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1 | INTRODUCTION

Abstract

Invasive plant species can have a strong negative impact on the resident native
species, likely imposing new selective pressures on them. Altered selective pres-
sures may result in evolutionary changes in some native species, reducing competi-
tive exclusion and allowing for coexistence with the invader. Native genotypes
that are able to coexist with strong invaders may represent a valuable resource
for management efforts. A better understanding of the conditions under which
native species are more, or less, likely to adapt to an invader is necessary to
incorporate these eco-evolutionary dynamics into management strategies. We pro-
pose that the spatial structure of invasion, in particular the size and isolation of
invaded patches, is one factor which can influence the evolutionary responses of
native species through modifying gene flow and the strength of selection. We
present a conceptual model in which large, dense, and well-connected patches
result in a greater likelihood of native species adaptation. We also identify char-
acteristics of the interacting species that may influence the evolutionary response
of native species to invasion and outline potential management implications. Iden-
tifying areas of rapid evolutionary change may offer one additional tool to managers

in their effort to conserve biodiversity in the face of invasion.
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them, invasive plant species have not led to the global extinction of

many native species, but this is thought to be a matter of time (Gilbert

Invasive species can strongly impact native species diversity (Pysek
et al., 2012; Vila et al., 2011) and ecosystem function (Pysek et al.,
2012; Strayer, 2012; Vila et al., 2011; Weidenhamer & Callaway,
2010). Great efforts are made to control and eradicate invasive spe-
cies (Roques & Auger-Rozenberg, 2006; Simberloff, 2014), with both
positive (Hoffmann, 2010; Wotherspoon & Wotherspoon, 2002) and
negative outcomes (Rejmanek & Pitcairn, 2002). In spite of their strong

negative impact on native species, and our limited ability to eradicate

& Levine, 2013). The time lag between invasive species establishment
and native species extinction risk gives native species a window of
opportunity to evolve adaptive traits and thus persist within the newly
structured community. There is growing evidence that some plant spe-
cies can evolve in response to invasion (see Oduor, 2013 for a meta-
analysis on native species adaptation to invasion and Strauss, Lau, &
Carroll, 2006 for a review). Strauss et al. (2006) reviewed 33 exam-
ples of native species evolution in response to invasion and argued
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that understanding when native species are more likely to evolve in
response to invasion can help us to understand the long-term impact
of invasions. Native species evolutionary responses could facilitate
the coexistence between native and invaders, therefore lessening the
impact of invasive species on native plant populations (Strayer, Eviner,
Jeschke, & Pace, 2006).

Taking advantage of evolutionary responses of native species to
invaders may help manage the impact of invaders. Existing manage-
ment strategies in response to invaders are diverse (Simberloff, 2014;
Theoharides & Dukes, 2007) and can include the use of biocontrol
agents, promoting intact native communities, and species removal.
We may be able to use evolutionary responses of native species to
refine and complement these currently used strategies. Strategies of
early control have been relatively effective at reducing long-term inva-
sive species impact (Simberloff et al., 2013) and are generally more
cost-effective (Harris & Timmins, 2009) than control strategies in later
stages of the invasion process. In contrast, efforts to control or eradi-
cate long-established invasive species have been less successful (Nor-
ton, 2009; Pala, 2008; Rejmanek & Pitcairn, 2002; Simberloff et al.,
2013) and are typically more expensive (Panetta, 2009; Rejmanek &
Pitcairn, 2002). It is particularly to those long-established, highly abun-
dant invasive species that native species may adapt (Thorpe, Asche-
houg, Atwater, & Callaway, 2011). Evolutionary ecology has been an
important tool in addressing other aspects of global change, such as
delaying evolution of resistance in pests and pathogens and adapta-
tion to climate change (reviewed in Carroll et al., 2014). Likewise, it
could also be a useful tool when trying to manage or control invasive
species (Leger & Espeland, 2010; Oduor, Yu, & Liu, 2015; Schlaepfer,
Sherman, Blossey, & Runge, 2005).

Implementing the use of adapted genotypes of native species to
complement current management strategies may to help minimize
the impact of long-established invasive species (Carroll et al., 2014;
Schlaepfer et al., 2005; Strayer et al., 2006). Native species genotypes
that have adaptations allowing increased coexistence with invaders
could be used to increase the resistance of communities to further
invasions (Schlaepfer et al., 2005), to minimize future extinction risks,
to help manage the invader in already invaded communities, or to
restore previously invaded areas. To implement this strategy, it is nec-
essary to first understand under which circumstances, native species
are more likely to show evolutionary responses to invaders.

Although many species are able to evolve in response to
co-occurring invasive species (Oduor, 2013), this is not always the out-
come. Following the interaction with invasive species, some native spe-
cies may evolve an increased ability to suppress the invader (Goergen,
Leger, & Espeland, 2011; Rowe & Leger, 2010) or to better tolerate the
presence of the invader through a reduction in competitive suppres-
sion (Callaway, Ridenour, Laboski, Weir, & Vivanco, 2005; Leger, 2008;
Rowe & Leger, 2010), that is, evolution of character displacement to
reduce competition when in sympatry (Brown & Wilson, 1956; Grant
& Rosemary Grant, 2006). However, not all species are able to evolve
in response to the interaction with a strong invader (Goergen et al.,
2011; Mealor & Hild, 2007). For example, when testing for the adap-
tation of native species to the invasive cheatgrass, Bromus tectorum,

it was found that native species were more tolerant to the invader in
only two of four populations (Goergen et al., 2011). Identifying the
conditions and processes influencing the likelihood of native species
adaptation may help us to manage these eco-evolutionary processes
to improve our understanding of natural systems and complement cur-
rent management strategies (Carroll, 2011; Schlaepfer et al., 2005).
Although the integration of evolution into the management of
invasive species has been suggested earlier (Carroll, 2011; Leger &
Espeland, 2010; Oduor et al., 2015; Schlaepfer et al., 2005), a more
detailed eco-evolutionary conceptual framework is needed to guide
the development of both research and management practices for the
control of invasive plant species. In this study, we first explore the
requisites for, and evidence of, rapid evolution of native plant spe-
cies in response to invasion. We subsequently propose a framework
that focuses on using the spatial distribution of invasive species to
understand the conditions under which native species are more likely
to adapt to the pressures exerted by invasive species. We also discuss
species characteristics and conditions that may influence the potential
to respond to selective pressures. Finally, we outline potential man-
agement actions to promote rapid evolution, help control invasion,

and prevent future extinctions due to invasion.

2 | FACTORS AFFECTING RAPID
EVOLUTIONARY RESPONSES TO INVADERS

Evolution may seem slow over long periods of time; however, when
selection is strong and constant, evolution can be rapid (Gomez-
Gonzélez, Torres-Diaz, Bustos-Schindler, & Gianoli, 2011; Thompson,
1998). Plants are generally capable of evolving rapidly in response
to local conditions (Bone & Farres, 2001; Leimu & Fischer, 2008).
However, the evolutionary responses of plants to the interaction
with neighbors remain poorly studied, compared to their evolutionary
responses to other biotic and abiotic factors (Bone & Farres, 2001).
As highlighted by Strauss et al. (2006) for plant-plant interactions
to lead to an evolutionary response, there are at least three req-
uisites: competitors must have an impact on neighbor fitness, fitness
effects must be nonrandom (i.e., some genotypes more strongly
affected than others), and the adaptive traits must be heritable
(Futuyma, 2013; Strauss et al.,, 2006). Yet, plant-plant interactions
occur over small spatial scales, where gene flow is highly likely and
may prevent adaptation (Kawecki & Ebert, 2004). However, Turkington
(1979) reported local adaptation of Trifolium repens to three different
neighbors to have occurred not only over a short time period
(10 years), but also over small spatial scales despite (highly likely)
gene flow, which is possible when selection is strong enough
(Richardson, Urban, Bolnick, & Skelly, 2014).

Many invasive species impose strong (and potentially novel)
selective pressures on native species populations (Vila et al., 2011).
This may in part explain why most examples of rapid adaptation to
neighbors come from interactions with invasive species (Lau, 2008;
QOduor, 2013; Strauss et al., 2006), as strong selection is thought to be
the main promoter of rapid evolutionary responses (Hairston, Ellner,
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Geber, Yoshida, & Fox, 2005). However, only native species with high
levels of genetic variability in adaptive traits will be able to adapt in
response to invasive species (Strauss et al., 2006). To coexist with
invasive species, native plant species could evolve a higher impact on
(competitive effect) or tolerance to (competitive response) the invader
(Callaway et al., 2005; Goergen et al., 2011; Leger & Espeland, 2010;
Rowe & Leger, 2010). Both, competitive effect and response, may
be genetically determined and vary between individuals/genotypes
(Baron, Richirt, Villoutreix, Amsellem, & Roux, 2015; Cahill, Kembel,
& Gustafson, 2005; Johnson, Dinnage, Zhou, & Hunter, 2008; Willis,
Brock, & Weinig, 2010).

