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1 Summary

Sustainable pomiculture intends to implement the production of high value fruits

by maintaining environmental health and social equity. IPM (Integrated Pest

Management) claims to combine economically, ecologically and toxicologically

acceptable tools to contribute to this goal. To minimize the use of insecticides and to

maintain well working commercial products, additional IPM components are needed

to improve sustainability.

One possible brick in IPM strategies in apple production is the use of natural

enemies. Hyssopus pallidus (Hymenoptera: Eulophidae), a gregarious ectoparasitoid,

is a candidate biological control agent of the codling moth Cydia pomonella

(Lepidoptera: Tortricidae) and the Oriental fruit moth Cydia molesta (Lepidoptera:

Tortricidae) and could be applied, together with other strategies, to lower the

population pressure of these two tortricid pests in commercial orchards. The aim of

this thesis was to evaluate the potential and the efficiency of H. pallidus in controlling

both pests.

First, a mass rearing protocol was developed for both tortricid hosts. Wood

chips were added to the artificial diet in order to prevent cannibalism between the

neonate moth larvae. This method allowed for the production of a large number of

host caterpillars, which is the basis of every mass rearing system for the parasitoid.

Subsequently, several hundred parasitoids per week were produced in the

laboratory. To evaluate the suitability of the two potential hosts as mass rearing

agent, life history traits of the parasitoid that had developed on either of the hosts

were assessed. Results revealed that on C molesta hosts the same number of

offspring was produced as on C. pomonella hosts, although C. molesta is much

smaller. All other life history traits such as longevity, lifetime fecundity and

development time were not affected by host species-specific characteristics.

Furthermore, wasp offspring that had developed on C. molesta were larger than

those that had developed on C. pomonella hosts, indicating that C molesta has a

different nutritional value. Cydia molesta therefore seems to be more suitable as

mass rearing agent for the parasitoid by yielding in a larger amount of offspring per
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mg of host resources. This finding challenges the ecological theory, which predicts

that host size is an adequate predictor for host quality.

For parasitoids that are to be used in biological control programs, it is of crucial

importance to have the opportunity to store them for a certain period. Cold storage,

however, often has undesirable effect on the performance of the biological control

agent thereafter in the field. To investigate the influence of cold storage during the

pupal stage of H. pallidas on the performance of the adult wasp, a series of pupae

were stored at 4° for 14 days. The performance of cold stored and unstored wasps

was compared under 4 different ambient temperature regimes. Cold storage did not

have any negative influence on the parasitism success of the wasp. Interestingly,

contrary to expectations based on current literature, it positively influenced offspring

weight, resulting in larger offspring if the parental generation had experienced a

period of cold storage during the pupal stage. Highest parasitism rate (80% and

more) was achieved at high ambient temperatures (25°C and 30°C) already after 24

hours of exposure, whereas at low ambient temperatures (15°C and 20°C) parasitism

rate never exceeded 60%. At low temperatures a prolonged exposure time resulted

in an increase in number of larva parasitized, whereas this positive effect was

nullified at high ambient temperatures. The predominant factor influencing the

parasitoid's activity is temperature, leading to a high activity at high ambient

temperatures. This gives rise to the conclusion that this parasitoid is thermophilous

and would be most successful in regions where mean ambient temperature is above

20°C. These results give empirical evidence that this ectoparasitoid, in contrast to

many endoparasitoids that are protected by host tissue against adverse abiotic

effects, does not suffer from reduced offspring fitness by low temperatures; in fact

cold storage even benefited parasitoid offspring.

Plant and host cues are of crucial importance in the host location process of a

parasitoid. Volatiles emitted by the host plants are used to locate patches where

potential hosts are present. Chemical plant cues, induced by the host feeding activity

in combination with host cues are used to locate infested apples. To evaluate the

influence of the natal host on the searching behaviour of the wasps, dual choice

experiments were conducted. Y-tube olfactometer bioassays revealed that
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parasitoids responded equally well to volatiles from C. molesta and C. pomonella

infested apples, irrespective of the host they had developed on. It further showed that

volatiles from the host plant are most important in the host searching process. A

similar pattern was observed in the contact bioassay where both caterpillar species

were equally often parasitized, independently of the host species they had developed

on. This indicates that the natal host does not limit the efficiency of the parasitoid in

parasitizing both host species in the field when they occur simultaneously.

In conclusion, Hyssopus pallidus holds a potential to be applied in biological

control programs due to the following characteristics: 1) both, the parasitoid and its

host can be mass produced in the laboratory 2) the parasitoid can be stored for a

certain period of time without loosing the ability to parasitize caterpillars in the field

and 3) in mixed species infestations, the parasitoid parasitizes both hosts equally

well irrespective of the host it had been reared on.
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2 Zusammenfassung

Das Hauptziel nachhaltiger Obstproduktion ist es, unter Berücksichtigung

ökologischer, ökonomischer und toxikologischer Aspekte qualitativ hochwertige

Früchte zu produzieren. Das Konzept der integrierte Produktion (IPM) versucht, all

diese Aspekte zu berücksichtigen, um zu diesem Ziel beizutragen. Damit der Einsatz

von Insektiziden minimiert werden kann und um wirksame Bekämpfungsmittel über

einen möglichst langen Zeitraum anwenden zu können, werden zusätzliche

Strategien benötigt, welche die Nachhaltigkeit im Obstanbau verbessern.

Eine zusätzliche Ergänzung zu den bereits existierenden IMP-Strategien im

Apfelanbau stellt die Verwendung von natürlichen Gegenspielern dar. Hyssopus

pallidus (Hymenoptera: Tortricidae) ist ein gregärer Ektoparasitoid, der als

potentieller Nutzung eingesetzt werde könnte, um die Populationen des Apfelwicklers

(Cydia pomonella (Lepitodptera: Tortricidae)) sowie des Pfirsichwicklers (Cydia

molesta (Lepitodptera: Tortricidae)) in Obstplantagen zu reduzieren. Das Ziel diese

Doktorarbeit war es, das Potential und die Effizienz dieses Parasitoiden zu

evaluieren, um beide Schädlinge zu kontrollieren.

Für beide Wirte wurde im Labor ein Massenzuchtverfahren entwickelt. Dem

Nährmedium wurden Holzstücke beigefügt, um zu verhindern, dass sich die frisch

geschlüpften Cydia Larven gegenseitig töten. Diese Methode ermöglichte die

Produktion einer grossen Menge von Wirtsraupen, was die Grundlage für die weitere

Massenzucht des Parasitoiden darstellt. Auf diese Weise konnten in der Folge

mehrere hundert Parasitoide pro Woche produziert werden. Um abschätzen zu

können, wie geeignet die beiden potentiellen Wirte als Grundlage für die

Massenzucht der Wespen sind, wurden verschiedene Merkmale des Lebenszyklus

der Parasitoiden untersucht, die sich auf der entsprechenden Wirtsart entwickelt

hatten. Die Resultate zeigten, dass sich auf den Pfirsichwicklerraupen die gleiche

Anzahl Parasitoiden entwickelten wie auf den Apfelwicklerraupen, obwohl

Pfirsichwicklerraupen sehr viel kleiner sind. Alle anderen Merkmale, wie

Langlebigkeit, Fruchtbarkeit und Entwicklungszeit, wurden durch wirtsspezifische

Eigenschaften nicht beeinflusst. Ferner waren Nachkommen, welche sich auf
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Pfirsichwicklerraupen entwickelt hatten, schwerer als solche, die auf

Apfelwicklerraupen gefressen hatten. Dieses Ergebnis legt nahe, dass

Pfirsichwicklerraupen einen höheren Nährstoffgehalt bieten als Apfelwicklerraupen.

Der Pfirsichwickler scheint deshalb als Grundlage für die Massenzucht dieses

Parasitoiden besonders geeigneter zu sein, da sich bei dessen Verwendung ein

grösserer Anteil Nachkommen pro mg Wirtsressource ergab. Diese Resultate

widersprechen der gängigen Theorie, wonach die Wirtsgrösse ein geeigneter

Parameter ist, um die Qualität eines Wirtes vorher zu sagen.

Wenn in Schädlingsbekämpfungsprogrammen Parasitoide eingesetzt werden

sollen, ist es von entscheidender Bedeutung, sie in einem bestimmten Stadium ohne

Qualitätseinbussen lagern zu können. Die Lagerung bei tiefen Temperaturen hat

jedoch häufig unerwünschte Nebenwirkungen auf das Verhalten des adulten

Parasitoiden im Feld. Um den Einfluss der Kühllagerung während des

Puppenstadiums auf das Verhalten der adulten Wespen zu untersuchen, wurde eine

Gruppe von Puppen 14 Tage bei 4°C gelagert. Danach wurde das

Parasitierungsverhalten von gelagerten und nicht gelagerten adulten Wespen bei vier

verschiedenen Umgebungstemperaturen getestet. Die Lagerung bei 4°C hatte keinen

sichtbar negativen Einfluss auf den Parasitierungserfolg der Parasitoiden. Im

Gegensatz zu den auf der aktuellen Literatur basierenden Erwartungen beeinflusste

die Kaltlagerung das Gewicht der Nachkommen positiv, sodass die Nachkommen

von Parasitoiden, die als Puppen kalt gelagert wurden, schwerer waren als

Nachkommen, die nie gelagert worden waren. Die höchste Parasitierungsrate (80%

und mehr) wurde bei hohen Umgebungstemperaturen (25°C and 30°C) bereits nach

24 Stunden erreicht. Bei tiefen Umgebungstemperaturen (15°C and 20°C) hingegen

erreichte die Parasitierungsrate nie mehr als 60%. Eine verlängerte Expositionsdauer

führte bei tiefen Temperaturen zu einer Steigerung der Anzahl parasitierter Raupen,

bei hohen Temperaturen jedoch verschwand dieser positive Effekt.

Der wichtigste Faktor, welcher die Aktivität des Parasitoiden beeinflusst, ist die

Temperatur. All dies führt zum Schluss, dass der Parasitoid thermophil ist und

deshalb vermutlich am erfolgreichsten in Gebieten mit Durchschnittstemperaturen

über 20°C eingesetzt werden könnte. Die Resultate geben empirische Anhaltspunkte
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dafür, dass die Fitness der Nachkommen des Ektoparasitoiden Hyssopus pallidus

nicht unter der Kühllagerung leidet, sondern gar davon profitiert. Im Gegensatz zu

Endoparasitoiden, welche oftmals durch das Gewebe ihres Wirtes vor negativen

abiotischen Faktoren geschützt sind, würde man jedoch erwarten, dass

Ectoparasitoiden noch eher unter tiefen Temperaturen leiden. In unserem Falle

jedoch profitierten die Nachkommen von der Kaltlagerung der Elterngeneration.

Chemische Signale der Pflanze sowie der Wirtsraupen sind extrem wichtig für

den Wirtsfindungsprozess eines Parasitoiden. Von der Wirtspflanze freigesetzte

Duftstoffe werden benutzt, um Habitate zu lokalisieren, in welchen potentielle

Wirtsraupen vorkommen können. Die durch die Fressaktivität induzierten

chemischen Signale von der Pflanze und des Wirtes helfen dem Parasitoiden, die

befallenen Äpfel zu lokalisieren. Um den Einfluss der Wirtsart, auf dem sich der

Parasitoid entwickelt hat, auf das Suchverhalten des Parasitoiden zu untersuchen,

wurden Wahlexperimente durchgeführt. Die Resultate dieser Y-Rohr Olfaktometer

Tests zeigten, dass der Parasitoid gleichermassen auf Duftstoffe von C. molesta wie

C. pomonella infizierter Äpfel reagierte, unabhängig davon, auf welcher Wirtsart er

sich entwickelt hatte. Die Ergebnisse zeigten ferner, dass die pflanzenspezifischen

Reize die wichtigsten Signale für die Wirtsfindung sind. Ein ähnliches Verhalten

konnte im Kontaktexperiment beobachtet werden. Waren beide Wirte vorhanden,

wurden beide gleich häufig parasitiert, unabhängig davon, auf welchem Wirt die

Wespen sich entwickelt hatten. Dies ist ein Indiz dafür, dass die Wirtsart, auf welcher

sich der Parasitoid entwickelt hat, keinen Einfluss auf dessen Parasitierungseffizient

im Feld hat, sondern das Pflanzenduftstoffe die weitaus wichtigste Rolle spielen.

Zusammenfassend kann gesagt werden, dass Hyssopus pallidus auf Grund

folgender Charakteristika ein Potential für die biologische Schädlingsbekämpfung

besitzt: 1) Sowohl die Wirtsraupen wie auch der Parasitoid können im Labor

massengezüchtet werden. 2) Der Parasitoid kann für eine gewissen Zeit gelagert

werden, ohne die Fähigkeit zu verlieren, im Feld zu parasitieren. 3) Bei gemischtem

Befall parasitiert der Parasitoid beide Wirtsarten gleicher gut, unabhängig von der

Wirtsart, auf welcher er gezüchtet worden ist.
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3 General Introduction

Since the beginning of early agriculture, mankind has been remodelling entire

landscapes by encouraging some animal and plant species to spread whilst others

were displaced. The results of these activities were local areas with reduced

biological diversity and a greater confrontation of humans with insects. Today, human

relationships with insects are a sum of all those interactions that have been acquired

since our existence began, and most of them are the results of our attempt to control

nature (Pedigo, 2006).

Looking at the history of relationships between human beings and insects, it

might be tempting to believe that insects are our enemies and that their elimination

would result in a better world. However, insects have a priceless value both for

human existence and the overall ecology of our planet and it is therefore illicit to

consider insects as being harmful to humanity (Losey & Vaughan, 2006). Indeed, an

insect only becomes a pest when it competes with humans for the same resources.

Only when their abundance increases to a level that causes economic damage to

growers, an insect reaches pest status and needs to be controlled. Ever since insect

control became necessary to protect crops against insects, growers have invented a

variety of strategies to alleviate insect pest problems (Pedigo, 2006). In the past 50

years no approach has been more popular than IPM (integrated pest management).

This strategy aims to reduce losses due to attacks by insect pests in a way that is

effective, economically sound, ecologically compatible and socially acceptable

(Duesterhaus, 1990; FAO Council, 2002).

One very important brick of IPM strategies is the application of natural

antagonists. The pest management tactic purposefully involving natural enemies is

called biological control. It is the use of parasitoids, predators and pathogens to

suppress a pest population, making it less abundant and thus less damaging than it

would be otherwise (Van Driesche & Bellows, 1996). Problems with resistances

against insecticides as well as the contamination of soil, ground water and

sometimes entire ecosystems with pesticide residues have changed the perception

of biological control (Pedigo, 2006). Its recent popularity can further be explained by
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a number of important benefits when compared with chemical control: there are no

phytotoxic effects on plants, nor is there any safety period to respect after the release

of natural enemies and continuous harvesting without danger to the health of the

personnel or the consumer is possible (Van Lenteren, 2003). Due to these positive

aspects, the acceptance of integrated pest management systems based on biological

control has risen in the past decades. In a holistic approach, where many strategies

are applied to reach one common goal, natural enemies can substantially contribute

to reduce the application of insecticides while guaranteeing high quality crops (Van

Driesche & Bellows, 1996).

The use of parasitic wasps is one possibility to achieve the goals that IPM

claims. Parasitoids are arthropods whose larvae feed exclusively on the body of

another arthropod, eventually killing it. The parasitic lifestyle results thus in the

regulation of population densities of the parasitoid's hosts (Godfray, 1994). In an

agricultural context, this reproductive strategy leads to the reduction of economically

important pest species, and growers therefore commonly talk about beneficial insects

(Van Driesche & Bellows, 1996).

Considering the small size of both parasitoids and their hosts, and taking into

account the structural complexity of the environment inhabited by most parasitoids,

finding a suitable host appears a formidable task for the parasitoid. Often, the only

way a parasitoid can locate the concealed host, is by means of chemical cues

(Dutton, Mattiacci & Dorn, 2000). It has been demonstrated that host habitat related

cues are decisive in the searching process of parasitoids, because cues derived from

the host itself are often not strong enough to be detected over long distances. Host

habitat cues are therefore considered the primary stimulus for the niche selection by

parasitoids (Vet, Lewis & Cardé, 1995). In contrast, parasitoids generally rely on

direct cues from the host to locate potential hosts within a defined habitat (Godfray,

1994; Mattiacci, Hütter & Dorn, 1999; Tanaka, Kainoh & Honda, 2001). Given this

predominant importance of chemical cues in the host location process of parasitoids,

the question arises if the response of the female wasps to plant and plant related

cues is genetically fixed or whether it is learned at some point in the ontogenesis of

the parasitoid (Gandolfi, Mattiacci & Dorn, 2003b). If a parasitoid is considered for
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biological control programs, it is further of great importance to understand, which

behavioural characteristics could be affected by the rearing process and how they

can be influenced to maintain the parasitoid's quality (Van Lenteren, 2003).

