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\X7hat determines invasiveness of alien organisms is among the most interesting and 

urgent questions in ecology. In attempts to answer this question, researchers compare 

invasive alien species either to native species or to non-invasive alien species, and this is 

done in either the introduced or native ranges. However, inferences that can be drawn 

from these comparisons differ considerably, and failure to recognize this couId hamper 

the search for determinants of invasiveness. To increase awareness about this issue, we 

present a framework of the various comparisons that can be used to test for 

determinants of invasiveness, and the specific questions each comparison can address. 

Moreover, we discuss how different comparisons complement each other, and therefore 

should be used in concert. For progress in invasion biology, it is crucial to realize that 

different comparisons address different biological questions and that some questions can 

only be answered unambiguously by combining them. 
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INTRODUCTION 

What determines invasiveness of alien organisms is among 
the most interesting and urgent questions in ecology. 
Accordingly, research on biological invasions of animals 
and plants, as well as other groups of organisms, has 
increased exponentially in the last 50 years (Richardson & 

Pysek 20(8). Potential determinants of invasiveness that are 
frequently studied include introduction history, species 
traits, and ecological and evolutionary processes. Studies 
on introduction history ask, for example, whether invasive
ness is associated with propagule pressure (i.e. the number 
of individuals introduced and the frequency of introduction 
events; Lockwood et af. 2005). Studies on species traits ask, 
for example, whether invasiveness is associated with fitness 
or dispersal-related characteristics (Baker 1974). Studies on 
ecological processes may ask whether invasiveness is 
associated with release from natural enemies (Crawley 
1987), whilst studies on evolutionary processes might ask 

whether invasiveness of species is associated with evolution 
of increased competitive ability in the introduced range 
(Blossey & Notzold 1995; Hanfling 2007). These are just 
some examples of existing hypotheses that are being tested 
in the search for determinants of invasiveness (for an 
overview of hypotheses in invasion biology, see Catford 
et al. 2009). The tests of all these hypotheses require 
comparative studies. In other words, they require compar
isons between organisms differing in invasiveness. 

Researchers have been and still are using different types 
of comparison to test for determinants of invasiveness. 
Some studies compare invasive alien species to native 
species, whilst other studies compare them to non-invasive 
alien species Oeschke & Strayer 2006; Pysek & Richardson 
2007; van Kleunen et af. 2010). For the latter type of 
comparison with alien species, some studies are conducted 
in the introduced range and others in the native range (also 
referred to as the target-area and source-area approaches, 
respectively, senslI Pysek et (//. 2004). Yet others make 
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Figure 1 Schematic dia!,>ram of the major types of comparison used to assess determinants of invasiveness, when considering introduction 
and invasiveness of native species elsewhere in the world. In the introduced range (left panel), we can compare invasive alien species to native 
(A) and non-invasive alien (B) species, and we can compare non-invasive alien to native species (C). The native species can be further 
subdivided according to whether they have been introduced (A 1 and A2 vs. A3) and become invasive (A 1 vs. A2) elsewhere in the world. In 
the native range (right panel), we can compare species that have become invasive elsewhere to species that have not become invasive after 

introduction elsewhere (D), and we can compare species that have been introduced elsewhere to species that have not been introduced 
elsewhere (E). For species that have been introduced elsewhere, we can do intraspecific comparisons between the introduced and native 
ranges (Fl for invasive species and F2 for non-invasive species), and we can compare intraspecific differences between the invasive and non

invasive species (F3). The interpretation of these different comparisons is given in the text. 

intraspecific comparisons instead of interspecific compari
sons, between populations of invasive species in the native 
and introduced ranges (see Torchin et a/. 2001, 2003 and 
overviews in Bossdorf et a/. 2005; Hierro et a/. 2005). 

It is encouraging that different comparative approaches are 
used, because they provide different insights into potential 
determinants of invasiveness. However, it is not always 
appreciated that the type of comparison can fundamentally 
alter the inferences that can be drawn and consequently 
the hypotheses tested (Figs 1 and 2). Failure to recognize 
these differences could seriously hamper progress in the 
search for determinants of invasiveness. Therefore, it is of 
the utmost importance that we correctly interpret the 
outcomes of the different comparative approaches, and that 
we use the appropriate comparisons for our specific 
hypotheses. Moreover, the different comparative appro
aches are still rarely used in concert, although doing so 
would allow us to gain a more complete insight into the 
causes of invasiveness. 

Several authors have pointed out differences between 
some of the comparative approaches (e.g. Mack 1996; 

Blackburn & Duncan 2001; Cassey et Cl/. 2004a; Pysek et a/. 

