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Résumé : Les larves dusyrphe aphidiphag&pisyrphus balteatugDiptére, Syrphidae) ont une
capacité de déplacement limitée. Le choix du sigiposition des femelles est donc crucial pour la
survie larvaire. Pour cela, les femelles de ce édéptdevraient optimiser leurs choix de sites
d’oviposition pour maximiser les chances de sudgeleurs progénitures. Le but de cette thése de
doctorat était de comprendre comment les femellEs loalteatusévaluent la qualité de patches de
pucerons au cours de leur comportement de ponteep@se de ponte des femelleg.dbalteatus
observées a travers plusieurs facteurs a été @éalgarmi lesquels: la plante héte, I'espéce de
pucerons, la taille de la colonie de puceronssildstances sémiochimiques émises par les pucerons e
leurs associations avec leurs plantes hotes, Eepcé de compétiteurs intra- ou interspécifiques et
l'age de la femelle. Dans la premiére partie deasail, les résultats obtenus ont permis de mettre
évidence que les femellesed’balteatussélectionnent le site de ponte en fonction dadate hote et
I'espéce de puceron, et ce comportement a été masgré comme étant lié avec la performance du
prédateur (fitness). La combinaison puceron/plavitepersicaé¢Solanum tuberosuma été la plus
préférée par les femellesH’ balteatus.et le fitness de ce prédateur était plus élevéaeticulier
lorsque les larves sont nourries akcpersicaeélevées sur une plante de pomme de terre. De méme,
les femelles . balteatusont montré une méme préférence pour les deux caisbinsM. viciagV.

faba et A. pisum/V. faba et un fitness supérieur du prédateur adulte aés8i observé lorsque les
larves sont nourries avec les deux especes degnaeDe plus, hous avons aussi montré que les
femelles dE. balteatusen recherche de site de ponte sont guidées pasutssances volatiles, en
particulier le E-f)-farnéséne, émises par les pucerons infestantplante héte. Dans la deuxieme
partie, le systeme feuille-disque est démontré cendétant une méthode pratique et efficace pour
évaluer le comportement de ponteEdbalteatusau laboratoire sous différentes conditions. Les
résultats ont aussi démontré qu'il y a une relatjoadratique entre I'émission de I'EH{farnéséne et

la taille de colonie de pucerons, ce qui permes’dfectuer que cette molécule a un réle important
dans le comportement de ponte des femell&s bdalteatusen réponse a la taille de la colonie de
pucerons. Les résultats obtenus dans la troisierteepnous ont permis de montrer que les femelles
d’E. balteatugéduisent leurs pontes dans une colonie de puseamenant préalablement des larves
de leur propre espéce ou leurs traces. Une répsinskaire a été aussi montrée en présence des
substrats préalablement visitées par les larvedenelleHarmonia axyridis Ainsi, la réduction de

la ponte des femellesk’ balteatusest provoquée par des substances volatiles épasdss substrats
des larves de syrphe. Nous avons aussi démontréaquésence du parasitoidghidius ervidans

une colonie de pucerons a un effet significatif Burcomportement de ponte des femelleE. d’
balteatus Les femelles . balteatuse distinguent pas les plants infestées par lesrpos parasités

ou non parasités, cependant les femelles rédusenpontes en réponse a la présence des pucerons
momifiés ou des exuvies de momies. De plus, ureggnsupérieur du prédateur a été aussi observé
lorsque les larves sont nourries avec I'especeuderpnsA. pisumparasités ou non parasités. Enfin
dans la derniére partie, I'age de la femelle.dalteatusnfluence significativement leur reproduction,
ce qui permet de proposer que les jeunes femé@lass(semaines) peuvent étre plus efficaces dans la
lutte biologique contre les pucerons car ellesumat grande efficacité de reproduction.

Toutes les expériences ont été effectuées au lamerat la plupart des résultats obtenus sonutksc

en relation avec le contexte de la lutte biologique



Almohamad Raki (2010). Foraging and oviposition bedviour in the predatory hoverfly
Episyrphus balteatusDeGeer (Diptera: Syrphidae): a multitrophic approach (PhD thesis).
University of Liege — Gembloux Agro-Bio Tech, 165p24 fig., 8 tab.

Summary: The larvae opredatory hoverflyEpisyrphus balteatuBeGeer (Diptera: Syrphidae), have
limited dispersal ability to forage. The selectimfrthe oviposition site by gravid females is crliéta

the survival larvae. Therefoteverfly females should optimise their foraging behaviouichgosing
suitable oviposition sites. The aim of this PhDsikevas to understand how hoverfly females assess
aphid patch quality during their egg-laying behaviol he impact of several factors on the ovipositio
response ofE. balteatus females including host plant, aphid species, apbalony size,
semiochemicals emitted from aphids or their assiotiawith host plants, presence of intra- or
interspecific competitors and female’s age, waarfedemonstrated during this research. In the firs
part, we have shown th&. balteatusfemales select their oviposition site accordingaphid-host
plant and aphid species, which is also shown teelsed to offspring performance (fitness). Aphid
speciesMyzus persicagSulzer) infestedsolanum tuberosurh. was the most preferred aphid-plant
combination as an oviposition site by syrphid fezsalTheE. balteatussurvival was enhanced in this
system and females laid numerous eggs when lareae reared withM. persicaeas prey, especially
when the host plant was potato. Broad bean pMicta fabainfested withMegoura viciagBuckton)

or Acyrthosiphon pisum(Harris) were equally attractive fdE. balteatusfemales. Aphis fabae
(Scopoli) was the least preferred aphid. Higherelniby fithess was also observed when larvae were
reared onM. viciae or A. pisumcompared to those reared @&n fabae Moreover, it was also
demonstrated that foraging hoverfly females is gdilly different infochemical cues emitted by aphid
host plant, such a€)-p-farnesene, enabling them to locate aphid infegladt and to select an
adequate oviposition site. In the second part,l¢iaé disc system was found to be a practical and
efficient method to assess the hoverfly reprodecbehaviour under different laboratory conditions.
Results also showed that there was a significaatgtic relationship between the releasepf¢
farnesene amounts and aphid colony size, which snézat this molecule play important role in
oviposition decision made by hoverfly females isp@nse to aphid colony size. In the third part, we
have highlighted that the. balteatudemales avoid aphid colonies in which conspedé#igae or their
tracks were already present. Similar response \8asshown by females to the presencélafmonia
axyridis (Pallas) larval tracks. This oviposition deterrigstgmulus was also shown to be mediated by
odourant cues emitted from larval tracks extradtisas also demonstrated that the foraging behaviou
of hoverfly females was modified by the presenceafasitoidsAphidius ervi(Haliday) in aphid
colonies. Females did not exhibit any preferencepfants infested with unparasitised or parasitised
aphids for 7 days, but they are reluctant to layseig response to the presence of mummies or their
exuvia on broad bean plants. Oviposition preferesfcpredatory hoverfly females according to the
developmental state of the parasitoid larvae indaphey was also found to be related with larval
performanceFinally, the age of hoverfly females was found &dm important factor affecting their
reproduction ability, suggesting that youngerbalteatusfemales (2 to 5 weeks old) could be have
potential to play a role in biological control gftads because of their higher reproductive efficien

All experiments were performed in a laboratory emwvinent and most results obtained are discussed
in relation to the context of biological controfats.
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Chapter 1. General Introduction

Natural resources constitute the basis of our exest on earth. Some of these, like food,
pharmaceuticals, clean water, air and fossil eneagy obvious, whereas some indirect
resource, like plant protection from pest or diseastbreak remain obscure to many of us.
This is because the indirect ecosystem effectemergent properties of complex interactions
of species with their biotic and abiotic environrh@revin, 1999).

Plants in nature and agriculture face a diverditghallenges that involve both pathogens and
insect phytophages. It has been roughly found 186 of plants’ resources are lost to
phytophagous insects in natural ecosystem (Kletjral, 2001). In agro-ecosystems, it is
estimated that pre-harvest crop losses causessbkygtipests increased from 35% to 45% in
the period of 1965 to 1990 (Pimentel, 1991; Leetisl, 1997). Moreover, estimates of crop
losses in developing countries including post-hstresses may reach 60-70% (Thomas,
1999). Phytophagous insects are economically imapbith agricultural ecosystems. Among
those, aphids are major insect pests of agricyltbogticulture and forestry. They cause
damage to a wide variety of crops either directhfdeding damage (phloem-feeding aphids)
or indirectly by transmission of plant virus diseas(Van Edmen & Harrington, 2007).
Aphidoidea can adversely affect crop yield and igpah a number of ways other than by
transmitting viruses. For example, excretion of yoacx and honeydew can influence crop
quality (Drees & Jackman, 1998). When aphids atmdant, they can excrete large amounts
of honeydew that supports the growth of black seobuld, which is caused by filamentous
ascomycetes (e.gcapnodiumcitri) (Reynolds, 1999). The resulting discolorationcobp
products affects plant photosynthesis and sigmflgareduces their market value. Some
aphid species are known to be limiting biotic fastéor crop yield when outbreaks occur,
while other aphid species have caused profoundgmal and sociological impacts. A well-
known recent example is the introduction @uraphis noxiaKurdjumov (Russian wheat
aphid) in North America (Quisenberry & Peairs, 1p98orrison & Peairs (1998) estimated
that the economic losses causedbyoxiato cereal crops in the USA were US$893 millions
between 1987 and 1993.

These homopterous insects have complex life cylolgsduring the summer most species
reproduce asexually and live as clonal, fast grgwialonies. Depending on environmental
cues such as day length and temperature, theseie®loroduce sexual morphs in the autumn
when mating occurs. Ten per cent of aphid specesast alternating (heteroecious), moving
between woody and herbaceous host plants accotdisgason (Eastop, 1977). Migration

between the two different species of host planartyerequires winged morph production by
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the colony. Even for non host alternating (autoesjospecies, however, wing induction is
important, as winged morphs allow a clone to takeaatage of several individual host plants

during a season when the quantity and quality @hibst plants change.

In some aphid species, notaldtyzus persica&ulzer, because its rapid evolution of highly
resistant forms involving cross-resistance mechmasigDevonshire, 1989; Fostet al,
2000), there is, however, an increasing problenh afihid pests that become resistant to the
pesticides that are used (Herrnal, 2001; Kiftet al, 2004). Its resistance to pesticides was
first observed in the 1950s and 1960s and is noglodal problem, causing massive
expenditure on control. The pesticides may alsanhaon-target organisms and leave
chemical residues in the products. Moreover, pegtitreated crops are less attractive to
honey bees, which are needed to pollinate manysdiigearns & Inouye, 1997). Thereby, by
responding to consumer demand, governmental réstrs; and the grower’s concern about
their own health, additional major research effatalld be spawned in various countries
worldwide to find alternatives to chemical contrpgrticularly biological control. The use of
predators and parasitoids should be thereforenagpyi consideration in any pest management
program. Biological control is generally the besthod of control on the basis of ecological
and environmental considerations. The successeasvachmore than half a century ago
continue to work to this day. Furthermore, biol@agicontrol has been especially successful in
case of pests that are difficult to control otheevbecause of the higher ability of biological
control agent (i.e. predator and parasitoid) inrd@ag for host (pest). Nearly 66 % of total
successes have been obtained in homopterous inakaty are covered by a waxy layer and
are not easily killed by contact insecticides. Art18 % of successes have been reported in
case of Lepidoptera, a majority of which are bowerd internal feeders (Dhaliwal & Arora,
2001).

Aphid communities are commonly subjected to predatby a broad range of natural
enemies, involving predators, parasitoids, and qgehs. They often collectively termed
aphidophaga. Because of their importance in bickdgtontrol, the taxonomy and biology of
aphid natural enemies have been the subject of mw®estudies, books, and reviews.
Generalist predators, including ladybirds (Cocdidat), hoverflies (Syrphidae), lacewings
(Chrysopidae) andphidophagous midgéionididae) are well-known aphid natural enemies
(Rotheray, 1989; Lerogt al, 2008. It is stated that thegan have a significant impact in the
suppression of aphid population growth and abuneld@bamberet al, 1986; Lucast al,
1997; Lang, 2003; Leet al, 2004)
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Hoverflies (Diptera: Syrphidae) have an almost drvide distribution and play an important
role in insect communities. About 6000 species bicw have been described (Vockereth
al., 1987). The larvae of about 33% of these speciessified in the subfamily Syrphinae,
are homopteran (usually aphids) predators (Rothet&B9; Gilbert, 1993)Episyrphus
balteatus De Geer (Diptera: Syrphidae) is the most abundg®cies in central Europe
(Tenhumberg & Poehling 1991; Coligneh al, 2001). It is one of the most efficient aphid-
specific predators in natural agroecosystems, @pewith respect to cereal aphids (Dean,
1982; Ankersmiet al, 1986; Chambers & Adams, 1986; Poehling, 198&yistle & Dixon,
1989; Tenhumberg & Poehling 1999, persicaein tobacco field (Kalshoven, 1981) and
Brevicoryne brassicaé. on brassica plants (Pollard, 197E). balteatusadults are flower
visitors, while syrphid larvae are valuable aphiddators. The larvae of this syrphid species
are predators on more than 100 species of aphiddwide (Sadeghi & Gilbert 2000 a,b).

The predominance of hoverfly. balteatusin natural agroecosystems as well as in natural
habitats and its efficacy and potential as biolagoontrol agent for aphids may among others
things, result from:

(i) Oviposition behaviour of females that oviposit af& close to aphids colonies (Chandler,
1968 a,b,c; Scholz & Poehling 2000), and, theretoyide an immediate food source for the
emerging larvae.

(i) Its high reproductive rates (between 2000-450§sqxer female) and voracity (in average
250 to 500 aphids per single syrphid larva) thiavait to efficiently exploit short-lived aphid
colonies (Ankersmiet al, 1986; Chambers, 1988; Branquart & Hemptinne 0200

(iii) Its high mobility enables it to distribute eggseo large areas (Schneider, 1948;
Chambers, 1988, 1991), and to locate aphid coloemdier in the season than other
aphidophaga (Hagen & van den Bosch, 1968; Hornl;1B8&on, 2000).

(iv) It is selective in choice of its oviposition sitgth high quality and is likely to exploit the
encounters patches according to their relativeevéiian, 1988a,b).

(v) The short developmental time of larvae comparether aphidophaga such @sccinella
septempunctathinnaeus andChrysoperla carne&tephens, enables them to develop rapidly
and to reduce in minimum the period of expositibrsensible new hatched larvae to risk of
predations (Hindayanet al, 2001).

Apart from being an important group of naturallycoring aphid predators in field crops,
aphidophagous hoverflies can be used efficienkly &iny other natural enemy for biological
control (Kref3, 1996; Schneller, 1997). Recentlydrlly E. balteatushas been successfully
used in the biological control programs for aphahtcol (Copping, 2004; Pineda & Marcos-
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Garcia, 2008). There have been few attempts to dsimabe the potentidt. balteatusin
classical or augmentation biological control prognaes. For example, ifswitzerland,
releases of syrphid larvae, together with ladytardaeagainst the rosy apple aptHiysaphis
plantagineon apple seedlings reduced aphid densities to b#%ose on untreated control
seedlings (Wysst al, 1999b). In China, releases©f balteatudarvae in vegetable fields at
a ratio of 1:180 aphids reduced aphid populationsuer 90% in 3 days (Yargf al, 2002).
In Europe E. balteatusvas also considered for biological control of aghith rose plants and

sweet pepper in greenhouses (Krel3, 1996, Pineda&dd-Garcia, 2006).

In addition to the importance of aphidophagous Hhties in biological control of aphids,
their foraging and oviposition behaviours are confed to a diversity of environmental
situations in which they should adopt different &abural strategies. By their actions, they
can influence the size, the structure and the @djounl dynamics of their aphid prey and of
other predators/parasitoids present in the samle gsi well as on the overall community.
Thus when hoverfly females attempt to forage, timexst decide where to feed or oviposit for
potential prey or hosts, what type of prey or hdst@accept and, when to move to a new
habitat. The outcome of these decisions can graéafliyence their fitness because neonate
syrphid larvae have limited dispersal abilitiestleir search for food. Optimal oviposition
theory predicts thaE. balteatusfemales should lay eggs in aphid patches thatherenost
suitable for offspring development with high nutntal value and/or low risks of predation
and competition pressure. It is stated that thecehof the oviposition site by aphidophagous
hoverflies depends on several factors including Iptent, aphid species, prey availability,
semiochemicals emitted from aphids or their assediwith host plants, the presence of intra-
or interspecific competitors and female’s age. @e basis of literature studies, little
information is available about the behavioural oeses of hoverfl|e. balteatusfemales to
these factors. The overall objective of this Phbsth was to complete our knowledge of
predatory hoverfly behaviour in response to thestofs, and to understand the mechanisms
of decision-making by syrphid females during thegg-laying behaviour, a crucial point

before their effective use in biological contratségies of aphid populations.
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The importance of aphidophagous hoverflies andr thefural history, biology and ecology

have been well documented. Previous reviews hageljadiscussed information on prey

predatory hoverflies interactions, and their degespecialisation. However, the foragin

L

and oviposition behaviour of predatory hoverflieavlé received little attention. In this
chapter we wanted to summarise the available in&dion about the searching anc
oviposition behaviour of aphidophagous hoverfliasd the behavioural mechanisms of
decision-making by syrphid female during their émgng behaviour, taking into accoun
that manyfactors involving in choice of oviposition site lhgverfly females such as: habitat,
host plant, aphid species, prey availability, sech&micals, presence of intra- or interspecif|c

competitors and female age.
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Article 1
Searching and oviposition behaviour of female aphimphagous hoverflies
(Diptera: Syrphidae): a review

Raki Almohamad, Francois J. Verheggen, Eric Haubrug

Department of functional and evolutionary EntomgloGembloux Agricultural University,
Passage des Déportés 2, B-5030 Gembloux (Belgium)

Abstract — Aphidophagous hoverflies forage according two défe host-finding
mechanisms: they forage for suitable food sourfmedlifeir energy-expensive hovering flight,
and for protein to mature their reproductive sygteand for suitable oviposition sites.
Syrphids are highly mobile, enabling them to lag®gver large areas, and to locate aphid
colonies earlier in the season than other aphidggph@he result is that most syrphid eggs
tend to be laid close to aphid colonies. The chaoiceviposition sites may be crucial for
offspring performance because the neonate larvee livaited dispersal ability. Selection of
aphid patches should therefore reflect nutritiovalue, risk of predation and competition
pressure. Several factors are known to affect lfwece of oviposition site: host plant, aphid
species, aphid availability, semiochemicals, tresence of intra- or interspecific competitors
and female age. We review here the available indtion on these factors in order to
understand the mechanisms of decision-making bghsyrfemales during their egg-laying
behaviour, a crucial aspect of their effective usestrategies of the biological control of

aphids.

Key words: Aphidophagous hoverflies, foraging and ovipositieehaviour, Syrphidae, host

choice, prey patch quality, semiochemic&lpisyrphus balteatus
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Résumé —Les syrphes aphidiphagedilisent deux mécanismes différents au cours de le
recherche et comportement de ponte, un mécanisimet®dvisant a trouver une source de
nourriture qui assure a la femelle d’avoir I'énergécessaire pour sa mobilité et la maturation
de ses organes reproducteurs, et l'autre visawoiuadr un site de ponte propice. Les femelles
de syrphes prédateurs ame forte mobilité qui leur permet de distribuer lesfsesur de
larges territoires, et de localiser les coloniegpdeerons plus tét dans la saison plus que les
autres préedateurs aphidiphages. Le résultat neguestla plupart des ceufs de syrphe ont
tendance a étre déposés a proximité de colonigauderons. Cependant, le choix du site
d’oviposition par les femelles peut étre crucialpta survie larvaire parce que les larves de
syrphe ne peuvent pas se déplacer sur de longsies\ckts pour la recherche de nourriture.
C’est pourquoi les femelles gravides devraient mewnune préférence pour les sites
présentant une grande valeur nutritive et un faisigue de prédation et de compétition. Pour
les syrphes aphidiphages, plusieurs facteurs inflesiet le choix du site de ponte parmi
lesquels : la plante hobte, I'espéce de pucerondailee de la colonie de pucerons, les
substances sémiochimiques émises par les pucerdesgre associations avec leurs plantes
hotes, la présence de compétiteurs intra- ou péerques et I'age de la femelle. Dans cette
revue bibliographique, nous recensons les infownatidisponibles sur ces facteurs afin de
comprendre les mécanismes de décision prise péeresles de syrphes prédateurs au cours
du comportement de ponte, ce qui constitue uneeétagportante avant d’utiliser ces

prédateurs dans la lutte biologique contre les qmunse

Mots clés: Syrphes aphidiphages, comportement de rechetctie ponte, Syrphidae, choix

de I'hote, qualité de la proie, sémiochimiquepisyrphus balteatus.

Reference -Almohamad R, Verheggen F. & Haubruge E (2009). [8egrand oviposition behaviou
of aphidophagous hoverflies (Diptera: Syrphidaggwaew.Biotechnology, Agronomy, Society and
Environment13(3): 467-481.
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Introduction

Although a good number of insects do not feed astsdor the majority, most of their adult
life is dedicated to actions related both to thquasition of food and to reproduction, and
crucial decisions must baken concerning these two activities. Ovipositimhaviour is a
vital component of many aspects of insect bioloagyg.(population dynamics, life history and
biological control of insect pests). One major @& oviposition behavior is host selection.
Offspring are often obliged to feed on the hostsemoby females during their egg-laying
behaviour. Optimality theory as applied to ovipsit predicts that female choice should
reflect a preference for oviposition sites withthigxpected fitness for their offspring, usually
in the form of high nutritional value, low risk pfedation and competition pressure (Mangel,
1987), good growth, survival, and future reprodeetpotential, etc.: eggs deposited in
unsuitable hosts are likely to die or result irendr adults (Nufio & Papaj, 2004; Singer et
al., 2004).This relationship is especially impotttor insect species where neonate offspring
are relatively sessile and have limited mobilityféoage (Thompson, 1988; Peckarsky et al.,
2000).

During foraging and oviposition behaviour, entomagous insects are confronted
with a diversity of environmental situations in whithey may adopt different behavioural
strategies. By their actions, they can influenae structure and population dynamic of their
hosts or prey and of other predators/parasitoidsgnt in the same guild and of the overall
community (Jervis & Kidd, 1996). They can also naeli interactions between insect
herbivores and their host plants, thereby consigua selective factor on herbivore host plant
preference (Price et al., 1980). Thus when an iddal attempt to forage, it must decide
where to feed or oviposit for potential prey or tspsvhat type of prey or hosts to accept and,
when to move to a new habitat (Barnard, 1983). diteome of these decisions can greatly
influence the survival and fithess of predators padasitoids. In trying to understand what
influences the decision processes of foraging issexologists have increasingly turned to
optimal foraging theory (Stephens & Krebs, 198&es & De Bruyn, 2002).

How do these ideas work out in the relationshigveen predatory hoverflies and their
aphid prey?Aphids are considered to be major pests in mostutgrral ecosystems (van
Emden & Harrington, 2007). They have distinctivear@cteristics that make them highly
suitable in some ways and highly challenging ineacdhas prey for insect predators. On the

one hand, aphids have small and soft bodies, aidtigher growth and development rates
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enable them to occur at high densities. On therptéyehid colonies are ephemeral and
unpredictable over both space and times, requispgcial adaptations to be able take
advantage of them. Aphidophagous predators sucpredatory hoverflies therefore need
appropriate tactics and strategies to locate ajffigstation quickly, and to exploit the

opportunities and overcome the challenges posedi®yarticular group of prey.

Aphidophagous hoverflies have long been recogniagdimportant aphid natural
enemies (Chambers, 1988). The larvae of specids aslEpisyrphus balteatu®eGeer are
predators on more than 100 species of aphids wattd(®adeghi & Gilbert, 2000b). Because
of their high reproductive rates and voracities d@bers & Adams, 1986; Poehling, 1988;
Gilbert, 1993; Tenhumberg & Poehling, 1995) andadlé oviposition behaviour (Kan &
Sasakawa, 1986; Kan, 1988a; Sadeghi & Gilbert, 2)G8iey can have a significant impact

in the suppression of aphid population growth amehaance, but good evidence is rare.

The ability to detect aphids and oviposit closaphid colonies plays a major role in
the effectiveness of predatory hoverflies. A higterof prey search is considered to be one of
the most desirable attributes of biological conagénts (Jervis & Kidd, 1996; Murdoch &
Briggs, 1996). The relatively sessile nature ofrrege syrphid larvae does not allow them to
exploit aphid prey on different host plants (ChandlL969). Moreover, they do not perceive
aphids before contact or only at very short distafBargen et al., 1998). The female’s ability
to find and oviposit within the future foraging gen of its progeny is therefore a critical
determinant of potential biocontrol performance. eTheason for the poor progress in
developing a foraging theory for insect predaterghat most studies have concentrated on the
most voracious stage, the larva, rather than thit.abhus for a complete understanding of
insect predator-prey dynamics, it is necessary dterchine the behavior that maximises
predator fitness, and this involves studying thedag and oviposition behavior of female
predators (Ferran & Dixon, 1993%ilbert (1993) has described the importance of a@y
hoverflies and their natural history, biology andolegy. Recent reviews have largely
discussed information on prey-predatory hoverfl@sractions (Rojo et al., 2003), and the
degree of specialization of aphidophagous syrpk@itbert, 2005). However, there is no
review on the searching and oviposition behavioraphidophagous hoverflies. Here, |
summarize available information about the foragiagd oviposition behaviour of
aphidophagous hoverflies, and the behavioral meshmnof decision-making by syrphid

female during their egg-laying behavior
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Factors influencing searching and oviposition behawr of aphidophagous
hoverflies

The choice of habitat, host plant, aphid speci@hidacolony size, visual and chemical
stimuli, oviposition site, must all be consideradtidg searching and egg-laying behavior of
syrphid predators. This review will discuss largidg main factors influencing searching and

ovipostion behavior of predatory hoverflies.

Habitat

Searching for resources is one of the most impbdetivities of gravid female insects (Bell,
1990). According to classical foraging theoriesrafgers maximize energetic gains by
selectively exploiting patches rich in resources &y minimizing foraging time in poor
patches (Stephens & Krebs, 1986). Adults predasyrphids are frequent flower visitors
since they feed only on nectar and pollen: neaares principally as a source of energy to
sustain their strong flight and to extend longevithile pollen allows maturation of the
reproductive system in both sexes (Schneider, 19989; Gilbert, 1981; Chambers, 1988).
Additionally, flowers can also provide optical cussch as size, color, shape and scent
influencing the searching behavior of syrphid pteda(Kan, 1988a,b; Haslett, 1989; Lunau,
1993; Sutherland et al., 1999). Floral cues areomant signals in helping foraging hoverflies
to find and select a floral feeding site, and theading activity of hoverflies in crops can be
enhanced by a continuous supply of flowers withilgasvailable pollen sources such as
Asteraceae and Umbelliferae in field margins (RupgeMolthan, 1991; Colley & Luna,
2000, Morris & Li, 2000). For example, cereal fieldre usually characterized by shortage of
food for flower visitors, and alternative agricutilipractices that favor wild flowers (i.e. set-
aside, herbicide-free buffer zones, conservatiopst may lead to improved attraction of
adult hoverflies (van Emden, 2003). Ambrosino (2086owed that the presence of floral
resources in Oregon broccoli fields enhanced tledaiory potential of hoverflies on aphids.
This seem to indicate that young syrphid femalebainly focus on flower foraging during
the first week after emergence before switchingdarching for aphids and oviposition sites.
Thereafter, they will travel between floral and @ppatches to maintain egg production (van
Rijn et al., 2006).

The important second stage of the foraging bemadfisyrphid females is to locate a
suitable oviposition site. Hoverfly females are wmoto exhibit high mobility, enabling them

to distribute eggs over large areas (Schneider8;1@hambers, 1988), and to locate aphid
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colonies earlier in the season than other aphidgplidagen & van den Bosch, 1968; Horn,
1981; Dixon 2000). The key questions facing seaghioverfly females can be summed up
simply: when and where in the course of their deatwuld they oviposit? and what are the

cues and behavioral mechanisms involved in chodbieig oviposition site?

An elegantly simple model of hoverfly ovipositidsehavior emerged during the
1960s. Female aphidophagous hoverflies are hightpilen and their ability to select a
potentially successful oviposition site thereforerely depends upon the availability of
aphid-infested plants (Dixon, 1959; Chandler 1968&chneider, 1969). This model has
served since as the standard general explanatiadghdalegree of discrimination exhibited by
syrphid females in selecting an oviposition sited ahe various stimuli which induce
oviposition responses in particular hoverfly spscieaboratory and field experiments and
observations over the past several decades haeeadjgrsupported this model. The net result
of searching and oviposition behavior is that sidpbggs tend to be laid close to aphid
colonies (Chandler, 1968a,b; Chamber, 1988; Dix2d00; Scholz & Poehling, 2000;
Ambrosino et al., 2007), enabling the emerging yplervae to locate the food sources
immediately. Syrphid predators may conduct an sifesd local search after locating aphids.
Field and laboratory observations have showedaliaimale approaches an infested plant in a
straight line, and then hovers, moving slowly apiants until it reaches a position opposite
and close to an aphid colony, where it hovers atdime before alighting with the ovipositor
extended. Finally, the ovipositor is bent ventrahd drawn over the substrate and an egg is
laid (Dixon, 1959; Schneider, 1969; Scholz & Poetli 2000; Sutherland et al., 2001;
Almohamad et al., 2008c).

Oviposition sites are very variable, and are egldioth to the number and location of
eggs deposited. Syrphid eggs are often laid sirgtiier close to or within aphid colonies,
although some species lay eggs in batches distant the colony or even on uninfested
plants (Chambers, 1988). In the latter case, yoamgae may survive by cannibalizing

conspecific eggs.