Since the beginning of the last century, mass production of natural enemies has

been considered as a means of improving biological control programs, especially

those based on inundative and seasonal inoculative releases (Dickerson & Leppla,

1992; Van Lenteren & Tommasini, 2003). Mass production of bénéficiais is a highly

specialised and well-defined process, which results in the economical production of

millions of individuals (Finney & Fisher, 1964). Since the beginning of

commercialisation of bénéficiais in the 1970s, producers of natural enemies have

been faced with the difficult task of providing a product of high quality whilst

considering economically sound circumstances. One of the major concerns in the

commercial production of insects regards the size of the starter population: how

many individuals are necessary to avoid inbreeding in mass rearing systems

(Hoekstra, 2003; Joslyn, 1984). Further considerations are the influence of artificial

selection forces in mass rearing that may lead to problems related to the

performance of the beneficial organism in the field, if rearing conditions differ strongly

from the situation in which natural enemies are to be released (Van Lenteren, 2003).

Quality programs should therefore be designed to obtain an acceptable quality of the

parasitoid with a minimum of testing procedures.

Successful biological control programs require effective and economically

profitable technologies for mass rearing of the entomophagous insect (Yazlovetsky,

1992). Artificial diets are usually the prerequisites for a low-cost production of

antagonists. While herbivores can easily be fed on artificial diet (Dickerson & Leppla,

1992), parasitoids often require a natural host environment, such as a larva or an egg

to develop on (Wong & Ramadan, 1992). Mass production of parasitoids therefore

demands in the first place a mass rearing system for the host larva and only in the

second place a mass production system for the parasitoid itself.

Once a successful mass rearing system has been established, it is necessary

to have a storage method to meet the requirements for good planning of mass-

produced units (Van Lenteren & Tommasini, 2003). The ability to store mass reared
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biological control agents provides an opportunity to produce them continuously, even

during low demand periods, and to be able to supply the market as soon as growers

need them. It further allows for synchronized field release of the natural enemies

during the critical stages of pest outbreak (Bueno & Van Cleave, 1997; Venkatesan,

Singh & Jalali, 2000).

Cool temperatures that either slow down development or trigger quiescence or

diapause, are the primary means utilized to store parasitoids (Bayram, Ozcan &

Kornosor, 2005; Van Lenteren & Tommasini, 2003). Despite the fact that storage of

bénéficiais at low temperature has widely been studied, its practical applications are

limited for several reasons: 1) a long storage period might lead to a high loss in

emergence rates (Pandey & Johnson, 2005); 2) parasitism rate can be reduced due

to cold storage (Chong & Oetting, 2006; Ozder, 2004; Pitcher etal., 2002); or 3) other

life history traits such as longevity and sex ratio might be changed (Torres, Musolin &

Zanuncio, 2002; Uckan, 2001). The development of different storage strategies

therefore aims to maintain natural characteristics of the bénéficiais throughout the

storage process and to guarantee high quality biological control agents (Van

Lenteren & Tommasini, 2003).

The present study focuses on various aspects of the biology and the

applicability of Hyssopus pallidus (Askew) (Hymenoptera: Eulophidae) as biological

control agent in integrated control programs against codling moth and Oriental fruit

moth populations. The codling moth Cydia pomonella (L) (Lepidoptera: Tortricidae) is

known as notorious pest in apple orchards (Dorn et al., 1999; Ohlendorf, 1999). Its

main hosts are apple, pear and walnut, but it also occasionally occurs on plum,

peach and apricot. From its origin Eurasia, it spread throughout the world along with

the cultivation of apples and pears (Barns, 1991). The number of annual generations

varies from one to four according to the climatic conditions (Audemard, 1991). The

codling moth always overwinters as mature diapausing larva, sheltered in a cocoon

under the bark. In spring, the larvae pupate and shortly after, the flight of the first

generation occurs. After mating, females deposit their eggs primarily on leaves, but

also on twigs near apple fruits and later in the season also directly on developing

apples. The newly hatched larvae enter the apple fruit, where the entire development
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takes place, thereby causing the damage (Geier, 1963). In recent years, apple

growers have been faced with a new pest species, the Oriental fruit moth Cydia

(Grapholita) molesta (Busck) (Lepidoptera: Tortricidae). Originally known as a key

pest of peach, this species has lately been appearing to an increasing degree as a

pest insect in apple orchards in various countries (Anon., 2006; Natale et al., 2004;

Pollini & Bariselli, 1993; Rothschild & Vickers, 1991). The Oriental fruit moth is a

multivoltine species, with the number of generations completed each season

depending primarily upon temperature. In autumn when temperatures decrease and

food availability is scarce, the last larval instar enters diapause to overwinter. In

spring, larvae pupate and shortly after, the first generation of adults occurs. Upon

mating, eggs are placed in the near vicinity of shoots and twigs (Rothschild &

Vickers, 1991); on apples and quince, eggs are often placed on the upper surface of

the leave (Peterson & Haeussler, 1930). After hatching, neonate larvae feed on

young shoots completing their development there. Later generations directly attack

fruits and individual larvae usually complete their feeding period within the same fruit

(Rothschilds Vickers, 1991). As a consequence, apple growers are confronted with

the need to control both tortricid pests in their orchards, and therefore improved IPM

strategies are required.

In the past decades, many novel strategies, such as mating disruption (Judd &

Gardiner, 2005), the sterile insect technique and insect pathogenic microorganisms

(Blommers, 1994; Falcon & Huber, 1991) have been developed to control Cydia

species. These strategies are not only environmentally friendly control methods that

protect the environment and human health, but they are also harmless to beneficial

insects. However, despite these new strategies, insecticides remain the principal

method of control for these pests (Audemard et al., 1992; Ohlendorf, 1999) and

hence other strategies should be promoted in the future.

Hyssopus pallidus is a gregarious larval ectoparasitoid of Cydia species

(Askew, 1964; Tschudi-Rein et al., 2004; Zaviezo & Mills, 2000). It attacks different

larval instars (Zaviezo & Mills, 1999) inside the apple fruit. Similar to other

Eulophidae, this species has a rapid preimaginal development (Häckermann, Rott &

Dorn, 2007), high lifetime fecundity and a female biased sex ratio (Brown, 1996). It
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further has the special ability to enter infested apple fruits through the calyx or the

tunnel bored by the caterpillar, and parasitize the host that is feeding inside the fruit.

Upon successful oviposition, the entire preimaginal development of the parasitoid

takes place inside the apple fruit (Mattiacci et al., 1999). Given its biological

characteristics, H. pallidus could be used for inoculative or inundative release,

contributing in conjunction with other control methods to keep Cydia populations

below the economic threshold level.

To evaluate the potential and efficiency of H. pallidus as biological control agent

in controlling and reducing Cydia infestations in the field, the following aspects were

addressed:

An efficient rearing system for the two host species and their common

parasitoid had to be developed. The two Cydia hosts, known to be cannibalistic in

their early larval stage, had to be mass reared. Since both Cydia species are

valuable hosts for the development of the parasitoid's offspring, the suitability of the

two hosts for mass rearing programs were elucidated by comparing life history traits

of wasps that had either passed their immature development on C. molesta or C.

pomonella hosts.

Since storage, and with that the extended shelf-life of parasitoids, can be crucial

for biological control programs, the next objective was to find cold storage conditions

that are not detrimental to the adult parasitoid's quality. Considering further that

ambient temperature is a pivotal factor influencing the adult parasitoid's activity in the

field, parasitism rates were evaluated across temperature ranges. This provided

information in which geographic regions this parasitoid could successfully be applied.

Finally, we elucidated the role of chemical cues in the host location process of

the parasitoid, in order to understand if the parasitoid can be applied against both

host species. In this respect we investigated the relative importance of volatiles

deriving from the host habitat and those originating from the host caterpillar. The

wasp's host preference behaviour in mixed species infestations and under

consideration of the natal host was evaluated. Clarifying which factors can influence

the performance of the adult parasitoid provides essential information in optimizing

the rearing system and the parasitoid's parasitism capacity in the field.
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4 How two different host species influence the performance of

a gregarious parasitoid: host size is not equal to host quality

4.1 Summary

Hyssopus pallidus (Askew) (Hymenoptera, Eulophidae) is a gregarious

ectoparasitoid of the two tortricid moths species Cydia molesta (Busck) and Cydia

pomonella (L.) (Lepidoptera, Tortricidae). It paralyses and parasitizes different larval

instars of both species inside the apple fruit, which leads to the death of the

caterpillar.

We assessed the influence of host species characteristics and host food on the

performance of the parasitoid female in terms of clutch size decisions and fitness of

the F1 generation.

A comparison of clutch size revealed that female parasitoids deposited similar

numbers of eggs on the comparatively smaller C. molesta hosts as on the larger C.

pomonella hosts. The number of parasitoid offspring produced per weight unit of host

larva was significantly higher in C. molesta than in C. pomonella, which is contrary to

general prediction that smaller hosts yield less parasitoid offspring. However, the sex

ratio was not influenced by host species that differed considerably in size.

Despite the fact that less host resources were available per parasitoid larva

feeding on C. molesta caterpillars, mean weight of emerging female wasps was

higher in the parasitoids reared on C. molesta. Furthermore, longevity of these

female wasps was neither influenced by host species nor by the food their host had

consumed. In addition we did not find a positive relationship between adult female

weight and longevity.

Parasitoid females proved to be able to accurately assess the nutritional quality

of an encountered host and adjust clutch size accordingly. These findings indicate

that host size is not equal to host quality. Thus host size is not the only parameter to

explain the nutritional quality of a given host and to predict fitness gain in the

subsequent generation.
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4.2 Introduction

One of the major decisions gregarious parasitoids have to make is how many

eggs, if any, to oviposit on an encountered host (Godfray, 1994; Waage, 1986). The

concept of optimal clutch size (Lack, 1947) suggests that females should lay the

number of eggs that maximizes their gain in fitness. This model has been extended

to parasitoids proposing that females lay a precise amount of eggs onto a host of

given size and quality (Charnov & Skinner, 1984) thus resulting in maximum fitness

return (Lack, 1947). Host size is often considered to be a key factor influencing

parasitoid fitness (Godfray, 1994; Vet et al., 1994). Models have been developed to

describe the evolution of clutch size and to predict variation in this life history

parameter caused by limited nutritional resources available or limitation in time or in

egg supply (Charnov & Skinner, 1984; Rosenheim, 1999; Waage & Godfray, 1985).

In gregarious species, fitness is affected not only by host size but also by the number

of parasitoids developing on a single host (Harvey et al., 1998; Waage & Godfray,

1985). In a large clutch the units of resources available for each wasp larva are

reduced and can have a significant influence on the ultimate fitness of the

subsequent wasp generation (Bezemer & Mills, 2003). Oviposition decisions by the

female parent is therefore crucial for competition between siblings (Waage, 1986),

and the ultimate fitness gain will be determined by the number of viable offspring,

offspring size (Godfray, 1994) and whether the host has previously been parasitized

(Zaviezo & Mills, 2001). Thus, to optimize their fitness, female wasps are expected to

adjust the allocation of eggs to a host depending on the host's quality.

Offspring sex allocation theory predicts that more fertilized eggs (yielding

female offspring) are deposited onto hosts of superior quality, and unfertilized eggs

(yielding males) are laid onto lower quality hosts (Godfray, 1994). This prediction

presumes that females gain relatively more in fitness from increased body size than

males (Charnov, 1982; Godfray, 1994), because increased female body size results

in higher egg loads and enhanced longevity. Parasitoid wasps are therefore assumed

to be genetically and ecologically predisposed to display female biased sex ratios to

gain maximum fitness. Especially in gregarious parasitoids host quality is often

reflected by the sex ratio within a clutch (Bertschy etal, 2000; Harvey, 2000).
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The majority of studies on host quality in parasitoids observed that clutch size

increased with host size and therefore concluded that host size was in many cases a

reliable factor to predict nutritional quality of a host larva (Bell et al., 2005; Hardy et

al., 1992; Lemasurier, 1987; Zaviezo & Mills, 2000). Large hosts are expected to be

more advantageous in terms of offspring fitness than small ones because they

contain a greater quantity of resources (Harvey et al., 2004). In gregarious

parasitoids, not only individual offspring size but also clutch size is positively

correlated with host size (Bell et ai, 2005; Hardy et al., 1992; Zaviezo & Mills, 2000),

hence to estimate host quality only from host size may be misleading. Harvey et al.

(2004) demonstrated that age-specific differences in host quality affected the growth

and development of Microplitis demolitor, Wilkinson (Hymenoptera: Braconidae) a

parasitoid of the soybean looper. Other studies showed that the nutritional and

endocrinological status could also impose constraints on the parasitoids'

development (Colinet et ai, 2005; Harvey, 2000; Harvey et al., 2004; Vet et al.,

1994).

In this study we examined developmental interactions between the gregarious

ectoparasitoid Hyssopus pallidus (Askew) (Hymenoptera: Eulophidae) and two of its

potential host species, the comparatively small Cydia molesta (Busck) (Lepidoptera:

Tortricidae) and the larger Cydia pomonella (L) (Lepidoptera: Tortricidae). Especially

C pomonella is a notorious pest of apple trees (Dorn et ai, 1999) but C molesta is

also becoming more and more of a problem in apple cultivation (Hughes, Hern &

Dorn, 2004). It attacks different larval instars (Zaviezo & Mills, 1999) inside the apple,

always leaving behind a carcass, which is often large enough to allow host species

identification even after emergence of the parasitoid's progeny (Tschudi-Rein et ai,

2004; J. Häckermann personal observation). H. pallidus is known to adjust clutch

size according to host size (Zaviezo & Mills, 2000). For an effective clutch size

adjustment, parasitism experience is not necessary, but how often a female

encounters hosts substantially influences its clutch size, resulting in an increased

clutch size as the encounter rate declines (Zaviezo & Mills, 2000). The sex ratio of H.

pallidus is heavily female biased, varying from zero to two males per clutch (Zaviezo

& Mills, 1999). In addition, lifetime fecundity increases substantially with female size
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(Zaviezo & Mills, 2000). H. pallidas is a relatively specialised parasitoid, particularly

well adapted to the apple habitat (Hausmann, Mattiacci & Dorn, 2005) and both host

and host habitat related cues are used in host location (Mattiacci et al., 1999).

So far, many studies on the behavioural ecology of parasitoids, especially

gregarious parasitoids, have concluded that host size is equal to host quality. The

central question being addressed in this study is whether host size alone is an

adequate predictor of host quality. To evaluate this hypothesis, we examined the

influence of two different host species on the reproductive success of the parasitoid.

We quantitatively compared the parasitoid's performance in terms of development

time, longevity, lifetime fecundity and clutch size. Host species effects on the

performance of the subsequent parasitoid generation are discussed.

4.3 Material and Methods

Parasitoid and host culture

The initial colony of Hyssopus pallidus was provided in 1996 by T. Unruh

(USDA-ARS Research Laboratory, Wapato, Washington, USA), and originated from

France. Following detection of this parasitoid in Switzerland (Tschudi-Rein et al.,

2004) the colony was refreshed by the introduction of field-collected adults and

maintained as a single colony. Starting from this single colony, two strains were

obtained by rearing the parasitoids on two different hosts. One strain was reared on

Cydia pomonella hosts (CP strain), the other on Cydia molesta hosts (CM strain).

The CM parasitoid strain was maintained on last instar C. molesta caterpillars,

the CP parasitoid strain on last instar C. pomonella caterpillars. Both host species

had been reared on wheat-germ-based artificial diet (Huber, Benz & Schmid, 1972).

Newly hatched first instar caterpillars were placed individually in a plastic box (18mm

x 18mm x 10mm) filled with 3.4 g of artificial diet. Boxes containing C. pomonella

hosts and C. molesta hosts respectively were kept at 25°±2°C, 60±10% RH and

16L8D. The caterpillars were offered to four to seven days old mated female

parasitoids. In the permanent rearing, host caterpillars were offered to the female
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wasp in glass vials (10 cm of length, 2.8 cm of diameter) at a ratio of two parasitoids

per host.