2004; Hamilton et Cl/. 2005; Muth & Pigliucci 2006; Jeschke 
& Strayer 2006; Pysek & Richardson 2007; Blackburn & 

Jeschke 2009; Schlaepfer et ClI. 2010; van Kleunen et Cl/. 2010). 
However, a conceptual framework of comparisons con
cerning determinants of invasiveness is still lacking. There
fore, we summarize here the different types of comparison 
that can be used to test for determinants of invasiveness of 
alien species, and some of the specific questions each of 
them can address (Fig. 1; Table 1). Moreover, we discuss 
how different comparative approaches complement each 
other, and therefore should be more frequently used in 
concert. We restrict our discussion of comparative 
approaches to issues that are specific to studies on 
invasiveness, and do not discuss more general issues of 
comparative studies, such as whether or not to correct for 
phylogeny or taxonomy (e.g. Westoby et Cl/. 1995). We also 
do not aim to review all hypotheses and do not suggest which 
ones might be the most important ones. The framework may 
provide guidance for selecting the right comparator(s) for 
any hypothesis on the causes of invasiveness. 
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Figure 2 Schematic diagram of the major types of comparison 
used to assess determinants of invasiveness, when considering 

abundance or distribution of native species at home. Comparison I 
tests which traits and processes give invasive alien species an 
advantage over rare native species. Comparison 11 tests whether 
traits and processes differ between invasive alien species and 
common native species. Comparison III tests whether traits and 
processes differ between non-invasive alien species and rare native 
species. Comparison IV tests whether traits and processes differ 
between common and rare species, irrespective of whether they are 
native or alien. 

COMPARISONS IN THE INTRODUCED RANGE OF 

INVASIVE SPECIES 

In the introduced range of invasive alien species, we can 
compare them to native species (comparison A in Fig. 1) 
and to non-invasive alien species (comparison B in Fig. 1). 
Both types of comparison are used to test for determinants 
of invasiveness (fable I), but experimental sturlies, which 
are mostly restricted to plants, most frequently use invasive 
alien vs. native comparisons (pysek & Richardson 2007; van 
Kleunen et al 2010). A third possible comparison in the 
introduced range is the one between non-invasive alien and 
native species (comparison C in Fig. 1; Lake & Leishman 
2004). Although this comparison does not test directly for 
determinants of invasiveness, it might yield important 
additional insights into whether observed differences 
between invasive alien and native species reflect true 
determinants of invasiveness rather than general differences 
between alien and native species (fable 1). 

Potential inferences from invasive alien vs. native species 
comparisons in the introduced range 

Most frequently, the comparison between invasive alien and 
native species (comparison A in Fig. 1) aims to determine 
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which traits and which ecological and evolutionary pro
cesses give invasive alien species an advantage over native 
species ( Hamilton et al 2005). This type of comparison is 
frequently used in studies testing the enemy-release hypoth
esis or sturlies investigating traits associated with invasive
ness (fable 1). Nevertheless, as we explain below, it is often 
not made explicit that the choice of native species used and 
the spatial scale Oocal or global) considered in such 
comparisons will rlictate the inferences that can be drawn. 

Frequently, native species are considered as non-invasive 
control species. However, some of the native control species 
are themselves introduced and even invasive elsewhere in the 
world (Fig. 1 ;  Rejmanek 1999; Muth & Pigliucci 2006). Thus, 
if the objective of a study is to assess potential determinants of 
invasiveness at a global scale, sturlies comparing invasive alien 
species to native species that are alien invaders elsewhere 
(comparison Al in Fig. 1) might not find rlifferences in traits 
and processes as a result. Indeed, a recent meta-analysis 
revealed significant rlifferences in trait values between 
invasive alien plants and native plants overall, but such 
rlifferences were not significant any longer when limited to 

those native plant species known to be invasive elsewhere 
(van Kleunen et al 2010). Although it is likely that the traits 
that determine invasiveness differ between environments 
and between the stages of an invasion, traits may neverthe
less be associated with invasiveness at a global scale because 
some of them are important for survival and reproduction 
in a wide range of environments (e.g. phenotypic plasticity 
and ability for uniparental reproduction) or are advanta
geous in the most common types of invaded environments 
(e.g. fast growth in disturbed habitats). 

On the other hand, if the objective of a study is to assess 
potential determinants of invasiveness at a local scale, 
studies comparing invasive alien with native species that are 
invasive elsewhere may still provide insights into determi
nants of invasiveness (but see next paragraph). Moreover, 
such studies could provide insights into determinants of 
invasiveness at a global scale if they would also include a group 
of widely introduced native species that are not invasive 
elsewhere in the world (i.e. this would include comparison A2 
in Fig. 1, and would be an invasive alien vs. non-invasive 
elsewhere comparison). Therefore, when choosing the 
comparators or set of comparators, the spatial scale of 
interest should be considered. 

