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Abstract

Agricultural and forest insect pests generate important yield losses worldwide. Global-
change is expected to increase pest outbreaks and their impact on human-managed ecosystems.
Pest control performed by natural enemies is also likely to be influenced by global-change. Yet,
pests and their natural enemies are part of complex food-webs and interact with other species,
notably at upper trophic levels (e.g. hyperparasitoids, predators). These interactions have to be
considered as important facets of food-web structure, functioning, and pest control efficiency.
Relatively recent evidence suggests that global-change may translate to modifications in upper-
trophic level abundance, phenology, and geographic range. The combination of these shifts at
different trophic-levels may ultimately threaten ecosystem services such as biological pest
control, yet these shifts have largely been overlooked. Little information is available on
hyperparasitoid ecology and therefore little is known about the potential impact of climate
change on these species. Improving our knowledge on this topic is important if we aim at
adopting biological control programs in the near future. In this overview, we first emphasize
that hyperparasitoids may have huge potential to disrupt biological control in natural and
agricultural settings. We then stress that this disruption may increase in frequency and
magnitude in the near future due to global-change. We finally propose that hyperparasitoids
may become new targets in biological control and recommend different methods to control
them, or limit their impact.

Key-words: Pest-control; intraguild interactions; food-web; climate-change; parasitoid; conservation;
ecosystem services



1.

Introduction

Agricultural and forest productivity will likely increase to meet intensifying human demand
for food, manufactured goods and houses (Foley et al., 2005). In the meantime, the Earth is
experiencing rapid changes in both climatic conditions and land-use (Tilman, 1999; Karl and
Trenberth, 2003). These changes have led to a drastic decrease in biodiversity and to important
consequences on species ecology, including distribution ranges, phenology and physiology,
ultimately threatening the stability of ecosystems (Hautier et al., 2015; Walther et al., 2002) and
degrading ecosystem services (Tscharntke et al., 2005; Montoya and Raffaelli, 2010). One of
the most important ecosystem services is biological pest control, which helps to maintain pest
damage below tolerable thresholds in human-managed ecosystems, such as agrosystems or
forests, and can help to sustain the increasing production demand (van Lenteren, 2012; van
Lenteren et al., 2018). Whether global-change will negatively or positively impact the efficiency
of biological-control service remains unclear, but every type - either natural, classical,
conservation or augmentative biological control - is likely to be impacted (Aguilar-Fenollosa
and Jacas, 2014; Andrew and Hill, 2017; Bjérkman and Niemeld, 2015).

Global change is expected to increase damage caused by agricultural pests by increasing
their population growth, generations per year, and dispersal, by inducing earlier pest outbreaks,
decreasing natural enemies’ efficiency, and decreasing plant resistance (Bjoérkman and Niemela,
2015; Klapwijk et al., 2012; Pincebourde et al., 2016). Environmental changes might also be
beneficial for biological control agents if, for example, they are able to find more hosts/prey for
a longer time window (Hance et al., 2007; Thomson et al., 2010) since early suppression of
pests is crucial for efficient biological control (Gémez-Marco et al., 2016a; Langer et al., 1997,
Neuville et al., 2015). Parasitoids are among the main natural enemies, and have been widely
used in biological control against insect pests (Jervis, 2007; van Lenteren et al., 2018). Global-
change will either (i) enhance biological control by parasitoids if they adapt better to new
conditions than their hosts, (ii) maintain unchanged biological control by parasitoids if they are
able to keep pace with their hosts’ distribution or phenology shifts, or (iii) disrupt biological
control by parasitoids if they adapt less well to new environmental conditions than their hosts.

