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Abstract

In response to herbivory, most plant species adjust their chemical and morphological phenotype to acquire induced resist-
ance to the attacking herbivore. Induced resistance may be an optimal defence strategy that allows plants to reduce metabolic
costs of resistance in the absence of herbivores, allocate resistance to the most valuable plant tissues and tailor its response to
the pattern of attack by multiple herbivore species. Moreover, plasticity in resistance decreases the potential that herbivores
adapt to specific plant resistance traits and need to deal with a moving target of variable plant quality. Induced resistance
additionally allows plants to provide information to other community members to attract natural enemies of its herbivore
attacker or inform related neighbouring plants of pending herbivore attack. Despite the clear evolutionary benefits of induced
resistance in plants, crop protection strategies to herbivore pests have not exploited the full potential of induced resistance
for agriculture. Here, we present evidence that induced resistance offers strong potential to enhance resistance and resil-
ience of crops to (multi-) herbivore attack. Specifically, induced resistance promotes plant plasticity to cope with multiple
herbivore species by plasticity in growth and resistance, maximizes biological control by attracting natural enemies and,
enhances associational resistance of the plant stand in favour of yield. Induced resistance may be further harnessed by soil
quality, microbial communities and associational resistance offered by crop mixtures. In the transition to more sustainable
ecology-based cropping systems that have strongly reduced pesticide and fertilizer input, induced resistance may prove to
be an invaluable trait in breeding for crop resilience.

Keywords Induced direct and indirect resistance - Plant defence - Sustainable ecology-based cropping systems - Pest
management strategies

In addition to a constitutive first layer of chemical and mor-
phological defences, virtually all plant species perceive and
respond to risks of herbivore attack (Acevedo et al. 2015;
Bonaventure et al. 2011). Plants perceive forthcoming attack
by, for example, volatile information of neighbouring plants
that are under herbivore attack (Moreira and Abdala-Roberts
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2019), or cues derived from egg deposition by herbivores on
or in plant tissues (Griese et al. 2021). These cues and those
associated with actual plant damage by herbivory, trigger
signal transduction cascades regulated through phytohor-
mones that lead to chemical and morphological changes in
the plant phenotype (Howe and Jander 2008; Pieterse et al.
2012). These so-called herbivore-induced plant responses
may result in induced resistance by reducing herbivore
food plant acceptance or herbivore performance and/or by
enhancing top down control of herbivores by predators. The
induced level of resistance is termed an induced defence
when it prevents the individual plant from a fitness loss,
for example expressed in its number and quality of seeds
produced (Erb 2018; Karban and Baldwin 1997; Poelman
2015). Natural selection favours induced plant defences
when the plant: i) correctly evaluates the risk of herbivore
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attack, ii) accurately adapts its induced response for the type
of herbivore attack, and iii) reduces herbivory fast enough to
counter its associated fitness costs (Agrawal 2011; Karban
and Orrock 2018). In many plant life-histories, inducibil-
ity of resistance optimizes how plants balance growth and
defence to maximize fitness (Agrawal and Ziist 2017; Herms
and Mattson 1992). Recent advances in studies on herbi-
vore induced plant responses highlight that the fitness benefit
(and cost) of induced responses may exceed far beyond an
interaction with a specific herbivore (Mertens et al. 2021a,
b; Strauss et al. 2002). Any changes to plant phenotype by
herbivore induced responses may alter the plant interac-
tion with other community members and thereby affect the
plant fitness outcome of the induced response (Kessler and
Baldwin 2004; McArt et al. 2013). The induced response
may even include a spatial component allowing plants to
communicate with and enhance performance of other plant
individuals (Braasch and Kaplan 2012).

The spatial component of how induced resistance affects
the performance of multiple plants in a stand, may in par-
ticular provide opportunities to agriculture where yield of
the full crop is more important than performance of indi-
vidual plants. In addition, inducible resistance may enhance
crop performance by balancing growth and defence alloca-
tion trade-offs to stimulate growth in the absence of her-
bivory (Agrawal and Ziist 2017). Moreover, enhancing
herbivore induced plant volatile emission in crop cultivars
may promote biological pest control through recruitment of
natural enemies to the crop (Croijmans et al. 2022; Poelman
et al. 2009). Inducible responses may also allow crops to
effectively deal with multiple co-occurring biotic and abiotic
stresses by enhancing plasticity to stress across the growing

season. Especially in the transition to more sustainable
cropping systems that reduce pesticide and fertilizer input,
induced resistance may be key to enhance crop resilience.
This is because cropping systems without chemical control
of pests, typically harbour multiple herbivore pests that need
to be controlled by ecological processes in which induced
plant responses may be capitalized (Bourke et al. 2021;
Divekar et al. 2022). However, current crop cultivars have
not been bred for induced resistance and resilience to multi-
stress situations.

