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General introduction

Oilseed rape Rrassica napusL. var. oleifera Metzg.) Brassicaceagis the third most
commonly grown crop in Europe (FAO, 2007). In Genyeoilseed rape is cultivated on 1.46
Mill ha in 2009/2010 (UFOP, 2009). It is grown foif, for human consumption, as well as
for renewable energy resources and animal fodith the extention of the planted area in the
last twenty years, damage by pests and diseasais@déd rape became more severe (Alford
et al., 2003; Lamb, 1989). One of the most impartamiting factors is the large variety of
pest insects attacking the oilseed rape crop (Alfgral., 2003). As a result broad-spectrum,
non-selective insecticide compounds are applieduitumn, spring and summer for control
these economically-important pests (Menzler-Hokkaeeal., 2006). They are often applied
prophylactically without regard to pest control ébiholds. Frequent applications of
insecticides have caused widespread resistancellehfbeetle populations against pyrethroid
compounts in many European countries, including@ay (Heimbach et al., 2006), Poland
(Wegorek & Zamojska, 2006) and Denmark (Hansen3P00herefore, the integration of
natural regulatory mechanisms on pest populatisnsh as natural enemies, becomes more
important. Minimizing the harmful side-effects ofsecticide application on natural enemies
is one of the main objectives in IPM stategies.réfae, optimization of insecticide use, e.g.
product selection and timing of application, whifgnimizing negative effects on beneficial
arthropods (Flint & Bosch, 1981)here is little information on side-effects of cheat

insecticides on parasitoids of pests insects ae®d rape.

The main objectives of this study are:

1. to investigate the role of volatile production ininfested oilseed rape plants and by
plants infested by larvae @. pallidactylusin behavioural and electrophysiological
bioassaysind the effect of insecticide treatments

2. to study the impact of insecticide treatmentgarasitism and migration of parasitoids
attacking stem weevil and pollen beetle larvaéeiia experiments

3. to analyse lethal and sublethal effects of itisieles on parasitoids in laboratory
experiments

4. to determine whether the side-effects of ins&#s on hymenopteran parasitoids on
winter oilseed rape can be minimized by optimizataf insecticide uses, such as
product selection, timing of application and redcof field dose rates
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Studied insects pests and their parasitoids on oédgd rape
Stem-boring weevils

Two stem-mining pests of oilseed rape were invastig) in this study, the cabbage stem
weevil Ceutorhynchus pallidactylu®arsham) and the rape stem we&autorhynchus napi
Gyllenhal (Coleoptera: Curculionidae). Both specae univoltine. Adults of rape stem
weevil migrate to crops of oilseed rape in earlyirgp (February/March). Females lay their
eggs singly into the stems and the larvae hateh afte or two weeks. The larvae mine within
the stem for 3-5 weeks before they leave the gapupate in the soil. Adults overwinter in
an earthen chamber in the soil and emerge thenfmfpspring (Schmutterer, 1956; Debouzie
& Ballanger, 1993; Paul, 2003).

Cabbage stem weevils migrate from their overwingehabitats (in leaf litter at the edges of
wood or shrubs) to oilseed rape in spring (MarchiAgAlford et al., 2003). Females lay
their eggs in batches of 4-6 eggs (Winfield, 1982 leaf petioles (Barari et al., 2005;
Ferguson et al., 2003). First and second instaadéafeed within the pith of petioles, third
instar larvae migrate to the main stems (Baraail.et2005). Mature larvae drop to the soll for
pupation (Broschewitz & Daebler, 1987). Dependimgveeather conditions, pupation takes
about 20-30 days (Broschewitz, 1985). New-genanaiults emerge from soil at the end of
June or beginning of July. After feeding on variapecies of Brassicaceae they migrate to
their overwintering sites (Broschewitz & Daeble98T).

The key larval endoparasitoids of rape stem weswvil cabbage stem weevil arersilochus
fulvipes (Gravenhorst) andersilochus obscuratoAubert (Hymenoptera: Ichneumonidae),
respectivelly (Ulber, 2003). They are univoltinedatinobiont. Adult parasitoids migrate to
oilseed rape crops in spring (March/May) from feeldhere oilseed rape crop has been grown
the previous year. Females lay their eggs singlg the host larva. The parasitoid larva
remains in its first instar until the host larvanimture and has left the plant to pupate in the
soil; then it develops rapidly and kills the hosggupa. The adult parasitoid diapauses in its
pupal cocoon in soil and emerges the followingrep(Lehmann, 1969; Nissen, 1997; Ulber,
2003).

Pollen beetle

The pollen beetleMeligethes aeneu@-abricius) (Coleoptera: Nitidulidae), is an urltiree
pest on oilseed rape. The over-wintered adult égetligrate into oilseed rape fields in spring
and oviposit into buds of 2-3 mm size. The adutid the two larval instars feed on buds and
flowers. The development from the egg to the ashalgje takes about 40 — 50 days (Nilsson,
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1988). Mature larvae drop to the ground and pupateil. New-generation beetles emerge in
summer and feed on flowers before hibernation startAugust (Hokkanen, 1993). Adults
overwinter in field margins, woodland and hedgerovike oilseed rape crop is most
susceptible to pollen beetle damage at the eadydbage and becomes less sensitive as the
crop develops (Alford et al., 2003).

The key parasitoids of pollen beetle in Centraldpar arePhradis interstitialis(Thomson),
Phradis morionellus(Holmgren), andTersilochus heteroceruhomson (Hymenoptera:
Ichneumonidae) (Nilsson, 2003). These univoltiren&biont endoparasitoids are specialised
on Meligethes spp.The parasitised host larva continues its deve&ypnuntil maturation.
Larval development and pupation of the parasitakeds$ place inside the host prepupa. Adults
overwinter in cocoons in soil and emerge duringftilewing spring (Osborn, 1960). There
is a niche segregation between the parasitoid epdt.iinterstitialisoviposits primarily into
beetle eggs within green bud®,morionelluslay their eggs into larvae within buds and open
flowers andT. heteroceru®viposits into second instar larvae within flowé@sborn, 1960;
Winfield, 1963; Nilsson, 2003).

Reports in the literature provide evidence thattality due to parasitism may be a sufficient
factor to avoid gradation of pest population orsemld rape (Biichi & Roos-Humbel, 1991,
Sedivy, 1983; Alford et al., 2003). Parasitizaticates of rape stem weevil larvae By
fulvipes between 1% and 21 % were evaluated in Germanye(UIBO03), while higher
parasitization rates were reported in studies fien@ance and Czechoslovakia (Jourdheulil,
1960; Sedivy, 1983). Levels of parasitismfpallidactylusby T. obscuratobetween 19.6%
and 52.5% were found at Goettingen (Klingenber11®itzsche, 1998; Ulber, 2003) and in
France (Jourdheuil, 1960).

Parasitization rates ®4. aeneusanged from 16% to 83% in Sweden (Nilsson & Andsem,
1987), Germany (Nissen, 1999) and Switzerland (Bu& Roos-Humbel, 1991).
Parasitization rates of up to 50% are likely todaw influence on pest abundance in the long
run (Klingenberg & Ulber, 1994). Hokkanenen et (@P88) reported that in some areas of
Finland where the parasitization rates of polleatleewere as high as 60% to 80%, the need
for chemical control was by far less important tiraareas with low parasitization rates.

Host location by parasitoids
Plants defend themselves against herbivores by egkiemical and physical traits that directly

affect herbivore performence or indirectly througfaits that attract natural enemies
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(Takabayashi & Dicke, 1996; Paré & Tumlinson, 1998)latile organic compounds (VOCSs),
specifically those released following herbivorye &nown to attract natural enemies.

Key hymenopteran parasitoids of major pests oredsape are highly specific. Their search
for hosts is described as, (i) location of the tedlof the host (the crop) (ii) location of the
host within the habitat and (iii) acceptance of st (Vinson, 1998). Parasitoids of oilseed
rape use upwind anemotaxis to locate the oilsepée ceop with their hosts (Williams et al.,
2007). Generally, parasitoid species are alsocitlato odours of undamaged plants (Kaiser
& Cardé, 1992) and/or artificially damaged plari&ttiacci et al, 1994; Potting et al., 1999),
but these cues are relatively unreliable in indhicphost presence.

Various natural enemies are known to discriminagvben volatiles emitted by uninfested
and herbivore-infested plants. When plants arelegthby herbivores, they may emit specific
compounds that are not produced after artificiahdge (Turlings et al., 1990; Dicke et al.,
1990b; Paré & Tumlinson, 1997). Chemical stimuliesrating from the host-plant complex
can originate from the herbivore, the plant, onfra combination between herbivore and the
plant. Although odours emitted from hosts or hastdpicts are very reliable indicators for
host presence their long-range detectability isyMew (Turlings et al.,, 1991; Vet et al,
1991). Plant volatiles produced in response to e damage may contain information on
the identity of the host. Therefore, herbivore-ioéd plant volatiles may be detectable and
reliable indicators of herbivore presence and itlerlant odours that attract natural enemies
are called herbivore-induced synomones (Vet & Djick@92). Damage by herbivores can
greatly increase the emission of plant volatilesatidcci et al. 1994; Mumm et al., 2003;
Bukovinszky et al., 2005) and these plant volatiesy be specific indicators of herbivore
identity (Dicke et al., 1990Db).

Herbivory can also induage novoproduction of compounds in many plant speciesltieg

in qualitative changes in composition of the endittdend (Turlings et al., 1990; Moraes et
al., 1998; Dicke, 1999). The release of herbivodiiced plant volatiles has been shown to
constitute an active response of the plant, apps@nt fromde novoproduction of volatile
compounds that are not released by intact or méchlgn damaged plants (Dicke et al.,
1990a; Dicke et al., 1990b; Turlings et al., 1990).

The main components of the volatile blend reledsech Brassica plants are terpenoids and
green leaf volatiles (Mattiacci et al., 1994; Shiagt al., 2001). Terpenoids are a major class
among volatiles that attract natural enemies (Takabhi et al., 1994; Pichersky &

Gershenzon, 2002). They are relased in analogousu@ts in herbivore-damaged and
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mechanically-damaged cabbage plants, as wellasdamaged plants (Mattiacci et al., 1994;
Shiojiri et al.,, 2001). The volatile fraction ofrpenoids predominantly consists of the
hemiterpene soprene{Cmonoterpenes () and the sesquiterpenesi{cand their derivates
such as homoterpenes;(@nd Gg). Monoterpenes and sesquiterpenes are synthdxystuo:
condensation of two or three isoprene units, raspdyg (Cheng et al., 2007). Because of
their physiochemical properties, such as volatiligactivity and toxicity many protective
functions against abiotic and biotic factors hagerbdocumented for terpenoids (Holopainen,
2004). Terpenoids are involved in plant-pollinaitsteractions and have important functions
in plant defense against herbivores (Paré & Turalind999; Pichersky & Gershenzon, 2002;
Keeling & Bohlmann, 2006; Schie et al., 2006).

The plant-releasedg@ldehydes, alcohols and esters are called “gesdrvblatiles”, because
they embody the typical odour of undamaged and demdeaves. They are breakdown
products formed by oxidation of plant lipids (Haa&a, 1993). Plants emit green leaf volatiles
during aging or when injury occurs (Visser & Avéd7B; Hatanaka, 1993). There is a
dramatic increase of green leaf volatiles in thedspace of damaged cabbage plants
compared to undamaged plants, which may impactdezsthing of parasitoids (Mattiacci et
al., 1994; Smid et al., 2002).

Isothiocyanates are volatile breakdown productsglofcosinolates which are found in
Brassicaceae (Rask et al., 2000; Hopkins et al9;20Glucosinolates are metabolized to the
toxic isothiocyanates and other compounds by treyranmyrosinase which is stored in
spezialised plant cells. When the plant tissue @napged, e.g. by herbivores, the
glucosinolates stored in the vacuole come intoadmwith the enzyme myrosinase. Specialist
herbivores on Brassicaceae, are able to detoxifyrege or reduce the toxicity by behavioural
adaptation (Hopkins et al., 2009). More than 1Zf2dint glucosinolates have been identified
so far (Fahey et al., 2001). Natural enemies useoginolates and their breakdown products
as synomones to find their hosts within their hglaht. Butenyl-isothiocyanate, which was
found to attractPhradis morionelluss released in higher amounts from plants infestgd
pollen beetle larvae than from uninfested planis¢3on & Anderson, 2008)h& parasitoids
T. obscurator and. fulvipes andPlatygaster subuliformiswere strongly attracted to yellow
water traps baited with 2-phenylethyl isothiocy@yat component of the odour of the

vegetative parts of oilseed rape (Murchie et 8071 Ulber & Wedemeyer, 2006)
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Possible effects of insecticides on parasitoids

Current pest control practices are based on brpadirsim chemical insecticides which also
have neurotoxic side-effects to beneficial inse€igo or three insecticide treatments were
performed to control the major pests attackingeedsrape, the rape stem weevil and cabbage
stem weevil at stem elongation, the pollen bedtlbual stage and the cabbage seed weevil
and the brassica pod midge at flowering (Alforclet 2003; Menzler-Hokkanen et al., 2006;
Birger & Gerowitt, 2009; Freier et al., 2009). Fueqt applications of pyrethroid insecticides
have recently caused a widespread resistance tenploéetles in many European countries
(Hansen, 2003; Heimbach et al.,, 2006; Wegorek & @aka, 2006). Further, insecticides
may harm natural enemies of pests. The main pexoalctivity of tersilochine parasitoids
(exceptTersilochus microgastgroccurs in the late bud stage up to the end aevdtong of
oilseed rape (Johnen et al.,, 2006; Ulber et alD620Adult parasitoids can be affected by
insecticides in different ways: they can be expo&ednsecticide spray droplets (Jepson,
1989) or to the residues on the plant foliage wloeaging for hosts (Brown, 1989; Longley
& Jepson, 1996) or feeding on contaminated watepldts and nectar (Langley & Stark,
1996). Parasitoids may be affected by increaseztidinortality or by sublethal effects on
their physiology and behaviour.

Sublethal effects of insecticides are defined decef (pyhsiological or behavioural) on
individuals that survive exposure to pesticidessiix et al., 2007). Sublethal effects of
insecticides may affect fecunditly, longevity andhbhviour through neurotoxic activity.
Behavioural effects of insecticides on parasitomay be knock-down, uncoordinated
movements (Desneux et al.,, 2004), more frequeanaelg of their abdomen and legs and a
repellent or irritant effect of the pesticide (Wil& Jepson, 1994; Longley & Jepson, 1996;
Desneux et al., 2007). Further, the ovipositionawdur of parasitoids may be disrupted by
masking of the attractive host plant odours, therpbeventing parasitoid females from
recognising the host plant and the host (Thiery i&s¥€r, 1986; Nottingham et al., 1991), or
the insecticide odour could have a direct repekdfeact on the insects (Jiu & Waage, 1990;
Longley & Jepson, 1996; Tran et al., 2004). TheidparasitoidD. rapaespend less time
foraging on Brussels sprout plants treated with ittsecticides pirimicarb, permethrin and
malathion compared to untreated plants (Jiu & Waa9@0; Umoru et al., 1996).
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Strategies for conservation of parasitoid populatios in integrated pest management
systems

According to threshold values of the pest poputetjdPM management systems on winter
oilseed rape will require chemical pesticides. Téféect of insecticides on parasitoid
populations may be affected by the mode of actwsage, persistency and temporal and
spatial application (Jepson, 1989; Poehling, 19€frd et al.,, 1992). One way to protect
natural enemies is to optimize the timing of insrdé application. At early treatments for
control of stem weevils and pollen beetles it isgssary to observe only the cabbage stem
flea beetle parasitoi@l. microgasterMost parasitoid species are active on oilseed duhe
late bud stage or flowering. The use of phenoldgmadels to find spray windows that allow
insecticide treatments consistent with good pestroaband minimized effects on parasitoids
could be utilized in IPM systems. Targeting of irtsgde application to the crop with regard
to pest incidence and parasitoid phenology on tbp has potential to minimize mortality of
parasitoids (Johnen et al., 2006).

Selective insecticides might have potential to dvbiarmful effects of insecticides on
parasitoids in winter oilseed rape (lwata et a®83; Brunner et al.,, 2001). Differential
toxicity of various pyrethroids and a relativelyMdoxicity of tau-fluvalinate to parasitoids in
oilseed rape (Klukowski et al., 2006; Jackowskiaét 2009) and other crops have been
reported (Moreby et al.,, 2001). While pyrethroide &nown to have a broad-spectrum
activity (Casida et al., 1983), systemic insectside.g. neonicotinoids, and their metabolites
are claimed to be fairly safe for beneficial insedtecause direct contamination only occurs
when the insects feed on the plant tissue (Stapal.,e2000). Knowledge of the relative
toxicities of different insecticides to parasitoid®uld aid selection of appropiate products

which could help to conserve natural enemies amdtidee used in IPM systems.

Another way for increasing the selectivity of insgides may be using reduced application
rates of insecticides. Applying insecticides atdowates of active ingredients per unit area
may protect natural enemies, whereas pest mortaityains at a high level (Ripper, 1956;
Poehling, 1989; Longley et al., 1997; Booth et @DQ7). Most studies on the effect of
reduced field dose rate on pests and their na¢meinies have been conducted with aphids. It
has been proved in various studies that reduces @t insecticides can provide sufficient
control of aphids (Ripper 1956; Poehling, 1989; éaimpong & Stark, 2004; Booth et al.,
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2007), wheras natural enemies were protected (kegnet al., 1997; Niehoff & Poehling,
1995).

Spatial targeting of insecticides to areas of lpgist density could be a scope for reducing
insecticide side-effects and conserving parasifmaghulations. Pests are often distributed
irregularly within the crop. Major pests are edg&tibuted during their immigration into the
crop. This has been observed with cabbage stemiv{Eese & Williams, 1979; Klukowski

et al., 2006), pollen beetle (Free & Willams, 137€&bbage stem weevil (Free & Williams,
1979; Murchie et al., 1999) and brassica pod m{#fgee & Williams, 1979; Ferguson et al.,
2004). Application of insecticides only to crop edgduring the immigration period of the
pests could kill the pests while protecting theagéoids in the central unsprayed area of the
crop (Barari et al. 2005; Cook et al., 2006). Ttosild be amplified by using traps crops: this
so called “push-pull” strategy is focused on thenipalation of the distribution of the pests
on the crop. In oilseed rape, turnip rapeassica rapal.) can be used as the trap crop to
“pull’” the pests away from the main oilseed rapepcfCook et al., 2006; Cook et al., 2007).
Field experiments demonstrated that turnip rape dvorders reduce the abundance of
cabbage stem flea beetle (Barari et al., 2005) @wien beetle (Cook et al.,, 2006) in the
oilseed rape main crop and reduce the need foctiogkes.
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Chapter II

Role of volatiles emitted from the host-plant comm@x in host location by the
cabbage stem borer parasitoidrersilochus obscurator on winter oilseed
rape

Abstract

The cabbage stem weewil,eutorhynchus pallidactyluss an important pest on crops of
winter oilseed rape. Damage to plants is causelhvgl feeding within petioles and stems.
Weevil populations are under partial natural cdritgothe key larval parasitoidiersilochus
obscurator In this study chemical stimuli which are usedféyaleT. obscuratorfor finding
their endophagous host larvae were investigatedaliratory experiments, the role of
volatiles emitted from uninfested plants and frolangs infested by larvae &. pallidactylus
was studied in behavioural and electrophysiologiEadG-GC/MS) bioassays, using female
T. obscuratoras test insects. Naive and experienced females wg@ in dual-choice tests
and Y-olfactometer bioassays. Prior experience Wwdbt-plant cues significantly increased
the probability of host finding. In olfactometersts, parasitoids responded to volatile cues
elicited by plants damaged by stem weevils. Oddurost larvae did not attract the wasps.
Six of the 19 identified volatiles were releasedignificantly higher amounts from infested
plants than from uninfested plants. Further, eggimpounds were only released from infested
plants and one compound only from uninfested plaiis EAG bioassays, femal&.
obscuratorstrongly responded to volatile compounds rele&sed infested plants, especially
Nonanal anda-farnesene, and to 1l-Hexanol, 2-ethyl, and Terp#eh released from
uninfested plants.

Introduction
The cabbage stem weewleutorhynchus pallidactylu@rsh.) (Col., Curculionidae), is one
of the most damaging stem-boring pests in wintdseed rape Brassica napud.. var.
oleifera Metzg.) in Europe (Alford et al., 2003). Femalega&t their egg batches into
petioles of oilseed rape plants in April/May. Damag caused by larval feeding within
petioles and later in the main stem. In Germanidyiesses of 20-30% have been reported
(Broschewitz et al., 1993). The larvae ©f pallidactylusare parasitized by the univoltine
endoparasitoidrersilochus obscuratoAubert (Hymenoptera: Ichneumonidae) (Ulber 2003;
Ulber & Nitzsche, 2006). Female parasitoids layirteggs singly into the host larvae while
these are mining within petioles. Parasitoid larlaaéch within hosts, but develop to second
and third instar larvae not before the full-gronsshlarvae has migrated to soil for pupation
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(koinobiont). The adult wasps diapause inside thapal coocon in the soil until emerge in
the following spring (Ulber, 2003).

Foraging insect parasitoids are known to resporal ariety of stimuli, including chemical,
visual, vibrational, and tactile cues (Allen et 4099; Meyhofer & Casas, 1999; Wéackers &
Lewis, 1999; Jonsson et al. 2005). Olfaction igmitonsidered to provide the most important
evidence for the presence of endophagous hosel§¥et & Dicke, 1992; Potting et al. 1995;
Dicke 1999). Parasitoids have been found to respomiant odours more easily than to host
derived stimuli (Vet et al. 1991a). Various plardlatiles are released specifically after
herbivory. These compounds can be reliable indisator host presence and attract
parasitoids (Turlings et al. 1990). As these chatsiare favourable to the plant, they are
called herbivore-induced synomones (Vet & Dick&Q2)9

Little is known about the behavioural ecologyTofobscuratorand in particular about factors
affecting host location. The aim of this study vasnvestigate, in laboratory bioassays, the
olfactoric stimuli which are used bl. obscuratorfor encounter of host larvae. A coupled
electrophysiology-gaschromatography approach wasl s sub-divide the complex plant
volatile blends into individual components, andidentify which individual volatile elicits

olfactory activity in parasitoid females.

Material and Methods

Laboratory experiments

Test insects

To obtain a large number of female obscuratorof standardized age and of similar
physiological condition for the bioassays, larvd€opallidactyluswere collected from main
stems of unsprayed oilseed rape plants in the.fiHdd instar larvae were released on slices
of kohlrabi in plastic boxes and reared until mation. For pupation, the full-grown larvae
were transferred to plastic boxes (500 ml) comtgra moistened soil substrate (clay-loamy
soil mixed with sand). The boxes were stored urldeoratory conditions (16hL : 8hD,
22°C). Adult cabbage stem weevils emerging fromsihieafter 12 — 15 days were transferred
to plastic boxes and supplied with leaves of odseape. To enable an obligate pre-
reproductive diapause, the weevils were stored sidailated winter conditions in a cooling
room at a changing temperature and light regimél€ra). By using this method, a total of

33 to 44% of larvae was successfully reared upeatiult stage.
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Table 1: Temperature and light regime applied &pdusing adults . pallidactylus

Period temperature light regime

days T (hL:hD)
14 14 18:6
14 10 16:8
70 - 100 6 12:12
21 10 16:8
21 14 18:6
21 -50 laboratory 18:6

For rearing adul. obscuratorin the laboratory, parasitoids cocoons were ctdt&érom the
soil used for pupation of weevils by sieving (meste 2 mm) and stored in petri dishes lined
with moisture filter paper. As the parasitoid regaian obligate pre-productive diapause, the
cocoons were also kept in a cooling room under lsitad winter conditions at changing
temperature and light regime (Tabel 2). In tot8&,-200% of field collectecC. pallidactylus

larvae were parasitized.