Since plant cues offered during the ontogenesis of the parasitoid are of crucial

importance for the behavioural efficiency of the emerged wasps (Gandolfi et al.,

2003b), a small piece of fresh apple (Gandolfi, Mattiacci & Dorn, 2003a) was added

to the vial, and a drop of undiluted honey served as food source to the parental

female. The vials were closed with a piece of thin meshed net. The ovipositing

parental females were removed from the vial one week later. Parasitized caterpillars

were kept under standardized laboratory conditions at a temperature of 24° + 2°C,

RH of 60% ± 10% and a light regime of 16L8D until the emergence of the

parasitoid's progeny 14 -17 days later. Upon emergence, progeny was removed from

the vial and transferred to a Plexiglas cage respectively (25 x 25 x 25 cm), where

they were fed with honey and water.

Influence of host species on immature development time

The duration of immature development of the parasitoid was studied on both

hosts, C. molesta and C. pomonella. A single medium sized host larva (C. molesta

15-25 mg, C. pomonella 40-80 mg) was offered in a glass vial (10 cm of length, 2.8

cm of diameter) to a four to seven days old, mated H. pallidus female. A droplet of

honey served as food source. Experiments on C. molesta were conducted with

parasitoids of the CM strain, those on C. pomonella with parasitoids from the CP

strain. Every 24 hours, we recorded the duration of host attack until oviposition took

place, and the development time of the egg-, larval- and pupal stages. From these

observations the complete development time was calculated. Since eggs and larvae

are very small and extremely delicate, development of the larvae was observed

under the microscope through the glass vials without disturbing the developing brood.

Temperature and relative humidity were as described above.

Influence of host species, host food and parasitoid weight on adult

female fitness
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Female longevity and lifetime fecundity were measured to describe parasitoid's

fitness in relation to the two host species. To determine the effect of host species on

the fitness of the parasitoid, longevity was studied in relation to the host species the

brood had developed on, and in relation to the female size (0.35-0.66 mg fresh pupal

weight). To determine the influence of the first trophic level (the host's nutritional

source) on the fitness of the third trophic level (parasitoid), female longevity was

checked daily after emergence in the absence of host for four groups of 42

individuals (standardized by age and handling, but variable in size). The first group of

test parasitoids developed on C. molesta caterpillars that had been reared on artificial

diet; the second group developed on C. molesta caterpillars that had been reared on

apple fruits. The third and fourth group developed on C. pomonella caterpillars that

had been reared either on artificial diet or on apple fruits. Prior to the experiments,

pupae were weighed in order to minimize handling effects on adult performance.

Afterwards, each pupa was put singly into a glass vial, a droplet of honey served as

food source for the emerging adult.

Potential fecundity was determined by exposing 15 medium sized female H.

pallidus females (0.35-0.55 mg fresh pupal weight) individually to medium-size host

larvae (G molesta 13-21 mg, C. pomonella 20-45 mg) of each host species in a

Plexiglas Petri dish (3 cm diameter) and supplied with a droplet of undiluted honey.

Parasitoids used in these experiments derived from the CM and the CP strain. Upon

successful oviposition, eggs were counted and the female wasp was kept with the

brood for an additional two days for brood guarding (Zaviezo & Mills, 1999) and to

allow the maturation of a new set of eggs (Tschudi-Rein & Dorn, 2001). Thereafter,

the female was removed and offered a new host caterpillar. This procedure was

repeated until the parasitoid's death.

Potential lifetime fecundity was estimated by multiplying the average number of

eggs a female laid per clutch with the total number of hosts attacked by the most

successful female of the sample (Zaviezo & Mills, 1999).

Influence of host size and species on parasitoid clutch size
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To evaluate the influence of the host species and weight on the clutch size of H.

pallidus, caterpillars of different size within each species {C. pomonella: 8-100 mg, C.

molesta: 2-25 mg fresh weight) were offered to individual naïve H. pallidus females,

standardized by age (4-7 days old) and handling (honey fed) and of similar size

(0.48-0.52 mg fresh pupal weight). Parasitoids used in these experiments were

derived from the two different parasitoid strains. Parasitoids of the CP strain were

offered C. pomonella caterpillars, those of the CM strain C. molesta caterpillars for

oviposition. Host caterpillars were divided into two groups according to larval instars.

For C. molesta, group 1 comprised third instar caterpillars ranging from 2.2 mg to

13.3 mg in body weight. The second group consisted of fourth instar caterpillars that

ranged from 6.1 mg to 25.4 mg in size. Analogously, C. pomonella larvae were

classified into two groups: group one comprised fourth instar caterpillars between 8.3

mg up to 49.7 mg of weight. Group two included all fifth instar caterpillars, which were

larger than 26.4 mg. Larval instars were determined by measuring the head capsule

width (Weitzner & Whalone, 1987). A single host caterpillar and a single parasitoid

female were placed into a glass vial. Since any manipulation on the developing brood

leads to severe losses in emerging adults, parasitoid larvae completed development

without any interference. Upon successful development, the number of emerging

parasitoid adults was counted and their sex-ratio was determined.

Relationship between host species, host size, dutch size and

offspring size

To check for possible adaptive differences in the respective parasitoid strain, a

cross experiment was conducted. Parasitoids that had been reared on C. molesta for

many generations were offered C. pomonella hosts for parasitism; parasitoids reared

on C. pomonella developed on C. molesta hosts for one generation. Resulting

offspring were counted and weighed.

To determine the influence of host species, host size and clutch size on

parasitoid offspring size, C. molesta and C. pomonella hosts of different size were

offered individually to a single parasitoid female. Females were standardized by age

(four to seven days old), nutrition (honey fed) and size (0.50 ± 2 mg of fresh pupal
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weight). Upon successful development, parasitoid pupae were removed from the

dead host and offspring body size was determined by weighing each pupa. Clutch

size was defined as number of pupae.
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Statistical analysis

Data were analyzed using parametric statistics. In cases where the

assumptions of normality and homogeneity of variance were not met, non-parametric

tests were used. To analyze the influence of the host species on the development

time of the parasitoid, we used a Mann -Whitney U-test. The influence of host

species and host body size was assessed using two-way ANOVA. For all tests a

threshold level of p<0.05 was used.

4.4 Results

Influence of host species on immature development time

The overall time required to complete development (from egg stage to adult

emergence) amounted to 16.03 ± SD 1.20 days for H. pallidus parasitoids reared on

C. pomonella and 15.71 ± SD 0.825 days for those reared on C. molesta. The Mann-

Whitney U-test indicated a significant difference in the overall development time of

the parasitoids on the two host species (z=-1.971, P<0.05). The shorter development

time is in favour of the CM strain and can be attributed to the significantly shorter

embryonic development time (U-test: z=-2.241, P<0.05) on C. molesta hosts.

Female H. pallidus from both strains spent almost the same time on probing,

host paralysis and ovipositon on C. molesta (2.05 days ± SD 0.53) as on C.

pomonella (2.10 days ± SD 0.57) caterpillars respectively. Their host handling time

was not significantly different (z= -0.727, P=0.47) between the two Cydia host

species. Time needed from egg deposition until egg hatching was similar on C.

molesta (1.08 days ± SD 0.28) and on C. pomonella hosts (1.23 days ± SD 0.43).

Also the time needed to complete larval development was not significantly influenced

by host species (z=-0.749, P=0.45). Parasitoid brood required a similar amount of

time on C. molesta (4.98 days ± SD 0.79) as on C. pomonella (5.08 days ± SD 0.96)

to complete immature development. The pupal stage also lasted similarly long (z=-

0.113, P=0.91) on C. molesta (7.6 days ± SD 0.91) as on C. pomonella caterpillars

(7.62 days ± SD 0.90).
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Influence of host species, host's food and parasitoid weight on adult

female fitness

Diet of host caterpillar did not significantly influence longevity of the parasitoid

female. No significant difference in longevity was detected between parasitoids that

had been reared on host caterpillar fed with artificial diet or apple {CM strain: t=-

0.622, df=82, P=0.536, CP strain: t=-1.941, df=82, P=0.056). Similarly, there was no

significant difference in female longevity between parasitoid females emerging from

the two host species (t=-0.443, df=71, P=0.659). Parasitoid females that had

developed on C. molesta caterpillars lived for an average of 43.45 days (± SD 15.24,

n= 33) whereas those that had developed on C. pomonella caterpillar lived on

average for 41.59 days (± SD 15.24, n= 41).

For C. molesta reared parasitoids, the average number of eggs laid in a lifetime

on C. molesta hosts (55.85 ± SD 21.25, n=14) did not significantly differ from those

that C. pomonella reared parasitoids laid on C. pomonella hosts (53.93 ± SD 14.62,

n=14) (t=-0.278, df=26, P=0.78).

Influence of host size and species on parasitoid clutch size

Clutch size increased with host size and the relationship (Fig. 1) is well

described by a linear regression for both host species (C. molesta: R2 = 0.458,

F=51.536, df=1, P<0.001, C. pomonella: R2=0A-\ 8, F=51.456, df=1, P<0.001).
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Fig. 1. Relationship between clutch size of the parasitoid H. pallidus,
estimated as number of pupae that completed development on the host

C. molesta (• solid circles) or C. pomonella (° open circles), and host

larval fresh weight. Linear regression analysis for parasitoids reared on

C. molesta: solid line; on C. pomonella: dotted line

On both host species, significantly more parasitoids developed on large host

caterpillars {CP strain (t=-5.663, df=72, P<0.001), CM strain (t=-4.588, df=61,

P<0.001 )) than on smaller ones.

The two-way ANOVA showed that the factors significantly influencing the clutch

size are the size of the host caterpillars and the interaction between host body size

and the host species (summarised in Table 1).
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Table 1 : Results of two-way ANOVA testing for the relationship between host

species (Cydia molesta and Cydia pomonella) and host body size (in mg)

affecting clutch size.

df MS F P

host species 1 14.71 0.6 =0.44

host body size 1 1761.43 71.71 < 0.001

host species
*

host body 1 677.23 27.57 < 0.001

size

error 133 24.56

The mean number of parasitoid offspring produced on C. molesta hosts (11.03

mg ± SD 5.89, n= 63) did not significantly differ from the mean number of offspring

produced per C. pomonella host caterpillars (11.34 mg ± SD 6.56, n= 74) despite the

fact that C. molesta caterpillars are on average much smaller (13.75mg ± SD 6.5)

than C. pomonella ones (45.26mg ± SD 26.57) (U-test: z= - 8.303, p< 0.001).

For both host species, offspring sex ratios were heavily female biased with the

number of males in a clutch varying from zero to two (median: 1). There was no

significant difference in the number of males per clutch between parasitoids that had

developed on C. molesta hosts (0.93, n=91) and those developed on C. pomonella

hosts (0.94, n=113) (t=-0.1, df=199, P>0.05).

Relationship between host species, host size, clutch size and

offspring size

On last instar C. molesta caterpillars (15-30 mg) an average of 10.68 + 4.68 (N=

34) parasitoids developed per host, on fifth instar C. pomonella caterpillars (25-100

mg) 10.53 ± 5.9 parasitoids developed per host (N=36). The cross experiment

revealed that parasitoids adapt progeny to the host's quality they encountered

irrespective of the host the parasitoid had originally developed on. These results

document that continuous rearing on a given host does not lead to the formation of
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parasitoid races adapted to a specific host, and that the method used to test the

influence of host size and species is valid for the purpose of the study.

To control for slight differences in the size of the host caterpillar within a size

category of a host species group, parasitoid clutch size was expressed as number of

female offspring per mg fresh host weight. Similarly, mean daughter size was

characterized as mean daughter weight per mg host larval weight. The number of

offspring produced per mg host (Fig. 2) was significantly higher on C. molesta host

larvae (0.82 ± SD 3.8, N= 31) than on C. pomonella hosts (0.27 ± SD 0.18, N=43) (z=

-6.044, P<0.001).

Host species did have a significant influence not only on the number of offspring

produced per host larva, but also on the daughter's weight. Even though parasitoids

do adjust clutch size according to host size in both species, the mean weight of the

daughters per mg host weight was significantly higher in C. molesta (0.03 mg ± SD

0.18) than in C. pomonella hosts (0.015 mg ± SD 0.009, t=-4.808, df=72, P<0.001)

(Fig. 3).
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Fig. 2. Number of H. pallidus offspring produced per mg host larval

weight for C. molesta and C. pomonella. Different letters indicate that

there is a significant difference between the number of offspring
produced per host larva and the host species involved.

Mean daughter size was positively influenced by host size in the case of

C. molesta hosts (R2=0.323, F=13.836, P<0.01) accounting for 32.3% of the variance

(Fig. 4). Fresh pupal weight increased with increasing host size regardless of the

clutch size. In contrary, there was no relationship when C. pomonella was the host.
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Here, mean parasitoid offspring body size stayed constant all over the different

host stages (R2=-0.024, F=0.07, P>0.05), ranging from 8.3 mg to 98.7 mg (Fig. 4).

With C. molesta not only the number of offspring produced per host increases with

increasing host size, but also individual progeny gains in weight as host size

increases, whereas in the case of C. pomonella only clutch size increases with

increasing host size.

4.5 Discussion

The principles of clutch size adjustment in response to host size have been

demonstrated for a variety of gregarious parasitoid species (Hardy, Griffiths and

Godfray, 1992; Lemasurier, 1987; Zaviezo & Mills, 2000). These adjustments have

been considered adaptive in a way that larger hosts are assumed to provide a
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greater amount of nutrients to the developing brood than smaller ones (Bell et al.,

2005; Hardy et al., 1992; Zaviezo & Mills, 2000). Contrary to expectations, H. pallidus

displayed a different behaviour of clutch size adjustments in the two host species of

the same genus. Last instar C. pomonella larvae weighing 50-100 mg yielded the

same number of parasitoid offspring as last instar C. molesta larvae weighing 16-25

mg despite the fact that the difference in host weight is approximately fourfold. As a

consequence, parasitoids developing on C. molesta have lower per capita food

availability, which could translate into smaller offspring size. Alternatively, the

parasitoid's offspring might be able to adjust nutrient uptake to the availability of host

resources. If this regulation mechanism applies, equal offspring size, regardless of

host size, should be noted. However, larger parasitoids were produced per weight

unit of food resource on C. molesta hosts compared to C. pomonella hosts.

These results provide evidence that host quality is not only determined by host

size. Rather, host nutrients seem to differ in the two host species with C. molesta

being in some way more rewarding for the parasitoid. Thus, nutrient uptake and

conversion might not be equal in the two species. Our results show that offspring

size increased with host size for C. molesta hosts. In contrast, for parasitoids that

had developed on C. pomonella clutch size increased with host size, but offspring

weight was constant over the examined host weight range. In our study, clutch size

was not constrained by egg load itself, as four-day old honey fed H. pallidus females

produce an average egg load of 20 (Tschudi-Rein & Dorn, 2001).
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Sex allocation theory predicts that smaller hosts (of inferior quality) yield fewer

female offspring than large hosts (Bertschy et al., 2000). This assumption presumes

that females lose relatively more in fitness when being small compared to males

(Charnov, 1982). In our study, C. molesta hosts did not yield more male offspring

than the larger C. pomonella hosts. This corroborates the hypothesis that C. molesta

has a different qualitative value in terms of nutrients.

Ovipositing females seem to be able to estimate subtle differences in host

quality. These differences in quality could be the result of a reduced number of eggs
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laid on C. pomonella caterpillars or of a higher mortality of parasitoid larvae on C.

pomonella hosts. Mortality during preimaginal development on C. pomonella hosts

has been described as low (Zaviezo & Mills, 2000), indicating that observed

differences are due to females accurately assessing the quality of an encountered

host and adjusting clutch size accordingly. It appears that nutrient convertibility may

be the crucial key to explain the observed differences in parasitoid offspring number

and size. Our findings are in agreement with Sequiera and Mackauer's (1992) claim

that quality is determined by the amount of nutrition available to the parasitoid and

not necessarily only by the host's total mass. We therefore conclude that H. pallidus

females are indeed able to precisely evaluate the nutritional quality of a given host

and that host size is not the only factor determining clutch size decisions.

Quality and quantity of host tissue are probably the most important factors

influencing parasitoid size. Adult female weight may influence fitness by affecting the

searching efficiency, longevity and fecundity of the wasp (Godfray, 1994). We

investigated different aspects of parasitoid fitness with respect to host species and

host diet. Our results indicate that neither the diet of the host caterpillars nor the host

species influence the longevity of H. pallidus. These findings are of crucial

importance, since longevity is proposed to be directly correlated with parasitoid

fitness (Godfray, 1994; Schmale et al., 2001; Waage, 1986). Furthermore, there was

no positive correlation between parasitoid size and longevity for both parasitoid

strains. If there had been a nutritional deficiency in one host species, not only a

reduction in female parasitoid weight, but also a reduced life span would be expected

(Godfray, 1994). Remarkably, our data revealed that lifetime fecundity of female

parasitoids was not affected by host species. Even though the total number of eggs

produced in a life time was generally low (C. molesta: 55.85, C. pomonella: 53.93)

under the experimental conditions chosen compared to previously reported values

(C. pomonella: 31-218) (Zaviezo & Mills, 2000), they did not differ between the host

species strains the parasitoid had developed on.

