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Abstract

This chapter investigates the complex challenges of using introduced insects for weed biocontrol in the context
of climate change. It explores how changing climatic factors, such as temperature, precipitation and CO,
levels, affect the physiology, behaviour and ecological interactions of both invasive plants and their biological
control agents (BCAs). These changes can greatly impact the effectiveness and safety of biocontrol efforts. This
chapter emphasizes the need to integrate evolutionary biology with ecological modelling to accurately predict
and manage these impacts. Additionally, it addresses the potential for non-target impacts resulting from altered
habitats and phenological overlaps caused by climate change. By proposing interdisciplinary strategies, this
chapter offers a framework for developing sustainable, eco-friendly biocontrol methods as traditional chemical
approaches become less viable. This synthesis of current research is crucial for those seeking to improve weed
management practices in the context of global climate change and the One Health concept.

4.1 Introduction development of associated herbivores as well as

antagonists at higher trophic levels. Together,

In this chapter, we delve into the intricate
trophic interplay of plant—herbivore dynamics,
a complexity climate change is anticipated to
amplify. The profound effects of climate change,
such as alterations in temperature, precipita-
tion, CO, levels, insolation and the frequency of
extreme climatic events, are shaping all stages
of the plant invasion process, from introduction
and establishment up to spread and impact.
Concomitantly, they also affect growth and

*Corresponding author: yan.sun@mail.hzau.edu

these changes subsequently impact species
interactions, ecosystem services and human
livelihoods. The chapter asserts that classical
biological control has historically been an effec-
tive and cost-efficient strategy to mitigate plant
invasions (Miiller-Schérer and Schaffner, 2008,
2020). However, understanding how climate
change alters the dynamics between host plants
and biocontrol agents (BCAs) remains largely
unexplored.
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The complexity of interactions involving
invasive plants, biotic and abiotic components
under varying climatic scenarios presents policy
and management challenges. These include
assessing effectiveness and biosafety of biocon-
trol methods under different climate change sce-
narios. Specifically, climate change is expected to
affect invasive weeds and BCAs through impacts
on metabolism, phenology, physiology and their
interactions, as well as effects on non-target
attack of native plant species.

As we scrutinize the interplay between
climate change and weed biocontrol, we observe
that climate change may severely alter interac-
tions of invasive weeds and BCAs by influencing
phenotypic traits such as physiology, biochem-
istry, life history and phenology, or by changing
the abiotic and/or biotic environments in which
these interactions occur. This can modify the
frequency, timing, intensity and duration of
interactions between plant invaders and BCAs,
thereby enhancing or reducing effects on plant
invaders. Because plants differ in their suscepti-
bility to damage at different life stages, changes
in timing of insect and weed emergences under
climate change could modify the consequences
of insect feeding. Geographic distribution
changes, especially with warming and more fre-
quent extreme events, can impact interactions
between BCAs and weeds as differential migra-
tion rates of insects, host plants, higher trophic
level agents and other species create novel biotic
interactions and new above- and below-ground
communities. The net effect of climate change
on weed biocontrol will depend on the relative
strengths of these various responses to multiple
climate change factors.

Understanding evolutionary aspects is also
crucial as invaders and BCAs rapidly evolve in
response to environmental shifts. Many cases
of rapid adaptive evolution have been reported
for invasive plants, including shifts in resource
allocation from defence to growth, local adapta-
tion to new habitats and climates, evolution of
phenotypic clines along climatic gradients, evo-
lution of greater dispersal ability,and increases
in rates of population growth and expansion
(Helliwell et al., 2018; Sotka et al., 2018). For
instance, van Boheemen et al. (2019) found a
shift to warmer and wetter climates in the intro-
duced European and Australian ranges of the
North American native Ambrosia artemisiifolia

L. (Asteraceae). Despite the recent introduc-
tions into Australia and a bottleneck limiting
genetic variation, their results indicate rapid
and repeated adaptation to more productive
environments, potentially contributing to trait
divergence between the ranges.

Evolutionary adaptation is also expected for
BCAs when they encounter novel environments
or changes in climatic conditions, especially for
species with short generation times. Integrating
evolutionary studies into different stages of weed
biocontrol programmes can help predict and
adapt management strategies to these changes.
For instance, using reciprocal transplants or
common garden experiments coupled with
population modelling, researchers could match
climatically adapted BCA candidates with their
target release environments or evaluate their
potential evolvability under changing selection
pressures (Miiller-Schérer et al., 2020). High
genetic variance in life history and abiotic stress
tolerance traits may allow researchers to screen
for strains or populations that could adapt to
future climates.