However, parasitoids and their hosts are not alone in their environment and they interact with
other species in complex food-webs. Following global-change, novel interactions will appear
through shifts in geographic ranges (Van der Putten, 2012) or in phenology (Forrest, 2016;
Visser, 2016), altering the abundance, distribution, and functions of species in a food-web
(Facey et al., 2014; Gilman et al., 2010; Walther et al., 2002), potentially leading to increased
antagonism among natural enemies (predation, parasitism or competition). These changes in
food-web interactions are an additional challenge that biological control practitioners will have
to face in the upcoming years (Andrew and Hill, 2017; Hance et al., 2007). Thus, if we aim at
predicting the effect of global-change on biological control, there is a need to consider such
effects not only at the pest-parasitoid scale, but at the whole community scale (e.g. shifts in
interactions involving more than two species) (Frago, 2016; Thackeray et al., 2016; Thompson
et al., 2013; Tylianakis et al., 2008; van der Putten et al., 2010; Visser, 2016).

Intraguild interactions among parasitoid species (i.e. species sharing the same host) are good
examples of the complexity underlying food-web functioning and of the difficulty to develop
successful biological control programs (Gomez-Marco et al., 2015; Traugott et al., 2008).
Specifically, the effects of intraguild competition (i.e. direct competition, multiparasitism)
(reviewed in Boivin and Brodeur, 2006; Harvey et al., 2013) and intraguild predation (i.e. when
at least two species that share the same prey or host also predate or parasitize each other)
(reviewed in Rosenheim et al., 1995) on biological control have been well explored.
Surprisingly, and despite their importance in biological control and their ubiquity in food-webs,
the effects of upper trophic levels such as hyperparasitoids on pest population regulation have
been neglected relative to interactions mentioned above. Hyperparasitoids are secondary
parasites of immature stages of primary parasitoids and belong to the fourth (or upper) trophic
levels (Sullivan, 1987) and are the only specific natural enemies of parasitoids (Boivin and
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Brodeur, 2006). Hyperparasitoids have a wide host range and harbor complex life-cycles and
host-foraging behaviour since they can be either facultative or obligate (Brodeur, 2000; Hunter
and Woolley, 2001). They come from a few taxa but are present in a wide variety of
ecosystems, including forests, crops, orchards and greenhouses (Brodeur, 2000; Frago, 2016;
Prado et al., 2015). As high trophic level species, they are more susceptible to perturbations
because of bottom-up effects in the food-web, as predicted by the trophic rank hypothesis (Holt
et al.,, 1999; Gilman et al., 2010). Yet, hyperparasitoids did not gain the attention that they
deserve in most biocontrol studies. We first review the effect of hyperparasitoids on biological
control provided by parasitoids; we then analyze the potential effect of climate change on
hyperparasitoids and biological control; and, finally, we propose several methods to overcome
the effect of hyperparasitoids on biological control.

