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Importance des interactions multi-trophiques dansés agrosystemes pour la mise au
point d’une lutte biologique contre une espéce in&ve

Résumé

Les interactions multi-trophiques jouent un rélé dhns la structuration des agrosystemes et
régissent la dynamique des populations qui les csent. Dans le cadre de la lutte biologique, les
populations de ravageurs sont contrélées par ¢esations. Quand une espece exotique envahit
'agrosysteme, cela déstabilise I'équilibre prétas et peut, via des interactions directes ou
indirectes, modifier le contrdle biologique des éxss autochtones. D’autre part, I'efficacité des
auxiliaires envisagés pour lutter contre I'espén@siveva aussi dépendre des interactions au sein
de I'agrosysteme. En France, depuis 2008, I'agtésys constitué par la culture de tomates sous
serre est perturbé par l'arrivée d’'une espéce imeawiginaire d’Amérique latine Tuta absoluta
(Gelechiidae). La chenille mineuse provoque de egaléfoliations des plants de tomate et attaque
aussi les fruits. Les agents de lutte majoritairgnugilisés en tomates sous serre en France sont un
prédateur omnivoraylacrolophus pygmaeuMiridae), initialement utilisé contre diverses especes
de ravageurs, notamment les aleurodes, ainsi qpear&sitoide oophagkrichogramma achaeae
Le prédateuM. pygmaeus’est averé capable de consommer les ceufs etrgrkiment, les jeunes
stades larvaires d&. absoluta L'objectif de cette thése fut (i) d’étudier larpebation des
interactions liée a l'invasion, (i) de recherchid® nouveaux auxiliaires autochtones, puis (iii)
d’évaluer l'efficacité de ces auxiliaires lorsqa’dont intégrés dans I'agrosysteme.

Nous avons montré que de nouvelles interactionsaggarues suite a I'invasion, notamment
la compétition apparente entre les aleurodeb. etbsolutaen présence dil. pygmaeusDans un
second temps, nous avons recherché de nouveaukamesj en se focalisant d’abord sur les
trichogrammesJrichogramma achaeaétant déja commercialisé confreabsolutaen FranceUne
souche de trichogramme plus efficace et ayantgaaté de se mettre en diapause ou en quiescence
était recherchée. Les expérimentations de laboeatdi de terrain n'ont pas permis de mettre en
evidence un trichogramme plus intéressant que i commercialisé. De plus, nous avons
observé une prédation intra-guilde B pygmaeussur les trichogrammes juvéniles i.e. ceufs
parasités, et nous avons montré guabsolutan’était pas un hote approprié pour ces parasgoide
Méme si les ceufs d€. absolutapermettent la production de générations fillesngact de ces
générations en serre dans des conditions realiti@is négligeable. Les trichogrammes ne
s’installant pas sur la culture, les études coramgries parasitoides oophages se sont arrétées la e
Nous nous sommes intéresses aux parasitoidesrésvBn partenariat avec une équipe espagnole
(IRTA), la biologie de deux parasitoides larvairasété étudiée et a souligné lintérét de
Stenomesius japonicud&ulophidae) en tant que potentiel agent de lbitdogique contreT.
absoluta Malgré les interactions négatives subies pamatagitoide (compétition pour la ressource
et cléptoparasitisme), des expérimentations sous && conditions réalistes ont montré que le
prédateur et le parasitoide larvaire pouvaient istexpendant plusieurs mois. L'effet de I'addition
dans l'agrosysteme d'une proie alternative pourptédateur omnivore sur l'exclusion du
parasitoide a ensuite été évalué. Cette étudeuadrelle aussi, que le parasitoide était capable d
se maintenir dans la culture, méme en présencére&proies pour le prédateur.

Ce travall de these a donné des pistes promettposede contrdle biologique de absoluta
en Europe grace a des espéces autochtones. iifge dés interactions multi-trophiques en jeu dans
'agrosysteme étudié et a mis en évidence le rék idteractions dans le succes ou I'échec des
programmes de lutte biologique.

Mot clés : interactions multitrophiques, lutte biologiqueuta absoluta prédateur, parasitoide,
competition interspecifique.



Importance of multi-trophic interactions in agro-ecosystems for the development of biological
control programs against an invasive species

Abstract

Multi-trophic interactions play a key role in sttudng agro-ecosystems and regulating
arthropod population dynamics. In the context afidgical control, such interactions are crucial
because trophic links are used to maintain pestlptpns at low levels in crops. When an alien
pest invades an agrosystem, it often destabilire®xypisting multi-trophic interactions and it could
disturb, via direct or indirect interactions, thalbgical control of indigenous pest species. In
addition, the effectiveness of potential naturadrares to control invasive species also depends on
the interactions within the agro-ecosystem. Sin@@82 in Europe, the tomato agro-ecosystem is
disrupted by the invasive South American tomatdmé@zer, Tuta absoluta(Gelechiidae). This
leafminer causes severe defoliation of tomato plaartd also attacks fruits. The indigenous
biocontrol agents mainly used in France to conttos pest are the omnivorous predator,
Macrolophus pygmaeugMiridae) and the oophagous parasitoitfichogramma achaeae
(Trichogrammatidae). The predator was initiallydige control various prey, mainly whiteflies, but
also feeds on eggs ®of absoluta The objective of the PhD was (i) to study thegilge disruptions
of biotic interactions owing to the recent invasionT. absolutain Europe, (ii) to identify local
natural enemies attackinig absoluta (iii) to evaluate their effectiveness agaifstabsolutawhen
integrated into the agro-ecosystem.

We showed that new interactions occurred afterattiwal of T. absoluta mainly apparent
competition between whiteflies afd absolutain presence dfl. pygmaeusWe recorded possible
new biocontrol agents and focused first Tmchogrammaparasitoidsas Trichogramma achaeae
was promptly commercialized againstabsolutain France. More effectivérichogrammastrains
and ones having the ability to diapause or quieszenere researched. Laboratory and field
experiments failed to detect promisiigchogrammastrains. In addition, intraguild predation of
M. pygmaeu®n parasitoid juveniles i.e. parasitized eggs, olzserved and we demonstrated that
T. absolutawas not a suitable host fdirichogrammaparasitoids. The impact df. absoluta
developed parasitoid generations on the pest wagigie under greenhouse conditions.
Therefore, further studies switched on parasitofdarval stages of. absolutaln partnership with
IRTA (Spain), we demonstrated the importance Sbéénomesius japonicu&ulophidae) as a
possible biological control agent agairist absoluta The parasitoid was able to reproduce on
T. absolutaover several generations under laboratory and pmese conditions. Laboratory
studies showed that, in addition to the resourcenpatition, the parasitoid would suffer
kleptoparasitism from the predatbt. pygmaeusn the tomato agro-ecosystem. Such interactions
would increase the risk of the larval parasitoi¢tlesion of the tomato crops. However, further
greenhouse experiments demonstrated that the predatl the larval parasitoid can coexist for
several months. Moreover, the presence of an aliem prey for the omnivorous predator
(whitefly) in the agro-ecosystem did not promptvédrparasitoid exclusion, and the parasitoid
remained in the crop even in the presence of qitter for the predator.

Taken as whole, this work provided promising wags developing sustainable biological
control of T. absolutain Europe using indigenous natural enemy. We fggkéd the importance of
multitrophic interactions in the studied agro-ecteyn and clarified the role of interactions in the
success or failure of biological control programs.

Keywords: multitrophic interactions, biological contrdluta absolutapredator, parasitoid,
interspecific competition.
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Introduction générale

Les interactions entre les espéces qui composegcosysteme ont un réle majeur dans la
composition et I'évolution des systemes naturels. dius des interactions herbivore-plante et
prédateur-proie, il est rapidement apparu évidartag nombreuses interactions impliquent plus de
deux espéces et/ou plus de deux niveaux trophieiegje, par conséquent, une approche multi-
trophique des réseaux trophiques se révéleraitrphisste (e.g. Pricet al. 1980, Hawkins 1984).
Ces interactions peuvent étre directes ou indiseetedonc plus ou moins évidentes (Wootton
1994).

La compréhension de ces interactions est essenpielir 'agriculture, particulierement dans
le cadre du développement d'une protection biolegigles cultures. Longtemps, la principale
raison de rechercher des moyens non-chimiques d&dter les ravageurs des cultures était
linquiétude au sujet des risques liés a l'utilisatdes pesticides sur I'environnement et la santé
humaine (e.g. Metcalf 1980). Maintenant, s’ajotd@dgmentation des résistances aux pesticides et
la difficulté a développer de nouvelles moléculéficaces. Cela mene progressivement a une
demande de la part du milieu agricole, de trouves thoyens alternatifs aux pesticides (e.g.
Lumdsen et Vaughn 1993). L'un des moyens efficatesternatifs aux pesticides est le controle
biologique, défini comme « l'utilisation d’ennemisturels pour le contrdle d’especes nuisibles, de
maladies ou d’adventices ». La lutte biologiqudéisgiau profit de 'lhomme les relations naturelles
entre deux especes, les méthodes de lutte bioleggploitent donc les mécanismes de régulation
naturelle des populations. C’est pourquoi une barummaissance des interactions qui régissent un
agrosysteme est un point clé pour la mise en glacee protection biologique efficace.

La complexité des interactions rend difficile laéyision des effets de la suppression
(extinction) ou de l'ajout d'especes (réintroduntioarrivée d’especes invasives) dans les
écosystemes, ce que l'on tente pourtant de fairkitém biologique. De plus, 'augmentation des
eéchanges commerciaux d'un pays a l'autre, maisi allesa continent a l'autre, a induit une
augmentation sensible du nombre d’especes invasiresi, avant d’engager des programmes de
lutte biologique a grande échelle contre une esjrcasive, doit-on se poser la question des
interactions engendrées/modifiées par I'introductidans un premier temps de I'espéce invasive,
puis par la suite de I'ajout de nouveaux auxilgirgui peuvent perturber I'équilibre des réseaux
trophiques déja en place.

Les systéemes sous serre sont ceux ou la luttediiple est la plus utilisée, probablement
parce que les spécificités (unité isolée, videtaari hors saison) de ce type de culture en fantlit
la mise en place (Van Lenteren 1988). Cependartoonait tout de méme environ 140 espéces
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d’insectes et d’acariens qui sont des ravageursulages sous serre (Heiezal.2004). On assiste
donc a la mise en place simultanée de différeragrammes de lutte biologique contre plusieurs
ravageurs, qui sont en général composés d’esppéembistes et généralistes. Or, en France depuis
2008, I'agrosysteme constitué par la culture deates)sous serre est perturbé par l'arrivée d’'une
espece invasive originaire d’Amérique latin€uta absolutaMeyrick (Lepidoptera: Gelechiidae)
(Desneuxet al. 2010). Ce lépidoptere de la famille des Gelechidaene chenille mineuse qui
provoque de graves défoliations des plants de &sndltest tres probable que cette espece et son
cortege d’ennemis naturels perturbent les intevastgui régissent I'écosystéme en place et donc la
lutte biologique contre d’autres especes ravageasdschtones. Il apparait donc pertinent de
s'intéresser aux potentielles modifications desgrattions du réseau trophique de l'agrosystéme
tomates sous serre. D’autre part, la lutte ciblé®re I'espece invasive va nécessiter la recherche
d’agents de lutte, préférentiellement autochtonpsjs entrainer leur introduction dans
'agrosysteme afin de compléter le controle, évelidment déja effectué, par les prédateurs
généralistes déja présents dans la culture poudag’autres espéces. Cela va engendrer des
interactions multi-trophiques nouvelles et modlilficacité des auxiliaires choisis.

Le travail de these présenté ici a eu pour bubdmir des informations cruciales a la mise
en place de la lutte biologique confreabsolutaet de contribuer a I'étude de I'importance du réle
tenu par les interactions multi-trophiques dansueces d’'un programme de lutte biologique. Par
contre, cette thése n’a pas eu pour vocation dé&eneth place un programme de lutte biologique
prét a étre appliqué par les agriculteurs, et paséguent nous ne nous sommes pas intéressés a des
problématiques telles que les méthodes d’élevagmasse des nouveaux auxiliaires trouvés, ou
telles que les doses de lacher optimales. En ceaqgierne les interactions, la thése fut centrée su
les interactions entre insectes via un insecte in@ractions entre la plante et les insectegnre
les insectes via la plante, bien qu’ayant ellesiaus role important, n’ont pas été étudiées.

La premiere partie du travail a consisté a étudlimpact de I'espéce invasive sur le contrdle
du principal ravageur sous serre de tomates |éesaes. Dans la seconde partie nous avons tenté
de détecter de nouveaux auxiliaires coitrabsolutapuis la troisieme et derniére partie a consisté

a etudier I'impact de l'insertion de ces nouveauxilaaires dans I'agrosysteme.
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I) Le contexte : la lutte biologique

1.1) Bref historique de la lutte biologique

L’'un des plus vieux cas de lutte biologique condate de 300 ans ap. J-C en Chine (Huang
et Yang 1987), il s’agit probablement de la plusilie utilisation connue d’un insecte pour en
contrbler un autre dans le cadre de la protectemnadiltures. Il s’agissait de I'utilisation de cales
de fourmis oecophylles pour protéger des agrumepefant, le contréle biologiqgue concerne
aussi les vertébrés dont l'utilisation en lutte Ibjgique a probablement commencé avec la
domestication et l'utilisation des chats contre tesgeurs bien avant J-C en Egypte (Baldwin
1975).

Van Lenteren (2002) récapitule les pré-requisamtiété nécessaires pour le développement
et 'expansion du contrdle biologique. Il s’agi} ¢ie 'acceptation générale du fait que les insecte
ne proviennent pas de générations spontanées (éotéinpar F. Redi en 1668), (i) de la
compréhension des processus de prédation (docurdangla littérature chinoise il y a environ
2500 ans), (iii) de linterprétation correcte dungmortement des insectes parasitoides (documenté
par van Leeuwenhoek en 1700), (iv) de la reconaass des processus d’infection par les
pathogenes (documenté par Kirby en 1826) et enfjndé I'évolution de l'idée d'utiliser les
ennemis naturels pour le contrdle des ravageuts&dlisiécle. En Europe, Réaumur fut le premier
a proposer une technique de contrdle biologiqu@ dé 1734 il recommandait de lacher des
chrysopes pour lutter contre des pucerons. En 1@0Qrand-pére de Charles Darwin, Erasmus
Darwin, écrivait sur le réle des parasitoides et plédateurs dans le maintien des populations de
ravageurs a de bas niveaux. Aprés cela, le nongbteadaux sur le sujet s’est accru en développant
la méme idée.

Par la suite, certains cas de lutte biologique sl@venus célébres, comme le cas de la
myxomatose pour lutter contre les lapins europé&amsAustralie, qui a particulierement bien
fonctionné dans un premier temps, puis qui a peteusa virulence, remplacé ensuite par le
« Rabbit Haemorrhagic Disease » (Fenner and Fat@®9). Chez les arthropodes, le cas de lutte
biologique contre la cochenille des agrumes en Aquérdu Nord est I'un des plus célébres. En
effet, l'introduction de la coccinelldRodolia cardinalis (Muslant) par Koebele en 1988 en
Californie pour limiter les ravages de la cocheniles agrumes australienoerya purchasiest un
des premiers succeés de la lutte biologique clasgiljanzoet al. 2000).

En ce qui concerne la France et I'Europe, Boisgiran 1840 démontra en pratique le
contrble biologique grace a des lachers du coleegteédateucCalosoma sycophantainnaeus
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pour lutter contre le Lépidopteteymantria disparLinnaeus sur peuplier. Ensuite, on tenta pour la
premiere fois d'introduire un auxiliaire exotique Europe pour lutter contre le phylloxeviteus
vitifoliae Fitch en 1873, en introduisant I'acarien prédatéyroglyphus phylloxeradiley &
Plancon, mais cela ne fonctionna pas. Le premigresude lutte biologique classique date de 1897,
quand des Portugais ont importé et établicarinalis contrelcerya purchasiMaskell, qui avait
précédemment était introduite en Amériqgue du Nordcasuccés pour lutter contre le méme
ravageur, comme décrit précédemment. Actuellemaniytte biologique, et notamment la vente
d’agents de lutte biologique, est utilisée sur lbeap de cultures. Les ennemis naturels sont
produits en masse et relachés pour contrbler degyears en vergers de pommiers et d'oliviers,
dans les vignobles ainsi que dans le mais, makitaimportante diversité d’auxiliaires est utiésé
sous serre. Ces 25 dernieres années, environ 88essg’ennemis naturels ont été évaluées pour

une utilisation sur culture protégée (van Lentexeal. 1997).

Encadre 1: Les aleurodes (Homoptera, Aleyrodidae)

Les aleurodes sont parmi les ravageurs des cultures les plus
importants dans le monde, les espéces causant des dégdts en
culture sous serre sont Bemisia tabaci Gennadius et Trialeurodes
vaporariorum Westwood Les dégits sont causés par les nymphes
et les images s nourrissant du phleéme, mais aussi par le miellat
produtt par les stades larvaires qui contamine les feuilles et les
fruits. Cela faworise le dewveloppement de fumagine qui va
empecher la photosynthése (Byrne et Bellows 19210 DM autre part
B. tabaci est un important vecteur de virus, notamment du TYLCVY
(Tomato Yellow Leaf Curl Virus), pour la tomate (Oliveira of al
20017

Le contrdle biologique contre les aleurodes a commence
au Etats-Unis avec Bucarsia formosa Gahan (Speyver 1927), ce
parasitoide est maintenant utilisé partout en Europe. Depuis, de
nombreuses especes ont éte reconnues comme des prédateurs
d aleurodes mais trés peu sont commercialisés (Gerling of al
20013, Les ennemis naturels les plus fréquents sont 5. formosa,
Eretmocerus  mundus Mercet et Er. eremicus Eose &
Zolnerowich, ainsi gque la punaise predatrice Macrolophis
pyemasus (Rambur) (souvent mal identifiée en tant que
Macralophus caliginosus Wagner) et Uacarien predateur Amblvseins swirski Athias-Henriot

(Motnikou ef af, 2002, Cock ef al. 2010).

Les cycles de wie de ces espéces sont assez proches, & 22%C, le stade euf dure 2-10
jours chez B fabaci et 5-6 jours chez Tl vaporariorum. Il v a 4 stades larvaires chez ces
deux espices, en totalité le stade larvaire dure 10-15 jours chez 5. fabaci et 15-19 jours chez
Tovaprariorum (Xie et al 2011, Bonato 2f af 2007,
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Le premier succes de lutte biologique sous setrerful926, quand des aleurodes noirs, donc
parasités, ont été trouvés chez un producteur oetés anglais (Encadré 1). Par la suite le
parasitoide responsablEncarsia formosaGahan, fut découvert, et le contréle biologiquérav
(Speyer 1927, Husset al. 1958). A partir de la, la commercialisation d’atgede lutte biologique

commenca en Europe.

1.2) Les différentes luttes biologiques

Différents types de lutte biologique se sont dépeés depuis les premieres tentatives de lutte
biologique classique, ceux-ci peuvent étre cladsédifférentes maniéeres. Le classement suivant est
généralement celui retenu (Heieizal. 2004) :

- La lutte biologique classique ou par importatioklle consiste en 'importation et
I'installation d’'une espéce exotique d’ennemi netudans I'écosystéme cible, en vue d'un
contréle permanent. Elle est en général utiliséendues especes autochtones ont une efficacité
insuffisante, notamment quand le ravageur est Briamune espece exotique et que les auxiliaires
autochtones ne sont pas adaptés a ce nouvel drriveite méthode, nécessitant I'installation de
'ennemi naturel, est plus adaptée a des agrosgstémon perturbés, i.e. cultures pérennes,
comme les vergers. De nombreux ennemis naturel€téntmportés en Europe et permettent
toujours le contrdle de ravageurs dans les verderitronniers et pommiers par exemple
(Greathead 1976).

- La lutte biologique par augmentationl s’agit du lacher d’espéces autochtones afin
de favoriser/accélérer leur installation, en patigr en milieu perturbé, ou d’augmenter le
nombre d’individus dans la culture. S’il s’agit gpement de lachers en début de culture, le
contrdle reposant ensuite sur la reproduction eéude I'auxiliaire dans le milieu, on parle de
lachers saisonniers inoculatif$Si, au contraire, il s’agit de lachers de quastiimportantes et
répétées d’individus qui ne vont pas ou peu seodkpre sur la culture, on parle digchers
inondatifs L’utilisation des Miridae, e.gMacrolophus pygmaeusu Nesidiocoris tenuispour
lutter contre les aleurodes sous serre de tomesésin exemple de lutte biologique inoculative.
Au contraire, [l'utilisation de trichogrammes se tfanajoritairement par lutte biologique
inondative.

- La lutte biologique par conservatiorElle consiste a favoriser les ennemis naturels
en établissant des conditions biotiques et abiesggui leur permettent de se développer. Les

plantes permettant/favorisant l'installation d’emm& naturels dans l'agrosystéme en leur
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fournissant des proies alternatives, du nectamaore un site de ponte, sont un exemple de lutte

biologique par conservation (Paroéhal. 2012).

1.3) Lutte biologique classique ou ennemis naturelautochtones ?

En termes de lutte biologique, la lutte biologiglessique a longtemps été considérée comme
la plus efficace pour lutter contre les especeasives, et de nombreux exemples viennent appuyer
cette opinion (e.g. Caltagirone et Huffaker 1980auSen 1978). Cependant, de plus en plus de
chercheurs partagent 'idée que les risques engsrmhr I'introduction d’espéces exotiques sont
extrémement importants et ont souligné limportartteffectuer une évaluation des risques
détaillée avant d’effectuer de nouveaux lachersrBenis naturels exotiques (e.g. Howarth 1991,
Simberloff et Stiling 1996, Folette et Duan 1998089 et Pemberton 2000, Wajnbeigal. 2001).
Cette idée s’est répandue essentiellement apréslieeureusement célébre cas de la coccinelle
asiatigueHarmonia axyridisPallas (Coleoptera: Coccinellidae) qui fut intritedlen Europe et aux
Etats-Unis dans le cadre de la lutte biologiquetreoles pucerons (Koch 2003). Lachée a partir de
1916 aux Etats-Unis, elle s’est montrée invasiyma@dir de 1980. Malgré une efficacité reconnue
dans le contréle de plusieurs espéces de puceamssdifférentes cultures, les effets négatifsdi¢s
caractere extrémement invasif de certaines sousbet devenus prédominants, notamment le
remplacement des espéces de coccinelles autochdbiestrée dans les habitations de certaines
régions d’Amérique du Nord et d’Europe (Koch 200%)tuellement, on considere que l'utilisation
des especes d’ennemis naturels doit étre priviédgid rapport aux ennemis naturels exotiques dans
le cadre de la mise en place d’'un programme de hitiogique contre une espéce invasive.

Les ennemis naturels autochtones attaquant ueeggroduite sont considérés comme un
composant essentiel de la résistance des écosygsteménvasions (Elton 1958, Levieeal. 2004,
voir aussi sectiorLes invasions biologiquesLa prédation réduit le taux de croissance de la
population de l'espéce invasive et, par conséqueémtyit 'impact de la compétition pour la
ressource exercé par I'espece invasive sur lescespeatives analogues (Robinson et Wellborn
1988, Baltz et Moyle 1993, Trowbridge 1995, Byei®02). Cependant, lorsqu'un prédateur
autochtone consomme une espece exotique, les gerespulation invasive sont reconverties en
augmentation de la biomasse de prédateurs. Dorprédation sur une espéce exotique peut
indirectement nuire aux proies originelles du ptéda(Roemeet al. 2001, Rand et Louda 2004).
Ainsi, méme l'utilisation d’ennemis naturels auttmies contre un ravageur invasif ne permet pas
d’éviter tous les effets négatifs, en termes deadygue des populations, lies a I'invasion du

ravageur exotique.
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II) Les interactions au sein des agro-écosystemes

Les interactions biotiques entre espéeces ont tnmaljeur dans la composition et I'évolution
des systemes naturels (Paine 1980, Wootton 199d3. différentes interactions trophiques
interspécifiques, sur lesquelles on se focalisera Se décomposent en deux catégories: les
interactions directes et les interactions indire¢t&ettle et Wilson 1990).

[I.1) Les interactions interspécifiques directes

Les interactions directes regroupent toutes lerantions ne nécessitant pas l'intermédiaire
d’'une troisieme espece. On y retrouve les diff@ehbrmes d’interactions positives : la symbiose
(++), le mutualisme (++), le commensalisme (+Osbague les interactions négatives : la prédation
(+-), la compétition par interférence (--), 'amafisme (-0) (Wootton 1994).

Plus particulierement, les relations proie-prédateléterminent le fonctionnement et
'organisation des réseaux trophiques et constitdepuis longtemps un sujet d’étude privilégié
pour les écologistes (Godfray al. 1994). Les prédateurs influent sur la dynamiquelgteur-proie
et donc sur les populations de proies. lls congétbypar ce biais a maintenir I'équilibre biologique
des écosystemes. Les interactions proie-prédatmstituent les interactions de base utilisées en
lutte biologique. Elles furent les premiéres étadjece n’est qu’apres, que les biologistes ongport
leur attention sur les interactions indirectes)iséat leur role essentiel dans la structuratioa de
écosystemes (Janssetral. 1998).

[1.1.1) Les interactions interspécifiques

Prédation et réponse fonctionnelle et numérique

Holling (1959) proposait de séparer la réponse tfonnelle au niveau de l'individu de la
réponse numeérique au niveau de la population. luerdg densité de proie s’accroit, un prédateur
peut augmenter son taux de consommation de pnapser(se fonctionnelle), puis de reproduction
(réponse numérique). Ainsi, la densité de prédatest également dépendante de celle de leurs
hotes (Holt et Lawton 1994). Depuis cette proposition a ajouté I'agrégation comme facteur
augmentant la dynamique des populations, en plis @gproduction (Barbault 2008).

Holling a divisé la réponse fonctionnelle en troipes (Holling 1965). La premiére est une

fonction linéaire de la densité de proie jusqu'a certaine valeur a partir de laquelle le nombre de
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proies consommeé par individu et par jour reste t@ons On I'a observé chez des crustacés
(organismes filtrants) et dans certaines gammesatiurs chez certains oiseaux (Korpiméki et
Norrdahl 1991), mais elle reste rarement repréteatale la réalité. La réponse de type 2 est
caractérisée par un taux de consommation décroiasaresure qu'augmente la densité de proies,
c'est la plus fréquente chez les arthropodes. Elaiméponse de type 3, représentée par une
sigmoide, est caractéristique des vertébrés maissi été observée chez certains parasitoides. En
théorie, c’est la seule réponse numérique qui peair un effet régulateur sur la population de
proies (Barbault 2008). Dans le cas de prédateémgrglistes, la réponse a la densité d’'une proie
peut aussi dépendre de la densité de ses auties.puand la consommation d’'une proie dépend
de la fréquence de celle-ci par rapport aux autoes,parle du phénomeéne de bascule ou
« switching ».

En ce qui concerne la réponse numérique, plusméanismes sont en jeu, elle dépend du
comportement du prédateur, de la fécondité et deilée du cycle de vie du prédateur, mais aussi
de la qualité nutritive des proies. Il y a plusgeexemples dans la littérature ou l'abondance d'un
prédateur a augmenté a la suite d’un accroissedeelat densité de sa proie, comme dans le cas de
la musaraigne étudié par Holling qui se nourritadeons de tenthrédes (Holling 1959); et de
nombreux cas ont aussi été observés dans le cadia titte biologique contre les insectes
ravageurs (DeBach 1964). D’autre part, lorsquepteges ont une distribution groupée, les ennemis
naturels peuvent éventuellement exercer un chade €obncentrer sur les parcelles riches en proies,
c’est la réponse agrégative (Hassel et Wilson 199&te réponse est aussi une forme de réponse
numérique positive du prédateur. Un deuxiéme typaédponse numérique est le cas nul, dans
lequel la densité des prédateurs n’est pas affgaedes variations du nombre de proies. Holling
(1959) a constaté lors de son étude qu'une aufrecesde musaraigne n'a pas augmentée en
nombre quand la densité des cocons de tenthréaes@'ssait. Troisiemement, il existe un certain
nombre de cas ou I'on a observé que le nombreé&tiafrurs a diminué a des densités de proies tres
élevées. Cela a été observé chez des insectespdyaiges, un diptére (Hafez 1961), une coccinelle
(Pschorn-Walcher et Zwolfer 1956) et certaines espée syrphes (Hafez 1961, Hughes 1963). On
ne sait pas si les réponses numériques négativas répandues, cependant elles sont plus
susceptibles de se produire avec des proies guiefur des agrégats de haute densité (comme les

pucerons et les insectes sociaux).

Conséquences en tervmes de dynamique des populations : Un prédateur/parasitoide n'aura un
effet régulateur sur sa population d’hétes que esil capable de répondre numériquement a un
accroissement de la densité d’hdtes avec une rémmsiolling de type 3. La réponse numérique
varie suivant que le prédateur/parasitoide est pétialiste ou un généraliste. Un spécialiste
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répondra numériquement & une variation de la dedsitsa proie et limitera les pics de pullulation,
tandis que chez un généraliste la réponse numéaique espéce de proie sera absente ou faible en
particulier en cas de présence de nombreuses a&aspeses de proies présentes dans I'écosysteme,
la dynamique des populations de celui-ci reposanphisieurs especes (Holling 1959, Snyder et
lves 2001).

En Lutte biolooigue : En termes de lutte biologique, chez les prédatelarsréponse

fonctionnelle atteint un plateau avec la satiétgpait étre modifiée par la présence de proies
alternatives, rendant la lutte contre le ravageblémlus aléatoire (Sabelis 1992, Greenstone et
Pfannenstiel 2005), au contraire des parasitoides Iteffet sur la population d’hétes ne dépend
pas seulement de la consommation pour se nourails aussi de la fécondité. De nombreux cas
d’'effet positif des prédateurs généralistes sucdetrble biologique ont cependant été observés
(Symondsoret al. 2002). D’aprés Symondsat al. (2002), ils ont permis un contrdle efficace des
populations de ravageurs dans 75% des expériengegleih champ. Snyder et Ives (2003)
indiquent qu’ils auraient également une actionlaustabilité dans le contréle des populations de
ravageurs. En effet, un large régime alimentainenpé au prédateur généraliste de se maintenir
dans la culture en I'absence de la proie cible@semmant d’autres proies ou encore, dans le cas
des prédateurs omnivores, en utilisant une sowaedrriture alternative (Symondsenal. 2002).
Cela permet en particulier que le prédateur séisgmt dans la culture avant I'arrivée du ravageur e
donc d'effectuer un contrble dés le début de I$tdéion (Snyder et lves 2001 et 2003). Cette
faculté est, par exemple, utilisée en culture deates ou certains Miradae omnivores sont relachés
en début de culture voire en pépiniere (Caétoal. 2012). De plus, chez les généralistes, le
comportement de prédation peut varier selon lefegméces (voir Meylinget al. 2003, Cheliet al.
2006, Reitzet al. 2006, pour des exemples de préférences chez datsatg lutte biologique), qui
peuvent étre en faveur ou en défaveur de la lutilbdique. Un comportement de préférence
particulier, le « switching », est considéré comagant un effet stabilisateur sur les populations de
proies (Roughgarden et Feldman 1975, Kimbrell elt B005). Ce comportement a été observé
chez divers agents de lutte biologique (e.g. Endebet al. 2001, Chowet al. 2008, Sahat al.
2010) et peut étre intéressant si les deux praas des ravageurs. A l'inverse, un spécialiste ne
dépend que d’'une seule ressource pour se maimtané le milieu et son cycle de développement
est souvent lié a celui de son hoéte, ce qui pendiwioe a son extinction en cas de disparition de la
proie (Snyder et Ives 2003).

Cependant, a cause de leur degré de spécificitédne les prédateurs généralistes peuvent
générer de nombreuses interactions directes etemids dans un écosysteme, dont il n’est pas
toujours évident de prévoir les conséquences sumileeu. Malgré tout, certains prédateurs
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généralistes se sont révélés plus efficaces queatasitoides (Greenstone et Pfannenstiel 2005) et
de nombreux prédateurs, permettant un bon contiéderavageurs, sont commercialisés a I'heure

actuelle.

Le cas particulier des parasitoides

Bien que les parasitoides ne soient qu’un typaqodidgr de prédateurs, certaines interactions
entretenues avec leur hote leurs sont propres.

- Parasitisme :Le comportement de parasitisme peut évoluer difiénent en fonction de la
disponibilité en hétes. La distribution du parasite peut étre: directement, inversement
dépendante ou indépendante de la densité d’hétedfi@y 1994). Dans le premier cas, les
parasitoides sont capables de répondre a desedifies dans la disponibilité d’hdtes entre patchs
par une agrégation dans les patchs de fortes demnbitdtes, ce qui se traduit par une augmentation
du parasitisme avec cette derniére. Ce phénoméné mconnu par de nombreux auteurs comme
facteur favorisant la persistance des populationgaestabilité des systemes héte-parasitoide
(Hassellet al. 1991). Dans le cas d'une dépendance inversem@atdila densité d’hotes, le
parasitisme décroit avec leur abondance. Celagdexpliquer par différents mécanismes : absence
de réponse agrégative, abandon du patch a intesvedinstants afin d’éviter le super-parasitisme,
décélération de la réponse fonctionnelle du panastcausée par exemple par le comportement de
manipulation de I'héte ou encore interférences eenarasitoides (Umbanhowat al. 2003).
Cependant, une réponse agrégative directe a uteedensité d’hotes n'implique pas toujours un
parasitisme, lui aussi croissant avec cette de(idgénachandrat al. 2007).

Les parasitoides, méme s’ils sont parfois capatblettaquer plusieurs espéces, sont plutot
spécialisés car le degré d’adéquation entre leepebile parasitoide doit étre extrémement éleve.
L’héte doit fournir une ressource nutritive de digalet de quantité suffisante pour assurer le
développement de tous les stades juvéniles du ifmades les défenses de I'hote doivent étre
maitrisées (Vinson et Iwantsch 1980), en particydieur les endoparasitoides koinobiontes, qui se
développent a lintérieur de leur héte tout en laintenant vivant pendant un certain temps
(Pennacchio et Strand 2006). Au contraire, les pactsitoides idiobiontes ont un degré de
spécificité moindre et vont, par conséquent, souear les premiers parasitoides a attaquer des
especes invasives.

- Host-feeding : Il existe deux grands types d'ovogéneses chez kasjoides : la
proovigénie si la majorité des ceufs est mare de@&tre pondue a I'émergence, et la synovigénie
lorsque I'ovogénese se poursuit tout au long dedale la femelle. Dans ce second cas, la femelle a

souvent besoin de ressources supplémentaires pmpléter le développement des ceufs, qu'elle
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trouve dans 'hémolymphe et les tissus de I'h6eephénomene de nourrissage sur I'héte ou « host-
feeding » est tres répandu chez de nombreux paiidest utilisés en lutte biologique (Jervis et Kidd
1991) et a été mis en évidence chez de nombrewpkidiae. Il dépend principalement de I'état
physiologique interne du parasitoide et de ladajlialité de I'hdte (Bernardet al. 2006), il
semblerait que certains parasitoides larvairesenil préférentiellement les stades les plus jeunes
impropres au parasitisme car trop petits, pour heost-feeding » (pour une revue des cas de
partitionnement « host-feeding »/oviposition enction du stade larvaire, voir Kidd et Jervis,
1991). Dans le cas d’une telle ségrégation, onrabeat une synergie entre le « host-feeding » et
le parasitisme sur le contrble d’'une espéce rawagelles parasitoides synovigénigues ont une
capacité de recherche importante et sont capablelifférer leur ponte en fonction de la densité
d’hétes, alors que les proovigéniques peuvent parasin nombre important d’hotes dés
'émergence. Le « host-feeding » a souvent été-sstisié comme facteur de mortalité de I'hote,
mais il peut dans certains cas participer de fagmm négligeable au controle (Jervis et Kidd 1986
1991, Bernardet al. 2006). Dans I'étude de Bernardbal. (2006), 14% de la mortalité observée
était due au « host-feeding ». Dans le cadre detta biologique contrd. absoluta Lunaet al.
(2010) ont constaté qu’une partie des hotes paslyamDineulophus phtorimaea@giymenoptera :
Eulophidae) était utilisée pour le nourrissage dragitoide. Un effet bénéfique du « host-feeding »
a également été démontré par Woenhgl. (2009) et Zappala et al. (2012).

- Pigure mortelle de I'hGte sans « host-feedingChez de nombreux parasitoides d’insectes
mineurs, on observe également un comportementgieepde I'héte sans oviposition, et pouvant
entrainer une forte mortalité chez I'héte (Bernaetl@l. 2006). Ces derniers ont démontré qu’une
femelle Pnigalio soemiusWalker (Hymenoptera : Eulophidae) pouvait tuerspte 89 hotes
pendant sa vie par ce phénoméne, ce qui représg@dtaide la mortalité totale observée. Woehg
al. (2009) ont également pu mettre en évidence un¢atitéradditionnelle par un comportement
semblable che&phelinus asychi8vValker (Hymenoptera: Aphelinidae), pour lequelpb&nomene
a perduré jusqu’a la mort du parasitoide. Petedl. (2003) ont, quant a eux, étudié la mortalité
engendrée pdDiglyphus intermediusirault (Hymenoptera : Eulophidae) en fonctionlaéensité
d’hétes présentée aux parasitoides. La proportiodtes tués sans oviposition a augmenté avec la
densité d’hotes et la fréquence des hotes de péditées rencontrés. Par ailleurs, le pourcentige
mortalité par pigire avec rejet s’est révélé spdrau pourcentage de « host-feeding » qui est rest
constant. L’hypothéese la plus évidente pour exgligcela est le rejet de I'h6te par la femelle
parasitoide apres l'avoir paralysé (Casas 1989)is nd&autres explications ont ensuite été
proposeées. D’apres Patedl al. (2003), le rejet d’'une certaine proportion d’hépesirrait étre un

mécanisme de gestion de la densité d’hbétes pallefatisant a garantir la survie des larves de
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parasitoides en évitant la destruction du feuillpge les larves non parasitées. Si les larves du
parasitoide sont mobiles, une autre explicatiorrpaduétre que la femelle tue plus d’hétes afin de

fournir une ressource supplémentaire a sa progéniaw cas ou I'héte parasité ne lui suffirait pas

(Lauziereet al. 1999).

Conséguences en termes de dynamigue des populations : En théorie, les parasitoides vont

provoquer des dynamiques de populations cycliqguesrd répondre rapidement aux changements
de dynamique des populations de leur hote (btegl. 1981).

En termes de Lutte biologiaue : Les parasitoides sont trés utilisés en lutte biglog et on

considére en général qu'ils sont plus a méme dedlenles pics des populations de ravageurs que
les généralistes, a cause de leur cycle de vid ebute leurs spécificités (Hassel 1980, Hassell et
May 1986, Berryman 1992, Murdoch 1994, Turckinal 1999). Leur spécialisation présente
l'intérét gu’ils ne sont padistraits par d’éventuelles proies alternatives non ravagge(Snyder and
lves 2003).

[1.1.2) Les interactions intraspécifiques

La prédation intra-guilde

La prédation intra-guilde a lieu lorsqu’un ennematurel (le prédateur intra-guilde) attaque
une autre espece d’ennemis appartenant au mémaunik@phique (la proie intra-guilde) et en
compétition pour la méme proie/hdte (Rosenheimal. 1995). D’apres Brodeur et Rosenheim
(2000), la relation prédateur-parasitoide favoldsgrédation intra-guilde. Dans ce cas de figule el
est unidirectionnelle, le parasitoide étant la granais elle peut aussi se produire entre deux
prédateurs généralistes se faisant subir de laapoédintra-guilde réciproquement, en général en
S’attaquant aux stades juvéniles de I'espece camgpeéte.g. Moreno-Ripolét al. 2012, Persons et
Rypstra 2001).

Conséquences sur Lo dynamigue des populations : Quand la prédation intra-guilde se

produit dans un systéme, deux prédictions prinegpalessortent des modeles mathématiques
comprenant trois espéces (le prédateur intra-gugderédateur intermédiaire, la proie commune) :

(1) la coexistence entre les deux espéces d’enmanhisels est possible seulement si le compétiteur
intermédiaire est le compétiteur supérieur en terdietilisation de la ressource commune (Holt et

Polis 1997) et (2) la coexistence est possibleeseeiht a un niveau intermédiaire de productivité de
la ressource (Holt et Polis 1997, Diehl et Fei26€10, Myliuset al. 2001, Boreet al.2003).

En lutte biolooigue : La prédation intra-guilde a été tres largemendiéri au sein des

agrosystemes. D’aprés la théorie, la prédatioradigtilde peut perturber la lutte biologique et
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conduire a un niveau de contrbéle des ravageurssmoiportant (Rosenheimt al. 1995) et cela a
été observé en pratique sur certaines culturesthesm 2005, Finke et Denno 2003).

Certains comportements du prédateur peuvent aggsieer I'impact de la prédation intra-
guilde, Meisneet al. (2011) ont démontré que la coccindlleaxyridisattaquait préférentiellement
les larves parasitées pAphidius erviHaliday (Hymenoptera: Braconidae) plutét que kwvds
saines. Mais en général, c’est le contraire quoleservé, surtout lors de prédation intra-guildeesn
deux prédateurs généralistes, on observe quedaterd intra-guilde a une préférence pour sa proie
phytophage et ne s’attaque au prédateur que qagodie commune est rare (Dinter 1998). Il a, de
plus, été montré que la proie intra-guilde pernmetvent une réponse fonctionnelle faible, voire
nulle (Onzoet al. 2005). Cela pourrait expliquer la préférence déslgteurs intra-guilde pour la
proie phytophage.

D’autres comportements vont venir modifier 'impate la prédation intra-guilde sur la
dynamique des populations. On note en particuieoimportement du prédateur intermédiaire, qui
peut chercher a éviter le prédateur intra-guilti@ae conséquent, risquer de passer moins de temps
a attaquer I'espéce herbivore mais aussi a serdap@/Nagner et Wise 1996, Prasad et Snyder
2006). Ce comportement, méme s’il peut étre efégagur réduire la prédation intra-guilde, a un
effet négatif sur le contrdle biologique.

D’aprés Rosenheim et Harmon (2006), les conségsenie la prédation intra-guilde
différent selon la proie intra-guilde considérém:autre prédateur ou un parasitoide. En théarie, |
prédation intra-guilde se produisant sur un pavadt risquerait moins de perturber le contréle
biologique que lorsqu’elle se produit sur un ayrédateur. Dans la pratique les conséquences sur
le contréle biologique sont trés variables selansistemes étudiés (Jansséal. 2006, Rosenheim
et Harmon 2006). Celles-ci n’entrainent pas systéuament une augmentation de la densité de la
proie commune (Janssenal. 2006, Rosenheim et Harmon 2006, Snyder 2009),acélg observe
dans difféerents systemes, par exemple lorsque dalafion intra-guilde est exercée par des
coccinelles sur des parasitoides de pucerons,atenelles sur des parasitoides d’aleurodes, des
punaises prédatrices sur des parasitoides, ajcHeinz et Nelson 1996, Snyder et lves 2003, Bilu
et Coll 2007, Messelinkt al. 2013).

La compétition par interférences

La compétition interspécifique est habituellememsidérée comme regroupant deux types
d’interactions : la compétition par exploitationl@tcompétition par interférence. La premiére fait
partie des interactions indirectes puisqu’elle sedpit via la ressource partagée, alors qu’'au

contraire la seconde ne nécessite pas l'intervendione espéce tiers. Les deux ont un réle
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primordial dans la détermination de I'abondancedet la distribution des especes dans les
écosystemes. Dans I'étude de Gause (1932), l'ictieraentre les deux micro-organismes est une
interférence par un effet allélopathique de l'umr $autre. On considéere en général que la
compétition par interférence regroupe tout ce quutpchez une espéce donnée, interférer avec
'acces a la ressource de son compétiteur, cometiéltpathie, I'évitement, les agressions (Case et
Gilpin 1974, Vance 1984, Dennet al. 1995), le cléptoparasitisme (vol d'une ressource
récoltée/attaquée par une autre espéce [BrockmaBareard 1979]), la prédation intra-guilde est
aussi considérée comme de linterféerence. Autrerdénta compétition par interférence est une
réduction de l'acces a la ressource d’'une espagendrée par la présence d’'une autre espece dans
le systéme. Celle-ci a été observée chez beauceapétes de mammiféres (e.g. Linnell et Strand
2000), d'oiseaux (e.g. Maniscaleb al. 2001, Vahlet al. 2005) ou d’arthropodes (e.g. Dengioal.
1995, Vahlet al. 2005), par exemple.

Conséauences swr la dunamiogue des populations : L'interférence a pour effet une réduction

de la fitness d’'une espece et par conséquent dinetién du taux de croissance de sa population.
Elle joue un réle essentiel dans les régulatiomsmices, qui peut parfois étre prédominant par
rapport & la compétition pour la ressource (Ecaatrdvlonen 2002), voire pouvant mener a

I'exclusion d’'un des deux compétiteurs (Tannerfelcl. 2002).

En lutte biologique : Les études se sont principalement focalisées esicdmportements

d’évitement d’'un compétiteur, mais elles resterdoe@ peu nombreuses. La majorité des travaux
portent sur I'évitement d’un prédateur intra-guijoler un prédateur intermédiaire (e.g. Persons et
Rypstra 2001, Nakashine al. 2004, Magalhaest al. 2005, Cakmalet al. 2006, Nakashimat al.
2006, Wilsonret al. 2010, Meisneet al. 2011). En fait, la majorité des études sur la c&fitipn par
interférence en lutte biologique porte sur la cotitip@ intraspécifique ou I'on a aussi pu observer
des comportements de combat pour des sites de pbaiedes parasitoides, par exemple (e.qg.
Batcheloret al. 2005, Perez-Lachauet al. 2002). De plus, rien n'a été observé en termes de
cléptoparasitisme chez des agents de contrélediiple semble-t-il.

I1.2) Les interactions interspécifiques indirectes

Les effets indirects apparaissent quand I'impaghd’espéece sur une autre espéce requiert la
présence d’une troisieme espéce. En théorie, téegasteractions directes peuvent étre observées
de maniere indirecte (Wootton 1994) (Fig. 1). Enégél, le terme « apparent » est rajouté. Dans
une premiére partie, les interactions entre proi@sin prédateur commun seront développées sous

forme d’'une review. En ce qui concerne la compétifpour la ressource (--), elle se découpe en
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deux interactions, la compétition par interféreningeraction indirecte présentée précédemment, et
la compétition par exploitation. La compétition paploitation (utilisation d’'une ressource sans

interaction directe), sera présentée dans la sestivante.

(-0 ~
%
Competiton apparente (--) @ @
Effet negatif teciprogque
entre B et C. \ /
\
OFE0

-ﬂ_--_‘
O—@—()

Prédation apparente : D est en compétition avee C done il Comimensalisme
téchut la ressowee de & (effet négatif indirect de D aur &), appatent (HD): Exemple
A contraite, A consomme C et réduit done la compétition wia uhe cagcade
powt laressource subd par I (e ffet positif de & s [N, On trophigue.
@ obtient vh exemple dlinteraction (+) i correspond 4 de

la prédation apparente.
Compétition pout la
tessoarce (--) | Effet
tiégatif réciprogue entre A
et B.

Figure 1. Quelques exemples dinteractions indirectes Les ronds schématizsent un effet negatif, les
pointes un effet positif, les traits continus une interaction directe et les pointillés une interaction

indirecte.

11.2.1) La compétition apparente

Présenté en tant qéeticle 1 En préparation, invité dafest Management Science.
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Natural enemy-mediated interactions among prey sp&s: current theories and

prospects for biological control in agro-ecosystems

Anais Chailleux, Emily K. Mohl, Mickaél Teixeira-#és, Gerben J. Messelink, Nicolas Desneux

Abstract:

Understanding how arthropod pests and their nagmamies interact in complex agro-ecosystems
is essential for pest management. Theory predietisgrey sharing a predator, such as a biological
control agent, can also indirectly reduce eachr&tensity at equilibrium. From this premise, we
discuss the complexity of indirect interactionswegn pests in agro-ecosystems. We especially
suggest that each crop and species has traitsgnamodify the strength or nature of interactions.
Crop management practices, coupled with the phygichl, behaviour, and life-history traits of
interacting species, can influence indirect inteo@s between prey and affect pest population
dynamics. These factors could be taken into accaten developing biological control programs.
In this review, (1) describe the theory of apparemmpetition (2) outline factors that affect the
nature of enemy mediated indirect interactionshim field (3) identify practices that may facilitate
the use of enemy mediated interactions for bioklgmontrol (4) discuss the consequences of
higher-order predation for biological control ighit of enemy mediated interactions.. We argue that
theoretical predictions must be combined with kremgle of specific agro-ecosystem traits in order
to best understand the nature of the interactiomaulti-species food webs and design appropriate
interventions to facilitate biological control.

Keywords: apparent competition, apparent amensalism, apparatualism, generalist predator,

indirect interactions, pest control, crop protectioommensalism, shared predator.
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1 INTRODUCTION

Arthropod species are known to directly interadhvathers through predation or competition,
but also indirectly through the action of other gpe (Andrewaetha and Birch, 1954). The
complexity of multispecies interactions in commigstcan make it difficult to detect indirect
interactions or to distinguish between the effeftdirect and indirect components (Connell, 1983;
Bender et al., 1984; Messelink et al., 2012). Adligh exposition of the contributions of direct and
indirect interactions on abundance of co-occurgpgcies has been firstly accomplished by Miller
(1994) in an old field plant community. In his sgudMiller (1994) demonstrated that indirect
effects were positive (facilitative) and negativetyrrelated with the direct effects, which thusedct
to mitigate the usually larger competitive effedibe indirect effects found in this study were &arg
in magnitude than suggested by theoretical studies.role of indirect interactions has also been
highlighted in other ecosystems (Wotton, 1994) tedrelevance of these interactions in biological
control programs has been rapidly highlighted (EhfE996; Janssen et al., 1998). Indirect
interactions among species do not only occur betvimphic levels (i.e. bottom up and top down
effect through trophic cascade, see for exampléneRa980; Silander and Antonovics, 1982;
Rosenheim, 1998; Polis et al., 2000; Schmidt-Egtlamd Siegenthaler, 2009) but also within a
trophic level via resource competition (Tilman, 29®r shared predation (Holt, 1977, 1984). In
Holt (1977)’s theoretical model, prey species dodiectly but negatively interact with each other
through a shared predator. These negative indimeaactions have been termed predator mediated

apparent competition by Holt (1977) (Fig.1).

PREDATORS
® e Q
_ %ﬂ | / \+
O prey O O
EXPLOITATIVE APPARENT
COMPETITION COMPETITION
Figure 1: Apparent competition is a mirror image of explditat
competition (Holt, 1984).

30



In this review we focus on agricultural arthropaarenunities, intending to show that a better
understanding of factors driving pest populatiomaiyics is essential for optimizing pest control.
In agricultural systems, biological control of pegtecies based on occurring or released natural
enemies is often based on a mixture of both gesemedators and specialist predators, including
parasitoids. These predators can then feed ondsbaren-shared prey.

The trophic structure of arthropod communities fiero complex, with a huge abundance of
parameters influencing indirect interactions (vaeN et al., 2006). Therefore we aim to outline the
complexity of indirect interactions in agro-ecogyss, suggesting that each agro-ecosystem has its
own traits (e.gperennial or annual crops, species characterigicy, that may modify the strength
of species interactions. These specificities aueial and could be taken into account to manage
effective biological control programs (Holt and Ltaw, 1994; Chaneton and Bonsall, 2000). In this
review we (1) highlight the occurrence of naturaemy-mediated interactions in the fields, (2)
outline the principal factors that may modulate repenediated interactions, (3) propose some
possibilities to use enemy-mediated interaction bimlogical control and (4) discuss the
consequences of intraguild predation and cannibadia biological control at the light of enemy-

mediated interactions.

2 THEORY OF APPARENT COMPETITION

2.1 Ecosystem modelling

For the last decades, many models have been fareduéand explored that represent a one
predator-two-prey system. A strong focus has beeengto simple models, based on the Lotka-
Volterra model, in order to study effects betweeaypthat indirectly interact through a shared
predator (e.g. Holt, 1977 and subsequent works;tWwnp1994; Harmon and Andow, 2004). These
mathematical models represent the basic compon&hfsredation in the functional and the
numerical responses, which have been identifieth@asnain factors driving apparent competition
(Holt, 1977; Janssen et al., 1998). Indeed, thegcty link the dynamics of predator and prey
densities together: the former represents the copsan rate of the predator as a function of prey
densities; the latter corresponds to a changedrptkdator number according to a change of the
prey densities (Holling, 1959a, 1959b).

Although the functional and numerical response rhbaysimply represented, they may be
modified to account for numerous factors that dffateractions in natural ecosystems (Abrams,
1987a, 1987b; Strauss, 1991). For example, therdheal expression of the functional or the

numerical responses can take into agro-ecosystata such as predator and prey behavior, as well
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as temporal and spatial structure (Holt and Lawiidd94). To account for this complexity, a rich
variety of models have been developed in the thieaiditerature (Harmon and Andow, 2004).
There is no consensus on the best way to modelexgraystem traits, but some key principles can

predict the occurrence of apparent competition éis, 1987c).