In conclusion, the intricate trophic rela-
tionships among plants, herbivores and their
natural enemies under the lens of climate
change reveal a complex, dynamic and chal-
lenging field of study, necessitating an interdis-
ciplinary approach that integrates ecological,
evolutionary and modelling perspectives to
foresee and mitigate the impacts of climate
change on weed biocontrol. Practitioners of
classical biological control of invasive weeds
are confronted with a dual expectation: suc-
cessfully control plant invaders while avoiding
damage to non-target plants and adverse
indirect effects. In the following, we specifically
address (1) effectiveness and (2) biosafety of
weed biocontrol under climate change, and
then (3) future opportunities for weed biocon-
trol in the light of increasing plant invasions
due to global change and decreasing availabil-
ity of alternative management tools (herbicide
bans and absence of new molecules). Thus,
eco-friendly management methods are becom-
ing increasingly important as an integral part
of the One Health concept that emphasizes
biological control (Essack, 2018).
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4.2 Classical Biological Control
under Climate Change

Classical biological control involves intentional
introductions of natural enemies from the
invasive plant’s native region to suppress its
populations in the new environment (Mtiller-
Schirer and Schaffner, 2008). Climate change
introduces variables that can affect the biology
and ecology of invasive plants and their BCAs.
The complexity of these interactions under
varying climatic conditions presents unique
challenges for policy and management strate-
gies in biocontrol programmes. Integrating
considerations of climate change into biocontrol
strategies is crucial for ensuring their effective-
ness and environmental responsibility in the
long term.

With growing concern about climate
change effects and plant invasions, publications

and their citations of plant invasions under
climate change have sharply increased over the
past 20 years. This is paralleled by increases in
studies on climate change and weed biocontrol,
highlighting the interest in exploring bio-
logical control measures as an integrated and
adaptable tool to successfully manage plant
invasions under climate change conditions
(Fig. 4.1). However, our understanding of bio-
control outcomes under the full complement of
climate-driven changes remains rudimentary
(Fig. 4.2). Multiple reports suggest that climate
change may promote plant invasions and
increase their impact (Dukes and Mooney,
1999; Bradley et al., 2010; Gioria et al., 2023),
while studies of climate change effects on
performance and impact of BCAs report both
positive and negative outcomes, with variable
consequences for their efficacy and safety (Sun
etal., 2020a).
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Fig. 4.1. Literature survey since 1990 on increase of publications on invasive weeds under climate
change compared to increase of weed biocontrol under climate change. Bars represent the number of
publications per year and the lines represent the sums of citations per year.
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Fig. 4.2. Impact of climate change on plant invasions, weed biocontrol insects and their interactions
(i.e. management; dashed lines) as evidenced from literature. 0/+/— representno, positive and negative

effects. Modified from Sun et al. (2020a).

4.3 Weed Biocontrol Efficiency and
Impact under Climate Change

Climate change is expected to affect perfor-
mance, population build-up and spread of both
plant invaders and their BCAs independently,
and therefore the frequency, timing, intensity
and duration of their interactions. Thus, pre-
dicting agent impacts on plant invaders under
climate change conditions is complex and highly
demanding and net effects of climate change on
weed biocontrol will depend on relative strengths
of responses to multiple climate change factors
(see Fig. 4.2).

In the following, we address sharp declines
in insects worldwide under climate change vs
increases in insect pests and ask: (i) are weed
biocontrol insect impacts like natural insects
(decreasing) or crop pests (increasing) under
climate change? (ii) How will various climate
change factors affect BCA impacts? (iii) Climate
change will affect invader demography and
population genetics, thus how to best match

genotypes and phenotypes of invaders and
BCA to optimize biocontrol effectiveness. (iv)
Will recent advances in predictive modelling
tools including life-history traits and climate-
dependent vital rates allow spatially explicit
long-term forecasts of BCA success and impacts?

4.3.1 Are weed biological control agents
winners or losers under climate change?

A recent review reported dramatic declines of
insect species worldwide that may lead to extinc-
tion of 40% of insect species over the next few
decades, with Lepidoptera, Hymenoptera and
Coleoptera being most affected in terrestrial
ecosystems (Sanchez-Bayo and Wyckhuys,
2019). Coleoptera and Lepidoptera are also the
taxa most often used in weed biological control
projects (Schwarzlander et al., 2018). The main
drivers of species decline in order of importance
appear to be habitat change, pollution (mainly
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synthetic pesticides and fertilizers), biological
traits and climate change, with climate warming
accounting for 12.6% of the decline, mainly in
tropical areas. Concurrently, a small number
of species are becoming more abundant; these
are adaptable, mobile generalist species occupy-
ing newly vacant niches (Thomas et al., 2004;
Sanchez-Bayo and Wyckhuys, 2019).