Hyperparasitoids and biological control disruption

When any type of biological control fails, it is often because scientists overlooked natural
enemies as part of a food web (Goldson et al., 2014). Studies of natural host—parasitoid
communities reveal that hyperparasitoids are common in many networks (Gémez-Marco et al.,
2015; Miller and Godfray, 1999; Tena et al., 2008; Traugott et al., 2008). In fact, numerous
field studies have reported hyperparasitism levels up to 90% (e.g. Holler et al., 1993). Prado et
al., (2015) also state that high hyperparasitism rates may be reached in greenhouses due to
temperature advantage. Naturally occurring hyperparasitism is traditionally thought to disrupt
biological control by primary parasitoids on target pests because hyperparasitoids develop at the
expense of parasitoids and are, thus, likely to limit the control of herbivorous hosts by the
following parasitoid generation (Rosenheim, 1998; Sullivan and V6lkl, 1999). Among the
detrimental effects on primary parasitoids, hyperparasitoids may affect their establishment,
occurrence and abundance not only through direct parasitism but also by acting as intraguild
competitors (i.e., facultative hyperparasitoids that exploit herbivores and primary parasitoids)
(Boivin and Brodeur, 2006; Snyder and Ives, 2008). For example, Pérez-Lachaud et al. (2002)
showed that Cephalonomia hyalinipennis, a facultative bethylid hyperparasitoid of the coffee
berry borer, affected the primary biocontrol agents through direct behavioural contests for hosts.
In another example, primary parasitoids Metaphycus and the facultative hyperparasitoid
Coccophagus lycimnia compete for hosts of the same size when they parasitize the citricola
scale Coccus pseudomagnoliarum leading to reduced levels of biological control (Bernal et al.,
2001). As a consequence, the potential negative impact of hyperparasitoids may be different
between obligate and facultative hyperparasitoids. Obligate hyperparasitoids generally hinder
the effect of primary parasitoids but may circumstantially play a role in stabilizing host-
parasitoids interactions through density-dependent effects (Beddington and Hammond, 1977;
Hassell and Waage, 1984; Holt and Hochberg, 1998), and may thus in some cases enhance
biological control by primary parasitoids (Rosenheim, 1998; Sullivan and Voélkl, 1999). The
latter (facultative hyperparasitoids) may both outcompete and parasitize primary parasitoids, in
addition to ovicide and larvicide effects (Bernal et al., 2001; Pérez-Lachaud et al., 2004), but
may still be efficient at controlling pests since some facultative hyperparasitoids have been
considered as candidate species for classical or augmentative biological control (Boivin and
Brodeur, 2006). Thus, the debate about the extent to which hyperparasitoids can disrupt or even
enhance biological control remains open, and would benefit from more theoretical and empirical
studies (Brodeur, 2000; Rosenheim et al., 1995; Schooler et al., 2011; Snyder and Ives, 2008).

In biological control, the actual impact of naturally occurring hyperparasitoids on the
efficacy of primary parasitoids can be confused with other biotic and abiotic factors. For
example, immature mortality of the primary host can be due not only to hyperparasitoids but
also to host defenses or extreme climatic conditions (Godfray, 1994). Moreover, the effect of
hyperparasitoids can go beyond the direct mortality of immature parasitoids. For example, they
can deter primary parasitoids of foraging on host patches through volatiles (Hoéller et al., 1994;
Petersen et al., 2000); or be responsible of the apparent competition between primary

3



parasitoids, leading to the extinction of the loser species (Van Nouhuys and Hanski, 2000).
From a population dynamics point of view, hyperparasitoids are likely to act similarly as
superpredators on the prey/pest trophic level (e.g. Mbava et al., 2017), which can be observed
directly by monitoring food-webs over time or recording behavioural activities. In addition to
direct population monitoring, other indirect molecular tools such as barcoding or stable isotopes
analyses can be used to assess and quantify the impact of hyperparasitoids on lower trophic
levels (Sanders et al., 2016; Traugott et al., 2008).

Hyperparasitoids can act on the efficiency of natural (discussed above), classical,
augmentative or conservation biological control.

2.1. Hyperparasitoids in classical biological control

In classical biological control, native hyperparasitoids can already be present at the location
of introduction and can therefore reduce its own potential, although complex density-dependent
interactions can appear in some other host-parasitoid-hyperparasitoid systems (Hougardy and
Mills, 2008). For example, the native hyperparasitoid Conura albifrons was shown to attack the
primary parasitoid Diadromus pulchellus, an exotic biological control agent released in North
America to control the leek moth (Miall et al., 2014). Hyperparasitoids can also be fortuitously
released with the new primary parasitoid, in both cases impairing the long-term establishment of
the primary parasitoid (Goldson et al., 2014). Although great care is made to exclude
hyperparasitoids when importing insects, several cases of fortuitous introduction of
hyperparasitoids — such as in Southern California at the beginning of the 20" century —
reinforced the importance of quarantine procedures before the introduction (Sawyer, 2002).
Moreover, the important steps taken to reduce the risks associated with biological control
introductions over the past 20 years have led to greatly improved safety of introductions
(Heimpel and Mills, 2017; Van Lenteren et al., 2003). Therefore, it seems unlikely that the
fortuitous introduction of hyperparasitoids will occur in the coming years.

