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Review
Glossary

Climate change: long-term changes in global climate (e.g. rising temperatures,

altered precipitation). Climate change is one component of global change.

Ecological forecasting: projections of future risk to species and/or ecosystems

as a result of global change.

Envelope or Niche model: a model of potential habitat based on empirical

relationships between species distribution and abiotic factors (climate for the

examples described here).

Global change: large-scale alteration of the natural environment. All of the

components considered here are anthropogenic in origin

Invasive plant: non-native plants spreading away from original naturalization

site with potential to spread across large areas [1].

Native plant: plant species that have evolved in a given geographic location

and were not introduced by humans.

Process-based or Mechanistic model: a model of potential habitat based on

species characteristics that could include demography, physiology, competi-

tion etc.

Transformative restoration: the translocation of novel species assemblages
The relationship between plant invasions and global
change is complex. Whereas some components of global
change, such as rising CO2, usually promote invasion,
other components, such as changing temperature and
precipitation, can help or hinder plant invasion.
Additionally, experimental studies and models suggest
that invasive plants often respond unpredictably to
multiple components of global change acting in concert.
Such variability adds uncertainty to existing risk assess-
ments and other predictive tools. Here, we review cur-
rent knowledge about relationships between plant
invasion and global change, and highlight research
needed to improve forecasts of invasion risk. Managers
should be prepared for both expansion and contraction
of invasive plants due to global change, leading to
increased risk or unprecedented opportunities for restor-
ation.

The complex relationship between global change and
plant invasion
Intentionally and unintentionally, humans have moved
thousands of plant species outside of their native ranges.
Some of these non-native plants have become invasive,
spreading away from their initial site of establishment [1],
often with detrimental effects on native and managed
ecosystems [2,3]. Previous research indicates that ongoing
global change will alter the impacts of invasive plants on
native and managed ecosystems [4–11]. Changes that
influence plant invasion include rising temperature,
altered precipitation, increased atmospheric carbon diox-
ide (CO2), nitrogen (N) deposition, and novel disturbances
associated with changes in land use or land cover. Most of
these factors are expected to increase invasion risk
[5,6,9,12], although recent research highlights the poten-
tial for reduced invasion risk [9,13]. A recent spate of
studies on invasive plants and global change point to
circumstances where global change is likely to favor or
inhibit invasive plants. A better understanding of invasion
risk under global change is essential for developing effec-
tive policies and programs tomanage invasive plants in the
21st century.

There are two fundamental reasons why we might
expect invasion risk to increase with global change. First,
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invasive species are by definition well suited to succeed in
novel environments (Box 1), and global change creates
novel environments. Second, many invasive species are
most successful in environments with high resource avail-
ability [14–18], and several types of global change directly
increase the availability of plant resources. For example,
increased CO2, N deposition and changes in land use or
land cover have been observed to facilitate invasion
(Table 1).

However, the effects of climate change per se are more
difficult to predict. For example, while changes in tempera-
ture and precipitation could benefit invasive species by
creating novel environments, they do not consistently
increase resource availability. Indeed, rising global
temperature might decrease water availability even when
precipitation remains the same. Modeling and experimen-
tal studies have shown both increased [19,20] and
decreased invasion risk [13,21] associated with climate
change. Hence, the relative impacts of global change on
plant invasions will depend on the dominant forces of
change, the geographical location of the area and the
invasive species under consideration.

The research needed to develop risk assessments for
individual species and locations is not simple; forecasting
global change is fraught with considerable complexity and
uncertainty [22]. Adding to this uncertainty is a lack of
concordance among methods of ecological forecasting
that can survive and reproduce under climate change conditions. This action

could be necessary if invasive plants retreat from some areas.
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Box 1. Does global change favor invasive species over native species?