Apart from their spread elsewhere in the world (i.e. at a 
global scale), native species can also vary widely in 
abundance and distribution at home (i.e. at a local scale). 
As a result, an alternative to the global-scale categorization 
of native species into 'not introduced elsewhere', 'non-inva
sive alien elsewhere' and 'invasive alien elsewhere' (Fig. 1) is 
the local-scale categorization into expanding/common and 
declining/rare species in the native range (Fig. 2). This is 
another important categorization of native species that is 
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Table 1 Types of comparison that can be made in invasion biology (see Fig. 1) with examples of questions and hypotheses that can be posed 
within these comparisons 

Type of comparison 

Within introduced range 
(A) Invasive alien vs. 

native 

(8) Invasive alien vs. 
non-invasive alien 

(C) Non-invasive 

alien vs. native 

Within native range 
(D) Invasive vs. 

non-invasive 
elsewhere 

(E) Introduced vs. 
non-introduced 
elsewhere 

Example of question 

ERH: Do invasive species suffer less from natural enemies than 

native species? 
LH: Do invasive species have different traits than native species? 

PhP: Are invasive species more phenotypically plastic than natives? 
FR: Are invasive species better able to capitalize on free resources 

(e.g. disturbances) than the native species pool of invaded 
communities? 

ERH: Do invasive species benefit from enemy release more than 
non-invasive species? 

DNH: Are invasive species less phylogenetically related to native 
species than non-invasive species? 

pp /RT: Are invasive species introduced in greater numbers or earlier 
than non-invasive species? 

LH: Do invasive species have different traits than non-invasive 
species? 

LH: Do invasive species have a greater fitness and intrinsic rate of 

increase than non-invasive species? 
Ph P: Are invasive species more phenotypically plastic than 

non-invasive species? 
FR: Are invasive species better able to capitalize opportunistically on 

increased resource availability than non-invasive species? 
LH: Do the traits that distinguish invasive alien from native species 

also distinguish non-invasive from native species, which would 
indicate an introduction bias? 

LH: Do invasive species differ in their traits from non-invasive 
species before introduction? 

LH: Is there a bias towards introduction of species with specific 

traits? 

Between introduced and native ranges 

(F1) Introduced vs. ERH: Do invasive species in their native range suffer more from 
native range of natural enemies than in their introduced range? 
invasive species Do invasive species undergo evolutionary change after introduction? 

(F2) Introduced vs. 
native range of 
non-\l1vaSlve 
species 

(F3) Introduced vs. 
native range 
comparisons 
between invasive 
and non-invasive 
species (F1 vs. F2) 

(e.g. EICA) 
Do non-invasive species not undergo evolutionary change after 

introduction? (e.g. EICA) 

ERH: Are invasive species released more from natural enemies than 

non-invasive species? 
Do invasive species evolve more after introduction than 

non-invasive species? (e.g. EICA) 

References 

Liu & Stiling (2006), Dang ct a/. 

(2009) 
Leishman ct al. (2010), Tecco ct al. 

(2010), van Kleunen ct af. (2010) 
Richards ct a/. (2006) 
Davis ct a/. (2000) 

Dawson ct af. (2009a), van KJeunen 
& Fischer (2009) 

Strauss ct al. (2006), Diez ct af. 

(2008) 
Cassey ct a/. (2004b), Bucharova & 

van Kleunen (2009) 
Blackburn ct al. (2009), van 

Kleunen ct a/. (2010) 
Burns (2008) 

Richards ct a/. (2006) 

Da vis ct a/. (2000) 

Chrobock, Kempel, Fischer & van 

KJeunen, unpublished data 

J eschke & Strayer (2006), 
Schlaepfer cl a/. (2010) 

Colautti (2005), Jeschke & Strayer 
(2006), van Kleunen ct al. (2007) 

Torchin ct a/. (2001, 2003), 
DeWalt ct a/. (2004) 

Bossdorf ct a/. (2005) 

None 

Mitchell & Power (2003), 

van Kleunen & Fischer (2009) 
None 

Hypotheses are: ERH, enemy-release hypothesis; LH, life-history hypothesis; PhP, phenotypic-plasticity hypothesis; DNH, Darwin's natu
ralization hypothesis; PP/RT, propagule-pressure/residence-time hypothesis; ElCA, evolution-of-increased-competitive-ability hypothesis; 
FR, hypothesis of fluctuating resources and invasibility. Upper case letters in brackets correspond to the different comparisons in Fig. 1. Note 

that the hypotheses, questions and examples are not exhaustive. 



rarely made when comparing invasive alien species to native 
species (fhompson et aL 1995; van Kleunen & Richardson 
2007; Jeschke & Strayer 2008; Blackburn & Jeschke 2009; 
Leishman et al. 2010). 

Studies using invasive alien vs. native species comparisons 
frequently implicitly assume that invasive alien species do 
better than all co-occurring native species (comparison I in 
Fig. 2). Studies comparing invasive alien species (i.e. abun
dant alien species) to native species irrespective of the 
abundance of the latter might find that invasive alien species 
differ on average from the native species as is the case in 
Fig. 3. However, comparisons of invasive alien species to 
common or expanding native species (comparison Il in 
Fig. 2) - some of which might even be considered 'invasive' 
native species ( Alpert et al. 2000) - might not reveal 
differences, because the traits and ecological and evolution
ary processes that determine the success of both types of 
species may be the same (Fig. 3a; Thompson et al. 1995; van 
Kleunen & Richardson 2007; Leishman et al. 2010). Thus, a 
study finding differences between invasive alien species and 
native species may not contradict another study that does 

(a) (b) 

Invasive 
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.... 

