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Natural enemy-mediated indirect interactions
among prey species: potential for enhancing
biocontrol services in agroecosystems
Anaïs Chailleux,a,b,c Emily K Mohl,d Mickaël Teixeira Alves,a,e,f
Gerben J Messelinkg and Nicolas Desneuxa*
Abstract
Understanding how arthropod pests and their natural enemies interact in complex agroecosystems is essential for pest
management programmes. Theory predicts that prey sharing a predator, such as a biological control agent, can indirectly
reduce each other’s density at equilibrium (apparent competition). From this premise, we (i) discuss the complexity of indirect
interactions among pests in agroecosystems and highlight the importance of natural enemy-mediated indirect interactions
other than apparent competition, (ii) outline factors that aﬀect the nature of enemy-mediated indirect interactions in the ﬁeld
and (iii) identify the way to manipulate enemy-mediated interactions for biological control. We argue that there is a need
to increase the link between community ecology theory and biological control to develop better agroecological methods of
crop protection via conservation biological control. In conclusion, we identify (i) interventions to be chosen depending on
agroecosystem characteristics and (ii) several lines of research that will improve the potential for enemy-mediated indirect
interactions to be applied to biological control.
© 2014 Society of Chemical Industry
Keywords: apparent competition; generalist predator; pest management; conservation biological control; functional biodiversity;
ecosystem services
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INTRODUCTION
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duration of direct and indirect interactions among prey and their
shared NEs.
Although biological control is founded on the concept of trophic
cascades, it has rarely been implemented on the basis of indirect
interactions within a trophic level. However, results of many studies may be interpreted in light of NE-mediated indirect interactions. For example, high arthropod diversity has been shown to
enhance NE populations, resulting in increased biocontrol services
on target pests in large-scale ﬁeld studies.27,28 In more focused
experiments, the presence of alternative prey may increase control
of pest species by generalist predators under ﬁeld and semi-ﬁeld
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Indirect interactions have the potential to occur in any community
of three or more interacting species,1,2 and complex interactions,
including both direct and indirect eﬀects, occur in natural and
agricultural ecosystems.3 By contrast to interactions like predation
and symbiosis that involve contact between species, indirect interactions occur between two species that can be separated in time
or space and require at least one additional mediating species.4,5
Indirect interactions among species occur not only between
trophic levels, in the form of bottom-up and top-down eﬀects
mediated through trophic cascades,6 – 10 but also within trophic
levels via resource competition11 and/or shared predation.4,12 In
simple models,4 prey species that do not directly interact can still
negatively aﬀect each other through interactions with a shared
natural enemy (NE). This phenomenon is called apparent competition, because the dynamics of the two prey resemble that of
prey competing for resources.4 Indirect interactions often strongly
aﬀect food web structure,13 and such interactions can generate
both short-term eﬀects on species abundance and long-term
eﬀects on population dynamics.5,14,15
Insect NEs of agricultural pests provide key biocontrol services
in agroecosystems worldwide,16 – 19 so NE-mediated indirect
interactions have practical consequences.20 Plant- and/or
natural-enemy-mediated indirect interactions between herbivores have been increasingly reported in agroecosystems.21 – 26
These indirect interactions between pest species may be positive
or negative and symmetric or asymmetric. The net impact of
NEs on pest dynamics depends on the direction, intensity and
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Figure 1. Summary of types of indirect interactions between two prey species with a shared natural enemy (NE). Lines with arrows indicate a positive
eﬀect in the direction of the arrows, and lines with circles indicate negative eﬀects in the direction of the circles. Solid lines indicate direct interactions,
and dashed lines indicate NE-mediated indirect interactions.

conditions.26,29 – 33 Overall, maintaining simultaneously low densities of various pests should theoretically promote the persistence of NEs through apparent competition.16 However, the presence of several pests does not always result in NE-mediated indirect interactions;15,34,35 the nature of indirect interactions primarily
depends on speciﬁc species traits.
In this review, we argue that, although it is now obvious that
NE-mediated indirect interactions contribute to pest population
dynamics, insuﬃcient eﬀorts have been made to generate predictions that would facilitate the use of indirect interactions in biological control. Integrated pest management (IPM) practitioners need
sophisticated ecological tools that utilise the functional characteristics of agroecosystems to predict the sign and strength of indirect
interactions. Indirect interactions are known and described, and
general theories explaining indirect interaction mechanisms exist,
but now we need to link pest management (via biological control)
and community ecology theory. In this review we aim to establish
the ﬁrst links between the ecological theory of indirect interactions
and the practice of pest management via biological control.

