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Abstract: One of the most exciting recent developments in the field of invasion
biology has been the growing realisation that evolution can determine invasive
species’ success. Here, we review research on contemporary evolution in invasive
populations, with a focus on traits that have the potential to contribute to invasive spread. Evidence available so far indicates adaptive divergence in quantitative
traits predominates, although the contribution of non-adaptive processes should
not be easily discounted. Further, contemporary evolution of invasive populations
appears to be more frequently spurred by abiotic factors, rather than escape from
natural enemies. Important progress remains to be made on the role of hybridisation in invasion success, or the conditions under which rapid evolution of phenotypic plasticity at key traits leads to invasions. Also, we do not yet have a firm grasp
on how often expansion load limits invasive spread. While convincing examples
of adaptation along geographic or climatic gradients are available, we highlight
conditions under which such clines would arise irrespective of biotic or abiotic
conditions. We propose potentially important future lines of investigation that can
illuminate the mechanistic basis of invasion success while maximising the value of
invasive species for understanding evolutionary processes.
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1 Introduction
The classical view of evolution by natural selection is that the process
is gradual, occurring over millennia. However, studies of contemporary
evolution in a wide array of species have overturned this idea (Grant
and Grant, 1995; Hendry and Kinnison, 1999; Kinnison and Hendry, 2001;
Hendry, 2016). Key among these are investigations of rapid evolutionary
change in invasive species, where numerous studies have demonstrated
that invasion can have large impacts on both adaptive and non-adaptive
evolution (Colautti et al., 2009; Dlugosch and Parker, 2008; Colautti and Lau,
2015). Such studies of trait evolution in invasive species have allowed the
tempo of contemporary evolution to be quantified (Hendry and Kinnison,
1999; Kinnison and Hendry, 2001; Bone and Farres, 2002) and have furthered
understanding of how genetic, demographic, and ecological factors shape
rapid evolution. Understanding trait evolution in introduced species is
important because it can impact demographic parameters key to invasion
success. For example, adaptation can result in evolutionary rescue when a
species is introduced to a harsh environment where it is otherwise doomed
to extinction (Gomulkiewicz et al., 2010). Accordingly, invasions offer
opportunities to explore eco-evolutionary dynamics, whereby evolution
during invasion can impact spread and abundance of the invader with consequences for recipient communities. In the following sections, we provide a
comprehensive review of trait evolution in invasive species, focusing on the
traits that have the potential to contribute to invasive spread.

2 Interspeciﬁc Comparisons and the Identiﬁcation
of Invasiveness Traits
The first attempt to characterise traits that determine invasion success is
most commonly pegged at 1965, with the publication of The Genetics of
Colonizing Species (Baker and Stebbins, 1965). In this classic volume, Herbert
G. Baker used a series of congeneric comparisons to compile a list of 14
traits that would characterise a hypothetical ‘ideal weed’ (Baker, 1965).
While Baker’s definition of a weed was broader, and included colonisers
of disturbed habitats, most species considered were invasive (van Kleunen
et al., 2015). The list included, among other traits, rapid development to
flowering, high seed output, increased competitive ability (e.g. through
allelopathy), vigorous vegetative reproduction, and increased phenotypic
plasticity. With this list, Baker expanded on his previous work that proposed
self-compatibility as a major trait facilitating long-distance colonisation
(Baker, 1955). Two aspects of the ‘ideal weed’ list are important to emphasise.
First, Baker recognised that its applicability will vary. For instance, in his 1974
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revision of the list, he emphasised that taxa will span the continuum from
minor weeds, whose success he attributed to ‘fortuitous pre-adaptation’, to
major weeds, for which evolution has ‘compounded [multiple weediness]
adaptations’ (Baker, 1974). Second, the list was not intended as a rigorous
quantitative examination of invasiveness traits but was instead a synthesis
of non-experimental case studies (see also Barrett, 2015), performed with the
goal of defining a weediness syndrome.
In the following years, a number of studies did not find support for
the ‘ideal weed’ list, and invasion biologists grew increasingly sceptical of
the utility of Baker’s scheme (Williamson, 1999). Perrins et al. (1992), for
example, calculated weediness scores for 49 annual plants in the British
flora and related this metric to trait divergence. None of the phenotypes
investigated were differentiated between weeds and non-weeds. Results
from early attempts were not all contradictive of Baker’s view, however.
Rejmanek and Richardson (1996), for instance, analysed trait differentiation
among 24 introduced Pinus species, containing an equal representation of
invasive and non-invasive taxa. As expected, invasive species tended to be
r-strategists and were characterised by small seeds, as well as early and
consistent reproduction (Rejmanek and Richardson, 1996; Rejmanek, 1996).
Recently, interspecific comparisons probing the validity of invasiveness
traits have increased in frequency on the backdrop of more comprehensive
plant trait databases, expanded regional species inventories, and improved
analytical tools. These studies tend to focus on floras of invaded regions
(Pysek and Richardson, 2007). Two types of comparisons are performed,
producing broadly comparable results: native–alien comparisons and
alien–alien comparisons (Pysek and Richardson, 2007; van Kleunen et al.,
2010). Native–alien comparisons investigate trait differentiation between
local native species and local invasive species. Because these studies consider
all invasive taxa in a region to be equivalent, they make the simplifying
assumption that the same traits are beneficial across all stages of the invasion
process. Evidence available so far indicates that this assumption does not
always hold (Kolar and Lodge, 2001; Dawson et al., 2009; van Kleunen
et al., 2015). Alien–alien comparisons avoid this by comparing widespread
invasive species with co-occurring, but less-successful invasives. Even in
this case, however, potential sources of bias remain, such as time since
introduction (Hamilton et al., 2005). Lastly, both native–alien and alien–alien
comparisons are likely to lead to conflicting results when the spatial scale
under investigation differs between studies (e.g. analyses performed at a
regional vs. a continental scale; Hamilton et al., 2005).
With these caveats in mind, it is notable that some candidate invasiveness traits have been gaining increased support (reviewed in Pysek and
Richardson, 2007). Among morphological traits, plant height, used as an
indicator of competitive ability (Dostal, 2011), has often been identified as
an outlier in invasive species (Pysek et al., 1995; Williamson and Fitter, 1996;
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Moravcova et al., 2015). Note, however, that plant height was not a strong
predictor of invasiveness in an analysis of Australian flora that controlled
for residence time, phylogenetic relatedness, and the contribution of other
traits (Hamilton et al., 2005). Also, in agreement with Baker’s predictions,
vigorous vegetative reproduction has been confirmed as a good predictor
of invasive status (Pysek, 1997; Kolar and Lodge, 2001; Lloret et al., 2005).
Among physiological traits, increased specific leaf area, commonly used as
an indicator of high resource acquisition capacity and relative growth rate
(Reich et al., 1997), has emerged as one of the most reliable predictors of
invasiveness (Lake and Lewisham, 2004; Hamilton et al., 2005; Grotkopp
and Rejmanek, 2007). Among reproductive traits, consistent support has
been obtained for early flowering time and prolonged flowering duration
(Pysek et al., 2003; Lake and Lewisham, 2004; Lloret et al., 2005). Results
for propagule (seed) size, on the other hand, have been mixed (Pysek and
Richardson, 2007), potentially because contrasting seed sizes are favoured at
different stages of the invasion (Moodley et al., 2013).
Aside from re-affirming the importance of morphological, physiological,
and reproductive traits in the invasion process, these studies have made
clear that results are context dependent. Such contexts may be temporal or
spatial (Hamilton et al., 2005), reflecting the contribution of evolutionary
change and/or phenotypic plasticity. For example, when interspecific
native–invasive comparisons are performed under multiple standardised
growing conditions, results often point towards higher plasticity of species
categorised as invasive (Richards et al., 2006), as initially predicted by Baker
(1965). Increased plasticity can facilitate invasions by allowing invasive
species to maintain high fitness across a broader range of conditions and/or
to more efficiently exploit one end of an environmental gradient (Richards
et al., 2006). Evidence accumulated so far from interspecific comparisons
indicates the latter scenario is more common, with invasive species typically
outperforming native species under non-limiting conditions (Funk, 2008).
It is important to emphasise, though, that meta-analytical support for
these observations has so far been mixed, with studies both in favour of
(Davidson et al., 2011) and opposed to (Palacio-Lopez and Gianoli, 2011)
higher plasticity in invasives (for an interpretation of these findings, see
Section 3.5).
While, as highlighted earlier, research on invasiveness traits performed at
the interspecific level has been highly informative, limitations remain. For
one, the majority of studies necessarily focus on the subset of traits that are
easily accessible from herbarium records. Oftentimes, data on traits such as
growth rate or flowering duration, which may be relevant for invasion success, is not available (Pysek and Richardson, 2007). Also, interspecific comparisons frequently identify a host of differentiated traits or trait categories
(van Kleunen et al., 2010). Without investigations of incipient stages of the
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invasion process, incorporating comparisons of trait divergence among populations within species, it remains challenging to disentangle the sequential
contribution of traits to invasion success. Lastly, the interspecific approach
does not provide information on the origin of invasiveness traits, because in
this case pre-adaptation cannot be separated from post-introduction evolution. Hereafter, we focus on evidence of trait differentiation within invasive
species. We discuss results from comparisons between the native and introduced ranges, or between populations within the introduced range.