, 

,.; ....... .. 

(c) (d) 

--------- . 

........... 

Abundance or spread Abundance or spread 

Figure 3 Conceptual plots illustrating the importance of consid
ering success (i.e. abundance or spread) of the native species in 
invasive alien vs. native species comparisons. All plots (a-d) show 
that the invasive (i.e. abundant) alien species (red dot) differ in trait 

x from most of the native species (blue dots). When, however, we 
consider abundance or spread of alien species (i.e. include less 
invasive and non-invasive alien species; dashed red line) and of 
native species, we might find that trait x drives success of both 

aljen and native species (a), drives success of the alien species only 
(b), drives success of the native species only (c), distinguishes alien 

from native species but does not drive their success (d). 
A quantitative example illustrating the importance of considering 
success of both the alien and the native species is given in 
Appendix S1. 
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not find any differences. Such studies might actually be 
congruous, if the first study used rare and/or declining native 
species (comparison II in Fig. 2) and the second one used 
common and/or expanding native species (comparison I in 
Fig. 2). On the other hand, differences in traits and 
ecological and evolutionary processes between invasive alien 
and expanding native species would indicate that the 
determinants of invasiveness differ between alien and native 
species (Fig. 3b) or that all alien species differ from native 
species irrespective of their abundances (Fig. 3d). Another 
possibility is that a trait is related to the abundance of the 
native species but not to the abundance of the alien species 
(Fig. 3c). We found such a scenario in a quantitative analysis 
of height between 223 native and 77 alien species of 
Asteraceae varying in their abundance in Germany (Appen
dix Sl). Overall, these considerations imply that not all 
studies comparing invasive alien to native specie s  provide a 
clear insight into which traits and processes give invasive 
alien species an advantage over native species. An under
standing of why invasive aliens have such an advantage could 
be gained by comparing them to those native species that 
have declined in or disappeared from the invaded commu
nity or region (comparison I in Fig. 2). 

In addition to the considerations above, the choice of the 
native control species should also depend on the spatial scale 
at which the species co-occur. For example, when investi
gating whether or not the success of alien invasive over native 
species is due to alien enemy release, it would be meaningless 
to choose native comparators that do not occur in close 
proximity to alien species with no potential for interaction. 
On the other hand, when testing why some species (either 
native or alien) are expanding in a larger region whilst others 
are not, and whether the underlying traits and processes differ 
between native and alien species, co-occurrence of the 
species is not a necessary prerequisite. For example, if alien 
plant or animal species but no native species are invading 
disturbed sites {i.e. they do not co-occur at a small local scale), 
it is still important to know why native species that occur in 
the wider region do not invade these disturbed sites. An 
example of a relevant question would then be whether 
invasive aliens are better able to capitalize resources that 
become available after disturbance than natives (Davis et al. 

2000). Thus, studies comparing invasive alien species and 
native species should clearly formulate which hypotheses 
are being tested, in which environments, at which spatial 
scale, and how the native comparators are selected. 

Potential inferences from invasive vs. non-invasive alien 
species comparisons in the introduced range 

Comparisons between invasive and non-invasive alien 
species (comparison B in Fig. 1 )  ask why some alien species 
become invasive and others fail to do so. If one further 
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divides the invasive and non-invasive species into several 
subcategories, one can additionally test whether the dif
ferent stages of the invasion process are associated with 
different traits and ecological and evolutionary processes. 
For example, distinctions can be made between introduced 
alien species that never occur outside of captivity or 
cultivation, species that occasionally escape but fail to 
establish (i.e. are casuals), species that have naturalized, self
sustaining populations, and invasive species spreading in the 
landscape (Richardson et al. 2000; Cassey et af. 2004a; 
Colautti & Maclsaac 2004; Dietz & Edwards 2006; Jeschke 
& Strayer 2006; Dawson et af. 2009b). 

Comparing invasive and non-invasive alien species in the 
introduced range is, at least at first sight, a straightforward 
approach to test whether traits and ecological and evolu
tionary processes are associated with invasiveness of alien 
species. However, potential limitations of this approach that 
should be kept in mind are that some currently non-invasive 
alien species might not have reached their full invasion 
potential yet due to differences in introduction history. They 
could still be in their so-called 'lag-phase' because they have 
been introduced recently, at low frequency, with low levels 
of genetic variation or in unsuitable environments (Kowarik 
1995; Lockwood et af. 2005). If this is the case, the intrinsic 
invasiveness of the invasive and non-invasive species might 
not differ. Therefore, if information on the introduction 
history of alien species is available, one should explicitly test 
its importance for current invasiveness status (Table 1), and 
account for it when testing for differences in traits and 
ecological and evolutionary processes between invasive 
and non-invasive alien species (Blackburn & Duncan 2001; 
Dehnen-Schmutz et af. 2007; Gravuer et al. 2008; Bucharova 
& van Kleunen 2009). 

