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Abstract

Hyperparasitoids are some of the most diverse members of insect food webs.
True hyperparasitoids parasitize the larvae of other parasitoids, reaching
these larvae with their ovipositor through the herbivore that hosts the par-
asitoid larva. During pupation, primary parasitoids also may be attacked by
pseudohyperparasitoids that lay their eggs on the parasitoid (pre)pupae. By
attacking primary parasitoids, hyperparasitoids may affect herbivore popu-
lation dynamics, and they have been identified as a major challenge in bi-
ological control. Over the past decades, research, especially on aphid- and
caterpillar-associated hyperparasitoids, has revealed that hyperparasitoids
challenge rules on nutrient use efficiency in trophic chains, account for her-
bivore outbreaks, or stabilize competitive interactions in lower trophic lev-
els, and they may use cues derived from complex interaction networks to
locate their hosts. This review focuses on the fascinating ecology of hyper-
parasitoids related to how they exploit and locate their often inconspicu-
ous hosts and the insect community processes in which hyperparasitoids are
prominent players.
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INTRODUCTION

Hyperparasitoids are insects in the fourth trophic level that parasitize the larvae or pupae of pri-
mary parasitoids (108, 109). In insect communities, hyperparasitoids are ubiquitous and found in
virtually all trophic chains of insect food webs in a wide range of environments (36, 108, 109).
Hyperparasitoid larvae develop at the expense of their parasitoid hosts, which are themselves par-
asitizing aphids; mealybugs; scale insects; psyllids; whiteflies; beetles; caterpillars; fly larvae, in-
cluding those of leaf miners and galling insects; sawflies; wasps; bees; spiders (18, 109); and even
insect eggs (77, 137). The hyperparasitic lifestyle evolved from primary parasitoids, potentially
by frequent encounters with parasitized hosts and facultative utilization of the secondary host
(36). Hyperparasitoids are predominantly found in Hymenoptera (at least 17 families), but a few
hyperparasitoid species can be found in Diptera and Coleoptera (93). The facultative nature of
primary or secondary parasitism by some hyperparasitoids results in a single species being able
to exploit different food web positions and have a wide host range (6, 8, 51, 107). These species
may facultatively parasitize predators or function as fifth- or higher-trophic-level hyperparasitoids
by parasitizing conspecifics or other hyperparasitoid species (18, 51, 107). In insect communities,
species richness of hyperparasitoids is large, since not infrequently, parasitoid species may serve
as hosts for as many as 16 different hyperparasitoid species (11, 29, 89).

The true species richness of hyperparasitoids is likely to be highly underestimated. Hyper-
parasitoid species are commonly identified using morphological characteristics (e.g., 32, 33, 40).
Species diversity in the Hymenoptera is extreme, and taxonomy of some groups is difficult, re-
quiring highly specialized and skilled taxonomists to identify the often very small hyperparasitoid
species. Moreover, morphological identification can only be done on adult specimens, requir-
ing rearing of hosts, and often precludes interpretation of trophic relationships between species
present in a certain habitat. Molecular methods can be a partial solution to overcome these dis-
advantages. Species-specific molecular markers have been developed for hyperparasitoids (5, 16,
113), and DNA barcoding can be used to identify hyperparasitoid species and their parasitoid
hosts (23, 67). These molecular techniques have revealed cryptic species and cryptic interactions
between species. Thus, molecular techniques are becoming valuable tools in helping to construct
and understand food webs, including the roles of hyperparasitoids (35, 60, 116).

In their seminal review about hyperparasitoids two decades ago, Daniel Sullivan and
Wolfgang Volkl (109) highlighted that, at the time, we knew little about hyperparasitoid ecol-
ogy. Most ecological knowledge on hyperparasitoids at that time had come from discoveries in
aphid- and whitefly-associated hyperparasitoids (36, 108). These study systems revealed the vari-
ous life histories, host exploitation patterns, and foraging strategies of hyperparasitoids. Over the
past two decades, new discoveries in aphid-associated hyperparasitoids were made on host location
(10, 24), the cues exploited during host location (9, 38), and the potential of using this knowledge
to decrease the negative impact of hyperparasitoids in biological control (20, 65, 112). Moreover,
the first detailed studies of host location by caterpillar-associated hyperparasitoids have yielded
new insights into the cues that hyperparasitoids may exploit in host searching (21, 89, 139, 140,
142). Ecologists have also elucidated the significance of hyperparasitoids in community processes
caused by top-down control of parasitoids by hyperparasitoids (94, 95, 129).

In this article, we provide a comprehensive review with emphasis on recent findings about the
ecology of hyperparasitoids. We first outline the large diversity of hyperparasitoid life histories
and the challenges that they face in acquiring resources at the apex of insect food chains. We then
summarize their sensory-based host location strategies, in which they make use of plant, herbivore,
and parasitoid cues in hierarchical foraging steps to locate their often inconspicuous or even con-
cealed parasitoid hosts. The top-down effect of hyperparasitoids on parasitoids is then discussed
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as a major component of insect community processes with implications for species coexistence,
apparent competition, secondary extinctions, and herbivore outbreaks. We identify how commu-
nity processes may also limit hyperparasitoid prevalence, examine the role of hyperparasitoids in
communities affected by climate change, and discuss challenges that hyperparasitoids present to
the efficacy of biological control programs.

HYPERPARASITOID LIFE HISTORIES
Terminology and Classification of Hyperparasitoids

Hyperparasitoids can be classified according to trophic relationships and different life-history
characteristics (8, 109). They can be divided into obligate hyperparasitoids that develop exclusively
at the expense of other primary parasitoids and facultative hyperparasitoids if they can develop ei-
ther as primary or secondary parasitoids. Facultative hyperparasitism can occur through autopara-
sitism (heteronomous hyperparasitism), in which female offspring develop as primary parasitoids,
but male offspring develop at the expense of conspecifics as hyperparasitoids of the fourth trophic
level. This peculiar phenomenon is unique to parasitoids in the family Aphelinidae, which at-
tack scale insects and whiteflies (125). Based on the host developmental stage that they attack, we
can distinguish true hyperparasitoids, which oviposit into parasitoid larvae through the arthropod
hosting a larva (sometimes called primary hyperparasitoids), and pseudohyperparasitoids, which
oviposit into host pupae or prepupae (sometimes called secondary hyperparasitoids). Hyperpar-
asitoids share developmental strategies and evolutionary origin with parasitoids, so terminology
and classification used for parasitoids can also be extended to hyperparasitoids. For example, en-
dohyperparasitoids develop inside the body of their hosts, whereas ectohyperparasitoids develop
externally. Hyperparasitoids are idiobionts if they kill their hosts during oviposition or koino-
bionts if they allow their hosts to continue feeding and growing (6). If we consider nonadjacent
trophic relationships with herbivores, then we can distinguish, for example, caterpillar-associated
hyperparasitoids and aphid-associated hyperparasitoids. Pseudohyperparasitoids associated with
aphids are often called mummy hyperparasitoids because they attack parasitized aphids once they
become mummified (109) (Figure 1).

Larval Development and Nutrient Use Efficiency

Hyperparasitoids are under selection pressure to efficiently exploit the limited resources stored
in a parasitoid host, which is often not much larger than the hyperparasitoid itself (103, 104).
Hyperparasitoids have served as excellent models to study optimal use of nutrients such as carbon
and nitrogen (53), the latter of which is often a major limiting element in the diet of organisms
in plant-based food chains (31). In caterpillar-associated hyperparasitoids, stoichiometric analyses
have shown that the percentage of nitrogen was higher and carbon was lower in Gelis agilis and
Lysibia nana compared with their primary parasitoid host Cotesia glomerata (51). Development of
G. agilis as a fourth-trophic-level hyperparasitoid resulted in adults that were approximately 90%
of the size of their host C. glomerata. When the same hyperparasitoid developed as a fifth-trophic-
level hyperparasitoid of L. nana, it still was 75% as large as the primary parasitoid C. glomerata (51).
In another example, the true hyperparasitoid Mesochorus gemellus reaches 84% of its host’s size and
can reduce development time by parasitizing older and larger hosts (44). Similarly, stable isotope
analyses have shown an increase in ’N along aphid-associated food chains, with remarkably higher
levels of enrichment found when mummy hyperparasitoids developed as members of the fifth
trophic level (96). These examples illustrate how resource assimilation is highly efficient at the top
of these food chains (51, 96). Hyperparasitoids clearly challenge the assumption that trophic chains
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Aphid-associated Caterpillar-associated
hyperparasitoids hyperparasitoids

Pseudohyperparasitoids

True hyperparasitoids

Figure 1

Both aphid- and caterpillar-associated hyperparasitoids can be differentiated into true and pseudohyperparasitoids. True
hyperparasitoids parasitize the larvae of primary parasitoids through the aphid or caterpillar hosting the larvae. They are typically
koinobiont endoparasitoids, allowing their parasitoid host to grow and acquire nutrients from its own herbivore host.
Pseudohyperparasitoids parasitize the (pre)pupae of primary parasitoids. They are typically idiobiont ectoparasitoids that arrest the
development of their parasitoid host. Aphid-associated pseudohyperparasitoids lay their eggs on parasitoid (pre)pupae that occupy the
mummified aphid and are therefore also called mummy hyperparasitoids. Caterpillar-associated pseudohyperparasitoids parasitize the
(pre)pupae of their parasitoid host, often developing inside the silk cocoons spun by the primary parasitoid after leaving its caterpillar
host. Eggs of hyperparasitoids are indicated in red.

do not extend beyond four or five trophic levels due to constraints in energy demands for higher-
order consumers (88, 106). Nutrient assimilation in hyperparasitoids may be very efficient because
there is a close match between the developmental needs of hyperparasitoids and the resource
quality represented by their parasitoid hosts, given a shared evolutionary origin and developmental
lifestyle (51, 96). Due to this extraordinary efficiency in nutrient utilization, hyperparasitoids may
be less constrained by the availability of limited nutrients in their food than are other consumers
at lower trophic levels.