3 Between-range Comparisons
3.1 Non-adaptive Trait Divergence Between Native
and Introduced Ranges
Biological invasions are sampling events during which a fraction of the
diversity present in the native range seeds non-native range expansions.
Introduction bottlenecks occurring during invasions can be expected to have
important consequences on variation present in invasive populations, at
both genetic and phenotypic levels. Changes in genetic variation have been
the focus of intense study since the formal beginning of the field of invasion
genetics (Baker and Stebbins, 1965; reviewed in Dlugosch et al., 2015a).
During this time, and most notably over the past two decades, molecular
marker surveys have shown that sizeable reductions in genetic polymorphism are possible (Hollingsworth and Bailey, 2000). This extreme does
not appear to be the norm, however, as most invasive species sustain only
moderate reductions in population genetic diversity (10–20%; Dlugosch and
Parker, 2008). Here, while drawing from previous empirical and modelling
studies on the genetic consequences of bottlenecks, we focus on changes in
phenotype. We review evidence that introduction bottlenecks are the drivers
of trait divergence between native and introduced ranges and highlight,
where possible, the impact on traits that may contribute to invasion success.
The extent to which introduction bottlenecks may drive changes in
mean phenotypes between native and introduced ranges depends on the
interaction of multiple factors, most notably the characteristics of the bottleneck and the genetic architecture of the traits in question (Dlugosch and
Parker, 2008). Theoretical work has established that important reductions
in heterozygosity and number of alleles will occur when population sizes
are considerably reduced and also followed by slow subsequent population
growth (Wright, 1931). Such conditions are expected to lead to increased
inbreeding depression. If bottlenecks are intermediate in size, however,
they may occasionally be beneficial. Specifically, under such conditions, the
purging of deleterious mutations may occur (Facon et al., 2011; see Section
4.1 for a detailed description of dynamics in mutation load). From a trait
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perspective, it has been proposed that such bottleneck-mediated reductions
of inbreeding depression may facilitate transitions from outcrossing to
selfing (Lande and Schemske, 1985). Modelling results indicate, however,
that purging effects are often temporary, and that transitions to selfing are
likely to occur only under a restricted set of conditions (Kirkpatrick and
Jarne, 2000).
Genetic architecture is another important consideration (Dlugosch et al.,
2015a). For traits controlled by one or a few loci, changes are expected to
follow more closely predictions from population genetic theory outlined earlier. Specifically, introduction bottlenecks may drive large shifts in diversity
at key loci, resulting in important changes in the mean phenotype between
native and introduced ranges. Kliber and Eckert (2005) provided an example
of one such important trait change mediated by an introduction bottleneck.
In native (European) populations of flowering rush (Butomus umbellatus),
triploids, which are sterile, were found to occur at higher frequencies than
diploids, which are fertile (84% triploids vs. 16% diploids). In invasive (North
American) populations, however, these ratios were reversed (29% sterile
triploids vs. 71% fertile diploids). This pattern could have been generated if
selection in the introduced range favoured sexual genotypes, which have a
dispersal advantage over sterile genotypes that spread only via vegetative
reproduction (Kliber and Eckert, 2005). Population genetic data excluded
this possibility, however, and provided evidence that spread of B. umbellatus
across North America occurred almost exclusively by clonal propagation
(Kliber and Eckert, 2005). This result therefore implicates a founder effect as
the major driver of divergence in cytotype frequency between ranges.
By contrast, for highly quantitative traits, introduction bottlenecks are
expected to lead to more limited change. This is because, contrary to
molecular marker polymorphism, quantitative genetic variation should be
minimally impacted by the loss of rare alleles occurring during bottlenecks
(Lewontin, 1965). Multiple lines of evidence support this prediction. For one,
in a study of common garden data from 22 invasive plant species, population
differentiation in quantitative traits was inferred to be only marginally higher
in the native range than in the introduced range (3.5%; Colautti and Lau,
2015). In addition, frequent evidence for adaptive trait divergence occurring
during invasions is consistent with sufficient additive genetic variation being
maintained following introduction bottlenecks (Bock et al., 2015). Lastly, a
recent meta-analysis re-affirmed the disconnect between molecular marker
polymorphism and invasive status (Uller and Leimu, 2011). This is expected
if demographic bottlenecks do not significantly impact quantitative genetic
variation that is needed for adaptive evolution in traits conferring invasion
success.
Aside from the question of whether introduction bottlenecks induce
important trait divergence between native and introduced ranges, it may
be important to consider the impact of such non-adaptive changes on
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subsequent adaptive differentiation. In the flowering rush example highlighted above, evidence indicates that the founder effect set the stage for
the evolution of increased clonality in invasive diploids (Kliber and Eckert,
2005). Experimental evolution studies also indicate that the phenotypic
signature of strong demographic bottlenecks can be propagated during
adaptive divergence over multiple generations (Kolbe et al., 2012). It could
therefore be informative to partition observed trait differentiation into
adaptive and non-adaptive components. Schrieber et al. (2017) performed
such an analysis in comparisons of trait differentiation among native and
introduced populations of Silene latifolia. To quantify the amount of variance
attributable to non-adaptive evolution, the authors compared models with
and without corrections for population co-ancestry. Results showed that
phenotypic divergence among ranges was driven primarily by adaptive
evolution, with a limited influence from non-adaptive processes (Schrieber
et al., 2017).
3.2 Adaptive Divergence in Response to the Biotic Environment
During invasion, drastic alterations in the biotic environment are expected,
including changes in the composition and abundance of herbivores,
pathogens, competitors, and mutualists (Keane and Crawley, 2002; Colautti
et al., 2004). Indeed, one of the most well-known and influential hypotheses
relating to trait evolution in invasive species is the evolution of increased
competitive ability (EICA). Invoking optimal defence theory, Blossey and
Notzold (1995) hypothesised that an escape from natural enemies in the
introduced range will shift allocation of resources away from defence to
growth or reproduction, facilitating the evolution of a more “invasive”
phenotype. They predicted that: (i) introduced populations will produce
more biomass than native populations; and (ii) specialist herbivores will
show improved performance on introduced populations relative to native
populations.
The EICA hypothesis has spurred a large number of common garden comparisons of native and introduced populations (Blumenthal and Hufbauer,
2007; Joshi et al., 2014) along with several reviews and meta-analyses (Bossdorf et al., 2005; Colautti et al., 2009; Orians and Ward, 2010; Felker-quinn
et al., 2013). These data have provided ample evidence for evolutionary shifts
in traits related to reproduction, growth, defence, and competitive ability in
many invasive species, but not necessarily in the direction predicted by EICA
(Felker-quinn et al., 2013; Colautti and Lau, 2015). One exception appears
to be size, which generally increases during invasion (Blumenthal and Hufbauer, 2007; Felker-quinn et al., 2013), but this may be mediated in some cases
by differences in the climate of the sampled populations within each range
(Colautti et al., 2009; Colautti and Lau, 2015). This finding supports the observation by Crawley (1987) that many invasive populations appear to be more
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vigorous than their native counterparts, which motivated the initial positing of EICA. However, the hypothesis that herbivore release results in shifts
in resource allocation from defence to other functions that could enhance
invasion is not well supported.
A critical component of EICA is an assumption that performance in the
native range is hampered by investment in herbivore defence. Yet, few
studies considering EICA estimate genetic correlations between defence
and performance traits and those that do typically fail to detect the predicted trade-off (Franks et al., 2008; Schrieber et al., 2017). For example,
in Silene latifolia, although there was evidence for the evolution of lower
herbivore resistance and higher performance in invasive populations that
likely reflected adaptive divergence, significant negative genetic correlations
between those traits were not identified in either range (Schrieber et al.,
2017). This suggests each trait was evolving independently of one another in
the introduced range, contrary to predictions.
EICA assumes that there are changes in resource allocation between
only two competing functions. However, trade-offs may not be apparent
if reduced investment to other processes, such as abiotic stress tolerance,
facilitates increased performance while maintaining high levels of defence
(Mole, 1994; Züst and Agrawal, 2017). Differences in resource acquisition
ability among genotypes can also impact the manifestation of trade-offs
(van Noordwijk and de Jong, 1986) and cause divergence in the direction
of genetic correlations between populations that have evolved differences
in their allocation strategy (Uesugi et al., 2017). Furthermore, resource
limitation often can reveal hidden trade-offs between defence and performance (Züst et al., 2015; Züst and Agrawal, 2017). This implies that shifts
in resource abundance during invasion might interact with changes in