2.2 Roots of apparent competition

Holt (1977) showed how apparent competition ocdaorg one-predator—two-prey system,
using generalized differential equations. éf and N, denote the populations of two different
prey, and P their shared predatorf,, F, and F, are functions representing their respective

dynamics. His model reads:

dN
d_'[l = Fl(NllNZlP)l
dN, _
dt - FZ(NliNZ’P)’ (1)
dP
E = FP(Nll NZ)P

Apparent competition can occur in such a one-pogdato-prey system under some specific
assumptions (Holt, 1977). 1) The predator per-eagiowth rate depends on prey densities, so that
the predator is food-limited. 2) All species of thgstem must reach a stable equilibrium; this
equilibrium depends on the prey characteristiccabgse of the first assumption. 3) Prey have a
positive effect on the predator's numerical responaeaning that an increase in prey density
induces an increase in predator density. As a cuesee, if one prey increases its equilibrium
density, the predator population intensifies itegsure on each of the prey, which results in

apparent competition. In model (1), at equilibridtims outcome is equivalent to:

OF,
dN, | N,
= — , 2
aN, | OF, @
oN,

with positive ZEP and g:\:lp because of the third hypothesis stated above. [Eads to
1 2

dN,

1

<0: an increase inN, density at equilibrium implies thaN, equilibrium density should

ON.
decrease. Holt (1977) has extended this resulshodied that, fon prey, at least one tenqu—J
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(with i=1,...n and j=1,....n, i # ] ) must be negative. This means that at least ortheoprey
must suffer from the increase in another prey dgnsi

The outcome of apparent competition depends oprie demographic characteristics which
can be quantified by the ability to withstand prtedgressure, or the ability to subsist at a high
density of the shared predator (Holt and Lawtor§31%cott Mills et al., 1993). Indeed, the prey
species that supports the highest predator denBityggatively affect the other prey (Holt et al.,
1994). This may lead to apparent competition exatyswhich occurs in models according to the
P" rule (Holt et al., 1994), largely inspired by tA@man’s R rule of resource competition
(Tilman, 1982). In the context of apparent compmtitthe prey that withstands the highest predator
density at equilibrium has the highé®tand can exclude the other prey which suffers at sugigh
predator density. This rule can be illustrated vatsimple one-predator—two prey system (Holt et
al., 1994) (Fig. 2):

dN

d'[l = rlNl_alNlpl

dN, _ B

ai TN ®)
dP

E = FP(NllNZ)P'

The prey populations grow exponentially, withandr, their respective intrinsic growth rate.
The functional response of the predator is linedin &, and a, the attack rates of the predator for

its respective preyF, represents generalized dynamicsRothat ensure the stability of the system.

If P only interacts with and forages fd\, , it reachesP, =h at equilibrium, whereas if it only
&

forages for N,, it reachesP, = 4 equilibrium. If B > P, , the predator benefits from the
2

presence ofN, and its density exceeds the one withstood\jy Because of apparent competition,

N, is then excluded (Fig. 2A).
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Figure 2. Effects of the introduction of an alternative yoren a one-predator—oneey

system with%’= (N, +e,N,-m)P+1 where g are the average predator births for «

foraged preyN,, m the predator mortality andl a constant rate of immigratiorm(= 2.5
and | =4). Initially, P only interacts withN, and both reach an equilibriunN, is ther
introduced att =20 In subplot A ¢ =2,a =0.6,e =0.5;r, =3,a, =1,e,=0.6), P >P,:
N, cannot invade the system and is excluded fronm isubplot B @ =083, P, <P,: N,
invades the system and excludésfrom it through apparent competition.

Since both prey play a symmetric role in the equnati similar outcomes occur wheyy and N,

are commuted (Fig. 2B). If both prey are identidhky both experience apparent competition.
When both prey grow logistically, withk, and K, their respective carrying capacity, they can
coexist for a small range of parameters (Fig. 8gd&ding these parameters, e.g. the ratio between
P’ and P, and their carrying capacity, prey always expemeapparent competition. However,
these negative indirect effects can lead to thdusian of one prey for some larger ranges of
parameters.

Environmental changes that increase the birth deerease the death rate, or increase the
carrying capacity of a prey species will benefi firedator and enhance its pressure on both prey
(Kotler and Holt, 1989). Specifically, the predatmnsumes more prey and experiences a larger
numerical response, thus increasing predation press the other prey. On the other hand, agro-
ecosystem characteristics such as predator inéeder satiation, distraction, emigration or
additional seasonal mortality may penalize predgtowth reducing the numerical response and
thus apparent competition (Abrams and Matsuda, ;1B8&eira Alves et al., submitted). Indeed, in

such situations the predator reaches an equilibdensity below the ones withstood by both prey
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Figure 3. The ratio o as a function ofthe carrying capacities of the p

N

(m=3,3 =0.1,a,=1.5). N, is excluded from the system if the ratig*— is under th
2
condition represented by the black line (dotteda®g N, is excluded from theystem if the

ratio ::1 is above the condition represented by the dotkeckbine (waved region). Betwe
2
both condition, prey coexist and experience apga@mpetition (gray region).

when alone, so each can benefit from the presehea alternative prey. This is called apparent
mutualism.

The functional response has an important influesrc@pparent competition as it defines the
predator foraging behavior and is closely linkedhite numerical response (Harmon and Andow,

2004). On the one hand, a linear functional respaysnerates apparent competition: predator
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consumption proportionally increases with prey agnand combined with the numerical response
increases the predator density and predation peessuthe prey (Abrams, 1984). On the other
hand, many functional responses, such as the Iga\ipe Il, model predator satiation (Skalski and
Gilliam, 2001). In this case, as prey density iases, the probability that the predator forages for
any given prey decreases. Consequently, prey diyensreases predator satiation, and apparent
competition is relaxed (Krivan and Eisner, 2006)cls decelerating functional responses may also
generate population cycles that reduce the appaoenpetition. Indeed, the population fluctuations
imply that, when cycling, the changes of the prepgities are more important than the changes of

the predator foraging (Abrams et al., 1998).

2.3 Variable indirect effects caused by agro-edesyscharacteristics

More complex mathematical models that account fmiability among species (especially
predator and prey behaviours) and environmentsu@iteg spatial or temporal structure) have been
developed that predict a variety of indirect effectn such models, natural agro-ecosystem
characteristics can be represented by the simultenese of different theoretical mechanisms. For
example, Krivan and Eisner (2006) have exploredrfieence of both the exponential and logistic
prey growth and predator foraging behavior on thdirect interactions between prey. They
conclude that prey that have exponential growth amedpreyed upon by inflexible predators with
fixed preferences for resources experience strppgrant competition; whereas, prey with logistic
growth that are preyed upon by adaptive predatarsnare likely to coexist. Similarly, Abrams and
Matsuda (1996) have analyzed the predator satigtiwough the use of the Holling type Il
functional response and predator switching couplid predator interference. They suggested that
both predator behaviors may induce positive or tiegandirect effects, depending on the strength
of satiation, or on the degree of interference fathe trade-off between its prey. In a similar way,
Teixeira Alves et al. (submitted) showed that iadireffects between prey can range from non-
reciprocal interactions and unilateral interactidmgositive reciprocal interactions, depending on
the distraction and the density-dependence of thle@red predator. These examples show how
species characteristics can profoundly influenae dbcurrence of indirect interactions in natural

ecosystems. .

2.4 Current developments in food web modelling
The apparent competition literature has focusedrapredator-two-prey systems (Abrams et
al., 1998), but less effort has been devoted tpleirmodels representing multiple species, because

of their difficult analysis (Wootton, 1994, 200Becent studies have tried to take into account the
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influence of environmental conditions in meta-conmitigs (Leibold et al., 2004) and complex food
webs (Jordan and Scheuring, 2002 and subsequekswoinristensen and Walters, 2004; Montoya
et al., 2009). In particular, signed digraphs hbgen designed to represent complex networks with
direct and indirect interactions (Liu et al., 201These models allow a quantification of the sign
and the strength of interactions between speciesieder, approaches are still developing. Current
models lack characteristics real ecosystems artieofnteraction accuracy between prey species
(Liu et al., 2010; Livi et al., 2011), but the pleim of modelling of complex food webs deserves
ecologists’ attention. Complex models can demotesth@w direct and indirect effects stabilize
natural ecological networks, especially food wdbbrélato et al., 2006; Montoya et al., 2009; Liu
et al., 2010).

3 ASYMMETRIC INDIRECT INTERACTIONS

Even though apparent competition is one of the mtslied enemy-mediated interaction in
the theoretical literature, the role of this reoial interaction in natural ecosystems remain wmcle
Indeed, depending on the temporal or spatial staéebehavior of the prey or predator species, the
quality of the prey species (which affects the nuoa¢ response of the predator), or prey
population size, predator-mediated interactions taie different forms. This way, predator
behavior is more likely to mitigate the strength thfe interactions (imbalanced apparent
competition) but predator biology and prey popuwlatsize can cause asymmetric interactions (+/-
,0). Temporal or spatial scales do not depend emmginosystems but on the study context chosen by
ecologist who should carefully interpret their iesat the light of these two scales. Therefors¢he
last will be developed in another paragraph (seetise 5). Many experiments revealing
asymmetrical indirect interactions have not beesused on biological control; nevertheless, these
studies point to the mechanisms behind asymmetintatactions, which is relevant to predicting
outcomes of biocontrol. These mechanisms of asynmrgtirect interactions are not only relevant
to biological control, but they also apply to irgetions between native species and invasive pests
that share common predators.

Prey populations that interact through shared poeslanay have reciprocal or asymmetrical

effects on each other, and the effects may bergitbstive or negative (Fig. 4).
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Figure 4: Summary of indirect interactions between two prey wia a shared predator.

Apparent competition (-,-) and apparent mutualistn+) are two-way reciprocal indirect
interactions between species that share a predAmgparent amensalism (-,0) and apparent
commensalism (+,0) are asymmetric indirect intéoast that occur when one species affects the
other through a shared predator. Negative indirgetactions typically occur when alternate prey
increase the numerical response of a predatontiregsin increased consumption of the target prey.
Positive indirect interactions typically occur imetabsence of a numerical response when alternate
prey reduce encounter rates with target prey. hdesms for asymmetric indirect interactions
may include large differences in population sizethe two prey, predator preferences, differences
between the suitability of the prey (i.e. differeadn the numerical response caused by the prey
quality) (Meisner at al., 2007), among others.

Empirical studies frequently failed to detect asyatne interactions since they do not fully
test the reciprocity of the interactions betweggrienary prey and an alternate one (Chaneton and
Bonsall, 2000; van Veen et al., 2006). For examidleller and Godfray (1997) manipulated grass
aphid densities and measured the effects on ontgaanettle aphid densities, but they did not test
for reciprocal effects of nettle aphids on grashidgm Nevertheless, the potential asymmetry of
these indirect interactions has important implmasi for biological control because it is important
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to know whether alternate prey will negatively afféthe target prey population or not. Furthermore,
asymmetric indirect interactions may also occumieen native species and invasive pests that
share common predators. In the absence of effeciwdrol, abundant pests may supplement
predator populations that could asymmetrically iotipeative species (Kenis et al., 2009; Noonburg
and Byers, 2005). Here, we focus on two mechanidms are likely to cause asymmetrical
interactions: the predator numerical response hadotey population sizes. We address temporal,
spatial, and behavioural mechanisms in separat@sscFor example, certain practices are likely
to increase the effectiveness of biological contsolising a banker plant system before pests arrive
which can promote the introduction of alternateypiess profitable to the predator than the pest
(Huang et al., 2011).

3.1 Role of predator numerical response

As described above, one of the conditions for agmacompetition is the capacity of both
prey species to allow a numerical response of thdgtor. However, differences in the numerical
response could occur depending on the quality ef ey (e.g. Foglar, 1990; Hamdan, 2006;
Seagraves, 2010) and lead to asymmetric enemy-teddiateractions. If one prey allows a
numerical response of the shared predator andthiee one does not, the latter species will have no
effect on the former (i.e. apparent amensalismj.example, the field study of Pons et al. (2009)
suggests that some heteropteran predators do sydne numerically td herioaphis trifolii and
Aphis craccivoraon alfalfa, suggesting that these species will notprecally interact with other
prey via heteropterans.

Higher equilibrium densities of predators througipaent competition may not merely be
caused by increased prey availability alone but alag result from diet mixing. Predatory mites
control thrips but not whiteflies when each preylsne. However, previous experiments showed
that juveniles of the predatory mife swirskiisurvive and develop better on a mixed diet ofpthri
and whiteflies than on a single diet of either leéde species. These effects of a mixed diet were
suggested to be responsible for strong increaspeethator densities in greenhouses in which both
thrips and whiteflies were present, and consequefdr lower densities of whiteflies in the
presence of thrips (Messelink et al., 2008). Thiusps may promote control of whiteflies because
diet mixing increases the predator numerical respdn whiteflies without generating a reciprocal
effect on thrips. So far, this aspect of mixed slieds been ignored in theoretical models about

apparent competition but could be important fotdmecal control.
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3.2 Role of differences in population sizes

Apparent commensalism occurs when one prey redheegredation on the other prey in an
asymmetrical fashion, often with negative conseqasrior biological control. Short term apparent
amensalism was observed on crested wheatgrass Vidmreing larvae were found to less
effectively reduce population growth rates of thesfan wheat aphidD{uraphis noxig in the
presence of bird cherry-oat aphid@hppalosiphum pajlthan wherD. noxiawas presented alone.
However, the effect appeared to be asymmetricathat D. noxia had no effect on predator
consumption oR. padi(Bergeson and Messina, 1997). This is an exampkrevabundance (i.e.
increased encounter) or availability (prey expodor@redation) of one prey species are the best
explanations for asymmetry. However, the outcoméntdractions at larger spatial and temporal
scales could be markedly different.

Asymmetric interactions driven by differences iruatlance across prey species appear to
strongly influence the structure of aphid-parasdit(uller et al., 1999) and leaf miner-parasitoid
communities (Valladares et al., 2001), where symigadtlinks in quantitative food webs are rare
but asymmetric links from common to rare prey speeire more frequent. Note that food webs are
essentially observational, and experiments tottest predictions are recommended (Tack et al.,
2011). However, if relative prey abundance freglyegénerates asymmetric indirect interactions,
conservation biological control may require sigrafit investment. Otherwise, small populations of
alternate prey may have little effect on a largst pepulation; instead, the alternate prey poputati

may be subject to extinction through apparent aadesms.

4 ENEMY-MEDIATED PREY EXCLUSION

The potential for prey coexistence may change tyiotihe presence of shared generalist
predators. Apparent competition affects populatignamics in the same way as competition for a
shared limiting resource. Exclusion is a possihlécome if (1) predation intensity is very high
(overexploitation) or if (2) there are no refuges the prey species that supports the smallest
predator population or if (3) the less competitprey suffers other detrimental interactions (e.g.
resource competition) (Holt, 1984). Thus an imbedmh apparent competition could lead to
exclusion, as well as to apparent amensalism.

Another reason that apparent competition could ritesally lead to prey exclusion is a
destabilisation of the ecosystem because the inttaxh of a second prey species increases the total
availability of prey for a predator. Called the @@ox of enrichment (Rosenzweig, 1971), increasing

the carrying capacity of one prey increases pregay oscillations and leads to possible
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extinction. However this phenomenon is rarely obsérn ecosystems when both prey species are
edible. Two hypotheses could explain this obseovat(1) the predator population density has a
negative effect on its own per capita populatioowgh rate via some mechanism other than prey
depletion or (2) a dynamical class of prey indiatuare invulnerable, or have greatly reduced
vulnerability to predators (Abrams and Waters, 1996

As demonstrated in previous section, asymmetrieaD]) indirect interactions may be more
common than reciprocal interactions in nature (@b@m and Bonsall, 2000), and this asymmetry
could cause declines in one of the two prey spedikes presence of a prey species that supports
high predator densities encourages the overexptmtaand potential eradication, of alternative
prey. Exclusion via apparent amensalism (0,-) heenbdemonstrated empirically in a long-term
population study in which prey species were naivedid to compete directly for resources (Bonsall
and Hassell, 1997). This experiment proves thatusian can occur exclusively due to enemy-
mediated interaction.

DeCesare et al. (2010) have synthesised the resluigperiments and the role of apparent
competition in the context of conservation ecology.this review they outline the role of
asymmetric interactions in endangered species oamisen. For instance, apparent competition had
been implicated in extinction of the Macquarie mslgparakeeCyanoramphus erythroti€raylor,
1979). But in the context of biological controlsjua few studies have tested the potential for
apparent competition to locally exclude a pestha field. Indeed, exclusions in natural agro-
ecosystem are rare because prey species genasalbsd of ecological niches.

Several studies suggest prey exclusion by sharedafors occurs in the field. Muller et al.
(1999) noticed that two species of aphids that vednendant in adjacent sites were rare in their
study site, despite their host plant being commuh @her aphid species abundant. They reasoned
that this absence might be due to stochastic codtion failures, unsuitable host plants, predators
(generalist or aphid-specialist) or to the lackaot attendance. Results showed that in absence of
aphids specialist predators, the two rare speact@®ldped well. Because many aphid predators
have been shown to display long-range attracticaptod densities and a tendency to remain or lay
more eggs in areas of high prey abundance, thegesteed that diffuse apparent competition may
be responsible for the aphids' absence. In anatiely, parasitoid-mediated asymmetric apparent
amensalism between two plant hopper species extlagperimental populations of one species
more frequently than control populations not expose apparent amensalism (Cronin, 2007).
However the hypothesis that apparent competitionlead to pest exclusion in agro-ecosystems
has never been clearly demonstrated and deserves attention from experimental field

ecologists.
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5 SHORT TERM VERSUS LONG TERM EFFECT

In general, in enemy-mediated interactions, shemntinteractions occur faster than one
predator life cycle, and long term interactionswcaver more than one predator life cycle. Given
the long generation times of many predators redatovtheir prey, the original concept of apparent
competition that focused on the numerical respafi$eod-limited predators may not explain many
observations about the way predators can influéheestructure of communities. In theory, both
short- and long-term effects of shared natural eegrman lead to positive and negative predator
mediated interactions.

5.1 Short term interactions

Positive enemy-mediated interactions: various maigms

Interactions on the short-term usually occur withirsingle generation through satiation or
switching behavior of the shared natural enemy (Muah, 1969; Abrams and Matsuda, 1996).
Many studies have shown reduced predation ratestarget pest in the presence of alternative prey
(short-term apparent mutualism) (Madsen et al. 426ss and Snyder, 2005; Symondson et al.,
2006; Xu et al., 2006; Desneux and O’Neil, 2008)isTcan happen if predators settle in patches
independently of the prey density (i.e. no aggriegatand have a time-limited functional response,
then we expect short term apparent mutualism becaash prey species will dilute the number of
encounters with the alternate prey. Van Maanen. €2@12) indeed show that predators aggregate
in such a patch, which allows prey to temporaryapscfrom predators that disperse slower than
their prey. Hence, this study shows that apparartuatism may also depend on the spatial scale
and predator clustering.

Apparent commensalism may occur at a short terie skeee to differences in prey population
sizes causing a non-reciprocal dilution effechié predators do not aggregate on high density prey
patch (e.g. Bergeson and Messina, 1997; van Noutny¥raft, 2012).

Negative enemy-mediated interactions via predatigragation

On a short time scale, alternate prey can alteb#t®vior of predators (increased activities,
aggregation, see also behavior section) (Holt anteK 1987). Apparent competition could be
observed not only in the long term with predattis tindergo a numerical response, but also in the
short term, if the predator is an optimal foraged @rey are limited. This is because predators will

aggregate to and stay longer in a patch where trerenore prey, ultimately exploiting both prey
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species more than if each had been alone at a ldevesity. For example, Evans and Toler (2007)
tested the aggregative response of two ladybirdstige and an exotic one, to aphid density and to
an alternative prey density. They demonstratedlibti species respond to aphid density, but only
the exotic one respond to the alternative preyitkerighis study outlines that aggregative responses

could differ between predator species for the sprag species.

5.2 Long term interactions

Negative enemy-mediated interactions via numergsponse

Even if short term interactions result in apparenttualism, food-limited predators should
eventually cause apparent competition between ghaney over the long term due to a numerical
response (Karban et al., 1994; Bonsall and Ha$88I7; Hanna et al., 1997; Messelink et al., 2008,
2010). In one study with a generalist predatoryem#upplemental pollen added in a spatially
separate location from whitefly prey was expectedcause short term apparent mutualism
(Nomikou et al., 2010). However, mites increaseztiption on whiteflies in the presence of pollen.
This result was due to a numerical response ofpiteelators during the 60 day experiment,
suggesting that the reproductive rate of the poedadlative to that of the prey might be more
important than other factors, such as spatial gagien of resources. However even if the
combination of pollen and prey can give similarules as apparent competition, apparent
competition is strictly between prey and not betwa@ organism and a food source. In another
example, Liu et al. (2006) observed more effectwomtrol of mites in apple orchards in the
presence of both a predator and alternate preyithdre presence of a predator alone, which they
attribute to a numerical response. The effectdtefnate prey on predator densities were detextabl
within a week of predator introductions, but diéfeces in prey densities between treatments took

more than a month to observe.

Positive enemy-mediated interactions: various maigms

Examples of short term apparent mutualism areivelgtcommon (see references above), but
they are often observed in studies where altenoiay are introduced into a controlled system with
a limited number of predators, or where the behawfandividual predators is measured. In such
experiment the main limitation is that the timeiscaf the experiments does not allow for a
numerical response of the predators. For examphg termmutualism has been considered in the
experiment of Symondson et al. (2006), who dematedira positive effect of the alternative prey
on the pest when no numerical response of the fmedas possible. This experiment demonstrates

the possibility oflong term mutualism because of the long lifecycle of thedpter (for most
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carabid beetlez 1 year) compared to the pest. But this is notthriong term, which is usually
used for more than one predator life cycle.

If predators experience a density dependent patacgpowth rate and satiation or switching
behavior, this could also lead to long-term appareantualism (Abrams and Matsuda, 1996).
However, empirical evidence for this is limited ¢kaet al., 2011). These predictions suggest that
understanding the behavior (switching and prefesprand biology (life cycle duration, satiation
level) of key predators may be critical for manggumey populations to facilitate biological control

Long-term apparent mutualism may also occur whguuladion densities of one prey show
cycles, resulting in repeated satiation of the ethqaredators and repeated reduced predation on the
other prey (Abrams et al., 1998; Brassil, 2006).

6 SPATIAL SCALE EFFECT

The way predators perceive the spatial distributbrshared prey can affect the predicted
outcome for indirect interactions (Holt, 1984). EEximental and observational studies of the effects
of alternative food sources on biological contravé occurred at a variety of scales, ranging from
Petri dishes to landscape level manipulations, tredspatial scale of the manipulation indeed often
appears to affect the nature of the indirect irtigoas.

At the broadest scale, landscape diversity at akinSradius has been shown to positively
impact biological control of soybean aphids (Gaediet al., 2009), although this result was not
linked to the availability of alternative food soas. A recent meta-analysis concludes that
generalist natural enemies respond to landscapesilly positively, but pest populations show no
corresponding changes, and biological control islyaactually measured (Chaplin-Kramer et al.,
2011). Studies at landscape scales suggest thareapppcompetition could improve biological
control, but much more work is necessary to undatsthe nature and mechanisms of the observed
effects.

Studies of apparent competition conducted at mal8pales repeatedly demonstrate the scale-
dependent nature of indirect interactions. Ostnrahlaes (2003) found predator aggregation to one
prey species in field studies, consistent with steym apparent amensalism. However, they found
short term apparent commensalism in cage studiesyespredators spent time on plants with pea
aphids and neglected plants with potato leaf happbr a different short term experiment, big-eyed
bugs consumed aphids and beetle eggs proportignatBletri dish arenas, resulting in lower aphid
consumption in the presence of the alternative.pr®yvever no disruption of aphid consumption

was observed at the plant scale due to a strordpfmepreference for aphids (Koss et al., 2004).
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Tack et al. (2011) found that adding alternativadrt@ner prey had varied and sometimes surprising
effects on population dynamics, depending upontéhgoral and spatial scale considered. In the
short term, prey additions had no effect on pammsitrates, ruling out a dilution effect, and
suggesting that parasitoids either aggregate @iajisa type | functional response at the densities
studied. Over the long term, however, increasimgténget prey in one season resulted in increased
survivorship of alternate prey the following seassuggesting apparent mutualism was occurring at
the scale of the tree. At the landscape scalegtierythere was a negative relationship between the
density of one prey species and the survival oftl@roprey species the following season,
suggesting apparent competition (Tack et al., 20AfLlXhe level of the tree, interference between
parasitoids or learned preference for the parentst might explain the patterns of apparent
mutualism, effects which might be diminished ovetaeger spatial scale. All of these studies
illustrate that both the spatial and temporal scalestrongly affect the nature of the overall iedi
interactions observed. We discuss the potentiatdorporal manipulations to facilitate biological
control in cropping systems in section 9.2.

7 SPECIES SPECIFICITIES, THE BEHAVIORAL FACTOR

Predator and prey behavior can modify the strentté, direction, and the reciprocity of
indirect interactions. For example, many studiegehghown that the preference of a predator for a
prey above another could modify interactions (Metdo1969). On the prey side, antipredator

behavior, habitat selection, activity level all bathe potential to influence indirect interactions.

7.1 Predator behavior

Predator preference could arise from (1) prey pesiee depending on species characteristics
(2) prey preference depending upon prey availgbilithis last will provoke switching behavior
which also acts strongly on the stability of int#rans. Changes in the way that two species interac
through the presence of a third species are naorediénal indirect interactions by Janssen et al.
(1998). This would be the case if the second predifies the foraging behavior of the predator
against the first prey. Predator choice can octulifeerent stages in the foraging process: at the
prey location stage due to semiochemical cues, alfitgervation, or after handling.

The potential for apparent competition to enhana#ogical control can be reduced if
predators prefer the alternate prey. Preferences haen demonstrated for multiple hemipteran
predators (Desneux and O'Neil, 2008; Rosenheim.etl@93; Eubanks and Denno, 2000). For

example the predatory bugnthocoris nemorun(L.) andA. nemoralishave been showed to prefer
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the green peach aphiMyzus persicaeamong 5 species of aphids (Meyling et al., 208&)tz et

al. (2006) showed thaOrius insidiosus prefers the western flower thripsFrankliniella
occidentalisymore than the Florida flower thripE.(bispinosa) Preferences for host have also been
shown for many parasitoids (see for example Yokana Tang, 1995 or Van Driesche et al., 2003).
Preference commonly occurs and negative enemy-teeldiateraction may become asymmetrical
or of a different strength for the two species deldeg on this preference.

Preference according to prey densities: Switchiagadvior

A predator is said to ‘switch’ if its relative attarate on a prey species increases faster than
does that prey's relative abundance (Murdoch ander®al975). Predator switching has
traditionally been argued both to have a stabijzeffect on predator—prey interactions and to
permit the co-existence of strongly competing pspgcies (Roughgarden and Feldman, 1975).
Kimbrell and Holt (2005) showed the impact of indwal variation and evolution of switching on
predator—prey dynamics. Their results help reirdotbe emerging perspective that variability
among individuals may be an essential feature ptiggersistence and stability in many natural
populations. Many predators are known to have achwg behavior (Sundell et al., 2003) and it
had been widely study in biological control cont¢&nkegaard et al., 2001; Chow et al., 2008,
2010; Saha et al., 2010).

Preference according to prey nutritive values

The nutritive quality of the prey can affect premgireference (Greenstone, 1979; Meyling et
al., 2003; Mayntz et al., 2005; Kuusk and Ekboml®0When two prey have different nutritive
values, Mayntz et al. (2005) showed experimentaligt invertebrate predators can forage
selectively for protein and lipids to redress speciutritional imbalances. Some predators are able
to “learn” which one is the best and an increagmgy preference could appear during the
development time. It at been shown for the coctichélippodamia convergeng§Schade and
Sengonca, 1998). On the contrary, spiders wintBvea@redators may select smaller spiders as
prey because of better nutritional value for wirdetive predators than herbivorous or

detritophagous dipterans and collembolans (KoremidPekar, 2010).

Preference according to prey activities
The behavior of prey (i.e. mobility and activityjdathe size of individual prey or patches of
aggregated prey (Venzon et al., 2002) can influgmedator foraging behavior. Foraging behavior

depends on prey mobility: a very mobile prey canlttease predator aggressiveness. Consequently
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when one prey is mobile and the other one is hetmobile prey could increase predation on the
immobile prey. For example, aphids, by serving esfeored prey, reduced the focal predator
activity, and weakened fly egg predation. Howewgy predation was restored when both aphids
and ground beetle predator were present togetheause aphids triggered greater foraging activity,
and thus increased incidental predation of fly eRyasad and Snyder, 2006a). However, even if it
has been observed on various systems (Rickers ahduS2005) this is not always the case.
Gavish-Regev et al. (2009) observed positive prey-interactions: more aphids were eaten in the
low-density alternate prey treatment than in thghkdensity alternate prey treatment. They propose
three explanations: 1) spiders built larger websesponse to prey scarcity, 2) spiders directly
compete for prey and 3) an increasing in spideadmry behavior in response to hunger or

competition.

Preference according plant response to prey attack

Plants respond to insect herbivory with the proiducof volatiles that attract carnivorous
enemies of the herbivores, a phenomenon calledecidilefence or ‘plants crying for help' (Dicke,
2009). Depending on herbivores feeding modes, plamy release volatile organic compounds
(VOCs) or secrete extrafloral nectar (EFN). VOCsnprily attract predatory mites and parasitic
wasps (Heyl, 2008). However, the response of poeslabnd parasitoids is highly variable
depending on the pest and plant species. For exanaplult Bemisia tabaciinduced a plant
response that attracts its parasitiidcarsia formosdgrom bean leaves but not cotton (Inlzaud
Gerling, 2007). Plant semiochemical response cafiett enemy-mediated interactions by altering
with predator behavior. For example, it has beanatestrated that mite predators are attracted by
cassava leaves infested by mites depending on itkespecies (Gnanvossou et al., 2002). If a prey
species which does not attract predators, is stéanto apparent competition with another prey
which does provoke an attractive plant responseahferpredator, the first species will experience

additional negative effects.

7.2 Prey behavior

Prey can display various behaviors (avoidance amwnter-attack) to avoid predation,
including seeking physical refuge (Krivan, 1998;ddthaes, 2007; Chen, 2009; Cressmann, 2009),
fleeing a patch occupied by predators at high diess{Holt and Kotler, 1987; Holt and Lawton,
1993) and prey can also adopt complex strategiedelbgloping defence responses. In each case,
the prey strategy leads to a decrease of the nuaflsarailable prey encountered by the predator.

As a conseguence, the predator reduces its presautige prey that benefits from such adaptive
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behavior, relaxing apparent competition. In somgesaprey behavior is the most important factor
that mediating indirect interactions among preyt 8faare a predator. This could arise via defence
behavior but also via natural behavior as the pnepility, as an example the dropping behaviour

of aphids (Losey and Denno, 1998).

Behavioral defence

Prey are able to develop antipredator behaviordyfia et al., 2002) and also to adapt this
behavior to the switching behavior of the predafbo. minimize costs, prey should invest in
antipredator behavior only when dangerous preda#wes around. To distinguish these from
harmless predators, prey may use cues relatecettafpon on conspecifics, such as odours released
by a predator that has recently eaten conspediéig pr alarm pheromones released by attacked
prey. For example Venzon et al. (2000) studiedgefuse by the omnivorous thriggankliniella
occidentalis in response to odours associated with a genepaégatory bugQrius laevigatusfed
either with conspecific thrips or with other prelhe refuge used by thrips larvae is the web
produced by its competitor, the two-spotted spitée, Tetranychus urticaewhere thrips larvae
experience lower predation risk because the pregldiog is hindered by the web. Thrips larvae
moved into this refuge when odours associated wrddatory bugs that had previously fed on
thrips were present, whereas odours from preddtogg that had fed on other prey had less effect.

Prey mobility

Eubanks and Denno (2000) suggest that prey mobditthe primary mechanism of prey
selection by big-eyed bugs. Prey selection by pedebugs does not therefore correspond with
predictions of optimal foraging models based oromal consumption or models of insect diet
selection based on nutrient availability. Big-eyledgs preferentially attacked pea aphids, the
nutritionally inferior prey, in two choice experims. Big-eyed bugs apparently do not assess the
nutritional quality of their prey but instead foctiseir attacks selectively on mobile prey. The
impact of prey movement has a different effecthe# two prey are mixed or not. If they are, the
predator could be attracted by the movement ofpyeg and then consuming the more sedentary

one which is exposed to more successful attackisz(Bieal., 2006).

Plastic defence
Some prey may be harder to eat for biological @dnagent because plastic traits. For
example the hardness of the cuticle may affecpthérence of sucking predators, which will have

to sting the prey through the cuticle. However, dtral and plastic defences can be costly for
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prey (Abrahams and Dill, 1989). Consequently, sgmey living under fluctuating predation risk
develop reversible defences and adjust their defenc the current predation risk. Even if the
plasticity of the phenotype of some prey (e.g. degof whiteflies nymphal setosity) is known
(Guershon and Gerling, 2001) and the effect of phasticity on predation is also known (Guershon
and Gerling, 1999), effect of plastic defencesedthad never been studied. This temporal physical
adaptation to predator pressure deserves moretiattdrecause it could reduce predation on the
target pest which is consequently transferred ¢odlternate prey. Because this variability can be
difficult to anticipate, it may be advantageousugg more than on biological control agent against

one pest.

8 IMPLICATIONS OF SHARED RESOURCES BETWEEN PREY FOR ENEMY-
MEDIATED INTERACTIONS

As stated earlier, theory predicts that when aarméttive prey species maintains a larger
predator population than a target pest specias,akpected to exclude the pest through apparent
competition. When both prey species are also cangpédor resources, however, the theoretical
predictions can become more complex. The curresdrthassumes that the carrying capacity of
each prey is independent, which may not be the wasea they share the same host plant.

8.1 Resource competition

If predation is symmetrical on both species, thiea better apparent competitor will also
reduce resources (e.g. crops) to a lower levebuilierium models (Holt et al., 1994), suggesting
that introducing alternative prey onto a crop phlaould only be beneficial if they could maintain
novel predator populations that would otherwise parsist. However exploitative competition only
occurs at high pest densities, which is undesirabtaops and in biological control. Therefore the
impact of resource competition in agrosystem onaggat competition will be almost nonexistent.
Instead, plant defence—mediated interactions woloéd more likely to influence apparent

competition, either positively or negatively.

8.2 Host plant response

Prey species that share a host plant can intesacttering plant chemistry. For example,
negative indirect plant-mediated interactions mageabetween pests that induce similar plant
defences, either through the SA (salicylic acidyatedent or the JA (jasmonic acid)-dependent
pathways (De Vos, 2006). However the antagonistationship between the JA and SA pathways
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(Felton and Korth, 2000; Kunkel and Brooks, 2002¢Ber and Spoel, 2006) could lead to indirect
positive interactions between two pests when eadtdes a different pathway (Preston et al., 1999;
Rodriguez-Saona et al., 2005). In general, negbimopathogens and chewing insects such as
caterpillars trigger the JA pathway, while biotrappathogens and phloem-feeding insects such as
aphids induce the SA pathway. Soler et al. (20hbws that a leaf chewer and phloem feeder
asymmetrically interact, not via competition as Widoe expected from interspecific herbivores, but
instead via facilitation; the phloem feeder atteéadalA-related plant defences, thus facilitating th
growth and development of the leaf chewers. Howeifeboth pests have the same feeding
behavior they may interact negatively via the plasponse.

Evidence suggests that some pathogens suppressethdiefences by interfering with
signalling pathways (Mouttet et al., 2011); howevsuch evidence is scarce for herbivores.
Nevertheless, Sarmento et al. (2011) found that itlvasive spider miteTetranychus evansi
suppresses the induction of the SA and JA sigmahautes involved in induced plant defences in
tomato. Plant-mediated interactions could eithertrealict or augment enemy-mediated interaction,
depending on the feeding behavior. Prey species ilag interact through non-defence
modifications of the host plant. For example, cayvatworm damage results in smaller corn plants
and a 98% reduction in corn borer parasitism (Whiel Andow, 2006). Host plants can also
directly affect enemy-mediated interaction strengfibr instance, domatia in camphor trees are used
by some herbivores which are thought to suppordaice populations that control other herbivore
species (Kasai et al., 2005; Yamamura, 2007). Igtestts also provide food, such as nectar and
pollen, which can generate a numerical responsengromnivorous predators that may facilitate
control of herbivores.

9 USING NEGATIVE ENEMY-MEDIATED INTERACTIONS IN CRO PPING SYSTEMS

Two prey species may act as apparent competitémsth&r they compete for resources or not.
When it comes to biological pest control, it isevftpreferable to avoid introducing alternative pest
onto economically valuable crops, but instead ohiee alternative prey that cause no damage to
the crop through practices like mulching, inter@iog (Xu et al., 2011; Song et al.,, 2011;
Bickerton and Hamilton, 2012), using banker plagt®wing cover crops (Olson et al., 2012) or
even maintaining landscape level diversity (hedgkgng et al., 2011; Pineda and Marcos-Garcia,
2008; Xiao et al., 2011). At the same time, som¢éheke methods may take valuable land out of
production (Landis et al., 2000), there have theemial to attract additional pests (Karban, 1997;

Norris and Kogan, 2005; Winkler et al., 2010), beyt may draw predators away from crops,
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reducing biological control (Birkhofer et al., 2Q08Therefore these methods should be used

carefully.

9.1 Increasing predator populations in the field

Within fields, a few examples suggest that altemeaprey may increase consumption of
target prey. Ostman (2004) found that alternatrey glensity in crops correlated with an increased
abundance of natural enemies and resulted in higreztation rates on the soil, consistent with
apparent competition mediated biological contmelahother study, strips of legumes and gramines
intercropped with winter wheat increased early segsarasitoid abundance and later parasitism
rates of aphids on wheat during one of two yeaosydver, during the other year, aphid densities
were much higher in strip plot fields than in catdr(Langer and Hance, 2004), which highlights
the uncertain outcome of this practice. Mollot t(2012) demonstrate the beneficial effect of a
cover crop for ants in a banana field. These resa consistent with the idea that predators can
build up their densities on alternative prey in @rea and spill over to consume target prey in
another.

Another way to introduce food sources for the aliée prey within an agricultural field
involves external subsidies, such as mulch. Sudbsidies may increase the availability of
detritivores to omnivorous predator populationsuteng in improved herbivore control (Polis and
Strong, 1996). However, these measures do not alwaprove herbivore suppression, and the
outcome depends on characteristics of the agromaysteeh as predator species, pest species, and
crop. For example, external subsidies may disrigdodical control if predators prefer the alternate
prey, especially when the pest and the alternatg are spatially separated, such as collembolan
prey in detrital subsidies and aphids at the toprops (Birkhover et al., 2008). External subsidies
frequently increase alternate prey and even preditosities but fail to improve biological control,
often because predation is limited by intraguil@édation, cannibalism, or predator interference
(Halaj and Wise, 2002; Mathews et al., 2004; Oelftzam et al., 2008).

9.2 Early season growth of predator populations

Alternative prey can be useful to augment the goedaopulation just before the arrival of the
pest, in the early season. Temporal dissociationreault in high predator density relative to the
density of the invading prey, preventing a pesboedak. For example, corn leaf aphids arrive on
sorghum early in the season, supporting populatmisoccinellids that control economically
damaging greenbugs later in the season (Kring alstr&p, 1986; Michels and Matis, 2008). When

the pest does not permit a strong functional respasf the predator, predator population growth
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before pest arrival could augment the effectivera@siiological control. Yoo and O'Neil (2009)
demonstrated tha@. insidiosushad an aggregative or a reproductive responshrifpstdensities
but no numerical response to soybean aphid der3iysequently, the thrips helps to promote high
predator densities early in the season that mayt esignificant mortality on soybean aphid
populations.

Artificially introducing alternative prey early ithe season could be a method to increase
biological control by amplifying the natural enenuging apparent amensalism interaction (Liu et
al., 2006). In greenhouses, two methods of tempasginmetry are used for biological control.
First, the “alternative host and parasitoid intfingrinciple calls for intentional introduction af
non-pest prey on a non-target plant culture to mairparasitoid populations a pest-free glasshouse
where a target crop is or will be grown. If a tdargest is accidentally introduced, the parasitoid
populations drift from the reservoirs and attaclpydations of the target pest (Stary, 1993). The
second method involves introducing and artificideding a generalist predator on a target crop.
This last technique is widely used in tomato greeses, where mirid bugsvi@crolophus
pygmaeur Nesidiocoris tenujsare released on the crop and maintained on coomlised and
sterilized moth Ephestia kuehniellaeggs. This method uses an indirect negative d@otem
between alternative food and pests through the rioateresponse of mirid bugs to enhance
biological control.

9.3 Using alternate prey to maintain predator pafpahs during a non-pest period

Even if two prey do not co-occur simultaneouslyha system, they can interact indirectly at a
temporal scale (Fig. 5). Some predators requirgptheence of alternative prey in order to survive
or molt during times when the target prey are abg¢Negloh et al., 2009). Therefore temporal
separation of alternate prey could be an impottoitfor biological control. Particularly in annual
crops where the habitat is totally destroyed ariputtie availability of non-pest prey in the non-
cropping period can maintain the predator poputafrom one year to another. Even in perennial
crops, the pest may not available during some ssasw predators will need an alternative prey
species to be maintained year round.

Many generalist predators are able to consume gmeylants as well as in the soil layer. This
broad diet permits their survivorship in the fieldring the non-cropping period, when the soil is
bare, and will augment predator effectiveness enaaiginning of the crop. Therefore soil and tillage
practice will modify the availability of alternatwvprey for generalist predators (Pereira et alLp20
Eitzinger and Traugott (2011) examined the feediepavior of predatory beetle larvae during

autumn and winter in arable land. They focusedCantharisspp. and\ebria brevicollislarvae,
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two abundant generalist predator taxa in Europeablexland during the cold period of the year.
The results provide evidence that autumn- and wismtéve predatory beetle larvae are strongly
linked to the detrital food chain by feeding ontkamorm and collembolan prey. This kind of
observations is also done in rice where the usefigiof ground invertebrate community has been
shown for spiders (Settle et al., 1996; Sigsga2002).

WINTER SPRING SUMMER AUTUMN
m - >

v Below-ground v Pest invasion v' Predator v Pest disappearance
prey presence v' Consumption of population v/ Consumption of
v Predator the pest by the increase due to the below-ground
survivorship and predator pest population prey by predators
eventually
population = Negative
increasing indirect effect = Negative indirect
of the below effect of the pest
ground prey on on below ground
the pest prey

Figure 5: Apparent competition (-,-) at a scale of a yeaannual crop.

When agrosystem are not destroyed, as in perearugl like orchards, an absence of pests
could also occur during certain crop stages or®seagPfannenstiel et al., 2010). In pistachio
biological control in Turkey, the phenomenon of aggmt competition is useful to biological
control. The leaf-curling aphid, a pest of almoreks, is an alternative prey for the predatory bug
Anthocoris minkiwhen pistachio psylla are not available on pistattees in early spring (Yanik
and Unlu, 2011). Similarly, alternate winter hostsPrunusand Rubusplants are important for
parasitoid control of grape leaf hoppers that digpgaduring California winters (Doutt and Nakata,
1973; Murphy et al., 1996, 1998).

10 ENEMY-MEDIATED NEGATIVE INTERACTIONS INVOLVING B IOCONTROL
AGENTS AS PREY

10. 1 Indirect interactions between a biocontr@rdagand a pest

Cannibalism is defined as predation of conspegcifiggperpredation is typically defined as
predators eating other predators without sharimy,pand intraguild predation (IGP) is defined as
predation of interspecific competitors, often cdllmtermediate predators. Hereafter the term
higher-order predationwill be used to refer to both intraguild predatiand hyperpredation

(Rosenheim, 1998; Symondson et al., 2002). Thease timteractions could be involved in higher
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enemy-mediated interactions when the higher-ordedaior feeds on an interspecific species and
an herbivore species (Polis et al., 1989; Rosenkeémh, 1995; Holt and Polis, 1997).

Impact on biological control
The abundance of the targeted pest may decreaskomtterm scale, cannibalism or higher-
order predation through a dilution effect (appa@rmensalism) and increase, at long term scale,

the number of higher-order predators (apparent aalism or apparent competition) (Fig. 6).

IG ENEMY *——— IGPREY

Figure 6: Indirect interaction involving a predator as prey in
higher-order predation {via intraguld (I3) enemy). Shown is
an example of apparent competition between the shared prey
and the intraguild prey (IG prey).

Higher-order predation and cannibalism can redbeeampact of predation on prey species
in the community (Finke and Denno, 2003; Claesseh. £2004; Messelink et al., 2012) because of
intermediate predator suppression (Rosenheim,et393; Finke and Denno, 2003) or intermediate
predator adaptive behaviors to avoid attacks (Lid287; Lima and Dill, 1990). However the
potential risk of higher-order predation disruptibgplogical control appears to be low in many
cases (Janssen et al., 2006). In some cases¢he@diate predator could allow the survival of the
top predator species during times of prey scatoithe agro-ecosystem. This could be beneficial
for biological control. For example, cannibalisnddrgher-order predation may maintain predator
populations if the larvae of intermediate preddtatch before preferred prey are present (Batzer
and Wissinger, 1996), which could benefit biologicantrol on the condition that higher-order
predation drastically decreases when pests ardabiei Otherwise, higher order predation can

reduce apparent competition and disrupt biologicaltrol.
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Higher-order predation

An intermediate predator and a shared prey spec@asexperience apparent competition or
apparent amensalism when the higher order predadperiences a strong numerical response.
Moreover, if the higher-order predator and the rmidiate predator share the resource, the
intermediate predator will also suffer resource petition with the higher-order predator, which
could lead to the exclusion of the intermediatedpter. However, most higher-order predators feed
on intermediate predators only when other preynateavailable (Dinter, 1998), which considerably
decreases the negative impact of intraguild predatn biological control. Though, there is a lack
of long term field experiment that followed popudat dynamic in biological control situation to
study the real effect of the higher-order preddtorctional response on higher-order predation.
Using laboratory experiments, Onzo et al. (20050mheined that intraguild predation occurs
betweenTyphlodromalus manihotndEusehis fustistwo phytoseiid mite predators of the cassava
green miteMononychellus tanajoan cassava in Africa, and that the level of intilthpredation is
affected by the availability of the primary préy, tanajoa On a diet of intraguild prey alone, the
two predator species survived for several dayddilgd to reproduce. Addition of abundant levels
of M. tanajoa increased survival and reproduction of the twodpter species and reduced
intraguild predation to very low levels. In thisseathere is apparent amensalism between the IGP
prey and the pest, as IGP allowed the survivorstipn the prey is not available, but drastically
decreases when preys appear. However this is walyslthe case: it had been show for ladybeetle
species that aphid addition in the system did ri@r ahe likelihood of IGP occurring, in lab
experiment (Snyder et al., 2004; Chacon and Hein24l0).

Cannibalism

Most generalist predators are cannibalistic, and esnsequence, even systems with only one
predator and one prey include two prey types: cecifips and heterospecifics. For most of
cannibalistic species, cannibalism decrease with dhundance of heterospecific prey (as for
intraguild predation above). The effect of prey imklity on cannibalism is particularly well-
documented in spider species (Frank et al., 20a@gekllotto and Denno, 2006; Rickers and Scheu,
2005; Rickers et al., 2006), where results consilsteshow that availability of alternative prey
strongly reduces cannibalism between adult spidedsjuveniles as well as among juveniles. This
is a typical apparent amensalism at long time sdaédween young predator instars that allow the

species to survive when prey is scarce.
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10.2 Hyperpredator/hyperparasitoid-mediated indinaeteractions between two biocontrol
agents

Most empirical evidence for apparent competitionagns herbivores with a shared predator
or parasitoids. Apparent competition may also o@ua higher trophic level between predators or
parasitoids through hyperpredation or hyperparsitiExistence of such interactions has been rarely
studied, even though many top predators are knoweat several predator species. Systems with
two intraguild prey and a hyperpredator are fretiyeencountered in greenhouses as well
(Messelink et al., 2012). Dinter (1998) has sholat the carabi®terostichus melanariusats two
ergonids,Erigone atra and Oedothorax apicatusand that it prefer€. atra over O. apicatus
potentially because of greater walking activity@f apicatusfemales. These results suggest that
apparent competition could occur between predatord, the strength of the interaction could be
modified by the hyperpredator behavior.

Van Nouhuys and Hanski (2000) have studied theectlinteraction between two parasitoids
via a shared hyperparasitoid. They experimentaltided a second host species for the
hyperparasitoids with which the natural parasitaiits not compete for resources. After the one
time addition of the second parasitoid, the natyaalasitoid species population declined in the
treatment. Unfortunately the reciprocity has nagérbéested, so we can say that there is at least an
apparent amensalism, and that apparent compeistideely to exist in this system. Moreover these
interactions could be more complicated in hyperatiet situation because the two predators of the

inferior level could interact as well via intraglippredation.

11 CONCLUSION

An understanding of the ways pests and natural eseimteract in complex agro-ecosystems
is essential to the development of environmenttig agriculture (Bunemann et al., 2006;
Desneux et al., 2007; Lu et al., 2012). Ecologetsl agricultural advisers should be able to
recognize patterns of species interactions thatdcba important for pest control. By reviewing
articles about natural enemy mediated interactlmtsveen prey, we have demonstrated that such
interactions are frequent in agro-ecosystems amnv@ laastrong effect on pest dynamics. Most
interactions appear asymmetric, but the recipraaitthe interaction is also rarely tested. Moreover
in agrosystems, contrary to natural environmerits, crop management techniques (e.g. mixed
crops, banker plants, cover crop, etc.) will influe the type and impact of predator-mediated
indirect interactions. Table 1 summarizes the dtarestics and corresponding practices that could

be carried out to positively affect enemy-mediatprey interactions in agro-ecosystems.
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Nevertheless, natural factors, such as predator @eg behavior and existence of resource
competition are also structuring forces. We argee lthat agrosystem characteristics and species
traits can strongly affect indirect interactionsndtledge of this specificity for describing
community dynamics and to propose adapted biolbgicatrol programmes to each situation is
inevitable. We outline relevant factors whose gtring forces could be identified by tests

experimentally conducted in the field and supplet®ey theoretical models.

Table I: Summary of crop characteristics, potential hummégrventions, and consequent effects on enemy-
mediated interactions to enhance biological control

Effects on enemy-mediated

Crop characteristics Human possible interventions - .
interactions

Enhance predator survival and

Presence of plant-provided food -
numerical response

Cultivar choice
Preserve food sources for the

Plant characteristics Presence of pest refuges
predator

Predator species choice depending to the

feeding mode in case of artificial releases Enhance the predator efficiency

Plant resistance to herbivores

Predator species choice in case of artificial

Enhance predator efficiency
release

Predator characteristics Behavior (prey preference)

Numerical response Artificial food addition Enhance predator density

. Predator species choice in case of artificial  Limit negative interaction between
Higher-order predator

release biocontrol agents
Nutritious value Banker plants attracting high quality prey Enhance numerical predator response
Prey characteristics
Behavior No possibilities

Enhance prey diversity for the

Banker plant predator

Plant diversity Intercropping Enhance prey diversity for the

predator
Mixed crop Enhance prey diversity for the
Agrosystem predator
characteristics i i
Soil fauna Soil practice: no-tillage practice Enhance prey diversity for the
predator
. . Enhance prey diversity for the
Perennial crop Intercropping predator
Annual crop Cover crop Enhance prey diversity for the

predator
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11.2.2) La compétition par exploitation et le probleme de coexistence des espéces

Bien que la compétition par exploitation integraetes les compétitions indirectes pour tous
types de ressources (e.g. la nourriture, mais #aspace, les sites de reproduction, etc.), naus n
focaliserons ici sur la compétition pour la nowmdt qui sera celle étudiée au cours de ces travaux

de thése.

[1.2.2.1) La compétition par exploitation

La compétition pour la ressource a été démontré&pase (1934) sur des protozoaires dans
un premier temps, puis Park (1954 et 1962) a proyweé celle-ci dépendait des conditions
environnementales. En effet I'existence/l'intensdé la compétition pour la ressource est
extrémement variable selon les conditions, mai®meant un principe est communément retenu
depuis I'expansion des travaux sur la compétitiappelé principe de Gauseou principe
d’exclusion compétitiveCe postulat établit que deux especes ne peuvanicpexister dans un
ecosysteme si elles partagent une ressource comlimitete. Le termdimitante signifie ici que
I'exploitation de la ressource en diminue la digpdité et donc limite de ce fait I'accroissement
populationnel. Cependant, dans la nature des espemmpétitrices coexistent alors qu’elles
partagent une ressource commune. Cela impliquestence de mécanismes qui vont permettre
cette coexistence.

Pour qu'il y ait coexistence, il faut que la conmpéh intraspécifique soit supérieure a la
compétition interspécifique. Actuellement, quatfe&pomeénes sont reconnus comme favorisant la
coexistence a I'échelle d’un écosystéme (nous miEyons pas ici les théories de coexistence qui
concernent les métapopulations, qui ont un in&vitent en termes d’évolution mais moindre pour
le contréle biologique, en particulier sous serrefl) le comportement d’agrégations
intraspécifiques (Atkinson et Shorrocks 1981, Hal€iB1, lves 1988), (2) la diversité du régime
alimentaire (Miller 1967, Schoener 1974, Belovslg8a, Hassell and May 1986) , (3) lorsque la
ressource est ségrégueée/structurée spatialemeetporellement (MacArthur 1972, Raventets
al. 2010), (4) lorsqu’il y a des compromis entre lests d’histoires de vie, comme des différences
de longévité ou de fécondité (Tilman 1994, Vinceinal. 1996, Bonsalet al. 2004b).