We therefore conclude that smaller parasitoids do not suffer from being small in

terms of longevity and that host species do not affect the reproductive success of the

parasitoid.
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The ultimate goal of a successful parasitoid's strategy can be described as

maximum biomass acquisition in the shortest possible developmental time (Sequeira

& Mackauer, 1992). The faster the development, the sooner offspring become

sexually mature and can reproduce themselves (Godfray, 1994). On the other hand,

the time needed for optimal nutrient acquisition may be prolonged due to suboptimal

host quality (Sequeira & Mackauer, 1992) or simply because larger hosts take longer

to be consumed by the parasitoid larvae (Harvey et al., 1998; Mackauer & Sequeira,

1993). In many parasitoid species, females are larger than males and therefore

require longer preimaginal development (Bertschy et al., 2000; Otto & Mackauer,

1998; Zaviezo & Mills, 2000). In H. pallldus, development time of females was slightly

different on the two host species. Contrary to the existing hypothesis, larvae took a

few hours longer to complete preimaginal development on C. pomonella hosts

compared to C. molesta hosts, even though C. pomonella caterpillars are larger. The

above-mentioned difference in egg to adult developmental time is mainly due to

differences in embryonic development, where C. molesta hosts seem to favour fast

development. However, larval development time between immature parasitoids

feeding on the two hosts was not different. Overall, the differences in development

time is marginal compared to the extended time period required for host location and

host handling (Mattiacci et al., 1999) and is thus considered to be of minor biological

significance.

Our study provides empirical evidence that the host-parasitoid relationship is far

more complex than a simple relationship where host size equals host quality as was

so far assumed.
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5 Cold stored ectoparasitoid of Cydia fruit moths released under

different temperature regimes

5.1 Abstract

Cold storage of parasitoids to be used in biological control programs is

desirable but risky for the performance of the stored parental generation as well as of

its offspring. We studied the performance of cold stored and unstored parasitoids

after release at different temperature regimes in the laboratory at the level of two

subsequent generations in Hyssopus pallidus (Askew) (Hymenoptera: Eulophidae).

This gregarious ectoparasitoid is a candidate biocontrol agent of Cydia pomonella L

(Lepidoptera: Tortricidae) and Cydia molesta (Busck) (Lepidoptera: Tortricidae)

larvae, two fruit pests of high economic significance in apple cultivation. Cold storage

for 14 days at 4°C imposed to the pupal stage of the parasitoid did not reduce the

parasitism capacity of the parental generation, nor did it alter the female biased sex

ratio of the progeny. Remarkably, this short-term storage of the parental generation

exhibited a significant and consistent effect on offspring weight throughout all

ambient temperature regimes, resulting in an increased offspring weight.

Furthermore, offspring number was only reduced after release at low ambient

temperatures, but not at 25°C and 30°C. Irrespective of whether the parasitoids

originated from the stored or unstored group, highest parasitism rate was achieved at

temperatures above 20°C. In conclusion, this candidate biocontrol agent can be cold

stored for short periods without any measurable quality loss after release at most

except at low ambient temperatures. In contrast, cold storage at the pupal stage even

positively influenced offspring size. Our results suggest that H. pallidus is a

thermophilous parasitoid that will perform best when applied at warm ambient

temperatures in fruit orchards.

5.2 Introduction

The gregarious ectoparasitoid Hyssopus pallidus (Askew) (Hymenoptera:

Eulophidae) is endemic to Europe (Askew, 1964; Tschudi-Rein et al., 2004) and a

candidate biocontrol agent of fruit moths of the genus Cydia in orchards (Mattiacci et
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al., 1999, Häckermann et al., 2007). This parasitoid is highly host specific (Zaviezo

and Mills, 2000), with the codling moth Cydia pomonella (L) and the oriental fruit

moth C. molesta (Busck) being its only known hosts in Europe, as first (Askew,

1964;) and recent (Tschudi-Rein et al., 2004) field samplings document. Similar to

other Eulophidae (Brown, 1996), this species has a rapid preimaginal development, a

high lifetime fecundity and a female biased sex ratio (Zaviezo and Mills, 1999;

Tschudi-Rein and Dorn, 2001 ; Häckermann et al., 2007), rendering it particularly

suitable for mass production. Female parasitoids use plant as well as host derived

cues to locate their host (Mattiacci et ai, 2000). Once they have found an apple

infested by a Cydia caterpillar, they enter the fruit either through the gallery made by

the caterpillar or through the calyx and parasitize the host in the center of the fruit

(Mattiacci etal., 1999).

In the past decades, many novel strategies, such as mating disruption (Judd

and Gardiner, 2005), the sterile insect technique and microbial control (Falcon and

Huber, 1991; Bloem etal., 2006) have been developed to control Cydia species, but

their success depends on low population pressure (e.g., Cardé and Minks, 1995)

These strategies are not only environmentally friendly control methods that protect

the environment and human health, but they are also harmless to beneficial insects.

However, despite these new strategies, insecticides remain the principal method of

control for these pests (Audemard et al., 1992; Ohlendorf, 1999). In apple

cultivations, the codling moth is the most devastating pest (Barns, 1991 ; Dorn et al.,

1999), while the oriental fruit moth gained importance as an additional pest in recent

years. Originally known as a key pest of peach, this species has lately been

appearing to an increasing degree as a pest insect in apple orchards in various

countries (Rothschild and Vickers, 1991; Pollini and Bariselli, 1993; Hughes etal.,

2004). As a consequence, apple growers are confronted with the need to control both

tortricid pests in their orchards, and therefore improved IPM (integrated pest

management) strategies are required. Since H. pallidus successfully attacks both

host species (Häckermann et al., 2007) and thus holds the potential to reduce their

population pressure, it could become a useful component of IPM systems designed

to keep both Cydia populations below a the economic threshold level.
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Short- term storage of parasitoids that are to be used in biological control

programs is highly desirable but often difficult to implement. Despite the fact that

storage of natural enemies at low temperature has widely been studied, its practical

applications are limited for several reasons: (1) storage might lead to a high loss in

emergence rates (Levie et al., 2005; Lopez and Botto, 2005; Pandey and Johnson,

2005); (2) parasitism rate can be reduced due to cold storage (Pitcher et al., 2002;

Ozder, 2004; Levie et al., 2005; Lopez and Botto, 2005; Chong and Oetting, 2006;

Luczynski et al., 2007); or (3) other life history traits such as longevity and sex ratio

might be changed (Uckan, 2001; Torres et al., 2002; Foerster et al., 2004), although

such negative influences are not always observed (Leopold, 1998). The development

of a suitable storage strategy should aim at maintaining natural characteristics of the

beneficial insect throughout the storage process to guarantee a high quality biological

control agent (Van Lenteren and Tommasini, 2003), but such cold storage conditions

are still unknown for H. pallidas that likely overwinters at the pupal stage (K. Tschudi-

Rein, unpublished pilot study).

Furthermore, the choice of suitable release temperatures can have a strong

impact on parasitoid performance in the field (Godfrey, 1994). Despite the interest in

H. pallidus for the control of Cydia pests in orchards (Hein and Dorn, 2008), no

information on optimal temperature conditions for its parasitism and fitness is

available so far.

Our objective was to investigate the performance of cold stored and unstored

parasitoids under different temperature regimes. Specifically, we assessed (1) the

influence of a short cold storage period on biological characteristics, in particular the

parasitism rate and the reproductive capacity of this species, and (2) two key quality

traits of the offspring, namely the pupal weight and the sex ratio. This research

should help to judge the potential to store this candidate biocontrol agent for short

periods without quality loss, and to define the optimal ambient temperature conditions

for successful field application in fruit orchards.
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5.3 Material and Methods

Insect culture

The initial colony of Hyssopus pallidus was provided in 1996 by T. Unruh

(USDA-ARS Research Laboratory, Wapato Washington, USA) (Tschudi-Rein & Dorn,

2001), and refreshed by the introduction of field-collected adult wasps from

Switzerland. The host species C. pomonella was reared on wheat-germ-based

artificial diet (Huber et al, 1972) complemented with sterile beech wood chips (6

mm). Adult moths were kept in wax paper lined containers for one day for ovipositon.

Eggs were thereafter kept at 25°C for optimal embryonic development. Shortly before

the hatching of the first instar larvae, the egg sheets were placed with the eggs facing

the artificial medium. Upon eclosion, egg sheets were removed and boxes were

closed and kept at 25° ± 2°C, 60 ± 10% RH and 16L8D until all caterpillars had

reached the last larval stage. Corrugated cardboard was added to the box to allow

the larvae to pupate.

Several 5th instar host caterpillars at a time were offered to four to seven days

old mated female parasitoids at a ratio of one parasitoid per host in a square plastic

box (10 cm x 10 cm x 8 cm), which had two meshed net covered holes to ensure for

sufficient ventilation. Since plant cues offered during ontogenesis of the parasitoid

are of crucial importance for the behavioural quality of the emerged wasps (Gandolfi

et al., 2003b) small pieces of fresh apple (Gandolfi et al, 2003a) were added. A

droplet of undiluted honey served as food source for the female parasitoids. The

wasps were removed from the box one week later. Parasitized caterpillars were kept

under standardized laboratory conditions at a temperature of 24°± 2°C, RH of 60% ±

10% and a regime of 16L8D until the emergence of the parasitoid progeny 14-17

days later. Upon emergence, progeny was removed from the box and transferred to a

Plexiglas cage (25 x 25 x 25 cm), and fed with honey and water. C. molesta, that

were used in the experiments, were reared in the same way as described above for

C. pomonella.
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Effect of storage regime and ambient temperature on parasitism success,

offspring numberand fitness

This experiment simultaneously tested the effects and interactions of storage

and four different ambient temperature regimes on the parasitism behaviour and the

parasitism success of female H. pallidus wasps. To evaluate the influence of cold

storage on the success of the parasitoids, two groups of females were tested: 1)

females that had been stored in a cold room at 4°C for 2 weeks during the pupal

stage (cold stores) and 2) a control group of females that had not been stored

(unstored). After emergence, parasitoids from both groups were kept in a climatic

chamber at 25°C ± 2°C, 60 ± 10% RH and 16L8D and fed with undiluted honey and

water for 4-7 days prior to the experiment. All females used in the experiment had

developed on C. pomonella hosts in the permanent rearing and were standardized by

size (0.52-0.56 mg in pupal weight) for the experiment to ensure a minimal size

range. Pupae of the cold storage group were kept at 4°C ± 1°C for 14 days and

subsequently taken to the rearing climatic chamber for emergence of the adults.

Wasps from the control group were selected and weighed on the day the cold stored

group was taken out of the cold room, thus ensuring that female adults for both

groups had the same age (from the moment of emergence) when used in the

experiments.

For bioassays, a cohort of 10 individuals was set-up for each of the two storage

treatments and for each of the four ambient temperature regimes (15°C, 20°C, 25°C

and 30°C), resulting in a total of eight cohorts with 10 individuals respectively per

replication. A total of 10 replicates per storage/temperature combination were tested.

In the experimental setup, one standardized last instar (16-25 mg) C. molesta larvae

was placed into a plastic Petri dish (diameter 5.5 cm, height 1.3 cm) together with a

female wasp of either of the storage treatment. A droplet of honey served as food

source. From each storage type, a cohort of 10 parasitoids was placed into a climate

chamber either at 15, 20, 25 or 30°C all at a RH of 70%.

Parasitism success was assessed 24, 72 and 120 hours after the onset of the

experiment. Parasitoids were considered successful if eggs had been laid onto the

paralyzed host body. The presence of eggs was determined by examining the host's
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body through a stereomicroscope without touching the developing brood. Where

eggs were present, insects were kept at 25 °C ± 1°C and RH 65% ± 5% until

completion of offspring development. The remaining test individuals of the cohort

were taken back to the climate chamber with the respective temperature regime and

checked again 72 and 120 hours after the onset of the experiment.

Upon successful larval development of the parasitoid offspring, the number of

progeny surviving to adulthood was estimated by counting the number of pupae that

had successfully developed under the different temperature regimes. Furthermore

the number of males per clutch was counted. To determine the influence of storage

type of the parental generation and temperature regime during oviposition on the

fitness of the F1 generation, all pupae that had developed on one host were weighed.

The wasp's size is directly correlated with fitness resulting in larger females being

fitter than smaller ones (Godfray, 1994). For the subsequent analysis, the average

offspring size was calculated for each clutch, and used as basis for all further

analyses.

Statistical analysis

Percentage of parasitism after 24, 72 and 120 hours was arcsine square root

transformed and analyzed in a two way ANOVA with storage regime, temperature

and their interaction as independent variables. Bonferroni's post hoc multiple

comparison tests were used when treatments were significantly different. To evaluate

the influence temperature on the number of offspring produced per host larva, a

Kruskal-Wallis test was performed. Differences within each temperature and between

the cold stored and the unstored group was evaluated using a Mann-Whitney U-test.

To evaluate the influence of storage regime and temperature on the fitness of

the F1 generation, offspring weight per clutch was determined. The data was square

root transformed to approach normality and homogeneity of variance. An ANOVA

procedure was used to determine whether cold storage of the F0 generation and the

different temperatures during oviposition had an influence on offspring fitness.
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5.4 Results

Effect of storage regime and ambient temperature on parasitism success

Cold storage of the parental generation at the pupal stage did not have any

negative influence on the performance of the adult wasps (Table 1). However,

increasing ambient temperature during oviposition significantly increased the

parasitism success of H. pallidus (Figurel). Cumulative parasitism rate within each

temperature range was compared after 24, 72 and 120 hours of exposure (see

Figure 1). At an ambient temperatures of 15°C, an exposure period of 24 hours

resulted in a parasitism rate of 22 ± SD 21% in the cold stored group and 26 ± SD

25% in the unstored group. Longer exposure resulted in an increased parasitism rate

in both groups with a maximum reached after 120 hours (cold stored 41 ± SD 21%,

untreated 57 ± SD 21%). Larvae that were not parasitized after 120 hours had either

pupated or died without any eggs present on the host's body and were not

considered in the analysis.
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At an ambient temperature of 20°C, 24 hours of exposure resulted in a

significantly higher parasitism rate than at 15°C (Bonferroni, p<0.001), resulting in 63

± SD 15% in the cold stored and 63 ± SD 21% in the unstored group. Seventy-two

hours of exposure time yielded significantly higher parasitism rates than at 15°C in

both groups (cold stored 85% ± SD 9, untreated 81% ± SD 10), (Bonferroni,

p<0.001). A further prolongation of the exposure time up to 120 hours increased the

parasitism rate by only 2% (cold stored 93 ± SD 8%, untreated 86 ± SD 11%).

At an ambient temperature of 25°C, 24 hours of exposure resulted in a

significantly higher parasitism rate than at 15°C and 20°C in both, the cold stored (76

± SD 15%) and the unstored group (72 ± SD 21%). After 72 hours exposure, most

hosts had been parasitized (cold stored 90 ± SD 9%, untreated 87 + SD 11%) but

with longer exposure, parasitism rate was no longer significantly higher than at 20°C.

One hundred and twenty hours of exposure again resulted in the highest parasitism

rate (cold stored 91 ± SD 10%, untreated 89 ± SD 11%).

At a high ambient temperature of 30°C, 24 hours of exposure led to a high

parasitism rate in the cold stored (84 + SD 12%) as well as in the unstored group (83

± SD 21%). By 72 hours of exposure most hosts were parasitized (cold stored 91 ±

SD 9%, untreated 90 ± SD 12%), although this result was not significantly different

from than at 25°C (Figure 1 ). A further increased exposure time (120 hours) did not

result in an increase in parasitism (cold stored 91 ± SD 9%, untreated 91 ± SD 11%)

Effect of storage regime and ambient temperature on offspring number,

fitness and sex ratio

At low ambient temperatures, i.e. at 15°C (z=-2.4, p= 0.068) and at 20°C (z=-

3.2, p= 0.004) cold storage resulted in a lower number of progeny produced per

female. At more elevated ambient temperatures (25°C, z=-0.66, p>0.5; 30°C, z=-

1.36, p>0.1), the number of offspring was similar, irrespective of whether the parental

generation had been cold stored or not (Figure 2).
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D 30°C

cold stored unstored

Figure 2: Mean number ± SE of offspring produced per host larva by
female wasps ovipositing at different ambient temperatures (15qC, 20°C,
25°C and 30°C). The cold stored group had been exposed to low

temperatures (4°C) for 14 days, the unstored group had constantly been

kept at 25°C. Letters indicate differences within each storage group.
Kruskal-Wallis test.

