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1 1 
INTRODUCTION,, SUMMARY A N D OUTLINE OF THIS 
THESIS S 

Induce dd indirec t defens e 
Plantss defend themselves against herbivorous arthropods in two essentially different 
ways.. One is termed direct plant defense. It involves toxins, digestion inhibitors, sticky 
glandularr hairs, spines, tough cuticles, thigmotactic leaf-folding, etc. Attack is often the 
bestt defense and this also holds for plants. Apart from rare cases of carnivory, plants do 
nott actively attack, but acquire co-operation of predators and parasitoids in their battle 
againstt herbivorous arthropods. This second mode of plant protection is termed indirect 
plantt defense. It involves promoting the effectiveness of the herbivores' predators (Price 
etet ah, 1980) by creating protective structures (domatia), providing food (pollen, nectar) 
andd by releasing volatile chemicals which betray the presence of herbivores (Dicke and 
Sabelis,, 1988; Sabelis et al, I999ab). The latter chemical cues, the ecological significance 
off  which form the main subject of this thesis, are released after herbivore attack and are 
furtherr referred to as herbivore-m^uc^plant volatiles (HIPV). 

Thiss thesi s 
Manyy studies on HIPV were carried out in the laboratory. They were based on the 
assumptionn that the system under study is essentially tritrophic: plants, the first trophic 
level,, are attacked by herbivores, the second trophic level, which — in turn - are attacked 
byy carnivores, the third trophic level. The hypothesis under test was that, when attacked 
byy herbivores, plants attract carnivores by releasing HIPV. The first aim of the work 
presentedd in this thesis is to test the indirect defence hypothesis under field conditions. 
Basedd on earlier experience (Van der Blom et al, 1985), I selected a particular tritrophic 
systemm consisting of pear trees, pear psyllids and predatory anthocorids (Box l) . This 
systemm has specific features that make it very suitable to study the role of HIPV. In 
springg the pear orchard is virtually free of predatory anthocorids, which feed on prey or 
pollenn elsewhere. In early summer the psyllids increase in numbers, followed by 
immigrationn of anthocorids. The timing of this immigration appeared to be decisive for 
thee effectiveness of pest control by these predators. This observation prompted me to 
investigatee the factors determining when anthocorids decide to move into pear orchards. 
Inn particular, I investigated the role of HIPV in attracting and/or arresting anthocorids. 

Beforee setting up the field experiments, however, a number of laboratory studies had 
too be done. First, using a Y-tube olfactometer (Sabelis and Van de Baan, 1983), I assessed 
whetherr anthocorids respond specifically to odours from pear leaves infested by psyllids 
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8 8 CHAPTERR I 

(Drukkerr and Sabelis, 1990). Second, the volatile substances from P^Z/a-attacked and 
unattackedd plants was sampled and analysed, and the response of predators to these 
substancess was studied (Scutareanu et ai, 1997; Chapter 2). In this way we established 
laboratoryy evidence for the effect of HIPV on the behaviour of predatory anthocorids, as 
donee earlier for predatory mites (Dicke et ai, 1990a, b). Subsequently, we showed by 
cross-correlationn analysis that the numerical response of predatory anthocorids to the 
densityy of psyllids in the pear orchards is caused by immigration and subsequent 
reproductionn (Scutareanu et ai, 1999; Chapter 3). Finally, we carried out experiments in 
pearr orchards to establish the role of HIPV in attracting predatory anthocorids (Drukker 
etal,etal, 1995; Chapter 4). 

Boxx I 

Th ee system 

Thee first trophic level, the pear tree, is a well-known producer of plant volatiles 
(Mille rr et ai, 1989), a phenomenon which wil l be confirmed by anyone who has 
everr passed through a pear grove in mid-summer. The second trophic level 
consistss of the pear psyllid Psylla pyri (L.) and its sibling species P. pyricola 
(Forster),, also called "pear suckers" as they are phloem-sucking insects 
comparablee to aphids. The 5 nymphal stages are the most damaging agents to 
plants.. They are sessile and immerge themselves in their own honeydew and wax 
exudates.. These are also the substrate of the black sooty mould that intercepts 
light,, inhibits photosynthesis and, most importantly, causes cosmetic damage to 
thee pears. The adults are very mobile and virtually unseizable for any predator 
duringg ambulatory search. Not only can they hop over several meters, as they 
belongg to the "jumping plant lice", they also fly, and a mere touch of the leaves by 
thee wind is enough for an adult psyllid to continue ovipositing 10 meters further 
onn (or end up in a spider web). Pear psyllids caused great economic damage in the 
earlyy eighties, when a wide range of broad-spectrum insecticides was used 
frequentlyy to control insect pests. They are a classical example of a secondary 
pest,, caused by elimination of the predatory fauna due to excessive pesticide use, 
parallell  to development of resistance of the pest (Van der Blom et al. 1985). Before 
thee introduction of these pesticides the insect was never considered a serious pest 
(Vann Frankenhuizen and Freriks 1972, Overmeer, 1961). In North America where 
P.P. pyricola was accidentally introduced in 1833, the pest has led to dramatic crop 
lossess also due to absence of natural enemies (Slingerland, 1892). 

Thee third trophic level, the anthocorid bugs, are highly mobile, multivoltine 
predators.. Most species have a wide range of prey. Anthocoris nemorum (L.) has 
beenn reported to feed on aphids, whiteflies, psyllids, mites and even lepidopteran 
eggss and larvae, while A. nemoralis (Fabricius) can be found feeding on several 
speciess of psyllids and one species of aphid (Phorodon humuli) (Anderson, 1962; 
Dixonn and Russell, 1972; Lauenstein, 1977; Campbell, 1977; Ekbom, 1981; 
Hodgsonn and Aveling, 1988). 
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Ass this system was studied in more depth, I realized that odour blends from herbivore-
infestedd plants are far from uniform {Chapter 2, this Thesis; Scutareanu et al, 1997, but 
seee also Takabayashi et al, 1994). For example, the HIPV of pear trees and other plants 
mayy vary with cultivar, rootstock, time of the year (season) and leaf age (Chapter 2). 
Moreover,, plants produce different blends of HIPV depending on the herbivore species 
(Dickee etal, 1988; Dicke, 1999; DeMoraes et al, 1998) and the same species of herbivore 
mayy induce different blends of volatiles on different species of plants (Takabayashi et al, 
1991;; Dicke, 1999). However, odour blends from different plants and herbivore 
combinationn may also share components (compare e.g. Takabayashi et al, 1991 and 
McCalll  et al, 1994). Finally, not only plants under herbivore-attack produce HIPV, but 
alsoo the plants exposed to the odours from attacked plants (Bruin et al, 1992). All this 
showss that predatory arthropods face an overwhelming variety of chemical information, 
andd it is difficult to see that they can cope with it solely by an innate repertoire of 
responses.. Hence, I suspected an ability of predatory arthropods to learn the association 
betweenn HIPV and herbivore prey. This hypothesis was tested for the case of anthocorids 
(Drukkerr et al, 2000b; Chapter 5). Since an ability to learn by association was not yet 
shownn for any predatory arthropod, it was a challenge to test this hypothesis also for 
anotherr group of predators shown to respond to HIPV. This was done for the case of 
predatoryy mites (Drukker et al, 2000a; Chapter 6). 

Inn the last chapter a review is presented of the ecological significance of HIPV. The 
significancee in the field, the effects of variability of the signal, how predators cope with 
thiss variability, the risks of responses by non-beneficial arthropods, and the net benefit of 
producingg HIPV for plants. Finally, the practical perspectives for HIPV in crop 
protectionn are discussed. 
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VOLATILE SS FROM FSVIXA-INFESTE D PEAR TREES AN D 
THEIRR POSSIBL E INVOLVEMEN T IN ATTRACTIO N OF 
ANTHOCORI DD PREDATORS 

Chapterr 4 shows that anthocorid predators aggregate around gauze cages containing 

Psy/to-infestedd trees in a pear orchard. Because anthocorids responded to odour from 

Psy/to-infestedd leaves in a laboratory test, it was hypothesized that these aggregative 

responsess in the field were triggered by olfaction of compounds associated with Psylla 

injury.. W e present chemical analyses of volatiles from damaged and undamaged plants and 

studiess on behavioral responses of anthocorid predators to compounds released by 

damagedd plants. Leaf headspace volatiles from clean and Psy/fo-infested pear trees were 

collectedd on Tenax and identified by GC/MS after thermodesorption. Twelve volatiles 

weree found exclusively in headspace samples from PsyJ/a-infested leaves. Six were present 

inn significantly higher quantities in samples from infested leaves: the monoterpene, (E,E)-a-

farnesene,, the phenolic, methyl salicylate, and the green leaf compounds, (Z)-3-hexen-1 -yl 

acetate,, (Z)-3-hexen-1-ol, I-hexyl-acetate and I-penten-3-ol. These compounds are 

knownn to be produced by plants, and damage by pear psyllids seems to trigger their 

emission.. Blend composition varied, and was partly correlated with tree or leaf age and 

degreee of Psy/fa-infestation. To study whether compounds associated with leaf injury elicit 

olfactoryy responses in anthocorid predators, apple-extracted (£,£)-a-farnesene, synthetic 

methyll salicylate and (Z)-3-hexen-1-yl acetate were offered in a Y-tube olfactometer to 

field-collectedd adult Anthocoris spp. Significant positive responses were found to both the 

monoterpenee and the phenolic, but not to the green leaf volatile. The results lend support 

too the hypothesis that predator attraction to herbivore-infested pear trees is mediated by 

herbivory-inducedd plant volatiles. 

PublishedPublished as: P. Scutareanu, B. Drukker, J. Bruin, M A Posthumus & M.W. Sabelis (1997) 

Volatiless from Psy/Ja-infested pear trees and their possible involvement in attraction of 

anthocoridd predators./ Qiem. Ecol. 23: 2241-2260 

AA plant may defend itself against herbivores by promoting the effectiveness of the 
herbivores'' antagonists, a phenomenon called extrinsic or indirect defense {Price et al, 
1980).. One way to achieve this is by the production of herbivory-induced volatiles in the 
plant.. Irrespective of their origin, these volatiles are beneficial to both predator and plant, 
ass they enable the predator to locate its prey, which consequently alleviates herbivore 
pressuree on the plant. Such volatiles are termed synomones (sensu Dicke and Sabelis, 
1988)) and are reported for several acarine and insect predator-prey and parasitoid-host 

13 3 
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systemss on plants [e.g., Dicke et al, 1993; Takabayashi and Dicke, 1996). In these 
systems,, the origin of the volatiles is based on general plant biochemical pathways and 
thee existence of systemic responses to damage. Evidence for a role of herbivory-induced 
plantt volatiles in plant defense has been inferred from the following laboratory 
observations:: (l ) predators or parasitoids respond to odors from leaves infested with their 
preyy or hosts {e.g., Sabelis and Van de Baan, 1983; Turlings et al, 1990; McCall et al, 
1993);; (2) headspace volatiles of herbivore-infested plants differ from those of clean and 
mechanicallyy damaged plants (Dicke et al, 1990a; Turlings and Tumlinson, 1992; 
Takabayashii  et al, 1994); (3) specific components elicit responses of the herbivore's 
antagonistss (Dicke etal, 1990a; Turlings etal, 1991). 

Recently,, field evidence for synomone-mediated attraction of predators to herbivore-
infestedd plants was obtained in a system consisting of pear trees [Pyrus communis L.), pear 
psyllidss [Psylla pyri L., P. pyricola Forster), and anthocorid predators (Anthocoris nemorum 
L.,, A. nemoralis (Fabricius), and various Orius spp.) (Drukker et ai, 1995; Chapter 4). In an 
orchardd with very low density of pear Psylla, significantly more anthocorid predators 
weree attracted towards cages containing trees heavily infested with pear Psylla, than 
towardss cages with uninfested trees. These predators migrate into the orchard from 
surroundingg hedgerows where they feed on other homopteran prey (Drukker et al, 1992; 
Scutareanuu et al, 1993, 1999; Chapter 3). One of the hypotheses explaining the 
aggregativee response to prey density is mediation by herbivory-induced plant volatiles 
(Drukkerr etal., 1995; Chapter 4). 

Too test this hypothesis derived from field experiments we previously performed 
laboratoryy experiments to demonstrate the Psylla-mduced emission of pear volatiles. We 
providedd evidence for the involvement of several specific compounds in predator-
attraction.. The evidence is based on Y-tube olfactometer-tests in which individual 
predatorss were offered the choice between clean air and air from Psy//a-infested leaves, or 
airr from uninfested leaves (Drukker and Sabelis, 1990; Drukker, unpublished results). In 
thiss paper, we focus on additional evidence: chemical analysis of headspace volatiles from 
damagedd and undamaged pear trees, and behavioral analysis of the predator response to 
singlee herbivory-associated components. 

MATERIA LL AN D METHODS 

Youngg potted pear trees of variety 'Conference', grafted on either quince or pear root 
stockss and purchased from commercial nurseries, were kept uninfested or were infested 
withh P. pyricola (Homoptera, Psyllidae) collected in a pear orchard (Watergraafsmeer, 
Amsterdam,, The Netherlands). 

Twoo experiments were carried out in successive year: in the first, variability due to 
leafagee (incorporating seasonal effects) was taken into account; in the second, variability 
duee to time since Pïy//a-colonization was considered. 

Experimen tt  I 

Inn late March 1993, one 4-year old tree (tree no. 2, Fig. l) was placed in a cage in a 
climatee room {ca. 20°C; 60-70% RH; L:D= 17:7h). Field-collected twigs with several 
dozenn P. pyricola adults and eggs were supplied to infest the tree. In July, when the Psylla 
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populationn had reached high density, two additional trees of similar age (not yet infested; 
treee no. 3 and 4, Fig. l) were transferred from the field to the same cage (tree no. 3 in the 
firstt week of July, no. 4 in the last) which was now placed in another climate room (ca. 
23°C;; 65-70% RH; L:D= 16:8h). As a control, one outdoor tree of the same age was kept 
uninfestedd throughout the experiment (tree no. 1, Fig. l). In early May, shortly after the 
treess had started to flush, one sample of 10 young leaves (tree l) and two samples of 9 
leavess each (tree 2) were collected (total fresh weight of leaf blades: 3.2, 0.9 and 1.1 g, 
respectively;; mean infestation level of the samples: 0, 31.3 and 40.6 nymphs per leaf, 
respectively).. In late August, shortly after the trees had stopped to flush, samples of 10 or 
99 mature leaves were taken from tree 1, 3 and 4 (total fresh weight: 4.7, 1.9 and 2.3 g, 
meann infestation level: 0, 1.8 and 96.6 nymphs per leaf, respectively). All leaves were 
sampledd randomly and used for headspace analysis of volatile compounds. Fresh weight 
andd number of nymphs were assessed immediately after collection of volatiles. 

Althoughh control tree and treated trees were under different environmental 
conditions,, weekly inspections showed that the control tree was free of psyllids and any 
otherr herbivores throughout the season. To what extent, if any, this tree had suffered 
fromm herbivory in previous years is unknown. 

Experimen tt  2 
Inn early January 1994, two 1-year old trees were placed in separate cages in a climate 
roomm (ca. 2S°C; 65-70% RH; L:D= 16:8h). After the release - in late January - of several 
dozenn P. pyricola adults one tree gradually became infested (as shown in Fig. 1, Exp. 2), 
thee other tree was kept uninfested (not shown in Fig. l) to serve as a control. At regular 
intervalss (specified in Fig. 1, Exp. 2), random samples of 5 to 10 young leaves were taken 
fromm each tree for analysis of headspace volatile compounds (total leaf blade fresh 
weights:: 1.2-4.0 g for clean leaves, 1.2-2.7 g for infested leaves). The samples from the 
infestedd tree were also used for monitoring Psylla infestation. The first headspace sample 
(dayy 0) was taken just before release of psyllids; the second (day 20) shortly after the first 
larvaee and honeydew were observed on leaves (infestation level 9.3 nymphs per leaf); the 
3rdd (day 25) and 4th (day 50) were taken when levels of infestation had increased (20.0 
andd 31.6 nymphs per leaf, respectively). Weighing of leaves took place after collection of 
volatiles. . 

Collectio nn and identificatio n of leaf volatile s 

Freshh leaves (blades and petioles), cut just prior to headspace sampling, were put into a 
5000 ml glass jar. Incoming air was purified by drawing it through silica gel and activated 
charcoall  (both 400 ml). Volatiles were trapped on Tenax adsorbant (90 mg) packed in a 
1600 x 4 mm i.d. glass tube (Chrompack, The Netherlands). Airflo w rate was ca. 100 
ml/min.,, and sampling time was 120 min. (except once - in experiment 1, tree 2 - where 
samplingg time was 30 min.). The Tenax tubes were closed and stored in the dark at room 
temperaturee until they were subjected to thermodesorption. 

Adsorbentss were first released from the Tenax by thermodesorption at 250°C for 10 
minutess with a helium flow of 10 ml/min. Desorbed compounds were cryofocused in a 
coldd trap at -90°C (M-16200, Chrompack, The Netherlands) and subsequently analysed 
onn a Supelcowax-10 capillary column (60 x 0.25 mm i.d., 0.25 mm film thickness). The 
temperaturee program of the gas chromatograph was 40°C (4 min.), rising to 140°C at 
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3cC/m in.. and then to 270°C at 6°C/min. T he column was connected to a Finnigan 
M A T 9 55 mass spectrometer, operated in the 70 eV EI ionization mode with scanning 
fromm mass 24 to 400 at 1.05 s cycle time. 

Compoundss were identified by comparison of mass spectra with those in the Wi ley-
L ibraryy (McLafferty and Staufer, 1989) and our own specialized l ibrary of natural 
productss (M.A . Posthumus, Organic Chemistry, Wageningen), and by comparison of 
retent ionn t imes with our home-built data-base of retent ion indices based on authentic 
samples.. Quantif ication was based on the average response of a mixture of 10 selected 
naturall  compounds run in a separate tria l (1000 counts corresponded to 70 ng in all 
samples,, except the two samples taken on day 50, Exper iment 2, where 1000 counts 
correspondedd to 200 ng). 