In the field, aphids of different species haverbéound with syrphid eggs actually
attached to them, which demonstrates how close eggbe laid to aphids (Dixon, 1959). In
certain melanostomine and &latycheirusspecies excepPlatycheirus scutatugMeigen),
eggs are equally often deposited on plants withsubn those with aphids (Chandler, 1968a;

Gilbert, 1986), and eggs of the latter specieslaick in batches of two to four, instead of
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singly (Gilbert, 1986). The net effect is that thepecies exploit small aphid colonies that do
not attract species such @grphus ribesiL. andEupeodegMetasyrphuscorollae Fabr. : the
first larva to hatch can cannibalize the others th search for aphids, and females lay in
advance of aphid attack. In species suchPgszella varipesMeig., females select as
oviposition sites the base of stemdafstinaca sativd.. (Apiaceae) plants, the roots of which
are infested with aphids just below soil level haligh the aphids are not visible to
ovipositing flies (Dixon, 1959). Choice of ovipdsit site varies markedly according to
hoverfly species, even in similar conditions: feetalipeodes lunigeMeigen, laid over 50%
of their eggs touching aphid8revicoryne brassicad..) on Brussels sproutBfassicae
oleracea gemniferd..) and less than 1% on uninfested plants, whefemaslePlatycheirus
manicatusMeig. laid less than 5% touching aphids and ov@¥5on uninfested plants
(Chandler, 1968c)Epistrophellaemarginata(Say) oviposits on the petioles of leaves and
Syrphus knabShannon usually on the upper surface of the laif@oaran, 1925). Laboratory
observations have also demonstrated tBpisyrphus balteatudemales have a distinct
preference of position to lay their eggs\ania fabal. plants: 91% were found on the bottom
side of infested leaflets, 2% on the upper side, &b of eggs mainly on the top of plant
(Scholz & Poehling, 2000).

Host plant

According to Cortesero et al. (2000), host-plarieats on the efficiency of insect natural
enemies can occur in various ways, such as by meglidnost/prey accessibility and
availability, providing host/prey finding cues, léncing host/prey suitability and providing
supplemental food resources.

Several studies have showed that host-plant fcpbely important roles in the
selection of oviposition site by aphidophagous hihes (Dixon, 1959; Chandler, 1968b;
Sanders, 1983a,b; Sadeghi & Gilbert, 2000a; Almathet al., 2007a). Most syrphid species
are known to lay their eggs close to aphid-infespdaints, whereas other species (i.e.
Melanostomapp. andPlatycheirusspecies) tend to lay their eggs freely on uniefgtiants.
Thus, the existence of species that oviposit in ahsence of aphids may be valuable in
biological control, and provides a useful tool tbe investigation of non-aphid oviposition
stimuli. Some host-plant factors affecting ovipiasitwere clearly showed in the study of
Chandler (1968b): plant species, plant appearandesabstrate of plant surface were all

important. Species such B#atycheirusspp. preferred waxy over glossy varieties of belss
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sprout Brassica oleraced..) (Brassicaceae) if they were uninfested, big preference was
much less marked if the plants were infestedpeodesspp. preferred glossy plants when
both types were uninfested, but not if the plangseninfestedMelanostomaspp. preferred
waxy plants irrespective of the presence or absehephids;Sphaerophorisgspp. responded
more likePlatycheirusthanEupeodesOther species could seemingly discriminate atetse
plants on the basis of their appearance, althouffereht contact stimuli may also have
mediated oviposition. The nature of the plant stefaubstrate affects the number of eggs laid

per patch (batch size) in speciesvdlanostomaandPlatycheirus(Chandler, 1968b).

It has been also suggested that there is a baleteeen aphid and host-plant factors
governing syrphid oviposition. If the aphid stimsilis reduced, by scarcity or absence, or if
the female is old, host-plant factors become momgortant (Dixon, 1959; Chandler, 1967;
Chandler, 1968b; Schneider, 1969; Sadeghi & GijJl#000c). Evidence for this is discussed
in several studies. For examplBlatycheirus manicatagemales oviposit selectively on
healthy brussel sprout or bean plants adjoiningehioeavily infested with aphids (cabbage
aphidBrevicoryne brassicak.,and bean aphidphis fabaeScopoli, respectively) (Chandler,
1968b). Oviposition responses to host plants woth &phid infestations may be especially

good at keeping aphids at low densities.

Plant chemistry (allelochemicals or secondary fplaetabolites) can also affect the
foraging and oviposition behavior. Studies in tiverdture have largely focused on host-plant
chemistry effects on the suitability of aphid priey overall performance and subsequent
fecundity, but few studies have compared the peréoice of syrphid larvae feeding on one
aphid species but from different host plants (Sdbener, 1972; Rizicka, 1975; Sadeghi &
Gilbert, 2000b; Hindayana, 2001; Vanhaelen et24lQ1, 2002, Almohamad et al., 2007a).
Oviposition responses to different host plants eissed with one aphid species have received
little attention, with only two studies. Vanhaelenal. (2001) demonstrated tHgpisyrphus
balteatusfemales significantly prefer to oviposit on whiteustard plantsSinapis albal.
containing high glucosinolate (GLS) levels) rattiean on oilseed rape planBréssica napus
L. containing low GLS levels), both of which wenefasted with the same aphid species
(Myzus persicaeSulzer). GLS compounds are well known allelochaisicof the
Brassicaceae, with a strong influence on both thgtgphages and entomophages of the
community (Francis et al., 2001). Aimohamad et(2007a) recently showed that potato
plants Solanum tuberosurh. were preferred by ovipositingpisyrphus balteatusemales
over Black Nightshade plantolanum nigruni. infested with the same aphid specibt (

19



Chapter 2. Review of the Literature

persicag. The importance of volatile compounds (e.g.pEfarnesene: fF) emitted from
these aphid-host plant combinations may explairseheviposition preferences. Further
investigations are needed to understand betterosiipn activity in relation to plant

allelochemicals, and the consequent effect ofdahisffspring performance.

Some physical plant characteristics (e.g. presehtgchomes) have also been shown
to influence the acceptance of aphid/host planbwagosition site. Field observations have
demonstrated that that nettl®r{ica dioica L.) infested with Microlophium carnosum
Buckton was poorly accepted by ovipositigpisyrphus balteatusemales (Sadeghi &
Gilbert, 2000a), but it is unclear whether physiagpects of the plant were influential. A
variety of factors affect the evolved rank hiergrol suitability: the host plant as a habitat for
larvae; the intrinsic suitability of the aphid a®# (which may vary with host plant: Hodek,
1993). Thus the survival dEpisyrphus balteatusarvae on nettles in nature may be low
because of the physical effects of this host pitseif on the larvae, which must be able to
move on its surface. Nettle aphids are also knawbet especially adept at avoiding capture
(Sadeghi & Gilbert, 2000a). All these reasons caurderlie the fact that the combinatibh
carnosumM. dioicawas the least preferred aphid Byisyrphus balteatus

Other host plant factors (e.g. floral charactedpr) are found to have important
impact on searching and oviposition behavior. Seversearches conducted in both North
America and Europe indicate that aphidophagousiepeach agpisyrphus balteatusxhibit
considerable positive and negative selectivity iative flowering species (Cowgill et al.,
1993; Branquart & Hemptinne, 2000; Fitzgerald &@&obn, 2004). Branquart & Hemptinne
(2000) showed that adults have a strong flowerepegice for pollen and nectar produced by
native plants with large inflorescences and flarotlas (i.e. Apiaceae, Asteraceae,
Ranunculaceae and Rosaceae). These authors atpsgdythat several polyphagous species
such a€Episyrphus balteatysMelanostoma mellinurh., Eupeodes corollgeSphaerophoria
scripta L. and Platycheirusspp can access pollen and nectar in flowers with smoddllilar
corollas, an important asset for colonizing oped aphemeral habitats. Indeed, flowers are
considered to have important effects on distribuamd oviposition in neighbouring aphid—
infested plants. For example, work from New Zeal&iad shown that syrphids move into
adjacent crops (brassica crops) from rich floraicipes (ofPhacelia tanacetifoliaBenth.:
Hydrophyllaceae), where they oviposit, and the sgbent larvae can cause a decrease in
aphid populations (White et al., 1995). MacLeod9@Palso demonstrated that species such
as Episyrphus balteatusvere significantly more abundant on arable fieldrgms with rich
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floral resources than those with no additionaldloesources; and yet another study showed
that the presence of floral resources in Oregordmio fields enhanced predatory potential
(Ambrosino, 2006). As result, managing hedgerows fagld margins to create florally rich
habitats to attract and retain syrphids is an opi@omers can consider to encourage them into

fields as part of a system of integrated pest mamagt.

In conclusion of this section, host-plant factars likely to be very important in the
foraging and oviposition behavior of aphidophagbagerflies.

Aphid species

Aphid species differ in their profitability and saibility for insect predators. Hodek (1993)
has distinguished several types of prey for apthdgpus predators. One such division was
suitable vs. unsuitable prey. Suitable prey couldcfion either as essential, enabling larval
development and egg production, or as alternaéimabling just survival or accumulation of
energetic reserves for overwintering (Hodek & Hagn#896). Unsuitable prey, which can
include toxic species, can be either rejected ocepted. This classification arose from finding
that several aphid species were accepted but absiit(i.e. they were inadequate for larval
development or oviposition). Michaud (2005) alsoested that the suitability of prey

sometimes differed for larval development and adkptoduction.

Aphidophagous hoverflies are likely to encounteese aphid species when foraging
for an oviposition site. Selection among aphid sggeshould reflect a preference for high
expected offspring performance (Scheirs & De Bri8002). Ovipositing females do appear
to discriminate among different food types, andesppto have a rank order hierarchy of
preference for aphid prey species or aphid-hosttptambinations. Females become less
selective with increasing age, but the rank hidnarcs preserved (Sadeghi & Gilbert,
2000a,b). The hierarchy-threshold model (Courtrtegd.e 1989; Sadeghi & Gilbert, 2000a,b)
can be applied to a gravid female syrphid searchmgng a set of possible prey (A to E)
(Figure 1). In this model, females possess annisitievolved degree of preference for each
food type, producing a rank order of preference ragnarey that does not change throughout
an individual's lifetime; individuals accepting aw-ranking food type will also accept all
higher ranking types; and actual acceptance ofnaountered type depends on whether the
stimulus of that food type exceeds the current vatibnal threshold (which can vary with
factors such as age or egg-load). The model iscpatly useful because it synthesizes two
disparate strands of adaptive explanations of apeation (Berenbaum, 1990), one involving
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slow processes of evolutionary change based uswallyarious sorts of trade-off and
coevolution, and the other invoking optimal foragiand concentrating on the behavioral
flexibility of the individual in response to varanh in ecological conditions, acting via “rules
of thumb”.

|
D9
| increasing
I | availability
| | of preferred
Intrinsic i i types
suitability I I
of prey type I 1
I I @ acceptance
1 I " hrechold
I I l
| | |
| | | increasing
| | I egg-load,
B
A B C D E
Evolved rank hierarchy
of prey types

Figure 1. Hierarchy-threshold model of host choicqCourtney et al., 1989) applied to a gravid female
syrphid searching among a set of possible prey (A ).

Field observations have showed that gravid femafl€generalists such &pisyrphus
balteatusand Syrphus ribesiiexhibit significant preferences in the distributiof their eggs
among various aphids in natural habitats (Budenlgef@owell, 1992; Sadeghi & Gilbert,
2000a; Almohamad et al., 2007a). Even greater tpalycmay reasonably be predicted in
specialists such axanthandrus (Lyon, 1968) andPlatycheirus fulviventrisMacquart
(Rotheray & Dobson, 1987). Because most speciesligi@hagous (Gilbert & Owen, 1990),
predatory hoverflies are clearly like insect hedoes in that most species are relatively
specialized (Schoonhoven et al., 1998). Howeveha& been also reported that there are
varying degrees of specialization among individuaithin the populations of at least one
generalist,Episyrphus balteatugSadeghi & Gilbert, 1999). Some individual fematbfer

from others in their preferences, and at the imtlial level there appeared to be life-history
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trade-offs in performance with these preferencdsusTpart of the female population of
Episyrphus balteatuseems to be specialized to particular aphids ag; ghe rest of the
population may also be specialized, but to aphétigs not tested in the study, or may consist

of truly generalized individual females.

There are rather few studies that investigate asifpn preferences in response to
different aphid species. A good example of suchkudysis that of Budenberg et al., (1992),
who found thaEpisyrphus balteatuemales lay their eggs in response to some ajpedies
such as rose-grain aphidetopolophium dirhodumWValker and pea aphidcyrthosiphon
pisum Harris, but not to others such as the nettle aphiccarnosum This preference is
expressed in response to honeydew alone. In anstildy,A. pisumandMacrosiphum rosae
L. were clearly more preferred hostskgisyrphus balteatuandSyrphus ribesifemales, and
M. carnosumand Aphis ruborum(blackberry aphid) were the least preferred (Shdé&g
Gilbert, 2000a), results consistent with the fidigtribution of larvae (Table 1). In the study
of Aimohamad et al., (2007a), the foraging and osipion behavior oEpisyrphus balteatus
females was evaluated in response to differentdagbeciesA. pisum A. fabaeandMegoura
viciae Buckton) infesting one host plan¥.(fabag. A. pisumand M. viciae were equally

attractive, wherea&. fabaewas less attractive.

In addition to their ability to reduce aphid abunde, aphid predators can also cause
changes in prey characteristics by inducing detenseésponses that help prey avoid being
consumed; these often come at a cost to some aspect of prey biology. phids possess a
range of defenses against predators, including habogical, social, chemical, and behavioral
defenses (Losey & Denno, 1998)hese behavioral responses may affect suitabibty f
syrphid females.A beautiful work onaphid defense against syrphid predators is a dtydy
Shibao (1998). He clearly demonstrated that gréemdaleEupeodes confratgiwWiedemann)
adjusted their oviposition behavior in responssdidlier density in its prey, the bamboo aphid
Pseudoregma bambucico(@akahashi). This aphid has huge colonies anddaesaaste for
colony defense who pierce the eggs and neonatadarvaphid predators. A gravid female of
Eupeodes confratetircles the colony carefully: if she finds soldignesent, then she lays a
batch of eggs on a spider's web nearby, up to 1waya The first larva to emerge
cannibalizes the rest of the batch to provide tiergy to crawl to the colony: having a meal
or two before meeting a soldier will make all thdfetence between surviving and
succumbing. If the gravid female does not encouangrsoldiers in her search, then she lays
single eggs in the colony, as is normal for mostidgphagous syrphids. Another species,
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Eupeodes hakkiensithias adapted to dealing with the aggressive soidsiars of their
Ceratovacunaaphid prey by evolving a hard impenetrable eggshelll larval behavior that
leads them to forage only at the edge of the cqlargving away when not feeding (Mizuno
et al., 1997).

Table 1. The most- and least-preferred aphid preyfoEpisyrphus balteatusnd Syrphus ribesij as assessed
from field distribution (data from Sadeghi, 2000 am P. Laska, unpubl.).

Hoverfly

Episyrphus balteatus Syrphus ribesii

Most-preferred aphid prey  Least-preferred aphidprey = Most-preferred aphid prey  Least-preferredaphid prey

Aphis grossularia®n Phyllaphisn beech Drepanosiphunon sycamore Phyllaphisn beech

willow-herb

Cavariella on hogweed Aphis ruborunon blackberry Cavariellaon hogweed Aphis grossulariae
on willow-herb

Macrosiphunrosaeon rose  Microlophium carnosum Microlophium carnosum Aphis ruborum

on nettle on nettle on blackberry

Schizoneuran elm Aphis ponoin apple Macrosiphunrosaeon rose Aphis porman apple

Brevicoryne brassicaen Aphis fabaen bean Aphis sambuodn elder Uroleucoan cichory

cabbage

Aphis fabaeon thistle Aphis sambuon elder Myzus on Wild cherry Aphisgaon spindle

Aphis fabaeon spindle Myzus cerasin wild cherry

Hyalopteruson reed Uroleucown cichory

Rhopalosiphunon bird-cherry Drepanosiphunon sycamore

Aphid size may also be an important characteristidetermining oviposition choice. Kan
(1988a,b) noted that aphid size is critical for tiesvly eclosed first-instar larva, and part of
the reason for ovipositing in young colonies maytbemake available small and tender
aphids for the first few meals of the first instllowever, small size is not good in the longer
term, over the entire developmental period: théadignortality and longer development time
for Episyrphus balteatutarvae feeding on apple aphidphis pomi may be related to the
small size of individuals of this aphid, which inges extra capture costs on older larvae and
makes it a least-preferred aphid by hoverfly femdlBable 1). Further consequence is that
normal colony size and density of aphid species b®yne reason why blackberry aphids
(which often occur at very low densities) are lawthe oviposition preference hierarchy
(Table 1). Newly emerged larvae must have enougtl fo develop successfully, and periods
of food deprivation during the larval stage carules dwarfed adults (Ruzicka & Gonzales
Cairo, 1976) with lowered fecundity or even steyi{iCornelius & Barlow, 1980). Michaud &
Belliure (2001) showed th&seudodorus clavatus. could hamper the population growth of

the brown citrus aphid by decreasing productiothefwinged form.
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Prey availability

A predator that responds numerically to increasipggid numbers and oviposits accordingly
is thought to be ideal for suppressing pest pojuatbefore they reach damaging levels
(Murdoch & Briggs, 1996). Predatory hoverfly larvagploit temporary aphid colonies as
food resources in crops and on a wide range ofaeexus plants (Salveter, 1996). Aphid
colonies are ephemeral, patchily distributed resesi{Dixon, 1959; Kan, 1988a,b), suddenly
disappearing due to predation, parasitism, fungetostics, declining host-plant quality,
changes in weather, or dispersal. Syrphid larvaeetbre face a potentially unstable food
supply, and hence it may be important to be abldotate aphid infestations quickly.
According to Horn (1981), adult syrphids appearb® especially adept at locating aphid
colonies because of their strong flight and abii@yhover and inspect foliage for aphids. For
example Episyrphus balteatufemales are able to find even small and isolapdadacolonies
(It6 & lwao, 1977). High levels of oviposition cdhnerefore occur relatively early, and large
numbers of larvae can hatch before aphid populstioave attained rapid growth rates
(Tenhumberg & Poehling, 1992; Ambrosino et al., 200

Several studies have demonstrated that ovipositemes with the size of aphid
infestations (Dixon, 1959; Chandler, 1968b; Kan88® Bargen et al., 1998; Scholz &
Poehling, 2000; Belliure & Michaud, 2001; Suthedaet al., 2001; AlImohamad et al., 2006;
Ambrosino et al., 2007). This behavior has beenbated to a ‘buy futures’ tactic of
oviposition whereby foraging females are selecapyid colony sizes based on their future
potential rather than their immediate value (Ka@88b). Different species have indeed
different optimum aphid population sizes for ovipios. A very good example is the study of
Chandler (1968b) on the relation between aphidstateon and syrphid oviposition in field.
He found thatPlatycheirus manicatugpreferred about 100 aphids per plaRtatycheirus
scutatusabout 1000S. ribesiiabout 2000, wheredSphaerophoria scriptdnad no obvious
preference.Other species such adSupeodes lunigempreferred small numbers of large
aggregates to a large number of smaller ones, abé&gisyrphus balteatupreferredthe
opposite Other studies have also demonstrated Haisyrphus balteatuprefers smaller
aphid colonies, or aphid colonies with a high pmtipa of early aphid instars (Kan &
Sasakawa, 1986; Kan, 1988a,b; Hemptinne et al.3)198 the study of Ambrosino et al.
(2007), the numbers of eggs were very low on bribgtants with fewer than 50 aphids, and

none were seen on leaves that had more than 408safinus the tendency of the different
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species to select aphid populations of differemesiand distribute their eggs accordingly
could reflect adaptations that reduce interspectimpetition.

There no evidence of a peak in hoverfly ovipositad higher aphid numbers at the
plant level. Other factors may influence this, éxample the quantity of volatile compounds
emitted from aphids (such aglE Almohamadet al, 2008b), and their liquid secretions
(such as honeydew: Budenberg & Powell, 1992; Slahéret al., 2001). [ has an
attractive effect onEpisyrphus balteatudemales and acts as an oviposition stimulant
(Almohamad et al., 2008c), and honeydew acts asrd@act kairomone and oviposition
stimulant (Budenberg & Powell, 1992; Sutherlanclet2001). Sutherland et al. (2001) also
reported that females demonstrated more gustatatyogiposition responses to honeydew-
treated areas. With aphid alarm pheromorf=jEhoneydew might also provide females with

information about aphid colony size.

Syrphid eggs and larvae are also more exposedrailzalism and/or the risk of
starvation if the aphid colony on which they aredieg disappears before they complete their
development. This could happen when too many egg#aal in the colony or too late in the
development of the colony, i.e., when the aphid@speparing to disperse. Evaluation of the
aphid colony by females, and directed prey locabgriarvae, would therefore be favored,
resulting in lower larval mortality and subsequeritigher reproductive success (Kindimann
& Dixon, 1993; Almohamad et al., 2007b). Thus feesalmanifest evolved behavioral
mechanisms in response to aphid colony size thadilerthem to forage for an oviposition site
that will support the development of their offsgyin

Semiochemicals

Choice of oviposition site is described as a prea&srecognition, often depending on the
development phase of the searching insect and ercuks available (Schoonhoven et al.,
1998). Host choice involves a number of actionsmfiinitial perception of the host, through
testing stages by different sensory systems, th@ifinal decision of rejection, or acceptance:
l.e. laying eggs (Bernays, 1996), all of which mayolve semiochemicals mediating these
actions (Dicke, 1999; Ninkovic et al., 2001; Harneg¢lal., 2007; Verheggen et al., 2008).
These chemical signals emitted from plants or apb&t plant can be considered a part of the
indirect defense of plants against herbivores (Hhret al., 2007). Studies in the literature
have largely focused on the role of semiochemiealgted by aphid prey or associations with
their host plants on various aphid natural enemiesluding ladybeetles, and parasitic
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hymenoptera (Du et al., 1998; Francis et al. 2004)le information is available about the
role of semiochemicals in searching behavior amgatance of oviposition sites by predatory
hoverflies (Laubertie et al., 2006; Verheggen gt24108; Almohamad et al., 2008a).

Field and laboratory experiments have showedfémales are able to find even small
and isolated aphid colonies (Chambers, 1991). Bera\wobservations show that they do not
approach aphid-infested plants directly, but slosdgn close to non-infested plants and non-
infested parts of infested plants in search foridghand only remain stationary directly front
of aphid-infested plants (Dixon, 1959; Scholz & Rlogy, 2000). This suggests that foraging
behavior is not simply a random search for prey,idinstead guided by specific volatiles or
substrate-linked semiochemicals. Thusiposition is almost certainly elicited by both
olfactory and visual cues. Femakupeodes corollaeand Episyrphus balteatugespond
positively to stimuli originating from aphid honegi, and probably also to ones from aphid
siphunculus secretion. Such stimuli may act botloag-distance kairomones and oviposition
stimuli after the location of a plant with prey (Wp 1964; Budenberg & Powell, 1992;
Bargen et al., 1998; Shonouda et al., 1998; Swhdrkt al., 2001). Additionally, female
Eupeodes corollaeespond to structural characters of plants, hasipgeference for vertical
rather than horizontal surfaces and preferring etatio lighter strips (Sanders, 1983a;
Chambers, 1988Episyrphus balteatuemales also respond to leaf color (Sutherland.et a
2001).

In aphidophagous hoverflies, it has been suggesiatdthere are four stages in the
location and acceptance of an oviposition site.ii@uthese stages, a range of different

ovipositional cues (visual, auditory, olfactory agustatory) are used (Table 2).

In the first stage of searching behavior, femalss long-range optical cues, including the
size, density and color of the stand of vegetatiorhelp them find suitable oviposition sites
(Chandler, 1966; Sanders, 1982; Lunau, 1993; Satietet al., 1999; Laubertie et al., 2006).
Short-range optical cues are then thought to oparatthe second stage, which involves
aphid-colony recognition (Dixon, 1959; Sanders, 38B; Kan & Sasakawa, 1986;

Sutherland et al., 2001). Several studies have shinat females oviposit in response to
volatile compounds emitted from aphids and theuill secretions such as honeydew (Dixon,
1959; Budenberg & Powell, 1992; Shonouda et ab81¥erheggen et al. 2008; Almohamad
et al., 2008b).
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Table 2. Role of semiochemical cues emitted from hjg and host plant in searching and egg-laying
behavior of hoverfly females.

Sense involved Influences Reference

Visuals cues 1Size of plant patch Chandler, 1968a; Sanders, 1983a,b
2. Density of plant patch  Chandler, 1966; Chandler, 1968c
3. Colour of plants Sanders, 1982 ; Sutherland et al., 1999 ;

Laubertie et al., 2006
4. Form of plant Chandler 1968a; Sutherland et al., 1999
5. Size and position of Chandler, 1968b; Itd6 & Iwao, 1977;
aphid colony Bargen et al., 1998; Scholz & Poehling,

2000; Sutherland et al.,, 2001;
Almohamad et al., 2006
Chandler, 1968b

6. Shape of aphids Chandler, 1968b; It6 yet al., 1977

7. Movement of aphids

Olfactory cues 8.Smell of plants Sutherland et al., 1999; Verheggen et al.,
2008
9. Smell of aphids Volk, 1964 ; Almohamad et al., 2008c;

Verheggen et al., 2008
10. Smell of aphid Volk, 1964; Harmel et al., 2007,
associated with plants Verheggen et al., 2008

Gustatory cues 11Honeydew Dixon,1959; Kan et al., 1986;
Budenberg & Powell, 1992; Scholz &
Poehling, 2000; Sutherland et al., 2001

Touch 12. Actual site for eggs Dixon, 1959; Schneider, 1969
Response by females Influences involved

Habitat selection 1,2,3

Plant selection 2,3,8

Aphid colony selection 56,7,9,11

Egg-site selection 5,6,7,12

The third (penultimate) stage involves the processdf olfactory stimuli. There is an
apparent dichotomy in behavioral responses to tolfgcstimuli, identified by Chandler
(1968c): (1) phytozetic species, suchMalanostoma mellinuprely more on plant—derived
stimuli than on aphid location; and (2) aphidozspecies, such &pisyrphus balteatysise
aphid-derived chemicals to locate their prey anasequent oviposition sites. There are few
published works on the role of chemical odors imdrfly attraction, but a very good example
is the study of Verheggen et al. (2008), who teshexd olfactory responses @&pisyrphus
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balteatusto several aphid and plant volatiles, includingémoids (mono-and sesquiterpenes)
and green leaf volatiles ((Z)-3-hexenoE)@2-hexenol, E)-2-hexenal and hexanal). They
found that monoterpenes induced significant respgnshereas sesquiterpenes were inactive,
except for the aphid-alarm pheromong)-g-farnesene. Some chemical volatiles ((Z)-3-
hexenol and fF) caused orientation toward the host plant, amchusated egg-laying,
suggesting that oviposition site selection depemidhe perception of odors released from
aphids, plants, or aphids in association with paldir host plants. Francis et al. (2005)
showed thaEpisyrphus balteatutarvae are guided by olfactory cues from aphidtotate
their aphid prey. Almohamad et al. (2008c) founat tpisyrphus balteatuemales respond
positively to the odor of (E}}-farnesene, but not to the odor of geranyl acetone.

In the final stage, gustatory stimuli (probosciteation) are used in response to aphid
liquid secretions such as honeydew, and they thdmnbie an abdominal protraction or
oviposition (Dixon, 1959; Budenberg & Powell, 199Pponeydew is also known to serve as
an important oviposition stimulus fdEpisyrphus balteatugemales (Budenberg & Powell,
1992, Bargen et al., 1998; Sutherland et al., 2001)

Intraguild interactions (the presence of intra-anidterspesific competitors)

In addition to their ability to reduce aphid popidas effectively, aphidophagous
hoverflies do not exist in isolation but generadlye part of larger complexes within the
aphidophage guild (Rosenheim et al., 1995; Hindayanal., 2001; Lucas, 2005). Syrphids
can act as intraguild (IG) - predators against ro#phid predators (Hindayana et al., 2001;
Fréchette et al., 2007), and parasitoids (Kindim&Ruzicka, 1992; Meyhéfer & Klug,
2002; Almohamad et al., 2008a). Apart from preeef, intra-and interspecific competition
may be an important factor regulating performancgractions between coexisting syrphid
species that share the same aphid prey resoueatchy habitat often result in intraguild
predation, and larvae engage in conspecific andrbsecific predation of eggs and larvae
(Benestad Hagvar, 1972; Branquart et al., 1997 d&iiana et al., 2001; Fréchette et al.,
2007). The effects of such interactions in a guildy either lead to stabilizing of prey-
predator populations (Godfray & Pacala, 1992) oweaskly affect the foraging and
oviposition performance of individual predators ¢§eoheim et al., 1995; Agarwala et al.,
2003).

Syrphid larvae are much less mobile than adultsa(@ler, 1969). Additionally,
several studies on intraguild predation among sgr@pecies and other predators have
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demonstrated that syrphid eggs and larvae are nallleeto cannibalism (Branquart et al.,
1997), and are highly susceptible to predation theroaphid predators such as the ladybird
Coccinella septempunctatéa., lacewing Chrysoperla carneaStephens and gall midge
Aphidoletes aphidomyZgondani Hindayana et al., 2001; Fréchette et al., 2007)p&»iting
hoverfly females would therefore benefit by develgp an avoidance of intra- and
interspecific individuals present in the same cmenn order to reduce the predation risk to
their offspring. Recently it has been discoveredt tfemale aphidophages adapt their
oviposition behavior in the presence of conspedaint heterospecific competitors. These
studies have largely focused on chrysopids (Ruzid¢®®6), coccinellids (Doumbia et al.,
1998; Agarwala et al., 2003and the gall midge (Ruzicka & Havelka, 1998), thére are
some on syrphids. A very good example is the stafliyscholz & Poehling (2000) on
Episyrphus balteatyswvhich demonstrated that ovipositing females awagathid colonies in
which conspecific eggs are already present, andw@osition-deterring stimuli were still
active when the eggs were removed. Similar ovipmsi&voidance was shown IBpisyrphus
balteatusfemales to the presence of conspecific larvae (Yd890). Recent studies have
demonstrated that the stimuli permitting this dreanation probably derive from syrphid

eggs or larvae (Almohamad et al., unpublished data)

The presence of heterospecific competitors cdnente foraging and oviposition. In
the study of AlImohamad et al. (2008a), foraging awgposition behavior oEpisyrphus
balteatusfemales are affected by the presence of parasittedales laid significantly fewer
eggs in colonies with mummified aphids than in uapdized or parasitized colonies. They
also showed oviposition avoidance response to teeepce ofHarmonia axyridislarvae
(Almohamad et al., unpublished data). Thus thegmes of intra-and interspecific individuals

(i.e. intraguild predators) is likely to influentiee choices made by ovipositing syrphids

Effect of female syrphid age

Female age, through time limitation, may be an irtgpa factor determining a
forager's decision; when an organism is close te #émd of its life it may be more
advantageous for it to accept a poor quality ovtpws site than it is for a young organism
(Mangel, 1987). This decline in selectivity with eadnas much empirical support. For
example, aphidophagous ladybiréidalia bipunctata(L.) were less selective when older, or
when they had previously experienced poor qualitcipes (Fréchette et al., 2004). Weisser

(1994) demonstrated that the parasitbydiphlebus carduMarshall becomes less selective
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(for aphid age) as it ages. However, in the fieldimpel et al. (1996) found no evidence that
age affected the oviposition behavior of the psaoasAphytis aonidiagMercet).