The approach of comparing alien species differing in 
invasiveness is the most direct test of determinants of 
invasiveness. Although this comparative approach has been 
used in database studies (e.g. Pysek et af. 1995; Blackburn & 

Duncan 2001; Cassey et af. 2004a; Jeschke & Strayer 2006, 
2008; Blackburn & Jeschke 2009), it is still rarely used in 
comparative experiments, most likely because it is difficult 
to find individuals of non-invasive species in the introduced 
range (Pysek & Richardson 2007; van Kleunen et af. 2010). 
In addition, the paucity of historical records available for 
species failing to establish and naturalize in introduced 
ranges often limits the focus of investigation to later stages 
of invasion (Kolar & Lodge 2001). Nevertheless, compar
isons are possible if one uses non-invasive species that have 
established a few naturalized populations (Lake & Leishman 
2004; Leishman & Thomson 2005) or if one would use alien 
organisms that are commercially sold in the introduced 
range. The choice of the type of non-invasive alien 
comparator used will ultimately depend on the hypothesis 
being tested. 

Potential inferences from non-invasive alien vs. native 
species comparisons in the introduced range 

Differences between invasive alien and native species could 
reflect biased introductions of alien species with specific 
characteristics that do not play a role in invasiveness 
(Fig. 3c,d). Such an introduction bias is particularly likely for 
plants and vertebrates given that the majority of these 
invasive alien organisms have been introduced intentionally, 
because they have particular characteristics that make them 
attractive for ornamental, agricultural or silvicultural pur
poses, or in the case of vertebrates for husbandry, hunting 
and fishing (Blackburn & Duncan 2001; Cassey et af. 2004a; 
Jeschke & Strayer 2006, 2008; Hulme et af. 2008; Blackburn 
& Jeschke 2009). 

One way to differentiate between these possibilities is to 
test whether the traits and processes that distinguish 
invasive alien species from native species also distinguish 
non-invasive alien species from native species (comparison 
C in Fig. 1; Table 1). A recent study comparing germina
tion properties of 43 species native to Switzerland and 46 
related non-invasive alien species introduced there for 
ornamental purposes found that the alien species had faster 
and more profuse seed germination on average (Chrobock, 
Kempel, Fischer & van Kleunen, unpublished data). 
Similarly, studies have frequently reported that invasive 
aliens have faster and more profuse seed germination than 
native species (e.g. Pysek & Richardson 2007; Flory & Clay 
2009). Combining these findings exemplifies that intro
duced alien species might differ from native species even 
when they are not invasive. A potential limitation of 
comparisons between invasive alien and native species is 
that they may not reveal determinants of invasiveness if 
there is such an introduction bias. Therefore, comparisons 
between invasive alien 'and native species are most 
informative when combined with a comparison to non
invasive alien species, and particularly when they also 
distinguish between rare and common native species 
(Fig. 3, Appendix S1). 

COMPARISONS IN THE NATIVE RANGE O F  

INVASIVE SPECIES 

In the native range of invasive species, we have a nested set 
of two comparisons. First, among the species introduced to 
a new region or a specific environment, one can compare 
species that have become invasive to species that have 
not become invasive (comparison 0 in Fig. 1) to test 
for determinants of invasiveness. Second, one can com
pare species that have been introduced elsewhere to 
species that have not been introduced elsewhere (com
parison E in Fig. 1) to test whether there is an introduction 
bias. 



Potential inferences from invasive vs. non-invasive alien 
comparisons in the native range 

Besides comparing invasive and non-invasive alien species 
in their introduced range (comparison B in Fig. 1), they can 
also be compared in their common native range (compar
ison D in Fig. 1). These two types of comparison are not 
direct substitutes of each other because the inferences that 
can be drawn from the native-range and introduced-range 
approaches differ. This is probably most obvious for 
ecological processes such as the ones involving interactions 
with enemies that may differ between native and introduced 
ranges. However, trait differences, as measured under 
common environmental conditions, may also depend on 
whether native or introduced organisms were used. Trait 
differences between invasive alien and non-invasive alien 
species in the introduced range (comparison B in Fig. 1; see 
previous section) could reflect either differences that were 
already present at the moment of introduction or differences 
that evolved during or after introduction of the species. 
Similarly, a lack of trait differences could suggest that 
differences were not present between species at the moment 
of introduction or that differences disappeared due to 
evolution. In contrast, differences between invasive and 
non-invasive alien species in their native range most likely 
reflect differences that were present at the moment of 
introduction elsewhere (Table 1). This reasoning of course 
relies on the assumption that invasive and non-invasive 
species did not undergo major evolutionary change in their 
native range as they were introduced elsewhere. If this 
assumption holds, such studies can reveal traits that increase 
the likelihood of alien species to become invasive elsewhere 
Oeschke & Strayer 2006; Schlaepfer et al. 20 10). However, 
because the importance of traits for invasiveness may 
depend on the environment, it is important that such studies 
include a wide range of environmental conditions. The 
results of studies comparing invasive and non-invasive alien 
species in their native range could be particularly informa
tive for risk assessment, because these traits can be assessed 
on organisms that have not been introduced elsewhere yet 
but are considered for intentional introduction. 