Firstt  experiment 

aa 120 

ii  loo 
c c 
e e 
11 80-
22 60-u u 
-2 2 
aa 40-

20 0 
(1) ) 

66 May 

10 0 

(3) ) (1) ) 

77 May 20 Aug 20 Aug 31 Aug sample date 

99 10 9 10 sample size 

Secondd experiment 

88 50 

o.. 40 

500 day 
100 sample size 

Figur ee 1 The abundance (mean number  standard error) of Psylla fiyricola nymphs on leaves. 
Firstt experiment; tree 1: uninfested, tree 2,3,4: infested. Al l samples were used for headspace 
samplingg (GC/MS analysis). Second experiment, infested tree; day 0: before infestation, day 20: 
firstfirst nymphs present, day 25: 5 days after first presence of nymphs; day 50: 30 days after first 
presencee of nymphs; samples collected on these days were used for assessment of nymph density 
andd for headspace sampling. On day 34 only nymphs were counted. 'Sample size' refers to 
numberss of leaves. 
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Olfactomete rr  bioassay s 
Experimentss were carried out to determine whether anthocorids respond to two volatiles 
{(£,£)-a-farnesenee and methyl salicylate) found abundantly in headspace samples of 
infestedd trees, but not or only in minute quantity in samples of uninfested trees. 
Attractivenesss of these two compounds was compared to (Z)-3-hexen-l-yl acetate, found 
inn both infested and uninfested trees. 

AA Y-tube olfactometer was used (cf. Sabelis and Van de Baan, 1983; Dicke et al, 1990a). 
Thee two upper arms of the Y-tube were connected to tubes containing the stimuli. One of 
thee tubes contained the experimental stimulus - a hexane solution of the volatile 
administeredd on filter paper. The other contained the control stimulus - the solvent on 
filterfilter  paper without the test chemical. Prior to testing, the hexane was allowed to 
evaporatee for 3 minutes (a pre-test had shown that more than 99.9% of the solvent 
evaporatedd within this period). After five runs, tubes with experimental and control 
stimulii  were reversed. The basal arm of the Y-tube was connected to an air pump with a 
valvee insuring a constant air flow of 0.25-0.35 m/s in both upper arms. In the center of 
thee Y-tube a Y-shaped metal wire served to guide the insects. Predators were released 
onee at a time on the downwind end of the wire, from where they could walk to the 
junctionn where the two odor plumes met. At this point, the predator could choose to go 
towardss either of the odor sources. A trial was ended when the predator stepped off the 
wiree and reached the end of either of the upper arms, or five minutes after the start of a 
test.. In the former case, the predator's behavior was interpreted as preferential for the 
stimuluss concerned, in the latter, it was interpreted as not preferential for either of the 
stimuli.. When the predator sat motionless for more than one minute on the glass beyond 
thee end of the wire, its behavior was also interpreted as preferential for the stimulus. 

Testss were performed with 0.24 mg of (£,£)-a-farnesene (isolated from apple extracts, 
providedd by TNO, Delft, The Netherlands), 2.3 mg of synthetic methyl salicylate 
(Aldrich,, The Netherlands), and 5 mg of synthetic (Z)-3-hexen-l-yl acetate (Aldrich). 
Odorr sources were renewed every hour, except with farnesene (renewal every half hour). 
Hexanee (100 ul) was used as solvent for (£,£)-a-farnesene and methyl salicylate. (Z)-3-
Hexen-l-yll  acetate was administered without solvent. The concentrations of chemicals 
offeredd in the olfactometer were rough estimates of concentrations which anthocorids 
couldd encounter in the field (see Results — Olfactometer bioassays). 

AnthocorisAnthocoris nemorum males and females were collected in August and September 1994 
andd 1995 from pear trees in an experimental orchard at Lienden, and A. nemoralis males 
andd females from pear trees in a commercial orchard at Goes, The Netherlands. All 
predatorss were kept at 4°C and were starved at 25°C for at least 2 hours prior to testing. 

Statisticall  tests 

Chemicall  samples were compared using Mann-Whitney-U test for equal or 'unequal 
samplee sizes (Siegel, 1956). Responses of anthocorids in the olfactometer were analysed 
withh a 2-tailed binomial test (null hypothesis: both odor sources are equally attracive). 
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F iguree 2 Representative gas chromatograms of headspace volatiles sampled from pear tree leaves 
(firstt experiment). Temperature program of the gas chromatograph was W°C for 4 min., then 
risingg to 140°C at S°C/min., then to 270°C at 6°C/min. (A) Uninfested young leaves (May); (B) 
Heavilyy infested young leaves (May). Peak numbers correspond to the compounds in Table 1. 

RESULTS S 

Compositio nn of volatil e blend s 

Representat ivee gas chromatograms (Fig. 2A, B) il lustrate the differences of the volatile 

blendss from infested and uninfested leaves. For further analysis we selected compounds 

basedd on the following criteria: ( l ) potential plant origin, and (2) presence in two or more 

samples.. W e subsequently focussed on compounds which were damage-related and hence 
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couldd potentially mediate plant-predator communication. For this we used a third 
criterion:: difference in frequency between infested and uninfested leaf samples exceeding 
33 and/or difference in (mean) abundance between infested and uninfested leaf samples 
exceedingg 25 ng. The purpose of the 3rd criterion was merely to serve as a conservative 
selectionn of compounds; the discriminators '3' and '25' are thus arbitrary. In the 14 
samples,, a total of 42 compounds satisfied the first and second criterion, 36 of which were 
foundd in Experiment 1 (Table l), 29 in Experiment 2 (Table 2), whereas 10 compounds 
mett the third criterion (summarized in Table 3). Al l 10 compounds were more abundant, 
andd 8 compounds were more frequent in samples from infested leaves. For 6 the 
differencess in abundance were statistically significant (Table 3), namely l-penten-3-ol, 1-
hexyl-acetate,, (Z)-3-hexen-l-yl acetate, (Z)-3-hexen-l-ol, (£,£)-a-farnesene and methyl 
salicylatee (Table 3). Two compounds, 3-hexen-l-yl-butanoate and linalool, were on 
averagee more abundant in samples from uninfested leaves, although not statistically 
significant.. The frequency of linalool, however, was higher in infested than in uninfested 
leaff  samples. 

Consideringg the proportion of each compound in the blend, it appears that the "green 
leaf-compoundss (Z)-3-hexen-l-yl acetate and (Z)-S-hexen-l-ol are the most abundant 
(Tablee 1 and 2). They make up 73% (42.8-97.5%) of the blend in infested leaves and as 
muchh as 90.5% (63.7-98.9%) in uninfested leaves. 

Variabilit yy due t o leaf age (Experiment I ) 

Thee number and total amount of compounds found in young leaves (May) was higher 
thann in old leaves (August), both uninfested and infested (Table 1; normalized 
chromatogramss in Fig. 3). Three aldehydes, consistently present in May (both in 
uninfestedd and infested leaves), were absent in August: octanal, nonanal and decanal. 3-
Pentanoll  was present only in infested plants in May but not in August. (E)-B-ocimene 
wass found in infested plants in August, while absent in May. Hexanal and methyl 
salicylatee were more abundant in May, whereas (E)-4,8-dimethyl-l,S,7-nonatriene and 
(£,£)-a-farnesenee were more abundant in August. Methyl salicylate was detected in high 
quantitiess in infested young leaves, but in much lower absolute and relative values in 
heavilyy infested, old leaves (August) (Table 1, Fig. 3). 

Bothh in May and in August, amounts of volatiles increased with the degree of 
infestationn (Table l). Some compounds showed a consistent quantitative increase from 
uninfestedd to highly infested leaves, e.g. hexanal and (£,£)-a-farnesene. Methyl salicylate 
andd (£)-P~ocimene were most abundant in August in the headspace of the mildly infested 
leavess and absent or scant in the samples from uninfested and highly infested trees. These 
resultss are consistent with those obtained in experiment 2, when only young leaves were 
analysedd (Table 2). 

Variabilit yy due t o t im e since colonization (Experiment 2) 

Bothh the total number and amount of volatiles found in infested plants (experiment 2, 
Tablee 2) increased over time until day 25, then slightly decreased remaining higher than 
beforee infestation. In uninfested plants, the number of compounds remained the same, but 
thee total amounts decreased consistently (Table 2). Most compounds steadily increased 
afterr the onset of infestation. Five of them ((Z)-S-hexen-l-yl acetate, (Z)-S-hexen-l-ol, 
methyll  salicylate, benzyl-alcohol and an unidentified compound (m/z 43 (100%), 79 
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(75%),, 80 (81%)) were present before the tree was inoculated with Psylla. Seven 
compoundss (butyl acetate, 2-pentanal, S-pentanol, unknown (m/z 66 (81%), 96 (100%)), 
l-penten-3-ol,, 1-hexyl-acetate and 3-hexen-l-yl-benzoate) were detected after the 1st lar-

Tablee 1 Headspace volatiles (ng/h/g fresh leaf) collected from clean pear leaves and leaves with 
variouss levels of Psylla infestation, in May (young leaves) and August (old leaves) (Experiment 
1)* * 

Nymphs/leaf: : 
Volatiless Tree: 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

10 0 
I I I 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 

19 9 

20 0 
21 1 
22 2 
23 3 
24 4 
25 5 

26 6 
27 7 
28 8 
29 9 
30 0 
31 1 
32 2 
33 3 
34 4 
35 5 
36 6 

2-butanone e 
2-methylbutanal l 
3-methylbutanal l 
3-pentanone e 
11 -penten-3-one 
butyll acetate 
hexanal l 
2-pentenal l 
3-pentanol l 
11 -butanol 
l-penten-3-ol l 
(E)-2-hexenal l 
limonene e 
(E)-p-ocimene e 
11 -pentanol 
11 -hexyl acetate 
octanall a 
(E)-4,8-dimethyl-1,3,7--
nonatriene e 
(Z)-3-hexen-11 -yl 
acetate e 
11 -hexanol 
(Z)-3-hexen-11 -ol 
nonanall a 
(E)-2-hexen-l-ol l 
unknownn (43,79,80) 
3-hexen-11 -yl 
butanoate e 
11 -octen-3-ol 
decanall a 
linalool l 
11 -octanol 
P-caryophyllene e 
a-copaene e 
ct-farnesene e 
6-cadinene e 
methyll salicylate 
caproicc acid 
benzyll alcohol 

Totall amounts 
(ng/h/gg fresh weight) 
Totall number of compounds 

Volatil l 
Mayy (young leaves) 

0 0 
1 1 

2.84 4 

1.46 6 
7.19 9 

2.38 8 

1.68 8 

2.02 2 
3.83 3 
3.18 8 

13.38 8 

302.14 4 

1.86 6 
19.76 6 
16.42 2 

8.68 8 
9.09 9 

5.25 5 
20.66 6 

6.65 5 
3.18 8 

3.41 1 

13.53 3 

3.07 7 
452 2 

22 2 

31 1 
2 2 

23.21 1 

13.21 1 
64.88 8 

31.34 4 
trace e 

30.49 9 
27.44 4 

2080.04 4 

24.23 3 
269.70 0 

87.08 8 

47.94 4 
155.18 8 

19.65 5 

254.12 2 
110.12 2 

3239 9 

16 6 

»» amount 

41 1 
2 2 
16.73 3 
5.07 7 
5.14 4 

34.59 9 
46.42 2 

235.30 0 
18.62 2 
19.82 2 
27.36 6 
63.63 3 

691.03 3 

8.16 6 
77.76 6 
6.03 3 

15.36 6 

1289.35 5 

42.48 8 
266.98 8 

23.31 1 
22.42 2 
16.08 8 

17.18 8 
9.19 9 

72.79 9 

202.73 3 
22.29 9 
20.30 0 
3276 6 

27 7 

(ng/h/gg fresh leaf) 
Augustt (old leaves) 

0 0 
1 1 

2.21 1 

0.48 8 

63.15 5 

12.67 7 

1.86 6 

12.28 8 

93 3 

6 6 

1.8 8 
3 3 

3.58 8 

3.47 7 
36.30 0 

107.05 5 

417.03 3 

52.38 8 

9.52 2 

2.57 7 

5.70 0 
3.43 3 

37.01 1 
3.52 2 

51.75 5 

734 734 

13 3 

97 7 
4 4 

9.43 3 
9.43 3 

32.21 1 

10.60 0 
41.03 3 

155.48 8 

5.88 8 
21.66 6 
9.76 6 

88.92 2 

436.67 7 

49.28 8 
197.87 7 

78.81 1 
14.40 0 

81.95 5 

4.17 7 
4.35 5 

113.63 3 

7.47 7 

18.52 2 
1392 2 

21 1 

**  Comparison using Mann-Whitney-U test (ni=n2=3) for each compound showed significant 
differencess between leaf samples in May and August at the P=0.05 level, indicated by a. 
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vaee and honeydew were observed on leaves, i.e. day 20. For these 5+7=12 compounds 
theree was a significant difference between the 3 samples from the infested tree and the 4 
sampless from the uninfested tree. From day 25 onwards, four additional compounds were 
foundd (5-ethyl-2{5H)-furanone, (E,£)-a-farnesene, 5-cadinene and ethyl salicylate). On 
dayy 50, only one additional compound ((JE)-2-hexenal) was detected. The relationship 
betweenn the progression ofPsylla infestation and the emission of volatile compounds from 
youngg leaves of a 1-year old pear tree is depicted in Fig. 4. 

Tablee 2 Headspace volatiles (ng/h/g fresh leaf) collected from Psylla-infested pear leaves before 
andd after 20, 25 and 50 days of infestation, compared to an uninfested tree (experiment 2)* 

Identificatio n n 
11 3-pentanon e 
22 1 -penten-3-on e 
33 but/ I acetat e 
44 hexana l 
55 2-pentena l 
66 3-pentano l 
77 1 -butano l 
88 unknow n (66,96) 
99 1 -penten-3-o l 

100 (E)-2-hexena l 
11 1 limonen e 
122 1 -hexy l acetat e 
133 (Z)-3-hexen- 1 -yl acetat e 
144 anisol e 
155 (Z)-3-hexen-l-o l 
166 nonana l 
177 unknow n (43, 79, 80) 
188 3-hexen- 1 -yl butanoat e 
199 3-hexen-l-y l 2-

methylbutanoat e e 
200 linaloo l 
211 P-caryophyllen e 
222 a-copaen e 
233 5-ethyl-2(5H)-furanon e 
244 a-farnesen e 
255 8-cadinen e 
266 methy l salicylat e 
277 ethy l salicylat e 
288 benzy l alcoho l 
299 3-hexen- 1 -yl benzoat e 

Tota ll  amount s (ng/h/g 
freshh weight ) 

Tota ll  numbe r of 
compound s s 

a a 

a a 
a a 

a a 
a a 

a a 
a a 

a a 

a a 

a a 

a a 
a a 

Days s 
Volatil ee amoun t 

afterr  star t (mean no. 
nymphs/leaf )) in uninfeste d 

0(0) ) 
0.02 2 
0.05 5 

0.09 9 

0.19 9 

0.26 6 

61.21 1 

9.53 3 
0.13 3 
0.31 1 
0.21 1 

0.06 6 
0.10 0 

1.24 4 

73 3 

13 3 

20(0) ) 

0.05 5 

0.02 2 

62.93 3 

4.12 2 

0.48 8 
0.09 9 
0.01 1 

0.02 2 
0.10 0 

68 8 

9 9 

25(0) ) 
trac e e 
trac e e 
0.01 1 
0.01 1 

0.05 5 
0.04 4 

0.02 2 

51.10 0 
0.02 2 
1.00 0 
0.02 2 
0.45 5 
0.02 2 

0.08 8 
0.05 5 

0.03 3 
0.01 1 

53 3 

17 7 

tree e 
50(0) ) 

0.01 1 

0.01 1 

0.12 2 

0.03 3 

30.35 5 
0.17 7 
0.44 4 
0.01 1 
0.31 1 

0.02 2 
0.17 7 

0.11 1 

32 2 

12 2 

(ng/h/gg fresh leaf) 
Dayss after star t (mean no. 

nymphs/leaf) ' ' 
0(0) ) 

24.82 2 

1.92 2 

0.09 9 
0.07 7 

0.51 1 

0.07 7 

27 7 

6 6 

200 (9.3) 
0.02 2 
0.03 3 
0.02 2 
0.07 7 

trac e e 
0.19 9 
0.09 9 
0.01 1 
0.04 4 

0.11 1 
0.37 7 

147.41 1 
0.01 1 
9.74 4 

0.62 2 
0.30 0 
0.09 9 

0.02 2 
0.13 3 

3.92 2 

0.16 6 
0.22 2 
164 4 

21 1 

nn infeste d tree 
255 (20.0) 

0.08 8 
0.10 0 
0.03 3 
0.07 7 
0.04 4 
0.92 2 
0.06 6 
0.14 4 
0.19 9 

0.08 8 
1.72 2 

538.16 6 

81.83 3 

1.71 1 
2.16 6 
0.41 1 

0.07 7 
0.09 9 

0.14 4 
0.28 8 
0.09 9 
6.51 1 
0.02 2 
0.29 9 
0.53 3 
636 6 

25 5 

500 (32.3) 
0.19 9 
0.76 6 
0.06 6 
0.68 8 
0.07 7 
1.20 0 
0.09 9 
0.09 9 
0.50 0 
1.82 2 
0.42 2 
0.93 3 

223.59 9 
0.20 0 

46.13 3 

0.56 6 
0.10 0 

0.80 0 
2.03 3 
0.15 5 

25.93 3 
0.11 1 
0.31 1 
0.32 2 
307 7 

24 4 

**  Comparison with a Mann-Whitney-U test (ni=4, n£=3) for each compound showed significant 
differencess between infested and uninfested leaf samples at the P=0.05 level, indicated bya 
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Tablee 3 Summary of compounds collected from clean and pear Psylla infested pear leaves; 
responsee by two species of anthocorid predators to some of some chemicals* 

Volatiles s 

11 hexanal 
22 2-pentenal 
33 1-penten-3-ol 
44 (E)-2-hexenal 
55 1 -hexyl-acetate 
66 (E)-4,8-dimethyl-

