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Abstract
The green leathopper Empoasca decipiens Paoli (Homoptera: Cicadellidae) has recently become
a serious new pest of vegetables and ornamentals grown under field conditions and in
greenhouses in many European countries. The egg parasitoid Anagrus atomus L. (Hymenoptera:
Mymaridae) is a natural enemy of E. decipiens. The objective of this study was to assess the
potential of A. atomus for control of E. decipiens. Therefore the development, survivorship and
reproduction of A. atomus were evaluated at three different constant temperatures (i.e., 16, 20 and
24 C). Moreover the response of A. atomus to different densities of leafthopper eggs and its ability
to attack different host eggs of different age were investigated. Additionally the searching
behaviour of A. atomus on four different host plants of E. decipiens and the effect of parasitoid
densities on the rate of parasitism were examined. The developmental of A. atomus periods
ranged from 33.6 at 16 °C to 16.3 days at 24 °C. Based on a linear regression between the ranges
of the temperatures tested, the lower threshold for development of A. atomus was estimated at
8.58 °C. The parasitoid required 251.26 degree-days to complete its development from egg to
adult. Based on its thermal requirements A. atomus can develop faster and build up faster
populations compared to E. decipiens. However the fecundity of A. atomus is comparatively low.
With 30.13 the highest average number of offspring was observed at 24 °C. The combined
differences in egg-adult development, adult survivorship and the fecundity produced strong
differences in life table parameters of A. atomus, especially in term of the intrinsic rate of
increase (r,,). Host eggs were parasitized throughout their development but the rate of parasitized
eggs was reduced in host eggs older than six days. The maximum rate of parasitism recorded was
62.5%. The number of eggs parasitized by A. atomus was positively density dependant. Yet the
mean rate of parasitism decreased with increasing host densities. In Petri dish experiments, using

leaves of four different host plants of E. decipiens, i.e., broad beans (Vicia faba L.), sweet pepper
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(Capsicum annuum L.), cucumber (Cucumis sativus L.) and French beans (Phaseolus vulgaris
L.), the parasitoids could recognize the plants previously exposed to leafhoppers and spent nearly
all of the observation time searching for the hosts with many attempts to oviposit on previously
exposed to non-exposed plants. The number of parasitized eggs increased with the number of
parasitoids released per plant, but the per capita attack decreased with increasing numbers of
parasitoids. Likewise, the searching efficiency of A. atomus decreased with an increase in
parasitoid densities. These results are discussed with regard to the potential use of A. atomus

biological control of E. decipiens.
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General Introduction 1

1 GENERAL INTRODUCTION

1.1 Empoasca decipiens and related species

Empoasca decipiens is a small cicada that was first described by Paoli (1930) in Italy. The adult,
entirely green, is 3-4 mm long (Schmidt and Rupp, 1997; Ossiannilsson, 1981). Leafhoppers
belonging to the Empoasca genus are very similar in appearance. A precise identification to the

species level is rather complex, and requires preparations of the male genitalia (DeLong, 1971).

Species of the genus Empoasca are important pests of cultivated plants. In the first half of the 20™
century E. fabae Harris was considered as the most important pest of potatoes in North America
(Fenton and Hadzell, 1920; Miiller, 1956). The potato leathopper E. fabae is the most common
insect pest found on field beans in Ontario (Whitfield and Ellis, 1976) and can be responsible for
heavy yield losses if not controlled (Gonzales and Wyman, 1991). It is also a key pest of alfalfa
in the northeastern and north central United States and southern provinces of Canada (Lamp,
1990). A closely related leafhopper species, E. kraemeri Ross and Moore is considered as an
important pest on beans in Latin America (Graham, 1978; van Schoonhoven et al., 1985). Yield
losses of up to 79% have been reported for heavily infested bean fields in Columbia (Kornegay
and Cardona, 1990). The polyphagous leafhopper E. vitis Goethe is a common pest in vineyards
in central Europe (Schruft, 1987; Vidano et al., 1987a). The dwarf leafhopper E. decipiens is a

widespread pest attacking field and protected cultivated crops.

1.2 Distribution and host plants of E. decipiens
Empoasca decipiens is polyphagous insect and has been recorded on a wide variety of crops and
non-cultivated plants. Apart from Hauptidia maroccana Melichar (Hom.: Cicadellidae), an

important pest of tomatoes in the UK (Jacobson et al., 1996) and France (Maisonneuve et al.,
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1995), E. decipiens is the most damaging leafhopper species in European greenhouses (Schmidt
and Rupp, 1997; Helyer and Talbaghi, 1994; Loginova, 1992). Recently heavy infestations by
and yield losses caused by E. decipiens have been recorded in cucumbers in southern Germany

(Schmidt and Rupp, 1997).

Empoasca decipiens is widely distributed in central and southern Europe, North Africa, the
Middle East and Central Asia (Ossiannilsson, 1981). In Egypt, E. decipiens attacks cotton, beans,
potatoes and vegetables such as tomatoes, cucumbers, cabbage, sugar beets, sweet pepper and
carrots (Habib et al., 1972; El-Dessouki and Hosny, 1969). In Turkey, E. decipiens was recorded
on sesame (Kersting et al., 1997), on cucumbers and squash (Akkaya et al., 1999), whereas
according to older reports in central Europe E. decipiens occurs primary on potatoes and sugar
beets (Giinthart, 1971) and in vineyards (Vidano et al., 1987a). In Poland, the leafhopper was

recorded on annual ornamental plants cultivated for seeds (Soika and Labanowsky, 1996).

1.3 Feeding habits and damage

The damage on host plants is caused by the nymphs and adults. Feeding of nymphs and adults
cause chlorotic and necrotic lesions as well as leaf deformation. At higher leathopper densities,
the leaves suffer from drought stress and can partially or completely dry out. However, the
leafhoppers may also attack the fruits, and the puncturing of the fruit tissue can result in a serious

reduction in the quality of the harvested crop.

Leafhoppers are sucking insects, removing plant sap directly from parenchyma cells or from the
vascular system in the leaflet, petioles and stems. It has been shown by histological studies on
sections of stylets within the plant that E. decipiens could feed from the stem parenchyma but

also pierce the phloem if this is reachable (Koblet-Giinthardt, 1975) and Schmidt and Rupp
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(1997) described it as a phloem feeder. Punctured tissue is torn, and distorted and fast necrotic
reactions around the feeding site can be observed. During feeding the leafhoppers inject saliva,
which may be involved in the strong tissue reactions. While the principal mechanism of feeding
is not disputed there are at least two explanations concerning the specific injury of plant tissue
caused by this type of feeding: Johnson (1934) and Smith and Poos (1931) asserted that the
typical symptoms of so-called “hopperburn” (i.e., a complex of symptoms produced by feeding
of the leafhopper adults and nymphs) are caused by interference with the translocation of food
materials and water due to the physical plugging of the xylem and the destruction of the phloem
cells. Other investigators (e. g., Medler, 1941; Carter, 1939; Granovsky, 1930; Fenton and
Hartzell 1923; Beyer, 1922) support the theory that a salivary toxin is injected into the plant
during or preceding insect feeding. Symptoms sometimes appear very similar to symptoms
caused by diseases or nutrient imbalance but according to Schmidt and Rupp (1997) no evidence
of involvement of phytoplasmas, pathogens commonly transmitted by leafhoppers, was found in

infested plants by E. decipiens.

1.4 Biology

Adult females start to lay eggs after a pre-oviposition period, which may vary with the climatic
conditions from one to several days (Habib et al., 1972). In several Empoasca spp., the
oviposition period lasts from 1.5 to 10 days (DeLong, 1938; Harries and Douglass, 1948; Nielson

and Toles, 1968), but in hibernating species this may be several months.

The eggs of E. decipiens are laid within the plants tissues (beneath the leaf surface, in the petiole
and in the stem) and are visually difficult to detect. They are cylindrical, slightly curved, broader
and more bluntly rounded at the posterior end (Habib et al., 1972). The incubation period of the

egg is negatively correlated with temperature (table 1.1). Empoasca decipiens passes through five
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nymphal instars. The temperature also affects nymph development. At 27°C total nymph
development (all stages) takes 11.8 days (Habib et al., 1972). No nymphal development was
observed at 37 and 40°C (Raupach et al., 2002). In addition to temperatures host plants can have
a profound effect on the duration of the nymphal stages, the number of offspring and the
longevity of the adults. Broad beans (Vicia faba L.) have been shown to be the most suitable host
plant for the development of the nymphs (Raupach et al., 2002; Habib et al., 1972). The longest

nymphal development was observed on aubergine and tomato (Raupach et al., 2002).

Table 1.1 Duration of the different developmental stages and the longevity of adult of E.
decipiens (in days) at different temperatures (Raupach et al., 2002; Habib et al., 1972)

e e e , —_—_—_—_N YN _\ N —_ N —.™eyYNyY>NYN.YY_Y,.YN._e_—,—~—_—_e—_ e ——————————
-_—

Temperatures (°C) egg stage total nymph stage adult longevity
15 28.29 36.87 *
20 14.88 18.80 *
22 11 19.5 38.5
24 11.11 14.85 *
27 7.2 11.8 31.9
29 5 9.2 31.5
35 8.19 10.84 ¥

* Values not determined. Data at 22, 27, and 29 °C are from Habib et al. (1972).