community composition to impact the evolutionary trajectory of performance and defence traits. Finally, a greater mechanistic understanding of
plant defence is revealing that trade-offs typically result from antagonistic
crosstalk among hormone pathways rather than the direct result of allocation
costs (Karasov et al., 2017). For example, the defence hormone jasmonic acid,
which is often triggered by herbivory, is known to have antagonistic effects
through a complex web of interactions on growth hormones, such as auxin,
brassinosteroids, and gibberellins (for a detailed review see Huot et al., 2014;
Züst and Agrawal, 2017; Karasov et al., 2017).
Direct costs of defence, such as toxicity to the plant of chemical defence
traits or allocation costs, are not the only factors that may govern the evolution of growth, competition, and defence-related traits during invasion. Ecological costs require interactions with another species to be expressed (Strauss
et al., 2002). For instance, the production of chemical defences could attract
specialist herbivores or deter important mutualists, limiting fitness (Züst and
Agrawal, 2017). Indeed, it is likely that ecological costs change during invasion, highlighting the importance of measuring the fitness effects of traits in
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ecologically relevant conditions. For instance, later refinements to EICA identified the need to assess competitive ability in competition trials due to the
effects of traits that enhanced performance in a context-dependent way, such
as allelopathic chemicals (Callaway and Ridenour, 2004; Bossdorf et al., 2005).
Several other hypotheses concerning trait evolution in invasive populations in response to the biotic environment have been developed (Callaway
and Ridenour, 2004; Beaton et al., 2011). For instance, the shifting defence
hypothesis proposed that specialist targeted defences should decline while
generalist targeted defences should be maintained or even increase in
response to invasion (Müller-Schärer et al., 2004; Joshi and Vrieling, 2005;
Doorduin and Vrieling, 2011). In Felker-Quinn et al.’s (2013) meta-analysis,
evidence for reduced defences in response to herbivores absent in the introduced range was identified. However, non-significant trends in the predicted
directions were identified for both generalist and specialist herbivores. These
findings suggest that evolution of defence response may be very specific
to particular changes in the composition and abundance of the herbivore
community.
3.3 Adaptive Divergence in Response to the Abiotic Environment
Experimental and observational studies have demonstrated that increased
resource availability can enhance invasion (Davis et al., 2000; Blumenthal, 2006; Richardson and Pyšek, 2006). Moreover, species dominant in
resource-rich habitats tend to exhibit traits related to invasion, such as
high fecundity, fast tissue turnover, and rapid growth (Blumenthal, 2006;
Leishman et al., 2007; Blumenthal et al., 2009). Grime (1977) hypothesised
that traits favouring rapid growth rates should be disadvantageous in conditions of high environmental stress (He et al., 2010). Therefore, if introduced
populations benefit from increased resource availability, the evolution of
higher growth rates is expected and may come at the cost of abiotic stress
tolerance. In keeping with this observation, several species in the Asteraceae
have enhanced size and reproduction in introduced populations compared
to native populations, while abiotic stressors (mainly drought) have reduced
and even reversed this performance advantage in common gardens (He
et al., 2010; Hodgins and Rieseberg, 2011; Turner et al., 2014; Dlugosch et al.,
2015b; Hodgins et al., 2015; but see Turner et al., 2015).
But what could drive associations between invasion and resource availability, since resource abundance is not necessarily expected to increase
consistently across the invaded range of the exotic species? Several studies
point to biotic interactions as a means by which resource availability can
be enhanced during invasion, including through escape of natural enemies
(Blumenthal, 2006; Blumenthal et al., 2009), and reductions in competition
(Orians and Ward, 2010). For example, loss of native grassland species in
California appears to have created a vacant niche, increasing water resource
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availability for invasive yellow starthistle and facilitating the evolution of
larger yet less drought-tolerant populations (Dlugosch et al., 2015b). This
study reveals how functional changes in community structure can drive the
evolution of traits potentially contributing to invasion success, mediated
through adaptation to abiotic conditions.
Although climate niche was thought to be relatively conserved between
the native and introduced range (Petitpierre et al., 2012), a recent large-scale
study of niche shifts during invasion found widespread evidence of differences, including evidence for climate niche expansion (analogous climates
in the ranges but the climate niche has expanded in the introduced range),
and pioneering (no analogous climate between native and introduced range)
(Atwater et al., 2018). These climate niche shifts might reflect changes to
the fundamental or realised niche but point to the widespread potential
for climate-mediated selection on plant traits during invasion that could
contribute to trait divergence among ranges. For example, contrary to predictions of EICA, in Senecio pterophorus, populations from three non-native
regions were smaller and had lower reproductive output than native range
plants, likely reflecting adaptation to severe summer drought stress found
in these regions rather than response to changes in the biotic environment
(Colomer-Ventura et al., 2015).
The EICA hypothesis has been instructional in that it has spurred studies
that have improved our understanding of how and if performance, competition, and defence traits are diverging between the native and introduced
ranges. These findings suggest that the adaptive landscape is dynamic,
shifting in response to both biotic and abiotic changes during invasion and
impacting the evolution of multivariate traits. Moreover, it has highlighted
challenges that must be overcome to successfully test if adaptation to
the environment experienced in the invaded range has occurred. Indeed,
it is becoming clear that divergence of traits among populations within
the introduced range is a common feature of plant invasions (Colautti
et al., 2009; Colautti and Barrett, 2013). Therefore, experimental tests for
adaptive divergence between the ranges, especially in widespread species
that are occurring in spatially heterogeneous environments, which would
be expected in a successful invader, require a large number of transplant
gardens in the native and introduced range, extensive population sampling,
as well as an understanding of the source populations for the invasion
(Colautti and Lau, 2015). Such experiments are logistically challenging and
can provide mixed results. For instance, a multiyear study using seven
common gardens located in the native range and two introduced ranges of
the tree Triadica sebifera found no evidence of fitness trade-offs across ranges
but more frequently identified enhanced growth rates of the introduced
populations in most gardens. However, the most salient finding was the
large differences that emerged among common gardens and years (Siemann
et al., 2016). Traits can also evolve over time within the introduced range
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as a result of non-equilibrium dynamics following expansion (see Sections
4.1 and 4.2), or in response to changing selection pressures, such as when
intra-specific competition (Huang and Peng, 2016) or herbivory intensifies
(Gruntman et al., 2017) which might be expected in long-established populations following range expansion. Such temporal and spatial heterogeneity
within the introduced range complicates comparisons of trait evolution
between ranges.
3.4 Hybridisation
Hybridisation has been put forward as a stimulus for the evolution of invasiveness (Abbott, 1992; Ellstrand and Schierenbeck, 2000; Hovick and Whitney, 2014). In this section, we first discuss the genetic and phenotypic consequences of hybridisation and how they might facilitate or hinder invasiveness. We then evaluate the strength of the evidence supporting an important
role for hybridisation in plant invasions. We consider interspecific hybridisation only, while recognising that similar mechanisms are operative when
there is admixture involving divergent populations within a species (Rius
and Darling, 2014).
Genetic and phenotypic consequences of hybridisation include the following:
• Increased genetic variation. Botanists have long recognised that hybridisation can increase the genetic diversity of hybridising populations. For
example, Anderson (1949) argued that ‘If introgression proves to be a primary factor in evolution it will be because it so greatly enriches variation in
the participating species … ’ For invading populations, such variation may
be exploited by selection to increase local adaptation, potentially rescuing
maladapted and genetically depauperate founding populations (i.e. evolutionary rescue). New mutations will arise more slowly and are less likely to
have beneficial effects than alleles provided by hybridisation, which have
already been tested by selection (Pfennig et al., 2016).
• Creation of novel, transgressive phenotypes. Hybrids often exhibit
non-additive trait expression, including extreme (transgressive), novel, or
missing traits (Rieseberg and Ellstrand, 1993). Transgressive trait values
typically arise from complementary gene action, in which parental alleles
with effects in the same direction are over-represented in individual
hybrid genotypes (Rieseberg et al., 1999; Stelkens and Seehausen, 2009).
Novelty or loss of traits has many possible causes. For example, the
gain and loss of chemical compounds in hybrids has been attributed to
the inhibition of biosynthetic pathways, pathway elaboration via new
combinations of chemical skeletons and side-chains, and altered gene
regulation (Orians, 2000). Non-additive trait expression is frequently
linked to the colonisation of new environments (Stelkens et al., 2014),
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•