Effects of Lower Trophic Levels on Hyperparasitoid Development

The high nutrient assimilation efficiency of hyperparasitoid larvae also suggests that hyper-
parasitoid size is strongly determined by bottom-up processes in trophic chains. For example,
food plant quality determines aphid body size, which determines an aphid’s quality as a host for
its primary parasitoids and thus the quality of hosts for hyperparasitoids. As a consequence, a
more diverse and abundant hyperparasitoid community was found on larger aphids compared
with the hyperparasitoid community on smaller aphids feeding from poorer-quality plants (11).
Interestingly, the plant-mediated effects on hyperparasitoids were stronger for generalist mummy
hyperparasitoids compared with specialized true hyperparasitoids. It is possible that, because
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koinobiont true hyperparasitoids such as Alloxysta spp. have established a more intimate relation-
ship with their parasitoid hosts, they are less affected by changes in plant quality compared with
more generalist mummy hyperparasitoids, such as members of the genera Asapbes and Dendrocerus
(109).

In caterpillar-associated hyperparasitoids, the presence of secondary plant compounds, such as
glucosinolates in Brassicaceae and nicotine in tobacco, has been shown to negatively affect the
performance of the hyperparasitoid L. nana (49, 50). In both plant-based food chains, it was found
that the detrimental effects of plant defense compounds on the hyperparasitoid were stronger than
their effects on the primary parasitoids (C. glomerata and Cotesia congregata) (49, 50). The primary
parasitoid species are well adapted to exploit their respective herbivores (Pieris bruassicae, a Brassica
specialist, and Manduca sexta, a tobacco specialist) and consequently likely evolved strategies to
deal with plant allelochemicals specific to their herbivore host’s diets. On the contrary, because
L. nana can attack both parasitoid species, the wasp can be associated with both Brassica-based and
tobacco-based food chains and may thus be more constrained by the specific alteration in host
quality associated with the herbivore diet. Little is known about the way that hyperparasitoids
deal with toxic compounds found in parasitoid host tissues (but see 121), although the concen-
tration of plant allelochemicals encountered may strongly depend on the developmental strategy
of their hosts. Parasitoid species such as Cotesia spp. develop as hemolymph feeders, so parasitoid
larvae feeding inside the herbivore mainly encounter plant allelochemicals present in the herbi-
vore hemolymph. Other parasitoids develop as tissue feeders, meaning that parasitoid larvae must
consume all host resources to pupate, including the unmetabolized secondary compounds present
in herbivore tissues. For hyperparasitoids attacking tissue-feeding parasitoids, the effects of lower
trophic levels may pose more severe developmental constraints. Toxic compounds may possibly
protect parasitoids by affecting immune responses to hyperparasitoid eggs or by enhancing hyper-
parasitoid developmental mortality (26). It remains to be explored whether parasitoids sequester
plant toxins for their own defense against hyperparasitoids.

Adult Food Sources and Longevity

Adult hyperparasitoids are free living and can forage for food to support somatic maintenance and
reproduction. Laboratory studies have shown that carbohydrates can extend the life expectancy
of hyperparasitoids (e.g., 25, 37) and can influence their host exploitation efficiency (4). In na-
ture, carbohydrates are primarily found in floral and extrafloral nectar and honeydew excreted by
phloem-feeding insects such as aphids, whiteflies, and mealybugs (64, 130). Exploitation of these
food sources by hyperparasitoids can influence their fitness and is consequently expected to impact
their foraging strategies (3). Effects of honeydew on extending hyperparasitoid lifespan depend on
the species of aphid that produces the honeydew and the plant on which it feeds, due to variation in
the quantity of honeydew produced and the composition of dietary sugars (118). Different types of
honeydew were found to have similar effects on the longevity of four species of hyperparasitoids,
irrespective of whether they were associated with honeydew-producing aphids (118). Honeydew
may thus present an important generic food source for a wide range of hyperparasitoids and may
reduce the time spent and associated risks of foraging for carbohydrates, particularly in environ-
ments where flowers are scarce. Host feeding provides another source of adult nutrition for some
hyperparasitoid taxa, but this behavior is phylogenetically constrained to several hymenopteran
families (55, 63). Host feeding on hemolymph can increase the longevity and reproduction of hy-
perparasitoids (e.g., 66, 87), although for some hyperparasitoid species, the benefit of host feeding
is only found in combination with access to sugars (42, 118). The facultative generalist hyperpar-
asitoid G. agilis must host-feed on hemolymph to produce mature eggs, and it produces only a
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few large eggs per day over its long lifetime. These traits are reversed in more specialized hyper-
parasitoids such as L. nana and Acrolyta nens, which do not host-feed (e.g., 42) and which produce
more eggs per day but for a shorter duration.

Oviposition Strategies and Resource Allocation

The differences in egg maturation or egg load across hyperparasitoids illustrate the diversity in
life histories in terms of the trade-off between fecundity and longevity. Even closely related hyper-
parasitoids associated with the same parasitoid host may have remarkably divergent reproductive
strategies (42, 43). Cocoons of the parasitoid C. glomerata are attacked by ichneumonid parasitoids
in the subfamily Cryptinae, such as L. nana, A. nens, and G. agilis. While L. nana and A. nens are
relatively short-lived, allocating most of their eggs early in their life, G. agilis lives longer and pro-
duces only a few eggs per day, which are allocated evenly across an individual’s lifespan. Such di-
vergence in life-history traits probably evolved in response to hyperparasitoid host range, allowing
specialized parasitoids of Cotesia cocoons such as L. nana and A. nens (100) to tailor their reproduc-
tive potential to their preferred host resources, whereas generalist hyperparasitoid species such as
G. agilis (18, 99) have adopted an opportunistic reproductive strategy depending on host availabil-
ity (44). In addition, host feeding by G. agilis to enhance its longevity is destructive and contributes
to a high rate of host mortality (52), causing a trade-off between opportunities for current and fu-
ture reproduction (55). In the genus Gelis, species differ markedly in host feeding, sex ratios of
offspring, fecundity, and reproductive strategy ranging from asexual to sexual reproduction (43).
Loss of wings, host feeding, and sexual reproduction may be key traits in promoting divergence
of reproductive strategies within this genus (128). Variation in host availability can reflect hyper-
parasitoid reproductive traits because true hyperparasitoids attacking more abundant host stages
such as parasitoid larvae are expected to possess higher egg loads and produce smaller eggs com-
pared with pseudohyperparasitoid species (62, 63). Spatial partitioning of host resources, which
can even occur at the plantscale, can also be linked to hyperparasitoid traits related to dispersal and
reproduction. Wingless pseudohyperparasitoid species, which possess limited dispersal capacities
and small egg loads compared with winged species, have been shown to be more abundant at the
bottom of the canopy than at the top of the canopy (47, 56). Due to large variations in life-history
traits and host exploitation patterns, it is not surprising that several hyperparasitoid species can be
associated with a single primary parasitoid host (29, 39).

HYPERPARASITOID HOST LOCATION
Sensory Systems and Perception of Chemical Stimuli

Like their parasitoid hosts, hyperparasitoids are thought to use (volatile) chemical information to
locate their hosts, although visual cues may also play a role. In this section, we focus on the use
of infochemicals in host location by hyperparasitoids because substantial progress has been made
in the chemical ecology of hyperparasitoids over the past two decades (20). Nevertheless, fun-
damental research on the sensory systems of hyperparasitoids remains scarce. Scanning electron
microscopy was used to describe the sensory cells on antennae for Cheiloneurus noxius (131), for
male and female Alloxysta consobrina and Alloxysta victrix (92), and for different types of external
sensilla across the entire bodies of male and female Pachyneuron aphidis (101). Eight different types
of sensilla have been discovered on hyperparasitoid antennae, including porous sensilla that are
thought to play a role in olfaction (85), such as the abundant multiporous placoidea sensilla on the
antennae of Alloxysta spp. (92). Unfortunately, fundamental studies on sensory systems are often
descriptive and rarely coupled to behavioral studies revealing the functions of sensilla. An early
study on C. noxius is an exception in this respect (131). Cheiloneurus noxius is a hyperparasitoid
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of scale insect parasitoids. Before oviposition, female C. noxius tap parasitized scale insects with
their antennae, and it was demonstrated that the antennal tips, where porous sensilla placoidea are
located, are essential in this process. These sensilla are most likely involved in close-range percep-
tion of chemical stimuli that guide host acceptance in this hyperparasitoid. Overall, these studies
suggest that the types of sensilla found on the antennae of hyperparasitoids are similar to those of
other parasitic Hymenoptera. However, similarity in sensory hardware does not necessarily mean
that information use in hyperparasitoids resembles that of their parasitoid hosts.