In contrast, a recent report released by the
Intergovernmental Panel on Climate Change
(IPCC, the UN’s authority on climate change)
(Legg, 2021) addressed how climate changes
will affect crop losses worldwide, especially from
insects. For instance, Deutsch et al. (2018) esti-
mate grain (rice, maize and wheat) yield losses of
10-25% per 1°C of global warming, especially
in temperate regions that produce most grain.
This reflects rising temperatures boosting insect
digestion rates and warming temperatures in
temperate regions increasing insect activity
and reproduction. Furthermore, warming is
expected to increase crop losses to insect pests
through geographic range expansions, human-
assisted introductions, biological invasions of
pest species, effects on natural enemies of pests
and changes in plant nutrient content and
defence. Some responses may be compounded
by interactive effects of warming with other
factors, such as changing rainfall patterns and
increasing atmospheric CO, concentrations.
Thus, how will insect BCAs influence invasions
from establishment, performance and popula-
tion build-up, up to spread and impact?

First, BCAs must be host plant specific and
reared free of antagonists. They often originate
from one or few populations from a limited
eco-geographic range (Sun et al., 2017). Habitat
loss and conversion to intensive agriculture and
urbanization will favour the target host and so
the BCA. Biological factors, including pathogens
and introduced species, are not expected to neg-
atively impact BCAs, at least in the short term.
Pollution (mainly synthetic pesticides and ferti-
lizers) will only negatively affect BCAs targeted
on crop weeds, but not the 90% of BCAs that
are used against environmental weeds (Miiller-
Schérer et al., 2018). Like many insect pests,
BCAs rely on a single host plant in a given area,
but crops, noxious weeds and plant invaders are
abundant and predictable, and thus less affected
by the main drivers of insect decline. Based on
this, BCAs are rather like insect pests and thus

their performance and impacts are expected to
increase under rising temperatures and CO,
levels, especially in temperate regions. In bio-
logical control against insect pests, the BCAs are
predators and parasitoids, i.e. at the top of the
trophic chains, while in the control of invasive
plants, the BCAs are phytophagous insects, so
at a lower level of the trophic chain. Based on
this, the weed BCAs should be less affected by
climate change than the BCAs of insect pests,
with either positive or negative outcomes for the
population increase of the weed BCA and thus
for the impacts on the plant invaders.

4.3.2 Drivers of climate change affecting
herbivorous insects

Insects are poikilotherms so temperature is prob-
ably the critical environmental factor affecting
their behaviour, distribution, development and
reproduction (Damos and Savopoulou-Soultani,
2012; see also Chapter 1 of this book). Warming
is expected to increase overwintering survival,
increasing the number of generations but
with lower body weight and thus fecundity,
although with overall increasing abundance.
Postintroduction expansion to newly suitable
areas under climate change is expected, but
impacts will greatly depend on parallel spread
and phenological synchrony with the target
host, which remains difficult to predict.

Theoretically, in temperate regions, tem-
perature increase is expected to result in optimal
metabolic activity and thus population increase
and range expansion, but not in the tropics,
where temperatures are already optimal for many
insects for rapid growth (Deutsch et al., 2018;
Skendzi¢ et al., 2021). As outlined above, this
response to climate warming has been well docu-
mented for insects in general (population decline
mainly in the tropics) and insect pests in particu-
lar (increasing crop losses due to insects mainly in
temperate regions). Unfortunately, based on our
bibliographic review (see Fig. 4.1), this has not yet
been explored for outcomes of weed BCAs.