In the cold stored group, a positive effect of increasing ambient temperature on

offspring number could be observed (x2=19.09, df=3, p<0.001). Significantly more

offspring were produced at 25°C (z=-3.8, p<0.001) and 30°C (12.9 ± SD 5.9) (z=-2.6,

p<0.036) than at 15°C (10.3 ± SD 5.2). Equally, at 25°C an average of 14.1 ± SD 5.8

pupae were produced per clutch, which was significantly more than at 20°C (11.1 ±

SD 6.6) (Figure 2). In the group, that had never been cold stored, temperature during

oviposition did not affect the number of offspring that were produced per host larva

(Figure 2).

Significantly (df=1, F=10.06, p=0.01) larger pupae were produced when the

parental generation had been stored as pupae at 4°C for 14 days (on average 0.36

mg ± SD 0.07) than if they had never experienced a cold period (on average 0.32 mg

± SD 0.07) (Figure 3). By contrast, neither temperature during the time of oviposition
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(df=3, F=0.68, p>0.5) nor the experimental unity (df=9, F=0.306, p>0.95) had any

influence on the size of the F1 generation.

Neither the storage type (x?=0.35, df=1, p=0.71) nor the temperature during

oviposition (x?=2,21, df~3, p=0.53) had an effect on the number of males produced

per clutch. On average, 1.04 ± SD 0.5 males were produced on each host larva in the

cold stored group, whereas an average of 1.11 ± SD 0.54 males emerged from the

control group (Table 2).

Table 2: Mean number of male offspring per clutch for the two groups: in the

cold stored group, the parental generation had been stored at 4°C for 14 days,
whereas the unstored group had never experienced a period of low

temperatures. Temperatures indicate the different ambient conditions present
during oviposition.

temperature treatment

Cold stored at 4°C

for 14 days
unstored

15°C 1.05 ±SD 0.81 0.97 ±SD 0.78

20°C 0.95 ± SD 0.28 1.05 ±SD 0.49

25°C 1.04+ SD 0.53 1.03 ±SD 0.42

30°C 1.12 ±SD 0.35 1.38 ±SD 0.62

5.5 Discussion

The performance of cold stored and unstored H. pallidus parasitoids was

elucidated after release under different temperature regimes. Our results provide

empirical evidence that this candidate biocontroi agent of the codling moth and the

Oriental fruit moth can be stored for two weeks at 4°C without any detrimental effect

on the parasitism capacity. At all ambient temperatures tested, parasitoids that had

been cold stored during their pupal stage showed the same performance in

45



parasitizing host larvae as the control group that had never experienced a period of

low temperature.
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Figure 1: Mean percentage of parasitism of H. pallidus in two groups: half of

the parasitoids had been stored at 4°C for 14 days at the pupal stage, the other

half had not been stored (unstored control group). Parasitism was assessed at

different temperatures (15°C, 20°C, 25°C and 30°C) and different hours (24, 72

and 120 h) of adult exposure to C. molesta hosts. N=10 for each treatment at

every temperature. The column height indicates the cumulative parasitism rate

after 24, 72 and 120 hours of exposure. White column parts indicate the

parasitism rate from 0-24 hours, gray column parts the increase in parasitism
between 25-72 hours and black column parts the increase in parasitism rate

between 73-120 hours of exposure. Letters indicate differences within each

storage group. Bonferroni's post hoc test

This result indicates that the pupal stage is well suitable for short-term storage

in this species. Whether longer storage results in a loss in quality (Rundel et ai,

2004) is yet unknown. Typically, storage only lasts for a restricted number of weeks,

but even then a reduction in fitness is the rule (Posthuma-Doodeman et ai, 1996).

For example, fecundity can strongly be negatively affected by cold storage (Bayram

et ai, 2005; Pandey and Johnson, 2005). Remarkably, parasitism rate of female H.

pallidus was not altered by a two weeks cold storage period at the pupal stage.

Hyssopus pallidus was found to produce the same number of offspring per

clutch at all temperature ranges if the parental generation had not been exposed to

low temperatures during its immature phase. However, if the parasitoid had been
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stored at 4°C for 14 days, wasps produced the largest clutches at higher

temperatures, with the least number of offspring per host larva being laid at 15°C.

Although cold storage might have a negative effect on the number of offspring at low

temperatures, this effect disappears if ambient temperatures during oviposition are

above 20°C. Hence, the reproductive capacity in this species is not impeded after the

tested cold storage when adults are released into a warm environment. Further, this

finding strengthens the postulate that H. pallidus is most efficient as biological control

agent under warm climatic condition.
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Figure 3: Offspring weight per clutch of females that had been stored at 4°C for

14 days (black) and females that were never exposed to low temperatures
(unstored control) (white). Temperature ranges on the x-axis indicate the mean

ambient temperature present during oviposition. N= 100 for each

treatment/temperature combination
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Further evaluations focused on the F1 generation originating from the cold

stored and unstored parental generation. Interestingly, larger offspring individuals

developed when the parental generation had experienced a period of low

temperature during its pupal stage, whereas ambient temperature during oviposition

did not have an influence on offspring weight. Weight as a fitness parameter is

important because adult female weight may influence fitness by affecting the

searching efficiency, longevity and fecundity of the wasps (Godfray, 1994). The

maintenance of all these mentioned parameters on a high level is of crucial

importance for the quality of commercially produced natural enemies (Van Lenteren

and Tommasini, 2003). In H. pallidas, it seems that cold storage elicits a reaction

either in the female wasps or in its progeny, leading to an increased offspring weight

at high temperatures. This finding documents that this parasitoid does not suffer from

short periods of cold storage, but on the contrary even benefits with larger offspring.

Further, the sex ratio of the F1 progeny was not altered when H. pallidus was

cold stored as pupa. The strongly female biased sex ratio in this species (Zaviezo

and Mills, 1999) was maintained. This quality trait in the offspring is particularly

important for parasitoid mass production in biological control programs, as only

female wasps can attack hosts (Godfray, 1994).

Many studies on cold storage of hymenopteran parasitoids have focused on

endoparasitoids, which are stored within their host egg or host larva (Leopold, 1998;

Bayram et al., 2005; Pandey and Johnson, 2005), whereas ectoparasitoids such as

H. pallidus are much more exposed to abiotic factors like low temperatures. However,

even if parasitoids are protected within host tissue they often experience detrimental

effects due to cold storage (Ozder, 2004; Pandey and Johnson, 2005). Our results

demonstrate that this ectoparasitoid does not suffer from adverse abiotic factors even

if the pupae are not protected during the storage period.

Temperature present during oviposition had a marked effect on parasitism. The

highest parasitism rate was consistently achieved in both, the cold stored and the

unstored group, when ambient temperatures during oviposition were around 25°C or

higher. Though the exposure time was not the main factor influencing the parasitism

success, a clear increase in number of parasitized larvae could be observed with
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increasing exposure time, especially at low temperatures. This is in agreement with

studies on other parasitoids that showed that temperatures around 15°C often have

an inhibitory effect on the wasp's parasitism capacity (Torres et al., 2002; Foerster

and Butnariu, 2004). Furthermore, Pilkington and Hoddle (2006) described that

already moderate changes in climatic conditions, such as changes in temperature,

can adversely affect parasitoid populations in a way that their impact on pest

populations is drastically reduced. Our results indicate that for H. pallidus ambient

temperature is an important abiotic factor that influences the success of the released

wasps. Longer exposure time can partially compensate the adverse effect of low

ambient temperatures, but temperature remains the key factor for successful

parasitism activities. We therefore conclude that H. pallidus is a thermophilous

parasitoid with the best performance at a mean ambient temperature of 25°C and

above and that temperature is most likely the limiting abiotic factor for

Based on our laboratory experiments, H. pallidus can be cold stored during its

pupal stage for up to 14 days without any negative effect on its parasitism rate and

reproductive capacity. On the contrary, cold storage can even have a positive effect

on its progeny, resulting in larger offspring. Our results further support the hypothesis

that the pupal stage might be the overwintering stage of this parasitoid, although

further investigations are needed for confirmation. Warm temperatures for field

releases in fruit orchards are expected to support parasitism success.
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6 Consequences of mixed species infestation on the searching
behaviour and parasitism success of a larval parasitoid

6.1 Abstract

When two herbivore pest species are potential hosts of a single parasitoid

species, two questions arise. Firstly, which host is preferable for mass rearing in

terms of later parasitoid performance, and secondly, how do parasitoids perform in

mixed herbivore situations after colony establishment? We tested Hyssopus pallidas,

a gregarious parasitoid of two major pests of apple, Cydia (Grapholita) molesta and

Cydia pomonella, before and after landing on apples infested by one of the two Cydia

species. Pre-alighting host preference was tested in a Y-tube olfactometer setup, and

parasitism success in a contact bioassay. To gain information on parasitoid

performance throughout the growing season, different fruit growth stages were used.

Irrespective of the host they had developed on, the parasitoids showed similar

olfactory preferences when given a dual choice between infested and healthy fruits,

and they did not discriminate between fruits infested by C. molesta and C. pomonella.

Responsiveness was generally high, especially late in the season close to harvest.

Both hosts are parasitized regardless of the host the parasitoid female had

developed on, and no differences in parasitism rates or number of offspring were

noted for the two hosts offered. Results were consistent for all apple growth stages

tested.

In conclusion, mass rearing of this parasitoid can be carried out on either host,

without limiting the future efficacy of the bio-control agent. Similarly, established

colonies are expected to develop further on both hosts without any bias in host

preference.

6.2 Introduction

The efficiency of a parasitoid depends on its ability to locate potential hosts in a

given habitat and to successfully reproduce thereafter. When resources are distant,

parasitoids are predicted to search for hosts in a non-random manner in order to

optimize their fitness (Desouhant et ai., 2005). Under these circumstances, host
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habitat related cues are decisive in the searching process, because cues derived

from the host itself are often not strong enough to be detected over long distances.

Host habitat cues are therefore considered the primary stimulus for the niche

selection by parasitoids (Vet et al., 1995). Indeed, changes in the chemical

composition of host plants infested with herbivores convey important information for

searching parasitoids (Mattiacci et al., 2000; Meiners et al., 2005; Tentelier et al,

2005), which is then used to identify suitable habitats. Within a habitat, parasitoids

generally rely on direct cues from the host to locate potential hosts (Godfray, 1994)

although there are exceptions (Dutton et al, 2000; Dutton et al, 2002). Host related

chemical cues, such as stimuli contained in host frass, have been shown to elicit an

area restricted searching behavior in parasitoid (Mattiacci et al, 1999; Tanaka et al.,

2001), because frass usually indicates host presence and serves as reliable

information for searching females (Vet and Dicke, 1992).

Not only can the host's environment have an important influence on the

performance of a parasitoid (Bjorksten and Hoffmann, 1998a; Mattiacci et al, 2000;

Gandolfi et al, 2003b), but also the host species, on which the parasitoid develops,

may influence the performance of the subsequent generation (Mansfield and Mills,

2004). Rearing effects on chemosensory responsiveness and host preference have

been demonstrated for several species. For example, Trichogramma brassicae

showed greater preference for the grain moth Sitotroga cerealella when reared from

this species than when reared from other host species (Bjorksten and Hoffmann,

1998b). In a parasitoid that attacks Musca domestica and Drosophila melanogaster a

clear influence of the natal host on the performance of the next generation has been

observed (Morris and Fellowes, 2002).

An example of two herbivore species as potential hosts for one single parasitoid

species is the tritrophic system composed of the apple tree, the herbivore pests

Cydia (Graphollta) molesta (Busck) (Lepidoptera: Tortricidae) and Cydia pomonella

(L) (Lepidoptera: Tortricidae), and their common parasitoid Hyssopus pallidus

(Askew) (Hymenoptera: Eulophidae). While the codling moth C. pomonella is a

notorious pest of apple trees (Barns, 1991; Dorn et ai, 1999) the oriental fruit moth,

C. molesta, originally known as a key pest of peach, has been appearing in recent
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years to an increasing degree as a pest insect in apple orchards in various countries.

(Rothschild and Vickers, 1991; Pollini and Bariselli, 1993; Natale et al., 2004). As a

consequence, apple growers are confronted with the need to control both tortricid

pests in their orchards, and improved IPM (integrated pest management) strategies

are required.

Hyssopus pallidus, a candidate biocontrol agent (Mattiacci et al., 1999), is a

gregarious ectoparasitoid of the oriental fruit moth and the codling moth, and

endemic to Europe (Askew, 1964; Zaviezo and Mills, 2000; Tschudi-Rein et al,

2004). Similar to other Eulophidae, this species has a rapid preimaginal development

(Häckermann et al., 2007), high lifetime fecundity, and a female biased sex ratio

(Brown, 1996). Furthermore it uses plant as well as host-derived cues to locate its

host, and host frass from apple-fed caterpillars triggered a particularly high response.

Moreover, rates of host attack and parasitism can attain 86% in the presence of

apple cues (Mattiacci et al, 2000). Given its biological characteristics, H. pallidus

could be used for inoculative or inundative release to keep Cydia populations below a

certain threshold level. Cydia pomonella and C. molesta are the only known and

documented hosts for this relatively specialized parasitoid (Askew, 1964; Zaviezo

and Mills, 1999; Tschudi-Rein et al., 2004), which appears to be well adapted to the

apple habitat (Hausmann et al., 2005). Once a female parasitoid has found a fruit

infested by a Cydia larva, it enters the apple either through the gallery made by the

caterpillar or through the calyx and parasitizes the host caterpillar inside the apple

(Mattiacci et al., 1999). Upon successful parasitism the female displays brood

guarding, and after 15 days (at 24°C), the next generation of parasitoids emerges

from the apple (Zaviezo and Mills, 1999).

This study investigates the significance of the natal host on the behavior of the

subsequent H. pallidus generation, to ensure good quality parasitoids. This

relationship holds potential to influence success of biological control in two ways: if

the parasitoid is used for conservation biological control or for inoculative release, the

wasps might emerge from one or both potential host species. The question arising

thereupon is, whether the parasitoid will subsequently control both herbivore hosts

equally well, irrespective of the host the parasitoid had developed on. In case the
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parasitoid should be used for innundative release, the wasp will be mass reared on

one single host species in the laboratory and is subsequently mass released. Will the

parasitoid in this case control both herbivore species equally well even after rearing

on one single potential host?

The main focus of this project was on the role of chemical cues mediating the

parasitoid's behavior before and after landing of the parasitoid. We investigated the

behavior of parasitoids, reared on C. molesta and C. pomonella by determining (1)

response to chemical cues emitted by infested apples, (2) parasitism success and (3)

host preference in mixed species infestation. Implications for the release of this

parasitoid as biological control agent against Cydia species in apple production are

discussed.

6.3 Material and Methods

Parasitoid rearing

The initial colony of Hyssopus pallidus was provided in 1996 by T. Unruh

(USDA-ARS Research Laboratory, Wapato Washington, USA) and originated from

France. Following detection of this parasitoid in Switzerland (Tschudi-Rein et al.,

2004) the colony was refreshed by the introduction of field-collected adult wasps and

maintained as a single colony. Starting from this single colony, two strains were

obtained by rearing the parasitoids on two different hosts. One strain was reared on

Cydia pomonella hosts (CP strain), the other on Cydia molesta hosts (CM strain).

Both strains had been reared on the respective host for more than 30 generations.

The CM parasitoid strain was maintained on last instar C. molesta caterpillars,

the CP parasitoid strain on last instar C. pomonella caterpillars. Both host species

had been reared on wheat-germ-based artificial diet (Huber et al., 1972). Newly

hatched first instar caterpillars were placed individually in a plastic box (18mm x

18mm x 10mm) filled with 3.4 g of artificial diet. Boxes containing C. pomonella hosts

and C. molesta hosts respectively were kept at 25°±2°C, 60±10% RH and 16L8D.

Last instar caterpillars were offered to four to seven days old mated female

parasitoids. In the permanent rearing, host caterpillars were offered to the female
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wasp in glass vials (10 cm of length, 2.8 cm of diameter) at a ratio of two parasitoids

per host, resulting in a constant supply of parasitoids.

Since plant cues offered during the ontogenesis of the parasitoid are of crucial

importance for the behavioral quality of the emerged wasps (Gandolfi eta/., 2003b), a

small piece of fresh apple (Gandolfi et al, 2003a) was added to the vial, and a drop

of undiluted honey served as food source to the female parasitoids of the parental

generation. The vials were closed with a piece of thin meshed net. The wasps were

removed from the vial one week later. Parasitized caterpillars were kept under

standardized laboratory conditions at a temperature of 24° ± 2°C, RH of 60% ± 10%

and a regime of 16L8D until the emergence of the parasitoid's progeny 14-17 days

later. Upon emergence, progeny were removed from the vial and transferred to a

Plexiglas® cage (25 x 25 x 25 cm), where they were fed with honey and water.