1,3,7-nonatriene e 
77 (Z)-3-hexen-l-yl 

acetate e 
88 (Z)-3-hexen-l-ol 
99 (E,E)-a-farnesene 

100 methyl salicylate 

Psyll Psyll 
Identifiedd in: 

aa pyricola infested leaves 

ng/h/j: : 
42 2 
2.7 7 
15 5 
126 6 
17 7 
30 0 

733 3 

132 2 
35 5 
79 9 

a a 

a a 

b b 

b b 
a a 
a a 

frequency frequency 
7 7 
4 4 
5 5 
4 4 
6 6 
3 3 

7 7 

7 7 
6 6 
7 7 

%GCarea a 
1.5 5 
0.1 1 
0.77 a 
4.7 7 
0.77 a 
3.0 0 

62.2 2 

10.1 1 
2.3 3 
4.88 a 

ng/h/K K 
1.4 4 
0 0 
0 0 
0 0 

0.6 6 
1.9 9 

85 5 

7 7 
0.8 8 
2.2 2 

Uninfestedd leaves 

frequency y 
5 5 
0 0 
0 0 
0 0 
1 1 
1 1 

7 7 

7 7 
2 2 
5 5 

%GCarea a 
0.6 6 
0 0 

0.0 0 
0.0 0 
0.1 1 
0.4 4 

83.8 8 

6.7 7 
0.4 4 
0.9 9 

Responsee by 
AnthocorisAnthocoris Anthocoris 
nemoralisnemoralis nemorum 

0 0 

++ + 
++ + 

**  Amounts are expressed in n g / h /g fresh weight of leaves estimated from peak areas of gas 
chromatogrammess (means of 7 leaf samples), frequencies are per 7 leaf samples, %GC-area 
expresss the proportion of each compound in the total blend of volatiles (means of 7 leaf samples). 
Comparisonn using Mann-Whitney-U test (ni=n2=7) for each compound showed significant 
differencess between infested and uninfested leaf samples at the P = 0.05 and O.Ol level, indicated 
byy a and b respectively. 
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Figur ee 3 Normalized GC peak areas of the main volatile compounds in young and old leaves of 
thee 4-year-old pear trees related to the degree of Psylla infestation (first experiment). A: 
uninfestedd tree 1, B: infested trees 2, 3 and i. (Peak numbers as in Table 1). 
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Figur ee 4 Normalized GC peak areas of the main volatile compounds in young leaves of the 1-
year-oldd pear trees related to the development of Psylla infestation (2nd experiment), (a)...(d) 
uninfestedd tree, (e)...(h) infested tree. Day 0, 20, 25, 50 as in Fig. 1. (Peak numbers as in Table 2). 
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Tablee 4 Response in Y-tube olfactometer by orchard-caught Anthocoris mmoralts and A. ntmorum 
adultss to (E,£)-a-farnesene, methyl salicylate and (Z)-3-hexen-l-yl acetate, tested versus clean air 
(2-tailedd binomial test; HQ: p(+)=p(-)=0.5) 

Experimentall (+) stimulus 
0.244 mg (E,£)-a-farnesene 

2.33 mg methyl salicylate 

55 mg (Z)-3-hexen-1 -yi acetate 

species s 
A.. nemoraiis 
A.A. nemorum 
A.A. nemoraiis 
A.A. nemorum 
A.A. nemoraiis 

n(+) ) 
49 9 
50 0 
41 1 
39 9 
8 8 

n{.) ) 
15 5 
20 0 
10 0 
8 8 
14 4 

n(0) ) 
6 6 
8 8 
5 5 
7 7 
8 8 

n(+V/{n(+)+n(-)> > 
0.77 7 
0.71 1 
0.80 0 
0.83 3 
0.36 6 

P P 
0.00002 2 
0.0004 4 

0.00001 1 
0.000006 6 
0.33 (ns) 

Interexperimenta ll  variabilit y 

Theree were no consistent differences between 1-year old trees in 1994 (Table 2) and 4-
yearr old trees in 1993 (Table l) with respect to number of volatiles, in infested or 
uninfestedd plants. Total amounts, however, were consistently higher in 4-year old trees 
thann 1-year old trees. Some compounds from 1-year old trees were absent in samples 
fromm 4-year old trees (isobutyl-acetate, unknown (66, 96), anisole, S-hexen-1-yl 
butanoate,, 5-hexen-l-yl methylbutanoate, 5-ethyl-2(5H)-furanone, ethyl salicylate and 3-
hexen-1-yll  benzoate). Others were exclusively present in samples from 1-year-old trees 
(2-butanone,, 2- and S-methylbutanal, (E)-p-ocimene, 1-pentanol, octanal, (E)-4,8-
dimethyl-l,S,7-nonatriene,, 1-hexanol, nonanal, (-E)-2-hexen-l-ol, l-octen-3-ol, decanal 
andd l-octanol). Caution, however, should be taken when attributing the observed 
differencess to differential tree age, since trees also differed with respect to season and 
yearr of investigation and in the rootstock upon which they were grafted — quince ("kwee-
C")) for 4-year old trees and seedlings for 1-year old trees. 

Olfactomete rr  bioassay s 

Inn the Y-tube olfactometer, both Anthocoris nemoraiis and A. nemorum showed positive 
responsess to methyl salicylate (80% and 83%, respectively) and (£,£)-a-farnesene (77% 
andd 71%, respectively) that significantly deviated from the 50% expected under the null 
hypothesiss (Table 4). (Z)-3-hexen-l-yl acetate, a compound not indicative of Psylla-
infestation,, did not elicit a positive response (only 36% of A. nemoraiis adults responded 
positively,, P - 0.3). 

Quantitativee results of the chemical analysis can be compared with amounts of 
compoundss administered in the olfactometer. Evaporation of compounds from the filter 
paperr was determined in a pre-test: 65% 4 mg, n=5) of methyl salicylate and 76% 

44 mg, n=5) of (Z)-S-hexen-l-yl acetate evaporated in 30 min. in the Y-tube (wind 
speed:: 0.3 liter/s). Evaporation of (ivE)-a-farnesene was not measured, but because this 
compoundd has a boiling point in between that of the other two compounds evaporation 
ratee is assumed to have an intermediate value. For methyl salicylate the concentration in 
thee odor plume in the olfactometer was calculated to be 2.78 |xg/l (mean value over 30 
min.).. In the airstream from the sampled infested leaves, the concentration was 6.58 
ng/1/leaff  (6 1 sampled, on average 79 ng/h/g fresh weight (Table 3), leaves weighing ca. 
0.55 gram). Therefore, ca. 420 infested leaves would be needed to cause the same 
concentrationn as 2.3 mg on filter paper (one single orchard tree wil l have manyfold 420 
leaves!).. Likewise, the used amounts of (E,E)-a-farnesene and (Z)-3-hexen-l-yl acetate 
aree equivalent to ca. 80 infested leaves. 
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DISCUSSION N 

Olfactometerr bioassays carried out with two of the volatile compounds that are correlated 
withh Psy//a-infestation in pear trees elicit a response in anthocorid predators, namely 
methyll  salicylate and (.E,E)-a-farnesene. Because these compounds are of plant origin, it 
mayy be inferred that their production is induced by Psylla injury. These chemical signals 
mayy be plant-predator synomones because upon herbivore attack plants may benefit from 
attractingg predators and predators profit from responding to prey-related signals (Dicke 
andd Sabelis, 1988). 

Wee did not make further attempts to investigate specificity with respect to the 
damagingg agent. Previous claims (Dicke et al., 1990a; Turlings et al, 1990; Mattiacci etal., 
1994)) that mechanical damage does not induce the production of volatiles in plants seem 
unwarrantedd because it is difficult, if not impossible, to mimiek the way {site and process) 
insectss damage a leaf, let alone to generate the damage as continually as the insect does. 
Thee only inference we can make from our data is that repetitive picking of leaves from 
uninfestedd trees does not trigger enhanced production of volatiles found in the headspace 
off  infested trees (Table 2). In fact, the levels of these volatiles are diminishing. 

Earlierr studies described volatiles from undamaged pear leaves (Miller et al., 1989) and 
fruitss (Jennings et al., 1960). Miller et al. (1989) analysed volatiles from pear leaves of two 
otherr pear cultivars: Bartlett and Bradford, cultivars considered to be susceptible and 
resistentt to pear Psylla attack, respectively. They identified fourteen compounds, eight of 
whichh were also present in one or more of our samples from infested trees: {E,E)-a-
farnesene,, (Z)-S hexen-l-yl acetate, (£)-P-ocimene, linalool, ct-copaene, P-caryophyllene, 
5-cadinenee and limonene. The compound they tentatively identified as perillene is most 
probablyy (£)-4,8-dimethyl-l,3,7-nonatriene, a methylene terpenoid with the same 
molecularr weight and almost the same mass spectrum as perillene and frequently present 
inn volatile blends from arthropod-attacked plants (lima bean-mites, apple-mites, 
Takabayashii  et al, 1991; cotton-caterpillars, McCall et al, 1994; corn-caterpillars, 
Turlingss et al, 1991; pear-psyllids, present study). Also the reported Kovats index 
correspondss well with the Kovats index on DB-1 for (£)-4,8-dimethyl-l,3,7-nonatriene 
(M.A.. Posthumus, unpublished data; see also Dicke etal, 1990a). Some other volatiles like 
methyll  salicylate were not found by Mille r et al. (1989). These authors did not specify the 
infestationn level of the trees they sampled, but in August, the time of sampling, it is rare 
too find trees devoid of psyllids in North American orchards (Watson and Wilde, 1963; 
Vann de Baan and Croft, 1991). Also the composition of the leaf volatiles suggest that the 
treess sampled by Mille r etal. (1989) may have been infested at the time of leaf sampling. 

Mille rr et al. (1989) found significant differences between the two cultivars: linalool was 
foundd only in Bradford, a-copaene only in Bartlett. We also have evidence for differences 
inn volatile composition between two pear cultivars, i.e. Conference and Beurré Hardy, the 
latterr failing to release methyl salicylate (Drukker and Posthumus, unpublished). Miller et 
al.al. (1989) argue that leaf volatiles are used by psyllids to locate their host plants. Thus, 
differencess in volatile composition can be indicative of differential cultivar susceptibility. 
Wee suggest that difference in volatile composition may, in addition, reflect cultivar-
relatedd differences in indirect defense by means of predator recruitment. The frequently 
reportedd heavy Psylla damage on Beurré Hardy compared to Conference (Drukker and 
Vann der Blom, unpublished) may be explained by this difference. 



26 6 CHAPTERR 2 

Variabilit yy  in blen d compositio n 

Severall  of the compounds we found associated with Psylla infestation, were also found to 
bee damage-associated in other, totally different plant-herbivore systems, such as apple-
spiderr mite (Takabayashi et al, 1991), lima bean-spider mite (Dicke et al, 1990a), 
cucumber-spiderr mite (Takabayashi et al, 1994), cotton-caterpillar (McCall et al, 1994), 
corn-caterpillarr (Turlings et al., 1991), Brussels sprouts-caterpillar (Mattiacci etal., 1994), 
broadd bean-aphid (Hardie et al, 1994), apple-sawfly larvae (Boevé et al, 1996), and 
cabbage-caterpillarr {Blaakmeer et al, 1994). Five compounds found exclusively in our 
infested-pearr samples have not been mentioned before in association with herbivory: 2-
andd 3-methyl butanal, 5-ethyl-2(5H)-furanon, ethyl salicylate, and anisole. 

Somee of the variation in blend composition may be attributed to leafage. We observed 
bothh qualitative and quantitative differences between young leaves in May and mature 
leavess in August, and not all of these differences could be attributed to the higher 
infestationn level in August. For example, (E)-P-ocimene was found only in August in leaf 
sampless that had a similar level of infestation to those in May. Alternatively, methyl 
salicylatee was absent in highly infested and uninfested old leaves in August, whereas it 
wass found in considerable quantities in infested young leaves in May. Age-related 
differencess were also found by Takabayashi et al. (1994) in samples from spider-mite 
infestedd cucumber leaves. 

Blendd composition may also be affected by age, rootstock, and attack history of the 
trees.. Our data leave these possible effects open, but we cannot assess their relative 
contributions.. Further research is needed, especially because effects of tree age and attack 
historyy are known for direct defensive responses, as reviewed by Haukioja (1990; see also 
variouss chapters in Tallamy and Raupp, 1991). This author also makes a useful 
distinctionn between induced responses based on the time scale of the induction process; 
hee distinguished between short-term and long-term (or delayed) induced responses. In 
ourr experiments, we used trees that originated from commercial nurseries. Hence, we 
cannott be absolutely sure that these trees had always been free of pests. 

Anotherr source of variation in blend composition stems from the accumulation of 
damagee since herbivore colonization. We observed a steady increase over time for most 
compoundss as the infestation proceeded. Some volatiles were observed already before the 
plantss were infested (methyl salicylate in very low quantity, (Z)-3-hexen-l-yl acetate and 
(Z)-3-hexen-l-ol),, others were only found after first appearance of Psylla nymphs and 
associatedd honeydew (l-hexyl acetate), 5 days later ((£,£)-a-farnesene, 5-ethyl-2(5H)-
furanone)) or 30 days later ((£)-2-hexenal). 

Predato rr  respons e to synomone s 

Thee responses of the two species of anthocorids to the three compounds tested are in line 
withh the findings by Dicke et al (1990a) for phytoseiid predators. They too found a 
significantt positive response to methyl salicylate and an indifferent response to (Z)-3-
hexen-1-yll  acetate. As the latter green leaf compound was not indicative of spider mite 
damage,, Dicke etal. (1990a) considered the indifferent response adaptive. However, in our 
pearr trees this green leaf compound is clearly more abundantly released by infested 
plantss and therefore, using the same line of reasoning (Dicke etal, 1990a), we could have 
expectedd the bugs to respond to it, but they appeared not to. Also in cotton, (Z)-S-hexen-
1-yll  acetate was found to be associated with herbivory (McCall et al, 1994) and here 
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parasitoidss actually do respond to this and other green leaf compounds (Whitman and 
Eller,, 1990). Thus, it is not clear why anthocorids do not respond to the green leaf 
compound,, but do respond to the other two damage-related volatiles. However, 
synergisticc effects among these (and any other) compounds in the headspace of the 
infestedd plants should not be ignored as a possibility. The other damage-related volatiles 
(Tablee 3) still remain to be tested, as well as the attractiveness of different concentrations 
off  all compounds, to anthocorid predators found to be responding to the total blend in the 
fieldfield (Drukker et al, 1995). 

Thee positive responses to the single compounds are surprising in that their 
informationn content can only be limited. The full blend, of course, contains much more 
information.. Nevertheless, additional olfactometer tests showed that responses of wild-
caughtt predators to full blends from infested pear leaves [A. nemoralis: 16%, n—13; A. 
nemorum:nemorum: 82%, «=6l; Drukker, unpublished data) were comparable to responses to (E,E)-
a-farnesenee and methyl salicylate (both species: 71-83%; see Table 4). Preliminary results 
showedd that one of the damage-related compounds, methyl salicylate, elicits positive 
responsess under field conditions as well; predatory bugs were found to be attracted 
towardss sticky traps with dispensers of methyl salicylate (on average 9.6 bugs per trap 
overr a period of 1-2 months, compared to 0.8 in unbaited control traps; Drukker, 
unpublishedd data). A possible explanation for positive responses to a single compound 
mayy be that the compound is a common denominator of damage inflicted by a wide range 
off  phytophages that include prey items on the menu. This may explain that A. nemorum 
respondss to odor blends from French bean leaves infested by prey mites (Tetranychus 
urticaeurticae and T. cinnabarinus-, Dwumfour, 1992), because these blends are known to include 
methyll  salicylate. Additional damage-related compounds may act in finetuning the 
informationn content of the signal, thereby enabling preferential responses. 

Onee wonders to what extent predatory arthropods can smell "the tree before the 
forest""  within the wealth of chemical information contained in the blends released by 
plantss upon herbivore attack. Whether their responses are plastic or fixed, is a major 
questionn for future research. In some cases natural enemies have been shown to change 
theirr behavior gradually over days of exposure to a stimulus (Dicke et al, 1990b; 
Dwumfour,, 1992), in others, associative learning was demonstrated over short-term 
exposuree to a stimulus (Lewis and Tumlinson, 1988). These possibilities are currently 
beingg investigated with respect to anthocorid predators (Drukker, in progress). 
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CROSS-CORRELATIO NN ANALYSI S O F FLUCTUATION S I N 
LOCA LL POPULATION S O F PEA R PSYLLID S A N D 
A N T H O C O R I DD BUG S 

I.. To test whether predatory anthocorids migrate into pear orchards when populations of 

pearr psyllids are building up, a cross-correlation analysis was carried out on their 

populationn numbers. Predator and prey population size were assessed weekly in 3 

consecutivee years (1991 -1993) by sampling pear leaves for eggs and nymphs of psyllids and 

pearr tree branches for adult psyllids, as well as adults and nymphs of predatory 

anthocorids.. The time series consisted of numbers (per leaf or branch) averaged over pre-

selectedselected pear trees in an orchard and, in addition, over other trees selected along the 

hedgerowss flanking die orchard. 

2.. The fluctuations in populations of adult and juvenile anthocorids showed strong 

cross-correlationss with those of the eggs and nymphs of pear psyllids, but less correlation 

withh adults of pear psyllids, as expected based on their increased ability to escape from 

predation.. The psyllids always showed up first on the pear trees, resulting in positive 

phasee shifts. The first peak of adult anthocorids on pear trees was always later than the 

firstt peak in the hedgerows, and the first peak of nymphal anthocorids on pear trees was 

alwayss later than the first peak of adults on these pear trees. In each of the 3 years, 

anthocoridss were rarely observed in the pear orchard during the first part of die growing 

seasonn (April-June), but during the second half of the growing season (July-August) there 

wass a strong numerical response of the anthocorid populations to increasing population 

densitiesdensities of pear psyllids. 

3.. These results provide support for the hypothesis that the numerical response of die 

predatorss to prey density is caused initially by migration of anthocorids into die pear 

orchardd and then by a reproductive response. The migrants originate from the hedgerows 

andd other trees elsewhere, where they feed on aphids during the first part of the growing 

seasonn (April-June). 

PublishedPublished as: P. Scutareanu, R. Üngeman, B. Drukker & M.W. Sabelis (1999) Cross-

correlationn analysis of fluctuations in local populations of pear psyllids and anthocorid 

bugs.. EcoL Entomo/. 24: 354-362 

Pearr psyllids, such as Psylla pyricola Foerster, P. pyry L., and occasionally P. pyrisuga 
Foerster,, cause severe outbreaks in pear orchards in western Europe, especially when 
broadd spectrum insecticides are applied. From February onwards, the overwintered 
femalee starts laying eggs on buds and later on pear leaves where ultimately all nymphs 
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acquiree their food. During a typical growing season in the Netherlands, pear psyllids 
completee two to three overlapping generations. 