Here we explore how knowledge on natural selection
of induced resistance translates to agricultural perspective
where natural selection is replaced by artificial selection
and fitness of an individual replaced by crop yield (Fig. 1).
We review the fundamental theories of induced resistance
and how a community perspective is providing new insights
into natural selection on inducible traits. We then argue how
these theories can be applied to agriculture when exploit-
ing inducible traits. The emerging future perspective is that
induced resistance offers strong potential to enhance resist-
ance and resilience of cropping systems. Induced resistance
should thus be seen as an integral part of agriculture in tran-
sition to more sustainable ecology-based cropping systems.

Fundamental Theory of Induced Resistance

Evolution of induced resistance is explained by three non-
mutually exclusive hypotheses that build from the focus on
individual plants to a plant community perspective (Karban
2020; Kessler 2015).

Fig.1 Plant inducible resistance inspired from wild systems and
translated into agriculture. (A) Induced resistance in wild system is
driven by natural selection on individual plants to subsist and com-
pete in a multi- stressor environment. (B) Incorporating inducible
traits in agriculture may enhance plasticity of the plant stand to cope

with multiple (a)biotic challenges while sustaining yield. (C) Includ-
ing induced resistance in crop mixtures may harness the resilience of
the cropping system by enhancing soil quality, increasing the diver-
sity of natural enemies, pollinators and diluting pest pressure
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The first hypothesis, optimal defence theory, argues that
individual plants manage the metabolic expenses to mount
resistance to herbivores as a cost saving strategy (Zangerl
2003; Agrawal and Ziist 2017). The metabolic costs of resist-
ance are traded-off against investment in growth and repro-
duction. With certainty and high risk of herbivore attack,
plants should build a strong layer of constitutive resist-
ance to reduce consumption of their tissues (Agrawal et al.
2006; Agrawal and Ziist 2017). To reduce these metabolic
expenses, plants allocate their resistance to the most valuable
tissues such as the main growth meristem, tap root, flowers
and seeds (Godschalx et al. 2016). Moreover, the allocation
of resources to resistance typically varies across plant phe-
nology depending on the risk of herbivore attack, the relative
costs of losing tissues to herbivory, and the photosynthetic
capacity or metabolic reserves to invest in resistance traits
(Barton and Boege 2017; Zangerl and Rutledge 1996). For
example, seedlings may be heavily defended because any
amount of herbivory would strongly reduce life expectancy
of the plant, whereas the same amount of herbivory can be
proportionally tolerated without significant loss of plant
fitness when the plant reaches substantial biomass (Barton
and Boege 2017; Bustos-Segura et al. 2022). When herbi-
vore attack is uncertain, induced resistance allows plants to
only pay the metabolic investment for resistance when it is
actually under attack by herbivores. It may favour metabolic
investment in growth and reproduction when herbivores are
absent. Induced resistance may even further optimize meta-
bolic expenses to resistance when these accurately identify
and respond to herbivore location and identity (Malook et al.
2022; Stam et al. 2014). Cell wall disruption by herbivory
causes damage-associated molecular patterns (DAMPS)
that allow plants to detect where and which plant tissues are
under attack. Moreover, the identity of a specific herbivore
can be recognized by herbivore-associated molecular pat-
terns (HAMPS) for example by those contained in herbivore
saliva (Acevedo et al. 2015; Duran-Flores and Heil 2016;
Erb and Reymond 2019; Schuman and Baldwin 2016).