•

•

•

•

and shifts in chemical constituents may reduce the efficacy of biological
control strategies (Gaskin, 2017).
Heterosis. Early generation hybrids often exhibit increased vigour or
heterosis. While the masking of deleterious recessive mutations in hybrids
(dominance) is thought to be the main cause of heterosis (Yang et al., 2017),
overdominance (in which heterozygotes are superior to either homozygous class at a single locus) and epistasis contribute as well. Heterosis
can be fixed in asexual and polyploid hybrids, likely contributing to their
over-representation in invasive taxa (Schierenbeck and Ellstrand, 2009;
Pandit et al., 2011).
Genetic rescue. Due to founding events and extreme drift during invasive spread, invaders may suffer from inbreeding depression and genetic
load (Peischl et al., 2013). Hybridisation offers a means of rescuing such
populations by providing superior alleles that can complement or replace
deleterious variants (Ellstrand and Schierenbeck, 2000; Conte et al., 2017).
Demographic rescue. Invading populations may also suffer reduced
fitness for purely demographic reasons, such as pollination limitation. A
recent theoretical study indicates that hybridisation can rescue populations experiencing Allee effects (i.e. reduced fitness due to low density),
without invoking other favourable consequences of hybridisation (Mesgarana et al., 2016). The same study suggests that invasions of European
searockets (Cakile maritima) likely involved such a mechanism.
Outbreeding depression. Hybridisation can have negative consequences as
well. Hybrid populations often suffer from outbreeding depression due to
chromosomal re-arrangements, genic incompatibilities, and/or a disruption of adaptation to the local environment (Baack et al., 2015). If outbreeding depression is strong, population growth rates of hybrid invaders might
drop below replacement rates, leading to extinction.
Genetic swamping. If founding populations are small relative to a sympatric or parapatric congener, and barriers to mating are weak, new
invaders may also lose their genetic and phenotypic identity, and possibly
key invasiveness traits, via genetic swamping (Todesco et al., 2016).

So do the potentially positive consequences of hybridisation outweigh possible negatives in the context of plant invasions? Numerous hybrid invaders
have now been documented (reviewed in Ellstrand and Schierenbeck, 2000;
Schierenbeck and Ellstrand, 2009; Gaskin, 2017), and several experimental
studies have established hybridisation as a causative factor in plant invasions
(Vila and D’Antonio, 1998; Campbell et al., 2006; Whitney et al., 2006; Hooftman et al., 2007; Parepa et al., 2014). A recent meta-analysis of 15 systems in
which hybridisation has been putatively associated with invasiveness indicates that wild hybrids are significantly larger and more fecund than their
parental species (Hovick and Whitney, 2014). Also, fecundity increases with
Annual Plant Reviews Online, Volume 1. Edited by Jeremy Roberts.
© 2018 John Wiley & Sons, Ltd. Published 2018 by John Wiley & Sons, Ltd.