2

THE NATURE OF INDIRECT INTERACTIONS
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2.1 Overview
Depending on the temporal or spatial scale, the behaviour of prey
and NEs involved and the quality and density of prey (aﬀecting
NE numerical response), the NE-mediated indirect interactions can
take diﬀerent forms.36 Prey that interact through shared predators may have one- or two-way interactions with each other, and
the eﬀects may be either positive or negative (Fig. 1). Apparent
competition (−,−) and apparent mutualism (+,+) are two-way
indirect interactions (symmetrical interactions) that can occur
between prey sharing a common NE; conversely, apparent amensalism (−,0) and apparent commensalism (+,0) are one-way indirect interactions (asymmetrical interactions) that occur when only
one prey indirectly aﬀects the other. In addition, NE-mediated
apparent predation between two prey (+,−) may occur,4,37 particularly when interactions are considered over diﬀerent timescales
(Fig. 1).
Negative indirect interactions typically occur when alternative prey increase the abundance or density of a NE (numerical response or aggregation), resulting in increased consumption of the target prey. Positive indirect interactions typically
occur in the absence of a numerical response or aggregation, or

wileyonlinelibrary.com/journal/ps

through satiation and prey preference when an alternative prey
reduces encounter rates between the NE and target prey. Mechanisms for one-way indirect interactions may include diﬀerences
in the numerical response caused by the prey quality (see Section
2.2), important diﬀerences in population sizes of the two prey
(see Section 2.3) or NE preferences38 (see Section 4.1), among
others.
Empirical studies frequently do not fully test the reciprocity
of the interactions between prey.22,36 For example, Muller and
Godfray39 manipulated grass aphid densities and measured the
eﬀects on out-planted nettle aphid densities, but they did not test
for reciprocal eﬀects of nettle aphids on grass aphids. However,
possible asymmetry of indirect interactions (one-way) has important basic and applied implications. For biological control, it is crucial to know whether alternative prey will negatively aﬀect the target prey population or not.

2.2 Role of prey quality
As described above, one of the conditions for apparent competition is the capacity of both prey species to support a numerical
response of a shared NE. However, diﬀerences in the numerical
response could occur, depending on the quality of the prey,40 – 42
and lead to one-way NE-mediated interactions. If one prey allows
a numerical response of a shared NE and the other one does
not, the latter species will have no eﬀect on the former, resulting in apparent amensalism. For example, the ﬁeld study of Pons
et al.43 reported that some heteropteran predators do not respond
numerically to Therioaphis trifolii and Aphis craccivora on alfalfa,
suggesting that these species will not reciprocally interact with
other prey via heteropterans.
Higher equilibrium densities of NEs through apparent competition may not be caused by increased prey availability alone, but
may also result from diet mixing. It has been shown that juveniles
of the predatory mite Amblyseius swirskii survive and develop
better on a mixed diet of thrips and whiteﬂies than on a single
diet of either of these species. Thus, thrips may promote control of
whiteﬂies because diet mixing increases the predator numerical
response to whiteﬂies without generating a reciprocal eﬀect
on thrips.32 So far, this aspect of mixed diets has been ignored
in theoretical models about indirect interactions, but may be
important to integrate in theoretical tools aiming to optimise
biological control programmes.