The age effect is so general that it is incorparat¢o the hierarchy threshold model
(Courtney et al., 1989; Sadeghi & Gilbert, 2000ak)t the influence of age is not well-
documented in aphidophagous hoverflies: so far m@anwkof only three studies (Chandler,
1967; Guest, 1984; Sadeghi & Gilbert, 2000a). Yptemales oEpisyrphus balteatuand
Syrphus ribesiexhibit a marked hierarchical preference for pattir species of aphids and
do not oviposit on uninfested plants, but they Idserimination as they get older (Sadeghi &
Gilbert, 2000a); Guest (1984) showed tRptsyrphus balteatuemales increasingly lay eggs
away from aphids as they age. In contrast, thaukt&t between the nearest aphid and the egg
decreased with female age MBupeodes luniger(Chandler, 1967), and older female
Episyrphus balteatuand Syrphus ribesilaid more eggs on uninfested plants than did young
ones, indicating that ageing decreased responsashid-related stimuli more than to plant-

related ones.

Effect of egg load and host deprivation

The hierarchy threshold model of host choice has damponents: an inherent, fixed
(in each individual) rank order of preference o$tsoand a variable threshold of acceptability
that depends in part on internal factors such gdaay (i.e. the number of mature eggs in the
ovaries) (Sadeghi & Gilbert, 2000c). This biologjifactor is found to be a source of variation
in host choice by ovipositing females. Minkenbetgak (1992) concluded that the role of
egg-load, egg-load dynamics and the function of-legd response will lead to a more
complete understanding of variation in ovipositlehavior. Host deprivation is also used to
investigate the effect of the egg load on ovipositbehavior (Fitt, 1986). Sadeghi & Gilbert
(2000c) reported thdEpisyrphus balteatuandSyrphus ribesi{L.) females do not waste their
mature eggs when facing a shortage of hosts or vinere are no suitable aphids. Dixon
(1959) also showed that femd&@peodes corollaeould retain mature eggs in the absence of
aphids, but eventually some eggs were laid. Femade&d retain mature eggs for several
weeks in the absence of suitable oviposition $ttelonged retention reduced fecundity but

increased longevity (Lyon, 1965).
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Conclusions

We conclude that several factors have been showetanvolved in the selection of

oviposition site by aphidophagous hoverflies. Thégetors include habitat, host-plant
physical characteristics (i.e. floral charactettd)e aphid species, aphid colony size and
density, semiochemicals emitted from aphids orrtlassociation with host plants, the
presence of intra or interspecific competitors dedhale age. Females show evolved
behavioral mechanisms in response to these fathats enable them to forage for an
oviposition site that will support the developmeittheir offspring. This review highlights

much that has been learned, but also emphasizemtith remains to be learned about the
mechanisms of decision-making by individual femalesssess aphid patch quality during
their egg-laying behavior. Detailed information absearching and oviposition behavior
provides an essential foundation for designingatiife biological control, and for better

understanding when, where and how syrphids canrespaphid populations.
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The ability of predatory hoverflfe. balteatusto detect aphids and oviposit close to aphid
colonies is directly linked to its efficiency almgical control agent of aphids. Since syrphid
larvae have limited dispersal abilities and onlsafge occasionally between areas of the plant
with aphids, the female’s oviposition decision fscoucial importance to the offspring. The
selection of aphid patches by females should tbeseffeflect a preference for oviposition
sites with high optimal conditions for offspring rfsgmance Therebyit is important to
understand the behavioural responses of decisikmmdy hoverfly females during egg-

laying behaviour.

The main objective of the present thesis is therefe to identify the main factors which
could be taken into account by hoverfl\E. balteatusfemales in choice of their oviposition
sites, as well as to better understand the cues amehavioural mechanisms of decision
making by females during their eggs-laying behaviay which enable them to locate and
select a suitable oviposition site, taking into caideration that the ‘quality’ of aphid
patch as an oviposition site may depends on sevefaktors such as aphid species, aphid
host plant, aphid numbers, semiochemicals and thergsence of intra- or interspecific
competitors.

The success of biological control efforts with agphagous predators was initially
determined by two major factors, i.e. aphid preiaility and ecological requirements of
these antagonists. Aphidophagous hoverflies arelyliko encounter different species of
aphids or aphid associated with different host tslamhen foraging for oviposition site.
However, aphid species or host plant-aphid comianatare not all equally suitable for larval
growth or adult production (fithess). More detdilgtudies are therefore needed to evaluate
the oviposition preference and larval performanéep@datory hoverfly in response to

different host plants or different aphid speciesthe first part of present thesis a series of

experiments was conducted to determine the magborfs (host plant and aphid species) that
influence prey suitability foE. balteatusfemales in a tritrophic model: Solanaceae-aphids-
predatory hoverfly. In the first experimeiihe oviposition behaviour dE. balteatuswas
investigated in response to two host plai@eldnum tuberosurh. and Solanum nigruni.
(Solanaceae)] infested by one aphid spediBzus persica&ulzer (Homoptera: Aphididae).
Indeed, hoverfly fithess calculations for differexghid host plants were based on larval and
adult performance (development and reproductioarpaters) and were related to oviposition
behaviour. Secondly, we wantedtest the ovipositiorpreference oE. balteatusfemales in

response to aphid prey quality and its relatiorhveyrphid fithess, by comparing different

41



Research Objectives

aphid speciescyrthosiphon pisuriarris, Aphis fabaeScopoli, andMegoura viciaeBuckton
(Homoptera: Aphididae), that infested the host pldnia fabal. (Leguminosae). In the third
experiment, we wanted to assess the infochemitalofahe aphid-infested plant volatiles on
the aphidophagous predat&: balteatusforaging behaviour, in order to understand the
mechanisms of indirect defense of aphid-infestest Ipbants toward a predatory hoverfly

when foraging for oviposition site.

Aphid colony size has an important influence ongélkection of the oviposition site. Hoverfly
females seem to be able to adjust their egg nuitobaphid density; a behaviour that may be
considered as adaptive since it secures both lawalival and optimizes the female’s
searching effort. Generally, the number of eggsodiéed increases with aphid colony size.
However, the mechanisms as to how the predatorgrfigfemales evaluate aphid colony

with different sizes are uncertaiin the second part of present thesiswe wanted to

understand the behavioural mechanismg.dbalteatusn response to different aphid colony
sizes. Qiposition behaviour of hoverflfe. balteatuswas first investigatedin response to
different aphid prey densities and also to différde@ights of aphid colony location using a
leaf disc system. Secondly, we quantified the Velairganic compounds released in their
headspaces from aphM. persicaecolony of different sizes. The behavioural impaots
these chemical cues released on decision—makingegses that lead to oviposition were
subsequently evaluated towalklsbalteatugemales.

Over the last two decades many experts assumeuthtrebr interspecific interactions among
aphid natural enemies can influence biological mrgfforts. Aphidophagous hoverflies can
act as intraguild predators (IGP) against otheridaphedators or parasitoids. Indeed, these
intraguild interactions probably influence the aw®iof oviposition site made by predatory
hoverfly female. More information are therefore aheg to understand oviposition response of

predatory hoverfly to these interactioms.the third part of present thesis, the behavioural

reaction of hoverfhE. balteatudemales was first investigated in response toptlesence of
conspesific larvae and their tracks in an aphidmpl Volatile chemical compounds &
balteatuslarval extracts were indentified and their rolevéod hoverfly females was also
evaluated. Secondly, we tested the effects of sralgft by conspecific syrphid and
heterospecific ladybirdHarmonia axyridisPallas (Coleoptera: Coccinellidae) larvae on the
oviposition site discrimination bf. balteatusfemales. Oviposition response ldf axyridis
females to tracks left by hoverfly larvae was asdodied in one-choice experiments. We
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finally wanted toinvestigate the foraging and oviposition behaviaidrE. balteatusin
response to the presenceAghidius ervilarvae parasitising the aphid colony. The effatts
parasitised aphids as food on the fithess.dfalteatudarvae were also investigated.

In_the fourth part of present thesis,we wanted to evaluate the influence of female’'s @gye

E. balteatugeproduction and to consider its use in biologamaitrol programs.

In the final part of present thesis, the resultdamed were globally discussed and
perspectives were proposed for additional experisnencomplete our understanding of the
behavioural mechanisms involved in oviposition decis made by predatory hoverfly

females.
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In the previous chapter, the importance of predatooverfly E. balteatus in controlling the
aphid populations was well documented. On the fiestd, it has a significant impact on the
suppression of aphid populations because of it hggroductive and voracity. On the other
hand, E. balteatus females are known to exhibih mgpbility, enabling them to distribute
eggs over large areas, and to locate aphid colorseslier in the season than other
aphidophaga. The choice of an oviposition site dyelnfly females has therefore an important
impact on offspring performance, because syrphidala have limited dispersal mobilities to

forage for food and they do not perceive aphidstaetontact or only at short distance.

Before including E. balteatus in an integrated aphlmanagement program, a good knowledge
of hoverfly oviposition behaviour need to be acedirto understand the behavioural
mechanism as to how females assess aphid patchyquial balteatus is a primary predator
and belongs to the third trophic level in the fodthin hierarchy. On this level aphid prey
suitability as oviposition site can be affected ooty by the aphid prey itself (direct effect),
but also by the condition of the host plants (iadtreffect). The present chapter aims to stud
the influence of major factors (host plant and ap$pecies) on the oviposition site selection
by predatory hoverfly in a tritrophic model: Solaae-aphids-predatory hoverfly, and also
to understand the infochemical role of semiochelmio&hich mediate these tritophic
interactions. Two host plan{fSolanum tuberosum L. and Solanum nigrum L. (Saeae)]

and three aphid species [Acyrthosiphon pisum HarAphis fabae Scopoli, and Megoura
viciae Buckton (Homoptera: Aphididae)] were mainiged in the following experiments.
Potato (S. tuberosum) is economically importantpstoAll aphids species studied are
considered to be economical and important pestsnany agricultural and horticultural

ecosystems.
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Article 2
Predatory hoverflies select their oviposition siteccording to aphid host
plant and aphid species

Raki Almohamad, Francois J. Verheggen, Frédérindisa& Eric Haubruge

Department of functional and evolutionary EntomgloGembloux Agricultural University,

Passage des Déportés 2, B-5030 Gembloux (Belgium)

Abstract — The hoverflyEpisyrphus balteatuBe Geer (Diptera: Syrphidae) is an abundant
and efficient aphidspecific predator. Several appithgous parasitoids and predators are
known to respond positively to aphid-infested pmanSemiochemicals from the latter
association usually mediate predator/parasitoidgmg behavior toward sites appropriate for
offspring fitness. In this study, we investigatbd effect of aphid host plant and aphid species
on foraging and oviposition behavior Bf balteatusBehavioral observations were conducted
using the Noldus Observer v. 5.0, which allows olxs@ insect behavior to be subdivided
into different stages. Additionally, the influenoé aphid species and aphid host plant on
offspring fithess was tested in a second set oeexyents.Acyrthosiphon pisuntarris and
Megoura viciaeBuckton were equally attractive f&r balteatusvhereadiphis fabaeScopoli

(all Homoptera: Aphididae) were less attractiveedé results were correlated with (i) the
number of eggs laid, which was significantly higfarthe two first aphid species, and (ii) the
fitness of hoverfly larvae, pupae, and adults. Betanaceous plant speci€&glanum nigrum

L. and SolanumtuberosumL. (Solanaceae), which were infested WwMlgzus persica&ulzer
(Homoptera: Aphididae), were also compared using shme approach. Discrimination
between these twhl. persicaehost plants was observed, wiBhtuberosumbeing preferred

as an oviposition site by the predatory hoverflgrdal and adult fithess was correlated with
the behavioral observations. Our results demomstrdte importance of the prey—host plant
association on the choice of the oviposition siteab aphid predator, which is here shown to
be related to offspring fitness.

Key words: Episyrphus balteatys oviposition behavior, Solanaceae, fitness, larval

performance, Diptera, Syrphidae.

Reference —Almohamad R., Verheggen FFrancis F., Haubruge E. (2007). Predatory hoverflie
select their oviposition site according to aphidsthglant and aphid specieg&€ntomologia

Experimentalis et Applicatd.25(3): 13-21.
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Introduction

Natural enemies of herbivorous insects play an mapd role in the population dynamics of
their prey (Price, 1987; Schoenly, 1990). In paltc, the hoverflyEpisyrphusbalteatusDe
Geer (Diptera: Syrphidae), is the most abundawgeintral Europe (Tenhumberg & Poehling,
1991, Colignon et al., 2001) and one of the mostieht aphid-specific predators in natural
agroecosystems, particularly with respect to ceraathids (Entwistle & Dixon, 1989;
Tenhumberg & Poehling, 1995). Because syrphid &arkiave limited dispersal abilities
(Chandler, 1969), the choice of the ovipositiore dias an important impact on offspring
performance.

Host-finding behavior of stenophagous aphid pradaamd parasitoids has been investigated
intensively (Godfray 1994; van Alphen & Jervis, 899However, many of the recent studies
were focused on coccinellids (Ferran & Dixon, 19%&ngonca & Liu, 1994), while
neglecting syrphids. Several factors were showmiaact the choice of the oviposition site
for aphidophagous hoverflies: (i) the aphid speaiss their associated chemicals (Budenberg
& Powell, 1992; Bargen et al.,, 1998; Sadeghi & @ithb 2000a,b); (ii) the host plant’s
physical and chemical characteristics associatetth Wie aphid species (Dixon, 1958;
Chandler, 1968a; Sanders, 1983; Vanhaelen et @D1)2 (iii) the aphid colony size and
density (Kan, 1988; Scholz & Poehling, 2000; Sutret et al., 2001); and (iv) the age of the
female (Sadeghi & Gilbert, 2000c). Many semiochetsicemitted either by prey or by their
association with host plants, are presumed to ptaymportant role in habitat selection by
reducing the time needed for searching as welhaeasing attack rates on prey (Dicke &
Sabelis, 1988; Vet & Dicke, 1992).

Most insect species, including predators (Hodek93)9 show specific food resource
preferences (Schoonhoven et al., 1998). Theretbheecorrelation between adult preference
for particular oviposition sites and subsequentvdamperformance has been extensively
studied in phytophagous species (Harris et al.1260rister, 2004). However, only a small
proportion of these studies established a link betwoviposition preference and larval
performance (Thompson, 1988; Mayhew, 2001). Takeethal. (2005) found that the
phytophagous ladybirdEpilachna admirabilis Crotch showed no preference between
Trichosanthes cucumeroid&axim andGynostemma pentaphyllukhakino, even though the
larvae performed better on the first plant species.

According to Gilbert (2005), there are few studiescerning the oviposition preference of

female aphidophagous syrphids and larval performatosvards different host plants or
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different aphid species. In this study, the oviposibehavior oE. balteatusvas investigated
for two host plants§olanum tuberosurn. andSolanum nigruni. (Solanaceae)] infested by
one aphid speciesMyzus persicaeSulzer (Homoptera: Aphididae), in a dual-choice
experiment. Hoverfly fithess calculations for drifat aphid host plants were based on larval
and adult performance (development and reprodugbarameters) and were related to
oviposition behavior. Additionally, similar experants were conducted with three aphid
species Acyrthosiphon pisuriarris, Aphis fabaeScopoli, andMegoura viciaeBuckton (all
Homoptera: Aphididae), that infest&icia fabalL. (Leguminosae). Lastly, we investigated

oviposition behavior and larval and adult perforces

Materials and methods

Plant and insect rearing —Broad beans\{. fabalL.) and the two Solanaceae plan& (
tuberosunlL. andS. nigrumL.) were grown in 30x20x5 cm plastic trays filledth a mix of
compost, perlite, and vermiculite (1:1:1) and maiméd in controlled environment growth
rooms (L16:D8 and 20 + 1°C). Six-leaf solanaceolents were used in the following
experimentsM. persicaewas reared o. fabg S. tuberosumandS. nigrum in separate
controlled temperature rooms set at the same donditis described above. The other aphid
speciesM. viciag A. pisum andA. fabae were taken from stock cultures grown dnfaba
Adult E. balteatuswere reared in 75x60x90 cm cages and were fedlveighcollected pollen,
sugar, and water. Broad beans infested Withviciae were introduced into the cages for 3 h
every 2 days to allow oviposition. Hoverfly larveere mass reared in aerated plastic boxes
(110x140x40 mm) and were daily fed ad libitum wMhviciaeas a standard diet.

Oviposition preference

Aphid host plant preference 4 two-choice experiment$emales were placed individually
in net cages (3& 30 x 60 cm) with two host plants infested with 480 persicae(M.
persicaéS. tuberosums. M. persicaéS. nigrum. Theirforaging behavior was then recorded
for 10 min using theObserver® software (Noldus information Technologgrsion 5.0,
Wageningen, The Netherlands). Descriptiohghe four observed behavioral subdivisions are
presentedn Table 3. In similar two-choice experimentdl.(persicaéS. tuberosunvsM.
persicaéS. nigrum, a singleE. balteatusfemale was allowed to lay eggs for 3 h and the
number ofeggs laid on each aphid host plant was counted.eXperiments were conducted
in a controlled temperatureom at 20 + 1°CE. balteatusemales werapproximately 20-30
days old and no induction obviposition had been realized for 24 h prior to the

experimentation. There were 10 replicates for ed¢heaforementioned experiments.
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Aphid species preference l similar two-choice experiments, singleE. balteatusemale
was placed in a cage with tvwwa fabaplants (with six leaves and 20 cm high), which were
infested with different aphid species. Three coratioms of aphids species were used. (
pisumvs. M. viciae A. pisumvs. A. fabae and M. viciae vs. A. fabag. By using the
Observer® recorder, the behavioral subdivisiontheffemalehoverfly were recorded for 10
min and were observed to bdentical to earlier tests (Table 3). In similarobehoice
experiments A. pisumvs. M. viciag A. pisumvs. A. fabae and M. viciaevs. A. fabag, a
single E. balteatusfemale wasallowed to lay eggs for 3 h and the number of elgis
(oviposition rate) on each infested plant was cednExperiments were conducted in a
controlled temperatureoom at 20 + 1°CE. balteatusfemales wereapproximately 20-30
days old and no induction @iiposition had been realized for 24 h prior to éx@eriment.

Eight replicates for each pair of aphid specieseyerformed.

Table 3. Description of the behavioral events recded for aphidophagous hoverflyE. balteatusexposed to
different host plants of prey aphid.

Observed behavior Description of behavior

Immobility/ cage Predator immobilizes on the cage

Searching Fly/cage Predator flies in the cage
Fly/plant Predator flies near the plant
Immobile/plant Predator landing on the plant
Walking/plant Predator moving on the plant

Acceptance of host plant| Immobile proboscis/plant| Predator extends its psol
and identifies the stimulatorny
substrate to accept the host.

Walking proboscis/plant

Immobile abdomen/plant| Predator exhibits an abdamin
protraction or oviposition

Oviposition behavior Walking abdomen/plant

Egg laying Oviposition
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Larval performance

Effect of aphid host plant Fo assess the effect of aphid hpints on the fitness d&.
balteatus 30 newly emerged firshstars were weighed and individually placed irsptaPetri
dishes (9 cm in diameter). Each day, the larvae eer an excess d¥l. persicagwhich was
taken from either othe host plantsS. tuberosunor S. nigrum. Hoverfly larvae were kept in
an incubator at 20 + 1°C and L16:Déhd the developmental time and survival rates were
determined. The pupae and the adults were alsoheei@sing a Sartorius microbalance
scale model Mc5) anplaced, in male/female pairs, in 60x30x30 cm ngesdecundity and
egg viability of female hoverflies werecorded daily during 3 weeks. Individual fithess (
was calculated as a performance measure (McGrawCd&swell, 1996) by integrating
developmental time (Dyurvival (m = 1 or 0), and potential fecundi®) (using theequation:

r = [Ln (m-V)]/D, where Ln is the naturkdgarithm.

Effect of aphid speciesTo assess the effect of the consumaptid species ok. balteatus
fitness, 30 newly emerged firsistars were weighed and individually placed inspaPetri
dishes (9 cm in diameter). Each larva was fedexaress of each aphid species daily. This
experiment wagonducted with the three following aphid speci&spisum M. viciag or A.
fabae The Petri dishes were kepta controlled temperature room at 20 + 1°C ané:D8,
and the developmental time and survival rates wletermined.The pupae male/female the
adults were also weigheahd placed in male and female pairs inx6B0 x 30 cm nefcages.
Fecundity and viability of eggs were recorded ddilying 3 weeks. Individual fitness (r) was

calculated apresented above (McGraw & Caswell, 1996).

Statistical analysis

Means were compared using one-way analysis of nagi§dANOVA) and Student’s t-test or
Tukey’s test, conducted with Minitab® software @ien 12.2, Minitab Inc, State College,
PA, USA). Observed frequencies related to the aglukérgence rates were compared to the
corresponding frequencies from the control ugj@gests. Percentage of mortality and egg
viability were transformed using the angular transfation before ANOVA (arcsine/x;
Dagnelie, 1973).

Results

Oviposition preference
Aphid host plant preference- In the dual-choice experiment, a significantf@mence of

female hoverflies for th#l. persicaeinfestedS. tuberosumwvas observed (Figure 2).
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Figure 2. Behavioral observations (mean frequencies SD) on the oviposition pattern ofE. balteatus
females in relation to aphid host plants in two-chice experiment; ns and ** indicate no significant ad
significant differences at P < 0.01 (n = 10).
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Figure 3. Effects of aphid host plants on oviposibn rates (mean number of eggs * SD) &. balteatusin
two-choice experiments after 3-h exposure witMyzus persicaas prey andSolanum nigrumand Solanum
tuberosumas host plants. ** indicates significant diffrencest P < 0.01.
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S. tuberosumnduced higher frequencies of acceptance (landivejking, and proboscis
extension) (Student’s t-test: t = 5.17, P = 0.0811d oviposition (Student’s t-test: t = -3.71, P
= 0.005) by the hoverflyin addition, the number of eggs laid By balteatusfemales was
significantly affected by the aphid host plant speowith S. tuberosunbeing significantly
preferred as an oviposition site (Student’s t-test=-3.54, P = 0.004) (Figure 3).

Aphid species preference Whereas no significant difference in terms ofdrfly acceptance
behavior was observed betwedén pisum-and M. viciaeinfested broad beans plants
(Student’s t-test: t = 1.33, P = 0.226), femaledrtlies prefer, and lay eggs on, one of the two
aforementioned aphid species rather thaA odiabaeinfested plants (Figure 4).

FemaleE. balteatussignificantly preferred landing and laying eggs An pisuminfested
broad beans rather than on the same host plargtéafevithA. fabae(Student’s t-test: t =
2.64, P = 0.033M. viciaeinfested broad beans were also significantly pretetoA. fabae
infested broad beans in terms of host plant acneptand oviposition site (Student’s t-test: t
=3.62, P =0.014).

These behavioral preferences were correlated Wwahntimber of observed eggs on the host
plant of the aphid species (Figure 5). Similarly thee previously presented results, no
significant preference was observed betwkkrviciae andA. pisum(Student’s t-test: t = —
0.47, P = 0.648). These two aphid species correlggbmvith the more suitable species to
induce egg oviposition by female hoverflies. Indetftbese females laid fewer eggs An
fabaeinfested broad beans than dh viciae (Student’s t-test: t = 3.90, P = 0.001) Ar
pisuminfested plants (Student’s t-test: t = 6.22, P.G0Q).
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Figure 4. Behavioral observations (mean frequenciez SD) on the oviposition pattern ofE. balteatus
adults in relation with aphid species in two-choice&xperiment; an * indicates significant differencesat P <

0.05 (n = 10).
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Figure 5. Effects of aphid species on ovipositiorates (mean number of eggs + SD) &. balteatusin two-
choice experiment after 3h exposure; ns, **, and ® indicate no significant and significant differenes at
P <0.01 and P < 0.001, respectively, (n = 8).
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Larval performance

Effect of aphid host plant —Several parameters concerning the larval, pupal ahdt
development ofE. balteatushave been compared for hoverflies fed with the esaphid
species 1. persicag but reared on two different host plan& fuberosunandS. nigrun).
(Table 4). No difference in survival of larvae aamllts was observeg?= 0.00, d.f. =2, P =
1.00 andy? = 0.073, d.f. = 2, P = 0.964, respectively). Hoere larvae fed oM. persicae
infesting S. tuberosunmeeded less time to reach the pupal stage (t.95, <0.001). The
resulting pupae were significantly heavier (t =&.B = 0.012), the time required to reach the
adult stage was significantly shorter (t = - 4.B2 0.001) and no difference in adult weight
was observed (t = 1.82, P = 0.077). Although hdyddcundity (eggs/female/day) and egg
viability did not differ significantly according teolanaceous host plant (t = 1.22, P = 0.223
and t = 0.29, P = 0.775, respectively), hoverfiypdss (r) was significantly higher dvi.
persicae/S. tuberosumther than oM. persicaéS. nigrum(t = 2.45, P = 0.040).

Table 4. Effect of aphid host plant on the developental and the reproductive performance of predatory
hoverfly E. balteatus (Mean + SD). Significant, grand significant diffeences and high significant
differences at P < 0.05, P <0.01 and P < 0.001 pestively.

Myzus persicaehost plants

Biological parameters S .tuberosum S. nigrum Test statistic
Larval development (days) 7.75+0.79 8.81+093=-8.95 P<0.001
Survival of larvae (%) 66.66 £9.19 66.66 £9.19 , X0.00 P =1.000
Survival (%) 63.33+4.67 66.66+9.19 x20.07 P =0.964
(to adult emergence)

Pupal weight (mg) 35.16 +4.41 31.06 £0.93=2.66 P =0.012
Pupal development (days) 7.53+0.51 8.35+0.67=-4t32 P <0.001
Adult weight (mg) 22.01+2.78 20.46+2.53 =1.82 P =0.077
Egg to adult develoment (days) 18.74+1.66 2&.PR0/7 t=-3.50 P =0.002
Pre-oviposition duration 9.66 £2.81 9.20+£1.79=0133 P=0.747
Fecundity, egd//day 30.83+£31.2525.25+27.35t=1.22 P =0.223
Total egg viability,% 81.29+791 80.93+5.24=0.29 P=0.775
Fitness (r) 0.78 £ 0.08 0.65+0.09 =2.45 P =0.040
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Effect of aphid species- Differences inE. balteatusdevelopmental parameters by aphid
species Nl. viciag A. pisum,andA. faba¢ were observed (Table 5) aid balteatudarvae
developed to maturity with each of the aphid spedested. Additionally, there was no
significant difference in larval survival rates, i ranged from 73.33% foA. fabaeto
80.00% forA. pisum However, the aphid species significantly influeth¢che time needed for
the larvae to reach pupal stage, where days rettareged from 8.85A; pisum to 9.86 A.
fabag (F,e5= 19.88, P < 0.001). The pupae on a dieAofabaewere significantly lighter
(F2.65= 8.55 ; P< 0.001) and needed more time to reach the adyedta ¢ = 4.84; P<
0.011). In terms of the egg to adult developmemietithe time required oA. fabaewas
significantly greater, reaching 17.81 days wherealy 15.50 days were needed for the

individuals reared oA. pisum

Table 5. Influence of the aphid species on varioyserformance parameters of development oE. balteatus
(Mean % SD). Significant, grand significant differaxces and high significant differences at P < 0.0®, <
0.01 and P < 0.001 respectively. Different letteiadicate significant diffrences between treatments.

Aphid prey species
Biological parameters M.viciae A. pisum A. fabae Test statistic

Larval development 9.17 £ 0.39 8.58 £ 0.64 9.86 £ 0.9b F,e=19.88 P <0.001
(days)

Survival of larvae (%) 76.66 +14.14a 80.00 £ 9.62a 73.33 £ 9.48a % =0.37 P =0.830

Survival (%) 73.33+£18.8la 73.33+18.81&#66.67 £9.40a y2% =0.43 P =0.805
(to adult emergence)

Pupal weight (mg) 31.82 +3.55ab 34.49 +4.10a 29.69 +4.03b F,e=8.55 P<0.001

Pupal development  7.09 +0.4lab 6.88+0.45a 7.29+0.46b ,=4.84 P< 0.011
(days)

Adult weight (mg) 19.85+2.51a 22.45+3.55b 18.66 +3.67a F 6= 7.45 P<0.001

Egg to adult 16.35+1.8la 1550+0.72a 17.81+1.81b ,s~= 18.14 P <0.001
development (days)

Pre-oviposition 10.33+0.52a 9.20+1.30a 10.40 + 0.55a , 4= 3,25 P =0.072
duration

Fecundity, eggl/day  32.11%32.75a 34.43+32.77a 27.06 + 36.02a, ;= 0.87 P =0.419

Total egg viability,%  77.46+11.54a 72.79+10.60a 74.53 +16.16& :47=2.03 P =0.135

Fitness (r) 0.66 +0.06ab 0.70+£0.06a 0.58 +190.08F;13=4.69 P =0.029
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The fecundity (eggs/female/day) and egg viabilitgrevnot significantly influenced by the
aphid specied/. viciae, A. pisumandA. fabae(F; 221 = 0.87, P = 0.419; fs57,= 2.03, P =
0.135, respectively). HoweveE. balteatusfemale fitness Jrwas significantly higher on
broad beans infested with pisumor M. viciaethan onV. fabainfested withA. fabae(F; 13=
4.69, P = 0.030).