Different traits may determine individual competitive ability, and
this may depend on the context under which the interaction takes
place as well as on the particular species/genotypes involved in the
interaction (Baron et al., 2015; Wang, Stieglitz, Zhou, & Cahill, 2010).
Some of the traits associated with an increased ability to suppress
or tolerate invaders are as follows: earlier and faster growth, greater
height, larger seed size, greater root growth or root-to-shoot ratio, and
increased resistance to allelochemicals (Callaway et al., 2005; Goergen
et al., 2011; Lankau, 2012; Leger, 2008; Mealor & Hild, 2007; Rowe
& Leger, 2010; Turkington, 1979). The network of genes underlying
these traits may slow or decrease the likelihood of an evolutionary
response (Kawecki, 2008). The genetic correlation among traits may
facilitate evolution if adaptive traits are positively correlated, but it can
also constrain adaptation (Etterson & Shaw, 2001; Orr, 2000; Pigliucci,
2003). Despite the potential complexity behind competition-related
traits, many of these traits have shown rapid evolutionary responses
(Bone & Farres, 2001).

In spite of the growing body of evidence of rapid evolution in
response to plant-plant interactions, there is still some reluctance to
integrate it into current conservation strategies (Kinnison, Hendry,
& Stockwell, 2007). Although evolution is not always easy to detect,
there are some indicators of which species/populations are more likely
to evolve adaptations to persist in invaded areas. Linking evolution-
ary processes to observable ecological patterns and processes may (i)
help to bridge the gap between evolutionary ecology and conserva-
tion biology and (ii) lead to the implementation of evolution-informed
management practices. Here, we propose a framework where spatial
patterns of invasion can be used to predict the likelihood of native

species adaptation to invaders.

3 | THE SPATIAL PATTERN OF INVASION

By definition, invasive species are highly dominant (i.e., show high
relative abundance and density) where they invade (Lowe, Browne,
Boudjelas, & De Poorter, 2004; Richardson et al., 2000). Invasive
species dominance is, however, not continuous across the landscape,
as invaders may form patches or ‘islands’ of invasion (Fig. 1) (Kolb,
Alpert, Enters, & Holzapfel, 2002; Lewis & Pacala, 2000). Their
presence and dominance across the landscape may be limited, for
example, by dispersal, disturbance, enemies, or abiotic conditions,
leaving areas between invaded patches where native species persist
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(Fig. 1) (Huenneke, Hamburg, Koide, Mooney, & Vitousek, 1990;
Kolb et al.,, 2002; MacDougall & Turkington, 2006). This spatial
variation in dominance by invasive species may result in concomi-
tant spatial patterns in the evolutionary responses to invasion. If
true, we could use characteristics of the spatial pattern of invasion
to predict where native species are more likely to be adapted.
Characteristics of the spatial pattern of invasion, such as patch size
and distance between invaded patches, may determine the likelihood
of native species adaptation to invasion. Just as size and distance from
immigrant source were found to be major determinants of ecologi-
cal and evolutionary processes in islands (Island Biogeography The-
ory; Losos & Schluter, 2000; Simberloff & Wilson, 1969; Simberloff,
1974), we believe that size and isolation of these ‘islands of selection’
are important determinants of eco-evolutionary processes between
native and invasive species (Leger & Espeland, 2010). Likewise, size
and isolation among areas with different selective pressures are key
factors in the evolution of insecticide resistance in pests and patho-
gens (Carriére et al., 2004; Gould, 2000; Sisterson, Carriére, Dennehy,
& Tabashnik, 2005). For example, because of the widespread use of
Bt crops (crops transformed to contain a transgene for an insecticidal
protein), the evolution of resistance in pests and pathogens is a con-
cern. One of the strategies used to prevent the evolution of resistance
is to plant non-Bt cultivars as refuges for the survival of susceptible
pests (Gould, 1988, 2000; Roush, 1994), which has proven to be a suc-
cessful approach (Tabashnik, Brévault, & Carriere, 2013). Thus, short
distances facilitate high gene flow between areas, and size or abun-
dance of refuges allows for large enough population size of susceptible
pest genotypes (Caprio, Faver, & Hankins, 2004; Carriére et al., 2004,
Sisterson et al., 2005). Similarly, we propose that size and isolation of
invaded areas may determine the likelihood of evolution of ‘resistance’

in native species against invaders.

4 | THE INFLUENCE OF PATCH SIZE
AND ISOLATION ON NATIVE SPECIES
ADAPTATION TO INVASION

The likelihood of an evolutionary response by native species to the
invader will depend on the strength of selection, frequency of the
interaction, and gene flow (Kawecki & Ebert, 2004; Strauss et al.,
2006). Here, we argue that the spatial pattern of invasion, particu-
larly the size and isolation of the invaded patches, may influence
these processes, therefore altering the potential for native species
adaptation (Fig. 2). Specifically, we propose that native adaptation
is more likely to occur in large and well-connected invaded patches,
while in smaller and isolated ‘islands’, the selective pressure will be
weaker and gene flow from noninvaded areas higher, thus decreas-
ing the likelihood of adaptation by native species (Figs 1 and 2).

4.1 | Invaded patch size and the strength of selection

Invaded patch size, or population size, is often associated with
the invader impact on native species (Davies, 2011; Jackson,
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area interacts almost exclusively with the

Ruiz-Navarro, & Britton, 2014). Larger invaded patches will tend
to have a higher density of invaders and reduced species diversity
(Jackson et al., 2014). This would increase the likelihood of adap-
tation by increasing interaction frequency and consistency (less
diffuse interactions) (Connell, 1980; Thorpe et al., 2011). Thus, in
patches where a single invader becomes dominant, any individual
would interact mainly, if not only, with the invader (Fig. 1). Larger
patches and a higher density of invaders will also result in a
stronger negative impact on native species performance (Jackson
et al., 2014; Parker et al., 1999). Since the strength of selection
increases with impact on fitness (Kingsolver et al., 2001), invasive
species may exert stronger selection on native species in larger
patches (Fig. 2A). Therefore, provided that native species have
genetic variation for the selected traits and thus may show evo-
lutionary responses to the selective pressures imposed by the
invader (Strauss et al., 2006), then the likelihood of native species
adaptation and persistence will be higher in larger and denser
invaded patches (Fig. 2D) (Gomulkiewicz & Holt, 1995; Kinnison
& Hairston, 2007).

4.2 | Invaded patch isolation and gene flow

Native species adaptation will also depend on gene flow (Kawecki
& Ebert, 2004). As invaded patches are often surrounded by a
matrix of native species, gene flow among these areas is probable
(Fig. 1). Gene flow can facilitate or hinder local adaptation, depend-
ing on its strength and origin (Kawecki & Ebert, 2004; Strauss
et al., 2006). Gene flow tends to increase variation within popula-
tions, which is necessary for natural selection to occur. However,
it may also reduce (or even prevent) selective processes in the

population when individuals/genes arrive from areas with different

D Native area

Invaded area

|

1

|

|

1 <€—> Reinforcing gene flow

L —> Homogenizing gene flow

Y Focal native species

invader, while native individuals in native
areas interact with several species. Red
arrows stand for homogenizing gene flow
(source: native plants from native areas),
while black arrows stand for reinforcing
gene flow (source: native plants from other
invaded areas). Continuous-line arrows
indicate high rates of gene flow, while
dashed-line arrows indicate low rates of
gene flow

selective pressures (Fig. 1) (Nosil, 2009; Riechert, 1993). In this
case, if homogenizing gene flow from native areas is strong, it
would limit or prevent adaptation of native individuals within the
invaded patches. However, local adaptation can occur in the face
of high gene flow, provided that the strength of selection is
greater than the homogenizing effect of gene flow (Fitzpatrick,
Gerberich, Kronenberger, Angeloni, & Funk, 2014; Kawecki & Ebert,
2004). For example, Fitzpatrick et al. (2014) found that adaptive
phenotypic divergence of Trinidadian guppies in response to preda-
tors was maintained even after extensive gene flow. Similarly,
local adaptation has been observed across small spatial scales,
where gene flow is highly likely (reviewed in Richardson et al,
2014).

In contrast to homogenizing gene flow, reinforcing gene flow
would facilitate local adaptation (Fig. 2) (Urban, 2011). Reinforcing
gene flow is the arrival of individuals/genes from areas with sim-
ilar selective pressures: in this case, from other invaded patches
(Fig. 1). The arrival of pre-adapted individuals/genes would facil-
itate adaptation of native species within invaded patches. Byars,
Parsons, and Hoffmann (2009) found that genetic differences
between high- and low- altitude populations of Poa hiemata were
explained by biased gene flow: There was higher gene flow among
populations at either altitude than across altitudes. Similarly, prox-
imity among invaded patches would facilitate the arrival of pre-
adapted individuals/genes (Thrall, Burdon, & Young, 2001; Urban,
2011) (Fig. 2B). This reinforcing gene flow could facilitate the
adaptation of native species populations to the invader in those
patches (Fig. 2C). Moreover, strong selection against mal-adapted
immigrants (Ehrlich & Raven, 1969; Lin, Quinn, Hilborn, & Hauser,
2008) can restrict the number and quality of immigrants, further

limiting homogenizing gene flow.
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FIGURE 2 Conceptual model of eco-evolutionary dynamics between native and invasive species as a function of size and isolation of
invaded patches. The strength of selection is predicted to increase as a function of invasive species patch size and density (A). Reinforcing gene
flow is predicted to decrease with distance between invaded patches (B). Consequently, the potential for native species adaptation would
increase as patch size increases and the distance between patches decreases (C), resulting in cold and hot spots for the adaptation of native
species to invasive species. If native species have the necessary genetic diversity to respond to selection, following an initial decrease of native
species performance/abundance as the invasion process progresses (larger and closer invaded patches), there would be a recovery of those
natives that succeed in adapting to the invasive species (D). However, if the genetic diversity of native species is too low, then an adaptive
response to invasion and, therefore, the recovery of the population is unlikely (D)

4.3 | Spatial pattern of invasion and a mosaic of
adaptation

We propose that the likelihood of native adaptation to invasion
is higher in large, dense, and well-connected patches than in small,
isolated patches (Fig. 2). In support of the importance of size and
distance among interaction patches for evolutionary dynamics among
species, studies on coevolution between pine trees and crossbills
suggest that small, isolated forest areas tend to result in ‘cold
spots’ for coevolution (see below), probably due to weaker selec-
tive pressures and higher homogenizing gene flow (Benkman &
Parchman, 2009; Mezquida & Benkman, 2010), while the contrary
would be true for large, dense, and well-connected forest patches.
However, although the potential for adaptation may be higher in
large, well-connected patches, the adaptive response of particular
species will also depend on their genetic diversity, with a low
genetic diversity potentially hindering an adaptive response (Fig. 2D)
(Strauss et al., 2006).