Il est généralement admis que le terme de compésigérieur correspond a I'espéce qui est
capable de supporter les plus bas niveaux de petienc a terme va exclure l'autre (Tilman

1987). Une espece peut étre le compétiteur supatans certaines conditions et ne plus I'étre dans

69



d’autres, une espece ne peut donc se voir attrieustiatut de compétiteur supérieur que dans des
conditions précises.

Conséquences en termes de dynamigue des populations : La competition est reconnue

comme étant 'un des mécanismes majeurs structleanécosystemes. Au cours de I'évolution,
elle est a l'origine de répartition des espéceseain des différents écosystemes que nous observons
actuellement, ceci est parfois appelé « le fantGenka compétition » (Connell 1980).

En lutte bioloaigue : La problématique se pose surtout en termes deisterge des

auxiliaires de culture sur un méme ravageur, celeerne la lutte biologique classique, la lutte
biologique par inoculation et celle par inondatepn reposent sur l'installation de I'auxiliaire dan
la culture et, par conséquent, sur la dynamiquepdesilations qui s’établit par la suite. Plusieurs
espéces de Braconidae ont été introduites suceessit a Hawai pour contrdler la mouche des
fruits Dacus dorsalisHendel (Diptera: Tephritidae) et on a assisté & disparition et un
remplacement successif de chaque espece par ctmpétterspécifique (Godfragt al. 1994). De
méme, Murdochet al. (1996) ont mis en évidence le remplacement du sfiafde Aphytis
lignanensisCompere (Hymenoptera: Aphelinidae) parmelinusDeBach dans certaines régions de

Californie, en raison de sa capacité a se repreduir de plus petits hotes.

11.2.2.2) La coexistence entre espéces compétitricpour la ressource en nourriture

Bien que la coexistence repose sur des différequiegeuvent se situer au niveau de tous les
axes qui composent une niche écologique (e.g. tidduade la prédation, réduction de la
compétition, besoins climatiques, etc.), ici, conuaas la partie précedente, nous nous focaliserons
sur la ressource en nourriture qui est au coeua drdicturation des réseaux trophigues qui nous

intéressent dans ce travail de these.

L’agrégation

Lorsque la ressource commune est répartie en pdicjpsothése d'un mélange complet des
individus des especes compétitrices ne s’'appliglus. pLes individus dans le méme patch
interagissent, mais pas ceux dans différents pathkes especes qui utilisent le méme type de
ressources s’agregent sur les patchs mais diffel@m$ leur répartition sur ces derniers, cela va
réduire les interactions interspécifiques par rappox interactions intraspécifiques, la coexiséenc

des espéces en sera donc facilitée (Hassell et 148¢, Godfrayet al. 1994). Cette idée a été
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formalisée comme le «modéle d'agrégation de laistece» (e.g. Shorrocles al. 1979, Atkinson

et Shorrocks 1981, Hanski 1981, De Jong 1982, étedlay 1985, Shorrocks et Rosewell 1986,
1987 et 1988, Ives 1991). Des expériences en ladaaet en cage sur le terrain, sur des mouches
a viande ont montré que l'augmentation des subdngsde la ressource augmente l'intensité de la

compétition intraspécifiqgue (Kneidel 1985, Hans881T).

On distingue deux grands types de réponses agrégaticelle dépendante et celle
indépendante de la densité d’hbtes. Les deux tgeeséponses facilitent la coexistence entre
ennemis naturels partageant une méme proie, du mome ces derniers ont des réponses
comportementales différentes. Cependant, I'agrégatidépendante de la densité de I'héte aurait

un potentiel plus important (lves al. 1993).

Le concept de niche écologique et de ségrégationldeessource

Le concept de niche écologique fut proposé par eBrif1924), il a d'abord eu le sens
d’habitat. Actuellement, la définition la plus ig#e considere qu’une niche écologique est
'ensemble des conditions abiotiques et biotiquassdesquelles vit une espéce (Hutchinson 1957).
Elle est caractérisée par trois composantes maje(me dimensions) : I'habitat (distribution
spatiale, influence des parameétres physiques &idiimies du milieu), les ressources alimentaires
(régime alimentaire, niveau trophique) et I'esptaraps (variations saisonniéres et nycthémérales
de l'utilisation des habitats et des ressourcea)niche écologique est propre a chaque espece et
représente I'ensemble des conditions et des ressoufans laquelle celle-ci vit et se perpétue.
L'une des principales lois en écologie est que abaspéce a sa propre niche écologique (Grinnell
1924). En d’autres termes, deux especes ne peoeenper la méme niche et coexister. Si deux
espéeces partagent une méme niche, elles entrexngpétition et 'une d’entre elles va disparaitre
(Gause 1934), a moins que des mécanismes rédlasemtpétition interspécifique entrent en jeu
conduisant ainsi a la formation d’'une associatitterspécifique. Ces différents mécanismes sont
principalement tous ceux qui aboutissent a la gggi@n de la ressource (pour la compétition pour
une ressource alimentaire : modes de rechercheeratiiine différents, stades de proies/hétes
attaqués différents, etc) mais aussi la prédatieffries et Lawton 1984, Chase et Leibold 2003).
Au contraire, si deux compétiteurs partagent uohenseulement en partie alors que la ressource est
présente sur l'intégralité de I'aire de distributides deux compétiteurs, c’est la différence dese
niches écologiques des deux compétiteurs (zone ate racouvrement) qui va induire une

ségrégation de la ressource, le compétiteur inféenmuvant utiliser la ressource la ou l'autre
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espece n'est pas. Ceci a été montré dans l'étud@wdenstrom (2009) ou l'un des deux

compétiteurs profitait de I'incapacité de l'autspece a supporter des températures élevées.

La ségrégation (ou structuration) de la ressource

Une caractéristique générale qui se dégage desthiéloriques est que la structuration de la
ressource commune (Miller 1967, Schoener 1974)aetuisition, par conséquent différente, de
cette ressource structurée est cruciale pour lmgtion de la coexistence d’espéces compétitrices
(e.g. van Baalen et Sabelis 1995, Bratral. 1997, Wilsoret al. 1999). Par exemple, Wilsaat al.
(1999) ont démontre, en théorie, comment la coemcset des gastéropodes sur les microalgues peut
survenir grace a des comportements alimentairdéreiifts entre les «diggers» (~ramasseurs) qui
utilisent des patchs fournissant un faible niveaa réssource, au contraire des « grazers»
(~brouteurs) qui utilisent des patchs fournissanhaut niveau de ressources. De méme, Bretwn
al. (1997) ont montré comment les différences dardiViéé de la recherche de nourriture peuvent
favoriser la coexistence entre les gerbilles et désuettes. Les gerbilles sont de meilleures
utilisatrices de la ressource (graines) sous lassbns que dans des micro-habitats ouverts, a
l'inverse des alouettes. Bien qu'il s’agit la d’'orécanisme par lequel les ressources sont réparties
et la coexistence promue, Browat al. (1997) démontrent également que dans un patch, les
gerbilles agissaient comme des "Ramasseuses dshienh enlevant toutes les graines tandis que
les alouettes agissaient en tant que "Ecumeusksatéme" en prenant seulement une partie de la
ressource. Il semble donc que la coexistence repas®is sur des mélanges complexes de
mécanismes, ici la séparation de la ressourceev@mportement, et le comportement lui-méme
permettant une utilisation différente de la resseusans ségrégation (mode d’utilisation de la

ressource).

Méme si le mécanisme prédominant, amenant a l&gégon de la ressource, semble étre la
ségrégation spatiale, la ségrégation temporell¢ @assi jouer un role, voire étre complémentaire
(Schoener 1974, Baker et Ross 1981). Deux casgiégation temporelle sont a noter : (1) les deux
espéeces partageant la ressource ne sont pas pesuntout ou partiellement, au méme moment ;
(2) la ressource est structurée en stades de gpeteent différents, les stades attaqués par les deu
compétiteurs sont distincts. Chez les arthropodigf et Tahir (2010) ont pu observer une
évolution de la structure d’'une communauté d’ardggndans une culture de riz avec la phénologie
de la culture et la saison. De plus, il apparaé uségrégation spatiale joue un réle prédominant
dans la réduction de la compétition par interféegi@@arothers et Jaksic 1984).
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D’autre part, en fonction de leurs stratégies afitaees et de leurs limitations physiques, les
ennemis naturels ont tendance a se spécialisatiffémrents stades de développement de la méme
proie (Brooks et Dodson 1965). Une telle spéciiisapeut étre considérée comme une forme de
partitionnement de la ressource, ce qui en thgmerait permettre la coexistence des espéces en
compétition (Schoener 1974). Cependant, les diftérstades biologiques d’'une méme proie sont
liés en termes de dynamique de population. Méman girédateur exploite un seul stade, cela va
réduire lI'abondance des stades suivants. Le prédateaguant les premiers stades sera donc
favorisé a court terme par rapport au prédateucialg® sur les stades suivants. A long terme, le
prédateur s’attaquant aux stades les plus agééduare le nombre d’individus adultes et donc la
guantité de proie disponible au cycle suivant g@utre prédateur. Il a pourtant été démontré qu'il
pouvait y avoir coexistence dans un modele straghar I'age, mais les populations s’influencent
guand méme (Murdockt al 2003). Par ailleurs, il a été démontré que laxisbence de deux
parasitoides d’'insectes est impossible a moinscglieé attaquant les derniers stades puisse aussi
attaquer les proies déja attaquées par son caeyétBriggs 1993), auquel cas les deux ennemis

naturels sont engagés dans une interaction detpnédiatra-guilde.

Le régime alimentaire

Chez des espéces plus ou moins généralistes, mmingvores, la totalité de la gamme du
régime alimentaire ne se recoupe pas forcémente8k espéces compétitrices partagent une
ressource commune, mais ont chacune une ressaaceessible a l'autre, cela peut réduire la
compétition interspécifique et favoriser la coexigte (Goulsoret al. 2008). Ceci peut étre
considéré comme un trait d’histoire de vie. Le#tdrd’histoires de vie dans leur ensemble seront

présentés par la suite.

Un exemple de coexistence entre un spécialista genéraliste a été donné par Geendiet
al. (2000) qui a démontré la coexistence entre lesttaide généralist€otesia glomeratdinnaeus
(Hymenoptera: Braconidae) et le spéciali§te rubeculaMarshall, sur des Pieridae. Dans une
expérience de plein-champ, les deux parasitoidegtérsoumis a différentes espécesamis sp.
(Lepidoptera: Pieridae) €@. rubeculaa parasité préférentiellemet rapaelLinnaeus, tandis que

C. glomeratas’est attaqué principalemenPabrassicad.innaeus

Les traits d’histoire de vie et la ségrégation dealressource

Tilman en 1994 fut I'un des premiers a considéres la coexistence nécessite I'existence de
compromis sur des parametres comme la compétjtieitéapacité de dispersion, la longévité ou la
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fécondité. Ensuite, les écologistes se sont degrysus intéressés a cela, montrant qu’en plus des
caractéristiques des écosystémes (e.g. la prodactia complexité, la stabilité...), les traitssde
organismes (e.g. la taille du corps, la capacité didspersion, la fécondité, la période de
reproduction...) ont une forte influence sur laxisience des especes (Tokeshi 1999). Il semble en
effet que les espéces avec certains traits d'testi# vie sont plus susceptibles de coexister que
d'autres. Les différents traits d'histoire de \eeent favoriser la spécialisation sur des resssurc

et par ce biais favoriser la coexistence. Par el@nigs différences morphologiques, telle que la
taille du corps parmi un ensemble d'especes étmeite apparentées, constituent souvent la raison
de l'utilisation de différents types de ressouraps,a son tour facilite la coexistence entre ces
especes (Diamond 1973, Blondel 1995, Brown 1999).niéme, des périodes de reproduction
différentes au sein d'un groupe d'especes, i.&gaton temporelle, peuvent réduire I'occurrence
ou l'ampleur de la compétition pour la ressourcegiyiin 1971, Poole 1979). La dispersion est un
autre trait important pouvant influer sur la coéxige des espéces. Si une espéce essaye de
coloniser de nouveaux habitats, le succés et lenfiet d'adaptation locale dépendront en grande
partie de sa dispersion (Gomulkiewicz et Holt 19%gwecki 1995, Holt 1996, Holt et
Gomulkiewicz 1997, Kirkpatrick et Barton 1997).

Bonsall et al. (2002) a démontré que la durée de vie moyenneed& garasitoides était
sensiblement égale, mais que I'un d’eux présentatplus grande variance de longévité, ce qui a
pu permettre a un petit nombre d’individus de cdende nouveaux patchs et donc d’acquérir un
avantage temporel, leur permettant de surmontecolapétition avec l'autre parasitoide (le
compétiteur supérieur). Ici la longévité résulteusre ségrégation spatiale de la ressource qui va
favoriser la coexistence.

De méme, dans I'étude de Luetal. (2010) sur deux parasitoides T@eabsoluta certains
traits biologiques déineulophus phtorimaeade Santis (Hymenoptera: Eulophidae) (stades de
'héte parasités plus restreints, fécondité plusbléd ont favorisé la coexistence avec
Pseudoapanteles dignuMuesebeck (Hymenoptera: Braconidae), malgré une péttivité

supérieure du premier parasitoide.
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[II) Un ravageur invasif dans le continent Afro-Eurasien : Tuta absoluta

[11.1) Les invasions biologiques

La publication en 1958 du livre de Charles Eltoréta le point de départ de I'étude
systématique des invasions biologiques. Beaucoupadaux ont été effectués ces dernieres années
sur toutes les facettes des invasions biologigags Richardson et PySek 2006, Blackbatral.
2009, Davis 2009) et notre connaissance sur I'seage des invasions a été nettement améliorée.
Trois questions principales sous-tendent la plugesttravaux effectués en écologie des invasions :
Quelles espéces envahissent, quels habitats esgatimlles, et comment pouvons-nous gérer ces
invasions (PySelet al 2010) ? Le processus d’invasion peut étre conedipé en référence au
continuum émigration-introduction-établissementangion/prolifération, qui suppose qu’une
espéece exotique doit passer plusieurs barrieres pamuvoir s'installer et éventuellement devenir
invasive (Williamson et Fitter 1996a, Richardstral. 2000). Seulement une fraction des especes
introduites, volontairement ou accidentellement ir(vblulme 2009 pour de plus amples
informations), parvient a s’installer/envahir leunel écosysteme (Williamson et Fitter 1996a,
Caleyet al.2008).

Le succes d’une invasion biologique dépend detstchhistoire de vie de I'espece exotique
qui vont lui permettre ou non, de s’adapter awacristiques du nouvel écosystéme, de s’y
reproduire, de s’y disperser et de survivre a lamétition avec les especes autochtones (Pysek et
Richardson 2007, Van Kleuneat al. 2010), mais aussi de la similitude entre le click@tla zone
d’origine et celui de la zone envahie. Les tradstdbuants au succés des groupes taxonomiques
envahissants ne sont pas universels et doivenesmondre aux spécificités de la communauté
envahie, aux conditions géographiques et a un drisete facteurs externes incluant la pression de
propagule (Richardson et PySek 2006). Des effaishastiques, qui dépendent de l'inoculum
initial, du temps de résidence, i.e. du temps depuitroduction, de la pression de propagules, i.e
le nombre d’introductions, (Williamson et Fitter 98b, Lockwoodet al. 2009) et de leur
distribution géographique, co-déterminent si urpgges invasive va devenir envahissante ou non.

La soustraction aux ennemis naturels est un autmnisme important favorisant le caractéere
envahissant d'une espéce exotique. Une espéceluntteadans un environnement ne possédant pas
d’ennemis naturels susceptibles de l'attaquer wmaplas de ne plus subir de prédation, pouvoir
dépenser moins d’énergie a sa défense et I'allager croissance et sa dispersion. Au contraire, les
interactions avec les autres especes de I'écosgst@nahi vont jouer un réle clé dans le succes de
l'invasion et I'aspect envahissant ou non de I'egp@.evine 2000, Seablooet al. 2003), via des
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interactions directes ou indirectes (voir sectinteractions multi-trophiqugs Par exemple la
compétition pour la ressource et/ou la compétitapparente vont potentiellement limiter le
caractére envahissant d’'une espece exotique (@&§€e llevineet al. 2004). C’est ce qu’on appelle

la résistance biotique d’'un écosystéeme.

[11.2) Le cas deT. absoluta

[11.2.1) L’invasion

Les espéces invasives ont un codt, pour les Etais-par exemple, on estime le nhombre
d’especes d'invasives a 50000 espéces avec urpoadit’économie de 120 billions de dollars par
an (Pimentelet al. 2005), en partie lié aux espéces invasives encudtuie. Les échanges
commerciaux entre les pays, la perturbation desy&t®&mes naturels ainsi que les introductions
intentionnelles d’espéces exotiques, ont provoqué augmentation trés importante du nombre
d’évenements d’'invasion dans le monde ces 200 @esannées (Ruét al. 2000).Tuta absoluta
ravageur de la tomate, invasif en Europe, a preapabht profité de la mondialisation des échanges
commerciaux (Bright 1999, Hulme 2009) pour se dispe cependant la/les route(s) d’invasion
précises ne sont pas encore connues. Arrivée e @d&Espagne, I'espéce a été retrouvée pour la
premiere fois en France deux ans plus tard (Deseealk2010) et est désormais classée sur la liste
A2 de I'OEPP (espéece de quarantaine présente aditesaone, mais non largement distribuée et
officiellement contrdlée). De plus, il est possigléelle envahisse d’autres régions représentamt de
zones climatiques favorables ou produisant beaudeupmates sous serre, notamment la Chine et
les Etats-Unis (Desnewst al. 2011) (Fig. 2). Ces derniers se préparent d’agléuune potentielle
invasion et ménent des prospections en vue d’'utextilén précoce du ravageur (USDA 2011, Lee
et Brambila 2012).
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Figure 2 Pays infestés et risquant d’étre infestésIpabsoluta (i) Gris foncé, présence avérée; gris clair, pnée
probable pour cause de haute proximité géograplagee les pays infestés, gris quadrillé, pays prieduis de tomates
risquant d'étre infestés (Desneux et al. 2011).

[11.2.2) La Biologie de T. absoluta

T. absolutaest un Lépidoptére de couleur gris/argenté, qeume6-7 mm de longueur, avec
des antennes filiformes. Les femelles sont plussge que les males, elles peuvent s’accoupler
jusqu’'a six fois pendant leur vie. La durée dedes adultes s’étale de 6-7 jours pour les males, a
10-15 jours pour les femelles. La longévité desvidds varie peu avec la température, bien que les
fortes températures favorisent le ravageur (De20itl). Le pic d’oviposition a lieu 7 jours apres le
premier accouplement (76% des ceufs pondus pendteatpgriode) et une femelle peut pondre un
maximum de 260 ceufs au cours de sa vie (Uchba-h@es@t al. 1995). Les adultes pondent
souvent sous les feuilles et plus rarement sutides et les fruits. L'activité des adultes estuir
crépusculaire (Desnewet al. 2010).

L’hote principal du ravageur est la tomakg/opersicon esculentuMiller), mais il attaque
un grand nombre d’especes de Solanaceae cultio@es€ I'aubergine, le poivron, la pomme-de-

terre ou le tabac, et non cultivées comme la noralire ou le pétunia (Desneeial. 2010).
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Figure 2 ; Cycle de wie du ravageur Thia absoduia observe en
laboratowe & 25°C sur tomate cv, Marmande,

Le cycle deT. absolutacomprend quatre stades de développement : cetdddsslarvaires,
pupe, et imago (Desnewt al. 2010) (Fig. 3). Apres 'éclosion, les jeunes larpésétrent dans les
organes végétaux (principalement les feuilles)eehaurrissent en développant des mines dans le
mésophylle, causant une baisse de la photosynétahe développement de la plante (Desnetux
al. 2010). Les chenilles sont de couleur creme/jagnairec une capsule céphalique marron fonce,
puis deviennent verdatres et ensuite rose clatteanier stade. La métamorphose a lieu dans le sol
ou dans la feuille, avec création d’'un cocon dandernier cas. Il s’agit d’'une espece multivoltine
pouvant réaliser jusqu'a 12 générations/an en Agquéridu Sud, et dont la durée du cycle de
développement dépend des conditions environnenesntalotamment de la température. Le
développement est d’environ 21 a 24 jours (Baroget al. 1998) a une température de 26-27°C, et
de 33 a 40 jours (Barrientes al 1998) a 20-21°C.
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La chenille mineuse se nourrit en
creusant des mines dans le mésophylle
de la feuille (Fig. 4) mais elle peut aussi
causer des dégats sur les fruits, les tiges
et 'apex de la plante. Si aucun moyen
de lutte biologique est mis en place, les
dégats causés par la chenille peuvent
atteindre 100% de la production
(Apablaza 1992, Lépez 1991).

Figure 4 : Mines de larves de T, absoluia dans une
feuille de tomate.

[11.3) La lutte biologique contre T. absoluta

111.3.1) En Amérique du Sud

En ce qui concerne I'Amérique du Sud, trés peu rdegatix sur la lutte, en particulier
biologique, sont disponibles dans la littératuréenmationale. Des prospections ont cependant
permis de mettre en évidence du parasitisme et gecdation en plein champ. Une large diversité
de parasitoides oophages et larvaires, regroupentinquantaine d'especes (Desnetial. 2010),

a été observée. Certaines especes apparaissamintest a une zone géographique alors que
d’autres, sont réparties sur tout le continent Saéricain.

Les Encyrtidae, les Eupelmidae, les Trichogramnaatisont rapportés parmi les parasitoides
d’ceufs, mais les trichogrammes restent la prineigsipéece utilisée en lutte biologique. lls ont été
I'objet de programmes d’élevage en magsejerudaiPintureau,T. bactraeNagaraja,T. pretiosum
Riley etT. exiguunPinto & Platner ont été élevés avec succés (vesnBuxet al. 2010 pour une
revue exhaustive).

D’autre part, des parasitoides larvaires apparteaax familles des Bethylidae, Braconidae,
Eulophidae, Ichneumonidae et Tachinidae ont auégilétectés. Les espéces les plus fréequemment
rencontrées en culture de tomates appartiennenfamikes des Braconidae et des Eulophidae. En
Argentine par exemple, plusieurs espéces ont @foreees, Pseudapanteles dignyBraconidae)
et Dineulophus phthorimaea@&ulophidae) étant les plus fréquemment rencoriBéga et Colomo

2000). Le parasitisme peut atteindre jusqu'a 70%n¢Bezet al. 2009). D’autres especes
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potentiellement importantes pour la lutte biologiqoontre T. absolutasont Neochrysocharis
formosa Westwood (Hymenoptera: Eulophidae) eflosterocerus formosusWestwood
(Hymenoptera : Eulophidae), qui font actuelleméuotbjet de recherches en vue de leur utilisation
dans des programmes de lutte biologifusaet al. 2010 et 2011).

Une diversité de prédateurs importante, d’envirdredpéces (Mirandet al. 1998), a aussi
été observée. Parmi d’autres, I'acariegemotesp. (Acarina : Pymotidae) qui se nourrit de layves
de pupes et d’adultes, la punaBedisus nigrispinudallas (Heteroptera: Pentatomidae) qui se
nourrit d’ceufs et de larves, ont été étudiés en deedévelopper des programmes de lutte
biologique. Cependant, les prédateurs restent enamus-exploités alors qu'ils seraient
responsables a eux seuls de 80% des mortalitésiresvdeT. absoluta(Desneuxet al. 2010). De
plus, jusqu'a récemment, aucune étude n’avait déénoutilité d’espéces de Miridae en Amérique
du Sud, alors qu’au contraire leur efficacité démscontrole deT. absolutasous serre a été
remarqué en Europe rapidement aprés l'invasionghifaet al. 2012 et voir sectioikn Europeci-
dessous). Mais Buerai al.ont montré dans un article publié en 2013, gus rspeces de Miridae,
i.e. Campyloneuropsis infumatuSarvalho,Engytatus variandistant etMacrolophus basicornis
Stal, attaquen®. absolutaau champ. lls ont aussi prouvé leur efficacitélanoratoire, qui était
supérieure a celle d8eocoris punctipegSay) (Hemiptera: Geocoridae) @tius insidiosugSay)
(Hemiptera: Anthocoridae) précédemment relevés cemes prédateurs de absolutalLins et al.
2011, Buencet al. 2012 et 2013).

Cependant, la lutte chimique reste le moyen ddr@lenle plus utilisé pour limiter les
populations deT. absoluta(Lietti et al. 2005) en Amérique du Sud, et aucun programme fttie lu
biologique satisfaisant n’est en place a I'heuteeite.

[11.3.2) En Europe

La majorité des infestations et dégats ayant lieussserre, la prophylaxie et une bonne
gestion du ravageur, avec une surveillance et dnection précoce dans la culture, restent les
meilleurs moyens de les contréler (Decoin 2011} @erniéres s’effectuent a l'aide de pieges a
phéromones (Svatct al. 1996, Michereffet al. 2000) ou de pieéges a eau, et le piégeage massif
permet également de réduire fortement la pressiaiavhgeur. Dans un premier temps, des moyens
de lutte chimique ont été utilisés, notamment [éo€imtraniliprole (commercialisé sous le nom de
Rynaxypy® par Dupond), mais ensuite un accent importanéargs sur la protection biologique.
Celle-ci étant déja bien développée contre d’auteesmgeurs en serre de tomates, I'utilisation

d’insecticides constituait un risque de déstalilisade la lutte biologique. De plus, la lutte
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chimique se heurte a de multiples problémes : 1ydpacité dd. absolutaa développer des
résistances aux insecticides, celles-ci ayant é#&aobservées pour de nombreuses molécules e.g
abamectine, deltamethrine et spinosad (Siquediral. 2000, 2001, Liettiet al. 2005, Reye®t al.
2011) ; (2) les larves sont protégées des insdesca l'intérieur des galeries ; (3) les produits
comme le spinosad et I'indoxacarbe, qui ne sontipai$ensifs pour les auxiliaires (Bionet al.
2012) et induisent des effets subléthaux sur lasiplogie et le comportement de ces derniers

(Desnewet al.2007).

Encadre 2: Les trichogrammes {(Hymenoptera, Trichogrammatidae)

Le trichogramme est un micro-hyménoptére chalcidien de la
famille des Trichogrammatidae. On recense aujourd hm prés de
200 espéces appattenant au genre Trichagramema. Ces derniéres
sont naturellement présentes sur tous les continents et diverses
especes sont ubilisées intensivement en lutte biclogique par
inondation dans plus de 50 pave (Smith 19267 Leurs hotes
principauz sont les lépidoptéres, maiz on peut les retrouver
parasitant d’autres familles comme les chrysopes (MMansfield et

Wil 20027 ou les coléoptéres (Polaszek of af 20027

Ils sont particuliérement connus en Europe comme étant le premier succés de lutte
biclogique en plein champ. 7. brassicas est en effet ubilisé awvec succes contre la pyrale du
mais depuiz maintenant 20 anz (Pinturean 2009 Leur renotmée en lutte biologique wient en
patticulier de la facilité a les Elever. En effet, ceux-ci sont Elevés en masse sur des espéces de
lepidoptere que 1"on est aussi capable d"élever en masse comme Ephestia uehnislla Zeller ou
Sitatraga cerealelia Olivier (Thomson af al 20013 De plus, la plupart des populations
(communement appelées gsouchesy pour les trichogramines) sont capables de se mettre en
quiescence ou en diapause ce g permet le stockage d'eeufs parasités et éwvite ainsi la
production en flux tendu des parasiteides {Garcia ef al. 20027,

Ze parasitoide a un cycle de développement de durée wvariable en fonction de la
température et de I espéce, cela peut aller de 8 jours & 30°C a 15 jours a 21°C (Foerster et
Foerster 2009 Le parasitisme a la particularité de warier enormément au sein d une méme
espéce (Chassain et Bouletreau 19910 ce qui explique Uutilisation fréquente du terme souche,
usuellement utilizé pour les champigneons, a la place du terme population. Certaines especes
sont capables de parasiter jusqu’a 40 ceufs en 24h sur B fushwiella en conditions 4’ élewvage.

Par ailleurs, différents agents de lutte sont dgjiployés avec succeés pour contrbler le
ravageur. Le parasitoide oophagchogramma achaealagaraja and Nagarkatti (Hymenoptera :
Trichogrammatidae) est le seul parasitoide comrmalkéséi en Europe contfE. absolutaa I'heure
actuelle, et permet une réduction significative dégats. Cabellet al. (2012) ont obtenu une

baisse de 91% des symptdmes dus au ravageur soegysice a cet auxiliaire. L'utilisation des
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trichogrammes en lachers inondatifs entraine cepraks colts importants et ne constitue pas une
stratégie de lutte durable (Desnabxal.2010) (Encadré 2).

Deux espéces de punaises prédatriddscrolophus pygmaeuambur (Hemiptera:
Miridae) etNesidiocoris tenuifReuter (Heteroptera: Miridae) montrent égalemenbans résultats
et ont une prédation active des ceufs et larves. dsoluta(Urbanejaet al. 2009) (Encadré 3).
Leur efficacité a aussi été démontrée en préseiateudodes dans les serres (Cabtoal. 2012,
Bompardet al. 2013). Ségureét al. (2011) ont pu montrer qu’une associatign pygmaeud.
achaeaese révélait concluante, de méme aledenuismalgré I'observation de prédation intra-
guilde (Cabelloet al. 2012). D’'autres especes de prédateurs, appartpaargxemple au genre
Dicyphus ont aussi été rapportées comme consommant deseatedés larves de stade L1 e
absoluta(Urbanejaet al. 2012) mais cette espece n’est pas commerciali$éewre actuelle, au

contraire deN. tenuisetM. pygmaeus

Encadre 3: Macrolophus pygmaeus (Heteroptera, Miridae)

M. pyemasns est une punaise prédatrice omnivore capable de se
nourrit sur les plantes hétes (pollen, séve et nectar) et sur les
proies qui 8'y trouvent telles que les aleuredes, pucerons, acariens,
thrips, et certains lepidoptéres (Fauwel of al 19871 Il est prézent
naturellement dans les cultures sous serre dans le sud de IEurope,
et est commercializé comme agent de lutte biologique pour le
contrdle des aleurodes en culture sous serre (Bonato of al 2006). g
Tous les stades (larves et adultes) de M pyomasns ont une action prédatrice. La
prédation est denx & trois fois plus importante entre le premier et le dernier stade
larvaire (Fauvel ef al 1987

Ce prédateur a un cycle de développement de durée trés variable en fonction de la
température, de la nature et de l'abondance des proies. Mourrit sur 71 vaparariorus, son
cycle est d'environ 30 jours a 25-30°C (Fauwvel ef @l 1987 Il pond ses ceufs a Uintérieur
des tiges et des nervures des feuilles de la plante héte. La durée du stade ceuf est de 11 jours
a 25°C. Aprés éclesion se succédent cing stades larvaires, d'une durée totale de 19 jours a
25°%C. Les adultes peuvent vivre plus de 2 mois a 2392, et encore plus longtemps & plus
faible température (Fauwvel ef al 12870 Perdikis et Lykouressis (2002) indigquent une
fecondité de 147 ceufeffemelle & 25°%C sur plants de tomates infestéz de 7o vaparariorues.
Dans les mEmes conditions, Hamdan (2006) parle de 32 larves émergées/femelle nourrit sur
eufs de T vaporariorm.

Enfin, comme en Amérigue du Sud, certaines espE@mrasitoides appartenant a la famille
des Eulophidae et des Braconidae ont été déteetéserre, en particulier des espéces du genre
StenomesiugFig. 5) et Necremnuspour les Eulophidae, ce dernier étant le plusueégment

retrouveé, eBraconpour les Braconidae (Urbaneghal. 2012, Zappalat al. 2012).
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Certaines recherches ont aussi été menées du ebt@ dhicrobiologie et ont montré
I'efficacité, par exemple dBletarhizium anisopliadMetsch qui a révélé une bonne efficacité sur le
stade ceuf (Pirest al. 2009).

D’une maniere plus générale, d’autres méthodesittie hon-chimique ont fait leurs preuves,
notamment le BtRacillus thuringiensis (Giustolin et al. 2001, Mollaet al. 2011) qui connait
cependant certaines limites car, comme les ingéeticconventionnels, il n'atteint pas les larves a
lintérieur des galeries, nécessitant donc destetrents répétés. D’autre part, la lutte par
I'utilisation de phéromones pour la confusion sdbeua aussi fait ses preuves (Coataal. 2013)
bien qu'il ait été démontré que les femellesTdabsolutasoient capables de deutérotoquie, mais,
sans accouplement, la fécondité chute considérame(viegidoet al. 2012), de plus cela n’a pas

éte vérifié sur d’autres souches du ravageur gile utllisée dans I'étude.

otade ceut

1542 jours
Stade imaginal Stade nymphal -
* 60 jours S5a7jours

Figure 5 : Cycle de wie du parasitoide larvaire Stencmestus japonicus
Ashmead observé en laboratoire a 25°C sur Thta absoluta.
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[11.3.3) Revue des nouveaux auxiliaires suf. absoluta en Europe 2013
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Western Palaearctic natural enemies of the Neotropal moth, Tuta absoluta, and

their use in pest control strategies

Lucia Zappala, Alberto Alma, Ibrahim J. Al-Jboodudit Arnd, Ahmet Bayram, Antonio Biondi,
Anais Chailleux, Ashraf El-Arnaouty, Dan Gerlingaina Guenaoui, Liora Shaltiel-Harpaz,

Menelaos Stavrinides, Luciana Tavella, Rosa Verélzeiar, Alberto Urbaneja, Nicolas Desneux

The composition of worldwide biotic communities lgagatly changed in recent years due to
the collapse of natural barriers to wild speciesvemeents mainly in relation to human activities
(Liebhold and Tobin 2008). Among the newly-introddcspecies some can become invasive, with
subsequent significant economic impacts. The sscoesfailure of a biological invasion may
depend on the species’ life history parameters,t®mresponse to climatic conditions, on the
competition with native species and the impactaifiral enemies (Grabenweger et al. 2010). This
last factor is recognized as crucial in the invasmechanism, as stated by the so caleémy
Release Hypothesthe success of an invader, in terms of distribudiod abundance, is related to
the absence or low efficacy of natural control e hew territories (Keane and Crawley 2002).
Indeed, it is assumed that natural enemies in ¢hdyninvaded areas, need time to get adapted and
to control the exotic species effectively. This nieydue to the fact that native antagonists need to
adjust their behavior and/or physiology to be ablsuccessfully develop on the exotic prey/host.
For this reasons natural enemy complexes on ingadeay perform low percentage
predation/parasitism (Cornell and Hawkins 1993).wideer, several examples of successful
biological control using natural enemies that hawe coevolved with the pest, the so calikew

species associatig@are also known (Hokkanen and Pimentel 1984; Oredret al. 2012).

In this framework, gaining knowledge on indigenoadural enemies that get adapted to the
new hosts and understanding their role in limiting alien species, is essential for establishieg th
basis of suitable and sustainable control strasegfeexotic pests. This applies also to one of the
latest invasive species arrived in the westerndatdic region: the tomato leafmin&iyta absoluta
(Meyrick) (Lepidoptera: Gelechiidae). This mothnigtive to South America where it is considered
a key pest of tomato (Luna et al. 2012; GuedesRicanco 2012) and where it remained confined
until 2006, when it was recorded for the first tifoe Western Palaearctic, in Spain (Desneux et al.
2010; Tropea Garzia et al. 2012). Afterwards, itiatty spread throughout the Mediterranean basin,
in Europe, North Africa and Middle East (Desnewakt2011).Tuta absolutafor its capacity to

develop very quickly on tomato cultivations and spread rapidly in new areas causing



economically relevant damage, is considered a #@ypitvasive species (Desnheux et al. 2010;
Caparros Megido et al. 2012).

Although chemical control has been the first sggtadopted in the newly invaded areas,
alternative control measures are being investigé@agnotti et al. 2012; Cocco et al. 2012). This is
mainly due the development of resistance to chdmlmathe pest (Haddi et al. 2012; Gontijo et al.
2013) and to the side effects of pesticides onfi@aks as well (Arn6 and Gabarra 2011; Biondi et
al. 2012). On the other hand, various predatorspamdsitoids spontaneously attackabsolutain
tomato crops in Europe. Some of these, mainly aaliiridae, have been already employed in
Integrated Pest Management (IPM) (Molla et al. 2024bello et al. 2012; Zappala et al. 2012b;
Chailleux et al. 2013). However, several screenifogseffective natural enemy species in the
invaded area are still ongoing (Chailleux et all20rbaneja et al. 2012).

Almost sixty species of generalist natural enemiese been reported developing on
T. absolutain the Western Palaearctic region so far. These lh@&en sampled both on open field
and protected susceptible crops as well as onfleitd and/or using infested sentinel tomato plants.
Here we take into account all the available datairag at giving a comprehensive picture of the
composition of the species that spontaneously geobsiological control services and their current

role inT. absolutacontrol programmes.

Indigenous predators

Thirteen arthropod Western Palaearctic species meemded preying on the South American
tomato leafminer in the last few years (Table ey mainly belong to the Hemiptera order (ten
species) and in particular to the families MiridAethocoridae and Nabidae in decreasing order of
numerousness. These predators, including zoophgtmuls bugs, usually colonize and establish in
organic and IPM crops as they are able to buildha@ir populations before pests arrive exploiting
alternative preys and host plants as alternatiwel feources (Perdikis et al. 2007; Desneux and
O’Neil 2008; Ingegno et al. 2008).

The most widely spread species are those of theasuly of the Dicyphinae, with
Nesidiocoris tenui§Reuter) spontaneously recovered in eleven cosnalimost all year round both
in protected and open field tomato crops, a@dcrolophus pygmaeugRambur) which was
observed preying ofi. absolutaeggs and young instar larvae in three countriegen@oui et al.
(2011) recordedM. caliginosusWagner [=M. melanotoma(Costa)], but considering that the
discrimination between the closely related predatpeciesM. melanotomaand M. pygmaues
based exclusively on morphological, is rather utadey the record oM. caliginosusis likely to be
due to a misidentification. Indeed, the classifmahistory of the two species shows a great number
of misconceptions that have left their identity aonfusion and highlight the need for a
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comprehensive taxonomical treatment (Martinez-Cascat al. 2006). Other four Dicyphinae

species Dicyphussp., D. errans, D. maroccanuand D. tamanin) were sampled from infested

tomato plants in Algeria, France, Italy and Sp&inthocoridae bugs belonging to tleius genus

were found feeding on in Jordanian open field amdgeted tomato crops infested Dyabsoluta.

Species of theNabis genus were found occasionally in Iran and in Sp¥¥nereas, two

species of predatory miteArqblyseius swirskifthias-Henriot andA. cucumerisOudemans) were

also reported preying oh. absolutaeggs and first instar larvae in Spain. One unifledtspecies

of Hymenoptera Sphecidae was found in Spain feealinigrval instars of the moth (Table 1).

Table 1.Overview of predators recovered data absolutan Western Palaearctic area.

Sampling

Order Family Species Known distribution® T. absoluta Country(ies) Season(s) Reference(s)
instars method(s)
Mesostigmata: Amblyseius swirskii Western Palaearctic Eggs and L1 Spain Protectgm cr  Summer Molla et al. 2010
Phytoseiidae Athias - Henriot (aubergine)
sampling
Amblyseius cucumeris  Cosmopolitan Eggs and L1 Spain Protected crop Summer Molla et al. 2010
Oudemans (aubergine)
sampling
Hemiptera: Dicyphussp. Eggs and France, Italy Open fieldand Summer Biondi et al. 2013a ;
Miridae young larvae protected crop Zappala et al. unpublished
sampling data
Dicyphus errans Western Palaearctic Eggs and L1 Algeria, Italy Open field and Spring- Boualem et al. 2012;
(Wolff) protected crop  autumn in Tavella et al. in preparation
sampling the open
field; all
year round
in
greenhouses
Dicyphus marrocannus Europe Eggs and Spain Open field and  Summer Molla et al. 2010
Wagner young larvae protected crop
sampling
Dicyphus tamaninii Western Palaearctic Eggs and Algeria, Not specified Not Guenaoui et al. 2011
Wagner young larvae specified
Macrolophus Western Palaearctic Eggs and Algeria, Open field and  Spring, Arno et al. 2009; Biondi et
pygmaeugRambur) young larvae  France, Italy, protected crop  summer, al. 2013a; Boualem et al.
Spain sampling autumn 2012; Guenaoui et al.
2011; Molla et al. 2010;
Tavella et al. in preparation
Nesidiocoris tenuis Cosmopolitan Eggs and Algeria, Open field and  Spring, Al-Jboory et al. 2012;
(=Cyrtopeltis tenuis young larvae  Cyprus, Egypt, protected crops summer, Arnd et al. 2009; Biondi et
(Reuter) France, Jordan, sampling autumn, al. 2013a; Boualem et al.
Iran, Israel, winter 2012, R. Bouharroud pers.
Italy, comm.; El-Arnauty and
Morocco, Kortam 2012; Guenaoui et
Spain, Turkey al. 2011; Martinou and
Stavrinides unpublished
data; Rizzo et al. 2011;
Kilig, personal
communication, Shaltiel-
Harpaz and Gerling,
unpublished data
Hemiptera Orius sp. Not specified ~ Jordan Open field and January- Al-Jboory et al. 2012
Anthocoridae protected crop  April
sampling
Orius albidipennis Western Palaearctic Not specified ~ Jordan Open éelti  January- Al-Jboory et al. 2012
(Reuter) protected crop  April
sampling
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Hemiptera Nabissp. Eggs and Iran Open field crop  Summer H. Madadi pers. Comm.

Nabidae young larvae sampling
Nabis pseudoferus Western Palaearctic " Spain Not specified Not Molla et al. 2010
ibericusRemane Not specified specified
Hymenoptera Undetermined species Larvae Spain Not specified Not Molla et al. 2008
Sphecidae specified

Kerzhner and Josifov 1999.

Indigenous parasitoids

A quite large number of parasitoids species (45$ veorded developing on all the young
instars of the moth in the newly invaded areas i@&). Overall, the most abundant parasitoid
family was the Eulophidae one with twenty-five reemed speciesNeochrysocharis formosa
(Westwood) [=Closterocerus formosu@Vestwood)] was one of the most widely spread, dpein
recovered in 4 countries (ltaly, Algeria, Spaimakae). So far, this is the only species recovered o
T. absolutaboth in Europe and in South America, where it wantioned as a potential biocontrol
agent based on its wide host range (Noyes 2013peewious use in other crops (Luna et al. 2012).
Another species belonging to the same geflssterocerus clarugSzelenyi)was recovered on
T. absolutayoung larvae in Turkey. Six species belonging ® denusNecremnusvere recovered
on T. absolutain Algeria, Egypt, France, Italy, Spain and TuaisTwo entities were identified as
N. sp. neaartynesandN. sp. neatidius as the taxonomy of this species group is curremtiger
revision (Ferracini et al. 2012; Zappala et al. Z8)1Necremnus artyne@Valker) andNecremnus
tidius (Walker) are generalist solitary ectoparasitoidsepidopteran leafminers (Noyes 2013).
Urbaneja et al. (2012) found anothdecremnusspecies,N. metalarusWalker, developing on
T. absolutainfested tomato plants in Spain. The ectoparaistodf Diptera, Lepidoptera and
Coleoptera leafminers larvaBnigalio incompletugBowek) andP. cristatus(Ratzeburg), often
associated due to their shared hosts (Noyes 2@i®rged from parasitizel absolutalarvae in
both Italy and Turkey. While, wasps identifiedRassoemiuspecies complex were recovered only
in ltaly (Table 2). This is a Palaearctic compldxgeneralist parasitoids, with an intense predatory

behavior both as larva and as adult (Bernardo. 08I6).

Stenomesiusear japonicuswas recovered in France and in the North-East pirs on
T. absoluta2™ and & instar larvae and an unidentified species belapginthe same genus was
found in Algeria. Specimens &ympiesisp. neafflavopictaand of Hemiptarsenus ornatudees
emerged from larvae collected in Israelian tomapero field tomato crops. Whereas, another
HemiptarsenuspeciesH. zilahisebessErdos, as well aBigliphus iseaéWalker were found in

association withr. absolutain Algeria. Specimens classified Btachertus inunctuspecies group
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emerged from artificially infested sentinel plants ltaly and other identified a8aryscapus
bruchophagi(Gahan) were found in Turkey. Finally, five othasl&phid species, not identified at
the specific level Chrisocharissp., Cirrospilus sp., Dyglyphussp., Elachertussp. and Sympiesis

sp.), were also found parasitizing spontaneousyndw host (see Table 2 for details).

Almost 30% of the recovered species were Ichneumeao more precisely four species
belonged to the Ichneumonidae family and the remgiright to the Braconidae one. Among the
four Ichneumonids those belonging to hiadegmagenus Diadegmasp.,D. pulchripes(Kokujev)
andD. ledicola Horstmann) were found parasitiziiig absolutamature larvae and pupae in Italy.
Whereas, the other Ichneumontdyposoter didymato(Thunberg), was recorded only in Algeria
on unspecified host instar stage. Among Braconidpsahe only species found on wild flora was
Agathis fuscipenniZetterstedt, recovered in Italy on infestedabsolutaSolanum nigrun{Table
1). Bracon species were already reported &s absolutaparasitoids in the pest native areas
(Desneux et al. 2010) and several species belorgirigis genus were found developing on the
exotic pest in the newly invaded areas. Some dasetheere found in various countries, such as
B. hebetorSay, a worldwide distributed and very polyphagspscies (Yu and van Achterberg
2010), which was recovered an absolutain Israel, Italy and Turkey. The Palaearctic specie
B. nigricans (Szépligeti) was recorded parasitizifig absolutamature larvae in France, Italy,
Jordan and Spain. Where#&s,osculator(Nees) and. didemieBeyarslan were found only in Italy
and in Turkey, respectively. At the same time, haotwo braconid species not identified at the
specific level,Aghatissp. andBraconsp., emerged from parasitized larvae collectedaly land

Tunisia.

Two Pteromalid wasp speciesiaticoptera enea(Walker) and Pteromalus intermedius
(Walker), were found developing on the moth larvattaly and in Turkey, respectively. Moreover,
two species of Calcidid wasp®rachymeria secundarig Ruschka) andHockeria unicolor
(Walker), were associated with. absolutain Turkey. Whereas only one species of Elasmid,
Elasmus sp., was found in Italy.Tuta absolutaeggs were parasitized spontaneously by
Trichogramma achaeaBagaraja & Nagarkatti in France, By euproctidig(Girault) in Egypt and

by various othef richogrammanot identified species in Algeria, France, Iran &mpéin (Table 2).
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Table 2. Parasitoids recovered dmuita absolutan Western Palaearctic countries.

OrderFamily Species Known distributior? T. absoluta Country(ies) Sampling Season(s) Reference(s)
instars method(s)
Hymenoptera Diadegmasp. Mature Italy Open field crop  Autumn Zappala et al. 2012a
Ichneumonidae larvae-pupae sampling
Diadegma ledicola Western Palaearctic Mature Italy Open field crop  Summer, Ferracini et al. 2012
Horstmann larvae-pupae sampling autumn
Diadegma pulchripes  Palaearctic Mature Italy Open field Summer, Zappala et al. 2012a
(Kokujev) larvae-pupae (potato) crop autumn
sampling,
sentinel infested
plant
Hyposoter didymator  Australia, Western Not specified  Algeria Protected crop  Spring Boualem et al. 2012
(Thunberg) Palaearctic sampling
Hymenoptera Agathissp. Larvae not Italy Open field crop  Summer Ferracini et al. 2012
Braconidae specified sampling
Agathis fuscipennis Western Palaearctic Italy Open field September - Loni et al. 2011
Zetterstedt sampling of October
infested
Solanum nigrum
Braconsp. Mature Tunisia Sentinel Spring, Abbes et al. 2013
larvae infested plants ~ summer
exposure
Bracon Turkey Mature Turkey Open field and  Spring Doganlar and Yigit 2011
(=Habrobracon larvae protected crop
didemieBeyarslan sampling
Bracon Cosmopolitan Mature Israel, Italy, Open fieldand  Spring, Ferracini et al. 2012a;
(=Habrobracon larvae Turkey protected crop Summer Doganlar and Yigit 2011;
hebetorSay sampling Shaltiel-Harpaz and
Gerling, unpublished data
Bracon Palaearctic Mature Egypt, France, Open field and  Spring, Al-Jboory et al. 2012;
(=Habrobracon larvae Italy, Jordan, protected crop Summer Biondi et al. 2013a; EI-
nigricans Spain sampling, Arnaouty unpublished data;
(=concolorans, sentinel infested Urbaneja et al. 2012;
concolor, mongolicys plants Zappala et al. 2012a
Szépligeti
Bracon Mature Israel, Spain Open field crop Spring, Gabarra and Arno 2010;
(=Habrobracon sp. larvae sampling; Summer Shaltiel-Harpaz and
nearnigricans sentinel infested Gerling, unpublished data
plants
Bracon Palaearctic Mature Italy Open field and Summer, Ferracini et al. 2012;
(=Habrobracon larvae protected crop  autumn Zappala et al. 2012a
osculator(Nees) sampling,
sentinel infested
plants
Hymenoptera: ~ Brachymeria Turkey Larvae not Turkey Protected crop ~ Spring Doganlar and Yigit 2011
Chalcididae secundaria(Ruschka) specified sampling
Hockeria unicolor Turkey Larvae not Turkey Protected crop ~ Spring Doganlar and Yigit 2011
(Walker) specified sampling
Hymenoptera: Elasmussp. Larvae not Italy Open field crop  Summer Zappala et al. 2012a
Elasmidae specified sampling,
sentinel infested
plants
Hymenoptera Baryscapus Turkey Not specified ~ Turkey Protected crop Spring Doganlar and Yigit 2011
Eulophidae bruchophagi(Gahan) sampling
Chrysocharissp. Larvae not Protected crop ~ Spring, Zappala et al. 2012a
specified sampling, summer,
sentinel infested autumn

plants
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Cirrospilussp.
Closterocerus clarus
(Szelenyi)
Diglyphussp.
Diglyphus isaea
Walker
Elachertussp.
Elachertus inunctus
species group

Hemiptarsenus
ornatus(Nees)

Hemiptarsenus
zilahisebessErdds

Necremnusp.

Necremnus artynes
(Walker)

Necremnusear
artynes

Necremnus metalarus
Walker

Necremnus tidius
(Walker)

Necremnuseartidius

Neochrysocharisp.

Neochrysocharis
formosa(Westwood)
(=Closterocerus
formosu$

Pnigalio
(=Ratzeburgiola
cristatus(Ratzeburg)

Pnigalio sp.soemius
complex

Pnigalio incompletus
(Boucek)
(=Ratzeburgiola
incompleta

Stenomesiusp.

Stenomesiusp. near
japonicus

Turkey

Australian, Nearctic,
Palaearctic, Oriental

Palaearctic, Oriental

Palaearctic

Palaearctic and
Nearctic (USA)

Western Palaearctic and

Nearctic (USA)

Palaearctic and Neartic

(USA)

Cosmopolitan

Palaearctic

Western Palaearctic

Larvae not
specified
L1

L2

Larvae not
specified

Larvae not
specified

Larvae not
specified

Larvae not
specified

L2

Larvae not
specified

L2-L3

L1-L2-L3

L2-L3

Not specified

L1-L2

L1-L2-L3

L1-L2

L1-L2

Not specified

L2-13

L2- L3

Algeria

Turkey

Algeria

Algeria

Italy

Italy

Israel

Algeria

Italy

Algeria, Egypt,
Spain, France

Italy, France,
Tunisia

Spain

Italy

Italy

Algeria

Algeria,
France, Italy,
Spain

Italy, Turkey

Italy

Italy, Turkey

Algeria

France, Spain

Protected crop
sampling

Protected crop
sampling

Protected crop
sampling

Protected crop
sampling

Sentinel
infested plants

Sentinel
infested plants

Open field crop
sampling

Protected crop
sampling

Open field crop
sampling

Open field and
protected crop
(tomato,
aubergine)
sampling;
Solanum
nigrum, sentinel
infested plants

Open field and
protected crop
sampling,
sentinel infested
plants

Open field and
protected crop
sampling

Not specified

Open field and
protected crop
sampling

Protected crop
sampling
Open field and
protected crop
sampling

Open field and
protected crop
sampling,
sentinel infested
plant

Open field and
protected crop
sampling

otBeted crop
sampling

Protected crop
sampling

Open field and
protected crop
sampling,
sentinel infested
plant

Spring

Spring

Spring

Spring

Autumn

Spring

Not

specified

Not
specified

Spring

Spring,
summer

Spring,
summer

Not
specified

Not
specified
Spring,
summer
Spring

Spring,
summer

Spring,
summer,
autumn

Summer,
autumn

Spring

Spring

Spring,
summer

Guenaoui unpublished data
Doganlar and Yigit 2011
Guenaoui, unpublished data
Boualem et al. 2012
Zappala et al. 2012a
Zappala et al. 2012a
Shaltiel-Harpaz and

Gerling unpublished data

Guenaoui unpublished data
Zappala et al. 2012a

Boualem et al. 2012; Molla
et al. 2010; Delvare et al.
2011; Gabarra and Arno
2010; Guenaoui
unpublished data, EI-
Arnauty unpublished data,
Kolai et al. 2011, Rizzo et
al. 2011

Abbes et al. 2013; Biondi

et al. 2013a; Ferracini et al.
2012; Zappala et al. 2012a

Urbaneja et al. 2012

Riciputi 2011

Ferracini et al. 2012;
Zappala et al. 2012a

Boualem et al. 2012

Biondi et al. in press;
Ferracini et al., 2012;
Guenaoui unpublished
data; Lara et al. 2010;
Zappala et al. 2012a

Doganlar and Yigit 2011;
Ferracini et al. 2012a;
Zappala et al. 2012a

Ferracini et al. 2012;
Zappala et al. 2012a

Doganlar and Yigit 2011;
Zappala et al. 2012a

Guenaoui unpublished data

Biondi et al. in press;
Gabarra and Arno 2010
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Sympiesisp. Not specified  Algeria, Italy Protected crop  Spring Boualem et al. 2012 ;

sampling, Zappala et al. 2012a
sentinel infested
plants
Sympiesisp. near Not specified Israel Open field Not Shaltiel-Harpaz and
flavopicta crops sampling  specified Gerling unpublished data
Hymenoptera:  Halticoptera aenea Nearctic, Palaearctic Larvae not Italy Sentinel Spring Zappala et al. 2012a
Pteromalidae (Walker) specified infested plants
Pteromalus Turkey Larvae not Turkey Protected crop  Spring Doganlar and Yigit 2011
intermediugWalker) specified sampling
Hymenoptera:  Trichogrammaspp. Eggs Algeria, Protected crop  Spring, Boualem et al. 2012;
Trichogrammat France, Iran, sampling, summer, Biondi et al.2013a;
idae Spain sentinel infested autumn Gabarra and Arnd 2010 ;
plants H. Madadi pers. Comm.;

Zappala et al. 2012a

Trichogramma Nearctic, Neotropical, Eggs France Protected crop  Summer Biondi et al. 2013a
achaeaeNagaraja & Oriental, Palaearctic sampling

Nagarkatti

Trichogramma Nearctic, Neotropical, Eggs Egypt Open field crop  Autumn El-Arnaouty unpublished
euproctidis(Girault) Palaearctic sampling data

=
Yu and Van Actherberg 2010; Noyes 2013.