Plant Volatiles as Foraging Cues

Many studies on foraging behavior of parasitoid wasps revolve around the reliability—detectability
trade-off: Information derived from host insects reliably predicts the presence of the host but is
usually hard to detect because these insects are small and inconspicuous (123, 124). Host plant
volatiles that are specifically induced upon herbivory are therefore used by many parasitoids of
herbivorous insects. These so-called herbivore-induced plant volatiles (HIPVs) are thought to
benefit foraging parasitoids because they are detectable from a longer distance yet reliably predict
the presence of host insects (114). HIPVs may also influence the behavior of other organisms in the
environment, including hyperparasitoids (91), although the presence of herbivores on plants does
not necessarily mean that parasitoids are also present. Lysibia nana, a specialized pseudohyperpar-
asitoid of Cotesia cocoons, discriminates between volatiles from cabbage infested with parasitized
and unparasitized caterpillars (89). Injection of venom and polydnavirus by the primary para-
sitoid C. glomerata aftects the herbivore’s physiology and the composition of its oral secretions and
thereby indirectly changes the profile of volatiles emitted by the plant, making these infochem-
icals reliable indicators of host presence to foraging L. nana (21, 139, 140). Pteromalus semotus,
another hyperparasitoid of Cotesia, is also attracted by HIPVs induced by parasitized caterpillars
(90). The role of (induced) plant volatiles in host location by other groups of hyperparasitoids is
less clear, although a diversity of aphid-associated hyperparasitoid species has been studied. Some
species were shown to respond to volatiles from plants, sometimes in combination with those of
aphids, but these studies used intact plants and were not aimed at investigating HIPVs (see 20
and references therein). A comparative study on four species of aphid-associated hyperparasitoids
concluded that contact cues of mummies and honeydew were more important than olfactory cues
in hyperparasitoid host location (10). In contrast, a laboratory study recently showed that female
D. aphidum are attracted to volatiles from the plant-host complex, but this attraction was likely
due to the presence of mummies and not to (induced) plant volatiles (24). Moreover, when attrac-
tive mummy hosts were presented in combination with plants, D. aphidum no longer preferred the
smell of mummies, suggesting that plant volatiles may confuse foraging hyperparasitoids. Thus,
the primary cues that guide aphid-associated hyperparasitoids to locate host-infested plants still
remain to be identified.

Close-Range Foraging Cues

Besides information from (infested) host plants, hyperparasitoids may also use information from
their parasitoid host, the host insect of the parasitoid, or associated products such as frass or hon-
eydew. Infochemicals from these sources may more reliably predict the presence of a suitable
host than infochemicals from plants, in particular when the primary parasitoid and its host inter-
act. The wasp Baryscapus galactopus responds to odors of parasitized caterpillars, and parasitism by
C. glomerata indeed alters the composition of the odor profile of Pieris rapae caterpillars (142). Hy-
perparasitoids may also respond to cuticular hydrocarbons of the host insect of the primary par-
asitoid, as shown for A4. victrix females that have a longer residence time on patches with extracts
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of parasitized aphids compared with those of unparasitized aphids (41). Such specific interactions
may be expected for true hyperparasitoids that actively interact with their own hosts and are pos-
sibly mediated by the immune system of the primary parasitoid’s host. Pseudohyperparasitoids
that oviposit on the (pre)pupal stage of their host may use information from the pupal skin or co-
coon. Dendrocerus carpenteri and D. aphidum are attracted to aphid mummies, and Siri (102) showed
that long-chain compounds may mediate this response, at least at short range, while de Boer et
al. (24) showed that mummies can attract D. aphidum over a longer distance as well, suggesting
that volatile compounds may also be involved (but see discussion above). After arrival on a plant,
aphid-associated hyperparasitoids may be arrested by the presence of honeydew (9), possibly be-
cause it is an important food source for them (25). Interestingly, parasitism of aphids can change
the composition of the honeydew that they excrete (17), suggesting that honeydew could reliably
indicate host presence to foraging hyperparasitoids as well, but no discrimination was shown be-
tween honeydew from parasitized versus unparasitized aphids (9). Finally, D. aphidum responds to
microbial volatiles, which elicit attraction or repellence depending on the specific bacterium (38).
However, it is unclear what the role of these microbial volatiles may be in natural environments,
how this finding extends to other (groups of) hyperparasitoids, and why hyperparasitoids would
respond to microbial volatiles.

Strategies in Exploiting Hosts

The large majority of described hyperparasitoids are known as solitary, perhaps because they are
phylogenetically closely related and similar in size to their hosts. Examples of gregarious species
include B. galactopus, Tachinobia repanda, and Pediobius bruchicida (all Eulophidae) (111, 136, 141).
Among aphid-associated hyperparasitoids, Dendrocerus liebscheri is not solitary, with up to eight
individuals recorded from a single host mummy (32), while the congeneric D. carpenteri is solitary
but may sometimes produce two or three offspring per host (70). This phenomenon of facultative
gregarious development and the observed successful development of two individuals of different
hyperparasitoid species on or in the same host individual (12) may be important components of
reproductive strategies in hyperparasitoids. As in primary parasitoids, facultative gregarious devel-
opment in hyperparasitoids likely depends on the relative density of hosts to hyperparasitoids (and
thus on the rate of superparasitism) and on host quality, particularly host size (available resources).
Superparasitism and multiparasitism may be prevented or reduced when the first female that visits
a patch or oviposits in a host leaves a chemical mark (an oviposition-deterring pheromone). The
aphid-associated hyperparasitoid D. carpenteri indeed uses such a mechanism, which reduces the
time that females spend on a previously explored patch (58, 59), but similar mechanisms have not
yet been studied in other (groups of ) hyperparasitoids. To secure access to hosts, pseudohyperpar-
asitoids have been observed guarding parasitized caterpillars to await the egression of parasitoid
larvae and parasitize their pupae shortly after their silk cocoons have been spun (89). Similar to
some primary parasitoids known to use landmarks for spatial memory, hyperparasitoids may peri-
odically return to plants with parasitized caterpillars to monitor if hosts are entering the optimal
stage for hyperparasitism (120).

Foraging Challenges of Aphid- and Caterpillar-Associated Hyperparasitoids

Sullivan & Volkl (109) suggested that specialized endohyperparasitoids use specific cues to locate
their hosts, while ectohyperparasitoids with a broad host range search at random, basing these
hypotheses on aphid-associated hyperparasitoids. More recent studies on caterpillar-associated
hyperparasitoids show that at least some species of ectohyperparasitoids do respond to very
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specific infochemicals. Clearly, a wider range of study systems is needed to draw general con-
clusions on how hyperparasitoids use information to locate hosts. Nevertheless, these new
findings contribute to developing predictions and further hypotheses on hyperparasitoid foraging
behavior that can be evaluated in future studies. As for primary parasitoids, host range breadth
is likely an important trait in determining information use in hyperparasitoids. Moreover, for hy-
perparasitoids, host range extends to two levels: the primary parasitoid and its host. For example,
some aphid ectohyperparasitoids (mummy hyperparasitoids) are extreme generalists at the plant
level, and some hyperparasitoid species (including Gelis species and T. repanda) have such a wide
host range that some are but others are not associated with plants (e.g., species exploiting spider
egg sacs; 136). Exploitation of (induced) plant volatiles is predicted to be most likely to occur in
specialized true hyperparasitoids of parasitoids. The parasitized herbivores elicit changes in plant
volatile emission and are a reliable cue of host presence to hyperparasitoids. However, the use
of plant volatiles has only been found for pseudohyperparasitoids (L. nana, P. semotus) attacking
parasitoid hosts in caterpillars (24, 89). An important step is to test this prediction in other hy-
perparasitoids, such as those associated with aphid parasitoids. The large difference in regulation
of defense responses to leaf-chewing caterpillars versus phloem-sucking aphids in plants suggests
that aphid- and caterpillar-associated hyperparasitoids likely exploit different plant-derived cues.
Specific to aphid-associated hyperparasitoids may be the use of aphid alarm pheromones. The
release of alarm pheromones by aphids in response to disturbance of a colony by parasitoids
warns other aphids in the same colony, which are often closely related due to clonal reproduction,
but alarm pheromones may also attract hyperparasitoids, as shown for A. victrix (102). In contrast,
caterpillars do not produce alarm pheromones, so there are no parallels in caterpillar-associated
hyperparasitoids, but we may predict that caterpillar-associated hyperparasitoids exploit changes
in herbivore cues resulting from interactions with primary parasitoids (Figure 2).

HYPERPARASITOIDS IN COMMUNITY PROCESSES
Community Structure

Hyperparasitoid communities typically consist of species with wide host ranges, parasitizing pri-
mary parasitoid species on several herbivores that may be found on different food plant species
(6, 19, 57). At the same time, host specialization as found for many primary parasitoid species
extends to hyperparasitoids (98). Thus, food webs across four trophic levels consist of highly spe-
cialized compartments, as well as broader connectivity among food chains through generalist hy-
perparasitoids. The structure of these food webs, the abundance of hyperparasitoids, and their
species richness are determined by both temporal and spatial dynamics (30). The temporal struc-
ture is characterized by bottom-up effects of host availability through the dynamics of herbivore—
parasitoid relationships. Hyperparasitoid communities follow the abundance of parasitoids and
become more species rich during a plant growth season (133). Fluctuations in herbivore popula-
tions cascade to fluctuations in hyperparasitoid abundance through herbivore—parasitoid popula-
tion dynamics (80). The spatial composition of the environment causes local-scale metapopula-
tion dynamics in herbivore—parasitoid—hyperparasitoid communities (105) and typically stabilizes
herbivore—parasitoid-hyperparasitoid relationships at a larger spatial scale (138). Across metapop-
ulations, hyperparasitoid genetic diversity was found to be lower than that of their primary par-
asitoid host, suggesting that hyperparasitoids effectively disperse (79). The dispersal capacity of
hyperparasitoids and host searching efficiency may also result in selection on dispersal probability
of lower-trophic-level organisms (13).
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Figure 2

Hyperparasitoids use a wide range of cues in host location. (#) For aphid-associated hyperparasitoids, the cues used in long-range host
location have not yet been identified. At closer range, aphid-associated hyperparasitoids exploit cues coming from the herbivore host,
such as honeydew or cuticular hydrocarbons. Mummy odors and odors produced by micro-organisms associated with aphids
(mummies) are used as volatile sources of information. (4) In contrast, for caterpillar-associated hyperparasitoids, herbivore-induced
plant volatiles (HIPVs) have been identified as long-range cues in host location. Parasitized caterpillars induce volatile blends that are
distinctly different from those induced by unparasitized caterpillars, providing the hyperparasitoid with a reliable cue in long-range
host location. When searching for parasitized caterpillars or parasitoid cocoons, the caterpillar-associated hyperparasitoids use odors of
parasitized caterpillars. Which other cues these caterpillar-associated hyperparasitoids use in close-range foraging are not yet known.