© 2014 Society of Chemical Industry
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2.3 Role of prey density
Apparent commensalism may occur when one prey reduces predation on another one in an asymmetrical fashion, which often has
negative consequences for biological control. Short-term apparent commensalism was observed in tomato crops where the mirid
predator Macrolophus pygmaeus was found less eﬀective to reduce
population growth of the whiteﬂy Bemisia tabaci in the presence of the invasive pest Tuta absoluta than when B. tabaci was
alone.26,44 However, the eﬀect appeared to be mostly one way, in
that B. tabaci had a low eﬀect on predation on T. absoluta. This
study suggested that prey abundance (and related prey–predator
encounter rate) or availability (exposure to predation) may favour
one-way interactions (at least in the absence of marked predator aggregation, see Section 3.1). However, the outcome at larger
scales (spatial and temporal) could be drastically diﬀerent.26
One-way indirect interactions driven by diﬀerences in abundance across prey species appear to have a strong inﬂuence on
the structure of host–parasitoid communities45,46 where two-way
links in quantitative food webs are rare but one-way links from
common to rare prey species are more frequent. Note that food
webs are essentially observational, and experiments to test their
predictions are recommended.15 However, if relative prey abundance frequently generates one-way indirect interactions, pest
management programmes relying on conservation biological control may require signiﬁcant action promoting alternative prey. At
the same time, the impacts of alternative prey are likely to change
over the short- and long-term.

3 SHORT-TERM VERSUS LONG-TERM
INTERACTIONS
Short-term NE-mediated interactions occur faster than one NE life
cycle, and long-term interactions occur over timeframes longer
than one NE life cycle. Given the long generation times of many
NEs relative to their prey, the original concept of apparent competition that focused on the numerical response of food-limited
predators may not explain many observations about the way NEs
can inﬂuence the structure of communities. In theory, both shortand long-term indirect eﬀects of shared NEs can lead to positive
and negative NE-mediated indirect interactions.
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numerical response but also in the short-term if the NE is an optimal forager and prey are limited in number. This is because NEs will
aggregate to and stay longer in a patch where there are more prey,
ultimately exploiting both prey species more than if each had been
alone at a lower density.58
3.2 Long-term indirect interactions
Even when a short-term interaction occurs between two prey,
food-limited NEs should eventually cause a long-term negative indirect interaction between prey owing to the numerical
response of NEs.26,29,32,33,59,60 This interaction results from the
same mechanism observed when practitioners feed NEs with
pollen or artiﬁcially produced eggs61,62 (see Section 5.1). Liu
et al.30 reported more eﬀective control of spider mites in apple
orchards in the presence of both a predator and alternative prey
than in the presence of a predator alone. The eﬀects of the alternative prey on predator numerical response were detectable
within a week of predator introductions, but diﬀerences in
prey densities between treatments took more than a month to
appear. Therefore, the numerical response of the predator may
be observed more rapidly than the actual indirect interactions
between prey.
Examples of short-term positive indirect interactions are relatively common (Section 3.1), but they have been mostly observed
in studies where alternative prey were introduced into a controlled
system with a limited number of predators, or where the behaviour
of individual predators was measured. In such experiments, the
main limitation was that the timescale of the experiments did not
allow for a numerical response of the NEs. If NEs are not prey limited and exhibit satiation or switching behaviour, this can also lead
to long-term apparent mutualism.14 However, empirical evidence
for this is limited (but see the article of Tack et al.15 ). Long-term
apparent mutualism may also occur when population densities of
one prey show cycles, resulting in repeated satiation of the shared
predators and repeated reduced predation on the other prey.63,64
However, further studies are needed to depict the precise nature
of long-term indirect interactions in most empirical systems.