The second hypothesis, moving target theory, takes the
evolutionary perspective of herbivore adaptations to plant
resistance. It argues that induced plant responses make
plants moving targets to herbivore adaptations that counter
plant resistance (Adler and Karban 1994). Temporal and
spatial variations in resistance make food plant quality to
herbivores more variable and cause difficulties for herbivores
to match their physiology with the mix of primary and sec-
ondary metabolites of the plant (Petrén et al. 2023). Insect
herbivores may be hampered in their detoxification capac-
ity to plant chemical resistance, digestion of plant tissue to
acquire nutrients, or food plant acceptance for oviposition
or feeding when plant nutritional quality is highly variable
(Kessler and Kalske 2018; Stork 2009). Directional selec-
tion for adaptation to a specific resistance trait is distorted
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by large variation in the same or different traits that exert
selection on the herbivore. Therefore, the rate at which her-
bivores adapt to plant resistance can be reduced by spatial
and temporal differences in resistance through variations in
genotype and induced plasticity within a plant population
(Kessler and Kalske 2018).

The third hypothesis, information transfer theory, argues
that induced responses to herbivory create reliable infor-
mation to/from community members that i) provide the
emitting plants themselves with enhanced resistance or ii)
reduce herbivory on related plant individuals in the neigh-
bourhood (an inclusive fitness benefit) (Kessler 2015; Mor-
rell and Kessler 2017). Herbivore induced plant responses
generally include release of chemical compounds such
as volatiles or root exudates into the environment. These
chemical compounds may provide other community mem-
bers such as herbivores, natural enemies or neighbouring
plants with information about herbivore attack. The release
of these chemical compounds may first of all directly benefit
the emitting plant when it i) alters food plant acceptance by
subsequently colonizing herbivores, ii) causes current herbi-
vore attackers to spread their damage more evenly over the
plant reducing pressure on valuable tissues, or iii) causes
herbivores to move to neighbouring plants (Karban and
Yang 2020; Rubin et al. 2015; Veyrat et al. 2016). Moreo-
ver, the information may be perceived by natural enemies
of the herbivores as reliable and detectable cue of prey pres-
ence. Recruitment of natural enemies by herbivore induced
plant volatile information may enhance top-down control of
herbivores to reduce plant damage and serve as an indirect
defence strategy (Pearse et al. 2020; Schuman et al. 2012).
The plant may use herbivore induced volatile information
to inform its own tissues or neighbouring plants of the risk
of herbivore attack. Plant tissues that are spatially close
but distantly connected by the sap stream, like branches of
a tree, may be more rapidly informed by herbivore induced
volatiles (Frost et al. 2007). The same volatile cues may
also serve as a source of information for related neighbour-
ing plants to inform them of the risk of herbivore attack.
Neighbouring plants that perceive the volatile information
may prepare for subsequent attack by entering a primed
state that allows a more rapid and vigorous response when
the herbivore arrives (Conrath et al. 2006; Douma et al.
2017; Kalske et al. 2019; Mauch-Mani et al. 2017). Because
related plant individuals (kin) are often strong responders
to the information, herbivore induced information transfer
may provide emitters with the potential to especially protect
kin (Kalske et al. 2019). Information transfer to enhance
inclusive fitness by protecting kin may be most pronounced
in clonal networks. In these networks, direct neighbours
are often kin. When one individual responds to herbivory,
herbivores often move to less defended neighbours. How-
ever, these neighbours may already be well prepared for
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herbivore attack and their vigorous responses cause herbi-
vores to move further away outside the circle of influence by
the emitter plant (Morrell and Kessler 2017). The inclusive
fitness benefit may therefore even be enhanced by spatial
processes of information transfer and herbivore movement
and thus stimulate selection for induced resistance (Anten
and Chen 2021).

Costs and Benefits of Induced Resistance
in Community Perspective

Each of the hypotheses on the evolutionary drive behind
induced resistance should be placed in a community per-
spective to fully understand how benefits of induced resist-
ance outweigh costs. The primary costs associated with
induced resistance are not the metabolic costs, but so-called
ecological costs that arise through the effect of the induced
phenotype on ecological interactions with community mem-
bers (Heil 2002; Strauss et al. 2002).