Plant material

The apple variety Malus "Golden Delicious" (Malus domestica Borkh.) was used for

all experiments; all apples originated from commercial orchards, treated against

fungal pathogens and insect pests according to the Swiss guidelines of integrated

fruit production (Höhn et al., 2005). In the period between June and September, no

sulfur containing fungicides were used. Insect control was made using the insect

growth regulator methoxyfenozide, which is classified as non-toxic to hymenopteran

parasitoids (Hohn et al., 2005). Apple fruits were infested with one of the two Cydia

species and thereafter kept under standardized laboratory conditions at a

temperature of 24° ± 2°C, RH of 60% ± 10% and a 16L8D regime

Choice experiment before landing: Y-tube olfactometer

To determine the olfactory response of the adult parasitoids to odors emitted by

infested apples, dual choice experiments were conducted with volatiles from C.

molesta and C. pomonella infested apples as well as from healthy apples. This

bioassay set-up has been proven to be appropriate for this parasitoid to discriminate

between odors, and significant olfactorial preference has been reported using this

method (Rott et al., 2005, unpublished data). Apples were infested either with the
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penultimate instar (third) of C. molesta or the penultimate (fourth) of C. pomonella,

leaving the caterpillar to feed for 48 hours at 24 ± 2°C, 60 ± 10% RH and L18:D6.

This method was chosen because a long feeding period leads to the infection with

post-harvest fungi. Three different apple growth stages were tested: fruits collected

early in the season in June (growth stage 74, 2.5-3.5 cm of diameter), according to

the BBCH coding system (Meier, 2001), in mid season (growth stage 78, 3.5-4.5 cm

of diameter) and late in the season in September, shortly before harvest (growth

stage 81, 4.5-6.0 cm of diameter). In each experiment, one entire apple at the time

was inserted into the volatile chamber.

The olfactory response was determined in a Y-tube olfactometer, which

consisted of a Y- shaped glass tube, with each arm 22 cm long and 1.8 cm in

diameter and two odor source chambers (9.5 cm diameter x 11 cm height).

Moistened, charcoal filtered air entered at a constant rate of 230 ± 5 ml/minute

through each arm of the olfactometer. The flow rate through each arm was controlled

by a flow meter. To avoid any visual influence on the choice, the walls on the right

and left side of the experimental construction were covered with white paper. The

whole construction was placed beneath 7 equally distributed neon lamps allowing an

even light intensity of 3000 ± 20 Lux. The conditions of the experimental room were

set at 24 ± 2°C, and a RH of 60 ± 5%.

On the day of each experiment, female parasitoids were removed from their

cage and kept in a Pelxiglas® cylinder (5cm of diameter, 10 cm of length) with a

droplet of honey. The 4-6 day old mated and inexperienced parasitoids were brought

to the experimental laboratory in a small glass vial (0.7cm of diameter, 2cm of length)

30 minutes prior to the experiment giving them time to adapt to the new environment.

One parasitoid at a time was introduced into the common arm of the Y-tube, by

letting them walk out of the glass vial. Its behavior was observed for 10 minutes.

Each arm was divided into two zones, starting at the junction, with zone 1 having a

length of 8 cm (Bertschy et ai, 1997). If a female entered zone 2 (starting 8 cm away

from the junction), it was considered having made a choice. Observations were

discontinued, when the tested parasitoid entered zone 2 or after 10 minutes had

elapsed. If it stayed in the common arm or zone 1 for the whole observation period it
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was classified as not having made a choice. To avoid any asymmetrical bias in the

set-up, the odor sources and their position were changed after five parasitoids had

been tested. Both parasitoids strains were tested in the following set-up combinations

of odor source: C. molesta infested vs. C. pomonella infested apples, C. molesta

infested vs. uninfested apples and C. pomonella infested vs. uninfested apples. Each

parasitoid was used only once. Overall 40 females were tested for each apple stage.

Tests were carried out on different days to avoid any bias; on each day, every odor

combination was tested.

Choice experiment after landing: contact bioassay

The same apple growth stages as for the Y-tube olfactometer experiment were

used (74, 78 and 81). Apples were infested with a third to fourth instar larva of either

C. molesta or C. pomonella, which had been reared on an artificial wheat germ based

diet (Huber et al., 1972). For infestation, a third instar larva was placed onto the

surface of an apple and the whole set-up, i.e. the entire fruit-herbivore complex, was

covered with a Plexiglas® cylinder (6 cm of diameter, h = 8 cm). One end of the

cylinder was closed with a thin meshed net. After 24 hours the larva had drilled into

the apple.

Upon successful infestation, a C. molesta and a C. pomonella infested apple

were each placed onto an elevated wire mesh respectively, to ensure that parasitoids

had full access to the apples. The setup was covered with a plastic box (10 x 20 x 8

cm). A 3-7 day old mated female parasitoid was added to the set-up in a ratio of one

parasitoid per box, with a droplet of honey as food. The parasitoid was given 7 days

to choose either of the offered hosts, to parasitize it and to leave the apple again.

Upon removal of the parasitoid, apples were separated again and placed individually

under a Plexiglas® cylinder. New adult parasitoids emerged 15-22 days later. For

each apple stage, 20 replicates were tested. Choice was defined as parasitized

Cydia larva, success as number of progeny produced on one host. All the

experiments were carried out with parasitoids of the CM strain as well as the CP

strain.
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Data analysis

Differences in choice for odor sources (olfactometer experiments) or for host

caterpillars (contact bioassays) were analyzed using the non-parametric x2test, while

differences in number of offspring within apple stages were analyzed with an

independent t-test (data were normally distributed (Kolmogorov-Smirnov Test) and

equality of variance (Levene's test) was assumed).

Data analysis

Differences in choice for odour sources (olfactometer experiments) or for host

caterpillars (contact bioassays) were analyzed using the non-parametric x2test, while

differences in number of offspring within apple stages were analyzed with an

independent Mest (data were normally distributed (Kolmogorov-Smirnov Test) and

equality of variance (Levene's test) was assumed).

6.4 Results

Y-tube olfactometer experiments

The parasitoid H. pallidas did not display any preference for volatiles of either of

the host-herbivore complexes irrespective of the host caterpillar they had developed

on.

Parasitoids that had been reared on C. molesta as hosts did not prefer the

volatile bouquet of C. molesta infested apples over C. pomonella infested apples

neither early in the season nor in mid summer nor late in the season (for all x2.

p>0.05) (Figure 1A). A significantly higher preference for odors emitted by healthy

apples was observed in the parasitoid wasp when tested against C. molesta infested

apples (x2=4.8, df=1, p<0.05) early in the season (Table 1 A), but later on, no

discrimination occurred between the two odor bouquets (x2, p>0.05). When given a

choice between healthy and C. pomonella infested apples, there was no preference

for either of the odor bouquets at any time in the season (for all x2, P>0.05). The

proportion of female parasitoids not making a choice varied between 32.5 % and

7.5%, being lowest late in the season (Figure 1A).
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Figure 1 : Choice (in percentage of responding individuals) of Hyssopus pallidus
parasitoids reared (A) on Cydia molesta or (B) Cydia pomonella in the y-tube
olfactometer experiment. The female wasps were offered the choice between

apple fruits infested with C molesta and apples infested with C pomonella.
Different apple growth stages represent different times during the season, with

stage 74 occurring in June and stage 81 in September. N=40 females were

tested per treatment (n.s. indicates that x2-test showed no significant
differences, p>0.05).
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Parasitoids reared on C. pomonella did not prefer volatiles from apples infested with

C. pomonella over those infested with C. molesta regardless of the apple growth

stage (for all x2, p>0.05) (Figure 1B). C. molesta infested apples were not preferred

over healthy apples, irrespective of the point of time in the season (for all x2. p>0.05).

Equally, C. pomonella infested apples were not preferred over healthy apples when

tested against each other (for all x2> p>0.05) (Table 1B). The proportion of females

not making a choice varied between 13 % and 2.5% being lowest late in the season

(Figure 1B).

Contact bioassays

Parasitoids from the C. molesta strain that were given the choice between a C.

molesta and a C. pomonella infested apple parasitized both host species equally

frequently, based on assessments of the number of apple fruits from which a new

generation of parasitoids emerged. Across the growing season, no preference for

either of the hosts was noted (for all %2, P>0.05) (Figure 2A).
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apple

stages

74

78

Cydia molesta infested Cydia pomonella infested

74

78

81

lui

n.s.

n.s.

n.s.

mÊÊÊà
n.s.

n.s.

% of infested apples
without parasitoid

offspring emerging

43.3 %

76.7 %

43.3%

28.5 %

22.5 %

52.5 %

100 80 60 40 20 0 20 40

Responding females in %

60 80 100

Figure 2: Choice (in percentage of responding individuals) of Hyssopus pallidus

parasitoids reared (A) on Cydia molesta or (B) on Cydia pomonella, in a contact

bioassay. The female wasps were offered choices between an apple infested

with C. molesta and one infested with C. pomonella. The bars represent the

percentage of apples from which a next generation of parasitoids emerged.
Different apple growth stages represent different times in the season with stage
74 occurring in June and stage 81 in September. N=30 females per treatment in

experiment (A) and 40 females per treatment in experiment (B) (n.s. indicates

that x2-test showed no significant differences, p>0.05)
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The overall parasitism rates varied between 24% and 57% per treatment and apple

stage. The majority of females oviposited in either one of the offered host, with only

11% of parasitizing both hosts. The proportion of apples without a next generation of

parasitoids emerging varied between 43.4% and 76.6 %, and was lowest at the

beginning and the end of the season. Focusing on the number of parasitoid offspring

that emerged from the parasitized apple, no difference was found between the two

host species (for all t-tests, p>0.05). These results are consistent all over the three

apple growth stages tested (Table 2). The number of offspring varied between 5 and

19 for parasitoids emerging from C. molesta hosts and 2 and 35 for those having

developed on C. pomonella caterpillars.

Similarly, C. pomonella reared parasitoids did not discriminate between either of

the host species when these were offered simultaneously. Both host caterpillars were

equally well parasitized inside the apples irrespective of the time in the season (for all

X2, p>0.05). The overall parasitism rate was 47.5 % up to 77.5% per treatment. Again

the parasitism incident was predominantly on either one of the offered hosts (18%

parasitizing both hosts). The number of apples without a next generation of

parasitoids emerging varied between 22.5% and 52.5 % and was lowest in mid

season. The number of offspring produced per host larva did not vary between the

two host species (for all t-tests, p>0.05). Early (74) as well as later on (78 and 81) in

the season, the same amount of progeny was produced per host larva independent

of the host species (Table 2). The number of offspring per host varied between 2-39

for C. molesta caterpillars, and in the case of C. pomonella, 1-30 individuals emerged

per host caterpillar.
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6.5 Discussion

This study focused on the role of chemical cues mediating the parasitoid's

behavior before and after landing on the apple. Simultaneously offered volatiles from

C. molesta and C. pomonella infested apples were equally attractive to H. pallidus

females in a dual choice situation, irrespective of the host they had developed on. As

is known from previous studies, volatiles from the host-fruit complex are pivotal to

searching parasitoids (Mattiacci et al., 1999), although not all potential fruit-host

complexes may elicit the same response. Our results provide empirical evidence that

the parasitoid does not discriminate between the odor bouquets emitted by the two

different host species on the same host plant, indicating that plant volatiles (such as

apple odors) are primarily used as host finding cues when exposed to the parasitoid

during its preimaginal development (Gandolfi et al., 2003b). Regardless of the host

the parasitoid had developed on, females exhibited a high responsiveness in the

presence of fruit odors, and they did not show any preference for either of the host

species complexes. After landing, as shown in the contact bioassays, the natal host

neither had an effect on the searching efficiency, nor on the reproductive success of

the parasitoid. Thus H. pallidus is able to reproduce on both Cydia hosts present in

the apple habitat, to which the parasitoid is highly adapted (Hausmann et al., 2005).

While the role of odors emanating from the plant on the host-searching behavior is

well documented in this and previous studies (Gandolfi eta/., 2003a, 2003b), the role

of volatiles from the host-plant complex, i.e. of the odors emitted by herbivore-

infested fruit, is less clear in this system.

The current study reveals no significant preference of parasitoid females for

volatiles of infested fruit when given the choice with healthy fruit. Using the same

olfactometer methodology, Rott et al. (2005) reported that the parasitoid

discriminated in favor of the infested fruit at four sampling dates between June and

August, but showed no preference very early (end May), mid and end of season.

Coincidently, both studies found no discrimination end of the season. Contrary to

expectations, infested fruit in June (measuring around 30mm in diameter) did not

elicit a preference of the females for infested fruit in contrast to the previous study

(Rott et al., 2005; fruit sizes presented in Vallat and Dorn, 2005). In the first study,
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apple trees of the same variety were under drought stress due to the unusually warm

and dry summer, but fruit attained a size of 72mm shortly before harvest, while in the

current study, climatic conditions were moderate but fruit attained an average size of

only 52mm, thus rendering detailed direct comparison difficult (Rott et al., 2005;

Vallat and Dorn, 2005; Vallat et al., 2005). Drought stress elicits changes in volatile

emissions from the apple tree. It increases the activity of lipoxoygenase, resulting in

increased green leaf volatile emissions (Vallat et al., 2005). Quantitative changes in

the volatile profile of the apple tree are likely to influence the strength of olfactory

preference of H. pallidus.

Microhabitat location involves mostly the detection of host-infested sites (Vet et

ai, 1995). It has been demonstrated that host related kairomones are used in the

short-range foraging process by H. pallidus (Hausmann et al., 2005), and that host

feces elicit intense searching behavior (Gandolfi et al., 2003a). The host-derived

kairomones are host diet independent but their effect is strongly enhanced when

apple cues are additionally present (Mattiacci et al., 1999; Gandolfi et al., 2003a).

Such bioactive combinations are known from other tritrophic systems, where plant

constituents as well as compounds derived from the host are involved in attracting

parasitoids to infested patches (Agelopoulos et al., 1995; Tanaka et al., 2001). The

fact that H. pallidus did not show any discrimination between fruit infested by either of

the two Cydia hosts suggests that the foraging females perceive the host-derived

kairomones, offered in combination with plant cues, similarly. Out findings are also

consistent with the postulate by Dutton et al. (2000) that parasitoids of concealed

hosts rely more on plant-based than on host-based stimuli. The two Cydia species

are the only known hosts in Europe for this parasitoid, as first (Askew, 1964) and

recent (Tschudi-Rein et al., 2004) field samplings document. Further, the parasitoid

failed to develop on two other tortricid species offered in no-choice laboratory trials

(Zaviezo and Mills, 1999), of which the genus Pandemis is also known in Europe.

When offered simultaneously in a contact bioassay, H. pallidus females

parasitized both caterpillar species, independently of the host species they had

developed on. The overall parasitism incidence was slightly but not significantly

higher with C. pomonella reared parasitoids. From other systems, different patterns
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of relationships between natal host and preferred hosts for oviposition were reported,

such as for the generalist egg parasitoids Trichogramms spp. (Hymenoptera:

Trichogrammatidae). Regardless of its natal host, one out of two frequent field hosts

was consistently preferred by T. pretiosum Riley (Brotodjoja and Walter, 2006).

Conversely, the natal host had a fundamental influence on the preference of the next

generation in T. platneri Nagarkatti (Mansfield and Mills, 2004). In our investigation,

the average number of offspring produced per host larva was also comparable on

both host species, irrespective of the fact that C. molesta caterpillars are on average

much smaller than C. pomonella caterpillars. A previous study on the quality of the

two host species has revealed that host size was not equal to host quality suggesting

that C. molesta caterpillars offer more favorable nutrient resources (Häckermann et

ai, 2007). Nonetheless, this parasitoid parasitized both hosts and progeny developed

successfully to the adult stage. This fact supports the hypothesis that this association

of herbivores can be characterized as sharing a natural enemy (Luhring et al., 2004)

and that H. pallidus can therefore be considered as a potential biological control

agent for both Cydia species.

Even though associations of different herbivore hosts with a plant may produce

different odor bouquets (Geervliet et al., 1998), this variation does not necessarily

impede a successful host location and reproduction of the parasitoid (Silva-Torres et

al., 2005). Overall, the natal host neither had an effect on the searching efficiency,

nor on the reproductive success of H. pallidus, thus ensuring that the parasitoid is

able to reproduce on both Cydia hosts present in the apple habitat.