Specific landscape elements such as woodlands or cropland may affect local parasitoid—
hyperparasitoid communities by affecting the vulnerability of parasitoids to hyperparasitoids and
the degree of specialization in food web structure (27). However, the effects of landscape elements
may be subordinate to effects caused by herbivore—parasitoid population dynamics (115) or may
be unrelated to host availability and landscape composition (83). Even on smaller microhabitat
scales, hyperparasitoid communities associated with the same parasitoid host may differ widely.
For example, parasitoid cocoons positioned on plant stems closer to the ground were parasitized
by different hyperparasitoids than cocoons positioned in the canopy of the same plant (47, 56).
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Intraspecific variation in plant traits, such as in HIPVs, may result in plant genotype-specific hy-
perparasitoid community composition (90), and induced responses to herbivory may cascade to
variation in hyperparasitoid pressure on parasitoid cocoons associated with individual plants (86).

Hyperparasitoid Competition, Apparent Competition, and Insect Outbreaks

The species richness of hyperparasitoids associated with a single parasitoid host results in frequent
inter- and intraspecific competition among hyperparasitoids. Parasitoid competition in itself is an
important driver of the frequency of hyperparasitism in parasitoid communities. In primary par-
asitoids, enhanced levels of competition increase facultative hyperparasitism as a strategy to win
competitions between primary parasitoids (68, 74). The primary parasitoid that is able to para-
sitize late developmental stages of its competitor gains an advantage by shifting its trophic posi-
tion when unparasitized herbivores become scarce. Similar shifts in trophic position also occur in
competition between true and pseudohyperparasitoids. The endohyperparasitoids that parasitize
parasitoids when they are still developing in their herbivore host can be facultatively attacked by
ectohyperparasitoids. In both aphid- and caterpillar-associated hyperparasitoids, the ectohyper-
parasitoids attacking aphid mummies or parasitoid larvae that have egressed from their caterpillar
host develop facultatively on primary endohyperparasitoids and thus may develop as fifth-trophic-
level hyperparasitoids (45, 81, 141). The outcome of competition between hyperparasitoid species
follows intrinsic competition patterns observed in primary parasitoids (22, 46). Superiority as a
competitor is determined by the breadth of host stages that can be hyperparasitized (15), the
amount of time needed for the eggs to hatch, the development time of the larvae (141), and a head
start in competition (127). However, ovicidal and host feeding behaviors by hyperparasitoids also
may reduce the reproductive success of competing hyperparasitoids (81). Scarcity of resources
through competition with con- or heterospecific hyperparasitoids may also affect sex allocation,
with fewer (127) or more female offspring (71) being allocated.

The top-down control of parasitoids by hyperparasitoids plays a major role in dampening
competition between primary parasitoids. In a food web compartment where multiple parasitoids
compete for the same hosts and are attacked by a shared hyperparasitoid, hyperparasitism pro-
motes parasitoid coexistence by attacking the most prevalent parasitoid species (129, 132). When
hyperparasitoids attack parasitoids associated with herbivores in different compartments of the
food web, they affect apparent competition (78, 119), and their absence in the community may re-
sult in secondary extinctions of herbivores and their parasitoids (94, 95). When hyperparasitoids
function as higher-order parasitoids that parasitize predators, they may affect food web structure
through intraguild predation (34, 110). By reducing the population of third-trophic-level para-
sitoids, hyperparasitoids may cause herbivore outbreaks by releasing herbivores from the pressure
of their natural enemies (82, 84).

Community Processes Affecting Hyperparasitism

In turn, community member or species interactions may affect the presence of hyperparasitoids.
Primary parasitoids are not defenseless against hyperparasitism. Indeed, several primary para-
sitoids have been found to usurp the behavior of their host herbivore. This may include ma-
nipulation of the movement of the herbivore by the primary parasitoid, causing the herbivore to
seek shelter, or usurpation of the host’s behavior until days after the parasitoid has left its host
to spin a cocoon (48, 75). Usurpation of the herbivore’s behavior can include spinning silk over
the parasitoid cocoons, making them less accessible to hyperparasitoids (48). In addition, upon
the arrival of hyperparasitoids, guarding behaviors or aggressive movements performed by the
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herbivore, which is still near or on the cocoons of the primary parasitoid, reduce the likelihood of
hyperparasitism further (48, 76).

Microbial symbionts associated with primary parasitoids may also reduce the success of hy-
perparasitoids (26). Wolbachia strains in the primary parasitoid have been found to defend the
parasitoid larva against hyperparasitism (28). Endosymbionts in herbivores such as aphids have
cascading effects on hyperparasitoids primarily by reducing the developmental success of pri-
mary parasitoids and thus host availability for hyperparasitoids (72). The presence of facultative
endosymbionts in aphids has been shown to increase the level of specialization in parasitoid—
hyperparasitoid communities. Only those primary and secondary parasitoids that are adapted to
the symbionts can persist in these communities (135).

Interactions among higher predators and hyperparasitoids may affect the hyperparasitoid com-
munity. The clearest examples come from ant-mediated effects, where ant—aphid mutualisms cause
changes in the functional composition of parasitoid communities. By tending aphids and guard-
ing them against predators, the ants may also attack primary parasitoids and hyperparasitoids,
decreasing the probability that aphids are parasitized by primary parasitoids and subsequently by
hyperparasitoids. At the same time, primary parasitoids may also escape the attention of ants and
benefit from the ant tending by reduced risk of intraguild predation on the parasitized aphids by
predatory insects. In these situations, hyperparasitoids may benefit from ant tending (97).

Multitrophic Interactions in a Changing World and Consequences
for Biological Control

Host—parasitoid—hyperparasitoid associations are found in the most extreme ecological conditions
of temperature, from extreme cold to extreme heat. In cold regions, aphid—parasitoid associations
may build before temperatures rise enough to allow hyperparasitoid activity. Warmer southern
winds may cause not only the influx of aphids, but also the arrival of already parasitized aphids that
may be founders for the primary parasitoid population (117). High temperatures and heat waves,
which are expected to increase under climate change scenarios, will strongly affect herbivore—
parasitoid—hyperparasitoid associations (112). High temperatures have been found to negatively
affect hyperparasitoid longevity (25), although the thermal tolerance of hyperparasitoids may be
higher than that of their primary parasitoid host (2). However, heat waves affect the functional
responses of hyperparasitism by different hyperparasitoid species in different ways (15) and affect
the outcome of competition among hyperparasitoids (14), making it difficult to predict how heat
waves will affect herbivore—parasitoid—hyperparasitoid communities in different ecosystems. How
hyperparasitoid fecundity or fitness is affected by temperature is a critical knowledge gap.

Understanding how host—parasitoid-hyperparasitoid associations respond to climate and habi-
tat change is particularly important for managing hyperparasitoids in agro-ecosystems, where they
may negatively affect the effectiveness of biological control of crop pests (20, 112). In open-field
agro-ecosystems, hyperparasitoids may benefit from habitat management strategies that aim to
enhance the effectiveness of conservation biological control. For example, nectar provisioning by
flower strips not only enhances primary parasitoids, but may also attract and nourish hyperpara-
sitoids (54, 73). Native hyperparasitoids may expand their host range to include biocontrol agents
introduced by classical biocontrol strategies and may thereby hamper control of new pests (7).
In closed greenhouse systems, hyperparasitoids are considered pests because they release the pest
herbivores from their biocontrol agents. Management strategies in greenhouse and open-field
cropping systems should thus include strategies to deal with negative effects caused by hyperpar-
asitoids (20).
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CONCLUSIONS AND FUTURE PERSPECTIVES

Opver the past two decades, significant advances have been made in understanding the ecology of
hyperparasitoids. To further understand ecological communities and the role of hyperparasitoids,
we will strongly benefit from the availability of molecular tools. The presence and species iden-
tity of (hyper)parasitoid DNA can be recovered from empty aphid mummies up to three weeks
after emergence using single-stranded conformation polymorphism polymerase chain reaction
(122). Using DNA metabarcoding, single aphid mummies may reveal not only the aphid and its
parasitoid, but also the suite of hyperparasitoids that attacked the mummy (67), allowing the re-
construction of food webs in great detail. Although these techniques have been applied to aphid-
associated parasitoid communities (16, 23, 35, 39, 67, 113, 134), the application of molecular tech-
niques to caterpillar-associated parasitoid communities still needs to be developed. Initiatives such
as online databases of host—parasitoid—hyperparasitoid associations will significantly contribute to
our understanding of the taxonomic, host range, and food web relationships of hyperparasitoids
(61).