Inducibility of resistance traits does allow plants to save
metabolic costs of resistance in the absence of herbivores,
but also creates costs due to a lag time between recogni-
tion of herbivore attack and the mobilisation of effective
resistance (Karban 2020; Mertens et al. 2021a). During
the lag time, the plant is less well defended against herbi-
vore attack. Moreover, the benefit of mounting a specific
response to the current attacker has strong implications for
the physiological capabilities of plants to respond to sub-
sequently arriving herbivores. Mobilization of resistance
through phytohormonal signalling and broad transcrip-
tional reprogramming to deal with the current attacker
may impair plants in maximizing resistance or even result
in susceptibility to other herbivores (Dong et al. 2020; Fer-
nandez de Bobadilla et al. 2022; Stam et al. 2014). First,
the cross talk between different signal transduction routes
to deal with different herbivore attackers allows plants to
fine tune responses to multiple attackers. However, at the
same time, regulation of resistance to one attacker may
impair accurate induced resistance to subsequent attacks
due to antagonistic interactions among signal transduc-
tion routes (Pieterse et al. 2012; Vos et al. 2013). Second,
inducibility makes plants prone to herbivores hijacking
plant plasticity for their own benefit. For example, aphids
have been hypothesized to manipulatively induce the Sal-
icylic Acid (SA) pathway of plants to use antagonistic
cross talk with the Jasmonic Acid (JA) pathway to sup-
press plant resistance to the aphids (Selig et al. 2016).
Along the same lines, microorganisms associated with her-
bivores may supress or reduce plant responses to herbivory
(Minard et al. 2022; Zhu et al. 2018a). Moreover, parasitic
organisms that live inside herbivores, such as the larvae of
parasitoids, alter herbivore-associated molecular pattern
composition such as elicitors in saliva potentially affecting

plant recognition of the identity of the herbivore attacker
(Tan et al. 2018, 2019; Zhu et al. 2018b).

Similar to constitutive expression of resistance traits,
induction of specific traits may lead to resistance against
one herbivore but to susceptibility for others (Ali and
Agrawal 2012). Plant lineage specific resistance traits such
as glucosinolates in Brassicaceae and nicotine in Nicotiana
are defensive against generalist herbivores. However, spe-
cialist herbivores use these compounds in food plant recog-
nition and acceptance (Ali and Agrawal 2012). Moreover,
the specific response to one herbivore causes herbivore
specific priority effects in herbivore community assembly
(Fukami 2015; Mertens et al. 2022). Historical contingency
or priority effects of plant responses to current attack medi-
ate interactions with other herbivores in the community and
influence the pattern of future attack (Mertens et al. 2021a,
b; Poelman et al. 2008). These so-called plant-mediated
species interactions link above and belowground commu-
nities and may result in life-time consequences for com-
munity composition on individual plants (Kessler and Hal-
itschke 2007; Stam et al. 2014). Moreover, plant-mediated
interactions extend to beneficial interactions such as flower
visitation by pollinators. Root, leaf and flower feeding by
herbivores also induces changes in flower traits such as
colour, scent and nectar rewards that affect recruitment of
pollinators with direct consequences to reproductive suc-
cess (Rusman et al. 2019). Plant mediated species interac-
tions have been identified to affect plant fitness and may
thereby affect evolution of induced resistance (McArt et al.
2013; Poelman and Kessler 2016).

The costs and benefits of the induced resistance are fur-
ther highly dependent on the plant community context. The
costs of investment in resistance against herbivores depends
on the severity of plant-plant competition for light and nutri-
ents (Agrawal and Ziist 2017; Herms and Matson 1992).
In high plant density, or competitive environments, loss of
photosynthetic capacity by herbivory as well as metabolic
costs of resistance that reduces growth potential enhance the
likelihood of being outcompeted by neighbouring plants.
These costs and benefits can, for example, be modulated
by variations in herbivore traits like the timing and feed-
ing location of herbivores in the plant (de Vries et al. 2017,
2019). The use of volatile information as part of the induced
response to herbivory affects how kin and non-kin neigh-
bours experience ecological costs and benefits of induced
resistance of a focal plant (Bilas et al. 2021). The spatial
component of induced responses may thus extend induced
resistance with an inclusive fitness component of how fitness
of other individuals is affected by induced resistance. In their
induced resistance to one herbivore, plants should therefore
balance the physiological and ecological consequences of
the response in community context. This may include that
plants anticipate patterns of attack by different species in
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their response to current herbivore attack (Mertens et al.
2021b; Fernandez de Bobadilla et al. 2022). The evaluation
whether an induced response indeed leads to a fitness benefit
should be made in the context of the impact of the response
on the full community associated with the individual plant
(Erb 2018; Poelman 2015).