Effects of elevated CO: on insect performance
are mainly mediated through changes in host
plant quality. Forinstance, Basoetal. (2021) inves-
tigated the effects of elevated atmospheric CO-
on the biological control of four invasive aquatic
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weeds, Azolla filiculoides Lam. (Salviniaceae),
Salvinia molesta Mitch. (Salviniaceae), Pistia
stratiotes L. (Araceae) and Myriophyllum
aquaticum (Vell.) Verdc. (Haloragaceae), which
presently are under successful control by their
respective BCAs Stenopelmus rufinasus Gyllenhal
(Coleoptera: Curculionidae), Cyrtobagous salviniae
Calder and Sands (Coleoptera: Curculionidae),
Neohydronomus affinis Hustache (Coleoptera:
Curculionidae) and Lysathia sp. (Coleoptera:
Chrysomelidae), respectively, in South Africa. At
elevated CO, the authors found a general overall
increase in biomass production across all weed
species, and a reduced insect feeding damage,
except for S. molesta. They conclude that although
plants will respond differently to CO. increase,
the general trend suggests that these species will
become more challenging to manage through bio-
logical control in future. In another experimental
study, Paper et al. (2023) examined the interac-
tion between water hyacinth Pontederia crassipes
Mart. (Pontederiaceae), one of the world’s worst
aquatic weeds and a target for biological control,
and two insect biocontrol agents, the leaf-
chewing Cornops aquaticum Briner (Orthoptera:
Acrididae) and the phloem-feeding Megamelus
scutellaris Berg (Hemiptera: Delphacidae) under
elevated CO.. Pontederia crassipes (Mart.) Solms
(Pontederiaceae) growth responses increased
when exposed to insect herbivory, with chewing
herbivory by C. aquaticum being consistent across
CO: conditions, whereas the feeding by M. scutel-
laris increased substantially at elevated CO.. This
indicates that successful biological control of
water hyacinth under elevated CO: conditions
might rely on phloem-feeding insects, with
chewers playing a lesser role.

Similarly, changing precipitation pat-
terns may result in more frequent and intense
drought and flooding. On the one hand, heavy
rainfall can wash away insect larvae and
eggs from plants and decrease overwintering
probability through flooding and prolonged
stagnation of water, while drought-stressed
plants may become more susceptible to insect
attack because of decreased chemical defences.
Henrikson et al. (2018) studied the interaction
between the plant invader Alternanthera philox-
eroides (Mart.) Griseb. (Amaranthaceae) and the
introduced biocontrol beetle Agasicles hygrophila
Selman and Vogt (Coleoptera: Chrysomelidae:
Halticinae) in terrestrial (well-watered) and

flooded environments in Texas. They found
that the hydrological environment may affect
invasive plant performance by altering herbi-
vore oviposition and feeding preferences. Under
controlled conditions, flooding increased leaf
toughness and decreased beetle consumption,
and beetles preferred to feed and oviposit on ter-
restrial plants in choice trials.

In summary, a multitude of direct and indi-
rect host plant-mediated effects of various climate
change factors can alter the frequency, timing,
intensity and duration of interactions between
plant invaders and BCAs and, as the above exam-
ples show, impacts of BCAs on plant invaders may
be enhanced or reduced. Furthermore, changes
in geographic distributions, especially as the
climate continues to warm and extreme events
become more common, can impact interactions
between BCAs and weeds as differential migration
rates of insects, host plants, higher trophic levels
and other species create novel biotic interactions.
Sun et al. (2017) used a biogeographic approach
and species distribution models to select among
six BCA candidates and their combinations to
potentially cover a large European range of the
North American invader A. artemisiifolia, under
both current and future bioclimatic conditions.
Besides a considerable discrepancy in geographic
range overlap between Europe (31.4%) and North
America (83.3%), which might be partially due to
the expansion of ragweed in Europe and the fact
that habitats with high ragweed occurrences in
Europe are rare in North America, and predicted
to be unsuitable for the candidates, they found
total geographic range of all candidates combined
to decrease under climate change in both ranges,
but that the species will respond differently.
Complex modelling tools are therefore urgently
needed to make realistic predictions of biological
control outcomes under future climate conditions
(see below).

