
features and alien plant invasiveness. Moreover, it has been 
suggested that diff erences in invasiveness between closely 
related species are better explained as the result of complex 
trait interactions and specifi c introduction histories (Muth 
and Pigliucci 2006), and even that serendipity may be an 
important factor in successful invasions (Gray 1986). In 
view of such limited generality of results, it seems that  –  in 
the context of alien plant management  –  approaches at the 
local scale, focusing on the ecology of specifi c invasive plant 



1400

  Muth, N. Z. and Pigliucci, M. 2006. Traits of invasives reconsid-
ered: phenotypic comparisons of introduced invasive and 
introduced noninvasive plant species within two closely related 
clades.  –  Am. J. Bot. 93: 188 – 196.  

  Palmer, A. R. 1999. Detecting publication bias in meta-analyses: a 
case study of fl uctuating asymmetry and sexual selection.  –  
Am. Nat. 154: 220 – 233.  

  Parker, I. M. et al. 2003. An evolutionary approach to understand-
ing the biology of invasions: local adaptation and general-
purpose genotypes in the weed  Verbascum thapsus .  –  Conserv. 
Biol. 17: 59 – 72.  

  Pigliucci, M. 2001. Phenotypic plasticity: beyond nature and nur-
ture.  –  Johns Hopkins Univ. Press.  

  Pigliucci, M. et al. 2006. Phenotypic plasticity and evolution by 
genetic assimilation.  –  J. Exp. Biol. 209: 2362 – 2367.  

  Proche ş ,  Ş . et al. 2008. Searching for phylogenetic pattern in bio-
logical invasions.  –  Glob. Ecol. Biogeogr. 17: 5 – 10.  

  Py š ek, P. and Richardson, D. M. 2007. Traits associated with inva-
siveness in alien plants: Where do we stand?  –  In: Nentwig, 
W. (ed.), Biological invasions. Springer, pp. 97 – 125.  

  Reichard, S. H. and Hamilton, C. W. 1997. Predicting invasions 
of woody plants introduced into North America.  –  Conserv. 
Biol. 11: 193 – 203.  

  Rejm á nek, M. and Richardson, D. M. 1996. What attributes make 
some plants species more invasive?  –  Ecology 77: 1655 – 1661.  

  Rice, K. J. and Mack, R. N. 1991. Ecological genetics of  Bromus 
tectorum  III. Th e demography of reciprocally sown popula-
tions.  –  Oecologia 88: 91 – 101.  

  Richards, C. L. et al. 2006. Jack of all trades, master of some? On 
the role of phenotypic plasticity in plant invasions.  –  Ecol. 
Lett. 9: 981 – 993.  

  Richardson, D. M. and Py š ek, P. 2006. Plant invasions: merging 
the concepts of species invasiveness and community invasibil-
ity.  –  Prog. Phys. Geogr. 30: 409 – 431.  

  Richardson, D. M. et al. 2000. Naturalization and invasion of alien 
plants: concepts and defi nitions.  –  Div. Distrib. 6: 93 – 107.  

  Rosenberg, M. S. et al. 2000. MetaWin. Statistical software for 
Meta-analysis.  –  Sinauer.  

  Ross, C. A. et al. 2009.  Mahonia  invasions in diff erent habitats: 
local adaptation or general-purpose genotypes?  –  Biol. Invas. 
11: 441 – 452.  

  Rowe, N and Speck, T. 2005. Plant growth forms: an ecological 
and evolutionary perspective.  –  New Phytol. 166: 61 – 72.  

  Sexton, J. P. et al. 2002. Plasticity and genetic diversity may allow 
saltcedar to invade cold climates in North America.  –  Ecol. 
Appl. 12: 1652 – 1660.  

  Sultan, S. E. 1995. Phenotypic plasticity and plant adaptation.  –  
Acta Bot. Neerl. 44: 363 – 383.  

  Turesson, G. 1922. Th e genotypical response of the plant species 
to the habitat.  –  Hereditas 3: 211 – 350.  

  Van Kleunen, M. et al. 2010a. A meta-analysis of trait diff erences 
between invasive and non-invasive plant species.  –  Ecol. Lett. 
13: 235 – 245.  

  Van Kleunen, M. et al. 2010b. Are invaders diff erent? A conceptual 
framework of comparative approaches for assessing determi-
nants of invasiveness.  –  Ecol. Lett. 13: 947 – 958.  