The predictions of our model (Fig. 2) result in patches with native
plants adapted to the invader and patches where such adaptation
does not occur, as found by Goergen et al. (2011). This outcome
is analogous to hot and cold spots for coevolution, as predicted by
the Geographic Mosaic Theory of Coevolution (GMTC) (Thompson,
2005). GMTC integrates spatial mosaics of selection, the occurrence
of coevolutionary hot and cold spots, and gene flow among these
areas (Thompson, 2005). Viewing invaded areas as a mosaic of cold
and hot spots for native species adaptation and/or coevolution could
help us to better understand the dynamics of adaptation in these sys-
tems. Although our model aims at predicting hot spots for adaptation,
coevolution between native and invasive species is also possible and it

is potentially more likely to occur in large, dense, and well-connected
patches (Lankau, 2012; Leger & Espeland, 2010; Turkington, 1989).
Greater connectivity among invaded patches may facilitate gene flow
between invasive species populations/patches, potentially promoting
their evolutionary potential (Leger & Espeland, 2010). Further, if native
species adapt to invaders more often in large, well-connected patches,
it is in those patches where we could expect to see a reciprocal evolu-
tionary response by the invader.

Invasive species often have a high evolutionary potential (Mate-
sanz, Gianoli, & Valladares, 2010; Richards, Bossdorf, Muth, Gurevitch,
& Pigliucci, 2006), thus making coevolution a possible outcome. How-
ever, coevolution among native and invasive plant species has rarely
been studied (Leger & Espeland, 2010), and therefore, convincing
evidence has only been reported once (Lankau, 2012). Lankau (2012)
found that the invader garlic mustard (Alliaria petiolata) responded to
high density of native competitors with an increased investment in
sinigrin, a toxic allelochemical. In response, a native species, when
co-occurring with high-sinigrin garlic mustard, was more tolerant to
the allelochemical. However, a decline in garlic mustard’s sinigrin pro-
duction has also been documented (Lankau, Nuzzo, Spyreas, & Davis,
2009), potentially due to the evolution of resistance in native plants
and microbes to the chemical, rendering it ineffective. As such, inva-
sive species evolution, or the coevolution between native and invasive
species, may also facilitate coexistence among interacting species and
not necessarily lead to an escalating dynamic of increased ‘aggressive-
ness’ between them (Oduor et al., 2015).

GMTC, rather than merely predicting the occurrence of hot spots
for (co)evolution, focuses on how coevolutionary hot spots—which
may differ due to selection mosaics—interact with each other and

with coevolutionary cold spots through the remixing of adaptive
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traits, thus determining the outcome of the interaction across broader
scales (Gomulkiewicz et al., 2007; Thompson, 2005). This framework
could be applied equally to the interaction between ‘adaptive’ hot
and cold spots. We know that selection differs between invaded and
uninvaded areas, with individuals in invaded areas being selected for
traits such as increased growth rate, advanced phenology, particular
root architecture, and tolerance to allelochemicals, among other traits
(Callaway et al., 2005; Goergen et al., 2011; Lankau, 2012; Rowe &
Leger, 2010). However, as predicted by GMTC, selection may also
vary between invaded patches due to different environmental condi-
tions, interactions with other species and/or invasion history (Gomez,
20083; Lankau, 2012; Oduor et al., 2015; Parchman & Benkman, 2008;
Salgado-Luarte & Gianoli, 2012). As invasive species are often distrib-
uted across broad geographic areas, selection mosaics are highly likely.
For example, the invader cheatgrass (Bromus tectorum) increased nitro-
gen cycling when invading cool desert areas, but decreased it when
invading arid grasslands (Ehrenfeld, 2003), likely imposing different
selective pressures on native species in those areas. Evaluation of this
scenario is important for invasive species management as it may imply
that there is no single genotype of native species that is able to resist
and/or tolerate the invader, but rather that adaptations are context
dependent.

Because invasive species management occurs at the landscape
level, it is important to underscore that variation in species interac-
tions and selection at the local spatial scale can affect large scale pop-
ulation and community dynamics (Gomulkiewicz, Thompson, Holt,
Nuismer, & Hochberg, 2000; Hartvigsen & Levin, 1997). As models
show, both the abundance and distribution of (co)-evolutionary hot
spots across the landscape can determine the adaptation dynam-
ics for the metapopulation as a whole (Gibert, Pires, Thompson, &
Guimaréaes, 2013; Gomulkiewicz et al., 2000; Hanski, Mononen, &
Ovaskainen, 2011; Nuismer, 2006). Similar models could be used
to predict the dynamics of adaptation of native species to invasive

species.

5 | BIOTIC AND ABIOTIC FACTORS
THAT MAY INFLUENCE NATIVE SPECIES
ADAPTIVE POTENTIAL

Several characteristics of native and invasive species as well as
environmental conditions may influence the likelihood of an adap-
tive response by native species to invasion. We briefly discuss
below some characteristics that have been identified as important
in determining the invasive species establishment and impact or
species evolutionary dynamics in general (Catford, Jansson, & Nilsson,
2009; Holsinger, 2000; Lavergne & Molofsky, 2007; Reznick, Bryant,
& Bashey, 2002), while suggesting possible links with the size
and/or isolation of invaded patches. Other aspects of species, such
as population size, generation time, and other life-history traits,
are also known to influence the rate of evolution and have been
discussed elsewhere (Andreasen & Baldwin, 2001; Bousquet, Strauss,
Doerksen, & Price, 1992; Hartl & Clark, 1997; Kostikova, Litsios,

Salamin, & Pearman, 2013; Rosenheim & Tabashnik, 1991; Smith
& Donoghue, 2008; Willi, Van Buskirk, & Hoffmann, 2006).

5.1 | Mating system of native species

Self-pollination can be advantageous under stressful conditions
(Barrett, 1996; Horandl, 2006). For individuals adapted to invaded
areas, vegetative reproduction and self-pollination could assure
reproduction in the absence (or low density) of sexual partners
(Lloyd, 1992; Morgan & Wilson, 2005) and increase the probability
of production of offspring well adapted to persist in invaded areas
(Antonovics, 1968). In invaded patches, native plants that favor
self-pollination over out-crossing would reduce homogenizing gene
flow, thus further increasing the likelihood of adaptation (Antonovics,
1968). Therefore, selfers could be more tolerant to the isolation
in invaded patches. However, self-pollination may also lead to
Charlesworth &
Charlesworth, 1987), smaller effective population size, and genetic

reduced fitness (inbreeding depression,
diversity, thus reducing the likelihood of an evolutionary response
to other stressors (e.g., disturbance, see below) and increasing
population extinction risk (Gomulkiewicz & Holt, 1995; Holsinger,

2000; Kamran-Disfani & Agrawal, 2014; Kinnison & Hairston, 2007).

5.2 | Common versus rare native species

Common species have the advantage of larger initial population
size, but a decrease in population size may have greater negative
consequences on these species compared to rare species (Lankau
& Strauss, 2011). Rare species, with their lower population sizes,
are likely to show lower genetic variation and inbreeding depres-
sion, which may limit their evolutionary potential and make them
more prone to demographic stochasticity (Avery & Hill, 1977,
Reznick & Ghalambor, 2001; but see Wares, Hughes, & Grosberg,
2005; Willi et al., 2006). However, rare species may be adapted
to avoid pollen limitation and decreased reproductive output in
low-density situations (Eckert et al., 2010; Kunin & Shmida, 1997;
Lankau & Strauss, 2011; Reznick et al., 2002). Further, rare species
may be better adapted to compete against inter- rather than
intraspecific competitors, compared to common species (Shaw,
Platenkamp, Shaw, & Podolsky, 1995). This may explain why, in
certain cases, invasive species have lower impact on rare species
(Bennett, Stotz, & Cahill, 2014; Powell, Chase, & Knight, 2013).
When facing the strong selection expected in large, dense invaded
patches, which often leads to significant reductions in population
size, rare species—unless in very low densities—could be less affected

than common species.