1.5 Pest management strategies

The control strategies of leafhoppers include the use of chemicals, cultural measures and resistant
varieties. In addition, leathoppers have many natural enemies, including lady beetles, lacewings,
spiders and egg parasitoids. They are also subject to diseases and parasites that can help to keep
their numbers down. For forecasting populations can be monitored with yellow sticky traps

placed close to the foliage; low populations can be managed using such traps.
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1.5.1 Chemical control

A broad range of synthetic organic insecticides as well as botanicals like pyrethrins and even
soaps can provide effective leafhopper control (Missouri Botanical Garden: IPM information,
1999). Old studies (i.e., Zimmerman, 1948) reported good control of leafhoppers by sulfur dust
or a pyrethrum-sulfur dust and satisfactory control by pyrethrum-talc dust. Combinations with
chlorpyrifos and with profenofos increased the effectiveness against E. decipiens (El-Nawawy et
al., 1983). But such treatments negatively affect natural enemies like Scymnus interruptus
(Goeze) (Col.: Coccinellidae), Paederus alfierii Koch (Col.: Staphylinidae) and Chrysoperla
carnea (Steph.) (Neu.: Chrysopidae) thereby increasing the development of secondary pests

outbreaks.

The insect growth regulator Buprofezin, which is also commonly used for control of the rice
leathopper Nephottetix virescens (Distant) (Hem.: Cicadellidae), has shown strong effects against
the nymphal stages of E. decipiens (100% of nymphs are killed) in laboratory, but little activity
against adults and eggs was recorded (Helyer and Talbaghi, 1994). Yet, no effects of Buprofezin
on various biological control agents, commonly used in the greenhouse environment, were

observed, indicating the potential use of Buprofezin in IPM programs against E. decipiens.

Because of possible negative effects on the environment and human health, and the increasing
demand of consumers for non-chemically produced vegetables, farmers are encouraged to adopt a
sustainable approach to managing pests, using methods that minimize environmental, health, and

economic risks.
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1.5.2 Cultural control

Cultural control measures may provide some relief from leafhopper damage. It includes early
harvest (early cutting in the case of alfalfa), intra-field trap cropping, and removal of crop
residuals. One management strategy could be the use of alternative cropping techniques such as
intercropping. Lamp (1991) found that an alfalfa-oat intercrop reduced the densities of potato
leafhopper adults and nymphs by as much as 82.6 and 89.5 per square meter, respectively, when
compared with alfalfa monocultures. But intercropping also reduced alfalfa biomass and maturity.
Further research by Roda et al. (1997) showed that potato leafhopper emigration was greater from
alfalfa grass intercrops than from alfalfa monoculture and the number of ovipositions was
reduced. Though the intercropping did not suppress the pest population below the current
economic thresholds (2 leafhoppers per sweep when alfalfa is <25 cm tall (Rice, 1996)) these
findings on E. fabae could be an important component for an integrated control strategy against

E. decipiens but only with little relevance for greenhouse conditions.

1.5.3 Host plant resistance

Host plant resistance has been developed as a major factor in the control of certain species of
leathoppers; especially those attacking alfalfa, beans, cotton, potato and sugar beet have been
studied in detail. The resistance of the potato variety Sequoia to E. fabae has provided nearly as
much protection from leafhopper damage as has the use of insecticides (DeLong, 1971). Evidence
has been presented that solanaceous alkaloidal and glycosides, and aglycons like solanadine and
demissidine may be effective feeding deterrents and responsible for the avoidance of E. fabae to
certain varieties of potatoes (Dahlman and Hibbs, 1967). Breeding programs for potatoes seek to
develop genotypes that are resistant to both hopperburn and stunting (NAAIC, 1998). One

resistance factor could be the presence of glandular trichomes on the plant surface and/or some
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co-varying traits carried through generations (Elden and McCaslin, 1997). New alfalfa cultivars
have been developed by seed companies with glandular trichomes as traits that confer resistance
to potato leathoppers (Elden and McCaslin, 1997). Despite the importance of host plant resistance
in control strategies against Empoasca spp., no resistant variety has so far been developed against

E. decipiens.
1.5.4 Natural enemies — Biological control

Predators and adult leafhopper parasitoids

In the literature several species of predatory bugs of the genus Orius (Het.: Anthocoridae) are
frequently cited as predators of leafhoppers (Miiller, 1956), in particular O. minutus (L.) and O.
insidious Say (Vietmeier et al., 1996). However, attempts to use Orius spp. for biological control
of E. decipiens were not successful, possibly because the adults and nymphs are too fast and can
easily escape and could not be captured successfully in high numbers by these predators (Helyer
and Talbaghi, 1994). On the other hand the predatory bug Melacocoris chlorizans Panzer (Het.:
Miridae) is described as an important predator of the first and second instars of E. vitis (Vidano et
al., 1987a). According to Miiller (1956) also the lacewing Chrysoperla carnae Stephens (Neu.:
Chrysopidae) is a natural enemy of nymphs of Empoasca spp. In cage trials, E. decipiens nymphs
were preyed by C. carnae larvae (Schmidt and Rupp, 1997). However, the pubescent nature of
many cucumber varieties may limit the possible use of C. carnae as a biological control agent of
E. decipiens since pubescence of plant surface can impede the movement of the predators, often
affecting searching time and weakening the predator response (Price et al., 1980). Moreover, in
preliminary choice experiments C. carnae larvae preferred aphids to E. decipiens nymphs as prey
(Raupach, 1999) and very often leafhopper occur together with aphids on host plants. Predatory

flies of the genus Coenosia spp. (Dipt.: Muscidae) are the only natural enemies described so far



General introduction 8

of adult leafhoppers (Kiihne, 1998). At present, three Coenosia spp. are tested for possible use as
biological control agents in greenhouses (Biinger et al., 2002). However, in first experimental
releases under practical greenhouse conditions Coenosia spp. could not prevent high infestation
levels of E. decipiens (Schmidt and Rupp, 1997). Certain mite species are also occasionally cited
as important predators of E. fabae (Miiller, 1956). For instance Anytis spp. (Acari: Anytidae) are
considered to be important natural enemies of E. vitis (Vidano et al., 1987b). Finally high rates of
parasitism of up to 90% by Charletonia spp. (Acari: Erythaedae) were recorded on E. vitis and E.

decipiens (Maixner et al., 1998).

Many species of Dryinidae have also been reported as parasites of adult leafhoppers. Drynids,
probably Lonchodryinus ruficornis Dalman (Hym.: Dryinidae) was detected in E. decipiens in

potato and grapevine (Vitis vinifera L.) fields (Demichelis and Manino, 1995).

Egg parasitoids
Several mymarid species in the genus Anagrus (Hym.: Mymaridae) are commonly known to
parasitize the eggs of leafhoppers (Williams and Martinson, 2000; Triapitsyn, 1998; Cronin and

Strong, 1990).

Anagrus atomus is a minute parasitic wasp that attacks eggs of the leafhoppers. The adult is
brown. Haliday (1833) gives the following description of A. atomus: “The Anagrus atomus
female is approximately 0.6 mm long; the fore wing is also approximately 0.6 mm long so that
the width of the insect with the wings extended is a little more than its total length; the antenna
are rather shorter than the body and the basis of the antennae are widely separated. In the female,
the antennae have nine segments the scape is about twice as long as the pedicel and the first

funicular segment is very short. The remaining segments tend to increase in size towards the
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apex, but the last segment is much larger then the others and forms a club. The most striking
external difference between the females and males is the form of the antennae. In the male the
antennae have thirteen segments, the scape is slightly longer than the pedicel and the terminal
segments of the antennae are similar to each other except the last, which is pointed at the tip”.
Adult females can reproduce parthenogenetically, although males are also found. According to
Vidano et al. (1987b), A. atomus is polyvoltine. Parasitized eggs can be easily identified because
of their conspicuous red colour (Cooper, 1993). The day length does not seem to influence the
development of the parasitoid, whereas the temperature is the crucial factor for the development
of A. atomus. Under favourable conditions A. atomus can reproduce continuously throughout the
whole year; there is no diapauses (Cooper, 1993). In Great Britain, A. atomus was identified as a
parasitoid of H. maroccana and is now already commercially available (Wardlow and Tobin,
1990) to control generally leafthoppers and particularly H. maroccana and E. decipiens on
tomatoes and ornamentals such as Primula (Primulaceae), Ipomoea (Convolvulaceae) and

Streptocarpus (Gesneriaceae) species.

The parasitoid is polyphagous and attacks many Cicadellidae. Anagrus atomus was detected in
field studies in Turkey on Arboridia (=Erythroneura) adanae Dlab. (Hom.: Cicadellidae). There
it used Edwardsiana rosae L. (Hom.: Cicadellidae) on Rosa sp. and Rubus sp. (Rosaceae) as
over-wintering refuges (Yigit and Erkilic, 1992). It is also reported on Lindbergina aurovittata
Douglas (Hom.: Cicadellidae) with an average parasitism of 16 % (Bosco and Arzone, 1991).
Lists of natural enemies of the maize pest Zyginidia pullula Boheman (Hom.: Cicadellidae) and
other Cicadellidae infesting blackberry and other plants in Italy include the egg parasitoid A.
atomus as well (Vidano and Arzone, 1988). For E. vitis, A. atomus is described as the most

important mortality factor, which can eliminate up to 90 % of the leathopper eggs (Cerutti et al.,
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1990) compared to other egg mortality factors. Wardlow and Tobin (1990) reported high rates of
parasitism (approximately 70-80%) of H. maroccana eggs from July onwards, i.e., during a rather
advanced time in the vegetation period of the tomatoes, indicdtihg again a strong temperature
dependence of the efficiency of A. atomus. Vidano et al. (1987b) found almost 50% of E. vitis
eggs parasitized by A. atomus in Italian vineyards, indicating the high potential of the parasitoid
for control of leafhoppers. However, little is known about the economic efficacy of A. atomus for
control of leafhoppers. According to Cooper (1993) in 40% of the cases, releases of A. atomus
resulted in sufficient control of H. maroccana in tomatoes in Great Britain. Due to the short life
span of the adult parasitoids, Cooper (1993) recommends, however, weekly releases of
A. atomus, at least during a period of four weeks. The parasitoid can be also used to combat E.
decipiens outbreaks (Schmidt and Rupp, 1997), but first releases of A. atomus on the island
Reichenau in southern Germany did not lead to a sufficient control of E. decipiens (Rupp, 1999).
The reasons for this failure in biological control are yet poorly understood. However, a final
evaluation of the efficiency of A. atomus as a natural enemy of E. decipiens is at present not
possible since crucial data on the biology, ecology and behaviour of the parasitoid are still
lacking. Particularly the host identification behaviour, the temperature dependence and the
influence of the various host plants of E. decipiens on the regulatory potential of A. atomus needs
to be gathered. In two recent studies in California, the influence of different host plants of the
sugar beet leafthopper of Circulifer tenellus (Baker) (Hom.: Cicadellidae) on the rate of parasitism
by and on different behavioural parameters of the closely related egg parasitoid A. nigriventris
Girault were observed (Al-Wahaibi and Walker, 2000a&b). In sugar beet fields the rate of
parasitism of C. tenellus eggs by A. nigriventris can reach very high levels, sometimes exceeding
90% (Flock et al. 1962; Meyerdirk and Hessein, 1985; Meyerdirk and Moratorio, 1987).