Incorporating Inducible Traits in Agriculture

Industrialized cropping systems maximize yield of mono-
cultures by high input of fertilizers and pesticides. In these
single species stands, crop genetic uniformity results in high
efficiency of mechanized crop management. Although indus-
trialized farming systems have succeeded in supplying the
global food demand, they generate negative outcomes that
are incompatible with planetary sustainability goals. These
negative outcomes include greenhouse gas emissions, vul-
nerability of agroecosystems to environmental conditions
such as drought and rainfall, productivity loss through deg-
radation of soils, simplification of the agroecological land-
scape, and contamination of soil and water with pesticides
and fertilizers (Garibaldi et al. 2011a, b). The latter two in
turn cause biodiversity loss, which includes loss of ecosys-
tem services such as pollination (Stanley et al. 2015) and
control of pests and pathogens. Moreover, these agricultural
systems are prone to build up of pesticide resistance in insect
herbivores and rapid adaptation of pests and pathogens to
crop resistance traits. Often, breeding practices are geared
towards maximizing yield, uniformity in growth and resist-
ance traits of a plant stand. Crop domestication has reduced
chemical resistance against herbivorous insects (Chen et al.
2015) and these effects are most consistent for reproduc-
tive plant organs as well as the organs harvested for human
consumption (Whitehead et al. 2017). Along with reduced
chemical resistance, domesticated crops may have reduced
induced direct resistance against insect herbivores (Moreira

et al. 2018). Moreover, domestication may have caused
loss in strength of induced indirect resistance by volatile
attraction of natural enemies of herbivores (Benrey 2023;
Degenhardt et al. 2009). Although crops still poses a level of
induced resistance, genetically and phenotypically uniform
cropping systems largely ignore the potential of trait vari-
ation that can be achieved by induced resistance (Table 1).

Strong direct evidence of benefits from plant induced
responses to herbivory are found for crops of which spe-
cific organs are harvested as product such as tubers or
seeds. Aboveground attack of potato plants by aphids may
enhance tuber production, because plants reprogramme
their investment in tubers upon induced responses to
aphid attack (Poveda et al. 2010). Similarly, when insect
herbivores damage main growth meristems, activation of
growth in other meristems may result in larger number of
side branches that increases flower and seed production
(Garcia and Eubanks 2019). The reallocation of resources
to tubers and overcompensation of flower production
directly follow from predictions of optimal defence
theory in which plasticity in resistance allows for repro-
gramming of growth and defence under herbivore attack
(Gagic et al. 2016). Allowing for plasticity in resistance to
herbivores will also benefit the potential of crops to deal
with abiotic conditions. Induced responses to abiotic and
biotic stress are regulated by similar signal transduction
routes that also cross communicate to fine tune responses
to simultaneous abiotic and biotic stress (Nguyen et al.
2016). Induced resistance to herbivore attack may reduce
the vulnerability of crops to drought and heavy rainfall,
because crops may become more resilient to multi-stress
conditions when they are plastic in resistance.

In production systems with reduced to no pesticide use,
herbivore communities will be diverse and crops often deal
with sequential and simultaneous attack by different herbi-
vore species. Herbivore induced resistance may be critical

Table 1 Hypotheses of induced resistance translate to opportunities in agriculture

Hypotheses associated with wild systems

Opportunities for cultivated systems

Optimal defence
reproduction

e Accurately respond to multiple simultaneous or sequen-

tial stresses

e Protection of most valuable tissue depending on life stage

Moving target

o Cost saving strategy to balance growth, defence and

e Genotypic variation and plasticity in plant resistance

e Decouple growth and defence to maintain crop uniformity
and increase plasticity in resistance

o Strengthen cross-resistance and reduce potential for
induced susceptibility to multiple attackers

e Select for altered allocation of defensive compounds to
protect harvestable product

e Select for inducible traits to maximize plasticity in resist-

reduces speed of herbivore evolutionary adaptations ance

Information transfer
mission of information
e Plant-plant communication

o Deter subsequent herbivores and attract natural enemies

o Volatile communication between tissues for quick trans-

e Use of crop mixtures for genotypic and phenotypic varia-
tion in agricultural field

e Utilize plant-plant and tissue communication for associa-
tional resistance between crops