Among the challenges in understanding the fundamental ecology of hyperparasitoids is the
need to further elucidate their foraging strategies in complex habitats of host and nonhost com-
plexes. Virtually all of our understanding of hyperparasitoid host location is based on studies in
which plants are infested with single herbivore species. How the presence of nonhosts affects host
location by hyperparasitoids and which cues hyperparasitoids may reliably exploit in these set-
tings remain to be determined (1). Moreover, in host location, microorganisms associated with
herbivores or parasitoids have emerged as important mediators of interactions (26), providing us
with opportunities to use these specific insights in developing lures to monitor and trap hyperpar-
asitoids in greenhouse biological control systems.

Finally, the ecological significance of hyperparasitoids for plant defense evolution remains to
be elucidated. A major standing question is whether hyperparasitoids, as the enemy of the en-
emy’s enemy of plants, should be considered an enemy of plants (65, 89). The negative effects
of hyperparasitoids on the efficiency of biological control suggest that hyperparasitoids may be
considered as balancing agents of selection on plant traits that enhance effectiveness of primary
parasitoids. These effects may be most apparent in systems where reproductive organs of plants
are under herbivore attack, such as relationships among gall midges, their parasitoids, and hyper-
parasitoids (126). However, identification of hyperparasitoid enemies of parasitoids that parasitize
the brood of pollinators (69) suggests that, in some ecological settings, hyperparasitoids may in
fact be beneficial to plants.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

Funding was provided by The Netherlands Organization for Scientific Research, NWO, to
A.C. (ALW Open Program ALWOP.343), ]J.G.d.B (domain TTW, 13848 and Taskforce SIA
LINTL.INST.L03.003), and E.H.P. (ALW Open Program ALWOP.368).

LITERATURE CITED

1. Aartsma Y, Cusumano A, de Bobadilla MF, Rusman Q, Vosteen I, Poelman EH. 2019. Understanding
insect foraging in complex habitats by comparing trophic levels: insights from specialist host-parasitoid-
hyperparasitoid systems. Curr: Opin. Insect Sci. 32:54-60

www.annualreviews.org » Hyperparasitoid Ecology

155



Annu. Rev. Entomol. 2022.67:143-161. Downloaded from www.annualreviews.org
Access provided by Wageningen UR on 02/07/22. For personal use only.

156

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Agosta SJ, Joshi KA, Kester KM. 2018. Upper thermal limits differ among and within component species
in a tritrophic hostparasitoid-hyperparasitoid system. PLOS ONE 13:¢0198803

. Araj SE, Wratten S, Lister A, Buckley H. 2008. Floral diversity, parasitoids and hyperparasitoids: a lab-

oratory approach. Basic Appl. Ecol. 9:588-97

Araj SE, Wratten S, Lister A, Buckley H, Ghabeish I. 2011. Searching behavior of an aphid parasitoid
and its hyperparasitoid with and without floral nectar. Biol. Control 57:79-84

Ashfaq M, Erlandson M, Braun L. 2005. Hyperparasitism by Mesochorus spp. (Hymenoptera: Ichneu-
monidae) in Peristenus sp. (Hymenoptera: Braconidae) and development of PCR primers for hyperpar-
asitoid detection. Biol. Control 32:371-77

Askew AR, Shaw MR. 1986. Parasitoid communities: their size, structure and development. In Insect
Parasitoids, ed. ] Waage, D Greathead, pp. 225-64. London: Academic

Broadley HJ, Kelly EA, Elkinton JS, Kula RR, Boettner GH. 2018. Identification and impact of hyper-
parasitoids and predators affecting Cyzenis albicans (Tachinidae), a recently introduced biological control
agent of winter moth (Operophtera brumata L.) in the northeastern USA. Biol. Control 121:99-108
Brodeur J. 2000. Host specificity and trophic relationships of hyperparasitoids. In Parasitoid Population
Biology, ed. ME Hochberg, AR Ives, pp. 163-83. Princeton, NJ: Princeton Univ. Press

Buitenhuis R, McNeil JN, Boivin G, Brodeur J. 2004. The role of honeydew in host searching of aphid
hyperparasitoids. 7. Chem. Ecol. 30:273-85

Buitenhuis R, Vet LEM, Boivin G, Brodeur J. 2005. Foraging behaviour at the fourth trophic level: a
comparative study of host location in aphid hyperparasitoids. Entomol. Exp. Appl. 114:107-17
Bukovinszky T, van Veen FJF, Jongema Y, Dicke M. 2008. Direct and indirect effects of resource quality
on food web structure. Science 319:804-7

Carew WP, Sullivan DJ. 1993. Interspecific parasitism between 2 aphid hyperparasitoids, Dendrocerus
carpenteri (Hymenoptera, Megaspilidae) and Asaphes lucens (Hymenoptera, Pteromalidae). Ann. Entomol.
Soc. Am. 86:794-98

Chaianunporn T, Hovestadt T. 2019. Dispersal evolution in metacommunities of tri-trophic systems.
Ecol. Model. 395:28-38

Chen C, Donner SH, Biere A, Gols R, Harvey JA. 2019. Simulated heatwave conditions associated with
global warming affect development and competition between hyperparasitoids. Oikos 128(12):1783—
92

Chen C, Gols R, Biere A, Harvey JA. 2019. Differential effects of climate warming on reproduction and
functional responses on insects in the fourth trophic level. Funct. Ecol. 33:693-702

Chen Y, Pike KS, Greenstone MH, Shufran KA. 2006. Molecular markers for identification of the hy-
perparasitoids Dendrocerus carpenteri and Alloxysta xanthopsis in Lysiphlebus testaceipes parasitizing cereal
aphids. BioControl 51:183-94

Cloutier C. 1986. Amino acid utilization in the aphid Acyrtosiphon pisum infected by the parasitoid Aphid-
ius smithi. J. Insect Physiol. 32:263-67

Cobb LM, Cobb VA. 2004. Occurrence of parasitoid wasps, Baeus sp. and Gelis sp., in the egg sacs of
the wolf spiders Pardosa moesta and Pardosa sternalis (Araneae, Lycosidae) in southeastern Idaho. Can.
Field-Nat. 118:122-23

Colvin SM, Yeargan KV. 2013. Effects of milkweed host species on interactions between Apbhis nerii
(Hemiptera: Aphididae) and its parasitoids. 7. Kans. Entomol. Soc. 86:193-205

Cusumano A, Harvey JA, Bourne ME, Poelman EH, de Boer JG. 2020. Exploiting chemical ecology to
manage hyperparasitoids in biological control of arthropod pests. Pest Manag. Sci. 76:432-43
Cusumano A, Harvey JA, Dicke M, Poelman EH. 2019. Hyperparasitoids exploit herbivore-induced
plant volatiles during host location to assess host quality and non-host identity. Oecologia 189:699—
709

Cusumano A, Peri E, Colazza S. 2016. Interspecific competition/facilitation among insect parasitoids.
Curr: Opin. Insect Sci. 14:12-16

Darsouei R, Karimi J, Modarres-Awal M. 2011. Parasitic wasps as natural enemies of aphid populations
in the Mashhad region of Iran: new data from DNA barcodes and SEM. Arch. Biol. Sci. 63:1225-34

Poelman o Cusumano e« de Boer



Annu. Rev. Entomol. 2022.67:143-161. Downloaded from www.annualreviews.org
Access provided by Wageningen UR on 02/07/22. For personal use only.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

de Boer JG, Hollander PJ, Heinen D, Jagger D, van Sliedregt P, et al. 2020. Do plant volatiles confuse
rather than guide foraging behavior of the aphid hyperparasitoid Dendrocerus aphidum? Chemoecology
30:315-25

de Boer JG, Salis L, Tollenaar W, van Heumen LJM, Costaz TPM, et al. 2019. Effects of temperature
and food source on reproduction and longevity of aphid hyperparasitoids of the genera Dendrocerus and
Asaphes. BioControl 64:277-90

Dicke M, Cusumano A, Poelman EH. 2020. Microbial symbionts of parasitoids. Annu. Rev. Entomol.
65:171-90

Dong Z, Men X, Liu S, Zhang Z. 2019. Food web structure of parasitoids in greenhouses is affected by
surrounding landscape at different spatial scales. Sci. Rep. 9:8442

Duplouy A, Couchoux C, Hanski I, van Nouhuys S. 2015. Wolbachia infection in a natural parasitoid
wasp population. PLOS ONE 10:¢0134843

Eichhorn O. 1996. Experimental studies upon the parasitoid complex of the gypsy moth (Lymuantria
dispar L.) (Lep., Lymantriidae) in lower host populations in eastern Austria. 7. Appl. Entomol. 120:205-12
Espinoza-Gavilanez R, Grilli MP. 2019. First record of the spatio-temporal variation of Plutella xylostella
(Lepidoptera: Plutellidae) and its parasitoids complex in the horticultural area of Cordoba city in central
Argentina. Biol. Control 133:1-8

Fagan WF, Denno RF. 2004. Stoichiometry of actual versus potential predator-prey interactions: insights
into nitrogen limitation for arthropod predators. Ecol. Lett. 7:876-83

Fergusson NDM. 1980. A revision of the British species of Dendrocerus Ratzeburg (Hymenoptera:
Ceraphronoidae) with a review of their biology of aphid hyperparasites. Bull. Br. Mus. 41:255-314
Ferrer-Suay M, Selfa J, Pujade-Villar J. 2013. A review of Alloxysta species (Hymenoptera: Cynipoidea:
Figitidae: Charipinae) from Africa. Afi: Entomol. 21:255-66

Frago E. 2016. Interactions between parasitoids and higher order natural enemies: intraguild predation
and hyperparasitoids. Curr: Opin. Insect Sci. 14:81-86