Discussion

In this study, the effect of the aphid host plaatiety on the choice of oviposition site By
balteatuswas clearly demonstrated. Sadeghi & Gilbert (2a08) highlighted the ability of
hoverflies to discriminate their potential ovipasit sites, which consisted of aphid species
and their associated host plant. However, thesboestcould not conclude whether the
attraction and oviposition induction was due to Hphid species, the host plant, or the
interaction of host plant and prey. Using the sapieid species\. persicag, reared on both
S. tuberosunmand S. nigrum we were able to compare the effect of the hoahtpbn the
oviposition site preference and hoverfly fitnesadded, S. tuberosuminduced higher
frequencies of acceptance and received more eggslfoverfly females tha8. nigrum In
addition, the global hoverfly fithess was higherthwM. persicaefed on S. tuberosum
confirming the hypothesis that ovipositing insezds select sites that improve the growth and
survival of their offspring (Peckarsky et al., 2000his should be even more true for insects
that are unable to migrate easily from habitatsrpoofood, such as syrphid larvae. The
reason behind the preference Bf balteatusfor one plant rather than the other remains
uncertain. When predators attempt to locate thg pabitat, they often use odors associated
with prey presence, such as those from the herbidoprey itself (Whitman, 1988), or from
prey by-products such as feces or honeydew (Budgeg& Powell, 1992; Scholz &
Poehling, 2000; Francis et al., 2004). Moreoveedptors can use volatiles that are produced
by plants in response to herbivore damage, sutgirasn” alcohols and aldehydes (Al Abassi
et al., 2000; Francis et al., 200Epr example, Obata (1986, 1997) suggested thahshan
ladybird Harmonia axyridisPallas was more strongly attracted to the odapdfid-infested
plants than to those of uninfested plants, andvtiatile profiles of the two host plants are
indeed different. Apart from the aphid-releasdf)-fR-farnesene,S. tuberosumrelease
important amounts of the aphid alarm pheromone I@arilos et al., 2000) where&
nigrum does not release this sesquiterpene (Schmidt,e2@04). The K)-B-farnesene was
shown to attract predators suchEashalteatugFrancis et al., 2005b) which may explain the

preference of female hoverflies f8t tuberosumPlant color is one of the many stimuli used
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by phytophagous insects to recognize their hostt gleelber, 2001). Sutherland et al. (1999)
also demonstrated that aphid host plant color emted the foraging behavior of the
predatory hoverfle. balteatusHowever, this parameter could not explain théediénces we
obtained, as both plantS.(tuberosunandS. nigrum were of similar color.

Our results also confirm the statement that hossrithoose their oviposition site according
to the infesting aphid species. Indeed, we demaitesirthatA. fabaewas not as attractive for
E. balteatusasA. pisumandM. viciae.Our data are also in accordance with those of @§ade
& Gilbert (2000a), who showed the pea aphid to befepred among eight aphid species.
However,M. viciaeandA. fabaewere not tested. The size of the aphid speci¢sdeanight

be a factor of importance in host selection. Indeadilar numbers of aphids were tested, but
whereasA. pisumandM. viciae are large aphidsA. fabaeis slightly smaller and therefore
represented less food for hoverfly offspring. Theeé tested aphid species reledSge ¢
farnesene (Francis et al., 2005a) but might natassg similar quantities, which could be
specific or size dependent. The oviposition stirudan also come from the aphid honeydew
(Bargen et al., 1998; Scholz & Poehling, 2000),ckhvaries qualitatively and quantitatively
from one species to another and during the sedssaher & Shingleton, 2001; Wool et al.,
2006). Data vary from one predator to another. &@mple, even when reared on the same
host plant Y. fabg, the pea aphidA; pisun) is considered suitable and the black bean aphid
(A. faba@ is moderately suitable for larval developmentiué two-spotted ladybirddalia
bipunctatal. (Rana et al., 2002; Fréchett et al., 2006). sy, the vetch aphid was found to
be highly toxic for the same species (Fréchett.e2806).

The concordance between oviposition site seleclioh offspring performance is complex
(Janz et al., 1994). Observed relationships betvagleit preference and some components of
larval performance range from good concordancegEinl1983; Rausher, 1982) to poor
concordance (Courtney, 1981). In some cases, poacocdance between preference and
performance may result from oviposition onto introed host plants (Chew, 1977; Legg et
al., 1986) or relative rarity of the preferred hQatilliams, 1983). Chandler (1968b) showed
that the selection of an adequate oviposition Isytesyrphid females that lay eggs close to
aphid colonies is essential to ensure the sunandl fast development of their offspring. In
our work, E. balteatudemales demonstrated variations in their oviposifireference among
the three tested aphids or among the two host plantl these differences had important

consequences for the performance of their offspring
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Article 3
Role of terpenes from aphid-infested potato on seahing and oviposition
behaviour of Episyrphus balteatus

Nicolas Harmeé| Raki Almohamatl Marie — Laure FauconnfelPatrick du Jardin Francgois
Verheggeh Michel Marlief, Eric Haubrugeand Frédéric Francis

1Department of Functional and Evolutionary Entonggio2Department of Plant Biology,
3Department of General and Organic Chemistry, GennblAgricultural University,
Gembloux, Belgium

Abstract — To cope with pathogen and insect attacks, plantsldp different mechanisms of
defence, in both direct (physical and chemical) amdlrect ways (attractive volatiles to
entomophagous beneficials). Plants are then abéxpeoess traits that facilitate “top-down”
control of pests by attracting herbivore predatétere we investigate the indirect defence
mechanism of potato plants by analyzing the vaapatterns of both healthy and aphid
infested plants. Important changes in the emitegbene pattern by th®lyzus persicae
infested host plant were observed. Using Solid @ihisro Extraction (SPME) and GC-MS,
the E)-p-farnesene (BF) appeared to be emitted by aphid-infested patatbnot by healthy
plants. To assess the infochemical role of thedatile releases after aphid damage on the
aphidophagous predatoEpisyrphus balteatyshe hoverfly foraging behavior was assessed
using the Observer 5.0 software (Noldus, Wageningee Netherlands). Aphid free potato
plants were also used as a control volatile sourcihe predator behavioral study. While
aphid-infested plants induced efficient searching acceptation behaviors leading to egg-
laying, no kairomonal effect of healthy potato ptarwas observed, leading to longer
immobility durations and shorter searching perimdthe net cage. High oviposition ratetef
balteatuswas observed when aphid-infested potato was usednraf 48.9 eggs per laying
and per female). On the other hand, no egg wasupeadby the hoverfly on healthy aphid-
free plants. Theé. balteatusforaging and reproductive behaviors according ® \blatile
emission from aphid-infested plants are discusserklation to the potential use of active
infochemical molecules in integrated aphid pestagament.

Key words: Aphid infested, behavioEpisyrphus balteatygpotato, terpenes

Reference:Harmel N., Almohamad R., Fauconnier ML., Du JarBin Verheggen F., Marlier M|,
Haubruge E., Francis F. (2007). Role of terpenesnfaphid-infested potato on searching and
oviposition behavior oEpisyrphus balteatus. Insect Scient4(1): 57- 63.
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Introduction

Plant-insect relations are mainly regulated bydtelution of the plant defence mechanisms
and the ways herbivorous insects adapt themsetvésese defensive systems (Berenbaum,
1995). A broad range of insect pests is efficiestintrolled by the production of defensive
molecules. Beside the induction of several diregfedce molecule productions, such as
secondary compounds and pathogenesis related neoeRP), the emission of particular
volatile organic compounds (VOCs) constitutes ditieft indirect system of plant defence
by influencing the third trophic level, namely teatomophagous beneficials. In tritrophic
interactions studies investigating plant-hervivergemophagous insect relations, the plant
response to herbivore damage has already been dboaffect the biological parameters of
beneficial species (Kessler & Baldwin, 2001). Intalar, the aphid-host plant species was
shown to significantly affect ladybird and hovertlgvelopment and reproduction (Franeis
al., 2001; Vanhaelept al, 2002). Not only the biological parameters weifeaéd by aphid
and host plant associations but the behaviour ofefi@al also. Recently, reports of
electroantennogram (EAG) recordings from three @@y insect species, namely
Coleomegilla maculatéeGeer(Coleoptera, Coccinellidaelzhrysoperla carneaStephens
(Neuroptera, Chrysopidae) (Zlet al, 1999), andCoccinella septempunctata (Coleoptera,
Coccinellidae; Al Abasset al, 2000) showed significant EAG responses to sereimitals
released from potential preys and host plants (&Heark, 2005). These predators possibly
use such chemicals to locate their prey. Ninkatial. (2001) also demonstrated that the
seven-spot ladybirdC. septempunctataesponded positively to volatiles from the aphid,
Rhopalosiphum padi., and Hordeum vulgarel. infested plants. Two molecules, namely
(E)-p-farnesene () and g -caryophyllene, were found to be a kairomone amd a
informative inhibitor respectively, for the sevepes ladybird by electroantennography and
olfactometry methods (Al Abas®t al, 2000). The release of plant VOCs, notably the
terpenoids, specifically after herbivory, are knoterattract parasitoids and predators. These
herbivore-induced VOCs actively increased the fegdictivity of entomophagous larvae and
global predation pressure on the herbivores (Deak®et al, 1998). Particularly, 4)-3-
hexen-1-ol, linalool andZj-a-bergamotene from herbivore-damaged plants weradfdo
attract predators and to increase the predatiom bgt generalist predators (Kessler &
Baldwin, 2001).
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Particularly, theEpisyrphus balteatukoverfly positively responded to semiochemical cues
from preys, from host plants and aphid-host-plasbaiationsE. balteatuswvas attracted by
EBF, the well known aphid alarm pheromone (Fraetial, 2005b). The latter molecule

was identified as the main volatile substance insfiécies, alone or associated with other
molecules (Francist al, 2005a). Also, the alarm pheromone was only a ninmponent of
the volatile molecule patterns from five other ap$pecies. Only two of the 23 tested species,
Euceraphis punctipennigZetterstedt) andrepanosiphum platanoideéShrank), did not
release BF at all but other terpenes were identified (Fragtial, 2005a). Terpene molecules
were found to be released by aphids but also bytglanainly under different stress situations
such as after pest damage (Fraetial, 2001). Particular volatile emissions from aphidrp
associations could be then used as reliable cueapbiydophagous beneficials to locate
potential preys. Investigation of the volatile patt variations of aphid-infested plants and the
assessment of their infochemical role is necessabetter understand the relations between
plants, aphids and the aphidophagous beneficidie @bjective of this work was to
understand mechanisms of indirect defence of apifédted potato plants toward a predatory
beneficial, namely th&. balteatushoverfly, by: (i) collecting the volatile patteof healthy
and Myzus persicaenfested plants by SPME and analyzing them by GG-&i®l (i) by
assessing the infochemical role of the aphid-iefégtlant volatiles on the aphidophagous

predatorE. balteatugoraging behavior by using the Observer 5.0 sofewaloldus).

Materials and methods

Insect and plant rearing- PotatoesSolanum tuberosuin) were grown in 30 cm x20 cm x5
cm plastic trays including a mixture of vermiculéed perlite (1/1) and were used as host
plants forMyzus persica&ulzer. Aphids were reared in a condition- conéltoom (16: 8

L: D and 20 £ 2°C).

Adults of Episyrphus balteatugere reared in net cages (75 cm x 60 cm x 90 chg.|dtter
were fed with pollen and sugar in separate Peshel. Water was also supplied. The rearing
was realised at 20 + 20C and 16: 8 L: D. Two-toe¢hweek-old hoverflies were used in the
following experiments. At hatching;. balteatudarvae were placed in aerated plastic boxes
(11 cm x10 cm x4 cm) to be fed with. persicae ad libidumHoverflies were mass-reared in

a condition-controlled room under identical envirental conditions as previously described.
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Volatile collection— The last leaf (composed of 5 leaflets) was gldkem 36-day-old potato
plantsS. tuberosunt.v. Bintjes and immediately used for volatile esios analysis. Three

different samples were prepared:

Sample 1. Intact leaf was cut and introduced inOaml septum-cap vial and allowed to
equilibrate for 10 min at 40°C.

Sample 2. Leaves were individually pricked withrBoenological pins and were then placed
in a vial and allowed to equilibrate as above.

Sample 3. Leaf was infested for 7 days with MO persicaeaphids before cutting and
preparing as above. Each condition was analyzetdghcate. Volatiles from each sample
were collected by SPME technique. Supelco SPME ceésvicoated with divinylbenzene/
carboxen/polydimethylsiloxane (DVB/CAR/PDMS, 50/ 30m) were used to sample the
potato leaf headspace. After the equilibration tithe fiber was exposed to the headspace for
50 min at 40°C.

Volatile analysis by GC-MS -The volatiles sampled by SPME were analyzed after
equilibration time by GC-MS on an Agilent 5973 masdective detector (MS), scanning
from m/z 35-350, coupledvith an Agilent 6890N gas chromatograph. The follayv
analytical conditions were used: splitless injectiat 250°C, HP5-MS (5% phenyl-
dimethylpolysiloxane) column (36 x 0.25 mm, df = 1 yum). The temperature program wa
from 35°C (2 min hold) to 150°C at 5°C/min then2®0°Cat 20°C/min. Injector temperature
was 270°C. The MSpectra were obtained in the EI mode at 70eV. Tiedytes were
identified on the basis of their retention timesl &y interpretation of MS fragmentation
patterns. The recordespectra were finally compared to: (i) those of Whibey238.L spectral

library; and (ii) those related to previous anaysdiour pure terpene references.

Behavioral assays +ree or aphid-infeste8. tuberosunplants (6 true leaves, 20 cm high,
36-day-old plants) were presentedgobalteatugyravid female (10 replicates per assay) in a
no-choicepresence of either healthy or aphid-infested plani$ wasobserved for 10 min.
The behaviors that were visualbpserved and simultaneously encoded using the @drser
5.0 software (Noldus) were grouped as describeabel

1. Immobility: when the hoverfly stayed on the natje without moving;

2. Searching: when the syrphid flew in the cageumadothe infested plant, either in an
extensive or intensive way;,

3. Acceptation: when the hoverfly landed on theaplatayed immobile or walked on it, made

proboscis extension on the plant surface;
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4. Oviposition: when the syrphid had abdomen-bemdimd laid eggs.

Reproduction efficacy study Hoverfly oviposition efficacy was observed by prding
either aphid-infested or healthy plants in the nage (similar to the ones previously
described). A singld. balteatusfemale was introduced in the cage including ¢aghid

infested or healthy) plant for 3 hours. The eggglants were counted after this period.

Statistical analysis

The hoverfly behavior in the net cage was analymedairwise mean comparison tests using
Minitab software(12.2 version). Predator reproductive efficaciesenenalyzedusing mean

comparison tests according to the Tukegthod.

Results

Even if p-caryophyllene was the main volatile compound esditby both healthy and
mechanically damaged potato plants (71.6% + 6.786818% + 4.9% of the total volatile
emission respectively), this relative abundanceeabsed to 48.2% + 5.3% when the potato
plants were infested wittM. persicaeaphids. Proportions of other volatile compounds
according to the different plant states are presem Figure 6. Healthy plants emitted nine
volatiles as did mechanically damaged ones. Thati®lpattern from aphid-infested plants
was more diversified, including five supplementaryolatiles, namely the p-
sesquiphellandrene, thélE thea-zingiberene, thg-bisabolene and the germacrene D-4-ol.
Due to the similar volatile patterns emitting frdmth healthy and mechanically damaged
plants, only healthy plants were compared to apifiested ones. The infochemical role of
aphid-infested plants was observed on the diffebatitavioral groups (Figure 7). Fird,
balteatuswas significantly less immobile in the net cagethe presence of aphid-infested
plants { = 2.93,P = 0.011). Second, the searching frequencies relatatie M. persicae
infested potato was twice as high as the ones wbdavith healthy plants € 2.00,P = 0.05).
The following step in the host-plant-prey selectinamely the acceptation, was significantly
higher for the syrphid female in contact with apmtested than for healthy plants< 4.05,

P = 0.002). Finally, the predator oviposition wasngigantly higher whenM. persicae
infested rather than healthy plants were usedenntt caget(= 3.23,P = 0.010). Hoverfly
was shown to be receptive to the indirect defenees drom aphid-infested potato plants.
While the female hoverfly mobility already incredda the first few minutes in the net cage,

oviposition, acceptation and research frequencie® wbviously induced in the presence of
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aphid-infested potatoes. To quantify taebalteatugeproductive efficiency, a last parameter
was observed to complete the predatory hoverflgdimg assessment; reproductive behavior
was investigated, that is, the predator egg nuratietion the plants. As a mean of 48.9 £ 21.2
eggs per laying and per female was observed ondapfested plants, and no egg was
produced by the hoverfly on healthy aphid-free fga(Figure 8), a highly significant
difference was observed according to the presehdd. persicaeon plants (= 6.87,P <
0.001).
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Figure 6. Changes of volatile emission (in relativés) from healthy compared to aphid-infested and
mechanically damaged potato host plant. Data pointshow the mean * SE of three independent assays.
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Figure 7. Behavioral sequences (frequencies) &f balteatusfemales in net cages according to aphid-free
or infested host potato plant. Data points show thenean + SE of 10 independent assays.
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Discussion

Several tritrophic interaction studies on plantdinarres natural enemies demonstrated the
plant indirect defence mechanisms as an efficient to cope with pests by the use of volatile
infochemicals (Turlingset al, 1990; Turlings & Tumlinson, 1992). When attackieyd
herbivores, several plant species were shown to \estatiles that attract natural enemies of
the damaging insect pests (Vet & Groenwold, 1996t & Dicke, 1992; Tumlinsort al,
1992). Here we found that the volatile pattern fraphid-infested potatoes was very different
from the one from healthy potatoes. Five volatilelecules were emitted by aphid-infested
potato plants, while mechanical damage did not hlaseimpact. According to Miles (1999),
the salivary proteins injected by the aphid duiitsgfeeding on plants seemed to be directly
involved in this plant response change when contp@r@on-aphid damage. In particular, the
production of some terpenes was induced by theddpleiding on plant, including theBE, a
dual active compound towards aphids (as alarm jph@ne) and aphidophagous beneficials
(i.e. kairomones) (Francetal., 2004, 2005a, b). Here, th@fEwas found to represent 9% of
the volatiles related to th#l. persicaefeeding on bean while it did not appear when
mechanical damage occurred on plants. Completéirent volatile profiles between insect-
damaged and mechanically damaged plants were glamerved using corn seedlings-beet-
armyworm associations. The larvae of the lattet peliced the emission oZ)-3-hexen-1-yl
acetate, linalool, (3E)-4,8- dimethyl-1,3,7-nonate, indole, 8¢-E-bergamotene, (i, (E)-
nerolidol, and (3E, 7E)-4,8,12-trimethyl-1,3,7, ttilecatetraene when feeding on corn
plants. Artificially damaged corn plants led to fawer volatile releases, in both abundance
and diversity (Turlingset al, 1990). The BF was again one of the particular volatile
molecules related to insect-infested plants. Fangde, theE. balteatusaphidophagous
predator and females of tlgotesia marginiventrigCresson) parasitic wasp perceived the
difference between mechanically and insect-damatgeds to locate armyworm hosts. Also,
cucumber plants infested either with thripsankliniella occidentalis(Pergande) or spider
mites, Tetranychus urticaeKoch, attracted the predatory bu@rius laevigatus(Fieber)
(Venzonet al, 1999). In this work, as well as in the previousityed examples, the beneficial
decision was based on tlelor mttern and volatile abundance from the plant-hengv
combination. The volatile profiles were specifiorfr the first and second level associations in
tritrophic interactions, whereas the third levekeotomophagous insects benefit from airborne
cues from the first two trophic levels (Paré & Tumbn, 1999). Focusing on a particular

group of pests such as aphids, indirect defenaea frlants leading to the aphidophagous
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beneficial attraction were observed from aphidgsidd plants. For example(C.
septempunctataesponded positively to volatiles froR. padiL. aphids infesting barley
plants in olfactometer assays (Ninkoeical, 2001). Franciet al. (2004) previously showed
that bothAdalia bipunctatapredatory larvae and adults were attracted ply mitted from
crushedAcyrthosiphon pisuntarris andM. persicaeaphids reared on broad beaiscia
fabal.). In that experiment, [, the well-known aphid alarm pheromone, was founioe an
effective kairomone for the two-spot ladybird. Ugianother aphidophagous species, namely
E. balteatusDeGeer, the infochemical role of aphid-volatileeeses, particularly =, was
also demonstrated (Franae$ al, 2005b). Working on another parasitoid, Bual. (1998)
identified six volatile compounds (linalool, 6-mgth5-hepten-oneZ-3-hexen-1-yl acetate,
E-p-ocimene Z- 3-hexen-1-ol and ) involved in the attraction of parasitofghidius ervi

to A. pisuminfested broad beans. Attacks from phloem-feedigds elicit weak responses
in contrast to tissue-feeding lepidopteran larvad mesophyl-sucking insects (Voelclel
al., 2004; De Vo=t al., 2005; Zhu-Salzmaet al, 2005). This is due to their feeding style:
stylet penetrates plant epidermal and parenchyrelié ¢o reach phloem sieves, thereby
inflicting minimal wounding to the plant (Miles, 29). Limited plant damage brings aphids
closer to parasites than herbivores. However, wewvet that volatile response (terpene
emission in particular) dfl. persicaeinfestedS. tuberosumvas significantly different from
the healthy plants and influenc&d balteatusoraging and reproductive behavior. Attraction
of natural enemies is known as an indirect defaneehanism and is potent for control of
harmful agricultural pests like aphids. Aphidophagjqredators are widespread in agro-
ecosystem and, among these predatirshalteatuswere found to be the most common
hoverfly species in crop areas in Belgium (Coligreinal, 2001) and temperate regions
(Gilbert, 1986). Once identified, volatile attraats for beneficial insects had to be evaluated
in field experiments (James, 2003). Semiochemicals be used with great success as
components of integrated pest management strate@les way from the discovery to
commercial production is long and full of pitfallsut represents an opportunity already
illustrated by Birkett and Pickett (2003) for aplsieik pheromones.
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Aphidophagous hoverflies exploit temporary aphidoc®s infesting a wide range of
herbaceous plants. Oviposition responses to vamain aphid colony size could reflect
adaptations that reduce interspecific competitiom @ptimise the female’s searching efforts.
Furthermore this behaviour is also thought to bealdfor suppressing aphid populations
before they reach damaging levels. Aphid colonrespatchily distributed and they can stay
several weeks on their host plant. Syrphid lanlexdfore face to a potentially unstable food
supply, and hence it may be important to locateichpiifestations quickly. Aphidophagous
hoverflies are known to demonstrate a positive idenaiependent response to aphid colony
size in term of oviposition. They seem to be alsle @ adjust their oviposition rate
according to aphid colony sizes. However, the biehmal mechanisms as how predatory

hoverfly females evaluate aphid colony size andottizeir egg-laying accordingly are still
unclear.

In the present chapter, a rangé experimentsvere therefore conducted to understand the
behavioural mechanisms of the hoverfly E. balte@usesponse to different aphid colony
sizes. @iposition behaviour of E. balteatus was first isttgated in response to different
aphid densities using a leaf-disc system. Secondéy,wanted to identified the volatile
organic compounds released in their headspaces fiiffarent aphid M. persicae densities.

Finaly, the behavioural impacts of the identifigeemical coumpounds were also evaluated.

J
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Article 4
Evaluation of hoverfly Episyrphus balteatuPe Geer (Diptera: Syrphidae)
oviposition behaviour toward aphid-infested plantsusing a leaf disc system

Raki Almohamad, Francois Verheggen, Frédéric Feriric Haubruge

Functional & Evolutionary Entomology, Gembloux Awitural University, Passage des
Déportés 2, B-5030 Gembloux (Belgium)

Abstract — Several aphidophagous beneficials such as padsiémid predators are known to
respond positively to aphid infested plants. Tha aif present study was to evaluate the
oviposition behaviour of predatory hoverfpisyrphus balteatuBeGeer (Diptera: Syrphiae)
in response to aphid colony size using a leaf-dismassay. Three kinds of laboratory
experiments were conducted using broad bean placia(faba L) and aphidvlyzus persicae
Sulzer. In the first experiment, the effect of diffint densities of aphid. persicag(0, 10 and
100 individuals) on syrphid oviposition responseswavestigated. Different combinaisons of
aphid density/host plant¥(fabg Solanum tuberosuin, Solanum nigrunt..) were Secondly
tested towardk. balteatusemales. In the third experiment, the effect dfidpcolony location
at different heights (5, 20 and 40cm) on syrphidposition response was also studied. A
treatment control was run in parallel consisting\Voffaba leaf-discs without aphids. Our
results demonstrated that the number of eggs taighgsition rates) by. balteatusfemale
differed significantly in response to increasinduiapcolony size infesting leaf-disc system.
The means of eggs-laying were: 0.9, 5.3, and 3@r20f 10 and 100 aphid densities
respectively. Similar oviposition response was alsown byE. balteatufemales according
to different aphid densities infested differentthaants. Aphid colony location at heights of 5
and 20 cm were the most attractive for the hoverllposition. The means of eggs-laying on
leaf-discs were: 16.7, 18.5 and 5.8 for 5, 20 a@dm heights respectively. As result, our
leaf-disc system was found to be a practical artiefit way to evaluatee. balteatus
oviposition behaviour in resoponse to aphid-infésfants under different laboratory
conditions.

Key words: Vicia fabg Myzus persicaesemiochemicalsEpisyrphus balteatysleaf disc
system, oviposition behaviour.

Reference— Almohamad R, Verheggen FJ, Francis F, Haubrug20B6. Evaluation of hoverfly

j -

Episyrphus balteatu®e Geer (Diptera: Syrphidae) oviposition behavitoward aphid- infeste
plants using a leaf disc syste@ommunications in Agricultural and Applied BiologicSciences
Ghent University71(2 Pt B): 403-412.
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Introduction

Predator responses toward variation of differeetyptensities have been a central theme in
ecology theory (Hassell & May, 1974; Kareiva & (Odel987) and biological control
(Beddingtonet al, 1978; Murdochet al, 1985). A predator that responds numerically to
increasing pest colony size and oviposits on plartis higher prey density is thought to be
ideal for suppressing pest populations before te@gh damaging levels (Murdoeh al,
1985; Waage & Greathead, 1988; Murdoch & Brigg€6)9

In a tritrophic approach, the semiochemical complsuemitted by aphids or association with
their host plants have been found to be attradoveaphid natural enemies (DBat al, 1998;

Al Abassiet al, 2000; Ninkovicet al, 2001; Francigt al, 2004). Aphidophagous hoverflies
are well-known aphid natural enemies that can fmasmgnificant effect in the suppression of
aphid populations (Chambers & Adams, 1986; Chamb&g88). Their foraging and
oviposition behaviour were also found to be indubgddifferent volatile chemicals signals
realeased from aphids (Budenberge & Powell, 199@he3landet al, 2001; Franci®t al,
2005). When forage for a suitable oviposition sgeedatory hoverfly femaledisposetheir
eggs close to aphid colonies infested plants (Cleant®68a; Tenhumberg & Poehling, 1995;
Scholz & Poehling, 2000Rrevious studies have also shown that there ase cklationship
between the syrphid ovipostion and the aphid cokng (Dixon, 1959; Volk 1964; Chandler,
1968a; Ito & Iwao, 1977; Geusen-Pfister, 1987; Bargt al, 1998; Scholz & Poehling,
2000; Sutherlanaet al, 2001). The study reported here aimed to evaltteteoviposition
behaviour of predatory hoverfly. balteatusin response to increating of aphid colony size

using a leaf-disc system.

Materials and methods

Plant and insects rearing- Broad bean plants/{cia fabal.) were grown in 30 x 20 x 5 cm
plastic trays with a mix of perlite and vermiculifd/1) and maintained in controlled
environment growth rooms at 20 £ 2°C, under a 16g8t: Dark photoperiod. Aphid species,
namely Megoura viciaeBuckton andMyzus persicaeSulzer were reared oW. fabg in
separate air-conditioned rooms under the same wonslias aboveAdult syrphids were
rearedin 75 x 60 x 90 cm cages and were provided with-dmdected pollen, sugaand
water.V. fabaplantsinfested withM. viciaewere introduced into the cages for 3h every two
days to allow oviposition. Hoverfly larvae were masared in aerated plastoxes (110 x
140 x 40 mm) and were fed daag libitumwith M. viciaeasstandard diet.
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Preparation of leaf-disc systemTe leaf disc system consisted of (1) a circulaceiofV.
fabaleaf, (2) aphids and (3) 7 ml of an agar diet (aifa solution w:w) prepared in a small
petri dish (25 mm diameter) to reduce desiccafidre aphids infested leaf-disc was kept for
24h in a controlled condition incubator (16:8 Ligbark; 20 + 1°C) before testing. The leaf-
disc system was then positioned on a Plexiglasend®8 cm high before being exposed to a
E. balteatudemales in a net cage (30 x 30 x 60 cm) (Figueg.9.