Table 2: Temperature and light conditions appledigapausing . obscurator

Period temperature light regime
days T (hL:hD)
21 14 18:6
21 10 16:8
50 -90 6 12:12

14 10 16:8
14 14 18:6

Emergence of adult parasitoids was initiated bydfarring the cocoons to laboratory
conditions. Before transferring to the experimefgsjales and males were stored for 5 — 8
days in a cage under laboratory conditions. Thesewsapplied with oilseed rape flowers and
water. In the two-choice tests females with oviposiexperience and unexperienced females
were used. The effect of oviposition experiencah@nresponse of parasitoids to volatile cues
emitted from the host-plant complex was investigaty using the following methodology.
One group consisted of naive females which hadrioo pontact with infested plant material
before used in the bioassay. The other group dewasisf experienced females which were
released for 1h on leaves infested@ypallidactyluslarvae and allowed to oviposit 2h prior
to the bioassay.
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Collection of adult parasitoids in the field

For the GC/MS-EAG analyses, field collected pacd# were used. They were captured in
malaise traps which were exposed in insecticideeated fields of oilseed rape crop near
Gottingen. The traps were emptied twice a day. Femarasitoids were stored for 48 hours
in the laboratory and supplied with oilseed ramavéirs and water before the experiment
started.

Artificial infestation of plants by C. pallidactydu

Plants infested by larvae o€. pallidactylus were needed in the behavioural and
electrophysiological bioassays with. obscurator Oilseed rape plantsBfassica napus
cultivar Westar) were grown under greenhouse cuomdit For artificial infestation by
C. pallidactylustwo plants in the “6-true-leaf stage” were exposedhree females and one
male of C. pallidactylus within an insect cage (BugDorm-2, Mega View Scerand
Education Services Co., Taichung, TW) measuringm6@c 60cm x 60cm. Following an
oviposition time of 24h, plants were removed arhdferred to a climate chamber (20 °C, 16
L : 8 D, 4.000lux). Infested plants were used ia éxperiments 7 — 21 days after oviposition,

when larvae were in the second to third instar.

Dual-choice test

A dual-choice experiment was designed to studyhbibleaviour of naive and experienced
T. obscuratorfemales, when given a choice between an uninfdsgdchnd a leaf infested by
C. pallidactyludarvae. In previous experiments in a windtunnehddes ofT. obscuratodid

not respond when exposed to different wind inteessiand different light sources. Better
results could be obtained by offering infested ésavn a small experimental arena to
parasitoid females. In this experiment leaves dfeed rape Brassica napus cultivar
Westar), which had been infested with larvaeCofpallidactylusas describes above were
used. An infested and an uninfested leaf were eegp@® cm apart in a perspex cage (30 cm X
20 cm), with two walls covered with gauze for axclkange. The base of the petioles was
sealed with wet cotton wool. The experiment wadgoered in a room without daylight. As
parasitoids are highly attracted by the light, tight source was set up below the
experimental cage. Five to eight days old female$.acobscuratomwere released individually

in the center of the experimental cage. The taaidence time on the leaves was recorded
within 5 min observation time. In addition, thestirchoice and the ovipositor probes were
assessed.
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Y- Olfactometer tests

The response of femal€. obscuratorto olfactory stimuli involved in host microhabitat
location was studied by using a Y-olfactometereFafferent sources of odour were tested:
(1) infested leaf with host larvae vs. uninfestedf] (2) infested leaf with host larvae vs.
infested leaf without host larvae; (3) infestedf @&hout host larvae vs. uninfested leaf; (4)
host larvae vs. clean air; (5) uninfested leafcksan air. In the Y- olfactometer, the insects
could select between two airstreams carrying odotithe different treatments. It consisted
of a Y-shaped perspex tube of 27 mm inner diametéh, arms of 120 mm length connected
at a 40° angle to the central tube. Asobscuratoris strongly attracted by light, the light
source was positioned at the back of the two arfrtbe olfactometer, thereby stimulating
insect movement to this direction. The air was padpinto a gas-wash bottle filled with
active charcoal and thereafter divided into twcesinof Teflon tubing. The air flow was
adjusted via two flow meters to 70 cm?3 sec. Thewas piped into bottles with distilled
water. The tubes were connected to two bottlesatong the odour sources. Groups of five
females of T. obscuratomwere released into the central tube of 15 cm leragid allowed to
choose one of the arms. Females that did not makeome within 10 minutes were not
included in the analyses. The first choice for ohthe two odour sources was recorded when
females moved into the respective arm of the alfaeter. To avoid any asymmetrical bias in
the setup, the odour sources were changed aftergel parasitoids. For each combination,

30 females were tested.

Collection of volatiles emitted from plants

Potted oilseed rape plants (cultivar Westar), asciilged above, were used to collect the
odour blend emitted from uninfested and infesteahtsl. A total of 25 uninfested and 68
infested individual oilseed rape plants were tesiddnts infested b¢. pallidactyluslarvae
were enclosed within an ethylen-tetraflorethyle@RE) bag (70 cm x 40 cm x 40 ¢rim the
greenhouse under daylight conditions, from 10 ani fom. The bags were mounted on a
laboratory pedesta. The opening of the bag wa®dlasound the stem base by mounting its
opposite edges between aluminium splints, anddixuith clips. Volatile trapping was started
after 1 h to ensure air homogeneity within the bafdatiles were collected for 2 hours. An
ETFE stopper containing two openings (0.67 mm diameavas inserted into the bags. Air
containing volatiles was sucked off from the irderir volume of the bag through one of the
openings by using a miniature vacuum pump (DC1RIKG-a. Furgut, Germany). A volatile
trapping device (Prec. Charcoal filter (1.5 mg) Baechbuehler AG, Switzerland) was
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mounted in the tubing between the bag and the paintipe inlet part of the pump. The outlet
of the pump was connected with the bag by tubingnéintain a constant air circulation. The
circulation of the air was kept at a constant lawfby adjusting the pump to a power supply
(PS-302 A, Fa. Conrad Electronic, Germany) at 9. \Rlant volatiles were eluted from the

absorbent characoal filter by using%lichlormethan and methanol (2:1; v/v).

GC-MS/EAG system

Samples were analyzed by coupled GC-MS/EAD (Wedsgheet al. 2004), using a 6890N
gas chromatograph (Agilent, Palo Alto, CA, USA) an8973N mass spectrometer (Agilent).
The GC was equipped with a split/splitless (S/Stj¢ator and a HP-5MS column (Agilent;
30 m, 0.25 mm LI.D, film thickness 0.2Bn). A GRAPHPACK 3D/2 flow splitter (Gerstel,
Mulheim, Germany) was used to split the effluentrirthe column into capillaries leading to
the MS (1 m long, 0.1 mm ID) and to the EAD (1 nmdp 0.15 mm ID). The restriction
capillaries resulted in an equal split of the daw/finto the two setups. A modifiédlfactory
detector poit (ODP-2; Gerstel) guided the capillary out of the @@&n within a flexible
heating sleeve (Weissbecker et al., 2004). VotatNere eluted from the column into a flow
of helium make-up gas, and then mixed with hunedifair (23°C, 80% RH). The airflow
(flow rate, 400 ml/min) was directed through thexfltube (15 cm long, 6 mm ID, PTFE) to
the insect antenna preparation that was house® & detector cell. Excised antennad of
obscuratorwere placed into an antenna holder milled fromesspex disc (Féarbert et al.,
1997). Within the holder, the ends of the antersmltacted an electrolyte solution that
provided electrical contact to a pair of Ag/AgGeettodes. EAD potentials were amplified by
a factor of 100 with a high-impedance amplifierp{i impedance 100 & Prof. Koch,
Kaiserslautern, Germany) which contained a builbin-pass filter set to a cutoff frequency
of 1 Hz to suppress the ubiquitous electrical syp@quency of 50 Hz. An additional high
pass filter set at a cutoff frequency of 0.01 Hawaed to suppress drift of the EAD signal.
The amplified and filtered signal was digitized bging a 35900E A/D converter (Agilent)
and recorded by the GC ChemStation software (Agyilen

Analytical Conditions
Oneyl aliquots of the samples were injected into thelLShjector (temperature, 250°C). The

GC oven was programmed from 50°C for 1.5 min, agicgnat 6°C/min to 200°C; hold for 5
min. Helium was used as carrier gas (1 ml/min, 24sec). The GC-MS interface was held at
280°C. The heating sleeve of the ODP was set t6@230he MS used electron impact
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ionization (El) at 70 eV, in scan mode £3®0 mass units, 2.78 scans/sec). For preliminary
peak identification, the NIST mass spectral librgNational Institute of Standards and
Technology, Gaithersburg, MD USAJas used. Subsequently the retention time of comgm
were compared with those of synthetic standardstaa&Retention Time Internal Database.

Electroantennogram doseesponse series

Dose response series were measured by manual injecfimda@ur standards into the air
stream passed over the antennae of fefatabscuratormounted in an electroantennogram
(EAG) setupOdor standards were produced from dilution serigb@respective compounds
in paraffin oil (Uvasol quality, Merck/VWR). Smalieces of filter paper (2 cmSchleicher

& Schuell, Dassel, Germany) were soaked with uQ0of the standard dilution. The filter
paper was inserted into a 10-ml glass syringe (Eo Graf GmbH, Wertheim, Germany).
Within the air volume of the syringe, the odoractuamulated at a concentration proportional
to the concentration of the substance in the swiluind its vapor pressure according to
Henrys law. A reproducible stimulus could be supplied gayffing 5 ml of air over the
antenna (Schutz et al., 1999). The resulting ssgwale amplified (100x).

The following standard substances were measuretpinBm-4o0l 97% (Acros Organics),
Octanal 99% (Acros Organics), Nonanal 98% (Merckugbardt) , cis-3-Hexen- 1ol 98%

(Arcos Organics).

Field experiments

Baited water traps

For testing the attractiveness of selected vofattle femaleT. obscuratorunder field
conditions, yellow water traps were set out 10 rarafrom the edges in oilseed rape and
winter wheat fields, the latter being used by p&r@s overwintering. The chemicals tested
were obtained from commercial sources (Undecan®:1420-21-4, Acros Organics 99%;
Terpinen-4-ol: CAS 562-74-3, Acros Organics 97%f)e Tundiluted liquids (30@l) were
applied to pieces of cellulose sponge (10 mm thibk} were heat-sealed into polyethylene
bags. Compounds were released individually by siffin from bags. The rate of daily
diffusion was 5.766 mg/day Terpinen-4-ol and 19@g@day Undecane. The odour sources
were replaced every three weeks. The responseldfgopulations of aduli. obscuratorto
traps baited with volatiles was compared with g&sponse to unbaited control traps. Captured
insects were removed at intervals, identified byskef Horstmann (1971; 1981) and counted

in the laboratory.
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Statistical Analyses

Significant differences between treatments in dinalice bioassays were calculatedybyest

(p < 0.05). Data of peak area of GC analyses wecgetrbnsformed before testing for

significant differences by Mann-Whitney-U-Test. #8iiences in frequency and proportion of
volatiles detected in GC/MS were analysedybytest. RM-ANOVA was applied to evaluate

significant differences between the cumulative narslof parasitoids in baited and unbaited

yellow water traps.

Results

Dual choice tests

The first choice of naive females &f obscuratorwas not significantly different between
infested leaves and uninfested leaves. A total7o083% of naive females moved towards the
infested leaves. They did not show a significaefgnence for the host-infested leaf compared
to the uninfested leaf. Similarly, the residenceetiand the number of ovipositor probes by
naive females did not differ significantly (Fig. 1)
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Fig 1: Mean residence time (Xm + SE) of naive feTalobscuratorand % of penetrating
females on oilseed rape leaves infested by lar&e pallidactylusand uninfested leaves.
Observation period 5 min. Columns with the sameeugpse/lower case letters are not
significantly different ¢*-Test, p < 0.05, n = 25).
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In contrast, 71 % of the experienced females midie tirst choice to the herbivore-infested
leaf. The oviposition experience prior to the bgmes significantly increased the residence
time on the infested leaf compared to the unintesaf. Infested leaves elicited ovipositor
probes by 55% of females while only 7.5 % of feraglenetrated the the uninfested leaf (Fig
2).
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Fig 2: Mean residence time (Xm + SE) of experierfeadaleT. obscuratorand percentage of
penetrating females on oilseed rape leaves infdstdarvae ofC. pallidactylusand

uninfested leaves. Observation period 5 min. Meatisdifferent upper case/lower case
letters are significantly differeng¥Test, p < 0.05, n = 21).

Y- olfactometer tests

In Y-olfactometer tests, experienced parasitoid dieis were significantly more attracted
towards the odour of the infested leaf, whereayvenfmale parasitoids showed no clear
preference for the infested or uninfested leaves3JF-

Additional Y-olfactometer tests showed that a digantly higher percentage of experienced
females ofT. obscuratoresponded to infested leaves without larvae tbaminfested leaves.
The odour from isolated host larvae alone did mivaet female parasitoids. Uninfested leaves

were significantly more attractive than clean Big@).
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Fig 3: Percentage of naive and experienced fenshl€sobscuratoiattracted to volatiles
emitted by oilseed rape leaves infestedChyallidactylusarvae and uninfested leaves in Y-
olfactometer tests. Different upper case or lovesedetters indicate significant differences

(2-Test, p < 0.05, n = 24).
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infested without host larvae - - uninfested *
host larvae _ air
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Fig 4: Percentage of experienced female§.afbscuratomattracted to different odour sources
in Y-olfactometer tests. * indicates significanffeliences {>-Test, p < 0.05, n = 24-31).
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Volatiles emitted from infested and uninfestedeaidsrape plants

The volatile compounds 3-Hexen-ol, 2 Octanol, Untdieed I, Benzaldehyd, Octanal,

Dodecane,a-Farnesene and Acetophenone were only released frlamts infested by

C. pallidactyluslarvae, but not from uninfested plants (Fig 5).cntrast,f-myrcene was

only detected in infested plants. Infested as aeluninfested plants commonly elicited 1-
Hexenyl 2 —ethyl and Undecane, while Terpinen-4a@ds found more frequently in

uninfested plants and 3-Hexen-1ol acetate and égtde more frequently in infested plants.
The records of individual volatiles differed betwe¢he replicated plants within each

treatment.
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Fig 5: Proportion of plants infested By pallidactyludarvae and of uninfested plants
(Brassica napussultivar Westar) that released plants volatilesmtrsted n = 25, infested n =
68, * indicates significant differenceg ¢ Test, p < 0.05).

The infestation of plants by larvae ©f pallidactylussignificantly increased the amount of
volatiles released from plants (except Terpiner}4Rdant infestation increased the total
release of volatiles by 55.7%. The infested plantsluced several alcohols, aldehyde,
terpenoids and acetophenone which were not foundimfested plants (Fig 6).
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Fig 6: Amount of volatiles (mean peak area + SEEased from plants infested &y
pallidactyluslarvae and from uninfested planB @apuscultivar Westar). Uninfested n =
25, infested n = 68. Internal standards: Eucalypidk area 0f655387 is equivalent to 92,5 ng
Eucalyptol, Decanal: peak area of 932745 is egentdb 82,8 ng Decanal. * indicates significant
differences fann-Whitney-U-test, p < 0.05).
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Fig 7: Relative amounts (%) of individual compoumdghe volatile blends of uninfested
oilseed rape plant8( napuscultivar Westar) and plants infested by larva€ of
pallidactylus * indicates significant differencest - Test, p < 0.05).

When the volatiles released from infested plantsevested in GC/MS-EAG analyses, 12 out
of 19 volatile compounds elicited antennal respsrisefemaleT. obscuratorin more than
three of ther5 GC/MS-EAG experiments. Uninfested plants elititesponses to only six out
of eleven compounds. FemalesTofobscuratoresponded particularly to terpenoid, aldehyde
and alcohol compounds (Table 3). The volatiles dt®l, 2-ethyl and Terpinen-4-ol elicited
the strongest response Df obscuratorto uninfested plants, while Nonanal amdarnesene
provoked the strongest response to infested p{aatsde 3).
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Tab 3: EAG-responses of femdleobscuratorto volatiles emitted from uninfested oilseed
rape plantsg. napuscultivar Westar) and plants infested by larva€ opallidactylus
Infested: n = 75, Uninfested n = 27.

EAG-Response oF.
obscuratorto volatiles of

uninfestedplants

EAG-Response of. obscurator
on volatiles of infesteglants

1-Hexanol, 2-ethyl

kkkkk

*%

3-Hexen-1-ol

2-Octanol

Unidentified |

3-hexen-1-ol, acetate

Unidentified I

*%*

Benzaldehyd

Octanal

Nonanal

*kkk

Decanal

Undecane

**

Dodecane

o —Farnesene

*k*k

B- Mycrene

Limonene

Eucalyptol

Terpine-4-ol

*kkkk

Napthalene

Acetophenone

*=0-100 mV, ** =100-200 mV, ***= 200 — 300 mV}** = 300 — 400 mV,

Fxaxx = 400 — 500 mV

The absolute sensitivity of the antennae of ferfalebscuratotowards four of the identified

compounds was determined by using commercially l@vei standards. The EAG dose
responses obtained by antennal stimulation witlereeice standards in dilution series are
depicted in Fig. 8. The highest EAG response waeed in response to Octanal, Terpinen-

4-ol and Nonanal, with amplitudes of @9 to 110uV for the tested 18 dilution. At the 1C¢°
and 10 dilution level, the antenna responded to 3-Hex@hith amplitudes of 3QV. The

EAG-response to all tested compounds increasedgirdrom the 1¢ dilution to the 16

dilution.
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Fig 8: Electroantennogram dose- response curveslaiiles emitted from uninfested and
infested plants, obtained from antennal stimulatibfemaleT. obscurator Puffs of 5 ml of

air were loaded with reference standards of pldoues. Each point represents the mean + SE
antennal response.

Field experiment

Baited yellow water traps

At the overwintering site, in a winter wheat fielsignificantly higher numbers of female
T. obscuratomwere caught in traps baited with Undecane thamaipst without Undecane (Fig
8). In the oilseed rape field the traps baited vdthdecane were not preferred by feméle

obscurator(Fig 9).
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Fig 8: Cumulative number of female obscuratorcaught in yellow water traps (ywt) baited
with Undecane and in unbaited traps at the oveeniing field of parasitoids. RM-ANOVA; p
< 0.05.
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Fig 9: Cumulative number of female obscuratorcaught in yellow water traps (ywt) baited
with Undecane and in unbaited traps in a crop le€ed rape. RM-ANOVA,; g 0.05.
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Yellow water traps baited with Terpinen-4-ol didtradtract significantly more females of

T. obscuratorat the overwintering field than unbaited trapg (E0). In the oilseed rape field,

however, significantly more female obscuratoiwere caught in traps baited with Terpine-4-
ol than in traps without Terpinen-4-ol (Fig 11).

—— with Terpinen-4-ol
< Without Terpinen-4-ol

cumulative no. of T. obscurator per ywt

5.5. 125. 19.5. 26.5.

Fig 10: Cumulative number of female obscuratorcaught in yellow water traps (ywt) baited
with Terpinen-4-ol and in unbaited traps at theroir®ering field. RM-ANOVA; p< 0.05

—— with Terpinen-4-ol a
-+ without Terpinen-4-ol

cumulative no. of T. obscurator per ywt

21.4. 28.4. 5.5. 12.5. 19.5. 26.5.

Fig 11: Cumulative number of female obscuratorcaught in yellow water traps (ywt), baited
with Terpinen-4-ol and in unbaited traps in a codpilseed rape. RM-ANOVA,; g 0.05
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Discussion

In laboratory bioassays, females ®f obscurator were able to discriminate between
uninfested leaves and leaves infested by larvathaf hostC. pallidactylus Oviposition
experience of females increased the probabilityhas$t finding significantly. Within five
minutes of observation, 71% of experienced femalade their first choice to infested leaves.
Experienced females were clearly arrested on harsiaged leaves and significantly more
females made oviposition probes into infested leahan into uninfested leaves. There are
various examples in the literature demonstratireg #xperienced females respond faster and
exhibit more direct flights to a host-plant compldan naive females (Drost et al., 1986;
McAuslane et al., 1991). These assoziations betweemuli and resources can be both innate
(Wackers, 1994) and learnt (Lewis & Takasu, 1996t & Groenewold, 1990). Associative
learning allows parasitoids to focus on the modiabbke cues for host finding (Vet &
Groenewold, 1990; Jong & Kaiser, 1991; Geervliealet 1997b). Furthermore, learning to
respond to cues from one plant-host complex caittdde host-finding when other host-
infested plants emit similar compounds or volahlends (Geervliet et al., 1997b). Whether
this increased response to infested leaves is @@ increased sensitivity or to assoziative
learning remains to be elucidated.

Insect parasitoids respond to a variety of stimntjuding visual, vibrational, chemical, and
tactile cues, when foraging for potential hostdgAlet al., 1999; Meyhotfer & Casas, 1999;
Wackers & Lewis, 1999; Jonsson et al., 2005). @ibacis often considered to provide the
most important evidence for the presence of hasada particularly for endophagous hosts
hidden within the leaves or stems (Vet et al, 19®I#ting et al., 1995). Our Y-olfactometer
bioassays demonstrated that olfactory stimuli oagng from the host-plant complex are
sufficient cues for discrimination of. obscuratorbetween infested and uninfested leaves.
The parasitoids were attracted to the odour okef# oilseed rape leaves, even when the host
larvae had been removed. Dissection of the hoghdafrom the petioles caused an artificial
damage. In pre-experiments, mechanically damageesedid not attract female parasitoids
compared to uninfested, undamaged leaves. There®@ssume that females were attracted
to volatiles of the host-plant complex rather tharthe host larvae. The exact origin of the
cues inducing host searching and ovipositiod obbscuratoron herbivore-damaged leaves
were not completely elucidated by our present empeents. It was not possible to separate the
volatiles emitted from frass and faeces of hostaarfrom volatiles released by the infested
leaf. Volatiles of the host larva itself did notratt parasitoid females. Similarly, in other

studies herbivore-damaged plants were more atteatai parasitoids than the herbivore itself
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or its by-products (Turlings et al.,, 1991c; Gealet al., 1994). Potting et al. (1995)
observed that infested maize stems remained atgdotthe parasitoi€Cotesia flavipegven
when the stem-boring larvae Ghilo partelluswere removed; the parasitoid did not make a
distinction between infested stems with or withdanvae. The frass of the host larvae
attracted the parasitoid to the stem-borer infesteth: parasitoids were significantly attracted
to frass when tested against larvae (Potting €1295).

Host-derived stimuli and host products such asefmeare most reliable cues indicating
presence, accessibility and suitability of hostg, they are generally more difficult to detect
(Vet & Dicke, 1992). Jonsson & Anderson (2008) fduthat the total amount of volatiles
emitted by pollen beetle larvae was more than 4066g smaller than the average amount of
volatiles collected from the inflorescences of afested plant. Stimuli produced by host
larvae might be used by parasitoids during a lalbese in the host-location process, i.e., after
landing on a damaged plant, where they have arstaneeffect (Turlings et al., 1991a;
McCall et al., 1993; Mattiacci & Dicke, 1995)he braconid€otesia marginiventris, Cotesia
glomerataand Cotesia rubelucaare highly attracted by odors emanating from erie-
damaged plants, whereas odours of larval fras®sirlarvae were far less attractive to these
parasitoids (Turlings et al., 1991b; Steinbergletl®92; Steinberg et al., 1993; Geervliet et
al., 1994). Even if the odour emitted from the hmshost products are reliable indicators for
host presence, their long-range detectability iy vew (Turlings et al., 1991a; Vet et al,,
1991b).

In our olfactory studies the uninfested leaves warge attractive to femal&. obscurator
than clean air. Parasitoids are known to use \edatlerived from the oilseed rape plants for
location of the host habitat. Females of t@becula were attracted to uninfested leaves
indicating that host plant cues are involved inth@bitat location (Kaiser & Cardé, 199R).
long-range search for oilseed rape plants the paids Phradis interstitialis and T.
obscuratorused odour-induced upwind anemotaxis (Williamalet2007). The jant odour is
carried downwind from the host plant and dispense t turbulent diffusion (Murlis et al.,
2000). Following arrival at the host habitat, short-dista search is mainly based on contact
chemical cues of lower volatility, i.e. host satya@land or mandibular gland secretions, host
frass, and cuticular secretions may be involvedo@ating the host larvae (Turlings et al.,
1991c; Vet & Dicke, 1992; Geervliet et al., 1994n86bn, 1998; Meiners & Hilker, 2000). In
our dual choice experiment, the searching behawbdemaleT. obscuratorfollowing host
location, was based on chemosensory cues of loatiltyl detected by sensilla on the
antennae and on tip of the ovipositor. After clegnof antennae, head, thorax, legs, abdomen
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and wings, the searching behaviour of females stetsi of walking along the leave,
drumming with their antennae and tapping with tbe&ipositor into the petiol.