2.2. Hyperparasitoids in augmentative biological control

Hyperparasitoids can also disrupt augmentative biological control. The best known example
is the augmentative releases of Aphidius colemani (Hymenoptera: Braconidae) in greenhouses
to control aphids (Prado et al., 2015). There are several species of hyperparasitoids that attack
and hinder the effect of A. colemani (Acheampong et al., 2012; Bloemhard et al., 2014; van
Steenis, 1995). These hyperparasitoids are more abundant and active in summer (van Steenis,
1995; Bloemhard et al., 2014). For this reason, augmentative releases of A. colemani are
recommended in spring, when hyperparasitism does not interfere with aphid control (Prado et
al., 2015). The use of banker plants can also hinder the efficacy of A. colemani releases if
hyperparasitoids can find hosts and overwinter there (Nagasaka et al., 2010).

Naturally present primary parasitoid and hyperparasitoid populations around agricultural
fields can interact with released parasitoids. This should be taken into account for the
development of pest management strategies in the future. However, as mentioned before, little is
known about what hyperparasitoid species are present around cultivated fields, and we know
even less about their behaviour and ecology. Several questions remain to be answered if our aim
is to include hyperparasitoids as an important factor when making management decisions. For
example; how do they interact with other species, especially with released and naturally present
primary parasitoids, and with the abiotic environment?

2.3. Hyperparasitoids in conservation biological control

In conservation biological control, hyperparasitoids can take advantage of the conservation
procedures aimed to improve the fitness of primary parasitoids (Muller and Godfray, 1999). In
conservation biological control, there may be a trade-off between improving primary parasitoid
efficiency and attracting hyperparasitoids or improving their fitness. For instance, nectar sources
added around the fields to improve efficiency of Aphidius ervi, a primary parasitoid of aphids,
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could also benefit hyperparasitoids such as Dendrocerus aphidum (Araj et al., 2006, 2009).
Several elements in the landscape such as the composition of field margins may also provide
hyperparasitoid alternative host species or suitable over-wintering sites (Plecas et al., 2014).

The effects of global-change on hyperparasitoids

As global-changes are altering trophic interactions (Tylianakis et al., 2008), and the
scheduling of species activities in a food-web (Forrest, 2016), the effect of hyperparasitoids on
biological control could be modified. Predicting hyperparasitoids’ range or phenology shifts
following global-change is problematic because their life-cycles are often understudied and
strongly linked to those of lower trophic levels (primary parasitoids, hosts and host-plants).
Land-use change and climate change are the main drivers of global environmental changes and
are expected to have both additive and synergistic effects on organisms ecology (Oliver and
Morecroft, 2014). Among potential interactions between both global-change drivers, one could
expect that due to climate warming, the build-up of hyperparasitoid populations would be faster
in simplified landscapes with more host resources (e.g. aphids) than in more complex
landscapes, especially for facultative hyperparasitoids and generalist species. Predictions may
vary between generalist and specialist hyperparasitoids species because the latter are not
expected to shift their range or phenology beyond that of their hosts, while generalist
hyperparasitoids are more likely to find an alternative host and spread to other systems in the
global-change context.

Landscape complexity tends to increase species diversity and the action of primary
parasitoids as well as hyperparasitoids (Ortiz-Martinez and Lavandero, 2018; Ple¢a$ et al.,
2014), especially for generalist species such as parasitoid communities associated with aphids
(Brodeur, 2000; Heimpel and Mills, 2017). By analysing food-webs of cereal aphids along an
agricultural landscape gradient of structural complexity, Gagic et al. (2011) have shown that
both parasitism and hyperparasitism levels are higher in complex landscapes with little
percentage of arable lands. Yet, Rand et al. (2012) found that generalist hyperparasitoids benefit
landscape complexity more than specialist primary parasitoids. Therefore, the question remains
as to the extent to which landscape simplification may act on the services/disservices balance
(i.e. will landscape simplification decrease more hyperparasitism than it decreases primary
parasitism and favor pests). More studies are necessary to understand how agricultural
intensification and landscape simplification can act indirectly on hyperparasitoids by modifying
trophic interactions between pests and primary parasitoids, which can in turn trigger effects on
the upper trophic level through bottom-up effects (Gagic et al., 2012; Lohaus et al., 2013; Zhao
etal., 2013).