Oviposition responses of hoverflye. balteatus

Three experiments were conducted to evaluate gym¥iposition in response to aphidl.

persicaecolony size using leaf-disc system under diffecditions:

Experiment 1.Impact of different aphid colony sizes

In third-choice experiment, three leaf-discs presiy described, infested with three densities
of aphidM. persicae(0, 10 and 100 individuals) were placed on threxiBlas holders at
height of 20cm in net cage (30 x 30 x 60 cm). Ag# E. balteatusfemale was then
introduced into the net cage in presence of theaédiscs infested with three aphid densities
and allowed to lay eggs for 3h. The eggs laid onhekaf-disc were then counted.
Experiments were conducted in an air-conditioneshrat 21 + 1 °C. Ten replicates were
performed for this experiment. In similar way tkdatscribed above under the same conditions,
this experiment was also repeated again using bbeash plants in order to evaluate the
oviposition response of predatory hoverfly withfldesc system compared to the whdle
faba plants. Wheres thre¢. fabaplants (stem with 6 true leaves, 20 cm high) irdéswith
the same aphid densities (0, 10 and 100)

Experiment 2. Impact of different combinaisons ophid density/host plants

Aphids M. persicaewere reared on broad bean plants fabaand two solanaceous plant
speciesSolanum tuberosum “Binch” variety andSolanummigrumL. (Solanaceae) growing
in 30 x 20 x 5 cm plastic trays filed with a mix pérlit and vermiculte (1:1) in separate
controlled rooms (L16:D8 and 20 + 1). Three leadedi infested with three aphid densities
(25, 75 and 125 individuals) were prepared fom eamhbinaisonM. persicaéhost plant9
Gravide E. balteatusfemales were transferred into separate cages. &palcial density/leaf
host plant-disc was then offered to each syrphidafe on on Plexiglas holders at height 20
cm. Each two days, aphid densité infested leaf hmaht-discs were presented in a
randomised sequence (i.e, a no-choice situatiai, avily one aphid density available at any

time) to each syrphid female. Each presentatioB different densities dil. persicaé host

79



Chapter 5. Aphid colony size descrimination

plant lasted for 3h. The eggs laid by syrphif fedsmvere then counted on each aphid
density/leaf disc. The aphids were replaced wittew excess of aphilll. persicaefor each
presentation. Every two days, females had the ehtmicviposit on the three different aphid
densities of each host plant in net cage (30 x 80 xm). Experiments were conducted in a
controlled environment room at 21+1 C°, under a:L28 photoperiod. This experiment was
replicated 6 times for each aphid density-leaf Iptestt.

Experiment 3. Impact of aphid colony location

To assess the effect of aphid colony location aplsg oviposition response, thr&e faba
leaf-discs were infested with constant densityMof persicae(125 individuals), and then
placed on different heights of plexiglass holdé&ssZ0 and 40 cm) in a net cage. In third
choice experiment, a singke balteatus femalevas introduced into a net cage in presence of
three treatments and allowed to lay eggs for 3te @&hgs laid were then counted on each
aphid-leaf disc. Experiments were conducted inlaingonditions as described above. Tested
E. balteatudemales were approximately 20-30 days old andndadtion of oviposition had

been realised for 24h. This experiment was re@aa0 times (Figure 9B).

30cm 30 cm
30cm 30cm
< >

' "

F 5

60 cm 60 cm

40 cm

0cm 0c

(A (B

Figure 9. lllustration of leaf disc system used tassess the fecundity behaviour oE. balteatustoward
aphid colony size on single height (A), and locatioon different heights (B).
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Statistical analysis

All mean comparison tests were realised using ud$fhgitab® software (12.2 version,
Minitab Inc, State College, PA, USA). Tukey's tests used to compar the mean numbers of
eggs laid by females on aphid-leaf disc system uditerent conditions. Data on number of

eggs laid by hoverfly female were normalised bek&iatistical analysis.

Results

Experiment 1. Impact of different aphid colony sie

Our results demonstrated that aphid colony sizeesiefl leaf-disc system influence
significantlyon E. balteatusoviposition rates (Figure 10A). Where, femalesidigantly laid
more eggs on leaf-discs infested with high aphidsdg (100) than those with free and low
aphid density infestation (0 and 10 individualsyK&y’ test, t = 14.32, P < 0.001; t = 8.92, P
< 0.001 respectively). Similar oviposition behawiovas also shown by. balteatusemales

in response to increasing aphid colony size intesteoleV. fabaplants (Figure 10B).

Experiment 2. Impact of different combinaisons ophid density/host plant

The number of eggs laid bE. balteatusfemale increased significantly in response to
increasing aphid colony size infested differentthmants using leaf disc system (Figure 11).
Fewer eggs were laid on leaf-disc infested withlsaghid colony (25 individuals) compared
to those infested with large aphid colonies (75 328l individuals) (P < 0.05).

Experiment 3. Impact of aphid colony location

Results of third—choice experiment demonstrated #phid colony located at different
heights had significant effect on oviposition resp® of predatory hoverfly female (Figure
12). The mean of eggs laid By balteatuson M. persicaecolony positioned on leaf disc at 5
and 20 cm heights were significantly higher frorast on leaf disc at 40 cm height (Tukey’
test, t =2.69, P =0.03; t = 3.30, P = 0.007 respely) (Figure 12).

81



Chapter 5. Aphid colony size descrimination

80 - A- Leaf disc system with aphids
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Figure 10. Mean number ofE. balteatuseggs laid on leaf disc system (A) and whole brodxban plants (B)
in response to different densities oM. persicae Means (x SE) marked with different letters indicae
significant difference between treatments (Tukey’ést, P < 0.05).
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Figure 11. Mean numbers ofE. balteatuseggs laid on host plants infested with different ehsities ofM.
persicaecolony size. Different letters indicate significahdifferences between treatments (P < 0.05). Bars
indicate standard errors of the means.
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Figure 12. Effect of M. persicaeaphid colony location onE. balteatusoviposition rates. Means (+ SE)
marked with different letters indicate significant difference between treatments (Tukey’s test, P <@5).
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Discussion

Field and laboratory observations have previouglnanstrated that the oviposition rate of
aphidophagous syrphid flies was found to be paditicorrelated with increasing of aphid
colony size (Dixon, 1959; Ito & lwao., 1977; Geudgiister, 1987; Tenhumberg, 1993;
Bargenet al, 1998; Scholz & Poehling, 2000; Sutherlagtdal, 2001). Our experiments
demonstrated thd&. balteatudemale responded positively to increasing of agaildny size

on leaf-disc system in terms of oviposition rat&anilar oviposition response was also
exhibited by syrphid female according to differepthid colony sizes infested broad bean
plants. As result, the leaf-disc system could besmiered as good method to evaluate syrphid
oviposition behaviour.

It has been also demonstrated that the suitalaifign oviposition site does not only depend
on the number of aphids present at the time ofasiijon, but it may depend on the quality of
the aphid colony (Kan & Sasakawa, 1986, Kan, 19884t is possible that females avoid
very high aphid infestation, since they are sule@¢b increased migration of the prey (Kan,
1988a,b), and therefore may not support the fulettgment of several syrphid larvae. Other
aphid colony factors may be involving in syrphidipmsition responses (e.g. chemical cues
released from aphid associated with host plantxd®j 1959; Bombosch & Volk, 1966). In
present study, we found that host plant infesteth vdifferent aphid colony sizes had
significant effect ork. balteatusoviposition behaviour.

The height preference of various syrphid species been shown to be relative with their
habitat preferences (Chandler, 1968b). The latihiaa demonstrated that univoltine syrphid
species that develop in spring, they tended toasiat height around 180 cm because aphids
are present on trees and shrubs but are rare bademius plants, while all syrphids species
that develop in early summer, they tended to ovipaisheight 30 cm because aphids are
abundant on herbaceous cover. Those spcies thabanglant throughout the year showed no
strong consistent preferences. In our stuflypalteatuschanged its egg laying response to
different heights of aphid colony location on leh$c system, laying more eggs on lower
height colonies location until 20 cm. In conclusideaf-disc system using in present
laboratory experiments could be considered as tuluged efficient method to evaluake

balteatusovipositionbehaviour in response to aphid infested plants.
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Article 5
Emission of alarm pheromone by non-preyed aphid cohies

Raki Almohamad| Francois J. Verhegg&rFrédéric Francfs Georges Lognady Eric

Haubrugeé

'Department of functional and evolutionary Entomgl@gepartment of Analytical
Chemistry, Gembloux Agricultural University, Passatgs Déportés 2, B-5030 Gembloux
(Belgium)

Abstract — The sesquiterpene (B)Farnesene (E) is the primary component of the alarm
pheromone of most aphid species. It is releasedsponse to physical stress including attack
by natural enemies and causes aphids to ceasendeadd disperse.flE also acts as a
kairomonal cue for aphid natural enemies. In thislg we collected the headspace volatiles
released by aphid colonies of different sizes. €aematography-mass spectrometry analysis
demonstrated the presence @fFEnN the absence of predator attack. A quadratatiomship
was found between the releasé&f-[j-farnesene amounts and aphid colony size. Behaliour
impact of aphid alarm pheromone tow&pgisyrphus balteatutemale oviposition behaviour
was also demonstrated in this work. These resugtdight the primary role of the small but
continuous release of aphid alarm pheromone in amesims of decision-making by aphid

predators during their foraging and egg-laying veha.

Key words: Semiochemicaldg:pisyrphus balteatysMyzus persicaeaphid alarm pheromone,
(E)-p-farnesene.

Reference -Almohamad R., Verheggen FFrancis F.Lognay G & Haubruge E. (2008). Emissign
of alarm pheromone by non-preyed aphid coloriearnal of Applied Entomologi32 (8): 601-604.
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Introduction

(E)-p-Farnesene (), the main component of the aphid alarm pheronvea® identified in
16 aphid species, alone or associated with othdeagules (Francis et al. 2005). Previous
behavioural studies have demonstrated the kairohrotea of EBF in various aphid natural
enemies, including ladybeetles, hoverflies and gacahymenoptera (Du et al. 1998; Al
Abassi et al. 2000; Harmel et al. 2007; Verhegdeal. 2007, 2008).

In the hoverflyEpisyrphus balteatuBeGeer (Diptera: Syrphicae), there is a good eviden
from laboratory and field studies for the existenta positive density-dependent response to
aphid colony size in term of oviposition (Dixon B9SChandler 1968; It6 and Iwao 1977,
Bargen et al. 1998; Scholz and Poehling 2000; $latine et al. 2001; Almohamad et al.
2006). However, there is only little work on thder@f odour cues in predatory hoverflies
attraction (Laubertie et al. 2006; Almohamad e280D7, 2008; Verheggen et al. 2008).

This study aims at understanding the role of chahtaes released from non-preyed aphid
colonies on decision—making processes that leadviposition in femaleE. balteatus In
order to evaluate the olfactory signal releasethkytested colonies, we quantified the volatile
organic compounds released in their headspacesovipesition behaviour oE. balteatus
was subsequently investigated with respecMizus persicaesulzer colonies of different

sizes.

Materials and Methods

Plants and insects- Broad bean plants/(cia fabal.) were grown in 30 x 20 x 5 cm plastic
trays filled with a mix of perlite and vermiculit¢l/l) and maintained in controlled
environment growth rooms (16:8 Light: Dark ; 20 ¥C). Two aphid species, nameM.
persicaeand Megoura viciaeBuckton were taken from stock rearing dnfabg in separate
air-conditioned rooms under the same conditionsbave. AdultE. balteatusvere reared in
75 x 60 x 90 cm cages and were provided with bdeated pollen, sugar and water. Broad
beans infested witM. viciaewere introduced into the cages for 3 h every tagsdo allow
oviposition. Hoverfly larvae were mass-reared irate plastic boxes (110 x 140 x 40 mm)
and were fed dailgd libitumwith M. viciaeas standard diet.

Leaf disc system Fhe leaf disc-system consisted of (1) a circulaceiofV. fabaleaf, (2)
aphids and (3) 7 ml of an agar diet (agar 1% smhuiv:w), placed in a 25 mm diameter Petri

dish, to reduce desiccation. Leaves were infesi#id different quantities oM. persicaeand
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were kept for 24h in a controlled conditions indaing16:8 Light: Dark; 20 + 1°C) before
testing.

Influence of aphid colony size on syrphid ovipositi rate — In no-choice experiments, a
singleE. balteatudemale was introduced in a net cage and allowddyt@ggs for 3h on the
leaf disc supporting 8. persicaecolony made of 25, 75 or 125 individuals. The ldeic
system was placed on a Plexiglass holder at a hefgBO cm. This setup was previously
shown as an efficient method to evaluate the owipos behaviour of the hoverflE.
balteatusin response to aphid-infested plants (Almohamaal.e2006). The number of eggs
laid (oviposition rate) on the leaf disc was codnt€his experiment was replicated 10 times
for each aphid colony size.

Collection and analysis of volatile chemical emissins

Volatile collection system -Volatile chemicals were collected using a push/malatile
collection system consisting of a glass air-coltecthamber (Schott®, 12 cm base-diameter,
35 cm high) (Schott, Mainz, Germany) placed insateincubator set at 21 + 1°C, and
previously washed with hot water amghexane. The leaf disc system was placed on a
Plexiglass holder similar to those used in the aboentioned bio-assays. Incoming air was
pushed through an in-line activated charcoal fittefore entering the glass chamber at a flow
of 200 ml/min. The volatile-enriched air was thenll@d through an adsorption trap
containing 40 mg SuperQ® (Alltech, Deerfield, ILSH). Six replicates were conducted for
each aphid colony size and four replicates forcthrol (i.e. an aphid-free leaf disc system).
Volatiles were collected during 3h. Filters weratet with 150 pl ofn-hexane and nonyl
acetate (400 ng) was added to each sample asahstamdard. The extracted samples were
directly stored in a freezer at — 80 °C until G@lgsis. Identification and quantification were
performed respectively by GC-mass Spectrometry (&) GC- Flame lonization Detector
(FID).

Statistical analysis

Regression analysis was used to correlate aphsitgevith number of eggs laid by femdte
balteatusand amounts of release@f All analysis were performed using Minitab® scdine
(14.2 version, Minitab Inc, State College, PA, USA)
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Results and Discussion

EBF emission from non-preydd. persicaevas demonstrated in the present study by volatile
collection and subsequent GC-MS analysis. Regnesasinalysis revealed that there was a
significant quadratic relationship between the amiaf released [ (Y) and M. persicae
colony sizesX) (F223 = 14.89; P < 0.001? = 0.9997). This relationship can be represented
asY=0.0143X2 — 0.2265kigure 13).
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Figure 13. Amount of (E)f$-farnesene and mean number oEpisyrphus balteatuseggs laid in response to
increasingMyzus persicaeolony size on bean leaf disc. Bars indicate staadl errors of the means.

Other chemical compounds were also identified, saghexanal,3-methyl-2-pentanones-
terpinene, 6-methyl-5-hepten-2-one and limonen@s&Hatter compounds were found to be
released from leaf-disc system and they were netiBpally induced by the presence Mt
persicaecolony on leaf disc. Geranyl acetone was alsotifieth and its amount slightly
decreased with increasing aphid colony size.

The constant emission offE in absence of predators can have both positidenagative
effects. Aphids may have advantage by releasingdl ameunts of alarm pheromone in the
case of crowded colonies, thereby causing dispersidhe individuals and help preserving
the host plant. This effect would complete the adsewell-known effect of winged-morph
induction described by Kunert et al (2005). Howevar constant emission of alarm

pheromone increases the risk of the colony beiogtéa by a natural enemy.
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According to previous observations, nearly no e@s Vaid in absence of aphids on the leaf
disc system (Figure 13). The number of eggs l#)dr{creased significantly and linearly with
the size of the aphid colon)X) (F139 = 94.12; P < 0.00152 = 0.9996), according t¥ =
0.347%X + 0.1. Several studies suggested that the oviposiate of syrphid females was a
function of aphid densities (Chandler 1968; Ito &mdo 1977; Bargen et al. 1998; Scholz and
Poehling 2000; Sutherland et &001; Almohamad et al. 2006). Our regression a@maly
suggests an adaptive oviposition behaviour leatliegemerging larvae to locate immediately
sufficient food resources. According to Bargen let(2998), the number of eggs laid by
female hoverflies does not only depend on aphidntjiyaon the plant, but also on the
presence and quantity of oviposition-eliciting dabses emitted from the prey and the
infested plant. Previous observations have indeeds that predatory hoverflies oviposit in
response to volatile compounds emitted from aplaidd their liquid secretions such as
honeydew (Dixon 1959; Bombosch and Volk 1966; Budeg and Powell 1992; Shonouda
et al. 1998; Verheggen et al. 2008).

Along with the previous results of Verheggen et(aD08) on the role of syntheticE as
oviposition stimulant, these results demonstrate sktrong involvement of aphid alarm

pheromone in aphidophagous syrphid oviposition bieloa.
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Article 6
Impact of aphid colony size and associated inducgaant volatiles on
searching and oviposition behaviour of a predatonhoverfly

Raki Almohamad, Francois J. Verheggen, Frédérindisa Eric Haubruge
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Abstract — Volatile chemicals emitted by aphids or aphitbsted plants act as kairomonal
substances for several aphid natural enemies, rentherefore considered as indirect defense
for the infested plants. In the present study, firaging and oviposition behaviour of the
aphid specific predatoEpisyrphus balteatuBeGeer(Diptera: Syrphidae), was investigated
with respect to the aphid colony size, using a tks¢ bioassay. Female balteatusexhibited
pronounced searching and acceptance behaviouindetm egg laying, in response to large
Myzus persicaeSulzer (Homoptera: Aphididae) colony sizes. Bebaral impacts of
synthetic aphid alarm pheromone and geranyl acetimward E. balteatusfemale foraging
and oviposition behaviour were also demonstratethim work. These results highlight the
role of aphid semiochemicals in predatory hoveafiyaction and provided an opportunity to
elucidate some mechanisms of decision-making byalersyrphid predators during their

foraging and egg-laying behaviour.

Key words: Episyrphus balteatydoraging behavioun\. periscaeg (E)-B-farnesene, geranyl

acetone.
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Introduction

Volatile chemical signals released by herbivorestéd plants serve as olfactory cues for
parasitoids (Dwet al, 1998; De Moraest al, 1998; Van Looret al, 2000) and predators
(Evans & Dixon, 1986; Dicke, 1999; Ninkovet al, 2001). According to Chandler (1968a),
aphidophagous syrphid species have been dividedtiwmd groups: (1) phytozetic syrphid
species, such dglelanostoma mellinunfL) (Diptera: Syrphidae), that rely more on plant—
derived stimuli than on aphid stimuli, and (2) ajuzetic species, such d&isyrphus
balteatus that use aphid-derived chemicals to locate thesy and subsequent oviposition
sites. Several studies have demonstrated thatfigpbtend of odours produced by injured
plants or released by the pests are attractivertaio predators and parasitoids (Vet & Dicke,
1992 Dicke, 1994). It is likely that aphid-assoedtodours are interpreted by fem&e
balteatusas olfactory cues orientating them toward aphfdsted sites (Shonoudst al,
1998). Honeydew, for example, acts as an ovipasgionulant for syrphid females and as an
olfactory cue used in the location of aphid colsnijBudenberg & Powell, 1992; Bargeh
al., 1998; Sutherlandt al, 2001). (E)B-Farnesene (), the main component of the aphid
alarm pheromone was identified in 16 aphid speciesie or associated with other molecules
(Franciset al, 2005a). Previous behavioural studies have detrated the kairomonal role of
EBF in various aphid natural enemies, including lasbties, hoverflies and parasitic
hymenoptera (Dt al, 1998; Al Abassiet al, 2000; Francist al, 2004; Harmekt al,
2007; Verheggest al, 2007, 2008). (Ep-Farnesene, associated with other natural molecules
such asu-pinene,p-pinene and limonene, has also been used effigiastireliable olfactory
cues by syrphid larvae in prey location (Fraratial, 2005b).

Because of its high reproductive rate, voracity alegree of adaptatiork. balteatusis
considered as an efficient aphid natural enemy rf@ieas, 1988). Moreover, its high
mobility, enabling it to lay eggs over large aré8shneider, 1984; Chambers, 1988, 1991),
and to locate aphid colonies earlier in the sedisan other aphidophagous predators (Hagen
& Van den Bosch, 1968; Horn, 1981; Dixon, 2000)yewous studies have demonstrated that
the oviposition rate of hoverflfe. balteatusfemales was a function of aphid densities
(Chandler, 1968 b; 1t6 & lwao, 1977; Geusen-Pfisi€f87; Bargeret al, 1998; Scholz &
Poehling, 2000; Sutherlanet al., 2001; Almohamacet al, 2006). However, behavioural
responses of predatory hoverflies to odour cuegaad from aphid colony size have received
little attention (Laubertiet al, 2006; Almohamaet al, 2008a; Verheggeet al, 2008).
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In the previous study of Almohamaet al. (2008b), there was a significant quadratic
relationship between the amount of releas@ Bnd M. persicaecolony sizes. Geranyl
acetone was also identified and its amount sligbdgreased with increasing aphid colony
size. The present study aims to assess the foragidgviposition behaviour &. balteatus
females with respect to different densitiesvbf persicaecolonies. The behavioural impacts
of the substances volatiles ((farnesene and geranyl acetone) were also evalt@aiedd

females of predatory hoverfly.

Materials and Methods

Plants and insects Broad bean plantd/{cia fabal.) were grown in 30 x 20 x 5 cm plastic
trays filled with a mix of perlite and vermiculitél/l) and maintained in controlled
environment growth rooms (16:8 Light: Dark ; 20 ¥C). Two aphid species, nameM.
persicaeand Megoura viciaeBuckton were taken from stock rearing dnfabg in separate
air-conditioned rooms under the same conditionsbave. AdultE. balteatusvere reared in
75 x 60 x 90 cm cages and were provided with bdleated pollen, sugar and water. Broad
beans infested witM. viciaewere introduced into the cages for 3 h every tagsdo allow
oviposition. Hoverfly larvae were mass-reared irate plastic boxes (110 x 140 x 40 mm)

and were fed dailgd libitumwith M. viciaeas standard diet.

Leaf disc system The leaf disc-system consisted of (1) a circulaceiofV. fabaleaf, (2)
aphids and (3) 7 ml of an agar diet (agar 1% smhuv:w), placed in a 25 mm diameter Petri
dish, to reduce desiccation. Leaves were infesi#id different quantities oM. persicaeand
were kept for 24h in a controlled conditions incaing16:8 Light: Dark; 20 + 1°C) before
testing. The leaf disc system was placed on a §lkss holder at a height of 20 cm before
being exposed to a hoverfly predator. This setup pvaviously shown as an efficient method
to evaluate the oviposition behaviour of the hdyei. balteatusin response to aphid-
infested plants (Almohamaat al., 2006).

Influence of aphid colony size on syrphid behaviourin no-choice experiments, a single

balteatusfemale was placed in a net cage (30x30x60 cmyesgmce of the leaf disc system
previously described and supporting/la persicaecolony made of 25, 75 or 125 individuals.
A non-infested leaf was used as a control. Theiagmg behaviour was recorded for 10
minutes using the Observer® (Noldus Information hretogy, version 5.0, Wageningen,
The Netherland). The four behavioural events thatenwobserved argrouped as described

below:
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1. Immobility: when the hoverfly stayed on the nage without moving;

2. Searching: when the syrphid flew in the cageumadothe infested plant, either in an

extensive or intensive way;

3. Acceptation: when the hoverfly landed on theanplatayed immobile or walked on it, made

proboscis extension on the plant surface;
4. Oviposition: when the syrphid had abdomen-bemdimd laid eggs.

Behavioural observations were conducted in ana@iditioned room at 21 + 1°C. Hoverfly
females were approximately 20-30 days old and nposition had occurred for 24h prior the
experiment. This experiment was repeated 10 timegdch treatment, including the control

and three aphid densities.

Impact of [E)-p-farnesene and geranyl acetone on syrphid behavieuwe assessed (i
and geranyl acetone infochemical role towBtdbalteatusemale behaviouby placing100

pl of a 400 ng/pl solution of B~ or geranyl acetone (diluted in paraffin oil) inr#bber
septum placed itself on a leaf disc system witlalitids, on the top of a Plexiglass holder. A
treatment control was also run in parallel and =ted of leaf with only a rubber septum with
only paraffin oil. A single hoverfly female was liatluced in the cage and its behaviour was
observed for 10 min. Ten replicates were perforfoe@ach treatment.

Statistical analysis

Behavioural sequences in response to differentdapblony sizes were compared using
Tukey’s test, and Dunnett's test was also perfornreedompare behavioural responses to
tested chemical compounds. All analysis were peréar using Minitab® software (14.2
version, Minitab Inc, State College, PA, USA).

Results

Influence of aphid colony size on syrphid behaviowr The mean frequencies and mean
durations observed for eaéh balteatusbehavioural event are presented in (Figure 144, B
Higher aphid densities lead to an increase of s@ayqFs 30 = 3.94; P = 0.019), acceptance
(Fs.39 = 20.95; P < 0.001) and oviposition behaviourgz{= 24.95; P < 0.001) in terms of
frequencies (Figure 14-A). In additiof. balteatusfemales did not exhibit abdominal

protractions or egg-laying behaviour in absencapbiids.
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Figure 14. Mean frequencies and durations (+ SE) dfehavioural observations ofE. balteatusfemales in
response to increasing aphidv. persicaecolony size on leaf disc in no-choice experimerifferent letters
above bars indicate significant differences betweeneatments (ANOVA, Tukey’s test, P < 0.05).
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While the hoverfly predator increases its mobilitypresence of large aphid colonies, the
duration allowed for searching was not affectegs{= 1.96; P = 0.193). Time tacken for
acceptance and oviposition behaviours were howmaeased with larger aphid colonies
(F339=16.98; P < 0.001 and by = 30.03; P < 0.001, respectively).

Influence of (E)#-farnesene and geranyl acetone on syrphid behavieu€Compared to the
control, BBF induced higher frequencies Bf balteatusfemale searching 4 = 3.49; P =
0.003) and acceptance behavioyssft 3.44; P = 0.004), while the behavioural respsnsé

E. balteatusemale was not affected by the presence of ger@rstione in term searchingy(t

= -1.26; P = 0.358) and acceptance behaviogt & -0.25; P = 0.957) (Figure 15-A).
Hoverfly female also exhibited abdominal protractend egg-laying behaviour in response
to EBF, while this behaviour was not observed in presarigeranyl acetone.

In presence of i, female<E. balteatusspent more time searching (t = 2.98; P = 0.018) an
accepting the host plant (t = 2.73; P = 0.021). fiime spent for searching,{t{= - 0.53;P =
0.821) and accepting the host plagts(t - 0.08; P = 0.995) did not significantly charige
presence of geranyl acetone when compared to thé&oto(Figure 15-B).Episyrphus
balteatuswas more mobile in response to the odourfif & = - 4.55; P < 0.001). As a result,
(E)-p-farnesene demonstrated its effective kairomoni@ om E. balteatusfemale foraging

behaviour and acted as an oviposition stimulant.

Discussion and conclusions

Our experiments demonstrated that the foraging amgosition behaviour of individuakE.
balteatusfemales was dependent of prey colony size. Inipusvexperiments of Sutherland
et al. (2001), hoverfly females failed to exhibit enhatidoehavioural responses, in terms of
approaches and landings, to artificial leaves whth highest numbers of aphids. Our results
show thatE. balteatudemales exhibited pronounced searching, accepfgareding, walking,
and proboscis extension) and abdominal protrackeauing to egg-laying behaviour in
response to increasing aphid colony size. Thedereifces of behavioural responses may be
due to the dispersion way of individual aphids be leaf disc. In our experiments, females
are allowed to forage in an optimal way as theyld@d@aecess all oviposition cues, including
visual, olfactory and gustatory stimuli (i.e. aphidnd leaf-produced volatiles), in opposition
to the study of Sutherlaret al (2001), where females were unable to see thengaddter

landing because individual aphids were containedipacages with a bean leaf.
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Figure 15. Mean frequencies and durations (+ SE) dfehavioural observations ofE. balteatusfemale in
response to three sources of odour: (1) (E)p- farnesene, (2) geranyl acetone and (3) parafin lsent (as
control), when presented in a rubber septum placedself on a leaf disc system without aphids. *, **¥**
indicate significant differences among the treatmets when compared with control (paraffin solvent)
(ANOVA, Dunnett’s test at P < 0.05, P < 0.01 and R 0.001 respectively).
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These positive behavioural responsesEof balteatusfemales (Ovipositional tactics) to
increasing aphid colony sizes, suggesting an adapiviposition behaviour leading the
emerging larvae to locate immediately sufficienbdoresources and may be operating at
higher colony sizes. Conversely, previous field esfaations showed that syrphid females
preferentially oviposit in young (apterous) aphadonies and that they avoid heavily infested
plants (Kan & Sasakawa, 1986; Kan, 1988a,b; KaB891L9t is possible that females avoid
crowded aphid colonies, since they are subjectedthdreased migration of the prey and
therefore may not support the full developmentenfesal syrphid larvae. We think therefore
that female€. balteatuscould select quantitatively and qualitatively th@viposition site in a
way that assures and optimises the developmemaditaans of their offspring.

According to Bargeemet al (1998), the number of eggs laid by female hoiesftiepends also
on the presence and quantity of oviposition-ehigtsubstances emitted from the prey and the
infested plant. Previous laboratory experimentsehdemonstrated that aphid colony size
influence the quantity of volatile compounds enditteom aphids such aspE (Almohamad

et al, 2008b), and their liquid secretions such as \wew (Budenberg & Powel, 1992;
Sutherlandet al, 2001). In our experiment§. balteatusfemales responded positively to
aphid volatiles, i.e. | emission fromM. persicae Indeed, our behavioural observations
demonstrated that fE has an attractive effect dB. balteatusfemales and acts as an
oviposition stimulant. Previous experiments havewsd that honeydew acts as a contact
kairomone and oviposition stimulant fdroverfly females(Budenberg & Powel, 1992;
Sutherlandet al, 2001). Sutherlancet al (2001) also reported that syrphid females
demonstrated more gustatory and oviposition regmts honeydew-treated area. These may
explain our finding thatE. balteatusfemales exhibited more proboscis and ovipositor
extensions in response to increasing aphid colae; 8Vith aphid alarm pheromonef{B),

honeydew might also provide hoverfly females witformation about aphid colony size.

E. balteatudemales did not respond positively to the presexiggeranyl acetone and no egg-
laying behaviour was observed in response to tlukecnle, neither on healthy. fabaleaf.
This is consistent with the behavioural experimeoft$ranciset al (2005b) using syrphid
larvae. These authors showed that crushed aphmsisciagked withV. faba plants were
attractive toE. balteatuslarvae but the chemical cues from healthyfabaplants did not
carry any infochemical role for syrphid larvae. e other hand, although geranyl acetone
did not exhibit an attractive effect towarls balteatugemales but this molecule may have a
repellent effect with other insects. Hern & Do20Q2) indicated that geranyl acetone acts as
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an inhibitor toward herbivorous insects. Indeedatries substances released from healthy
apple fruits (i.e. geranyl acetone) exhibited selegmt effect towards adult females ©ydia
pomonellaL. (Lepidoptera: Tortricidae).

The implications of this research are that the potidn of E)-S-farnesene in response to
increasing aphid colony size (Almohameidal, 2008b) and its effective kairomonal role in
hoverflies attraction can potentially be used tdate the numbers of aphidophagous
syrphid in field situations. So, syrphids may beamaged to remain in area with presence of
EBF (such as from using controlled release septuntagung B3F) and lay more eggs even
when aphids numbers are low. This can have a signif effect even when there are low
aphid densities.