However, augmentative releases of A. nigriventris in the winter-spring breeding habitats of C.
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tenellus did not result in considerable reductions in the infestation pattern of leafhoppers on the
summer hosts (Al-Wahaibi and Walker 2000a). In subsequent laboratory studies, Al-Wahaibi and
Walker (2000a&b) could show that individual host plant species of C. tenellus had a very
pronounced and sometimes negative effect on the performance, i.e., rate of parasitism of A.
nigriventris. Likewise Lovinger et al. (2000) observed a negative influence of pubescent lucerne
varieties on the searching behaviour of A. nigriventris. Moreover, in olfactometer experiments
with A. nigriventris, Honda and Walker (1996) observed a clear preference for volatiles of sugar
beets compared to Salsola tragus (L.) (Chenopodiacae), an alternative host plant of C. tenellus.
Additionally, the host plant of the leafhopper on which both host and parasitoid were reared can
significantly affect the oviposition behaviour of A. nigriventris (Honda and Walker, 1996). These
results indicate a possibility to manipulate the oviposition preference of A. atomus by a careful

selection of the host plants.

1.6 Statement of the research problem
The leafhopper E. decipiens has become a serious pest of vegetable and ornamental crops in
European greenhouses. High infestation levels can lead to significant economic losses, both in

terms of quantity and quality of the crops (Lamp et al., 1991; Cuperus et al., 1983).

Theoretically the leafhopper can be controlled through application of synthetic insecticides,
though this threatens to disrupt the already existing and very efficiently used biological control
programs against other important greenhouse pests like white flies, leafminers and aphids.
Moreover, chemical control of leafhoppers is difficult due to the lack (i.e., lack of registration) of
appropriate insecticides and yet unclear relationships between infestations and economic losses
caused by many Empoasca spp. (Maixner et al., 1998). At present no well developed biological

control strategies for E. decipiens are available. Rational pest management strategies to maintain
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E. decipiens populations at acceptable levels should be based on a sound knowledge of the
population dynamics of the pest. Moreover, the important biotic regulation factors need to be
identified; particularly egg parasitoids should be stressed, as the pest is here killed in the egg

stage and hence further damage by the pests can thus be prevented.

Previous findings indicate that the egg parasitoid A. atomus is a key mortality factor of E.
decipiens (Schmidt and Rupp, 1997). In a model, Cerutti et al. (1991) showed that without the
impact of A. atomus, simulated densities of the closely related leafhopper species E. vitis, a
serious pest in European vineyards, exceeded the economic damage threshold, indicating that the
egg parasitoid is able to maintain E. vitis population densities on a level that does not negatively
affect the yield. However, at present detailed knowledge on the biology, ecology and behaviour
of the egg parasitoid is still lacking. Hence these gaps in our understanding of the A. atomus
biology need to be filled before a successful biological control program for E. decipiens can be
developed. For a comprehensive judgement of the potential efficiency of A. atomus as a natural
enemy of Empoasca spp. in general and of E. decipiens in particular crucial data on the host
identification behaviour, the influence of temperature and the various host plants of E. decipiens
on the biotic potential of the parasitoids is still lacking. These information, coupled with a
thorough understanding of the foraging and host discrimination behaviour of A. atomus, and
detailed data on the fecundity of the parasitoids, will provide the basis for the development of a

biological control program against E. decipiens.

1.7 Objectives
The main objective of this study was to develop a suitable biocontrol program for E. decipiens by
using the egg parasitoid A. atomus. Initially various life table parameters of A. atomus were

recorded and a suitable methodology to assess the impact of the egg parasitoid on the population
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dynamics of E. decipiens were developed and subsequently implemented. Moreover, searching

and oviposition behaviour on different host plants were studied.

1.8 Research Hypothesis

() Temperature is a crucial factor affecting the development, the fecundity and longevity of A.
atomus. Temperature plays a critical role in determining the rate of development, survival, and
reproduction of insect species. Understanding the relationships between temperature and various
life history processes is important in developing biological control programmes. In addition,
understanding the effects of temperature on life history parameters such as the intrinsic rate of
increase can be useful for examining the potential effectiveness of a species as a biological
control agent, estimating its potential for population growth, and determining the response of a

species to temperatures (Messenger, 1964).

(i) Host density and host age can influence the parasitism of A. atomus. Foraging parasitoids are
routinely confronted with host populations that are spatially fragmented among different parts of
the plant, and different clumps of the host plant. Parasitoids should forage longer and parasitize
proportionally more hosts in patches of high host density (Hassell and May, 1974; Cook and

Hubbard, 1977).

(iii) The efficacy of the egg parasitoids A. atomus is related to its ability to locate the infested
plant and subsequently parasitize the host. Foraging parasitoids are generally assumed to employ
indirect means to distinguish features of patches and alter their foraging effort accordingly. In
searching behaviour, the response of A. atomus towards different host plants exposed or non-
exposed to E. decipiens was evaluated. Effects of A. atomus densities on the parasitism and on the

searching efficiency were additionally examined.
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2 LIFE-TABLE STUDY OF ANAGRUS ATOMUS, AN EGG PARASITOID OF THE

GREEN LEAFHOPPER EMPOASCA DECIPIENS

2.1 Abstract

The objective of our study was to assess the potential of the egg parasitoid Anagrus atomus L.
(Hymenoptera: Mymaridae) for control of the greenhouse leafhopper Empoasca decipiens Paoli
(Homoptera: Cicadellidae). The egg-adult development time, survivorship and reproduction of A.
atomus were evaluated at three constant temperatures (16, 20 and 24°C). Developmental time
ranged from 33.6 at 16°C to 16.3 days at 24°C. Based on a linear regression of development rate
on temperature the lower threshold was estimated at 8.58°C. Anagrus atomus required 251.2
degree-days to complete its development from egg to adult. The egg-adult survival and the sex
ratio were not influenced by the temperatures tested. The intrinsic rate of increase (r,) varied
significantly between all three temperatures. The potential of A. atomus to attack different host
ages was additionally investigated. Host eggs were parasitized throughout their development but
rate of parasitism was reduced in host eggs older than six days. The number of eggs parasitized
was positively density dependant but the rate of parasitism decreased with increase of host
density. A maximum rate of parasitism of 62.5% was recorded. The potential impact of the egg

parasitoid on the population dynamics of E. decipiens is discussed.

2.2 Introduction

In recent years leafhoppers have become serious pests of vegetables and ornamentals in European
greenhouses. Apart from Hauptidia maroccana Melichar (Hom.: Cicadellidae), an important pest
of tomatoes in the UK (Jacobson et al., 1996) and France (Maisonneuve et al., 1995), the most
damaging leafhopper species in European greenhouses is Empoasca decipiens (Schmidt and

Rupp, 1997; Helyer and Talbaghi, 1994; Loginova, 1992). Empoasca decipiens is widely
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distributed in central and southern Europe, North Africa, the Middle East and Central Asia
(Ossiannilsson, 1981). Recent reports on outbreaks from the Netherlands, Great Britain (Helyer
and Talbaghi, 1994), Bulgaria (Loginova, 1992), Switzerland (Anonym, 1998aandb) and
Germany (Schmidt and Rupp, 1997) led to an increased interest in developing alternative control
strategies for E. decipiens. Particularly serious outbreaks of E.-vdecipiens were recorded on
Reichenau island in southern Germany, where the leafhopper threatened commercial cucumber

production in greenhouses (Schmidt and Rupp, 1997).

Empoasca decipiens can be controlled through application of synthetic insecticides, though this
threatens to disrupt the already existing and very efficiently used biological control programs
against other important greenhouse pests like white flies, leafminers and aphids. Research on the
natural enemy complex of Empoasca spp. indicated that because of the high mobility of
leathopper adults and nymphs, predators are not very likely to efficiently control the pests
(Helyer and Talbaghi, 1994). Presently, the most promising candidate for augmentative biological
control in greenhouses is the egg parasitoid A. atomus (Schmidt and Rupp, 1997; Cerutti et al.,
1991). In several surveys, A. atomus proved to be the most common egg parasitoid associated
with E. decipiens on vegetables (Rupp, 1999; Schmidt and Rupp, 1997). Although mymarid egg
parasitoids are important natural enemies of many agricultural pests, they have only occasionally
been used in biological control (Cronin and Strong, 1990a; Meyerdirk and Moratorio, 1987).
However, the high control potential of mymarids merits further research on their biology, ecology
and their behaviour, prerequisites for their effective use in biological control programs. In this
study we intended to provide such basic information on A. atomus, particularly with regard to its
life statistics at different temperature regimes and its potential to regulate populations of

E. decipiens. These data, coupled with already existing information on the population dynamics
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of E. decipiens (Raupach et al., 2002; Habib et al., 1972), could provide the basis for the

development of a successful biological control strategy against this leafhopper species.