Gariepy TD, Messing RH. 2012. Development and use of molecular diagnostic tools to determine
trophic links and interspecific interactions in aphid-parasitoid communities in Hawaii. Biol. Control
60:26-38

Godfray HC]J. 1994. Parasitoids: Bebavioral and Evolutionary Ecology. Princeton, NJ: Princeton Univ. Press
Goelen T, Baets D, Kos M, Paulussen C, Lenaerts M, et al. 2018. Gustatory response and longevity in
Aphbidius parasitoids and their hyperparasitoid Dendrocerus aphidum. J. Pest Sci. 91:351-60

Goelen T, Sobhy IS, Vanderaa C, de Boer JG, Delvigne F, et al. 2020. Volatiles of bacteria associated
with parasitoid habitats elicit distinct olfactory responses in an aphid parasitoid and its hyperparasitoid.
Funct. Ecol. 34:507-20

Goémez-Marco F, Urbaneja A, Jaques JA, Rugman-Jones PF, Stouthamer R, Tena A. 2015. Untangling
the aphid-parasitoid food web in citrus: Can hyperparasitoids disrupt biological control? Biol. Control
81:111-21

Graham MWRAV. 1969. The Pteromalidae of north-western Europe (Hymenoptera, Chalcidoidea).
Bull. Br: Mus. 16:77-83

Grasswitz TR. 1998. Contact kairomones mediating the foraging behavior of the aphid hyperparasitoid
Alloxysta victrix (Westwood) (Hymenoptera: Charipidae). 7. Insect Behav. 11:539-48

Harvey JA. 2008. Comparing and contrasting development and reproductive strategies in the pupal
hyperparasitoids Lysibia nana and Gelis agilis (Hymenoptera: Ichneumonidae). Evol. Ecol. 22:153-66
Harvey JA, de Haan L, Verdeny-Vilalta O, Visser B, Gols R. 2019. Reproduction and offspring sex ratios
differ markedly among closely related hyperparasitoids living in the same microhabitats. 7. Insect Behav.
32:243-51

Harvey JA, Fei M, Lammers M, Kos M, Zhu F, et al. 2016. Development of a solitary koinobiont hy-
perparasitoid in different instars of its primary and secondary hosts. 7. Insect Physiol. 90:36-42

Harvey JA, Pashalidou F, Soler R, Bezemer TM. 2011. Intrinsic competition between two secondary
hyperparasitoids results in temporal trophic switch. Oikos 120:226-33

Harvey JA, Poelman EH, Tanaka T. 2013. Intrinsic inter- and intraspecific competition in parasitoid
wasps. Annu. Rev. Entomol. 58:333-51

www.annualreviews.org » Hyperparasitoid Ecology

157



Annu. Rev. Entomol. 2022.67:143-161. Downloaded from www.annualreviews.org
Access provided by Wageningen UR on 02/07/22. For personal use only.

158

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Harvey JA, Snaas H, Malcicka M, Visser B, Bezemer TM. 2014. Small-scale spatial resource partitioning
in a hyperparasitoid community. Arthropod-Plant Interact. 8:393-401

Harvey JA, Tanaka T, Kruidhof M, Vet LEM, Gols R. 2011. The “usurpation hypothesis” revisited:
dying caterpillar repels attack from a hyperparasitoid wasp. Anim. Bebav. 81:1281-87

Harvey JA, van Dam NM, Gols R. 2003. Interactions over four trophic levels: foodplant quality affects
development of a hyperparasitoid as mediated through a herbivore and its primary parasitoid. 7. Anim.
Ecol. 72:520-31

Harvey JA, van Dam NM, Witjes LMA, Soler R, Gols R. 2007. Effects of dietary nicotine on the de-
velopment of an insect herbivore, its parasitoid and secondary hyperparasitoid over four trophic levels.
Ecol. Entomol. 32:15-23

Harvey JA, Wagenaar R, Bezemer TM. 2009. Interactions to the fifth trophic level: Secondary and ter-
tiary parasitoid wasps show extraordinary efficiency in utilizing host resources. 7. Anim. Ecol. 78:686-92
Harvey JA, Witjes LMA. 2005. Comparing and contrasting life history and development strategies in
the pupal hyperparasitoids Lysibia nana and Gelis agilis (Hymenoptera: Ichneumonidae). Appl. Entomol.
Zool. 40:309-16

Hassell MP. 2000. Host-parasitoid population dynamics. 7. Anim. Ecol. 69:543-66

Heimpel GE. 2019. Linking parasitoid nectar feeding and dispersal in conservation biological control.
Biol. Control 132:36-41

Heimpel GE, Collier TR. 1996. The evolution of host-feeding behaviour in insect parasitoids. Biol. Rev.
Camb. Philos. Soc. 71:373-400

Heinen R, Harvey JA. 2019. Spatial and temporal diversity in hyperparasitoid communities of Coresia
glomerata on garlic mustard, Alliaria petiolata. Ecol. Entomol. 44:357-66

Hemidi W, Laamari M. 2020. Aphid’s parasitoid fauna and their trophic associations in the oasis ecosys-
tems of Zibans (Biskra, Algeria). Egypt. 7. Biol. Pest Control 30:14

Holler C, Bargen H, Vinson SB, Braune HJ. 1993. Sources of the marking pheromones used for host
discrimination in the hyperparasitoid Dendrocerus carpenteri. . Insect Physiol. 39:649-56

Holler C, Williams HJ, Vinson SB. 1991. Evidence for a 2-component external marking pheromone
system in an aphid hyperparasitoid. 7. Chem. Ecol. 17:1021-35

Hréek J, Godfray HCJ. 2015. What do molecular methods bring to host-parasitoid food webs? Tiends
Purasirol. 31:30-35

Hulle M, Chaubet B, Turpeau E, Simon J-C. 2020. Encyclop’Aphid: a website on aphids and their natural
enemies. Entomol. Gen. 40:97-101

Jervis MA, Ellers ], Harvey JA. 2008. Resource acquisition, allocation, and utilization in parasitoid re-
productive strategies. Annu. Rev. Entomol. 53:361-85

Jervis MA, Kidd NAC. 1986. Host-feeding strategies in hymenopteran parasitoids. Biol. Rev. Camb. Philos.
Soc. 61:395-434

Jervis MA, Kidd NAC, Fitton MG, Huddleston T, Dawah HA. 1993. Flower-visiting by hymenopteran
parasitoids. 7. Nat. Hist. 27:67-105

KaplanI.2012. Attracting carnivorous arthropods with plant volatiles: the future of biocontrol or playing
with fire? Biol. Control 60:77-89

Keller L], Sullivan DJ. 1976. Oviposition behavior and host feeding of Asaphes lucens an aphid hyperpar-
asitoid. 7. N. Y. Entomol. Soc. 84:206-11

Lefort M, Wratten SD, Cusumano A, Varennes Y, Boyer S. 2017. Disentangling higher trophic level
interactions in the cabbage aphid food web using high-throughput DNA sequencing. Metabarcoding
Metagen. 1:¢13709

Lim UT, Mainali BP, Kim J. 2014. Demonstration of interspecific competition between two sympatric
egg parasitoids of Riptortus pedestris (Fabricius) in laboratory condition. 7. Asia-Pac. Entomol. 17:885-91
Lucia M, Aquino DA, Hansson C, Abrahamovich AH. 2010. The first record of conopid flies (Diptera:
Conopidae) and eulophid wasps (Hymenoptera: Eulophidae) as parasitoids and hyperparasitoids associ-
ated with carpenter bees (Apidae: Xylocopinae) in Argentina. 7. Apic. Res. 49:208-11

Mackauer M, Chow A. 2015. Facultative gregarious development in a solitary parasitoid wasp, Dendro-
cerus carpenteri: Larvae may share nutritional resources. Entomol. Exp. Appl. 157:170-80

Poelman o Cusumano e« de Boer



Annu. Rev. Entomol. 2022.67:143-161. Downloaded from www.annualreviews.org
Access provided by Wageningen UR on 02/07/22. For personal use only.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Mackauer M, Chow A. 2016. Females of the parasitoid wasp, Dendrocerus carpenteri (Hymenoptera:
Megaspilidae), adjust offspring sex allocation when competing for hosts. Eur: 7. Entomol. 113:542-50
McLean AHC, Hréek J, Parker BJ, Godfray HCJ. 2017. Cascading effects of herbivore protective sym-
bionts on hyperparasitoids. Ecol. Entomol. 42:601-9

Miall JH, Abram PK, Cappuccino N, Mason PG. 2019. Effects of floral resources on the efficacy of a
primary parasitoid and a facultative hyperparasitoid. 7. Appl. Entomol. 143:776-86

Mohammadpour M, Jalali MA, Michaud JP, Ziaaddini M, Hashemirad H. 2014. Multiparasitism
of stink bug eggs: competitive interactions between Ooencyrtus pityocampae and Trissolcus agriope.
BioControl 59:279-86

Mohan P, Sinu PA. 2017. Parasitoid wasp usurps its host to guard its pupa against hyperparasitoids and
induces rapid behavioral changes in the parasitized host. PLOS ONE 12:¢0178108

Mohan P, Sinu PA. 2020. Does the solitary parasitoid Microplitis pennatulae use a combinatorial approach
to manipulate its host? Entomol. Exp. Appl. 168:295-303

Moraglio ST, Tortorici F, Pansa MG, Castelli G, Pontini M, et al. 2020. A 3-year survey on parasitism
of Halyomorpha halys by egg parasitoids in northern Italy. 7. Pest Sci. 93:183-94