Concerning the effects of climate-change, higher temperatures will likely lead to a decrease
in longevity in insects from all trophic levels through increasing metabolic rates (van Baaren et
al., 2010). In the hyperparasitoid Asaphes vulgaris (Hymenoptera: Pteromalidae), the lifespan is
four months at 15°C while it decreases to only 46 days at 25°C (Brodeur and McNeil, 1994).
However, hyperparasitoids may benefit from higher temperatures for several reasons. First,
climate-change may allow hyperparasitoids to terminate diapause earlier than reported in past
decades, thus increasing their damage on early-season parasitoids (Gomez-Marco et al., 2015;
Tougeron et al., 2017). Hyperparasitoids can be active in winter only if primary parasitoids are
available, which in turn requires the presence of hosts. Such a scenario is now present in
western and southern Europe where winters are mild enough to allow insect activity throughout
the year, including by hyperparasitoids (Andrade et al., 2016; Gomez-Marco et al., 2016a;
Lumbierres et al., 2007). Hyperparasitoids were only observed from spring to fall a few decades
ago (Krespi et al., 1997; Rabasse and Dedryver, 1982) but, as in many insect species, their
phenology seems to be changing following both softening of climatic conditions and
modifications in their host’s phenology (Tougeron et al., 2017). Secondly, although no long
term analysis on hyperparasitoid voltinism (i.e. the production of supplementary generation
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each year) are available to our knowledge, we expect an increase in voltinism in
hyperparasitoids as occurs in many insects under warmer climates (Sgro et al., 2016). Finally,
basal thermal tolerance and thermal optima can differ between trophic levels which may
condition the way hyperparasitoids interact with lower trophic levels in a warmer climate
(Furlong and Zalucki, 2017; Gilman et al., 2010), and therefore change the way pest populations
are controlled. Rice and Allen (2009) showed that the developmental threshold from larva to
adult was 3°C higher for the hyperparasitoid Mesochorus sp. (Hymenoptera: Mesochorinae)
than for three primary parasitoids species it attacks. Differences in plastic response and in
adaptive potential to rapid temperature warming among trophic levels are thus critical to
consider in this context and can be viewed as a “thermal arming race” between interacting
species (Ferris and Wilson, 2012; Somero, 2010). Nevertheless, the extent to which higher
temperatures would benefit hyperparasitoids more than it would primary parasitoids or pest
insects still remains to be clarified in most host-parasitoid-hyperparasitoid systems.

If temperatures remain in an optimal or quasi-optimal range for hyperparasitoids, we expect
an overall positive effect of climate-change on hyperparasitoid abundances and species richness
at a given location, likely due to increase in foraging capacities, and increasing voltinism and
seasonal activity levels. However, whether these responses will negatively or positively affect
biological pest control is a question that remains to be answered, especially because many crop-
specific and species-specific situations will likely appear. Numerous gaps exist concerning our
understanding of hyperparasitoid ecology and biology. However, we can speculate that both
evolutionary and plastic adjustments, including maternal effects and bet-hedging strategies, will
be involved in their adaptation to environmental changes. The response of hyperparasitoids to
ongoing global-changes is likely to be the same as the response of primary parasitoids to
changing environments (Figure 1, Tougeron, 2017). More insights on plant-herbivore
interactions in a global-change context are proposed in Pincebourde et al. (2016) and in
Bjorkman and Niemel& (2015) regarding the impact on biological control.
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Figure 1: Schematic summarizing the factors involved in modulating the efficiency of biological pest
control when hyperparasitoids are present in the ecosystem, and in the context of global changes.
These processes are described in the main text of the manuscript. In brief, both climate and land-use
changes will modify local environmental conditions. Hyperparasitoids may adapt to new conditions
through environmental plasticity or natural selection. These adjustments may not only affect different
components of hyperparasitoid ecology, but also of species with which they interact. These changes in
the biotic compartment ultimately act on the efficiency of biological pest control, although both
positive and negative outcomes could be predicted. This figure is not exhaustive and other
mechanisms (e.g., pesticides, artificial light at night) may be involved.