  Vil à , M. and Weiner, J. 2004. Are invasive plant species better 
competitors than native plant species?  –  evidence from pair-
wise experiments.  –  Oikos 105: 229 – 238.  

  West-Eberhard, M. J. 2003. Developmental plasticity and evolu-
tion.  –  Oxford Univ. Press.  

  Williams, D. G. and Black, R. A. 1993. Phenotypic variation in 
contrasting temperature environments: growth and photosyn-
thesis in  Pennisetum setaceum  from diff erent altitudes on 
Hawaii.  –  Funct. Ecol. 7: 623 – 633.  

  Williams, D. G. et al. 1995. Ecophysiology of introduced  Pennise-
tum setaceum  on Hawaii: the role of phenotypic plasticity.  –  
Ecology 76: 1569 – 1580.        

  Dlugosch, K. M. and Parker, I. M. 2008. Founding events in spe-
cies invasions: genetic variation, adaptive evolution, and the 
role of multiple introductions.  –  Mol. Ecol. 17: 431 – 449.  

  Funk, J. L. 2008. Diff erences in plasticity between invasive and 
native plants from a low resource environment.  –  J. Ecol. 96: 
1162 – 1173.  

  Geng, Y.-P. et al. 2007. Phenotypic plasticity rather than locally 
adapted ecotypes allows the invasive alligator weed to colonize 
a wide range of habitats.  –  Biol. Invas. 9: 245 – 256.  

  Godoy, O. 2009. Rasgos funcionales y plasticidad fenot í pica de 
plantas ex ó ticas invasoras.  –  PhD thesis, Univ. de Alcal á , 
Madrid.  

  Godoy, O. et al. 2011. Forests are not immune to plant invasions: 
phenotypic plasticity and local adaptation allow  Prunella vul-
garis  to colonize a temperate evergreen rainforest  –  Biol. Invas. 
13: 1615 � 1625.  

  Gonz á lez, A. V. and Gianoli, E. 2004. Morphological plasticity in 
response to shading in three  Convolvulus  species of diff erent 
ecological breath.  –  Acta Oecol. 26: 185 – 190.  

  Goodwin, B. J. et al. 1999. Predicting invasiveness of plant species 
based on biological information.  –  Conserv. Biol. 13: 422 – 426.  

  Gray, A. J. 1986. Do invading species have defi nable genetic char-
acteristics?  –  Philos. Trans. R. Soc. B 314: 655 – 674.  

  Gurevitch, J. and Hedges, L. V. 2001. Meta-analysis: combining 
the results of independent experiments.  –  In: Scheiner, S. M. 
and Gurevitch, J. (eds), Design and analysis of ecological 
experiments. Oxford Univ. Press, pp. 347 – 369.  

  Gurevitch, J. et al. 2000. Th e interaction between competition and 
predator: a meta-analysis of fi eld experiments.  –  Am. Nat. 155: 
435 – 453.  

  Harvey, P. H. et al. 1995. Why ecologists need to be phylogeneti-
cally challenged.  –  J. Ecol. 83: 535 – 536.  

  Hawkes, C. V. and Sullivan, J. J. 2001. Th e impact of herbivory 
on plants in diff erent resource conditions: a meta-analysis. 
 –  Ecology 82: 2045 – 2058.  

  Hedges, L. V. et al. 1999. Th e meta-analysis of response ratios in 
experimental ecology.  –  Ecology 80: 1150 – 1156.  

  Kembel, S. W. and Cahill, J. F. 2005. Plant phenotypic plasticity 
belowground: a phylogenetic perspective on root foraging 
trade-off s.  –  Am. Nat. 166: 216 – 230.  

  Kolar, C. S. and Lodge, D. M. 2001. Progress in invasion biology: 
predicting invaders.  –  Trends Ecol. Evol. 16: 199 – 204.  

  Koricheva, J. et al. 2004. Meta-analysis of tradeoff s among plant 
antiherbivore defenses: are plants jacks-of-all trades, masters of 
all?  –  Am. Nat. 163: E64 – E75.  

  Lake, J. C. and Leishman, M. R. 2004. Invasion success of exotic 
plants in natural ecosystems: the role of disturbance, plant 
attributes and freedom from herbivores.  –  Biol. Conserv. 117: 
215 – 226.  