Invasive plants are a tremendously variable group. However, on

average, native and invasive plants differ with regard to some traits

[16], and some of these traits predispose invasive species to thrive in

the face of global change [5,12]. Perhaps most importantly, invasive

species are generally well suited to change. To become a successful

invader, a plant species must disperse into, tolerate, and then thrive in

new environments, which is essentially what species coping with

global change will have to do. The following traits could enable

invasive plants to thrive in the face of global change:

� Short generation times, high fecundity and strong dispersal ability

could help invasive plants expand into newly suitable habitat as the

environment changes. Short generation times might also help

invasive species evolve more rapidly and adapt to changing

environments (Figure Ia).

� Broad environmental tolerances for processes such as germination,

seedling survival and flowering could allow invasive species to

persist in marginal conditions, providing more opportunities for

adaptation to change.

� Rapid growth and high fecundity might allow invasive species to

rapidly colonize niches that are opened due to change [6,100]

(Figure Ib). Furthermore, rapid growth, and associated traits such as

low construction costs and strong enemy release, might make

invasive species particularly well suited to changes that increase

resource availability (elevated CO2, N deposition, changes in land

use or land cover and increased precipitation).

� Independence from mutualists might help invasive species thrive in

novel environments where they can take advantage of generalist

pollinators, seed dispersers or mycorrhizae (Figure Ic).

Figure I. Photographs illustrating traits that might favor invasive plants in an era of global change. (a) High seed production promotes dispersal of cheatgrass (Bromus

tectorum) (Photo courtesy of Erica Fleishman). (b) Rapid growth of Japanese knotweed (Polygonum cuspidatum) crowds out native species in Alaska (Photo courtesy of

USDA Forest Service). (c) Musk thistle (Carduus nutans) invasion is facilitated by generalist pollinators (Photo courtesy of Dan Cariveau).
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(e.g. models, experiments, observations, theory).Moreover,
realistic risk assessments demand input from many differ-
ent disciplines such as ecology, geography, economics and
climate science. In this review, we focus on three manifes-
tations of global change: climate change, increased
resource availability through rising CO2 and N deposition,
and changes in land use or land cover. We highlight both
scientific advances and research needs for improving inva-
sive plant forecasting with global change.

Climate change: temperature, precipitation, and
extreme weather
Rising global temperatures, altered precipitation regimes,
and changing magnitudes and durations of extreme
weather events are likely to alter the distribution and
prevalence of invasive plant species [5,6,9,11,12]. Climate
change could directly affect the physiological ability of an
Table 1. Likely impacts of global change on the prevalence of a ty

Element of global change Prevalence of p

Increased atmospheric CO2 +

Rising temperature �
Changing precipitation regime �
Changing land use or land cover +

Increased N deposition +

Increased global commerce +
a+ Likely to increase invasion risk for many plant species; � Might increase or decreas
invasive plant to persist in a given location, as well as alter
competitive interactions with native species. In the follow-
ing sections, we discuss recent results from modeling,
experimental and observational studies of climate change
and invasion.

Insights from modeling

Models predict how invasive plant distributions will shift
with climate change and model results provide managers
with spatially explicit risk assessments that can inform
future prevention and control efforts. Two types of model-
ing approaches are typically used to project distribution
shifts: envelope models and process-based models.

Envelope (also known as niche-based, species distri-
bution or habitat) models define suitable climate habitat
using species’ geographic distributions [23,24] and,
although simplistic [25], are commonly used for regional
pical invasive plant species (updated from [12])

lant invadersa Refs

[59–65]

[13,20,21,28,30–36,55]

[13,20,28,31,32,34–36,51–54]

[83–89]

[54,55,58,68–70,73,74]

[8,10]

e invasion risk

311



Table 2. Strengths and weaknesses of using the invaded, native, and total ranges of invasive plants for niche-based model
projections

Distribution used

for modeling

Strengths and weaknesses Refs

Invaded range Strengths: [96–99]

� Includes competition with relevant native species

� Approximates ‘realized niche’, or the environment in which an invasive plant can survive

given both abiotic conditions and biotic interactions

Weaknesses:

� Species might not be at equilibrium with environment*

� Distribution data might be lacking or biasedy

Native range Strengths: [29,37,38]

� Distribution close to equilibrium with environment

Weaknesses:

� Cannot account for niche changes between native and invaded range due to novel biotic interactions

� Distribution data might not be available, depending on the location of the native range

Total range Strengths: [29,99]

� Approximation of the ‘fundamental niche’ or abiotic conditions in which the invasive plant can survive

Weaknesses:

� Fundamental niche over-estimates current invasion risk, but could be a useful guide under climate change
*Niche-based models of Lythrum salicaria invasion in North America did not approach equilibrium until 100 years after invasion [96]
yPoint presence records can severely under-represent invasive plant distribution, and might be biased towards areas with low abundance [97], which in turn biases model

results [98]
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risk assessments of climate change impacts [26,27]. Envel-
ope models have become increasingly popular for project-
ing regional invasion risk as both distribution data and
climate change projections become more widely available
[13,20,28–36]. In addition to species-specific risk assess-
ments with climate change, the recent envelope modeling
literature has yielded two important findings.

First, projections of invasion risk are most accurate
when based on the invasive plants’ distribution in the
geographic range where it is invasive [29]. Envelope
models based on the species’ native distribution could
misrepresent invasion risk [37], whereas models based
on the total global distribution of the species could over-
estimate risk (Table 2). Thus, the combination of novel
biotic interactions [38] and novel environments that occurs
in invaded areas probably makes the invaded distribution
the best predictor of invasion risk under current and future
climate conditions. An added complication is that within
the same nation or region a single species can be invasive
in some areas but not invasive in others [1,30]. Hence,
envelope-based risk models could be improved by selecting
only species occurrence data from that portion of the
invaded range where the species truly can be classified
as ‘invasive’ [1] and therefore global information systems
for invasive plants that catalogue this type of information
should be supported [39,40]

The second important finding from the recent envelope
modeling literature is that climate change could reduce the
risk of some plant invasions. Models that predict that
climate change will impede plant invasion, or even lead
to invasive plant retreat, have been constructed for species
in the U.S.A. [13,28], Australia [32], and South Africa
[9,33]. The retreat of invasive plants could lead to oppor-
tunities for restoration of currently invaded landscapes
[13] but further research is needed to identify these oppor-
tunities and to provide sound guidance for ecological
restoration.

Process-based (also known as mechanistic) modeling,
uses estimates of species physiology, population dynamics,
312
dispersal ability and/or competitive interactions to project
distribution under current and future climate conditions
[41–43], and might ultimately be more robust than empiri-
cal envelope models [43]. Because process-based models
are data hungry, they are rarely applied to native plants
and very rarely applied to invasive plants [but see 44,45].
For native plants, the necessary physiological data are
often simply lacking. However, invasive species present
a unique opportunity for process-basedmodel development
since the physiological traits, competitive relationships
and dispersal abilities of invasive plants are often well
known from applied research (for example, information
compiled on invasive Prosopis spp. in South Africa [9]).
Invasive plants could be particularly well suited for
species-specific, process-based models aimed at assessing
the consequences of climate change.

Process-based models are needed for invasive plant risk
assessments, both on their own and in conjunction with
envelope models in an ensemble approach [46]. Combining
these twomodeling approaches, as has been done for native
forests [47], could improve invasion risk assessments,
which, in turn, could inform management decisions for a
given invasive species (Figure 1).

Insights from experiments and observations

Several recent studies have tested how rising tempera-
tures and changing precipitation (both magnitude and
seasonality) can affect competition between native and
invasive plants. Experimental designs have included test-
ing: invasive plant viability along latitudinal or topo-
graphic gradients [48–51]; the effects of season specific
irrigation [19,52–54]; and the effects of increasing tem-
peratures [21,55]. Observational studies have examined
the roles of higher temperatures and increased precipi-
tation on plant growth and range expansion [9].