2.3 Materials and methods

2.3.1 Insects rearing

A laboratory culture of E. decipiens, originally obtained from the Federal Biological Center for
Agriculture and Forestry (BBA) in Braunschweig, Germany, has been established at the Institute
of Plant Diseases and Plant Protection (IPP), Hannover University, Germany. The insects are
reared continuously on broad beans plants (Vicia faba L. [Fabaceae]) at 24°C at a photoperiod of
L16:D8, following the protocol developed by Raupach et al. (2002). Anagrus atomus was
obtained from English Woodlands Biocontrol, the commercial supplier of A. atomus in the UK.
The parasitoid is commercially distributed as pupae in leaf pieces of primrose (Primula vulgaris
Huds. [Primulaceae]). Mass rearing of A. atomus at IPP followed the protocol developed by
Triapitsyn and Moratorio (1998) for the closely related species A. nigriventris Girault with certain
modifications. Potted broad bean plants bearing leathopper eggs (0-3 days) were collected from
the adult E. decipiens cage and then placed in an insectary room (24°C £ 1, 65-70% relative
humidity [r.h.], 16:8 h light: darkness [L:D.] ). Each plant was then covered with a cylindrical
Plexiglas cage (32 cm tall and 13.5 cm diameter) with two screened windows in the sidewall and
a nylon mesh covering one top. Three to five female A. atomus were released in each cage for
oviposition. After 12 days, the plants were gently shaken to discard leafthopper nymphs that had
emerged from unparasitized eggs. Thereafter, stems and leaves were cut in small pieces
(approximately 1-2 cm) containing individual parasitized eggs, as indicated by their red colour
(Cooper, 1993), and placed into 1.5 ml Eppendorf tubes with a piece of wet filter paper. The

tubes were kept in a sandwich plastic box in the incubator (24°C £ 1, 65-70% r.h., 16:8 h (L:D)
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and were daily checked for emergence of parasitoids. Condensed water was removed daily since

A. atomus does not tolerate high relative humidity.

2.3.2 Effect of temperature on life table parameters of A. atomus

Developmental time from egg to adult was studied under three constant temperature regimes, i.e.
16, 20 and 24°C. The regimes were chosen because they represent temperatures frequently
encountered in European greenhouses. Mated female A. atomus, <24h-old, were individually
released in Plexiglas cylinders containing a broad bean plant, with only one seedling per pot, that
harboured E. decipiens eggs; the host eggs were obtained by exposing broad beans to adult
leafthoppers for 72h (for details see previous section). Parasitoids were allowed to oviposit for
24h. Thereafter, the development of the parasitoid progeny was followed in the three respective
temperature-controlled chambers (i.e. 16, 20 and 24 * 1°C, 65-75 r.h., 16:8 h L:D). Each
temperature treatment was repeated seven times with individual females. When the parasitized
eggs started to turn red, stems and leaves were cut into individual pieces, harbouring a single
parasitized egg, and each piece was then individually kept in an 1.5 ml Eppendorf tube until
emergence of the adult parasitoids. For each temperature regime tested, egg-adult development

time were computed as

e Znixi’
Zni

where 7; is the number of adults emerging and x; the time required for each individual to complete
development, and mortality as total number of emerged parasitoids/total number of host eggs that

had been parasitized.
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To study the effect of temperature on the fecundity and longevity of female wasps, 15 F1 females
from each temperature treatment were selected at emergence and were then mated separately by
placing individual pairs in 1.5 ml Eppendorf tubes. Thereafter, each female was placed in a
separate cylinder, containing a broad bean plant harbouring E. decipiens eggs (for details see
previous section), and was kept at the same temperature regime as that of its pre-adult
development. Every 24h until death the female parasitoids were provided with a newly infested
plant, harbouring E. decipiens eggs, and each day the number of females alive was recorded. The
removed plants were kept until parasitized eggs turned red. Plant parts harbouring parasitized
eggs were then cut in small pieces as described for the previous experiment and kept in 1.5 ml
Eppendorf tubes until the emergence of the F2. Emerging adults were counted and sexed, and the
fecundity, longevity of the tested females and the sex ratio of the F2 were calculated for each

temperature regime tested.

2.3.3 Within-plant distribution of E. decipiens eggs and parasitism by A. atomus

The objective of the experiment was to assess the impact of A. atomus as a mortality factor on its
leafthopper host. Thus the parasitism was calculated and distribution of E. decipiens eggs and
parasitized eggs was determined within the broad bean plant. Mated female parasitoids, <24h-old,
were individually released in a cylinder containing a broad bean plant harbouring E. decipiens
eggs. After 12 days of incubation period, the number of leafhopper nymphs, parasitized eggs (as
indicated by their red colour) and unparasitized still in the plant (visible by their eye-spotted
stage) were recorded and the percent parasitism was calculated using the formula of Van
Driesche (1983): % PA = 100*PE/(N + PE + U) where: PE = number of parasitized eggs, N =

number of leafthopper nymphs, U = number of unparasitized eggs.
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The within-plant distribution of parasitized eggs in the host plant was quantified by counting the
parasitized eggs in the stems of the plant, the petioles and in the stems of the leaf. This data was
then related to the oviposition pattern of E. decipiens in three plants where no parasitoids were
released. These plants were first introduced into the E. decipiens oviposition cage for 48 h. After
eight days of incubation at 24°C, the leaf limbs, petioles of these plants were cut and put on agar
(8g/l), the rest of the plant (stems) covered with cylindrical cage previously described. The
number of hatching nymphs from each part of the plant was determined and their proportion in

relation to the total number of eggs in each plant was then calculated.

2.3.4 Effect of host eggs age on the parasitism by A. atomus

Vicia faba plants, two weeks old and in the three-four leaves stage were introduced into
oviposition cages and exposed to adult leathoppers for 48 h. Thereafter, the plants were removed,
placed in empty cages and were incubated at 24°C for zero, two, four, six and eight days to
generate one-two, three-four, five-six, seven-eight and nine-ten days-old leafhopper eggs,
respectively. For each age group, three potted-plants were covered with a cylinder and one mated
<24h-old female was released per cylinder for one day. After 12 days of incubation, the number
of emerged leafhopper nymphs as well as non-parasitized and parasitized eggs counted. The
experiment was conducted at 24°C, 65-70% r.h. and 16:8 h L:D:, and each age group was

repeated three times.

2.3.5 Statistical analysis

Differences in developmental time, survivorship and reproduction at different constant
temperatures, host age and rate of parasitism were analysed by analysis of variance (ANOVA)
and means were separated using Duncan multiple range test (GLM procedure, SAS institute,

1992). A linear regression was computed to estimate the lower developmental threshold and the
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thermal constant by using the developmental rate [R (T)] as dependant variable and constant
temperature (T) as independent variable (Campbell et al., 1974): R (T) = a + b*T. The lower
developmental threshold was determined as the intercept of the linear equation and the degree-
day requirements for immature development, as the value of the inverse of the linear equation
slope. Life statistics were calculated according to Hulting et al. (1990), using the jacknife
program. Differences in r,, values among populations were calculated following the protocol of
Dixon (1987) and compared with Newman-Keuls sequential tests (Sokal and Rohlf, 1995) based

on jacknife estimates of variance for r,, values (Meyer et al., 1986).
2.4 Results

24.1 Egg-adult development

The parasitoids completed development at all three temperatures tested (Table 2.1). Adult
emergence began after 29, 20 and 15 days at 16, 20 and 24°C, respectively. Both males and
females developed at the same rate for each of the three tested temperature regimes (two way
ANOVA, df = 1; F= 1.57; p = 0.21). The proportion of males emerging each day was low,

leading to a female-biased sex ratio at each temperature tested.

The development rate [Rate (T)] of the parasitoids increased linearly with temperature (T) [Rate
(T) = -0.03433+0.00398T; r* = 0.954; p < 0.0001]. The lower developmental threshold for
A. atomus, at which no development occurred, was estimated at 8.28°C. Based on this
development threshold, A. atomus required 251.26 Day-Degrees (DD) to develop from egg to

adult.
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Table 2.1 Egg-adult development time of A. aformus at three constant temperatures

=i e ]

Temperatures (°C) Mean development time (in days * s.d.)

3 g 39
16 33.16 * 28la 3386 +* 180a 33.60 * 2.06a
20 22.35 + 0.75b 22775 =+ 127b 22,64 *= 1.16b
24 16.26 * 137c 1632 =+ 0.83c 1630 * 0.98c

Means in the same column followed by the same letter are not significantly different at P < 0.05.

2.4.2 Adult longevity and reproductive capacity
Temperature had a significant effect on the adult longevity (i.e. survival), but not on the sex ratio

and the survival rate in immature A. atomus (Table 2.2, Figure 2.1).

At emergence A. atomus females started laying eggs without any pre-oviposition period.
Oviposition was greatest during the first two days. Temperature had a significant influence on the

oviposition period and the total number of offspring per female (Table 2.2).