  Lavergne, S. and Molofsky, J. 2007. Increased genetic variation and 
evolutionary potential drive the success of an invasive grass. 
 –  Proc. Natl Acad. Sci. USA 104: 3883 – 3888.  

  Leishman, M. R. et al. 2010. Native and exotic invasive plants have 
fundamentally similar carbon capture strategies.  –  J. Ecol. 98: 
28 – 42.  

  Levine, J. M. et al. 2003. Mechanisms underlying the impacts of 
exotic plant invasions.  –  Proc. R. Soc. B 270: 775 – 781.  

  Loomis, E. S. and Fishman, L. 2009. A continent-wide clone: 
population genetic variation of the invasive plant  Hieracium 
aurantiacum  (orange hawkweed; Asteraceae) in North Amer-
ica.  –  Int. J. Plant Sci. 170: 759 – 765.  

  Matesanz, S. et al. 2010. Global change and the evolution of pheno-
typic plasticity in plants.  –  Ann. NY Acad. Sci. 1206: 35 – 55.  

  Mooney, H. A. and Cleland, E. E. 2001. Th e evolutionary impact of 
invasive species.  –  Proc. Natl Acad. Sci. USA 98: 5446 – 5451.  

  Morales, C. and Traveset, A. 2009. A meta-analysis of impacts of alien 
vs native plants on pollinator visitation and reproductive success 
of co-fl owering native plants.  –  Ecol. Lett. 12: 716 – 728.  



1401

  Ashton, I. W. and Lerdau, M. T. 2008. Tolerance to herbivory, and 
not resistance, may explain diff erential success of invasive, 
naturalized, and native North American temperate vines.  –  
Div. Distrib. 14: 169 – 178.  

  Bakker, J. and Wilson, S. 2001. Competitive abilities of introduced 
and native grasses.  –  Plant Ecol. 157: 117 – 125.  

  Baruch, Z. and Bilbao, B. 1999. Eff ects of fi re and defoliation on 
the life history of native and invader C4 grasses in a Neo-
tropical savanna.  –  Oecologia 119: 510 – 520.  

  Bilbao, B. and Medina, E. 1990. Nitrogen-use effi  ciency for growth 
in a cultivated African grass and a native South American 
pasture grass.  –  J. Biogeogr. 17: 421 – 425.  

  Black, R. A. et al. 1994. Nutrient uptake from enriched soil micro-
sites by three Great Basin perennials.  –  Ecology 75: 110 – 122.  

  Brock, M. T. and Galen, C. 2005. Drought tolerance in the alpine 
dandelion,  Taraxacum ceratophorum  (Asteraceae), its exotic 
congener  T .  offi  cinale , and interspecifi c hybrids under natural 
and experimental conditions.  –  Am. J. Bot. 92: 1311 – 1321.  

  Burns, J. 2006. Relatedness and environment aff ect traits associated 
with invasive and non-invasive introduced Commelinaceae. 
 –  Ecol. Appl. 16: 1367 – 1376.  

  Drenovsky, R. E. et al. 2008. Variation in resource acquisition and 
utilization traits between native and invasive perennial forbs. 
 –  Am. J. Bot. 95: 681 – 687.  

  Feng, Y. et al. 2007. Biomass allocation, morphology and photo-
synthesis of invasive and noninvasive exotic species grown at 
four irradiance level.  –  Acta Oecol. 31: 40 – 47.  

  Funk, J. L. 2008. Diff erences in plasticity between invasive and 
native plants from a low resource environment.  –  J. Ecol. 96: 
1162 – 173.  

  Geng, Y-P. et al. 2006. Phenotypic plasticity of invasive  Alternan-
thera philoxeroides  in relation to diff erent water availability, 
compared to its native conger.  –  Acta Oecol. 30: 380 – 385.  

  Godoy, O. 2009. Rasgos funcionales y plasticidad fenot í pica de plan-
tas ex ó ticas invasoras.  –  PhD thesis, Univ. de Alcal á , Madrid.  

  Goergen, E. and Daehler, C. C. 2001. Reproductive ecology of 
native Hawaiian grass ( Heteropogon contortus ; Poaceae) versus 
its invasive alien competitor ( Pennisetum setaceum ; Poaceae). 
 –  Int. J. Plant Sci. 162: 317 – 326.  

  Gonz á lez, A. V. and Gianoli, E. 2004. Morphological plasticity in 
response to shading in three  Convolvulus  species of diff erent 
ecological breath.  –  Acta Oecol. 26: 185 – 190.  