In terms of biological control programs against the two Cydia species in apple

orchards, our results provide empirical evidence that H. pallidus can substantially

contribute to IPM programs. In inoculative or conservation biological control,

parasitoids that emerged from colonies on either of the two hosts are expected to

attack and suppress both hosts without any bias. In innundative biological control

programs, mass rearing can be carried out on either host without limiting the future

efficacy of this candidate biological control agent. Further studies should investigate

the impact of host to parasitoid ratios on the efficiency of the parasitoid in reducing
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Cydia populations (Walde and Murdoch, 1988; Bezemer and Mills, 2001), and of the

adult parasitoid's nutrition on parasitism rates (Wanner etal., 2006a, 2006b).



7. General discussion

The world population is projected to grow from 6 billion at the turn of the

millennium to about 9.4 billion by 2050 (Raleigh, 1999). To meet the needs of this

ever-increasing world population, human beings are rapidly converting native

ecosystems to gain more arable farmland. To preserve the world for the future, space

must also be left for wildlife and the wild flora in untouched habitats. To find a

balance between the needs that agriculture claims and the preservation of natural

habitats is a challenge of the early twenty-first century. Part of the solution to this

problem is biological control, the foundation on which sustainable, non-polluting pest

control for tomorrow's agriculture must be built (Van Driesche & Bellows, 1996).

The implementation of biological control programs requires a sound

understanding of ecosystem complexity in order to forecast population, community

and ecosystem trends over time (Santangelo & Bramanti, 2006). In this study, we

elucidated the efficiency of the parasitic wasp Hyssopus pallidus in parasitizing the

two tortricid pests Cydia molesta and Cydia pomonella. Since both species are

potential hosts for this parasitoid, host suitability in terms of life history traits and

optimal development for the parasitoid's offspring were evaluated. Based on this

knowledge, a mass rearing system was developed for the two host species as well

as for the parasitoid. In a further experiment, the influence of cold storage on the

parasitoid's parasitism capacity was assessed. Furthermore, the parasitoids

parasitism capacity was tested at different temperature ranges to clarify in which

geographic range the parasitoid would be most efficient. Dual choice experiments

were conducted with cues from the host plant and the host to investigate the role of

the natal host on the host searching efficiency and to understand whether the

parasitoid has a preference for either of the host species. Based on the knowledge

acquired, we discuss the possible applications of this parasitoid in biological control

programs based on IPM.
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7.1 The development of a mass rearing system

Mass rearing system for both host species (C. pomonella and C. molesta) on

artificial diet was successfully established. The addition of wood chips to the medium

diet secured a reduced encounter rate between the single newly hatched larvae. This

is of crucial importance since young Cydia larvae are cannibalistic (Windrich, 1965)

and therefore aggressive towards any intruders that come within the range of their

sense organs, thus ensuring that a certain territory around each larva is kept free

from potential competitors (Ankersmit & van der Meer, 1973).

While herbivores can easily be fed on artificial diet (Dickerson & Leppla, 1992),

parasitoids often require a natural host environment, like a larva or an egg to develop

on (Wong & Ramadan, 1992). A mass rearing system for the parasitoid was

developed based on the mass reared host larvae. Parasitoids could successfully be

reared on both host species, though certain life history traits, such as the number of

offspring produced per host caterpillar were influenced by species-specific

characteristics. Gregarious parasitoids are known to adjust clutch size according to

host size (Hardy et al., 1992; Lemasurier, 1987; Zaviezo & Mills, 2000). These

adjustments have been considered adaptive in a way that larger hosts are assumed

to provide a greater amount of nutrients to the developing brood than smaller ones

(Bell etal., 2005; Hardy et ai, 1992; Zaviezo & Mills, 2000). Contrary to expectations,

H. pallidus displayed a different behaviour of clutch size adjustment in the two host

species of the same genus. Last instar C. pomonella larvae weighing 50-100 mg

yielded the same number of parasitoid offspring as last instar C. molesta larvae

weighing 16-25 mg despite the fact that the difference in host weight is approximately

fourfold. Furthermore, larger parasitoids were produced per weight unit of food

resource on C. molesta hosts compared to C. pomonella hosts. These results provide

for the first time empirical evidence that host quality is not only determined by host

size. Rather, host nutrients seem to differ in the two host species with C. molesta

being in some way more rewarding for the parasitoid.

In H. pallidus, development time of females was slightly different on the two

host species. Contrary to the existing hypothesis that development time is longer on

less favourable food resources, larvae took a few hours longer to complete

70



preimaginal development on the larger C. pomonella hosts, offering more nutrients,

compared to the smaller C. molesta hosts. The above-mentioned difference in egg to

adult developmental time is mainly due to differences in embryonic development,

where C. molesta hosts seem to favour fast development. Other life history traits

such as longevity, fecundity and sex ratio were not affected by characteristics of the

host species.

In terms of the mass rearing protocol, it seems that C, molesta larvae are much

more rewarding for a large production of parasitoid probably due to its different

nutrient composition that appears to be more favourable for the development of the

parasitoid's offspring.

7.2 Positive influence of cold storage and favourable high ambient

temperatures

The possibility to store bénéficiais that are to be used in biological control

programs is highly desirable but often difficult to implement, because in many cases

cold storage has an adverse effect on one or several fitness parameters (Lopez &

Botto 2005; Luczynski et al., 2007; Ozder, 2004). Parasitoids that had been cold

stored at 4°C for 14 days showed a similar parasitism behaviour than their

conspecific that had not been stored. At all ambient temperatures tested, cold stored

parasitoids showed the same capacity in parasitizing host larvae. It appears therefore

that H. pallidus does not suffer from negative effects in their parasitism capacity

when cold stored at 4°C for 14 days.

Many studies on cold storage of parasitoids have focused on endoparasitoids

that are often covered by their host's tissue and therefore are partially protected

against external influences (Bayram et ai, 2005; Leopold, 1998; Pandey & Johnson,

2005), whereas ectoparasitoids are much more exposed to abiotic factors. Our

results demonstrate that the ectoparasitoid H. pallidus does not suffer from adverse

abiotic factors even if the pupae are not protected during the storage period. It further

indicates that the pupal stage is probably most suitable for short-term storage (sensu

Van Lenteren & Tommasini, 2003), as exposure to low temperatures at the pupal

stage does not alter the parasitism capabilities of female H. pallidus.
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Interestingly, larger parasitoids developed when the parental generation had

experienced a period of low temperature during its pupal stage, whereas ambient

temperature during oviposition did not have an influence on offspring weight. Larger

females may influence the wasp fitness by resulting in an enhanced searching

efficiency, longevity and fecundity. This again results in a greater number of offspring,

which is directly correlated with a gain in fitness (Godfray, 1994). In H. pallidus, cold

storage elicited a response either in the female parent or in her offspring that resulted

in a higher offspring weight compared to the control group. This suggests that cold

stored parasitoid do not suffer losses in fitness due to cold storage, but on the

contrary even benefit from it.

Temperature above 25°C resulted in a high parasitism rate (80% and more)

already after 24 hours of encounter, whereas at low ambient temperatures,

parasitism rate never exceeded 60%. This indicates that parasitism rate was strongly

influenced by ambient temperature. A prolonged exposure time from 24 to 72 hours

at low ambient temperatures (15°C) resulted in a doubling of the percentage of larvae

parasitized, this effect was nullified at temperatures above 25°C.

These results indicate that for H. pallidus ambient temperature is an important

abiotic factor that influences the success of the released wasps. Longer exposure

time can partially compensate the adverse effect of low ambient temperatures, but

temperature remains the key factor for successful parasitism activities. We therefore

conclude that H. pallidus is a thermophilous parasitoid with the best performance at a

mean ambient temperature of 25°C and above and that temperature is most likely the

limiting abiotic factor for the parasitoid's reproductive capacity in the field.

7.3 Host location and host preference: the role of chemical cues

The efficiency of a parasitoid depends on its ability to locate potential hosts in a

given habitat. In habitats where more than one potential host species share the same

food plant resources, female wasps should obviously attack the best host and ignore

any hosts that offer suboptimal resources for larval development (Godfray, 1994).

Volatiles from C. molesta and C. pomonella infested apples that were offered

simultaneously were equally attractive to H. pallidus females in a dual choice
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situation. Furthermore H. pallidus females responded equally to volatiles from

uninfested apples as they did to a combination of host and host-habitat cues. Even if

host insects are closely related and feed on the same host plant, parasitoids may

have an innate preference for one of the host species. Innate preference is defined

as the first resource type accepted by a naive individual when two or more resource

types are offered together (Vet et al., 1995). The parasitoid's response suggests that

host plant volatiles are indeed the main component triggering an active host

searching behaviour on a long distance scale. These findings for the endophytic

parasitoid H. pallidus are in agreement with another study on a parasitoid with a

concealed host. Both studies suggest, that parasitoids of concealed hosts rely much

more on host plant derived stimuli than on cues from the host itself (Dutton et al.,

2000). Results further suggest that cues from the natal host do not determine the

parasitoid's response in the next generation. If the parasitoid is to be used in

biological control programs, mass rearing could be carried out on either of the two

host species without directing the parasitoids behaviour in the field towards a

selective host choice.

Once the parasitoid has successfully located a suitable host habitat, in our case

the apple orchard, it needs to find the host within a biotic environment. For short-

range host location, the parasitoid is predicted to rely on host-derived or through

caterpillar activity induced stimuli to find infested apples within the orchard. In this

study, H. pallidus females parasitized both caterpillar species equally often when

apples infested with both host species were offered simultaneously in a contact

bioassay. This strengthens the assumption that host derived cues are of minor

importance for the choice of the parasitoid. Furthermore, the average number of

offspring produced per host larva was comparable on both host species, irrespective

of the fact that C. molesta caterpillars are four fold smaller than C. pomonella

caterpillars.

These results support the hypothesis that two pest species share one natural

enemy (Luhring et al., 2004) and we can therefore conclude that H. pallidus is a

potential biological control agent for both Cydia species. Even though associations of

different herbivore hosts with a plant may produce different odour bouquets
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(Geervliet et al., 1998), this variation does not necessarily impede a successful host

location and reproduction of the parasitoid (Silva-Torres et al., 2005). Overall, the

natal host had neither an effect on the searching efficiency, nor on the reproductive

success of the parasitoids, thus ensuring that the parasitoid is able to reproduce on

all the Cydia hosts present in the apple habitat. Given its generalist perception of

volatiles for the apple habitat, H. pallidus could be considered as a potential

biological control agent for both Cydia species.

7.4 Conclusion

This study aimed to elucidate various aspects of the biology and the ecology of

the larval parasitoid H. pallidus to gain an insight into its possible application as

biological control agent against Cydia infestations in apple orchards.

- Mass rearing of the two Cydia species in the laboratory has been successful

and can be used as a basis for mass rearing protocols for the parasitoid H. pallidus.

Despite the fact that both closely related tortricid pests are potential hosts of this

parasitoid, C. molesta seems to offer more favourable resources for the development

of the parasitoid's offspring. A greater number of offspring is produced per host

caterpillar. Mass rearing systems should therefore be carried out on C. molesta

hosts.

- Parasitoids can be cold stored for 14 days at 4°C without suffering a loss in

their parasitism capacity. Low storage temperature even had a positive effect on

parasitoid offspring, resulting in larger offspring. This offers the opportunity to store

parasitoid during periods of low demand and to have large enough quantities when

they are needed in the field.

- The parasitoid displayed the highest activity at high ambient temperatures. It

therefore seems to be thermophilous and is probably most adapted to regions with

temperatures above 25°C.

- Parasitoids respond to cues from both host-habitat complexes. Furthermore,

the parasitoid does not show any preference for either of the two tortricid hosts when

both are present simultaneously. Moreover, the natal host, the parasitoid develops on

does not influence the wasps preference in the adult stage.
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Based on the facts presented in this work, we conclude that H. pallidus

possesses several ecological characteristics that are favourable for its use in

biological control programs. Further field investigations are recommended to validate

the results of this study in the field.
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9 Appendix

A1 Development of a mass rearing protocol for

C. pomonella, C. molesta and their parasitoid H. pallidus

A 1.1 Summary

An important step in biological control programs is the scale-up from laboratory

cultures of host and parasitoid to mass rearing systems. Here the mass rearing

protocol for the codling moth Cydia pomonella and the Oriental fruit moth Cydia

molesta has been developed, so that one rearing tray yielded in approximately 200

larvae. Base on this protocol, we were able to increase the production of Hyssopus

pallidus parasitoids from about 50 parasitoids per week to about 500-800 parasitoids

per week, by weekly infesting approximately 100 C. molesta larvae with parasitoids.

The scale-up required 4-6 month until the system was established.

A 1.2 Introduction

Successful biological control programs require effective and economically

profitable technologies for mass rearing of the entomophagous insect (Yazlovetsky,

1992). Artificial diets are usually the prerequisites for a low-cost production of

antagonists. While herbivores can easily be fed on artificial diet (Dickerson & Leppla,

1992), parasitoid often require a natural host environment, such as a larva or an egg

to develop on (Wong & Ramadan, 1992). Mass production of parasitoids therefore

demands in the first place a mass rearing system for the host larva and only in the

second place a mass production system for the parasitoid itself. A sound

understanding of the nutritional requirements of the insect to be mass reared and a

thorough knowledge of the physiology and metabolism of the entomophagous

(Thompson, 1986) are of great importance, because inadequate nutrition usually

results in considerable changes in the metabolism, behaviour and other

characteristics of insect's vital activities (Yazlovetsky, 1992). Mass rearing not only is

the prerequisite for biological control programs, it is also a premise for studying the

biology and ecology of an organism in the laboratory (Anderson & Leppla, 1992).
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In this study we developed a mass rearing system for the Oriental fruit moth

Cydia {Grapholita) molesta (Busck) (Lepidoptera: Tortricidae) and the codling moth

Cydia pomonella (L) (Lepidoptera: Tortricidae) and for its common parasitoid

Hyssopus pallidus (Askew) (Hymenoptera: Eulophidae).

Both tortricid pests occur in apple orchards and cause considerable damage

when not being controlled (Dorn et al., 1999; Ohiendorf, 1999). Besides the common

IPM strategies, such as mating disruption (Judd & Gardiner, 2005), the sterile insect

technique and insect pathogenic microorganisms (Blommers, 1994; Falcon & Huber,

1991), natural enemies such as parasitoids can help to substantially reduce Cydia

populations (Van Driesche & Bellows, 1996). To be able to use H. pallidus as

biological control agent the development of a mass rearing system was

indispensable and an absolute prerequisite for laboratory as well as field studies.

A 1.3 Rearing protocol

The two tortricid species, C. molesta and C. pomonella, were reared on wheat-

germ-based artificial diet (Huber et al., 1972) complemented with 140g per of sterile

beech wood chips (6 mm, Algrin, Futter und Zubehör, CH-Cortébert) per kg diet.

Adult moths were kept in wax paper lined containers for one day for ovipositon. Eggs

were thereafter kept at 25°C for optimal embryonic development. Shortly before the

hatching of the first instar larvae, the egg sheets were placed with the eggs facing the

artificial medium. Upon eclosion, egg sheets were removed and boxes were closed

and kept at 25° ± 2°C, 60 ± 10% RH and 16L8D until all caterpillars had reached the

last larval stage. Corrugated cardboard was added to the box to allow the larvae to

pupate. Emerged adults were daily removed from the box and added to the wax

paper lined containers for oviposition.

Several 5th instar host caterpillars at a time were offered to four to seven days

old mated female parasitoids at a ratio of one parasitoid per host in a square plastic

box (10 cm x 10 cm x 8 cm), which had two meshed net covered holes to ensure for

sufficient ventilation. Since plant cues offered during ontogenesis of the parasitoid

are of crucial importance for the behavioural quality of the emerged wasps (Gandolfi

et ai, 2003b) small pieces of fresh apple (Gandolfi et ai, 2003a) were added. A
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droplet of undiluted honey served as food source for the female parasitoids. The

wasps were removed from the box one week later. Parasitized caterpillars were kept

under standardized laboratory conditions at a temperature of 24°+ 2°C, RH of 60% ±

10% and a regime of 16L8D until the emergence of the parasitoid progeny 14-17

days later. Upon emergence, progeny was removed from the box and transferred to a

Plexiglas cage (25 x 25 x 25 cm), and fed with honey and water.