5.3 | Invader’s genetic diversity and multiple
introductions

Genetic variation and repeated introduction of invasive species are
known to influence their evolutionary potential (Lavergne & Molofsky,
2007; Matesanz, Horgan-Kobelski, & Sultan, 2014; Vellend et al.,
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2007), but these factors may also affect the likelihood of native
species adaptation. First, increased beta-diversity of invader geno-
types, over time and/or space, increases the variation of selective
pressures on native species, potentially preventing an adaptive
response (Aarssen & Turkington, 1985; Willis et al., 2010). Second,
the presence of different invader genotypes across the landscape
may decrease the rate of reinforcing gene flow (Fig. 1), as native
species’ propagules from one invaded patch may be maladapted to
establish/persist in another patch. The invader garlic mustard (Alliaria
petiolata) varies in its levels of sinigrin (a toxic allelochemical) and
therefore also in its selective pressure on native species: high-sinigrin
garlic mustard populations select for a greater resistance to the
loss of arbuscular mycorrhizal fungi colonization in a co-occurring
native species (Lankau, 2012), while no such selection was observed
in low-sinigrin populations. These effects may be particularly detri-
mental for native species in isolated invaded patches, as the effec-
tive, functional distance among these islands will be far greater
than the actual distance. In other words, multiple introductions of
invasive plant genotypes could magnify the isolation effect. Although
the arrival of new propagules of invasive species is generally regu-
lated (Roques & Auger-Rozenberg, 2006; Simberloff et al., 2013),
this is not always the case for pasture and horticulture species,
which are continuously bred and reseeded in their introduced range
(Driscoll et al., 2014; Lonsdale, 1994; Reichard & White, 2001).

5.4 | Disturbance

Invasive species are often facilitated by, or active drivers of, dis-
turbance (Colautti, Grigorovich, & Maclsaac, 2006; Mack &
D’Antonio, 1998; Sher & Hyatt, 1999). Disturbance may result in
new sources of stress for native species and, in conjunction with
invasion, may constrain a timely adaptive response by native spe-
cies (Byers, 2002; Fakheran et al., 2010; Fenesi et al, 2015;
Rolshausen et al., 2015). A recent meta-analysis found that dis-
turbance benefits invasive species, while native species are generally
unaffected by disturbance in the presence of invasive species
(Jauni, Gripenberg, & Ramula, 2015). In turn, native species that
are affected by disturbance may be less likely to adapt to invasive
species, because disturbance and competition may exert opposing
selective pressures (Fakheran et al., 2010). Theory suggests that
high and low frequency of disturbance select for a ruderals strategy
and stronger competitive ability, respectively (Grime, 1974). If
highly competitive genotypes are eliminated from highly disturbed
landscapes (Fakheran et al., 2010), the adaptation of native spe-
cies to disturbance may constrain their adaptation to invasion
and vice versa. In sum, disturbance would hamper adaptation of
native species to invaders, seemingly regardless of the size and
isolation of invaded patches.

5.5 | Plant-soil feedbacks

Many invasive plant species are known to modify soil conditions
where they invade, which can affect native species performance
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and competitive ability (Bever, 1994, 2003; Ehrenfeld, 2010; Suding
et al., 2013). Invader-driven changes in soil conditions have the
potential to influence both the strength and direction of selection
on native species and their adaptive response (Chanway, Holl, &
Turkington, 1988, 1989; Ehlers & Thompson, 2004). Further, these
invader-driven changes in soil conditions may cancel out the local
or home advantages that native species may have had over invasive
species (Byers, 2002) and further constrain their evolutionary
responses (Gonzalez & Bell, 2012). This would be particularly true
in large patches of invaders, where their greater abundance or
density will bring about greater changes in soil conditions.

5.6 | Enemy release

Many invasive species escape their natural enemies, experiencing
reduced damage in the introduced range (Agrawal et al., 2005;
Keane & Crawley, 2002). Native species able to persist in invaded
patches may benefit from the association with invaders and also
experience reduced damage (i.e., associational resistance, Barbosa
et al., 2009). This reduced damage may lead to the re-allocation
of resources toward an increased competitive ability in native spe-
cies, as with invasive species (Blossey & Notzold, 1995) favoring
the adaptation of native species to coexist or compete with an
invader. For example, the increased competitive ability of Solidago
altissima after being experimentally released from aboveground
herbivores occurred within 12 years in its native range (Uesugi &
Kessler, 2013). The benefits of associational resistance for native
species should be more evident in large patches of invaders, where
natives would be more sheltered.

6 | MANAGEMENT IMPLICATIONS

As management practices move forward, it is important to under-
stand the eco-evolutionary dynamics between native and invasive
species. This information could improve current control strategies
for invasive species. Testing whether native species are able to
adapt to coexist, or resist, invasive species was a first step. Now
that we know adaptation is possible, a second step is to identify
the underlying mechanisms in order to determine under which
conditions, adaptation is more likely to occur. In order to do so,
we need to identify under which conditions, adaptation is more
likely (which we propose doing based on characteristics of the
invasive species spatial pattern) and which native species are more
likely to adapt (based on characteristics of the native species).
Knowledge of the conditions where adaptation is more probable
and which species are more likely to adapt can allow managers
to (i) increase the likelihood of native species adaptation and (ii)
facilitate the gathering of adapted genotypes to increase resistance
to invasion and restore invaded areas (Table 1).

Attempts could be made to facilitate native species adaptation
(Leger & Espeland, 2010) (Table 1). Modifying the spatial distribution
of the invader may not be a realistic goal, but gene flow between
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TABLE 1 Predictions of the proposed framework, examples of methods that could be used to test the predictions, and management

implications if predictions are correct

Predictions

Large (dense), well-connected
patches are more likely to result
in native species adaptation to
invaders

Selection imposed by the invader
on native species varies across
the invaded range due to
changes in biotic and abiotic
conditions

Abundance and distribution of
hot spots determine the
adaptation dynamics for the
metapopulation of native
species, where gene flow

Methods

Determine the strength of selection on key
traits as a function of patch size

Use molecular marker data to infer gene flow
among subpopulations of native species in
invaded areas

Quantify adaptation across patches of
different sizes and isolation to test for the
individual and interactive effects of patch
size and isolation

Study plant traits underlying resistance/
tolerance to invasive plants targeting native
species individuals from large, well-
connected patches

Quantify and compare whether, and how,
selection on key traits in invaded and
uninvaded patches changes along abiotic or
biotic gradients

Test whether native species adapted to
interact with the invader on one end of the
abiotic or biotic gradient show the same
fitness advantage when on the other end of
gradient

Create a model to predict metapopulation
dynamics of adaptation based on selection
parameters estimated from the previously
mentioned experiments and invasive
species abundance and distribution

Management implications, if predictions are correct

Propagules to reclaim invaded areas or increase the resistance
of communities to invasion should be collected from large,
well-connected invaded patches

The size and isolation of patches could be managed to increase
the likelihood of native species adaptation by eliminating
isolated patches and by targeting smaller patches first
(eliminating new invasion foci), especially when there are not
enough resources to eradicate the entire invasive species
population

Gene flow between invaded areas could be facilitated to
increase the rate of reinforcing gene flow

Breeding programs could select for traits that enhance
resistance/tolerance to invasive species, based on studies
done on individuals from large, well-connected patches

Propagules from adapted native species should be used to
reclaim or increase resistance in areas with similar biotic and/
or abiotic conditions to the areas where they were collected

The abundance and distribution of hot and cold spots for
adaptation could be managed to increase the likelihood of
adaptation in a greater number of patches. Cold spot
abundance could be decreased by eradicating the invader
from those areas or by promoting reinforcing gene flow to

between cold and hot spots
may influence the likelihood of
adaptation

invaded areas could be manipulated. Reinforcing gene flow could be
increased through additions of adapted genotypes (seeds or whole
plants) into invaded patches, particularly for self-incompatible species
(Table 1). This procedure would be especially important in the more
isolated patches. Many factors need to be considered when devel-
oping management strategies. If feasible, the complete removal of
an invasive species is often desirable (but see Carroll, 2011; Schlaep-
fer, Sax, & Olden, 2011). However, for cases in which resources are
not enough to eradicate all patches of an invasive species, we offer
an additional tool to managers: we suggest starting by eliminating
isolated patches, which would not only prevent establishment of
new invasion foci but would also remove patches where adaptation
of native species is unlikely (i.e., cold spots). Furthermore, identi-
fication of the traits underlying native species’ increased resistance
and/or tolerance to invasive plant species can help to select traits to
increase the resistance of native communities (Funk, Cleland, Suding,
& Zavaleta, 2008); this should target individuals in large, dense, and
well-connected invaded patches (Table 1). Information on which type
of species (e.g., common vs. rare species, selfing vs. outcrossing spe-
cies, annual vs. perennial) are more likely to adapt may further advance
our understanding of the conditions under which native species are

likely to adapt.

increase the chances of it becoming a hot spot. Eliminating
cold spots decreases potential homogenizing gene flow and
removes new foci of invasion

Management practices could also reduce the evolutionary con-
sequences of further introductions of new genotypes by regulating
the planting of different/new genotypes of forage and horticulture
species, as well as the movement of invasive species within the intro-
duced range (Driscoll et al., 2014; Oduor et al., 2015; Reichard &
White, 2001). Also, reducing the frequency of anthropogenic or novel
disturbances in areas where adaptation of native species is likely (i.e.,
large, well-connected patches) would reduce the extinction risk of
native species and potentially facilitate their adaptation. The reduc-
tion of disturbances may also include discontinuing the eradication of
invasive species in certain areas to promote the adaptation of native
species, as argued by Carroll (2011): He proposed protecting invasive
plant populations in one region of Australia where selection resulted
in the adaptation of a native insect to more effectively consume the
invader seeds (Carroll et al., 2005). Those adapted insect populations
could then be used to promote gene flow to poorly adapted insect
populations in other regions of Australia to help control a recent and
serious invasion of a closely related plant species.