Experiments have shown that increasing temperatures
and changing precipitation do not consistently aid plant
invasion. For example, warming reduced the growth and
productivity of invasive plants in Australian temperate



Figure 1. Integrated research needs for assessing plant invasion risk with global change. (a) Comparisons of niche-based and process-based modeling approaches are

needed based on the same species, location and climate change conditions [47]. The figures represent the geographic range of invasion risk with global change forecast by

the two types of models. Orange areas indicate maintained risk, red areas indicate expanded risk and green areas indicate reduced risk. When the two models are

combined, areas where projections overlap (red increased risk, orange maintained risk, green reduced risk) have high confidence, whereas areas with inconsistent

projections (grey areas) have lower confidence [46]. (b) Climate change projections provide a regional view of risk that must be refined for specific areas based on changes

in land use or land cover at landscape scales and local effects of increasing CO2 and N [23]. (c) Model results, whether individual or ensemble should be treated as

hypotheses about how a given change in climate would affect invasion risk in a given location. Models can be used to plan observational transects (blue dashed line) and

experiments (yellow stars) across a range of projected changes in invasion risk.

Review Trends in Ecology and Evolution Vol.25 No.5
grasslands relative to natives [21], whereas increased
winter precipitation enhanced invasive plant density
and biomass in a North American mixed-grass prairie
[54]. These findings indicate that changing temperature
and precipitation could help or hinder invasive plants
depending on the species, location, magnitude and season-
ality of change.

Changes in precipitation during specific seasons appear
to be a particularly important predictor of plant invasion.
For example, in a North American mixed-grass prairie,
higher winter precipitation greatly increased invasion, but
higher summer precipitation had onlyminor effects [54]. In
a California grassland, spring watering facilitated inva-
sion, but winter watering did not [19]. In the Great Basin
desert, fall and spring watering facilitated invasion, but
winter watering did not [52]. Observations in South Africa
indicate that increased rainfall enables tree invasion, but
only during warm summer months [9]. The importance of
seasonal changes in precipitation on invasion risk is also
supported by model results [28].

Climate change is likely to shift the magnitude and
duration of extreme events such as heat waves, droughts
and hurricanes [22]. InNew Zealand, heat waves promoted
invasion of fast-growing C4 annuals [56]. In South Africa,
large rainfall events increased germination and growth of
invasive trees in arid savannah [9]. Research on the
impacts of extreme climate events on invasive plants is
rare, but, given that extreme events are likely to have large
impacts on ecosystems [57], additional work on this topic is
needed.

Althoughmodeling and experimental approaches asses-
sing the impacts of climate change on invasive plants have
come to similar conclusions, only one study to date has
attempted to integrate modeling and experimental
approaches [50]. The authors experimentally tested the
predictions of an envelope model with respect to the inva-
sive plant Triadica sebifera and found that an index of
climatic suitability derived from the model was indeed a
good predictor of germination rates [50]. Extending this
approach to other species, along with other integrated
assessments, could vastly improve our confidence in eco-
logical forecasting and provide more robust projections for
management. In Figure 1, we outline a framework for such
an integrated assessment.

Global increases in plant resources
Resource availability has been positively linked to ecosys-
tem invasibility [14,15,58], suggesting that global changes
313



Review Trends in Ecology and Evolution Vol.25 No.5
that increase resource availability will facilitate invasion.
In the following sections, we discuss recent experimental
results testing the impacts of rising atmospheric CO2 and
N deposition on plant invasion.

Rising CO2

Rising atmospheric CO2 has a direct ‘fertilization’ effect on
plants, increasing resource availability in a relatively
uniform manner across terrestrial ecosystems, and this
is expected to favor invasive plants [14–18]. Although
previous studies have reasoned that rising CO2 levels could
help or hinder invasive plants [12], recent studies have
shown advantages for invasive plants for a range of species
and growth habits, including annual grasses invading
perennial shrublands [59,60], perennial shrubs invading
forests [61,62], annual forbs invading annual grasslands
[63], invasive perennial vines compared to native perennial
vines [64] and invasive perennials outcompeting native
annuals along an urban to rural CO2 transect [65].