In conclusion,E. balteatusfemales demonstrated a positive density-depenasmionse to
aphid colony size in terms of foraging and ovigositbehaviour. Our results also provided an
opportunity to understand the mechanisms of thporese to aphid colony of different sizes.
Therefore, we may be better to utilise aphidophageyrphids within an integrated pest

management strategy.
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In the previous chapters, we demonstrated thataieldtus females are able to select theif
oviposition site using different means of recogmysaphid-host plant, aphid species, and
aphid colony size. Other oviposition cues includthg presence of intra-or interspecific
competitors could be taken into account by hovef#ynales during their egg-laying
behaviour. The effects of such interactions may lead to ailsgtabon of prey—predator

populations or adversely affect foraging and ovipos performance of individual predators.
These interactions probably influence the choicemdenby aphidophagous hoverflies.

Previous studies have demonstrated that oviposiigraviour of aphidophagous predators is

often modified by the presence of conspecific terbspecific encounters sharing the same
guild. Typically, this oviposition avoidance resgershown by females may be considered as
adaptive, a behavioural strategy enabling them fuimise their oviposition sites and

maximise their fitness.

In this chapter, we decided to focus our researohtle effects of intra-or interspecific
interactions on the foraging and oviposition beloavi of E. balteatud females, and also to
indentify the role of semiochemicals mediating ¢heseractions. The behavioural reactions
of aphidophagous hoverfly E. balteatus to the preseof conspecific larvae and their tracks
in aphid patches were first investigated. Volatitemical compounds realeased from syrphid
larval tracks were identified and their behaviourmhpacts were also evaluated toward
hoverfly females. In the second experiment, treetsfiof tracks left by ladybirds, (Harmonia
axyridis Pallas) larvae on E. balteatus ovipositioesponse were tested and vice-versq.
Finally, the foraging and oviposition behaviour of E. balteawvas investigated in relation to

the presence of aphid parasitoid (Aphidius erviibiay) larvae parasiting the aphid colony.
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Article 7
Assessment of oviposition site quality by aphidoplgous hoverflies: reaction
to conspecififc larvae

Raki Almohamad| Francois J. Verhegg&rFrédéric Francfs Georges Lognady Eric
Haubrugeé

!Department of functional and evolutionary EntomgiG@epartment of Analytical
Chemistry, Gembloux Agro-Bio Tech, University @fge, Passage des Déportés 2, B-5030
Gembloux (Belgium)

Abstract — Aphidophagous predators adapt their foraging behavio the presence of conspecific
and heterospecific larvae. We studied the effe¢hefpresence of conspecific larvae and their rack
on the oviposition site selection of an aphid-spegredator Episyrphus balteatuBeGeer (Diptera:
Syrphidae), in two-choice experiments using a ldsic bioassay. Gas chromatography - mass
spectrometry analysis was used to identify thetilelahemicals released from odour extractEof
balteatuslarval tracks. The behavioural effects of thesktie substances on hoverfly females were
also evaluated. Our experiments demonstrated Ehatalteatusfemales were deterred from
ovipositing when presented withvécia fabaleaf with aphids and conspecific larvae. The osipon-
deterring stimulus was also active when femaleeweesented with a leaf that contained conspecific
larval tracks. A mixture of chemical compounds vi@sd in the volatile pattern of odour extracts of
larval tracks. The main volatile chemicals were &@mlbutanoic acid, 2-methylbutanoic acid, 2-
methylpropanoic acid, 3-hydroxy-2-butanone, hexanaicid and phenol. Females also laid
significantly fewer eggs in response to odorantatitels emitted from larval extracts. These results
highlight that predatory hoverfly females avoid pmsiting in aphid colonies in which conspecific
larvae or their tracks are already present, sugmes$ihat this behaviour constitutes a strategy that

enables females to optimise their oviposition aitd reduce competition suffered by their offspring.

Key Words: aphid, conspecific larv&pisyrphus balteatyshoverfly, larval trackMyzus persicae

oviposition-deterring substance, oviposition sékestion, syrphid behaviouvjicia faba

Reference— Almohamad R., Verheggen FBrancis F.Lognay G & Haubruge E. 2010. Assesement
of oviposition site quality by aphidophagous holiest reaction to conspecific larvaénimal
Behaviour 79: 589-594.
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Introduction

Female insects, foraging for suitable ovipositigtess often face many stimuli from their
environment that ultimately influence their offspyis performance (Schoonhoven et al.
1998). Prior occupation by a conspecific individiras been found to influence females’
oviposition decision in various insect speciesd®r970; van Lenteren 1980; Hemptinne et
al. 1993; Janssen et al. 1995; Nufio & Papaja 20Dypically, females avoid laying eggs on
hosts that are already being exploited, which ¢tutes a behavioural strategy to improve the
survival, growth and reproductive potential of theffspring (Kindlmann & Dixon 1993;
Peckarsky et al. 2000; AlImohamad et al. 2008), tanckduce competition suffered by their
offspring (Doumbia et al. 1998). It has been alemndnstrated that the stimuli permitting
females to distinguish between the occupied andcauped hosts are chemical cues
(Dempster 1992; Mudd et al. 1997; Seeley 1998; tLialke 2001), which derive from
conspecific eggs (Anbutsu & Togashi 1996, 1997;,08c& Poehling 2000), larvae (Williams
et al. 1986; Anbutsu & Togashi 1996; Ruzicka 199dumbia et al. 1998; Ruzicka 2001;
Fréchette et al. 2003) or larval tracks (Dittrickak 1983; Anderson et al. 1993; Yasuda et al.
2000; Michaud & Jyoti 2007).

Aphidophagous hoverflies are well-known aphid rat@nemies that can have a significant
impact on the suppression of aphid populations (@ieas 1988). However, the stimuli that
allow hoverfly females to evaluate a suitable osipon site are still unclear. Field and
laboratory observations indicate that syrphid eggs laid close to aphid colonies (Dixon
1959; Chandler 1968a, b; Evans & Dixon 1986; Hemi et al. 1993). These studies
showed convincingly that there is an optimal numidfenoverfly eggs that should be laid in
an aphid colony to maximise the number of survivarfiigpring, and argued that this number
is typically much less than the number requiredptovide adequate control of aphids.
Furthermore, syrphid eggs are targets for both ibafiam and intraguild predation
(Branquart et al. 1997; Hindayana et al. 2001, Ireée et al. 2007). Therefore, adult females
must select oviposition sites that not only provildeir offspring with sufficient resources to
complete development, but also minimise their eup®$o predictable sources of mortality.

Based on our previous studies (Almohamad et al62@007, 2008; Harmel et al. 2007;
Verheggen et al. 2008), we wanted to determinectles and behavioural mechanisms that
enable E. balteatusfemales to locate and select a suitable ovipasisde, taking into

consideration that the ‘quality’ of an ovipositisite may depend not only on the presence of
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aphids and their numbers, but also on the presehicger- or intraspecific competitors. The
oviposition avoidance of occupied hosts by parasiternales and phytophagous insects has
been studied intensively (Price 1970; Rothschilé&oonhoven 1977; van Lenteren 1981;
Janssen et al. 1995; Nakashima & Senoo 2003; K&nhtarris 2002; Li & Zhang 2006;
Nakashima et al. 2006). It has been recently des@ml that the oviposition behaviour of
aphidophagous predators is often modified by tlesgmce of conspecific and heterospecific
larvae. Subsequently, reports appeared on the sitiimo repellence of larvae or their tracks
in various aphidophagous insects, initially in grdacewings (chrysopids: tRicka 1994,
1996), then in coccinellids (Hemptinne & Dixon 19%izicka 1997; Doumbia et al. 1998;
Yasuda et al. 2000; Agarwala et al. 2003; MichaudJybti 2007) and inAphidoletes
aphidimyza(Rondani) (Diptera: CecidomyiidaeiRcka & Havelka 1998). Nevertheless, the
oviposition response of syrphid females to the gmes of conspecific and heterospecific
competitors has received little attention. We airteethvestigate the behavioural reaction of
the aphidophagous hoverfly. balteatugo the presence of conspecific larvae and thaaks

in aphid patches.

Methods

Plants and insects

Broad bean plant/icia fabal., were grown in plastic trays (30 x 20 cm andrb high)
filled with a mix of perlite and vermiculite (1:Bnd maintained in controlled-environment
growth rooms (16:8 h light:dark; 20 £ 1 °C). Twohap species, nameliflyzus persicae
Sulzer andMegoura viciaeBuckton, were reared ow. fabain separated air-conditioned
rooms under the same conditions as above. Afluttalteatuswvere reared in cages (75 x 60
cm and 90 cm high) and were provided with bee-ctdle pollen, sugar and water. Broad
beans infested witM. viciae were introduced into the cages for 3 h every 2sdayallow
oviposition. Hoverfly larvae were mass reared irate plastic boxes (110 x 140 mm and 40

mm high) and were fed daily ad libitum with viciaeas standard diet.
Experiment 1: Effect of conspecific larvae on ovigition

We assessed the oviposition responsg.dbalteatusfemales to the presence of conspecific
larvae. To do so, we placed a circular piec¥ diabaleaf, 2.5 cm in diameter, on a petri dish
containing an agar solution to reduce desicca#ionexcess of aphids (125 individuals) were
then placed on the leaf along with ti0 balteatusthird-instar larvae. A control treatment
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was also run in parallel and consisted of a les¢ difested with the same numbers of aphids
without larvae. In two-choice experiments, bothripdishes containing their aphid-infested
leaves (one with larvae and the other without leyvevere positioned on two Plexiglas
holders, of 20 cm height, and separated by 15 cenriet cage (30 x30 cm and 60 cm high).
This set-up was previously described and shownet@m efficient method to evaluate the
oviposition behaviour oE. balteatusn response to aphid-infested plants (Almohamaal.et
2006). A single female was then introduced intodage and allowed to lay eggs for 3 h. The
eggs laid on each leaf disc were then counted. fitnpats were conducted in an air-
conditioned room at 21 + 1 °Episyrphus balteatusemales were approximately 20 - 30
days old and no oviposition had been induced fan pdior to the experiments. Ten replicates

were performed for this experiment.
Experiment 2: Effect of conspecific larval tracksn oviposition

In this experiment, two third-instar larvae 6f balteatusvere supplied with an excess Mf
persicaeaphids (125 individuals) on a circular piece\affabaleaf, 2.5 cm in diameter,
placed on agar in a petri dish. Aphid-infested ld&sics were then covered with Parafilm
(Pechiney Plastic Packaging, Chicago, IL, U.S.Ag &ept in the controlled incubator (16:8
h light:dark; 20 £ 1 °C) for 24 h. After 24 h, thegvae and all aphid material were carefully
removed. The leaf discs (either containing larvatks or not) were then infested with a new
excess of aphids. In similar two-choice experimestsiescribed above, a single female was
introduced into the net cage (30 x 30 cm and 6Chah) in the presence of the two aphid-
infested leaf discs (one with larval tracks and thieer without larval tracks as control)
presented on similar 20 cm-high holders and thixwald to lay eggs for 3 h. The eggs laid
on each leaf disc were then counted. Experimentg wenducted in similar conditions as

described above. This experiment was replicatetihi€s for each treatment.
Experiment 3: Effect of conspecific larval tracksn foraging

Aphid-infested leaf discs with larval traclkgere prepared as described for experiment 2. In
no-choice experiments, singleE. balteatudemale was placed in a net cage with each aphid-
infested leaf disc treatment (one with larval t@nd the other without larval tracks as a
control). We recorded their foraging and ovipositioehaviourfor 10 min using Observer
version 5.0 (Noldus Information Technology, Wagegein, The Netherland). Descriptions of
the four behavioural events that were observed \geyaped as follows: (1) immobility: the
hoverfly female was immobilised on the cage withmdving; (2) searching: the hoverfly
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female hovered in the cage close to the infestadtp(3) acceptance: the hoverfly female
landed on the plant, stayed immobile or walkedtpmith proboscis extension on the plant

surface; (4) oviposition: the hoverfly female shoveddomen bending and laid eggs.

The behavioural observations werenducted in an air-conditioned room at 20 + 1 °C.
TestedE. balteatusfemales wereapproximately 20 - 30 days old and no induction of
oviposition had been realized for 24 h ptioithe experiment. This experiment was replicated
10 times for each treatment.

Experiment 4: volatile chemicals released by larvedcks
Volatile collection system

We collected volatile chemicals using a push/puolatile collection system consisting of a
glass air-collection chamber (Schott, 10 cm basendter, 12 cm high) placed in an air-
conditioned room at 21 + 1 °C, and previously wassiwéh hot water and hexane. Ten third-
instar larvae oE. balteatusvere placed in a closed glass petri dish 5 cmiamdter without
aphids, and kept inside an incubator (16:8 h lggrk; 21 + 1 °C) for 24 h. After 24 h, the
larvae were carefully removed from the glass pities. Three petri dishes containing odour
extracts of larval tracks were then placed in tlesg air-collection chamber. Incoming air
was pulled through an in-line activated charca#ifibefore entering the glass chamber at a
flow of 200 ml/min. The volatile-enriched air waset pulled through an adsorption trap
containing 40 mg SuperQ (Alltech, Deerfield, IL3JA.). Volatiles were collected during 3 h
and the filters were eluted with 150 pl of diethlgky. The extracted samples were directly

stored in a freezer at — 80 °C before analysisr Feplicates were conducted.
Analysis of odour samples

Odour extracts of larval tracks were analysed &y ghromatography - mass spectrometry
(GC - MS) for identification. The gas chromatogrgimermo Electron Corporation, Trace
GC Ultra, Interscience, Louvain-la-Neuve, Belgiuwvgs equipped with a polar column (CP-
WAX 58 (FFAP)-CB, 25 m x 0.32 mm inner diameter.2 um film thickness; Macherey —
Nagel, Duren, Germany). Helium was used as theéecayas at a pressure of 50 kPa (gas flow
1.5 ml/min). The oven temperature was programmenh fd0 °C to 230 °C at a rate of 10
°C/min then to 280 °C at 30 °C/min. The mass spe(finnigan Traces MS, Interscience,
Louvain-la-Neuve, Belgium) were operated in thentflde (scanned mass range from 40 to
300 amu at 0.05 s/decade). Aliquots of 1 pl wepected with a splitless injector held at 280
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°C. lIdentifications were made by comparison of mgt, times with those of known
standards and confirmed by mass spectrometry 0ifg MS Search 2.0 (National Institute

of Standards and Technology, Gaithersburg, MD, Al)Snass spectra database.
Experiment 5: Effect of odour extracts on ovipositi

In a similar way to that outlined in experimentwie studied the oviposition behaviour of
female hoverflies exposed to the odour extracttanfal tracks. Aphid-infested leaf discs
were realised in a similar way to that describedvab Disks ofV. fabaleaves were infested
with 100 individuals ofM. persicae There were three treatments: (1) a glass pesh di
containing an aphid-infested piece of leaf (treathe®ntrol), (2) a glass petri dish containing
an aphid-infested piece of leaf with extracts oVdtracks, (3) a glass petri dish containing
extracts of larval tracks without an aphid-infestedf disc. In no-choice experiments, a
single female was introduced into a net cage (30 km and 60 cm high) in the presence of
a Plexiglas holder supporting a glass petri dish laeight of 20 cm, and allowed to lay eggs
for 3 h. The eggs laid were then counted. Ten cafgs were performed for each treatment.

The experiment was conducted in similar conditiasmslescribed above.
Experiment 6: Effect of amount of track extract coviposition

Odour extracts oE. balteatuslarval tracks were similarly prepared to that ddsc in
experiment 5 with 10 third-instar larvae Bf balteatusleft in the petri dish for different
periods of time: 30 min, 3 h, 12 h and 24 h. Inieinmo-choice experiments, a single female
was exposed to the odour extracts and allowedytedas for 3 h. The eggs laid were then
counted. Ten replicates were performed for eacloghe@f time including the control (free of

larval tracks).

Statistical analysis

We performed a Studenttstest to compare the mean number of eggs lai&.byalteatus
femalesin response to the presence of conspecific lamdetlzeir tracks. Mean behavioural
observations ofE. balteatusrelated to the presence of conspecific larval ksawere
compared using one-way analysis of variance (ANQM2Qnnett's post hoc testas also
used to compare the oviposition response$.obalteatusfemales to odour extracts of
conspecific larval tracks. We conducted all stmi#dt tests using Minitab release 15.2
(Minitab Inc., State College, PA, U.S.A)).
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Results

Experiment 1: Effect of conspecific larvae on ovigition

Gravid females were deterred from ovipositing ia fltesence of an aphid-infested leaf disc
that contained conspecific larvae in terms of titalthnumber of eggs laid (oviposition rates)
compared to the control (pairétest:t = 4.17,P = 0.002; Figure 16).

Experiment 2: Effect of larval track®n oviposition

Similar oviposition avoidance behaviour was alsgesbed in response to the presence of
conspecific larval tracks. Females oviposited sigamtly less on aphid-infested leaf discs
containing conspecific larval tracks than on thetod (pairedt test:t = 4.47,P = 0.002;
Figure 16).
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Figure 16. Mean + SE number of eggs laid bf. balteatusfemales in response to conspecific larvae and
their tracks in two choice experiments. Asterisksndicate a significant difference between treatments
(Pairedt test: P < 0.05).
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Experiment 3: Effect of larval track®n foraging

The foraging behaviour of females was also infl@ehby the presence of conspecific larval
tracks on aphid-infested leaf discs, showing thairtoviposition behaviour was less frequent
(Table 6). Moreover, females spent less time ovipgson aphid-infested leaves containing
conspecific larval tracks compared to controls {aay ANOVA: F ;19=12.35,P = 0.002).
The time spent immobile also increased signifigantli response to the presence of
conspecific larval tracks (one-way ANOVA:; 19=5.24,P = 0.034).

Table 6. Mean frequencies and durations + SE of balvioural observations of E. balteatusfemale in
response to conspecific larval tracks relative taiose mean in control in no-choice experiments.

Treatments Statistical test
Behavioral Aphids/leaf disc with  Aphids/leaf disc F df P
observations larval tracks (Control)

Mean observed frequencies + SE

Immobility/cage 2.30 +£0.52 4.00 £1.23 2.97 1,19.102
Searching 12.20 + 2.00 11.30 + 2.26 0.09 1,19 0.769
Acceptance 14.60 + 3.19 24.60 £ 2.76 4.16 1,19 .05
Oviposition 7.00 +2.13 14.40 +1.95 6.55 1,19 0.62

Mean observed duration (sec) = SE

Immobility/cage 225.91 £ 61.59 77.56 + 20.23 5.24 /191 0.034*
Searching 138.49 + 19.60 123.48 + 31.25 0.17 1,1%89D
Acceptance 195.00 +49.15 284.20 + 38.14 2.06 1,09169
Oviposition 40.61 £15.41 114.78 +14.42 12.35 1,10.002 **

Asterisks indicate a significant difference betwé®atments and control; one-way ANOVA:
*P < 0.05; *P < 0.01.

Experiment 4: Volatile chemical released by lariahcks

The GC - MS analysis demonstrated the presence ofilompounds in the larval tracks
(Table 7). The major compounds released were 3ytmettanoic acid, 2-methylbutanoic
acid, 2-methylpropanoic acid, 3-hydroxy-2-butanomexanoic acid and phenol. Other

chemical compounds, such as formic acid, butanoid, &,3-butanediol, pentanoic acid,
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benzene ethanol, octanoic acid, ethanol, 2-(2-lyettvoxy) and 2-ethylhexanoic acid, were
also identified (Table 7).

Table 7. Analysis GC-MS of volatile chemicals (inelative %) emission from the odour of larval tracksof
E. balteatus

Relative amounts (area % identified chemical odor>dracts of E. balteatuslarval tracks

Volatile chemicals Retention time Average (%) Mingps- MaXops
Formic acid 9.83 3.67 0.00 - 12.87
3-Hydroxy-2-buthanone 11.65 12.62 0.00 - 30.35
2-methyl-propanoic acid 16.52 13.37 7.71-18.92
2,3-Butandiol 16.63 1.56 0.85-2.02
Butanoic acid 17.52 3.10 2.60 - 3.70

3-methyl butanoic aci
Co-elution 18.14 46.50 29.21-62.01

2-methyl butanoic aci

Pentanoic acid 19.19 1.40 0.00 - 3.00
Ethanol, 2-(2-butoxyethoxy) 20.04 0.96 0.13-2.25
Hexanoic acid 20.74 8.62 2.87 - 15.79
Benzene ethanol 22.13 1.08 0.00 - 3.20
2-Ethyle-hexanoic acid 22.46 0.72 0.00-1.49
Phenol 24.10 6.14 3.77 -8.32
Octanoic acid 25.14 0.28 0.00 -1.12
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Experiment 5: Effect of odour extracts on ovipositi

Volatile chemicals emitted from the larval trackgn#ficantly deterred oviposition (Figure
17). Fewer eggs were laioh aphid-infested leaf discs in the presence ofalatracks
(Dunnett's test: t = -4.84, P < 0.001). No egg whserved on glass Petri dishes containing
larval tracks without aphids (Dunnett’s test: 18573, P < 0.001).
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Figure 17. Mean + SE number of eggs laid by femalds. balteatusin response to odour of conspecific
larval tracks relative to mean number laid in control in no- choice experiment. Asterisks indicate a
significant difference from the control (Dunnett'stest: P < 0.001).

Experiment 6: Effect of the amount of track extracin oviposition

The oviposition-deterrent effect of larval trackesvgreater when large amounts of tracks
were present (Figure 18). Females laid fewer eggbe presence of tracks left after 12 h
(Dunnett's testt = -3.66,P = 0.003) and 24 h (Dunnett’s test= -3.87,P = 0.002), but no
significant difference was observed in responskieal tracks left after 30 min (Dunnett’s
test:t = -1.55,P = 0.354) and 3 h (Dunnett’s test= -2.27,P = 0.094) compared to the

control.
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Figure 18. Mean + SE number of eggs laid by femalds. balteatusin response to oviposition-deterrent
substances deposition by conspecific larval trackduring different periods (30min, 3h, 12h and 24h),
relative to mean number laid in control in no- choce experiment. Asterisks indicate a significant
difference from the control (Dunnett’s test: P < 005).

Discussion

Episyrphus balteatuemales are able to select their oviposition Biteneans of recognizing

host plant characteristics, aphid species and tlesepce of heterospecific individuals
(Chandler 1968b; Sadeghi & Gilbert 2000a, b; Almohkd et al. 2007, 2008a; Verheggen et
al. 2008). In this study we have also shown they able to identify the presence of

conspecific competitors (i.e. larvae or their tig)ck

Our experiments demonstrated tBatbalteatusfemales were reluctant to oviposit on aphid-
infested leaf discs that were contaminated withspeaific larvae and their tracks. Our
findings are supported by previous field observetiavhere females of the two syrphid
speciesEpistrophe nitidicollisMeig andE. balteatuslaid fewer eggs on plants that were
already predated by conspecific larvae (VOlkl 198&Emptinne et al. 1993). It is well

established that females of insect predators diyefelect their oviposition site to maximize

their fitness (e.g. Almohamad et al. 2007, 20088)92. The assessment of patch quality is
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critical because it determines the survival andwjnaate of offspring. A female’s oviposition
decision would be to avoid ovipositing where contpet threaten the survival of its
offspring. For example, cannibalism of eggs anstdinstar larvae appears to be an important
intraspecific regulation factor in aphid predatarfprmance under rearing or application
conditions, and it has been well documented inouariaphidophagous species such as
ladybirds (Hironori & Katsuhiro 1997; Schellhorn&ndow 1999) and hoverflies (Branquart
et al. 1997; Belliure & Michaud 2001). Doumbia ¢t @€998) and Yasuda et al. (2000)
showed that two ladybird specie8dalia bipunctata and Harmonia axyridis,tended to
oviposit less in aphid colonies in which conspediirvae or their tracks were present, which
is likely to reduce egg cannibalism. One explamafar the oviposition avoidance shown by
hoverfly females in response to conspecific laraaé their tracks may be that it is induced by
semiochemicals emitted by conspecific competiteos.example, previous observations have
shown that parasitoids are sensitive to volatilgealing the previous or actual presence of
conspecifics or enemies (Janssen et al. 1995; Qatreet al. 2001; Nakashima & Senoo
2003; Nakashima et al. 2006). Hemptinne & DixonO@Qextracted the larval tracks Af
bipunctataand found a mixture of alkanes that have multggeniochemical functions in
coccinellids including mate recognition, defenced aaviposition deterrence. Indeed,
Laubertie et al. (2006) later demonstrated tAatbipunctatafemales were deterred from
ovipositing in response to conspecific larval serhamicals. Strobel et al. (2008) also
indicated that 3-methylbutanoic acid, 2-methylboianacid and 2-methylpropanoic acid,
volatile compounds released Bydium sp. (an endophytic fungus), had an inhibitory dffec
towards many plant pathogenic fungi such Raghium ultimum In our experiment, the
volatile compounds present in the tracks leftthybalteatuslarvae did act as an inhibitor
towards ovipositing syrphid females. Volatile cheahiemissions from larval tracks &.
balteatusrepresent a mixture of acids, alcohols and aldetiydlmohamad et al. (2008b)
showed that these molecules were not found in thatile pattern of odour extracts of broad
bean leaf damage (aphid-free leaf disc system} dtmfirms that these semiochemicals were
only induced by hoverfly larval tracks. As a restiie detection of these semiochemicals
induced by predatory hoverfly larvae could optimimeverfly females’ searching efforts by
reducing the time needed to assess aphid patchtyg@eld consequently increase the
probability of detecting a suitable ovipositioresit

It has been also reported that predatory femalessasfrom an aphid prey patch, both the

concentration of the oviposition-deterring subsésnand the stimulatory cues associated with
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aphids, and rely on the concentration of theseutito assess the risk of their eggs being
eaten. This behaviour was clearly shown by ladyf@rdales (Doumbia et al. 1998{iRcka
2001, 2006) and chrysopid femalesufikka 1994, 2001). In the present study, similar
behavioural responses were shownEhybalteatusfemales which reduced their oviposition
rates significantly in response to different amsuit oviposition-deterring substances left by
conspecific larvae in aphid patches.

The oviposition avoidance of females is often aqeanied by changes in their behaviour.
They become more agitated and spend a greater impof their time walking rapidly,

which leads to their departure from the patch @1i870; Hemptinne et al. 1992; Doumbia et
al. 1998; Yasuda et al. 2000). These studies stgporfinding thatE. balteatusfemales

showed less frequent egg-laying behaviour and sggntficantly less time in aphid patches
contaminated with conspecific larval tracks. Thadgtern of behaviour could result in a wider
distribution of the adults between aphid patchesraay serve to reduce risks of competition

among their offspring.

In conclusion, this study has highlighted that ptedy hoverfly females avoid aphid colonies
in which conspecific larvae or their tracks wergeatly present. This oviposition avoidance
response shown by females may be considered adivegjap behavioural mechanism

enabling them to optimize their oviposition sitesl anaximize their fitness.
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Article 8
Intraguild interactions between the predatory hovefly Episyrphus balteatus
DeGeer (Diptera: Syrphidae) and the Asian ladybird Harmonia axyridis
Pallas (Coleoptera: Coccinellidae): effect of larviaracks

Raki Almohamad, Francois J. Verheggen, FrédérindisaEric Haubruge

Department of Functional and Evolutionary EntomgioGembloux Agro-Bio Tech, Liége
University, Passage des Déportés 2, B-5030 Gemi§Beibgium)

Abstract — The effects of the larval tracks dEpisyrphus balteatuDeGeer (Diptera:
Syrphidae) andHarmonia axyridis Pallas (Coleoptera: Coccinellidae) on the eggniqyi
behavior of females of the predatory hoveily balteatuswere investigated in two-choice
experiments. The oviposition responseHofaxyridisto larval tracks oE. balteatuswvas also
tested in one-choice experiments. Gralidalteatusemales laid significantly fewer eggs on
leaf discs with aphids and contaminated with trasksonspecific or heterospecific larvae
than on control leaf disc#l. axyridis females laid similar numbers of eggs in Petri éssh
with aphids and contaminated with the track&obalteatudarvae as in control Petri dishes.
This indicates thdE. balteatusemales lay fewer eggs at sites where there argpezific and
heterospecific larval tracks, whereas the tracksyophid larvae did not detéd. axyridis

females from laying eggs.

Key words: Episyrphus balteatysHarmonia axyridis larval tracks,Vicia fabg aphids

oviposition-deterring substances.
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Introduction

Aphidophagous hoverflies and ladybirds are knowrexploit temporary aphid colonies as
food resources and significantly suppress aphidn@oce (Dixon, 1985; Chambers &
Adams, 1986; Dixon et al., 1997; Lee & Kang, 200¢jas been also demonstrated that the
survival of the larvae of these aphid predators #meir efficiency in reducing aphid
populations mainly depends on the quality and thentjty of the patches of aphid prey (Kan,
1988; Kindlmann & Dixon, 1993; Hemptinne et al., 989 Aimohamad et al., 2007, 2008).
The selection of oviposition sites by gravid fensaédould therefore reflect a preference for
patches of prey of high nutritional value and/orewéhthe risks of predation and competition
are low, especially in insect species where neootispring have limited mobility and are
therefore relatively sessile (e.g. syrphid larv@eandler, 1969).

The suitability of an oviposition site depends anly on the number of aphids present
at the time of oviposition, but also on the pregent intra- or inter-specific competitors.
Several authors have shown that ovipositing inpeetiators respond to chemical cues (i.e.
oviposition-deterrents) indicating that a prey paits already being exploited by conspecific
larvae (Rizicka, 1994, 1996, 1997; Doumbia et al., 19987iBka & Havelka, 1998; Yasuda
et al., 2000; Oliver et al., 2006; Michaud & JydQ07). Most of these studies have focused
on coccinellids and chrysopids, with studies ompbigs very recent and scarce (e.g. Scholz &
Poehling, 2000; Pineda et al., 2007; Almohamad. e2@08; Putra et al., 2009).