We predict that native species are more likely to adapt to coexist or
compete against invasive species in large, dense, and well-connected
invaded patches (Fig. 2). If so, preference should be given to large and

well-connected invaded patches when collecting propagules from
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adapted genotypes for management purposes (Table 1). Within these
sites, preference should be given to native species with larger popula-
tion sizes, as small populations may be still in the process of adaptation
(Gomulkiewicz & Holt, 1995). Besides implementing the use of adapted
genotypes to complement management strategies, it is advisable to
first evaluate the occurrence of a selection mosaic across the intro-
duced range of invasive species, as predicted by the GMTC (Thompson,
2005). Testing for selection mosaics implies comparing selection by the
invader on key traits in similar-sized invaded patches along biotic and/
or abiotic gradients across the invaded area. Invasive species may select
for different traits or trait values depending on biotic or abiotic condi-
tions. If there is evidence of a selection mosaic, the source of native
species propagules should ideally match the biotic and abiotic condi-
tion of the area targeted for management (Table 1). It may be argued
that selecting and using only a limited number of genotypes for man-
agement efforts can be disadvantageous because low genetic variation
is associated with decreased fitness (Leimu, Mutikainen, Koricheva,
& Fischer, 2006) and increased susceptibility to new stress factors
(Frankham, 1996; Gonzalez & Bell, 2012; Willi et al., 2006). However,
selected adapted genotypes may have a higher probability of survival
in invaded areas, increasing population growth and the probability of
population persistence (Reznick & Ghalambor, 2001).

Native species adaptation in the invaded patches will partly
depend on the abundance of and connectedness between cold and
hot spots (Hanski et al., 2011; Thompson, 2005). We could modify
the connectedness of invaded patches to facilitate adaptation, while
preventing further expansion of the invader. This could be achieved by
removing cold spots (an easier task, as those are the smaller patches),
or by increasing reinforcing gene flow to increase the likelihood of
cold spots becoming hot spots (Table 1). The more hot spots in the
landscape, the higher the probability of cold spots becoming hot spots
by extensive reinforcing gene flow (Gibert et al., 2013; Hanski et al.,
2011; Shirley & Sibly, 2001).

Overall, by better understanding the conditions that facilitate
native species’ adaptation to invasion and by being able to predict
where native species are more likely to have adapted, we can take
advantage of these eco-evolutionary processes to manage invaded
ecosystems and complement current management strategies to

control invasive plant species.

ACKNOWLEDGEMENTS

We thank S. White, the editor, and two anonymous referees whose
comments contributed significantly to improve this manuscript.
This research was supported by NSERC Discovery and Accelerator
Grants to JFC. GCS was supported by CONICYT Becas-Chile
Scholarship.

REFERENCES

Aarssen, L. W., & Turkington, R. (1985). Biotic specialization between
neighbouring genotypes in Lolium perenne and Trifolium repens from a
permanent pasture. Journal of Ecology, 73, 605-614.

WiLEY—7

Agrawal, A. A., Kotanen, P. M., Mitchell, C. E., Power, A. G., Godsoe, W., &
Klironomos, J. (2005). Enemy release? An experiment with congeneric
plant pairs and diverse above-and belowground enemies. Ecology, 86,
2979-2989.

Andreasen, K., & Baldwin, B. G. (2001). Unequal evolutionary rates be-
tween annual and perennial lineages of checker Mallows (Sidalcea,
Malvaceae): Evidence from 18S-26S rDNA internal and external tran-
scribed spacers. Molecular Biology and Evolution, 18, 936-944.

Antonovics, J. (1968). Evolution in closely adjacent plant populations. v.
Evolution of self-fertility. Heredity, 23, 219-238.

Avery, P. J., & Hill, W. G. (1977). Variability in genetic parameters among
small populations. Genetics Research, 29, 193-213.

Barbosa, P., Hines, J., Kaplan, I., Martinson, H., Szczepaniec, A., & Szen-
drei, Z. (2009). Associational resistance and associational susceptibility:
Having right or wrong neighbors. Annual Review of Ecology, Evolution,
and Systematics, 40, 1-20.

Baron, E., Richirt, J., Villoutreix, R., Amsellem, L., & Roux, F. (2015). The
genetics of intra- and interspecific competitive response and effect in
a local population of an annual plant species. Edited by Alison Ben-
nett. Functional Ecology, 29, 1361-1370.

Barrett, S. C. H. (1996). The reproductive biology and genetics of island
plants. Philosophical Transactions of the Royal Society of London B: Biolog-
ical Sciences, 351, 725-733.

Benkman, C. W., & Parchman, T. L. (2009). Coevolution between
crossbills and black pine: The importance of competitors, forest
area and resource stability. Journal of Evolutionary Biology, 22,
942-953.

Bennett, J. A, Stotz, G. C., & Cahill, J. F. (2014). Patterns of phylogenetic
diversity are linked to invasion impacts, not invasion resistance, in a
native grassland. Edited by Hans Henrik Bruun. Journal of Vegetation
Science, 25, 1315-1326.

Bever, J. D. (1994). Feeback between plants and their soil communities in
an old field community. Ecology, 75, 1965-1977.

Bever, J. D. (2003). Soil community feedback and the coexistence of com-
petitors: Conceptual frameworks and empirical tests. New Phytologist,
157,465-473.

Blossey, B., & Notzold, R. (1995). Evolution of increased competitive ability
in invasive nonindigenous plants: A hypothesis. Journal of Ecology, 83,
887-889.

Bone, E., & Farres, A. (2001). Trends and rates of microevolution in plants.
In Microevolution Rate, Pattern, Process, 165-182. Springer. http:/
link.springer.com/chapter/10.1007/978-94-010-0585-2_11

Bousquet, J., Strauss, S. H., Doerksen, A. H., & Price, R. A. (1992). Ex-
tensive variation in evolutionary rate of rbcL gene sequences among
seed plants. Proceedings of the National Academy of Sciences, 89,
7844-7848.

Brown, W. L., & Wilson, E. O. (1956). Character displacement. Systematic
Zoology, 5, 49.

Byars, S. G., Parsons, Y., & Hoffmann, A. A. (2009). Effect of altitude on the
genetic structure of an Alpine Grass, Poa Hiemata. Annals of Botany,
103, 885-899.

Byers, J. E. (2002). Impact of non-indigenous species on natives en-
hanced by anthropogenic alteration of selection regimes. Oikos, 97,
449-458.

Cahill, J. F., Kembel, S. W., & Gustafson, D. J. (2005). Differential genetic
influences on competitive effect and response in Arabidopsis thaliana.
Journal of Ecology, 93, 958-967.

Callaway, R. M., Ridenour, W. M., Laboski, T., Weir, T., & Vivanco, J. M.
(2005). Natural selection for resistance to the allelopathic effects of
invasive plants. Journal of Ecology, 93, 576-583.

Caprio, M. A,, Faver, M. K., & Hankins, G. (2004). Evaluating the impacts of
refuge width on source-sink dynamics between transgenic and non-
transgenic cotton. Journal of Insect Science, 4(1), 3.

Carriére, Y., Dutilleul, P., Ellers-Kirk, C., Pedersen, B., Haller, S., Antilla, L.,
Dennehy, T. J.,, ... Tabashnik, B. E. (2004). Sources, sinks, and the zone


http://link.springer.com/chapter/10.1007/978-94-010-0585-2_11
http://link.springer.com/chapter/10.1007/978-94-010-0585-2_11

STOTZ ET AL.

* | wiLEy

of influence of refuges for managing insect resistance to Bt crops. Eco-
logical Applications, 14, 1615-1623.

Carroll, S. P. (2011). Conciliation biology: The eco-evolutionary manage-
ment of permanently invaded biotic systems: Conciliation biology. Evo-
lutionary Applications, 4, 184-199.

Carroll, S. P, Jorgensen, P. S., Kinnison, M. T., Bergstrom, C. T., Denison, R.
F., Gluckman, P., Smith, T. B., ... Tabashnik, B. E. (2014). Applying evo-
lutionary biology to address global challenges. Science, 346, 1245993~
1245993.

Carroll, S. P, Loye, J. E., Dingle, H., Mathieson, M., Famula, T. R., & Zalucki,
M. P. (2005). And the beak shall inherit - evolution in response to
invasion. Ecology Letters, 8, 944-951.

Catford, J. A., Jansson, R., & Nilsson, C. (2009). Reducing redundancy in
invasion ecology by integrating hypotheses into a single theoretical
framework. Diversity and Distributions, 15, 22-40.