However, it is worth noting that only one study to date
has measured the impact of rising CO2 coupled with rising
temperature [21]. In this study, which assessed growth and
reproduction responses of invasive perennial herbs in Tas-
mania, experimentalwarmingnegatedanypositive impacts
on invasive plants observed with rising CO2 alone [21]. This
finding suggests that the influence of CO2 on invasionmight
depend on its interactions with other global changes.

N deposition

Human activities, particularly the use of hydrocarbon-
based fuels and fertilizers, are dramatically increasing
the supply of available N [66]. As with elevated CO2, N
deposition directly increases plant resource availability. In
many ecosystems, N is the primary limiting resource for
plant growth [67]. Furthermore, N availability varies sig-
nificantly in space and time, leading to a wide range of
adaptations to N. Consequently, increasing N deposition
can dramatically alter plant communities, for example by
reducing plant diversity and causing extinctions of rare
species [58].

It has been hypothesized that N deposition in N-limited
areas will facilitate invasion because native species lose
the competitive advantages they have in low-N environ-
ments, and because invasive plants are often more com-
petitive with higher N. N deposition has been shown to
increase invasive plant biomass and competitive ability
relative to natives in ecosystems as varied as deserts [68],
grasslands [54,69], and tidal marshes [70], although in
other studies of invasive plant competition it has been
shown to have no effect [e.g. 71,72]. To our knowledge,
no studies have documented decreased competitiveness of
invasive plants with N deposition. Given the large number
of studies on N and invasion, meta-analyses could greatly
improve our ability to predict when and where N could
enhance plant invasion.

As with elevated CO2, the relative advantage that N
provides to invasive plants could be strongly mediated by
other forms of global change. For example N deposition
increased biomass of the invasive forb Linaria dalmatica
only in combination with increased winter precipitation
[54]. Conversely, the relative growth rate of the invasive
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forb Hesperis matronalis was increased by N deposition
only in the absence of increased precipitation [73]. Another
study found that N deposition combined with disturbance
increased the area covered by invasive plants [74].
Although few studies have looked at interacting effects
of global change on plant invasions, these examples for N
deposition indicate that interactions could affect the
impact of any single global change factor. This further
complicates attempts to generalize invasive plant
responses to global change.

Increasing plant introductions and disturbance
People facilitate the spread of invasive plants by altering
ecosystems (landscape disturbance) and by transporting
species to new locations [9,10,12]. In the following sections
we discuss results pertaining to the influence of land cover
change and increasing commerce on plant invasion.

Changes in land use or land cover

In the coming century, continued changes in land use or
land cover are likely to affect ecosystems as profoundly as
climate and resource changes [75,76]. For example,
deforestation could cause an additional 30% reduction in
the world’s remaining forests by 2100 [77]. Roads, settle-
ments and energy infrastructure at the wildland-urban
interface doubled between 1970–2000 and are expected to
continue to rise in coming decades [78]. These novel
disturbances harm native species and provide opportu-
nities for invaders to prosper [79]; they also form ‘‘corridor
pathways’’ that act as invasion conduits into both frag-
mented [80] and undisturbed landscapes [81].

For many invasive plants, physical disturbance creates
a rapid, large-scale increase in resource availability. For
example, deforestation can increase light intensity by an
order of magnitude, while simultaneously increasing
below-ground resource availability, all within a short time
period [74,82]. Recent studies have found strong positive
relationships between invasive plant presence and disturb-
ances such as roads [83–85], deforestation and forest
canopy mortality [86,87], urban areas [65,88], energy de-
velopment [85], grazing [9] and agriculture [85,89]. The
novelty, magnitude and rate of these disturbances make it
difficult for native plants to adjust and to resist invasion.

Given its dramatic effects on invasion, changes in land
use or land cover could have a greater impact on invasion
than other types of anthropogenic change. For example,
recent shifts in invasive plant distribution in the UK have
been linked to land-use rather than climate change, even
though species invading the UK appear to be well suited to
take advantage of recent warming [75].