4 FACTORS AFFECTING INDIRECT
INTERACTIONS: PREDATOR AND PREY
BEHAVIOURS AND SCALES OF OBSERVATION
4.1 The eﬀect of predator and prey behaviours
Predator and prey behaviours may modify the strength, the
direction and the symmetry of indirect interactions. Behavioural
changes in the way that two species interact through the presence
of a third species are called trait-mediated indirect interactions34,56
or functional indirect interactions,13 although this last term is not
widely used.
4.1.1 Predator behaviour
NE preference for a given prey may arise (i) from a preference for
particular species characteristics or (ii) from a response to prey
densities, i.e. prey switching (a predator switches prey when its
relative attack rate on a given prey type increases faster than
the prey’s relative abundance).65 Many predators exhibit switching
behaviours,66 including those studied for biological control.44,67 – 70
With either type of NE preference, the potential for negative indirect interactions to enhance biological control can be drastically
reduced if NEs prefer the alternative prey (for predators23,47,71 – 74
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3.1 Short-term indirect interactions
Short-term interactions usually occur within a single generation as a result of satiation, switching behaviour and/or prey
preference in the shared natural enemy.14,47 Many studies have
shown reduced predation rates on a target pest in the presence
of alternative prey, resulting in short-term apparent mutualism
or commensalism.23,48 – 51 Short-term apparent mutualism occurs
through a dilution of encounter rates between prey and NEs,
notably when NEs settle in prey patches independently of prey
density and when they show a time-limited functional response.52
Alternatively, apparent commensalism may occur at a short-term
scale owing to diﬀerences in prey abundance or availability causing a one-way dilution eﬀect; this may occur only when the NE
does not aggregate on high prey density.53 – 55 Commensalism
occurs also when a NE encounters toxic prey on a plant and departs
before consuming other, palatable, prey.56
Negative interactions may also arise at short timescales. For
example, alternative prey may increase NE foraging activities
and/or aggregation57 (see Section 4.1). Apparent competition may
be observed not only in the long-term with NEs that undergo a
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and for parasitoids75,76 ). NE behaviour, when shaped by prey preferences, can induce one-way indirect interactions between prey
(both apparent amensalism77,78 and apparent commensalism56 ),
sometimes favouring the pest. Predator preference is primarily
determined by prey behavioural and physiological characteristics,
such as (i) prey nutritive quality,35,73,79,80 (ii) prey size or patch
size,81 (iii) prey mobility23,34,74,82 or (iv) herbivore-induced plant
volatiles.83 – 85
4.1.2 Prey behaviour
Prey behaviour is a major factor that modulates NE-mediated
indirect interactions among prey, notably in the short term.
Indeed, prey can display various behaviours to avoid predation
or parasitism, including settling in physical refuges,86 – 90 ﬂeeing a
patch showing high predator density57,91 and adopting defensive
behaviours.92 – 94 These behaviours can reduce encounter rates
with predators and may ultimately lead to apparent amensalism,
or even apparent predation, if the alternative prey remains available to the predators in the system.
4.2 Spatial scale of observation
The way NEs perceive the spatial distribution of shared prey can
aﬀect the predicted outcome of indirect interactions.12 Experimental and observational studies of the eﬀects of alternative food
sources on biological control have occurred at a variety of scales,
ranging from petri dishes to landscape-level manipulations. Perhaps not surprisingly given the complex nature of many indirect
interactions, the spatial scale of the manipulation often appears
to aﬀect the nature of the indirect interactions observed.15,95
For example, Ostman and Ives96 found predator aggregation to
aphids, but not planthoppers, in ﬁeld studies, consistent with
short-term apparent amensalism. However, they found short-term
apparent commensalism in cage studies, where predators spent
time on plants with pea aphids and neglected plants with potato
leafhoppers.