e Select for cues that maximize the potential for biological
control
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in dealing with uncertainty in the type, timing, order and
severity of attack by herbivores that demands plasticity in
resistance. Enhancing crop performance through induced
resistance can be reached by breeding for plasticity per se,
to allow plants to respond to specific herbivore attackers or
patterns of herbivore attack. This may incorporate anticipa-
tory responses of plants in which an induced response to the
current attacker includes preparation for likely future attack
by other herbivore species (Mertens et al. 2021a). In these
strategies, a selective approach may be required to reduce
negative impacts of induced susceptibility to subsequent
herbivore attack. A promising practical example of induced
resistance may be found in vaccination strategies, where less
damaging herbivore species are reducing the impact of the
most ravaging pest herbivores (Kessler and Baldwin 2004).
In wild tobacco, plant induced responses to myrid bug feed-
ing reduced the colonization of plants by the Tobacco horn-
worm that is a voracious feeder. Although it may seem coun-
terintuitive to farmers, some level of herbivory by myrids
may actually enhance crop performance by protecting the
crop from more severe damage (Kessler and Baldwin 2004).
Plant vaccination can also be achieved directly by farmers,
either by spraying inducible compounds such as jasmonic
acid on the leaves (War et al. 2011; Zhang et al. 2023), or
by releasing omnivorous herbivores that feed on the leaves
(with a low impact on yield) until they find their herbivo-
rous prey (Omer et al. 2000; Pappas et al. 2015). However,
induced responses to some pests may also result in enhanced
susceptibility to herbivore attack and reduced biological pest
control. Vaccination strategies thus require detailed under-
standing of interactions among pests.

There may be potential of herbivore induced resistance
to stimulate crop yield through interactions with pollina-
tors, although the outcome of induced resistance on pollina-
tion and crop yield is highly variable (Kessler and Chauta
2020). In some crops such as strawberry, induced responses
to herbivory have been found to negatively affect pollination
(Muola et al. 2017). In contrast, in oilseed rape these interac-
tions increased yield by overcompensation to herbivory and
increases in pollinator attraction (Gagic et al. 2016). Root,
leaf, flower and fruit feeding herbivores may affect pollinator
communities visiting plants, as well as the duration of visits,
time spent per flower and thereby effectiveness of pollina-
tion. Each pollinator species may respond differently to her-
bivore induced changes in flower traits (Kessler and Baldwin
2007; Rusman et al. 2019). Induced increases in concentra-
tions of secondary chemistry in flowers may be a driver for
specialization in the plant-pollinator relationship (Stevenson
et al. 2017), or variation in effects on pollinator species do
result in shifts in pollinator community composition with-
out reducing overall pollinator visits (Chrétien et al. 2021).
Traces of nicotine and caffeine in floral nectar rewards
increase visitation by bees (Singaravelan et al. 2005).

Caffeine has been found to strengthen honeybee memory of
floral reward (Wright et al. 2013). This suggests that herbi-
vore induced changes in concentrations of these compounds
may increase pollination (Thomson et al. 2015). Foremost,
replacing crop protection by pesticides with ecological inter-
actions driven by induced resistance will indirectly promote
pollination services (Stanley et al. 2015). With reduced pes-
ticide use, crops will benefit from pollination by a diverse
community of wild pollinator species. Their pollinator ser-
vices often exceed the services by managed species such
as honeybees (Adler and Hazzard 2009; Fijen et al. 2018;
Garibaldi et al. 2011a, b). In particular, a diverse pollinator
community will increase resilience in agricultural systems
as the work of many pollinator species is complementary
(Bliithgen and Klein 2011; Sapir et al. 2017). By adopting
more plant diversity on and surrounding agricultural fields
(Balfour and Ratnieks 2022; Binsch et al. 2021; Koski et al.
2021; Kovacs-Hostyanszki et al. 2017; Nicholls and Altieri
2013) and banning pesticide use, industrial agriculture can
be transformed to have a more mutualistic interaction with
wild pollinators and continue to benefit from their services
(worth €153 billion (Gallai et al. 2009).