However, in terms of the impacts of invasion on bio-
logical diversity, other global changes could be equally as
important as disturbance. Although changes in land use or
land cover increase invasion, they also directly decrease
biological diversity, and therefore limit the potential for
diversity loss associated with enhanced plant invasion per
se. In contrast, altered CO2, precipitation, temperature
and N deposition affect invasion in both disturbed and
undisturbed lands. Enhanced plant invasion caused by
these global changes could diminish biodiversity in other-
wise undisturbed areas.



Box 2. Critical research needs to improve forecasting of

invasion risk

Several areas of research related to invasive plants and global

change are currently under-represented in the literature. The most

pressing research needs include:

Test invasive plant responses to new variables

Studies to date tend to focus on responses to single global change

variables and neglect extreme events.

Researchers need to:

b Assess responses of invasive plants to multiple simultaneous

changes (e.g. climate change coupled with disturbance)

b Test the effects of extreme climate events on invasion risk

Integrate forecasting methodologies

The combination of multiple forecasting approaches would increase

confidence in risk assessments.

Researchers in the modeling community need to:

b Use sensitivity analyses to generate hypotheses about global

change impacts that can later be tested experimentally (Figure 1)

b Use model ensembles (multiple envelope models, multiple

climate change models/scenarios, multiple process-based models)

to increase confidence [46,47]

Researchers in the experimental and observational communities

need to:

b Use models as hypotheses to plan experiments and observations,

both in terms of locations and global change variables to be tested

b Perform meta-analyses of previously observed responses to

seasonal climate conditions and factors of global change for

particular invasive species and/or genera (e.g. [9,76])

Researchers in all communities need to:

b Compare existing projections for individual species based on

different methodologies to improve projections [47,50]
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Locations where disturbance drives invasion might be
the most successful candidates for restoration because, in
the absence of substantial changes to the abiotic environ-
ment, reestablishment of native species might be sufficient
to increase resistance to invasive plants [90]. In contrast,
other global changes might facilitate invasion through
changes in the abiotic environment that are difficult or
impossible to reverse. Considering the costs associated
with control and restoration once invasive plants are
established, minimizing new disturbances, such as roads,
might be the cheapest, most effective method of controlling
invasion.

Global commerce

Global commerce increases invasion risk as plants or plant
parts are brought in accidentally (e.g. seed contaminants)
or intentionally (e.g. plant trade) [8]. Climate change could
push the horticulture industry to import additional novel
species as gardeners find that plants they have tradition-
ally used no longer thrive in their gardens. Recent decades
have seen a pronounced northward shift in the U.S.
Department of Agriculture’s Plant Hardiness Zones, which
delineate the species capable of growing in different
regions of the country (http://www.nwf.org/gardenersguide/
gardenzone.cfm). Thus, global commerce in conjunction
with climate change seems likely to further alter invasion
pathways by opening new trade routes [10] and by causing
importers to seek out new species.More imports will almost
certainly result in more invasions, given that a high pro-
portion of today’s invasive species originated as horticul-
tural escapes [81]. A ‘‘polluter pays’’ policy, whereby plant
importers bear the cost of controlling escaped species that
become pests, could reduce future invasions by making
importers more cautious about the species they sell; how-
ever, such a policy would requiremeticulous record-keeping
and prompt detection of escapes, neither of which has
proven easy.

Conclusions
Studies investigating the link between plant invasions and
rising CO2, increased global commerce and changes in land
use or land cover show that global change might increase
the risk of plant invasion (Table 1). Evidence also suggests
that N deposition will generally favor invasive plants
(Table 1). Locations where these global change forces
dominate, such as urban areas [65], are likely to see
substantial rises in invasive plant abundance. However,
the situation is far less certain with respect to rising
temperatures and changes in precipitation. Some studies
point to advantages for plant invaders, whereas others
show no effect or even disadvantages. In addition, there
is clear evidence of interacting effects between different
components of global change, such as warming and CO2