The difference in interpreting database studies using 
invasive vs. non-invasive alien comparisons in the intro
duced range and studies using these comparisons in the 
native range relies on whether the data were actually 
collected in the respective ranges. This is, however, not 
always the case. For example, some frequently used 
databases, such as the BiolFlor database containing ecolog
ical traits of the German flora (Klotz et al. 2002) also include 
data sources from other European regions and even from 
other continents. Similarly, some experimental studies 
comparing invasive and non-invasive alien species in their 
introduced range used seed material from the native range 
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for some species (e.g. Muth & Pigliucci 2006). The database 
used by Jeschke & Strayer (2006) to assess determinants of 
vertebrate invasiveness in Europe and North America made 
comparisons both in the introduced and native range, but 
the data predominantly came from the native range. It is 
likely that collection of data in the native range or on 
material from the native range is biased towards alien 
species that are not or only mildly invasive in their 
introduced range. In contrast, data for widely introduced 
and invasive species are more likely to be collected in the 
introduced range. Consequently, such studies do not allow 
strict testing of whether invasive and non-invasive alien 
species differ also in their introduced range or whether they 
differed already in their native range. 

Potential inferences from elsewhere introduced vs. 
non-introduced comparisons in the native range 

The comparison between species introduced elsewhere, 
irrespective of whether they have become invasive, and 
species that have not been introduced elsewhere (compar
ison E in Fig. 1) tests whether there is a bias towards 
introduction of species with certain characteristics (Table 1). 
Such potential biases in species introductions have been 
suggested as explanations for why invasive vertebrates have 
large native ranges (Blackburn & Duncan 2001 ;  Jeschke & 

Strayer 2006), and why invasive alien plant species appar
ently possess certain characteristics such as fast growth, 
shade intolerance and small seed size (Martin et al. 2009). 
Therefore, the comparison of species in their native range 
that are introduced elsewhere in the world with those that 
are not introduced elsewhere could provide important 
insights into whether apparent characteristics of invasive 
species are truly associated with invasiveness rather than a 
consequence of introduction bias. Existing studies that have 
used this type of comparison showed that there can be an 
introduction bias towards species with characteristics that 
have frequently been reported to be associated with 
invasiveness (Blackburn & Duncan 2001; Colautti 2005; 
Jeschke & Strayer 2006; van Kleunen et al. 2007). The main 
restriction on this type of comparison is the lack of data on 
which species have been introduced elsewhere. However, 
for species intentionally introduced as amenities, ornamen
tals, or food source, their availability from international 
commercial' seed suppliers, pet stores, or food markets 
might be a good proxy for introduction elsewhere (Chap
man et al. 2003; Cassey et al. 2004a; van Kleunen et al. 2007). 

COMPARISONS BETWEEN NATIVE AND INTRO

DUCED RANGES 

Intraspecific comparisons between introduced and native 
ranges of invasive alien species (comparison Fl in Fig. 1) 
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might also provide important insights into determinants of 
invasiveness (Hierro et aL 2005). Such an intraspecific, 
biogeographical comparative approach has most frequently 
been applied to test the enemy-release hypothesis (forchin 
et aL 2003; reviewed in Colautti et aL 2004; Liu & Stiling 
2006) and hypotheses of genetic and/or ecological changes 
(Ell strand & Schierenbeck 2000; Cox 2004; Huey et aL 2005; 
Schlaepfer et aL 2008; Table 1), for instance the evolution
of-increased-competitive-ability (EICA) hypothesis (see 
below). As pointed out by Hierro et aL (2005), the biogeo
graphical approach could also be used to test other 
hypotheses, such as the novel weapons (e.g. Callaway & 

Aschehoug 2000) and Darwin's naturalization (e.g. Strauss 
et aL 2006; Diez et aL 2008) hypotheses, which are usually 
only tested in the introduced range. 

The biogeographical approach might provide even more 
insights into determinants of invasiveness if it would not be 
restricted to highly invasive alien species but would also 
include non-invasive or less invasive alien species (compar
ison F2 in Fig. 1). For example, most biogeographical 
studies testing the enemy-release hypothesis showed that 
invasive species have fewer enemies in their introduced 
ranges than in their native ranges (forchin et aL 2003; Liu & 

Stiling 2006; van Kleunen & Fischer 2009). However, if 
non-invasive alien species are also released from their 
enemies to the same extent as invasive alien species, then 
enemy release cannot be the mechanism responsible for 
differences in invasiveness (Lake & Leishman 2004; van 
Kleunen & Fischer 2009). Therefore, interspecific compar
isons of intraspecific differences between the native and 
introduced ranges of alien species are required (comparison 
F3 in Fig. 1; Table 1). 