Females A. atomus lived a maximum of 22, 12 and 9 days at 16, 20 and 24°C, respectively
(Figure 2.1 A-C). For all three temperatures tested, maximum daily progeny decreased with

increasing age of the females (Figure 2.1 A-C).
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Table 2.2 Egg-adult survival, adult longevity, oviposition time, total offspring and sex ratio
(means = s.e) of A. atomus at three constant temperatures

Temperatures (°C)

16 20 24
Survival (%) 79.2 * 6.7a 777 % 5.07a 83.6 + 4.47a
Adult longevity 151 = 0.92a 83 + 0.59% 59 * 0.35c
Oviposition period 44 + 0.24a 43 %= 0.35a 33 * 0.59
Total offspring 19.7 *= 0.94b 213 * 1.07b 30.1 *+ 1.36a
Sex ratio 72.7 %= 0.02a 73.7 * 0.62a 71.1 * 0.06a

Means in the same line with different letters are significantly different at P < 0.05

2.4.3 Life table parameters

Computed life table parameters for three temperature regimes are presented in Table 2.3. The net

reproduction R, decreased from 21.45 at 24°C to 14.31 at 16°C. However, the mean generation

time and the doubling time (D7) decreased with increasing temperature. The intrinsic rate of

increase (7») and the finite rate of increase (A) were significantly higher at 24, than at 20 and

16°C. The combined differences in egg-adult development, adult survivorship and fecundity

produced strong differences in life table parameters of A. atomus, especially in ry,.
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Figure 2.1 Anagrus atomus survival and reproduction at A (16°C), B (20°C) and C (24°C)
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Table 2.3 Effect of temperature on life table parameters of A. atomus

Temperatures (°C)

Parameters 16 20 24
I'm 0.086 = 0.002c 0.128 + 0.003b 0.191 + 0.003a
R, 143 0.7 157+ 1.0 215+1.1
G 30.9 21.6 16.1
DT 8.0 54 3.6
A 1.09 1.14 121

r» = jacknife estimate of the intrinsic rate of increase (per capita rate of population growth),
R, = net reproductive rate (female offspring per adult female), G = mean generation time (days),
DT = doubling time (days) and A = infinite rate of increase for population.
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Figure 2.2 Distribution of unparasitized leafhopper eggs (A) and parasitized eggs (B) in V.
Jaba. Different letters above bars indicate significant differences between means (ANOVA,
P <0.05)

2.4.4 Within-plant distribution of E. decipiens eggs and parasitism by A. atomus
Mean parasitism of A. atomus was 44.7% ranging from 27.2-62.5%. The spatial distribution
pattern of parasitized eggs revealed that significantly higher numbers of parasitized eggs were

found in the stem than in any other parts of the plant (Figure 2.2). This pattern corresponded with
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the spatial distribution of E. decipiens eggs in the plants (59% of all leafhopper eggs were found
in the stems). Thus, egg laying in A. atomus follows the oviposition pattern of E. decipiens.

Regression analyses revealed a significant negative relationship between host density and level of

parasitism (Figure 2.3 A and B).
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Figure 2.3 Relation between host density and number of parasitized eggs (A: y = 7.05%In (x -

16.84), r2 = 0.55, P = 0.0036) and rate of parasitism (B: y = 64.85 - 0.35x; r2 = 0.52, P =
0.0053)
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2.4.5 Effect of the host egg age on the parasitism by A. atomus
Anagrus atomus females were capable of successfully parasitizing leafhopper eggs of all age
classes tested (Figure 2.4). However, the number of host eggs that were visibly parasitized

declined significantly in eggs older than 5-6 days.
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Figure 2.4 Host age and parasitism by A. atomus. Different letters above bars indicate
significant differences between means (ANOVA, P < 0.05)

2.5 Discussion

Temperature is one of the most important factors influencing the development of arthropods. In
our study the lower development threshold for A. atomus was calculated to be 8.28°C, which is
below the range of temperatures used in greenhouse vegetable production systems in Germany
(Fricke et al., 1999). Hence the parasitoid is capable to develop during almost the whole
production period in greenhouses. Parasitoid development times are variable among the species
within the genus Anagrus. For example, at 24°C, A. takeyanus Gordh required almost two weeks

longer to emerge than A. giraulti Crawford (Meyerdirk and Moratorio, 1987). The thermal
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developmental requirements for A. atomus are much lower than the 504 DD for A. delicatus
Dozier (Cronin and Strong, 1990a) but higher than 244.5 DD evaluated for A. epos Girault
(Williams, 1984). The differences in the development of these Anagrus spp. may be an adaptation
to the development of their hosts. The lower development threshold in A. atomus is very close to
the 8.84°C computed for E. decipiens using the data from Raupach et al. (2002) within
temperature range of 15-28°C. Moreover, the thermal constant of A. atomus was considerably
shorter than the 400 DD estimated for E. decipiens. Thus, in terms of thermal requirements A.

atomus is considerably superior to its host.

Female parasitoids laid more eggs during the first days, indicating that egg production in
A. atomus is proovigenic (Hokyo et al., 1966). Due to the shortest developmental time and

highest number of progeny r,, was the highest at 24°C.

Parasitism by A. atomus showed a negative host density-dependent relationship. Similar response
has been observed in A. incarnatus Haliday (Cronin and Strong, 1993). Liljesthrém and Virla
(2001) studying the spatial parasitism of A. flaveolus Waterhouse in Delphacodes kuscheli
Fennah (Hom.: Delphacidae) showed that parasitism was directly density dependent. Likewise,
Murphy et al. (1998) observed that the density of Erythroneura elegantula Osborn. (Hom.:
Cicadellidae) eggs influence the rate of parasitism in A. epos. In contrast, Cronin and Strong
(1990b, 1993) found that the spatial parasitism by A. delicatus and A. optabilis Perkins was
independent of host density. They showed that the lack of host density response in the A.
delicatus - Prokelisia marginata Van Duzee (Hom.: Delphacidae) system is a consequence of A.
delicatus dispersion from host clutches after laying only a small fraction of their eggs. In our
study, A. atomus adults were caged on the same plant; this could give the parasitoid a chance to

search and parasitize more eggs on the same plant than if they were free to disperse. Lessells
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(1985) demonstrated that parasitoids limited by their egg load produce inverse density dependent
parasitism. In fact, the fecundity of A. atomus is low, which is a general trait in Anagrus spp.
(Cronin and Strong, 1990a; Williams, 1984), so that a limited number of eggs were laid even if
the host density is increasing, leading to the comparatively low levels of parasitism recorded in
this study. Studies of spatial density-dependence relationships are experimental, however, both
temporal and environmental factors may obscure the true response of parasitism to host density
(Hassell, 1985). In our study a precise assessment of the impact of A. atomus and its ability to
reduce leafhopper populations was difficult, because in E. decipiens it is impossible to determine
the exact number of eggs laid in the plant tissue. Moreover, the survival of A. atomus from eggs
to pupae, the latter indicated by their red colour (Cooper, 1993), and egg mortality in E. decipiens

cannot be determined.

Higher numbers of E. decipiens eggs were parasitized in the stems than in leaves of V. faba
plants, corresponding to the oviposition pattern of E. decipiens. This could mean that parasitoids
search longer for hosts in parts of the plant where host oviposition is more likely to occur or
could indicate a positively density-dependant response of A. atomus. This oviposition pattern of
A. atomus in broad beans could also indicate that the structure of the plant could provide a barrier
to detect of E. decipiens eggs since the eggs can be inserted in different positions and depth in the
plant tissue. Raatikainen (1967) found that in Javesella pellucida Fab. (Hom.: Delphacidae) eggs
laid in the stems of cereals were invulnerable to attack by A. atomus, whereas eggs laid in leaf
blades suffered high levels of parasitism, corroborating our results on the effect of plant structure

on the rate of parasitism.

The observed decline in numbers of parasitized eggs older than six days is possibly due to the

physiology of the host embryo. According to Cronin and Strong (1990a), well-developed older P.
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marginata host embryos are more difficult to digest for A. delicatus than younger ones. However,
due to the before mentioned methodological constraints, it cannot be clearly determined whether
the observed differences in parasitism of younger and older E. decipiens eggs are the results of an

avoidance of older embryos and/or a lower survival of immature A. atomus in old hosts.

Several biological characteristics of A. atomus, e.g. its short life cycle compared to its host and its
ability to parasitize host eggs throughout the whole host development, indicate that the parasitoid
can be an important mortality factor for E. decipiens. However, because of its comparatively low
fecundity, high parasitoid release rates and/or combinations with other bio-control agents like
predators and entomopathogenic fungi might be required for a successful control of E. decipiens
in greenhouses. The release rates for A. atomus should also depend on the reproductive potential
of the pest, the economic threshold and the parasitoids host finding behaviour. In ongoing studies
we are investigating the searching behaviour and host discrimination ability of A. atomus, and the

ability of the parasitoid to suppress leafhopper populations under greenhouse conditions.
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3 SEARCHING AND OVIPOSITION BEHAVIOUR OF ANAGRUS ATOMUS ON

FOUR HOST PLANTS OF ITS GREEN LEAFHOPPER EMPOASCA DECIPIENS

3.1 Abstract

Anagrus atomus L. is an important egg parasitoid of the green leafhopper Empoasca decipiens
Paoli. In this study the ability of the parasitoid to locate and parasitize its host was investigated on
four host plants of E. decipiens, i.e. broad beans (Vicia faba L.), sweet pepper (Capsicum annuum
L.), cucumber (Cucumis sativus L.) and French beans (Phaseolus vulgaris L.). For each plant
species, the behaviour of the parasitoid was observed on plants with or without prior exposure to
leathopper. The searching and oviposition behaviour was mainly characterized by drumming,
probing and resting. Parasitoids spent significantly less time on non-infested plants, and no
probing behaviour was observed. On infested plants probing took on average <11 seconds.
Frequency of resting behaviour was significantly greater on non-exposed than on exposed to
leafhopper plants. Total foraging time was significantly longer on exposed than on non-exposed
host plants, indicating that A. atomus females can efficiently discriminate between leaves with
and without infestation, leaving non-infested leaves. Parasitism of A. atomus was influenced by
the parasitoid density with the highest parasitism rate (63.99%) obtained at density of ten A.
atomus females but the number of parasitized eggs per female and the searching efficiency

decreased with the increasing of parasitoids density.