We found substantial differences between the Jelatend of infested and uninfested oilseed
rape plants. However, there was a considerableatani between replicated plants within
treatments, with some compounds detected in omlypiants per treatment or in very small
amounts. The high variation of volatiles betweemnpd has also been observed by
Agelopoulos & Keller, (1994) and Mattiacci et &l904). The emission of herbivore-induced
volatiles is strongly affected by abiotic factorgck as air humidity, temperature, light,
nutrients and soil substrate (Gouinguené & TurlirZf¥)2) as well as by biotic factors such as
plant cultivar, growth stage, and herbivore att@&kabayashi et al.,1994). These factors are
known to influence the quantitative and qualitatigemposition of volatile emissions
(Jakobsen et al., 1994; Jakobson & Olsen, 1994al@akashi et al., 1994; Gouinguené &
Turlings, 2002).

The main components of the volatile blend reledsath Brassicaplants are terpenoids and
green leaf volatiles (Mattiacci et al., 1994; Shioet al., 2001). Further, characteristic
compounds of Brassicaceae (Rask et al., 2000),gtheosinolates and their breakdown
products isothiocyanates, have been reported tstass synomones host location by
parasitoids within plants of oilseed rap#nsson & Anderson, 2008).

The terpenoids were released in analogous amouoaits both herbivore-damaged and
mechanically-damaged cabbage plants, as well &as tnodamaged plants (Mattiacci et al.,
1994; Shiojiri et al., 2001). Terpenoids represanhajor class among herbivore-induced
synomones that are known to attract various caras/¢Takabayashi et al., 1994; Pichersky
& Gershenzon, 2002). In this study the flower teiqud 3-mycrene was solely detected in
uninfested plants, while-farnesene was found only in infested plants. Myere/as reported
to be commonly released from uninfested cabbagegla/hilea-farnesenavas emitted from

P. xylostelladamaged cabbage plants (Geervliet et al., 1997ariven et al.,, 2004).
Parasitoids use flower volatiles such as terpenaid 2-ethyl-1-hexanol to locate nectar
sources (Wackers, 1994). Rape flower odour maiofysists of terpene compounds, with the
sesquiterpene-farnesene being the dominant volatile emitted frmifseed rape particularly
at flowering (Evans & Allen-Williams, 1992).

Among the fatty acid derivates, aliphatic alcohalslehydes and esters are found. The six-
carbon compounds in this group, together with sofrtbeir derivates, are often referred to as
“green leaf volatiles” (Hatanaka, 1993). They apeirfd in many plant species (Hatanaka,
1993), and are typical plant volatiles which arduiced by herbivory (Whitman & Eller,

34



Chapter II

1990; Arimura et al., 2005)More than 90% of volatiles released from rape lsaue green
leaf volatiles (Evans & Allen-Williams, 1992). Thaye synthesised by oxidative degradation
of plant lipids and are continuously released bgnfd during aging or following injury
(Hatanaka, 1993). An increased emission of greah Jelatiles was observed in Brussels
sprouts and cabbage plants following larval feedBlgakmeer et al., 1994; Mattiacci et al.,
1994; Geervliet et al., 1997a; Mattiacci et al.0P0 For example, (Z)-3- Hexen-1-ol
comprised 31 % of the total volatiles in the headspof Brussels sprouts plants infested by
Pieris brassicage but only 4 - 9% of volatiles from undamaged, faitlly damaged, or
caterpillar-regurgitate-treated leaves (Mattiadcale, 1994). In this study, 3-Hexen-1-ol and
3-Hexen-1-ol acetat were found only in plants itddsby C. pallidactylus but not in
uninfested plants.

Our method applied for collecting volatiles was appropriate for detecting isothiocyanates,
and it might be possible that these were releaseslfficient amounts to affect parasitoid
behaviour. Isothiocyanates are characteristic fostneruciferous plants (Rask et al., 2000).
The parasitoidd. obscurator and. fulvipes(Ulber & Wedemeyer, 2006) anélatygaster
subuliformis(Murchie et al., 1997) were strongly attracted/étlow water traps baited with
2-phenylethyl isothiocyanate in the fieldThe volatile 3-butenyl and 4-pentenyl
isothiocyanate accounted for < 0.5% of the natuaple leaf volatiles (Evans & Allen-
Williams, 1992).

Most volatiles identified from oilseed rape in therrent study are ubiquitous compounts
released by a wide range of other plant speciesidken et al., 1993). Our GC/MS-EAG
analyses showed th#&t obscuratorfemales responded to a range of 12 volatile comgsu
Hymenopteran parasitoids are known to respond twoad spectrum of plant volatiles
(Baerecke, et al., 1989; Li et al., 1992; Smidlgt2002). The braconids. glomerataandC.
rubecula are able to perceive a range of at least 20 odourponents from the blend
produced by Brussels sprouts plants following itsfiesn byPieris larvae (Smid et al., 2002).
Quantitative and qualitative differences betweeae tolatile blends of plants, rather than
individual volatiles, could provide cues for hosegence and might be used by parasitoids at
host searching. Crucifers damaged by herbivore® i@und to release volatiles at higher
rates than intact plants (Agelopoulos & Keller, 49Blaakmeer et al., 1994; Geervliet et al.,
1997a; Mattiacci et al., 2001). The guantitativéfedences between volatiles of Brussels
sprouts plants infested B rapaeand by artificially damaged plants allowed thefgmrence

of C. rubecula for infested leaves (Geervliet et al., 1994). Qitative differences were also

observed with many components in the current stlidg. increased amounts of volatiles and
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the composition of the induced volatiles in relatim non-induced compounds might have
provided an important parameter supporting hosttion of T. obscurator

The de novoproduction of several compounds might have beeluded in response to
cabbage stem weevil damage. In several studiesrdlease of herbivore-induced plant
volatiles has been shown to constitute an actispaese of the plant, apparent from thes
novo production of volatile compounds that are not aséd by intact or mechanically
damaged plants (Paré & Tumlinson, 1997). In theerurstudyT. obscuratorresponded to
volatiles which were solely emitted by infestednpéa(exception 3-Hexen-1-ol, Dodecane).
Particularly the aldehydes, benzaldehyd, octanahanal and decanal elicited antennal
responses on infested plants. Aldehydes were ehats® in response to wounding (Hu et al.,
2008). In this study nonanal elicited the strongesponse. This compound was also shown to
be induced by whitefly-infested bean leaves aneérpdtar-infested cabbages, respectively
(Dicke, 1999; Birkett et al., 2003). Terpenoids dam synthesizedle novoby plants in
response to herbivore damage as well (Paré & Twmtin1999). Terpinen-4-ol was released
in higher amounts by Brussels sprout plants intesteth Plutella xylostella than in
uninfested plants (Bukovinszky et al., 2005). le tBAG-experiments Terpinen-4-ol elicited
strong response df. obscuratorto uninfested plants, wheras the EAG responsafésted
plants was less. In the field experiments on oilsespe, yellow water traps baited with
Terpinen-4-ol were more attractive 10 obscuratorthan unbaited traps. Terpinen-4-ol is
released from the flowering parts of oilseed rapd ather plants (Knudsen et al.,, 2006).
Therefore it can be an important cue for locatidnflawers by T. obscurator However,
yellow water traps baited with Terpinen-4-ol werat mttractive at the overwintering side.
One explanation for this result may be that thekammnd odours released from oilseed rape
plants play an important role in activating thisptnoid compound into the right context
(Pettersson, 2001), or the odour was masked byilesla&amitted from the surrounding rape
plants.

The alkanes Undecane and Dodecane are well knowstieents of the plant cuticle on
stems and leaves. They have been recovered frobivber faeces (Steidel et al., 2003;
Bugalho et al., 2005), which might be a cue to hbst for host searching parasitoids. This
substance was also found in flowers and leavesiledéendl rape by Jakobsen et al. (1994).
Females off. obscuratoresponded clearly to Undecane in the EAG experiméirifested
plants and to yellow water traps baited with Unadhecat the overwintering fields.

The green leaf volatiles 3-Hexen-1-ol and 3-Hexenl-dcetat were only detected in infested
plants, but did not elicit EAG-reponsesTafobscuratoyindicating that they are not involved
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in host location. Because of the widespread ocoarenf green leaf volatiles, it was
considered unlikely that the perception of theskstances could be used to discriminate
between host and nonhost plants (Light et al., 1988en leaf volatiles which are released
after mechanical and herbivore damage were petdidyemany hymenopteran parasitoids
(Whitman & Eller, 1990). However, their presencessimot always elicit antennal response,
but this may depend on the total composition ofblatile blends.

This study provides first informations on the impat volatile cues emitted from the host-
plant complex in host location @f. obscurator The GC/MS-EAG analyses elucidated the
identity of the volatiles released fro uninfestddnps and plants infested by larvae ©f
pallidactylus which are perceived by female obscurator Further studies are needed to
identify which compound or/and which mixture of ables are important in host location.
This knowledge has important implications for imegd management of pests on oilseed

rape, particularly those aiming to incorporate @mation biological control by parasitoids.
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Chapter Il

Effect of insecticide residuals on host finding cugeof Tersilochus obscurator,
the key parasitoid of cabbage stem weeuvil

Abstract

The cabbage stem weevileutorhynchus pallidactylygs an economically important pest on
crops of oilseed rape. Insecticides applied fortrmdmf pests might have negative effects on
the key larval parasitoidlersilochus obscuratonn this study, the effect of the pyrethroid
lambda-cyhalothrin and the neonicotinoid thiacldpkoth applied at full recommended field
dose rates and reduced dose rates (50%), on patdaséhaviour was investigated. In dual
choice experiments the first choice, residence tamel oviposition activity of female
T. obscuratorwere measured on untreated and insecticide trdetegs of oilseed rape. In
olfactometer tests the responselofobscuratorto volatiles released from insecticide treated
and untreated leaves were investigated. The wlatdnds emitted from insecticide treated
and untreated infested plants and the antennabmsgpofT. obscuratorto these volatiles
were studied by using coupled GC/MS-EAG analyses.

Females ofT. obscuratorresponded differently to residuals of the testeskcticides. They
spent significantly less time foraging on leavesated with fresh dried residuals of full and
reduced dose rates of thiacloprid than on untredades, but did not avoid residuals of
lambda-cyhalothrin. The volatiles emitted from leawvith fresh dried residuals of thiacloprid
were avoided by female parasitoids in olfactomgsts. As the insecticide compound per se
caused no direct repellency to the parasitoidsjnégraction between the plant and the
insecticide thiacloprid might have influenced thealifative and quantitative composition of
the volatile blend released by the infested plaBtgh insecticides reduced the number of
females probing with their ovipositor in the ingeicke treated leaves. Insecticides may have
impaired host finding off. obscuratorby repellent effects, by interference with volatile
emission from the plant or by masking of the ativaglant odours.

Introduction

The cabbage stem weewl, pallidactylus(Mrsh) (Col.: Curculionidae) is a major pests in
winter oilseed rapeBrassica napud. var. oleiferaMetzg. in Central and Northern Europe
(Alford et al., 2003; Dechert & Ulber, 2004). Adweevils colonize the crop in early spring.
Females lay their eggs in small batches into lesibfes. The larvae feed for 3-5 weeks, first
in petioles and later in stems. Mature larvae ntégta soil for pupation (Alford et al., 2003;
Dechert & Ulber, 2004). The key larval endoparagitaf cabbage stem weevilersilochus
obscuratorAubert (Hym.: Ichneumonidae), has been found rEalopean countries where
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the pest occurs (Ulber, 2003, Williams et al., 200Females lay their eggs singly into the
host larvae while these are feeding within the mithpetioles. The koinobiont parasitoid
remains in its first larval instar until the maturest larva has left the plant to pupate in soil;
then it develops rapidly and kills the host prepupdults overwinter in the solil of fields
where oilseed rape has been grown the previousayebemerge in spring (Ulber, 2003).
Current pest control practices are based on brpadirsim chemical insecticides which also
have neurotoxic side-effects to beneficial insedwo or three insecticide treatments are
commonly applied for control of major pests attagkpilseed rape, namely the rape stem
weevil and cabbage stem weevil at stem elongatioa pollen beetle in bud stage and the
cabbage seed weevil and brassica pod midge at rilogv¢Alford et al., 2003; Menzler-
Hokkanen et al., 2006; Burger & Gerowitt, 2009)eThain period of activity of tersilochine
parasitoids (excepfkersilochus microgastgin the crop occurs in the late bud stage up ¢o th
end of flowering of oilseed rape (Johnen et alQ@WUlber et al., 2006). Adult parasitoids
might be affected by insecticides in different wayrey can be exposed directly to insecticide
sprays (Jepson, 1989) or to the residuals on tr# fdliage when foraging for hosts (Brown,
1989; Longley & Jepson, 1996) or when feeding ont@minated water droplets and nectar
(Langley & Stark, 1996). Parasitoids may be affédig insecticides through direct mortality
or sublethal effects on their physiology and bebawi Insecticide residuals may cause
repellency to parasitoids (Jiu & Waage, 1990; Legdd Jepson, 1996; Tran et al., 2004) or
indirectly interfere with host location by maskimgant volatiles and/or changing the
production and emission of plant volatiles, whicbuld prevent the parasitoid from
recognising the host plant and the host (Thiery &ser, 1986; Nottingham et al., 1991).
Plant odours are often considered to provide thstnmportant cues for the presence of
endophagous host larvae (Vet & Dicke 1992; Potehal. 1995; Dicke 1999; Jonsson &
Anderson, 2008).

This study has focused on the behavioural effetthe pyrethroid lambda-cyhalothrin and
the neonicotinoid thiacloprid on female obscurator The impact of chemical cues derived
from sprayed and unsprayed oilseed rape leavesireh dhoice, residence time and
oviposition behaviour of female wasps was investidan dual-choice tests. The response of
T. obscuratorto volatiles released from insecticide-treatednfdawas studied in Y-
olfactometer assays and in gas-chromatographyretedennodetection (GC/MS-EAG)
analyses.
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Material and Methods

Laboratory experiments

Test insects

To obtain a large number oOf. obscuratorfemales of standardized age and similar
physiological condition for the bioassays, larv&eCo pallidactyluswere collected from the
main stems of unsprayed oilseed rape fields. Regaé and parasitoids were reared to the
adult stage in the laboratory as described by Newm&aUlber (pers. comm.).

Plants infested b¢. pallidactylus

Oilseed rape plantsBfassica napuscultivar Westar and Mozart) were grown under
greenhouse conditions. To obtain plants with stedided levels of infestation byC.
pallidactylustwo oilseed rape plants (6-true-leaf stage) wgposed to three females and one
male within an insect cage (BugDorm-2, Mega VieweBce and Education Services Co.,
Taichung, TW) measuring 60cm x 60cm x 60cm. Follgyvan oviposition time of 24h,
plants were removed and transferred to a climaaender (20 °C, 16 L : 8 D, 4.000lux).
Commercial formulations of two insecticides, thggumid (Biscaya, 240 g a.i./l) and lambda-
cyhalothrin (Karate Zeon, 100 g a.i./l), were dalitwith distilled water and 0.3% detergent
(Tween 20). The concentration of the insecticidas walculated based on recommended field
label rates. The insecticides were sprayed onawerland upper side of infested oilseed rape
leaves by using a hand sprayer. Control plants serayed with distilled water. When spray
residuals had completely dried, the control andté@ plants were used for the experiments.
Plants carrying dried residuals of various age @ldays and 6 days) were used for the
bioassays. Treated plants were stored in a clicteieber (14°C, 18 L: 6 D).

Dual-choice test

Observation experiments were designed to exammeegponse of. obscuratorfemales to
insecticide treated and untreated leaves of oilsapd plants which had been infested with
larvae ofC. pallidactylusas describes above. The first choice, residenoe &and ovipositor
probes of femal& . obscuratoron treated and untreated oilseed rape leaves weozded
during 5 min observation time. An insecticide tegatand an untreated leaf were exposed
10cm apart in a perspex cage (30 cm x 20 cm), wih walls covered by gauze for air
exchange. The base of the petioles was sealedweittcotton wool. The experiments were
performed in a room without daylight. As the paads are highly attracted to the light, the
light source was set up below the experimental caiye to eight days old laboratory-reared
females ofT. obscuratorwere released individually in the centre of the esxpental cage.
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Differences between the residence time on eachwleed analyzed by paired t-test (p < 0.05)
and differences between the numbers of probinglesrbyy*-test (p < 0.05).

Y- Olfactometer test

The response of femal®. obscuratorto volatiles emitted from insecticide-treated and
untreated plants, both infested by larvae Gf pallidactylus, was investigated in a Y-
olfactometer bioassay. The Y-olfactometer allowkd insects to choose between two air
streams carrying odours of different sources. THactometer consisted of a Y-shaped
perspex tube, with arms of 120 mm length and 27immar diameter connected at a 40° angle
to the central tube. A$. obscuratoris strongly attracted by the light, the light sceiwas
positioned at the back of the two arms of the odfaceter, thereby stimulating insect
movement to this direction. Air was pumped (70 cg&t) into a gas-wash bottle filled with
active charcoal and thereafter divided into twcesinof Teflon tubing. The air flow was
adjusted via two flow meters. The air was piped inbttles with distilled water. The tubes
were connected to two bottles containing the odowrces. The position of the odour source
was changed between sessions. Groups of five femakscuratorwere released into the
central perspex tube of 15 cm length and allowethdwe to one of odours in the two arms.
Females that did not make a choice within 10 mmuwtere not included in the analyses. The
first choice for one of the two odour sources wesorded when females moved into the
respective arm of the olfactometer. To avoid anynametrical bias in the setup, the odour
sources were changed after testing 10 parasitéiolseach combination, 30 naive females
were tested. Significant differences between thucels of females were analysed fg§-Test

(p <0.05).

Collection of plant volatiles

Potted oilseed rape plants (cultivar Westar), eighfested by larvae o€. pallidactylusas
described above or uninfested, were used for daleof volatiles emitted from insecticide
treated and untreated plants. A total of 68 inféstetreated plants, 19 infested plants treated
with lambda-cyhalothrin and 18 infested plants tedawith thiacloprid were tested. Plants
infested byC. pallidactyluslarvae were enclosed within an ethylen-tetrafloyieth (ETFE)
bag (70 cm x 40 cm x 40 gnin the greenhouse under daylight conditions, fitimam tol
pm. The bags were mounted on a laboratory pedésta.opening of the bag was closed

around the stem base by mounting its opposite edgegeen aluminium splints and fixing
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with clips. Volatile trapping was started after chensure air homogeneity within the bags.
Volatiles were collected for 2 hours. An ETFE steppontaining two openings (0.67 mm

diameter) was inserted into the bags. Air contginialatiles was sucked off from the interior

air volume of the bag through one of the openingsubing a miniature vacuum pump

(DC12/16 NK Fa. Furgut, Germany). A volatile trapgpidevice (Prec. Charcoal filter (1.5

mg), Fa. Brechbuehler AG, Switzerland) was mourtedveen the bag and the pump at the
inlet part of the pump. The outlet of the pump veasnected with the bag by tubing to

maintain a constant air circulation. The circulataf the pump was kept at a constant air flow
by adjusting it to a power supply (PS-302 A, Fanfaad Electronic, Germany) at 9 volt. Plant

volatiles were eluted from the absorbent chara@ibet by using 75pl dichlormethan and

methanol (2:1; v/v).

GC-MS/EAG analyses

Samples were analyzed by coupled GC-MS/EAD,usi6§¥N gas chromatograph (Agilent,
Palo Alto, CA, USA) and a 5973N mass spectromeigilént) (Weissbecker et al., 2004).
The GC was equipped with a split/splitless (S/Slj¢dtor and an HP-5MS column (Agilent;
30 m, 0.25 mm L.D, film thickness 0.32Bn). A GRAPHPACK 3D/2 flow splitter (Gerstel,
Mulheim, Germany) was used to split the effluerdnirthe column into two capillaries
leading to the MS (1 m long, 0.1 mm ID) and to #&D (1 m long, 0.15 mm ID). The
restriction capillaries resulted in an equal spiithe gas flow into the two setups. A modified
“olfactory detector pott(ODP-2; Gerstel; (Weissbecker et al., 2004)) guithedcapillary out
of the GC oven within a flexible heating sleeve latites were eluted from the column into a
flow of helium make-up gas, and then mixed with hdified air (23°C, 80% RH). The
airflow (flow rate, 400 ml/min) was directed thrdughe flow tube (15 cm long, 6 mm ID,
PTFE) to the insect antenna preparation that wasdtin a PTFE detector cell. Excised
antennae ofl. obscuratorwere placed into an antenna holder milled fromesspex disc
(Farbert et al.,, 1997). Within the holder, the emdghe antenna contacted an electrolyte
solution that provided electrical contact to a mdiAg/AgCl electrodes. EAD potentials were
amplified by a factor of 100 with a high-impedaramaplifier (input impedance 100
Prof. Koch, Kaiserslautern, Germany) containingugltiin low-pass filter set to a cutoff
frequency of 1 Hz to suppress the ubiquitous etadtrsupply frequency of 50 Hz. An
additional high pass filter set at a cutoff freqeyenf 0.01 Hz was used to suppress drift of the
EAD signal. The amplified and filtered signal wagitized by using a 35900E A/D converter
(Agilent) and recorded by the GC ChemStation safwAgilent).
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Analytical Conditions
Oneyl aliquots of the samples were injected into thelShjector (temperature, 250°C). The

GC oven was programmed from 50°C for 1.5 min, tB&@/min to 200°C; hold for 5 min.
Helium was used as carrier gas (1 ml/min, 24 cn/site GC-MS interface was held at
280°C. The heating sleeve of the ODP was set t6@30he MS used electron impact
ionization (El) at 70 eV, in scan mode {3®0 mass units, 2.78 scans/sec). For preliminary
peak identification, the NIST mass spectral librgNational Institute of Standards and
Technology, Gaithersburg, MD USAWas used. Subsequently, the retention time of
compounds were compared with those of synthetiwdsi@s and the Retention Time Internal

Database.

Results

Response of female obscuratoto insecticide residues in dual-choice tests

The residence time of female obscuratoron untreated leaves and leaves treated with the
full recommended field dose rate of lambda-cyhalotlvas not significantly different. The
age of the insecticide residuals had no signifiedfeict on the time spent on the leaf (Fig 1).
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Fig 1: Residence time (sec + SE) of femalebscuratoion leaves infested by larvae ©f
pallidactylus treated with full dose rate of lambda-cyhalotlamd untreated leaves. Leaves
with different residual age and untreated leaveg®wempared in dual choice test. Paired t-
test, p > 0.05, n = 32.
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Significantly more parasitoids conducted oviposiwobes into untreated leaves than into
leaves with 3 days old residuals of 100% lambdaamthrin. Fresh dried residuals and six
days old residuals had no significant effect on pleecentage of females penetrating the
infested leaves (Fig 2).
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Fig 2: Percentage of female obscuratomprobing with their ovipositor into leaves infestey
larvae ofC. pallidactylus Parasitoids had a choice between untreated leaceaves with
residuals of various age of the full dose ratenfbda-cyhalothring?-Test, p< 0,0013, n =
32.

The age of residuals had no significant effect esidence time of femal€. obscuratoron
untreated leaves and leaves treated with 50% reldimee rate of lambda-cyhalothrin (Fig 3).
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Fig 3: Residence time (sec + SE) of femRl®bscuratoron leaves infested by larvae ©f
pallidactylusfollowing treatment with reduced dose rate (50%dambda-cyhalothrin.
Leaves with different residual age and untreatadds were compared in dual-choice tests.
Paired t-test, p > 0.05, n = 30.