Chanway, C., Holl, F., & Turkington, R. (1988). Genotypic coadaptation in
plant-growth promotion of forage species by Bacillus-polymyxa. Plant
and Soil, 106, 281-284.

Chanway, C. P, Holl, F. B., & Turkington, R. (1989). Effect of Rhizobium
leguminosarum Biovar trifolii genotype on specificity between Trifolium
repens and Lolium perenne. The Journal of Ecology, 77, 1150.

Charlesworth, D., & Charlesworth, B. (1987). Inbreeding depression and its
evolutionary consequences. Annual Review of Ecology and Systematics,
18,237-268.

Colautti, R. I., Grigorovich, I. A., & Maclsaac, H. J. (2006). Propagule pres-
sure: A null model for biological invasions. Biological Invasions, 8, 1023~
1037.

Connell, J. H. (1980). Diversity and the coevolution of competitors, or the
ghost of competition past. Oikos, 35, 131.

Davies, K. W. (2011). Plant community diversity and native plant abun-
dance decline with increasing abundance of an exotic annual grass.
Oecologia, 167,481-491.

Driscoll, D. A,, Catford, J. A., Barney, J. N., Hulme, P. E., Inderjit, Martin, T. G.,
... Visser, V. (2014). New pasture plants intensify invasive species risk.
Proceedings of the National Academy of Sciences, 111, 16622-16627.

Eckert, C. G., Kalisz, S., Geber, M. A,, Sargent, R., Elle, E., Cheptou, P.-O,, ...
Winn, A. A. (2010). Plant mating systems in a changing world. Trends in
Ecology & Evolution, 25, 35-43.

Ehlers, B. K., & Thompson, J. (2004). Do co-occurring plant species adapt to
one another? The response of Bromus erectus to the presence of differ-
ent Thymus vulgaris chemotypes. Oecologia, 141, 511-518.

Ehrenfeld, J. G. (2003). Effects of exotic plant invasions on soil nutrient
cycling processes. Ecosystems, 6, 503-523.

Ehrenfeld, J. G. (2010). Ecosystem consequences of biological invasions.
Annual Review of Ecology, Evolution, and Systematics, 41, 59-80.

Ehrlich, P. R., & Raven, P. H. (1969). Differentiation of populations. Science,
165,1228-1232.

Etterson, J. R., & Shaw, R. G. (2001). Constraint to adaptive evolution in
response to global warming. Science, 294, 151-154.

Fakheran, S., Paul-Victor, C., Heichinger, C., Schmid, B., Grossniklaus, U.,
& Turnbull, L. A. (2010). Adaptation and extinction in experimentally
fragmented landscapes. Proceedings of the National Academy of Sciences,
107, 19120-19125.

Fenesi, A., Geréd, J., Meiners, S. J., Tothmérész, B., Torok, P., & Ruprecht,
E. (2015). Does disturbance enhance the competitive effect of the in-
vasive Solidago canadensis on the performance of two native grasses?
Biological Invasions, 17, 3303-3315.

Fitzpatrick, S. W., Gerberich, J. C., Kronenberger, J. A., Angeloni, L. M., &
Funk, W. C. (2014). Locally adapted traits maintained in the face of high
gene flow. Ecology Letters, 18, 37-47.

Frankham, R. (1996). Relationship of genetic variation to population size in
wildlife. Conservation Biology, 10, 1500-1508.

Funk, J. L., Cleland, E. E., Suding, K. N., & Zavaleta, E. S. (2008). Restoration
through reassembly: Plant traits and invasion resistance. Trends in Ecol-
ogy & Evolution, 23, 695-703.

Futuyma, D. J. (2013). Evolution, 3rd edn. Sunderland, MA: Sinauer Asso-
ciates, Inc.

Gibert, J. P, Pires, M. M., Thompson, J. N., & Guimaraes, P. R. (2013). The
spatial structure of antagonistic species affects coevolution in predict-
able ways. The American Naturalist, 182, 578-591.

Gilbert, B., & Levine, J. M. (2013). Plant invasions and extinction debts.
Proceedings of the National Academy of Sciences of the United States of
America, 110, 1744-1749.

Goergen, E. M., Leger, E. A, & Espeland, E. K. (2011). Native perennial
grasses show evolutionary response to Bromus tectorum (Cheatgrass)
invasion. Edited by J. Harvey. PLoS ONE, 6, e18145.

Gomez, J. M. (2003). Herbivory reduces the strength of pollinator-mediated
selection in the Mediterranean Herb Erysimum mediohispanicum: Conse-
quences for plant specialization. The American Naturalist, 162, 242-256.

Gomez-Gonzalez, S., Torres-Diaz, C., Bustos-Schindler, C., & Gianoli, E.
(2011). Anthropogenic fire drives the evolution of seed traits. Proceed-
ings of the National Academy of Sciences of the United States of America,
108, 18743-18747.

Gomulkiewicz, R., Drown, D. M., Dybdahl, M. F., Godsoe, W., Nuismer, S.
L., Pepin, K. M,, ... Yoder, J. B. (2007). Dos and don'’ts of testing the
geographic mosaic theory of coevolution. Heredity, 98, 249-258.

Gomulkiewicz, R., & Holt, R. D. (1995). When does evolution by natural
selection prevent extinction? Evolution, 49, 201-207.

Gomulkiewicz, R., Thompson, J. N., Holt, R. D., Nuismer, S. L., & Hochberg,
M. E. (2000). Hot spots, cold spots, and the geographic mosaic theory
of coevolution. The American Naturalist, 156, 156-174.

Gonzalez, A., & Bell, G. (2012). Evolutionary rescue and adaptation to
abrupt environmental change depends upon the history of stress. Phil-
osophical Transactions of the Royal Society B: Biological Sciences, 368,
20120079-20120079.

Gould, F. (1988). Genetic engineering, integrated pest management and
the evolution of pests. Trends in Ecology & Evolution, 3, S15-518.

Gould, F. (2000). Testing Bt refuge strategies in the field. Nature Biotechnol-
ogy, 18, 266-267.

Grant, P. R., & Rosemary Grant, B. (2006). Evolution of character displace-
ment in Darwin’s finches. Science, 313, 224-226.

Grime, J. P. (1974). Vegetation classification by reference to strategies. Na-
ture, 250, 26-31.

Hairston, N. G,, Ellner, S. P., Geber, M. A,, Yoshida, T., & Fox, J. A. (2005).
Rapid evolution and the convergence of ecological and evolutionary
time: Rapid evolution and the convergence of ecological and evolution-
ary time. Ecology Letters, 8, 1114-1127.

Hanski, I., Mononen, T., & Ovaskainen, O. (2011). Eco-evolutionary meta-
population dynamics and the spatial scale of adaptation. The American
Naturalist, 177, 29-43.

Harris, S., & Timmins, S. M. (2009). Estimating the benefit of early control of
all newly naturalised plants. Science for Conservation, 292. http:/www.
cabdirect.org/abstracts/20093124823.html

Hartl, D. L., & Clark, A. G. (1997). Principles of Population Genetics, Sunderland,
MA: Sinauer Associates Sunderland. http:/www.sinauer.com/media/
wysiwyg/tocs/PrinciplesPopulationGenetics.pdf.

Hartvigsen, G., & Levin, S. (1997). Evolution and spatial structure interact
to influence plant-herbivore population and community dynamics. Pro-
ceedings of the Royal Society of London. Series B: Biological Sciences, 264,
1677-1685.

Hoffmann, B. D. (2010). Ecological restoration following the local eradication
of aninvasive ant in Northern Australia. Biological Invasions, 12,959-969.

Holsinger, K. E. (2000). Reproductive systems and evolution in vascular
plants. Proceedings of the National Academy of Sciences of the United
States of America, 97, 7037-7042.

Horandl, E. (2006). The complex causality of geographical parthenogenesis.
New Phytologist, 171, 525-538.

Huenneke, L. F., Hamburg, S. P., Koide, R., Mooney, H. A., & Vitousek, P.
M. (1990). Effects of soil resources on plant invasion and community
structure in Californian serpentine grassland. Ecology, 71, 478-491.


http://www.cabdirect.org/abstracts/20093124823.html
http://www.cabdirect.org/abstracts/20093124823.html
http://www.sinauer.com/media/wysiwyg/tocs/PrinciplesPopulationGenetics.pdf
http://www.sinauer.com/media/wysiwyg/tocs/PrinciplesPopulationGenetics.pdf

STOTZ ET AL.

Jackson, M. C., Ruiz-Navarro, A., & Britton, J. R. (2014). Population density
modifies the ecological impacts of invasive species. Oikos, 124, 880-887.

Jauni, M., Gripenberg, S., & Ramula, S. (2015). Non-native plant species
benefit from disturbance: A meta-analysis. Oikos, 124, 122-129.

Johnson, M. T. J,, Dinnage, R., Zhou, A. Y., & Hunter, M. D. (2008). Environ-
mental variation has stronger effects than plant genotype on competi-
tion among plant species: Plant genotype and interspecific competition.
Journal of Ecology, 96, 947-955.

Kamran-Disfani, A., & Agrawal, A. F. (2014). Selfing, adaptation and back-
ground selection in finite populations. Journal of Evolutionary Biology,
27,1360-1371.