Biological control by attracting natural enemies inher-
ently relies on inducibility for information mediated inter-
actions between plants and natural enemies. To effectively
locate hosts or prey, natural enemies use reliable informa-
tion on host presence. Reliability is not achieved by con-
stitutive high expression of for example volatile informa-
tion that attracts natural enemies. False information on the
presence of a reward may discourage natural enemies to
respond to cues that should attract natural enemies (Beale
et al. 2006; Kunert et al. 2010; Bruce et al. 2015). The asso-
ciation between information and reward is essential to help
natural enemies optimize foraging efficiency and maximize
biological pest control. Herbivore induced plant volatiles
(HIPVs) enable crops to release information of herbivore
presence only upon actual herbivore attack. However, selec-
tive breeding has indirectly resulted in reduced attraction or
detectability of HIPVs by natural enemies (Li et al. 2018).
There is, therefore, strong potential to strengthen this cue by
exploiting variation in inducibility of volatile emission by
crop accessions (Pappas et al. 2017). For example, Maize
varieties that emit (E)-f-caryophyllene in response to root
feeding by the western corn rootworm attract entomopatho-
genic nematodes that infect and kill the root pest. These
interactions could be restored through transformation breed-
ing of this trait into North-American varieties that had lost
the ability to produce (E)-f-caryophyllene (Degenhardt et al.
2009). In cabbage some cultivars more strongly respond to
feeding by Pieris caterpillars by release of volatiles that are
more attractive to the parasitoids than HIPVs from other
cabbage cultivars (Croijmans et al. 2022; Poelman et al.
2009). In the field, this cabbage cultivar not only attracts
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parasitoids over a longer distance (Aartsma et al. 2019), the
attraction also leads to enhanced parasitism rates of Pieris
caterpillars on this cultivar (Poelman et al. 2009). The suc-
cess of such strategies to attract natural enemies towards
pest infested agricultural crops will also depend on available
resources in the field and landscape. Landscapes that provide
natural enemies with carbohydrates and shelter will likely
contain greater source populations. Inclusion of crops with
rewarding inducible traits, like extra-floral nectaries (Mathur
et al. 2013), could further enhance survival and retention of
natural enemies within the field (Kaiser et al. 2017; Stenberg
et al. 2015). An important balancing factor that may reduce
efficiency of biological control by parasitoids is the role of
plant resistance in host immune responses to parasitism.
High levels of chemical resistance may reduce the immune
capacity of herbivores against parasitism and enhance sur-
vival of herbivores after parasitoid attack (Benrey 2023).
These findings highlight the potential to breed for induc-
ibility of volatile emission in crops to strengthen biological
control, especially when these are holistically combined with
other cropping system diversification measures.

Including Induced Resistance in Crop Mixtures

Nevertheless, the increase in herbivore diversity attacking
crops after relief of pesticide use may not be fully compen-
sated by inducible resistance. Multi-stress situations, biotic
and abiotic, may require plasticity in response to stress com-
binations and sequences, but also to balance interactions
with beneficial organisms. To tailor induced resistance in a
monocultural crop to a full community perspective may be
challenging. Even more so, abiotic conditions such as water
and nutrient availability may directly impact the vigour of
inducibility of the crop, reducing crop potential to respond to
herbivory. Crop mixtures and crop rotation strategies may be
required to harness the resilience of a cropping system and
promoting benefits of induced resistance (Koski et al. 2021).

First, crop rotation, reduced tillage and intercropping may
enhance soils quality. These measures stimulate macrofauna
in the detritivore web that may promote nutrient availability,
reduce abiotic perturbations and thereby enhance the poten-
tial of crops to express their full potential of induced resist-
ance (Beillouin et al. 2019). Moreover, soil microbiomes and
their associations with roots have been identified to enhance
resistance through induced plant responses (Cameron et al.
2013; Lee-Diaz et al. 2021). This includes induced indirect
resistance to attract natural enemies (Malone et al. 2022).
Enhancing beneficial microbes in the soil may therefore
enhance benefits of induced resistance.

Second, crop mixtures may enhance the potential of infor-
mation transfer as means to reduce pest pressure. Push—pull
systems developed for sustainable pest management in maize,
identify how associational resistance and induced indirect

@ Springer

resistance by attraction of natural enemies may be combined
to reduce crop damage by herbivores. By volatile emission,
companion crops mask the presence of cash crops to insect
herbivores or even repel insect herbivores out of the crop
field. Inducibility of attractive volatiles to natural enemies
in the cash crop may at the same time enhance biocontrol
of the pest individuals that still colonize the cash crop (Chi-
dawanyika et al. 2023; Khan et al. 2011, 2016). In addition,
such cropping systems benefit from peripheral trap crops that
attract the herbivore pest that can thereby be removed from
the cropping system (Adler and Hazzard 2009).