Thee anthocorid predatory bugs Anthocoris nemoralis (F.), A. nemorum (L.), Onus 
majusculusmajusculus Reuter, O. minutus (L.), and O. vicinus (Ribaut) play a major role in suppressing 
pearr psyllid populations (Fuog, 1983; Van der Blom et al. 1985; Solomon et al., 1989; 
Booij,, 1990; Drukker et ai, 1995). Early in the growing season, however the anthocorids 
feedd on psyllids and other homopterans on trees flanking the pear orchard or elsewhere 
(Scutareanuu et al., 1993). Hence, to feed on psyllids they have to migrate into the pear 
orchard. . 

Anthocoridd bugs increase in numbers in pear orchards when the density of pear 
psyllidss increases, and this numerical response of the predators increases with prey 
densityy (Balkhoven and Jansen, 1988; Staubli et al, 1992). As anthocorid bugs are scarce 
orr virtually absent in the orchards from April to June, the aggregative response is 
thoughtt to arise mainly from immigration. Laboratory and field experiments have shown 
thatt adult anthocorid bugs are attracted to and arrested on and around Psylla infested 
pearr trees and this aggregative response increases with the density of psyllids on these 
pearr trees (Drukker et al, 1995). These bugs use olfaction to locate P^/fo-infested trees, 
andd are guided by herbivore-induced volatiles emanating from pear trees under attack by 
psyllidss (Scutareanu et al, 1996, 1997). Therefore, it was hypothesised that the 
aggregativee response of the predators to prey density in the orchard arises initially from 
synomone-mediatedd immigration, followed by a reproductive response. 

Too test this hypothesis by observations at the population level, an analysis was made 
off  the fluctuations in numbers of pear psyllids and predatory bugs in an orchard located 
inn De Watergraafsmeer near Amsterdam (The Netherlands) in three consecutive years 
(1991-1993).. This was achieved by weekly sampling of the predator and prey populations 
onn pear trees in the orchard and on trees in the hedgerows flanking the orchard, and by 
applyingg a cross-correlation analysis on these time series data (e.g. Lingeman and Van de 
Klashorst,, 1992). The results presented here provide strong support for the hypothesis 
thatt anthocorid bugs move into pear orchards in response to the density of pear suckers 
onn pear trees. 

MATERIAL SS A N D METHODS 

Observatio nn sit e 
AA group of eight pear trees (four in each of two rows), variety Conference, was chosen as 
ann observation site inside an apple orchard (~0.72 ha) located in Watergraafsmeer, 
Amsterdam.. The orchard is bordered on the east (60 m from the group of selected pear 
trees),, south (48 m) and north (58 m) sides by alder [Alnus glutinosa L.) hedgerows, and on 
thee west side (10 m) by a mixed windbreak of poplar (Populus nigra L.) and alder. On the 
southh side (58-60 m away from the group of selected pear trees), two hawthorn trees 
[Crataegus[Crataegus monogyna Jack.) were located over a ditch, approximately 10 m away from the 
southernn alder hedgerow. 
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Samplin gg procedur e 
Eachh year from April to October leaf samples (30 leaves) were collected, two to four times 
perr month, from six of the eight selected pear trees to assess the density of Psylla eggs 
andd nymphs. Beating net samples were collected from the remaining two selected trees 
(SOO branches per sample), and from the hedgerows (60 branches per sample) each time 
fromm 8-15 alder and poplar and from the two hawthorn trees, in order to assess Psylla 
adultt and anthocorid adult and nymph populations, respectively. Fewer samples were 
collectedd from hedgerows in 1991 and 1992 (see section Results and table l). All samples 
weree examined under a binocular microscope. 

Cross-correlatio nn analysi s techniqu e 
Thee interdependence of the dynamics of the prey and its predator populations was 
analysedd by the estimation of the cross-covariance and cross-correlation (Lingeman and 
Vann de Klashorst, 1992). 

Considerr two discrete time series {Xt}- Xi, ..., X, and {Tt} = Tu ..., Tn respectively. 
Definee \ = X, - X and yt = Y, - Y , then the estimators of the cross-covariance are 
definedd as follows: 

ii  N-k 

c jk ] == £xtyt+k 

N - k - ll  ,., 
ii  N-k 

cy[-k ]]  = c1.[k] = N _ k _ 1 S y . ^-

] ] 
Consequently,, the cross-correlation is: ] = . , 

wheree C X J [ 0] and CyyM  a r e t n e estimated variances of {Xt }  and {Tt}. 
Iff  periodic components of the same frequency are present in both series, this wil l lead 

too high values of the cross-correlation at the corresponding lags. The height of the peaks 
andd the phase shifts were determined and plotted. The place of the cross-correlation peak 
determiness the phase shift between the prey (x) and predator (y) populations in every 
season.. The height of the peaks can be considered to be a relative measure of connectivity 
betweenn prey and predator. The phase shift between these periodic segments is equal to 
thee lag value of the first maximum of the cross-correlation function. The amplitude 
spectrumm shows the degree of correlation between the prey and predator populations and 
thee phase spectrum shows the corresponding phase shifts between the two populations. 

Thiss method of time-series analysis is applied to a predator and prey population at a 
locall  spatial scale to study the interactions between psyllid prey (x), which appears first 
onn the host plant (pear trees), and the anthocorid predators (y), which arrive later in the 
seasonn (i.e. a positive phase shift between predator and prey populations). It was 
hypothesisedd that the anthocorids forage between April and June on other prey species 
outsidee pear orchards {i.e. in surrounding hedgerows), and, when psyllids increase in 
numbers,, from the end of June to September, migrate into pear orchards to find psyllid 
prey. . 
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Thee data represent a week-by-week time-series of mean numbers of individuals per 
leaff  (eggs and nymphs of psyllids) or per branch (adult psyllids and adult and nymphal 
anthocorids)) in the group of selected pear trees, as well as hedgerow trees. Where 
sampless for certain weeks were missing, values were estimated by linear interpolation 
betweenn sample means before and after. The original data represented 64.5% (47 weeks) 
off  the total time-series, the values for the remaining 26 weeks being obtained by 
interpolation.. For prey (x) and predator (y) in each stage of development, the time-series 
involvedd 28 weeks in 1991, 23 weeks in 1992, and 22 weeks in 1993, giving a total of 73 
weeks.. The cross-correlation were calculated and plotted using a procedure described by 
Lingemann and Van de Klashorst (1992). The apparently high number of the interpolated 
pointss in the series hardly affected the results of the cross-correlation analyses. 

RESULTS S 

Loca ll  abundanc e of pear psyllid s and anthocori d bugs 

Densitiess of psyllids on pear trees were highest in 1991, intermediate in 1993, and lowest 
inn 1992 (Table 1, Fig. la). This pattern was also found for anthocorid adults and nymphs 
onn pear trees, but their densities were much lower than those of psyllids (Table 1, Fig. 
lb)) and, in 1993 slightly lower than those of anthocorids in hedgerows (Table 1, Fig. lc). 
Everyy year, P. pyricola was the dominant species of pear sucker in the orchard whereas A. 
nemoralisnemoralis was the most frequent among the anthocorids on pear (Table l) and hawthorn 
(Tablee 2). On alder trees, A. nemorum was the most numerous, whereas on poplar it was 
thee only species present (Table 2). To all other trees in the hedgerows together, 
hawthornn represented the most important source of A. nemoralis for migration to Psylla-
infestedd trees. 

Tablee 1 The number and mean percentage (%) of psyllid adults on pear trees and of anthocorid 
adultss on pear trees (1991, 1992, 1993) and in hedgerows (1993) over the season, (l) - Psylla 
pyricola,pyricola, (2) = P.pyri, (3) = P. pyrisuga;(i) = Anthocoris nemoralis; (5) = A. nemorum, (6) = Orius spp. 

Year r 

1991 1 

1992 2 

1993 3 

1 1 

(") ) 
87.4 4 

94.3 3 

99.6 6 

Psylli dd adult s 

onn pear 

'ercentag e e 

(2) ) 
12.4 4 

5.7 7 

0.1 1 

trees s 

(3) ) 
0.2 2 

0.0 0 

0.3 3 

Tota l l 

no. . 

2468 8 

373 3 

931 1 

(4) ) 
75.1 1 

71.9 9 

83.7 7 

onn pear trees 

'ercentag e e 

(5)) (6) 
3.00 21.9 

1.88 26.3 

11.66 4.7 

Anthocori dd adult s 

Tota l l 

no. . 

165 5 

57 7 

43 3 

(4) ) 

46.1 1 

43.1 1 

41.5 5 

inn hedge 

Percentag e e 

(5) ) 

38.5 5 

22.4 4 

57.1 1 

row s s 

(6) ) 
15.4 4 

34.5 5 

1.4 4 

Tota l l 

no. . 

13* * 

58" " 

ior r 
xx 1 sample (week 29); r 5 samples (weeks 77, 81, 83, 84, 86); *  12 samples (weeks 118, 120, 121, 
123,, 125, 127, 129, 130, 132, 135, 137, 138) 
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Tablee 2 Total number and mean frequency (%) of anthocorid adults in samples collected from 
differentt tree species in hedgerows over the season in 1993 

Anthocorids s 

AA nemoralis 
AA nemorum 
OriusOrius spp. 

Crataegus Crataegus 
Totall no. 

62 2 
7 7 
3 3 

monogyna monogyna 

% % 
86.1 1 
9.7 7 
4.2 2 

AlnusAlnus glutinosa 

Totall no. 
10 0 
16 6 
0 0 

% % 
38.5 5 
61.5 5 

0 0 

PopulusPopulus nigra 
Totall no. % 

00 0 
33 100 
00 0 

QQ Psyllid adults/branch 

EHH Psyllid eggs/leaf 

00 Psyllid nymphs/leaf 

(b) ) 

1 1 

A A 
 Anthocorid nymphs/branch 

DD Anthocorid adults/branch 

^X. ^X. ^ f c ^ ^ 

(O O 

2 2 

0 0 

( ( 1 1 

1991 1 

 Anthocorid nymphs/branch 

QQ Anthocorid adults/branch 

500 100 
1992 2 

A A J ^ ^ 

1993 3 

Wetk k 

Year r 

Figuree 1 The abundance (mean number of individuals) of (a) psyllid prey and (b) anthocorid 
predatorr (scale 5x) on pear trees over the season in 1991, 1992 and 1993, and of (c) anthocorids in 
hedgerowss (scale 5x) in 1993; PSA = psyllid adults/branch; PSE, PSN = psyllid eggs, 
nymphs/leaf;; ANA, ANN = anthocorid adults, nymphs/branch. The weeks were numbered 
successivelyy from January 1991 to December 1993. 
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Tempora ll  variatio n of prey and predato r population s 

Fluctuationss of psyllid adults, eggs, and nymphs, and of anthocorid adults and nymphs on 
pearr trees followed a similar pattern in all three years (Fig. 2). The psyllid population 
begann to develop early in spring (April) whereas the anthocorids did not appear until 
afterr mid June, by which time pear psyllids had passed the egg and nymph peaks of their 
secondd generation (Fig. 2b, c). Anthocorids and psyllids on pear trees occurred together 
inn the orchard from June to the end of August or beginning of September (Table 3). 

(») ) 

E E 

PSA/branch h 
ANN A/branch 
ANN/branch h 

(b) ) 

--

--

£ £ 

k k 
jr« \ \ 

/ / 

i i 

o o 

a a 

\ \ 

f[ f[ 

PSE/leaf f 
ANN A/bran 
ANN/branch h 

i i 

ii  . 

PSN/leaf f 
ANN A/branch 
ANN/branch h 

1500 Week 

Year r 

Figuree 2 Log data series showing the fluctuation of the density (a) of psyllid adult, (b) egg, (c) 
nymphss and of anthocorid adults and nymphs (a, b, c) on pear trees over the season in 1991, 1992 
andd 1993; PSA = psyllid adults/branch; PSE, PSN = psyllid eggs, nymphs/leaf; ANA, ANN = 
anthocoridd adults, nymphs/branch. The weeks were numbered successively from January 1991 to 
Decemberr 1993. 
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Tablee 3 Total time period of the observed stage and overlap period of the psyllid prey and 
anthocoridd predator populations on pear trees over the season in 1991-1993 run on psyllid 
adults/branchh (PSA), psyllid eggs, psyllid nymphs/leaf (PSE), (PSN), anthocorid adults, 
anthocoridd nymphs/branch (ANA), and (ANN) 

"Ê^ÏNdl// 1991 1992 1993 

Anthocoridss Period* Overlap** Period Overlap Period Overlap 

PSAA 24/4-5/10 13/4-17/9 6/4-27/8 

PSEE 24/4-5/10 20/4-17/9 6/4-27/8 

PSNN 24/4-28/10 20/4-17/9 6/4-27/8 

ANAA 5/7-11/9 69 1/6-14/7 43 1/6-16/8 76 

ANNN 5/7-7/8 33 29/6-14/7 15 30/6-9/8 40 

**  dates; **  days 

Aprill  May June July August September 

Figuree 3 The presence of anthocorid adults and nymphs in hedgerows (hedge), and adults and 
nymphss on pear trees over the season in 1993. 

Anthocoridd predator populations in hedgerows vs. pear orchard 

Anthocoridss were present in hedgerows long before they appeared in the pear orchard 
(Fig.. 3). In hedgerows, they produced a first generation on hawthorn, alder, poplar or 
otherr trees and shrub species using psyllid, aphid and other homopteran species as prey. 
Samplingg of hedgerows showed that the anthocorid nymphs appeared in the second part 
off  June (Fig. 3). Strikingly, in the pear orchard, the sharp increase of adults at the end of 
Junee was always several weeks before the nymphs started to increase in July. The 
anthocoridd nymphs also appeared earlier in the hedgerow than in the pear orchard. 
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Tablee 4 Highest peak value and phase shift from lag zero of cross correlation of the psyllid prey 
andd anthocorid predator populations over the season in 1991-1993 run on psyllid adults/ branch 
(PSA),, psyllid aggs, psyllid nymphs/leaf (PSE), (PSN), and anthocorid adults, anthocorid 
nymphs/branchh (ANA), (ANN) 

Psyllids/ / 

Amhocorids s 

PSA/ANA A 

PSA/ANN N 

PSE// ANA 

PSE/ANN N 

PSN/ANA A 

PSN/ANN N 

Highest t 

1991 1 

0.80 0 

0.57 7 

0.87 7 

0.92 2 

0.77 7 

0.89 9 

peakk value of cross 

1992 2 

0.88 8 

0.65 5 

0.73 3 

0.85 5 

0.98 8 

0.83 3 

-correlation n 

1993 3 

0.83 3 

0.80 0 

0.88 8 

0.92 2 

0.90 0 

0.94 4 

Phasee shift of t 

1991 1 

3 3 

0 0 

5 5 

2 2 

5 5 

1 1 

lighest t 

1992 2 

0 0 

1 1 

2 2 

4 4 

1 1 

2 2 

peakk { weeks) ) 

1993 3 

2 2 

5 5 

7 7 

5 5 

5 5 

3 3 

Cross-correlatio nn analysi s of psylli d and anthocori d population s 

Onn pear trees, the peak values of cross-correlations of psyllid populations (adults, eggs, 
andd nymphs) with anthocorid populations (adults and nymphs) and the phase shift of 
thosee peaks at corresponding lags are presented in Table 4 and graphically in Fig. 4 
(19922 only). Given that the vulnerability of psyllids to predation decreases with stage of 
developmentt of the psyllids and increases with the stage of development of the 
anthocorid,, it is interesting to note that the weakest cross-correlations (0.57-0.80) are 
foundd between psyllid adults and anthocorid nymphs. Thus, cross-correlations were 
lowestt when predator and prey are of approximately the same size. In all other cases, 
cross-correlationss were on average equally high. The highest peak value (0.98) was 
betweenn anthocorid adults and psyllid nymphs in 1992, despite the fact that psyllid and 
anthocoridd densities were low. Alternatively, this high correlation may be caused by the 
factt that feeding by psyllid nymphs induces the pear tree to produce volatiles, which in 
turnn attract anthocorid adults. 

Exceptt for two cases, highest cross-correlation peaks of predator and prey coincided 
andd all phase shifts between prey and predators had positive values. Phase shifts were 
largestt relative to prey eggs and smallest relative to adult prey, with the nymphs in 
betweenn these extremes. The phase shifts, however, show considerable between-year 
variationn which can probably be attributed to differences in climate. 

DISCUSSION N 

Ourr analysis of population fluctuations of pear psyllids and anthocorids in a pear orchard 
andd surrounding hedgerows provides support for the hypothesis that anthocorids move 
intoo the orchard from surrounding shrubs and trees (hawthorn, alder) starting in mid 
Junee when psyllid populations start to grow. This is because (l) adult anthocorids 
decreasee in numbers in hedgerow trees and simultaneously increase in the pear orchard, 
andd because (2) the increase in adult anthocorids at the end of June consistently appears 
severall  weeks before the nymphal anthocorids start to increase in July. Because (l) the 
olfactoryy attraction to Psylla-'mfested pear trees has been demonstrated in the laboratory 
(Drukkerr and Sabelis, 1990) and in pear orchards (Drukker et al, 1995) and (2), the 
volatilee chemicals induced in pear trees after attack by psyllids have been identified (Scut-
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PSE-ANN N 

\ \ 

00 Weeks 35 

Lag g 

Weekss 35 

Figur ee 4 Cross-correlations of psyllid adults, eggs, and nymphs with anthocorid adults and 
nymphss in 1992. X axis = phase shift from lag 0, in weeks; Y axis = peak height. PSA = psyllid 
adults/branch;; PSE, PSN = psyllid eggs, nymphs/leaf; ANA, ANN = anthocorid adults, 
nymphs/branch. . 
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areanuu et al, 1996, 1997), and (S) the olfactory response of anthocorids in the pear 
orchardd has been found to be (prey) density dependent (Drukker et al, 1995) there is now 
increasingg evidence for synomone-induced aggregative response of anthocorids to Psylla 
densityy via migration into the orchard. 