12

Trait Evolution in Invasive Species

hybrid generation, implying that natural selection is acting to increase hybrid
performance.
On the other hand, an earlier comparative analysis indicated that
hybridisation-prone plant families do not produce more invasive species
(Whitney et al., 2009). Also, outcomes of hybridisation are context dependent
and vary depending on the genetic distance of the cross, hybrid class, and
environmental conditions (Stelkens et al., 2014; Hovick and Whitney, 2014).
Thus, while hybridisation may facilitate some invasions, we cannot rule
out the possibility that it hampers an equal or greater number of other
invasions, even in the same system. We see two main ways to address this
issue. First, genome-based methods for detecting hybridisation (Payseur
and Rieseberg, 2016) offer a means for increasing the power and resolution
of comparative studies of hybridisation and invasion. Such methods could
also be used to distinguish between auto- and allopolyploids, making it
possible to disentangle the roles of hybridisation and genome duplication
in invasiveness (Pandit et al., 2011). Second, as emphasised by Hovick and
Whitney (2014), experimental and theoretical studies that explore the effects
of genetic distance, hybrid genotype, and environment on the outcomes of
hybridisation would increase our ability to understand and predict its role
in invasion success.
3.5 Evolution of Phenotypic Plasticity During Biological Invasions
Phenotypic plasticity, commonly defined as the ability of the same genotype
to produce alternative phenotypes when exposed to different environments,
has long been suspected to contribute to biological invasions (Baker, 1965).
This is because plasticity should allow introduced genotypes to adjust to
novel environmental conditions within a generation, without the need for
genetic variation to be present or for adaptive evolution to occur. While
this assumption is intuitive, support for a causative role of phenotypic
plasticity in biological invasions has so far been mixed (Davidson et al., 2011;
Palacio-Lopez and Gianoli, 2011). The evolution of phenotypic plasticity
during the invasion process has been proposed as a possible explanation for
these inconsistent findings (Lande, 2015).
That important changes in plasticity can evolve over the course of only a
few generations has been known for more than half a century. For example,
in 1953, Conrad Waddington showed that under artificial selection in the
laboratory, an environmentally induced trait in Drosophila melanogaster can
lose plasticity and become constitutively expressed (Waddington, 1953).
Rapid evolutionary gains in plasticity have also been documented, such
as those that accompanied the divergence of Phlox drummondii cultivars
from wild populations (Schlichting and Levin, 1988). In natural settings,
an early example of microevolutionary shifts in plasticity was provided by
Cook and Johnson (1968). Using a common garden experiment in which
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Ranunculus flammula genotypes were grown under terrestrial or under
aquatic conditions, the authors demonstrated among-population differences
in responses of leaf morphology to environment. In this case, results strongly
indicated that evolved differences are also adaptive. This is because levels
of phenotypic plasticity in each population were correlated with field measurements of environmental heterogeneity. As well, survival experiments
linked estimates of plasticity with differences in mortality under controlled
and under field conditions (Cook and Johnson, 1968).
Examples such as those highlighted above raised the question of whether
rapid evolution of plasticity is common. To answer this, Murren et al. (2014)
performed a meta-analysis comparing trait means and plasticities among
congeneric animal and plant species and among populations within species.
Results confirmed that evolutionary changes in plasticity occur frequently
(Murren et al., 2014). Moreover, the magnitude of observed shifts in plasticity
was comparable to or larger than that of observed changes in trait means
(Murren et al., 2014). The same analysis produced two additional results
that are of relevance for trait evolution in invasive species. First, across
the dataset, plasticity evolved more frequently for reproductive and for
physiological traits, than for morphological traits. This is notable because
traits categorised as reproductive or physiological are expected to have an
important contribution to invasive spread (see Section 2). Second, larger
evolutionary changes in plasticity were identified when populations or
species were exposed to conditions outside their normal environmental
range, a scenario that may occur frequently during biological invasions. This
is consistent with Schlichting (2008), who indicated that novel environments
and/or novel genomic backgrounds that result from hybridisation or polyploidisation can reveal cryptic genetic variation in reaction norms, spurring
rapid evolution of plasticity.
Theoretical models have investigated the conditions under which phenotypic plasticity is likely to evolve. Among these, models that consider
major shifts in environment can be considered as broadly applicable to the
evolution of plasticity during biological invasions (reviewed in Lande, 2015).
Lande (2009), for example, modelled a population in which genotypes differ
in trait means and degree of plasticity, and tracked its dynamics following
an important and sudden change in environment. In this case, plasticity
was inferred to be non-labile, such that adult phenotypes are determined
by the environment that the juveniles experience during a critical stage in
development. Adaptation to the new range occurred in two phases. During
the first phase, which can be referred to as genetic accommodation (Crispo,
2007), there was a rapid evolutionary increase in adaptive plasticity, which
allowed genotypes to quickly approach the phenotypic optimum in the new
environment. Important reasons for this transition were that additive genetic
variance for plasticity is large and that differences between the ancestral
and derived environments are substantial (Lande, 2009). The second phase
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involved the gradual loss of phenotypic plasticity to a level characteristic
of the ancestral range, through genetic assimilation. At the completion of
this phase, phenotypic values more similar to those selected for in the new
locale could be produced across a broader range of environments. Important
assumptions for genetic assimilation to occur are that environmental predictability is similar between ranges, and that there are costs to maintaining
a highly plastic response (Lande, 2009). More recent work (Lande, 2014)
has expanded on these results to also consider labile plasticity (i.e. the
adult phenotype changes with environment). Results indicated a similar
two-stage dynamic, although with different contributions of parameters like
environment predictability or plasticity costs (Lande, 2014, 2015).
With the caveat that it is often difficult to unambiguously designate plastic responses as adaptive (Schlichting, 1986), results from common garden
comparisons of native and introduced populations are broadly aligned with
these theoretical predictions. Among the two phases identified by models,
genetic accommodation appears to be more common, and has been reported
for morphological (Kaufman and Smouse, 2001; Leger and Rice, 2003; Chun,
2011), physiological (Kaufman and Smouse, 2001; Cano et al., 2008), or reproductive traits (Leger and Rice, 2003). Support for the occurrence of genetic
assimilation during biological invasions has, by comparison, been more limited (Godoy et al., 2011). One explanation for this pattern is that the end-result
of genetic assimilation cannot be distinguished from evolution of trait means
without changes in plasticity (Lande, 2015). Alternatively, genetic assimilation may indeed occur less frequently, potentially because plasticity costs
are negligible (Murren et al., 2015; but see van Kleunen and Fischer, 2005).
Further supporting this possibility is the fact that most invasive populations
for which genetic assimilation has not occurred, and for which highly plastic
responses appear to be maintained, are found in high-resource environments
where costs are likely to be negligible (Kaufman and Smouse, 2001; Leger and
Rice, 2003; Cano et al., 2008; Chun, 2011).