There was no significant difference between thegrange of females penetrating into
untreated leaves and leaves with residuals of wargme of 50% reduced field dose rate of

lambda-cyhalothrin (Fig 4).
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Fig 4: Percentage of female obscuratomprobing with their ovipositor into leaves infestey
larvae ofC. pallidactylus Parasitoids had a choice between untreated leacekaves with
residuals of various age of reduced rates (50%gnobda-cyhalothrin y>-Test, p< 0,0013, n
= 30.
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Females ofT. obscuratorspent significantly more time on untreated leatves on leaves
with fresh dried residues of the 100% dose ratiiatloprid. Three and six days old residues
of thiacloprid had no significant influence on thesidence time on treated and untreated
leaves (Fig 5).
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Fig 5: Residence time (sec + SE) of femalebscuratoon leaves infested by larvae ©f
pallidactylus following treatment with the full dose rates bitcloprid. Leaves with different
residual age and untreated leaves were compandhkeailrchoice tests. Paired t-test, p =
0,0036, n =34

Significantly more ovipositor probes were conduchgdfemales into untreated leaves than
into leaves carrying fresh dried residues of 108%ctioprid. Three and six days old residues
of thiacloprid had no significant influence on oagitor probings (Fig 6).

Fresh dried residues of 50% thiacloprid reducedékilence time of parasitoids significantly
(Fig 7). Three and six days old residues had necefbn residence time on treated or

untreated leaves.
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Fig 6: Percentage of female obscuratomprobing with their ovipositor into leaves infestey
larvae ofC. pallidactylus Parasitoids had a choice between untreated leaceaves with
residuals of various age of full dose rates ofdbiarid, *-Test, p< 0,001, n = 34.
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Fig 7: Residence time (sec + SE) of femalebscuratoion leaves infested by larvae ©f
pallidactylus following treatment with reduced dose rate (5@¥thiacloprid. Leaves with
different residual age and untreated leaves weargeaoed in dual-choice tests. Paired t-test, p
<0.05,n=28
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Fresh dried residues of 50% thiacloprid signifitaneduced the percentage of females
penetrating in treated leaves, while three anddaixs old residues had no significant effect

(Fig 8).
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Fig 8: Percentage of female obscuratomprobing with their ovipositor into leaves infestey
larvae ofC. pallidactylus Parasitoids had a choice between untreated |eaceaves with
residuals of various age of reduced rates (50%ia€loprid, y>-Test, p< 0,05, n = 28.

Response of female obscuratoto the volatile blend emitted from insecticideater! and
untreated plants

In the Y- olfactometer tests, the response of femialbbscuratordid not differ between the
odour of untreated leaves and leaves carrying uatsd of various age of the full
recommended field dose rate of lambda-cyhalotHfig ). When exposed on filter paper,
lambda-cyhalothrin had no effect on the choic&.afbscurator.

Females ofT. obscuratorsignificantly prefered the odour emitted from stld leaves
without insecticide residuals to infested leavethvitiesh dried residuals of 100% thiacloprid
(Fig 10). Three and six days old residuals of lbpwed had no effect om. obscurator.
Thiacloprid exposed on filter paper had no effecthoice of the parasitoids.
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1h residuals untreated lambda-cyhalothrin 100% n=42

3 days residuals untreated lambda-cyhalothrin 100% n=37

6 days residuals untreated lambda-cyhalothrin 100% n=36

0 20 40 60 80 100
%
Fig 9: Response of female obscuratorto the odour of untreated leaves and leaves ogrryi
residues of 100% of lambda-cyhalothrin in Y-olfaneter tests. All leaves were infested by
C. pallidactylusiarvae x> —test, p < 0,05.
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3 days residuals untreated Thiacloprid 100% n=37
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Fig 10: Response of female obscuratorto the odour of untreated leaves and leaves ogrryi
residues of 100% of thiacloprid in Y-olfactometests. All leaves were infested By
pallidactyluslarvae y® —test, p = 0,008291.
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Volatile compounds emitted from infested insecéidr@ated and untreated plants

The volatile blends collected from plants treatdath iambda-cyhalothrin or thiacloprid did
not contain Terpinen-4-ol and Unidentified | (Fig)1Plants treated with lambda-cyhalothrin
did not emit 2-Octanol and Octanal, and plantstéckavith thiacloprid did not release
Napthalene. The most common volatiles released fuammeated plants were 1-Hexanol, 2-
ethyl, Undecane and 3-Hexanol acetat. Plants tteat#h thiacloprid commonly emitted 1-
Hexanol, 2-ethyl, Unidentified I, 3-Hexen-1-ol aaet, and plants treated with lambda-
cyhalothrin 1-Hexanol, 2-ethyl, 3-Hexen-1-ol acetand Decanal. Generally, the proportion
of infested insecticide-treated and untreated @iseape plants that emitted the individual

volatiles varied between replicates within eachttreent.
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Fig 11: Relative frequency (%) of individual commais in the volatile blends emitted from
B. napusplants infested b¢. pallidactylusfollowing treatment with thiacloprid, lambda-
cyhalothrin or untreated, in GC/MS analyses.

Insecticide treatments induced significant qualiaand quantitative differences between the
volatile blends emitted from insecticide-treatedl amtreated plants (Fig 12). Plants treated

with either insecticide did not emit Terpinen-4and Unidentified |. Plants treated with

54



Chapter Il

thiacloprid did not release Napthalene and plargatéd with lambda-cyhalothrin did not
release 2-Octanol and Octanal. Infested plantsetleaith thiacloprid emitted higher amounts
of 2-Octanol, 3-Hexen-1-ol, acetate, Benzaldehyah&hal andi- farnesene. Treatments with
lambda-cyhalothrin resulted in higher amounts dfle&en-1-ol (Fig 12), compared to
untreated plants. Reduced amounts of 1-Hexandlhy;eUndecane and Napthalene were
observed from plants treated with lambda-cyhalothcompared to untreated plants.
Thiacloprid reduced the amount of Octanal (Fig 12).
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Fig 12: Quantitative analyses of oilseed rape plarfested with larvae d@. pallidactylusin
GC/MS. Plants were treated with lambda-cyhalotbrithiacloprid and untreated plants were
compared. Xm + SE, Eucalyptol: peak area 765538&qisivalent to 92.5 ng Eucalyptol,

Decanal: peak area of 932745 is equivalent to 88.®ecanal; Mann-Whitney-U-Test p <
0.05.
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The relative amounts of individual volatiles thare emitted from infested, untreated oilseed
rape plants and plants treated with either insietidiffered significantly (Fig 13). The total
amount of emitted volatiles increased by about %3difter treatment with thiacloprid and

decreased by about 3.3% after application of lardydhalothrin, compared to the volatile
blend of untreated plants.
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Fig 13: Relative proportion (%) of plant volatigrassica napus;ultivar Westar) emitted
by plants infested with larvae Gf. pallidactylusn GC/MS. Plants were treated with lambda-
cyhalothrin or thiacloprid and untreated plantsevavympared.

The GC-EAG analyses demonstrated that ferfatebscuratoresponded to a higher number
of volatiles from samples collected from untreateldeed rape plants than from samples
collected from plants treated with thiacloprid @mbda-cyhalothrin (Tab 3). Females

responded to twelve and five of 18 compounds detert untreated oilseed rape plants and
insecticides treated plants, respectively.
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Tab 3: EAG-response and response intensity of fefalbscuratorto volatiles of oilseed
rape plants (OSR) (cultivar Westar) infested bydarofT. obscuratoruntreated or treated
with full dose rated of Biscaya (thiacloprid) orrdte Zeon (lambda-cyhalothrin)

EAG-response of. |EAG-response of. | EAG-response of.
obscuratorto obscuratoron volatile| obscuratoron volatile
volatiles of infested, |of infested with of infested with
untreated OSR thiacloprid treated | lambda-cyhalothrin
OSR treated OSR

1-Hexanol, 2 ethyl * * *

3-Hexen-1-ol

2-Octanol *

3-Hexen-1-ol, acetat

Unidentified | ok

Benzaldehyd * *

Octanal * *

Nonanal ok * *

Decanal * *

Undecane o

a-Farnesene sk

Limonene

Eucalyptol * *

Terpinen-4-ol *

Naphtalene

Acetophenone * *

e =0-100 mV, **=100-200 mV, ***=200 — 300 mV,** = 300 — 400 mV,
FrExx =400 - 500 mV

Discussion

In addition to lethal effects on natural enemiasegcticides also might affect host location via
repellent activity or indirectly through masking attractive plant volatiles and/or changing
the production and emission of these volatiles. dovparison of the effects of volatile and
contact chemical cues derived from treated andeated leaves in dual-choice test showed
significant differences between the distributiomparasitoids on plants treated with lambda-
cyhalothrin or thiacloprid and untreated plantanB&s ofT. obscuratordid not discriminate
significantly between plants treated with lambdaalgthrin and untreated plants, but
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significantly avoided leaves with fresh dried resitt of reduced and full dose rates of
thiacloprid. Three and six days old residuals @édloprid did not cause avoidance by female
T. obscuratoy which may be due to the quieksorption of the systemic insecticide from the
plant surface into the tissue (Williams & PriceD02; Tomizawa & Casida, 2005).
Thiacloprid has been reported to have no persisiffgct on the egg parasitoid
Trichogramma cacoeciaand the larval parasitoiincarsia formosaSchuld & Schmuck,
2000; Richter, 2006;).

Various studies have demonstrated significant iiffees in the behaviour and distribution of
parasitoids between plants treated with differasecticides, indicating that the insecticides
were not equally avoided (Akol et al., 2003). Bongaster et al. (1993) did not detect
avoidance of pirimicarb by the aphid parasitaphidius rhopalosiphibut he noted repellent
effects of the pyrethroid fenvalerate and the oogdwosphate demeton-s-methyl on foraging
of A. rhopalosiphion aphid-free cereal plants. The aphid paraskoiérvi showed disrupted
olfactory orientation towards host-infested planith residuals of lambda-cyhalothrin, but
not with residuals of deltamethrin (Desneux et 2006). Exposure of. rhopalosiphito
deltamethrin residuals resulted in shorter visitels, grooming more actively and resting less
frequently than on insecticide-free plants (Longé&yepson, 1996). Females Dfaretiella
rapae spent significantly less time foraging on plantgayed with pirimicarb than on
untreated plants, regardless of the presence o dqoists (Umoru et al., 1996). Search time
allocation is an important component for parasitisfficiency. The modification of this
behaviour can interfere with the reproductive cépaaf parasitoids (Komeza et al., 2001).
The shorter time spent foraging on the plant wodduce the probability of successful
oviposition encounters with hosts after an insab¢i@application. In this study, the percentage
of females conducting ovipositor probes in leavested with the full dose rate of lambda-
cyhalothrin and with full and reduced dose ratesttoécloprid decreased significantly
compared to untreated leaves, which may reductedeeof parasitism. In field experiments,
parasitism ofC. pallidactlusandM. aeneudarvae was reduced following application of tau-
fluvalinate and lambda-cyhalothrin (Klukowski et 2006).Reduced ovipositor insertions on
neonicotinoid (imidacloprid) treated leaves was oalsbserved with the parasitoid
Neochrysocharis formogdran et al., 2004).

The avoidance behaviour observed in the bioassagg msulted from two possible
mechanisms: (1) masking of attractive host plarduosl by insecticides and/or interference
with the production and emission of plant volatiedich could prevent the parasitoid from
recognising the host plant and the host (Thiery &ser 1986; Nottingham et al. 1991). (2)
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The insecticide odour could have a direct repekdfeict on parasitoids (Jiu & Waage, 1990,
Longley & Jepson 1996; Tran et al. 2004). When iadpbn filter paper, the odour of both
insecticides was not avoided by the parasitoidss $hggests that an indirect effect of the
insecticide via production and emission or maskihglant volatiles is more likely to affect
the attraction to infested plants. The results wf olfactometer experiments are compatible
with the results of the dual choice tests. FenTalebscuratoravoided the odour of infested
leaves treated with thiacloprid, while the odoutezfves treated with lambda-cyhalothrin did
not cause avoidance. Similar repellent effectsavading females db. rapae have also been
found with the pyrethroid permethrin and the orgamasphorus malathion (Jiu & Waage,
1990). Different responses of parasitoids to vielstemitted by sprayed plants may be due to
the mode of action of the insecticides or to a latkolerance. The parasitofl ervidid not
show behavioural responses to lambda-cyhalothhigrgyrifos and pirimicarb, but when
exposed to triazamate showed a reduction of the sipent in the odour flow, which may due
to a lack of tolerance to triazamate (Desneux gt24104). Avoidance of treated plants
through repellency or altered behaviour may redhedoxicological risks for the insect in the
field (Longley & Jepson, 1996). Preliminary studms the side-effects of insecticides on
hymenopteran parasitoids in the field showed lowwgicity of insecticides to the parasitoid
speciesT. obscuratorandT. fulvipesattacking stem weevil larvae. This was relatedhi® t
vertical distribution of the parasitoids within tieseop which provided a behavioural refuge
from insecticidal sprays and residuals (Neumann I&et) pers. comm.). In addition, the
parasitoids responded to insecticide application dmanging their dispersal behaviour.
Emigration flights ofT. obscuratorand T. fulvipesfrom the insecticide treated field were
more frequent than immigration flights, whereasthe untreated field immigration flights
prevailed over the whole observation period (Neum&nJlber, pers. comm.). The toxicity
of insecticides tested in field experiments was, Ibut the level of parasitism was reduced in
insecticide-treated plants compared to untreatadtpl(Neumann & Ulber, pers. comm.). The
current study demonstrated a reduction of ovipogumbing by femal€el. obscuratoron
insecticide-treated leaves, which might be due dpellency and/or interruption of host
location by the tested insecticides.

For host location, parasitoids use herbivore-indup&ant volatiles because cues derived
directly from the host are difficult to detect (Tings et al., 1991; Geervliet et al., 1994,
Vinson, 1998). The herbivore-induced changes ofviflatile blend may be quantitative, i.e.
individual volatiles that are also present in uestéd plants are emitted from infested plants
in larger total amounts, their relative proportiomanges, or both (Agelopoulos & Keller,
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1994; Blaakmeer et al., 1994; Geervliet et al., 7199attiacci et al., 2001; Mumm et al.,
2003). The quantitative differences between vaatileleased from Brussels sprouts plants
following infestation byP. rapaecaterpillars and artificially damaged may haveseslthe
preference ofC. rubeculafor infested leaves (Geervliet et al.,, 1994). Flieshaf Cotesia
plutellae prefered infested cabbage plants which had besatett with syringa extract of
Melia azedarachree to untreated infested plants, which may be wularger quantities of
volatile compounds emitted by cabbage plants tdeaith syringa extract (Charleston et al.,
2006). In the current study, among the 16 compouddstified, five compounds were
emitted in larger amounts from thiacloprid-treafdants and two compounds from lambda-
cyhalothrin-treated plants; however, these diffeesn were not statistically significant.
Moreover, the amount of some compounds was redugetsecticide-treated plants
compared to untreated plants. The relative proporti.e. the amount of individual
compounds within the total volatile blend, has ptt to elicit specific behavioural
responses of parasitoids (Roseland et al.,, 1992 & al. (1998) demonstrated that
gualitative differences between odour sources anenmportant than quantitative.

Herbivory can inducede novoproduction of volatiles in plants, resulting in aljtative
changes of the composition of the emitted voldillEend (Turlings et al., 1990; Dicke et al.,
1990a; Dicke et al., 1990b; Paré & Tumlinson, 1990antitative and qualitative differences
of the volatile blend might serve as indicators Farst presence and might be used by
parasitoids for host location (Roseland et al.,219®eervliet et al., 1994; Vet et al. 1998). In
this study, the chemical analyses of the headspaogosition of insecticide-treated and
untreated plants showed qualitative and quantgadifferences, which may have influenced
host location.

Insecticide-treated plants did not emit Terpineol4nd Unidentified I; both elicited EAG-
responses to the untreated plants. Further, pieegted with lambda-cyhalothrin did not emit
2- Octanol and Octanal which were also perceiveddrgsitoid antennae in the EAG. In field
experiments, yellow water traps baited with Terpideol were more attractive to female
obscuratorthan unbaited traps (Neumann & Ulber, pers. comnefpinen-4-ol is commonly
released from the flowering parts of oilseed rapd ather plants (Knudsen et al.,, 2006).
Therefore it can be an important cue for locatibfiawers by T. obscurator Further, among
herbivore-induced synomones the terpenoids represerajor class that are known to attract
various carnivores (Takabayashi et al., 1994; Paiye& Gershenzon, 2002).

In the past, no references were available indigaan influence of insecticides on the
production and emission of plant volatiles. Howewmlsecticide effects on plant physiology,
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e.g. greening effects by pyrethroids as well agotéf on the hormonal regulation and

assimilation of carbon and nitrogen by the fungicgtrobilurin, have been demonstrated
(Venancio et al., 2003).

The current study demonstrated that, in additiortotac effects of insecticides on natural

enemies, repellency and interference with hosttimeaby parasitoids can reduce the

parasitism efficiency. Therefore, in the pesticiggistration process more emphasis should
be given, in addition to toxicological analyses pdsticides on natural enemies, to the

evaluation of repellent and other behavioural ¢ffen parasitoids.

Acknowledgement

We would like to thank Prof Dr Stefan Schiitz andKdl Eisenwiener for their support and the
performance of the EAG-GC. This study was fundedhleyScholarship Program of the German
Federal Environmental Foundation (DBU).

References

AGELOPOULOS N. G. & KELLER, M. A. (1994). Plant-natural enemy associatiotritrophic
systemCotesia rubecula-Pieris rapa®rassicaceae (Cruciferae). lll: Collection and
identification of plant and frass volatilekurnal of Chemical Ecolog30, 1955-1967.

AKoL, A. M., NJaGl, P. G. N., §HANANTHAM, S. & J.M.MUEKE. (2003). Effects of two
neem insecticides formulations on the attractivepasceptability and suitability of
diamondback moth larvae to the parasiiiddegma molliplaHolmgren) (Hym.,
Ichneumonidae)lournal of Applied Entomolodgh27,325-331.

ALFORD, D. V., NiLssoN, C. & ULBER, B. (2003). Insect pests of oilseed rape cr@tsapter
2 In: D.V. Alford (ed) Biocontrol of Oilseed Rapes®s. Blackwell, Oxford, UK, 9-41

BLAAKMEER, A., GEERVLIET, J. B. F., IOON, J. J. Av., POSTHUMUS M. A., BEEK, T. A.V. &
GROOT, A. D. (1994). Comparative headspace analysis of caljilages damaged by
two species oPieris caterpillars: consequences for in-flight host tacaby Cotesia
parasitoidsEntomologia Experimentalis et Applicai&, 175-182.

BORGEMEISTER C., ROEHLING, H.-M., DINTER, A. & HOLLER, C. (1993). Effects of
insecticides on life history parameters of the dgdarasitoidAphidius rhopalosiphi
(Hym.: Aphidiidae)Entomophaga8, 245-255.

BROwN, K. C. (1989). The design of experiments to asteseffects of pesticides on
beneficial arthropods in orchards: Replication gegpiot sizeln: Jepson P.C. (Ed.),
Pesticide and Non-target Invertebrates. Interc&dimborne,. 71-93.

BURGER J. & GEROWITT, B. (2009). Anwendungsmuster von Pflanzenschutemiin
Winterweizen und Winterrap&esunde Pflanzél,11-17.

CHARLESTON, D. S., ®LS, R., HORDIIK, K. A., KFIR, R., VET, L. E. M. & DICKE, M. (2006).
Impact of botanical pesticides derived frdvelia azedaraclandAzadirachta indica
plants on the emission of volatiles that attracap#oids of the diamondback moth to
cabbage plantdournal of Chemical Ecolog32, 325-349.

61



Chapter Il

DECHERT, G. & ULBER, B. (2004). Interactions between the stem-miniegwils
Ceutorhynchus nagbyll. andCeutorhynchus pallidactyludarsh.) (Coleoptera:
Curculionidae) in oilseed rapagricultural and Forest Entomology, 193-198.

DESNEUX N., DENOYELLE, R. & KAISER, L. (2006). A multi-step bioassay to assess tfexef
of the deltamethrin on the parasitis wagghidius erviChemospheré5, 1697-1706.

DESNEUX N., RAFALIMANANA , H. & KAISER, L. (2004). Dose-response relationship in lethal
and behavioural effects of different insecticidegsloe parasitic wasfphidius ervi
Chemospheré4,619-627.

DICKE, M., BEEK, T.A.V., POSTHUMUS, M.A., DOM, N.BBOKHOVEN, H.V. & GROTT, A.D
(1990a). Isolation and identification of volatilailomones that affects acarine
predator-prey interactiondournal of Chemical Ecology6, 381-396.

DICKE, M., SABELIS, M.W., TAKABAYASHI, J., BRUIN, J& POSTHUMUS, M.A.(1990b).
Plant strategies of manipulating predator-preyradgons through allelochemicals:
prospects for application in pest conturnal of Chemical Ecology6,3091-3118.

DICKE, M. (1999). Are herbivore-induced plant volatiles teliaindicators of herbivore
identity to foraging carnivorous arthropodsftomologia Experimentalis et Applicata
91,131-142.

FARBERT, P., KOCH, U. T., FARBERT, A., STATEN, R. T. & CARDE, R. T. (1997). Pheromone
concentration measured with electroantennogramtio fields treated for mating
disruption ofPectinophora gossypiel@depidoptera: Gelechiidaginvironmental
Entomology26,1105-1116.

GEERVLEET, J. B. F., BSTHUMUS M. A., VET, L. E. M. & DICKE, M. (1997). Comparative
analysis of headspace volatiles from differentrpaitar-infested or uninfested food
plants ofPieris speciesJournal of Chemical Ecologd3, 2935-2953.

GEERVLEET, J. B. F., \ET, L. E. M. & DICKE, M. (1994). Volatiles from damaged plants as a
major cues in long-range host-searching by theialsgarasitoid Cotesia rubecula.
Entomolgia Experimentalis et Applicai&, 289-297.

JEPSON P. C. (1989). The temporal and spatial dynamiigeesticide side-effects on non-
target invertebrate$n: Jepson P.C. (Ed.), Pesticide and Non-targethwbrates.
Intercept, Wimborne95-127.

Ju, G. D. & WAAGE, J. K. (1990). The effect of insecticides on tistribution of foracing
parasitoidsDiaeretiella rapagHym.: Braconidae) on plant&Entomophaga5, 49-
56.

JOHNEN, A., WILLIAMS , I. H., FERGUSON A. W., BUCHS, W., KLUKOWSKI, Z., LUK, A.,
NiLssoN, C. & ULBER, B. (2006). MASTER: construction of phenologicaldels of
key parasitoids in Europe and prospects for spiagows compatible with their
conservation in winter oilseed rafggD-Rom Proceedings of the International
Symposium "Integrated Pest Management in Oilsege Rasts"”, Goettingen,
Germany, 3-5 April 2006

JONSSON, M. & ANDERSON, R2008). Emission of oilseed rape volatiles afteigm beetle
infestation; behavioural and electrophysiologiesiyonses in the parasitéttiradis
morionellus. Chemoecolody’,201-207.

KLUKOWSKI, Z., TWARDOWSKI, J. & IRZYKOWSKI, M.(2006). The impact of insecticide
application and timing on parasitoid activity aesdls of parasitisnCD-Rom
Proceedings of the International Symposium "IntégdePest Management in Oilseed
Rape Pests", Goettingen, Germany, 3-5 April 2006.

KNUDSEN, J.T., ERIKSSON, R. & GERSHENZON, (2006). Diversity and distribution of
floral scentThe Botanical RevieW®l, 1-120.

KOMEzA, N., FOUILLET, P., BOULETREAU, M. & DELPUECH J. M. (2001). Modification, by
the Insecticide Chlorpyrifos, of the Behavioral Resse to Kairomones of a

62



Chapter Il

Parasitoid Wasp, Leptopilina boulardrchiv Environmental Contamination and
Toxicology41,436-442.

LANGLEY, M. & STARK, J. D. (1996). Analytical Techniques for quantifyidirect, residual
and oral exposure of an insect parasitoid to arm@yghosphate Insecticidgulletin
of Environmental Contamination Toxicolo§y, 683-690.

LONGLEY, M. & JEPSON P. C. (1996). The influence of insecticide resglon primary
parasitoids and hyperparasitoid foraging behaviotie laboratoryEntomolgia
Experimentalis et Applicatél, 259-269.

MATTIACCI, L., RoccA, B. A., SASCIGHINI, N., D"ALESSANDRQ M., HERN, A. & DORN, S.
(2001). Systemically induced plant volatiles enditée the time of "dangerdournal
of Chemical Ecolog®7,2233-2252.