Theree is also a strong numerical response of anthocorid predators to the density of 
psyllidss in the pear orchard. This follows from (l) the high cross-correlations of 
immaturee psyllids (nymphs and eggs) with mobile stages of anthocorids (adults and 
nymphs),, and (2) the fact that the phase shifts between peak values of prey and predator 
aree always positive. Moreover, the phase shifts relative to psyllid eggs have values that 
aree close to the time needed for the psyllids to complete a generation, those relative to 
nymphss are clearly less than a generation, and those relative to adults are the shortest, 
sometimess even zero. These results were interpreted as an indication for higher attack 
successs on the nymphal stages of the prey. The rationale here is as follows. First, 
anthocoridd nymphs and adults have great difficulty in capturing the winged psyllid adults 
thatt jump immediately upon disturbance. Hence, a short phase shift probably implies that 
theyy are feeding on the eggs produced by the adult psyllids rather than on the adults 
themselves.. Second, the long phase shift relative to the eggs of the psyllids coincides with 
thee time needed for the anthocorids to develop into nymphs and adults. Third, the 
intermediatee phase shift relative to the nymphs of the psyllids coincides with the time 
neededd for the anthocorids to develop from nymph to adult. Finally, it should be noted 
thatt in all samples the anthocorids consisted of several species (Table l) and that these 
speciess may differ in their prey stage preference. For example, the Orius spp. seem to 
preferr eggs of psyllids, whereas the Anthocoris spp. seem to prefer the nymphs (Fuog, 
1983).. Moreover, these species may differ in their response to herbivore-induced plant 
synomones. . 

Thee combination of aggregative and numerical response of anthocorids to the density 
off  psyllids in pear trees wil l ultimately determine the degree to which the trees wil l be 
damagedd by herbivory. There is evidence that the aggregative response increases with 
thee density of psyllids (Drukker et al, 1995). Here, it was shown that there are strong 
cross-correlationss between the densities of psyllids and anthocorids. Thus, it may well be 
thatt anthocorids represent an important mortality factor in the dynamics of pear psyllids. 
Becausee the amount (and number) of plant volatiles produced increases concomitant with 
increasess in the density of psyllids (Scutareanu et al, 1997), it was hypothesised that these 
herbivore-inducedd volatiles play a role in the aggregative and numerical responses of the 
anthocoridss to the density of psyllids. The larger the number of psyllids attacking a tree, 
thee larger the amounts of volatiles produced, the more anthocorid predators are attracted 
and,, once attracted, the stronger these predators are arrested in the leaf area under attack 
byy the psyllids. There is a need to test this hypothesis critically in all its aspects, taking 
intoo account that the responses may depend on pear cultivar (work in progress), 
constitutivee direct and indirect defence, tree condition (fertilisation, induced direct and 
indirectt defence), species of Psylla and anthocorids. 
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B.. Drukker « 2001 » How predatory arthropods learn to use herbivore-induced plant volatiles 

4 4 
DOO ANTHOCOR1D PREDATOR S RESPOND TO 
SYNOMONESS FROM PSYLLA-lNFESTED PEAR TREES 
UNDERR FIELD CONDITIONS? 

Becausee Y-tube olfactometer experiments in the laboratory showed a response of 

anthocoridd bugs to odour from Fsy/Jo-infested leaves, it was of interest to assess its 

relevancee under field circumstances. This was done by measuring the density of predatory 

bugss on pear trees adjacent to Psy/to-infested or control trees that were covered with fine 

meshh gauze-screens. In this way odours from these caged trees could spread through the 

screen,, while contact with the Psytla prey in the cage was prevented. The density of 

anthocoridd predators around cages with heavily infested trees was significantly higher than 

aroundd uncaged control trees and around cages containing uninfested or little infested 

trees.. Covering a cage with Psyffa-infested trees by an airtight plastic sheet led to an 

immediatee drop in the density of anthocorid predators, whereas removal of the sheet led 

too predator aggregation again. The results of these field experiments strongly support the 

hypothesiss that anthocorid predators respond to volatile chemicals emanating from Psylla-

infestedd pear trees. 

PublishedPublished as: B. Drukker, P. Scutareanu & M.W. Sabelis (1995) Do anthocorid predators 

respondd to synomones from Psy//o-infested pear trees under field conditions? Entomol. Exp. 

Appl.77:Appl.77: 193-203 

Responsess of arthropod predators to volatile chemicals emanating from plants infested by 
theirr prey (synomones sensu Dicke and Sabelis, 1988) have been convincingly 
demonstratedd in several laboratory experiments with olfactometers and windtunnels and 
withh different predator-herbivore-plant systems: predatory mites respond to odours from 
beann plants infested by spider mites (Dicke et al, I990ab) and parasitoids respond to 
odourss from corn plants infested by Heliothis caterpillars (Turlings et al, 1990). Such 
evidencee has also been obtained for two anthocorid predators, Anthocoris nemorum (L.) and 
A.A. nemoralis (Fabricius), responding to odours from pear leaves infested by psyllids, Psylla 
pyripyri L. and P. pyricola Forster (Drukker and Sabelis, 1990). Moreover, recent GC-MS 
analysess of volatiles in the headspace of infested and uninfested pear trees show that 
PsyllaPsylla attack on the pear trees triggers the production of volatile chemicals, such as 
methyl-salicylate,, (E,E)-a-farnesene and 4,8-dimethyl-l,S(E),7-nonatriene (Scutareanu et 
al.,al., 1997; Chapter 2). As these volatile compounds are likely of plant origin, it is 
reasonablee to hypothesize that the herbivore triggers the plant to produce them (but note 
thatt a microbial origin cannot yet be excluded). All these laboratory experiments and 

43 3 
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analysess demonstrate that olfaction is implicated in prey-searching. What they do not 
show,, is how the chemical information is used to find the prey (Sabelis et al, 1984; Sabelis 
andd Dicke, 1985; Sabelis and Van der Weel, 1993) and to what extent orientation 
responsess can be manifested in the field. In this paper, we deal with the latter question by 
studyingg responses of anthocorid,predators to P^/a-infested trees in a pearr orchard. 

Thiss predator-prey-tree system is very suitable for studying the role of volatiles in 
searchingg behaviour in the field because the predators have to migrate each year into pear 
orchardss to find their psyllid prey and because it seems reasonable to hypothesize that the 
migratingg predators wil l use chemical signals related to the presence of psyllids on the 
pearr trees. In April/June anthocorid predators forage predominantly for aphids on trees 
outsidee pear orchards, so that they have to migrate into the pear orchards in 
July/August,, when Psylla populations expand and become a profitable food source 
(Solomonn et al, 1989). It is also reasonable to hypothesize that natural selection wil l 
promotee pear trees releasing volatiles upon infestation by psyllids as they wil l incur 
severee damage when Psylla populations grow unchecked (Atger, 1982; Van der Blom et 
al,al, 1985; Bouyjou et al, 1984; Booij, 1990; Fuog, 1983; Herard and Chen, 1985; Hodgson 
andd Mustafa, 1984; Solomon et al, 1989; Staubli and Anthonin, 1984; Trapman and 
Blommers,, 1992; C.J. Booij, pers. comm.). Especially when outbreaks of psyllids are 
severe,, a timely influx of predatory bugs from outside the pear orchard plays a crucial 
rolee in pest suppression (Booij, 1990). Immigration of anthocorid predators probably 
dependss on the density of psyllid prey in the pear orchard (Balkhoven and Jansen, 1988; 
Staublii  et al, 1992) and therefore it is reasonable to hypothesize that Psylla-mduced 
productionn of plant volatiles has an influence on predator migration. 

Preliminaryy experiments showed that it is possible to intercept migrating anthocorids 
beforee they arrive at the PjryZ/a-infested tree (Drukker et al, 1992). This was done by 
puttingg a cage of gauze screen over infested pear trees. The interception was manifested 
byy arrestment of predatory bugs on trees surrounding the cages with infested trees. In 
thiss paper we discuss the results of a similar type of experiments (l) to measure the 
populationn growth of psyllids throughout the summer season on selected pear trees in 
cagess and on the trees surrounding the cages, (2) to simultaneously assess the response of 
migratingg anthocorids to odours from these cages containing pear trees with various 
levelss of Pjry#fl-infestation, and (3) to study how the response of the predatory bugs is 
changedd immediately after stopping the odour emission from the cages. 

MATERIAL SS A N D METHODS 

Experimenta ll  sit e 

Thee field experiments were carried out at the experimental orchard "De Schuilenburg" in 
Kesteren,, The Netherlands. Here, a total area of c. 7000 m* was planted with 9 rows of 
pearr trees (cv. Conference) in 1988 and was made available for our preliminary 
experimentss in 1991 (Drukker et al, 1992) and the experiments in 1992, the results of 
whichh are the subject of this paper. This pear orchard was bordered by a hedgerow at 
threee sides: the southern hedgerow consisting of willow trees, the western hedgerow 
consistingg of alder trees, the eastern hedgerow consisting of a mixture of trees and 
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shrubss (thus no hedgerow at the northern side). Throughout the growing season all 
hedgerowss contained anthocorids and several homopteran prey species in large numbers 
(especiallyy Psylla alni(L.) on alder), but no pear psyllids (Scutareanu et ai, 1993). 

Cagingg the pear trees 

Too prevent the predatory bugs from contacting their prey and to allow them to respond 
onlyy to prey-related signals that transfer information over some distance away from the 
treee (sound, odour) some selected pear trees were covered by a cage of 2 x 2 x 2.4 m, 
madee of gauze screen with a mesh width of 1 mm. Throughout this paper we wil l assume 
thatt the signal consists of volatile chemicals emanating from the infested tree and not of 
soundss (see also discussion). 

Apartt from fencing off the predators the cages around the infested trees also served to 
preventt the pear psyllids from escaping and moving to neighbouring trees. To create 
highh levels of PjryZ/a-infestation the trees inside the cage were first sprayed with a broad 
spectrumm insecticide for predator extermination and then (once per week during 5 weeks) 
providedd with pear tree branches infested mainly by Psylla pyricola, taken from an orchard 
inn the Watergraafsmeerpolder, Amsterdam. By using permethrin (Ambush, 15 mg/1, 1.5 
1/tree)) it was ensured that the natural enemies (including anthocorids) were wiped out 
whilee leaving a large part of the pear psyllids unharmed as they are resistant to this 
pyrethroidd (Staubli and Anthonin, 1984; Oomen and Romeyn, 1984). To prevent ground-
dwellingg predators (ants, earwigs, carabids) from invading the trees and affecting Psylla 
populationn growth on the caged tree, Tanglefoot was applied as a sticky barrier on the 
trunkk of the pear tree. Regular checks during the year demonstrated that the pyrethroid 
treatmentt and the Tanglefoot barrier ensured that the predators were virtually absent in 
thee cages. 

Too create very low Pyy/fo-infestation levels pear trees inside cages were sprayed four 
timess at two-week intervals with amitraz (2 ml/1, 3 1/tree). This insecticide has the 
advantagee of being effective against pear psyllids while leaving the anthocorids virtually 
unharmedd (Hassan etal, 1987). 

Designn of field experiments 

Fourr treatments were applied: (l) severe Psy/Za-infestation on caged trees, (2) littl e or no 
infestationn on caged trees, (3) low (natural) infestation on pear trees that were not in 
cagess and c. SO m away from treatment 1, (4) idem as treatment 3 but now c. 65 to 90 m 
awayy from trees under treatment 1. The latter three treatments could be considered as 
threee types of control experiments for treatment 1. Each of the four treatments was 
replicatedd three times with each replicate in a separate row of pear trees, i.e. in row 2, 6 
andd 9. The trees selected for treatment were at least 30 m apart, i.e. 14 pear trees in 
betweenn selected trees. Treatment 1 and 2 were applied to trees in the northern part of 
thee pear orchard and treatment 3 in the middle, whereas treatment 4 was applied in the 
southernn part. Thus, comparing the treatments can only be done under the assumption 
thatt there are no systematic effects of spatial position in the pear orchard. This set-up 
wass chosen because a randomized design has a higher probability of possible interactions 
betweenn effects of treatments, since it is not known over how long a distance the 
attractionn is effectuated. An overview of the spatial arrangement is given in Fig. 1. 
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Figuree 1 Spatial arrangement of pear trees under the following treatments: Hatched squares: 
cagedd tree with high density of pear psyllids; D: caged tree with littl e or no pear psyllids; +: open 
'control'' tree at 30 m from caged trees; *: open 'control' tree at 65-90 m from caged trees 

Samplin gg procedur e 

Twoo methods of sampling were simultaneously used with a frequency of once every one 
orr two weeks. To estimate the density of immature psyllids (eggs and larvae), samples of 
300 leaves were taken from the tree crown and brought to the laboratory where they were 
inspectedd under a binocular microscope. This method was applied to pear trees inside the 
cagess and adjacent to the cages in the same row. To estimate the density of adult psyllids 
andd both juvenile and adult anthocorids, samples were collected in nets kept under a 
branchh that was beaten three times using a club to dislodge the insects from the branch. 
Thiss method was applied to a total of 30 branches from the two pear trees at both sides of 
eachh cage and also to the pear trees surrounding preselected control trees without cages. 
Ass a check on the population size of adult psyllids inside the cages beating net samples 
weree also collected at the very end of the field experiment. 

Experimenta ll  interruptio n of odou r emissio n fro m cage 

Duringg the field experiments in 1992 the odour emission from one of the three severely 
infested,, caged trees was interrupted by putting an airtight plastic sheet over the cage. 
Thee plastic (polyethene) sheet (thickness: 1.5 mm)was transparent and assumed not to 
releasee repellent/attractive substances. This experiment was started on the 12th of 
August,, when the influx of anthocorids was at its peak. The density of predatory bugs in 
thee trees surrounding the cage was assessed before and after positioning of the sheets. 
Afterr two weeks the sheet was removed and the effect of removal on the density of 
predatoryy bugs on surrounding trees was measured again. 
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RESULTSS AN D CONCLUSION S 

Effec tt  of treatment s on Psylla densities : caged and uncage d trees 

Too evaluate the effect of the treatments on Psylla densities leaf samples were taken from 
treess selected for the field experiment. The results in Fig. 2a show that (l) compared to 
allall three types of control trees the density of psyllid nymphs is much higher on caged 
treess that were provided with branches infested with P. pyricola and that (2) the density of 
psyllidd nymphs is lower on the caged trees treated with Amitraz than on open, untreated 
controll  trees at 30-90 m distance from the caged trees. In all these cases data ranges did 
nott overlap between treatments, making statistical testing superfluous. 

Effec tt  of treatment s on Psylla densities : tree s adjacen t to caged and uncage d 
trees s 
Onn trees adjacent to the caged, infested trees (Fig. 2b, c and d) Psylla densities (all stages) 
weree much lower than within the cage, but compared with trees adjacent to the caged or 
uncagedd control trees there appeared to be a somewhat higher density level. This 
differencee was significant according to a Mann-Whitney test when applied to the annual 
totalss of per-tree densities of Psylla nymphs (w=6, P<0.05), as well as Psylla eggs (w=6, 
P<0.05),, but the same test repeated for each sampling date showed significant differences 
onn three sampling dates in July, but starting from July 30 until September 9 the densities 
inn all replicates dropped and no statistical differences were observed for both eggs and 
nymphs.. With respect to Psylla adults a Mann-Whitney test applied to the annual totals 
off  per-tree densities also showed significant differences (w=6, P<0.05), but the same test 
repeatedd to each sampling date showed that the difference was consistently significant in 
July,, but after July the differences were much more variable. Inspection of Fig. 2b, c and d 
showss that the numbers of Psylla eggs, nymphs and adults on adjacent trees steeply 
declinee at the end of July and early August. 

Thesee results suggest that the cages were not completely 'Psylla-proo? or that the in-
and-outt movement of samplers via the cage doors enabled some Psylla adults to escape 
(leavingg aside the theoretical possibility of pheromonal attraction). However, the effects 
off  leakage seem less important after July. 

Effec tt  of treatment s on anthocori d bugs 

Basedd on beating net sampling of trees adjacent to the trees selected for treatments it was 
foundd that the numbers of nymphs in July and August as well as the numbers of adult 
anthocoridss in August are higher around the caged and severely infested trees, than 
aroundd any of the control trees. With respect to the annual totals for the two treatments 
withh caged trees (Fig. 3) the data ranges for the adult anthocorids do not overlap (18-20 
adultss vs 1-7 adults; 8-15 nymphs vs 2-3 nymphs), making statistical testing superfluous. 
Mann-Whitneyy tests repeated for each sampling date show that in the second half of July 
andd the whole month of August the trees adjacent to the severely infested pear trees 
harbourr a significantly larger number of adult anthocorid bugs than the caged, control 
treess (w=6 in all cases; thus, P<0.05). The three types of control experiments do not 
significantlyy differ from each other. Thus, there are good reasons to conlude that Psylla 
infestationn has an effect on the density of anthocorid bugs on adjacent trees. 
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Figur ee 2 The abundance of pear psylla nymphs (number per leaf) on pear trees selected for the 
variouss treatments (2a), and the abundance of pear psylla eggs (2b), nymphs (2c) (number per 
leaf)) and psylla adults (number per branch beated 3 times) (2d) on trees adjacent to these 
selectedd trees. Bold type lines: caged trees with high Psylla infestation (n=S); Thin lines: caged 
treess with littl e or no psyllids (n=3); Dashed lines: open 'control' trees at a distance of 30-90 m 
fromm the caged trees (n=6). Points indicate means and bars indicate standard deviations. Note 
thatt Fig. 2a has a logarithmic scale on the y-axis, whereas Fig. 2b, c, d have a linear scale. 
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Figur ee 3 The abundance of anthocorid nymphs (3a) and adults (3b) (number per branch beated 3 
times)) on trees adjacent to trees selected for treatments. Bold type lines: caged trees with high 
PsyllaPsylla infestation (n=3); Thin lines: caged trees with littl e or no psyllids (n=3); Dashed lines: open 
'control'' trees at a distance of 30-90 m from the caged trees (n=6). Points indicate means and bars 
indicatee standard deviations. 
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Figuree 4 Composition of anthocorid fauna on trees adjacent to the caged trees with high Psylla-
infestationn throughout the year 1992. Black colums: Anthocoris nemorum and A. nemoralis-, White 
columns:: Orius majusculus, O. vicmus and O. mmutus. The total number of anthocorids found at 
eachh sampling date are given above each column. 

Tablee 1 Total catches in August, carried out separately pertaining for the most abundant taxa: 
(1)) Anthocoris nemorum and (2) Orius spp. 