4 Trait Evolution Within the Introduced Range
Following introduction, a key component to invasion is range expansion. The
evolution of populations initially establishing at the leading edge of a range
expansion can be divided into three main stages: (i) dispersal and colonisation, (ii) initial establishment following colonisation, and (iii) longer-term
evolution (Pannell, 2015). All three stages will shape trait evolution during
invasion and could impact differentiation of native and introduced populations as well as divergence among introduced populations. We consider
these stages below in the context of trait differentiation within the introduced
range in plant invaders, with a particular focus on traits that may impact
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spread, abundance, and competitive ability. Our discussion first begins with a
consideration of how neutral processes during range expansion might impact
evolution of these traits.
4.1 Impact of Range Expansion on Spatial Genetic Patterns
and Fitness
Spatial patterns in allele frequencies or quantitative traits are often interpreted as evidence for selection; however, such patterns can also be created
through neutral processes. Serial founder effects occurring during rapid
range expansion can result in increasing allele frequencies at a subset of
loci – a process called ‘allele surfing’ (Excoffier et al., 2009; Peischl and
Excoffier, 2015; Peischl et al., 2016). Theoretical studies have demonstrated
that the spatial distribution of neutral (Klopfstein et al., 2006), deleterious,
and beneficial alleles (Travis et al., 2007; Hallatsheck and Nelson, 2009)
can be impacted by these serial founder events both during and after
expansion. Deleterious alleles can rise in frequency during range expansion
(Travis et al., 2007) leading to increasing genetic load at the range edge
(i.e. expansion load; Peischl et al., 2013). These deleterious mutations can
spread and fix locally even if they reduce competitive ability (K) and/or
moderately reduce reproductive rates (r) (Travis et al., 2007). Furthermore,
expansion load can evolve due to the effects of new mutations occurring at
or near the range edge, maladaptive alleles introduced via hybridisation,
and from standing variation (Peischl and Excoffier, 2015). Expansion load
has potentially important consequences for invasion as it can slow the rate
of spread and even limit a species’ range (Peischl et al., 2015).
Although expansion load should dissipate over time, it can persist for thousands of generations (Peischl et al., 2013). Using genomic data, evidence supporting greater mutation load in populations colonising previously glaciated
regions in Europe has been identified in the annual plant Mercurialis annua
(González-Martínez et al., 2017). However, most work on the genomic signature of expansion load has been conducted in humans (Lohmueller et al.,
2008; Peischl et al., 2013; Simons et al., 2014; Henn et al., 2016) where patterns
consistent with increasing recessive mutation load with distance from Africa
have been identified (Peischl et al., 2016; Henn et al., 2016). Experimental
evolution studies in bacteria have also demonstrated patterns of genetic polymorphism and fitness consistent with expansion load (Bosshard et al., 2016).
However, as of this writing, the genomic signature of expansion load has not
been identified in plant invaders (Hodgins et al., 2015), although they offer
opportunities to explore the impact of allele surfing on fitness and demography.
During invasion, there are several factors that might limit the evolution of expansion load, such as long-distance dispersal, negative epistatic
interactions of deleterious alleles facilitating purging or admixture (Peischl
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et al., 2013, 2016; Marchini et al., 2016). Furthermore, range expansions can
be slowed by factors such as Allee effects and local maladaptation during
expansion across an environmental gradient (Gilbert et al., 2017). Slow
expansions allow selection to more effectively eliminate deleterious alleles,
may permit migrants from the core harbouring non-deleterious variants to
‘catch-up’ to edge populations, and provide greater opportunity for back
mutations, thereby mitigating expansion load (Gilbert et al., 2017). This suggests that some plant invasions, such as those involving species exhibiting
strong Allee effects, local adaptation, admixture, or long-distance dispersal,
might escape substantial expansion load. Furthermore, the fitness effects
and demographic consequences of expansion load might be challenging to
characterise in invasions if local adaptation has evolved following range
expansion, which could confound non-conditionally deleterious alleles with
conditionally beneficial ones (Conte et al., 2017).
Serial founder events during range expansion could have important
impacts on adaptive evolution, as well as its underlying genetic architecture.
Surfing of deleterious alleles can lead to an increased frequency of adaptive
peak shifts during range expansion if the rugged fitness landscape is caused
by sign epistasis (i.e. when a mutation has a beneficial fitness effect on one
genetic background but a deleterious effect on another; Burton and Travis,
2008). Genetic drift can even increase the fixation rate of weakly beneficial
mutations at the advancing front and could facilitate adaptation towards an
invasive phenotype during expansion (Lehe et al., 2012). Invasive species
therefore offer opportunities to explore how range expansion impacts the
genetic architecture of adaptation, the rate of adaptation and, in turn, the
spread the invader.
4.2 Dispersal and Colonisation
Propagule dispersal to appropriate habitats at the leading edge of an invasion
is necessary for range expansion and can act as the first selective filter in this
process. During expansion, individuals with high dispersal capacity should
be the first to arrive at the range edge and thereby benefit from low levels of
competition. If dispersal is heritable, alleles favouring high dispersal will be
more frequent at the expanding wave front. Subsequent mating among high
dispersers accumulating at the range edge will lead to the further production
of high-dispersing genotypes that should drive accelerating range expansion
over time and a gradient in dispersal capacity over space (Phillips et al., 2006,
2010; Travis et al., 2009). This process, termed spatial sorting (Shine et al.,
2011), has extensive theoretical and empirical support (Travis and Dytham,
2002; Phillips et al., 2006; Travis et al., 2009; Burton et al., 2010; Ochocki and
Miller, 2017). There are several well-known examples of dispersal gradients
evolving during range expansion in animals (Simmons and Thomas, 2004;
Phillips et al., 2006; Lombaert et al., 2014), including the cane toad invasion in
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Australia, where over the past 70 years longer legs and jumping ability have
increased at the leading edge of the range, causing a fivefold increase in the
annual rate of expansion (Phillips et al., 2008, 2010). Therefore, the theoretical
and empirical evidence is mounting that dispersal evolution during range
expansion can substantially enhance the spread rate of the invader.
The process of spatial sorting was first recognised in a study examining
geographic variation in seed morphology of lodgepole pine that was presumed to have evolved during post-glacial expansion (Cwynar and MacDonald, 1987). However, evidence for greater dispersal capacity at the range
edge during recent plant invasions is relatively rare (Hargreaves and Eckert,
2014). The evolution of seed characteristics that favour dispersal have been
identified at the range edge in some wind-dispersed introduced species such
as Gladiolus gueinzii (Tabassum and Leishman, 2018) and Senecio inaequidens
(Monty and Mahy, 2010; but see Lachmuth et al., 2011), but expected gradients for seed dispersal traits have not evolved in other invasive plants, such
as Senecio madagascariensis (Bartle et al., 2013) or Mikania micrantha (Huang
et al., 2015). From these few examples, it is difficult to determine if dispersal
evolution at the range edge is a common feature of range expansion during
invasion in plants.
Based on classic ecological theory, low population density at the range edge
is expected to lead to r-selection, where a lack of overcrowding in a population selects for traits associated with population growth, such as increased
reproduction effort (MacArthur and Wilson, 1967). As a result, both dispersal and reproductive investment are expected to evolve to be higher at the
range edge (Burton et al., 2010). In a recent experimental evolution study
in flour beetles, dispersal increased at the range edge as predicted during
expansion. However, unexpectedly, reproductive rates declined perhaps due
to the impact of expansion load (Weiss-Lehman et al., 2017). Models including
trade-offs among dispersal, competition, and reproduction reveal that dispersal gradients can decay in populations relatively rapidly as high-density
selects for investment in competition (Perkins et al., 2016). Similarly, interspecific competition can drive investment in competition at the leading edge of
the expansion at the expense of investment in dispersal (Burton et al., 2010),
and intraspecific competition generated through patchy landscapes can limit
the evolution of low-density reproduction (Williams et al., 2016b). In a recent
experimental evolution study in Arabidopsis thaliana, the evolution of competitive and dispersal ability during expansion resulted in a 200% increase
in spread compared to non-evolving populations in a patchy environment
(Williams et al., 2016a). By contrast, the impact of evolution in a continuous
environment on spread rate was less apparent. Together, these empirical and
theoretical studies reveal that trade-offs among traits, ecological interactions,
and the spatial structure of suitable habitat can have a large impact on the
evolution of traits that influence spread rate.
Annual Plant Reviews Online, Volume 1. Edited by Jeremy Roberts.
© 2018 John Wiley & Sons, Ltd. Published 2018 by John Wiley & Sons, Ltd.