Kawecki, T. J. (2008). Adaptation to marginal habitats. Annual Review of
Ecology, Evolution, and Systematics, 39, 321-342.

Kawecki, T. J., & Ebert, D. (2004). Conceptual issues in local adaptation.
Ecology Letters, 7, 1225-1241.

Keane, R. M., & Crawley, M. J. (2002). Exotic plant invasions and the enemy
release hypothesis. Trends in Ecology & Evolution, 17, 164-170.

Kingsolver, J. G., Hoekstra, H. E., Hoekstra, J. M., Berrigan, D., Vignieri, S.
N., Hill, C. E., ... Beerli, P. (2001). The strength of phenotypic selection
in natural populations. The American Naturalist, 157, 245-261.

Kinnison, M. T., & Hairston, N. G. (2007). Eco-evolutionary conservation
biology: Contemporary evolution and the dynamics of persistence.
Functional Ecology, 21, 444-454.

Kinnison, M. T., Hendry, A. P., & Stockwell, C. A. (2007). Contemporary evo-
lution meets conservation biology ii: Impediments to integration and
application. Ecological Research, 22, 947-954.

Kolb, A., Alpert, P., Enters, D., & Holzapfel, C. (2002). Patterns of invasion
within a grassland community. Journal of Ecology, 90, 871-881.

Kostikova, A., Litsios, G., Salamin, N., & Pearman, P. B. (2013). Linking life-
history traits, ecology, and niche breadth evolution in North American
Eriogonoids (Polygonaceae). The American Naturalist, 182, 760-774.

Kunin, W. E., & Shmida, A. (1997). Plant reproductive traits as a function
of local, regional, and global abundance. Conservation Biology, 11(1),
183-192.

Lankau, R. A. (2012). Coevolution between invasive and native plants driv-
en by chemical competition and soil biota. Proceedings of the National
Academy of Sciences of the United States of America, 109, 11240-11245.

Lankau, R. A., Nuzzo, V., Spyreas, G., & Davis, A. S. (2009). Evolutionary
limits ameliorate the negative impact of an invasive plant. Proceedings
of the National Academy of Sciences of the United States of America, 106,
15362-15367.

Lankau, R. A, & Strauss, S. Y. (2011). Newly rare or newly common: Evolu-
tionary feedbacks through changes in population density and relative
species abundance, and their management implications: Density and
frequency driven evolution. Evolutionary Applications, 4, 338-353.

Lau, J. A. (2008). Beyond the ecological: Biological invasions alter natural
selection on a native plant species. Ecology, 89, 1023-1031.

Lavergne, S., & Molofsky, J. (2007). Increased genetic variation and evolu-
tionary potential drive the success of an invasive grass. Proceedings of
the National Academy of Sciences of the United States of America, 104,
3883-3888.

Leger, E. A. (2008). The adaptive value of remnant native plants in invaded
communities: An example from the great basin. Ecological Applications,
18,1226-1235.

Leger, E. A., & Espeland, E. K. (2010). Coevolution between native and inva-
sive plant competitors: Implications for invasive species management:
Managing Coevolution. Evolutionary Applications, 3, 169-178.

Leimu, R., & Fischer, M. (2008). A meta-analysis of local adaptation in
plants. Edited by Angus Buckling. PLoS ONE, 3, e4010. doi: 10.1371/
journal.pone.0004010

Leimu, R., Mutikainen, P., Koricheva, J., & Fischer, M. (2006). How general
are positive relationships between plant population size, fitness and
genetic variation? Journal of Ecology, 94, 942-952.

Lewis, M. A, & Pacala, S. (2000). Modeling and analysis of stochastic inva-
sion processes. Journal of Mathematical Biology, 41, 387-429.

WILEY—2

Lin, J., Quinn, T. P, Hilborn, R., & Hauser, L. (2008). Fine-scale differentia-
tion between Sockeye salmon ecotypes and the effect of phenotype on
strayin g. Heredity, 101, 341-350.

Lloyd, D. G. (1992). Self- and cross-fertilization in plants. Il. The selec-
tion of self- fertilization. International Journal of Plant Sciences, 153,
370-380.

Lonsdale, W. (1994). Inviting trouble - Introduced pasture species in
Northern Australia. Australian Journal of Ecology, 19, 345-354.

Losos, J. B., & Schluter, D. (2000). Analysis of an evolutionary species-area
Relationship. Nature, 408, 847-850.

Lowe, S., Browne, M., Boudjelas, S., & De Poorter, M. (2004). 100 of the
World’s Worst Invasive Alien Species. A Selection from the Global Invasive
Species Database. The Invasive Species Specialist Group (ISSG) a spe-
cialist group of the Species Survival Commission (SSC) of the World
Conservation Union (IUCN).

MacDougall, A. S., & Turkington, R. (2006). Dispersal, competition, and
shifting patterns of diversity in a degraded Oak Savanna. Ecology, 87,
1831-1843.

Mack, M. C., & D’Antonio, C. M. (1998). Impacts of biological invasions on
disturbance regimes. Trends in Ecology & Evolution, 13, 195-198.

Matesanz, S., Gianoli, E., & Valladares, F. (2010). Global change and the evo-
lution of phenotypic plasticity in plants: Global change and plasticity.
Annals of the New York Academy of Sciences, 1206, 35-55.

Matesanz, S., Horgan-Kobelski, T., & Sultan, S. E. (2014). Contrasting levels
of evolutionary potential in populations of the invasive plant Polygonum
cespitosum. Biological Invasions, 16, 455-468.

Mealor, B. A., & Hild, A. L. (2007). Post-invasion evolution of native plant
populations: A test of biological resilience. Oikos, 116, 1493-1500.
Mezquida, E. T., & Benkman, C. W. (2010). Habitat area and structure affect
the impact of seed predators and the potential for coevolutionary arms

races. Ecology, 91, 802-814.

Morgan, M. T., & Wilson, W. G. (2005). Self-fertilization and the escape
from pollen limitation in variable pollination environments. Evolution,
59,1143-1148.

Norton, D. A. (2009). Species invasions and the limits to restoration: Learn-
ing from the New Zealand experience. Science, 325, 569-571.

Nosil, P. (2009). Adaptive population divergence in cryptic color-pattern
following a reduction in gene flow. Evolution, 63, 1902-1912.

Nuismer, S. L. (2006). Parasite local adaptation in a geographic mosaic. Evo-
lution, 60(1), 24-30.

Oduor, A. M. O. (2013). Evolutionary responses of native plant species to
invasive plants: A review. New Phytologist, 200, 986-992.

Oduor, A. M. O,, Yu, X., & Liu, J. (2015). Applied evolutionary biology could
aid management of invaded ecosystems. Ecosystem Health and Sustain-
ability, 1, art21. doi: 10.1890/EHS14-0026.1

Orr, H. A. (2000). Adaptation and the cost of complexity. Evolution, 54,
13-20.

Pala, C. (2008). Invasion biologists suck it up. Frontiers in Ecology and the
Environment, 6, 63.

Panetta, F. D. (2009). Weed eradication—an economic perspective. Invasive
Plant Science and Management, 2, 360-368.

Parchman, T. L., & Benkman, C. W. (2008). The geographic selection mosaic
for ponderosa pine and crossbills: A tale of two squirrels. Evolution, 62,
348-360.

Parker, I. M., Simberloff, D., Lonsdale, W. M., Goodell, K., Wonham, M., Ka-
reiva, P. M., Williamson, M. H., ... Goldwasser, L. (1999). Impact: Toward
a framework for understanding the ecological effects of invaders. Bio-
logical Invasions, 1, 3-19.

Pigliucci, M. (2003). Phenotypic integration: Studying the ecology and evo-
lution of complex phenotypes. Ecology Letters, 6, 265-272.

Powell, K. I., Chase, J. M., & Knight, T. M. (2013). Invasive plants have scale-
dependent effects on diversity by altering species-area relationships.
Science, 339, 316-318.

Pysek, P, Jarosik, V., Hulme, P. E., Pergl, J., Hejda, M., Schaffner, U., & Vila,
M. (2012). A global assessment of invasive plant impacts on resident



STOTZ ET AL.

| wiLey

species, communities and ecosystems: The interaction of impact mea-
sures, invading species’ traits and environment. Global Change Biology,
18,1725-1737.

Reichard, S. H., & White, P. (2001). Horticulture as a pathway of invasive
plant introductions in the United States most invasive plants have been
introduced for horticultural use by nurseries, botanical gardens, and
individuals. BioScience, 51, 103-113.

Rejmének, M., & Pitcairn, M. J. (2002). When is eradication of exotic pest
plants a realistic goal. Turning the Tide: The Eradication of Invasive Spe-
cies: Proceedings of the International Conference on eradication of island
invasives, 249-253.

Reznick, D., Bryant, M. J., & Bashey, F. (2002). R- and K-selection revisited:
The role of population regulation in life-history evolution. Ecology, 83,
1509.

Reznick, D. N., & Ghalambor, C. K. (2001). The Population Ecology of
Contemporary Adaptations: What empirical studies reveal about
the conditions that promote adaptive evolution. Genetica, 112,
183-198.