5

APPLIED STRATEGIES

5.1 Alternative prey for early-season establishment
Alternative prey can help natural enemy populations establish in
crops before pest arrival, notably early in the season. Temporal
dissociation between natural enemy and pest arrival in crops can
result in high NE densities relative to the density of the invading
pest, thus preventing or delaying pest outbreaks.97,98 For example,
corn leaf aphids usually arrive early in the season on sorghum,
and they support early population growth of coccinellids that
WINTER
W
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control economically damaging greenbugs later in the
season.99,100 In addition, when a targeted pest does not enable
strong NE numerical response, NE population growth before
pest arrival may increase the strength of biocontrol (see Section
2.2). Yoo and O’Neil101 reported that the predator O. insidiosus
showed a numerical response to thrips (alternative prey) but not
to the aphid pest in soybean ﬁelds. However, thrips promote high
predator densities early in the season that may reduce aphid
populations later in the season.98
Introducing alternative prey early in the season could be a
method to increase biological control by inducing apparent
amensalism or apparent competition against a targeted pest.30,102
In greenhouse crops, the manipulation of NE indirect interaction
is easier because biotic and abiotic factors are better controlled
than in open ﬁelds. This probably explains why temporal one-way
indirect interactions are already used on occasion to enhance
biological control in greenhouses. The ‘alternative host and parasitoid in ﬁrst’ method involves introducing non-pest hosts on
non-crop plants to maintain parasitoid populations in greenhouses where crops are going to be planted. If a targeted pest
infests the crop, parasitoids can spill over from non-crop plants
and parasitise target pest populations.28,103 – 105 Similarly, the
alternative prey can be replaced by an alternative food source; for
example, sterilised Ephestia kuehniella eggs are used to promote
mirid predator population growth in tomato crops early in the
season.62 However, this is not strictly a NE-mediated indirect interaction, as one of the ‘prey’ shows artiﬁcial population dynamics.
Overall, these methods used in greenhouses generate the same
patterns observed naturally in some ﬁelds: alternative prey or food
sources promote NE population growth prior to pest outbreaks
and increase biocontrol services.
5.2 Alternative prey to sustain natural enemies during
low-pest-density periods
When alternative prey and pests do not co-occur in the habitat
at a given time of the season, they can still interact indirectly at
longer temporal scales (Fig. 2). Some predators require the presence of alternative prey in order to survive (or even develop, e.g.
moulting) during periods when the target pest is absent.106 Therefore, temporal separation between the pest and alternative prey
may be helpful for biological control. This is particularly important in annual crops because the entire ecosystem is regularly disturbed. The availability of alternative prey in neighbouring habitats during non-cropping periods can maintain the predator population from one year to another. In addition, many generalist predators attack prey both on plants and on the ground. This broad
diet enables predators to survive in ﬁelds on bare soils during
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Figure 2. Example of possible mechanisms of apparent competition (−,−) between pest and alternative prey at the scale of 1 year in annual crops.
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non-cropping periods and may ensure that they are present at the
beginning of new cropping seasons. For example, predatory beetles survive from autumn until spring by feeding on lumbricid and
collembolan prey in spelt107 and spiders feeding on ground invertebrates in rice.27,108 This suggests that soil and tillage practices
that maintain alternative prey for NEs can beneﬁt NE-mediated
indirect interactions.109
Similarly, in perennial crops, like orchards, pests may not be
available during particular periods of the season owing to pest
and/or crop phenology.110 The NEs may rely on alternative prey to
sustain them during the non-pest periods of the year. For example,
biological control of psyllids in pistachio crops in Turkey relies
primarily on apparent competition with the leaf-curling aphid on
almond trees, mediated by the predatory bug Anthocoris minki.111
The leaf-curling aphid is a key alternative prey for the predator
when pistachio psyllids are not available on pistachio trees in early
spring. Similar ﬁndings have been reported for parasitoids of grape
leafhoppers that diapause on alternative winter hosts on Prunus
and Rubus plants during the winter in California.112 – 114
5.3 Alternative and target prey concurrently present in the
agroecosystem
When alternative and target prey concurrently interact, the outcomes of NE-mediated indirect interactions are more variable and
harder to predict than they are when there is temporal dissociation
between prey, in part because behaviour and other traits become
more important (see Sections 2.2 and 4.1).
The spatial location of the two prey species may reduce the
eﬃciency of negative indirect interactions. This is especially likely
when the alternative prey is provided in or near crops using external subsidies like mulch or banker plants. Mulch may increase the
availability of detritivores for omnivorous predators, resulting in
improved biocontrol of herbivores on crops.115 However, strategies
to increase alternative prey densities do not always improve herbivore suppression. For example, alternative prey in mulch may draw
predators away from pests in the plant canopy.116,117
With concurrent prey, NE preference may also modulate the
outcome of NE-mediated indirect interactions (Section 4.1). Consequently, strategies relying on indirect interactions between
co-occurring prey for biological control will require intimate
knowledge of the species involved and clearly deﬁned objectives.
For example, it will be important to ask whether long-term or
short-term eﬀects are desired, and if a long-term eﬀect is sought,
whether a short-term mutualism or commensalism is acceptable
for the producer? An alternative to developing plans that require
such detailed knowledge is to increase agroecosystem biodiversity overall in the hope of improving ecosystem services. Indeed,
NE-mediated indirect interactions are one of the mechanisms
involved in the concept of ‘functional biodiversity’.118,119