Potential for use of indigenous natural enemies

Many experiments have been conducted in laboraiorsemi-field conditions to assess the
suitability of T. absolutafor various predator and parasitoid species. Thager study of Urbaneja
et al. (2009) proved how. tenuisandM. pygmauegsdults do feed on eggs and young larvae of the
moth. Similar results were obtained by Cabellole{2009) studying\. pseudoferus ibericusnd

by Arno et al. (unpublished data) for the bilggamaninij O. majusculugndO. laevigatus.

Other studies aimed to assess the biology of ppesi@folla et al. 2013) and the biology and
behavior of parasitoid species on the new hosthéncase of parasitoids it has been shown that
under laboratory conditiond. sp. nearartynes N. sp. neattidius and B. nigricanswere able to
reduce significantlyT. absolutapopulation not only owing to the parasitizatiortiaty but also
thanks to a non reproductive host-killing activingmely host feeding and host stinging behaviors
(Ferracini et al. 2012; Biondi et al. 2013b).

Besides theenvironmental resistancthat all the recovered fortuitous natural enenuas
spontaneously offer in the realistic field condimsothere are several approaches that can be
artificially implemented to enhance their role iegulating pest populations. Indeed, these
indigenous natural enemies can Aegmentedand conservedin the cultivated environment.
Inoculation of mass reardd. tenuishas been successful applied in tomato nurseriethéoearly
installation of the predator population in the yguarop (Calvo et al. 2012), or directly in
greenhouse with the concomitant application of ob@l pesticides (Desneux et al. 2010; Molla et
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al. 2011). However, on one hand, although tenuisis largely employed in biological and
integratedT. absolutacontrol programs (Abbes and Chermiti 2012; Naneinal. 2012; Trottin-
Caudal et al. 2012), its use often prompts inseleiapplications when predator density reachs high
levels because of damages it inflicts to both glamd fruits (Calvo et al. 2009). On the other hand
M. pygmaeushas been recently demonstrated to be not ableuild bp its populations when
feeding only on this prey (Molla et al. 2013). Thimgher levels of prey species diversity are
required for effective inoculative programs of thredator species (Bompard et al. 2013).

Commercially availabld. acheaandividuals are used in inundative releases andetiave
been demonstrated to be efficient in pest contndlen greenhouse conditions (Cabello et al. 2012;
Trottin-Caudal et al. 2012). Lower density can benbined with mirid predators obtaining similar
control levels (Calvo et al. 2012). Similar contitelvels were obtained in Southern Spain with
multiple releases oN. artynes although the reduction did not limit fruit damate the level
reached byN. tenuisreleased in the nursery (Urbaneja et al. 2012jhéwmore, contrary to those

advocated by some companies in the past yeargullogphid is not commercialized so far.

Future outlooks

Many of the entomophagous species recovered ire thast few years have been in the past
recorded as widely diffused on tomato crops alsthase countries in which they are not been yet
found in association witll. absoluta Thus, it is likely that this species will be asisted to
T. absolutain other countries very soon (Baniameri and Chdegl2012). For these further
surveys in those areas with still few recordd ofbsolutanatural enemies are encouraged. On the
other hand, other aspects of their biology and thepdlogy should be also further investigated. This
is particularly true for those species with an utae taxonomy, since different biological and
ecological traits can be highlighted among difféeremyptic species (Desneux et al. 2009).
Furthermore, in order to set up potential commériass rearings and/or to commercialize natural

enemies among countries, their taxonomy shouldeliaitively clarified.

The overall increase of knowledge on the indigenuatsiral enemy complex would help all
the habitat management strategies. These shoudihiel at increasing the functional biodiversity
within the crop and within the farm, such as rationeeds management for increasing the food and
alternative preys/hosts for indigenous predators @arasitoids (Gardiner et al. 2009; Tena et al.
2013). The increase in the abundance and divessitlye natural enemy community could be also
obtained by the use of thmnker plantdechnique, i.e. a tri-trophic system which typigalbnsists

of a non-crop plant that is deliberately infesteithva non-pest herbivore (Parolin et al. 2012). In
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this context, increasing knowledge on the prey/lrasge of these generalist entomophagous is
crucial. Indeed, many are the potential applicatiand in our case one of them is for example the
installation in the tomato crop oParietaria officinalis L. plants infested byCosmopterix
pulchrimellaChambers (Lepidoptera: Cosmopterigidae) [an atera host oN. artyneqFerracini

et al. 2012)], thus enhancing the parasitoid pdmria

In order to reduce the cost of the multiple egcapiwnid releases (Cabello et al. 2012) and/or
the plant damage of the released omnivorous presi@@alvo et al. 2009), further study aiming at
setting economically sound of mass rearing prowoblother indigenous natural enemies have to
be developed. These studies should aimed at reantgmophagous species showing the least
secondary effects for the plants i.e. avoiding pfady, and for other beneficials present in the
crop, i.e avoiding intraguild predator.
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Predator-mediated apparent competition between pestfails to prevent yield

Coline Jaworski, Anais Chailleux, Philippe Beamdiolas Desneux

Abstract

Indirect interactions among pests (or resourcg),apparent competition, have been manipulated in
various agro-ecosystems to strengthen the confrpests by generalist predators. However the
nature and strength of biotic interactions withimetwork strongly depend on species, and the
effects of alternative resource on biocontrol agetd not always result in an increased control of
the target pest species. Therefore, it is neceswargharacterize both the direct and indirect
interactions that are likely to happen between omiaing pest species and biocontrol agents for an
efficient IPM program. We measured the strengthagbarent competition between two major
tomato pestsTuta absolutaand Bemisia tabacipreyed by a generalist predator, the mirid
Macrolophus pygmaeughrough monitoring of pests and predator popohatdynamics in a
factorial greenhouse experiment. We also asseaksddvels of damages due to pests on plants and
fruits. Our results showed an asymmetric appacemipetition between the pests, with: (i) a
numerical response ofl. pygmaeusto B. tabaci alone; (ii) a lack of numerical response to
T. absolutaalone; (iii) an increased numerical response es@nce of both prey; (iv) a strong
negative indirect impact of. absolutaon B. tabacj and (v) a weak negative indirect impact of
B. tabacion T. absoluta Although there was an increased numerical respai the predator, the
damages observed on plants and fruits were notceedin the presence of both prey when
compared toT. absoluta alone, notably becausbl. pygmaeushardly controlled T. absoluta
populations in the conditions of our experimentsidg M. pygmaeuslone for management of
T. absolutawould likely not be sustainable in tomato cropgereif the predator development can

be enhanced by other co-occurring pest specidginrbp, e.g. whiteflies.

Keywords: indirect interaction; generalist predator; asymiuoetinteraction; Tuta absoluta

Macrolophus pygmaeuBemisia tabaci
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Introduction

In the past decades, there has been an increasargst toward Integrated Pest Management (IPM)
practices relying on the release of pests' naemamies (so-called biocontrol agents), notably for
pesticide reduction and biodiversity conservatiorhe success of these releases depends on the
capacity of natural enemies to regulate pest pdpuas which is conditional to the biotic
interactions that occur among species (Symondsoal.eR002; Van Veen et al. 2006). In
ecosystems, any given species is likely to intedaetctly or indirectly with any other species,
resulting in both short-term effects on speciesndlances and densities, and long-term effects on
population dynamics (Wootton 1994; Abrams and Madasli996; Tack et al. 2011; Bompard et al.
2013). Direct interactions, such as predation syrdbiosis, result from a direct contact between
species. Conversely, indirect interactions ocaiwken organisms that can be separated in time or
space and necessarily involve at least a third atiedi organism (Wootton 1994; Mouttet et al.
2011; Bompard et al. 2013). Both direct and indit&otic interactions are likely to strongly affec
species population dynamics in agro-ecosystems (Boanet al. 2013).

Generalist predators are known for their capaatyegulate, through predation, herbivore
arthropod populations in various ecosystems (Symamet al. 2002; Desneux et al. 2006; Lu et al.
2012); they are widely used as biocontrol agent®Vhile attacking several pest species
simultaneously, a generalist predator may indueglator-mediated indirect interactions between
these pest species (Holt 1977). The nature aedgttr of predator-mediated indirect interactions
depend on prey and predator characteristics, antgraporal and spatial scales (Holt and Lawton
1994; Harmon and Andow 2004; Van Veen et al. 200&k et al. 2011). Species characteristics
that may significantly affect enemy-mediated indirmteractions are, among others, prey capacity
to escape predation (e.g. through refuge; Lind @nesswell (2005)), predator preference for
particular prey (Eubanks and Denno 2000), and poedaraging behavior (Oaten and Murdoch
1975; Holt and Kotler 1987; Abrams and Matsuda 1988ans and Toler 2007). Spatial
(patchiness) and temporal heterogeneities in prEysiles may also affect predator-mediated
indirect interactions (Hambéack et al. 2006). Thase predicted to be generally positive at time
scales shorter than the predator generation tingeshared predation pressure on all available prey
may result in increased prey population densit@apgared to prey densities in unique prey systems
(Holt and Lawton 1994; Abrams and Matsuda 1996; Bar et al. 2013). If both prey benefit the
presence of the second prey (i.e. reciprocal pesitndirect interactions: increased population
densities of both prey), the overall predator-mtdianteraction ispparent mutualismIf only one
prey species benefits the presence of the othersricreased population density of only one prey),
this is referred agapparent commensalis(hlolt and Lawton 1994; Abrams and Matsuda 199%).
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longer time scales, i.e. time scales longer than gredator generation time, predator-mediated
indirect interactions may become negative, owing tugher numerical response of the predator to
increased prey availability in multi-prey systemscomparison with one-prey systems (Holt 1977,
Holt and Lawton 1994). If both prey suffer the ggrce of the other prey (i.e. reciprocal negative
indirect interaction: decreased population dersibé both prey), the overall predator-mediated
indirect interaction ispparent competitian If only one prey suffers the presence of theepthe.
decreased population density of only one preyy ithapparent amensalisrfHolt 1977; Holt and
Lawton 1994). The theoretical conditions requif@dapparent competition are: (i) food limitation
for the predator in unique prey systems (densifyeddence); and (ii) a numerical response to the
density of each prey in unique prey systems (Harem@hAndow 2004).

The knowledge on apparent competition has been faseichproving biocontrol. At large,
field scales, the maintaining of a high biodiverdigvel was shown to enhance the population
development of pests' natural enemies, resultingiéneased predation pressure on target pests
(Settle et al. 1996; Huang et al. 2011). The preseof alternative prey may increase control of
pest species by generalist predators under fietalitons (Harwood et al. 2007; Bompard et al.
2013). Smaller-scale experiments showed that palgpus predators benefited from a mixed diet,
either through an alternative prey (Liu et al. 20D&sselink et al. 2008; Messelink et al. 2010;
Calvo et al. 2011) or an alternative plant resoufeeans et al. 1999; Van Rijn et al. 2002;
Nomikou et al. 2010; Vandekerkhove and De Clerct020 Maintaining simultaneously low levels
of several pest populations should theoreticallyofathe development of generalist predators
through apparent competition (Symondson et al. R00Bowever, due to the multiple factors
(detailed above) influencing predator-mediatedradBons, the presence of several pests does not
always result in negative enemy-mediated indinetetractions (Prasad and Snyder 2006; Kuusk and
Ekbom 2010; Tack et al. 2011). This is why thesiaty to increase the biocontrol on two pests
sharing a common natural enemy, through apparenpettion, needs to be experimentally tested
for each combination of pests and shared natuengn The recent and rapid invasion of Afro-
Eurasia by the South American tomato pinwdrata absolutavieyrick (Lepidoptera: Gelechiidae)
(Desneux et al. 2010, 2011a) highlighted the needetarch for new IPM practices against this
invasive alien tomato pest, or readjust the alreadsting biological control programs (Chailleux et
al. 2012, 2013). In a previous work, we showed Thabsolutadid not threat the control against
whiteflies by a generalist mirid predatory bdacrolophus pygmaeufambur (Heteroptera:
Miridae) (Bompard et al. 2013). Conversely we higjited a negative predator-mediated indirect
interaction ofT. absolutaon the whiteflyBemisia tabaci(Gennadius) (Hemiptera: Aleyrodidae),

suggesting a possibility for apparent competition.
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In this study we formally tested the possibility fpparent competition betweé&nabsoluta
and B. tabacithrough a shared predatbt. pygmaeusand evaluated the possible effects on crop
protection. Tuta absolutas a major pest for tomato crops causing losse® U®0 % by mining in
tomato leaves, stems and fruits (Urbaneja et &192Desneux et al. 2010Bemisia tabac{biotype
Q) is a widespread European indigenous species évizi€ et al. 2012; Parrella et al. 2012; Saleh
et al. 2012) responsible for major damages in toncedps; as a sap-feeding insect, it causes both
direct and indirect (e.g. vectoring viruses) dansageplants (Oliveira et al. 2001; Jiao et al. 2012
Macrolophus pygmaeus one of the most used biocontrol agent agahgfhbaci and other
whiteflies. This generalist predator can also feada wide variety of prey such as thrips, aphids,
mites, and eggs and larvae of Lepidoptera (Fauvel.e1987), notably on those @t absoluta
(Urbaneja et al. 2009; Desneux et al. 2010), anddcthus benefit the presence of multiple pest
species in crops (Symondson et al. 2002).

In this context, our study aimed at shedding ligbts two specific questions: (i) is
M. pygmaeusable to efficiently regulateT. absoluta populations? and (i) does apparent
competition occurs betweén absolutaandB. tabacj and if so, does it result in an enhanced pest
populations' control and a reduction in yield I&®%eWe conducted greenhouse experiments to
measure reciprocal predator-mediated indirect actesns between prey by monitoring predator
and pest population dynamics, and we quantifieddhels of damages on both tomato plants and

fruits.

Materials and Methods

Biological materials

The plants used in the experiments were tomatotgl&olanum lycopersicurh. cv. Marmande,
grown in climatic chambers (23t£1°C, 65+5% RH, 16D)8 The preyB. tabaciand T. absoluta
were reared on tobacco and tomato plants respbgtiveseparate cages, in a climatic chamber
(23+1°C, 65+5% RH, 16L:8D). The predatit. pygmaeusvas provided by Biotop (Valbonne,
France), and reared on tomato leaves complementbdEphestia kuehniell&ggs under similar
controlled conditions than the prey. All predatased in the experiments did not have any
previous experience of predation Bntabacior T. absoluta No pesticides were used during the

study.

Experimental design
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We evaluated possible reciprocal indirect inteaibetween the pesks absolutaandB. tabaciin
tomato crop in greenhouse, through a 2 x 2 fadtdaaign, in which the predatbt. pygmaeusvas
present in all treatments. The first two-leveltésicconsisted of the presence or absence of
T. absoluta The second two-level factor consisted of thes@nee or absence Bf tabaci These
two factors were fully crossed which resulted imirfossible combinations (all with predator):
T. absolutaalone,B. tabacialone,T. absolutat B. tabacj and no prey i.e. only predator.

Each of the four treatments was replicated fouresirm 40m2 distinct compartments of an
environment-controlled greenhouse, with identidahatic conditions (T=25°C; RH=60%). The
greenhouse was located at Sophia Antipolis INRAearefSouth-Eastern France) and the study was
carried out during summer 2011. To prevent inseanisfer between treatments inside a given
compartment, they were isolated from one anothefirlyy mesh material, which formed tunnels
(height: 2m, width: 1m, length: 5m). Tomato plamtere grown on rock wool slabs and each
tunnel contained 2 rows of 8 plants. Plants werteraatically supplied with water and nutrients
that prevented any abiotic stress. Plants weneladyg vertically tied up. Prey were released en 4
week old plants (8-11 leaves/plant), at a rate@®@B&8ults and 2 adults per plant, ®rtabaciand
T. absolutarespectively. Predators were released one wéekdtaa rate of 2 females, 1 male and 4

nymphs (L4/L5) per plant.

Sampling

Population dynamics of the three insect specieg wamnitored on four plants per tunnel during the
10 following weeks after the release of predatofglults and nymphs dfl. pygmaeusadults of

B. tabacj and larvae ofl. absolutawere counted on all leaves of each sampled pl&ait: each
plant sampled, eight leaflets were collected fafimhal observations in the laboratory. Juveniles
of B. tabaci(eggs and nymphs) as well as eggsTofbsolutawere counted using a binocular
microscope. The number of leaves per plant asagethe overall level of leaf damage due to prey
activity (percentage of damaged leaves) were asorded. Mature tomato fruits were harvested
once or twice a week, and indexed either as undathag as damaged when they showed one
gallery of T. absolutalarvae or sooty mold due tB. tabaci Both categories (undamaged vs.
damaged) were weighed for each tunnel. At theadnthe experiment, all fruits (mature or not)

were harvested and weighed.

Statistical analyses

Data of insect population densities, as well astptharacteristics (growth, production and levéls o
damage) were not normally distributed. Thus weltbgeneralized linear models using a
Generalized Estimated Equation (GEE; library gekpsax test for the two-level factors presence /
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absence ofl. absolutaand presence / absenceBoftabaci All models were implemented with a
Poisson-law (link-function log), except for data tife number of leaves per plant; whose
distribution followed a Gamma-law (link-functionvierse). The function GEE enables adding a
random factor to correct for repeated measures ey, which was either the tunnel number, or
the plant number (for data of number of leavespgl@nt and level of leaf damage). All statistical
analyses were performed using the software R veit4.1 (R Development Core Team).

To depict possible short-term from long-term predamediated indirect interactions between
prey, three analyses with three different time gusi(weeks 1-10, weeks 1-7 and weeks 8-10) were
run on data of insect population densities. Thps@ds were chosen according to the development
time of the predator and its possible linked predatactivity (see Bompard et al. 2013).
Temperature inside the greenhouse reached 1086lat@thulegree days (CDD) at week 7 and 1593
CDD on week 10. We assume the entire developmgsié ©f the predatoM. pygmaeugo be
about 940 CDD (Bompard et al. 2013). Consequeantéypredator cycle was achieved at the end of
the first period (week 7) for eggs laid by the aduledators introduced at the beginning of the
experiment. At the end of the second period (WE®k the descendants of the introduced juvenile
predators had achieved their development cycleedd®or-mediated interactions correspond to
short-term and long-term interactions, over thst find second periods, respectively.

Plant growth was estimated by the increase in nunabeleaves per plant over time.
Measures of tomato production were analyzed adata¢ cumulated production over weeks, and

the ratio of cumulated mass of damaged fruits totadt cumulated production.

Results

Insect population dynamics

Populations of adult and nymph predators showedasidynamics so the data were pooled. The
factor B. tabacihad a significantly positive impact on predatopgi@tion's dynamic over all the
period (Chit = 266,P < 0.001) as well as over the last period (Chi342,P < 0.001) (Fig. 1). The
factor T. absolutahad no significant impact on predator populatiosiygamic. However the
interaction between the two factors had a signifiigapositive impact on predator population's
dynamic over weeks 8-10 (Chi# 6, P = 0.014). Predator populations were ~2.5 timas eh8
times higher in the two-prey systems than with oBlytabacj at week 9 and 10 respectively
(Fig. 1), and ~165 times and ~175 times higherha two-prey systems than with the prey

T. absolutaonly, at week 9 and 10 respectively.
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Populations of eggs and nymphsBoftabacishowed similar dynamics so all individuals were
gathered in a unique pool of juveniles. Populaioh adults ofB. tabacishowed also a similar
dynamic thanB. tabaci juveniles (data not shown). The factdrabsolutahad a significant
negative impact orB. tabacijuvenile population's dynamic over all the peri@hi3 = 7, P =
0.006) and over weeks 8-10 (Gh#30,P < 0.001). This resulted in a 4.2-fold decreassesk 10

180 -
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Figure 1: Population dynamic of the predatht. pygmaeusMean number (xSE) of individuals
(adults and juveniles) per plant in no-prey systeamtrol; mixed line), wittB. tabacionly (dotted
line), with T. absoluteonly (dashed line), or with both prey (continuate).

when comparing population densitiesBftabacijuveniles in the one prey-system and population
densities oB. tabacijuveniles in the two-prey system (Fig. 2).

Population's dynamic of larvae of absolutawas much more variable over time, with cyclic
drops to very low densities (Fig. 3). The facBrtabacidid not significantly affecl. absoluta
population's dynamic over all the period, not onekee 8-10. However, a significant negative
impact ofB. tabacion T. absolutalarvae populations' dynamic was visible at weeks@ 10 only
(Chi?, = 5,P =0.023) (Fig. 3).

Plant growth and fruit production

The presence oF. absolutacaused a small reduction in number of leaves laett fChia = 4.37,P
= 0.036; data not shownBemisia tabacdid not cause any reduction in plant growth. Tdwtors
T. absolutaor B. tabacidid not cause any significant reduction on cunadatomato production
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when considering all the period (Fig. 4a). Howewenen considering the harvest data set without
the last point of harvest (week 1®, tabaciinduced a significant negative decrease in curadlat
tomato production (Chi?= 5.94, P = 0.015), by 35% between control tunnels and tlsne

containing the ped. tabacionly at week 9. Conversely absolutadid not induce any significant
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Figure 2: Population dynamic of the pre8. tabaci Mean number (+SE) of juveniles (eggs ard
larvae) per leaf in one-prey system (dotted line)ndwo-prey system (continued line).

impact and neither did the interaction betweenfélogorsT. absolutaandB. tabaci Mean values
of total cumulated production (week 10) did notfefifsignificantly between the different pest-
systems (Fig. 4a), though a tendency to be infénipresence of the pest absoluta
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Figure 3: Population dynamic of the prdy absoluta Mean numberfSE) of larvae per plant in
one-prey system (dashed line), or in two-prey spgontinued line).
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Ratio of damaged fruits and levels of leaf damage

The factorT. absolutaas well as the interaction between the facBr&abaciandT. absolutahad a
significant impact on the ratio of damaged fruiig( 4b; Chi¢ = 35.0,P < 0.001 and Chj2=

16403,P < 0.001 respectively). Both factofs absolutaandB. tabacj as well as the interaction

between factors had a significant impact on thelkwof leaf damage (Fig. 4c; Chig 4.46,P =
0.035; Chi¢z = 126.97P < 0.001; and Chj?>= 15.60,P < 0.001 respectively). Overall, we observed

increased damages to fruits and plants when there two pests vs. only one pest.

Difference in cumulated tomato production
to control plants (in kg)

Proportion of damaged fruits

Weeks

—— M. pygmaeus + B. tabaci + T. absoluta

Proportion of leaf damage

M. pygmaeus
M. pygmaeus + B. tabaci
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Figure 4: Tomato production and levels of damage on fruitd laves, in free-prey systems (continued grey
line), with the preyB. tabacionly (dotted line), with the prey. absolutaonly (dashed line), or in two-pre
systems (continued black line). (a) Mean diffeeefie SE; N=4) in cumulated tomato production to ciated
production of control plants (freed from pests)k@nper groups of 16 plants (tunnels); (b) Rationafss of fruits
damaged by pests over total cumulated productiod@@lants (mean number + SE; N=4); (c) percentddeaf
damage due to pests (mean number + SE; N=16).
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Discussion

The population dynamics of the pr&y tabaciand T. absolutaand of the predatdvl. pygmaeus
hinted an asymmetric apparent competition. We mvese(i) an increased numerical response of
the predator to a higher prey availability in tie{prey systems in comparison to the strength of
the numerical response to the pBytabacialone; (ii) a lack of numerical responsevbfpygmaeus

to the preyT. absolutaalone; (iii) a strong negative impact ©f absolutaon B. tabacj and (iv) a
weak negative impact @. tabacion T. absoluta Moreover, the increased number of predators in
the two-prey systems did not translate to redudadt® and fruits damages (caused mainly by
T. absolutdarvae).

The enhancement of polyphagous predators' develuplne alternative food resources in
crops has already been shown in various situatiiil,the presence of alternative prey (Settle et
al. 1996; Oestman 2004; Liu et al. 2006; Harwoodl.e2007; Desneux and O'Neil 2008; Messelink
et al. 2008; Messelink et al. 2010; Calvo et all2Huang et al. 2011) or plant materials (Evans et
al. 1999; Van Rijn et al. 2002; Nomikou et al. 2p¥andekerkhove and De Clercq 2010) leading,
in some cases, to higher predator densities anidcaease control of the target pest species. Our
greenhouse experiment gives a new evidence forrappaompetition between the co-occurring
pests B. tabaci and T. absoluta The increased numerical response of the sharedajor
M. pygmaeuso the co-occurrence of prey proves that it béeéfihe mixed diet, which has already
been reported for other generalist arthropod poedgEubanks and Denno 2000; Messelink et al.
2008). However, apparent competition betwentabaci and T. absolutawas definitively
asymmetric, owing to (i) differences in numericakponses of the predator to a given prey, (ii)
predator preferences for prey and predator forageigavior, (iii) differences in prey population
sizes and dynamics (cycling) and/or (iv) co-ocagrilirect and indirect interactions between pests.

The lack of numerical response of the predator Tombsolutaalone was unforeseen.
Laboratory preliminary experiments showed a fumaloand numerical response Mf pygmaeus
when fed onl. absolutaeggs in small enclosures (Supplementary mateigalJ1, S2), though the
numerical response observed was about four timekevethan when fed oB. tabaci nymphs
(Desneux N, Chailleux A, data not shown). The #mty of the numerical response of
M. pygmaeugo prey species has already been highlighted enipus studies (Foglar et al. 1990;
Hamdan 2006). Interestingly a recent study reporéative poor nutritive quality of. absoluta
eggs for M. pygmaeus(Molla et al. submitted), which could explain tlery low numerical
response oM. pygmaeu®n T. absolutaalone, and the subsequent asymmetric indirectactiens

betweerB. tabaciandT. absolutaobserved in our experiment.
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Predator preference for one of the two prey iskefyito be responsible for the asymmetry of
predator-mediated indirect interactions, as a previlaboratory experiment demonstrated a
preference ofM. pygmaeusfor T. absolutaeggs when encountering simultaneouBlytabaci
nymphs, T. absolutaeggs andr. absolutalarvae, as well aswitching behavioiin this predator
(Jaworski et al. submitted). Ti. absolutavas systematically the most preferred pMypygmaeus
would increase its predation pressure over thig, @ed consequently reduce the predation pressure
over B. tabaci This would result in predator-mediated indirgxteractions in favor oB. tabacj
unlike what was observed on pest population dynanmour greenhouse experiment. At larger,
mesocosm scales, such a predation behavior coslidt e increased predator foraging time in high
prey-density patches, so as to maximize food upfkedoch et al. 2003). Nymphs 8f tabaci
and T. absolutaeggs (the most preyed stage Tarabsolutd are rarely locally distributed in the
same patches, &. tabacinymphs are encountered on old tomato leaves, abdreabsoluta
adults lay their eggs on fresh young tomato leg¥aworski C and Chailleux A, pers. obs.). In our
experiment, tomato plants were grown and tied ey, so that young tomato leaves were at the
top of plants, and older leaves at lower levelomBGined with the switching predation behavior,
such a spatially decoupled prey distribution cdaltl the predators to forage mostly in single prey
type patches and move among prey type patchesedVer,B. tabacipatches are generally denser
(number of prey per leaf higher, see Figs. 2 andi)s if M. pygmaeushowed a pure switching
predation behavior at a mesocosm scale, it woukhgpmost of the time foraging in patches
containing onlyB. tabaci nymphs at high densities (Murdoch 1969). This Motesult in
simultaneous increased predation pressure Bvéabaciand decreased predation pressure over
T. absolutaand a subsequent asymmetric apparent competition.

In a broader context, prey population sizes andsitles are likely to significantly impact
enemy-mediated indirect interactions (Bergeson Medsina 1997; Muller et al. 1999; Valladares
et al. 2001). In our greenhouse experiment, wemesl cycling drops of. absolutapopulations
to very low densities (Fig. 3), supposedly duen® absence of overlapping generations. This could
explain the lack of numerical responseMhfpygmaeuso T. absolutaalone, as predators may have
suffered from the too variable quantity of avaitaptey. Such large prey population fluctuations of
only one prey species are likely to affect predatediated indirect interactions in an asymmetric
way (Abrams et al. 1998; Brassil 2006).

The overall asymmetric interactions betw@&:riabaciandT. absolutamay hide several types
of interactions. Such trophic systems where herirs share both a predator and a resource plant
do not allow to discriminate the effects of direateractions (resource competition), predator-
mediated indirect interactions (apparent competjtiand plant-mediated indirect interactions (but
see Bompard et al. 2013). As leaf damages werehigh at the end of the experiment (Figures 4),
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it is likely that resource competition may have camurred with predator-mediated indirect
interactions, which was the case in our previowseghouse experiment (Bompard et al. 2013).
Moreover, resource plants may induce indirect adgons between feeding pests, via induced
defense pathways (Stout et al. 2006; Mouttet eP@l1). Consequently the plant may favor one
prey against the other through the activation ajiven defense pathway and the inhibition of
another defense pathway, resulting in plant-mediatelirect interactions (Preston et al. 1999;
Rodriguez-Saona et al. 2005; Soler et al. 2012yimdtely B. tabacimay interact onT. absoluta
through the production of honeydew (Oliveira et2001), which might be used as an alternative
food resource by. absolutaadults known to feed on honey. This would resuk facilitation of
B. tabacitoward T. absolutaand increase the asymmetry of the overall apparentpetition in
favor of T. absoluta

Although apparent competition occurred betwéertabaci and T. absoluta the increased
numerical response of the predatbrpygmaeusn the two-prey system did not translate to reduce
yield losses: the levels of damage on leaves ants fwwere higher in the two-prey systems than in
the one-prey systems (Fig. 4). These damagesmwairdy due tol. absolutaarvae, which mined
leaves and fruits, causing defoliation and strasgés in tomato production, as a fruit contaminated
with a single mine cannot be commercialized anynflbeeause of necrosis induced in the fruit). It
hints the low ability of M. pygmaeusto control T. absolutapopulations in our experimental
conditions. Our previous experiment showed a bettmtrol of T. absolutaby the predator
M. pygmaeusn presence oB. tabaci (Bompard et al. 2013). In this earlier study,npdawere
coated in small tunnels, which resulted in a cargirs biomass layer, and an average total smaller
biomass quantity. The experimental conditions kezee closer to conditions in tomato production
greenhouses, with tomato plants vertically guidad asects contained in large tunnels. Total
biomass quantity was thus higher and plant matésgd dense. This could have benefited pest
populations, especially the Lepidoptéfaabsoluta through an increased resource availability as
well as light. These vegetation conditions may ehasimultaneously negatively affected
M. pygmaeugpredation behavior. Moving from one plant to ameottvas likely more difficult for
the predators, notably because nymphs can noMiyreover, the tunnels were bigger, reducing the
probability to encounter a prey, thus increasirgttme the predator had to forage for finding prey.
Along with the difficulties to settle predator pdations (discussed earlier), these experimental
conditions may explain the lower level of contrdl D. absolutaby M. pygmaeughan in our
previous experiment (Bompard et al. 2013).

A delay in tomato production was observed in tusrggntaining the preB. tabacj though
similar levels of production were obtained at tine ef ten weeks of experiment. This may result
from differences in resource allocations by thenptaward fruit production vs. defense inductions
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(Herms and Mattson 1992). Our experiment confithad T. absolutais a major pest for tomato
crops (Desneux et al. 2010, 2011b). The predatibM. pygmaeuson T. absolutaremains
insufficient to regulatd. absolutgpopulations and avoid serious damages on pladtgiuuction,

at least in the conditions of our experiment. Aiigh the beneficial impact of apparent competition
on IPM practices is generally acknowledged, notdbtythrough maintaining prey populations at
low levels in some extent, this negative indireteraction is not sufficient to prevent tomato psan
infestation byT. absolutawhen there is apparent competition wBhtabaci when sharing the
predatorM. pygmaeugat least at prey densities tested in our studly)such context, this would be
hazardous to usd. pygmaeuslone to control botfi. absolutaandB. tabaciin an IPM approach,
and the predator should be associated with othecobirol agents, e.g. larval or oophagous
parasitoids (Chailleux et al. 2012, 2013; Biondiaét2013), for biological control programs of

T. absolutaon tomato.
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Supplementary material

Figure S1.
Functional response of the predaltr pygmaeuged on eggs of. absoluta Mean number

(xSE; N varied between 2 and 7) of eggs eaten pgrfdr increasing numbers of eggs
available. Experiments carried out in Petri disivith a fixed number of fresi. absoluta

eggs provided to a female predatoMbfpygmaeus
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Figure S2.
Numerical response of the predalr pygmaeuded on eggs of. absoluta Mean number

(xSE; N varied between 2 and 7) of offspring hatclyger day) for increasing numbers of
eggs available. Experiments carried out in Peitshes with a fixed number of fresh

T. absolutaeggs provided to a female predatoMofpygmaeusluring its entire lifetime.
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Figure S3.
Longevity of the predatavl. pygmaeuded on eggs of. absoluta Mean longevity (xSE; N

varied between 2 and 7) for increasing numbergygé evailable. Experiments carried out in

Petri dishes with a fixed number of fre§habsolutaeggs provided to a female predator of

M. pygmaeusluring its entire lifetime.
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Chapitre 3 : La recherche de nouveaux auxiliaires
autochtones pour le contréle biologique dé.
absoluta en Europe

Présenté en tant qéeticle 4, publié dans PLoS ONE n°7,

voir annexe 2 et 4 pour des photos des disposiigrimentaux,

etArticle 5, en préparation,

voir annexe 3 pour une photo du dispositif expérnital.
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Abstract

The South American tomato pinworm (Tuta absoluta) has recently invaded Europe and is rapidly spreading in the Afro-
Eurasian continent where it is becoming a major pest on tomato crops. Laboratory tests were undertaken to evaluate the
potential of 29 European strains of Trichogramma parasitoids to control T. absoluta. In addition to the host itself, the host
plant (tomato) was used during the laboratory tests in order to increase the chance of selecting the best parasitoid strains.
Trichogramma females were placed with T. absoluta eggs on a tomato leaflet in tubes. We compared the parasitism of T.
absoluta by the various Trichogramma species tested to the Trichogramma species currently commercially available for the
pest control in Europe, i.e. Trichogramma achaeae. Thereafter, the more promising strains were tested on a larger scale, in
mesocosm (i.e. cages in greenhouses) and in greenhouse compartments to evaluate efficiency of laboratory selected strains
under cropping conditions. The most efficient strain from the laboratory screening trials did not perform as efficiently under
the greenhouse conditions. We discuss differences in parasitism levels among species and strains and among the different
scales tested in the experiments, as well as implications of these results for further screening for biocontrol agents.
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Introduction releases against 7. absoluta in South American tomato crops [15—
18]. Trichogramma parasitoids have already been successfully used
in biological control of various lepidopteran agricultural pests
[2,16,19]. They are easy to rear [20] and to release in open fields
or protected crops. Every year, more than 32 million hectares are
treated worldwide using Trichogramma spp. [21,22], mostly through
seasonal inundative releases [19,23]. The success of the Tricho-
gramma releases depends on the knowledge of the biological
characteristics of the parasitoid species or strains used, and on their
interactions with a specific host [24-26]. Selecting the Tricho-
gramma species with the highest affinity for the target pest and for
characteristics of the agro-ecosystem is crucial to the success of the
biological control program [19,27]. Trichogramma achaeae Nagaraja
and Nagarkatti, is currently available in some European and
North African countries for inundative biological control of 7.
absoluta [28]. 1. achaeae was shown to be efficient in pilot

Some of the most serious arthropod pests in agricultural
landscapes are invasive species [1-3]. In the USA, for example,
introduced arthropod pests have been estimated to cause losses of
around $20 billion each year [4]. For most of the invasive pests,
chemical pesticides are the dominant pest management method,
contributing to additional production costs and negative side
effects on non-target organisms and human health [4-7]. The
tomato leafminer, Tuta absoluta Meyrick (Lepidoptera: Gelechii-
dae), is one of the most devastating tomato pests in South America
[8]. This pest has recently invaded European and Mediterranean
basin countries and in few years has become a major pest in both
greenhouse and outdoor tomato crops [9,10]. Biological control is
a key component of integrated pest management programs in
tomato greenhouses in Europe, but its sustainability is threatened
due to the extensive use of pesticides to control 7. absoluta and
possible well known associated side effects of these products on
biocontrol agents [6,11,12].

The possible use of parasitic wasps of the 7Trichogramma genus
(Hymenoptera: Trichogrammatidae) as biological control agents
of 7. absoluta is currently considered in Europe because of the
natural parasitism of 7. absoluta by various Trichogramma species
reported in South America and in Europe (e.g. in Italy) [13,14]
and the effective use of Trichogramma pretiosum Riley for inundative

experiments and lowered 7. absoluta infestation levels in exper-
imental and commercial tomato greenhouses [9,29]. However, the
efficiency of this parasitoid depends on the use of high quantities of
parasitoids per release (as indicated by biocontrol companies; e.g.
250,000-1,000,000/ha per week [30]), the level of infestation by
7. absoluta, and upon presence of other natural enemies on the
crop. In addition, it is expensive to produce 7. achaeae because the
absence of diapause causes difficulty in storage and handling.
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Identifying a more efficient Trichogramma species would allow
establishing an optimized economically-sound biological control
program against 7. absoluta.

The aim of the present study was to compare the efficiency of 29
Trichogramma strains in parasitizing 7. absoluta eggs on tomatoes on
three different scales: laboratory, mesocosm (cages in greenhouse)
and in greenhouse compartments. We tested European 7richo-
gramma strains from 11 different species. They were selected
because (i) they were representative of the biodiversity of the
European Trichogramma species, (ii) they were collected on hosts
similar (size and/or ecology) to 7. absoluta or on hosts present on
tomato plants, and (i) they showed characteristics (e.g. diapause,
thelytoky, etc.) which make mass rearing casier i.c. cost-effective
industrial production. A strain of 7. pretiosum was also tested to
compare other strains to one from the area of origin of 7. absoluta.
1. achaeae was chosen as the control species as it is already
commercially available. Only the most promising strains under
laboratory conditions were tested on a larger scale to assess the

Trichogramma as Natural Enemies of Tuta absoluta

effectiveness of these selected Trichogramma strains under cropping
conditions.

Materials and Methods

Biological Materials

The plants used in the experiments were five-week old tomato
plants, Solanum lycopersicum L. cv. Marmande. They were grown in
climatic chambers (24*+1°C, HR: 65%, photoperiod 16L:8D) and
a nutrient solution was applied daily. A colony of 7. absoluta was set
up using greenhouse-collected individuals in July 2009 at INRA,
Alenya, France (initial number of individuals =190). 7. absoluta
were reared in growth chambers (25%£1°C, RH 70%10%,
16L:8D). Adults were kept in cages (55x75x80 cm), containing
tomato plants. Adult moths were fed on honey placed on one wall
inside the cages. The eggs used in the screening were between zero
and 12 h old. Parasitoids used for the experiments originated from
collections in various countries (Table 1). Dr. B. Pintureau from
the French National Institute for Agricultural Research in Lyon

Table 1. Year of collection, initial host and host plant, country of origin and Thelythoky status (females produced from unfertilized)
of the 29 Trichogramma strains studied.

Species Geographic origin Host plant (family) Host moth or butterfly (family) Thelytoky z:i‘lre:tfion
T. achaeae Canaries Island Tomato (Solanaceae) Chrysodeixis chalcites (Noctuidae) no 2010
T. buesi Southern France Cabbage (Brassicaceae) Mamestra brassicae (Noctuidae) no 2009
T. cacoeciae 1 Southern France Carnation (Caryophyllaceae)  Epichoristodes acerbella (Tortricidae) yes 2002
T. cacoeciae 2 * Northern France Vine (Vitaceae) Lobesia botrana (Tortricidae) yes 1989
T. cordubensis 1 Spain Blackthorn (Rosaceae) Iphiclides podalirius (Papilionidae) yes 1999
T. cordubensis 2 Egypt * Olive tree (Oleaceae) Palpita unionalis (Pyralidae) yes 2005
T. cordubensis 3 Portugal - - (Noctuidae) yes 1994
T. daumalae 1 Southern France Apple tree (Rosaceae) Cydia pomonella (Tortricidae) no 2009
T. daumalae 2 Bulgaria Apple tree (Rosaceae) Cydia pomonella (Tortricidae) no 1998
T. dendrolimi 1 China ® - Palpita unionalis (Pyralidae) no 1998
T. dendrolimli 2 Italy Vine (Vitaceae) Lobesia botrana (Tortricidae) no 1991
T. euproctidis 1 * Switzerland - - no -
T. euproctidis 2 Egypt ? Sugar cane (Poaceae) Chilo sacchariphagus (Crambidae) no 1999
T. euproctidis 3 Southern France Carnation (Caryophyllaceae)  Olethreutes arcuella (Tortricidae) no 2002
T. evanescens 1 * Northern France Vine (Vitaceae) Lobesia botrana (Tortricidae) no 1990
T. evanescens 2 Northern France Cauliflower (Brassicaceae) Argyrotaenia sphaleropa (Tortricidae) no 2002
T. evanescens 3 Turkey Maize (Poaceae) Ostrinia nubilalis (Crambidae) no 2003
T. evanescens 4 Southern France Geranium (Geraniaceae) Cacyreus marshalli (Lycaenidae) no 2005
T. evanescens 5 * Southern France Tomato (Solanaceae) Chrysodeixis chalcites (Noctuidae) yes 1982
T. evanescens 6 Germany Maize (Poaceae) Ostrinia nubilalis (Crambidae) no 2009
T. evanescens 7 Southern France Vine (Vitaceae) Lobesia botrana (Tortricidae) no 1990
T. evanescens 8 Southern France Cabbage (Brassicaceae) Ephestia kuehniella (Pyralidae) no 1998
T. evanescens 9 Southern France Cabbage (Brassicaceae) Ephestia kuehniella (Pyralidae) yes 1998
T. evanescens 10 Southern France Tomato (Solanaceae) Ephestia kuehniella (Pyralidae) yes 2010
T. oleae Yugoslavia Olive tree (Oleaceae) Glyphodes unionalis (Pyralidae) yes 1972
T. pretiosum Uruguay Vine (Vitaceae) Argyrotaenia sphaleropa (Tortricidae) no 1995
T. semblidis 1 Southern France Rice (Poaceae) Ephestia kuehniella (Pyralidae) no 1997
T. semblidis 2 Northern France Cabbage (Brassicaceae) Plutella xylostella (Plutellidae) no 2002
T. semblidis 3 Southern France Apple tree (Rosaceae) Cydia pomonella (Tortricidae) yes 2009
Asterisks indicate the strains for which diapause or quiescence capacity has been identified in our laboratory.
“strain not collected in Europe but species is present in Europe.
doi:10.1371/journal.pone.0048068.t001
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(France) identified all species before the experiments. Stock
colonies of parasitoids were reared on UV-irradiated eggs of a
substitute host, Ephestia kuehniella (Zeller) (Lepidoptera: Pyralidae)
(18x1°C, RH 70%10%, 12L:12D). Rearing was carried out in
glass tubes (length: 4.5 cm; diameter: 0.7 cm) and the parasitoids
were fed on honey. Trichogramma species were maintained for at
least three generations at the temperature of 25°C on . kuchniella
eggs before experimentation. The parasitoids used in the screening
were between 12 and 24 h old.

Laboratory Screening

The experiments were conducted in growth chambers at the
temperature of 25°C (RH 70%=10%, 16L:8D). Twenty-nine strains
(among 11 species) were tested on 7. absoluta eggs (designated as
strains  thereafter). Mated Trichogramma females were placed
individually for 24 h with 30 7. absoluta eggs on a tomato leaflet
(length: 7 cm £0.5 SD) in a plastic tube sealed with a mesh to
ensure ventilation (length: 14 cm x diameter: 4 cm), five drops of
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honey were deposited on the internal wall of the tube as food
source for parasitoids. The 30 eggs per leaflet were obtained by
releasing 15 7. absoluta (mixed males and females) on each leaflet in
a tube overnight. Then, 7. absoluta adults were removed and extra
eggs were discarded (using a brush) to have 30 eggs per leaflet. The
leaflet stem, sticking out of the tube, was planted into floral foam
for watering. This design ensured that the leaflet stayed in good
shape for the whole duration of the experiment. Between 10 and
15 replicates were conducted per parasitoid strain, and the
replicates were carried out in a randomized order at different
times. The tubes containing parasitized 7. absoluta eggs were kept
in the climatic chamber and maintained during five days. We
counted the number of parasitized eggs (black eggs) and the
number of aborted eggs (yellow non-hatched eggs). The propor-
tion of females that parasitized at least one egg was also recorded.

In parallel to the tests using 7. absoluta as host, experiments
were also done using the rearing host E. kuehniella in order to
compare biological characteristics of the various 7richogramma

*

15 20 25

Mean number of T. absoluta eggs parasitized

Figure 1. Parasitism of 7uta absoluta eggs under laboratory conditions. Mean (+=SEM) number of parasitized T. absoluta eggs per
Trichogramma strain in laboratory screening tubes on tomato leaflets. Strains with an asterisk are significantly different from Trichogramma achaeae
at P<<0.05 level (GLM analysis). One strain of Trichogramma, Trichogramma euproctidis 1, was significantly more efficient than T. achaeae.

doi:10.1371/journal.pone.0048068.9001
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Figure 2. Acceptance of two hosts, Tuta absoluta and Ephestia kuehniella, by Trichogramma females. Data are presented as proportions
(mean=SEM) of Trichogramma females that parasitized at least one egg on T. absoluta and on E. kuehniella in laboratory screening tubes.

doi:10.1371/journal.pone.0048068.9002

strains between the rearing and the targeted hosts. Mated
parasitoid females were placed individually in glass tubes
(containing honey as food) with 3040 E. kuehniella eggs for
24 h in climatic chambers (25£1°C, RH 70%=10%, 16L:8D). E.
kuehniella eggs were glued on a strip of cardboard (3x10 mm)
with 10% arabic gum. On each day of experiment, parasitoid
strains were tested with the order of strains randomized (1415
replicates per strain). The proportion of females that parasitized
at least one E. kuehniella egg was recorded in the same way as
tests using 7. absoluta as tested host.

—_ =

PLOS ONE | www.plosone.org

Cage Experiments

The experiments were conducted in cages placed in a
greenhouse located in Valbonne (French Riviera, France). Two
species were compared to 7. achaeae in cages: Trichogramma
euproctidis 1 which showed the highest parasitism of 7. absoluta
eggs in laboratory trial (see Resulls section), and Trichogramma
evanescens 5 which showed a similar level of parasitism as 7. achaeae
but that can be easily reared because of its thelytoky. The cages
were placed in a glass greenhouse with semi-controlled temper-
atures, and the temperature was recorded in the cages with data-
loggers during the whole experiment (min < mean temperature <
max: 16.3°C <25.3°C <383.7°C; min < mean RH < max, 27.8%
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Figure 3. Preference-performance relationship. Data are presented as proportions of parasitoid females (for a given Trichogramma strain)
attacking the host (T. absoluta) under laboratory conditions and the mean numbers of T. absoluta eggs parasitized (log-transformed data) (regression

line: y=0.9001 x—0.0856).
doi:10.1371/journal.pone.0048068.9003

<70.8% <98.3%; natural ambient light: May-June 2011). Eight
tomato plants (development stage from seven to 10 leaves) were
put into cages (145 x70x80 cm) covered by an insect-proof mesh.
Twenty-five two-day old 7. absoluta adults (mixed males and
females) were released in the cages simultaneously with one of the
Trichogramma strains. To release the parasitoids, small cardboard
strips containing about 400 parasitized eggs of E. kuehniella from

Strains

which parasitoids were just beginning to emerge, were placed in an
open tube (drops of honey were provided as food source). The
experiment lasted three days which is nearly the mean longevity of
Trichogramma adults in tomato greenhouse (Chailleux A. and
Desneux N., unpublished data). Then leaflets were collected (20—
30 leaflets collected on upper, medium and lower part of the plant)
until 100 eggs were found. Eggs were kept on the leaflets and

- —

0 5 10 15 20 25
Percent parasitism

30 35 40

Figure 4. Parasitism of Tuta absoluta eggs in cages in greenhouse. Percentage (mean=SEM) of parasitized T. absoluta eggs per Trichogramma
strain in cages in the greenhouse. Histograms bearing the same letter do not differ at P<<0.05 (GLM analysis).

doi:10.1371/journal.pone.0048068.g004
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placed into boxes in environmental cabinets (25°C, RH 70£10%,
16L:8D). Under these conditions, parasitized eggs become black in
five days. The parasitized eggs were counted under a binocular
microscope and the percentage of parasitism was calculated. We
conducted seven to 12 randomized replicates for each Trichogramma
strain (cage and order).

Greenhouse Experiments

The most promising strain, 7. euproctidis 1 (see Results section), was
tested under greenhouse conditions and compared to 7. achaeae.
Experiments were conducted in two 60 m? glass greenhouse
compartments (min < mean temperature < max: 17.2°C
<26.2°C <37.6°C; min < mean RH < max, 27.3% <71%
<94.1%; natural ambient light: June-July 2011) located in
Valbonne, French Riviera, France. Each greenhouse compart-
ment contained three double rows of tomato plants under
hydroponics cropping conditions. Forty adult moths (mixed males
and females) were released simultaneously with 2,000 Trichogramma
individuals. This situation mimicked a high level of infestation by
the pest and a commercial release of Trichogramma for management
of 7. absoluta in tomato greenhouse (2,000 parasitoids for 25—
100 m?). Parasitoids were released using the same method used in
cages (Le. on cardboard strips) at one central point of the
greenhouse. A sample of 50 eggs was collected randomly in each
compartment three days after the release and kept for incubation
as described in the previous section (cage experiments). Six
replicates were conduced for each Trichogramma strain, three in
cach compartment of the greenhouse.

Statistical Analysis

All statistical analyses were performed using R software (R
Development Core Team 2009) with the packages multcomp and
DTE: For the laboratory experiments, the number of parasitized
eggs (per female and per strain) were analysed using a generalized
linear model based on Poisson distributed data with a log link
function. Multiple comparisons were done using a Dunnett’s post-
hoc test (comparison to the reference species 7. achaeae). In
addition, the effect of Trichogramma species, along with host plant
family, host moth family and year of collection (for each strain) was
also tested using a similar generalized linear model. Differences
between the proportions of females parasitizing 7. absoluta eggs on
tomato compared to . kuehniella (control host, i.e. rearing host)
were tested using a generalized linear model designed for
modelling binomial data with a logit link function. The assessment
of preference-performance relationship [31] may be an important
factor in choosing biological control agents [32]. Therefore, a
linear regression analysis was used to assess the relationship
between the mean number of parasitized eggs (log-transformed
data) and the proportion of females that accepted 7. absoluta eggs
as host for each Trichogramma strain (i.e. proportion of females
stinging [aborted eggs| or parasitizing [black eggs] at least one egg
of T. absoluta). Finally, for the cages and greenhouse experiments,
the percent parasitism was analyzed using a generalized linear
model designed for modelling binomial data.

Results

Screening of 29 Strains on T. absoluta

The mean number of eggs parasitized in tubes varied
significantly depending on the strain (Fog 335 =10.907, P<0.001)
(Fig. 1). The level of parasitism was significantly linked to
Trichogramma species (Fyq 335 =8.296, P<0.001). The characteris-
tics of the habitat of origin also had a significant effect on
parasitism of 7. absoluta by the parasitoids tested (host moth family:
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Fg, 309=4.318, P<0.001, and host plant family: I5304=7.328,
P<0.001); strains originally collected from Noctuidae, Plutellidae
and Crambidae, as hosts, and from Solanaceae, Oleaceae and
Vitaceae, as host plants, parasitized the most 7. absoluta eggs. In
contrast, the year of collection was not significant (I} 305 =0.146,
P=0.702). Only the strain 7. euproctidis 1 was significantly more
efficient than 7. achaeae (£2=3.379, P=0.019). Another relevant
strain was 7. evanescens 5 because of its thelytoky, and because it
showed a similar level of parasitism to 7. achaeae (Z.= —1.104,
P=10.999). Moreover, T. pretiosum was not significantly different
from 7. achaeae (£ = —0.428, P=0.999) although it came from the
same area as 1. absoluta. Altogether sixteen strains were not
significantly different from 7. achaeae.