Morris RJ, Muller CB, Godfray HCJ. 2001. Field experiments testing for apparent competition between
primary parasitoids mediated by secondary parasitoids. 7. Anim. Ecol. 70:301-9

Nair A, Fountain T, Ikonen S, Ojanen SP, van Nouhuys S. 2016. Spatial and temporal genetic structure
at the fourth trophic level in a fragmented landscape. Proc. R. Soc. B 283:20160668

Nair A, Nonaka E, van Nouhuys S. 2018. Increased fluctuation in a butterfly metapopulation leads to
diploid males and decline of a hyperparasitoid. Proc. R. Soc. B 285:20180372

Nakashima Y, Higashimura Y, Mizutani K. 2016. Host discrimination and ovicide by aphid hyper-
parasitoids Asaphes suspensus (Hymenoptera: Pteromalidae) and Dendrocerus carpenteri (Hymenoptera:
Megaspilidae). Appl. Entomol. Zool. 51:609-14

Nenzen HK, Martel V, Gravel D. 2018. Can hyperparasitoids cause large-scale outbreaks of insect her-
bivores? Oikos 127:1344-54

Nieminen M, van Nouhuys S. 2017. The roles of trophic interactions, competition and landscape in de-
termining metacommunity structure of a seed-feeding weevil and its parasitoids. Ann. Zool. Fenn. 54:83—
95

Nurkomar I, Pudjianto Manuwoto S, Kainoh Y, Buchori D. 2018. Multitrophic interaction between
cucumber moth Diaphania indica Saunders (Lepidoptera: Crambidae) and its natural enemies. IOP Conf.
Ser. Earth Environ. Sci. 197:012026

Ochieng SA, Park KC, Zhu JW, Baker T'C. 2000. Functional morphology of antennal chemoreceptors
of the parasitoid Microplitis croceipes (Hymenoptera: Braconidae). Arthropod Struct. Dev. 29:231-40
Pashalidou FG, Frago E, Griese E, Poelman EH, van Loon JJA, et al. 2015. Early herbivore alert matters:
plant-mediated effects of egg deposition on higher trophic levels benefit plant fitness. Ecol. Lett. 18:927—
36

Phillips DS. 1993. Host-feeding and egg maturation by Pachycrepoidens vindemia. Entomol. Exp. Appl.
69:75-82

Pimm SL, Lawton JH. 1977. Number of trophic levels in ecological communities. Nature 268:329-31
Poelman EH, Bruinsma M, Zhu F, Weldegergis BT, Boursault AE, et al. 2012. Hyperparasitoids use
herbivore-induced plant volatiles to locate their parasitoid host. PLOS Biol. 10:¢1001435

Poelman EH, Harvey JA, van Loon JJA, Vet LEM, Dicke M. 2013. Variation in herbivore-induced plant
volatiles corresponds with spatial heterogeneity in the level of parasitoid competition and parasitoid
exposure to hyperparasitism. Funct. Ecol. 27:1107-16

Poelman EH, Kos M. 2016. Complexity of plant volatile-mediated interactions beyond the third trophic
level. In Deciphering Chemical Language of Plant Communication, ed. JD Blande, R Glinwood, pp. 211-25.
Berlin: Springer

Polidori C, Freitas-Cerqueira A, Pujade-Villar J, Oliva F, Ferrer-Suay M. 2016. Flagellar sensillar equip-
ment of two morphologically closely related aphid hyperparasitoids (Hymenoptera: Figitidae: Alloxysta).
7. Insect Sci. 16:10

Quicke DLJ. 1997. Parasitic Wasps. London: Chapman & Hall

www.annualreviews.org » Hyperparasitoid Ecology

159



Annu. Rev. Entomol. 2022.67:143-161. Downloaded from www.annualreviews.org
Access provided by Wageningen UR on 02/07/22. For personal use only.

160

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.
117.

118.

Sanders D, Kehoe R, Thebault E, van Veen FJF. 2018. Trophic redundancy reduces vulnerability to
extinction cascades. PNAS 115:2419-24

Sanders D, Kehoe R, van Veen FJF. 2015. Experimental evidence for the population-dynamic mecha-
nisms underlying extinction cascades of carnivores. Curv. Biol. 25:3106-9

Sanders D, Moser A, Newton J, van Veen FJF. 2016. Trophic assimilation efficiency markedly increases
at higher trophic levels in four-level host-parasitoid food chain. Proc. R. Soc. B 283:20153043

Sanders D, Van Veen FJF. 2010. The impact of an ant-aphid mutualism on the functional composition
of the secondary parasitoid community. Ecol. Entomol. 35:704-10

Schir S, Vorburger C. 2013. Host specialization of parasitoids and their hyperparasitoids on a pair of
syntopic aphid species. Bull. Entomol. Res. 103:530-37

Schwarz M, Boriani M. 1994. Redescription of Gelis longulus (Hymenoptera, Ichneumonidae), a para-
sitoid of Ocnerostoma piniariellum (Lepidoptera, Yponomeutidae). Eur. 7. Entomol. 91:331-34

Schwarz M, Shaw MR. 2000. Palearctic Cryptinae (Hymenoptera: Ichneumonidae) in the National Mu-
seums of Scotland, with nomenclatural changes, taxonomic notes, rearing records and special reference
to the British check list. Part 3. Tribe Phygadeuontini, subtribes Chiroticina, Acrolytina, Hemitelina and
Gelina (excluding Gelis), with descriptions of new species. Entomol. Gaz. 51:147-86

Shen S, Wu W, Zhang Z, Wang Y, Kong X-B, et al. 2019. Morphological analysis of sensilla on different
organs in Pachyneuron aphidis, a hyperparasitoid of Myzus persicae. Microsc. Res. Technol. 82:1810-18

Siri N. 1993. Analysis of host finding bebaviour of two aphid hyperparasitoids (Hymenoptera: Alloxystidae,
Megaspilidae). Ph.D. thesis, Christian-Albrechts Univ. Kiel, Ger.

Slansky F. 1986. Nutritional ecology of endoparasitic insects and their hosts: an overview. 7. Insect Physiol.
32:255-61

Slansky F. 1993. Nutritional ecology: the fundamental quest for nutrients. In Caterpillars, Ecological and
Evolutionary Constraints on Foraging, ed. NE Stamp, TM Casey, pp. 29-91. London: Chapman & Hall
Steinbauer MJ, Sinai KMJ, Anderson A, Taylor GS, Horton BM. 2015. Trophic cascades in bell miner-
associated dieback forests: quantifying relationships between leaf quality, psyllids and Psyllaephagus par-
asitoids. Austral Ecol. 40:77-89

Sterner RW, Bajpai A, Adams T. 1997. The enigma of food chain length: absence of theoretical evidence
for dynamic constraints. Ecology 78:2258-62

Stiling P, Rossi AM. 1994. The window of parasitoid vulnerability to hyperparasitism: template for
parasitoid complex structure. In Parasitoid Community Ecology, ed. BA Hawkins, W Sheehan, pp. 228-44.
Oxford, UK: Oxford Univ. Press

Sullivan DJ. 1987. Insect hyperparasitism. Annu. Rev. Entomol. 32:49-70

Sullivan DJ, V6lkl W. 1999. Hyperparasitism: multitrophic ecology and behavior. Anmu. Rev. Entomol.
44:291-315

Tavares MT, Villanueva-Bonilla GA, Sobczak JF. 2019. Conura baturitei sp. nov. (Hymenoptera: Chal-
cididae): a hyperparasitoid of spiders through Zatypota riverai (Hymenoptera: Ichneumonidae). Zootaxa
4624:267-74

Temerak SA. 1983. Studies on Pediobius bruchicida (Rond.) (Hym., Eulophidae) a hyperparasitoid of
Sesamia cretica Led. (Lep., Noctuidae). 7. Appl. Entomol. 95:267-72

Tougeron K, Tena A. 2018. Hyperparasitoids as new targets in biological control in a global change
context. Biol. Control 130:164-71

Traugott M, Bell JR, Broad GR, Powell W, van Veen JF, et al. 2008. Endoparasitism in cereal aphids:
molecular analysis of a whole parasitoid community. Mol. Ecol. 17:3928-38

Turlings TCJ, Erb M. 2018. Tritrophic interactions mediated by herbivore-induced plant volatiles:
mechanisms, ecological relevance, and application potential. Annu. Rev. Entomol. 63:433-52

Ulina ES, Rizali A, Manuwoto S, Pudjianto Buchori D. 2019. Does composition of tropical agricultural
landscape affect parasitoid diversity and their host-parasitoid interactions? Agric. For: Entomol. 21:318-25
Valentini A, Pompanon F, Taberlet P. 2009. DNA barcoding for ecologists. Tiends Ecol. Evol. 24:110-17
van Baaren J, Wist T, Soroka J, Tougeron K. 2020. Host-parasitoid network in extreme conditions: the
case of cereal aphids in wheat crops in Saskatchewan, Canada. Entomol. Gen. 40:63-77

van Neerbos FAC, de Boer ]G, Salis L, Tollenaar W, Kos M, et al. 2020. Honeydew composition and its
effect on life-history parameters of hyperparasitoids. Ecol. Entomol. 45:278-89

Poelman o Cusumano e« de Boer



Annu. Rev. Entomol. 2022.67:143-161. Downloaded from www.annualreviews.org
Access provided by Wageningen UR on 02/07/22. For personal use only.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

van Nouhuys S, Hanski I. 2000. Apparent competition between parasitoids mediated by a shared hyper-
parasitoid. Ecol. Lezt. 3:82-84

van Nouhuys S, Kaartinen R. 2008. A parasitoid wasp uses landmarks while monitoring potential re-
sources. Proc. R. Soc. B 275:377-85

van Nouhuys S, Reudler JH, Biere A, Harvey JA. 2012. Performance of secondary parasitoids on chem-
ically defended and undefended hosts. Basic Appl. Ecol. 13:241-49