Several biogeographical studies have compared trait 
values of invasive species measured in their introduced 
range to those measured in their native range, using data 
from floral compendia (e.g. Th€:baud & Simberloff 2001), 
databases (e.g. Daws et aL 2007), published studies (e.g. 
Mason et al. 2008) and direct measurements (e.g. Torchin 
et al. 2001; Buckley et aL 2003). Although such studies have 
revealed intriguing differences between traits of species in 
their introduced and native ranges, they do not reveal 
whether the underlying mechanism for change is pheno
typic plasticity, a founder effect (i.e. an introduction 
bias), adaptive post-introduction evolution or a combina
tion of these mechanisms. This would require experiments 
with individuals from both ranges under common envi
ronmental conditions, preferably replicated in both ranges 
as reciprocal translocation experiments (Moloney et al. 

2009). 
In plants, common-garden experiments using both native 

and introduced material of invasive species have frequently 
been conducted to test the El CA hypothesis (fable 1). This 
hypothesis postulates that due to a lack of natural enemies in 

the introduced range, as predicted by the enemy-release 
hypothesis, invasive organisms may have evolved a higher 
competitive ability (i.e. larger size and/or fecundity) at the 
cost of resistance to enemies (Blossey & Notzold 1995; 
reviewed in Bossdorf et al. 2005). Although the EICA 
hypothesis has only been tested for plants, it  should also 
apply to other organisms (Hanfling 2007). Moreover, such 
common-environment studies could also be used to test 
whether other traits, such as body size (Huey et aL 2005), 
phenotypic plasticity (Richards et al. 2006) or traits related to 
self-fertilization (van Kleunen & Fischer 2008), show 
genetic differentiation between the introduced and native 
ranges. 

Studies finding trait differences between introduced and 
native accessions grown under common environmental 
conditions frequently claim that adaptive evolution is an 
important determinant of invasiveness. However, most of 
these studies cannot distinguish between adaptive evolution
ary changes (i.e. responses to selection) and non-adaptive 
ones (i.e. genetic drift including founder effects). To test for 
the latter, studies should also check for neutral genetic 
differentiation using molecular markers (Maron et aL 2004; 
Keller & Taylor 2008; van Kleunen & Fischer 2008). In many 
such studies, differences could reflect maternal environmen
tal carry-over effects, which could be avoided by using 
second-generation offspring (Moloney et aL 2009). Further
more, to test whether evolutionary change is a driver of 
invasiveness, invasive and non-invasive or less invasive 
species should be compared (comparison F3 in Fig : 1). To 
the best of our knowledge, there have as yet been no tests on 
evolutionary change in non-invasive or mildly invasive 
species (fable 1). 

COMPLEMENTARITY OF DIFFERENT 

COMPARATIVE APPROACHES 

Studies testing for determinants of invasiveness usually use 
one single comparator or group of comparators, and 
frequently do not make explicit the criteria used to select 
the non-invasive comparators. Consequently, it is not always 
clear whether the comparison made is appropriate to 
address the questions posed. The latter partly depends on 
the spatial scale of the investigation (Figs 1 and 2). 
Moreover, as pointed out in the previous sections, some 
questions in invasion ecology require multiple comparisons 
to unambiguously assess determinants of invasiveness. 

In the introduced range, traits and ecological and 
evolutionary processes differing between invasive alien 
species and native species might indicate why invasive alien 
species have an advantage over native species. However, if 
these traits and processes do not differ between invasive and 
non-invasive alien species, these traits and processes might 
simply reflect an introduction bias, and might thus not 



reveal true determinants of invasion. Alternatively, it could 
be that invasive and non-invasive alien species did not differ 
in the traits and processes under the specific environmental 
conditions that they were measured, but that they do differ 
when measured under other environmental conditions. 
Nevertheless, combining the invasive alien species vs. native 
species comparison with the invasive vs. non-invasive alien 
species comparison could provide insights that each of them 
separately would not. Moreover, if one wants to test 
explicitly whether the traits and processes that clifferentiate 
invasive from non-invasive alien species are the same ones 
that clifferentiate common from rare native species (van 
Kleunen & Richardson 2007; Jeschke & Strayer 2008; 
Blackburn & Jeschke 2009), one also has to compare these 
four groups of species in a single study. Such comparisons 
could reveal that invasive alien species differ from the 
average native species, but that invasive alien species do not 
cliffer from common native species (Fig. 3, see also example 
in Appenclix Sl). 

Comparisons of invasive and non-invasive alien species in 
their native range can reveal traits and processes that 
increase the likelihood of alien species becoming invasive 
elsewhere. If one compares these two groups of species, 
which both have been introduced elsewhere, to a third 
group of species that have not been introduced elsewhere, 
we can assess the importance of introduction bias (Colautti 
2005; Jeschke & Strayer 2006; van Kleunen et a/. 2007). 
In addition, one can test whether the traits and processes 
associated with species introduced elsewhere are the same as 
the ones that confer invasiveness once introduced elsewhere 
(Colautti 2005; Jeschke & Strayer 2006; van Kleunen et a/. 