18

Trait Evolution in Invasive Species

Several other factors could impact the evolution of dispersal gradients and
spread rates. Allee effects in low-density populations found at the range edge
or adaptation along an environmental gradient during invasion can slow
range expansion and prevent dispersal gradients from evolving (Travis and
Dytham, 2002; Phillips, 2012). Dispersal evolution is also contingent on other
selective factors, such as temporal changes in habitat quality (Dytham, 2009;
Pannell, 2015), and spatial variation in these factors could impact the evolution of dispersal gradients. Complex invasions with introductions in multiple
areas of the novel range, hybridisation, or repeated ‘accidental’ long-distance
dispersal events (e.g. human mediated) appear to be relatively common in
plants (van Boheemen et al., 2017) and could also prevent dispersal gradients from establishing. Furthermore, stochasticity caused by serial founder
events can impact the evolution of dispersal and fitness, making predictions
regarding spread rate challenging (Phillips, 2015).

5 Establishment
Not only must propagules arrive at the range edge, but they must also grow
and reproduce to establish a new population under low-density conditions.
Therefore, a second selective filter is imposed during the establishment phase
of range expansion. Baker (1955) proposed that self-compatible species will
be more likely to colonise new locations due to assured reproduction when
mates and/or pollinators are limited. Self-compatibility will be particularly
important in annual species that reproduce sexually, and therefore have limited time to find suitable mating partners. This hypothesis, termed Baker’s
law, has received substantial support through interspecific comparisons of
introduced and native species (Rambuda and Johnson, 2004; van Kleunen
and Johnson, 2007) and other comparisons of non-colonising and colonising
taxa (Grossenbacher et al., 2017). Self-compatibility during invasion should
facilitate more rapid range expansion, as suggested by Barker’s Law, as well
as the evolution of dispersal gradients and expansion load by reducing Allee
effects at the range edge.
Intraspecific comparisons between the native and introduced ranges have
yielded relatively limited support for a breakdown of self-incompatibility
during invasion (e.g. Li et al., 2012; but see Petanidou et al., 2012). Evidence
for the evolution self-compatibility at the range margins during recent
plant invasions is also largely absent from the literature (Barrett, 2015). For
example, Lythrum salicaria had no pattern of increased self-compatibility
towards the northern range limit in the North American introduced range
(Colautti et al., 2010). It is possible that in some invasive species high levels
of pollen and/or seed dispersal among patches eliminates substantial Allee
effects (Pannell, 2015). Furthermore, the evolution of self-compatibility will
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depend on factors such as the extent of inbreeding depression. Inbreeding
depression itself can evolve, and is expected to decline in small range edge
populations, due to purging and local fixation of recessive deleterious
alleles, which can favour the spread of selfing variants (Pujol et al., 2009;
Pannell, 2015). However, inbreeding depression can be stronger in stressful
environments (Fox and Reed, 2011), and stress levels may differ both within
and between the ranges (Schrieber and Lachmuth, 2016). Therefore, simple
expectations concerning the evolution of self-compatibility during plant
invasion may ignore important complexities that could limit or favour its
evolution.
5.1 Local Adaptation
The capacity to rapidly adapt to local environmental conditions is a potential
mechanism that may predispose species to invasive spread. In a recent
meta-analysis of field and growth chambers experiments in invasive and
native species, the signature of local adaptation in invasive species was at
least as strong as in native species (Oduor et al., 2016). This is noteworthy,
especially given the limited timespan of most introductions and the potential
for genetic bottlenecks during invasion. Interestingly, there was no effect of
reproductive system, life cycle, mating system, or time since introduction on
the signature of adaptive differentiation, suggesting that adaptive evolution
happens rapidly, frequently, and across an array of species types.
Invaders often expand across large climatic gradients, which can shift
significantly from the climate niche experienced in the native range (Atwater
et al., 2018). Such range expansion provides opportunities for divergence
of quantitative traits within the introduced range that may be driven by
climate-mediated selection (Maron et al., 2004; Colautti et al., 2009; Chown
et al., 2015; Moran et al., 2017). In introduced populations of Lythrum salicaria,
earlier flowering has evolved in the north where season length is shorter
compared to southern locations (Colautti and Barrett, 2013). However, early
flowering appears to come at the cost of reduced size and fecundity due
to genetic correlations between plant size and flowering time. Therefore,
delayed reproductive maturity is favoured in southern locations with longer
growing seasons (Colautti and Barrett, 2010, 2013). Reciprocal transplant
experiments using high-, mid-, and low-latitude locations accompanied by
estimates of selection in the field have provided strong evidence for adaptive
divergence of flowering time and size along the latitudinal gradient (Colautti
and Barrett, 2013). Moreover, the fitness effect of adaptation along this cline
is greater than that of enemy release or EICA, suggesting an important role
of climate adaptation in the abundance and spread of this invader. However,
few studies have conducted reciprocal transplant experiments within the
introduced range to so clearly demonstrate rapid and recent adaptation to
climatic gradients.
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Several studies now show genetic divergence of quantitative traits in
introduced populations that correlate with geographic or climatic variables,
implicating selection in response to abiotic or biotic gradients (Keller et al.,
2009; Hodgins and Rieseberg, 2011; Samis et al., 2012; Gallien et al., 2016).
However, as discussed above, the expansion process itself can create clines in
dispersal and reproductive rates through spatial sorting (Shine et al., 2011),
and serial founder events can generate non-adaptive geographical clines in
allele frequencies and multilocus traits (Klopfstein et al., 2006; Travis et al.,
2007; Peischl et al., 2013; Colautti and Lau, 2015). Multiple introductions
could also create a patchwork of trait variation across the invaded landscape
that might be mistakenly taken as evidence for adaptive trait divergence, but
could simply reflect introduction history. Climate matching (Maron et al.,
2004) occurs when introductions are sourced from similar climatic regions in
the native range. Under this scenario, pre-adaptation could be instrumental
in the evolution of adaptive patterns of trait divergence in the introduced
range rather than in situ rapid local adaptation.
In the absence of pre-adaptation and climate matching, repeated parallel
patterns of quantitative traits with climate of origin are unlikely to frequently
evolve through neutral processes and can provide support for local adaptation (Stock et al., 2014; Yeaman et al., 2016). A complementary approach
to provide evidence of adaptive divergence along a climatic gradient is to
compare patterns in quantitative traits or their associated loci to background
patterns of differentiation at putatively neutral markers (Lachmuth et al.,
2011; Agrawal et al., 2015). However, recent range expansion, multiple introductions, and admixture are demographic processes that can create spatial
patterns in allele frequencies. Using this method to infer selection in populations experiencing these demographic changes could potentially cause either
high false positive or false negative rates depending on the demographic
scenario. This approach is somewhat analogous to Qst-Fst tests of selection
for quantitative traits, which can also be prone to incorrect inferences in the
invasion context (Colautti and Lau, 2015). Therefore, further investigations
of these demographic changes on tests of selection for polygenic traits are
warranted.