The proportion of females that parasitized the host varied across
the 29 strains tested: in three strains all females parasitized 7.
absoluta, and in one strain (Trichogramma semblidis 2) none of the
females parasitized the host. The proportion of females that
parasitized 7. absoluta on tomatoes was significantly different than
on E. kuehniella (F, 56=29.101, P<0.001) (Fig. 2). For a majority of
the strains tested, the proportion of females that parasitized at least
one egg was lower on 7. absoluta on tomatoes than on E. kuehniella
on cardboard. The linear regression analysis between the mean
numbers of 7. absoluta parasitized eggs and the proportion of
females that accepted 7. absoluta eggs, i.c. preference-performance
assessment [31,32], showed that strains parasitizing the most eggs
also showed highest number of females accepting 7. absoluta as host
(R?=0.87, I, 97 =16.14, P<0.001) (Fig. 3).

Cage Tests and Greenhouse Tests

Differences previously observed under laboratory conditions
were no longer observed in cages (Fig. 4). The three strains (7.
achaeae, T. euproctidis 1 and 7. evanescens 5) showed similar efficiency
against 7. absoluta in cages; they all parasitized ~30% of the eggs
(Fy, 95=0.019, P=0.981). In greenhouse compartments, both
Trichogramma strains tested (7. achaeae and 1. euproctidis 1) were able
to parasitize 1. absoluta. T. achaeae showed the highest efficiency:
65.9%7.77% (mean * SEM) as opposed to 19.4+2.73% (mean *
SEM) for 7. euproctidis. In this case, the difference was significant
(F 1, 11="50.49, P<0.001).

Discussion

Twenty-nine 7richogramma species-strains were tested under
laboratory conditions and one strain of the 7. euproctidis species (1)
appeared promising (68.7% parasitism vs. 35.4% for parasitism for
1. achaeae i.c. the species already commercialized in Europe and
North Africa). Consequently this 7. euproctidis strain was further
tested on a larger scale i.e. in cages and greenhouses. However, the
results of these later experiments did not corroborate the results
obtained under laboratory conditions. Indeed the most efficient
Trichogramma parasitoid against 7. absoluta was still T. achaeae.
Under cropping conditions, e.g. greenhouses, 7. euproctidis was
twofold less efficient against 7. absoluta than 7. achaeae. Our results
showed that despite the fact that most Trichogramma strains did
accept 7. absoluta eggs on tomato leaflets, at least to some extent
under laboratory conditions; the design was not sufficiently
realistic to enable us to foresee their efficacy as a natural enemy
of 7. absoluta under real conditions.

The levels of parasitism of 7. absoluta observed among the
strains tested in the laboratory varied significantly. The low
parasitism recorded for some strains may be attributed to two
factors. First, in parasitoids, host specificity is mediated in part by
host recognition and acceptance by the adult female parasitoid
[25,32,33]. It has been shown that Trichogramma parasitoids prefer
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hosts with relatively big eggs [34] but the eggs of 7. absoluta are, by
comparison, three times smaller than the eggs of F. kuehniella used
in the rearing. Furthermore, we found a positive relationship
between the number of parasitized eggs and the proportion of
females accepting 7. absoluta as host, demonstrating that parasitism
levels were directly linked to the willingness of females to attack the
host (as demonstrated in other parasitoid systems [25,32,35,36]).
Second, low parasitism may result not only from rejection of 7.
absoluta eggs as host but rather from the poor capacity of some
Trichogramma species/strains to cope with specific tomato plant
characteristics. Various Trichogramma species have been reported to
be highly susceptible to plant trichomes [37-41]. Although our
study did not specifically assess the effect of trichomes on
Trichogramma parasitoids, the experimental design was successful
in identifying species having very little affinity for 7. absoluta/
tomato as host/host-plant complex.

Laboratory results also showed that the level of parasitism can
differ greatly among strains of the same species. Variation within
species of Trichogramma has already been encountered in other
screenings [42-44]. Chassain and Bouletreau [45] studied the
inter-strain variability of the main traits involved in Trichogramma
parasitoid efficiency in host exploitation i.e. longevity, fecundity,
progeny viability, progeny sex ratio and progeny allocation. They
reported great differences among strains of the same species
coming from different habitats, as well as between two different
species coming from the same habitat. Consistent with these
findings, our results showed that the characteristics of the original
host and host plant of a given parasitoid strain, had an effect on its
efficiency in parasitizing 7. absoluta eggs, with strains originally
collected from Solanaceae, Oleaceac and Vitaceae showing the
best performance. Therefore, it is important to consider both
initial host species and habitats when selecting strains of
Trichogramma parasitoids for biological control programs.

The results from the cages/greenhouses did not match those
from the laboratory; higher efficacy of 7. euproctidis on T. absoluta
disappeared when the scale of the experiments was increased.
Differences between results under laboratory and greenhouse
conditions may be due to both biotic and abiotic parameters. First,
Trichogramma are known to be able to avoid plants bearing
trichomes [46]. For some strains, females may have attacked 7.
absoluta eggs when constrained on tomato leaves in tubes in the
laboratory but may have been able to avoid foraging on tomato
leaves when released into cages or greenhouses. In addition, the
oviposition pattern of hosts is a key factor for Trichogramma
efficiency; 7. absoluta does not lay egg masses but most of the time
isolated eggs which thus increases the energy cost of foraging for
hosts. Second, high temperatures, that are typical of greenhouses
in summer, may impact differentially the various strains/species of
Trichogramma [43,47]. Moezipour et al. [48] indicated that there is a
significant difference in the functional response of Trichogramma
brassicae when tested at 20 or 30°C, and previous studies have
shown that temperature and relative humidity can affect biological
traits in 7richogramma spp. [43,47,49].

On the other hand, we could assume that differences between
parasitoid efficiency recorded under laboratory and greenhouse
conditions may result from the time that the different strains have
spent under rearing conditions (year of collection). Efficiency
under cropping conditions of one 7Trichogramma strain could be
modified by the length of time spent under the rearing conditions
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in the laboratory, ie. in tubes on alternative hosts such as FE.
kuehniella eggs, and at optimal temperature and humidity i.e. 25°C
and 70% HR [50]. As the life cycle of Trichogramma parasitoids is
usually short (egg to adult in about 11 days), adaptation to rearing
conditions (humidity, temperature, mass-rearing host, confined
environment, etc.) may occur. On the contrary, previous
adaptations to given field conditions could disappear after a long
spell of rearing under optimal laboratory conditions. Despite this,
the collection year did not affect Trichogramma efficiency when
assessed under laboratory conditions (no significant year of collection
factor, P=0.702). However it may impact parasitism only at a
larger experimental scale (e.g. in greenhouse) where, for example,
the foraging and dispersal capacities are key components of the
parasitoid efficacy [33,51]. Therefore, time spent in optimal
rearing conditions may likely also partly explain some of the
differences among strains tested in cages and greenhouse
compartments.

We recorded the potential of various 7richogramma strains for
biological control of 7. absoluta in Europe. Nevertheless, our results
did not identify that other Trichogramma strains showed better
biocontrol traits than 7. achaeae, i.e. higher fertility, high
proportion of females/thelytoky and the capacity of diapause in
cold storage in biocontrol company facilities. Further screening of
Trichogramma parasitoids for potential management of 7. absoluta
would have to be based on the assessment of parasitoids collected
on the targeted host in tomato crops under standard greenhouse
cropping conditions in Europe. Doing this would increase the
chances of assessing species that show greater likelihood of affinity
within the cropping conditions. Colonies should be initiated with
high number of field-collected individuals and new parasitoids
should be added periodically. During laboratory screening, strains
that showed very low parasitism levels were identified and
removed; nonetheless, the efficacy of Trichogramma parasitoids
under cropping conditions was not easily predictable from
laboratory experiments. Studies could also be conducted directly
in large cages (i.e. with multiple plants) in greenhouses when there
are few strains to be tested. This way, all relevant criteria for strain
selection could be taken into account and laboratory screening
steps may be bypassed. Further studies would aim to (i) identify
cfficient parasitoids on 7. absoluta, notably to prevent overuse of
insecticides in tomato crops (and therefore ensure sustainability of
current biological control and integrated pest management
programs on this crop), and (i) define new criteria that allow
research and development programs at biocontrol companies to
select accurately and quickly new Trichogramma strains (and more
generally parasitoids) in the framework of biological control.
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Stenomesius japonicus (Asmead) andNecremnus artynes (Walker)
(Eulophidae), two indigenous larval ectoparasitoidef the invasive pest

Tuta absoluta (Lepidoptera) in Europe

Anais Chailleux, Nicolas Desneux, Judit Arn6, RGsdbarra

Abstract

During the last few years following the invasion Edfiropean tomato crops by the invasive
South American tomato leafminefuta absoluta(Meyrick) (Lepidoptera: Gelechiidae),
several indigenous larval parasitoid species weoerded as natural enemies of this pest.
Necremnus artynedshmead and in a lesser ext&tenomesius japonicWalker have been
frequently reported attacking. absolutain tomato greenhouses in Europe and they are
considered as possible biocontrol agents. Few @iicdd data are available on these two
species, notably when they parasitizeabsoluta Therefore, the present study documents
their biology when parasitizing. absoluta and provides scientific bases for potential
development of biological control programs relyoglarval ectoparasitoids in invaded areas.
We demonstrate the ability of the two parasitoidcsgs to reproduce oh absolutaas host

on the tomato plant. We characterize and detaibbical traits hinting the importance of
larvae killing behavior without actual parasitisra. ihost-feeding and host-stinging behavior.
Necremnus artynefemale parasitized 28.5 larvae and killed 26.2darduring their lifeS.
japonicusfemale was more efficient and parasitized 144k and killed 90.1 larvae during
their life. In a second step, we also explore tfiece of theT. absolutalarvae instar on
parasitism byS. japonicusand subsequent development of the parasitoid raftgp Our
results support the hypothesis that the two spexieggood candidate for biological control
programs targetingj. absolutan Europe.

Keywords: host-feeding, host-stinging, parasitoid behaviondigenous biocontrol agent.
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Introduction

Biological invasions are considered as a majorathte biodiversity and agriculture all over
the world (Haack et al. 2010; Desneux et al. 20dine et al. 2011; Ragsdale et al. 2011),
often resulting in huge economic losses (Pimentelle 2000, 2005a). To control pest
invasion, chemical pesticides are often used astanfieasure to limit infestation and spread.
However it implies additional production costs anegative side effects on non-target
organisms, e.g. biological control agent againsteotpests, and on human health and
environment (Desneux et al. 2007; Mack et al. 20fhentel 2005b). The South American
tomato leafminerTuta absolutaMeyrick (Lepidoptera: Gelechiidae) invaded Spair2D06
(Desneux et al. 2010). After arrival, it rapidlyrepd throughout the Eurasian continent and
cause majors damage to crop and additional prazuctist (Desneux et al. 2010, 2011).
Biological control is a key component of integraeelst management programs in
tomato greenhouses in Europe. The mirid bNgsidiocoris tenuifReuter andViacrolophus
pygmaeusRambur (Heteroptera: Miridae) are the two predatast commonly used in
tomato crops, notably for their ability to suppredsteflies, leafminer and aphid populations
(Albajes and Alomar 1999; Lykouressis et al. 20Q&stafié et al. 2004; Sanchez 2009;
Castafié et al. 2011). Their efficiency as biocdntigents of T. absoluta has been
demonstrated in greenhouse experiments (Calvo. @0&aP and Bompard et al. 2013 fér
tenuisandM. pygmaeusrespectively), but most of predation occurslorabsolutaeggs; i.e.
their effectiveness on the larvae stage of the igdghited (Urbaneja et al. 2009; Arno et al.
2009; Jaworski C, Bompard A and Desneux N, unphbétisdata). Egg parasitoids have
showed some potential for reducing damages on goemse tomatoes anbBrichogramma
achaeaeNagaraja and Nagarkatti is currently availableEurope for inundative biological
control of T. absoluta(Cabello et al. 2012; Chailleux et al. 2012; Desnet al. 2010;
Urbaneja et al. 2012). However, these parasit@dget pest eggs as mirid predators, plus
they are costly and the possibility to use Europ&anhogrammaspecies is yet limited
(Chailleux et al. 2012, submitted). Overall, norigh® natural enemies currently usedTan
absolutaare able to prey significantly on larvae, the stdge actually cause the damages to
tomato plants and fruits; farmers should therefehg on insecticides wheh. absolutdarvae
density reaches the economic injury level. Integgahatural enemies able to predate the
larval stages off. absolutain biological control programs is needed to prevalistainable

biological control packages to farmers (Arné and&ea 2011; Urbaneja et al. 2013).
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Various larval parasitoids have been found parasif T. absolutain Europe
(Desneux et al. 2010; Urbaneja et al. 2012; Ferratial. 2012; Zappala et al. 2012, in prep.;
Gabarra et al., in prep.), notably species belangm the Eulophidae, Braconidae and
Ichneumonidae families. More specifically, the Hlimwlae idiobiont ectoparasitoids
Necremnus artyné#/alker andStenomesius japonicdshmead have occurred spontaneously
in T. absolutainfested tomato crops in various European Meditegan basin countries
(Desneux et al. 2010; Urbaneja et al. 2012; Zappiadh 2012; Zappala et al., in prep.).

The present study aimed at characterizing and denting various biological traits of
these two endemic larval Eulophidae parasitoidsnwparasitizingT. absolutalarvae on
tomato plants under laboratory conditions. The tarwal parasitoids were chosen because
they showed some potential agaidst absolutaduring pilot experiments and they occur
frequently in the tomato production areas. Firgildgical traits were studied at the leaf level
and then parasitism capacity was further documesattélae plant level. Second, we choose the
most promising species according to biologicalt tresults to evaluate (i) the ability of the
parasitoid to develop on the folir absolutalarval instars and (ii) how the larval instar may
affect the success of parasitoid offspring develepinThe general aim was to provide key

data for further development of larval parasitoa®d biological control programs.

Materials and methods

Biological materials

The plants used in the experiments were 5-weelanidhto plantsSolanum lycopersicur.

cv. Bodar. They were grown in climatic chambers £206C, HR: 65%, photoperiod 16L:8D)
and a nutrient solution was applied dailjuta absolutawas reared on tomato plants in
growth chambers (25 = 1°C, RH 70 + 10%, 16L:8D)dascages (55x75x80 cm), and imago
were fed on honey placed on one wall inside theegaghe parasitoidStenomesiusir.
japonicusand Necremnussp. nr.artynes(named asS. japonicusand N. artynesthereatfter,
respectively) used for the experiments were calt@ad Northeast Spain in 2009 from tomato
greenhouses and sentinel plang, japonicugnitial number of individuals = 1IN. artynes
initial number of individuals = 80). The two spexieere identified by Dr. MJ Verdu (IVIA,
Valencia, Spain) and a specialist of Hymenoptemornomy (A. Ribes, Lleida, Spain).
Parasitoids colonies were reared in cages (45x4%xpHon tomato plants infested Gy
absoluta(25 + 2°C, RH 75 £ 10%, 16L:8D).
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When usingrl. absolutaarvae during the experiments, the various larmatars were
obtained from tomato infested plants grown in ctimahambers. The larvae were carefully
extracted from their mine and deposited on the torteaf used in the experiments one hour
before starting experiment to allow the larvaeitpreew mines.

Experiment 1 - Parasitoid biological traits

Newly emerged adult parasitoids were kept togefobermating, then each female was
transferred to a transparent plastic box (d: 10en®.5cm) covered with a mesh, containing a
trifoliate infested with 10T. absolutalate L2-early L3 instar larvae. These instars were
demonstrated to be suitable fdr artynesandS. japonicugeproduction on previous works
(Gabarra and Arnd, unpublished). Honey was added #®d source. The leaf stem was
sticking out of the box and soak in water (see Biat al. 2012). Previous reports indicated
that these two parasitoids parasitize the secoddhard instar (Desneux et al. 2010; Urbaneja
et al. 2012). Females were checked and transféoradnew set-up three times a week, until
their death. Eachi. absolutdarvae was inspected under a binocular microsempenumbers

of parasitized, dead and alive larvae were recosgparately. Number of parasitoid eggs per
larva was also counted. Six to 7 replicates wemdgoted for each parasitoid species. To
assess natural mortality three control cages Witlabsolutalarvae but without parasitoids
were carried out three times a week similarly & rbplicas with parasitoids, and the number
of naturally dead larvae were recorded.

Experiment 2 - Parasitism of Tuta absoluta larvag@mato plants

Microcosms were created by placing a transpare#tipl cylinder over a potted tomato plant
(4-5 fully developed leaves). Cylinders (d: 20 dm30 cm) had a mesh top for ventilation.
Two treatments were tested (i) plants withabsolutaandS. japonicusand (ii) plants with
T. absolutaand N. artynes In each cylinder, 10°. absolutaadults (0 to 2-days old) were
released. After 12 days under controlled conditi@is+ 2 °C, 70-80% R.H., 16 L: 8 D) three
S. japonicur threeN. artynesmated females (24-72 h old), were released irgccttinder.
This proportion of parasitoids anfl absolutaaimed at providing host in excess for the
parasitoids. Eight days after the release, thespard females were removed. In all the
microcosms, three new tomato plants were addedderdo increase plant availability for
absoluta larvae. Containers were checked three times a ve®k number and sex of
parasitoid adults were recorded. Six replicatesewenducted per parasitoid species.
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Experiment 3 - Influence of host larvae instars parasitism, sex-ratio and adult size in
Stenomesius japonicus

Based on results gained during Experiments 1 anghZzh hinted a better efficacy of
S. japonicusagainstT. absolutathanN. artynes(see Results below), we explored the impact
of T. absolutalarva instars on parasitism . japonicus For this bioassay, the same
transparent plastic boxes than in the Experimemére used. Five larvae of each tested instar
were placed per box. According to results fromlat@tudy on developmental timetableTof
absolutalarvae (Chailleux A. and Desneux N., unpublishethdtour different batches were
scheduled to made available the four diffefEnabsolutdarva instars the day the experiment
started (day 0). One mat&l japonicufemale was introduced per box at day 0. After 24h,
the females were removed and boxes were kept matt chambers for 15 days until
emergence of parasitoid offspring. Offspring weoerded, sex was recorded, and parasitoid

size was measured with a micrometer under a biaocouicroscope.

Statistical analysis

All statistical analyses were performed using thesd®ware (R Development Core Team
2009) with thanultcompandagricolae packages. The biological traits were comparedguain
generalized linear model (GLM), based on a gamnstriblution using the identity link
function for the longevity, and based on a Poisdistribution using a log link function for
the fecundity, the number of killed and parasitifmdrae and the number of eggs per larvae.
The parasitism at the plant level was analyzedguailGLM based on a Poisson distribution
for the number of parasitoid offspring, and usinglBM based on a binomial law using a
logit link function for the sex-ratio (females/thtaBy the same way, for thafluence of host
larvae instarsexperiment, the number of offspring produced px tvas analyzed using a
GLM based on Poisson distribution data. For theraéig (females/total), we used a model
designed for modelling binomial data. Parasitoksivas analyzed by a one-way ANOVA
(data normally distributed). When statistically refgcant differences appear in the GLM or
the ANOVA, means were separated using a Least fRignt Difference post-hoc test (LSD

test) for multiple comparisons.
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Results

Experiment 1 - Parasitoid biological traits

Significant differences were observed betweendhgdvity of the two species (k1= 35.61;

P < 0.001).Stenomesius japoniclised 62.4+10.2 days ard. artynedived 15.2+2.3 days in
our conditions and both species oviposited durimgrtentire life. Because of this huge
differences in longevity, the fecundity, killed Vae and parasitized larvae were analyzed in
two ways: the total number (during the entire bfefemales) and per day. These three traits
were significantly higher forS. japonicus(Fig. 1 A) when comparing the total value
(fecundity: k. 11=42.46;P < 0.001; killed larvae: ¥ 11=14.53; P = 0.003; parasitized
larvae: F.11=36.14;P < 0.001). However, when related to the longeviyg(1 B), only the
fecundity was still significantly higher fo6. japonicus(F:. 11=7.38; P = 0.020), the
parasitized larvae were marginally significant. (ir= 4.84;P = 0.050) and, conversely, the
killed larvae were significantly higher fa. artynes(F:. 11 = 6.22; P = 0.030). Finally the
average number of eggs laid perabsolutalarvae was almost the same for the two species,
1.68+0.09 forS. japonicusand 1.42+0.11 foN. artyneg(F;. 1; = 3.10;P = 0.106) .

Experiment 2 - Parasitism of Tuta absoluta larvag@mato plants

Stenomesius japonictsnded producing more offspring thidnartynesvhen tested on whole
tomato plants, i.e. 55.6+11.1 vs. 34.8+7.2 kr artynes the difference was actually not
significant, likely owing to the variance in thesudts (F. 10= 2.36;P = 0.156). Similar trends
were found for offspring sex-ratios; the proportioh females tended to be lower f&:
japonicuswith a sex-ratio (females/total) 6£43+0.07 compared to a sex-ratio of 0.57+0.08
for N. artynes However this difference was not statisticallyrsiigant (F. 10=1.57;P =
0.239).
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Figure 1: Mean total number (+SEM) of killed and parasitiZEdabsoluta
larvae and parasitoid eggs per femaleStenomesius japonicasndNecremnus
artynesunder laboratory conditions during the whole lif8 @nd per day (B).
Generalized linear model were carried out separdteleach traits tested. The
histograms bearing the same letter are not sigmiflg different aP < 0.05.
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Experiment 3 - Influence of host larvae instars parasitism, sex-ratio and adult size in
Stenomesius japonicus

Progeny per female parasitoid varied significamtlth host instars ({64 = 6.05;P = 0.001)
(Fig. 2A). The highest offspring number was prodlos third instar larvae whereas few
parasitoids emerged from first and second instdige offspring were produced on fourth
instar larvae than on the first and second onasggindoth were only marginally significant (Z
=1.86,P = 0.063 and Z = 1.6F = 0.091 respectively). The size of offspring proelt also
varied as function of host instars;(lp = 13.29;P < 0.001) (Fig. 1B). Adults emerging from
the third and fourth instars were about 0.5 mm éonilpan those emerging from first and
second instars. Individual emerging from the founstar were marginally significantly taller
than those emerging from the third instar (t = 1HF& 0.085). Sex-ratio varied significantly
among host instars tested.(lv = 5.42,P = 0.014), and was female-biased when hosts were
older. Only females emerged when parasitoids deeelonT. absolutafourth instar larvae

(Fig. 2C). Fifteen to 19 replicates were carrietifoueach instar.
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Figure 2: (A) Mean number (xSEM) ofStenomesius japonicusffspring/
female, (B) Sex-ratio and (C) Mean size (xSEM) Sf japonicusoffspring
produced on the various instars ©f absolutalarvae. Histograms bearing
different letters are significantly different Bt> 0.05 level (LSD post-hoc test)
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Discussion

Our results demonstrated the ability of two indiges European Eulophidae parasitoiis,
japonicusandN. artynesto reproduce using the invasive spediesbsolutaas a host under
laboratory conditions (tests on tomato leaves ammblevtomato plants). These are new
association because these indigenous parasitou#s aacountered the pests before; the later
is an invasive alien pest species from South Araei¢e recorded parasitoid key biological
traits and detailed the impact of host larvae md$ta the most promising specie$.(
japonicug.

No data are available in the literature about dgwmal traits of S. japonicus
parasitizingT. absolutaand a single study reported the biologyNof near artyneson T.
absolutalarvae in laboratory (Ferracini et al. 2012). Thesithors reported th&. near
artynesonly acceptsl. absolutafirst and second instar larvae for ovipositing dedding.
These differences may be due to the existenceffefeit cryptic species (as widely reported
in parasitoids e.g. Sha et al. 2007; Desneux eR@09a; Gebiola et al. 2009) and/or to
biological differences among the tvd artynespopulations tested. Such differences among
populations inside a given species have been jadggumented in parasitoids (Chassain and
Bouletreau 1991; Pizzol et al. 2010; Tabone e2@L0; Chailleux et al. 2012).

Eulophidae have already been recorded has effigarasitoids ofl. absolutain
South America, especiallyDineulophus phthorimaeae(Luna et al. 2010) and
Neochrysocharis formos@duna et al. 2011). No biological data are cuiseavailable forN.
Formosaand only few are foD. phthorimaea(Hymenoptera: Eulophidae); it is a solitary
ectoparasitoid, adult life span is ~12 days for dkye and ~9 days for males (Luna et al.
2010), sex ratio is 0.5. The longevity f japonicusandN. artyness higher than those @.
phtorimaeaavhen they develop oh. absolutaas host. The sex-ratio seems closed to what we
observed, though we showed that the sex-ratio aseloi depending on the larval instar.
D. phtorimaeaeparasitized less than one larvae per day (~0.la¢dday) in laboratory
experiment, and the number of killed larvae withowutposition was almost equal to the
number of parasitized larvae (Savino et al. 20@R)erall, the two parasitoids tested in our
study showed higher efficiency th&n phtorimaeage.g. they parasitized > 1 larvae per day
and they killed mor@. absolutdarvae.

Our laboratory experiment stressed the importactuwence of non-parasitism
parasitoid-induced death in absolutdarvae, i.e. parasitoids killed non-parasitizedday, as

an important component of larval parasitoid efficg. Killed non-parasitized larvae, also
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named non-reproductive killing (Byeon et al. 200§)puped larvae killed for host-feeding
and larvae killed for an unknown reason i.e. natHost-feeding and not for parasitizing,
usually named sting larvae (Byeon et al. 2009; Beto et al. 2006). The number of
absolutanon-parasitizedarvae killed was high for both parasitoids, ~90 Be japonicus
female and ~26 peN. arthynesfemale. Host-feeding play an important role in bgtal
control (Jervis et al. 1996) and it has been shthah Eulophidae parasitoids sometime Kkill
more larvae than actually parasitize, the imposawé host-feeding in parasitoid-host
population dynamics was first noted by Johnson %1% an Eulophidae species and then
other study reported this phenomenon (e.g. Foelkal. 2009; Musundire et al. 2012; Arno et
al. 2003). Several Eulophidae have been shown itcswviposition behavior to host-feeding
behavior in response to the size of hosts encoenhtexgPnigalio miniopreferred to feed on
second and early thir®hyllocnistis citrellainstar larvae and to oviposit on third instar
(Duncan and Pefia 2000).

In addition, it has been demonstrated that paridsfemales can kill host neither to
oviposit nor to feed i.e. stinging behavior. Hostgng behavior has been frequently
observed in parasitoids of leafminers, particulanythe generaiglyphus Sympiesisand
Pnigalio. While most of the observations of host-stingiredpévior of Eulophidae wasps were
prevalently gained through laboratory tests, fatan for Pnigalio soemiugBernardo et al.
2006), Casas (1989) observed frequent host laraegygis in the field without actual egg
parasitoid and/or sign of host-feeding. Patel et(2003) suggested that the rejection of a
portion of stung hosts may be a mechanism for magatge density of leaf-miner larvae on
leaflets and thus avoiding offspring mortality irepenting premature plant death (that might
comprise parasitoid offspring survival if host falh the ground, e.g. increasing risk of
intraguild predation). Excessive leaf-mining cansm&desiccation and necrosis of leaflets and
potentially decreasing survival of parasitoid lavAnother possible reason for this behavior
is that female parasitoids kill more host larvagtovide a food reserve for their developing
offspring so the parasitoid larvae can switch fraarva to another when the resource on the
first one gets depleted (Lauziere et al. 1999).tidtiaging behavior was observed in the
laboratory forS. japonicugChailleux A and Gabarra R, unpublished data), ldnértynes
likely also behaves this way. However the proportidd host-feeding and host-stinging was
not assessed in the present study. These two lmebavan lead to underestimation of
parasitoids efficiency in field study owing to sdmg methods which generally consist in
monitoring parasitized larvae. High levels of killéarvae without oviposition was also

recorded orT. absolutan laboratory for another parasitoids the Bracoejda nigricans the
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females killed ~87 larvae during their life, i.d0oait 40 days (Biondi et al. 2013), and this
result is similar to those recorded fér artynesandsS. japonicus

The ability of the two parasitoids to reproduce Tanabsoluta confirmed with the
experiment involving the use of whole tomato plastsessed the possibility to use these
parasitoids in inoculative biological control pragrs againstT. absoluta Eulophidae
parasitoids have already been successfully uséiblagical control in Europe. In European
greenhouse tomato crops, conservation of naturpulpbons and inoculative releases of
Diglyphus isaeaéWalker) are currently used to control leafmin@sbarra and Besri 1999).
In Spain, the Eulophida€itrostichus phyllocnistoide§Narayanan) was used in classical
biological control. Parasitism reached 60% and dpmwavere reduced of 56% (Garcia-Mari
et al. 2004). In Australi&. japonicugarasitized up to 75% dialectica scalariella(Zeller)
larvae (James and Stevens 1992) in outdoor &teamomesius japonicuppeared to be the
most promising species especially because of ahigimgevity which induced a higher total
fecundity. Moreover, the longevity is an essentidierion in inoculative biological control
because it allows the survivorship of the parad#an the crop when no or few hosts are
available.

Given these result§. japonicusvas chosen to explore the impact of the larvakins
on the offspring production larval parasitoid ©nabsoluta Larval instars i.e. host size, are
known to possibly impact larval parasitoids develept, in some case the youngest host
instars did not allow the development of the paoadi(Fidgen et al. 2000; Karamaouna and
Copland 2000). It had also been demonstrated tmatproportion of offspring females
increase with host size (Fidgen et al. 2000; Kaama and Copland 2000; Henry et al. 2006;
Desneux et al. 2009b). Our results are consistéht tivese studies, we showed that biggest
instars tested yielded the higher number of offgprthough the last one (fourth) absoluta
instar gave apparently less offspring than thedttone. However the values were not
significantly different and could be related to thgecific behavior exhibited by the fourth
instar larvae. It usually goes out of mines to pepaut the parasitoid does not parasitize
larvae that are out of their mines; therefore therth instar larvae were likely available for
parasitism for a shorter time than others insthi®wever, our experiment do not allow to
discriminate if low offspring production are due feamale choice i.e. female preference for
big host, or to a failure in the parasitoid offsgyito development owing low adequacy of the
resource or insufficient resource.

Further studies should focus on experiments umdere realistic conditions in

greenhouse to evaluate efficacy and persistenctheofparasitoid during a full cropping
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season. Techniques to improve the establishmentraamly, the persistence of parasitoids
should be investigated. The two parasitoids maydiffecult to mass-rear owing to their

incapacity to parasitize larvae outside tomato miin€herefore, further studies should
investigate possibility for (i) conservative or audative biological control methods more than
inundative releases, and (i) means to improve gitaids persistence during the cropping

season thanks to additional food sources or aligenaon-pest host sources.
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Chapitre 4 : Les interactions liées a I'introduction de
nouveaux auxiliaires au sein de I'agrosysteme

[) La lutte biologique basée sur les trichogrammes

Présenté en tant géeticle 6, sous presse dadeurnal of Pest Science
etArticle 7, soumis aJournal of Economic Entomology,

voir annexe 2 pour une photo du dispositif expéntal.
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Potential for combined use of parasitoids and genalist predators for biological control

of the key invasive tomato pesfJuta absoluta

Anais Chailleux, Philippe Bearez, Jeannine PiZzdlyige Amiens-Desneux, Ricardo

Ramirez-Romero, Nicolas Desneux

Abstract: The tomato leafmineffuta absoluta(Meyrick) (Lepidoptera: Gelechiidae) has
recently invaded Mediterranean countries and is ajom pest in tomato crops.
Trichogrammatid oophagous parasitoids have showeaiping potential for controlling the
pest before yield decreases in greenhouse. In qieskeomato crops (greenhouse), mirid
predators are commonly used for biological conalwvhiteflies and they also prey oh
absoluta These predators do not attabkchogrammaadults but they may partially decrease
overall impact of parasitoids dn absolutaf intraguild predation (IGP) occurs on parasitized
eggs. In laboratory conditions we tested if theigngredatorMacrolophus pygmaeushows
preference between parasitized and unparasifizedbsolutaeggs. We also tested if the
predator reduces the number of parasitized eggsaged tomato plants (microcosms) and
assessed the efficacy of natural enemies used aortegether in limitingT. absoluta
populations. We found that IGP is inflicted on fherasitoidTrichogramma achaeaey M.
pygmaeusand that the risk of IGP depends on the developahstage ofl. achaeaenside
the egg because the larva is at risk mostly earlysi development (when parasitized egg is
still yellow). In addition, we observed that nomasomptive events, likely probing of the
predator on parasitized eggs, may induce mortatityparasitoid offspring without actual
feeding on parasitized eggs. However, both IGPreamdconsumptive events decreased when
the predator was not confined with parasitized eggsnall arenas. Despite negative effects
of the predator to the parasitoid, results dematestthat addingrichogrammaparasitoids
may significantly increase the level of controltbé pest over what could be attained when
only the mirid predatoM. pygmaeuss present on tomato. Implications of results are
discussed regarding potential of these natural esefar biological control off. absolutan

greenhouse tomato crops.

Keywords: predator, parasitoid, intraguild predationMacrolophus pygmaeus

Trichogramma
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Introduction

Invasive species represent a major threat to ai®pekling and Brockerhoff 2010, Ragsdale
et al. 2011) and agricultural pests can reducedyaeld increase production costs related to
their management (Thomas 1999). The tomato leafmihata absoluta Meyrick
(Lepidoptera: Gelechiidae) is one of the most deeg pests of tomato in South America
(Barrientos et al. 1998). This pest was first dietgen 2006 in Spain and it has spread to most
of European and Mediterranean basin countries (@esst al. 2010a, 2011); in few years it
has become a key agricultural threat to tomato yrtion worldwide (Desneux et al. 2011).
Plant injury consists of mine-formation within threesophyll by feeding larvae, thus affecting
the plant’s photosynthetic capacity resulting invéo fruit yield (Desneux et al. 2010a).
Appearance of . absolutahas led to extensive insecticide use by tomataegrs, potentially
causing a multitude of undesired side effects omtaoget organisms (Biondi et al. 2012a,
2012b, and see Desneux et al. 2007 for a thoroenggew). A comprehensive integrated pest
management (IPM) program is needed to Keegbsolutadensity below the economic injury
level on tomato and a key component of such a progs biological control (Desneux et al.
2010a).

Among possibilities for controlling the pest, oogbas parasitoids of the family
Trichogrammatidae (Hymenoptera) have showed sortenpal for reducing pest damages in
greenhouse grown tomato (Desneux et al. 2011, imrGtudal et al. 2011, Cabello et al.
2012). Wasps of the genuBrichogramma (Hymenoptera: Trichogrammatidae) are the
principal egg parasitoids of lepidopteran agriaatypests (Smith 1996, Andrade et al. 2011,
Pizzol et al. 2012, Yuan et al. 2012). Mdsichogrammaspp. are easy to rear, can be
released in fields or greenhouses (Tabone et 4D,22012), and various species have been
reported as natural enemiesTofabsolutan South America and in Europe (Parra & Zucchi
2004, Pratissoli et al. 2005, Desneux et al. 20Z@ppala et al. 2012). Inoculative releases of
Trichogrammaspp. have been used against pests in variousuligrad systems (Kuhar et al.
2002, Thomson et al. 2003, Hoffmann et al. 2006lJ)sM2010). In Europe, studies are in
progress to developgrichogrammabased inoculative and augmentative biological rabnt
methods againdt. absoluta(Cabello et al. 2012, Chailleux et al. 2012, Khanhl. 2012).

Mirid predators, mainlyMacrolophus pygmaeud/agner and\esidiocoris tenuidkeuter,
are commonly used against whiteflies in greenhawseato crops (Bonato et al. 2006,
Nannini et al. 2007, Calvo et al. 2009) and they @so biocontrol agents df absolutaas
they prey on eggs (Urbaneja et al. 2009, Calvd. &04.2, Bompard et al. 2013). HoweVH,
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tenuisoften prompts insecticide applications at high pted density because of damages it
inflicts to both plants and fruits (Calvo et al.0®) Castane et al. 2011), akid pygmaeuss

not fully efficient when used alone againbt absoluta(Jaworski C and Desneux N,
unpublished data). The predators may feed mchogrammaparasitizedrl. absolutaeggs on
tomato plants. Such intraguild predation (IGP) rdagrease the overall efficacy of parasitism
of T. absolutaf combining Trichogrammawasps and mirid predators. IGP occurs when two
species that share a prey resource (and therefage acompete) also engage in trophic
interaction with each other (e.g. predation) (Petial. 1989, Rosenheim et al. 1995, Holt and
Huxel 2007). Identification of such trophic links of primary importance to the success of
pest management programs. Therefore, assessmé@iPois required before release(s) of
Trichogrammaparasitoids could be recommended in greenhousengtomato crops where
mirid predators are used as biocontrol agentsHdt purposes.

In this context, we investigated (i) whether pygmaeusvould attackTrichogramma-
parasitized eggs in a no-choice test, (i) whetlepygmaeusvould show a preference for
parasitized eggs (two-choice test), and (iii) wing combined effect of both natural enemy
species would be oif. absolutasurvival (on single plant microcosm). In additione
assessed the possible impact of non-consumptivetey®y M. pygmaeuson survival of
Trichogrammapupae insideT. absolutaegg. Such events, notably probing, have been
reported to increase drastically the mortality rateprobed prey (e.g. adult insect, host
embryo developing in egg, parasitoid developing itiost, etc.) in case of attack by
Hemipteran predators (Butler & O’Neil 2006), presly owing to injection of venom
(Edwards 1961, Cohen 1990).

Materials and Methods

Biological materials

The plants used in the experiments were four-wégkamato plantsSolanum lycopersicum

L. cv. Marmande (grown in climatic chambers, 24+166+5% RH, 16L:8D). AT. absoluta
colony was initiated using greenhouse-collecteditadilenya, France) (initial number of
individuals = 190) three months before startingdikperiment. The pest was reared on caged
tomato plants in climatic chambers (24+1°C, 65+5%, RL6L:8D). We used the egg

parasitoid Trichogramma achaeadNagaraja and Nagarkatti as this species is cuyrent
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available for biological control of. absolutain Europe and showed highest efficacyTan
absolutaamong varioudrichogrammaspecies tested (Chailleux et al. 2012). The paidsit
was reared on UV irradiated eggs of a factitiousthBphestia kuehniellZeller (25+1°C,
70+5% RH, 16L:8D). The parasitoids used for all expents were 24-h oldMacrolophus
pygmaeusymphs were provided by Biotop (Valbonne, Fraree) kept on potted tomato
plants in plastic rearing cages in climatic chaml@B8+1°C, 70£5% RH, 16L:8D) until they
reached the adult stage. UV irradiatedkuehniellaeggs were used as supplemental diet. The
predators used during the experiments were 48-malied females that had been starved for

24h prior to the start of the tests.

No-choice assay in glass tube

Individual M. pygmaeusvere caged in glass tubes (length: 7.5cm, diam&ten) with either
12 unparasitized'. absolutaeggs, 12 yellowT. achaeagarasitizedT. absolutaeggs i.e.
parasitized for 0-3 days, or 12 black parasitizedbsolutaeggs i.e. parasitized By achaeae
for 4-5 days (these conditions and the method litained the parasitized eggs were based on
results of pilot and preliminary experiments, Desneet al. 2010b). For all assays, the
parasitized eggs were obtained according to théededf Chailleux et al. (2012). The two
achaeaeparasitizedT. absolutaegg types (yellow or black) were used because poesla
could exhibit marked tendency to avoid parasitibests in favor of unparasitized hosts
(Rouechdi and Voegelé 1981, Ruberson and Kring 1B®ger et al. 2001) and particularly
because the age of the parasitoid within the hastthe egg in case dfrichogrammaspp.)
can influence the degree of preference/avoidancel(hkr et al. 1994, Brodeur and Boivin
2004). Eggs were deposited onto a paper card aawkghlin the tube (one paper card per
tube). One tomato stem (2 cm) was also insertedtimg tube to provide moisture. There were
12-18 replicates per treatment and mated femalewmined inside the tube in climatic
chambers (25£1°C, 70£5% RH, under constant lightfer 12h, the numbers of eaten eggs
were recorded. Pilot experiments showed fhatabsolutaeggs (unparasitized, yellow or
black), when consumed . pygmaeusare devoid of material and are easily seen asm@av
been attacked. It is therefore easy to distingbistwveen intact (unparasitized or parasitized)
eggs and the remains of eggs previously attackethedend of the experiment, unconsumed
black eggs were collected for further assessmepbossible effect of non-consumptive events

by M. pygmaeuson the survival ofTrichogrammapupae insidel. absolutaegg, i.e. we
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assessed adult emergence from black parasitized(sgg sectioemergence of parasitoids -
non-consumptive effects of the predator on pamsiteggbelow).

Data were subjected to ANOVA and pairwise multiptenparisons were performed using
a Tukey’s post-hoc test. Datasets were first tekiedormality and homogeneity of variance
using Kolmogorov-Smirnov D test and Cochran’s tespectively, and transformed if needed
(this test was carried out also for all datasatsnfiother experiments [below], and the SPSS

software was used for all analyses).

Choice assay in glass tube

Individual M. pygmaeusvere caged as above, except that 6 unparasilizedbsolutaeggs
were paired with 6 yellow or 6 bladk achaeagarasitizedrl'. absolutaeggs (for a total of 12
eggs). Thus predators were given a choice of garadior unparasitized eggs for 12 hours. In
addition, 6 yellow and 6 black. achaeagarasitizedT. absolutaeggs were also paired in
order to assess predator’s preference between @avbloped vs. late developed parasitized
eggs. The control group consisted of expodihgpygmaeudo 12 unparasitized eggs per
paper card per tube. Individud. pygmaeuswere introduced per glass tube with 12-18
replicates per treatment. All other experimentahditons were identical to the no-choice
experiment. In the same way than for te-choice assayblack eggs were collected at the
end of the experiment for assessing the effecobaofeconsumptive events . pygmaeusn

Trichogrammagpupae (see section

Emergence of parasitoids - non-consumptive effettthe predator on parasitized eggs
below).

Numbers of parasitized eggs preyed (yellow andkblacere compared to numbers of
unparasitized eggs preyed with a paired t-testalTatmbers of eggs eaten per situation were
compared among groups using ANOVA and pairwise ipialicomparisons were performed

using least significant differences (LSD) test.

Behavioral assay

We directly observed predator behavior to assesgrbpensity oM. pygmaeuso attack the
different type ofT. absolutaeggs (unparasitized eggs and yellow and blaclachaeae

parasitizedl. absolutaeggs). We placed one egg of a given type onto ttein of a Petri
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dish using a fine brush and placed the Petri digfeua binocular microscope. Individul
pygmaeuswvere introduced into a clear plastic dome (d: 1bm0.65cm) and the dome was
placed over an individual egg (Desneux et al. 2D0Qaservations began when the predator
first encountered the surface of the Petri dislkedRiors were observed for five minutes, or
until an attack occurred. We recorded predator Wiehsas: “contact” (contact with the egg)
and “attack” (mouthparts extended and making cantath the prey [egg], Desneux and
O’Neil 2008). Fifteen replicates were carried oat pgg type, and observations were done in
a randomized fashion.

The proportions of unparasitized eggs encounteretl atacked by the predator were
compared to those of yellow and black parasitizggsel. achaeagarasitizedT. absoluta
eggs) using permuted Fisher’s exact tests.

Microcosm assay

We studied the effect of. achaesaeandM. pygmaeu®n T. absolutapopulations on tomato
plants in microcosm conditions to determine if anteraction occurred between the two
natural enemies. Following the design used in preystudies (Desneux et al. 2009b, Mouttet
et al. 2011), microcosms were created by placiolgar acetate cylinder over a potted tomato
plant (4-week old plants with four fully expandexhves were used). Cylinders had a mesh
(350 um) top and windows were cut and covered with me3b0 um) for ventilation.
Cylinders were 40 cm higk 15 cm in diameter and sand was placed on thesadihce to
provide a substrate into which the cylinder coudddasily pushed to ensure a complete seal.
All experiments were carried out at a temperatuir@®1°C, 70+5% RH and a 16L:8D
photoperiod.

To prepare plants for starting the experimentTl@bsolutamated females were released
per plant (microcosm) and removed after 24 houng dumber off. absolutaeggs was then
adjusted to 100 eggs per plant. Then plants westeilnlited among four different treatments:
(i) Control = no natural enemies released, (ii) B0achaeaewnere released per microcosm
(number ofT. achaeaegeleased was based on the rate recommended bypBtance), (iii)
oneM. pygmaeusvas released per microcosm, and (iv)Ts@&chaeaeand ondVl. pygmaeus
were released per microcosm, (15-27 replicatedrpatment). After five daysl. absoluta
larvae and parasitized eggs (black eggs) in thearasms were counted. At the end of the
experiments, black eggs were collected for subsdgassessment of emergence Tof

achaeaeoffspring (see below).
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The numbers of . absolutdarvae were analyzed using a generalized lineatein@ROC
Genmod, SAS 1999) with ‘Parasitoid’ and ‘Predats’factors (a Tukey’s post-hoc test was
used for pairwise multiple comparisons). The nurebdr parasitized eggs were compared
using the same statistical method with one singletor ‘Predator’. The proportions of
parasitoids that emerged from parasitized eggsh (it without predator) were compared

using a chi-square test.

Emergence of parasitoids - non-consumptive efte#dise predator on parasitized eggs

We evaluated the possible impact Mt pygmaeusthrough non-consuming event (e.g.
probing, see Butler & O’Neil 2006), on the survival Trichogrammapupae insideT.
absoluta eggs. We focused our assessment on black pardsitiggs over yellow ones
because the latter were shown to be largely preyetby M. pygmaeugsee Results). To
compare the success in development of parasaffgpring in a control situation vs. in
presence of the predator (i.e. when black eggs wene No-choice Choiceand Microcosm
assay} we prepared batches 4@f. absolutaeggs for parasitism by. achaeaewithout
presence oM. pygmaeusi.e. parasitized control egg batches. All cokelcblack parasitized
eggs (from the three assays as well as from theaped controls) were placed in Petri dishes
in a climatic chamber (25£1°C, 70£5% RH and a 161):8After five days, we counted the
adults that emerged.

The proportion of black eggs that yielded paraditmults among the assays and controls
were fitted to a log-linear model (with factors Sag” and “predator” tested). The “assay”
factor was included in the statistical model toegsshow increasing assay complexity, i.e. one
egg or two egg types in glass tubes, or one ptanticrocosm, may impact occurrence of non
consumptive events on black eggs. In instanceegasad complexity in architectural plant
characteristics (e.g. plant size, number of noded &eaves) have been reported to
significantly decrease encounter rate between poeslaand prey (e.g. Coll and Ridgway
1995, Rutledge and O’Neil 2005). In addition, prdmms of adults emerged from eggs
subjected to predator non-consumptive events (ffevarious assays) were compared with

respective control using chi-square tests.
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Results

No-choice and Choice assays in glass tube

In a no-choice situatioriyl. pygmaeuded onT. achaeagarasitizedl. absolutaeggs at the
same rate as unparasitized eggs whem.absolutaeggs were yellow. The predator however
fed significantly less (about 10-fold less) whemgsétized eggs were older (i.e. black) (Fig. 1;
F35=40.891P < 0.001).
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Figure 1: Mean number (x SEM) ofl. absolutaeggs preyed in the no-choice
experiment in glass tubes with ole pygmaeugemale exposed to 12 unparasitiZied
absoluta eggs (control), 12T. achaeagparasitizedT. absolutayellow eggs (i.e.
parasitized for 0-3 days), or IR achaeagparasitizedT. absolutablack eggs (i.e.
parasitized for more than 4-5 days). Histogramsribgadifferent letters are
significantly different P < 0.05, ANOVA followed by a Tukey’s post-hoc test).

When the predators were offered two egg types atsdme timeGhoice assay the total
consumption of eggs per tube was significantly loimgubes in which black parasitized eggs
were provided (Fig. 2; 457 = 14.734,P < 0.001).Macrolophus pygmaeudid exhibit a
preference for unparasitized over black parasitexggs (t = 8.884, df = 1P, < 0.001) but did

not show any preference when both unparasitized agd parasitized eggs were still yellow
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(t =-1.382, df = 14P = 0.189). In addition, the predator showed a pesfee for yellow
parasitized eggs over black parasitized eggs &ig= 13.950, df = 1R < 0.001).
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Figure 2: Mean number (£ SEM) of. absolutaeggs preyed in the choice experimeit
in glass tubes with onkl. pygmaeugemale exposed to 12 unparasitiZBdabsoluta
eggs (control), or 6 unparasitizdd absolutaeggs and 6I. achaeagarasitizedT.

absoluta eggs (yellow or black) placed together, orT6 achaeagarasitizedT.

absolutayellow eggs and 6I. achaeagarasitizedT. absolutablack eggs placed
together. Different letters indicate a significadifference in total consumption of
T. absolutaeggs P < 0.05, ANOVA followed by a Tukey’s post-hoc test).

Behavioral assay

Similar proportions of unparasitizdd absolutaeggs, yellowT. achaeagarasitized eggs and
black T. achaeagarasitized eggs were encountered by the predai®8, 0.93 and 0.86,
respectively. Parasitism had no effect on the aatwhich predators encountered eggs in the
observation arenas (permuted Fisher's exact tat®, > 0.05). However, black parasitized
eggs were attacked at a significantly lower rat2@pthan were unparasitized eggs (0P3,
0.01), but there was no significant difference lestw attack rates on yellow parasitized eggs
(0.87) and unparasitized egds=£ 0.494).
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Microcosm assay

In microcosms, the number af. absolutalarvae at the end of the experiment varied
significantly in function of the presence of thergmtoid T. achaeae(Fig. 3; significant
‘Parasitoid’ factor: Chi-square = 25.99, df =PL< 0.001) and the presence of the predistor
pygmaeugsignificant ‘Predator’ factor: Chi-square = 13.@6,= 1,P < 0.001). Both factors
interacted significantly (interaction ‘Parasitoxi*Predator’ factors: Chi-square = 4.21, df =
1, P = 0.040). Therefore, the effect ®f achaeaeand M. pygmaeu®n the survival ofT.
absolutavaried differently as a function of the presenca skcond natural enemy (either the
parasitoid or the predator) in the microcosms. bweest number off . absolutalarvae was
observed wheil. achaeaeandM. pygmaeusvere released together into microcosms. When
the predatorM. pygmaeuswas released alone it reducdd absolutapopulations when
compared to the control group but less efficierittpn when released together with the
parasitoidT. achaeadgthough we did not observe fully additive effecfstioe two natural
enemies together). The number Dfachaeagyarasitized eggs varied as function of the
presence of the predator (‘Predator’ factor: Chiesg = 4.97, df = 1P = 0.026). Indeed,
when both natural enemies were released togethernamber of parasitized eggs (black
eggs) was two-fold lower (18.20+8.61) than in cHse parasitoids had been released alone
into the microcosm (35.24+4.43).
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Mean number of Tuta absoluta larvae alive
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Control T. achaeae M. pygmaeus T. achaeae + M.
pygmaeus

Figure 3: Mean number (£ SEM) of. absolutdarvae alive per plant after five days in microcosm
as function of the various treatments: (i) Contralo natural enemy, (iiJ. achaeaeeleased, (iii)
M. pygmaeuseleased, and (iV). achaeaer M. pygmaeuseleased together. Histograms bearipg
different letters are significantly differenP (< 0.05, generalized linear model followed by |a
Tukey's post-hoc test).

176



Emergence of parasitoids - non-consumptive eft#dise predator on parasitized eggs

The emergence of parasitoids from parasitized eggeed significantly according to the
presence of the predathbt. pygmaeugsignificant ‘Predator’ factor: Chi-square = 19.9f =

1, P < 0.001) but not according to the assay considéfeg 4; ‘Assay’ factor: Chi-square =
412, df = 2P = 0.128). However both factors interacted sigatfity (interaction ‘predator’

X ‘assay’ factors: Chi-square = 6.71, df =25 0.035), hinting that the effect of the predator
on parasitoid emergence depended on the assaydeoedi More specifically, when
parasitoid emergence was compared between theugaagsays with respective controls, we
observed significantly fewer parasitoid adults lre tassays vs. controldlg¢-choice assay
Chi-square = 25.04, df = P, < 0.001,Choice assayChi-square = 10.02, df = P, = 0.002,
Microcosm assayChi-square = 3.89, df = P, = 0.049). However, the reduction in parasitoid
emergence was more important Nilo-choiceand Choice assay$58% and 41% reduction

respectively) than in thilicrocosm assay15% reduction) (Fig. 4).
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Figure 4: Percentage of parasitoid emerging from black egdleated during theNo-
choice Choiceand Microcosm assaygs well as from black eggs of respective con';lEI
groups). *** P < 0.001, *P < 0.01,*P < 0.05 (significant difference with the respecti
control, chi-square test).
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Discussion

Generalist predators are largely acknowledged agiging valuable levels of regulation of
pests in crops throughout the world (SymondsonleR@02, Lu et al. 2012). However,
development of biological control programs can depromised through intraguild predation
which is actually a common phenomenon in agro-estesys (Rosenheim et 41995, Miller
and Brodeur 2002, Chacon and Heimpel 2010). We dotirat IGP, as well as non-
consumptive events, did occur on the oophagousspaich T. achaeaeby the generalist
predatorM. pygmaeusinder laboratory conditions. The predator can else survival of.
achaea&s offspring that are developing ifi. absolutaeggs because it does feed on
parasitized eggs. However, the risk of IGP dep@mdithe developmental stageTafachaeae
inside T. absolutaparasitized eggs because the larvae are at risklynearly in their
development when parasitized eggs are still yeli@ggs turn black halfway through
development of parasitoid). In addition, parasitoftpring can also suffer mortality when
developing inT. absolutaeggs through probing behavior exhibited by the ated on
parasitized eggs. This behavior is known to in@ea®rtality in prey (Butler and O’Neil
2006) without actual feeding by the predator, pbbpaowing to a toxin injected by
hemipteran predators when probing prey (Edward4 ,186hen 1990). Despite occurrence of
IGP and non-consumptive events, the densityTofabsolutalarvae at the end of the
experiment in microcosms suggested that releabiraghaeaegainstl. absolutaon tomato
plants may increase the level of pest suppressibieded over that occurring when only
mirid predators are used. PredationTofabsolutaeggs byM. pygmaeusvas consistent with
previous studies which reported thdt pygmaeusvould consumerl. absolutaeggs under
laboratory conditions (Urbaneja et al. 2009, Armal &5abarra 2011, Bompard et al. 2013).
The results of our microcosm assay showed Matpygmaeusdoes reducel. absoluta
population levels on tomato plants.