4. Hyperparasitoids as new targets in biological control?

In light of the above, it would be interesting to consider hyperparasitoids as potential targets
in biological control and investigate methods to buffer their negative impacts on pest
suppression. As species at high trophic levels, hyperparasitoids undergo many ecological and
physiological constraints on which we could act to reduce their fitness or their establishment
and persistence in the target environment. Some methods have already proved efficient in
classical biological control such as quarantine procedures to avoid the introduction of
hyperparasitoids. However, controlling hyperparasitoids in conservation and augmentative
biological control without also impairing primary parasitoids’ fitness is thorny because
hyperparasitoids often are ecologically, behaviourally and physiologically very close to their
hosts due to their common evolutionary origin (Buitenhuis et al., 2017).



4.1. Use of chemical volatiles

A first promising method is to unravel hyperparasitoid host-foraging behaviour and
determine whether there are volatile chemicals that could lure hyperparasitoids away from
primary parasitoids without disrupting the latter. If this occurs, the use of attractants or
repellents could be a promising approach to keep hyperparasitoids away from target crops.
Limited information on hyperparasitoid foraging behaviour indicates that they exploit host and
plant volatile chemicals to find their parasitoid hosts (Buitenhuis et al., 2005; Poelman et al.,
2012; Sullivan and Volkl, 1999). Host-related kairomones also elicit behavioural responses in
the hyperparasitoid. For example, hyperparasitoid females of Alloxysta victrix (Hymenoptera:
Figitidae) show arrested development and antennal examination behaviour when exposed to
aphid cornicle secretions, honeydew and solvent extracts of parasitized aphids by the primary
parasitoid (Grasswitz, 1998). Exploiting plant volatiles and/or insect-induced plant volatiles to
manipulate target species such as pests or their natural enemies is a commonly used strategy
(e.g., push-pull methods in biological control) (Cook et al., 2007). However, as pointed out by
Poelman and Kos (2016), there is a risk that both primary and secondary hyperparasitoids are
attracted by the same volatile chemicals. Efforts may thus concentrate in finding chemical lures
— or concentrations or mixes of these chemicals — that are specific to hyperparasitoids. If these
volatile chemicals are attractive only to hyperparasitoids and are affordable, they could be used
to control hyperparasitoids without interfering with the activity of primary parasitoids. To the
same extent, chemical volatiles used to attract primary parasitoids to crops should ideally not be
attractors to hyperparasitoids. An interesting but yet untested approach arises from the fact that
primary and secondary parasitoids may be attracted in a different way by plant and host cues
(discussed in Poelman and Kos, 2016).

4.2. Environmental management

In a conservation biological control approach, it would be interesting to evaluate whether
specific flower mixes and/or specific sugars (for sugar spraying) could benefit primary
parasitoid more than hyperparasitoids. In this sense, it has been recently demonstrated that two
Aphidius parasitoids increase their longevity much more than their hyperparasitoid Dendrocerus
aphidum when they feed on melibiose (Goelen et al., 2018), a common sugar of honeydew
(Wackers, 2001). This knowledge can be exploited in tailoring food sources to selectively
support Aphidius parasitoids, enhancing the biological control of aphids (Damien et al., 2017).
As trophic levels can have different thermal requirements or plastic adjustment capacities to
microclimatic conditions (Thackeray et al., 2016) appropriate landscape management to
manipulate pests’, parasitoids’ and hyperparasitoids’ thermal niches could also be considered
(Alford et al., 2017; Tougeron et al., 2016).