Varennes Y-D, Boyer S, Wratten SD. 2014. Un-nesting DNA Russian dolls: the potential for construct-
ing food webs using residual DNA in empty aphid mummies. Mol. Ecol. 23:3925-33

Vet LEM, Dicke M. 1992. Ecology of infochemical use by natural enemies in a tritrophic context. Annu.
Rev. Entomol. 37:141-72

Vet LEM, Wiickers FL, Dicke M. 1991. How to hunt for hiding hosts: the reliability-detectability prob-
lem in foraging parasitoids. Neth. 7. Zool. 41:202-13

Viggiani G. 1984. Bionomics of the Aphelinidae. Annu. Rev. Entomol. 29:257-76

Viggiani G. 2020. The complex of parasitoids of Asphondylia spp. (Diptera Cecidomyiidae), flower gall
midges of Lamiaceae, with description of a new species of Baryscapus (Hymenoptera Eulophidae). Bull.
Insectol. 73:45-52

Visser B, Le Lann C, Snaas H, Hardy ICW, Harvey JA. 2014. Consequences of resource competition for
sex allocation and discriminative behaviors in a hyperparasitoid wasp. Behav. Ecol. Sociobiol. 68:105-13
Visser B, Le Lann C, Snaas H, Verdeny-Vilalta O, Harvey JA. 2016. Divergent life history strategies in
congeneric hyperparasitoids. Evol. Ecol. 30:535-49

Vyas DK, Paul RL, Gates MW, Kubik T, Harvey JA, et al. 2020. Shared enemies exert differential
mortality on two competing parasitic wasps. Basic Appl. Ecol. 47:107-19

Wickers FL, van Rijn PCJ, Heimpel GE. 2008. Honeydew as a food source for natural enemies: making
the best of a bad meal? Biol. Control 45:176-84

Weseloh R. 1972. Sense organs of hyperparasite Chezloneurus noxius (Hymenoptera: Encyrtidae) impor-
tant in host selection processes. Ann. Entomol. Soc. Am. 65:41-46

Wu PX, Ma BX, Yan S, Xu J, Zhang RZ. 2018. The hyperparasitoid Marietta picta (Hymenoptera:
Aphelinidae) mediates competitive interactions between two parasitoids of Puratrioza sinica (Hemiptera:
Psyllidae): Tamarixia lyciumi (Hymenoptera: Eulophidae) and Psyllaephagus arenarius (Hymenoptera: En-
cyrtidae). Biol. Control 126:169-76

Yang F, Xu L, Wu Y-K, Wang Q, Yao Z-W, et al. 2017. Species composition and seasonal dynamics of
aphid parasitoids and hyperparasitoids in wheat fields in northern China. Sci. Rep. 7:13989

Ye Z, Vollhardt IMG, Girtler S, Wallinger C, Tomanovic Z, Traugott M. 2017. An effective molecular
approach for assessing cereal aphid-parasitoid-endosymbiont networks. Sci. Rep. 7:3138

Ye ZP, Vollhardt IMG, Parth N, Rubbmark O, Traugott M. 2018. Facultative bacterial endosymbionts
shape parasitoid food webs in natural host populations: a correlative analysis. 7. Anim. Ecol. 87:1440-51
Yefremova ZA, Lubin Y. 2020. Tichinobia repanda (Hymenoptera: Eulophidae) from egg sacs of a colonial
spider, Cyrtophora moluccensis (Araneae: Araneidae) in Papua New Guinea. 7. Insect Sci. 20:12

Zapponi L, Bon MC, Fouani JM, Anfora G, Schmidt S, Falagiarda M. 2020. Assemblage of the egg
parasitoids of the invasive stink bug Halyomorpha halys: insights on plant host associations. Insects 11:588
Zhao Z-H, Hui C, Li Z-H, Li B-L. 2015. Habitat heterogeneity stabilizes the spatial and temporal
interactions between cereal aphids and parasitic wasps. Basic Appl. Ecol. 16:510-18

Zhu F, Broekgaarden C, Weldegergis BT, Harvey JA, Vosman B, et al. 2015. Parasitism overrides herbi-
vore identity allowing hyperparasitoids to locate their parasitoid host by using herbivore-induced plant
volatiles. Mol. Ecol. 24:2886-99

Zhu F, Cusumano A, Bloem J, Weldegergis BT, Villela A, et al. 2018. Symbiotic polydnavirus and venom
reveal parasitoid to its hyperparasitoids. PNAS 115:5205-10

Zhu F, Lammers M, Harvey JA, Poelman EH. 2016. Intrinsic competition between primary hyperpar-
asitoids of the solitary endoparasitoid Cotesia rubecula. Ecol. Entomol. 41:292-300

Zhu F, Weldegergis BT, Lhie B, Harvey JA, Dicke M, Poelman EH. 2014. Body odors of parasitized
caterpillars give away the presence of parasitoid larvae to their primary hyperparasitoid enemies. 7. Chem.
Ecol. 40:986-95

www.annualreviews.org » Hyperparasitoid Ecology

161



Annu. Rev. Entomol. 2022.67:143-161. Downloaded from www.annualreviews.org
Access provided by Wageningen UR on 02/07/22. For personal use only.

Contents

Pest Biological Control: Goals Throughout My Life

Liying Li ..o

Remembrances of a Honey Bee Biologist

Thomas D. Seeley ...

Exotic Ants of the Asia-Pacific: Invasion, National Response, and
Ongoing Needs

Yijuan Xu, Edward L. Vargo, Kazuki Tsuji, and Ross Wylie .........................

Biology, Ecology, and Management of the Invasive Longlegged Ant,
Anoplolepis gracilipes

Chow-Yang Lee and Chin-Cheng Scotty Yang .......................cccccoiiii.

The Ecological Significance of Aphid Cornicles and Their Secretions

FP Michaud ...............

"The Biology of Aging in Insects: From Drosophila to Other Insects and
Back

Daniel E.L. Promislow, Thomas Flatt, and Russell Bonduriansky ...................

The Role of Cytochrome P450s in Insect Toxicology and Resistance

Ralf Nauen, Chris Bass, René Feyereisen, and fobn Vontas ..........................

The Molecular Physiology and Toxicology of Inward Rectifier Potassium
Channels in Insects

Peter M. Piermarini, ferod S. Denton, and Daniel R. Swale ........................

The Ecology of Hyperparasitoids

Erik H. Poelman, Antonino Cusumano, and Jetske G. de Boer ......................

Sequestration of Plant Defense Compounds by Insects: From
Mechanisms to Insect—Plant Coevolution

Franziska Beran and Georg Petschenka ............................ccccoi.

Impact of Stand and Landscape Management on Forest Pest Damage

Lorenzo Marini, Matthew P. Ayres, and Hervé Factel ................................

Beetle-Bacterial Symbioses: Endless Forms Most Functional

Hassan Salem and Martin Kaltenpoth ..............................................

A

(R

Annual Review
of Entomology

Volume 67,2022

vii



Annu. Rev. Entomol. 2022.67:143-161. Downloaded from www.annualreviews.org
Access provided by Wageningen UR on 02/07/22. For personal use only.

viil

Vine Weevil, Otiorbynchus sulcatus (Coleoptera: Curculionidae),
Management: Current State and Future Perspectives
Tom W. Pope and Joe M. Roberts ...................cccioiiiiiiiiiiiiiiiiiiiie 221

Bottom-Up Forces in Agroecosystems and Their Potential Impact on
Arthropod Pest Management
Peng Han, Anne-Violette Lavoir; Cesar Rodriguez-Saona, and Nicolas Desneux ... ... 239

Neuroecology of Alcohol Preference in Drosophila
Ian W. Keesey and Bill S. Hamsson ..o 261

Wax, Wings, and Swarms: Insects and Their Products as Art Media
Barrett Anthomy Klein ............. ... ... 281

Extrinsic Inter- and Intraspecific Competition in Parasitoid Wasps
Paul 7. Ode, Dhaval K. Vyas, and Jeffrey A. Harvey ...............................co.... 305

Defensive Symbionts and the Evolution of Parasitoid Host Specialization
Christoph Vorburger .......... ... 329

Tribolium castaneum: A Model Insect for Fundamental and Applied
Research
James F. Campbell, Christos G. Athanassiou, David W. Hagstrum,
and Kun Yan Zhu ... ... . 347

On the Biological Diversity of Ant Alkaloids
Eduardo Gongalves Paterson Fox and Rachelle M.M. Adams ............................. 367

Determinants of Insecticide Resistance Evolution: Comparative Analysis
Among Heliothines
T'K. Walsh, D.G. Heckel, Yidong Wu, S. Downes, K.H.7. Gordon,
and F.G. Oakeshott ... ... .. ... ... . 387

Defense in Social Insects: Diversity, Division of Labor, and Evolution
Patrick Abbot ........... . . . 407

The Role of Community Science in Entomology
Mary M. Gardiner and Helen E. Roy ... 437

Advances in the Evolution and Ecology of 13- and 17-Year Periodical
Cicadas
Chris Simon, John R. Cooley, Richard Karban, and Teiji Sota ............................ 457

Errata

An online log of corrections to Annual Review of Entomology articles may be found at
http://www.annualreviews.org/errata/ento

Contents