4.3.3 How to best match genotypes and
phenotypes between plant invaders and
BCAs to optimize biocontrol effectiveness

Many cases of rapid adaptive evolution have
been reported for invasive plants, including
shifts in resource allocation from defence to
growth (Coley, et al., 1985; Orians and Ward,
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2010), local adaptation to new habitats
(Colautti and Barrett, 2013) and climates such
as by the evolution of phenotypic clines along
climatic gradients (Yang et al., 2021), evolution
of greater dispersal ability (Alex Perkins et al.,
2013) and increases in rates of population
growth and expansion (Lee, 2010; Hodgins
et al., 2018). According to the evolution of
increased competitive ability (EICA) hypothesis
(Blossey and Notzold, 1995), mechanical and/
or chemical defensive characters may be adap-
tive in the presence of enemies, but they become
unnecessary and costly when these enemies
are absent, such as when introduced into new
areas. This has been widely tested, for instance
in Silene latifolia Poiret (Caryophyllaceae), which
was introduced from Europe to North America
¢.200 years ago. A common garden experiment
in Europe revealed that plants from North
America have evolved a two-to-threefold higher
reproductive potential, at the expense of higher
susceptibility to fungal infection, fruit predation
and aphid infestation, compared to plants from
Europe (Wolfe et al., 2004). Rapid evolutionary
change can also occur in BCAs post introduction
in response to new climatic and environmental
conditions (Suarez and Tsutsui, 2008; Roderick
et al., 2012), especially for species with short
generation times (Van Asch et al., 2013; Sziics
et al., 2017; Wright and Bennett, 2018). A
recent review of experiments and theory sug-
gests BCA changes following introduction may
be larger than previously considered (Sziics
et al., 2019). As outlined above (see Fig. 4.2), a
priori predictions of interactions between a plant
invader and its BCAs are difficult, even more
so when including a parallel change in climate
conditions for both a plant invader and BCA has
an ecological and evolutionary dimension.
Populations of both a plant invader in the
introduced range and its potential BCAs in the
native range may be genetically differentiated
among geographically distinct regions. A first
pragmatic approach to test the outcome of their
interaction when brought together has recently
been tested by Sun et al. (2020b) by challenging
various plant genotypes of the target invader A.
artemisiifolia with genotypes of the accidentally
introduced and now successful BCA in China,
the ragweed leaf beetle Ophraella communa L.
(Coleoptera: Chrysomelidae). Both the invader
and its antagonist were collected over three

continents, i.e. in their native North American
and introduced European and Chinese ranges
and across large environmental amplitudes. The
authors found the BCA genotype to be the criti-
cal factor, as some were effective against most
plant genotypes, indicating the potential for at
least short-term control efficacy. This approach
will also indicate where to find the most efficient
BCA genotypes, and it could be extended to set
up these genotype-by-genotype interactions
under different temperatures mimicking climate
warming. An alternative approach for under-
standing and predicting population dynamics
under climate change is the incorporation of
climate-dependent vital rates of the BCA into
species distribution models (cf. below).

4.3.4 Recent advances in predictive
demographic modelling tools

In addressing the escalating complexities
of weed biocontrol under climate change, it
becomes evident that traditional modelling
approaches may not suffice. To effectively
predict and manage the future interplay of
plants and herbivores, we must develop more
sophisticated predictive modelling tools that
incorporate a detailed understanding of life-
history traits and climate-dependent vital
rates (Sun et al., 2020a). Life-history traits,
including reproduction, growth and survival
rates, are fundamental to understanding how
species respond to environmental changes.
These traits are shaped by evolutionary forces
and current environmental conditions and can
provide insights into resilience and adaptability
of both invasive plants and their BCAs. Models
incorporating these traits can help predict how
species will respond to various climate scenarios,
including changes in temperature, precipitation
patterns and the frequency of extreme events
(Kearney and Porter, 2009), such as integral
projection models (IPMs) (Easterling et al.,
2000) and DYMEX (Hearne Scientific Software)
(Maywald et al., 2007). For example, a process-
based population dynamics model predicted that
invasive Buddleja davidii Franchet (Buddlejaceae)
would succumb rapidly to damage by its bio-
control weevil Cleopus japonicus Wingelmtller
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(Coleoptera: Curculionidae) under warming
conditions (Kriticos et al., 2009).

Incorporating these factors into predictive
models requires a detailed understanding of the
species in question, including their physiology,
behaviour and interactions with other species
and the environment. It also requires sophisti-
cated modelling techniques capable of capturing
the complexity of biological systems and their
responses to a changing climate. This might
include mechanistic models based on underly-
ing biological processes that can make detailed
predictions about how species will respond to
specific environmental changes. Moreover, these
models must be dynamic, capable of adapting to
new information and changing conditions. This
requires ongoing research and data collection,
as well as a willingness to revise and improve
models as new information becomes available.
Combining species distribution models (SDMs)
and mechanistic (process-based) models by inte-
grating physiological models of insect develop-
ment into SDMs based on habitat suitability may
enable more robust predictions of both range
shifts (Kearney and Porter, 2009) and popula-
tion abundances (Keith et al.,, 2008; Gallien
et al., 2010). Such a combined approach identi-
fied climatic factors limiting populations of O.
communa, a biocontrol candidate of invasive A.
artemisiifolia, and predicted its potential popula-
tion density across its suitable European range
and the relative importance of those climatic
factors on the population growth (Augustinus
etal., 2020).

In conclusion, as the interplay among
plants and herbivores becomes increasingly
complex under climate change, we need more
detailed predictive modelling tools. These tools
must incorporate life-history traits and climate-
dependent vital rates to provide accurate predic-
tions about weed biocontrol. Further studies
would benefit from integrating theoretical mod-
elling, physiological/behavioural experiments
and experimental population studies under
climate change conditions into a biocontrol
programme. By embracing complexity and striv-
ing for a deeper understanding of the systems
we seek to manage, we can develop models that
not only predict the future but also guide our
actions.