Another potential solution in conservation biological control would be to enhance predator
presence at the beginning of the season, when hosts are at low densities. For example, in citrus,
the aphid Aphis spiraecola (Hemiptera: Aphididae) has a large and diverse complex of
hyperparasitoids which may make unfeasible its biological control with parasitoids in the
Mediterranean Basin (Gomez-Marco et al., 2015). There, the biological control services of these
predators can be improved by means of cover crops based on Poaceae plants that increase their
presence at the beginning of the season (Gémez-Marco et al., 2016a, 2016b).

4.3. Use of natural enemies of hyperparasitoids

Another method is to use the specific natural enemies of hyperparasitoids. For this, we first
need to identify them and then determine the extent to which hyperparasitoids’ negative effects
on primary parasitoids can be limited by their predators, pathogens and parasites in the food-
web. Focus should be made on finding hyperparasitoid or predator species that are able to attack
a target hyperparasitoid without interfering with the lower trophic levels (i.e., primary
parasitoids). At least two groups of insects have been identified as potential natural enemies of
hyperparasitoids. Among specialists, some hyperparasitoids are in the fifth trophic level (i.e.



tertiary parasitoids) and parasitize hyperparasitoids. or interfere with their development through
larval or adult competition (Harvey et al., 2009). For example, the use of molecular techniques
have allowed researchers to untangle the role of hyperparasitoids in food-webs that include the
aphid A. spiraecola in citrus, and some hyperparasitoids appeared to be in the fifth trophic level
(Gomez-Marco et al., 2015). Ants generally protect aphids from primary parasitoids. However,
ants are also the best known generalist natural enemy of hyperparasitoids and can provide an
“enemy-free space” for the primary parasitoid. For example, the primary parasitoid of aphids
Lysiphlebus cardui (Hymenoptera: Braconidae) can avoid ants attending aphids, whereas
hyperparasitoids are detected and attacked by ants (V6lkl, 1992). This interaction is, however,
quite specific as some hyperparasitoids can handle ant attendance (Hubner and V6lkl, 1996).
The presence of tertiary hyperparasitoids and/or ants could be promoted in future conservation
biological control programs. To rear tertiary parasitoids for their release in augmentative
biological control seems unfeasible, however, because of their cost (van Lenteren et al., 2018).
Development of specific strains of microbial biological control agents targeting hyperparasitoids
could also be interesting solutions in the future.

4.4. Recommendations for augmentative biological control

In augmentative biological control, we would recommend, when possible, to select and
release primary parasitoids that can avoid/escape hyperparasitism, either behaviorally or
immunologically, (Brodeur and McNeil, 1989; Hdoller, 1991), even if they are less effective. In
case species with different suitability for hyperparasitoids and efficacy as biological control
agents can be released, we would recommend releasing first the “tolerant to hyperparasitism but
less effective species”, and then release the “intolerant but effective” at the end of the season
once hyperparasitoids cannot built up their populations. In terms of augmentative releases, it is
also important to determine the correct timing to control a pest while avoiding the presence of
hyperparasitoids. For this, it is crucial to include diapause and changes in diapause expected in
insects of all trophic levels under climatic change in population dynamic models and phenology
models intended to biological control practitioners (Bale and Hayward, 2010; Lalonde, 2004).
Moreover, as hyperparasitoid population dynamics seem to depend on both pest hosts and
primary parasitoids (Gagic et al., 2011), future research needs to focus on how manipulating
either or both of these lower-trophic-level populations could make hyperparasitoid populations
crash (e.g., by establishing complex multitrophic-level population dynamics models to identify
the levers on which acting to eliminate hyperparasitoids from a system).