6 PREY EXCLUSION MEDIATED BY SHARED
NATURAL ENEMIES
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alternative prey. Exclusion via apparent amensalism has been
demonstrated empirically in a long-term population study in
which prey species were not allowed to compete directly for
resources.60 Apparent competition could also theoretically lead
to prey exclusion through destabilisation of the ecosystem; the
introduction of a second prey species may increase overall availability of prey for an NE. Called the paradox of enrichment,121 an
increase in abundance of prey could favour NE–prey oscillations
and may lead to prey extinction. However this phenomenon is
rarely observed in ecosystems when both prey species are edible because either (i) the NE population density has a negative
eﬀect on its own per capita population growth rate via mechanisms other than prey depletion or (ii) a class of prey individuals
shows low vulnerability to NEs.122 The potential for prey exclusion via indirect interactions has important implications in the ﬁeld
of biological control but also in conservation biology. The possible impacts of indirect interactions on prey coexistence have
been reviewed thoroughly in the ﬁeld of conservation biology.123
Notably, the authors stressed the negative role of one-way indirect interactions in endangered species conservation, and this
may also be a risk when predators spill over from agroecosystems
into smaller patches of native habitat. By contrast, possible pest
exclusion through NE-mediated apparent competition (or other
indirect interactions) has been rarely documented for biological
control purposes.45,124 Parasitoid-mediated apparent amensalism
between two planthopper species excluded populations of one
species more frequently than when populations were not exposed
to apparent amensalism.124 The hypothesis that apparent competition can lead to pest exclusion in agroecosystems has never been
clearly demonstrated and deserves more attention from experimental ﬁeld ecologists. However, even in the absence of complete
exclusion, biological control may still be eﬀectively achieved, and
NE persistence in the agroecosystem improved.

7 NATURAL ENEMY INDIRECT INTERACTION
VIA HIGHER-ORDER PREDATORS: RISKS AND
POTENTIAL PITFALLS
Higher-order predation may intersect with apparent competition, so we brieﬂy discuss how it can aﬀect biological control in
light of NE-mediated indirect interactions between prey. Cannibalism is deﬁned as predation of conspeciﬁcs, hyperpredation
is typically deﬁned as NEs attacking other NEs without sharing
prey and intraguild predation (IGP) is deﬁned as predation by
one species on interspeciﬁc competitors, which are designated
as intermediate-order NEs. Hereafter, the term higher-order
predation (HO predation) will be used to refer to both IGP
and hyperpredation.8 HO predators are relatively frequent in
agroecosystems.125,126 However, most higher-order NEs feed on
intermediate-order NEs only when other prey are rare,127 reducing
the potential for HO predation to disrupt biocontrol services.128
Additionally, most generalist predators are cannibalistic. Therefore, ecosystems with only one NE and one prey may include
two prey types: conspeciﬁc and heterospeciﬁc prey. The eﬀect of
prey availability on cannibalism is particularly well documented
in spider species.82,129 – 131 As with HO predation, cannibalism
decreases with the abundance of other heterospeciﬁc prey.
Over long timescales, juveniles (conspeciﬁc prey) or HO prey
may generate a numerical response (or the survival) of the HO
predators when primary prey are rare, ultimately negatively aﬀecting the pests (apparent amensalism or apparent competition)

© 2014 Society of Chemical Industry
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Apparent competition may aﬀect prey population dynamics in the
same way as resource competition,120 and prey exclusion is a possible outcome if (i) predation is very high on one prey (overexploitation), (ii) there are no refuges for the prey that support the smallest
NE population or (iii) the less competitive prey suﬀers other detrimental interactions, such as resource competition.12
The presence of a prey species that supports high NE densities may promote overexploitation and potential exclusion of
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Higher-order NE

Intermediate-order NE

PREY
Figure 3. Indirect interactions involving a NE as prey through higher-order
predation. Shown is an example of apparent competition between the
target prey and the intermediate-order NE (intraguild prey) when sharing a
higher-order NE. Lines with arrows indicate a positive eﬀect in the direction
of the arrows, and lines with circles indicate negative eﬀects in the direction
of the circles. Solid lines indicate direct interactions, and dashed lines
indicate NE-mediated indirect interactions.