Predators are known to consume eggs parasitizewplyagous parasitoids (Herrick et al.
2008; Mbata and Shapiro-llan 2010) and there asengkes of predation on eggs parasitized
by Trichogrammaspp. (Brower and Press 1988, Smith 1996, Kuhat.€2002, Philip et al.
2005). By contrast, many studies have reported ¢gat predators avoid parasitized prey
containing parasitoid larvae or pupae (Rouechdi ¥ndgelé 1981, Ruberson and Kring
1991, Roger et al. 2001). Hemipteran predators,nwdreggaged in IGP witiirichogramma
spp., are more likely to accept unparasitized leggis than those that contain pupae of

Trichogramma although younger stages dfrichogramma appear equally susceptible
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(Rouechdi and Voegelé 1981, Brower and Press 1988jnstance, we showed thM.
pygmaeuspreferentially attacked unparasitized eggs an@giigzed eggs during the early
stages of parasitoid larvae development (yellonsgggmpared to black eggs, i.e. when the
parasitoid is in the pupal stage during its finavelopment. In addition, behavioral
observations showed that the predator would nobgmily feed on black eggs, i.e. only 20%
of acceptance at first encounter with black egg &8-:93% for yellow eggs. When
Trichogrammaparasitoids reach the prepupa stage, they catéhgzeroduction of melanin
which darkens the parasitized eggs (Pintureau .ef @99, Knutson 2005). Melanin is a
pigment involved in the mechanical strengtheninginsiects’ cuticle and other biological
materials (Moses et al. 2006). The presence ofmrelaight make it harder for predators like
Hemipterans to pierce parasitized eggs. Melaninalione did not totally prevent feeding by
M. pygmaeuson these parasitized eggs, but when the parasiiomchaeaeis at late
developmental stage (pupae), parasitized eggskibe consumed at a lower rate, thus
reducing the risk of IGP. Our choice tests conftirat Trichogrammaparasitoids can be at
risk of IGP byM. pygmaeudor at least half of their developmental duratior.(before
pupation) when parasitizingy absolutaon tomato.

However, mortality offrichogrammapupae inside black eggs may still occur through non
consumptive events, i.e. probing which kills padi offspring. The mortality of pupae
induced by such non-consumptive behavior was welgtihigh when the predator was
confined in small arenas with black eggs, Ne-choiceandChoice assayf-ig. 4). However,
behavioral observations suggested that probing lankbeggs would occur mostly after
several encounters of the predator with black eggs, probing on black eggs occurred in
only 20% of first encounters with black eggs (vs.8i7-93% in the case of encounters with
yellow eggs), though learning process in the padatay increase (or actually decrease)
acceptance rate of these black eggsvbypygmaeusEncounter rate between Hemipteran
predators and prey are known to decrease when dhgplexity in architectural plant
characteristics increase (Coll and Ridgway 1995]elge and O’Neil 2005). Consistently
with this observation, mortality of parasitoid pepa black eggs was much lower (barely
significant when compared to the control) in Mierocosm assaghan what was recorded for
black eggs fronNo-choiceandChoice assay§lass tubes), likely due to higher architectural
complexity in theMicrocosm assayeducing encounter rate between the predator &uk b
eggs. In addition, in tomato greenhouse, highenigactural complexity as well as lower pest
density may further decrease encounter rate betwekemipteran predators and

Trichogrammaparasitizedrl. absolutaeggs.
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We did not observe strong additive effects of twe natural enemies om. absoluta
survival in the microcosms (Fig. 3). When the ptedavas present at the time the parasitoids
were parasitizing . absolutaeggs, it is likely that the predator both reducedber of eggs
available for the parasitoids, and also preyedgygs eecently parasitized by the parasitoid. In
case ofTrichogrammaspecies adapted . absolutaas host, it could lead to a parasitoid
population decrease if host.(absolutaeggs) density becomes very low. By contrast, the
omnivorous predatdvl. pygmaeusould switch to other food sources, e.g. plardltarnative
prey, though the presence ®ofichogrammaparasitoids may still induce a decreaserTin
absolutaeggs available as food.

This work provided insights on what could be expddio occur in tomato greenhouses.
Despite occurrence of IGP (predation on early sw@ig@arasitoid development), a likely
competition for resourced (absolutaeggs) between the two natural enemies, and an @dsen
of additive effects of the two natural enemies ©nabsoluta survival in microcosm
conditions, our microcosm results demonstrate adllaing Trichogrammaparasitoids would
significantly increase the level of control of thest over what could be attained when using
M. pygmaeusalone. Our findings suggest that presence of npriedators in greenhouse
tomato crops may not interfere significantly witlophagous parasitoids for. absoluta
control though population dynamics studies in gheeise conditions would have to be
performed to confirm this result. For instance,réased habitat complexity is known to
decrease IGP rates (Finke and Denno 2002, Langeloid Denno 2006). In addition, plant
material may have provided a supplemental food uresothat reduced feeding of mirid
predators on prey (e.g. Calvo et al. 2009). Ineoyreriment, tomato plants in the microcosms
likely (i) decreased encounter rates betwigeipygmaeuand parasitized eggs, and (ii) served
as food and thus reduced occurrence of IGP anccansumptive events of the predator over
parasitized eggs. It could explain why only half pdrasitized eggs were consumed in
microcosms whereas most of yelldwachaeagarasitizedl. absolutaeggs were consumed
in glass tubes (no-choice and choice assays). énfe suggest that combining releases of
Trichogrammaparasitoids and/l. pygmaeuswill not strongly interfere with the parasitoids.
Although M. pygmaeusvould feed on parasitized- but still yellowT- absolutaeggs, there
was no evidence this degree of IGP impacted pejtiv. absolutasurvival (Fig. 3). In
addition, juveniles usually represent an importpatt of M. pygmaeuspopulations in
greenhouse tomato crops, and prey consumptiondsgetjuveniles is lower than predation by

adults (Fauvel et al. 1987), thus lowering riskiIGP. Efficient integration of both natural
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enemies into an IPM program might be achieved gjasiment of the frequency of releases

according to predatotf,. absoluteand alternative prey (e.g. whitefly) densitieshe trop.
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Suitability of the Host-plant SystemTuta absoluta (Lepidoptera:
Gelechiidae)-Tomato forTrichogramma (Hymenoptera :

Trichogrammatidae) Parasitoids and Insights for Bidogical Control

Anais Chailleux, Antonio Biondi, Peng Han, Elisdab&abone, Nicolas Desneux

Abstract: The South American tomato leafminéfuta absolutaMeyrick (Lepidoptera:
Gelechiidae), is a major pest that has recenthaded Afro-Eurasia. Biological control,
especially byTrichogrammaparasitoids, is considered to be very promising asgnagement
tool for this. However further development ®fichogrammabased biocontrol packages
would require assessing the impact of releasedspaich offspring on the pest. Under
laboratory conditions, we compared (i) the respafdieve Trichogrammaspecies-strains on
the pest-plant systenT. absolutatomato, and (ii) assessed the fitness of pardsitoi
previously mass-reared on a factitious hdsphestia kuehniella when developing oii.
absoluta In addition, we evaluated the overall controbwb specificTrichogrammaspecies
when released under greenhouse conditions in catamwith a common natural enemy in
tomato crop; the predatdvacrolophus pygmaeuRambur. Parasitoids emerging from
absoluta on tomato showed lower parasitism rates and rebuiiimess, e.g. wing
deformations, reduced longevity, when comparechédontrol on the factitious host under
laboratory conditions. Under greenhouse conditioig parasitoids that developed on
T. absolutaafter initial releases were of low use for the bgital control of T. absoluta
Parasitism was lower when the predator was prebientever, the highest. absolutacontrol
level was achieved by combining the predator ared garasitoids. This study shows that
Trichogrammaparasitoids may not build up populations on Theabsolutatomato system,
but thatTrichogrammaparasitoids can be used in combination with theslgtor to enhance

biological control of the pest in tomato crops.

Keywords: fitness, leafminer, invasive species, inundatelease, mass-rearing.

189



Introduction

The South American tomato leafminé&yta absolutaMeyrick (Lepidoptera: Gelechiidae), is
one of the most devastating tomato pests in Soutbriga (Gontijo et al. 2013). The pest has
recently invaded and spread in the Afro-Eurasiantioent and in few years has become a
major pest in tomato crops (Desneux et al. 201Q1PAppearance of. absolutahas led to
extensive insecticide use by tomato growers, pi@tiintausing a multitude of undesired side
effects on non-target organisms (Arn6 and Gababid 2Biondi et al. 2012, and see Desneux
et al. 2007 for a thorough review). Biological aahtis considered a very promising
environmentally- and economically-sound pest mameye tool for this pest in Europe
(Desneux et al. 2010). The role of natural genstrainemies as regulators of pests has been
increasingly acknowledged in multiple crops (VaneSche and Bellows 1996, Lu et al. 2012,
Symondson et al. 2002). However, their use as hibob agents is often slowed down
because their effectiveness in the field is dittita predict.

Wasps belonging to thErichogrammagenus are generalist egg parasitoids, mainly of
Lepidoptera. They are largely used in biologicahtool programmes, notably through
inundative releases (Smith 1996, Pintureau 2009llsM2010). Although the genus
Trichogrammais not the only group used with this approach, Imatour understanding of
inundative releases comes from studies done ore theghagous parasitoids (Smith 1996).
They have been used in tomato crops agdingbsolutathrough inundative releases both in
the native areas, mainly witfirichogramma pretiosunRiley (Parra and Zucchi 2004,
Pratissoli et al. 2005), and in the newly invadesha with releases dt achaeadNagaraja &
Nagarkatti (Cabello et ak012, Calvo et al. 2012). Considering the effectess of these
programmes and the natural parasitism of this IpestariousTrichogrammaspp. reported in
South America and in Europe (Desneux et al. 20appala et al. 2012), screenings for more
effective Trichogrammaspecies in the invaded area are still ongoing {@ba et al. 2012,
Khanh et al. 2012).

Various factors can influence the impact of inundatreleases of mass-reared
parasitoids. For instance, host selection by p@idsi may be influenced by the
characteristics of both the host and host planta(Cand Mackauer 2001, Desneux and
Ramirez-Romero 2009). In addition, host preferangearasitoids tends to correlate with the
fitness gained from the host (Van Alphen and Vet6l%hau and Mackauer 2001, Driessen
et al. 1991), this being defined as theeference-performanchypothesis (Jaenike 1978).

However, very low-quality hosts can also be acakgfanssen 1989, Heimpel et al. 2003,
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Desneux et al. 2009, 2012). Studies on acceptdnoass-rearedrichogrammaon factitious
host species toward natural hosts yielded varialleults. El-Wakeil (2007) showed
differences in pest parasitism which depended errglaring host. The size of the natal host
affected natural host parasitism rates in the fagld female parasitoids usually accepted host
eggs of the same size or larger as their natal (®at 1940; Nurindah et al. 1999). By
contrast, Kolliker-Ott et al. (2003) reported moeference-performanceelationship for
Trichogramma brassicaBezdenko (Hymenoptera, Trichogrammatidae) masgdean the
factitious hostEphestia kuehniellaZeller (Lepidoptera: Pyralidae) when parasitizirg t
target hosOstrinia nubilalisHtbner (Lepidoptera: Pyralidae).

The effectiveness ofrichogrammareleases may depend not only on the biological
characteristics of the parasitoid species/stragedubut also on their interactions with a
specific pest-plant system (Andrade et al. 2011hoha et al. 2010, Yuan et al. 2012).
Depending on the affinity of the parasitoids witle pest-plant system, the biocontrol services
provided by the released parasitoids most likelgyyvdrichogrammaare mainly used as
biocontrol agent through inundative releases, hatimpact ofTrichogrammagenerations
which developed in the crop can play a crucial rolehe success of biological control
programmes (Mills 2010). For example, useTofbrassicaefor biological control of the
European corn borer in maize takes into accouneffext of parasitoids developing in the
field for the long-term control of the pest (Pirdau 2009). Extra mass-releases may be
reduced and overall crop protection costs can Wwered.

In a first laboratory experiment we evaluat€édabsolutaeggs parasitism by five
Trichogrammastrains, i.e. different species or strains of $hene species, hereafter named
“strains”, and the subsequent development of tb&spring. To document the possible
biocontrol impact of thesparasitoids when developing dn absolutain the tomato crops
after inundative releases, we compared @eteased generationleveloped irE. kuehniella
eggs / parasitizind. absolutaeggs, to (ii) &ield generationdeveloped inT. absolutaeggs /
parasitizingT. absolutaeggs. Moreover, a control treatment, i.e. parastaleveloped in
E. kuehniellaeggs / parasitizinge. kuehniellaeggs, was added. This aimed at assessing
possible reduced parasitoid fithess when parasitsidtched from the mass-rearing host to
the targeted pest-plant system. In a second expatjnm greenhouse, we tested the overall
efficiency of a field release and the subsequenegdion (which corresponds to theeld
generation of two Trichogrammastrains against. absoluta To assess the usefulness of
Trichogrammaparasitoids within the framework of current biogohpprogrammes in tomato

crops in Europe, we included the mirid predaiiarcrolophus pygmaeuRambur because it is
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widely used for biocontrol, notably to control wdflies. It is also used as a biocontrol agent

of T. absolutaas it preys on eggs (Urbaneja et al. 2009, Bomebtadl 2013).

Materials and Methods

Biological materials. The plants used in the experiments were tomatotgl&olanum
lycopersicunmi. cv. Marmande, 5-week old for the laboratory exments and 7-week old for
the cage experiments. Plants were grown in climeti@mbers (25 + 1°C, RH: 65%, L.D.
16:8), pesticide applications were strictly avoided a nutrient solution was applied daily. A
colony of T. absolutawas set up using greenhouse-collected individualkily 2009 (initial
number of individuals = 190) at INRA (National litgte for Agricultural Research), Alenya,
France.Tuta absolutavas reared in growth chambers (25 £ 1°C, RH 70%1L.D. 16:8) in
cages (55x75x80 cm), containing tomato plants. Achdths were fed on honey placed on
one wall inside the cages. The parasitoids usedtlier experiments originated from
collections (Table 1). Dr. B. Pintureau (Frenchiblal Institute for Agricultural Research,
Lyon, France) identified the species before theeexrpents. Trichogrammaeuproctidis
Girault, and bothT. evanesceng/estwood strains were chosen because they werenstmo
be promising strains for biocontrol @f absolutaduring a previous study (29 strains tested,
Chailleux et al. 2012)Trichogramma pretiosumvas considered because it may have co-
evolved withT. absolutaand is already commercialized in South Americaragahis pestT.
achaeaewas tested because it has already been commeedah Europe and Africa against
T. absoluta Colonies of parasitoids were reared on UV-irreetiseggs of a substitute hoit,
kuehniella(18 + 1°C, RH 70 = 10%, L.D. 12:12). Rearing wasriea out in glass tubes (l:
4.5 cm; d: 0.7 cm) and the parasitoids were fedvamey dropletsEphestigkuehniellaeggs
were glued on a piece of cardboard (3x10 mm) wiifo larabic gum (Pizzol et al. 2010).
Parasitoids were maintained for at least three rg¢éinas at the temperature of 25°C on
E. kuehniellaeggs before starting experiments.

In the laboratory trials, th&. absolutaeggs used were 0 to 12-h old and the wasps
were 0 to 24-h old (as both host and parasitoic ag@ play a role in development of the
Trichogrammaoffspring, see Pizzol et al. 2012). To obtain paced females that had
developed irE. kuehniellaeggs, females from the colonies were release#.ckuehniella
eggs in the same conditions as described for taenge but female emergence date was
checked precisely. To obtain parasitoid femalesliged onT. absolutaeggs, parasitoids

from the colonies were released Drabsolutaeggs on tomato leaflets for 12 h inside
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ventilated plexiglass tubes (d:4 cm, |:14 cm). pheasitoids used in all the experiments were
collected daily from these tubes i.e. those comigirparasitized eggs d&. kuehniellaor

T. absoluta Macrolophus pygmaeusere reared oft. kuehniellaeggs on tobacco plant in
climatic chambers (23£1°C, 70£5% RH, L.D. 16:8).ultdoredators used in the experiments

were <1 to 3-d old.

Table 1: Country of origin, initial host plant and host ayehr of collection of the fiv@richogrammastrains tested.

Species Geographic origin Host plant Host moth or buttertly Year of collection
T. achaeae Nagaraja & Nagarkatti, 1969 Canaries Island Tomato Chrysodelixis chalcites 2010

T. euproctidis Girault, 1911 Switzerland

T. evanescens Westwood, 1833 (1) Northern France Vine Lobesia botrana 1990

T. evanescens Westwood, 1833 (2) Northern France Cauliflower Argyrotaenia sphateropa 2002

T. pretiosum Riley, 1876 Uruguay Vine Argyrotaenia sphaleropa 1995

Impact of T. absoluta-tomato pest-plant system on parasitism and offspring
development.The experiment was conducted in growth chambé¥¥3270+10% RH, L.D.
16:8). Two different combinations were tested bymiking the development of two
generations offrichogramma (1) thereleased generatiofdeveloped irE. kuehniellaeggs
on cardboard and exposedTtoabsolutaeggs on tomato leaflets) and (2) fledd generation
(developed inT. absolutaeggs on tomato and exposeditabsolutaeggs on tomato leaflets).
Parasitoids in the rearing situation were used aseomtrol (third treatment). Control
individuals developed oB. kuehniellaegg and exposed & kuehniellaeggs on cardboard.

Control and released generatiang-emales emerging fronk. kuehniella eggs
(obtained as described in tliBological materialssection) were used both for the control
treatment i.e. releasing the females Enkuehniellaeggs, and for theeleased generation
treatment i.e. releasing the femaleTarabsolutaeggs. Therefore, young mated females were
released individually in glass tube containing 80egigsof E. kuehniellathe same technique
as previously described for the rearing) and fedelgodroplets during 24h to measure the
rearing generatiorparameters. On the other hand, for thleased generatigryoung mated
females were presented individually with 30-Z0 absolutaeggs on a tomato leaflet in
ventilated plexiglass tubes (d: 4 cm, |: 14 cm)hwibney during 24h. The stems of leaflet,
sticking out of the tube, were planted into fldi@m for watering.

Field generationsTo evaluate théield generatiorparameters, youngrichogramma

females emerging fror. absolutaparasitized eggs (obtained as described irBibkgical
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materialssection) were presented individually to 30#Gabsolutaeggs on a tomato leaflet in
the ventilated tube (with honey droplets as foodre®) during 24 hours, i.e. using the same
oviposition conditions as theeleased generatignexcept that females had previously
developed inT. absolutaeggs vsE. kuehniellaeggs.

For the three treatments, tubes containing pazasiteggs were kept in a climatic
chamber (25°C, 70£10% RH, L.D. 16:8) and maintained offspring emergence for 15
days. For each treatment the number of parasigzgs (black eggs) and of aborted eggs
(white eggs with neither hatched nor with the céipl@psule of the immature larvae visible)
were counted after 5 days of parasitisation. Therago (females/total) and the wings
(absent, stump or crumple wings 2-3 days after gemae) of offspring individuals (F1) were
recorded after emergence i.e. 15 days after thespiisation. Ten tol5 replicates were carried
out per parasitoid strain and treatments weredesta randomized fashion over time.

Impact of the host system on the longevityWe assessed the longevity of female
parasitoids that had developed Th absolutaeggs (= thefield generatioh and in E.
kuehniellaeggs as a control. Females were obtained as bedan theBiological materials
section. Females were placed in glass tubes (dcr@,7: 4.5 cm), closed with a cotton ball
and provided with honey or left without in climathambers (25°C, 70+10% RH, L.D. 16:8),
but without water. Twenty-25 replicates were carieut per parasitoid strain and per
treatment. The survival was checked daily with aobular microscope and wasps were
considered dead when they did not react after benched by a fine paint brush.

Cage experiments.A cage experiment was carried out whose aim wategb the
efficiency of thefield generationunder realistic conditions. The experiments wexneied out
in cages (h: 100 cm, |: 70 cm, L: 100 cm, made wilect-proof mesh) that were placed in a
greenhouse at the INRA Sophia AgroBiotech Instit@@ophia-Antipolis, France). The
greenhouse was similar to the ones used by mangttognowers in France and more broadly
in Southern Europe (semi-controlled temperatures,<Mimean temperature < max: 15.5°C <
24.2°C < 37.4°C; min < mean RH < max, 18.0% < 639%0.0%; natural ambient light:
mid-July mid-August 2011). The twdrichogrammaspecies tested]. achaeaeand T.
euproctidis which showed the highest parasitism at Hreld generationin the laboratory
(seeResultssection), were chosen for this experiment. Bo#ces were tested alone and in
combination with the predat®i. pygmaeusThe predator was also tested alone and a control
with the pest alone was carried out. The followehtgeatments were studied: (L) absoluta
(2) T. absolutat M. pygmaeus(3) T. absoluta+ T. achaeag(4) T. absolutat+ T. euproctidis

(5) T. absoluta+ T. achaeae+ M. pygmaeus and (6) T.absoluta+ T. euproctidis+
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M. pygmaeusSix replicates (cages) were carried out perrmeat. The experiment lasted 16
days to allow first field generation observation.

Eight tomato plants (development stage from 7 ttulB/ expanded leaves) were
placed into the cages. First, 20 2-day ®ldabsolutaadults (10 males and 10 females) were
released per cage. After 24 hours, predators apafasitoids were introduced into the cages.
Depending on the treatment, 4T6ichogrammaadults and/or 8 pairs d¥l. pygmaeug1/1
male/female) were released. These release ratee whosen according to the
recommendations of biocontrol companies. To reldashogrammawasps, open glass tubes
containing small cardboard strip that held aboud gérasitizedE. kuehniellaeggs on which
adult parasitoids were starting to emerge, wereegglan the centre of cages. Honey droplets
were provided as food source to the parasitoidforBeeleases of the parasitoids, we added
four sentinel tomato leaflets bearing B0 absolutaeggs (15 on adaxial and 15 on abaxial
surfaces of each leaflet). These leaflets wereeplam the top of a stake so that they always
touched a tomato leaf in the upper plant part. Stieens of these leaflets were put inside a
tube full of water. Five days later, leaflets wexlected and parasitized eggs (black eggs)
and predated eggs (empty crumpled eggs) were abwmtder a binocular microscope and
percent parasitism and percent predation rates waeilated. Then, the leaflets were put
back inside their respective cages.

To evaluate parameters in the same way forRieéd generation produced by the
released parasitoid, we intended to provide newtirsgnleaflet at the field generation
emergence time. Therichogrammajuveniles (egg to adult) developmental time isa§slat
30°C (Foerster and Foerster 2009), therefore theleaflets were placed in each cage 8 days
after theTrichogrammareleases, following the same procedure previodsiycribed. The
leaflets were collected seven days later to erableffective assessment of overall parasitism
undertaken by the second generation parasitoidlésmnee. they emerged for up to 3 days
and adults longevity in greenhouse conditions i3 days (AC and ND, unpublished data).
Parasitized eggs and predated eggs were countext andinocular microscope as for the
released generationAt the end of the experiment (after 16 days)eatmictive monitoring
was carried out. The numberBfabsolutdarvae andM. pygmaeuguveniles were counted in
each cage on four plants chosen randomly.

Statistical analysesAll statistical analyses were performed using thedRware (R
Development Core Team 2009) with tineltcompandagricolaepackages. For the laboratory
experiments, the number of parasitized and abatgs were analysed using a generalized

linear model (GLM) based on Poisson distributecadaith a log link function. Sex-ratio
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(females/total) and wing malformations were anatymsing a GLM designed for modelling
binomial data with a logit link function. For thessur parameters the effect of the factor
Emergence hoghost in which females had develope@yiposition hosthost parasitized by
the females), andrichogrammasStrain were tested. Longevity was also analysed using a
GLM but it was designed for modelling gamma datthwvain inverse link function. The effect
of the factorsEmergence hostHoney supplyand Strain were tested. For the cage
experiments, the percentages of parasitism, abeggs and predated eggs were analyzed
using a GLM designed for modelling binomial datar he parasitism and aborted eggs, the
effect of the factorsM. pygmaeus PresencBarasitoid Generationand Strain were tested.
For the predated eggs the effect of the faclimshogramma Strainand Trichogramma
generationwere tested. A GLM designed for Poisson distridutata was used to analyse the
number ofT. absolutalarvae andM. pygmaeuguveniles. ForT. absolutalarvae, the factor
Trichogramma Strainand M. pygmaeus Presencgere tested, and for thel. pygmaeus
juvenile, theTrichogramma Strainfactor was tested. Finally, multiple comparisonsrev
performed using a Fisher's LSD (Least Significantffddence) post-hoc test for both

laboratory and cage experiments.

Results

Impact of Tuta absoluta-tomato pest-plant system on parasitism and offspring
development. There was a significant effect of tl@viposition host(host egg parasitized,
F1182= 91.780,P < 0.001) and th&mergence hogthost egg in which parasitoid offspring
developed,F; 181 = 80.980,P < 0.001) on the number of parasitized eggs. P&uasialso
varied significantly among th&richogrammastrains (Fa,177y = 8.902, P<0.0001). The
number of parasitized eggs ranged from 35.54+4a2 tlie Rearing generationof T.
euproctidisto 3.00+0.98 for thé&ield generationof T. evanescen2 (Fig. 1). Parasitism was
significantly lower when female were exposed To absoluta (Releasedand Field
generation} than onE. kuehniella(Control). Parasitism rate was also lower when females
had developed od. absoluta(Field generatiofp than when females had developed on
E. kuehniellaControl andReleased generatipiiFig.1).

The host egg species in which the females devel@peergence hossignificantly
affected the sex-ratio of their offspring (Fig.R,127)= 5.149,P < 0.0251). By contrast, the
FemaleOviposition hostlemergence host for the offspring) did not sigaifitly affect the
sex-ratio E(1,126y= 0.0736,P < 0.7866). The sex-ratiof the offspring also varied significantly
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among strains tested (significaBtrain factor, F 122)= 4.9373,P < 0.0010). The sex-ratio

significantly differed among generations only ie ttase off. achaeaavhen strains were
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Figure 1: Mean (+SEM) number of parasitized eggs per pardsiganale for the fivelrichogramma
strains testedReleased generatiodeveloped irEphestia kuehniell@ggs / exposed fbuta absoluta
eggs; Field generation developed inT. absolutaeggs / exposed td. absolutaeggs; Control
developed irE. kuehniellaeggs / exposed th. kuehniellaeggs. Post-hoc tests (Fisher's LSD test)
were carried out separately for each strain tegted.each generation tested Releasedand Field
generationsand for theControl the histograms bearing the same letter are noffisigntly different
atP <0.05.

tested individually (Fig. 2, Fisher's LSD test). ellsex-ratio of offspring from th€&ield

generationwas significantly lower than in the two other gextmns ControlandReleased
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Figure 2: Mean sex-ratio (+SE) (females/total) of offspring fbe five Trichogrammastrains tested.
Released generatiofiemales developed iBphestia kuehniell@ggs / exposed tduta absolutaeggs;
Field generation females developed iil. absolutaeggs / exposed td. absolutaeggs; Controk
females developed iB. kuehniellaeggs / exposed t&. kuehniellaeggs. Post-hoc tests (Fisher's LSD
test) were carried out separately for each stregted. For each generation tested Releasedand
Field generationsand for theControl the histograms bearing the same letter are noifisigntly
different atP < 0.05.
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generation. We observed similar trends for evanescens (Fig. 2), but differences among
treatments were not significant either farevanscens or the three other strains (most likely
owing to a low number of offspring individuals imetField generatioi

TrichogrammaStrain, femaleEmergencéiostand femaleOvipositionhostfactors all
had a significant impact on wing malformations acdnyg in offspring €,122)= 39.107,P <
0.0001,F1,127y= 24.765,P < 0.0001,F(1,126y= 7.479,P = 0.0072, respectively). The strain
presenting the highest proportion of malformed wirmgnong offspring wa$. euproctidis
(Fig. 3), the highest proportion was observed far T. euproctidisField generation with

38+4% of offspring with wing malformations (Fig..3)

0.5 -

04 +
W Control

E Released generation
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T.achaeae T.euproctidis  T.evanescens 1 T.evanescens?2  T.pretiosum
Strains

Figure 3: Proportion (+SE) of offspring with wings malformarti i.e. absent, stump or crumple wings, for the
five Trichogrammastrains testedReleased generatiorfemales developed iEphestia kuehniellaeggs /

parasitizingTuta absolutaeggs; Field generation females developed iif. absolutaeggs / parasitizing
T. absolutaeggs;Control females developed iB. kuehniellaeggs / parasitizing. kuehniellaeggs. Post-hoc
tests (Fisher's LSD test) were carried out seplrdte each strain tested. For each generatioredese.

Releasedand Field generations and for theControl, the histograms bearing the same letter are hot
significantly different aP < 0.05.

Impact of the host system on the longevityThe effects of th&€mergence hogi* =
173.319df = 1, P < 0.0001) and theloney supplyactors §? =173.319 df =1, P < 0.0001)
were significant on female parasitoid longevity gtF¥4). The Strain factor also had a

significant effect onTrichogrammalongevity §* = 28.53Q df = 4, P < 0.0001) with a
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maximum of 18 days on average for evanescen& developed irE. kuehniellaegg and
supplied with honey (Fig. 4a). Without honey, lovitye did not exceed four days (far.
pretiosumemerged front. kuehnielld (Fig. 4b).
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Figure 4: Mean (xSE) longevity of the fivelrichogrammastrains testedEphestia
kuehniella females developed iBphestia kuehniell&ggs (equivalent to th€ontrol and
the Released generatiofemales);Tuta absolutafemales developed iii. absolutaeggs
(equivalent to théield generatiorfemales);(a) in presence of honey as food source @nd
without any food sources. Post-hoc tests (FisHe8® test) were carried out separately for
each strain tested. For each emergence host testdistograms bearing the same letter are
not significantly different aP < 0.05.
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Cage experimentsThe Trichogramma Strairand theM. pygmaeus Presendactors
had a significant effect on the percentage of piggasobserved on the sentinel leaflets (Fig.
5, Fa,200= 22.648,P < 0.0001 and~,30= 8.981,P = 0.0066, respectively). The parasitism of
the Field generationwas significantly lower than the one of tiieleased generation
(F1,28733.542,P<0.0001). The highest level of percent parasitisas wbtained withr.
achaeaealone. On the contrary, no parasitism was obsefvethe Field generationof T.
euproctidisin the presence &fl. pygmaeugFig. 5).
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pygmaeus
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Figure 5: Mean (xSE) percent parasitism Bifita absolutaeeggs obtained on sentinel leaflets plac¢d
in greenhouse cages for the four treatments Wiithogrammareleases, for thReleased generation
and theField generationTwo types of post-hoc tests (Fisher's LSD test)ehbgen done separatel
(i) each strain separately, generations bearingahge small-letters are not significantly differémt

P < 0.05 (ii) each generation separately, strainsibbgdahe same capital letters are not significantly
different atP < 0.05.

In the three treatments withl. pygmaeusthe number of eggs eaten did not vary
significantly depending on thErichogrammaStrain (T. achaea®r T. euproctidisor absence)
(F2,2170.080, P=0.9228). No significant effect of th&richogrammaGenerationsfactor
(Releasedbr Field generationswas observedH: 20=0.876,P=0.3631).Tuta absolutaeggs
were preyed on an average 71.66+3.61%, ranged bert®@8% and 96.6%. The factors
TrichogrammaStrain (T. achaeaer T. euproctidisor absence)Vl. pygmaeus Presenead

Trichogramma Generationhad a significant effect on the number of aborteggs
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(Foas=3.918, P=0.0294, F146712.429, P=0.0012 and Fq43=12.429, P=0.0012,

respectively). However, the overall percentagesabairted eggs were very low throughout the

course of the experiments in cage$%). The maximum values were observed in groups

with Trichogrammaparasitoids withoud. pygmaeugReleased generatijpn

At the end of the experiment, an overall averag2. b2+ 0.50M. pygmaeuguveniles

per plant was recorded, ranging between from 1 feiplant. No significant differences
related to th@richogrammaPresencevnere observed ¢=0.022,P=0.9780). The number of

T. absolutalarvae was influenced byrichogrammaPresence though only numerically
significant (Fig. 6, »,=2.870,P=0.0860) and it was significantly affected by pygmaeus
PresencgF1,2079.178,P=0.0080). The highest number of larvae was obtaingde control
(T. absolutaalone) and the lowest infestation was observethéntreatment combiningj.

achaeaeandM. pygmaeusgFig. 6).
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significantly atP < 0.05 (Fisher's LSD test).

Figure 6: Mean (xSE) number off. absolutalarvae per plant 16 days after insect releases
greenhouse cages for the six treatments testedie¥aharked with the same letter do not diffé¢

n

Discussion

The parasitism of fiv@richogrammastrains, i.e. four species, dn absolutawas evaluated

in the laboratory by testing two different parasit@generations, particularly the ones
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potentially occurring in tomato crop after inundatreleases of parasitoids. The parasitism of
T. absolutaeggs on tomato by parasitoids from tReleasedand Field generationswas
related to the parasitism observed in individuatsmf a Control treatment (developed in
E. kuehniellaeggs / parasitizing. kuehniellaeggs that is to say: standard rearing conditions).
The highest parasitism was recorded for the geinesatinder the standard rearing conditions
on the factitious host. Parasitism decreased wh@wosition occurred on the new pest-plant
system. On this pest-plant system, the lowest fimm@aswas recorded for tH&ield generation
although it was not consistent for euproctidisandT. pretiosumi.e. these strains showed
same parasitism levels in boReleasedand Field generations Trichogramma euproctidis
showed the highest parasitism rate among the paichsstrains tested under laboratory
conditions. Overall, parasitism efficiency and é&&s decreased on tfie absolutatomato
system; this pest-plant system was showed relgtivesuitable for th@richogrammeastrains
tested. Reduced quality of individuals producedTorabsolutatomato was observed in all
traits measured in offspringtecreased sex-ratio, i.e. more males vs. fematatuped (see
Desneux et al. 2009), increased malformations dividuals (wings checked in our study)
and reduced longevity (foF. achaeagT. evanescen$ andT. pretiosumwith up to a 6-day
reduction).

We can assume that differences among parasitaidesity recorded for th€ontrol
and theReleasedand Field generationsare linked to host physiological suitability fdret
Trichogrammastrains tested. Although the host size-parasifititess relationship is not
always consistent among parasitoids species (Hawvay 2013), they largely depend on the
guality and quantity of resources provided by thstHor their larval development (Mackauer
et al. 1996, Pennacchio and Strand 2006). A clekgionship has been generally observed
between the size of the host parasitized and t#tee aid fithess of parasitoid offspring, e.g.
egg load of emerging females (Harvey et al. 2018)addition, offspring sex-ratio and
longevity can be linked to the size of parasitordiividual (Fidgen et al. 2000) and
Trichogrammaparasitoids commonly show preference for relagiveige host eggs (Roriz et
al. 2006).Trichogrammaachaeaeis reared ort. kuehniellaby biocontrol companies and
eggs of this host are 3-fold larger than thosé& .adibsoluta Therefore, the decreased quality
of parasitoids (parasitism efficiency, sex-rationdevity and wing malformations) that
developed inT. absolutaeggs may result from the small size of the hossegg. smaller
parasitoids emerged fronT. absoluta eggs (AC, personal observation). Such wing
malformations have been scarcely documented fasgards belonging to thErichogramma

genus. Wings and abdominal malformations were osein Trichogrammawasps reared on
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artificial diet (Consoli and Parra 1996), and séxdianorphism (apterous males and fully
winged females) of. semblidisvas described by Salt (1937) when the wasps deedlm
smalleggs Sialis lutariaLinn. [Megaloptera:Sialidae]) v&. kuehniellaeggs.

Understanding the suitability of the pest-plantteys that underpins the parasitism
pattern in the laboratory has important practicaiplications, as highlighted by our
greenhouse cage experiments, i.e. the parasitisivitaof the Field generationof both
Trichogrammaspecies was quite low in cages under greenhousbtioms. However, overall
T. absolutacontrol achieved by. achaeaavas similar to those achieved with pygmaeus
when these natural enemies were used alone (~46féade inl. absolutalarvae/plant, see
Fig. 6), though the experiment was carried out @ehort period, i.e. infestation levels were
measured 16 days after the pest was introducedhatoages. As opposed to the results under
laboratory conditionsT. euproctidisboth Releasedand Field generations(with or without
predator) showed the lowest parasitism rates igtbenhouse cage experiments. This species
was not able to contrdl. absolutapopulations; there was no significant differencdairvae
number compared to the control (see Fig. 6). Theselts indicate that populations of
parasitoid released in the tomato crop may disappean after the releases. Therefore, the
impact of Trichogramma Field generatig¢s) on T. absolutapopulation growth could be
considered negligible for biological control, aa$¢ with strains tested in our studies.

The drastic decrease of parasitism efficiency elidfbornTrichogrammaparasitoids
in the cages points to the fact that tomato hoahtpimpact is more noticeable under the
realistic conditions than in a confined laboratesperiment. Reduced efficiency between
laboratory and more realistic conditions, suchnaa greenhouse cage, has been documented
for releasedlrichogrammagenerations again3t absoluta(Chailleux et al. 2012). However,
our present study further documents the possibfaatof Trichogrammagenerations when
parasitoids emerged in the greenhouse fiomabsolutaparasitizedeggs. Poor effectiveness
of the Field generationwasp inT. absolutaparasitism may be due to various factors. First,
continuous tomato plant growth during the coursthe cage experiment has led most likely
to an increasing plant architecture complexity leetawthe beginning of the experiment, i.e.
the time parasitoids were first releasB@leased generatiomnd the end of the experiment,
when parasitoids developing ih. absolutaparasitized eggs emerged. Increased habitat
complexity is known to negatively affect efficiency natural enemies in finding hosts or
prey (Rutledge and O'Neil 2005). It may have deswdahost searching and/or dispersal
ability of the parasitoid females when foraging Farsts (Gingras et al. 2008, Tabone et al.

2012). Second, parasitism effectiveness may haveedsed due to (i) the small size of the
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parasitoids emerging from. absolutaeggs (such small host eggs make parasitoid females
mature fewer eggs, Kazmer and Luck 1995), andn@heased sex-ratio in offspring produced
(more males in the population). Third, parasitoidbiity may have been reduced on tomato
plants because of the smaller individual size dmelhigh pubescence of tomato. Foraging
ability was consequently reduced (Carrillo et 808). Trichogrammawasps are known to be
poor flyers and to forage primarily by walking guchping on substrates (Keller 1987, Olson
and Andow 2006). In addition, previous studies reggbthat tomato trichomes have negative
effects onTrichogrammeefficiency (Farrar et al. 1994, Kauffman and Keiyn&989).

This study supports the hypothesis that the pesitptystemT. absolutatomato
shows unfavorable characteristics for the effeatistablishment ofrichogrammaparasitoids
in tomato crops. More broadlyrichogrammaparasitoids should be used through inoculative
or inundative strategies according to the bioldgical physical characteristics of the targeted
crop and associated pest eggs (Mills 2010), e.gakslity for successful offspring
development. In contrast to other pest-plant systenwhichTrichogrammeafield parasitoid
generations provide biocontrol services to somerexdfter the initial release in the crop, e.g.
on the European corn borer in maize crop (Thomdgoal.e2003, Hoffmann et al. 2006,
Pintureau 2009), the biocontrol service providedthy Trichogrammafield generations in
tomato crop againsk. absolutashould be considered lowrichogrammabased biocontrol
programmes targetind. absolutaon tomato crop therefore need to rely on periodical
inundative releases of the parasitoid, at leastTfichogrammastrains so far identified as
potential natural enemies of absolutan Europe.

We also evaluated the effect of the generalistggoedvl. pygmaeugpresence on the
effectiveness off. achaeaeand T. euproctidisreleases againsi. absoluta Macrolophus
pygmaeugecreased the abundance of parasitoids henceetieativeness off. absoluta
both through direct competition for the resourceotfmeggs), and direct predation on
Trichogrammaparasitized eggs (Chailleux et al. 2013). Pasasitexerted by th&eleased
and Field generationson both parasitoid strains was lower when the giggdwas present.
The highestl. absolutacontrol level (less than 68% larvae per plant timthe control) was
achieved when combining the parasitdid achaeaewith the predator. In addition, the
presenceof M. pygmaeusnymphs attests effective predator establishmetdr abeing
introduced into cages. Previous studies reportatighpplementary releasesTofachaeaen
tomato crops, in which another mirid predatblegidiocoris tenuiReuter) was released
during the cropping cycle, improved the biologicaintrol of T. absoluta(Desneux et al.

2010, Cabello et al. 2012). Our results back upmdheonclusions. However, additional
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releases off. achaeaalid not improve control of . absolutawhenN. tenuiswas inoculated
by pre-plant releases in nurser{@€alvo et al. 2012), i.e. when the predator popatat were
already well established in the tomato crop beéoreval of T. absoluta Nevertheless, such a
strategy based on very early establishmentNoftenuisin nursery plants often leads to
insecticide applications when the omnivorous pr@dataches high densities. Indeed, this
predator is known to inflict damage to tomato pdardausing necrotic rings on stems and
flowers and punctures in fruits (Calvo et al. 2008starie et al. 2011).

Our study suggests that the integrationToichogrammaparasitoids for biological
control strategies againgt. absolutain tomato crops should rely on the use of several
inundative releases and should also take into atcthe population levels of generalist
predators either artificially released and/or naltyroccurring in the tomato crop.
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II) La lutte biologique basée sur les parasitoidekarvaires

Présenté en temps gAdicle 8 en préparation,

voir annexe 3 pour une photo du dispositif expéntal,

Article 9, en préparation,
voir annexe 4 pour une photo du dispositif expéntal,

etArticle 10 en préparation,

voir annexe 1 pour une photo du dispositif expérital.
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No avoidance behavior of an omnivorous predator by specialist parasitoid

under exploitative competition and kleptoparasitism

Anais Chailleux, Eric Wajnberg, Yuxiang Zhou, Ede/iymiens-Desneux, Nicolas Desneux

Abstract

Optimal habitat choices are essential in speciegval in ecosystems. Among all ecological
mechanisms that are known to be important in tmspetition is commonly considered to be
the primary explanation for observed patterns @css association. Species are expected to
avoid habitat were other species that can affegit fitness are present. Specialists are thus
expected to avoid competitor and predator. For iapsts, and especially parasitoids,
omnivorous predatory species are both competital aredator, because many of these
predators behave as intraguild predator. We preaestudy highlighting the short-term
interactions between a larval parasitoid and agiggdvhen sharing an invasive specibBsta
absoluta. We observed a strong effect of kleptoparasitisntess of classical intraguild
predation. However, we do not provide evidence that parasitoid avoid the omnivorous
predator. Reasons of such a result are discussed.

Keywords: interspecific interaction, coexistence, intraguiltterference,Tuta absoluta

Stenomesius japonicuglacrolophus pygmaeus

212



Introduction

Optimal foraging theory explores decisions thaiais make while foraging for resources
and that contribute to maximise their reproductsteecess (Stephens and Krebs 1986).
Among the different behavioral strategies studiggtimal habitat choices and investment
decisions are complicated by spatial and tempoyahuhic variation in factors affecting the
guality of habitats, such as the amount and qualitfood resources, intensity of predation
and competition, and microclimate conditions (&agistafsson 1987, Robinson et al. 1995,
Sinervo and DeNardo 1996, Martin 2001, Shima andn®srg 2003, Marshall and Cooper
2004).

Competition is commonly considered to be one of phienary explanation for observed
patterns in ecology and evolutionary theory (fafieers: Connell 1980, 1983, Schoener 1983,
Gurevitch et al. 1992, Schluter 2001, Eccard angh¥h 2003). However, the role of inter-
specific competition may depend on the type of cetmige interaction (Morris 1999).
Exploitative competition, for example, involves irgtt negative interactions arising from the
use of a common resource (e.g. Case and Gilpin)1@Y4£ontrast, interference competition
involves direct negative interactions arising frderritoriality, overgrowth, predation or
chemical competition (Schoener 1983), where conssiméght alter other’s ability to exploit
the resource at any level of abundance (e.g. Va@8d). These two types of competition for
resources may lead to the competitive exclusiomt éeast the decline, of one or more native
species that are utilizing the same resources (@lgeeler and Hoebeke 1995, Elliott et al.
1996, Human and Gordon 1996, Westman et al. 200@refore, it may be strategic for the
inferior competitor to avoid patches of resourcesupied by the superior competitor. In
animal communities, species often avoid detrimeatdcts of competition by segregating
their niches in time or in space (Rosenzweig 199%rris 1999). Among arthropods,
avoidance of hetero-specific competitors has besnatstrated between bark beetles (Byers
1993), parasitoids (Janssen et al. 1995, Tama €0&b, Cancino et al. 2012), phytophagous
mites (Pallini et al. 1997), and between predafdessen et al. 1997, Gnanvossou et al.
2003). However, avoidance is not always systenfasinssen et al. 1999) and only a few data
accurately demonstrated such interaction in therabénemy trophic guild. Actually, most of
the study had focus on avoidance of conspecificpaditors which has been reported among
several species (Danchin et al. 2004, Dall et@052.

The theory of habitat selection usually assumes itidividuals are fully aware about the

relative differences in quality among potential itatbpatches and choose the best possible
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option (Morris 2003). Parasitic wasps searchingsiaitable hosts to deposit their offspring
have been ideal models for such studies (Godfray. 4994, Quicke 1997). Besides choosing
the best patch of resources, parasitoids frequéathe to decide whether to lay their eggs or
not in already parasitized hosts i.e. superpasasjtwhich may represent inferior resources
compared to unparasitized hosts (van Alphen angevi$990, Godfray 1994). Actually, since
they usually share their habitat, they often havedmpete for resources with omnivorous
predators. Predators are considered omnivorous whegn feed on more than one trophic
level. In term of population dynamics, this typeprsédators may be considered as superior
competitors compared to specialist as they are tabteitstand low level of prey by feeding
on other trophic level (Grover 1990).

Omnivorous predators are not only exploitative cetipr, but can also compete through
interference competition. Besides feeding on tlhswal prey, omnivorous predator species
are sometimes attacking and feeding their intragodmpetitors i.e. a so-called intraguild
predatory behavior, hence reinforcing their supedompetitor status. Such behavior can
increase the risk of the specialist exclusion (Memat et al. 2008). Kleptoparasitism, also
called food robbing or cleptobiosis, is also a wmlead form of interference competition by
which many animals reduce the costs of searchimg Handling, and obtaining food by
stealing competitor of already procured food (Cut#¥6). This can lead to victim fitness
decrease, and in some case can have the same wemses) as intraguild predation in term of
fithness when the theft of the resource leads tad#ath of the owner (Reader et al. 2006). In
such a case, specialists would benefit by develp@noidance responses to cues from
intraguild predatory species living in the sameitab to reduce predation risks. Actually,
most of the hetero-specific competitor avoidancelists had focused on competitors involved
in intraguild predation. For example, this has bdemonstrated for the coccinelids-aphids
biological control model (Nakashima et al. 2006020as well as in other models like
predatory mites (Gnanvossou et al. 2003).

Direct (interference competition) and indirect (Exative competition) negative interactions
between competitors are known to adversely affeeties coexistence (Holt and Polis 1997).
On the contrary, adaptive behaviors like avoidameg favour competitor species to coexist.
Therefore, such phenomenon has to be accuratetijedtun order to understand species
associations in ecosystems. When species do n@ beaevolved on a shared resource,
however, intraguild interactions may be differenbni systems in which they have co-
evolved. This situation occurs when an exotic sggeanvades a new area, natural enemies

able to attack or parasitize this new invasive gseeay compete for the new shared
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resource. Behaviors in such situation are unknoespecially regarding to avoidance
behavior, since this is usually gain during co-atioh (Magurran 1993). Therefore, we
present in this work a study highlighting the skertn interactions between a larval
parasitoids and an insect predator sharing an iveraspecies,Tuta absolutaMeyrick
(Lepidoptera: Gelechiidae].. absolutas a tomato leafminer originated from South America
that has invaded the European Mediterranean basie 2006 (Desneux et al. 2010). This
pest has become a major risk for tomato crop ievayfears and is now suspected to invade
other continents (Desneux et al. 2011). Indigeremismophagous species have been reported
to be efficient biological control agents agairss tpest (Zappala et al. in prep., Bompard et
al. 2013) and some have been shown to be abletodece efficiently on it (Urbaneja et al.
2009, Chailleux et al. submitted). Thus, these iggeare likely to compete between each
other onT. absolutainfested tomato plants, leading to new speciescisions in agro-
ecosystems. Nevertheless, natural enemy speceadtibns are not accurately known in this
case and the viability of the natural enemies aations is remaining uncertain. Fitness costs
of coexistence in mixed species communities, whiely have historically led to segregation,
are difficult to study, prevented by the “ghostcoimpetition past”: competition had led to the
species reparation and are no more observablewadays ecosystems (Connell 1980). Our
study shed some light on new natural enemy spaaiesactions when sharing an invasive
pest through laboratory experiments. The work priegsehere aims at assessing the potential
short-term negative impact of the predator on tagitoid and the avoidance behavior of the
parasitoid. Implications in terms of biological ¢@mt against a new invasive pest are

discussed.

Materials and methods

Biological materials

Five-week old tomato plant§olanum lycopersicurh. cv. Betalux, were used. They were
grown in climatic chambers (24 + 1°C, HR: 65%, mpariod 16L:8D) and a nutrient
solution was applied daily. Insect were rearedrowgh chambers (25 + 1°C, RH 70 + 10%,
16L:8D). A colony ofTuta absolutavas set up using greenhouse-collected individnalsily

2009 at INRA, Alenya, France (initial number of imiduals = 190). Adults were kept in

cages (55x75x80 cm) containing tomato plants addvieéh honey placed on one wall inside
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the cages. The parasitoid species Sg&enomesius japonicudsshamed (Hymenoptera:
Eulophidae), a larval parasitoid species speciatibt leafminer that behaves as an
ectoparasitoid (James and Stevens 1992, Chailleaix gubmitted). It was reared in the same
cages like those used for absolutarearing. A constant supply of tomato plants irddstvith

T. absolutalarvae and honey drop were put on the plants. iRgarvas initiated using
individuals from Spain and France (n = 10, n =&spectively) collected in greenhouses. The
predator,Macrolophus pygmaeuRambur (Hemiptera: Miridae), is an omnivorous pteda
widely used in European greenhouses against whbkgefand is also able to fed on plants
(Fauvel 1987, Bonato 2006). Individuals came fréwa Biotop company in France, and were
reared for one generation at the laboratory ondodalants and fed oBphestia kuehniella
UV-sterilized eggs before experiment.

All parasitoid females used in experiments camenfitbie rearing (mixed ages) and had
previously been isolated from host in a transpapdastic box (d: 9 cm; h: 12cm) covered
with a mesh and containing a tomato trifoliate (®endi et al. 2012, for a thorough
description of the design) during five days, whigbrresponds to an optimal duration to
obtain the best oviposition level according to pnelary experiments. Honey droplets were
provided on boxes side. This type of designs renas, was used for all experiments except
for the behavioral study. In the same way,Mllpygmaeudemales used in the experiment
had previously been isolated from insect food sesifor 24 h using the same arenas than

those used for parasitoids isolation.

Short-term negative interactions

A laboratory experiment was carried out in arewasvialuate the effect of the predator on the
parasitoid immature stageS. japonicusfemales were individually transferred to an arena
containing a trifoliate infested with five thirdstarsT. absolutdarvae. Larvae were collected
from the rearing and were deposited on the tomdtiate 1 h before the parasitoid release
to enable host larvae mine digging. Parasitoid femavere allowed to parasitize the hosts
during 48 h in a climatic chamber. Parasitoids vikemn removed and a pair of one male and
one female oM. pygmaeusvas introduced in the box. Three days after thnoduction,
predators were removed and the mines were operr anoieaocular microscope to record the
number of parasitoid offspring. The number of Iyilarvae was also noted. The same design
was carried out but withotM. pygmaeudo allow for comparison. Twenty repetitions were

done for the two treatments i.e. with and withBlutpygmaeus

216



A second experiment consisted in direct behaviobaslervations. It was carried out since a
negative effect of the predator on the parasitdidpong was observed in the previous
experiment (see Results section). Oneabsolutalarva of the third instar was placed on
leaflet in Petri dishes 1 h before the parasitoéiisase to ensure their establishment in a mine.
Leaflet stems were planted in flower foam for wiaigr Then, parasitoid females were
allowed to oviposit individually under a binocul@r observe oviposition and thus to ensure
eggs presence in the mines without opening the sniRetri dishes were kept two days in
climatic chamber corresponding to the time requicedbtain parasitoid larvae. Then, dde
pygmaeudemale was released in the Petri dishes during Attacks upon thd. absoluta
larvae or the parasitoid immature stages were thearded by opening the mines under a
binocular microscope. The percentage of fhe absoluta attacked byM. pygmaeus
(hemolymph sucking) was visually evaluated. As atad, M. pygmaeugemales were also
released on healthly. absolutdarvae in a leaflet, in Petri dishes, using theesaxperimental
design and at the same time as the treatment &ithstized larvae. Eleven repetitions were

carried out for the two treatments.