4.5. Potential of endosymbionts

Endosymbionts are important players in many food-webs. They are known to be involved in
host-parasitoid interactions (Dion et al., 2011; Oliver et al., 2014), but have only recently been
studied regarding higher trophic levels. Protective symbionts in pests may have effects that
extend to higher trophic levels, including hyperparasitoids (Oliver and Martinez, 2014; Ye et al.,
2018). For example, in populations of the pea aphid Acyrthosiphon pisum (Hemiptera:
Aphididae) that are protected by the bacterial endosymbiont Hamiltonella defensa against
primary parasitism, there is a reduction in hyperparasitoid emergence not by a direct effect of
the endosymbiont on the hyperparasitoid, but through indirect cascading effect resulting from
the reduction of specific hosts available for primary parasitism (Mclean et al., 2017). In this
sense, protection by endosymbionts is an additional type of bottom-up effect that influences the
composition of a parasitoid-hyperparasitoid community (Rothacher et al., 2016; van Nouhuys et
al., 2016; Ye et al.,, 2018). There are, however, no empirical analyses available on how
protective symbionts in the host pest or in the primary parasitoid might directly impact
hyperparasitoids, nor on how we could control hyperparasitoid fitness through manipulation of
endosymbiosis within food-webs (McLean et al., 2016). Moreover, endosymbionts within
hyperparasitoids remain, to our knowledge, poorly studied and their potential ecological and
evolutionary implications are yet unknown, especially concerning species interactions within
food-webs. Endosymbionts are also involved in insect resistance to stress such as thermal stress
(Dunbar et al., 2007). They are themselves sensitive to thermal stress (Tada et al., 2011) and
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their interaction with the host and the parasitoid differs depending on temperature (Cayetano
and Vorburger, 2013; Guay et al., 2009; Thomas and Blanford, 2003). Through changes in
temperatures in greenhouses, it could thus be possible to manipulate the efficiency of
endosymbiotic microorganisms to change the outcome of plant-pest-parasitoid-hyperparasitoid
interactions. This option would however impact plant production and development of other
pests such as fungi.

5. Conclusion

It is now clear that the study of binary pest-parasitoid interactions is not sufficient to assess
the impacts of global-change on biological pest control, and that multitrophic interactions from
the host-plant to the hyperparasitoid (Dicke and Baldwin, 2010; Duffy et al., 2007; Harvey,
2015; Pincebourde et al., 2016), as well as endosymbiotic interactions (McLean et al., 2016; Ye
et al., 2018) should be considered. Predicting interaction shifts within food-webs and their
ecological consequences in a changing world is currently one of the greatest challenges in
community ecology (Chevin et al., 2010; Gilman et al., 2010). Hyperparasitoids may positively
respond to global-change through increasing population growth and activity rates, but whether
this will negatively or positively affect biological pest control is still unknown. While their
potential detrimental effects on primary parasitoids must be evaluated and limited as part of
biological control programs, we also need to account for their potential positive influence on
food-web stabilization through top-down effects (stabilization of host-parasitoids interactions).

Realistically, hyperparasitoids cannot be removed from food-webs, aside from food-webs
maintained in greenhouses and other highly controlled systems. Some of the control methods
exposed in the last section of our manuscript are promising, but remain limited because their
application will depend on both the crop system (greenhouses, fields, orchards, forests, etc.) and
local biotic and abiotic constraints. In order to reduce the negative effect of hyperparasitoids in
the future and to better adopt pest management decisions, more empirical studies are required
on the ecology of hyperparasitoids in different environmental contexts. In particular, research
priorities should be given to: (i) improving knowledge on hyperparasitoid ecophysiology,
including determining their current thermal tolerance ranges and seasonal strategies under
diverse environmental conditions; (ii) determining the extent to which hyperparasitoids’
physiology and behaviour are liable to plastic or evolutionary adjustments in the face of climate-
change; and (iii) focusing on plant-host-parasitoid-hyperparasitoid community assembly rules,
species interactions and food-web functioning in various systems.
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