Larvae of predatory hoverflies and ladybirds oconrthe same aphid infested plants
and strongly interact with each other when thehidprey becomes scarce (e.g., Agarwala &
Yasuda, 2001). The Multicoloured Asian Ladybik, axyridisis native to South-East Asia
(e.g. Dobzhansky 1933; Kuznetsov 1997). It wasodhiced as biological control agent in
Belgium in 1997 and by 2006 was recorded in alioeg of Belgium (Adriaens et al., 2003).
The hoverflyE. balteatusis usually the most abundant syrphid aphid predatdEurope,
where it naturally occurs in high numbers in numisroropgTenhumberg & Poehling, 1991;
Gilbert, 1993; Colignon et al., 200ifiarro, 2005). These two aphid predatare known to
be important biocontrol agents of aphid populati@@eambers & Adams, 1986; Chambers,
1988; Koch, 2003; Roy et al., 2006; Pineda & MarGascia, 2008).

Pell et al. (2008) have reported théit axyridis remains in equilibrium with its co-
evolved native guild of predators through niche ptementarity, but in its exotic range the

native guild of predators have co-evolved with eatter but not withH. axyridis. Recent
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observations also suggest that this species is ingading (semi-)natural ecosystems in
Belgium and is a potential threat to native ladygbspecies and other aphid predators
(Adriaens et al., 2003Field observations have shown tlitataxyridisandE. balteatusoften
coexist in aphid colonies in different habitatsBalgium-Gembloux (Alhmedi et al., 2007).
The objective of this study was to obtain a battedterstanding of the mechanisms that shape
guilds of aphidophagous predators and their pakne in biocontrol. In particular, the
effect of the larval tracks dE. balteatusandH. axyridis on oviposition-site selection kfy.
balteatusfemales was detrmined. The oviposition responsi.axyridis females to tracks

left by E. balteatudarvae was also investigated.

Materials and methods

Plants and insects rearing Broad-bean plantd/{cia fabal.) were grown in 30cm x 20cm x
5cm plastic trays filled with a mixture of perlisnd vermiculite (1/1) and maintained in
controlled-environment growth rooms (16:8 Light:rkg 20 + 1°C). Two aphid species
(Myzus persica&ulzer andMegoura viciaeBuckton) were reared on broad-bean plants in
separate rooms. Aduli. balteatuswere reared in 75 x 60 x 90 cm cages provided -
collected pollen, sugar and water. Broad-bean plariested withM. viciae were introduced
into the cages for 3 h every two days for the adidtlay their eggs on. Hoverfly larvae were
mass-reared in aerated plastic boxes (110 x 140 m#) and fed dailyad libitum with M.

viciae

H. axyridis adults were obtained from Montreal Canada (Ericdsulaboratory,
University du Québec a Montréal). Adults and larwase then mass-reared in aerated plastic
boxes (up to 25 individuals per container) and dedy ad libitum with M. viciae Bee-
collected pollen, sugar and water were also prakid@oxes were placed in controlled-
environment incubators (25 = 2°C; 70 % RH and ppetiod 16L: 8D). Mated and fertile
females used in the experiment were isolated iddally in separate boxes; no oviposition

occurred in the 24h prior to experimentation.

EXP 1. Effect of conspecific and heterospecific V@l tracks on syrphid oviposition

This experiment was conducted usiaghids onleaf discs (Almohamad et al., 2006). A
2.5cm-diameter circular piead V. fabaleaf was cut and placed in a Petri dish containing
agar solution (7 ml agar, 1% solution w:w), whicdlcreased the humidity and prevented the

leaf disc from drying out. Prior to use, either tthird-instar larvae oE. balteatus or two

125



Chapter 6. Effect of intra-or interspecific compé&brs on the oviposition site descrimination

fourth-instar larvae ofH. axyridis were confined with an excess ™. persicae (125
individuals) on each leaf-disc by parafiim paper (Parafilm®, Hteey Plastic Packaging,
Chicago, USA) and kept in the controlled incubgti®:8 Light: Dark; 20 + 1°C) for 24 h.
After 24h the larvae and all aphid material wereefitdly removed. Then, each leaf disc with
the tracks left by syrphid or coccinellid larvae swefested with an excess of recently
collectedM. persicag(125 individuals). The control consisted of a ldedt infested with the
same numbers of aphids but lacking larval tracksa kwo-choice experiment, both treated
and control leaf-discs (i.e. with and without ldrtracks) were positioned on two Plexiglass
holders 20-cm high, separated by 15 cm, in a ng¢ ¢80 x 30 x 60 cm). This arrangement
was previously used to evaluate the ovipositiorpagase ofE. balteatusto aphid-infested
plants (Almohamad et al., 2006). A single femaleswviaen introduced into the cage and
allowed to lay eggs for 3 hours. The number of dggson each leaf disc was then counted.
These experiments were conducted in an air-comgitioroom at 21 + 1°CEpisyrphus
balteatusfemales were approximately 20-30 days old, and maidoviposited during the
previous 24 hrs. There were ten replicates of égdtment (one assessing the control leaf
discs vs. those with larval tracksBf balteatusand the other control leaf discs vs. those with

larval tracks oH. axyridig.

EXP 2. Effect of tracks of syrphid larvae on H. apglis oviposition

Ten third-instar hoverfly larvae were supplied wait excess of a mixture of different instars
of M. viciae aphids (150 individuals) in a 9cm-diameter glasgiRlish, the base of which
was covered with filter paper. After 24h the lanaed all aphid materials were carefully
removed. In a no-choice experiment, a single métedxyridis female was then placed in
each dish with an excess of aphids (150 indiviguatsl the number of eggs laid during the
next 24 hrs was recorded. The control consistekDdémales kept individually in clean glass
Petri dishes that contained a similar number ofdspiThe experiment was repeated 10 times
for each treatment.

Statistical analysis

A paired t-test was used to compare the mean nuofbeggs laid by the aphid predators in
the two-choice experiments. In the one-choice arpanrt, the means were compared using a

two-sample t-test. All statistical tests were cartdd using Minitab® release 15.2.
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Results

EXP 1. Effect of conspecific and heterospecific Val tracks on syrphid oviposition

Gravid E. balteatusfemaleslaid significantly fewer eggs on leaf discs on whitere were

tracks of either conspecific hoverfly larvae (pditeest, t = 4.47, P = 0.002) or heterospecific
ladybird larvae (paired t-test, t = 3.06, P = 0)01BY¥ their respective values (16.00 + 1.99;
20.50 = 3.10) compared to the controls by theipeetive values (33.10 + 4.29; 36.00 £ 4.60)
(Figure 19). Thus the presence of conspecific atdrbspecific larval tracks deterred gravid

femaleE. balteatufrom ovipositing.
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Figure 19. Mean (* SE) number of eggs laid b¥. balteatusfemales on leaf discs contaminated with the
tracks of larvae of their own species or that of levae of ladybird H. axyridis compared a control in two-
choice experiments. Means with different letters a¥ significantly different (Paired t-test, P < 0.01)

EXP 2. Effect of tracks of syrphid larvae on H. apiglis oviposition

Compared to the control (15.50 + 3.10), grakMdaxyridis females were not deterred from
ovipositing by the tracks d&. balteatudarvae (15.80 * 3.20) (two-sample t-test, t =70.
= 0.947 df = 18) (Figure 20).
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Figure 20. Mean (= SE) number of eggs laid byH. axyridis in Petri dishes containing aphids and
contaminated with the tracks left by E. balteatuslarvae compared with the average number laid in th
control (clean Petri dishes containing only aphids) NS indicates no significant difference between
treatments (two-sample t-test, P > 0.05).

Discussion

Adults of predators, the larvae of which competetie same trophic resource, can reduce the
intensity of inter-specific competition between ithtarvae by avoiding food resources
contaminated with heterospecific semiochemicalg. (Bizicka, 2001a,b). Several studies
have reported lower frequencies of inter- vs. Hspacific interactions in phytophagous
insects (Birch et al., 1980; Byers et al., 1984ié¢fhet al., 1992) and parasitoids (Janssen et
al., 1995). In insect predators, interspecific iatdions occur between chrysopidsi#iRka,
1996, 1998) and coccinellids §R&cka, 2001a,b). This study records for the first time

interspecific interactions between hoverflies andaomellids.

In our experimentsk. balteatusfemales laid fewer eggs when oviposting in aphid

colonies contaminated with the tracks of both cen#g larvae and heterospecific
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coccinellid larvae. A similar response is also shdw femaleCoccinella septempunctata

to tracks left by larvae of bof@. septempunctatandChrysopa oculat&ay (Rizicka, 1997).
Putra et al. (2009) also report that hoverfliedtém reduce their rate of laying eggs when
ladybird larvae are present. The mechanismlerlying the reduction in oviposition .
balteatusfemales in the presence of the tracks or larvdmtif conspecific and heterospecific
predators is unknown. This response is likely toddaptive adaboratory studies have
demonstrated thdd. axyridislarvae will eatE. balteatuseggs (Alhmedi et al., unpublished

data) and syrphid larvae (Putra et al., 2009).

H. axyridisfemales are deterred from ovipositing on broadib@ants contaminated
with conspecific larval tracks but not thoseChfseptempunctatarvae (Yasuda et al., 2000).
The no-choice tests used here indicate lthaxyridisfemales exhibit a weak response to the
presence of oviposition-deterring substances irtriieks ofE. balteatudarvae (10 replicates
only). It is interesting to speculate why adultyholds respond only to conspecific cues. It is
likely that each species of ladybird is associatednly with one particular habitat (Hék
1985), where it is more likely to meet individualsits own species than of other species.

It is well established that females of insectsupging the third trophic level (i.e.
parasitoids and predators) avoid ovipositing whamepetitors threaten the survival of their
offspring by responding to the semiochemicals s#daby conspecific competitors. For
example parasitoids are sensitive to volatiles adigg the previous or actual presence of
conspecifics and to chemical trails deposited Birtenemies (Price, 1970; Janssen et al.,
1995; Nakashima et al., 2004). Several aphidophsagad coccidophagous predators respond
to oviposition-deterring semiochemicals in the kesakeft by conspecific larvae (Merlin et al.,
1996; Doumbia et al., 1998; Hemptinne et al., 20&&zicka, 2002, 2006). In our
experimentsi. balteatusemales laid fewer eggs on leaf discs contaminati¢al the tracks
of conspecific and heterospecific larvae, possiiylyesponding to a chemical(s) in the tracks
(i.e. oviposition — deterrents). Such responseblefamales to quickly assess the quality of

patches of prey and enhance their probability s€alvering suitable oviposition sites.

E. balteatusandH. axyridishave been used to control aphids in greenhouseslés
et al., 2004; Pineda & Marcos-Garcia, 2008). Tres@nt study provides new information on
semiochemical spacing of these aphidophagous medatver prey patches of different
qguality. This knowledge could be employed to imgahe effectiveness of these aphid

predators when used in biological control programs.
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Article 9
Discrimination of parasitised aphids by a hoverflypredator: effects on
larval performance, foraging, and oviposition behaiour

Raki Almohamad| Francois J. Verhegg&rFrédéric Francis1, Thierry Harfo@ Eric
Haubrugeé

!Department of functional and evolutionary Entomglogembloux Agricultural University,
Passage des Déportés 2, B-5030 Gembloux (Belgfm)jogy and Biogeography Unit,

Catholic University of Louvain, Croix du Sud 5, B48 Louvain-la-Neuve, Belgium

Abstract — The choice of oviposition site by female aphidopheg predators is crucial for
offspring performance, especially in hoverflies wboewly hatched larvae are unable to
move over large distance. Predator and parasmdeactions within the aphidophagous guild
are likely to be very important in influencing tbleoices made by predatory hoverfly females.
In the present study, the foraging and ovipositiemaviour of the aphidophagous hoverfly
Episyrphus balteatueGeer (Diptera: Syrphidae) was investigated wibpect to the
parasitised state of its aphid préygyrthosiphon pisuritarris (Homoptera: Aphididae), that
were parasitised #phidius erviHaliday (Hymenoptera: Aphidiidae). We also recardiee
number of eggs laid by hoverfly females when subpt¢o parasitised aphids. Furthermore,
we studied the influence of being fed with parasii aphids on hoverfly larval performance.
Hoverfly females did not exhibit any preference foants infested with unparasitised or
aphids parasitised for 7 days. On the other hatahtp infested with mummies or exuvia
were less attractive fdt. balteatusThese results were correlated with (i) the nundferggs
laid by E. balteatudemales and (ii) larval performance. Thus, ouultssdemonstrate th&.
balteatusbehaviour is affected by parasitoid presence gnotheir exploitation of aphid
colonies. Indeed, hoverfly predators select thegy@ccording to the developmental state of
the parasitoid larvae.

Key words: intraguild competition,Episyrphus balteatysDiptera, Syrphidae, parasitoid,
Aphidius ervi Hymenoptera, Aphidiidae, pea aphidcyrthosiphon pisumHomoptera,
Aphididae

Reference — Almohamad R., Verheggen FJFrancis F., Hance T., Haubruge E. (2008).
Discrimination of parasitized aphids by a hoveniedator: Effect on larval performance, foraging

and oviposition behaviouEntomologia Experimentalis et Applicats28 (1): 73-80.
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Introduction

Aphid communities are subjected to predation byaad range of specialist and generalist
arthropod predators and parasitoids, whose nunmrvariety fluctuate according to host
plant species and phenology, season, and weathditioms. Natural enemies of aphids, such
as hoverflies (Gilbert, 1986), coccinellids (HodgkHonek, 1996; Verheggen et al., 2007),
lacewings (Principi & Canard, 1984), midges (Nipitel1988), spiders (Sunderland et al.,
1986), and parasitoids (Stary, 1970) are major @orapts of the predatory guild associated
with aphid colonies.

Among these natural enemies, intraguild predatemds$ to be asymmetrical, with larger
individuals acting as ‘superpredators’ and smaiidividuals being the intraguild prey (Lucas
et al.,, 1998). The effects of such interactions read to a stabilisation of prey—predator
populations (Hanski, 1981; Godfray & Pacala, 1992)adversely affect foraging and
oviposition performance of individual predators liP@t al., 1989; Hemptinne et al., 1992;
Rosenheim et al., 1995; Ruzicka, 1996). Thesedatic interactions probably influence the
choices made by aphidophagous female hoverflidb@j 2005).

The influence of parasitism on prey discriminatioy the predatory hoverflfpisyrphus
balteatusDeGeer (Diptera: Syrphidae) was studied in thesgmework. The larvae of this
species are predators of more than 100 specieplofilsa worldwide (Sadeghi & Gilbert,
2000b). Although many aphidophagous hoverfliesganeeralists, previous studies indicated
that they are selective in their prey choice (Sad&gGilbert, 2000a,b; Almohamad et al.,
2007) and that they can forage in an optimal wagnfdtinne et al., 1993; Almohamad et al.,
2007; Harmel et al., 2007). For polyphagous syrph&lich a€. balteatus the choice of
oviposition site has an important effect on offsgriperformance, as syrphid larvae have
rather limited dispersal abilities (Chandler, 1969)

In the current studyAphidius erviHaliday (Hymenoptera: Aphidiidae) was used as aria
and the pea aphificyrthosiphon pisurilarris (Homoptera: Aphididae) as the prey/hosisTh
parasitoid has great potential for successful agbiatrol because of its short development
time, high fecundity, and high dispersal capadrglfasse & van Steenis, 1999).

Previous laboratory and field studies have sugdesitat spatial population dynamics,
foraging behavior, and oviposition decisions of idplparasitoids and predators are
determined by the density, distribution, and gyatif aphid colonies (Cappuccino, 1988;
Morris, 1992; Mackauer & Volkl, 1993; Muller & Godfy, 1999a,b). Thus, most natural

enemies compete for the same prey/host (Polis.e1289) and tend to aggregate in aphid
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patches (Frazer, 1988), thereby creating favoraiieations for intra and interspecific
encounters. In several documented cases exploretafor—parasitoid interactions, generalist
predators attacked parasitised hosts, consuming thet host and the immature parasitoid
developing inside the host (Ruberson & Kring, 198ibelmer et al., 1994; Meyhdfer &
Hindayana, 2000). Additionally, discrimination betwn parasitised and unparasitised prey
could also enable foraging predators to evaluatsyy @nd patch quality. According to
Rosenheim et al. (1995), few studies have descritbésl discrimination behaviour in
predators and none has discussed its functionalifis@nce. In the present study, we
investigated the foraging and oviposition behaviollE. balteatusn relation to the presence
of A. ervilarvae parasitising the aphid colony. The effedtparasitised aphids as food on the

fitness ofE. balteatudarvae were also investigated.

Materials and methods

Plant and insect rearing —Broad beans\icia fabal. (Fabaceae)] were grown in 30x20x5
cm plastic trays filled with a mix of perlite anénmiculite (1:1) and maintained in controlled
environmental growth rooms (L16:D8 and 20 + 1°Q)oTaphid species, namelylegoura
viciae Buckton andAcyrthosiphonpisum Harris (both Homoptera: Aphididae), were taken
from stock rearing oW. fabg in separate air-conditioned rooms under the sanditions as
above. AdultE. balteatusvere reared in 75 x 60 x 90 cm net cages and prereded with
bee-collected pollen, sugar, and water. Broad bedasted withM. viciae were introduced
into the cages for 3 h every 2 days to allow ovifpms. Hoverfly larvae were mass reared in
aerated plastic boxes (110 x 140 x 40 mm) and Weztadaily ad libitum withM. viciae as
standard dietA. pisumwas used a&. balteatusprey or A. ervi host. In order to obtain
parasitised aphids and mummies, 150 aphids weredunted into a Petri dish (9 cm in
diameter). Three previously mated parasitoid femalere released into the Petri dish and
kept with the aphid colony for 4 h. This methodoaléd us to obtain 91 + 2% parasitised
aphids (mean + SE). Parasitised aphids were sues#dyguylaced on broad beans for 7 days,
and will be referred to as parasitised aphids. Migsmvere obtained 10-12 days after the

parasitoid infestation.
Oviposition preference

Influence of parasitised aphids on hoverfly behauio— In no-choiceexperiments, a single
E. balteatudemale was placenh a net cage (38 30 x 60 cm) with a 20 cm-taN. fabaplant

infested with parasitised. pisumhaving differentdevelopment stages of parasitoid larvae.
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Three developmentaltages of parasitoid larvae and one control (urgteggadA. pisum were
tested: (i) parasitised. pisumafter 7 days(ii) mummified A. pisum and (iii) exuvia of
mummies.The female foraging behavior was recorded for 1@ msing the Observer®
(version 5.0; Noldus Informatioechnology, Wageningen, The Netherlands). Desongti
of the four behavioural events that were observed pgesentedn Table 1. Behavioural
observations were conduct@u an air-conditioned room at 20 + 1°E. balteatusfemales
tested were approximately 20-30 dayd and no induction of oviposition had occurred fo

24 hprior to the experiment. This experiment was regpéd10 times for each treatment.

Influence of parasitised aphids on hoverfly oviptien rate — In similar no-choice
experiments, a singlg. balteatuSemale was placed in a net cage and was allowddyto
eggsin the presence of an aphid colony. Three developahstages of parasitoid larvae and
one control (unparasitisefl. pisum were tested: (i) parasitisedl. pisumafter 7 days(ii)
mummified A. pisum and (iii) exuvia of mummieslhe number of eggs (oviposition rate)
was counted afte8 h. Experiments were conducted in an air-condéttmoom at 20 + I°C.
Episyrphus balteatusemales were approximately 20-30 days old and nuudtion of
oviposition had occurred for 24 h prior to the expent. These experiments were repeated

10 times for each stage parasitism.
Larval performance

To assess the effect of parasitized aphids as twoB. balteatuslarval performance, 20
second instars were weighed and placed individuadlyplastic Petri dishes (9 cm in
diameter). Each day, the larvae were fed ad libituith either unparasitised. pisumor
parasitisedA. pisum(aphids parasitised for 7 days according to tineesanethod as presented
above). Among these 20 larvae, six larvae per rtreat (unparasitised and parasitiskd
pisun) were observed daily to estimate their foamhsumption, defined as the difference
between the weightf the food supplied and the weight of the food stoned.The weight
gained by these second instars was also measurttek absfference between the weight of
second instars at the beginning of the experimedtveeight on the day following pupation.
Additionally, mummifiedA. pisumwere used as food and the impact on larval pedooa
was tested. Ten second and seven third instaraddithitum with mummifiedA. pisumwere
observed daily in plastic Petri dishes (9 cm imukéer). Observations were made daily until
the larvae died or developed into adults. Hoveldlyae were kept in an incubator at 20 £

1°C and L16:D8 photoperiod. The duration of theevelopment, survival rates, food
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consumption, and weight gain were determined. Tupae and the adults were also weighted
(using a Sartorius microbalance Mc5; Labo and Candifes-les-Roses, France).

Statistical analysis

Mean frequencies of behavioral events and duratisese compared using analysis of
variance (ANOVA,; general linear model) and Dunreettést, conducted with Minitab®

software (version 12.2; Minitab Inc, State Colleg§#y, USA). In cases of heterogeneity of
variables demonstrated by Bartlett's test, dataeweg transformed before parametric tests.

Percentages of survival rate of hoverfly larvaeenaympared usingP-test.

Results

Oviposition preference

Influence of parasitised aphids on hoverfly behavio— The mean frequencies and mean
durations observed for ea¢éh balteatusbehavioural event according to the developmental
stage of the parasitoid larvae are presented inr&i@l. Aand B, respectively. Hoverfly
oviposition behaviour wasignificantly affected by the parasitized state®fphidprey, both

in terms of frequencies (ANOVA: E39= 16.61, P < 0.001) and durations (ANOVA;3; =
20.27, P < 0.001pimilar results were obtained when observing accembehaviour; the
mean frequency (ANOVA: k39= 12.61P < 0.001) and duration (ANOVA;3ke= 6.28, P =
0.002)of this behavioural event were significantly afety the presence and development
stage of a parasitoid larva inside the prey. Tlesgmce of a 7-day-old parasitoid larva inside
the aphid prey did not affect the foraging behawioluthe predatoE. balteatusIndeed, the
hoverfly predator showed similar acceptance ofamnipinfested by unparasitised aphids or
aphids containing a 7-day-old parasitoid larvahegitin terms of frequencies (Dunnett’s test:
T =2.336, P = 0.069) or durations (Dunnett’s tést 0.247, P = 0.989) of the corresponding
observed behaviour. In the presence of a plantsiede with unparasitised prey, the
balteatusfemale showed a short period of immobility, and thehavior remained unchanged
with parasitized aphids (Dunnett’s test: T = 0.2R5; 0.992). However, when presenting.a
fabainfested with mummies, the hoverfly stayed immoldlea longer period (Dunnett’s test:
T = 4.039, P = 0.001). Similar observations weraenwith exuvia of mummies as ‘prey’
(Dunnett’s test: T = 4.145, P<0.001).

Influence of parasitised aphids on hoverfly oviptisn rate —The number of eggs laid .

balteatusfemales wassignificantly affected by the presence of paraditpupaeinside the
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aphid prey (Figure 22). Indeed, whereas hovepitgdators did not distinguish between
unparasitized angarasitized aphids in terms of number of laid e@@snnett'stest: T =
1.335, P = 0.414), the oviposition rate wasluced when presenting mummified aphids
(Dunnett’'stest: T = — 4.684, P < 0.001), and even more ratiudeen presenting exuvia
(Dunnett’s test: T = -8.096, P < 0.001)he hoverfly female.
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Figure 21. Effects of parasitisedA. pisumon the oviposition behaviour of femaleE. balteatusin relation to
developmental stage of the parasitoid. (A) Mean figuencies (+ SE) of behavioural events of hoverfly
females. (B) Mean durations (x SE) obehavioural events of hoverfly females. * indicates significant
difference among the treatments when compared witbontrol (unparasitised aphids) [analysis of variane
(ANOVA), Dunnett’s test: P < 0.05].
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Figure 22. Effects of parasitised aphidA. pisumon oviposition rate ofE. balteatusfemales in relation to
developmental stage of the parasitoid. * indicates significant difference among mean number of egdaid

(+ SE) when compared to thecontrol (unparasitised aphids) [analysis of variane (ANOVA), Dunnett’s
test: P < 0.05].

Larval performance

Several parameters concerning the development, tigyoand survival of second instars,
pupae, and adults &. balteatushave been compared for hoverflies fed with aphidthree
levels of parasitism (i.e., unparasitised aphig#)ids infested with a 7-day-old parasitoid
larva, and mummies). No data on mummified aphidsewabtained, as they were not
consumed by the hoverfly larva&pisyrphus balteatusarvae developed successfully to
maturity with unparasitized or parasitis@dpisum No difference in survival oE. balteatus
second instars fed with unparasitised or paraditme®a aphid was observe® (= 0.06, d.f. =

1, and P = 0.801). Most of these larvae pupatednaost of the resulting pupae developed
into adults. There was no significant differencal@velopment time between larvae fed with
unparasitised and parasitisAd pisum(ANOVA: F ;33 = 0.03, P = 0.873). Additionally, no
difference in pupal weight was observed (ANOVA:. s = 2.37, P = 0.134) (Table 8).
However, the adults resulting from larvae fed witiparasitisedh. pisumwere significantly
heavier (ANOVA: F; 5= 9.57, P = 0.005). Although weight-gain in secamstars did not
differ significantly when fed with unparasitiseddaparasitised aphids (ANOVA: 33 =
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2.92, P = 0.097), hoverfly larvae consumed a smataount of parasitised aphids than
unparasitised aphids (ANOVA: 1= 9.35, P =0.012) (Table 8).

We also found that second-instar hoverflies fechwitummified aphids did not develop into
pupae, because they did not consume the mummijddds Similarly, we found that
hoverfly third instars pupated rapidly and did moploit the mummified aphids as food
either. The weight of hoverfly third instars didtribffer significantly on the day following
pupation when compared to the weight of third irsstat the beginning of the experiment
(ANOVA: F 113= 2.00, P = 0.183).

Table 8. Effects of parasitised aphid#\. pisumas food on various performance parameters d. balteatus
(mean = SE).

A. pisum

Unparasitised Parasitised .
Parameter Statistical test

Second instar larva to pupa 4.44 £0.22 450+0.27 1R3=0.03 P =0.873

developmental time (days)

Percentage of survival (from 75.00 £ 7.07 70.00 +£14.14 X3 =0.02 P =0.888
second instar larva to adult

emergence)

Pupal weight (mg) 39.07+1.32  36.29+ 1.21F, 3= 2.37 P =0.134

Pupal development to adult 8.13 +0.09 8.21+£0.21 F123=0.13 P=0.724
(days)

Adult weight (mg) 27.03% 0.85 23.36%0.83 Fiss=9.57 P =0.005

Weight gain of second instar 32.50 £ 1.27 29.44+1.22 F;33=2.92 P =0.097

larvae (mg)

Food consumption of second 105.42 +5.60 87.71+1.46 [F11=9.35 P =0.012
instar larvae per day (mg)
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Discussion

In a natural environment, most aphidophagous hbegifieed on a wide range of prey species
(Rojo et al., 2003) that are not necessarily ofilaimutritional value (Sadeghi & Gilbert,
2000b; Almohamad et al., 2007). As predicted byinogk foraging models, predators
searching for prey should select the most profaptey and reject unprofitable ones
(Crawley & Krebs, 1992). Such decisions minimigediloss and maximise energy return
(Stephens & Krebs, 1986). Therefore, if parasit@tars prey suitability and profitability, the
detection and recognition of chemical marks leftabgarasitoid female, or of morphological
and physiological changes provoked by the devetppmmature parasitoid, would have
strong advantages for predators.

In our experiments, behavioural observations shawatE. balteatufemales were unable to
distinguish unparasitised from newly parasitiseldidg and did not exhibit any preference for
either prey. On the other hand, plants infestech witummified aphids and exuvia of
mummies were less attractive and fewer eggs watelase to them by hoverfly females. A
key component of prey discrimination is the perimepof patch quality and the adjustment of
patch residence time to exploit the patch accortinigs relative quality. Theoretical models,
principally elaborated for parasitoids, propose thdemale parasitoid should allocate more
time for the exploitation of patch perceived asngeof good quality (Waage, 1979; McNair,
1982). Similarly, it can be expected that a predatth the ability to discriminate will adopt
its searching and exploitation time according ttcipaorofitability. Flexible residence time
and giving-up time thus determine the pay-off dfeadent patch qualities (van Alphen &
Galis, 1983). In the present study, we found tBabalteatusfemales spent more time on
plants infested with unparasitised or parasitigguds in terms of acceptance and oviposition
behaviors, compared to similar plants infested wittmmified aphids or exuvia of mummies.
A reason for this might be the ability of a genistapredator, such ak. balteatusto
distinguish an oviposition site with high qualitydato exploit the encountered patches
according to their relative value. It was previgusbund that coccinellidColeomegilla
maculatelengiTimb larvae spent less time in patches containwigly old Trichoplusia ni
eggs parasitised birichogrammaevanesceng/estwood, and their level of exploitation was
greatly reduced, compared to similar patches comgiunparasitised young nieggs (Roger
et al., 2001). The reasons behind the preferenck. dbalteatusfor plantsinfested with
parasitised aphids compared to those infested witmmified aphids or exuvia of mummies

remain uncertain. When predators attempt to loagteey habitat, they use odors associated
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with prey presence, such as those from the herisorprey itself (Whitman, 1988;
Verheggen et al., 2007), or from prey by-produstgh as feces or honeydew (Budenberg &
Powell, 1992). It has been shown that parasiti2edpisum produce more honeydew, a
carbohydrate-rich excretion, and are more likelgttoact aphid predators and parasitoids that
use honeydew as a kairomone (Carter & Dixon, 1®4jenberg, 1990). Honeydew was
shown to induce preference i balteatugSutherland et al., 2001), which may also explain
thepreference oE. balteatusfemales for plants infested with parasitised aploder plants
infested by mummified aphids. In a previous stullynohamad et al. (2007) showed ttat
balteatusfemales prefeGSolanum tuberosurh. as host plant t&olanum nigruni., because
apart from the aphid-releasdf){3-farnesene$. tuberosumeleases important amounts of the
aphid alarm pheromone (Agelopoulos et al., 2000en@asS. nigrumdoes not release this
sesquiterpene (Schmidt et al., 2004), which is kntavattract predators, such Bsbalteatus
(Francis et al., 2005). In the present study, aljfmoparasitised aphids released less alarm
pheromone than unparasitised ones (FJ Verheggembl) E. balteatusfemales did not
exhibit significant preference for plants infestgdunparasitised. pisum.