(see Fig. 3) and improving biological control.132 However, HO predation and cannibalism can reduce the impact of predation on
prey in arthropod communities because of suppression of the
intermediate-order NEs (the HO prey and juveniles).25,71,133,134 Such
reduction may occur in spite of possible adaptive behaviours
exhibited by HO prey/juveniles to avoid attack because such
adaptive behaviours ultimately distract them from attacking their
prey.135,136 However, overall, the potential risk of HO predation disrupting biological control is thought to be relatively low.137 – 139
Thus, cannibalism and HO predation could be expected to disrupt
the eﬃciency of the HO prey/juveniles without a signiﬁcant reduction in overall biological control services compared with those
from a single NE alone. Moreover, HO predation may sustain NE
populations over the long term when target prey populations
are rare.
Finally, we can note that apparent competition may occur
between two natural enemies via a hyperpredator. The existence
of such interactions has been rarely studied (we found only one
laboratory study140 ), even though many HO predators are known
to prey on several NE species.25,127
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Holt4 described indirect eﬀects in one-predator–two-prey systems using basic Lotka–Volterra types of model, and suggested
the terminology of apparent competition. By modifying the
assumptions about species behaviour and environmental conditions implicit in Holt’s model,4 a number of authors have explored
a wide range of mechanisms that may alter the nature of indirect
interactions.20 Studies have investigated the impacts of saturating
functional and numerical responses14,63,141 – 146 (see Section 2.2),
prey and predator behaviour14,147 – 153 (see Section 4.1), spatial
heterogeneity12,57,91,154 (see Section 4.2), varying timescales57,155
(see Section 3) and interference.14,146 Many of these theoretical
studies have predicted novel impacts of shared predation or have
provided insight into potential biological mechanisms for patterns
that could not have been detected or had been overlooked by
empirical approaches.
However, these separate models fail to provide a uniﬁed theory
that could easily be applied to a wide range of biological systems.
One framework that holds potential to ﬁll this gap is based on community modules,156,157 which posit that multispecies communities
can be described by an extension of pairwise interactions. These
modules actually correspond to general patterns of interactions
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within more complex systems composed of multiple trophic levels
and interactions.
For instance, when simple rules can be derived in community
modules, such as the R* and the P* rules (which predict that the
competitor that can persist at the lowest resource level excludes
the other) in the shared resource and shared predation modules respectively,11,120,158 these allow for fundamental predictions
about species dominance and indirect interactions. These rules
are generated by comparing species equilibria in models that
include or exclude an additional prey species, which is analogous
to the way indirect eﬀects are investigated in empirical studies.36
However, their scope of application is currently limited: they are
designed for extremely simple community models, which overlook most of the behavioural, temporal and spatial mechanisms
inﬂuencing interactions and aﬀecting predictions. Considering the
substantial support that such rules could provide for optimising
biological control programmes, signiﬁcant tasks for future theoretical and empirical studies are (1) to develop key rules derived
from community modules and (2) to identify critical assumptions underlying models of community interactions. The goal is
to develop predictions for more complicated communities on the
basis of simple variables, such as the relative abundance of prey
species, their phenology and predator functional and numerical
responses.