rise [21], and precipitation and N deposition [54]. Uncer-
tainty as to how changing climatic variables (precipitation
and temperature) and interactions among global change
factors will influence plant invasions appears to be due to
the large range of responses and a lack of relevant studies.
Future research has the potential to reveal both general
patterns and rules specific to regions, ecosystems or types
of invasive species (Box 2).
Even if future research uncovers additional commonal-
ities, variation in both invasive plant species and the
dominant forces of global change will make it difficult to
apply general findings to specific species in specific
locations. This level of variability necessitates species-
specific assessments of invasion risk that factor inmultiple
components of global change and integrate across multiple
forecasting methods. Modeling studies that present clear,
testable hypotheses and experimental studies that directly
test or build upon such hypotheses (Figure 1 and Box 2)
would substantially increase confidence in projections,
thereby making risk assessments and restoration targets
more useful to management. Unfortunately, integrated
assessments are challenging to organize and fund due to
their broad scope and interdisciplinary nature. Thus,
scientists are likely to be forced to continue to take a
piecemeal approach to producing management-relevant
results.

Opportunities created by the retreat of invasive plants
due to climate change could greatly increase the scope and
scale of restoration efforts. Inmany cases, native plants will
be unable to reoccupy the sites once the invasive species
have retreated, necessitating ‘transformative’ restoration,
or the introduction of novel species where invasive popu-
lations decline [91]. This adds greater urgency to the
ongoing debate over how and whether managers should
engage in assisted migration [92,93]. The introduction of
315
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Box 3. Critical management needs for combating plant

invasions in an era of global change

Despite uncertainty about future invasion risk at the local level, there

are many proactive steps that the management and science

communities can take to diminish impending threats from invasive

plants.

Prepare for change

Research shows that shifts in invasive plant distribution and

abundance are very probable with global change. Managers need

to:

b Use invasion risk assessments to identify areas where invasion is

most likely to occur due to global change. Restrict land uses that

facilitate the spread of invasive species, and increase surveillance

for early invaders.

b Prepare for possible restoration opportunities in areas where

climate change is likely to cause invasive plants to retreat [13].

‘‘Transformative’’ restoration, or the introduction of novel species

assemblages, should be evaluated and tested if necessary [91,92].

Standardize information networks on invasive plants

Lack of access to information on distributions, successful treatment

strategies, and factors that increase invasion risks for particular

species can thwart appropriate management. Managers need to:

b Share information across global information networks (e.g. the

recently launched Global Invasive Species Information Network -

www.gisinetwork.org) to facilitate control efforts [39,40].

b Record invasive plant distribution and management information in

geographic information systems (GIS) to improve data sharing

and assessment.

Expand outreach efforts

The public by and large does not appreciate the scope of the

invasive plant problem, nor its impacts on ecosystems and the

economy. As a community we need to:

b Increase efforts to translate the combined risks from climate

change and plant invasion to the public through real-world

examples

b Outreach targeting the horticulture and landscape industries in

particular could reduce future introductions of species that

become invasive

Increase resources to combat invasive plants

In many nations, laws and programs exist to prevent and control

invasive plants, but low funding levels and insufficient staff make

them unenforceable or ineffective. Institutions need to:

b Hire additional personnel to control existing invasions and to

create management plans for future plant invasions

b Target pathways of invasive plant introduction through stricter

enforcement of import laws
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novel species assemblagesmight prove necessary to prevent
re-invasion by new invasive plants [91].

Owing to the uncertainty associated with species-
specific assessments, as well as chronically low levels of
funding, management would be well served by targeting
pathways of introduction and improved detection strat-
egies (Box 3) in addition to studies of specific species [94].
Reducing mechanisms that promote invasion, such as
poorly-regulated imports and changes in land use or land
cover, might be as productive, and perhaps more cost
effective, than focusing on particular species of invasive
plants. Further, there are likely to be substantial ecological
and economic gains associated with improved prevention
and control [2,95].

In many cases, the problem is not one of putting the
appropriate programs and policies into place, but rather of
adequately funding programs and policies that already
316
exist, along with improving coordination among agencies,
institutions and stakeholders. Neglect of invasive plants in
the face of global change will probably mean additional
environmental damage, economic losses andmissed oppor-
tunities for remediation.
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