3.2 Introduction

The green leafthopper Empoasca decipiens Paoli (Homoptera: Cicadellidae) is a serious pest
attacking vegetables and ornamentals in greenhouses and the field in The Netherlands, UK
(Helyer and Talbaghi, 1994), Bulgaria (Loginova, 1992), Switzerland (Anonym., 1998aandb) and

Germany (Schmidt and Rupp, 1997). Empoasca decipiens is polyphagous and attacks many field
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crops including broad beans, cucumber, French beans, sweet pepper and many other vegetables
(El-Dessouki and Hosny, 1969). Its feeding typically produces localized chlorosis in leaf tissue,
and in extreme cases, affected leaves may become necrotic and drop from the plant. This feeding
habit can lead to significant yield losses, both in terms of quantity and quality, particularly at high
densities and when the fruits are punctured (Raupach et al., 2002). Currently, control strategies
for leafthoppers mainly rely on the use of synthetic insecticides. The insect growth regulator
Buprofezin has proved to effectively control E. decipiens with little to no harmful effects on
natural enemies in greenhouses. However, it does not affect eggs and adults of leafhoppers
(Helyer and Talbaghi, 1994). Chemical control of leafthoppers is difficult due to the lack of
appropriated insecticides and yet unclear relationships between infestations and economic losses
caused by many Empoasca spp. (Maixner et al., 1998). Moreover, insecticide applications often
cause harmful side effects on beneficial organisms, particularly natural enemies like predators

and parasitoids.

At present no well developed biological control strategies for E. decipiens are available. Research
on the natural enemy complex of Empoasca spp. indicated that predators are not very likely to
efficiently control the pest (Helyer and Talbaghi, 1994). The most promising candidate for
augmentative biological control in greenhouses is the egg parasitoid Anagrus atomus L. (Hym.:
Mymaridae) (Schmidt and Rupp, 1997; Cerutti et al., 1991). In several field surveys in southern
Germany A. atomus proved to be the most common natural enemy associated with E. decipiens
on vegetables (Rupp, 1999; Schmidt and Rupp, 1997). Egg parasitoids are often considered to be
well-suited biocontrol agents since they attack the egg stage and can hence prevent further
damage by the pests (Smith, 1996). However, at present little is known on the biology and

ecology of A. atomus. Moreover, first releases of A. atomus on Reichenau island in southern
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Germany in greenhouse cucumber production did not lead to a sufficient control of E. decipiens
(Biinger et al., 2002). The reasons for this failure in biological control are yet poorly understood.
Hence, a sound assessment of the efficacy of A. atomus as a potential biological control agent of
E. decipiens is presently not possible because of the lack of crucial data on biology, ecology and
behaviour of the parasitoid. Particularly more information on the temperature dependence, the
host identification behaviour and the possible influence of the various host plants of E. decipiens
on the biological control potential of A. atomus need to be gathered. The importance of chemical
stimuli orienting the females to their host has been well documented for several egg parasitoids
(Noldus and van Lenteren, 1985; Mattiacci et al., 1993). Parasitoids often use olfactory cues from
their hosts and their host plants to successfully locate the hosts (e.g., Price et al., 1980; Vinson,
1981; Vinson et al., 1987; Tumlison et al., 1993). Moreover, the fitness of a searching parasitoid
is a function of its host-finding ability; its efficiency as a biological control agent can thus be
correlated to this behaviour (Godfray, 1994). Host plants of leafhoppers on which both host and
parasitoid have been reared significantly affected several behavioural parameters of the closely
related A. nigriventris Girault (Al-Wahaibi and Walker, 2000a&b; Honda and Walker, 1996),
thus indicating possibilities to manipulate the oviposition preference of A. atomus by a careful
selection of the host plants in mass rearing programs of the beneficial and/or for habitat
management in greenhouses and the field. Hence the objectives of this study were to investigate
in the laboratory the searching and oviposition behaviour of A. atomus as affected by different
host plants of E. decipiens. Potential effects of parasitoid densities on parasitism and on the

searching efficiency of A. atomus were also investigated.
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3.3 Materials and Methods

3.3.1 Insect colonies

Leafhoppers were reared on broad beans Vicia faba L. following the protocol developed by
Raupach et al. (2002). The culture of A. atomus was initiated from parasitoid pupae on primrose,
Primula vulgaris Huds. (Primulaceae) leaves, obtained from English Woodland, the commercial
supplier of A. atomus in the UK. The parasitoids were reared in a climatic chamber at 24°C, 65-
70% relative humidity (RH), and a photoperiod of 16:8 h (L:D) on broad bean plants that
previously had been infested with E. decipiens eggs. The plants were enclosed in a cylindrical
ventilated plastic cage (32 cm tall, 13.5 cm diameter). Parasitoids used in all experiments had no

previous oviposition experience (i.e., naive) and were collected on the day of adult emergence.

3.3.2 Searching behaviour of A. atomus on four host plants of E. decipiens

Experimental plants

Four reproductive host plants of E. decipiens were used in the study, i.e., broad beans (Vicia faba
L. [Fabaceae]), sweet pepper (Capsicum annuum L. [Solanaceae]), cucumber (Cucumis sativus L.
[Curcubitaceae]) and French beans (Phaseolus vulgaris L. [Fabaceae]). Experimental host plants
were grown from commercially available seed material. Plants were grown in a greenhouse and
no pesticides were applied. All plants were in their vegetative growth phase when used in the
experiments. Two-weeks-old broad and French beans, and three-weeks-old cucumber and sweet

pepper plants were used in the study.

Experiment design
The experimental design was 4 x 2 factorial with the two factors being plant species (four) and

prior exposure to leafhoppers (i.e., plants previously exposed to leafhoppers vs. non-exposed),
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hence in total eight treatments. For each replicate two plants of each host plant species were used
and one was exposed to adult E. decipiens by placing them over a 72-h period at 24°C in an adult
leafhopper cage (46 x 46 x 122 cm) whereas the other was left non-exposed. Thereafter leaves
were cut in discs and placed on potato dextrose agar (8 g/l) in a Petri dish (5.5 cm diameter). The
size of the leaf discs was standardized to the Petri dish diameter. Each treatment was replicated
10 times. Naive A. atomus females were collected at the day of their emergence. Before use
female parasitoids were held in individual pairs with males in Eppendorf tubes (1.5 ml),
containing a droplet of honey solution smeared through small holes on the topside of the tube, for
30 minutes to assure mating. One active female parasitoid, <24-h old, was released in the Petri
dish and continuously observed under a binocular. The general behaviour of the parasitoids was
examined and time on plants, duration of each probe, and resting time were recorded using a
stopwatch. The observation began five minutes after the parasitoid had been introduced on the
plant disc in the Petri dish and the wasp was observed for 15 minutes. After the observations, the
leaves previously exposed to leafhoppers were incubated at 24°C for 12 days to check for
presence/absence of leafhopper nymphs or parasitized eggs, the latter as indicated by their red

color (Cooper, 1993).

Data recorded

The following behavioural parameters were recorded: (i) the duration of time off the plant (time
that a parasitoid spent on the wall or lid of the Petri dish), (ii) the number and duration of probing
(insertion of ovipositor in the plant tissue and the withdrawal), and (iii) resting, defined as non-

searching behaviour.
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Data analysis

Proportion of time on the plant, proportion of time probing, and number of probes were
calculated for each treatment. Proportions were arcsine transformed before analysis. Two-way
analysis of variance (ANOVA) was performed to test for the effect of the two main factors (plant
species and previous exposure to leafhoppers) on the different variables (proportion of time spent

probing, proportion of time spent on the leaf, number of probes and probes per minute).

3.3.3 Effect of A. atomus densities on parasitism and on searching efficiency

Potted V. faba plants were placed for 72-h in an adult leafhopper cage. The plants were then
covered with a cylindrical cage (for details refer to the previous section) and kept in a climatic
chamber at 24°C, 65-70% RH, and a photoperiod of 16:8 h (L:D). Naive and mated female
A. atomus were then released in the cylinder, permitting them to search for and parasitize host
eggs hidden in the plant tissue. Five different parasitoid densities were tested, i.e. one, three, five,
six and ten females per cylinder. After 12 days incubation period, leafhopper nymphs,
unparasitized and parasitized eggs were collected and the rate of parasitism calculated. Egg
densities and number of parasitized eggs per treatment were subjected to a log (1+x)
transformation to homogenize the variance, and egg densities were used as covariant for
parasitism of A. atomus in the ANOVA. Moreover the per capita searching efficiency of the
parasitoid (A) was determined using the model developed by Hassell (1985): A = (1/P)*log(N/S)
where P is the abundance of the searching parasitoids (i.e., parasitoid densities), N is the number
of susceptible hosts (i.e., total host eggs in the plant), and S is the number of hosts surviving after

parasitism (i.e., unparasitized). Each density was repeated five times.
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3.4 Results

3.4.1 General searching behaviour

Two main distinct behavioural events could be distinguished in the searching and oviposition
behaviour of A. atomus: (i) drumming the leaf surface with the antennae, and (ii) probing (i.e.,
insertion of the ovipositor in the plant tissue). While searching, drumming could be classified in
two categories: (i) a rapid walk accompanied by low frequency antennal drumming, and (ii) a
slow walking speed with high frequency of antennal drumming. In the latter category of
drumming, the antennae remained very close to the leaf discs when an area was suspected to
harbor leafhopper eggs. Most often the parasitoid examined several times the same area, which
was then followed by probing. During short probes, frequently observed in this study, the
ovipositor could be inserted partially or completely (to its length) before it was withdrawn.
However, the wasps persistently returned to the same point and usually made several attempts of

probing, generally lasting a few seconds.