Treatments s Anthocoriss nemorum 

Replicatee no. 

( I )) P) (3) 

AnthocorisAnthocoris nemoralis 

Replicatee no. 

(I)) P) (3) 

OriusOrius spp. 

Replicatee no. 

(I)) P) (3) 

Cagedd trees with high 

PsyllaPsylla density 

Cagedd trees with low 

PsyllaPsylla density 

I I 8 8 

Identificationn of the anthocorids collected by beating net sampling revealed that 
severall  species of anthocorids were attracted to the infested pear trees. Fig. 4 shows the 
genericc composition; it appears that Anthocoris spp. have a large share in the population of 
anthocoridss attracted, but Orius spp. are at least as abundant. In order of their abundance 
(inn ratio of 5 : 3 : 2 : 1 : l) the following species were identified in a subsample of all 
specimenss collected: Anthocoris nemorum, Orius vicinus, O. minutus, O. majusculus and A. 
nemoralis. nemoralis. 

Inn all samples we discriminated between the Anthocoris nemorum, A. nemoralis and the 
genuss Orius and did not take the effort to discriminate between the various Orius spp 
(exceptt for the subsample mentioned above), as the discriminating characters of Orius 
spp.. are less conspicuous. Taking the data only as far as they were collected in August, 
thee densities of each of these three groups of anthocorids differed significantly (according 
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too Mann-Whitney tests) between treatment (high prey density on caged tree) and control 
(loww prey density on caged tree) (Table l). This is remarkable because the total numbers 
off  individual anthocorids was not high and after splitting them into three categories they 
becamee low. Despite this reduction in sample yield per category the significant difference 
betweenn treatment and control was maintained. 

Interrupt ionn of odour emission 

Coveringg one of the three severely infested, caged trees with airtight plastic had a marked 
effectt on the densities of anthocorids on the adjacent pear trees (Fig. 5). Before the 12th 
off  August 1992 adult anthocorids were observed in densities of c. 1 per 10 branches on all 
treess adjacent to the caged trees, but two days after covering one of the caged trees with 
airtightt plastic not a single predatory bug was found on the adjacent trees, whereas the 
treess adjacent to the other two caged, infested trees continued to harbour anthocorid 
bugss in densities of 4 or 7 adult anthocorids per SO branches. This drop to zero density is 
unlikelyy to be a coincidence as - in the period from mid July through August - none of 
thee trees surrounding the caged trees had anthocorid densities equal to zero except when 
thee cage was covered with airtight plastic. Two weeks after plastic sheet treatment (26th 
August),, one day after the airtight sheet was removed, adult anthocorids were found 
againn on the adjacent trees in densities of more than 2 per 30 branches, which was in the 
samee order of magnitude as the densities found on trees adjacent to the other two caged 
trees.. That a sudden interruption of odour emission has such an immediate effect on the 
observedd predator densities, is a strong indication that the predatory bugs respond to 
odours;; they are arrested when the odours are present and they actively resume search 
whenn these odours disappear. 

== 0.3 shecii  s h c cl 

removed d 
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F iguree 5 Anthocorid adults on trees adjacent to three caged trees with high Psy//a-infestation, 
onee of which was temporarily wrapped in an airtight plastic sheet to interrupt odour emission. 
Thee black columns relate to the anthocorids observed on the trees adjacent to the sheet-covered 
cage,, whereas the other two columns relate to the trees adjacent to the other two caged trees, 
thatt were not covered by a sheet. 
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DISCUSSION N 

Interpretatonn of t reatment effects 

Theree are three hypotheses on the cues that stimulated the anthocorid predators to 
aggregatee close to the cages with infested trees. First, the predators may respond to 
odourr produced by the pear trees within the cages and induced in the pear leaves by 
PsyllaPsylla feeding {the plant synomone hypothesis). Second, they may respond to pheromone 
productionn by female psyllids on the infested trees within cages (the prey pheromone 
hypothesis).. Third, they may respond to the Psylla prey on trees adjacent to the (caged) 
infestedd trees, which are present at slightly elevated densities as a result of inadvertent 
leakagee of psyllids from the cage. 

Thee third hypothesis seems unlikely because the densities of Psylla prey around the 
caged,, infested trees are very low in an absolute sense (on average 0.3 nymph per leaf 
withh a range of 0-1.3 nymph per leaf) and because they are in the same range as (and do 
nott differ significantly from) densities on the uncaged, control trees (on average 0.2 
nymphh per leaf with a range of 0-1.2 nymph per leaf). Moreover, this prey resource on the 
treess adjacent to the caged trees seems to be of littl e value to the predators because the 
preyy stages vulnerable to predation by adult anthocorids, i.e. the Psylla eggs and nymphs 
(Lauenstein,, 1980), are scarce just in the period when the aggregation of anthocorids is 
mostt pronounced; after July 23 the most crucial effects on the anthocorid aggregation 
weree observed and just in that period there were no significant differences in densities of 
PsyllaPsylla nymphs between the caged trees with and without Psylla infestation. It should be 
stressedd that anthocorid adults are not likely to seize Psylla adults due to the prey's 
abilityy to escape by jumping away. Hence, the occasionally higher densities of Psylla 
adultss around the infested trees are of littl e or no relevance with respect to the 
aggregationn of anthocorid adults. 

Moree specifically the mean egg densities in August, 1992, were between 0.05 and 0.8 
perr leaf, and psyllid nymph densities were even lower than those of psyllid eggs 
(maximallyy 7 per 30 leaves; thus on average less than 0.25 per leaf). This represents a 
totall  prey density (eggs and nymphs) that certainly does not suffice for anthocorids to 
completee juvenile development and that certainly does not meet the daily food demands 
off  anthocorid adults. According to laboratory studies by Brunner and Burts (1975) 
anthocoridss cannot develop to maturity at densities of 5 nymphs or eggs per leaf per day 
andd anthocorid adults require more than 30 psyllid nymphs/eggs per day for normal egg 
production,, which corresponds to a prey density of 30 to 200 psyllid nymphs per leaf. For 
thesee reasons we do not think that the egg and nymph supply on trees adjacent to the 
cagedd trees can explain the observed increase in aggregation of anthocorids on these 
trees. . 

Odourr seems much more likely to be the cue triggering the aggregative response. The 
strongestt support comes from the experiment where a cage with an infested pear tree was 
coveredd with plastic. This treatment caused the anthocorids to stop aggregating, whereas 
coverr removal caused them to aggregate again. This is convincing evidence for a role of 
odour,, but whether the odour originates directly from the psyllids (the prey pheromone 
hypothesis)) or indirectly - after feeding by the psylllids - from the plant (the plant 
synomonee hypothesis), remains to be investigated. Based on what is currently known, the 
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preyy pheromone hypothesis has littl e support because no sex pheromones or other types 
off  pheromones have been shown to play a role in psyllids and if a sex pheromone would 
bee involved, one would expect a preponderance of Psylla males on the trees adjacent to 
thee infested trees. This appeared clearly not the case, as the female/male ratios on the 
treess adjacent to the infested tree and the control tree did not differ (1.03 vs 1.17 
female/male).. In addition, the volatile compounds that have been identified in the 
headspacee of infested pear trees, can in principle all be produced by the plant (Dicke et al, 
1990a;; Turlings et al, 1990) and are therefore not likely to be produced de novo by the 
phytophagouss insect. Hence, the available evidence points to a major role of plant 
producedd synomones in attracting or arresting anthocorid predators to infested pear 
trees. . 

Thatt olfaction is implicated in the searching behaviour of anthocorid predators, seems 
quitee likely. Our olfactometer experiments in the laboratory (Drukker and Sabelis, 1990) 
havee demonstrated behavioural responses of A. nemoralis and A. nemorum to odours from 
uninfestedd plants and odours from pear leaves infested by P. pyricola. Similarly, 
Mpakagianniss (1982) and Dwumfour (1992) showed that A. nemorum responds to odour 
fromm bean leaves infested by two-spotted spider mites. In all these olfactometer 
experimentss in the laboratory orientation on visual stimuli can be ruled out as a 
possibility,, but an influence of sound, as demonstrated for sexual attraction in other 
Homopteraa (Claridge, 1985; Winter and Rollenhagen, 1990) cannot be excluded. 
However,, auditory signals in related Homoptera of similar size are thought to be 
transmittedd effectively through the leaf substrate, not through air. Thus, the response to 
infestedd leaves in the olfactometers is likely to be triggered exclusively by the perception 
off  odour. 

Prospect s s 

Ourr next step wil l be to isolate and identify the volatile chemicals emanating from 
uninfestedd and infested pear trees. These chemicals can then be released in the field to 
elucidatee their effect on attracting anthocorids by comparison with the attractivity of 
infestedd pear trees. Most likely, the odours originate from the plant after being attacked 
byy the pear psyllids. Another possibility is that the plant chemicals pass the digestive 
systemm of the psyllids and volatilize from their excretions, such as faeces or honeydew. 
However,, proof that the producer is not the psyllid itself, is still needed. It seems not 
plausiblee from a selectionist's point of view that psyllids betray themselves to their 
predatorss by releasing odours, but if the odours serve other vital functions, the benefits 
mayy outweigh the costs in terms of increased predation risk. 

AA major question left unanswered by the field experiments is why the anthocorid 
predatorss were found arrested on trees adjacent to the caged, infested ones (It is possible 
thatt such arrestment also occurred on the gauze screens of the cages, but these have not 
beenn inspected). There are several alternative, but not mutually exclusive explanations. 
First,, it may still be profitable to forage on the adjacent trees because some leakage of 
psyllidd adults resulted in a somewhat higher prey density. Second, the higher density may 
bee a byproduct of the absence of some other {e.g. visual) stimuli that would normally help 
too home in on the odour source. Third, it may be part of the predator's searching strategy 
nott to continue investing in energy-consuming flight upon perception of a signal that 
tellss them their prey is nearby. It may be more economic to respond by landing and 
continuee by ambulatory search on the trees. As this mode of searching takes more time 
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thann flight, the result is a higher density of predatory bugs on adjacent trees. Fourth, the 
adjacentt trees may have become contaminated with the volatile chemicals from the 
infestedd trees and release them at a slower rate with the consequence that some predators 
aree arrested. Or these trees may actively respond to odours from the infested tree by 
releasingg volatile chemicals themselves. In this way the adjacent pear trees would 
misguidee flying predatory bugs by luring them away from the predator flux to the 
infestedd trees and thereby exploit them for their own protection. Phenomena pointing at 
thiss possibility have been found in studies of predatory mites and their response to clean 
beann and cotton plants previously exposed to odour from spider-mite infested plants 
(Bruinn et al, 1992). 

Ass a final important question with particular reference to biological control of the pear 
psyllidss one may ask where the anthocorid bugs came from that aggregated around the 
cagedd pear trees with high P^y/Za-infestation. One possibility is that the aggregation is no 
moree than a regrouping of predators within the pear orchard. The other possibility is that 
theyy migrated from the hedgerows (or from trees elsewhere) into the pear orchard. 
Supportt for the latter hypothesis is presented in Drukker et al. (1992) and Scutareanu et 
al.al. (1993) who showed that the peak of adult anthocorids in the pear orchard is not 
precededd by a corresponding peak in immature anthocorids, whereas precedence of the 
immaturee peak was found in the hedgerows bordering the pear orchard. Future studies 
withh marked individuals should provide more definite proof of the anthocorid predators 
migratingg from other trees into the orchard when psyllid densities increase. If this 
hypothesiss holds, it would be a unique case demonstrating the importance of migratory 
flightt and synomones for biological control. 
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B.. Drukker « 2001 » How predatory arthropods learn to use herbivore-iiiducedplant volatiles 

ANTHOCORI DD PREDATORS LEAR N TO ASSOCIAT E 
HERBIVORE-INDUCEDD PLAN T VOLATILE S WITH 
PRESENCEE OR ABSENC E OF PREY 

Wee investigated how the plant-inhabiting, anthocorid predator, Anthocoris nemoralis, copes 

withh variation in prey, host plant and associated herbivore-induced plant volatiles and in 

particularr whether the preference for these plant odours are innate or acquired. We 

foundd a marked difference between the olfactory response of orchard-caught predators 

andd that of their first generation reared on flour moth eggs in the laboratory, i.e. under 

conditionss free of herbivory-induced volatiles. Whereas the orchard-caught predators 

preferredd odour from psyllid-infested pear leaves, when offered against clean air in a Y-

tubee olfactometer, the laboratory-reared first generation of (naive) predators did not. The 

samee difference was found when a single component (methyl salicylate) of the herbivore-

inducedd plant volatiles was offered against clean air. After experiencing methyl salicylate 

withh prey, however, the laboratory-reared predators showed a pronounced preference 

forr this volatile. This acquired preference did not depend on whether the volatile had 

beenn experienced in the juvenile period or in the adult phase, but it did depend on 

whetherr it had been offered in presence or absence of prey. In the first case, they were 

attractedd to the plant volatile in subsequent olfactometer experiments, but when the 

volatilee had been offered during a period of prey deprivation, the predators were not 

attracted.. We conclude that associative learning is the most likely mechanism underlying 

acquiredd odour preference. 

PublishedPublished as: B. Drukker, J. Bruin & M.W. Sabelis (2000) Anthocorid predators learn to 

associatee herbivore-induced plant volatiles with presence or absence of prey. Phys. 

Entomol.Entomol. 25: 260-265 

Manyy plant-inhabiting insect predators are polyphagous (Sabelis, 1992). They feed on 
preyy that are patchily distributed in space, available on specific host plants and for a 
limitedd period. Hence, they may have to switch to new prey and new host plants. To find 
theirr prey, they could use herbivore-induced plant volatiles (HIPV). Each plant-herbivore 
combination,, however, tends to produce different blends of HIPV. The predators are thus 
facedd with a dazzling variety of information (Takabayashi et al, 1991; DeMoraes et al, 
1998;; Sabelis et al, 1999). Whether the predators rigidly specialise on certain cues or 
changee preference by learning, is the subject of this article. We investigated whether and 
howw anthocorid predators learn associations between (un)familiar cues and their prey. 
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Wee studied Anthocoris nemoralis (Fabricius), a predator that grows and reproduces best 
onn a diet of psyllids and less so on aphids (Anderson, 1962a; Dempster, 1963). These 
predatorss feed from May to June mainly on aphids [e.g. on Alnus or Salix), but as aphid 
densitiess decline due to predation, migration or diapause, they have to switch to other 
preyy on other host plants (Hill , 1957; Anderson, 1962b). From the end of June they often 
migratee into pear orchards, where they feed on pear psyllids. To locate their prey, they 
mayy use volatile plant chemicals that emanate from pear trees after induction by plant-
feedingg psyllids (Drukker and Sabelis, 1990; Dwumfour, 1992; Drukker et al, 1992, 1995 
[^Chapterr 4 j; Scutareanu et ah, 1997 ^Chapter 2T\). Two compounds of HIPV are 
thoughtt to help predators find their prey: methyl salicylate (MeSa) and (£,£)-a-farnesene 
(Scutareanuu et at, 1997 f_=Chapter 2,~}). However, these two compounds also occur in 
HIPVV of other host plants. For example, (£,£)-a-farnesene also emanates from uninfested 
applee buds (Kalinova, in litt.) and apples (Sutherland and Hutchins, 1973; Bradley and 
Suckling,, 1995). On the other hand, the same species of pear psyllids induce quite 
differentt blends of plant volatiles in different pear varieties. For example, the headspace 
off  psyllid-infested trees of Beurré Hardy contains much less MeSa, than that of 
Conferencee (Drukker and Posthumus, unpublished data). Given this variability in the 
relationn between infochemicals and prey presence, predators should possess an ability to 
switchh selection from one odour blend to another depending on what is the currently 
mostt suitable prey (Sabelis et al, 1999). 

Odourr preference may be innate, or acquired during an individual's lifetime. An innate 
odourr preference implies that it is inherited and occurs independently of an individual's 
experience.. Such innate preferences may, however, be modified by learned inputs, but, 
evenn if the individual's response is rigid, the population's response need not be so, since 
flexibilit yy may become manifest at the population level via gene frequency changes over 
successivee generations due to selection ("genetic tracking"; Gould, 1993). 

Odourr preference may be acquired in three essentially different ways: (l) imprinting, 
definedd as learning rapidly during a sensitive period early in life - with or without 
reinforcementt - and becoming committed to the learned stimulus (Gould, 1993; Hall and 
Halliday,, 1998), (2) sensitisation, the gradual increase in response to a stimulus along 
withh exposure to that stimulus, even when it has not been paired with any other stimulus 
(Papajj  and Prokopy, 1989; Hall and Halliday, 1998), and (3) associative learning where 
pairingg of the conditioned (e.g. odour) and the unconditioned stimulus (e.g. food, 
electroshock)) results in preference or aversion (Thorpe, 1963; Hall and Halliday, 1998). 

Inn principle, acquired preferences may arise from a gradual increase in response to a 
stimuluss — when it has not been paired with any other stimulus (sensitisation), or through 
aa close temporal and spatial pairing of stimuli (associative learning). These two forms of 
learningg are not mutually exclusive, because close temporal pairing of two stimuli may 
graduallyy increase the response, if this pairing is repeated or exists during a prolonged 
periodd of time. However, associative learning is the case if one stimulus, offered in two 
differentt contexts, leads to opposite responses towards the stimulus: preference in one 
context,, aversion in the other. Sensitisation cannot explain such an outcome, since it 
requiress that exposure - with or without a paired stimulus - should always lead to an 
increasee in preference, irrespective of the context (positive, negative or neutral). 

Wee studied the role of innate and acquired preferences, using food as the positive and 
foodd deprivation as the negative unconditioned stimulus, and one component of HIPV (i.e. 
MeSa)) as the conditioned stimulus. First, we tested field-collected anthocorids for their 
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responsee to HIPV. Second, their offspring - reared on flour moth eggs only, to deprive 
themm of these volatiles - were tested for their innate {i.e. 'experience-free') response to 
MeSa.. Second, - to elucidate a role for imprinting — we tested adult anthocorids exposed 
too MeSa during their development and compared their response to that of adults exposed 
onlyy during the adult phase. Third, to assess sensitisation, we tested whether the 
intensityy of the response increased with increasing duration of exposure to MeSa in the 
presencee of prey. Fourth, to look for associative learning, we tested whether bugs 
exposedd to MeSa in absence of prey would develop a weaker or even opposite response, 
comparedd to that in presence of prey. 