MENZLER-HOKKANEN, |., HOKKANEN, H. M. T., BJCHS, W., KLUKOWSKI, Z., LUK, A.,
NiLssoN, C., UBER, B. & WiLLIAMS, I. H. (2006). Insect problems in European
oilseed rape cultivation, and how to deal with théme OSR framers perspective.
|OBC/wprs Bulletin29,91-94.

MumMm, R., HRANK, K., WEGENER R., SHULZ, S. & HLKER, M. (2003). Chemical
analysis of volatiles emitted Binus sylvestrigfter induction by insect oviposition.
Journal of Chemical Ecolog®9, 1235-1251.

NOTTINGHAM, S. F., BRDIE, J., DAWSON, G. W., HCk, A. J., RCKETT, J. A., WADHAMS, L.

J. & Woobpcock C. M. (1991). Behavioral and electrophysiologiesponses of
aphids to host and nonhost plant volatiksirnal of Chemical Ecology7, 1231-
1242.

PARE, P. W. & TUMLINSON, J. H. (1997). Induced synthesis of plant volati¢ature385, 30-
31.

PICHERSKY, E. & GERSHENZON, J2002). The formation and function of plant voksil
perfumes for pollinator attraction and deferGerrent Opinion in Plant Biolog$,
237-243.

POTTING, R.P.J., VET, L.E.M. & DICKE, M1995). Host microhabitat location by stem-borer
parasitoidCotesia flavipesThe role of herbivore volatiles and locally and
systemically induced plant volatile®ournal of Chemical Ecologdl, 525-539.

RICHTER, E. (2006). A method to prove long term effectsebnicotinoids on whitefly
parasitoidslOBC/wprs Bulletin29, 61-65.

ROSELAND, C. R., B\TES, M. B., CARLSON, R. B. & GseTq C. Y. (1992). Discrimination of
sunflower volatiles by the red sunflower seed weEvitomologia Experimentalis et
Applicata62,99-106.

SCHULD, M. & SCHMUCK, R. (2000). Effects of Thiacloprid, a New Chlorcotiny|
Insecticide, On the Egg Parasitdidchogramma cacoecia&cotoxicology9, 197-
205.

TAKABAYASHI, J., DICKE, M. & POSTHUMUS, M.A.(1994). Volatile herbivore-induced
terpenoids in plant-mite interactions: Variatiomsead by biotic and abiotic factors.
Journal of Chemical Ecolog0, 1329-1354.

THIERY, D. & VISSER J. H. (1986). Masking of plant odour in the oitag orientation of the
Colorado potato beetlEntomologia Experimentalis et Applicada, 165-172.

TomizawA, M. & CAsIDA, J. E. (2005). Neonicotinoid Insecticide Toxicotolylechanism of
Selective ActionAnnual Review Pharmacology Toxicolodfy, 247-268.

TRrRAN, D. H., TAKAGI, M. & TAKASU, K. (2004). Effects of selective insecticides arsh
searching and oviposition behaviord¢ochrysocharis formoga@vestwood)
(Hymenoptera: Eulophidae), a larval parasitoichef American serpentine leafminer.
Applied Entomology Zoolo@##, 435-441.

TURLINGS, T.C.J., TUMLINSON, J.H. & LEWIS, W.J. (20). Exploitation of herbivore-
induced plant odors by host-seeking parasitic weSgpence250,1251-1253.

63



Chapter Il

TURLINGS, T. C. J., TMLINSON, J. H., HEATH, R. R., ROVEAUX, A. T. & DOOLITTLE, R. E.
(1991). Isolation and identification of allelocheas that attract the larval parasitoid,
Cotesia marginiventrigCresson), to the microhabitat of one of its hokisirnal of
Chemical Ecology 7,2235-2251.

ULBER, B. (2003). Parasitoids of Ceutorhynchid stem wedw: D.V. Alford (ed) Biocontrol
of Oilseed Rape Pests. Blackwell Publishing, Oxfold, 87-95

ULBER, B., NTzscHE, O. & WEDEMEYER, R. (2006). Phenology of tersilochine parasitaids
Germany and prospects for spray windows compatititetheir conservatiorCD-
Rom Proceedings of the International Symposiunmegrdted Pest Management in
Oilseed Rape Pests", Goettingen, Germany, 3-5 2006

UMORY, P. A, BWELL, W. & CLARK, S. J. (1996). Effect of pirimicarb on the foragin
behaviour oDiaeretiella rapagHymenoptera: Braconidae) on host-free and infeste
oilseed rape plant8ulletin of Entomological Resear@t, 193-201.

VENANCIO, W. S., FODRIGUES M., BEGLIOMINI, E. & Souza, N. D. (2003). Physiological
effects of strobilurin fungicides on plant$EPG Ci. Exatas Terra, Ci. Agr. Eng.,
Ponta Gross&, 59-68.

VET, L.E.M. & DICKE, M. (1992). Ecology of infocheieal use by natural enemies in a
tritrophic contextAnnual Review Entomolo@y, 141-172.

VET, L. E. M., DNG, A. G. D., RANCHI, E. & PapAy, D. R. (1998). The effect of complete
versus incomplete information on odour discrimimatin a parasitic wasg\nimal
Behaviours5,1271-1279.

VINSON, S. B. (1998). The general host selection behawbparasitoid Hymenopteran and a
comparison of initial strategies utilized by larx@gous and oophagous species.
Biological Controll1, 79-96.

WEISSBECKER B., HOLIGHAUS, G. & SCHUTZ, S. (2004). Gas chromatography with mass
spectometric and electroantennographic detectimalysis of wood odorants by direct
coupling of insect olfaction and mass spectromdwyrnal of Chromatography A
1056,209-216.

WILLIAMS, I.H., BUCHS, W., HOKKANEN, H. MENZLER-HOKKANEN, |. JOHNEN, A.;
KLUKOWSKI, Z.; LUIK, A.; NILSSON, C. & ULBER, B. (05). MASTER-Integrating
biological control within IPM for winter oilseedpa across Europ@roceedings of
the BCPC International Congress, Crop Science &hetogy, Glasgow, 31
October- 2 November 2005, 301-308.

WiLLamS, L. & PRICE, L. D. (2004). A space-efficient contact toxiciiypassay for minute
Hymenopteran, used to test the effects of novelcamdentional insecticides on the
egg parasitoidénaphes iol@andTrichogramma pretiosunBioControl49, 163-185.

64



Chapter IV

Effect of insecticides on parasitism of stem miningests and migration of
tersilochine parasitoids on winter oilseed rapeRrassica napusL.)

Abstract

Rape stem weeviCeutorhynchus napand cabbage stem weew, pallidactylusare major
pests of winter oilseed rapBrassica napus..) in Europe. Control practices are mainly based
on broad spectrum insecticides that are often eppibutinely and without regard to pest
control thresholds. Their extensive usage mightehavstrong negative impact on natural
enemies. The stem-mining larvae ©f napi and C. pallidactylusare parasitized by the
specialist larval endoparasitoid®rsilochus fulvipeandT. obscuratoyrespectively.

In 2007 and 2008, we evaluated two insecticides sistemic neonicotinoid thiacloprid and
the contact pyrethroid lambda-cyhalothrin for theffects on parasitism and migration
behaviour ofT. fulvipesand T. obscurator.In randomized field plot experiments, the
insecticides were applied either at full recommehfitdd dose rates or at 50% reduced rates,
both before and after the main immigration periddecsilochine parasitoids into the crop of
oilseed rape. Migration flight directions of teosihine parasitoids to and from crops of
oilseed rape were determined by using double-sidathise-traps, placed at the edges of
insecticide treated and untreated crops.

The level of parasitism of. napi and C. pallidactylusby T. fulvipesand T. obscurator
respectively, ranged between 7.7 — 16.3% and 0.3%28respectively. Parasitism was not
significantly affected by any of the tested insade treatments. Measures to protect
parasitoids, such as the application of systensedticide, reduction of field dose rate and
early spraying before immigration of tersilochinargsitoids did not increase parasitism,
compared to spraying full doses at main period avhgitoids activity. Parasitoids responded
to insecticide application by increased emigrafimm the treated field and rapid reinvasion
as compared to untreated fields. Further, duedi tertical distribution at the bottom of the
crop, they may be protected from insecticide sprays

This knowledge may help to conserve parasitoids aray improve the integration of

chemical and biological control in IPM strategies ¢ontrolling pests on oilseed rape.
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Introduction

The rape stem weeviC. napi Gyll. and the cabbage stem wee€l, pallidactylus(Mrsh)
(Col.: Curculionidae) are major pests of wintessedd rapeBrassica napud. var. oleifera
Metzg. in Central and Northern Europe (Alford et &003). Females lay their eggs into
stems and into petioles and midribs of leaves,eesgely (Alford et al., 2003; Dechert &
Ulber, 2004). The larvae of both species mine witie pith of host plants. Mature larvae
migrate to soil for pupation. The stem-mining lavaf C. napi and C. pallidactylusare
commonly attacked by the specialist, univoltine,inkiiont parasitoids Tersilochus
obscuratorAub. andT. fulvipesGrav. (Hym.: Ichneumonidae), respectively (UlbedP32).
Female parasitoids lay their eggs through the ¢isfistems and petioles singly into the host
larvae. When the full-grown host larva has left pitent to pupate in soil, the parasitoid larva
develops rapidly and kills the host prepupae. THeltaparasitoid diapauses in its pupal
cocoon until it emerges in the following spring ragrate to the new oilseed rape crops
(Ulber, 2003). In the literature, levels of parasit of C. napiandC. pallidactylus have been
reported to range between 0% — 98% and 6% - 548peatively (Jourdheuil, 1960; Sedivy,
1983; Ulber, 2003).

Current control practices of pests on oilseed rape mainly based on broad spectrum
synthetic insecticides, which are often appliedtirmly and prophylactically without regard
to pest control thresholds, thereby reducing trenemic profitability of the crop (Williams
2004). Three to four insecticide treatments areliegppcommonly to the crop in autumn,
spring and summer (Menzler-Hokkanen et al., 2086 quent pyrethroid applications have
recently caused widespread resistance of polletielsea many European countries (Hansen,
2003; Wegorek & Zamojska, 2006, Miuller et al., 200Burther, insecticides may harm
natural enemies of pests. The main period of dgtiof tersilochine parasitoids (except
Tersilochus microgastgroccurs in the late bud stage up to the end ofdiing of oilseed
rape (Johnen et al.,, 2006; Ulber et al., 2006).rdfloee, insecticides applied during this
period might have negative impact on natural cdmf@est populations by their parasitoids.
Adult parasitoids can be exposed to insecticidaysgdroplets (Croft & Brown, 1975; Jepson,
1989) or to insecticide residuals when foragingtbe plant surface (Longley & Jepson,
1996a) or through contact and feeding on contaméhatater droplets and nectar (Longley &
Jepson, 1996b). The effect of insecticides on jgardspopulations may be affected by the
mode of action, dosage, persistency and tempodaspatial application (Alford et al., 1992,
Jepson, 1989; Poehling, 1989).
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Harmful effects of insecticides on natural enemiesluding parasitoids, might be avoided by
applying more selective insecticides (lwata et H.85; Brunner et al., 2001). In particular,
systemic insecticides, e.g. neonicotinoids and thmeitabolites, are quickly absorbed by the
plant tissue and therefore claimed to be fairlye daf beneficial insects foraging on the plant
surface (Stapel et al, 2000).

Further, application of insecticides at reduceded@des and before the main activity period
of natural enemies might help to conserve paratston the crop (Poehling, 1989; Longley et
al., 1997; Booth et al., 2007).

Previous studies on the effect of insecticides aragitoids of pests on oilseed rape have
shown that the number of adult parasitoids mayeoeced by application of the pyrethroids
tau-fluvalinate and lambda-cyhalothrin (KlukowsRQ06), by organochlorine insecticides
(Winfield, 1963) and by the organophosphate fethiom (Hokkanen, et al., 1988), compared
to untreated plots. Parasitism Gfeutorhynchus assimiliby Trichomalus perfectusvas
affected by triazophos, while alpha-cypermethrinswass harmful (Alford et al., 1992;
Murchie et al., 1997).

The aim of this study was to evaluate in field expents the effect of two insecticides, the
systemic neonicotinoid thiacloprid and the contastrethroid lambda-cyhalothrin on
parasitism and migration behaviour Bf fulvipesand T. obscurator The insecticides were
applied either at the full recommended field dcse pr at 50% reduced rate, both before and

after main immigration of tersilochine parasitod® the crop.

Material and Methods

Design of field experiments

Field plot experiments were conducted in the yeid72and 2008 in crops of oilseed rape
close to Goettingen (Germany). In each year, teattments were arranged in a randomized
block design with four replicated plots (15m * 16af)each treatment. The pyrethoid lambda-
cyhalothrin (Karate Zeon, 100g a.i./l) and the nemtmoid thiacloprid (Biscaya, 240g a.i./l)
were applied at 100% and 50% of the recommendddi diese rate, respectively, with 240
I’lha of water. The first application was carried bafore the main immigration of parasitoids
at early flowering (BBCH 61/62) and the second mapibn at peak activity, during mid to
end of flowering (BBCH 65/69). Four plots were kepttreated as control. In total, nine

different treatments were compared in each expatme
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Level of parasitism

The effect of insecticide application on the lewddl larval parasitism ofC. napi and

C. pallidactyluswas determined from samples of 20-25 plants delteat random from each
plot in May, before mature host larvae started tmgraie to soil for pupation. In the
laboratory, stems and lateral recames were cuttiadigal to collect the larvae. The mean
number of larvae sampled for dissection ranged &atw49 and 408 larvae/treatment (mean
114 larvae/ treatment). They were stored in 70%aithand later dissected in a drop of water
under a stereo microscope. Larvae were cut offguairfine needle, and the body contents

were teased apart to detect parasitoid eggs @darv

Phenology of adult parasitoids

The phenology of parasitoids was monitored by usiellpw water traps (33 x 26 x 6 cm)
that were filled with 1.5 litres of water and a feWops of detergent. Four traps were exposed
10 meter from each field edge and were emptieckttimees per week from March till June.

The vertical distribution of parasitoids within tiseop canopy of an untreated oilseed rape
field was determined by using eight yellow wateaps. For trapping parasitoid species
foraging on the level of buds and flowers, trapghtwas raised to the top of the canopy as
the crop grew. For parasitoids foraging on stentslaeaves four traps were placed at ground
level. Traps were emptied weekly during the mairniqaeof parasitoid activityrom 17 April

to 19 May 2009. All insects caught were stored o7Ethanol and later identified by using
keys of Horstmann (1971; 1981).

Directional migration of adult parasitoids

The flight direction of parasitoids to and awaynfr@an insecticide-treated and untreated field
was assessed following the second insecticidentiexait Four double-sided malaise traps
were established around an insecticide-treatedaandntreated field of oilseed rape, one at
each side close to the field border. Traps wereemgrlof fine black nylon net with sloping
roof, a central vertical partition, and open sidBsey were arranged with their longitudinal
axes parallel to the circumference of the fielde Tateral openings were on average 160 cm
long sloping from 75 to 85 cm high. A central lotogiinal partition divided the trap into two
halves, each surmounted at its highest point bylkating bottle. The parasitoids flew
through the opening into one half of the trap ara@d up the central netting, where they
were trapped in one of the two collecting bottl€se distal half of each trap sampled the
insects flying towards the oilseed rape field, veasrthe proximal half sampled parasitoids
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flying away from the field. Parasitoids were captliroy malaise traps during their main
activity period and when insecticides were appbetiveen 27 April and 19 May 2008. They
were collected daily between 08:00 and 10:00 atom feach trap. Parasitoid samples were
conserved in 70% Ethanol and later identified aodnted. Identification followed keys of
Horstmann (1971, 1981).

Statistical analysis

All data were proofed for normal distribution by Ikemgorow-Smirnov test. When a normal
distribution existed the data were subjected to AMAQdifferences between means<®.05)
were evaluated by Tukey-HSD test. For estimatinffedinces between the vertical
distribution of parasitoids, the paired t-test vegplied. RM-ANOVA was used to evaluate
significant differences between the cumulative namlof parasitoids in double-sided malaise
traps. Statistical analyses were performed by <Sitzi(Version 8).

Results

Phenology of adult stem weevils and their parasi$oi

In 2007, the immigration of. napiandC. pallidactylusstarted between 4 to 6 March. Peak
activity of adults was recorded on 14 March, wid65 and 178 weevils/trap, respectively.
First adults ofT. obscuratorand T. fulvipeswere captured on 6 March and 12 March,

respectively, with peak activity occuring on 10 Affig 1).

In 2008, first adults o€. napiandC. pallidactyluswere caught on 31 March and 29 April,
respectively. Peak activity d. napi(38 weevils/trap) an€. pallidactylus(9 weevils/trap)
was found on 21 April and 29 April, respectivelyirsE adults and peak activity ofF.
obscuratorandT. fulvipeswere observed in yellow water traps on 23 Apiit) (&.
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Fig 1: Mean number of adult fulvipesandT. obscuratorcaught in yellow water traps on a
crop of oilseed rape in 200f = date of insecticide application.
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Fig 2: Mean number of adult fulvipesandT. obscuratorcaught in yellow water traps on a
crop of oilseed rape in 2008~ date of insecticide application.
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Larval abundance and parasitism©f napiby T. fulvipes

In 2007 and 2008, the insecticide treatments hagigmificant effect on the abundance of
C. napilarvae (Fig 3 and 4). Mean number of host larvaepfsnt amounted to 4.6 + Oahd
0.84 * 0.35, respectively. The level of parasitisas not significantly affected by any of the
tested insecticide treatments. The insecticide a@amng, the dose rate and the time of
application had no significant effect on the lee¢lparasitism (Fig 3 and 4). The overall
percentage of larval parasitism 6f napiin 2007 and 2008 was 11.3+1.85% and 12.5+4.9

%, respectively.

% parasitism

0 2 4 6 8 10 12 14 16 18

untreated _P_‘ A
thiacloprid, 50% early flowering —'P_( A
thiacloprid, 100% early flowering J—_‘A '
thiacloprid, 50% late flowering J__{ A la
thiacloprid, 100% late flowering J—_{ A '
lambda-cyhalothrin. 50% early flowering -'P_( A
lambda-cyhalothrin. 100% early flowering -'P_{ A |

lambda-cyhalothrin, 50% late flowering J—_{ A —la
lambda-cyhalothrin, 100% late flowering H_{ A 1a
f T T T T T T T T
0 2 4 6 8 10 12 14 16 18
larvae / plant

I larvae / plant
[ % parasitism

Fig 3: Mean larval abundance (+ SE) ©f napi and mean level of parasitsm (+ SE) in
oilseed rape plots following different insecticitteatments in 2007. Thiacloprid or lambda-
cyhalothrin was applied at full dose rate (100 %)re@duced dose rate (50 %) in early
flowering or late flowering. Means followed by tlsame upper/lower case letters are not
significantly different. Larvae/ plant: ANOVA; TulkeHSD; n = 36; F = 0.47; p > 0.05.
Percent parasitism: ANOVA; Tukey HSD; n = 36, F.6;® >0.05 .
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% parasitism
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Fig 4: Mean larval abundance (+ SE) ©f napi and mean level of parasitsm (+ SE) in
oilseed rape plots following different insecticitteatments in 2008. Thiacloprid or lambda-
cyhalothrin was applied at full dose rate (100 %)re@duced dose rate (50 %) in early
flowering or late flowering. Means followed by tlsame upper/lower case letters are not
significantly different. Larvae/ plant: ANOVA; TulkeHSD; n = 36; F = 0.63; p > 0.05.
Percent parasitism: ANOVA,; Tukey HSD; n = 36, F.25) p >0.05 .

Larval abundance and parasitism©f pallidactylusy T. obscurator

In 2007, the mean number Gf pallidactyluslarvae/plant was significantly lower in plots
treated at early flowering with 100% of the reconmahed dose rate of thiacloprid (1.6 = 0.55)
than in plots treated at flowering with 50% of tieeommended dose rate of thiacloprid (6.8 £
1.05). The mean number of larvae per plant waxz4.25(Fig 5). The level of parasitism of
C. pallidactylusby T. obscuratorwas not significantly different between insecteitteated
and untreated plots, between plots treated witkctbprid or lambda-cyhalothrin and between
the tested application rates (100 % vs. 50 % afmenended dose rate) or application dates
(bud stage vs. flowering) (Fig 5). In 2007, mearelef parasitism was 20.7% * 3.6. In 2008,
the level of infestation b¢. pallidactyluslarvae was too low for obtaining reliable reswlts

effects of insecticide application on parasitism.
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% parasitism
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Fig 5: Mean larval abundance (+ SE)@fpallidactylusand mean level of parasitism (+ SE)
in oilseed rape plots following different insedtiei treatments in 2007. Thiacloprid or
lambda-cyhalothrin was applied at full dose raf@(%) or reduced dose rate (50 %) in early
flowering or late flowering. Means followed by tlsame upper/lower case letters are not
significantly different. Larvae/ plant: ANOVA; TukeHSD; n = 36; F = 3.0; p > 0.05.
Percent parasitism: ANOVA; Tukey HSD; n = 36, F.&;® >0.05 .

Vertical distribution of adult parasitoids withimé crop canopy

Adult females ofT. fulvipesand T. obscuratorwere more abundant in yellow water traps
placed at soil level than in traps placed on toghaf crop canopy (Fig 6). There was no
significant difference between numbers of mBldulvipescaught at different heights of the

crop canopy.
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T. fulvipes f. n=37*%
T. fulvipes m. n=23n.s.
T. obscurator f. n=23%
T. obscurator m. - n=18*
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% adult parasitoids
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Fig 6: Mean proportion of female and malefulvipesandT. obscuratorcaught in yellow
water traps at the top of the crop canopy andatrgt level of oilseed rape; trapping period
17 April — 19 May 2009* = significant difference (paired t-test<®.05). (m = male, f=
female)

Migration flights of femald. obscuratoandT. fulvipestowards and away from insecticide
treated and untreated crops of oilseed rape

The cumulative numbers of female obscuratoras assessed by using bi-directional malaise
traps, differed significantly between emigratiomdammigration flights. In the untreated field
the number of parasitoids flying towards the cragswgreater than the number of parasitoids
flying away from the field (Fig 7). In contrast, ithe insecticide-treated field the emigration

prevailed over the immigration during seven dayie¥ang treatment (Fig 8).
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Fig 7: Cumulative number of female obscuratorcaught in directional malaise traps placed
around the border of untreated and treated oilsm®el fields in 2008. Different letters
indicate significant differences, RM-ANOVA;$0.05,| = date of insecticide application
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Fig 8: Daily numbers of femalk. obscuratorcaughtin directional malaise traps, placed
around the border of an untreated and treatededilszpe field in 2008, = date of insecticide
application.
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Similarly, emigration flights ofl. fulvipesdiffered between untreated and insecticide-treated
crops of oilseed rape. Significantly more adUltfulvipesemigrated from the insecticide-
treated field than from the untreated field. Thamigration flights were not significantly

different between insecticide treated and untrefdats (Fig 9).

Captures ofT. fulvipesincreased after insecticide application; emigratilights prevailed
over immigration flights in the treated field. Saveays after treatment, the number of

captured parasitoids decreased (Fig 10).
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Fig 9: Cumulative number of female fulvipescaught in directional malaise traps placed
around the border of an untreated and treatededilszpe fields in 2008. Different letters
indicate significant differences, RM-ANOVA;$0.05,| = date of insecticide application.
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Fig 10: Daily numbers of female fulvipescaught in directional- malaise traps placed around
the border of an untreated and treated oilseedfigde in 2008, = date of insecticide
application.