According to Chandler (1968), selection of an a@dégaviposition site by syrphid females,
which lay eggs close taphid colonies, is essential to ensure survival developmenbf
their offspring. Some individual females &. balteatusdiffered from others in their
preferences, andt the individual level, there appeared to be hifgory trade-offs in
performance with these preferences (Sad&g@Gilbert, 1999). Additionally, performance of
predatoryhoverfly is often affected by the aphid speciesdéghi & Gilbert, 2000b). The
quality of prey is important for survivatlevelopment, and reproduction in aphidophagous
hoverflies (Almohamad et al., 2007). We clearlywhbatunparasitised and parasitised pea
aphids are good qualitfood for the development and survival of secondairss of E.
balteatus,confirming the hypothesis that ovipositimgsects can select sites that improve
growth and survival ofheir offspring (Peckarsky et al., 2000). This &tgularly important

for insects that are unable to migrate easily fl@hitats poor in food, such as syrphid larvae.
Our resultsagree with those of Brodeur (1994), who demonddratehe laboratory that the
incidence of predation bgphidophagous predators (coccinellids, syrphids, @medatory
midges) was similar for parasitized and unparasitizotato aphids. Additionally, predatory
midge andsyrphid larvae that are aphid-specific predatory fead on recently parasitised
aphids, but ignore mummifieaphids (Kindimann & Ruzicka, 1992; Harizanova & Bkiy

1997). We indeed showed that hoverfly second isste more reluctant to feed on
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mummified pea aphid. This is iagreement with Takizawa et al. (2000), who founal th
mummified aphids have negative effects on the gnafpredatory ladybirds.

In conclusion, our results demonstrated that chateviposition sites byE. balteatus
females may be affected by the presence of paidsiio the aphids. This suggests that
predator and parasitoid interactions representsgmumnetrical exploitation competition that
needs to be understood to elucidate the mechanisatsshape guilds of aphidophagous
insects. However, as we tested colonies that wemobeneously constituted of either
unparasitised or parasitised aphids, which is ehliko be found in nature, these conclusions
should be considered carefully, and one shoulchéurinvestigate the ability of hoverfly

females to discriminate aphid colonies that cormiy partly of parasitised aphids.
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Insect female’s age could be another importantdiadetermining a forager’s decision. When
an organism is close to the end of its life it lbaymore advantageous for it to accept a poqr
guality oviposition site than it is for a young argsm. Previous studies have indicated that
young E. balteatus females show a marked hieraateference for particular species of

aphids, while old females are less selective. Farrttore, hoverfly females do not waste the

-

mature eggs when facing a shortage of hosts or vitnvere is no suitable aphids. However
the influence of ageing E. balteatus individuals m@productive efficiency is not well-
documented despite its importance in biologicaltadrprograms.This present chapter aims
to evaluate the influence of ageing E. balteatusales on their reproduction in order to

consider their optimal use in biological controlggrams.

148






Chapter 7. Impact of syrphid female age on its reduction

Article 10
How does the age of hoverfly females affect theieproduction?

Raki Almohamad, Francois Verheggen, Frédéric Feafdtric Haubruge

Department of Functional & Evolutionary Entomolo@gembloux Agricultural University,

Passage des Déportés 2, BE-5030 Gembloux (Belgium)

Abstract — In the present study, we observed the effect of @gEpisyrphus balteatus
DeGeer (Diptera, Syrphidae) females on their fettyrahd fertility (number and percentage
of fertile eggs). Eight newbora. balteatuscouples were placed in separated cages (30 cm X
30 cm x 60 cmpand the number of eggs laid and the egg viabilgyenrecorded daily during
45 days.E. balteatusfemales had a pre-oviposition period of 10 daysotsefmating
happened. The fecundiigcreased steadily from day 11 to day 16 with aerage of 30 eggs
a day. During théollowing days (from day 23 to day 45), we foundttthe optimal fecundity
was observe@very second day and that 70.47 % of the eggglaithg the entire life of the
females werdertile. We also found that the fertility decreasgghificantly when the females
were older than 38 days. As result, the age of tiljvemales influence significantly on their
reproduction, with suggesting that hoverfly femdhesn 2 to 5 weeks old could be important

agents for biological control programs.

Key words: Episyrphus balteatusemale hoverfly age, fecundity, fertility.

Reference —Almohamad R, Verheggen FJ, Francis F, HaubrugeOB7.2How does the age of
hoverfly females affect their reproductioBommunications in agricultural and applied biologic
sciences, Ghent University2(3): 503-508.
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Introduction

The first optimal foraging models (e.g. Charnov,78P were static and assumed that a
forager’s decisions depended only on extrinsicaiagti.e. patch quality, patch availability,
general quality of the environment, etc. Then dyicamodels were developed that stressed
the importance of intrinsic factors like age, expece, energy reserves, and egg load in
decision making by foragers (Mangel & Clark, 19B&ngel, 1987, 1989). Age, through time
limitation, should be an important factor determgia forager’s decision; when an organism
is close to the end of its life it may be more adageous for it to accept a poor quality
oviposition site than it is for a young organismaiel, 1989). This decline in selectivity
according with age has some empirical supports. é&@mple, aphidophagous ladybird
Adalia bipunctata(L.) were less selective when older or when theyl Ipmeviously
experienced poor quality patch (Frechettel 2004). As, Weisser (1994) also demonstrated
that the parasitoid.ysiphlebus carduMarshall becomes less selective for the age of the
aphids it parasitizes when the age of parasitasdeased. However, in the field, Heimpe|

al. (1996) found no evidence that the age affectedbdthposition behaviour of the parasitoid
Aphytis aonidiae(Mercet). The aphidophagous hoverfpisyrphus balteatugDeGeer)
(Diptera: Syrphidae) is one of the most efficiephid specific predators (Tenhumberg &
Poehling, 1991). The larvae of this species ardaioes on more than 100 species of aphids
worldwide (Sadeghi & Gilbert, 2000b). Indeed; seVestudies show high efficacy d&.
balteatusas biological control agent for agricultural pephials (Pollard, 1971; Kalshoven,
1981; Chambers & Adams, 1986; Tenhumberg & Poehli@95; Krel3, 1996). However,
oviposition decisions of predatory hoverflies may &ffected by different factors such as
female age (Sadeghi & Gilbert, 2000a) and egg IBadeghi & Gilbert, 2000c). For
examples, younde. balteatusand Syrphusribesii (L.) females show a marked hierarchical
preference for particular species of aphids, whltk females are less selective (Sadeghi &
Gilbert, 2000 a). Sadeghi and Gilbert, (2000 c)ortgd thatE. balteatusand S. ribesii(L.)
females do not waste their mature eggs when faaisgortage of hosts or when there is no
suitable aphids. Dixon (1959) also showed that fefeapeodes corollaeould retain mature
eggs in the absence of aphids, but eventually sggs were laid.

On the other hand, the influence of ageing pregabaverfly E. balteatuson reproductive
efficiency is not well-documented despite its intpace in biological control programs. This
study aims to evaluate the influence of agdingalteatusemales on (i) their reproduction

and (ii) to consider their use in biological comfpoograms.
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Materials and methods

Plants and insects- Broad beans\icia fabal.) were grown in 30 x 20 x 5 cm plastic trays
filled with a mix of perlite and vermiculite (1/8nd maintained in controlled environment
growth rooms (16:8 Light: Dark; 20 £ 1°C). The apBpeciesMegoura viciaeBuckton, was
reared orV. fabaplants in an air-conditioned room set at the same conbtas above. Adult
E. balteatusvere reared in 75 x 60 x 90 cm net cages and wenaded with bee-collected
pollen, sugar and water. Broad beans infested Mitlviciae were introduced into the cages
for 3 h every two days to allow oviposition. HoJgrfarvae were mass-reared in aerated
plastic boxes (110x140x40 mm) and were dailydddibitumwith M. viciaeas standard diet.
Experimental observations- To assess the evolution &. balteatusfemale reproduction
(fecundity and fertility) according to their age, eight couples were obsedaity after
hatching frompupae. Each couple (female and male) was isolatedeparated cages
(30x30x60cm). In each experimental cage, water, sugar amh lpollen were provided
separatelyas food on small Petri dishes. Each day and focelsecutive days, a newly
infested broad bean plant wikh. viciaewas offered to each female for 24 h. Tlant was
then removed and the number of eggs was recordse.nlimber ofviable eggs was also

observed.

Statistical analysis

Means numbers of eggs were compared using ANOVAgige linear model) and Tukey’s
test, conducted with Minitab® software (versionZ,2Mlinitab Inc, State College, PA, USA).
Percentage of egg viability was transformed ushmg angular transformation (arcsing;

Dagnelie, 1973), before performing analysis of alace ANOVA.

Results

The evolution of the fecundity d&. balteatusemales according to their age is presented in
Figure 23.E. balteatusfemales had a pre-reproduction phase of 10 daysréehating
happened. They started laying eggs 11 days aftehing. Female age had a significant
influence on the number of eggs laid per day (Gankemear model, Fs350 = 8.63; P <
0.001). From day 11 until day 16, the number ofselggd byE. balteatudemales increased
steadily with an average of 30.35 + 8.83 eggs.
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Figure 23. Evolution of the number of eggs laid peday by E. balteatusfemales as a function of age. Bars
indicate the stander error.
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From day 17 to day 23, an average of 35.2 + 9.7% egere laid. During the following days
(from 23 to 45 days old females), we found thatdab&mal egg laying was observed every
second day. The egg viability was also observed,tha results are presented in Figure 24.
The percentage of fertile eggs laid per day ditiecording toE. balteatusfemale age
(General linear model, |z 359= 17.85; P < 0.001). Most of the eggs laid per daye fertile
with an average of 70.47 = 6.51 %). Nevertheless, faund that the fertility of eggs

decreased significantly when the females were dltsar day 38.

Discussion

These results clearly indicate that age does hasigraficant effect on the hoverfly female
reproduction. Both lifetime fecundity and fertilityere affected by the age at which females
mated, both decreasing with an increase in ageatihgn These effects have been previously
observed in a number of many species such asnergist phytophagEpiphysta postvittana
Walker (Foster & Ayers, 1996), in insect predat@viohagheghet al, 1998; Ahmackt al,
2004, Frechetteet al, 2004; Omkaret al, 2006), and in wasp parasitoidichogramma
cordubensisvargas & Cabello (Hymenoptera: Trichogrammatidaear{iciaet al, 2001).
However, the discussion on temporal fecundity pastef predatory hoverfly females and the
fertility of eggs according to their ages is linditdn the present stud¥. balteatusfemales
(from day 11 to day 38) had efficient fecundityddahe majority of eggs laid during life entite
of females were fertile. Nevertheless, the feytitiecreased wheB. balteatusfemales wrer
older than 38 days. This decline in the fertilititwage ofbalteatusfemale remains unclear.
When an insect predator is older, it may be moraahgeous for it to accept a poor quality
oviposition site than it is younger. According tadeghi & Gilbert (2000c), young
aphidophagous hoverflieg,. balteatusand S. ribesiiare more selective in choice of their
oviposition site, while old females are less s@lectThe results of Chandler (1966) also
showed that young. balteatusfemales did not oviposit on uninfested plants, ety lost
this discrimination when they aged, which may ekpldoe decline in the fertility oE.
balteatusfemale when they older than 38 days.

It is known thatE. balteatushas a well-defined temporal pattern in egg productéind egg-
laying behaviour (Volk, 1964; Bargen, 1998, Hindaga2001). Our results confirmed that
the number of egg-laying fy. balteatusemales reaches its maximum evry second day. As,
during the reproductive phase (from 23th day olddkes to 45th old females), a time period
of two days between the peaks in egg productiondcbe identified In addition, we found

that E. balteatusfemale had pre-reproductive phase of ten dayslewthie results of
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Hindayana (2001) showed thBt balteatusfemale needed a nine days premature period
before they start laying eggs. This may be duéécaphid prey type used as standard diet for
E. balteatuslarvae. In the study of Hindayana (200E), balteatuswas fed with foxglove
aphid,Aulacorthum solan{Kaltenbachyeared on fertilised cucumber.

In addition to the influence of the ageing hoveffiynales on their fecundity and fertility, the
food quality has been one of the main factors #ffgcreproductive capacity of insect
predators (Evans, 1982; De Clercq & Degheele, 1982)resent study, we found that large
numbers of the eggs laid . balteatuswvere fertile in relation to female age. An average
hatching rate of 70.48 % was observed. This wahtiji higher than the average hatching
rate of 67.6 % observed by Hindayana (2001) %8 % observed by Geusen Pfister (1987).
These diffrences ifE. balteatusreproduction according to female’age may be alse t
others factors such as the food quality andcekperimental set-up. During our experimeats
balteatuswere fed exclusivelyith M. viciaethat were reared on broad bean plants, whereas
Geusen-Pfister (1987) offeredE. balteatusa mixture of Aphis craccivora(Koch) andA.
pisumaphids reared on broad bean plants.

In conclusion, age of hoverfly females is an irgrinfactor influencing the reproduction
capacity during the entire life of the females, gegging that hoverflies (from 2 weeks old
females to 5 weeks old females) could be an effedtiocontrol tool aphid pest management.
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In central Europek. balteatuds found to be the most common hoverfly and onthefmost
efficient aphid-specific predators in natural agsy/stems. To promote this aphid predator
as efficient biological control agent, it is of mary importance that the foraging and
oviposition behaviour of females are well known.isTknowledge is necessary in order to
evaluate the conditions when and where it shoulduded as antagonist. The ability of
hoverfly E. balteatusfemales to find and oviposit within the future dgmg range of its
progeny is however a critical determinant of patnbiocontrol performance because
neonate offspring have limited mobility to foragdany potential factors influence the choice
of oviposition site by hoverfly females includingdt plant, aphid species, prey availability,
semiochemicals, presence of intra- or interspeci@impetitors and female’s age. This PhD
thesis provides with useful clugdsat help to better understand the behavioural am@sms of
the response to these factors, which enBblealteatusemales to optimise their oviposition
sites and maximise their fitness. By this knowledge may be better able to optimise
efficient use of predatory hoverfly in managing iapbest populations.

Chapter 4 offers several suggestions for the geigcdf hoverfly female oviposition. Gravid
E. balteatusfemales exhibited variations in their ovipositipneference among different
combinations of aphid host plant and aphid speeaied these differences had important
consequences for the performance of their offspfiitgess). The green peach apivtl
persicae—infestedS. tuberosunwas the most suitable aphid-host plant combinaésran
oviposition site forE. balteatus,which ensure the completion of larval developmemd a
subsequent adult reproduction, whiM, persicaeinfestedS. nigrumwas the least preferred
aphid-host plant combination. It can be concluded bdviposition preference and fithessof
balteatuscould be enhanced especially when the host pladtam optimal nutritional value
for the aphid prey and in consequence for the poeslaThis dependence of predatory
hoverfly on the quality of host plant (first trophievel) is relevant in regard to the
oviposition-performance theory which focuses on ltbst plant selection as oviposition site
and its indirect effect on the aphid prey suitépifor the fithess of this antagonist. These
results could be taken into account in order taaechk the production and optimise the fitness
of adult syrphid at the release site (i.e. in gheerses). Similarly, our results also confirm the
statement that predatory hoverflies select theipasition site according to the infesting
aphid species. The black bean aphidabaewas not as attractive f&. balteatusas the pea
aphid A. pisumand the vetch aphi¥l. viciae. Moreover, the global hoverfly fitness was

higher when larvae were fed with pisumor M. viciae as aphid prey compare f fabae
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This result was also in accordance with previouseolations that demonstrated the pea aphid
to be preferred among eight aphid species. Howdwevjciae andA. fabaewere not tested.
Consequently, the second trophic level (aphids)h@are a significant impact on oviposition
behaviour and offspring performance & balteatus This result would confirm the
hypothesis that ovipositing insects can selecsditat improve the growth and survival of
their offspring, in particular for insects that aneable to migrate easily from habitats poor in
food, such as syrphid larvae.

In addition, other host plant or aphid factors waiso found to be involved in recognition of
oviposition site byE. balteatusfemales such as semiochemicals emitted from aphid prey
itself or associated with its host plant. Our resuhre in accordance with previous
observations that predatory hoverfly, like othetuna enemies, often use odours from aphid
prey or from its association with host plant wherafjing for oviposition siteE. balteatus
female was more strongly attracted to the odowapdiid-infested potato plants than to those
of uninfested plants, and the volatile profilestt# two host plants are indeed different. Apart
from the aphid-released)-p-farneseneS. tuberosumelease important amounts of the aphid
alarm pheromone where8&s nigrumdoes not release this sesquiterpene. It is welvknthat
the sesquiterpeneE)-B-farnesene was found to attralét balteatusfemales and act as
foraging cue and oviposition stimuli. The respomdehoverfly to this molecule and its
attractive role magxplain the oviposition preference Bf balteatusemale forS. tuberosum
Although other host plant factors, such as colaur influence the foraging behaviour of the
predatory hoverflyE. balteatus It is surly that this parameter could not expldire
differences we obtained, as both host plaStstgberosumandS. nigrum were of similar
color. Itis also suggested that several aphiateel factors could determine its suitability for
predatory hoverfly. Among them, the size of theidmpecies tested might be a factor of
importance in host selection. Although similar nemgbof aphids were infested broad bean
plants, but wherea&. pisumandM. viciae are large aphids\. fabaeis slightly smaller and
therefore represented less food for hoverfly offgpr On the other hand, the three tested
aphid species releasg){p-farnesene, but might not release similar quastitiéhich could be
specific or size dependent. The oviposition stiraudan also come from the aphid honeydew,
which varies qualitatively and quantitatively frame aphid species to another and during the
season. We could conclude that the abilityEof balteatusto perceive chemical signals
emitted from aphids or their association with hglsints and utilise them to locate and select
an adequate oviposition site could explain theipasition preference to one aphid host plant

or one aphid species rather than other, and offgrodunities to encourage this aphid
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predator into field with different crops. By usicgops emitting large amounts of attractive
chemicals could allow the predatory hoverfly todtecits prey at early stage and increase its
efficacy in biological control of aphid populatiortdowever, more detailed informations are
required to complete our knowledge about the ingmirtrole of plant or aphid
semiochemicals and the oviposition behaviouEobalteatusemales. Further investigations
could be proposed: (i) quantification the amounte)fp-farnesene and honeydew emitted by
aphid speciesM. viciag A. pisumandA. fabag, (ii) test of behavioural impacts of these
molecules toward hoverfly females, (iii) answerihg question: do other molecules present
in honeydew attract females or is the attractivertege to systemically released volatiles in
response to aphid species attack, (v) field evimlmaexperiment of these molecules as
attractants for predatory hoverfly.

A part from aphid prey effects, we found that aptatbny size (number of aphids per patch)
has an important influence on the selection of asijion site by predatory hoverfly (Chapter
5). The foraging and oviposition behaviourkf balteatusfemales was dependent on aphid
colony size. Indeed, hoverfly females also seetvetable to adjust their egg number to aphid
density. This result was consistent with the figdof previous studies that aphidophagous
hoverflies are known to demonstrate a positivetiarahip between aphid colony size and
oviposition. Although the number of eggs laid (msfion rates) by predatory hoverfly
females increased in response to increasing aphahy size, the evidence is still unclear.
Using leaf-disc system, which was shown to be ditiefit method to evaluate hoverfly
oviposition behavioyr E. balteatusfemales exhibited pronounced searching, acceptance
(landing, walking, and proboscis extension) andoatidal protraction leading to egg-laying
behaviour in response to increasing aphid coloag.stince syrphid larvae have limited
mobility to forage, these positive behavioural responses ©Bf balteatus females
(Ovipositional tactics) to increasing aphid colasiges, suggesting an adaptive oviposition
behaviour leading the emerging larvae to locate eahately sufficient food resources and
optimise female’s searching effort. On the other hatlte number of eggs does not only
increase with the aphid density on plant or on-thaf system, but thE. balteatusfemales
laid also more eggs in larger single colonies timrsmall ones. As usually, hoverfly.
balteatusfemales laid only one egg per landing, the highenbers of eggs in large colonies
must have resulted from an increased number ofingedHence, large colonies were more
attractive than smaller ones. However, it is ndtedt predatory hoverfly females would not
lay such high numbers of eggs in a single aphidrgolunder natural conditions. While in

laboratory experiments, females tend to lay mogsdigcause they are unable to disperse and
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no other suitable aphid colonies (i.e., aphid cplenthout syrphid eggs) are present. In
addition, several studies have reported that fesnafl@nany syrphid species (ife. balteatuy
prefer smaller aphid colonies or aphid colonieshweaithigh proportion of early aphid instars,
for oviposition and avoid heavily infested plargspecially colonies with winged aphids. It is
not surprising that females avoid crowded aphidom@ls, because these colonies are
subjected to increased migration of the prey, rathean continued colony growth, which
would ensure later hoverfly larval survival.

Others aphid colony factors (i.e. time of appeaeaand location) can have a significant
influence on foraging of syrphid females and dmttion of their eggs-laying. We found that
E. balteatuschanged its egg-laying response to different heighitaphid colony location on
leaf-disc system, laying more eggs on lower heagitbnies location until 20 cm. This result
was confirmed by previous field observations tHabveed the height preference of aphid
colony location for various syrphid species wa®adly related to their aphid prey habitat
preferences. Hence, syrphid species that develgpring, when aphids are present on trees
and shrubs but are rare on herbaceous plants,deadwiposit around 180 cm. All syrphids
species that develop in early summer, when aph&staundant on herbaceous cover, tended
to oviposit at height 30 cm. Those that are abuntfaooughout the year showed no strong
consistent preferences. This could provide intergsinformation on the distribution of
syrphid eggs in relation to aphid prey habitat hamjht preference of aphid colony. However
further field experiment are therefore needed tbebeinderstand the impact of aphid colony
location on predatory hoverfly oviposition prefecen

More surprisingly, we found that the number of etggd by hoverfly female does not only
depend on aphid quantity on the plant, but alséhenpresence and quantity of oviposition-
eliciting substances emitted from aphid colony iffiedent sizes such as (B}farnesene. The
emission of BF was found to be released significantly in respdonsincreasing aphid colony
size in their headspace. IndeggFprovoked a positive responselinbalteatudemales and
acts as an oviposition stimulant. This dependenggests that this molecule could provide
hoverfly females with interesting information abathid colony size. Because the important
role of EBBF in the attraction and oviposition behaviour ofidpphagous syrphid, 3 could
potentially be used to enhance the numbers of aphagous syrphid in field situations. So,
syrphids may be encouraged to remain in area wigsgmce of B (like that released by
septum containing [iF) and lay more eggs even when aphid numbers areTlois can have

a significant effect even when there are low apledsities. Thus further field experiments

would be necessary to evaluate the molecjle & attractant for predatory hoverfly. There
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are indeed other molecules such as honeydew sedygtaphid colonies that may also play
important role in oviposition site selection by @yid females, and that could provide them
with interest information about aphid colony siZéerefore, intense research is necessary to
understand the infochemical role of honeydew irdatery hoverfly response to aphid colony
size.

In chapter 6, we have highlighted that balteatusoviposition behaviour was strongly
modified by the presence of intra-or interspestienpetitors when foraging for oviposition
site. Females avoided aphid colonies in which cea$ip larvae were already present.
Indeed, the oviposition deterring stimulus was astive in presence of conspecific larval
tracks. As previously discussed, the choice of @patch as oviposition site has important
impact on the offspring fitness. Thus the ovipasitdecision made by hoverfly female would
favor aphid patch by avoiding eggs-laying in sitdgere competitors threaten the survival of
its offspring. Apart from intraspecific effects, mabalism of eggs and first instars larvae
appears to be an important regulation factor indaphedator performance under rearing or
application conditions, and it has been well docot®e in aphidophagous hoverflies such as
E. balteatus Therefore, the tendency of syrphid females tgasit less in aphid colonies in
which conspecific larvae or their tracks were pnésright serves to reduce the risk of egg
cannibalism by developed larval stages. This isr@ason that may explain this oviposition
avoidance shown bE. balteatusfemales in response to conspecific larvae and thatks.
On the other hand, this repellency of conspecé#igde or their tracks to hoverfly oviposition
may be mediated by different chemical cues. Previooservations have demonstrated that
aphidophagous predators such as ladybirds aretisertsi volatiles signaling the previous or
actual presence of conspecific larval tracks. B@angple, the extracts didalia bipunctata
larval tracks involve a mixture of alkanes that dnawmultiple semiochemical functions in
coccinellids including mate-recognition, defensal aviposition deterrence. Similarly.
balteatusfemales were deterred from ovipositing in respdaostéhe chemical cues present in
the odor extracts of conspecific larval trackshdis been also reported that aphid predator
females possibly monitor in the assessing an apteg patch both the concentration of the
oviposition-deterring substances and the stimwatoles associated with aphids and rely on
the concentration of these stimuli to assess 8teai their eggs being eaten. This behaviour
was clearly shown by predatory hoverfly, where the balteatus females reduced
significantly their oviposition rates in responsedifferent amounts of oviposition-deterring
substances left by conspecific larvae in aphid tpatt could be concluded that hoverfly

female response in this way to semiochemical cagkloptimise females searching effort by
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reducing the time needed to assess aphid patchtyg@eld consequently increase the
probability of detecting suitable oviposition site.

Similar oviposition avoidance was also shown bydptery hoverfly in response to the
presence of heterospecific competitors. We fourad Eh balteatusfemales oviposited less
often in aphid colonies in which larval tracks afccinellid H. axyridiswere present. Field
and laboratory observations demonstrated Ehdialteatususually coexists withH. axyridis

in many habitats, and syrphid eggs were vulnerbf@edation byH. axyridislarvae. Thus,
the oviposition avoidance shown By balteatusfemales in response to the presencél of
axyridis larval tracks could reflect the low risk of preidatand optimise conditions for their
offspring performance, confirming the optimal owsfteon theory. We also demonstrated that
the foraging behaviour hoverfly female was modifigdthe presence of parasitoilphidius
ervi in aphid coloniesk. balteatusfemales were unable to distinguish unparasitisech f
newly parasitised aphids and did not exhibit argfgmence for either prey. They were less
attractive and fewer eggs were laid in respongbdgresence of mummified aphids and their
exuvia on plants. Indeed we clearly show thaparasitised and parasitised pea aphids are
good qualityfood for the development and survival of secondairssof E. balteatus but
hoverfly second instars amore reluctant to feed on mummified pea aphid. @emgg the
cost in energy and time of moving from one patchatmther, this behaviour shown by
hoverfly females could be considered as adaptiae dHows to ensuring the larval survival
and optimises the female’s searching effort. A keynponent of prey discrimination is the
perception of patch quality and the adjustment aitlp residence time to exploit the patch
according to its relative quality. Theoretical misgerincipally elaborated for parasitoids,
propose that a female parasitoid should allocateentione for the exploitation of patch
perceived as being of good quality. Similarly, &ncbe expected that a predator with the
ability to discriminate will adopt its searching damxploitation time according to patch
profitability. Flexible residence time and giving-uime thus determine the pay-off of
different patch qualities. These result supportfouding thatE. balteatusemales spent more
time on plants infested with unparasitised or pasasl aphids in terms of acceptance and
oviposition behaviours, compared to similar planish mummified aphids or exuvia of
mummies present. A reason for this might be thétylmf a generalist predator, such Bs
balteatusto distinguish an oviposition site with high quglénd to exploit the encountered
patches according to their relative value. Addiidy) oviposition avoidance of parasitised

aphid colonies by syrphid predatér balteatuscould be mediated by different infochemical
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cues. It has been shown that parasiti8egisumproduce more honeydew, a carbohydrate-
rich excretion, and are more likely to attract aplpredators and parasitoids that use
honeydew as a kairomone. Honeydew was shown ta@@gdreference ik. balteatuswhich
may also explain the preference ©f balteatusfemales for plants infested with parasitised
aphids over plants infested by mummified aphidghéugh alarm pheromone was to be
attractive forE. balteatusfemales, and its amount released from parasiapddds was less
than unparasitised ones (FJ Verheggen, unpuBl.)balteatusfemales did not exhibit
significant preference for plants infested by umagdisedA. pisum.These results suggest that
the effects of both the syrphid predator and aphicsitoidA. ervi could be complementary
used in biological control of aphid. pisumpopulations, however for successful biological
control with two aphid natural enemies, ervi females are preferred to be released at two
weeks before the releasingof balteatusn order to avoid the intraguild predation thatikcb

be occurred among them. Thus further investigasameeded to evaluate the efficacy of two
aphid natural enemies in biological control of ashin natural habitats (i.e. greenhouses or
field).

Finally, age oftE. balteatusfemales was found to influence the reproductigraciy during
the entire life of the females, with suggestion y@ungerk. balteatusemale (2 to 5 weeks
old) could have potential to be an effective bidooihagent of aphids because of its higher
reproductive efficiency. Moreover, the number oftife eggs was decreased when the
balteatusfemales were older than 38 day old. This decling beexplained because older
balteatusfemales are less selective in choice of favorabligasition site. It could be
concluded that to obtain an optimal exploitatiorEofbalteatusin biological control efforts,
younger females d&. balteatusare preferred to be released.

Beside the ability of hoverflfe. balteatusfemales to evolved behavioural mechanisms of
response to some of biological and ecological factthat enabling them to be selective in
choice of oviposition site in way that ensure thaispring performance and optimise their
searching efforts in evaluation of aphid patch fuaintense research on the infochemical
role of substances induced by plant or aphids lfiomeydew, BF) and evaluations of their
attractive effects toward hoverflfe. balteatus in natural conditions (i.e. field and
greenhouses), would lead to more perspectivesudocessful biological control of aphid
populations with this aphid predator. In additipredatory hoverfly is not the only antagonist
that can be used e.g. in greenhouses, thus gasimportant to consider intraguild interaction

among antagonists. This knowledge needs furthessiigation for evaluation the potential of
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predatory hoverfly as biological control agent ghis with others aphid natural enemies
(predators and parasitoids), and the important oblenfochamical cues the mediate these
interactions. Finally, these studies will enhanpoeaty our understanding about the chemical

ecology of aphidophagous hoverflies and their guiral interactions
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