Avoidance behavior

The capacity of the parasitoid to avoid the predatas tested using both a choice and a non-
choice experiment. In the non-choice essay, faattnent were carried out (T) absolutat+

S. japonicus(2) T. absolutat S. japonicus + M. pygmaeug3) T. absolutat+ S. japonicus +

M. pygmaeussemiochemicalg4) T. absoluta+ M. pygmaeusand (5) a control withT.
absolutaalone was also done. Five third instirsabsolutalarvae were placed per arena 1 h
before the natural enemies release, as describethdofirst experiment. Then, isolat&l
japonicusfemales and/or, when needed, a pair of one maleaa femaléM. pygmaeusvere
added during 48 h. For treatment 4, a pair of omdenand one femal®. pygmaeusvas
added in the arena previously to the experimernindw4 h and removed just before the host
larvae established i.d. h before the parasitoid introduction. After th& 4 of experiment,
mines were opened under a binocular to record timeber of parasitoid offspring and the
number of living larvae. Twenty repetitions wererizl out per treatment.

A Y-tube olfactometer was used to study the resparisadult females. japonicusn choice
situation. The Y-tube consisted of a plastic tube8 cm; d: 1.6 cm) connected at the two
sides to the middle of arenas. This tube was patddrin the centre and connected to a

removable tube (L: 4 cm; d: 1 cm). This removahleetwas used to place the parasitoids 15
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min before the experiment to avoid decision dusttess. Then on side of this tube was fixed
on a perforation at the centre of the olfactomaiee and the other side to a suction pump
that produced an air flow from the two side of thiee to the centre. The air flow chosen was
0.25 m.8, which did not inhibit parasitoid movement. Theoad sources in the two arenas
consisted in a tomato trifoliate infested with tword instar larvae with, for one side, and
without, for the other side, a pair of one male an@ femaleM. pygmaeusLarvae were
placed on the trifoliate 2 h before the experinmend the predator was released in the arena 1
h before the experiment, so larvae were in the snimken predators were released. Each
arena was used three times and then replace by ame Parasitoid that did not reach one of
the two ends of the tube after 30 min were excludaa the experiment. Twenty repetitions

were carried out.

Statistical analyses

All statistical analyses were performed using thesdRware (R Development Core Team
2009) with themultcompand agricolae packages. For the predator effect on parasitoid
immature stages experiment, the numbe8.gaponicuoffspring and the number of living.
absolutalarvae were analysed using a Generalized LineadeM@GLM) with a Poisson
distribution with a log link function, the factdv. pygmaeugresence was tested. For the
avoidance non-choice essay, a GLM with a Poissstmilolition was also used to analyse the
number ofS. japonicuffspring M. pygmaeugpresence as a factor) and the number of living
T. absolutalarvae M. pygmaeuspresence and. japonicuspresence as factors). When
necessary, means were separated using a LeadicGighDifference post-hoc test (LSD test)
for multiple comparisons. For the behavioral obagons experiments, a° test was
performed to compare the proportion of larvae ebtethe predator. The parasitoid choice in

the avoidance choice essay experiment was analgseg an exact binomial test.

Results

Short-term negative interactions

The laboratory experiment evaluating the predattaraction with parasitoid immature stages

showed that the number 8f japonicuffspring recorded after three day was reducethby

218



M. pygmaeugpresence. We found 0.25 + 0.10 (Average + SE)dfig with the predator and
0.85 + 0.20 without, the difference was signific@ft 3= 8.18,P = 0.007). However, the
number of livingT. absolutawas not affected by thd. pygmaeugresence (Fsg= 1.24,P =
0.273): on average, half of tHE. absolutalarvae were living after three days in both
treatments (2.20 + 0.29 with the predator and 2.6329 without the predator).

In the behavioral observations, none of the parakjtuveniles were directly attacked by the
predator. On the contrarfl. pygmaeudeed on the paralysed and parasitized host larvae,
81.8 + 11.8 % of these were subjected to a moress important hemolymph sucking by
predator. Whel. absolutalarvae were healthy, none of them were attackethéypredator,
this was significantly different from the proponiof parasitized larvae attacked € 12.03,
d.f. =1,P <0.001). The hemolymph sucking of parasitiZe@dbsolutdarvae by the predator
was 48.3t 26.3 %. However, even M. pygmaeuslo attack directly the parasitoid juveniles,
all of them died two days after the experiment,bplly because of a lack of food resource

i.e. resource robbed by the predator.

Avoidance behavior

In the non-choice essay, the numbeBofaponicuffspring produced (Fig. 1) was not

3.5

S. japonicus offspring

o
(92
I

o

S .japonicus S. japonicus + M. S. japonicus + M.
pygmaeus pygmaeus
semiochemicals

Figure 1: Mean (x SE) number d8. japonicuffspring produced per parasitoic
female when alone witfi. absolutdarvae, wherM. pygmaeusvas present, and
when only M. pygmaeussemiochemicals were present under laboratgry
conditions. Values with the same letters are ngnificantly different at
P <0.05.
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significantly affected by the factdvl. pygmaeuspresence (fFsg= 0.47,P = 0.497). An
average of 2.3% 0.41 offspring were produced in 48 h. The numkleliving T. absoluta
larvae (Fig. 2) was significantly affected by tlaetbrS. japonicugpresence (Fgg= 112.21, P

< 0.001). On the contrary, thd. pygmaeugpresence had not a significant effect on this
parameters (Fg¢7 = 1.65,P = 0.197). Consistently, in the choice essay, [p@aids did not
significantly avoid the predator (binomial exacsttd® = 0.824), only 55 = 0.11 % of the

parasitoid chose the box withadt pygmaeus

5 -
b
4.5 -
b
g 4
§ 35
? 25 -
G
o2 a
) i a
< 4
0.5 -
0 -
S. japonicus S. japonicus + M. S. japonicus + M. M. pygmaeus Control
pygmaeus pygmaeus

semiochemicals

Figure 2: Mean (+ SE) number of livind. absolutalarvae per after 48 h in five treatments under
laboratory conditions: (i5. japonicusfemale alone, (ii)S. japonicusfemale +M. pygmaeus(iii) S.
japonicusfemale +M. pygmaeusemiochemicals (ivM. pygmaeuslone (v) control, i.eT. absoluta
larvae alone. Values with the same letters arssigoificantly different aP < 0.05.

Discussion

Results provide evidence of a negative effect ef dmnivorous predator on the parasitoid
immature stages and observations highlight thatg not accurately intraguild predation but
rather kleptoparasitism. The predator fed Dnabsolutalarvae attacked by parasitoids
females, thus robbing the exploitative resourcethefparasitoid juvenile leading to its death.
This is really closed to intraguild predation bexmweach attack leads to the death of a
competitor. However, in our experiments, the paoasiwas not keen to limit oviposition
when the predator was present in non-choice tesither to avoid the predator in choice

tests. Regarding the negative effect of the predatohe offspring, this result is surprising
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and will lead to a decrease in the parasitoid éisnevhen sharing its ecosystem with the
omnivorous predator.

Cases of intra- and inter-specific cleptobiosiseh&ieen reported in vertebrates, including
fishes (Dominey and Snyder 1988), birds (Garridalet2002), mammals (Di Bitetti and
Janson 2001, Honer et al. 2002), marine invertebrél¥lorissette and Himmelman 2000),
spiders (Whitehouse et al. 2002), and insects asdhrips (Crespi and Abbot 1999), wasps
(Kronauer 2004, LaPierre et al. 2007), bees (Miehd®74), ants (Richard et al. 2004), and
phytophagous flies (e.g. Sivinski et al. 1999, Rea&D03), but never in a biological control
context. Inter-specific kleptoparasitism has nebeen reported in predatory bugs, but
scavenger behavior, which consists in feeding omddend decaying organic matter, has
already been observed in bugs (Sugiura and Yamagéig). In our study, kleptoparasitism is
closed to scavenging, because the larvae thabbhled are dead and sometime decaying. It
seems thaM. pygmaeusadopts an opportunistic behavior when it encognéeparasitized
larva that represents a big amount of food comptr@&d absolutaeggs. Moreover, healthly.
absolutalarvae adopt a defensive behavior: they squirnms(peal observation) and escape
from M. pygmaeusattack. Defensive behavior has been observedh®rmothBarathra
brassicae(Tautz and Markl 1978) and has been shown to feiegft in protecting larvae
from wasp attacks: squirming caterpillars usuadlly off the leaf into the undergrowth and
can escape. On the contrary, whEnabsolutalarvae have previously been attacked by a
parasitoid and are paralyzed, attack becomes efgidvl. pygmaeussince larvae do not
exhibit defensive behavior anymore, hence limipngdation cost.

Kleptoparasitism oM. pygmaeu®n S. japonicusas it leads to the death of the parasitoids,
likely have similar consequences in term of popofatdynamics compared to intra-guild
predation and thus undoubtedly increases risk cdgp@id exclusion from the agrosystems,
hence reducing probability of long-term coexistebetween interacting species. However,
occurrence of this behavior in the field is unknoamd it would be hard to discriminate it
from exploitative resource competition. Parasiigatof larvae provides access .
pygmaeuso a prey stage that it cannot feed on when alonecosystems. Accordingly,
parasitoids presence might favour predator sineg psed by the parasitoid become easily
available to the predator. The parasitized lan@esttute a big amount of food with reduced
energetic predation cost. It has been demonstth&wn stage-structured prey population i.e.
when tow competitors do not attack the same stédgkeoshared prey/host, two parasitoids
attacking different stages can coexist if the fatstges attacked by one of the competitor is

still available for the competitor attacking theelastages (Briggs 1993). If first-attacked
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instars are no more available for the predatoexhkittg the later stages, coexistence becomes
not possible (Briggs 1993). On the contrary, in biological model, the late parasitized
stages remain available for the competitor attagkire first instar. So, this means that
pygmaeuswhich decreases the resources for the parasitoigprbying on eggs, is also
favoured because it can feed on paralysed larvaianpresence of the parasitoid. This
increases the asymmetry of the competition and emprences in terms of population
dynamics would adversely affect long-term coexisten

We demonstrated that the parasitoid suffered aedserin fitness in the predator presence
because of kleptoparasitism. However, the parasik@s not keen to avoid patches with the
predator. Kleptoparasitism and exploitative reseuwsompetition should imply a decrease in
fitness for the parasitoids, so avoidance behashould be expected. Four main hypotheses
might explain these results: (i) the absence oWipus co-evolution between the two
protagonists, (ii) biased interpretation about #féect of hetero-specific presence, (iii)
avoidance does not occur between species that nexefr at the adult stage, and (iv) the use
of inappropriate experimental design. Absence aduodnediated interactions have been
already demonstrated for species that did not pusly co-evolve (Janssen et al. 1999) and
may be due to the fact that the parasitoids havdeen selected to recognise cues from the
predator as being potential competitor and kleptagte. However, the two species studied
here share the same geographical area and, etl@is liad never been reported so far, may
have co-evolved on other leafminer species. Secoodirary to our interpretation, the
parasitoid may use the predator semiochemicalsnasdication of available habitat, or
habitat quality. Recent theoretical studies prettiat hetero-specific presence may be used by
some species to detect a potential habitat, withmab conditions relative to competitor
density occurring at some intermediate density (Kkdnen et al. 1999, Fletcher 2006).
However, we did not find a parasitoid preferencegredator presence, which reduces the
probability of this hypothesis to be correct. Thirdis essential to note that both negative
interactions i.e. exploitative competition and ktgarasitism via the shared resources,
reported here are indirect. Moreover, since the tenmpetitors attack different stages, they
never meet trying to use the same individual resmuilf the parasitoid would have
encountered the predator when attacking a hostawee Isuffered real intraguild predation,
avoidance would have been more likely to occuralym S. japonicusmight be able to
discriminate between odours of plants either withwothout hetero-specific predators,
although this cannot be analysed using the expeatamheet-up used here. Experiments in

other conditions, e.g. the predator alone withbuabsolutalarvae in tomato trifoliate, or a
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higher density of predators, may have producedewdifft results. Nevertheless, the
experimental designs in the present work are tylgicsed to test avoidance behavior, and
the predator alone or higher predator densitiesldvoot have been representative of the
reality and would not have provided behavior susbipto occur in agro-ecosystem.

Our results suggest that resource competition diferdnt stages of the prey and

kleptoparasitism on the juvenile stages are tweradtions that do not allow parasitoids
imago to meet their competitors and thus do nod leadirect hetero-specific competitor

avoidance. This hypothesis remains to be testedtler biological models. The apparent
absence of adaptive behaviors that may limit thength of negative interactions may have a
drastic effect on parasitoid populations. Thusthierr studies should evaluate such natural
enemies association during long-term dynamics awaemureal crop conditions.
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Survival of a specialist natural enemy when experreing resource

competition with an omnivorous predator

Anais Chailleux, Anthony Droui, Philippe Bearez¢dlas Desneux

Abstract

Do specialist parasitoids can persist in the agtesy when competing with an omnivorous
for their shared prey/hosts? Consequences of omnivave been studied theoretically, but
empirical studies are lacking. However, omnivoryfriequent in nature and omnivorous
predator coexists with specialist in many ecosysteswen when they behave as intraguild
predator. This type of association is also frequeragro-ecosystem when biological control
strategies are used. Our study provides an exaofplee outcome of an association in the
context of biological control of the invasive p@sita absolutan the tomato agro-ecosystem.
The two natural enemies tested, the specialistspgaid Stenomesius japonicuand the
omnivorous predatoMacrolophus pygmaeusvere able to coexist during three months. In
this biological model omnivory does not lead to fherasitoid population local extinction.
Mechanisms that may have promoted coexistence #sas/eonsequences for inoculative

biological control programme are discussed.

Keywords: coexistence, intraguild predation, interspecificceraction, Tuta absoluta

Stenomesius japonicugacrolophus pygmaeus
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Introduction

Multiple species of natural enemies commonly attsicigle prey/host species (Price 1971,
Hawkins 1990, Polis 1991, Hawkins and Mills 1996]i#and Strong 1996). How do they
coexist in ecosystem using a common resource isyagkiestion to understand ecosystem
functioning (Chase and Leibold 2003, Finke and #nyD08). It has been established that
relatively strong intra-specific competition couplevith relatively weak inter-specific
competition fosters species coexistence and prambiediversity (e.g. Hutchinson 1959,
MacArthur 1970, McKane et al. 2002, Chase 2003yef# mechanisms can lead to a
decrease of intra-specific competition, whereas foechanisms are recognize to be effective
at decreasing inter-specific competition (i) agagitemn behavior, (i) diet breath, (iii) resource
segregation and (iv) trade-off in life history traihe effect of the diet breadth on coexistence
had been theoretically studied but empirical expernts are lacking, especially those
studying the effect of true omnivory, i.e. feediog different trophic level, as plant and
herbivores, and not only on different prey spedi@sll and Guershon 2002). However,
association between species sharing the same cesoplout yet having different diet breadth
is frequent in nature.

Under equilibrium conditions old theories havewhdhat the presence of omnivory
destabilizes food webs (Pimm and Lawton 1978, @adl I1zraylevich 1997), correspondingly,
omnivory ought to be rare in real food webs. Tlneory have then been re-evaluated by
showing that omnivory can stabilize ecosystem (MmiCand Hastings 1997, Lalonde et al.
1999). Indeed, this diet breadth is consideredadbilsse herbivore populations because, for
example, switching between plant and prey feednogiges a refuge for the prey when it is at
low densities. Another factor that may stabilize #8ystem is the relatively poor searching
efficiency of omnivores (Lalonde et al. 1999, Peetsal. 2012). Thus, it is likely that
omnivory, by decreasing the intensity of the pregd) may also limit the strength of the
competition between the omnivorous predator andratlatural enemies. However, there are
two main limits in these theories. First, omnivasaliet breadth enable the predator to persist
at low level of prey by feeding on plants (Crawlg&75, Pimm and Lawton 1977, 1978, Wald
1994, Eubank and Deno 1999), thus potentially reduprey density at levels that cannot
allow other competitors to persist. Second, manyigarous predators are often engaged in
intraguild predation, i.e. when one of the compet#ttack and feed directly on the other one.

To protect crop from insect pest in agro-ecosyst@mnivorous predators are

frequently used in combination with specialist mak@enemies (Snyder and Ives 2003). Many
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species of biological control agents are also kntavhe intraguild predators and to feed on
plant, i.e. true omnivory. For example, spiderskarewn to feed on pollen and to attack other
predators, some predatory bugs, such as Heterpprer&nown to feed on sap or pollen and
do feed on various predators (Schmidt et al. 199Bus, these predators, having access to
multiple food resources, could be considered assthperior competitors that may exclude
specialist feeders at the population level (Grdv@97). Here we provide an empirical study
on the coexistence of an omnivorous predator aparasitoid, i.e. the specialist, to highlight
the outcome of such association.

Does omnivory will or will not allow the parasit@dsurvival in a closed system,
where mechanism of meta-community i.e. emigratiod ee-colonisation, at the landscape
level, cannot occur? Most experimental studies i@agtion/parasitism have only examined
effects of one natural enemy species at a time ¢5@d. 1998) or multiple natural enemies
with the same diet breadth, e.g. between spec@alistetween omnivorous (Batchelor et al.
2005, Sanders et al. 2011, Moreno-Ripoll et al. 220Few data deriving from field
experiments address questions crucial for inteciipecompetition between specialist and
omnivorous species and its impact on natural ereimist dynamics (Godfray et al. 1994).

In this work, we assessed the competitive intevastibetween two natural enemy
species, a specialist parasitoid and an omnivopredator. Both of them attack the major
tomato invasive pest in EuropByta absolutaMeyrick (Lepidoptera: Gelechiidae) (Desneux
et al. 2010, 2011). The omnivorous is the predatorg Macrolophus pygmaeuRambur
(Hemiptera: Miridae), it is mainly used to contsehiteflies and able to feed on plant food
sources, such as sap or pollen (Calvo et al. 2009%. predator was recently includedTin
absolutacontrol programs and it preferentially attacks eggd rarely young larvae instar of
this pest (Urbaneja et al. 2009). At the same tiseegeral ecto- or endo-parasitoids have also
been reported (mainly Eulophidae, Braconidae ahddamonidae) attacking. absolutain
the Mediterranean basin (Zappala et al. 2012, an@rep.). Among them, the idiobiont
ectoparasitoid Stenomesius japonicu®\shamed (Hymenoptera: Eulophidae), naturally
occurred in newly invaded areas (Urbaneja et al.22®iondi et al.submitted) attacking
preferentially old larvae (3instar larvae; Chailleux et al. submitted). It slibbe possible to
use this species through inoculative releases mbraol. absolutaalthough its capacity to
persist in tomato crops in the presencéofpygmaeusemains to be assessed. Moreover the
generalist predator exerts kleptoparasitism Sinjaponicusby feeding on paralyzed and
parasitized larvae (Chailleux et al. in prep.).this biological model the consequences of

kleptoparasitism on the parasitoid population cant be distinguished from intraguild
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predation because each kleptoparasitism attacls leathe death of the parasitoid larvae that
have no more enough resource to reach the pup@e {Ghailleux et al. in prep.).

The objectives of this study was thus: (i) to qifsrihe outcome of a frequent species
association in agro-ecosystem, i.e. a specialisgtaid and an omnivorous predatory bug
both feeding on the same pest, and (ii) to identédgource utilization patterns that may

promote coexistence of the two natural enemies.

Materials and methods

Biological materials

Five-week and six-week old pesticide-free tomatanfd, Solanum lycopersicuni.. (cv.
Betalux) were used in the laboratory and greenhexgeriments, respectively. They were
grown in climatic chambers (24 + 1°C, HR: 65%, pmpariod 16L:8D) and a nutrient
solution was applied daily. Insect were rearedrowgh chambers (25 + 1°C, RH 70 + 10%,
16L:8D). A colony ofT. absolutawas set up using greenhouse-collected individunalkily
2009 at INRA, Alenya, France (initial number of imiduals = 190). The colony was kept in
cages (55 x 75 x 80 cm), containing tomato plantsheoney was provided on one wall inside
the cages to feed adultStenomesius japonicu®lony was reared in cages (same aslfor
absolutarearing) with a constant supply of tomato infeskéth T. absolutaarvae and honey
droplets were provided on the plants as food sufiplymagos. The laboratory rearing was
initiated using individuals from Spain and France= 10, n =5 respectively) collected in
commercial tomato crops. The predator specimerginatly came from the commercial
insectary of the company Biotop (France). They viben reared for at least one generation
on tobacco and fed dephestia kuehniell&V-sterilized eggs in the cages and environmental

conditions described above.

233



Population dynamics experiment
Experimental setup

The experiments were carried out in cages (10079 Ix L: 100 cm) made with insect-proof
mesh and placed in a glasshouse in the facilifiekeoINRA AgroBiotech Institute (Sophia-
Antipolis, France). Inside each cage, six tomasm{d in pot were weaved vertically on stake
and side stems were removed every week and leé@rnadth the plant to allow insect eggs to
hatch. Plants were watered automatically with aiewit solution. Temperature and humidity
were regulated with fog, shade and airing and keptossible close to 25°C [semi-controlled
temperatures, mean temperature: 23.6°C (range 9:83@.5°C); mean RH: 67.5% (range:
19.0% — 95%); natural ambient light: May-July 2Q12]

Three combinations of natural enemies were caoigd(i) T. absolutat S. japonicus,

(i) T. absoluta+ M. pygmaeusand (ii) T. absoluta+ S. japonicus+ M. pygmaeus.
Furthermore, since prey density could potentiathpacts population dynamics, these three
combinations were tested on tWwo absolutadensities. The low density corresponded to four
pairs (one male and one female, hereafter callég @ad the high density to 16 pairs of
young imagos (< 1 week-old) release per each cageedeginning of the experiment. The
two natural enemies were released at a ratio ofpais per plant, 12 pairs per cage in total.
Treatments with only one natural enemy were repetiteee times, while the one with both
natural enemies was repeated four times. Placeafaghe treatments within the greenhouse
was randomized.

To avoid cycling populations because of the relezfsenly one insect stage, each
species was released twice, i.e. half-quantitieb éme. A first release and then a second one
after a time interval corresponding to the halftiodir life-cycle duration, namely one week
for mirid bug andS. japonicusand two weeks interval foF. absoluta YoungM. pygmaeus
adults (< 3 days) were released first, i.e. two ksebefore, the firsil. absolutarelease.
Commercially available UV-sterilized eggs 6f kuehniella(Biotop, France) were put on the
plant as an initial food source fbt. pygmaeuso ensure its establishment on the crop. This is
recommended by company selling the predator ansl mhimicked a preventive inoculative
release as done by tomato produc&genomesius japonicusnagos (mixed ages) were
released once larvae ®f absolutahad reached the ideal stagé {B8star larvae) for parasitoid
offspring production (Chailleux et al. submittethsect releases began on thd'38 April

2012 and the last release $fjaponicusvas done on the $1of June. Monitoring started in
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week 1, on the 130f June, i.e. one month and a half after the fektase and the same week

as the last parasitoid release.

Monitoring and Sampling

Plants were monitored weekly during eight weekerdtte last insect releases. In each cage,
two plants were randomly selected every week ferrttonitoring.M. pygmaeusdults and
nymphs were counted on the entire selected pl&ggs and larvae of. absolutawere
monitored on six leaves, two leaves were seledtedralom from the upper, the middle and
the bottom third of each selected plaht.absolutalarvae were observed by shining a torch
lamp under each leaf and eggs were observed watinélp of a hand-lens. A8. japonicus
adults observed in the cages (on all the plantsratite cage walls) were counted. Parasitism
was evaluated on six leaflets (containihgabsolutamines) per selected plant. Leaflets were
collected and for each leaflet one mine containen@. absolutalarva was dissected
subsequently in the laboratory with a binocular mescope to count the number of larvae,
eggs and pupae &. japonicusThus in total 12 mines containingTa absolutalarva were

examined per cage each week.

Resource partitioning

The impact of the resource partitioning along tbhendto plant axis was tested under
laboratory conditions. Potted tomato plants wenseeoed with a plastic cylinder (d: 15 cm, h:
30 cm) closed on the top with a mesh. Seventeern agd ten larvae of. absolutawere
deposited on the plants with a paint brush. Theethollowing treatments were set up and
tested: (i) eggs on the upper third of the plantda on the bottom third of the plant i.e.
natural pest instar distribution within the tomg@lant (Torres et al. 2011); (ii) the reversed
distribution, eggs on the bottom third and larvae upper third and (iii)) mixed eggs and
larvae all over the planf.uta absolutaeggs used were 0 to 12-h old and the larvae vet¢ee |
second and early third instars.

Five S. japonicusand oneM. pygmaeudgemales were introduced in the cylinder one
hour after the larvae to allow the larvae to dignesi. Three days after, natural enemies were
removed; mines were collected to assess underozudar the egg predation, the parasitism

and predation of larvae. Fifteen replications weaeied out for each treatment.
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Statistical analyses

All the statistical analyses were performed usingdRware (R Development Core Team
2009) with the packagegeepack In the population dynamics experiment, differendce
population dynamics of pests and natural enemiemgrthe treatments were analysed using
Generalized Estimating Equations (GEE) adaptecepeated measures over time. A GEE
based on Poisson distributed data with a log luriction was applied for the numbersTof
absoluta M. pygmaeusandS. japonicusmago. For parasitism rate, a binomial distribution
was used. For the. absolutdarvae and eggs dynamics, factors tested wereatizal enemy
combination, the initial release quantitylofabsoluta.e. pest density factor, and the date i.e.
time factor. For thé&. japonicusmago and the parasitism dynamics, factors testee whe
predator presence, the initial release quantityl ofibsolutaand the date. Finally for the
predator population dynamics, factors tested whee garasitoid presence and the initial
release quantity of. absolutaand the date. In all the equation, the interastibetween
factors were tested, but they are provided in #®ilts section only when significance and
meaning is essential.

Results of the resource partitioning experimentewanalysed using a GLM for
Poisson data with the treatments as a factor. \ieeessary, means were separated using a
Least Significant Difference post-hoc test (LSCitésr multiple comparisons.

Results

Population dynamics experiment

Each species was found at the end of the experimeihie cages where they were initially
released. Neither the natural enemies nor the gregtivent to local extinction, hinting that
natural enemy might coexist, at least during thegtle of the experiment. The number of
S. japonicusadults in the cages (Fig. 1) was significantlyeaféd by both the predator
presence and the dateg? € 13.03, d.f.=1,P<0.001; y2=82.93, d.f.=1,P<0.001,
respectively). A huge increase in parasitoid nunwes observed on week 8, especially in the
treatment without predator (see Fig. 1). Wherehsret was no effect of th€. absoluta

release density on the parasitoid population lefg@ls 0.36, d.f. = 1P = 0.548).
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with T. absolutaor with the concomitant presence Mf pygmaeusThe two initial
densities off . absolutaare pooled.
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No significant effect of the predator on the paiasi rate (Fig. 2) was observed when
the eight weeks were taken into accoyft<0.85, d.f. = 1P = 0.360). However, when only
the first seven weeks were used in the test, thectebf the predator was significant in
interaction with the week{ = 2744.37, d.f. = 52 < 0.001). Whereas, the effect of the week
alone was marginally significang?(= 9.89, d.f. = 5P = 0.078) (Fig. 2). FinallyT. absoluta
release density had a marginally significant effectthe parasitismyf = 3.64, d.f. =4P
= 0.057).
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Figure 3: Mean (£SE) number ofl. pygmaeusuring eight weeks under greenhouge
conditions when alone witi. absolutaor in the presence dd. japonicus The two
initial densities ofT. absoluteare pooled.

Predator numbers were significantly affected by ghesence of the larval parasitoid
(¥ =4.33, d.f. =1P=0.037) and by the datg?(=53.92, d.f. = 7P < 0.001) (Fig. 3), the
mirid population was higher at the end of the expent and in absence of the parasitoid.
T. absolutarelease density had no effect on their populatds 0.003, d.f. = 1P = 0.955).
T. absolutaeggs and larvae (Fig. 4) were significantly aféelctoy the natural enemy
combination 2 = 14.72, d.f. = 2P < 0.001 ;2 = 10.19 d.f. = 2P = 0.006, respectively) and
by the datey? =494.92, d.f. =7, P < 0.001y2 =94.31, d.f. = 7P < 0.001, respectively).
T. absolutarelease density had no effect on the egg numfer @.24., d.f. = 1P =0.621)
and had a marginally significant effect on larvamier (2=2.92, d.f. =1,P=0.088).
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Overall, lessT. absolutaeggs and larvae were recorded in the treatment heatte natural

enemies were released (Fig. 4).

=

50 - —o—T. absoluta+M. pygmaeus
—@—T. absoluta+S. japonicus
T. absoluta+S. japonicus+M. pygmaeus
40 -
(2]
()]
& 30 -
g
=
[=}
(2]
‘S 20 -
=
10 -
0
1 2 3 4 5 6
Weeks
20 -
Q
S
8 15 -
g
=
o
3 10 -
©
=
5 4
0
1 2 3 4 5 6
Weeks
Figure 4: Mean (+SE) number of. absolutaeggs (top) and larvae (bottom) pe
leaf during eight weeks in the presence (ipofaponicus(ii) of M. pygmaeusnd
(i) of S. japonicus + M. pygmaeu$he two initial densities of. absolutaare
pooled.
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Resource partitioning

Although the number of parasitized larvae was nmaity significantly affected by the
resource distribution gFs2= 2.82,P = 0.071), the highest level of parasitism was iolet for
the mixed treatment (Fisher's LSD post hoc test: mixed-regdr Z = 1.89P = 0.059; and
natural-mixed Z = -2.09 = 0.036) (Fig. 5). The treatmematural andreversedshowed no
difference (Fisher’'s LSD post hoc test: Z = -0.221 & = 0.827). The numbers of eggs and
larvae consumed were not affected by resourceitwlisivn (F, 35= 2.43,P=0.103; | 42=
0.38,P = 0.684, respectively) (Fig. 6).
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Figure 5. Mean (+SE) number of. absolutgparasitized larvae after three days under laboratory
conditions in the thre@. absolutastage distributions along the plant axis: (i) wHermabsoluta
eggs were on the upper part of the plant and larvdsotiom part of the plant (i.@atural), (ii)
whenT. absolutaeggs and larvae were mixed all along the plant @dsmixed, or (ii) whenT.
absolutaeggs are on the bottom part of the plant and larvaepper part of the plant (i.e|
reversed. Columns bearing the same letter are not signifigatitferent atP < 0.05.
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Figure 6. Mean (+SE) number of. absolutaeaten eggs (top) and larvae (bottom) after three days
under laboratory conditions on thr&e absolutastage distributions along the plant axis: (i) whien
absolutaeggs were on the upper part of the plant and laowaleottom part of the plant (i.eatural),
(ii) whenT. absolutaeggs and larvae were mixed all along the plant @dsmixed, or (ii) whenT.
absolutaeggs are on the bottom part of the plant and laovagpper part of the plant (i.eversedl.

Discussion

Results showed that coexistence was possible betiiegwo species, despite the asymmetry
in their diet breadth and kleptoparasitisi@: japonicusand M. pygmaeusestablished
successfully in all the treatments in which theyevesleased and were present throughout the
whole experiment. On the other hand, for both b agent species, their population sizes
were significantly lower when they were in competitto each other vs. when they were
alone. Moreover, the strongest impact on the pdjomiaf the shared host/prey was observed

when the two natural enemies were present together.
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Contrary to the results of Bogran et al. (2002, faund no or marginal effects of the
T. absolutainitial release quantity on the population dynasmién our experiment, the
generalist predator was released before the pashwakes sense from an ecological point
of view as the predator is able to feed on thetplahis also mimics preventive releases of
generalist predators as usually done by produ€aly¢ et al. 2012). Moreovel). pygmaeus
has a functional response dnabsolutadensity (Jaworski et al. in prep.) attacking morey
when more prey are available, this behavior mayeHead to an initial regulation of the first
pest oviposition that has levelled the two initdahsities.

Under the experimental conditions of our studgexistence was possible and the
parasitoid was not excluded, however both naturahrey species suffer a negative interaction
in presence of its competitor. Thus, it is likeiyat some mechanisms probably decreased the
strength of the competition (either exploitativengmetition of the shared resources or
kleptoparasitism). Lalonde et al. (1999) suggesivadl a poor efficiency in foraging for prey
of omnivorous may reduce their impact on herbioopulations. This mechanism may have
occurred in our experiment and favoured the coemc# of the two natural enemies.
Effectively it is known thaM. pygmaeuspend only few time at foraging for prey, mainly
because female spend most of their time on the gterfind suitable oviposition sites
(Montserrat et al. 2004). But herbivore prey a@rse on the stem and are usually grouped on
the leaves. So, encounter rate between preyMngygmaeudemale may be decreased
because of this behavior. Moreover, even if it hasn observed tha. pygmaeustay in
patches with low level of prey, it exhibited reallyw level of predation in these patches
(Montserrat et al. 2004). This low efficiency insoeirce use may be a mechanism that
promotes coexistence by reducing both exploitatoeenpetition and kleptoparasitism.
Differences in resource utilisation have been shawrpromote coexistence theoretically
(Wilson et al.1999). In practice, Brown et al. (1997) demonsttate ability of a forager to
profitably harvest food at low abundances and ilzeatthe foraging opportunities left behind
by the less efficient forager as a mechanism promgaoexistence.

Then, a second mechanism may reduce the impadepfoparasitism. We initially
hypothesized that one of the mechanism susceptibleduce the strength of kleptoparasitism
can be resource segregation along the plant dxtise predator feed preferentially on eggs as
demonstrated by Urbaneja et al. (2009), it may stagt of the time where eggs are the most
abundant i.e. on upper part of the plant, thus eeduthe probability to encounter paralyzed
and parasitized larvae. Effectively in real fieldnditions, owing to the plant growth larvae

are generally on the middle part of the plant (€sret al.2011). However, our laboratory
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experiments did not provide any evidence of suaeahanism and do not allow considering
the resource segregation along the plant axis teffeetive at reducing kleptoparasitism. We
can not exclude that an experiment using tallentplaay have shown different results.
Nevertheless, segregation was artificially ampdifie the aim to detect possible effects of the
segregation, which should have counterbalancedethtvely small plant size.

On the other hand, our results outline that thedator also strongly suffered the
parasitoid presence. This may arise because abagseffect of the parasitoid in decreasing
the density of the shared resource. Specialistgemerally considered to have a higher effect
on herbivore populations and to respond better ddbitiore population fluctuations than
generalists (Snyder and Ives 2003). Moreover, mstudy the parasitoid species may have a
higher effect on the pest population than the pgoedaecause it attacks later pest stages that
are more likely to reach the reproductive stagesessfully. While a portion of eggs killed
by the predator may have died because of naturdhtfity or climate (Miranda et al. 1998).
Similar hypotheses have also been formulated tdagxpghe superiority of a parasitoid
preferring the bigger host thus removing the indlinals with the higher reproductive value
(Lin and Ives 2003).

In terms of pest biological control, the pest gdagian dynamics resulted from each of
the two natural enemy presences differed. As aialscS. japonicusexerted a less efficient
suppression ofT. absoluta growth early, with stronger suppression becomingible
thereafter. In contrast, the omnivorous predatarsed an immediate decrease in the pest
population growth rate but provide a bad controédgSnyder and Ives 2003). Parasitoid
characteristics i.e. short life cycle and spediiccan allow them to mount a strong numerical
response when prey outbreaks occur, perhaps le&mliogtbreak suppression (Hassell 1980,
Hassell and May 1986, Berryman 1992, Murdoch 19®chin et al. 1999). On the contrary,
omnivorous predators have a longer generation tirae herbivores, thus, even if there is a
numerical response to changes in the density ofghesherbivore species (e.g. Symondson et
al. 2002), the response is unlikely to occur quiakhough to lead to outbreak suppression
(Hassell and May 1986, DeBach and Rosen 1991). Mexyveheir ability to appear in the
crop before the pest ensures an immediate cor@rolder and Ives 2003, Calvo et al. 2012).
When both the parasitoid and the omnivorous predarye present]. absolutadynamics
reflected the impacts of both types of natural eyiemitial pest population increase was
similar to the treatment with the predator alonbgreas, pest densities peaked at levels close
to the one of the treatment with the parasitoichal¢Snyder and Ives 2003). This study

corroborates other experimental studies that stigperidea that intraguild predation, even
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when reducing the intraguild prey population, dd emse the pest control efficiency (e.g.
Heinz and Nelson 1996, Snyder and Ives 2003, Bii @oll 2007, Messelink et al. 2013).
Therefore, from a practical point of view, thisdgusuggests that efficient biological control
programmes can be based on joint inoculative rete@$ an omnivorous and a specialist
natural enemy that are complementary. We also geavipromising results for the
development of biological control programmes adaihs absolutathat rely on endemic
biocontrol agent.

The present work provides an example of the ouécavhen various parameters
regulating population dynamics occur simultaneaushihe parasitoid, suffering both
exploitative competition and kleptoparasitism, wadde to survive in the presence of the
omnivorous predator, and also reduce the populatyeramics of the omnivorous predator.
Thus, in our biological model and experimental ébads, omnivory do not lead to the
specialist exclusion and parameters favoring coexée® seem to outweigh the omnivory

negative effects.

244



References

Batchelor TP, Hardy ICW, Barrera JF, Pérez-Lach#&d 2005. Insect gladiators Il
Competitive interactions within and between bethyarasitoid species of the coffee
berry borerHypothenemus hampg@Zoleoptera: Scolytidae). Biological Control 33419
202.

Berryman AA. 1992. The origins and evolution of gar—prey theory. Ecology 73:530-
1535.

Bilu E and Coll M. 2007. The importance of intraduinteractions to the combined effect of
a parasitoid and a predator on aphid populatiopr&gsion. Biocontrol 52:753-763.

Biondi A, Chailleux A, Lambion J, Zappala L, Deswrel. Indigenous natural enemies
attackingTuta absoluta(Lepidoptera: Gelechiidae) in Southern France.pEgpurnal
of Biological Pest Control submitted.

Bogran CE, Heinz KM, Ciomperlik MA. 2002. Intersjfec competition among insect
parasitoids: Field experiments with whiteflies asts in cotton. Ecology 83:653-668.

Brown JS, Kotler BP, Mitchell WA. 1997. Competitidretween birds and mammals: a
comparison of giving-up densities between cresti#ts| and gerbils. Evolutionary
Ecology 11:757-771.

Calvo J, Blockmans K, Stansly PA, Urbaneja A. 20B8dation byNesidiocoris tenui®n
Bemisia tabacand injury to tomato. Biocontrol 54:237-246.

Calvo FJ, Lorente MJ, Stansly PA, Belda JE. 20X2pRnt release diesidiocoris tenuis
and supplementary tactics for controlTafta absoluteandBemisa tabacin greenhouse
tomato. Entomologia Experimentalis et Applicata:143-119.

Chailleux A, Desneux N, Arné A, Gabarra Rtenomesius japonicugAsmead) and
Necremnus artyne@Valker) (Eulophidae), two indigenous larval e@msitoids of the
invasive pestuta absolutgLepidoptera) in Europe. Journal of Pest Sciendarstted.

Chailleux A, Wajnberg E, Zhou Y, Amiens-Desneux®sneux N. No avoidance behavior
of an omnivorous predator by a specialist underlabglive competition and
kleptoparasitism risk. In prep.

Chase JM. 2003a. Experimental evidence for altematable equilibria in a benthic pond
food web. Ecology Letters 6:733-741.

Chase JM and Leibold MA. 2003b. Ecological nich@sing classical and contemporary
approaches. University of Chicago Press, Chicdagis USA. 212 pp.

Coll M and Guershon M. 2002. Omnivory in terredtagthropods: mixing plant and prey
diets. Annual Review of Entomology 47:267-297.

Coll M and Izraylevich S. 1997. When predators d&sd on plants: effects of competition
and plant quality on omnivore-prey population dym@amAnnals of the Entomological
Society of America 90:155-61.

Crawley MJ. 1975. The numerical response of inpeetlators to changes in prey density.
Journal of Animal Ecology 44:877-892.

Debach P and Rosen D. 1991. Biological control bjural enemies,"? ed. Cambridge
University Press, Cambridge, 440 pp.

245



Desneux N, Luna MG, Guillemaud T, Urbaneja A. 20Ile invasive south american tomato
pinworm, Tuta absolutacontinues to spread in afro-eurasia and beyohd:new threat
to tomato world production. Journal of Pest Scietw@d03-408.

Desneux N, Wajnberg E, Wyckhuys KAG, Burgio G, Agp&®, Narvaez-Vasquez CA,
Gonzalez-Cabrera J, Ruescas DC, Tabone E, Frandtimzdl J, Poncet C, Cabello T,
Urbaneja A. 2010. Biological invasion of europeamato crops byTuta absoluta
Ecology, geographic expansion and prospects folodpcal control. Journal of Pest
Science 83:197-215.

Eubanks MD and Denno RF. 1999. The ecological apresgces of variation in plants and
prey for an omnivorous insect. Ecology 80:1253-1266

Eubanks MD and Styrsky JD. 2005. Effects of plaeeding on the performance of
omnivorous “predators MD” in F. L. Wackers, P. Cvan Rijn, J. Bruin Plant-Provided
Food for Carnivorous Insects: A Protective Mutualiand its Applications.

Finke DL and Snyder WE. 2008. Niche partitioningreases resource exploitation by diverse
communities. Science 321:1488-1490.

Godfray HCJ, Hassell MP, Holt RD. 1994. The popaladynamic consequences of
phenological asynchrony between parasitoids andr thests. Journal of Animal
Ecology 63:1-10.

Grover JP. 1997. Resource competition. Chapman I& Handon.

Hassell MP. 1980. Foraging strategies, populatiodets and biological control: a case study
Journal of Animal Ecology 49:603-628.

Hassell MP and May RM. 1986. Generalist and spistiahtural enemies in insect predator
prey interactions. Journal of Animal Ecology 55:9948.

Hawkins BA. 1990. Global patterns of parasitoideasslage size. Journal of Animal Ecology
59:57-72.

Hawkins BA and Mills NJ. 1996. Variability in parasd community structure. Journal of
Animal Ecology 65:501-516.

Heinz KM and Nelson JM. 1996. Interspecific intéiaas among natural enemiesBémisia
in a inundative biological control program. Biologi Control 6:384-393.

Hutchinson GE. 1959. Homage to Santa Rosalia, gravl there so many species. American
Naturalist 93:145-159.

Lalonde RG, McGregor RR, Gillespie DR. 1999. Pl@etding by arthropod predators
contributes to the stability of predator-prey p@tign dynamics. Oikos 87:603-608.

Lin LA and Ives AR. 2003. The effect of parasitdidst-size preference on host population
growth rates: An example of aphidius colemani armhis glycines. Ecological
Entomology 28:542-550.

MacArthur RH. 1970. Species-packing and competitaguilibrium for many species.
Theoretical Population Biology 1:1-11.

Mc Cann K, Hastings A, Huxel GR. 1998. Weak tropmteractions and the balance of
nature. Nature 395:794-798.

Mc Kane RB, Johnson LC, Shaver GR, Nadelhoffer lastBtter E, Fry B, Giblin AE,
Kielland K, Kwiatkowski BL, Laundre JA, Murray GK002. Resource-based niches

246



provide a basis for plant species diversity and idance in arctic tundra. Nature
415:68-71.

Messelink GJ, Bloemhard CMJ, Sabelis MW, JansseR0A3. Biological control of aphids
in the presence of thrips and their enemies. Bitiobb8:45-55.

Miranda MMM, Picanco M, Zanuncio JC, Guedes RN8.%Ecological Life Table ofuta
absoluta (Meyrick) (Lepidoptera: Gelechiidae). Biocontroti€ce and Technology
8:597-606.

Montserrat M, Albajes R, Castafié C. 2004. Behalimsponses of three plant-inhabiting
predators to different prey densities. Biologiaahirol 30:256-264.

Moreno-Ripoll R, Agusti N, Berruezo R, Gabarra R12. Conspecific and heterospecific
interactions between two omnivorous predators omato. Biological Control 62:189-
196.

Murdoch WW. 1994. Population regulation in theongl gractice. Ecology 75:271-287

Peers MJL, Thornton DH, Murray DL. 2012. Reconsitigthe specialist-generalist paradigm
in niche breadth dynamics: Resource gradient setedty canada lynx and bobcat.
PLoS ONE 7(12): €51488. doi:10.1371/journal.poneld@s.

Pimm SL and Lawton JH. 1977. The number of trogbiels in ecological communities.
Nature 268:329-331.

Pimm SL and Lawton JH. 1978. On feeding on more thae trophic level. Nature 275:542-
544,

Polis GA. 1991. Complex trophic interactions in el¢s an empirical critique of food-web
theory. The American Naturalist 138:123-155.

Polis GA and Strong DR. 1996. Food web complexityl &aommunity dynamics. The
American Naturalist 147: 813-846.

Price PW. 1971. Niche breath and dominance of fiErdasects sharing the same host
species. Ecology 52:587-596.

Sanders D, Schaefer M, Platner C, Griffi GJK. 20hiraguild interactions among generalist
predator functional groups drive impact on herbév@nd decomposer prey. Oikos
120:418-426.

Schmidt JM, Taylor J, Rosenheim J. 1998. Cannitvalend intraguild predation in the
predatory Heteroptera. (pp.31-70), in Coll M, Ruber JR, eds. 1998. Predatory
Heteroptera: Their Ecology and Use in Biological n@ol. Lanham, MD:
Entomological Society of America. 233 pp.

Sih A, Englund G, Wooster D. 1998. Emergent impa€tsultiple predators on prey. Trends
in Ecology & Evolution 13:350-355.

Snyder WE and Ives AR. 2003. Interactions betwepecislist and generalist natural
enemies: Parasitoids, predators, and pea aphidrtiat. Ecology 84:91-107.

Symondson WOC, Sunderland KD, Greenstone MH. 2@Xh generalist predators be
effective biocontrol agents? Annual Review of Entbogy 47:561-594.

Torres JB, Faria CA, Evangelista Jr WS, PratisBolR001. Within-plant distribution of the
leaf minerTuta absoluta(Meyrick) immatures in processing tomatoes, withies on
plant phenology. International Journal of Pest Mgemaent 47:173-178.

247



Turchin P, Taylor AD, Reeve JD. 1999. Dynamicaérof predators in population cycles of a
forest insect: an experimental test. Science 2&RB1M71.

Urbaneja A, Gonzalez-Cabrera J, Arno J, Gabarr&@®2. Prospects for the biological
control of Tuta absolutain tomatoes of the mediterranean basin. Pest Managt
Science 68:1215-1222.

Urbaneja A, Monton H, Molla O. 2009. Suitability thfe tomato borefuta absolutaas prey
for Macrolophus pygmaeuand Nesidiocoris tenuisJournal of Applied Entomology
133:292-296.

Walde SJ. 1994. Immigration and the dynamics ofelgtor—prey interaction in biological
control. Journal of Animal Ecology 63:337-346.

Wilson WG, Osenberg CW, Schmitt RJ, Nisbet RM. 19@bmplementary foraging
behaviors allow coexistence of two consumers. EpoRD:2358-2372.

Zappala L, Bernardo U, Biondi A, Cocco A, Delip&j Delrio G, Giorgini M, Pedata P,
Rapisarda C, Tropea Garzia G, Siscaro G. 2012.uRewnt of native parasitoids by
the exotic pestuta absolutan Southern italy. Bulletin of Insectology 65:51:6

248



Article 10

Effects of an alternative prey on the
survival of a specialist parasitoid when

competing with a generalist predator

Anais Chailleux? Laura Riggdi, PhilippeBearez, Nicolas Desneuk

! Institut Sophia Agrobiotech, French National Ingé for Agricultural Research (INRA),
400 Route des Chappes, 06903 Sophia-Antipolis,détan

% InVivo AgroSolutions, 83 avenue de la Grande Arm#d& 82 Paris, France.

249



Effects of an alternative prey on the survival of apecialist

parasitoid when competing with a generalist predato

Anais Chailleux, Laura Riggi, Bearez Philippe, NasoDesneux

Abstract

The impact of diet breadth on competitor coexistersx puzzling because different diet
breadths occur in shared ecosystems. Moreoverrgenig@redators are frequently engaged in
intraguild predation with their competitors. Sonpeces may be able to coexist when sharing
a resource despite competition, but adding anraltiee prey for one of the two competitors
in a given system may actually disrupt coexisteye manipulating species association on
cropped plants (tomato), we aimed at providing ampigcal study of the effect of an
alternative prey on the coexistence of a generphistlator with a more specialized natural
enemy, a parasitoid. Our results showed that tkeialist was not excluded from the system
when an alternative prey was added, and that teeistence of the four species (the pest, the
alternative prey and the two natural enemies) wassiple. In addition to resource
competition between the two natural enemies, weemiesl commensalism and apparent
amensalism in the agro-ecosystem. The possible anexhs that may have favored

coexistence are discussed.

Keywords: coexistence, diet breadth, interspecific intemxti Kleptoparasitism,Tuta

absoluta Stenomesius japonicudlacrolophus pygmaeus.
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Introduction

Population dynamics of various species co-occurimgcosystems are regulated through
many direct and indirect interactions (Paine 1980ptton 1994). How species coexist when
competing for a shared resource is a key-questi@tology (Chase and Leibold 2003, Finke
and Snyder 2008). Among the mechanisms that mayceeahterspecific competition and thus
favoring coexistence of two competitors sharinguaa resource, a difference in diet breadth
have been shown to promote coexistence (Miller 19%dhoener 1974, Belovsky 1986,
Hassell and May 1986). However, species sharinguress frequently show asymmetric diet
breadths, e.g. one has a restricted diet breag#cti@ist) and the other species a large one
(generalist or even omnivore). What are the coodtithat enable such species to coexist is
unclear in most systems, notably because in masis¢c@nly one competitor has access to an
exclusive resource, and secondly because gensralst behave as intraguild predators by
feeding directly on competitors (Schmidt et al. 8P heoretical studies by Daugherty et al.
(2007) and Holt and Huxel (2007) have suggested dhet breadth enrichment of the
intraguild predator could increase the risk of es@mn of a specialist natural enemy (the
intraguild prey). However, empirical studies tegtthis hypothesis are lacking yet.

Theoretical and empirical studies have descrilmssiple effects of alternative prey in
predator-prey system. In such systems, predatorateedlinteractions occur between the two
prey (Harmon and Andow 2004). Short term effectiddoe a reduction of predation pressure
on the two prey sharing the predator (dilution effe(Abrams and Matsuda 1996) i.e.
apparent mutualism (++) (Wootton 1994). Such stesrh interactions have been reported in
manipulative greenhouse experiments by Van Maarneal.e2012) and Bompard et al.
(2013). At a long term scale i.e. higher than predgeneration time, the predation on the two
pests may increase owing to a higher predator nioeleresponse to increased prey
availability in comparison with unique prey syste(hi®It and Lawton 1994, Messelink et al.
2008, Jaworski et al. in prep.). This leads to gatige indirect interaction between the prey
i.e. apparent competition. Such interactions mdp ke predict the consequences of adding
an alternative prey in a given system when inva\generalist and specialist natural enemies
that share a common prey. At a short time scake,cttimpetition between natural enemies
might be reduced by the addition of the alternapwey. In contrast, there might be risk of
exclusion of the specialized natural enemy after ghedator numerical response (at a long
term scale) if the increase of the generalist gaddensity leads to an increase of the

competition strength exerts by this one on theigfist
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Mechanisms may reduce risk of exclusion of spmtiahatural enemies: (i) a
preference of the generalist predator for the réitve prey, or (ii) if specialist natural
enemies also benefit from alternative prey. Gemstrptedators often exhibit preference for
some prey (Eubanks and Denno 2000, Meyling et @32 Reitz et al. 2006) and such
preference may be dependent of prey density i.é@ctswg behavior (Murdoch and Oaten
1975). Predator preference may decrease both mEscompetition and intraguild predation.
Switching behavior is not a strict preference, appens when the predator attack the most
abundant species more than hazard encounter rdtthisnmay also promote coexistence of
natural enemies i.e. generalist predator may swiidhe alternative prey when the density of
the shared prey is low (thus leaving this latertfoe specialist natural enemy). Second, it is
also possible that the specialist obtains a dibectefit from the alternative prey presence.
Specifically, in agro-ecosystem, many prey are fsgders and produce honeydew, and
parasitoid imago activity is enhanced by sugarssias nectar and honeydew (e.g. Wackers
2001). Thus if the alternative prey is a specied groduce honeydew, the parasitoid would
gain a benefit from the alternative prey preseremesn without feeding directly on it.