Discussion

The period of main activity of tersilochine paragis (excepfl. microgastey in crops of
winter oilseed rape commonly persists from the baté stage until the end of flowering, with
peak activity at full flowering (Johnen et al.,, B)OUIlber et al., 2006). Consequently,
insecticide applications during flowering might kawdetrimental effects on parasitoid
populations. In contrast to this expectation, s 8tudy the level of parasitism of stem weevil
larvae was not significantly affected by insectcigpplication neigher by early application
nor by spraying at the end of flowering. In earbtmdies, application of pyrethroid sprays at
flowering of oilseed rape as well had no negatitect on levels of parasitism &. napiand

C. assimilis (Winfield, 1963; Klukowski, 2006)

The choice of selective insecticides is an impdrsa@p to conserve populations of beneficial
species in IPM systems. Many pyrethroids are knawhave a broad-spectrum activity on a
large variety of herbivores and natural enemiessif@aet al., 1983)In contrast, systemic
insecticides and their metabolites are claimedettably safe for beneficials, because they are
quickly absorbed from the plant surface into thesue, thereby minimizing detrimental

effects on beneficial insects (Stapel et al., 20D@mnizawa & Casida, 2005). It has been
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reported in the literature that thiacloprid has persistent effect on the egg parasitoid
Trichogramma cacoeciaandEncarsia formosdSchuld & Schmuck, 2000; Richter, 2006).
Reduction of parasitism of cabbage stem weevil danafter application of lambda-
cyhalothrin ranged between 6.5% and 10.4% (Klukowskl., 2006). However, in our study
the level of parasitism was not increased in pldaregated with thiacloprid as compared to
lambda-cyhalothrin.

Another approach for increasing the selectivitpesticides is the application of reduced dose
rates (Poehling, 1989; Longley et al., 1997; Boaithl., 2007). Although reduced dose rates
may provide only partial control of the primary fgsthey can contribute substantially to
conservation of natural enemies (Ripper, 1956hal been proved in various studies that
reduced rates of insecticides can provide sufficcemtrol of pests (Ripper, 1956; Poehling,
1989; Acheampong & Stark, 2004; Booth et al., 2007)our study, reduced dose rates of
lambda-cyhalothrin and thiacloprid did not increéise parasitism byl. obscuratorandT.
fulvipesas compared to full dose rates. In plants treatiéd twe full dose of thiacloprid and
lambda-cyhalothrin, the level of parasitism wasreskghtly higher than at 50% reduced dose
rates. This may have resulted from stimulatorya$f@f low-level residuals of insecticides on
surviving parasitoids which might have induced hgptvity of the tested species, thereby
increasing the level of parasitism. A short-ternmdfé¢ of hyperactivity on host finding and
oviposition has been suggested by Rafalimanan& €@2) when exposing the parasitoid
Leptopilina heterotomato sublethal doses of chlorpyrifos. The parasitéghidius
rhopalosiphigroomed more actively and rested less frequemtlg@tamethrin residues than
on insecticide-free plants (Longley & Jepson, 1996@mn plants treated with permethrin the
parasitoidDiaeretiella rapaespend a greater proportion of their time walkingjcka may be
due to the locomotory stimulation by the inseciec{diu & Waage, 1990). Hyperactivity of
insects has also been observed by other authdogviiod) application of insecticides (Wiles &
Jepson, 1994; Bayley & Baatrup, 1996; Umoru etl@96; Singh et al., 2001; Prasifka et al.,
2008). This effect may be due to amplification trinsilus perception by continued firing of
synapses (Rafalimanana et al., 2002).

In addition to insecticide effects, the level ofgstism can also be affected by responses of
parasitoids to host density. In literature reviesws@amining the impact of host density on
parasitism rates, 48-66% of studies provided ewiddor density dependence, and in about
half of these there was direct rather than inveesesity dependence (Lessells, 1985; Stiling,
1987; Walde & Murdoch, 1988). In our study, theitignof insecticide treatment was related
to the period just before and during the main agtiof adult parasitoids. In order to

78



Chapter IV

guarantee a sufficiently high infestation of hasthe for analyses of parasitim, treatments
were applied 3-4 weeks following the main ovipasitiperiod of theCeutorhynchidstem
weevils. As the number of endophagous stem weawibe per plant was only little reduced
by any of the insecticide applications, parasitgas not influenced by density-dependence.
The exposure of nontarget insects to residualsootact insecticides is influenced by the
persistence and distribution of the chemical conmgowithin the crop canopy and by the
foraging behaviour and vertical distribution of timsect species. In our study, significantly
higher numbers of. fulvipesandT. obscuratorwere caught in yellow water traps placed at
ground level than at the flower levél higher abundance of parasitoids attacking tleenst
weevils on leaves and stems of oilseed rape was @iserved by Nitzsche (1998). This
vertical distribution of adult parasitoids withihet crop may have provided a behavioural
refuge from the insecticide sprays and residuesdi&t using fluorescence spray tracers
showed that the pesticide deposition in crops tskeed rape declined from the top of the
canopy to the ground level (Goltermann, 1995). daposition of insecticides in dense crops
was only 18% close to the soil level, whereas 440%%he dose applied was deposited down
to soil level in thin oilseed rape crops (Goltermari995). This effect is influenced by
application rates and spray volumes, environmaatadlitions, growth stage and crop density
(Cilgi & Jepson, 1992). Reduced side effects otatisides on natural enemy populations
have also been observed when these were appligdbeinate-whorl stage of maize as
compared to the mid-whorl stage. Plants in thewdterl stage reduced the spray penetration,
thereby providing a better physical refuge witlie trop (Armenta et al., 2003).

Adult parasitoids responded to insecticide appgbeaby changing their dispersal behaviour.
Emigration flights ofT. fulvipesand T. obscuratorfrom the insecticide treated field were
more frequent than immigration flights, whereasthe untreated field immigration flights
prevailed during the total observation period. Aslubf T. fulvipesand T. obscurator
recolonized the treated field about one week pesitrinent. Significantly higher numbers of
emigration flights from treated plots following éddicide application indicated repellent
effects on adult parasitoids. This was confirmeditloy dual-choice tests in the laboratory:
fresh residues of thiacloprid on oilseed rape lsavere repellent t&. obscuratofNeumann

& Ulber, pers. comm.). However, no repellency wasnd on two days old residues of
thiacloprid. In contrast, residues of lambda-cyttaia did not significantly change the
residence time ofl. obscuratoron treated oilseed rape leaves (Neumann & Ulbers.p

comm.).

79



Chapter IV

A similar pattern of reinvasion of oilseed rapetpléollowing the decline of insecticide
activity was also found witArichomalus perfectusvhen exposed to triazophos residues
(Murchie et al., 1997). Similarly, residues ofnvalerate, pirimicarb and deltamethrin on
winter wheat caused a temporally limited decreatdhe activity of aphid parasitoids
(Borgemeister, 1992; Longley et al.,, 1997). Apgima of carbamate, pyrethroid and
organosphosphate insecticides resulted in a redalma@adance of insect natural enemies for a
period of 8 to 15 days (Armenta et al., 2003). dwlhg application of tau-fluvalinate and
lambda-cyhalothrin, the abundance Tofobscuratorand T. fulvipeswas reduced even two
weeks after the treatment as compared to untresit@eér oilseed rape plots (Klukowski et
al., 2006). The longer avoidance of parasitoidéofahg treatment compared to our study
may be due to the larger plots size (30 x 30 meter)

Rapid re-invasion of insecticide treated plots lyagitoids can be due to small experimental
plots (Brown, 1989; Jepson, 1989; Cilgi & Jepso®92). This is particularly the case in
parasitoids showing a high dispersal ability (Snedrtal., 1989). Because of the rapid re-
invasion following insecticide treatment, small tslare only suitable for short-term scale
monitoring studies (Jepson, 1989). This so calleatizontal recruitment” may be influenced
by landscape characteristics, (Thies & Tscharnt®9; Zaller et al., 2009), pesticide drift
into adjacent non-target areas, (Langhof, 2008ntpstage (Winfield, 1963) and availability
and distribution of the prey (Waage, 19890 reduce the impact of recolonisation of
parasitoids in studies on long-term effects of atiseles, large scale plots are needed.

The level of parasitism of stem mining weevils wen significantly reduced by insecticide
treatments, therefore insecticide application arrdtgetion of parasitoids is possible.
Measures aimed to protect parasitoids, such ascapiph of systemic insecticides, reduction
of dose rates and early spraying before immigradibparasitoids into the oilseed rape crop,

did not increase parasitism.
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Impact of insecticide treatments on mortality, paraitism and host location
of parasitoids attacking pollen beetle larvae

Abstract

The pollen beetldyleligethes aeneus., is one of the most important pests on oilsepe in
Europe. To prevent damage to the crop severaltioghe treatments are applied each year.
The extensive use of pyrethroid insecticides haslted in resistance of pollen beetles to this
chemical group. In addition, extensive use of itisgetes can cause harmful, undesirable side
effects on natural enemies. Eggs and larvae oépdiketles are commonly parasitized by the
specialist endoparasitoitfhradis interstitialisandTersilochus heterocerus Europe.

In field experiments, the effect of the contact gigroids lambda-cyhalothrin and tau-
fluvalinate and the systemic neonicotinoid thiacibpon the level of parasitism of pollen
beetle larvae was investigated in 2006 to 200&disdes were applied before and after the
main immigration of parasitoids into the oilseepedield, at both the recommended field
dose rate and at 50% reduced dose rate. In lalvprassays, the effects of insecticide
residues on mortality and host locatiorPofnterstitialisandT. heterocerusvere studied.

In field experiments, the application of thiaclapand tau-fluvalinate significantly reduced
the level of parasitism compared to untreated pieksle treatments with lambda-cyhalothrin
had no significant effect on parasitism. Insectcibsage and time of application did not
significantly affect the parasitism. Parasitismadifficially exposed pollen beetle larvae was
only reduced for 3 to 5 days post treatments aad ificreased again.

In laboratory dose-response tests, lambda-cyhatotbas more toxic td°. interstitialisand

T. heterocerushan tau-fluvalinate and thiacloprid. In two-cheiests, femal®. interstitialis
spent significantly less time foraging on budstedawith thiacloprid and tau-fluvalinate than
on untreated buds, indicating a repellent effecthaise insecticides. On buds treated with
lambda-cyhalothrin, the residence time was not geducompared to untreated buds.
Although lambda-cyhalothrin proved to be more tpxio effect on levels of parasitism of
pollen beetle larvae was observed in the field. ¢arservation of parasitoids, the choice of
selective insecticides can be more appropriate tharapplication of reduced dose rates or
using temporal spray windows. This study demorsdrahat in addition to toxicity of
insecticides, behavioural effects of insecticidesedh to be considered. Repellency of
insecticides has potential to reduce parasitismweal. Strategies improving survival of
natural enemies, which might reduce the need femutal control of pollen beetles are

discussed.
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Introduction

The pollen beetleMeligethes aeneus. (Col., Nitidulidae) is one of the most damaguests

of oilseed rape in Europe. Adult pollen beetlesratig to the crop when the temperature rises
above 12-15°C in spring (Nilsson 2003). Femalepasite into buds that are at least 2-3 mm
large. The adults and the two larval instars feegbollen in buds and flowers. Mature larvae
drop to the soil for pupation; new-generation leegmerge 40 — 50 days later (Nilsson,
1988). There is only one generation per year. Nemegation beetles overwinter in woodland
litter (Nilsson & Andreasson, 1987). The oilseegeaarop is most susceptibel to pollen
beetles during the early bud stage and becomesdest#tive as the flowers develop (Alford
et al,, 2003). Commonly one to four insecticideagpr are necessary in order to avoid
excessive crop losses (Menzler-Hokkanen et al.6R0he extensive use of pyrethroids has
led to widespread resistance to these insectidilemany European countries, including
Germany (Heimbach et al., 2006), Denmark (Hanse@3 France (Ballanger et al., 2007)
and Poland (Wegorek & Zamojska, 2006). Consequenthategies of reduced insecticide
usage, as manifested in IPM programs (Kogan, 13#&)pme more important. Integration of
natural enemies is one important step. In Centnabge, the larval endoparasitoiBaradis
interstitialis (Hym., Ichneumonidae) antersilochus heteroceruslym., Ichneumonidae) are
the most important natural enemies of pollen bg@tlgliams 2006). The level of parasitism
by these parasitoids ranges from 10 % to 50 %,s0@oally exceeding 80 % (Nitzsche, 1998;
Buchi, 2002; Nilsson, 2003).

Adult parasitoids migrate to the oilseed rape drogpring, mainly during flowering. They
seek their hosts in the buds and flowers of oilsega to oviposit into the eggs or larvae.
FemaleP. interstitialis parasitizes primarily pollen beetle eggs withieer buds (Osborn,
1960; Winfield, 1963; Nilsson, 2003; Jonsson et 2005), while femalel. heterocerus
preferentially search for second instar larvaes@dh, 2003).

The first parasitoids occured on the crop of odsempe when the cumulative temperature-
sum exceeded 300 day-degrees (Jourdheuil, 196kdiek et al., 1988); this is commonly
coinciding with insecticide applications againstlgro beetle. Avoidance of insecticide use
during the period of main activity in the crop ntighave potential for safe integration of
insecticide use with conservation of parasitoids.

An important component for maintaining populatiafseneficial species in IPM is the use
of selective pesticides and selective applicatibmsecticides. Selectivity may be achieved
by using reduced dose rates (Booth et al., 20679tudies conducted in cereals reduced rates
of insecticides were found to be sufficiently etfee against aphids, while conserving natural
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enemies (Poehling, 1989; Wiles & Jepson, 1995; Boet al., 2007). Application of
insecticide compounds that are selective to pestiep can help to conserve parasitoids in the
crop. The broad-spectrum pyrethroids cyfluthrin damdbda-cyhalothrin are highly toxic to
honey-bees, while the selective pyrethroid taudlinate can be used to control parasitic
mites inside honey bee colonies (Johnson et A§REGurther, systemic insecticides and their
metabolites are claimed to be fairly safe for bemdf insects, because they are quickly
absorbed from the plant surface into the tissuetethy minimizing the effect as contact
insecticides to natural enemies foraging on thetdarface (Stapel et al., 2000; Tomizawa &
Casida, 2005).

Adult parasitoids can be exposed to insecticidaysgdroplets (Croft & Brown, 1975; Jepson,
1989), to dried residues when foraging on plantaser (Longley & Jepson, 1996a; Longley
& Jepson, 1996b) and through feeding on contamihateger droplets and nectar (Longley &
Jepson, 1996a). Various effects of insecticidepamasitoids of pollen beetle have been found
in earlier studies. The abundanceRfmorionellusand T. heterocerusvas reduced after
application of organochlorines (Winfield, 1963). eThpyrethroids deltamethrin and
alphacypermethrin were less harmfuRomorionellusthan the organophosphate fenitrothion
(Hokkanen et al., 1988). Following application a@iffluvalinate the number ¢thradisspp.
was reduced for three days, while lambda-cyhalotbaused a reduction &% interstitialis
until the end of its activity period (Klukowski at. 2006). Application of various insecticides
(azinphos-azinphosmethyl, methoxychlor, permethdiming the bud stage did not have any
impact on parasitism of pollen beetle larvae comgolaito untreated plots. (Nilsson &
Andreasson, 1987).

In addition to increased mortality, sublethal efeof insecticides on the development rate,
reproduction, longevity as well as behaviour ofgs@&pids have been reported by Desneux et
al. (2007). Parasitoids use herbivore-induced plafdtiles for host finding (Vinson, 1998).
Insecticides can interrupt host searching by maskattractive plant odours and/or
interference with the receptors that perceive theuo (Haynes, 1988).

The aim of this study was to analyse the effedwaf pyrethroids (tau-fluvalinate, lambda-
cyhalothrin) and a neonicotinoid (thiacloprid) oarasitism of pollen beetle larvae 1B
interstitialis and T. heterocerudn field experiments. The insecticides were apphdtier at
the full recommended field dose rate or at 50% cedurate, both before and after main
immigration of parasitoids into the oilseed rapepcr The laboratory experiments focused on

the effect of insecticides on mortality and hostreking behaviour of these parasitoids.
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Material and Methods

Field experiments

Field experiments were conducted on crops of allsape close to Goettingen (Germany) in
2006, 2007 and 2008. The field trials were arrangeal randomized block design with four
replicated plots per treatment (2006: 24m * 26nQ722008: 15m * 16m). In addition to the
pyrethroid lambda-cyhalothrin (Karate Zeon, 100g/lg. the pyrethroid tau-fluvalinate
(Mavrik, 240 g a.i/l) and the neonicotinoid thiagtid (Biscaya, 240g a.i./l) were tested in
2006 and 2007/2008, respectively. The insecticidese applied at 100% and 50% of the
recommended field dose rate with 240 I/ha of walée first application was carried out
before the main immigration of parasitoids at edidyvering (BBCH 61/62) and the second
application at peak activity, at mid to end of flenng (BBCH 65/69). Four plots were kept
untreated as control. In total, nine different tme@nts were compared in each experiment

Level of parasitism

In 2006 and 2007, larvae dfl. aeneuswere collected in May from buds and flowers
(Williams et al., 2003) of 20-25 plants per plat. 2008, samples were collected by beating
the larvae from the main raceme into a tray (Whikaet al., 2003). The number of larvae
sampled varied between 30 and 465 larvae/treatntfemtnean number of dissected larvae
was 251. Larvae were stored in 70% Ethanol and thssected in a drop of water under a
stereo microscope The larvae were cut off usingpa eedle, and the body contents were
teased apart to detect parasitoids eggs or larvae.

Semifield experiment

In 2006 and 2007, oilseed rape plants were adificinfested by eggs and larvae of pollen
beetle and exposed to parasitisation in the fidddsp Two adult pollen beetle females and
males were caged for 3 days on the main racemettégoilseed rape plants for oviposition
in the greenhouse. Hatching larvae were rearedouthe 29 instar. Following the late
insecticide application three infested plants wesitioned randomly in each plot for 2 and 3
days. In 2006 and 2007 plants were removed aftéra®id 9 days and after 4, 7 and 10 days,
respectively, following insecticide application andw plants were exposed in each plot for
parasitisation. Pollen beetle larvae were colletech each plant and stored in 70% Ethanol
for dissection as described above.

88



Chapter V

Yellow water traps

The phenology of parasitoids was monitored by usiellpw water traps (33 x 26 x 6 cm)
that were filled with 1.5 litres of water and a feWops of detergent. Four traps were exposed
10 meter from field edges and were emptied threediper week from March till June.

The vertical distribution of parasitoids within tbep canopy was determined on an untreated
oilseed rape field by using eight yellow water gapor trapping parasitoid species foraging
on the level of buds and flowers trap height wasehto the top of the canopy as the crop
grew; for parasitoids foraging on stems and ledwes traps were placed at ground level.
Traps were emptied weekly during the main periogarbsitoid activityfrom 17 April to 19
May 2009. All insects caught were stored in 70%eaBti and later identified by using keys of
Horstmann (1971; 1981).

Traps at solil level

The adult parasitoids and pests that were killegctly by insecticide application were
collected by white trays (13 x 18 cm) placed betbe canopy at ground level. Twenty trays
were exposed randomly in all treated and untreptet$. Twenty-four hours after spraying,
the dead parasitoids and pests were counted.

Two-choice test

Females oP. interstitialisused for the two-choice test were caught by swetfing from an
untreated crop of oilseed rape in April/May. Thegre stored for at least 24h in the
laboratory until they were used for the experimeRt®visional species-level identifications
of live parasitoids were made based on the ovipostorphology. At the end of the
experiment the identification was confirmed by wgsiprecise taxonomic characters
(Horstmann, 1971, 1981). Field-collected buds isf@svith eggs and larvae of pollen beetle
were treated with full doses of lambda-cyhalothriau-fluvalinate and thiacloprid,
respectively, by using a hand sprayer. Treated b@idarious residual age (1hour, 3 days, 6
days) and untreated buds were offered 10 cm aparpetri dish of 15 cm diameter to female
P. interstitialisfor parasitisation. Single females were obsenged5fmin and the residence
time on the buds was measured. Each treatmentepaated 20 - 30 times.

Toxicity test
Adult parasitoids collected by sweep-netting fromusatreated oilseed rape field were tested
for lethal effects of lambda-cyhalothrin, tau-fllimate and thiacloprid. The parasitoids were
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stored for 24h in a climate chamber at 14 °C aptatoperiod 12L:12D. They were provided
with oilseed rape flowers and water before usingtha glass-vial bioassay. The active
ingredients of lambda-cyhalothrin, thiacloprid aad-fluvalinat were diluted in acetone. Pure
acetone was used as control. The dilution (20@va$ pipetted into a glas vial (height 6.5cm,
radius 1.2 cm) and rotated. Following evaporatibthe aceton the inner surface of the vial
was covered homogeneously by insecticide residubds. establish the dose-mortality
relationship, the parasitoids were exposed to seyeto ten different concentrations of the
insecticides. Ten parasitoids (60Po interstitialis,40% T. heteroceruswere released into
each vial. Mortality tests were performed at 14 d@der 12L:12D. Four replicates were
carried out for each concentration of the insetdisi Mortality of adult parasitoids was
determined after 5h.

Statistical analysis

All data were tested for normal distribution usihg non-parametric Kolmogorov-Smirnov-
Test. ANOVA was performed for normal distributedtajadifferences between means were
evaluated by Tukey-HSD test and LSD-test<(j®.05). Non-normal distributed data were
tested for significant differences 0.05) between insecticide treatments using thernvian
Whitney-U test. Paired t-tests were used for egsiirgadifferences between the vertical
distribution of parasitoids. The* test was used for data of the laboratory experime
Statistical analysis was done by STATISTICA Vers&n The data obtained from the glass-
vial bioassays were used for calculation of dospaase-relationships and analyzed by
applying the probit model (PoloPlus, LeOra Softyare

Results

Phenology of adult parasitoids

In 2006, first females oP. interstitialis were captured on crops of oilseed rape on 3 May,
followed by maleP. interstitialisand femalerl. heteroceru®n 5 May. MaleT. heterocerus
colonized the crop on 10 May. Early insecticide lmapion was conducted nine days before
parasitoids colonized the field on 24 April. Latesecticide treatments were applied at peak
activity of femaleP. interstitialison 7 May (Fig 1). Peak activity of female interstitialis
and maleP. interstitialiswas recorded on 5 May and 8 May, respectively. Reaivity of
femaleT. heterocerusind malerl. heterocerusvas found on 8 May and 10 May, respectively

(Fig 1).
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Fig 1: Mean number of aduit interstitialisandT. heterocerusaught in yellow water traps
in the oilseed rape field trial near Goettinge2@®6.| = date of insecticide application

In 2007, maleP. interstitialiscolonized the oilseed rape crop on 10 April, foda by female
P. interstitialis on 16 April and male and female. heteroceruson 20 and 24 April,
respectively. The early application of insecticideéss on 13 April, before peak activity while
the late treatments were applied following the miaamigration on 2 May (Fig 2). Peak
activity of maleP. interstitialiswas observed on 10 April, while femdte interstitialis was
most abundant on 24 and 26 April. Males and femadéesheterocerusvere most abundant
on 29 April (Fig 2).

In 2008, parasitoids started to colonize the odsepe field on 29 April. Insecticides were
applied on 23 April and 7 May, respectively (Fig Beak activity of mald@. heterocerusvas
observed on 5 May, while the number of femBldeterocerupeaked on 7 May. The highest
number of female and malk interstitialiswas caught on 21 April and 29 April, respectively

(Fig 3).
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Fig 2: Mean number of aduit interstitialisandT. heterocerusaught in yellow water traps
in the oilseed rape field trial near Goettinge2@®7.| =date of insecticide application
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Fig 3: Mean number of aduR. interstitialisandT. heterocerusaught in yellow water traps
in the oilseed rape field trial near Goettinge2@®8. | =date of insecticide application
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Abundance and level of parasitism of pollen bdatleae

In 2006, the insecticide treatments during flowgrirduced the mean number of pollen
beetle larvae from 4.4 + 0.7 larvae/plant in uatiee plots to 1.5 + 0.2 larvae/plant in treated
plots. Number of larvae was significantly reducedlots treated with 50% tau-fluvalinate
during flowering as compared to plots treated viill®% and 50% of tau-fluvalinate in bud
stage and to untreated plots (Fig 4). In plotsté@avith 100% of lambda-cyhalothrin in bud
stage significantly more larvae/plant were founanpared to plots treated with 50% tau-
fluvalinate during flowering.