4.4 Non-target Effects under
Climate Change

Climate change can modify non-target plant
effects of insect BCAs via ecological mechanisms
by increasing geographical or phenological
overlap of a BCA and a plant in its potential host
range (examples for alligator weed flea beetle
detailed below) or by changing the realized
host range (Acacia bud-galling wasp example
below). Evolution can enhance these ecological
mechanisms through evolved expansions in
climatic niches or fundamental host ranges. In
the short term, ecological effects are likely to
be more important despite the potentially rapid
evolutionary rates of herbivorous insects.

Non-target effects can increase if plants
potentially within the BCAs host range that
formerly had ranges distinct from the agent
become sympatric with it. For instance, alligator
weed flea beetle A. hygrophila, a BCA introduced
in 1986 to China (from USA populations origi-
nally sourced from South America) to control
alligator weed A. philoxeroides, has shifted its
distribution to overlap with the non-target
native plant Alternanthera sessilis (L.) R. Br. ex
DC. (Amaranthaceae) and is now damaging
this plant (up to 40% leaf area removal) (Lu
et al., 2015). Because, on average, insects shift
their elevational and latitudinal range limits
more rapidly than plants do (Lenoir et al., 2020),
potential increases in non-target effects with
climate change are likely to be driven primarily
by BCAs expanding their ranges to overlap those
of non-target plants rather than non-target
plants expanding their ranges to overlap with
BCAs. Evolved increases in climatic niches of
BCAs could magnify their range overlap with
non-target plants but insects appear to have little
evolutionary response to warming (Weaving
etal.,, 2022).

Non-target effects can increase if plants
potentially within the BCA's host range that
formerly had phenologies distinct from the
agent begin to have overlap of the non-target
plant’s vulnerable stages with a period of active
feeding by the BCA. For instance, A. hygrophila
increased its non-target effects on A. sessilis
in China in part through a shift in the plant’s
life history from perennial to annual with
increasing latitude around 26°N (and from no
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emergence holes to ~10/0.25m? of cover) (Lu
et al., 2015). Because both insects (Bale et al.,
2002) and plants (Parmesan and Hanley, 2015)
change their phenology with climate, non-
target effects may either increase or decrease
depending on their relative changes (Forkner
et al., 2008). The net impact of climate change
on non-target effects depends on phenology of
plant defences and plant nutrition but these also
respond directly to climate change (Pincebourde
et al., 2017) which makes it difficult to predict
the overall contributions of phenology. Insects
have been shown to evolve new phenologies in
response to climate change, such as Rhinocyllus
conicus (Froel.) (Coleoptera: Curculionidae)
introduced to control invasive thistles (especially
Carduus nutans L., Asteraceae) in North America
(Russell and Louda, 2004 ), which indicates that
evolved changes in the phenology of non-target
plants and/or BCAs could magnify or dampen
impacts of climate change.

Climate change can impact realized host
ranges of BCAs through a phenotypic response
(i.e. plants that already co-occur geographi-
cally and phenologically with the agent are fed
upon). Non-target effects of BCAs may increase
or decrease as their population densities vary
in response to changing climate conditions.
For instance, one study with Trichilogaster
acaciaelongifoliae  (Frogatt)  (Hymenoptera:
Pteromalidae) introduced to control Acacia longi-
folia (Andrews) Willd. (Fabaceae) in South Africa
found that a greater number of exotic woody
plants were attacked when its population densi-
ties were higher (Dennill et al., 1993). Although
insect populations and herbivory increase when
temperatures increase (Currano et al., 2008;
Lemoine et al., 2013), which would be expected
to increase non-target effects by spillover, such
increases may be offset by direct effects of tem-
perature on insect diet breadth. For example,
Popillia japonica (Coleoptera: Scarabaeidae; not
a BCA) has a narrower diet breadth at higher
temperatures (Lemoine et al.,, 2013). So, the
net impact of climate change on non-target
effects via phenotypic changes in host ranges
will depend on agent densities together with the
indirect and direct effects of warming on agent
diet breadth.

Biological control agents could also evolve
a broader fundamental host range, putting
additional non-target plants at risk of attack.

However, reviews have found little evidence of
such expansions of fundamental host ranges
(van Klinken and Edwards, 2002; Wright and
Bennett, 2018). More common, though still
rare, is evolved higher performance of a BCA on
a non-target plant but there does not appear to
be arole of climate change in this evolved higher
performance (van Klinken and Edwards, 2002).
Even more commonly observed are evolved
changes in quantitative traits that enhance
performance of insects on their new hosts (van
Klinken and Edwards, 2002). Such changes may
increase non-target effects if an expansion of
fundamental host range occurs.