Richards, C. L., Bossdorf, O., Muth, N. Z., Gurevitch, J., & Pigliucci, M.
(2006). Jack of all trades, master of Some? On the role of phenotypic
plasticity in plant invasions. Ecology Letters, 9, 981-993.

Richardson, D. M., Pyvsek, P., Rejmanek, M., Barbour, M. G., Dane Panetta,
F., & West, C. J. (2000). Naturalization and invasion of alien plants: Con-
cepts and definitions. Diversity and Distributions, 6, 93-107.

Richardson, J. L., Urban, M. C,, Bolnick, D. I., & Skelly, D. K. (2014). Mi-
crogeographic adaptation and the spatial scale of evolution. Trends in
Ecology & Evolution, 29, 165-176.

Riechert, S. E. (1993). Investigation of potential gene flow limitation of be-
havioral adaptation in an aridlands spider. Behavioral Ecology and Socio-
biology, 32, 355-363.

Rolshausen, G., Phillip, D. A. T., Beckles, D. M., Akbari, A., Ghoshal, S., Ham-
ilton, P. B., ... Hendry, A. P. (2015). Do stressful conditions make adap-
tation difficult? Guppies in the oil-polluted environments of southern
trinidad. Evolutionary Applications, 8, 854-870.

Roques, A., & Auger-Rozenberg, M.-A. (2006). Tentative analysis of the
interceptions of non-indigenous organisms in Europe during 1995-
20041. EPPO Bulletin, 36, 490-496.

Rosenheim, J., & Tabashnik, B. (1991). Influence of generation time on the
rate of response to selection. American Naturalist, 137, 527-541.

Roush, R. T. (1994). Managing pests and their resistance to bacillus thuring-
iensis: Can transgenic crops be better than sprays? Biocontrol Science
and Technology, 4, 501-516.

Rowe, C. L. J., & Leger, E. A. (2010). Competitive seedlings and inherited
traits: A test of rapid Evolution of Elymus multisetus (big Squirreltail) in
response to cheatgrass invasion: Competitive seedlings and inherited
traits. Evolutionary Applications, 4, 485-498.

Salgado-Luarte, C., & Gianoli, E. (2012). Herbivores modify selection on
plant functional traits in a temperate rainforest understory. The Ameri-
can Naturalist, 180, E42-E53.

Schlaepfer, M. A,, Sax, D. F., & Olden, J. D. (2011). The potential conser-
vation value of non-native species: Conservation value of non-native
species. Conservation Biology, 25, 428-437.

Schlaepfer, M. A., Sherman, P. W., Blossey, B., & Runge, M. C. (2005). Intro-
duced species as evolutionary traps: Introduced species as evolutionary
traps. Ecology Letters, 8, 241-246.

Shaw, R. G., Platenkamp, G. A., Shaw, F. H., & Podolsky, R. H. (1995). Quan-
titative Genetics of Response to Competitors in Nemophila menziesii: A
Field Experiment. Genetics, 139, 397-406.

Sher, A. A., & Hyatt, L. A. (1999). The disturbed resource-flux invasion ma-
trix: A new framework for patterns of plant invasion. Biological Inva-
sions, 1, 107-114.

Shirley, M. D. F.,, & Sibly, R. M. (2001). Metapopulation dynamics of fruit
flies undergoing evolutionary change in patchy environments. Ecology,
82, 3257.

Simberloff, D. S. (1974). Equilibrium theory of island biogeography and
ecology. Annual Review of Ecology and Systematics, 5, 161-182.

Simberloff, D. (2014). Biological invasions: What's worth fighting and what
can be won? Ecological Engineering, 65, 112-121.

Simberloff, D., Martin, J.-L., Genovesi, P., Maris, V., Wardle, D. A., Aronson,
J., Courchamp, F,, ... Vila, M. (2013). Impacts of biological invasions:
What's what and the way forward. Trends in Ecology & Evolution, 28,
58-66.

Simberloff, D. S., & Wilson, E. O. (1969). Experimental zoogeography of
islands: The colonization of empty islands. Ecology, 50, 278-296.

Sisterson, M. S., Carriére, Y., Dennehy, T. J., & Tabashnik, B. E. (2005). Evo-
lution of resistance to transgenic crops: Interactions between insect
movement and field distribution. Journal of Economic Entomology, 98,
1751-1762.

Smith, S. A., & Donoghue, M. J. (2008). Rates of molecular evolution are
linked to life history in flowering plants. Science, 322, 86-89.

Strauss, S. Y., Lauy, J. A, & Carroll, S. P. (2006). Evolutionary responses of
natives to introduced species: What do introductions tell us about
natural communities?: Evolutionary responses of natives to introduced
species. Ecology Letters, 9, 357-374.

Strayer, D. L. (2012). Eight questions about invasions and ecosystem
functioning. Edited by Helmut Hillebrand. Ecology Letters, 15, 1199-
1210.

Strayer, D. L., Eviner, V. T., Jeschke, J. M., & Pace, M. L. (2006). Understand-
ing the long-term effects of species invasions. Trends in Ecology & Evo-
lution, 21, 645-651.

Suding, K. N., Harpole, W. S., Fukami, T., Kulmatiski, A., MacDougall, A. S.,
Stein, C., & van der Putten, W. H. (2013). Consequences of plant-soil
feedbacks in invasion. Edited by Michael Hutchings. Journal of Ecology,
101, 298-308.

Tabashnik, B. E., Brévault, T., & Carriére, Y. (2013). Insect resistance to Bt
crops: Lessons from the first billion acres. Nature Biotechnology, 31,
510-521.

Theoharides, K. A., & Dukes, J. S. (2007). Plant invasion across space and
time: Factors affecting nonindigenous species success during four stag-
es of invasion. New Phytologist, 176, 256-273.

Thompson, J. N. (1998). Rapid evolution as an ecological process. Trends in
Ecology & Evolution, 13, 329-332.

Thompson, J. N. (2005). The Geographic Mosaic of Coevolution. Chicago:
University of Chicago Press.

Thorpe, A. S., Aschehoug, E. T., Atwater, D. Z., & Callaway, R. M. (2011).
Interactions among plants and evolution: Plant Interactions and evolu-
tion. Journal of Ecology, 99, 729-740.

Thrall, P. H., Burdon, J. J., & Young, A. (2001). Variation in resistance and vir-
ulence among demes of a plant host-pathogen metapopulation. Journal
of Ecology, 89, 736-748.

Turkington, R. (1979). Neighbour relationships in grass-legume communi-
ties. IV. Fine scale biotic differentiation. Canadian Journal of Botany, 57,
2711-2716.

Turkington, R. (1989). The growth, distribution and neighbor relation-
ships of Trifolium-repens in a permanent pasture. V. The coevolution
of competitors. Journal of Ecology, 77, 717-733.

Uesugi, A., & Kessler, A. (2013). Herbivore exclusion drives the evolution of
plant competitiveness via increased allelopathy. New Phytologist, 198,
916-924.

Urban, M. C. (2011). The evolution of species interactions across natural
landscapes: Urban - evolution of species interactions. Ecology Letters,
14,723-732.

Vellend, M., Harmon, L., Lockwood, J., Mayfield, M., Hughes, A., Wares,
J., & Sax, D. (2007). Effects of exotic species on evolutionary diver-
sification. Trends in Ecology & Evolution, 22, 481-488.

Vila, M., Espinar, J. L., Hejda, M., Hulme, P. E., Jarosik, V., Maron, J. L.,
... Pysek, P. (2011). Ecological impacts of invasive alien plants: A
meta-analysis of their effects on species, communities and ecosys-



STOTZ ET AL.

tems: Ecological impacts of invasive alien plants. Ecology Letters, 14,
702-708.

Wang, P, Stieglitz, T., Zhou, D. W., & Cahill, J. F. Jr (2010). Are competitive
effect and response two sides of the same coin, or fundamentally dif-
ferent? Functional Ecology, 24, 196-207.

Wares, J. P, Hughes, A. R., & Grosberg, R. K. (2005). Mechanisms that drive
evolutionary change - insights from species introductions and inva-
sions. In Sax D.F et al. (Ed.) Species Invasions: Insights into Ecology, Evolu-
tion, and Biogeorgraphy, 229-257. Sunderland, MA: Sinauer Associates

Weidenhamer, J. D., & Callaway, R. M. (2010). Direct and indirect effects
of invasive plants on soil chemistry and ecosystem function. Journal
of Chemical Ecology, 36, 59-69.

WILEY—

Willi, Y., Van Buskirk, J., & Hoffmann, A. A. (2006). Limits to the adaptive
potential of small populations. Annual Review of Ecology, Evolution, and
Systematics, 37, 433-458.

Willis, C. G., Brock, M. T., & Weinig, C. (2010). Genetic variation in toler-
ance of competition and neighbour suppression in Arabidopsis thaliana:
Genetic variation in tolerance of competition and neighbour suppres-
sion. Journal of Evolutionary Biology, 23, 1412-1424.

Wotherspoon, S. H., & Wotherspoon, J. A. (2002). The evolution and exe-
cution of a plan for invasive weed eradication and control, Rangitoto
Island, Hauraki Gulf, New Zealand. Turning the Tide: The Eradication of
Invasive Species: Proceedings of the International Conference on eradica-
tion of island invasives, 381-388.