Parasitism of larvae ranged between 8.1% and 261%%#.highest level of parasitism was
recorded in the untreated plots, while the lowesell of parasitism was found in plots treated
with 50% tau-fluvalinate during flowering. This &tenent reduced the level of parasitism by
18.5% compared to untreated plots. The level chgasm was reduced in plots treated with
lambda-cyhalothrin by 10% and in plots treated wath-fluvalinate by 11.8 % compared to
untreated plants, but this difference was not figamt. Applications in the bud stage and
during flowering reduced the level of parasitism%¥% and 12.4%, respectively, compared
to untreated plots. Full dose rates decreased ipsmady 9.3% and 50% reduced field dose
rate by 12.6%, compared to untreated plots. Apidinaof 50% tau-fluvalinate at flowering
reduced the level of parasitism significantly by7E@ in contrast to plants treated with both
dosages of lambda-cyhalothrin at bud stage. Thel vparasitism was positively correlated
with the number of larvae/ plant (y = 12.55 + 1138 0.14, F = 5.4, p = 0.0258, n = 36).
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% parasitism

0 5 10 15 20 25 30 35
control _ AC a
Tau-fluvalinate, 50% bud stage - A be
Tau-fluvalinate, 100% bud stage A be

Tau-fluvalinate, 50% flowering -y B
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Fig 4: Mean level of infestation (+ SE) . aeneusand mean level of parasitism (+ SE) on
plants following different insecticide treatments R006. Tau-fluvalinate or lambda-
cyhalothrin, full field dose rate (100 %) or redddeeld dose rate (50 %), application in bud
stage or during flowering. Means followed by thensaupper/lower case letters are not
significantly different. Larvae/ plant: ANOVA; LSkBest; n = 36; F = 2.2; x 0.05.
Parasitism: ANOVA; LSD-test; n = 36, F = 1.55®.05 .

In 2007, the number of pollen beetle larvae pentpleas significantly reduced in plots treated
with thiacloprid (mean 0.6 = 3.5 larvae/plant) (egt 50% thiacloprid in bud stage) and in
plots treated with 50% lambda-cyhalothrin durirgféring (1.1 = 0.3 larvae/plant) compared
to untreated plots (3.9 £ 0.7 larvae/plant ).

The level of larval parasitism did not differ sifjoantly between all insecticide treatments
and untreated plots. Average level of parasitisns 8.8 % + 3.1 (Fig 5). There was no

correlation between the number of larvae/planttaedevel of parasitism.
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Fig 5: Mean level of infestation (+ SE) . aeneusand mean level of parasitism (+ SE) on
plants following different insecticide treatmems4007. Thiacloprid or lambda-cyhalothrin,
full field dose rate (100 %) or reduced field daage (50 %), application in bud stage or
during flowering. Means followed by the same uplperér case letters are not significantly
different. Larvae/ plant: ANOVA; Tukey-HSD; n = 3& = 6.0; p< 0.05. Parasitism:
ANOVA; Tukey-HSD; n=36,F =0.8; 9 0.05 .

In 2008, the abundance of pollen beetle larvaeptent showed no significant difference
between insecticide-treated and untreated plots.l@Vel of parasitism ranged between 25.9
% and 55.2 %. Parasitism was significantly reduioeplots treated with thiacloprid (except
50% thiacloprid in bud stage) compared to untreptets. In comparison to plots treated with
50% lambda-cyhalothrin in bud stage and to untce@iets, a significantly lower level of
parasitism was found in plots treated with the fiigld dose rate of thiacloprid during

flowering (Fig 6).
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Fig 6: Mean level of infestation (+ SE) . aeneusand mean level of parasitism (+ SE) on
plants following different insecticide treatmems2008. Thiacloprid or lambda-cyhalothrin,
full field dose rate (100 %) or reduced field daoage (50 %), application in bud stage or
during flowering. Means followed by the same uplperér case letters are not significantly
different. Larvae/ plant: ANOVA; Tukey-HSD; n = 3& = 0.2; p< 0.05. Parasitism:
ANOVA; Tukey-HSD; n =36, F =4.0;§0.05 .

Level of parasitism of artificially infested plants

Parasitism of pollen beetle larvae following expasan potted oilseed rape plants in the
treated and untreated plots was on a low level &atwl to 3 days after insecticide application,
particularly in plots treated with lambda-cyhalathiParasitism increased significantly during
the days 3 to 6 after application and decreasenh aggificantly 6 to 9 days after spraying,
due to unfavorable weather conditions. During 8 ways after spraying the highest level of

parasitism was found in untreated plots (Fig 7).
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Fig 7: Mean level of parasitism (+ SE)MEtligethedarvae which were exposed on potted
plants on day 1, 3 and 6 after insecticide appdioaduring flowering in 2006. Upper case
letters = significant difference between exposwates, lower case letter = significant
difference between untreated and treated plotectitsde treatments: Mann-Whitney U-test;
n = 36; p> 0.05; Exposure dates: Nonparametric test, Kolmmg&mirnov-test; n = 108;
0.05.

In 2007, the mean level of parasitism during thgsdhto 4 after insecticide application was
significantly lower (mean 0.7 = 0.2) than during thays 5 to 6 after spraying (mean 9.9 +
2.6). During the days 5 to 6, parasitism of larve&s higher on treated plants than on
untreated plants, but this was not significantffedent (Fig 8).

The mean number of host larvae ranged betweenr®l37al larvae per plant in 2006 and
between 3.5 and 8.1 larvae per plant in 2007.
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Fig 8: Mean level of parasitism (+ SE)MEligethedarvae which were exposed on potted
plants on day 1, 3 and 6 after insecticide appdioaduring flowering in 2007.Upper case
letters = significant difference between exposwaees, n.s. = no difference between untreated
and treated plots. Insecticide treatments: Mannthélyi U-test; n = 36; p 0.05; Exposure
dates: Nonparametric test, Kolmogorov-Smirnov-test;108; p< 0.05.

The vertical distribution of adult parasitoids metcrop canopy of oilseed rape showed that
significantly more females and males ©f heterocerusand maleP. interstitialis were
abundant on the top of the canopy than at soil.l&amaleP. interstitialisshowed no clear
preference (Fig 9).
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Fig 9: Mean number of female and male parasitadgybt in yellow water traps at the top of
crop canopy and at ground level in an oilseed capp; trapping period 17 April— 19 May
2009. paired t-test, $ 0.05. (m = male, f = female)

Abundance of dead parasitoids in traps after insedé application

Twenty-four hours after insecticide applicationyotwo males ofT. heterocerusand one
female of P. interstitialiswere caught in total in the traps exposed at tloeirgt of plots
treated with thiacloprid at late flowering. No psitaids were caught in untreated plots and
plots treated with lambda-cyhalothrin.

Two-choice test

Buds carrying fresh dried residues of thiaclopi@0@6) were significantly avoided by female
P. interstitialis Three and six days old residues of thiaclopms aéduced the residence time
of females on treated buds compared to untreatesd, it this difference was not significant
(Fig 10).

Buds treated with 100% lambda-cyhalothrin or 10@¥%fluvalinate had significant effect on
the residence time d@?. interstitialison treated buds compared to untreated buds. Fdmale
interstitialis tended to spend more time on buds treated witlbdeatyhalothrin, but they
spent less time on buds sprayed with tau-fluvadirest compared to unsprayed buds (Fig 11
and 12).
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Fig 10: Mean time (sec + SEpent by adult females Bhradis interstitialison untreated
buds and buds treated with thiacloprid of diffenesidual age during the observation time of
5 min.y, — test,p < 0.05; n = 21 — 30.
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Fig 11: Mean time (sec + SEpent by adult females Bhradis interstitialison untreated
buds and buds treated with lambda-cyhalothrin fémdint residual age during the
observation time of 5 minp — test,p < 0.05; n = 20 — 25.
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Fig 12: Mean time (sec + SEpent by adult females &hradis interstitialison untreated
buds and buds treated with tau-fluvalinate of déffet residual age during the observation
time of 5 miny, — test,p < 0.05; n = 20.

Toxicity of insecticides tB. interstitialisand T. heterocerus

In the glass-vial bioassay the kdbf lambda-cyhalothrin was at 12 % (0.0093 udicai the
recommended field dose rate. The dose-mortalityagop was Y = 14.34 + 2.52x. (df = £, r
=0.35, p < 0.05). The toxicity of tau-fluvalinatecsved an L3, of 59.52 % (= 0.119 pg/cihn

of the recommended field dose rate. The dose-ntgrégjuation was Y = -0.52 + 0.37x (df =
1, = 0.31, p < 0.05)The LDy of thiacloprid could not be determined 5 h aftep@sure to
the insecticide residuals, because only 13.4% efpidrasitoids died after 5h on residuals of

various concentrations. Mortality in control treambs ranged between 0 and 13%.

Discussion

The parasitoicP. interstitialiswas reported to colonize the oilseed rape crom froid April
onwards andl. heterocerugrom the end of April to the beginning of May (88bn, 2003;
Ulber et al., 2006; Williams, 2006), which corregps to our observations in the field
experiments. Three to four insecticide treatments a@pplied commonly to the crop in
autumn, spring and summer (Menzler-Hokkanen et 26106). Consequently, insecticide
applications during flowering may have detrimemefé&tcts on parasitoid populations.
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Adult parasitoids can be exposed to insecticidaysgdroplets (Croft & Brown, 1975; Jepson,
1989) or when foraging on the plant surface forthiglsongley & Jepson, 1996a; Longley &
Jepson, 1996b) and through feeding on contaminatgdr droplets and nectar (Longley &
Jepson, 1996a). Our assessment of the verticaibdigon of adult parasitoids within the crop
showed that parasitoids of pollen beetle larvaenaagnly active at the top of the canopy,
which has also been observed by Ulber and Nitzs26). Therefore, insecticide
application may have detrimental effects on thesagtoids.

However, levels of parasitism of pollen beetle éendid not differ significantly between the
early and late application of the tested inseatgidThe interval between the early insecticide
application and the immigration of adult parasitoidto the crop might have been too short,
and parasitoids might have been affected by ingbetresiduals on the early treated plants.
Depending on weather and UV-photolysis, the hédf fime of pyrethroids can vary from
some days to weeks (Borner, 1997).

Besides the temporal targeting of insecticide @ppbn, another approach for increasing
selectivity of pesticides is to reduce the dosesgPoehling, 1989; Longley et al., 1997;
Booth et al., 2007). Many studies on the effectenfuced field dose rates on pests and their
natural enemies have been focused on aphids. \sasimdies have shown that reduced rates
of insecticides can provide sufficient control gfh&ds, while protecting populations of
natural enemies (Ripper, 1956; Poehling, 1989; 198%8gley et al., 1997, Acheampong &
Stark, 2004; Booth et al., 2007). In this studysmmnificant difference occured between the
levels of parasitism at 50% reduced rates anddfudle rates on. The difference between the
levels of parasitism at full and reduce dose ratesunted only to 4-5%.

The choice of selective insecticides is an impdrsa@p to conserve populations of beneficial
species in IPM. Many pyrethroids are known to haveroad-spectrum activity on a large
variety of herbivores and natural enemies (Cadidd £1983; Tillmann & Mulrooney, 2000).
Due to the different chemical structure of thevacttompound, tau-fluvalinate may be less
harmful to natural enemies than lambda-cyhalot@whnson et al., 2006). Tau-fluvalinate is
being used for control of parasitic mites insidenéw bee colonies, while the pyrethroids
cyfluthrin and lambda-cyhalothrin are highly toxa honey bees (Johnson et al., 2006).
contrast, systemic insecticides and their metamliare claimed to be fairly safe for
beneficials, because they are quickly absorbed tfmrplant surface into the tissue, thereby
minimizing detrimental effects on natural enemiBtapel et al., 2000; Tomizawa & Casida,
2005). In literature, it has been reported thadloprid showed no persistent effect on the
egg parasitoidlrichogramma cacoeciaand the larval parasitoiincarsia formosgSchuld
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& Schmuck, 2000; Richter, 2006). In contrast to expectation, in this study the treatments
with tau-fluvalinate and thiacloprid significantlkeduced the parasitism of pollen beetle
larvae, while treatments with lambda-cyhalothrird h@ significant effect, compared to
untreated plots.

Parasitoids may be affected by insecticides thrdaetial toxic affects or through sublethal
effects on physiology and behaviour. In our labomat dose-response tests, lambda-
cyhalothrin was more toxic t®. interstitialis and T. heterocerughan tau-fluvalinate and
thiacloprid. The mortality in the control vials gad between 0% and 13%, which has been
agreed to be acceptable for control treatments MBr&ggs et al., 2006) when evaluating
effects of plant protection products Aphidius rhopalosiphiEven very low doses (0.125% —
1.5%) of the tested insecticides had a strongemibe on the locomotory activity of 70% -
80% of wasps. Parasitoids walked slowly and undaatdd, with weak movements of the
antennae up to paralysis. However, this glass4gat was performed under worst-case
conditions. The test method maximised the avatlakahd persistence of the insecticide
(Barrett et al., 1994), and parasitoids were fortedstay in permanent contact with the
insecticide treated glass surface. The resultb®fglass-vial test can not be applied directly
for estimations of the insecticide toxicity undeeld conditions. The toxicity of the
pyrethroids lambda-cyhalothrin and tau-fluvalinate Phradis spp. was lower on treated
leaves than on treated filter paper (Jackowski.e2809). Tau-fluvalinate was less toxic than
lambda-cyhalothrin; survival oPhradis spp. exposed to residuals of tau-fluvalinate and
lambda-cyhalothrin on treated leaf discs was 17aB% 14.7% higher than on filter paper 6.5
hours after exposure, respectively (Jackowski.e2@09).

In our study, females d®. interstitialissignificantly avoided treated buds covered witlslfre
dried and 3 days old residuals of thiacloprid anith Wwesh, 3 days and 6 days old residues of
tau-fluvalinate, compared to untreated buds. Fesngfeent significantly more time on fresh
dried residues and six days old residues of landyti@lothrin than on untreated buds. The
preference of parasitoids for plants covered bwgdtiside residuals as compared to untreated
plants has been rarely reported in the literateug, the organophosphate malathion increased
the residence time on treated sorghum plangpteelinus asychi@Rao et al., 1999)

In contrast, there are numerous reports on repediéects of insecticides on natural enemies:
females ofDiaretiella rapae spent significant less time foraging on plantsagpd with
pirimicarb, permethrin and malathion than on undalants, regardless of the presence of
their aphid hosts (Jiu & Waage, 1990, Umoru e1996). The aphid parasitofphidius ervi
showed disrupted olfactory orientation towards hofgsted plants treated with lambda-
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cyhalothrin, but not to residuals of deltamethe¢neux et al., 2006). Search time allocation
is an important component for parasitism efficien€ge modification of this behaviour can
interfere with the reproductive capacity of pamists (Komeza et al., 2001). The reduced
time spent foraging on the plant would reduce th@bgbility of successful oviposition
encounters with hosts after an insecticide apjinat

Parasitoids use olfactory cues in host habitattioocawhile contact chemical cues of low
volatility are used in location of the host larv@det & Dicke, 1992; Vinson, 1998).
Insecticides may obstruct host location throughniBsking of attractive host plant odours
and/or interference with the production and emissib plant volatiles, which could prevent
the parasitoid from recognising the host plant d@ahd host (Thiery & Visser 1986;
Nottingham et al. 1991). (2) The insecticide odoould have a direct repellent effect on the
insects (Jiu & Waage, 1990, Tran et al. 2004). Qtadive and qualitative differences in
volatile blends of plants infested by cabbage stemevil larvae, which were treated with
lambda-cyhalothrin or thiacloprid, have been obsétyy Neumann & Ulber (pers. comm.). It
is well know that parasitoids attacking pollen ledarvae respond to volatiles emitted by
infested plants (JOnsson et al., 2005).

Repellency of insecticides may induce a changéefispersal behaviour of the parasitoids.
Our previous studies have shown that emigratioght of Tersilochus fulvipesand T.
obscurator from insecticide treated fields were more frequémn immigration flights,
wheras in the untreated field immigration flight®eyailed. The parasitoids recolonized the
treated field about one week post treatment (Neungabllber, pers. comm.). This fits to our
results concerning parasitism of pollen beetledaron plants exposed directly after the
insecticide application. Level of parasitism waw buring the first 4 to 5 days after treatment
and than increased again. However, in 2006, thel lefvparasitism decreased again six days
post treatment. This may be due to unfavourablagheeaonditions: in 2006, six days after
spraying the temperature decreased from 15.9°G#6°C and the solar radiation from 273
KWh/n? to 213 kWh/m, which might have reduced the foraging activityttoé parasitoids.
The influence of abiotic factors like temperatuneimidity and solar radiation on flight
activity of hymenopteran parasitoids was invesédain various studies (Abraham, 1975;
Weisser et al., 1997; Fournier & Boivin, 2000; Langt al., 2004).

The level of parasitism may also be affected byt kessity. A positive correlation between
the number of larvae per plant and the level oapiism was only observed in 2006. Nilsson
& Andreasson (1987) found no correlation betweest ltensity and parasitization rate of

pollen beetles larvad&keviews examining the impact of host density orapiism rates have
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found that in 48-66% of studies there is evidenfcegemsity dependence, and in about half of
these that there is direct rather than inverseietispendence (Lessells, 1985; Stiling, 1987,
Walde & Murdoch, 1988).

Within IPM strategies, application of insecticideay be required if pest numbers exceed the
threshold levels. In our study, the reduction cdelcates and temporal targeting of insecticide
spraying before the main activity of parasitoid&eking pollen beetle did not result in the
expected increase of parasitism. For conservationohtrol of pests on oilseed rape, the
choice of selective active ingredients was moreatiffe than early application dates and
reduced dose rates. In addition, to toxic effe€tmsecticides on natural enemies, repellency
and interference with host location by parasit@als reduce the parasitism efficiency.
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General discussion

Insecticides applied for control of pest insects fiefd crops may have undesirable side-
effects to natural enemies. Many commonly used@@ss have been found to be even more
toxic to natural enemies than to the herbivoroustpé&lepson, 1989These adverse effects
can lead to resurgence of pest populations, isecandary pest outbreaks (Croft & Brown,
1975) and subsequently an increase in the neethdecticide treatments. Therefore, better
knowledge of the impact of pesticides on key natem@mies of target pests is important for
the success of IPM strategies. Conservation of rabtenemies might be achieved by
optimization of insecticide use as far as prode&dion, timing of application and reduction
of field dose rates are concerned. This knowledgelavhelp to provide recommendations to
farmers and consultants for minimizing negativeee on parasitoids and other biocontrol
agents. Parasitoids use chemical cues for loc#teig hosts in crops of oilseed rape (Jénsson
& Anderson, 2008). However, very little was knowrhether these chemical cues are
modified by insecticide application which might sauindirect effects on host location by
parasitoids. The following discussion initially ifocused on the behavioural and
electrophysiological response of parasitoids tatel emission by uninfested oilseed rape
plants and by plants infested by stem boring laa€. pallidactylus.Subsequently, lethal
and sublethal effects of insecticides on parastaid laboratory and field experiments are
discussed. Finally, strategies for conservatiopasésitoid populations are considered.

Host searching

Plants have evolved strategies to defend themsedestly and/or indirectly against
herbivory. Direct defense mechanisms may preveriivares from feeding and oviposition
via physical barriers, such as thorns, trichomesxes, or secondary chemical compounds,
e.g. the production of glucosinolates in the plkamily Brassicaceae (Bartlet et al., 1999).
Indirect defence mechanisms work by producing a&fehsing of volatile compounds that are
attractive to natural enemies (Paré & Tumlinson9719Dicke, 1999; Paré & Tumlinson,
1999; Mattiacci et al., 2001). The herbivore indilichanges of the volatile blend can be both
guantitative and qualitative. Volatiles that aregant in uninfested plants may be emitted
from infested plants in larger amounts (Agelopow8uKeller, 1994; Blaakmeer et al. 1994,
Gerrvliet et al., 1997; Mattiacci et al. 2001; Muneh al, 2003; Bukovinsky et al. 2005).
Qualitative changes in the composition of the exditblend commonly result fromle novo
production of plant compounds following herbivoBa¢é & Tumlinson, 1997).
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Parasitoids are known to use plant volatiles iradgang for hosts and food sources. The
process of searching for host plants and hostsviposition or feeding has been described as
1) host habitat location 2) microhabitat locationdaacceptance 3) host location and
acceptance (Vinson, 1998).

Olfactory and visual stimuli are commonly used abitat location, while contact chemical
cues of lower volatility, such as host salivarynglaor mandibular gland secretions, host frass,
and cuticular secretions may be involved in logatihe host larvae (Vet & Dicke, 1992;
Vinson, 1998, Meiners & Hilker, 2000). In long-rangearch parasitoids of pests on oilseed
rape, Phradis interstitialis and T. obscurator,use odour induced upwind anemotaxis
(Williams et al.,, 2007). The plant odour is carriddwnwind from the host plant and
dispersed due to turbulent diffusion (Murlis et2000). The colour yellow is a strong visual
cue for the parasitoids. In the field, all parasitspecies are attracted to yellow water traps
(Williams et al., 2003). In laboratory olfactometeloassays, parasitoids attacking pollen
beetle larvae were more attracted to flower yetlban to bud green (J6nsson et al., 2005).
Stimuli arising from the herbivore are most rel@bl indicating host presence, suitability and
accessibility. However, they are not easily penbdgpiover long distances, as herbivores have
developed strategies to avoid their detection @tedl., 1991a). Various studies documented
that herbivore-damaged plants were more attratbiyarasitoids than the herbivore itself or
its by-products (Turlings et al. 1991ageervliet et al. 1994; Potting et al., 1995). Holsnts
provide more discernible cues because of theireldmgmass, however, host-plant volatiles
are far less reliable cues for host location, paldirly of endophagous host larvae in the plant
(Potting et al., 1995; Vinson, 1998). Parasitoids/mvercome this problem by responding to
special types of plant volatiles induced after harty, known as herbivore-induced
synomones, which can differ in quality and quanfiym those emitted by intact plants
(Dicke & Sabelis, 1988; Vet & Dicke, 1992; Dicke9). In some plant species, these
volatiles have a unique odour blend whose chenpogiile is different from uninfested or
even mechanically damaged plants (Turlings etl@91b; Geervliet et al., 1994; Potting et
al., 1995). Several chemical compounds of the Wlelatend have been identified as playing a
significant role in parasitoid recruitment by he&dye-injured plants (Du et al. 1998, Ngi-
Song et al. 2000). The main components of the N®latend released frorBrassicaplants
are the terpenoids and the green leaf volatilestt{dazi et al., 1994; Shiojiri et al., 2001).
They are a major class among herbivore-inducedmsgnes that may attract natural enemies
(Takabayashi et al., 1994; Pichersky & Gershen200Q2). Emissions of green leaf volatiles
increase in the headspace of damaged cabbage pamisared to undamaged plants, and
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assist host searching of parasitoids (Mattiaccalet1994; Smid et al. 2002). The volatile
breakdown products of glucosinolates, the isotraneyes, are released when plant tissue is
damaged, e.g. by herbivory (Rask et al., 2000, khspé&t al., 2009). Field experiments have
shown that the parasitoids obscuratoyT. fulvipesandPlatygaster subuliformiare strongly
attracted to yellow water traps baited with 2-pHethyl-isothiocyanate (Murchie et al.,
1997a; Ulber & Wedemeyer, 2006).

Plant volatiles are known to comprise a large diigerin terms of chemical composition and
complexity of blends, their changeability in tinaad their dependence on rearing conditions
(Jakobsen et al., 1994; Jakobson & Olsen, 1994al@akashi et al., 1994; Gouinguené &
Turlings, 2002). Natural enemies may cope witls tomplexity through experience, and
many volatile blends have been shown to be charstitefor a particular plant-herbivore
complex (Turlings et al. 1990 ; Vet & Groenewol®9D; Vet et al., 1991a). Experience with
host location and oviposition may result in enh@n@sponse in host location ( McAuslane et
al., 1991; Kester & Barbosa, 1992;). There are owmi examples in the literature,
demonstrating that experienced females respondrfasid exhibit more direct flights to a
host-plant complex than naive females (Drost et #86; McAuslane et al.,, 1991). These
associations between stimuli and resources canobie ibnate (Wéckers, 1994) and learnt
(Lewis & Takasu, 1990; Vet & Groenewold, 1990) drsensitisation to plant and host cues
(Kaiser et al., 1995). Associative learning allgvesasitoids to focus on the most reliable cues
(Vet & Groenewold, 1990; Jong & Kaiser, 1991). Rertmore, learning to respond to specific
cues from one plant-host complex can facilitatetiosling when other host-infested plants
emit similar compounds or volatile blends (Geetdieal., 1997).