A special case is accidental introductions
of potential biological weed control agents, i.e.
unintentionally introduced natural enemies,
which are already used for biological control of
plant invaders in another part of the invaded
range (Miiller-Schérer et al., 2020). As for all
non-native species, such introductions have
increased with global exchange of goods and
human travel. They offer opportunities to assess
host use of agents with a potentially broader
fundamental host range than those approved
for field release directly in target areas, allow-
ing comparison with records from literature
surveys or, if available, with predictions from
pre-release studies that rejected their introduc-
tion (Miiller-Schérer et al., 2020). An example,
presently well studied by an international
consortium, is the accidental introduction of
O. communa into Europe as a potential BCA
against ragweed. It was first recorded in 2013 in
southern Switzerland and northern Italy, from
where it has subsequently spread eastward up to
Romania and recently also westwards to France
(Miiller-Schérer et al.,, 2018; Miiller-Schérer
et al., 2024; Sun et al., 2022). Insights gained
from detailed postintroduction studies of such
accidentally introduced species will help to
critically review and extend pre-release studies
and thus re-evaluate the presently strict release
criteria, as they might exclude safe and efficient
agents. Miiller-Schérer et al. (2020) proposed
full development on non-target species under
no-choice laboratory conditions should indicate
only which test plant species should be used in
further studies on biosafety. The focus should
be on population growth rate rather than on
survival on individual non-target plants, as a
negative population growth rate on a non-target
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plant would indicate no sustainable population
on this non-target plant, although spillover
effects may occur (Hinz et al., 2019).

4.5 Biological Control Opportunities
Will Increase

4.5.1 Continued plant invasions under

climate change

The introduction of alien species in new regions
is an old phenomenon and their accumulation
shows no signs of saturation (Seebens et al.,
2017). In 2020,~14,000 plant species with
established alien populations in at least one
region were known, representing 4% of the
world flora (Pysek et al., 2020). The first stages
of biological invasion (transport, introduction)
are mainly driven by economic activities, and
vascular plants will continue to be spread to
new areas through increased air travel (main
vector for low-income countries) and trade of
cultivated plants (main vector for high-income
countries) (Early et al., 2016). A global model
projects an average increase of new vascular
plant species of 18% in 2050, with a maximum
of 41% in temperate Asia, and most new species
in Australasia (1065), followed by Europe (997)
(Seebens et al., 2021).

Climate change is proportionally more
important in facilitating later stages of biologi-
cal invasion (establishment, spread). Interacting
with land and sea use change, climate change
is predicted to amplify the future threat from
invasive species, especially in disturbed habitats
and in nearby natural habitats (IPBES, 2023;
www.ipbes.net). A global analysis of climate
change effects on invading taxa and receptivity
of habitats showed overall increased perfor-
mance of invasive species amongst plants,
and in terrestrial habitats. Specifically, altered
precipitation and CO, levels would enhance
invasive woody plants and forbs in outcompet-
ing native plant species (Stephens et al., 2019).
Severe plant invasions are expected in coastal
and high-latitude ecoregions, such as coastal
rivers, temperate forests and alpine vegetation
(Wang et al., 2019). In line with these global
predictions, local studies forecasted northward
range expansion of tropical invasive plants in

the south-eastern USA due to future winter
warming (Osland et al., 2023) and increased
chances of establishment for invasive plants in
Poland (Solarz et al., 2023).

In agriculture, climate change is gener-
ally expected to aggravate weed problems by
positively impacting weed growth, but imposing
more biotic and abiotic stress on crops (Varanasi
et al., 2016). Invasive plants have been identi-
fied as an increased risk for agro-ecosystems
under climate change, for example in Sri Lanka
(Marambe and Wijesundara, 2021). In addi-
tion, climate change will probably decrease the
current efficacy of most herbicides, making
weed management an even greater challenge
for sustainable crop production (Varanasi et al.,
2016). As addressed earlier in this chapter,
adaptation of invasive plants to climate change
may exacerbate problems. As climate change
and invasive species are drivers influencing
each other, policy and management should thus
consider their combined threats (Bradley et al.,
2022).