A 1.4 Conclusion and Outlook

Due to the introduction of wood chips to the artificial diet, it was possible to

prevent cannibalism between neonate Cydia larvae. This innovation allowed

tightening the production process in a way that large amounts of host larvae could be

reared. The mass production of hosts was the prerequisite for the development of a

mass rearing system for our target parasitoid, Hyssopus pallidus. The successful

implementation of a large-scale production of the parasitoid allowed intensive

research in the laboratory as well as in the filed. Mass rearing of H. pallidus either on

C. pomonella or C. molesta hosts hold a high potential to be successfully used in

commercial mass rearing programs.

A 2 Release of H. pallidus into orchards in the Trentino region

A 2.1 Summary

A limited amount of time within this 3-years PhD project was dedicated to an

experimental field release of the parasitoid Hyssopus pallidus in northern Italy

(Trentino region). This pilot study encourages further field releases of H. pallidus into

naturally infested orchards paying particular attention to abiotic, environmental

conditions that might affect the parasitoid's efficiency in the field. More robust

conclusion can be drawn when two subsequent seasons can be used for field

releases, which was beyond the scope of this project.

A 2.2 Introduction

Biological control programs have been able to substantially reduce pest

arthropod species in regions where they have either been accidentally introduced or
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where they have reached pest status (Hoekstra, 2003; Mills, 1994; Van Lenteren,

2000). Despite the fact that many control programs can denote considerable

success, a great number of releases have failed in one way or another (Van Driesche

& Bellows, 1996). Long-term studies on the fate of biological control agents are highly

recommended and best suited as a way to record and understand both the

successes and failures, but such studies are rarely conducted in practice. In the

absence of such long-term studies, retrospective analyses can be useful to better

understand the reasons why failures have occurred and so improve future chances

for success in biological control (Gillespie etal., 2006; Hopper, 2001).

Despite the numerous examples in the literature on biological control, few

generalities have been found, and there is no general accepted explanation for how

biological control works, or which factors govern success or failure in biological

control programs. Many field trials have failed, because the released parasitoid did

not establish in the site of question (Lockett & Palmer, 2003; Muniappan et ai, 2004)

but the mechanism that led to this failure is often largely unknown. This might

suggest that success or failure in biological control depends on subtle details of the

biology of the specific pest and parasitoid species. While there is some merit to this

suggestion, as shown by the recent empirical models used to explain biological

control programs against weevils and the common wasp in New Zealand (Goldson et

ai, 2004), the intuitive appeal of more general patterns and processes remains a

central theme in ecology (Murdoch, Briggs & Nisbet, 2003).

Using a mixed species approach we studied the success of a biological control

agent in the field. Cydia molesta (Busck) (Lepidoptera: Toritricidae), originally a key

pest of peach, is becoming more and more a problem in apple cultivation (Hughes et

ai, 2004), and Cydia pomonella (L) (Lepidoptera: Tortricidae), well known as

notorious pest of apple trees (Dorn et ai, 1999), pose a great challenge for apple

growers.

Hyssopus pallidus, a candidate biocontrol agent (Mattiacci et ai, 1999), is a

gregarious ectoparasitoid of the Oriental fruit moth and the codling moth (Askew,

1964; Tschudi-Rein et ai, 2004; Zaviezo & Mills, 2000). As in other Eulophidae, this

species has a rapid preimaginal development (Häckermann et ai, 2007), a high
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lifetime fecundity, and a female biased sex ratio (Brown, 1996). Given its biological

characteristics, H. pallidus could establish as a self-sustaining parasitoid population

that might keep Cydia populations beyond a certain threshold level. In this study we

investigated the parasitoid's performance under semi-field conditions as well as its

behaviour out in the field.

A 2.3 Material and Methods

Parasitoid and host cultures

The initial colony of Hyssopus pallidus was provided in 1996 by T. Unruh

(USDA-ARS Research Laboratory, Wapato Washington, USA (Tschudi-Rein & Dorn,

2001), and refreshed by the introduction of field-collected adult wasps from

Switzerland. Starting from this single colony, two strains were obtained by rearing the

parasitoids on two different hosts. One strain was reared on Cydia pomonella hosts

(CP strain), the other on Cydia molesta (CM strain).

The CM strain was maintained on last instar C. molesta caterpillars, the CP

parasitoid strain on last instar C. pomonella caterpillars. Both host species had been

reared on wheat-germ-based artificial diet (Huber et al., 1972) complemented with

sterile beech wood chips (6 mm). Adult parasitoids were kept in wax paper lined

containers for one day for ovipositon. Eggs were thereafter kept at 25°C for optimal

embryonic development. Shortly before the hatching of the first instar larvae, the egg

sheets were placed with the eggs facing the artificial medium diet. Upon eclosion,

egg sheets were removed and boxes was closed and kept at 25°±2°C, 60±10% RH

and 16L8D until all caterpillars had reached the last larval stage. Corrugated

cardboard was added to the box to allow the larvae to pupate. Boxes containing C.

pomonella hosts and C. molesta hosts were kept separately.

Several 5th instar host caterpillars at a time were offered to four to seven days

old mated female parasitoids in a ratio of one parasitoid per host in a square plastic

box (10 cm x 10 cm x 8 cm), which had two meshed net covered holes to ensure

sufficient ventilation. Since plant cues offered during the ontogenesis of the parasitoid

are of crucial importance for the behavioural quality of the emerged wasps (Gandolfi

et ai, 2003b) small pieces of fresh apple (Gandolfi et al., 2003a) were added, and a
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droplet of undiluted honey served as food source to the female parasitoids. The

wasps were removed from the box one week later. Parasitized caterpillars were kept

under standardized laboratory conditions at a temperature of 24°± 2°C, RH of 60% ±

10% and a regime of 16L: 8D until the emergence of the parasitoid's progeny 14-17

days later. Upon emergence, progeny was removed from the box, transferred to a

Plexiglas cage (25 x 25 x 25 cm) and fed with honey and water.

Release of mass reared parasitoid under semi-natural field conditions

To evaluate the parasitoid's behaviour in mixed Cydia populations, a semi-

natural field release of H. pallidus was conducted. Potted apple trees were used as

model to simulate the apple habitat. On each tree, at least 3 developing apples were

present. All trees had been treated against common apple pests and fugal diseases

according to the local spraying regime in Trentino, Italy.

Four different setups were tested: 1.) C. molesta and C. pomonella occurrence

in a ratio of 1/1, 2.) C. molesta and C. pomonella in a ratio of 1/5 as the natural

occurrence in the Trentino region, 3.) C. molesta pure and 4.) C. pomonella pure. For

each treatment, a control setup was installed to monitor the natural population

dynamics. For each setup, freshly picked apples were infested in the laboratory;

either with penultimate C. molesta or C. pomonella instar caterpillars. The larvae

were given 24 hours to penetrate into the apple and to start their feeding activity

before being used for the experiment.

Each microhabitat consisted of one potted, four year old apple tree of the

variety Golden Delicious, a cage (1m x 1m x 1.8 m), covered with thin mashed net

and 12 artificially infested apples, which were attached to the tree with a piece of

metal wire. The growing apples were present but not infested with any larva. To

ensure that larvae in search for appropriate pupation sites would not escape the final

evaluation, corrugated cardboard was fixed around the stem. Subsequently, 12 four

to seven days old, honey fed H. pallidus females were released into one half of the

cages. In the control plot, no parasitoids were released. Parasitoids were released

around mid-day when mean ambient temperature was above 25°C and were given

five days to search for the apple, to enter it and to parasitize the larva. All cages were
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placed in a semi-shaded place to obtain approximately the light intensity usually

present in an orchard under the tree canopy.

Five days after the release of the parasitoids, apples were removed from the

trees. To evaluate the cause of larval mortality, each apple was carefully dissected. If

a dead caterpillar was found, it was checked under the microscope for parasitoid

eggs or larvae. The success of the parasitoid was defined as number apples, which

enclosed a caterpillar with parasitoid eggs or feeding parasitoid larvae on it.

Release of mass reared parasitoids in the field

Three apple orchards in the valley of Trentino were used for this experiment. All

sites were located not further than 2km away from the Istituto Agrario di S. Michèle

all'Adige. The variety present in these orchards was exclusively Golden Delicious.

The experimental arrangement within each plot was as follows: each plot was

composed of three rows of apple trees, where of each row comprised fife trees. On

each tree, three apples were randomly selected for infestation. Plots had a minimum

distance of 200 meters from each other, one of them served as control. In these

control plots apple were infested but no parasitoids were released.

In two plots, apples were artificially infested with 2nd to 3rd instar C. molesta

larvae. In the 3rd plot, which had not been sprayed against C. pomonella, the natural

infestation level (63%, which is considered a level of medium infestation pressure)

was used for the trials.

Parasitoids were released five days after the infestation had taken place or, in

the case of the natural infestation, when L4-L5 larvae were expected to be in the

apples. To verify the instar of the larva, some apples were dissected. 100 parasitoids

were released at mid day, when mean ambient temperature was above 25°C, on

every second day into one of the plots and this was repeated three times at each

site; the other one served as control. One week after the parasitoids had been

released for the first time, all apples were collected. Parasitism success was

determined by opening the apple. If parasitoid offspring was visible on the host

carcass, it was considered as parasitized.
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Statistical analysis

Proportion data of these trials were square root- arcsin transformed (data were

normally distributed (Kolmogorov-Smirnov Test) and equality of variance (Levene's

test) was assumed. Differences between the cages where parasitoids had been

released and the control plot were evaluated with an independent t-test. The

confidence level was at 95%.

A 2.4 Results

Release of mass reared parasitoid under semi-natural field conditions

In the plot, where only C. molesta was offered as host, the average parasitism

rate amounted to 8.3 ± SD 5.2%. In five out of six replicates, at least one apple was

successfully parasitized per replicate. In 50 ± SD 12.9% of the apples, a last instar C.

molesta larva was present. On average, 38.9 ± SD 15.5% of the larvae had escaped

the apple and it was therefore empty when the apple was opened. In 2 of the cases

(8.3%), the larvae were dead, but no eggs could be detected on the host caterpillar.

No significant difference was found between the experimental and the control plot in

terms of unparasitized apples (t=0.664, df=10, p>0.05), nor was there a significant

difference between the experimental and the control plot with apples containing no

larva (t=-0.972, df=10, p>0.05) (Table 1).

In the second plot, C. pomonella infested apples were offered to mass reared

parasitoid females. Due to viral infections of the caterpillars, it was not possible to

use the artificially infested apples, because approximately half of the larvae died due

to the viral activity and not because they had been attacked by the parasitoid. This

could be detected by visual inspection, since viral infection lead to the lysis of the

caterpillar. It was therefore necessary to use naturally infested apples from the field.

Since it was almost impossible to accurately detect for the outside whether host

caterpillars were still present in the apples or whether they had already crawled out in

search for pupation sites, we do not have a precise estimate of the real sample size.

The average parasitism rate was 8.33 ± SD 10.54 %, the parasitism rate varied form

8.3% to 25%. In half of the replicates, at least one apple contained a parasitized
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larva. On average, 38.89 ± SD 8.61% apples still had a larva inside, whereas 51.39 ±

SD 14.35% of the apples were empty when they were opened (Table 1 ).

In the plots where a 1:1 mixed species infestations of C. molesta and C.

pomonella was present, an average of 15 ± SD14.91% larvae died due to viral

infections. From those that did not die the average parasitism rate amounted to 7.5 ±

SD 16.77%. Only in one replicate parasitism occurred and amounted in this single

case up to 37.5 %. The number of apples where no larva could be found after fruit

dissection was 56.3 ± SD 35.05%. No difference was found between the number of

larvae still present in the apple 5 days after exposure to the parasitoids between the

control plot and the plot where parasitoids had been released (t=-0.107, df=8,

P>0.05). Also the number of apples that were empty at the time of dissection was

equal for the control and the treated plot (t=-0.106, df=8, P>0.05).

In the 1:5 mixed species infestation plot, the average parasitism rate was lowest

with 3.33 ± SD 7.45%. On average, 18.48 ± SD 18.91% of the larvae died due to viral

infections. From those that were not infected with the virus only in one of the

replicates parasitism occurred and was around 16.67%. No significant difference

was detected between the experimental and the control plot in terms of apples, which

still contained a live larva after exposure to parasitods (t= 1.378, df=8, P>0.05).

Similarly, no difference was detected between the control and the experimental plot

in terms of apples that were empty at the time of dissection (t=-1.709, df=8, P>0.05).

Release of mass reared parasitoids in the field

Artificial infestation with female adult moths and L1 larvae did not work. When

infested with later instars of C. molesta, we were able to establish a Cydia infestation.

In the plot area one, 48.8% ± 10.1 of all apples (N=45) were empty at the time of

harvest. Neither a host caterpillar nor parasitoid offspring could be found. An average

of 48.8% ± 13.8 of the apples were not infested at the time of harvest. In only one

apple a C. molesta caterpillar could be found. In the second field, more than half of

apples were empty (68.8 ± SD 10.1%) at the time they were opened for control, and

28.9 ± SD 10.1% were not infested. In one apple, a dead larva was found but it was

not possible to identify the cause of mortality.
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In the third plot, where we operated with the naturally occurring population of C.

pomonella, 58.6 ± SD 13.8 % apples were empty at the time they were controlled. A

rather low rate, on average 1.14 ± SD 1.15% (N=238) of caterpillars was detected to

have died due to other reasons than to exposure to parasitoids. 39.8 ± SD 12.6% of

the apples still had actively feeding larva inside; from those larvae 16.2 ± SD 3.8%

were 4th to 5th instar caterpillars, 23.5% ± 10.1 were younger (L2-L3). No H. pallidus

offspring was detected.

A 2.5 Discussion

Mass reared H. pallidus female parasitoids were able to detect infested apples

in a confined habitat under semi-natural field conditions. Even though the parasitoid

had only been reared on C. pomonella in the laboratory, it attacked and parasitized

both host species (C. pomonella and C. molesta), suggesting that the natal host does

not limit the success of the parasitoid when released into field with mixed species

infestation. Such a favourable situation is not always evident since the natal host

might influence the behaviour of the subsequent wasp generation (Morris & Fellowes,

2002). In addition, mass rearing usually takes place under standardized conditions

and is often based on a relatively narrow genetic basis, which might lead to

behavioural deterioration of the wasps population (Hoekstra, 2003). Our results

further indicate that even though the parasitoid had been kept in the laboratory and

under standardized conditions for many generations, it had not experienced major

loss of behavioural qualities. Despite the fact that parasitoids were able to locate the

hosts inside the apples, the average parasitism rate never exceeded 8.3%. Personal

observation during the dissection of the apples revealed that the size of the feeding

gallery seems to be an important factor for searching parasitoids, because large

cavities enable the female wasp to easily attack the caterpillar, whereas small

feeding galleries impede full access and is therefore potentially more hazardous for

the female (Potting, Vermeulen & Conlong, 1999).

Due to the viral infection of the laboratory reared C. pomonella caterpillars, it

was not possible to draw any conclusion about the preference of the parasitoid in

different mixed species infestations.
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Laboratory reared parasitoids had been released into three different apple

orchards in the Trentino region. In the two of the three plots, an artificially established

C. molesta population was present. Five days after the release of the parasitoids, no

C. molesta host larva (except in one case), nor any parasitized larvae could be found.

One possible explanation for this phenomenon could be that the larvae had left the

apple before the parasitoid was able to enter it and attack the larva. There was

another phenomenon typical for this region that might help to explain, why the

release was not successful. Starting at around 11 am, a strong wind occurs coming

from the lake of Garda. It might be possible that released parasitoid had been carried

away, because they are extremely small (0.38-0.65 mg) and can easily drift away. In

the third plot, where a natural C. pomonella population was present, many apples

were empty, around one fourth harboured larvae from the second generation and one

fourth still contained fifth instar larva, probably from the first generation. It is possible

that the parasitoid was not able to successfully parasitize, because feeding galleries

of the second generation were still too small and the access therefore too difficult.

A 2.6 Conclusion and Outlook

Mass reared parasitoids were able to locate hosts infested fruits in a confined

semi-natural habitat and to subsequently parasitize them. Even when the parasitoid

is reared only on one of the two potential host species, it parasitizes both of them in

the field, thus findings from laboratory were verified.

Further investigations in the field would be needed to better understand which

biotic, abiotic (especially climatic) conditions are required to optimize the parasitoid's

performance and control potential in the field, as Hyssopus pallidus appears to be

rather demanding regarding environmental conditions. Following prerequisites should

be considered: 1) Parasitoids should be released into naturally infested apple

orchards; 2) Host caterpillars should be at the end of their larval development (L4-L5

to ensure an easy access of the parasitoid to the larva) 3) The release of parasitoids

should be timed for the late morning when winds are typically low and ambient

temperatures already above 25°C, ensuring optimal abiotic environmental conditions

for parasitism success.
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