Our study has shown that femalesTofobscuatorare able to discriminate between plants
infested byC. pallidactylusand uninfested plants. In olfactometer tests, @siad leaves
were more attractive to the parasitoids than cleignindicating that the plant volatiles of
uninfested plants may be involved in host hab@attion. Experience with host-plant cues
significantly increased the probability of the d@ien of infested leaves by femalk
obscurator while naive wasps showed no clear preferencanfested leaves compared to
uninfested. The Y-olfactometer bioassay demonstrtitat olfactory stimuli originating from
the host-plant complex are sufficient cues to ddffiitiate between infested and uninfested
leaves. The parasitoids were attracted to the odbinfested oilseed rape leaves, even when
the host larvae had been removed, while volatifeth® host larva itself did not attract the
wasps. The GC-EAG experiments showed that the ilolatend of infested oilseed rape
plants differed in its quantitative and qualitatitemposition from uninfested plants; the
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antennae of the specialist parasitdidobscuratorwere able to perceive volatiles released
specifically from infested plants. Twelve of the é®mpounds released by infested oilseed
rape plants elicited antennal responses. Six ahtlaere only emitted by infested plants,
while only six of the 11 compounds emitted fromnfested plants elicited antennal response
by femaleT. obscurator Qualitative and quantitative differences betwegelatile blends of
plants could be important cues for host presencknaight be used by parasitoids at host
searching (Gerrvliet et al. 1994, Paré & Tumlinsb®g9).

The GC/MS-EAG analyses demonstrated that fefatdscuratoresponded to a wide range
of volatile compounds, such as terpenoids, aldehyae alcohols. The ability to detect a
broad spectrum of plant volatiles is common in hgoEeran parasitoids (Baehrecke et al.,
1989; Li et al., 1992; Smid et al., 2002). It midie favourable for parasitoids to generalize
very similar odours instead of investing too muafetto differentiate between several odours
(Meiners et al., 2003). Parasitoids may solve tieblem by associative learning, as
described above. Their ability to learn should wllparasitoids to distinguish among plant
volatiles originated from different types of pladdmage, which enable them to focus on
volatile cues of their potential host.

The short-range host searching behaviour of fenTalebscuratorand P. interstitialis
investigated in dual choice experiment followingshdocation, showed the response to
chemosensory cues of low volatility detected bysglanon the antennae and on the tip of the
ovipositor: after cleaning of the antennae, head #wrax, legs, abdomen and wings,
searching behaviour by the females consisted ckinglalong the leaf or buds, respectively,
drumming with their antennae and tapping with th@nmpositor into the petiol or buds,

respectively.

Lethal and sublethal effects of insecticides oragapids

In addition to lethal effects for insects, insedicresidues can alter their behaviour through
neurotoxic activity. In this study, the toxicity pésticides on natural enemies was analysed in
the laboratory under standardised conditions. Hpeements were performed under worst-
case conditions: the test method maximises thdadhity and persistence of the compound,
and the parasitoids were forced to stay continyoimsicontact with the insecticide treated
glas surface (Barrett et al.,, 1994). Although thgtess-vial tests did not provide exact
information on insecticide efficacy in the fielthety permit a ranking of the relative toxicity
and selectivity of the tested insecticides. The testhod applied in the laboratories may
affect the results: the mortality #thradisspp. on residuals of lambda-cyhalothrin and tau-
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fluvalinate differed considerably when sprayed dseed leaf discs or on filter paper. Tau-
fluvalinate was less toxic than lambda-cyhaloth@urvival of Phradis spp. exposed on
residuals on leaf discs treated with tau-fluvaknand lambda-cyhalothrin was 17.3% and
14.7% higher than on filter paper, respectivelckdsvski et al., 2009). Due to the different
chemical structure of the active compound, taudlinate may be less harmful to natural
enemies than lambda-cyhalothrin. The additionalmatac ring allows more rapid
detoxification and results in a lower toxicity tosects (Johnson et al., 2006). Tau-fluvalinate
is used for control of parasitic mites inside hobeg colonies, while the pyrethroid cyfluthrin
and lambda-cyhalothrin are highly toxic to honeg$¢€lohnson et al., 2006). However, the
initial contact toxicity of the pyrethroids deltathen and alphacypermethrin and the
organophosphate fenitrothion to the parasi®idnorionelluswas less than the toxicity of the
organophosphate fenitrothion (Hokkanen et al. 1988)

Sublethal effects of insecticides are defined agsjotogical or behavioural effects on
individuals, which have survived exposure to thstipgle (Desneux et al.,, 2007). Sublethal
effects of insecticides may impact fecunditly, lemiy, sex ratio and behaviour through
neurotoxic activity (Delpuech & Meyer, 2003). Hoktcation by parasitoids may be
interrupted by insecticides via masking the attvaciplant odour and/or interrupt plant
volatile production and emission. In addition, ictsgdes may have direct repellent effects on
natural enemies (Thiery & Visser, 1986; Croft, 1980ttingham et al., 1991; Haynes, 1988).
Interference with host location by insecticide desils has been reported repeatedly: exposing
Aphidius rhopalosiphto residuals of deltamethrin resulted in shorteitviime, grooming
more actively and resting less frequently than gito@s on insecticide-free plants (Longley
& Jepson, 1996). Females Dfaretiella rapaespent significant less time foraging on plants
sprayed with pirimicarb than on untreated plarnggardless of the presence of aphid hosts
(Umoru et al. 1996). The reduced time spent foagin the plant may reduce the probability
of successful oviposition encounters with hosteralin insecticide application. Various
studies demonstrated significant differences inldbkaviour and distribution of parasitoids
between plants treated with different insecticidasgijcating that the insecticides were not
equally avoided: Borgemeister et al. (1993) did detect avoidance of pirimicarb by the
aphid parasitoidAphidius rhopalosiphi but he noted repellent effects of the pyrethroid
fenvalerate and the organophosphate demeton-s-hfetaging on aphid-free cereal plants.
The aphid parasitoidAphidius ervishowed disrupted olfactory orientation towards thos

infested plants treated with lambda-cyhalothrirt, ot to residuals of deltamethrin (Desneux
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et al., 2004). The modification of searching bebaviby insecticides could interfere with the
reproduction capacity of parasitoids (Komeza e2@01).

In literature, only very little information is avable which focuses on the influence of
insecticide application on the plant volatile bleritémales ofCotesia plutellapreferred
infested cabbage plants treated with syringa eixtiemm Melia azedarachto untreated
infested plants. This was assigned to larger gtesitof volatile compounds emitted by
cabbage plants treated with syringa extract (Chtmteet al., 2006). Physiological effects of
pesticides on plants have been demonstrated bgréeming effect, as well as influences on
hormonal regulation and assimilation of carbon aitdogen by the fungicide strobilurin
(Venancio et al., 2003).

In our study host location was impaired on insédtidreated leaves. On plants treated with
thiacloprid or tau-fluvalinate, the residence tirmaed the number of females conducting
ovipositor probes into treated plants were reduBaiduals of lambda-cyhalothrin were not
avoided, but significant less females penetratedtr@gated plants. The Y-olfactometer
experiment demonstrated that volatiles emitted frgyed plants induced repellency, while
volatiles emitted from the insecticide itself wemet avoided, indicating an interaction
between the plant and the insecticide. In GC/MSlyaea, the volatile blends emitted by
untreated and insecticide treated plants differeghificantly in their quantitative and
gualitative composition. Volatiles derived from tinsecticide itself could not be determined.
Some volatiles which elicited antennal responsesnitieated plants were not emitted from
insecticide treated plants. Terpinen-4-ol and Uniified | were not released after application
of either insecticide, 2-Octanol and Octanal wem amitted following treatment with
lambda-cyhalothrin. Females df. obscuratorresponded less to volatiles emitted from
insecticide treated plants than from untreatedtplan

Impact of insecticides on parasitism on oilseederiplds

Three to four insecticide treatments are applieshroonly to oilseed rape crops in autumn,
spring and summer (Menzler-Hokkanen et al., 2086)ong these, insecticide treatments
against pollen beetlesMgligethes aenels cabbage seedpod weeviCqutorhynchus
obstrictussyn.C. assimili$ and brassica pod midgP4dsineura brassicgefall within the
main period of activity of tersilochine parasitoi@sind on winter oilseed rape (Alford et al.,
2003; Menzler-Hokkanen et al., 2006; Burger & Gethvi2009). Adult parasitoids may be
exposed to insecticide sprays (Jepson, 1989) ecedmluals when foraging on plant foliage
(Longley & Jepson, 1996) or when feeding on contet@d water droplets and nectar
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(Langley & Stark, 1996). The exposure of nontargefects to residuals of contact
insecticides is influenced by the persistence asttilsution of the chemical compound within
the crop canopy. Studies using fluorescence spaagns showed that pesticide deposition in
crops of oilseed rape declined from the top of ¢hropy to the ground level (Goltermann,
1995). The deposition of insecticides in dense €nvps only 18% of the applied dose close
to the soil level, whereas 44.5% were depositedndtmasoil level in thin oilseed rape crops
(Goltermann, 1995). This effect is influenced by pla@ation rate, spray volume,
environmental conditions, growth stage and cropsier{Cigli & Jepson, 1992). Parasitoids
of stem weevils which are mainly abundant at lolegels of the crop canopy might therefore
be protected from insecticide sprays. Nitzsche ) 3%bserved a higher abundanceTof
obscurator at the bottom and of. heterocerusat the top of the crop canopy, which
corresponds with the microhabitat of their hostdar

The results of the toxicity tests obtained fromoletory experiments can not be transferred to
field situations. The seed weevil parasitdidchomalus perfectuxhanged its dispersal
behaviour following treatment of alphacypermetland colonized the treated plots, resulting
in a non-significant reduction in parasitism ©f assimilislarvae (Murchie et al. 1997b). A
rapid re-invasion of treated plots may be due talsexperimental plots (Brown, 1989; Cigli
& Jepson, 1992; Jepson, 1989), particularly wigects showing high dispersal ability (Smart
et al. 1989). This “horizontal recruitment” can Iméluenced by landscape characteristics
(Thies & Tscharntke, 1999; Zaller et al., 2009)stimede drift into adjacent non-target areas
(Langhof, 2005), plant stage (Winfield, 1963) anehikbility and distribution of prey
(Waage, 1989).

The effect of lambda-cyhalothrin and tau-fluvalmain the abundance of adult parasitoids on
oilseed rape crops and the influence on the lefvehtasitism have been studied in field trials
in Poland (Kukowski 2006). The application of theacticides caused a significant reduction
of the number oT. fulvipesandT. obscurator Even two weeks after the treatment with tau-
fluvalinate and lambda-cyhalothrin the total numbéradult T. obscuratorand T. fulvipes
was reduced by about 39% and 58%, respectively peoad to untreated plots (Klukowski,
2006). When applied following main immigration thember of adultPhradis spp. was
reduced in plots treated with tau-fluvalinate fod&ys and in plots treated with lambda-
cyhalothrin until the end of their activity perigllukowski, 2006). Parasitism dfl. aeneus
larvae was significantly reduced in plots treatath vlambda-cyhalothrin or tau-fluvalinate,
while parasitism ofC. assimilislarvae was not affected. The level of parasitismCof
pallidactylus larvae significantly decreased in one year in Pltteated with lambda-
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cyhalothrin or tau-fluvalinate compared to untrdagdots. The author supposed that the
constantly higher level of parasitism in untreapdats might be due to a density dependent
host-parasitoid relationship (Klukowski, 2006). Redd parasitism of cabbage seed weeuvil
larvae has been observed following applicationr@zophos at the end of flowering. In
contrast to untreated plots, the level of parasitigas reduced from 64.7% to 11.1% (1993)
and from 51.3% to 28.6% (1994), respectively, whpglication of alphacypermethrin before
the main immigration of these parasitoids did maluce parasitism (Murchie et al., 1997).

In this study the level of parasitism of pollen thedarvae was significantly reduced in plots
treated with thiacloprid and tau-fluvalinate congzhto untreated plots, while no significant
effect was found in plots treated with lambda-cgkiain. These results fit to the observations
of our laboratory experiments: residuals and vigldilends of thiacloprid and tau-fluvalinate
treated plants were avoided, while treatment wiimbdda-cyhalothrin did not cause
repellency. The parasitism of stem mining pests m@tsaffected by the tested insecticides,
which might be due to their vertical distributiomdaactivity at the bottom of the crop canopy.
Further, the parasitoid species changed their digpdehaviour: emigration flights af.
obscurator and T. fulvipes from the insecticide treated field were more frexfu than
immigration flights, whereas in the untreated figtdnigration flights prevailed over the total
observation period. The dispersal behavioup ahterstitialisandT. heterocerusould not be
analysed in the field, because only very few intlnals were captured in malaise traps. These
species are known to forage on top of the crop mardhich might inhibit their ingress into
malaise traps (Nitzsche, 1998). Parasitoids redzdanthe treated field about one week post
treatment. This is in agreement with our resultsceoning the parasitism of pollen beetle
larvae in plants exposed after insecticide appticatThe level of parasitism was low during
the first 4 to 5 days after treatment and thansased again.

Strategies for conservation of parasitoids

Conservation of parasitoids from insecticide efettight be achieved by applying selective
insecticide compounds, reduced dose rates and tahtpmeting of insecticide sprays.

Apart from the choice of selective insecticidespther approach for increasing the selectivity
of pesticides is to reduce the dose rates (Poehli®§9; Longley et al., 1997; Booth et al.,

2007). Most studies on the effects of reduced fadde rates on pests and their natural
enemies have been focused on aphids. Various stindiee shown that reduced rates of
insecticides can provid sufficient control of apdjidvhile protecting populations of natural

enemies (Ripper, 1956; Poehling, 1989; Niehoff &Rlimg, 1995; Longley et al., 1997;
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Acheampong & Stark, 2004; Booth et al., 2007). Wiag@plied at 50% dose rate, tau-
fluvalinate and lambda-cyhalothrin allowed an ail§i higher survival of 8.8% oPhradis
spp.. However, at 1 and 6.5 hours following expestw lambda-cyhalothrin or tau-
fluvalinate, respectively, 100% mortality occurdddgkowski et al., 2009).

The higher risk of development resistance to tlsedticides may be an argument against
applying reduced dose rates. This is based on gimon that high dose rates kill sensitive
individuals and therefore minimize built up of stent genotypes. Resistance may develop
due to changes in the enzyme systems, resultingpire rapid detoxification or sequestration
of the insecticide, or due to mutations at thedasgjte, thereby preventing the insecticide-
target site interaction (Zlotkin, 1999Reduced risk of resistance formation and of cross
resistance should be achieved by reducing the nunatbeapplications, spraying of
recommended field dose rates and mixtures of comfsowith different target sites.

In this study, contrary to our expectation, redufeld dose rates did not increase parasitism
as compared to full dose rates. In the laboratepeements, femal&. obscuratoresponded
similarly to plants treated with thiacloprid at lfaind 50% reduced dose rates, whereas the
number of penetrating females was lower on leaveatad with full doses of lambda-
cyhalothrin than on leaves treated with 50% dosesraGenerally, the differences between
levels of parasitism in different treatments wereall, which may be due to small plot sizes
and the fast re-colonization by the highly displgpsaasitoids.

Temporal targeting of insecticide application wi#gard to pest incidence and parasitoid
phenology on oilseed rape might protect the wasps harmful effects. To avoid killing of
parasitoids, insecticides should be applied outsite period of their main activity. To
determine such spray windows, the use of phena@bgmodels could minimize effects on
parasitoids. Various studies have shown that tlee@logies of tersilochine parasitoids have a
species-specific sequence (Ulber & Nitzsche, 20Béjnales ofl . microgasteimmigrate in
the early bud stage in March, while obscuratoyT. fulvipesandT. heterocerugolonize the
crop from mid April onwards (Sedivy, 1983; Nilss®03; Barari et al., 2005). Murchie et
al. (1997b) determined a dissociation between imatign flights of cabbage seed weevil and
its key parasitoidl. perfectusnto oilseed rape crops. The pests arrive befogeptirasitoid,
which provides an opportunity for temporal targgtof insecticides before main migration of
the parasitoids. However, parasitoids are activer avlong period during spring and summer

which might coincide with pest control.
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In the current study no significant differenceswred between plots treated at early flowering
or late flowering. Insecticide application in tharlg bud stage could not be tested, because
this would have resulted in very low numbers ofrstgeevil larvae and pollen beetle larvae,
thereby preventing studies on effects of inse@®gidn parasitism.
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Summary

Summary

Lethal and sublethal effects of insecticides on tality, migration and host searching
behaviour of tersilochine parasitoids on wintesedd rape

Oilseed rapeRrassica napus.) is attacked by a wide range of economically arignt insect
pests. Current control practices are mainly basedroad spectrum insecticides that are often
applied routinely and without regard to pest cdntloesholds. The extensive usage of
insecticides might have strong negative impact aanal enemies. Almost all pest species on
oilseed rape are parasitized by specialist lamdbgarasitoids which are mainly active in the
late bud stage up to the end of flowering. InsetdE applied during this period for control of
pollen beetle, cabbage seed weevil and brassicanpdde couldnegatively affect these
beneficial parasitoids.

The effects of two contact pyrethroids (tau-flumate, lambda-cyhalothrin) and a systemic
neonicotinoid (thiacloprid) on parasitism of lanafe@Veligethes aeneu§eutorhynchus napi
and C. pallidactyluswere investigated in field experiments in the ye2086 to 2008 The
insecticides were applied at full recommended fikdde rates and reduced rates (50%), either
at the beginning or the end of flowering. Additilpapotted plants infested with pollen
beetle larvae were exposed in the plots at vaiitesvals post treatment. Further, the vertical
distribution and migration of adult parasitoidstiie canopy of treated and untreated plots of
oilseed rape were observed. In laboratory expeliseahe toxicity of the insecticides to
parasitoids attacking pollen beetle larvBaradis interstitialisand Tersilochus heteroceryus
was determined in glass-vial tests. The role ohtels emitted from uninfested plants and
from plants infested by larvae @f. pallidactylus,as well as the volatile blend emitted from
insecticide-treated infested plants, were analysedehavioural and electrophysiological
(EAG-GC/MS) bioassays, using femdlersilochus obscurataas test insects.

In the GC-EAG experiments the volatile blend erditteom infested oilseed rape was
different from the volatiles of uninfested plantBg parasitoids were able to discriminate
between volatiles emitted from infested and unigf@plants. Dual-choice tests demonstrated
that previous experience with host-plants signifita increased the probability of host
detection by femald. obscurator In Y-olfactometer assays, the wasps were diffdyen
attracted to volatiles of undamaged oilseed rapatplcompared to clean air and infested

plants, even when the host larvae were removedistiteged host larvae were not attractive.
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Summary

Foraging females off. obscuratoravoided infested plants with fresh dried residuzs
thiacloprid; three and six days old residuals hadrepellent effect. Residuals of lambda-
cyhalothrin had no effect on the residence timesprayed leaves as compared to untreated
leaves. However, oviposition of females in infesteehted leaves was reduced by both
insecticides compared to infested untreated lea8awilar effects were found withP.
interstitialis, the parasitoid attacking pollen beetle larviéemales spent less time foraging on
buds treated with thiacloprid and tau-fluvalinate @mpared to untreated buds. On buds

treated with lambda-cyhalothrin the residence tmas not reduced.

In the Y-olfactometer bioassaly. obscuratoravoided the volatile blend emitted from leaves
treated with thiacloprid. The insecticide odourelitshad not effect on the choice of
parasitoids. Volatiles emitted from leaves treatath lambda-cyhalothrin had no repellent
effect onT. obscurator The composition of the volatile blends emittednir plants treated
with thiacloprid or lambda-cyhalothrin differed frothe volatile blend of untreated oilseed
rape plants. Several volatiles of untreated plavitEh elicited antennal responses were not
detected in insecticide treated plants. The toxioftthe tested insecticides R interstitialis
and T. heterocerusdeclined in the sequence lambda-cyhalothrin, hawefinate and

thiacloprid.

In the field experiments, the application of thagoid and tau-fluvalinate significantly
reduced the level of parasitism of pollen beetteda compared to untreated plots. Treatment
with lambda-cyhalothrin had no significant effelfteasures targeted to reduce side effects of
insecticides on parasitoids, such as reduced-naciicide application and spraying before
main immigration of parasitoids into the crop, dwbt significantly alter the level of
parasitism as compared to full-rate applicationlade spraying during full-flowering. The
parasitism of artificially exposell. aeneudarvae up to 4 to 5 days post treatment was on a
low level and than increased again. The level ogapism of stem-mining larvae was not
significantly different between insecticide-treataad untreated plants. Parasitoids of pollen
beetle larvae were mainly active at the top of ¢hep canopy, while parasitoids of stem
weevil larvae mainly foraged close to the grounglgwhere they might have been protected
from the insecticide sprays. Adult parasitoids cesfed to insecticide application by
changing their dispersal behaviour. They emigrédtech the treated field and recolonized it

one week post treatment.
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Summary

In conclusion, this study demonstrated that thatuelblends emitted from uninfested and
infested oilseed rape plants, as well as inseettglted and untreated plants, differed
gualitatively and quantitatively. Parasitoids wetele to perceive the differences between
blends. Previous experience of females increasealility to discriminate between volatile
blends. The tested insecticides induced repellewbych influenced the parasitism and
migration behaviour of parasitoids. Within cropsodéeed rape, parasitoids may be protected
from insecticides due to behavioural refuges. Tih@ice of a selective active ingredient was
more effective for conservation of natural biocohtsy parasitoids than the application of
half-dose rates or the early timing of insecticagplication.

126



Acknowledgements

Acknowledgement

| would like to thank Prof Dr Stefan Vidal, who dide reviewing of this thesis, and allowed
me to work in his Entomological Section. Many then& Prof Dr Stefan Schutz for the co-
reviewing and giving me the opportunity to perfotie GC/MS-EAG experiments in his
institut. I am especially grateful to Dr Bernd Wider supporting me in my experiments and
his consistent collaboration. Many thanks to MrseBwiener for the performance of the
GC/MS-EAG experiments and her patience with thalliidisperse parasitoids.

| am also grateful to: Doro Mennerich, Marie-Luisgiger, Michael Eickermann, Hubertus
Reintke, Rainer Wedemeyer, Angelika Metje, Eugendyo Frank Gremmes, Heike
Pannwitt, Elena Wennemuth and Florian Rekate ftpitng me in the field, in the greenhouse
in the laboratory and for the nice collaboratiomafly | expressed my deepest thanks to my
family and Christian.

This study was funded by the Scholarship Progranthef German Federal Environmental
Foundation (DBU).

127



Curriculum vitae

Curriculum vitae

9" February, 1980

1999
1999 — 2005
2006 — 2009

born in Freckenhorst, Germany
Matriculation Augustin Wibbelt Gymnasium, Waderf

Study of Agricultural Science at Georg-August-
University, Gottingen, Germany and Universidigd
Politécnica, Valencia, Spain

PhD-study at Georg-August-University, Gottingen

128



	Table of contents
	Chapter I
	General introduction
	Host location by parasitoids
	Studied insects pests and their parasitoids on oilseed rape
	Possible effects of insecticides on parasitoids
	Strategies for conservation of parasitoid populations in integrated pest managementsystems
	References

	Chapter II
	Role of volatiles emitted from the host-plant complex in host location by thecabbage stem borer parasitoid Tersilochus obscurator on winter oilseedrape
	Abstract
	Introduction
	Material and Methods
	Results
	Discussion
	Acknowledgement
	References


	Chapter III
	Effect of insecticide residuals on host finding cues of Tersilochus obscurator,the key parasitoid of cabbage stem weevil
	Abstract
	Introduction
	Results
	Material and Methods
	Discussion
	Acknowledgement
	References:


	Chapter IV
	Effect of insecticides on parasitism of stem mining pests and migration oftersilochine parasitoids on winter oilseed rape (Brassica napus L.)
	Abstract
	Introduction
	Material and Methods
	Results
	Discussion
	References


	Chapter V
	Impact of insecticide treatments on mortality, parasitism and host locationof parasitoids attacking pollen beetle larvae
	Abstract
	Introduction
	Material and Methods
	Results
	Discussion
	References

	Chapter VI
	General discussion
	References

	Summary
	Acknowledgement
	Curriculum vitae