MATERIAL SS A N D METHODS 

Predator s s 
AnthocorisAnthocoris nemoralis adults were collected by beating branches of pear trees in orchards 
nearr Wilhelminadorp (Zeeland, The Netherlands) and in the experimental orchard "De 
Schuilenburg-IPO/DLO"" at Lienden (The Netherlands). They were caught during July-
Octoberr in 1989, 1991, 1993 and 1994, and transferred to the laboratory. If not subjected 
too test the same day, they were kept in a plastic bag together with original plant material 
att 4°C. Sexes were not separated because previous experiments showed that males and 
femaless responded in a similar fashion to HIPV (Drukker and Sabelis, 1990; Drukker, 
unpublished). . 

Y-tub ee olfactomete r test s 

AA Y-tube olfactometer (see Sabelis and Van de Baan, 1983; Janssen et al, 1997) was used 
too test preference for or aversion to an odour source over clean air, i.e. air 
uncontaminatedd with the odour under test (note that the uncontaminated air enters both 
armss of the olfactometer). The odour sources were in plastic boxes (for leaves), small 
perspexx chambers (for pear seedlings), or glass tubes (for MeSa), connected to the two 
upperr arms of the Y-tube. After five test runs, odour sources were swapped and the test 
wass continued after 5 min. to get rid of contamination. Unless stated otherwise, predators 
weree starved for 4 hours in clean air prior to testing. Predators were released one at a 
timee at the downwind end of the Y-shaped wire that provided a walkaway in the centre of 
thee Y-tube, positioned horizontally. They could walk upwind along the wire and then 
choosee either of the Y (+ odour or - odour) sources. A test trial ended when the predator 
reachedd the end of one of the tube's upper arms or after 5 min. Per day, 15-30 predators 
weree tested in total. Unless stated otherwise, three replicate experimentswere carried out, 
eachh on a different day. A (two-sided) binomial test was used to evaluate the H0 of an 
equall  distribution of predators between the two arms. These tests were carried out both 
perr replicate experiment and on pooled data. 

Odou rr  source s 

Odourr sources were either the complete blend of pear volatiles, or a single compound 
fromm the blend (MeSa). The complete blend emanated from detached pear leaves on wet 
tissue,, or entire pear seedlings infested with pear psyllid nymphs (Psylla pyricola (L.)) 
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(headspacee samples from detached leaves and pear trees/seedlings are very similar; 
Drukker,, unpublished data). Total number of Psylla nymphs (Ll-5) was between 75 and 
1255 per plant. Number and size of the leaves and amount of honeydew were not 
standardised.. The control stimulus came from a box with wet paper tissue, or an empty 
chamber. . 

Syntheticc MeSa (Aldrich, The Netherlands) was applied on discs of filter paper (2.3 mg 
dissolvedd in 0.1 ml hexane), the control consisted of hexane only. This odour source was 
renewedd every hour. After application, the solvent was allowed to evaporate for 15 min. 

Thiss amount of MeSa and the number of psyllid-infested leaves used had been proven 
attractivee to bugs in previous experiments with anthocorids (Drukker and Sabelis, 1990; 
Drukker,, unpubl.; Scutareanu et al, 1997 ^Chapter 2~\). As discussed in Scutareanu et al. 
(19977 [[^Chapter 2 ĵ), the concentration of MeSa used probably reflected that found in the 
field. field. 

Innat ee respons e 

Threee groups of orchard—collected predators were tested for their response in the Y-tube 
towardd the odours emanating from pear psyllid-infested leaves or MeSa. After testing, 
thee predators were put in 1-litre plastic jars provided with snap beans as oviposition 
substrate,, and fed eggs of flour moth, Ephestia kuehniella (25CC, 80% RH, 16:8 LD). Snap 
beanss containing the predators' eggs were collected every 2-3 days and put in a clean jar 
too start a new age cohort. The laboratory-reared predators were tested at an age of 2-5 
weekss for their response in the Y-tube toward the odour from pear psyllid-infested leaves 
(22 groups), or MeSa (3 groups). No test trials were carried out with laboratory-reared 
predatorss that were subsequently reared on psyllid-infested leaves. 

Acquire dd response : imprinting , sensitisation , operan t conditionin g 

Fromm the culture reared on Ephestia eggs, snap beans with predator eggs were 
transferredd to new jars. Anthocorids in these jars completed their development on 
EphestiaEphestia eggs that were mixed (by stirring) with 0.1 ml MeSa per 5 ml eggs. Predators 
weree tested in the Y-tube olfactometer after 2 or 4-5 weeks of exposure (exposure 
startingg from the egg stage). As a control, predators fed Ephestia eggs without MeSa 
weree tested at the same time intervals. In a separate experiment predators completed 
theirr development on Ephestia eggs, and were fed MeSa-treated Ephestia eggs only for 14 
hourss while adult (c. 4 weeks old). Their response was tested in the olfactometer directly 
afterr exposure to these MeSa-treated eggs. In this way the effect of stage during 
exposuree and exposure duration were studied. Imprinting during exposure early in the 
juvenilee stage would lead to increased responsiveness to MeSa in the adult phase. 
Sensitisationn would manifest itself by a gradual increase in responsiveness associated 
withh increased exposure duration. Associative learning would lead to increased 
responsivenesss after relatively short exposure to MeSa-treated eggs and irrespective of 
thee predator's age while exposed. 

Too prove a role for associative learning (operant conditioning; Hall and Halliday, 
1998)) it was also necessary to show a switch in response when MeSa was offered together 
withh a negative stimulus. Three groups of adult predators (4-5 weeks old) reared on 
EphestiaEphestia eggs were starved within a closed, 1-litre jar for 14 h while exposed to odour 
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fromm filter paper impregnated with 7 mg MeSa. The predators were tested in the Y-tube 
withinn 7 h after exposure. 

RESULTS S 

Innatee or acquired response 

Inn all three trials ore hard-caught, adult A. nemoralis showed a significant preference for 
odourr from psyllid-infested pear leaves over clean air, and also in all three trials a 
preferencee for MeSa over clean air {Table 1). Descendant lab-cultures of these adults fed 
EphestiaEphestia eggs lacked either of the two preferences (Table 1). Results obtained with (E,E)-
a-farnesenee (not shown in Table l) revealed a similar course of events: parents caught in 
aa pear orchard preferred this chemical over clean air (77% of 64 predators; P<5. lO*5), 
whereass descendants reared in the laboratory lacked this preference (48% of 27 predators; 
ns). . 

Tablee 1 Olfactory response of orchard-caught and laboratory-reared Anthocoris nemoralis adults 
too psyllid-induced pear volatiles (PIPV) or synthetic methyl-salicylate (MeSa) (in (+) arm), when 
offeredd against clean air (in (-) arm of a Y-tube olfactometer). n(+,-) = number of predators that 
reachedd the end of the (+) or (-) arm of the Y-tube; n(0) = number that did not respond within a 5 
min.. test; %(+) = percentage of n(+,-) reaching the end of the (+) arm; P = critical level (ns = 
non-significant) ) 

Odou rr  sourc e in (+) arm 

Orchard-caugh tt  predators 

PIPV V 

Tota l l 

MeSa a 

Tota l l 

Laboratory-rearedLaboratory-reared predators 

PIPV V 

Tota l l 

MeSa a 

Tota l l 

"( M M 

23 3 

16 6 

26 6 

65 5 

16 6 

12 2 

23 3 

51 1 

I I I 

21 1 

32 2 

14 4 

18 8 

17 7 

49 9 

n(0) ) 

1 1 

1 1 

6 6 

8 8 

0 0 

3 3 

2 2 

5 5 

18 8 

6 6 

24 4 

2 2 

22 2 

6 6 

30 0 

%(+) ) 

78 8 

88 8 

77 7 

80 0 

88 8 

83 3 

74 4 

82 2 

55 5 

48 8 

50 0 

42 2 

44 4 

47 7 

45 5 

P P 

0.011 1 

0.0042 2 

0.0093 3 

0.0000012 2 

0.0042 2 

0.039 9 

0.035 5 

0.000015 5 

1.0 0 

1.0 0 

1.0 0 

0.79 9 

0.81 1 

1.0 0 

0.57 7 

ns s 

ns s 

ns s 

ns s 

ns s 

ns s 

ns s 
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Tablee 2 Effect of experience with Methyl-Salicylate (MeSa) on olfactory response of laboratory-
rearedd A. nemoralis adults to MeSa when offered against clean air in a Y-tube olfactometer. See 
alsoo Table 1 

Pre-treatmentt with MeSa "(+.-) ) n(0) ) 

juvenilee stage, 2 weeks, well-fed 21 1 

%<+) ) 

76 6 0.027 7 

-to-adultt phase, 4-5 weeks, well-fed 

Total l 

18 8 
20 0 
38 8 

7 7 
2 2 
9 9 

83 3 
75 5 
79 9 

0.0075 5 

0.041 1 

0.00047 7 

Adultt phase, 14 hours, well-fed 

Adultt phase, 14 hours, starved 

Total l 

16 6 

54 4 

88 8 

17 7 

0.0042 2 

18 8 
22 2 
14 4 

2 2 
3 3 
1 1 

22 2 
23 3 
0 0 

0.031 1 

0.017 7 

0.0001 1 
<< 10"* 

Contingencyy table analysis showed that the difference in preference by orchard-caught 
andd laboratory-reared A. nemoralis for odour from psyllid-infested pear leaves was 
significantt (x!2=9.2, df=l, P<0.01). The same applied for the difference in preference for 
MeSaa (x'2=13.5, df=l, P<0.00l). Orchard-caught and laboratory-reared A. nemoralis also 
showedd a significant difference in their willingness to respond at all. More than 90% of 
1299 orchard-caught predators made a choice within 5 minutes, as opposed to only 60% of 
1355 lab-reared predators. 

Whenn laboratory-reared predators were fed Ephestia eggs treated with MeSa, they 
switchedd from no preference to a clear preference for MeSa over clean air (Table 2). Also, 
comparedd to the indifference of predators fed Ephestia eggs without MeSa, this preference 
iss significant (x*=l6.3, df=l, P<0.000l). 

I tt can be concluded that the preference of orchard-caught predators for odours from 
psyllid-infestedd pear leaves over clean air is not innate but acquired, because their lab-
rearedd descendants — with no previous experience with psyllids and pear - did not 
respond,, but when exposed to MeSa a preference was found similar to that of the 
orchard-caughtt predators. 

Imprintin g g 

Whetherr exposed to MeSa-treated prey early in development, from egg to adulthood, or 
onlyy for 14 h as an adult (Table 2), the preference of adult predators for MeSa was 
equallyy strong according to contingency table analysis. Thus, extended exposure in early 
developmentt is not more effective than a short exposure during adulthood. Imprinting 
duringg the juvenile period, therefore, cannot be the main mechanism for acquiring the 
preference. . 
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Sensitisatio n n 
Whetherr exposed for 14 h, 2 wk, or 4-5 wk, the preferences for MeSa over clean air were 
indistinguishablee by contingency table analysis (Table 2; e.g. 14 hours versus 4-5 weeks: 
X2=0.9,, df=l, P<O.SS). Since sensitisation implies that longer exposure should trigger 
strongerr preference, we conclude that sensitisation does not underly the acquired 
preference. . 

Operan tt  conditionin g 
Thee 14-h exposure to MeSa-treated prey led to a clear preference for MeSa, whereas 14-h 
exposuree to MeSa in absence of prey led to avoidance of MeSa (Table 2). This 
reversibilityy of the response to MeSa in association with reward (prey) or punishment 
(hunger)) represents strong evidence for associative learning. 

DISCUSSION N 

Learnin gg abilit y 

Orchard-caughtt anthocorids responded positively to odours from pear psyllid-infested 
trees,, or to MeSa, a constituent of this odour blend. When reared in the laboratory on a 
diett ofEphestia eggs, however, offspring of these predators did not automatically respond 
too these odours. Hence, an innate, unconditional response to these odours seems unlikely, 
sincee lab-rearing does not involve selection against predators having an innate response 
(Lesnaa and Sabelis, 1999). 

Laboratory-rearedd predators responded to HIPV only after prior experience with 
them.. The timing of the experience with respect to developmental phase or adult age had 
noo impact and experience during ontogeny had the same impact on the predator's choice, 
ass experience in the adult phase. Since learning does not occur exclusively during 
ontogeny,, imprinting sensu Thorpe (1963) (Hall and Halliday, 1998) cannot be the sole 
mechanismm explaining the acquired preference. We expect that the ability to learn is 
distributedd more or less evenly over the active lifetime of the anthocorids, but we did not 
testt for the presence of a particular, sensitive period during adulthood, as for example just 
afterr eclosion into the adult stage, when the female must decide whether to oviposit or 
disperse. . 

Ourr experiments showed that experience with MeSa modified the response of 
anthocoridd predators towards this volatile, and that prolonged exposure (> 14 h) did not 
leadd to a stronger preference. In addition, we found that the response changed depending 
onn the context in which the cue was offered first: preference when the cue was offered 
togetherr with food, aversion when offered with food deprivation. This implies that 
sensitisationn does not explain the response. 

Wee conclude that the mechanism involved here is probably a form of associative 
learning,, more precisely operant conditioning (Hall and Halliday, 1998). The response to 
thee conditioned stimulus (MeSa) depends on the quality of the simultaneously offered 
unconditionedd stimulus (food or hunger). Anthocorid predators are apparently capable of 



66 6 CHAPTERR 5 

linkingg MeSa to a positive (food or negative (hunger) experience and subsequently adjust 
theirr response accordingly. 

Changess in odour preferer ;e have been reported for anthocorid bugs. Dwumfour 
(1992)) found that A. nemorun.. reared on aphids, were attracted to the odour of bean 
leavess infested with spider mites (Tetranychus urticae Koch), but not to bean leaves 
infestedd with another species of spider mites (T. cinnabarinus Boisduval). After rearing 
predatorss for three days on T. cinnabarinus on bean leaves, the predators were then 
attracted.. Dwumfour (1992) did not show a gradual change in preference, nor did he test 
thee same stimuli in two different contexts. Hence, based on his data a distinction between 
sensitisationn and associative learning can thus not be made in this case. 

Graduall  changes have been found for another predatory arthropod by Dicke et al. 
(1990).. They found that the predatory mite Phytoseiulus persimilis Athias-Henriot reared 
onn T. urticae-mfested Lima bean prefer the odour from these leaves over the odour from 
T.T. urticae-infested cucumber leaves. This preference changed gradually within a week 
towardss a preference for T. urticae-infested cucumber after the predators' transfer to T. 
urticae-infestedurticae-infested cucumber. Dicke et al. (1990) suggested that sensitisation explained the 
graduall  change, but recently Drukker et al, (1999 £=Chapter 6]) presented evidence for 
associativee learning in P. persimilis. 

Ourr results again show that infochemicals do not have a single function in biology 
(Dickee and Sabelis, 1988). Whereas plant synomones have often been considered 
attractantss for predators, the same components may also lead to deterrence, depending on 
thee context (e.g. absence of prey) (Dicke and Sabelis, 1988). 

Impactt  of learning on response to HIPV in the field 

Ourr results call into question how anthocorid predators use HIPV that betray the 
presencee of potential prey. Along with the diminishing of a prey population on a plant, 
thee plant receives less impulses to produce HIPV; there is evidence, however, that prey 
becomee depleted before the plant ceases odour production (e.g. Sabelis and Van de Baan, 
1983).. During this time-lag between prey depletion and cessation of odour release, plant 
odourss are associated by the predator with absence of prey. Associative learning wil l 
stimulatee the predators to move away from that plant. Thus, food deprivation triggers 
thee predators to switch from being arrested to being deterred by HIPV and it reinforces 
aversionn to these odours. 

Howw associative learning may be implicated in finding new prey resources, is much 
lesss clear. If the aversion learnt on the original host plant fades away, the predators may 
eitherr encounter new prey at random and associate ambient odours with that prey, or 
theyy may return to an innate repertoire of responses or to 'lessons' from associative 
learningg earlier in life. We found no evidence for an innate response (Table l), but it may 
stilll  emerge after aversion fades away in the absence of the paired food-odour stimuli. 
Moree research is needed to elucidate the hierarchy of responses following such fading 
aversion. . 

Understandingg behavioural responses of anthocorids to HIPV may well prove to be 
relevantt to biological control. Possibly, the timing of immigration can be improved by 
applyingg HIPV-based lures, by applying the elicitors of HIPV to plants or by using 
cultivarss producing more attractive blends of HIPV. Moreover, when anthocorids are 
releasedd for biocontrol purposes, the efficiency of the release may be improved by 
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allowingg them to associate HIPV and presence of prey prior to the release (Sabelis et al, 
19999 OChapter 1~]). 
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6 6 
H O WW PREDATORY MITES LEAR N TO COPE WITH 
VARIABILIT YY IN VOLATIL E PLAN T SIGNAL S IN THE 
ENVIRONMENTT OF THEIR HERBIVOROUS PREY 

Whenn the chemical cues co-occurring with prey vary in time and space, foraging predators 

profitt from an ability to repeatedly associate chemical cues with the presence of their 

prey.. W e demonstrate the ability of a predatory arthropod (the plant-inhabiting mite, 

PhytoseiulusPhytoseiulus persimilis) to learn the association of a positive stimulus (herbivorous prey, 

TetranychusTetranychus urticoe) or a negative stimulus (hunger) with a chemical cue (herbivore-induced 

plantt volatiles or green leaf volatiles). It has been suggested that the rate at which the 

integrationn of information becomes manifest as a change in behaviour, differs between 

categoriess of natural enemies (parasitoids versus insect predators; specialist versus 

generalistt predators). We argue that these differences do not necessarily reflect 

differentiall learning ability, but rather relate to the ecologically relevant time scale at which 

thee biotic environment changes. 