2007). For risk assessment, it would be particularly infor
mative to know whether species intentionally introduced by 
humans elsewhere, for example, for ornamental or hunting 
purposes, have been selected for traits that also confer 
invasiveness. 

Comparisons between introduced and native ranges have 
been usually restricted to highly invasive species. If we 
combine this intraspecific type of comparison with the 
interspecific comparison between invasive and non-invasive 
species, we would be able to test whether the traits and 
processes cliffering between introduced and native ranges 
are truly driving invasiveness. To the best of our knowledge, 
this joint approach has only been used to test whether 
release of alien plants from pathogens is associated with 
invasiveness (Mitchell & Power 2003; van Kleunen & 

Fischer 2009). We therefore suggest that future stuclies 
comparing traits and processes between introduced and 
native ranges or accessions should not be restricted to highly 
invasive species. This would increase our understanding of 
why certain alien species become invasive (comparisons B 
and D in Fig. 1), and would identify whether alien species 
were predisposed to become invasive before introduction or 

955 

if they changed at or after introduction and became invasive 
(comparison F3 in Fig. 1). 

One aspect that has received relatively little attention in 
comparisons of invasive alien species to others is that there 
might be an introduction bias towards species with certain 
characteristics and that this could result in erroneous 
conclusions regarcling determinants of invasiveness. Mainly 
the literature on vertebrates, especially on birds, has 
highlighted this potential problem (Blackburn & Duncan 
2001;  Cassey et a/. 2004a; Jeschke & Strayer 2006; Blackburn 
& Jeschke 2009). Above, we cliscussed two types of 
introduction biases. One type of introduction bias is that 
most alien species that have been introduced, irrespective of 
their invasiveness, deviate on average from the native species, 
which is very likely. As a consequence, invasive alien vs. native 
comparisons may reveal differences that are not informative 
with regard to the causes of invasiveness when the invasive 
and non-invasive alien species do not cliffer. This means 
that it is necessary to also include non-invasive alien species 
in the comparison. Second, there may also be an introduc
tion bias within the pool of potential alien species for 
certain characteristics, such as fast growth rate and generalist 
feeding; the species that are actually introduced elsewhere are 
not a random sample of all potential species that could be 
introduced from a given source range. As a result, 
multiple types of comparison are required to test the 
nature of potential introduction biases that might lead to 
spurious conclusions or obscure true determinants of 
invasiveness. 

CO NCLUSIO N S  

The comparative framework that we propose could in 
principle be applied to any group of organisms. If the 
specific hypothesis to be tested requires common-environ
ment stuclies, comparisons have mainly been restricted to 
plant species, and particularly to short-lived herbaceous 
species or to the early ontogenetic stages of long-lived trees 
(Grotkopp & Rejm{lOek 2007). However, if we cannot easily 
grow long-lived plant species in common-garden experi
ments, we can compare them under near-common 
environmental conditions in field sites where they happen 
to naturally co-occur (Leishman et a/. 2010; Tecco et a/. 

20 10), in forest plantations (Richardson et a/. 2004) or in 
botanical gardens (Dawson et a/. 2009a,b). For animals, 
common-environment stuclies comparing invasive alien 
species to native or non-invasive alien ones are relatively 
rare, although there are some examples (Lee et a/. 2005; 
Engel & Tollrian 2009; Larson & Magoulick 2009). 
Laboratory conclitions are too arti ficial for some animals 
to allow for meaningful experiments, but such experiments 
should still be feasible for other animals, e.g. for small 
aquatic animals (Engel & Tollrian 2009). In some cases, we 
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might also be able to compare animal species in natural 
habitats where they co-occur or when they are kept under 
similar conditions in captivity, as is the case in many zoos. 

We discussed the major types of comparison involving 
invasive species, but of course additional comparisons could 
be made and some of the species categories could be 
refined. For example, the distinction between non-invasive 
and invasive species is not a strict dichotomy, but a 
continuum that could either be treated as such if informa
tion is available on the spread of each alien species (see 
Appendix S1 for an example), or could be incorporated by 
using intermediate categories such as 'casual' and 'natural
ized' (Richardson et af. 2000; Colautti & Maclsaac 2004). 
Furthermore, one could address more specific questions by 
distinguishing among . different types of invaders, such as 
invaders of anthropogenic habitats and invaders of natural 
areas, or invaders with ecosystem impacts and invaders 
without such impacts. Ultimately, the most complete picture 
of determinants of invasiveness will be achieved by 
combining all types of comparison among different species 
statuses and different ranges. However, even if it is not 
feasible to compare invasive alien species with all types of 
comparators in both the introduced and native range, it 
should be more widely acknowledged that the different 
types of comparison address different biological questions, 
and that some questions require multiple comparisons. 
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