6 Trait Evolution in Crop-derived Invasive Species
Plant cultivation has long been recognised as an important vector of biological invasions (Reichard and White, 2001). Well-known examples of
crop-derived invasives that have become problematic in agricultural settings
and/or in natural communities include California wild radish, weedy rice,
or weedy rye (Ellstrand et al., 2010). Such invasives may originate directly
from a crop, or they may represent a product of hybridisation among
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crops, or between crops and wild taxa. Here, we summarise examples of
trait evolution in invasive species that have a crop ancestry. We contrast
patterns of trait divergence observed in these crop-derived invasive taxa
with patterns discussed above for invasive taxa that derive exclusively from
wild progenitors, following long-distance human-mediated colonisation.
As compared to invasive species that are strictly wild derived,
crop-derived invasives often originate in sympatry with their cultivated
and wild progenitors. Under these conditions, gene flow from crop or wild
parental populations to the emerging invader may represent an important
barrier to the establishment of self-sustaining invasive populations (Ellstrand
et al., 2010). It is perhaps not surprising, therefore, that shifts to earlier or to
delayed flowering has been reported in a number of invasive crop derivatives (Burger et al., 2007; Ellstrand et al., 2010). If barriers to gene flow do
not evolve, and if the fitness of the invasive taxon is comparable to or higher
than that of its progenitor(s), the extinction of naturally occurring parental
taxa via genetic swamping may occur (Todesco et al., 2016). A well-known
example is that of California wild radish, an invasive hybrid that contributed
to the local extinction of naturalised populations of its progenitors, Raphanus
sativus and Raphanus raphanistrum in California (Hegde et al., 2006).
Further trait divergence may involve the rapid evolutionary loss of
crop-like traits, commonly referred to as de-domestication. While exceptions
have been found (see the following text), de-domestication has emerged
as one of the most consistent findings of trait comparisons between crops
and invasive derivatives (Ellstrand et al., 2010). The traits undergoing
de-domestication are often in the same category as those hypothesised to
contribute to the success of wild-derived invasive species (see Section 2). One
example is shattering. While crops are typically selected to be non-shattering
(i.e. the seeds are not dispersed at maturity and instead remain on the plant
until harvest), crop-derived invasives frequently show a reversal to high
shattering rates characteristic of wild taxa (Londo and Schaal, 2007; Thurber
et al., 2010). This condition is expected to facilitate dispersal. Other traits also
thought to facilitate spread or persistence that have undergone reversal to a
wild-type form include increased number of fruits and seeds per plant and
seed dormancy (Ellstrand et al., 2010).
Occasionally, however, the same traits that have been selected for by
breeders prove to be beneficial for invasive species as well. In this case,
crop-like traits will continue to be selected for in invasive genotypes.
For invasive species spreading in agroecosystems, examples include crop
mimicry, herbicide tolerance, and high selfing rates (Snow and Campbell,
2005; Delouche et al., 2007). In natural ecosystems as well, some crop-like
traits can be advantageous. One well-known example is breeding for
bioenergy crops, which often selects for traits that can drive invasions, like
increased biomass or wide environmental tolerance (Barney and DiTomaso,
2008). Campbell et al. (2009) investigated the possibility that crop-like traits
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continued to be selected for in natural settings using experimental evolution in radish (Raphanus spp.). Crop × wild hybrid populations and wild
populations were grown under semi-natural conditions, and trait divergence
was tracked for three generations. Results showed that some crop traits, like
the production of larger numbers of flowers and larger root diameters were
consistently favoured by selection in the hybrid populations. Further, there
was evidence that evolution of other potentially beneficial traits, such as
earlier reproduction, was constrained by phenotypic correlations (Campbell
et al., 2009).
Recent studies have taken such field experiments one step further, and
complemented screens of phenotypic divergence with those of genomic
divergence. Corbi et al. (2017) for example, used a crop x wild sunflower
(Helianthus annuus) population to investigate the trajectory of crop-like
traits and alleles in a hybrid. Sunflower contains weedy genotypes that are
problematic in agricultural ecosystems. Previous studies have indicated
that such weedy forms may have originated repeatedly from nearby wild
genotypes (Kane and Rieseberg, 2008). The population used by Corbi et al.
(2017) was allowed to evolve under natural conditions at two locations, over
two generations (Figure 1). Results showed either no trait differentiation
between generations or a significant change towards the wild parent. At
both locations, for example, plants transitioned to delayed flowering, smaller
seeds, and increased plant height. In line with these observations, selection
overwhelmingly favoured wild-like alleles. In a few cases (i.e. for an estimated 8% of markers), there was evidence of selection driving increases in
the frequency of crop-derived alleles. This supports previous findings that
domesticated gene pools can contain alleles that confer increased fitness
in the wild. The origin of such alleles in the sunflower system is currently
unknown, and may include crosses with congeners during breeding, or
beneficial mutations arising during the domestication process (Corbi et al.,
2017).

7 Conclusions and Future Directions
Our overview of theoretical and empirical studies of plant invasions identifies conclusions that can be made about trait evolution and suggests fruitful
directions for future research. We now know, for example, that rapid phenotypic evolution is the rule rather than the exception during invasions, that
population bottlenecks have limited impacts on quantitative trait variation
and on the evolution of invasiveness traits, and that phenotypic differences
between populations from the native and invasive range are predominantly a
consequence of adaptation rather than drift (although there are some exceptions). There has also been some success in identifying traits associated with
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Figure 1 Evolution of experimental crop x wild sunﬂower populations (modiﬁed from
Corbi et al., 2017). After three generations, crop allele frequencies are reduced, as both
populations evolve towards the wild parent. Changes in allele frequency are presented
either genome-wide (a), or along one of the linkage groups of the sunﬂower genome (b).
Phenotypically as well, both populations evolved to be more wild-like (c). Results are
given for seed area and stem height, as estimated in one of the two common gardens.
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successful establishment and range expansion, although much uncertainly
remains.
On the other hand, little support has been found for the influential EICA
hypothesis. Rather, studies testing it indicate that the fitness landscapes experienced by invaders are surprisingly complex and dynamic. This body of
work has also drawn attention to the need for multiple common gardens in
both the native and introduced range to robustly demonstrate local adaptation of invasive populations.
Numerous puzzles remain. For example, we do not yet have sufficient data
to determine whether range edge populations typically exhibit increased
dispersal ability and/or expansion load as predicted by theory. The role of
hybridisation in plant invasions represents another puzzle. While shown
to facilitate some invasions, the possibility that hybridisation impedes an
equivalent number cannot be ruled out. Here, a combination of new genomic
and comparative methods may offer a solution. Likewise, plasticity’s impact
on invasions remains uncertain, with some studies reporting a causative
role for phenotypic plasticity and others finding no significant contribution.
Evolutionary change in plasticity during the invasion process represents
a possible explanation for these contradictory reports. Thus, studies of
plasticity that account for invasion stage should be a priority going forward.
It is also critical to sort out whether the changes in plasticity are adaptive
and for which traits plasticity is critical to invasion success.
Lastly, there have been repeated suggestions in the literature that the
lag phase of invasion, where the invader is present but at low abundance,
might be due in some cases to maladaptation to the local environment, while
the population size increase that follows reflects subsequent adaptation
(Crooks, 2005; Bock et al., 2015). It is often assumed that local adaptation will
enhance reproductive rates and carrying capacity during invasion, but the
impact of local adaptation on spread and abundance is not well understood
empirically (Gomulkiewicz et al., 2010; Hendry, 2016). Local adaptation
could reflect the outcome of competition among conspecific genotypes
within a patch (i.e. soft selection; Lowe et al., 2017). Under this scenario,
adaptation does not impact local population size, and populations composed
of maladapted genotypes relative to hypothetical optima could still result
in invasion (Hendry, 2016). Although challenging, future empirical work on
the ecological impact of adaptive trait evolution in invasive species should
seek to explicitly link local adaptation and key demographic parameters
influencing spread rate and abundance.
Over the past half century, the study of trait evolution in invasive populations has been driven as much by an interest in understanding fundamental
evolutionary processes as in predicting invasion success. We do not expect
this to change. The replicated introductions provided by invasive plants
offer a powerful means for studying the predictability of evolution at both
the phenotypic and genomic scale, and perhaps most importantly, the
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repeatability of eco-evolutionary feedbacks. Such information may not only
help identify taxa and habitats that are prone to invasions but may also
provide clues regarding how populations, species, and communities will
respond to climate change.
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