3.4.2 Interaction between host plant species and prior exposure to leafhoppers

Results of the two-way ANOVA indicated for the dependent variables, which relate directly to
searching and oviposition behaviour of the parasitoids (i.e., proportion of time on the plant,
probing, and the number of probes per minute), no significant interactions between plant species
and exposure conditions (Table 3.1). In all tested host plants, the prior exposure to leafhoppers

strongly influenced the searching behaviour of A. atomus, especially for probing and resting,.
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Table 3.1 Probability levels from two-way Analysis of Variance for plant species, infestation
status and their interactions

_———— 0 0 W 0 W 0/ e e e e e e e e e

Dependent variables Probability level
Plant Exposure Interactions
species status
Variables based on total observation time
Proportion of time on the plant 0.38 < 0.0001 0.49
Proportion of time probing 0.35 = *
Proportion of time in non search activities  0.0044 < 0.0001 0.92
Number of probes per minute 0.82 % *

Variables based on total on-plant time

Proportion of time probing 0.35 B *
Proportion of time in non search activities < 0.0001 < 0.0001 0.062
Number of probes per minute 0.82 ® *

* No probe was observed on non-infested host plants; therefore no statistical comparison was
made between exposed and non-exposed to leathopper plants.

3.4.3 Effect of plant species and prior exposure on the searching behaviour of A. atomus

The behaviour of the parasitoids significantly differed between plants previously exposed and
non-exposed to leathoppers (Table 3.1). On exposed leaf discs parasitoids spent nearly all the
observation time on the leaf discs, with no significant differences among the four tested host
plants (Figure 3.1). In contrast, parasitoids spent significantly less time on the non-exposed leaf
discs (pairwise comparison for each host plant separately, i.e. exposed vs. non-exposed, Table
3.1). Time spent on non-exposed leaf discs differed among the four host plants tested, with

significantly less time spent on sweet pepper compared to broad bean leaf disc.
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The number of parasitoid probes was significantly affected by the exposure status of the host
plants, but no significant differences were found among the tested plant species. No probing was
observed on non-exposed leaf discs. On all previously exposed leaf discs, the probe duration was

less than 11 s and was not affected by the plant species (Table 3.2).
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Figure 3.1 Proportion of the total observation time that A. atomus females spent on four
host plants of E. decipiens with or without prior exposure to leafhoppers. Statistical
differences among plant species were done separately for treatments with exposure (black
bars) and without previous exposure (white bars) to leafhoppers. No significant differences
between plant species were observed. Below each tested plant species the probability levels
of the two-sample t-tests comparing leaf discs with (black bars) and without (white)
previous exposure to leathoppers infestation are given.
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Figure 3.2 Proportion of resting of A. atomus females on different host plant species with or
without prior exposure to leafhoppers. Columns represent means and error bars are
standard errors of untransformed data. Statistical differences among plant species were
done separately for treatments with (black bars) and without (gray bars) previous exposure
to leafthoppers. Below each plant species’ name is the probability level of two-sample t-test
comparing exposed plants (black bars) and non-exposed plants (white) to leafhoppers for
each host plant species. Capital letters compared non-exposed plant species and small
letters exposed plant species.

On previously exposed leaf discs, parasitoid spent more than 92.21% of total on-leaf disc time
searching actively for hosts and a maximum of 14.8% of searching time was used for probing.
Subsequent incubation of previously exposed leaf discs showed that less than 20% (+5) harbored
1-3 leathopper eggs and only one parasitized egg was found in one cucumber leaf disc. Hence,

the vast majority of probes were made in empty tissues.
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Proportion of time based on the total time spent on leaf discs in which parasitoid were not
engaged in searching activities (i.e. resting time) was significantly influenced by the host plant
species and their exposure status (Figure 3.2). The proportion of time that parasitoid spent in
resting was highest on sweet pepper, both for exposed and non-exposed leaf discs. Resting period
differed significantly when previously exposed were compared with non-exposed leaf discs (P <
0.003). The parasitoid spent an average of 16.1% and 62.4% of total on-leaf disc time on non-
exposed French beans and sweet pepper leaf discs, respectively, compared to 7.8% and 0.4% on
exposed French beans and sweet pepper leaf discs, respectively. Thus, the parasitoid spent more

time on, searched more, probed more and rested less on exposed than on non-exposed leaf discs.
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Figure 3.3 Effects of different A. atomus release densities on the rate of parasitism of E.
decipiens eggs in V. faba plants. Bars followed by the same letter are not significantly
different (ANOVA, P < 0.05)
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3.4.4 Effects of A. atomus densities on parasitism and on their searching efficiency

The total number of parasitized eggs increased significantly with the number of released
parasitoids (F = 18.28; df = 4; P < 0.0001), leading to high rates of parasitism at high parasitoid
densities (Figure 3.3). With 63.99% the highest mean parasitism was recorded when ten females
had been released. Analysis of covariance of the number of parasitized eggs as affected by the
host density (i.e. total number of E. decipiens eggs) and the number of released parasitoids
revealed that both factors were significant (F = 13.63; df = 1; P = 0.0017). The number of
parasitized eggs per A. atomus female differed significantly (F = 23.51, df = 4; P<0.0001) among
the tested parasitoid densities. With increasing parasitoid densities the number of parasitized

eggs/female dropped from 27.67 to 8.2 for density one and ten, respectively (Figure 3.4 II).

Plotting the searching efficiency against parasitoid density (Figure 3.4 I) revealed a decrease in
searching efficiency with increasing parasitoid numbers, but ANOVA revealed no significant

differences at all parasitoid densities greater than one at which density the searching efficiency

was highest (P > 0.5).
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Figure 3.4 (I) Relationship between log transformed searching efficiency (A) and parasitoid
density (D). (II) Number of parasitized eggs per female A. atomus as affected by different

parasitoid densities
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3.5 Discussion

All behavioural variables recorded in our study indicated that the previous presence of hosts
elicited a host finding behaviour in A. atomus. Female A. atomus spent significantly more time on
the leaf discs that had been previously exposed to leafhoppers than on non-exposed ones,
indicating that the parasitoids can probably detect the presence of host traces. The likelihood of
finding host eggs on plants that carry host traces is higher than if such stimuli are absent, and the
females spend accordingly more time for searching on such leaf discs. Signals could originate
from the host itself, e.g., honeydew, accessory gland secretions, or are results of the feeding
and/or egg laying behaviour of the leafhoppers, i.e., feeding bumps or oviposition wounds
(Cronin and Strong, 1990a; Moratorio, 1990; van Baaren et al., 1995; Conti et al., 1996). Feeding
E. decipiens may contaminate the leaf surface with chemicals emanating from their bodies or the
honeydew. Leafhopper honeydew is known to contain contact kairomones, which stimulates the
searching response of egg parasitoids (Lou and Cheng, 2001). In our experiments probes were
generally of short duration, and the great majority (95-98%) were performed in empty plant
tissue, as revealed by the subsequent incubation of the leaf discs. In broad beans E. decipiens
prefers to oviposit in stems than in leaves (Agboka, 2002). Short duration probes in empty plant
tissue frequently occur in egg parasitoids attacking concealed hosts hidden in the plant tissue (Al-
Wahaibi and Walker, 2000b), indicating that the perception of host cues on the plant surface does
not suffice to locate host eggs imbedded in the plant tissue. Hence it seems that in A. atomus
females initially perceive host cues with their antennae followed by probing with the ovipositor.
The antennae might act as receiver for signals emanating from the surface while the ovipositor
then detects the presence of host eggs in the plant tissue during probing. Another possible
explanation of the observed probing in empty tissue could be that the wasps used in our

experiments had no prior contact with hosts. Experience plays an important role in parasitoid
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searching behaviour (e.g., Conti et al., 1997). However, we did not consider learning in our study
because in biological control programs egg parasitoids are usually released as parasitized eggs
close to emergence, since they are easier to store, handle, and release than adult wasps (Cooper,
1993; Maisonneuve et al., 1995; Bjorksten and Hoffmann, 1998). Hence there are few
opportunities for behavioural manipulations of egg parasitoids during mass rearing, and innate
host stimuli detection is probably more important for the host finding behaviour of egg

parasitoids than learning (Al-Wahaibi and Walker, 2000a; Bjorksten and Hoffmann, 1995).

The tested host plant species had no effect on the searching behaviour of A. atomus, indicating
that the parasitoids did not respond to additional stimuli of the plants when searching for hosts.
The significantly longer resting time of female A. atomus on non-exposed compared to leave
discs that originated from plants that had been previously exposed to leafhoppers further supports

this hypothesis.

The rate of parasitism by A. atomus was significantly influenced by the density of the wasps, with
the highest rate of parasitism recorded at the highest release rate. This suggests that increasing the
numbers of A. atomus in mass releases could lead to a higher control efficacy. However, the
parasitoids densities used in our study (1-10 females/0.1356 m?®) were far higher than those
previously tested under greenhouse conditions by Biinger et al. (2002) (i.e., 0.05-0.38
individuals/m®) or recommended by English Woodlands Biocontrol, the commercial supplier of
A. atomus in the UK (i.e., 100 individuals/acre). In addition, even at the highest release density
the rate of parasitism did not exceed 63.99%. This may be due to the generally low fecundity in
A. atomus (Agboka, 2002) and possible interactions between females at higher release densities.
Releasing more than six parasitoids per plant resulted in an overall increase in progeny, but a

decrease in the number of parasitized eggs per female. Since many host eggs remained
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unparasitized, this slight decrease in the multiplication rate might be attributed to lower
parasitism efficiency with increased parasitoids mutual interference or superparasitism (Cronin
and Strong, 1993) or unsuccessful probes within the plant tissue as observed in this study.