4.5.2 Political landscape - chances and
threats for weed biocontrol

In recent decades, the need to take action
globally against invasive species to protect biodi-
versity has been widely recognized, as reflected
in several global agreements. In 2015, the
United Nations' 2030 Agenda for Sustainable
Development set 17 goals, including ecosystem
conservation and measures against invasive
alien species. The CBD 2022 (Convention on
Biological Diversity, www.cbd.int) urges action
against invasive species. The 2022 Kunming-
Montreal Global Biodiversity Framework (www.
cbd.int/gbf) aims to stimulate national efforts
on biodiversity goals, including invasive species
prevention and control. A 2023 IPBES report
highlights that, with sufficient resources, politi-
cal will and long-term commitment, preventing
and controlling invasive species are achievable
and beneficial for people and nature. This need
for action can enhance development and/or
adoption of (sustainable) methods like biological
control.

In an agricultural context, recent policies
are also promoting herbicide-free alternatives
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for weed control. The EU Environmental Agency
acknowledges that widely used chemical pes-
ticides in food production systems are a major
source of pollution and biodiversity loss (www.
eea.europa.eu/publications/how-pesticides-
impact-human-health). In the context of the
mission-driven European Green Deal to achieve
a climate-neutral continent by 2025 (Boix-Fayos
and de Vente, 2023), the Farm2Fork strategy
includes a specific goal to reduce the use and risk
of chemical pesticides by 50% by 2030 compared
to the (EC, 2020). Herbicides made up 34% of
the mass of chemical pesticides used in the EU
from 2010 to 2019 (Triantafyllidis et al., 2023).
In the past few decades several important and
commonly used hazardous chemical herbicides
have already been banned, including atrazine in
2004 and paraquat in 2007. Currently, a ban on
glyphosate is being debated (but rejected by the
European Commission in 202 3). In addition, the
EU’s mission 'A Soil Deal for Europe’ stimulates
research into innovative solutions contributing
to healthier soils. Together, these policies and
strategies favour the inclusion of non-chemical
alternatives for integrated weed management,
including the use of biological control agents
(Tataridas et al., 2022).

Although it is suggested that reducing
herbicides may be more challenging than other
groups (e.g. fungicides, insecticides), integrated
weed control is feasible (Triantafyllidis et al.,
2023). Indeed, eliminating paraquat has saved
lives without reducing agricultural productivity,
thanks to the use of less hazardous and more
sustainable alternatives (Stuart et al., 2023). As
farmers are often confronted with a multitude
of weed species, it is unlikely that classical
weed control will be the solution for all of these
species. Agriculture may nevertheless benefit
greatly from classical weed biocontrol pro-
grammes. Examples include cases where specific
exotic weed species were widespread and very
dominant in specific agricultural sectors or land-
scapes, such as the very cost-effective control of
common ragwort on dairy farms in New Zealand
using flea beetles (Fowler et al., 2016). In other
cases, invasive plant species are weeds in both

crop and non-crop land (Miller-Schérer et al.,
2018) and are not exclusively targeted for agri-
cultural purposes. Finally, classical BCAs may be
augmented by mass releases to accelerate spread
or increase local densities, as is being practised
with the leaf beetle O. communa in China to
control the highly allergenic common ragweed
that is both an environmental and a crop weed
(Miiller-Schérer et al., 2018).

Implementation of these (global) poli-
cies that support integrated weed control and
biological weed control can be challenging.
Implementation of the CBD recommendations
to act against invasive alien plants is limited by
resources, capacity, a lack of legal frameworks
and uncertainties associated with future tra-
jectories of societies and global change (Early
et al., 2016; Pysek et al., 2020; Roura-Pascual
et al., 2024). In the context of the EU Green
Deal, scientists recently warned that EU member
states should improve their National Action
Plans to realise integrated pest management
goals (Helepciuc and Todor, 2022a; 2022b). The
EEA (2023) also acknowledges that more action
is needed to achieve the goals.

Biological control is a critical tool to realise
these environmental goals. It is an important
method for controlling invasive plants in ter-
restrial and closed water systems as, next to
adaptive management, it is most effective in
the long term (IPBES, 2023). Impact has been
demonstrated for a large majority of invasive
plant species targeted, and for a substantial
part of these, need for other control methods
was greatly reduced or eliminated (Hinz et al.,
2020; Sun et al., 2022). Compared to adaptive
management, biological control is currently
more available and easier to use. Scientists
warn, however, that recent global (e.g. Nagoya
protocol), continental and national regulations
that restrict or lengthen the sourcing, importa-
tion or use of exotics may slow down or limit
possibilities for biological weed control, even
though this method is critical for the manage-
ment of invasive alien plants (Paynter et al.,
2020; Sun et al., 2022: Miiller-Schérer et al.,
2024).
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