Third, crop diversity may enhance food web stability by
harbouring a more diverse community of natural enemies
that control a diverse community of herbivores (Haddad
et al. 2011a, b). Thus, cropping systems based on crop
mixtures may provide the pool of natural enemies that can
be attracted to specific pests on crops by induced resist-
ance through volatile emission. There may, however, be a
tipping point in the benefits of diversity for conservation
biological control. Structural complexity of the cropping
system may reduce volatile information transfer and impair
movement by natural enemies, reducing the apparency of
HIPVs (Bukovinszky et al. 2005; 2007). Crops with appar-
ent and specific inducible cues might steer natural enemies
towards a more diverse community of herbivores, despite
the increased noise created by structural complexity of the
plant community.

Fourth, the moving target theory predicts that induced
resistance would reduce the rate and potential of insect her-
bivores to evolve adaptations to resistance traits. Even in
monocultures with high genetic uniformity, induced resist-
ance may reduce the potential of natural enemies to adapt
to resistance traits. Enhancing crop genetic or species diver-
sity will create an even more diverse patchwork of defence
mechanisms that will further strengthen the resistance
of cropping systems to counteradaptations by herbivores
(Espinosa-Garcia 2022).

Future Perspectives

Utilizing induced resistance is a promising strategy to aid the
transition to sustainable ecology-based agriculture. Plasticity
in resistance offers a way out in dealing with a large number
of stressors (insect herbivores, abiotic stress), maximizing
the impact of biological control, and making crops resilient
to changes in the environment. Using induced resistance in
agriculture clearly has implications for farming practices and
requires in depth understanding of both the physiological
regulation of inducible traits as well as its role in ecological
interactions (Chrétien et al. 2021; Divekar et al. 2022).
Perhaps the most prominent challenge may be that
inducibility could reduce uniformity in growth and rip-
ening of the crop, enhancing variation in crop quality.
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This directly affects harvesting strategies as well as the
marketing of the crop that needs to be sold with a larger
distribution over quality classes. In depth understand-
ing of how induced resistance is traded-off or coupled
to growth and phenological trajectories of plants may
provide breeders with opportunities to decouple growth-
defence responses (Bourke et al. 2021; de Vries et al.
2017; Karasov et al. 2017).

Matching induced resistance traits with the local com-
munity of herbivores, challenges by abiotic conditions as
well as landscape context that determines availability of
natural enemies will require knowledge on local species
interactions. Farmers themselves may need to increase
the monitoring of crops when these are under attack by
more numerous pest species. Such a monitoring chal-
lenge may to an extent be overcome by apps for species
identification, although such apps could be improved by
taking host plant into account in the search scope. At the
same time, breeders may have to incorporate the context
of community dynamics on a specific farm to advise for
the use of induced resistance and/or combination of crop
accessions or species that result in a resilient cropping
system to local conditions. Soil quality and microbial
community composition may prove to be critical in har-
nessing the vigour of inducible resistance (Cameron et al.
2013; Lee-Diaz et al. 2021). Crop breeding companies
may become businesses that not only provide a product,
but offer services known from biological control compa-
nies that offer knowledge and implementation strategy to
secure crop resilience and resistance. This requires farm-
ers and breeding companies to build new trust relation-
ships that come with tailor made designs of pest manage-
ment strategies.

To start breeding for induced resistance and under-
stand the community consequences of inducibility in a
crop, we may learn from wild plants. We require under-
standing of how inducibility matches with other life-
history traits of plants. For example how mating system,
constitutive defence, lifespan, or growth-defence trade-
offs correlate with inducibility will identify the poten-
tial to select for inducibility in specific crops (Garcia
et al. 2021; Johnson et al. 2015). At the same time we
should unravel how inducible traits alter species interac-
tions and what parts of community dynamics select for
induced resistance in plants (Mertens et al. 2021a). These
insights will allow us to match plastic resistance strate-
gies with the complexity of ecological interactions that
arise in sustainable agricultural practices. Combining
both genetic diversity in cropping systems with induc-
ible resistance will restore and strengthen ecosystem pro-
cesses in agricultural fields and reduce pest prevalence
(Bourke et al. 2021).
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