Consequently the searching efficiency decreased with increasing parasitoids density.

In conclusion, A. atomus females can sense the previous presence of leafhoppers on plants and
intensively search for hosts on such plants. The four tested host plants of E. decipiens did not
affect the searching behaviour of A. atomus, suggesting that the parasitoids can be released on
different host plants of E. decipiens. In ongoing laboratory and greenhouse experiments we are
testing various release rates of A. afomus and are quantifying the impact of the parasitoid on the

population dynamics of its host.
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4 GENERAL DISCUSSION

The objective of this study with A. atomus was to assess its potential to control E. decipiens in
greenhouses. Therefore, the rate of development and different life table parameters of the
parasitoid were determined under three constant temperatures. Moreover, the response of A.
atomus to different densities of leafhopper eggs and its ability to attack different host stages were
investigated. Additionally, the host searching behaviour on four different host plants of E.
decipiens and the effect of varying parasitoid densities on the rate of parasitism and the searching
efficiency of A. atomus were examined. The results have elucidated some aspects of the life

history of A. atomus.

Anagrus atomus can successfully develop and reproduce within a temperature range of 16-24°C,
which corresponds well common climatic conditions in European greenhouses. Hence, the
parasitoid can be present and active during almost the whole production period. Development
time temperature dependence vary among Anagrus spp. For example, at 24°C, A. takeyanus
Gordh required almost two weeks longer to emerge than A. giraulti Crawford (Meyerdirk &
Moratorio, 1987). The thermal developmental requirements for A. atomus (251.2 day-
degrees(DD)) are much lower than the 504 DD for A. delicatus Dozier (Cronin & Strong, 1990a)
but higher than the 244.5 DD of A. epos Girault (Williams, 1984). The differences in thermal
developmental requirements of these Anagrus spp. Probably reflect an adaptation to the
development of their hosts. The lower development threshold in A. atomus is very close to that
computed for E. decipiens (Raupach et al., 2002) within a temperature range of 15-28°C.
Moreover, the thermal constant of A. atomus was 37.19% shorter than that estimated for
E. decipiens. Thus, in terms of thermal requirements A. atomus can develop faster and built up

faster populations than E. decipiens.
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Female parasitoids laid more eggs during the first days, indicating that egg production in
A. atomus is proovigenic (Hokyo et al., 1966). However, the fecundity of A. atomus is low, a
general trait in Anagrus spp. (Cronin & Strong, 1990a; Williams, 1984) so that only a limited
number of eggs were laid even at increasing host densities . Consequently levels of parasitism in
A. atomus are comparatively low, with an inverse density-dependence. Lessells (1985) also
demonstrated, that parasitoids limited by their egg load, produce inverse density dependent
parasitism. Similar response has been observed in A. incarnatus Haliday (Cronin & Strong,
1993). However, Liljesthrém and Virla (2001) studying the spatial parasitism of A. flaveolus
Waterhouse in Delphacodes kuscheli Fennah (Homoptera: Delphacidae) showed that parasitism
was directly density dependent. Likewise, Murphy et al. (1998) observed that the density of
Erythroneura elegantula Osborn. (Homoptera: Cicadellidae) eggs positively influence the rate of
parasitism in A. epos. In contrast, Cronin and Strong (1990b, 1993) found that spatial parasitism
by A. delicatus and A. optabilis Perkins was independent of host density. They showed that the
lack of host density response in the A. delicatus - Prokelisia marginata Van Duzee (Homoptera:
Delphacidae) system is a consequence of A. delicatus dispersion from host clutches after laying
only a small fraction of their eggs. In our study, A. atomus adults were caged on the same plant;
this could have forced the parasitoid to search and parasitize more eggs on the same plant

compared to a situation where the females are free to disperse.

However, these spatial density-parasitism relationships were recorded under rather experimental
and thus possibly artificial conditions. Both temporal and environmental factors may obscure the
true response of the parasitoids to host density (Hassell, 1985). In this study it was difficult to
achieve a precise assessment of the impact of A. atomus and its ability to reduce leafhopper

populations, because in E. decipiens it is impossible to determine the exact number of eggs laid in
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the plant tissue. Moreover, the survival of A. atomus from eggs to pupae, the latter indicated by
their red colour (Cooper, 1993), and egg mortality in E. decipiens could not be determined. The
lack of these important life table statistics in E. decipiens renders a more detailed interpretation of
the life parameters of A. atomus with the aim to assess the biocontrol potential of the mymarid
rather difficult. More data on pest-parasitoid interactions are certainly needed. However, based on
the here presented findings on A. atomus it can already be concluded, that due to the low
fecundity of the parasitoid, high release rates and/or combinations with other bio-control agents
like predators and entomopathogenic fungi are probably needed for a successful biological

control of E. decipiens in greenhouses.

Releasing 1-10 female parasitoids resulted in increasing numbers of parasitized eggs, but the rate
of parasitism did not exceed 63.99%. The number of female A. atomus that were released in the
Plexiglas cylinders was higher than the 100 individuals/acre recommended by English
Woodlands Biocontrol, the supplier of A. atomus in the UK, in case of heavy leafhopper
infestations. Also Biinger et al. (2002) released considerably lower numbers of wasps in their
experiments (i.e., 0.05-0.38 individuals/m?). However, a comparison of greenhouses releases with
results of a laboratory study is difficult because the small size of the Plexiglas cylinder might
have caused or enhanced interactions between the parasitoids (i.e., mutual interference and/or

superparastism) thereby reducing the rate of parasitism.

Under field conditions the release success not only depends on the number of parasitoids released
but also on the dispersion of the wasps from the release point. The distribution of host eggs, the
presence/or absence of host cues on the plants, which enhances the searching behaviour of
A. anagrus, and the release method may be important factors influencing the rate of parasitism

and thus the level of control. To improve the biocontrol potential of A. atomus, in future studies
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the following release-related questions need to be addressed: (i) What is the mean distance of
dispersal (spatial distribution) of A. atomus from the release point? If the distance is small and
parasitoids cover only small patches when foraging, several closely adjacent points of release will
be required to provide a sufficient coverage of the infested area. (ii) Which development stage of
A. atomus (adults or pupae) should be released, and which vertical strata of the plants (and does
this vary with host plants?)? (iii) How do parasitoids respond to low host densities and/or a
dispersed distribution of hosts? Answers to these questions should provide valid information on

release frequency and optimum release density of A. atomus.

The distribution of leafhoppers within the plant can also affect the host location and parasitism of
A. atomus, therefore affecting the efficiency of the parasitoids. In this study 59% of E. decipiens
eggs were laid in the stems of broad beans although eggs were also found in the petioles and in
the leaf limbs. Following the oviposition pattern of E. decipiens, A. atomus preferably parasitized
eggs in the stems. Data from other mymarids suggest that the oviposition site of the host is an
important determinant of whether an egg will be parasitized (Claridge and Reynolds, 1972; Alj,
1979). This pattern of oviposition behaviour of A. atomus and E. decipiens should be further
studied in other host plants of the green leafhopper, since it might significantly affect the
performance of the parasitoids after releases in greenhouses. Raatikainen (1967) found that
Javesella pellucida (Fab.) (Homoptera: Delphacidae) eggs in cereal stems were invulnerable to
attack by A. atomus, whereas eggs in leaf blades incurred high levels of parasitism. In oats, thin-
walled stems had a higher incidence of parasitism than thick-walled stems, suggesting an inability
of the wasp to detect or gain access to more deeply concealed hosts. However, Cronin (1991)
found that the host plant provides no physical barrier to A. delicatus searching for Prokelisia spp.

eggs concealed within the leaf. Because a refuge can exist in different forms (Udayagiri and
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Welter, 2000) and can have a large effect on the host-parasitoid relationship, more emphasis

should be placed on experimental design when testing for mechanisms of escape from parasitism.

Anagrus atomus successfully attacked and developed in 1-10 day-old eggs of E. decipiens but
parasitism decreased in eggs older than six days. The decreasing suitability of older eggs is
common in egg parasitoids and is probably due to the physiology of the well-developed older
host embryos, which are more difficult to digest than younger ones (Cronin and Strong, 1990a) or

to the hardening of the chorion of older eggs (Leibee et al., 1979).

The results of this study indicate that A. atomus females have the ability to detect the presence of
their hosts and spent the majority of time on plants that were previously exposed to leafhoppers
compared to ‘clean’ plants (i.e., without previous exposure). The behaviour in the mymarid may
be result from chemical cues left by the host on the plants during feeding or ovipositing. Such
cues could originate from the host itself, e.g., honeydew and/or accessory gland secretions.
Leafhopper honeydew is known to contain contact kairomones, which stimulates the searching
response of egg parasitoids (Lou and Cheng, 2001). On the other hand cues could result from the
feeding and/or egg laying behaviour of the leafhoppers (i.e., feeding bumps or oviposition
wounds (Cronin and Strong, 1990; Moratorio, 1990; van Baaren et al., 1995; Conti et al., 1996).
The results of this study cannot give a final answer to these questions, but it can be hypothesized
that E. decipiens contamination of the leaf surface with contact or volatile signal substances
emanating from their bodies or honeydew may play a key role in host searching behaviour of A.
atomus. The ability of A. atomus to respond to contact kairomones of its host E. decipiens would
indicate a well developed host finding behaviour in the mymarid, which is a prerequisite for a

successful use of an egg parasitoid in biological control. The recognition of E. decipiens infested
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plants by A. atomus could increase time spent in the patch searching for hosts leading probably to

high parasitism rate, therefore reducing the pest population.
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