Under field conditions (greenhouse), we studieslithpact of an alternative prey on
coexistence of a specialist parasitoid with a gaistrnatural enemy when sharing a common
prey. The invasive pesluta absolutaMeyrick (Lepidoptera: Gelechiidae) is attacked by
various indigenous natural enemies (Urbaneja e2@l2), notably the omnivorous predator
Macrolophus pygmaeuRambur (Hemiptera: Miridae) and the larval pamdiStenomesius
japonicusAshamed (Hymenoptera: Eulophida®)acrolophus pygmaeus omnivorous and
generalist i.e. it is able to feed on the planfp(gaollen and nectar) as well on various
herbivores pest species. It is used in biologiocatml| in Europe mainly against whiteflies but
it is also able to eal. absolutaeggs and young larvae (Urbaneja et al. 2009). predator
has been shown to be engaged in a direct interac¢kiteptoparasitism) with the larval
parasitoidS. japonicugChailleux et al. in prep.a), which preferentiadiftackedT. absoluta
third larvae instar (Chailleux et al. submittelilacrolophus pygmaeuged on parasitized.
absolutalarvae, and food-probing events ultimately leathtodeath of the parasitoid juvenile
through starvation before reaching the pupae st&ge. this is indistinguishable from
intraguild predation in its impact on the parasitpppulation dynamics. However these two
species were able to coexist, in cages experimbahwo alternative prey was present in the
system (Chailleux et al. in prep.b).

In this study we assessed the impact of addin@glemnative prey in aeneralist

predator-specialist parasitoid-shared preystem on possible coexistence of the two natural
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enemies in the long term (one cropping season)ald evaluated potential benefits of the
alternative prey presence on the two natural ersenme laboratory, on longevity and
fecundity, to assess possible mechanisms promotiegistence.

Materials and Methods

Biological materials

The plants used in the laboratory experiments \ireeeweek old tomato plants, the one used
for the greenhouse experiment were four-week ofdato plantsSolanum lycopersicurh.
cv. Marmande. They were grown in climatic chamb@4 + 1°C, HR: 65%, photoperiod
16L:8D) with a nutrient solution applied daily.

A colony of T. absolutawvas initiated using greenhouse-collected indivisl@a = 190)
in July 2009 (INRA, Alenya, France). The colony wasred in cages containing tomato
plants and adult moths were fed on honey placedma wall inside the rearing cages.
T. vaporariorumcolony was initiated with greenhouse-collectedivitials (n = 100) that
were subsequently reared on tobacco plants. ThdafmeM. pygmaeuswvas provided by
Biotop (Valbonne, France) and it was reared fofeast one generation on tobacco with
Ephestia kuehniell&V-sterilized eggs as food. Finally, the parasit®i japonicusvas reared
on tomato plants infested Bl. absolutalarvae, and adults were fed with honey droplets
placed on the plants inside the cages. Rearingimtated using individuals collected in
Spain and France (n = 10 and n = 5, respectivalgréenhouses. All insects were reared in
climatic chamber (25 + 1°C, RH 70 £ 10%, 16L:8D)amges (55x75x80 cm).

Greenhouse experiment

Experimental setup

The experiment was conducted in four greenhousepadments located at INRA Sophia-

Antipolis (Southern France). Each compartment dgoathfour double lines of 16 tomato

plants grown on mineral-wool under hydroponic ctiods. Mesh nets were placed on each
double line to create four isolated groups of l&htd i.e. tunnels (L: 5m, H: 2m, W: 1m), per
greenhouse compartment. Within tunnels, plants wattached vertically on wires.

Temperature and humidity were regulated with fagpling fan, shade and openings with
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25°C as target (min < mean temperature < max: 04<222.8°C < 34.1°C; min < mean RH <
max, 32% < 79.7% < 99%; with natural ambient lighiay-July 2012).

We evaluated possible coexistence of the two niagtemies and possible impact of the
alternative preyl. vaporariorumthrough a 2 x 2 factorial design, in which thegsétoid S.
japonicuswas present in all treatments. The first two-ldaetor consisted of the presence or
absence of the generalist preddthrpygmaeusThe second two-level factor consisted of the
presence or absence of the alternative greyaporariorum These two factors were fully
crossed which resulted in four possible combinati@il with the parasitoid antl absolut:

T. absolutat+ S. japonicusT. absoluta+ S. japonicus + T. vaporariorun,. absoluta+ S.
japonicus + M. pygmaeusndT. absolutat+ S. japonicust T. vaporariorum+ M. pygmaeus
Every treatment had four replicates, one per cotmpanrt. The replicates were distributed
randomly inside each greenhouse compartment.

Insects were released homogeneously along the ltuBaeh species were released
twice: a first initial release and a second releststhe half of the generation time (two weeks
interval for mirid bug, whiteflies andl. absolutaand one week interval f@. japonicufto
avoid cycling populations due to the release methigidcrolophus pygmaeusere released
first (two pairs of one male and one female penfpia total), two weeks before the prey, and
UV-sterilized eggs ofE. kuehniellawere put on the plant in the same time to promote
establishment of the predator in the tomato crepa@vised by biocontrol agent producers).
The densities of prey chosen for releases wereseptative of heavy infestations by the two
prey (two pairs of one male and one female pertpiantotal for T. absoluta and 20
individuals per plant forfT. vaporariorum. This situation was selected to ensure getting
rapidly high prey populations so we could deteotxistence or extinction of the insects
studied. The parasitoil. japonicusvas released oncde absolutalarvae had reached L2/L3
stage i.e. the ideal stage for parasitoid offsppngduction (two pairs of one male and one
female per plant). Releases started on April 40d the last oneS( japonicuswas done on
May 22

Monitoring and Sampling

Monitoring started on May %week 1) and plants were checked weekly for 11 weEkr
each tunnel four plants were randomly selectedyewarek. The generalist predatadvl.
pygmaeusadults and nymphs were recorded on the entiret.pldre larvae oflf. absoluta
were monitored on six leaves per plant (24 leawrstymnel); two leaves selected randomly

from the upper part of each plant, two in the méddhd two in the bottom. Larvae of
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absolutawere observed by shining a torch lamp under theds to see through the mines.
Tuta absolutaeggs were observed with a hand-lens on the topléawes (young leaves are
preferred ovipositing site foF. absoluty. Larvae and eggs df. vaporariorunmwere surveyed
on six leaflets taken randomly from the upper, redand bottom parts of plants and they
were counted in the laboratory using a binocularasicope. AlIS. japonicusdults observed
in the tunnel during surveys were counted, andleafiets per plant containing. absoluta
mines were collected. Mines were then dissectedolsdrved using a binocular microscope

and larvae, eggs and pupaeSofaponicusvere counted.

Laboratory experiments: effect of the alternative prey on fitness of the natural enemies

We evaluated the effect of whitefly honeydew ongewity and fecundity ofS. japonicus
females, ofM. pygmaeusfemales and on the longevity ®f. pygmaeusmales. ForS.
japonicusfemales, treatments tested consiste®.gfaponicust T. absoluta provided or not
with the alternative prey. vaporariorum Tests were carried out in plastic boxes contginin
leaves of tomato plants, with the stems kept inewédee Biondi et al. 2012 for a thorough
description of the design) i.e. arenas. Two-day Bldaponicusfemales were placed
individually with a male in the arena (males wegplaced when found dead during the time
span of the experiment). Arenas contained €elglabsolutal 2/L3 larvae placed on a tomato
leaf. After three days, the tomato leaf dhdabsolutdarvae were removed and a new tomato
leaf + T. absolutalarvae were provided. Each leaf was dissected umddyinocular
microscope and parasitized larvae and parasitd&gping were counted. For the treatment
containingT. vaporariorum a tomato leaf previously infested with whitefarvae was added
in the boxes.

A similar design was used for trials wikh. pygmaeusTwo-day old predator females
were placed individually for three days togethethwa male before the beginning of the
experiment (no male were present with females dutie experiment because they also feed
on eggs, thus they were tested separately). Femaliestransferred individually into plastic
boxes containing either 2D. absolutaeggs or 20 whitefly larvae (preferred instars dach
prey species) depending on the treatment, per Aaymales are also predators of these
species (in contrast to parasitoid males), theceffiéthe prey species on their longevity was
also studied thanks to the same treatments. Fdr teeatment, 6-10 repetitions were carried

out.
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Data analyses

All statistical analyses were performed using Rvgafe (R Development Core Team 2009)
with the packagegyeepack For the greenhouse experiment, differences inulaipn
dynamics of pests and natural enemies among taereats were analysed using Generalized
Estimating Equations (GEE) adapted to repeated umeasver time. The effect of the
compartment was tested and was never significat@EE based on Poisson distributed data
with a log link function were applied for the numbef S. japonicusmagos,T. absoluta
eggs and larvaerl. vaporariorumjuveniles (eggs and larvae poolednhd M. pygmaeugall
stages grouped). For the parasitism rate, a binahis&ribution was used. FA. japonicus
adult population dynamic, parasitism rale absolutaeggs and larvae, the factors tested were
whitefly presence, predator presence, date anchigoese compartment. Fdf. pygmaeus
population dynamic, factors tested were whiteflggence, date and greenhouse compartment.
For whitefly population dynamic, we tested the éastM. pygmaeuspresence, date and
compartment. Main interactions among factors wése &ested.

Longevity was analysed using a log rank test whbk packagesurvival and the
fecundity (total number of offspring per female) svanalysed using a GLM (Generalized

Linear Model) designed for Poisson distributed data

Greenhouse experiment

Effect of the alternative prey T. vaporariorum ahd predator M. pygmaeus on S. japonicus
Stenomesius japonicustablished in all treatments and was presenti¢inaut the duration
of the experiment (Fig. 1). Parasitoid densitieseased in all treatments by week 6; however
populations increased more rapidly in treatments Wi vaporariorumand without predator
(140 individuals on week 7). In the other treatmsemthere onlyl. absolutawas present as
herbivore, parasitoid populatiopeaked with a 3-week lag. Population dynamic Sf
japonicus adults was affected by botkl. pygmaeusand T. vaporariorum though only
marginally significant®2 = 3.4, d.f. = 1P =0.066;2 = 3.2, d.f. = 1P = 0.072, respectively),
and by the dateyf =59.3, d.f. = 1P < 0.001). Moreover the interactions B pygmaeus
presence andl. vaporariorumpresence with the date factor were significdmt pygmaeus*
date:y? = 10.2, d.f. = 1P = 0.043; and'. vaporariorunidate: ¥ = 3.2, d.f. = 1P = 0.001).S.
japonicuspopulations were largely lower when the genergisdator was present, with an

average of 1& 4 and 35+ 6 S. japonicusadults per tunnel with and withoM. pygmaeus
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respectively. In contrasf. vaporariorumhad a slight positive effect on the numberSof
japonicus though this effect was clear mostly for the tneatits with no predator, and not
significant overall (Fig. 1). However, there was smnificant interaction betweeM.
pygmaeusand T. vaporariorumfactors onS. japonicuspopulation ¢2 = 1.8, d.f. = 1P =
0.175).

220 -—e—S. japonicus
200 S. japonicus+M. pygmaeus

—=—S. japonicus+T. vaporariorum

—=—S. japonicus+T. vaporariorum+M. pygmaeus

S. japonicus densities

Figure 1: Mean (x SE) of the parasitoi§tenomesius japonicumagos per tunnel
during an 11-week greenhouse experiment. The foeatrhents tested involveS.
japonicus andT. absolutavas also present in all treatments.

Larvae ofT. absolutawere parasitized b$. japonicusn all treatments, with the highest
rates of parasitism recorded in treatments Witlvaporariorumalone (double peak to 40%
parasitism in week 5 and 9, Fig. 2). The effectTof vaporariorumon parasitism by
S. japonicuswas significant 2 = 30.39, d.f. = 1P < 0.001) and the lowest parasitism rates
were observed in treatments with the predator al@% parasitism). ThéM. pygmaeus
presence factohad a marginally significant effect on parasitisater of T. absolutaby
S. japonicugy? = 2.81, d.f. = 1P = 0.094). Treatments with a combination of bothurel
enemies and both prey varied for rates of parasitiscorded through time with a peak to
20% in week five and in week ten (Fig. 2). The datdor had a marginally significant effect
on the parasitismyf = 2.87, d.f. = 1P = 0.090).
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L
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Figure 2: Mean (x SE) percentage of parasitizéd absolutalarvae during an 11-week
greenhouse experiment. The four treatments testeslvied S. japonicusandT. absolutawas
also present in all treatments.

Effect of T. vaporariorum and M. pygmaeus on Toalia

The generalist predator had a significant effect Tonabsolutaeggs §? =3.97, d.f. =1,

P =0.046) but nofl. absolutalarvae {2 =2.39, d.f. = 1P =0.122), andT. vaporariorum
affected significantly both eggs and larvge= 27.99, d.f. = 1P < 0.001;y2 = 27.83, d.f. = 1,

P <0.001, respectively). Lowest densities were olmgrwhen the whitefly was present
(Fig. 3). The factorsvl. pygmaeusand T. vaporariorumdid not interact significantlyM.
pygmaeusT. vaporariorumy? = 0.32, d.f. = 1P =0.573;42=0.24, d.f. =1P =0.625, for
eggs and larvae, respectively). absolutalarvae densities peaked in week 8, as high as
60+ 19 larvae per leaf in the treatments where dhlyjaponicusvas presentT. absoluta
densities dropped by week 9 in all treatments, aderdensities of generalist predator and
parasitoid increased. Variations among the weekse vgggnificant ¢2 = 28.49, d.f. =1,

P <0.001,2 =22.03, d.f. = 1P < 0.001 for eggs and larvae, respectively).
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Figure 3: Dynamics (mean + SE) of the shared prEyabsolutagggs (top) and larvae (bottom
per leaf during an 1l-week greenhouse experimeh& fbur treatments tested involvdd
absoluta
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Effects between M. pygmaeus on T. vaporariorum

Macrolophus pygmaeusad a significantly negative effect on whitefligd&= 141.9, d.f. = 1,
P < 0.001) and effect varied as function of datggfBcant interactiorM. pygmaeusiate: y?
=5.7; d.f. = 1P = 0.017). The predator reduced whitefly densif#&-fold difference when
compare to groups without the predator) duringdberse of the experiment (Fig. 4) and

vaporariorumpopulations significantly varied among datgs<128.6, d.f. = 1P < 0.001).

6000 - —=—S. japonicus+T. vaporariorum
% 5000 —=—S. japonicus+T. vaporariorum+M. pygmaeus
3
o 4000 -
Q
g
= 3000 -
©
n 2000 -
2
c 1000
[
a
0 = |
1 2 3 4 5 6 7 8 9 10 11
Weeks

Figure 4: Mean (= SE) of the alternative prey, the whitefly vaporariorum,per
leaflet during an 11-week greenhouse experiment dfthe four treatments tested
involvedT. vaporariorum andT. absolutavas present in all treatments.

The presence oF. vaporariorumhad a significant positive effect on the densitéM.
pygmaeus(y? = 12.69, d.f. =1P < 0.001) and the interaction between whitefly araded
factors were not significan{ < 0.001, d.f. = 1P = 0.993). Densities o¥l. pygmaeusvere
higher in the treatments with. vaporariorum(9.8+ 0.8 vs. 6.3t 0.6 M. pygmaeuger plant
per tunnel) and predator populations showed steadifease in numbers in week 7 (week
factor: 2 =5.79, d.f. = 1P = 0.016) whereas predator densities remainedivelatconstant

in absence of. vaporariorum(Fig. 5).
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Figure 5: Mean (x SE) of the generalist predatit, pygmaeusper plant during ar
11-week greenhouse experiment. Two of the fourtrireats tested involved.
pygmaeusandT. absolutavas present in all treatments.

Laboratory experiments: effect of the alternative prey on fitness of the natural enemies

Stenomesius japonicus

The presence of whiteflies had no significant dffatthe parasitoid longevityq = 0.06; d.f.
=1,P =0.805). Females lived 17.4 days + 1.55 with efligs and 18.7 days + 2.82 without.
In contrast, the presence of whiteflies slightlcraase the parasitoid fecundity (total
ovipostion per female: 5.65 eggs + 2.30 with whigsf 3.2 eggs + 0.63 without), though it
was only marginally significantq 14= 3.47;P = 0.083).

Macrolophus pygmaeus

The prey species i.e. witheflies larvealorabsolutaeggs, had a significant effect on predator
longevity ¢? = 5.6132; d.f. = 1P = 0.0178) and sex factor was significant i.e. nty
differed between males and femalgs € 7.2551; d.f. = 1P = 0.0071). In addition the
interaction between the two factors (prey spedegiygmaeusex) was significant, hinting
that the effect of whitefly on predator longevitgried between the sexes (prey spedkes*

pygmaeussex :y? = 4.3429; d.f. = 1P = 0.0372). In fact, only males longevity increased
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owing to availability of whiteflies. Effectively.eimales and males lived 22.0 days + 4.30 and
28.4 + 5.52 respectivelly with. absolutaeggs, and 21.7 = 3.08 and 61.7 £ 9.29 respedtivell
with whiteflies. Moreover the effect of prey spexien the fecundity was also significant
(F114 = 6.1236;P = 0.0267). Total ovipostion per female was 15.¢gfse+ 4.55 withT.
absolutaand 48.12 eggs + 14.38 with whitefly larvae.

Discussion

The four species were able to coexist for the tapan of our experiment i.e. 3 months, and
the alternative prey did not promote exclusionhaf specialist natural enemy (the parasitoid
S. japoniculs The generalist predator populations were entthoeeng to the presence of the
alternative prey (whitefly). However, the specialisarasitoid seemed benefiting from
alternative prey presence in the absence of therghkst predator; the highest parasitoid
density was obtained 3 weeks earlier in the treatmh the alternative prey vs. in the one
without the whitefly. This beneficial effect of wihkfly on the specialist parasitoid was
actually more marked on parasitism rates recorded.

Our laboratory experiment hinted the occurrenca @ommensalism interaction (+0)
between the alternative prey and the parasitoidspe that the alternative prey was
consumed by the generalist predator, it also bemethe specialist because the honeydew
produced by whiteflies served as food for the ptoms Honeydew is a source of sugar and
amino-acids (Douglas 2006) and it provides energetake and helps proteins production in
synovigenic parasitoids e.g. B. japonicus Effectively, honeydew from host or non-host
species is commonly exploited by parasitoids arslldgen shown to have a positive effect on
various fitness-related traits e.g. survival, eggdpction, and fat reserves (England and
Evans 1997, Eijs et al. 1998, Hirose et al. 2008.did not observe an increase in parasitoid
longevity owing the honeydew availability, howeudere is usually a trade off between
longevity and fecundity (Barnes and Partridge 20@8khopadhyay and Tissenbaum 2007).
Therefore, the increase in fecundity that we reedrth our study may have lowered the
possible beneficial effect of honeydew on paragitimingevity. Parasitoids of honeydew-
producing hosts do not waste much time for foragorgfood as it can be obtained directly
when parasiting the hosts (Jervis et al. 1996)th@ncontrary, some studies have shown that
time needed for searching for food sources thahatelirectly related to the host (or even the

host-plant system), e.g. nectar or others, cantantislly reduce available host-searching
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time (Takasu and Lewis 1995). This is an importarst for parasitoids, notably those that are
time-limited (Papaj 2000). In our study, the preserof whiteflies in the greenhouse
experiment benefited to the parasitoid, and thenaf/the parasitoid had to feed on honeydew
from a non-host species.

Macrolophus pygmaeus known to show a numerical response to whitsfhecies
(Hamdan 2006). In concordance, we observed highepygmaeusiensities in treatments
which had the whiteflyl. vaporariorumas alternative prey. Howevevl. pygmaeuss known
to exhibit a switching behavior when feeding on tetty and T. absoluta so it feeds
preferentially on the most abundant prey (Jawoetkal. submitted). Therefore, even if the
coexistence of the two natural enemies (parasda predator) might have been disfavored
due to increased predator density in responseet@lternative prey, the switching behavior
exhibited by the predator, may have promoted ctexig. Switching behavior in predators
has been shown to promote coexistence under cextaitditions in a two prey-one predator,
though this is based only on modelling studies §dnt1984, Krivan 2003). The impact of
this behavior on predator coexistence with hetexo$ip species had been poorly studied.
However, Holt and Polis (1997) suggested that adajtehaviors may facilitate coexistence
when documenting intraguild predation in an intitpredator-intermediate predator-shared
prey system. More specifically, these authors psedothat, if adaptive foraging by the
intraguild predator leads to switching between phignary resource and the intermediate
predator, the system should be stable. Hence, tain mechanisms, both related to predator
switching behavior, may help coexistence in ouldgical systems. First, the low predation
pressure on a shared resource when this one rebmhegensity levels may favor natural
enemy coexistence. The generalist predators swigchther resources leaving remaining
shared resource available to the specialist nagrmamy. Second, when the specialist is a
parasitoid, the switching of the generalist predatiween the shared and the alternative prey
is similar to the switching between an intermed@iasumer (parasitized prey items) and an
alternative prey, as described by Holt and Pol@97). Such process may have favored
coexistence by reducing kleptoparasitism eventpamasitizedT. absolutalarvae. In our
study, kleptoparasitism and intraguild predatiomldonot be distinguished from each other
when studying effects on parasitoid population dyica because thefts ultimately led to the
death of parasitoid juveniles (Chailleux et alprep.a).

In terms of biological control, the fact that thengralist predator and the specialist
parasitoid were able to coexist during the cropmegson, and this despite that a common

alternative prey for the predator is present indfap, shows promising avenues for possible
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inoculative biological control ofT. absolutathrough release of the larval parasitoid
S. japonicus A parasitoid-mediated indirect interaction, agoaéramensalism (-0), occurred
betweenT. absolutaand whitefly. The presence of whiteflies improwad parasitism levels
by providing extra food sources (honeydew) to theapitoid. In the presence of whiteflies,
the addition of the generalist predator did nobrsgity improve the pest control and a similar
efficient control of T. absolutawas observed in the two treatments containing efifes.
Nevertheless M. pygmaeuswas essential in the cropping system because thigefly
population showed important outbreaks when it weseat. Substantial damages to plants and
fruits were recorded owing to the production of &hew by whiteflies in this case. The best
results in terms of crop protection were recorddebnvthe four species were present in the
system, similar results were recently reported Bssélink et al. (2013) in an other biological
system, where authors observed a positive effethefassociation of a generalist predator,
Orius majusculusReuter, with a specialist parasitoiflphidius colemanViereck, on the
control of two major pest species in sweet pepper: green peach aphMyzus persicae
Sulzer and the western flower thripsankliniella occidentalisPergande.

Overall, our study demonstrated the capacity ofcigfist parasitoids and generalist
natural enemies to coexist when they share a commsetiprey. This occurred despite the
presence of an alternative prey that promoted teeemlist predator population. We
highlighted possible mechanisms that may promoth swexistence in the presence of the
alternative prey. Two main mechanisms may courdgdarite the detrimental effect of the
alternative prey i.e. the increased predator dgmsitesponse to the richer ecosystem. First
whitefly honeydew increased parasitoid fecundigcand the predator may have weaken the
competition thanks to a switching behavior in tlmesence of the two prey. However these

hypotheses should be verified in further studiesther biological systems.
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Discussion générale

Le travail de these se divisait en trois partigdjéctif général étant de contribuer a la
mise en place de la protection biologique contre espece invasivd, absolutaen mettant
notamment en évidence l'importance des interactionli-trophiques dans les agrosystemes
et leurs roles dans le succes de la mise en plangpdogramme de lutte biologique. Dans un
premier temps, nous avons recherché qu'elles étlsnnteractions modifiées/ajoutées par
linvasion du ravageur exotique, puis nous avongrdié quels nouveaux auxiliaires
pouvaient permettre d’améliorer le contrdle biotpg de cette espéce en nous concentrant
sur des auxiliaires autochtones, dont l'utilisate®t moins risquée vis a vis des écosystemes
locaux. Finalement, nous avons testé I'impact gakne I'introduction de ces nouveaux
auxiliaires dans le programme de lutte biologiquéegistant dans les systemes de culture

sous serre de tomates.

I) Les interactions indirectes liées a I'invasion tela perturbation potentielle

de la lutte biologique préexistante

En arrivant dans un agrosysteme, une espéce imvasiut perturber, positivement ou
négativement, le contrble biologiqgue des autresagaurs si I'on est en présence d'un
prédateur généraliste capable de s’attaquer ausele proie. L'impact de l'invasion peut
étre négatif si le prédateur a une préférence |@oproie invasive. Cependant, il semble que
M. pygmaeusit plutét un comportement de « switching » ets deux proies (Jarowski
al. in prep.), or ce comportement, qui consiste dépefla proie la plus abondante (Murdoch
et Oaten 1975), aurait plutdt un effet régulataurla dynamique des populations de proies
(Huston 1984). L'effet peut aussi étre négatif artdeerme, i.e durée inférieure a la durée
d'un cycle du prédateur, si I'on observe un effetdilution de la prédation, et donc un
mutualisme apparent, cet effet n’a pas pu étrereéstans notre expérimentation. Sous serre,
il a cependant était mis en évidence par Messelirat. (2013) ; il est possible que dans notre
expérimentation les densités de proies aient @p faibles pour que les méthodes de
comptage aient pu permettre de le détecter, cepeeta pourrait étre mis en évidence au
laboratoire a une échelle d’expérimentation plssreinte. Au contraire, on peut observer des
effets positifs a long terme sur le contréle biadpg si I'on observe de la compétition

apparente. C’est ce qui a été observé dans nostioosdexpérimentales. Le prédateur étant
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capable d’avoir une réponse numérique sur les dgoes de proie, I'arrivée de I'espéce
invasive a plut6t un effet bénéfique sur le comtidiologique, ce type de résultat a rarement
été mis en évidence clairement, mais des rés@sssz similaires ont été observés sous serre
sur poivron (Messelinkt al. 2008). Pourtant quand I'espéce invasiveabsoluta est seule,

la réponse numérique n’est pas visible, cela péet @& a deux choses différentes, tout
d’abord du fait que les populations étaient cyaig(Abrams 1998). Mais cela peut aussi étre
du au fait que le nombre de proies qui permet éeder réponse numérique du prédateur ne
lui soit pas accessible, soit a cause d’'une dedsitgroies trop faible, soit par une mauvaise
exploitation de cette ressource i.e mauvaise ctpdei recherche de I'h6te. Dans ce cas, ce
gue l'on observait en présence des deux proiesrgibd@ventuellement étre du au bénéfice
d’'une nourriture mixte. Evanst al. (1999) ont comparé la production d'ceufs par deux
coccinelles aphidiphage€occinella septempunctatat C. transversoguttatanourrit de
pucerons et de charancons. Les femelles produtsareplus grand nombre d'ceufs lorsqu'un
régime alimentaire de pucerons en nombre limité étemplété par des larves de charancon,
méme si ce dernier, fourni seul, ne permettaii@asproduction de ces coccinelles.

Percpectives : I serait intéressant de tester I'existence dedmpétition apparente en

présence d’'un parasitoide pour chaque espéce, cafaside cas dans la majorité des serres,
afin d’établir si cette interaction joue un réleéme dans un systéme plus complexe. Cela
aurait aussi un intérét du point du vue de la lbitdogique, puisque le contrble par le
prédateur généraliste, méme en présence des dpagess n'était pas suffisant pour étre
acceptable en serre de production et nécessitoait I'ajout d’auxiliaires, tels que des

parasitoides.

II) La recherche de nouveaux auxiliaires autochtong pour le contrble

biologique deT. absoluta en Europe

La recherche de nouveaux auxiliaires a du se f&mralsur I'utilisation d’especes
autochtones pour éviter les risques sur les éamgst naturels lies a une nouvelle
introduction (Article 3). Si la majorité des prograes de lutte biologique contre des espéces
invasives porte sur l'introduction d’auxiliaires agiques (Allendorf et Lundquist 2003,
Hoddle 2004) c’est parce que, justement, I'esp&ume devenir invasive car elle a été capable
de surmonter les différentes barrieres de I'écesyst envahi et notamment la barriere

constituée par les ennemis naturels autochtonds levgectionLes Invasions biologiques
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pour plus de détails). Les especes invasives npast d’ennemis naturels suffisamment
efficaces pour assurer un contrdle biologique mhtdes cultures. Cependant, nous disposons
de méthodes, telles que la lutte biologique pamargation, qui permettent de manipuler les
densités de populations d’ennemis naturels daregursysteme, ce qui est d’autant plus vrai
sous serre.

Parmi les prédateurs généralistes et les spéemlidtintérét a été porté sur les
parasitoides, puisqu’un prédateur généralidtgpygmaeusdéja présent dans les serres s’était
montré efficace contr€. absolutades les premiére détections de I'espéce invaklveafieja
et al 2009, Bompardet al. 2013). Les parasitoides pourraient ainsi venir étar
efficacement son action (Snyder and Ives 2003n fhllu s’intéresser a des parasitoides
suffisamment généralistes pour s’attaquer a unie pavec laquelle ils n'ont pas coévolué.
C’est le cas des trichogrammes qui sont connus panasiter une gamme de Iépidopteres tres
large (Smith 1996). De plus, ces derniers sontédldacilement a grande échelle, ce qui
rendait possible la lutte biologique par augmeatatinotamment celle par inondation.
Cependant les résultats obtenus ont montré, matgréonne efficacité de certaines souches
en laboratoire, notammentrichogramma euproctidjsque les espéces/souches testées ne
permettaient pas un meilleur contréle que la soudj@ commercialiséd,. achaeadArticle
4) en conditions réalistes (cages et compartimaémtserre). Nos résultats ne vont pas dans le
sens d’'une amélioration de la lutte via I'utiligatid’une nouvelle souche de trichogrammes,
cependant une approche différente aurait peutdrené d’autres résultats. Les résultats
obtenus ont rappelé I'importance de faire corredpdtes besoins et les caractéristiques des
ennemis naturels avec ceux de l'agrosysteme clildes souches testées ne se sont pas
montrées prometteuses, cela peut étre du a dewsbpivds: (i) les trichogrammes ne sont
globalement pas adaptés a ce systeme ; (2) lehewuestées n’'étaient pas adaptées au
systeme, mais elles ne sont pas représentativepapesations disponibles en Europe. En
effet, des organisations comme [I'lOBC (Internatiol@ganization for Biological and
integrated Control of noxious animals and plantgqient déja soulignées I'importance
d’évaluer l'efficacité des auxiliaires commerciabs afin de s’assurer que les conditions
d’élevages ne conduisaient pas a une chute desticacite, or certaines des souches testées
dans notre étude étaient en élevage depuis plgseégurées. Un effet négatif des conditions
d’élevage sur les auxiliaires n’est pas systématitioffmannet al. 2001, Kolliker-Ottet al.
2003), mais des cas de réduction de fitness etefaation des hétes naturels ont été observés
(Ashley 1973et al. Van Bergeijket al. 1989, Salmonovat al. 1992), c’est pourquoi un test

d’efficacité comme celui du «test de vol » mis place par I'lOBC, et qui semble
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efficacement discriminant (Prezotét al 2002), aurait peut-étre pu permettre d’écarter
certaines souches. Il apparait en effet que l'affii@ des trichogrammes est associée a la fois
au parasitisme et a la mobilité. La variation deitasse de déplacement a été utilisée pour
estimer la capacité de localisation et I'efficad#s souches d€. maidispour des lachers
inondatifs (Bigleret al. 1988). Il y a également eu des tentatives poutbaoen les parametres
de qualité dans I'élaboration d'un indice de gédlitu et Smith, 2000). En particulier, Dutton
et al. (1996) ont mesuré quatre parametres de quabkt&itdsse de marche, la durée de vie et
la fécondité sur I'héte naturel, ainsi que I'hGtdedage. Si notre étude a bien pris en compte
la fécondité sur I'insecte héte et la plante hftesapacité de déplacement a été négligée dans
ces tests. En effet, le déplacement des micro-hgptéres par la marche sur la tomate est
connu pour étre particulierement difficile, le vedt donc un élément clé de I'efficacité des
ennemis naturels sur tomates (e.g. Kauffman et &&ynri989, Kennedy 2003). Finalement,
les expérimentations suivantes a échelle réalatecle 3) ont permis d'éviter de se lancer
dans un programme de lutte biologique a grande llécla@ec des agents inefficaces.
Effectivement, ce type de test en grandes cages s#we est recommandé avant tout choix
définitif d’'ennemis naturels (Hoelmer et Kirk 2005)

Par conséquent, il est ensuite apparu intéresgase dourner vers d’autres familles de
parasitoides (Article 5), ainsi nous avons évdkféidacité et la biologie de deux parasitoides
larvaires de la famille des Eulophidae, fréquemmmetrouvés suil. absolutasous serre de
tomates (Urbanej&t al. 2012, Zappaleet al. 2012 et article 2). Bien plus gros que les
trichogrammes et tres bon voiliers (observationssgnelles), ils étaient par conséquent
moins sensibles aux trichomes de la tomate. Auramatdes résultats obtenus pour les
trichogrammes, ces deux especes se sont avérdastfmoses. Elles ont montré de trés bons
niveaux de parasitisme siir absolutasur tomates (y compris sur plante entiére), @étagent
aussi toutes deux capables de se reproduire ssiepta cycles sur cet hote (élevage de
laboratoire effectué sur le systerie absolutatomate). Ces meilleurs résultats peuvent
s’expliquer par le fait que les parasitoides lae&iprovenaient de collectes sous serre de
tomates sur le terrain, au contraire des trichogram qui provenaient de collections de
laboratoire. Les collectes de terrain, bien queglms et fastidieuses, permettent une
présélection des especes a la fois capables dsitpart attirées par la nouvelle espece dans
'écosysteme cible. Aux vues de nos résultats,einlslerait que cette technique soit a
privilégier lors de la recherche de nouveaux ensemaiturels pour tout les parasitoides en
général, mais aussi pour les trichogrammes comowmm@andé par les spécialistes (Hassan
1994, Smith 1996).
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Il est difficile de comparer ces études a d’autrasaux visant a évaluer ['efficacité
d’espéces autochtones pour lutter contre une espeasive car, bien que conseillée, cette
méthode a rarement été mise en place (Michaud 20@djicacité de prédateurs autochtones
a cependant été remarquée pour le contréle bialegiy puceron du soja en Amérique du
Nord, invasif sur ce continent (Desneek al. 2006). Une autre étude a aussi démontré
I'efficacité d'un Eulophidae autochton€ameraria ohridella,sur une mineuse exotique
(Grabenwegeet al 2009). L'étude de l'efficacité des parasitoidessiaque sur la mise en
place d’'une technique d’élevage sont souvent caxepl@our les parasitoides spécialistes de
mineuses. C’est pourquoi les auteurs de cette ¢inagmsaient 'utilisation du parasitoide en
lutte biologique inoculative, car elle nécessiteimaal’individus. C’est aussi une proposition
gque l'on peut faire pouStenomesius japonicuslont on pourrait envisager des lachers
inoculatifs sous serre des I'apparition de larve$ .dabsolutadans la culture.

Percpectives : Il pourrait étre intéressant de faire des prospastisur le terrain en

prélevant des ceufs de absolutasous serre de tomates, soit par collecte, saitiésant des
ceufs sentinelles, afin de trouver des souches dasifEides oophages sur le terrain.
Cependant, suite aux grosses quantités de laatmdatifs del. achaeagil est probable que
cette espece soit retrouvée systématiquement. igdwgrammes (ou autres parasitoides
oophages, typdrichogrammatoidagpar exemple) ainsi récupérés pourraient étre&ésest
l'aide du « test de vol » puis évalués directen@ntage sous serre. En ce qui concerne les
parasitoides larvaires, la priorité doit étre msse la recherche de moyens d’élevage de
masse. Les parasitoides spécialistes de mineugegamtent que les larves dans leurs mines,
ce qui complique 'élevage. Cela a cependant d&anés en place au niveau industriel pour
un autre parasitoide larvaire de mineuddiglyphus isaea (Walker) (Hymenoptera:
Eulophidae), ectoparasitoide de la mouche mineeida thmate, mais I'élevage reste colteux

(Chow et Heinz 2006).

[Il) Les interactions liées a l'introduction de noweaux auxiliaires au sein de

I'agrosysteme

On sait, grace aux théories d’écologie que, pow ltassociation d’ennemis naturels
pour le contréle d’un seul ravageur augmente ldrénbiologique, les ennemis naturels ne
doivent pas partager totalement la méme niche gicple (Gause 1934, Tilman 1982). C’est

d’ailleurs ce qui est a l'origine de I'émergencelddee de gérer le paysage dans le but de
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promouvoir le contréle biologique (Wrattegt al. 1998). Sous serre, l'agrosysteme est
totalement contrélé par ’'homme, mais dés qu'igg’'ae contrdle biologique, les interactions
naturelles ont un réle essentiel, aussi dans cggmgs protégés. De plus, la serre constitue
un environnement particulierement favorable a tétudes interactions de par le contrble
accru de tous les parametres, par rapport au chetnhgp possibilité de manipuler les especes
présentes (Van Lenteren 2000, Enkegaard et Broab@896). Les prédateurs omnivores
sont tres utilisés en lutte biologique pour leyvazté a contréler plusieurs ravageurs a la fois
et pour leur capacité a étre présents sur la eulaant les ravageurs. lls sont aussi tres
communs sous serre, cependant leur large gammeots @t leur capacité a se nourrir sur
différents niveaux trophiques en font la source raenbreuses interactions directes et
indirectes (Symondsoet al. 2002).

Les résultats des études présentées dans leesamictt 7 ont porté sur 'adéquation
entre les trichogrammes et l'agrosystéme tomates s®rre, en prenant en compte la
présence du prédateur généralidtepygmaeusL’intérét ici, était d’envisager une potentielle
utilisation des trichogrammes en lutte biologigneculative, ou tout au moins de prendre en
compte une éventuelle efficacité de la premiéreggion née sur le terrain, afin de réduire le
nombre d’individus dans les lachers suivants, densut de diminuer la contrainte
économique limitant [l'utilisation des trichogrammegsar les producteurs. En effet,
puisqu’aucune souche plus efficace quachaeagou ayant une capacité a étre stockée grace
a des mécanismes de diapause ou de quiescencéténiaise en évidence par les études
précédentes (article 4), une autre possibilité éimimodifier I'utilisation des trichogrammes
via une réduction des doses de lachers. Cepemiznétudes a ce sujet tendent a montrer que
I'écosystéme cible ne présente pas des caraajéestitres favorables aux trichogrammes
pour deux raisons principales, (1) les trichogramsughissent de la prédation intra-guilde de
la part du prédateur omnivore (Fig. 6), et (2)ystéme insecte hote-plante héte leur est peu
favorable.

La prédation intra-guilde est fréquemment rencentréans les agrosystémes
(Rosenheimet al. 1995), celle-ci n'a pas toujours un effet négatit la protection des
cultures, il semblerait en fait que les cas deupbkdtion de lutte biologique surviennent
surtout quand le prédateur intermédiaire n’est ypagparasitoide, et que par conséquent, la
consommation du prédateur, en plus de réduire palption d’ennemis naturels, détourne le
prédateur généraliste de la consommation du rava@éesselinket al. 2011). Mais dans
notre étude, la prédation intra-guilde vient s’&ow une mauvaise adéquation du parasitoide

avec le systeme héte i.€. absolutatomate, et conduit a une efficacité négligeabldade
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premiere génération fille, née sur le terrain. Cadiscuté dans l'article 7, il semble que la
mauvaise adéquation des trichogrammes avec lensggiéte soit en partie due a la taille des
ceufs deT. absoluta étant donné qu’aucun mécanisme de défense immiwdiencapsulation
n'a été mis en évidence chez des ceufs de |épidoptartaille, et donc la performance des
imagos, dépend en effet de la taille de I'ceuf dagael ils se sont développés (Smith 1996).
Ce qui s’ajoute aux caractéristiqgues de la tomaiesgnt peu appropriées pour les micro-
hyménoptéres, comme évoqué précédemment. Ainstridegrammes contré. absoluta
doivent continuer d’étre utilisés via des lachemsndatifs réguliers, comme ils le sont
actuellement sur ce ravageur, bien que la lutteulaive ait pu se révéler efficace sur
d’autres systémes (Kuhat al. 2002, Wrightet al. 2002, Hoffmanret al. 2006). Dans ces
conditions, la prédation intra-guilde, méme si ek produit sur le terrain, a pour seule
conséquence que lefficacité des deux auxiliaires stadditionne pas exactement, leur
efficacité respective se recoupe. De plus, ce mpaoment est faible puisque le prédateur évite
les ceufs mélanisés (noirs) (article 6). Sans ilasiah des trichogrammes dans le systeme, la
prédation intra-guilde n'a pas d'impact sur la dyigue des populations, le prédateur

omnivore et les parasitoides oophages peuventaworinuer d’étre utilisés ensemble.

| Competition pour la ressource

(=)

Prédation (+-)

Parasitisme (+-)

Figure & : Eésean trophique autour de 7l absofufe en situation de contrdle biologique avec des
trichogrammes et M. pyomasus Les ronds schématisent les effets négatifs, les pointes les
effets positifs, les traits continus les interactions directes et les pointilles les interactions
indirectes:
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Les articles 8, 9, 10 ont porté sur la possibtitétiliser le parasitoide larvaire en lutte
biologique inoculative méme en prenant en compféaence du prédateur généraliste dans
la culture, comme pour les trichogrammes. Maisin&drse de ces derniers, les études des
articles 8 et 9 montrent plutét une bonne adéquaditre le systeme tomates sous serre et le
parasitoide larvaire, malgré une interaction dee tgéptoparasitisme (article 6) avec le
prédateur, qui vole la ressource des parasitoid&nijles. Tout d’abord, seul, le parasitoide a
montré une efficacité supérieure a celle du prédateul. Ensuite, la coexistence s’est avérée
possible avec et sans proie alternative pour |elgbeéir omnivore, mais elle s’est aussi
montrée bénéfique pour le contréle biologique.

Du point de vue des mécanismes de coexistencestilassez surprenant que le
parasitoide ait pu survivre en présence du prédgeneraliste. On s’attendait a ce que, dés
gue la densité de population de proies chute sourain seuil, le parasitoide soit exclu du
systeme, ne tolérant pas des niveaux de proieail#ds. En présence d’'une proie alternative,
il était plus difficile de faire des pronostics,iggue le parasitoide devait étre a la fois favorisé
par la présence du miellat produit par les alewsad@®uglas 2006), et défavorisé a cause
d’'une réponse numérique accrue du prédateur géstérah présence d’aleurodes (Hamdan
2006). Si de nombreux auteurs ont étudié la coenxigt entre espéces par une approche de
modélisation, le nombre d’études expérimentaleldg terme dans ce domaine reste encore
limité (Amarasekare 2003). En théorie, I'additicaree proie exclusivement disponible pour
le prédateur omnivore, quand le parasitoide a s®ie acces a la ressource commune,
augmenterait les risques d’exclusion du parasitgii@t et Huxel 2007). Cependant, les
parasitoides, ici, bénéficient aussi de la proieradtive via le miellat. Nos études ont donc
montré que (1) un parasitoide peut se maintenis danécosysteme fermé quand il partage
son unique ressource avec un prédateur omnivordapérplusieurs mois, cependant nous
n‘avons pas pu mettre en évidence le mécanismeisavd cette coexistence (article 9), et
gue (2) la coexistence était toujours possible putant une proie alternative pour le
prédateur omnivore (article 10).

En [labsence d’aleurodes, plusieurs niches écolmgq peuvent expliquer la
coexistence. D’aprés nos résultats de laborattargnartitionnement de la ressource selon
'axe de la plante n’a pas pu favoriser la coexisteentréVl. pygmaeu®t S. japonicusNous
n'avons donc pas pu conclure quant a I'existenceal’niche liée a la répartition des stades
attaqués sur la plante. Il est probable que cescespétant toutes deux trés mobiles, une
répartition spatiale de la ressource ne permegalpdimiter les interactions intraspécifiques.

Dans notre modéle biologique, la spécialisationdas stades larvaires différents ne constitue
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pas une niche, comme discuté dans l'article ernhlde donc que I'on ait plutbt affaire soit
(1) a des comportements d’'agrégation qui vont faeorla coexistence, soit (2) a des
compromis entre les traits d’histoire de vie. En q@& concerne les comportements
d’agrégation M. pygmaeus, en effet, une prédation dépendante de la ded%ibtes et a
tendance a rester plus longtemps dans les pafonteaensité (Enkegaasd al. 2001), tandis
gue chez de nombreux parasitoides d’insectes nanEucomportement d’exploitation de la
ressource en hoétes est plutdt inversement propoeioa leur densité (Connor et Cargain
1994). Cependant, a I'échelle d’'une cage, il y@¢e chance que cela ait permis de limiter la
compétition pour la ressource, par contre, cela aywir un impact sur le cléptoparasitisme,
et réduire, par ce biais, la pression du prédaigurivore sur le parasitoide larvaire. On peut
aussi expliquer la coexistence par des comprontie é&s traits d’histoire de vie, la question
étant de savoir comment le parasitoide, qui n'atdés possibilités que de consommer son
unique proie, a pu supporter les périodes a faiblesité de proies. Il y a deux explications
envisageables a cela (). pygmaeus une faible capacité a rechercher I'hote, il pleie
donc qu’une tres faible partie de la ressourcergstie donc disponible pour le parasitoide ;
(2) la longévité du parasitoide lui permet dattendjue les populations d’hotes ré-
augmentent apres une chute. Il est vrai §ugpygmaeugeste inactif pendant une grande
partie de son temps par rapport au temps allowéracherche de proies (Montserettal.
2004). On peut donc supposer qu'il existe un commggoentre le régime alimentaire et la
capacité de recherche de la ressource entre lesed@éces, qui permettrait au parasitoide
d’exploiter la ressource que le prédateur n'a pasive. Ce phénomene a favorisé la
coexistence dans de nombreuses études (Bevwh 1997, Amarasekare 2003, Bonsztllal.
2004). En ce qui concerne la deuxieme explicatmmongévité du parasitoide, ce paramétre
est connu comme favorisant la coexistence mais rcekt vrai que si les deux especes en
compétition ont des durées de vie différentes (Blbies al 2002). Or ici, méme si les durées
de vie varient pour la méme espéce selon les ajtelles sont toutes deux connues pour
avoir une durée de vie longue (~2 mois), ce méoanis'a donc probablement pas permis de
favoriser, a lui seul, la coexistence. Il est cejaan possible que les deux mécanismes
associés aient été en mesure de favoriser la teszes a la fois par une utilisation partielle
de la ressource par le prédateur, qui a permistdréune extinction de la population de la
proie commune et de laisser suffisamment de ressopour soutenir la population du
parasitoide, mais aussi la longévité du parasitqiddui a permis de survivre aux périodes a
faible densité de proies. En effet, en termes tte hiologique, le probleme rencontré si le

ravageur disparait, est que le parasitoide va WUsisiadisparaitre. En cas de nouvelle
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infestation, venue de I'extérieur de la serre,alsera plus présent dans I'agrosystéme pour
contrbler les populations de ravageurs, or on dans nos résultats que le prédateur n’offrait
pas un contrdle suffisant, méme lorsqu’il est istavant la proie. C’est pourquoi il parait
plus intéressant de maintenir un faible niveau deep sur la culture, qui provoquera des
niveaux de dégats négligeables, mais maintiendradeulations d’auxiliaires qui assureront
ainsi un contrdle permanent, méme en cas de nesvelasions.

L'impact des aleurodes dans le systéeme était @sbeéntester, ceux-ci sont présents
dans la majorité des systemes sous serre, etrilittgent une proie appréciée des punaises
prédatrices (Heinet al. 2004). Le parasitoide consommant du miellat, sourénergie et
d’acides aminés (Douglas 2006), il était logique d@ présence d’aleurode le favorise, et
c’est bien ce qui a été observé. Il est probabke apibénéfice, associé au comportement de
« switching » du prédateur, est favorisé la coerist et évité I'exclusion du parasitoide. En
effet, comme évoqué précédemmaehit, pygmaeusa une préférence pour la proie la plus
abondante, la délaissant ensuite quand elle attgi@tfaible densité. Si le niveau a partir
duquel le prédateur omnivore abandoinebsolutaest supérieur a celui nécessaire pour la
survie du parasitoide (Tilman 1990), le « switchehgeut étre un mécanisme ayant favorise
la coexistence. Dans notre étude, en présence dmoia alternative, les mécanismes
favorisant la coexistence ont contrebalancé lesteffiégatifs et permis le maintient du
parasitoide dans I'agrosystéme. Il semblerait dprecla coexistence entre un spécialiste et un
omnivore soit possible, méme en présence d'une @itérnative.

D’'un point de vue appliqué, ces résultats montmune les deux ennemis naturels
peuvent coexister ensemble méme en présence ds @iltérnatives pour le prédateur. C'est
d’ailleurs dans la modalité avec les quatre esp@cesle meilleur contréle a été obtenu,
corroborant ainsi les études qui montrent qu’ungmantation de la biodiversité améliore le
contrble biologique (Waage et Hawksworth 1991, Biaret al 2006), y compris en serre
(Messelinket al. 2010, 2013).

Perspectives : D’un point de vue théorique, il faudrait expérirteanla coexistence

d’associations similaires sur d’autres modelesdgiiojues ou le parasitoide tire un bénéfice de
la présence de la proie alternative, comme un sMs@vec pour proie commune une espece
de pucerons, puisqu’ils produisent eux aussi dulamieafin de vérifier si la coexistence en
milieu fermé est aussi possible. D’autre parteriadt intéressant d’évaluer mathématiquement
limpact du miellat et du «switching » sur la ce#®&nce, en isolant les mécanismes.
L'impact du miellat pourrait aussi étre comparéetuicd’une vrai proie alternative pour le

parasitoide. Contrairement a une consommationaesril s’agit d’'une source de nourriture
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Cléptoparasitisme (compétition
par interference) (+-)

Ceompetition pour la ressource

(=-)

. Sy a3
Commensalisme s Predation (+-)

Parasiticme (+-) (+0) FPrédation (+-)

Compétition apparente

{5

Eigure 7 Eéseau trophique autour de Tl absoduia en situation de contrdle biologique avec 5
Japonmicus et M. pyegmaeus comme ennemis naturels en présence d'aleuredes. Les ronds schématisent
les effets négatifs, les pointes les effets positifs, les traits continus les interactions directes et les
pointillés les interactions indirectes.

qui n’est pas aussi riche que celle obtenue parissage sur I'héte, or la ressource en acides
aminés est nécessaire aux parasitoides synovigénjpur assurer une production continue
d'ceufs. Il ne fournit pas non plus dhéte supplétaea pour loviposition. Les
expérimentations empiriques, ou I'on manipule Isgéees présentes et leur densité, comme
celles que nous avons menées en cage et sous,tsonelessentielles afin d’étudier les
mécanismes de dynamique des populations dansdegstéemes. Ce type d’expérimentations
a dailleurs été recommandé par de nombreux écsikeryi(e.g. Rosenheimt al. 1995,
Cardinaleet al. 2003, Letourneawet al. 2009). D’'un point de vue pratique, I'association
prédateur généraliste et parasitoide larvaire atmboson efficacité dans des conditions
réalistes variées, mais il reste a évaluer dift@®doses de lachers pour envisager des lachers
plus faibles, mais aussi a tester I'efficacité @sdociation en serre de production. D’'une

maniere plus globale, les associations durablemémis naturels, spécialistes et généralistes,
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sont en générale complémentaires en termes dedtmdtr ravageur (Snyder et lves 2003), et
la lutte biologique par inoculation étant économeiguent plus soutenable que les lachers
inondatifs, ces associations sont a développere@mt, le milieu sous serre est un milieu
clos et possede une diversité en plantes et eeglfimnitée, il ne permet que peu ou pas
laction du meécanisme de dispersion-colonisation r@ueau méta-populationnel. Par
conséquent, il n'est pas propice a la coexistencéedong terme (ou au moins sur la durée de
la culture) des ennemis naturels qui risquent darsune trés forte compétition. C’est
pourquoi, les études sur le sujet doivent se powesuafin de pouvoir favoriser les
mécanismes qui vont permettre cette coexistenest probable que, par exemple, I'efficacité
du parasitoide puisse étre amélioré via l'insertlenplantes nectariféeres dans la serre, mais
les adultes dd. absolutabénéficient aussi du nectar, ainsi toutes lesufftes approches
d’amélioration du contrdle biologique doivent étestées en conditions réalistes afin d’en

vérifier les bénéfices.

Finalement, cette thése a contribué a mettre edegee les perturbations liées a
l'arrivée d’'une espece invasive dans un agrosystgume celles liées a I'ajout de nouveaux
auxiliaires contre ce ravageur dans le systemera@ail a aussi mis en évidence lI'importance
de la prospection, comme meilleur moyen de recleerdes espéces, plutdt que Il'utilisation
d’ennemis naturels «en stock ». Il a aussi comérih mettre en évidence le réle des
auxiliaires autochtones dans le contréle des espawgasives, au moins en serre. D’apres les
expérimentations menées en conditions réalistesenhble qu’il soit tout a fait possible
d’obtenir un contréle efficace de l'espece invasiamsi que des especes ravageuses
autochtones par des moyens de lutte biologiqueulatiee, grace a de nombreux mécanismes
qui vont favoriser la coexistence des espéecesiauled’agrosysteme. Les especes omnivores
ne conduisent pas nécessairement a I'exclusion gpeExialistes, au contraire, leurs
caractéristiques biologiques et comportementaletkent favoriser la coexistence dans nos
études, méme quand les conditions semblaienté@iraeas pour I'exclusion du parasitoide. De

plus, ces especes se sont montrées complémergaitesmnes de contréle biologique.
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Annexe 1

Dispositif expérimental utilisé pour les expérimaitns en tunnels sous serre.



Annexe 2

Dispositif expérimental utilisé pour I'évaluatioesitrichogrammes au
laboratoire.
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Annexe 3

Dispositif expérimental utilisé pour les tests aldratoire (parasitisme, longévité, etc.).
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Annexe 4

Dispositif expérimental utilisé pour les expérimaitns en cage sous serre.
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