9

CONCLUSION AND PERSPECTIVES

Understanding how pests, alternative prey and NEs interact in
complex and heavily managed environments such as agroecosystems is essential to the development of environmentally sound
pest management methods in agriculture.19,159,160 The current literature about NE-mediated indirect interactions among arthropods demonstrates that such interactions (i) are very frequent in
agroecosystems and (ii) have a strong eﬀect on pest, prey and
NE population dynamics. Most indirect interactions appear to be
one-way interactions. However, the reciprocity of indirect interactions has rarely been tested, as biological control-related studies
are often most interested in one-way interactions, and it is more
challenging to implement fully informative experimental designs.
Additionally, positive indirect interactions are most likely to occur
over short timescales, whereas negative indirect interactions often
require longer timeframes to allow for a numerical response of the
NE. Nevertheless, certain NE foraging behaviours, such as aggregation to sites of high host density, may generate negative interactions in the short term.
In agroecosystems, in contrast to natural ecosystems, crop management techniques (e.g. mixed crops, banker plants, cover crops,
etc.) strongly inﬂuence the type and strength of NE-mediated indirect interactions. Habitat management may not always demand
a radical change in farming practices161 and could be used to
manipulate NE-mediated interaction. We summarise in Table 1 the
agroecosystem characteristics and the corresponding practices
that can inﬂuence NE-mediated indirect interactions in managed
agricultural ecosystems. Importantly, biological control may often
beneﬁt from indirect interactions that account for temporal variability in pest abundance, but outcomes are more variable when
alternative prey coexist and share predators with pests at the
same time.
We claim that a strong link should be created between community ecology theory and IPM practices to allow practitioners to use
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Table 1. Summary of potential human interventions to enhance biological control, and their consequent eﬀects on NE-mediated interactions, in
relation to ecosystem item characteristics
Item characteristics
Plants

Potential interventions

Presence of plant-provided
food
Presence of prey refuges
Plant cultivars releasing
volatiles in response to
herbivores

Natural enemies

Behaviour (prey preference)
Numerical response
Higher-order NE
Nutritious value

Prey

Phenology
Behaviour

Agroecosystem

Plant diversity

Soil fauna
Perennial crop
Annual crop

Plant cultivar choice
Releasing NE trained to
respond to
herbivore-induced plant
volatiles
Choice of NE to release
Addition of artiﬁcial food
Choice of NE to release
Adding banker plants
attracting high-quality
prey
Introducing alternative prey
prior to pest arrival
Adding plant species that
are repellent to herbivores

Adding banker plants

Enhanced NE survival and
numerical response
Sustains food sources for the
NE
Enhanced the NE eﬃcacy

Enhanced NE eﬃciency
Increased NE density
Limited negative
interactions between NEs
Enhanced NE numerical
response

Negative (reduced prey host
availability) or positive
(maximised predation on
fewer pests) eﬀects
Enhance prey diversity for
the NE

Adding intercropping
Mixing crop
Soil practice choice:
no-tillage practices
Adding intercropping
Adding cover crop

presence, the alternative prey is less preferred by the predator than
the targeted pest (see Sections 4.1 and 5.3). These approaches
should provide initial recommendations to help practitioners use
NE-mediated indirect interactions to improve crop protection.
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154 van Baalen M, Křivan V, van Rijn PC and Sabelis MW, Alternative
food, switching predators, and the persistence of predator–prey
systems. Am Nat 157:512–524 (2001).
155 Holt RD and M Barﬁeld, Impacts of temporal variation on apparent competition and coexistence in open ecosystems. Oikos
101:49–58 (2003).
156 Holt RD, Community modules, in Multitrophic Interactions in Terrestrial
Systems, ed. by Gange AC and Brown VK. Blackwell Science, Oxford,
UK, pp. 333–349 (1997).
157 Holt RD and Hochberg ME, Indirect interactions, community modules
and biological control: a theoretical perspective, in Evaluating
Indirect Ecological Eﬀects of Biological Control, ed. by Wajnberg E,
Scott JK and Quimby PC. CABI International, Wallingford, Oxon, UK,
pp. 13–37 (2001).

www.soci.org

158 Tilman D, Mechanisms of plant competition of nutrients: the elements of a predictive theory of competition, in Perspectives on
Plant Competition, ed. by Grace J and Tilman D. Academic Press,
New York, NY, pp. 117–142 (1990).
159 Bunemann EK, Schwenke GD and Van Zwieten L, Impact of agricultural inputs on soil organisms – a review. Aust J Soil Res
44:379–406 (2006).
160 Desneux N, Decourtye A and Delpuech JM, The sublethal eﬀects of
pesticides on beneﬁcial arthropods. Annu Rev Entomol 52:81–106
(2007).
161 Landis DA, Wratten SD and Gurr GM, Habitat management to conserve natural enemies of arthropod pests. Annu Rev Entomol
45:175–201 (2000).

1779

Pest Manag Sci 2014; 70: 1769–1779

© 2014 Society of Chemical Industry

wileyonlinelibrary.com/journal/ps