  James, J. J. et al. 2009. Root plasticity of native and invasive Great 
Basin species in response to soil nitrogen heterogeneity.  –  Plant 
Ecol. 202: 211 – 220.  

  Kercher, S. M. and Zedler, J. B. 2004. Flood tolerance in wetland 
angiosperms: a comparison of invasive and noninvasive spe-
cies.  –  Aquat. Bot. 80: 89 – 102.  

  Kolb, A. and Alpert, P. 2003. Eff ects of nitrogen and salinity on 
growth and competition between a native grass and an invasive 
congener.  –  Biol. Invas. 5: 229 – 238.  

  Kolb, A. et al. 2002. Patterns of invasion within a grassland com-
munity.  –  J. Ecol. 90: 871 – 881.  

Appendix 1. References of studies included in the meta-
analysis.

  Leicht, S. A. and Silander, J. A. 2006. Diff erential responses of 
invasive  Celastrus orbiculatus  (Celastraceae) and native  C. scan-
dens  to changes in light quality.  –  Am. J. Bot. 93: 972 – 977.  

  Lowe, P. N. et al. 2003. Eff ects of nitrogen availability on compe-
tition between  Bromus tectorum  and  Bouteloua gracilis .  –  Plant 
Ecol. 167: 247 – 254.  

  Miller, R. C. and Zedler, J. B. 2003. Responses of native and inva-
sive wetland plants to hydroperiod and water depth.  – Plant 
Ecol. 167: 57 – 69.  

  Pattison, R. R. et al. 1998. Growth, biomass allocation and pho-
tosynthesis of invasive and native Hawaiian rainforest species. 
 –  Oecologia 117: 449 – 459.  

  Pfeifer-Meister, L. et al. 2008. Abiotic constraints on the com-
petitive ability of exotic and native grasses in a Pacifi c North-
west prairie.  –  Oecologia 155: 357 – 366.  

  Powell, K. I. and Knight, T. M. 2009. Eff ects of nutrient addition 
and competition on biomass of fi ve  Cirsium  species (Aster-
aceae) including a serpentine endemic.  –  Int. J. Plant Sci. 170: 
918 – 925.  

  Sans, F. X. et al. 2004. Life-history traits of alien and native  Sene-
cio  species in the Mediterranean region.  –  Acta Oecol. 216: 
167 – 178.  

  Sasek, T. W. and Strain, B. R. 1991. Eff ects of CO 2  enrichment 
on the growth and morphology of a native and an introduced 
honeysuckle vine.  –  Am. J. Bot. 78: 69 – 75.  

  Schierenbeck, K. A. et al. 1994. Eff ects of herbivory on growth and 
biomass allocation in native and introduced species of  Lon-
icera .  –  Ecology 75: 1661 – 1672.  

  Schumacher, E. et al. 2009. Infl uence of light and nutrient condi-
tions on seedling growth of native and invasive trees in the 
Seychelles.  –  Biol. Invas. 11: 1941 – 1954.  

  Schweitzer, J. A. and Larson, K. C. 1999. Greater morphological 
plasticity of exotic honeysuckle species may make them better 
invaders than native species.  –  J. Torr. Bot. Soc. 126: 15 – 23.  

  Simoes, M. and Baruch, Z. 1991. Responses to simulated herbivory 
and water stress in two tropical C 4  grasses.  –  Oecologia 88: 
173 – 180.  

  Song, L. et al. 2009. Diff erent responses of invasive and native 
species to elevated CO 2  concentration.  –  Acta Oecol. 35: 
128 – 135.  

  Th omsen, M. A. et al. 2006. Th e eff ect of soil nitrogen on compe-
tition between native and exotic perennial grasses from north-
ern coastal California.  –  Plant Ecol. 186: 23 – 35.  

  Williams, D. G. and Black, R. A. 1994. Drought response of a 
native and introduced Hawaiian grass.  –  Oecologia 97: 512 –
 519.  

  Wilson, S. B. et al. 2004. Growth and development of the native 
 Ruellia carolinensis  and invasive  Ruellia tweediana .  –  Hort-
Science 39: 1015 – 1019.  

  Zheng, Y-L. et al. 2009. Growth, biomass allocation, morphology, 
and photosynthesis of invasive  Eupatorium adenophorum  and 
its native congeners grown at four irradiances.  –  Plant Ecol. 
203: 263 – 271.  