PublishedPublished as: B. Drukker, J. Bruin, G. Jacobs, A. Kroon & M.W. Sabelis (2000) How 

predatoryy mites learn to cope with variability in volatile plant signals in the environment of 

theirr herbivorous prey. Exp. Appl. Acarol. 24: 881 -895 

Plantss are able to exploit the cognitive abilities of their inhabitants for their own 
interests,, especially when these overlap with the interests of the inhabitants. One of many 
exampless of this is the recruitment of arthropod predators to remove herbivorous 
attackers.. Plants betray the presence of herbivores to predators by emitting odours 
inducedd by herbivore feeding (e.g. Turlings et al, 1995). These odours consist of blends 
whichh may vary with the species of host plant - even when attacked by the same 
herbivoree —, and with the species of herbivore — even when they attack the same species 
off  host plant (Dicke et al. 1998; De Moraes et al. 1998). To cope with this bewildering 
varietyy of information, predators may either specialise on one cue (innately or by 
imprinting)) or they may adjust their behavioural response to any relevant odour 
associatedd with prey. The ability to learn associations between host and host-related cues 
hass been extensively studied in parasitoids (Papaj and Lewis 1993), but its role with 
respectt to induced or constitutively released plant volatiles is littl e studied (but see 
Geervliett et al. 1998). For arthropods that are true predators, studies on associative 
learningg and plant volatiles are in their infancy. 

Wee studied whether and how associative learning plays a role in the orientation of the 
predatoryy mite, Phytoseiulus persimilis Athias-Henriot, to plant volatiles induced by 
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feedingg of their prey, the two-spotted spider mite Tetranychus urticae Koch. This prey mite 
iss a phytophage with a vast array of host plants and the blends of herbivory-induced plant 
volatiless (HIPV) differ between hosts in qualitative and quantitative respects (e.g. 
Takabayashii  et al. 1991, 1994). Olfactory responses of P. persimilis to these HIPV have 
beenn assessed for many combinations of host plant species and spider mites (Dicke et al. 
1998),, and using various types of experimental set-ups: Y-tube olfactometers (Sabelis and 
Vann de Baan 1983; Dicke et al. 1990a), vertical airflow olfactometers (Sabelis et al. 1984), 
windd tunnels {Sabelis and Van der Weel 1993) and greenhouse releases (Janssen 1999). 
Thesee studies show that HIPV mediate arrestment on and attraction towards spider-mite 
infestedd plants. Among the many factors that influence these responses, the role of 
dietaryy history of the predatory mites is of particular relevance. Dicke et al. (1990b) found 
thatt P. persimilis reared on T. urticae-mfested Lima bean prefer the odour from T. urticae-
infestedd Lima bean over the odour from T. urticae-infested cucumber, and that this 
preferencee changes gradually to a preference for T. urticae-mfested cucumber during a 
periodd of 7 days in which the predators were reared on T. Krftcae-infested cucumber (see 
alsoo Krips et al. 1999 for similar results with gerbera as a host plant). The authors 
suggestedd that the predators learned to respond to cucumber odours by sensitisation, i.e. 
byy prolonged exposure the predators got used to cucumber odours and responded to 
themm in the same way as they previously responded to bean odours (see also Takabayashi 
andd Dicke 1992). Papaj and Prokopy (1989) defined sensitisation as the gradual increase 
inn response to a stimulus with repeated exposure to that stimulus. What Dicke et al. 
(1990b)) have not yet shown is a gradual increase to cucumber odours in absence of a 
(positive)) reinforcing stimulus (food). 

Wee suppose that P. persimilis would greatly benefit from an ability to learn the 
associationn between T. urticae — i.e. its prey - and HIPV - i.e. the odours in the immediate 
vicinityy of the prey. This supposition is rooted in the predator's biology: it disperses 
passivelyy on air currents, lands randomly and then searches upwind until it either decides 
too become airborne again or encounters a prey item. It is not very likely that passive 
dispersall  wil l bring the predator to a specimen of its original host plant. Hence, upon 
encounterr with prey on a new host plant the predatory mite may experience the 
associationn with a new blend of HIPV. Because T. urticae produces colonies on leaves and 
thee infested leaves usually occur in clusters, the predator benefits from continued search 
forr prey using the new HIPV blend as a cue. 

Thee ability to associatively learn combinations of prey and HIPV in unfamiliar 
environmentss is experimentally analysed in this study. Associative learning (used here in 
thee narrow sense of operant conditioning; Thorpe 1963) requires that the conditioned 
(e.g.(e.g. odour) and the unconditioned stimulus (e.g. food, hunger) are paired, resulting in 
context-dependentt preference or aversion. We also analysed the existence of an innate 
(i.e.(i.e. 'experience-free') response by rearing the predatory mites on a "plant-free" and 
probablyy "HIPV-poor" substrate, viz. by feeding the predators T. urticae rinsed off tomato 
plantss onto a filter paper dish. 

Too test which mechanism alters the response of predators, we paired the odour of T. 
urticae-mfestedurticae-mfested bean leaves to food abundance and to food absence. The predators were 
fromm the culture deprived of host plant odours (i.e. they were cultured on prey that were 
washedd off plants). If sensitisation were the mechanism, the resulting response of the 
predatorss would in both cases be an increase in preference for the odour as only the 
durationn of exposure counts, not the context. If the mechanism were associative learning, 
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thee expected response is preference if the odour is paired with food, and aversion if paired 
withh food absence. 

MATERIAL SS AN D METHODS 

Predator ss and prey 
Thee predatory mites, P. persimilis, were originally obtained from a commercial supplier in 
19900 (Koppert BV, Berkel en Rodenrijs, The Netherlands). Since then they were reared 
onn detached bean leaves with two-spotted spider mites, T. urticae, on water-soaked clay 
potss in a climate room. 

Inn some experiments, experience with the full blend of spider-mite-infested bean 
volatiless was avoided. This was done by keeping the predators on moistened filter paper 
inn a 10-cm Petri dish, and feeding all stages of T. urticae washed from tomato leaves 
(leavess rinsed in a soap solution, subsequently poured over a series of metal sieves of 
decreasingg mesh size, then rinsed with clean water). The Petri dish rested on water-
soakedd cotton wool inside a 20-cm Petri dish, covered by a lid with gauze for ventilation 
andd sealed with parafilm. 

Twoo strains of spider mites were used: bean spider mites (green strain) kept on bean 
plantss in the laboratory for more than ten years, and tomato spider mites (red strain) kept 
onn tomato since their collection in a commercial tomato greenhouse in 1993 (Houten, 
Thee Netherlands) (Drukker et al. 1997). Culturing and experiments were carried out 
underr constant climatic conditions (25°C, 80% RH, 16:8 LD). 

Olfactor yy respons e of predator s 
Thee olfactory response of predatory mites towards various (combinations of) odour 
sourcess was investigated using a glass Y-tube olfactometer {cf. Sabel is and Van de Baan 
1983;; Janssen et al. 1997). An odour source consisted of two detached leaves - either with 
orr without spider mites - on wet tissue cloth, in an 18 x 15 x 8 cm plastic box (see 
Janssenn et al. [1997] for a detailed description). When "clean air" was the odour source, 
ann identical plastic box was used, including wet tissue but without leaves. The boxes with 
odourr sources were connected to the arms of the Y-tube. 

Inn the centre of the Y-tube, a Y-shaped metal wire served to railroad the mites. The 
basee of the tube was connected to a pump, pulling air through the set-up with a constant 
flowflow of 0.25-0.35 m/s in both arms, continuously monitored by a flow meter. In this set-
upp the odour plumes from the two odour sources form two neatly separated fields in the 
basee tube of the olfactometer with the interface coinciding with the metal wire (Sabelis 
andd Van de Baan 1983). 

Predatorss are released - one at a time - at the downwind end of the wire. Typically, a 
mitee walks upwind towards the junction, where it must choose for odour from either 
source.. A run is finished when the predator reaches the end of the wire in either arm or 
afterr five minutes since release. After each fifth run the odour sources are interchanged, 
too cancel out any unforeseen asymmetries in the set-up. About 20 adult female predators 
weree tested per replicate experiment. Two to five replicates were done per experiment 
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{eachh with a fresh pair of odour sources). After collection from the culture, predators were 
keptt for 1 h on a clean Petri dish without food until they were tested, unless stated 
otherwise. . 

Threee odour sources were used: (l) mite-infested Lima bean, the original host plant on 
whichh the predators were reared (two spider-mite infested Lima bean leaves, with 14 to 
900 adult female spider mites per leaf, 80-200 juveniles and males, and numerous eggs); (2) 
uninfestedd tomato, a host plant novel to the predators (four to six tomato leaflets of 
uninfestedd plants); and (3) clean air from the ambience. Infested Lima bean represents the 
environmentt familiar to the parental strain, clean tomato an unfamiliar environment, and 
cleann air is a control. 

Assessmen tt  of innat e respons e toward s infeste d bean 

Too obtain naive predators, eggs were collected randomly from the culture on bean and 
spiderr mites, and transferred to small glass vials (10-15 eggs per vial), where they were 
rearedd to adulthood on a diet of washed spider mites (all stages) on filter paper. It is 
assumedd that after reaching adulthood on this diet, predators wil l have had no experience 
withh (the complete blend of) plant volatiles. Their response was tested towards infested 
beann leaves versus clean air (familiar environment against control), and towards infested 
beann leaves versus uninfested tomato leaves (familiar against unfamiliar environment). 
Ann innate preference wil l appear as a deviation from a 50/50 distribution of predators 
overr the two odour sources. 

Thee responses of the naive predators were compared to responses of experienced 
predators,, reared from egg to adulthood on Lima bean plus spider mites. For clarity, we 
emphasizee that the period over which the predators gained experience, did not exactly 
stopp at adulthood, but included 0-2 days of adulthood (this period is on average equal to 
thee pre-oviposition period). 

Assessmen tt  of acquire d respons e toward s infeste d bean 

Naivee predators — reared from egg to adulthood on filter paper and fed washed spider 
mitess - were first tested for their response towards spider-mite-infested Lima bean 
versuss clean air. Immediately after the test, they were transferred to Petri dishes with 
spider-mite-infestedd Lima bean leaves on soaked cotton wool, and allowed to feed for ca. 
166 h. Subsequently their response towards spider-mite-infested Lima bean versus clean 
airr was tested again. In this way it was tested how the response changed after 
experiencingg odour combined with a positive stimulus - i.e., odour from the (+) source in 
thee olfactometer test combined with food. 

Inn separate experiments it was tested how the mites' response changed after 
experiencingg the same odour, but now combined with food absence, a negative stimulus. 
Naivee predators were first tested for their response towards air from spider-mite-infested 
Limaa bean versus air from clean tomato. Immediately after this test they were transferred 
intoo a glass tube with nylon gauze at both ends to allow free air exchange. The mites 
weree deprived of food, but water was supplied on filter paper. Humidified air carrying 
odourr from a container with spider-mite-infested Lima bean leaves was pulled through 
thee tube for 16 to 24 h. Then the response towards spider-mite-infested Lima bean versus 
cleann tomato was tested again. After this test, the mites were put back in the glass tube, 
butt now they were in presence of food (spider mite eggs washed off tomato leaves onto 
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filterr paper), while being exposed for 24 h to odour. In one experiment, this odour came 
fromm clean tomato, in another experiment it came from spider-mite-infested Lima bean. 
Subsequently,, the response of the predators towards spider-mite-infested Lima bean 
leavess versus clean tomato leaves was tested again, in both experiments. In this way it 
wass tested whether two sequentially offered pairs of stimuli had an additive effect on the 
olfactoryy response of P. persimilis. 

Inn all experiments where groups of mites were given serial experiences, random samples 
off  ca. 25 individuals were taken for olfactometer tests. After each test the mites were 
returnedd to the group for a subsequent experience (when applicable), regardless of the 
choicee they had made in the olfactometer. In other words, the groups of mites tested 
consistedd of mites that had been tested before, and mites that were tested for the first 
time.. Thus, the treatment prior to the olfactometer experiment could in no way alter the 
geneticc composition of the predator population; any change in response is unlikely to be 
thee consequence of directional selection, but rather to be due to learning. 

Statistica ll  analysi s 
Eachh replicate experiment was subject to a binomial test against the null hypothesis that 
thee distribution of predators reaching the end of either arm is equal. Based on common 
sense,, replicate experiments were pooled or not. Pooled data for different treatments 
weree tested against each other by means of 2x2 contingency table analysis, where 
appropriate. . 

RESULTS S 

Innat ee respons e toward s infeste d bean? 
Well-fedd predators reared on spider-mite infested bean leaves and hence exposed to 
HIPVV throughout their entire life, showed a significant preference for odour from 
infestedd bean leaves (familiar environment), both over odour from uninfested tomato 
leavess (unfamiliar environment; Table l) and over clean air (Table 2). They did not prefer 
odourr from uninfested tomato leaves to clean air (Table 1). 

Naivee predators raised on washed tomato-reared spider mites on filter paper, showed a 
veryy weak preference for odour from mite-infested bean leaves over clean air. Two sets of 
replicates,, each being part of a separate experiment, were carried out: three replicates 
(Tablee 2) and four replicates (Table 3). None of the seven replicates gave a significant 
deviationn from the 50:50 distribution expected under the null hypothesis. Pooling within 
aa set gave a significant effect only in Table 3. In a separate experiment predators were 
raisedd on washed bean-reared spider mites on filter paper, and tested as adults for their 
responsee towards mite-infested bean leaves versus clean tomato leaves. In non of the four 
replicatess a preference was found, nor when the results were pooled (Table 2). These 
resultss support our initial assumption that predatory mites wil l have had no significant 
experiencee with (the whole blend of) plant volatiles after reaching adulthood on a diet of 
washedd spider mites on filter paper. 
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Tabl ee 1 Olfactory response of Pkytoseiulus persimilis females reared on bean leaves infested with 
TetranychusTetranychus urticae. Pairs of odour sources were: T. urticae-mfested bean leaves (TUB) versus 
cleann tomato leaves (CT), and clean tomato leaves (CT) versus clean air (CA). Rows indicate 
independentt replicate trials. 

Odourr sources 
++ — 

TUBB CT 

CTT CA 

Total l 

Total l 

n(+) ) 

19 9 

17 7 

15 5 

15 5 

15 5 

81 1 

13 3 

9 9 

22 2 

n(-) ) 

1 1 

3 3 

5 5 

5 5 

5 5 

19 9 

7 7 

I I I 

18 8 

n(0) ) 

1 1 

1 1 

1 1 

2 2 

0 0 

5 5 

2 2 

0 0 

2 2 

%(+)* * 

95 5 

85 5 

75 5 

75 5 

75 5 

81 1 

65 5 

45 5 

55 5 

PP (2-sided) 

0.00004 4 

0.0026 0.0026 

0.041 1 

0.041 1 

0.041 1 

<< 10-* 

0.26 6 

0.82 2 

0.64 4 

%%  (+) = n(+) / {n(+) + n(-)} x 100 

Tabl ee 2 Effect of pre-adult experience on the olfactory response of Pkytoseiulus persimilis females 
towardss odour from Tetranychus urticae-mfested bean leaves (TUB) versus clean air (CA) or clean 
tomatoo (CT). Predators were reared from egg to adulthood either on T. urticae-mfested bean 
leaves,, on filter paper with spider mites washed off tomato leaves, or on filter paper with spider 
mitess washed off bean leaves. Rows indicate independent replicate trials. 

Experience e 

Spiderr mites on bean leaves n(TUB) n(CA) n(0) % (TUB)* P (2-sided) 

155 I 2 94 0.00052 

188 6 0 75 0.023 

200 2 0 91 0.00012 

199 6 0 76 0.015 

Totall 72 15 2 83 < 10* 

Tomatoo spider mites on filter paper n(TUB) n(CA) n(0) % (TUB)* P (2-sided) 

122 7 6 63 0.36 

122 12 3 50 1.00 

III 9 0 55 0.82 

Total l 

Beann spider mites on filter paper 

35 5 

nfTUB) ) 

28 8 

n(CT) ) 

9 9 

n(0) ) 

56 6 

%% (TUB)* 

0.45 5 

PP (2-sided) 

66 4 I 60 0.75 

66 4 I 60 0.75 

III 5 0 69 0.21 

88 8 0 50 1.00 

Totall 31 21 2 60 0.21 

**  see Table 1 
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Tablee 3 Effect of conditioning on olfactory response of Phytoseiulus persimilis females towards 
odourr from Tetraiiychus urticae-'mfested bean leaves (TUB) versus clean air (CA). Predators were 
rearedd from egg to adulthood on filter paper with spider mites washed off tomato leaves as food. 
Subsequently,, these females - inexperienced with odour from infested leaves - were given 
experiencee for 16 h with H1PV, spider mites and bean leaves. Groups of females were tested in 
thee olfdactometer before and after this experience. Rows indicate independent replicate trials. 

Condition n 

Inexperienced d 

Total l 

Experienced d 

Total l 

** see Table 1 

n(TUB) ) 

15 5 

15 5 

14 4 

12 2 

56 6 

16 6 

19 9 

18 8 

20 0 

73 3 

n(CA) ) 

I I I 

8 8 

5 5 

7 7 

31 1 

1 1 

0 0 

1 1 

3 3 

5 5 

n(0) ) 

0 0 

5 5 

1 1 

3 3 

9 9 

2 2 

1 1 

1 1 

1 1 

5 5 

%% (TUB)* 

58 8 

65 5 

74 4 

63 3 

64 4 

94 4 

100 0 

95 5 

87 7 

94 4 

PP (2-sided) 

0.56 6 

0.21 1 

0.064 4 

0.36 6 

0.0097 7 

0.00027 7 

0.000004 4 

0.00008 8 

0.00049 9 

<< 10-* 

Naivee predators showed no significant preference for odour from infested bean leaves 
overr odour from uninfested tomato leaves (Table 4). These negative results are unlikely 
too be due to inferior quality of the odour sources, because the very same odour sources 
elicitedd a significant response in predators obtained from spider-mite-infested bean leaves 
(nott shown in Table; with odour sources from trial A-E: (A) 19 predators went towards 
infestedd bean leaves / 1 predator towards uninfested tomato leaves, (B) 17 / 3, (C) 15 / 5, 
(D)) 15 / 5, (E) 15 / 5; in total 81% of 100 females chose for odour from infested bean 
leaves,, all 5 replicates significant p-sided binomial test]). Thus, the slight preference of 
thee ensemble of naive predators to spider mite-infested bean leaves over clean air 
suggestss that an innate response, if present at all, is weak. 

Acquiredd response: sensitisation or operant conditioning? 

Naivee predators were first tested for their response to spider-mite infested bean leaves vs. 
cleann air. As pointed out before, their responses were not significant in any of the four 
replicatee experiments (Table 3). Subsequently, these predators were given a 16-h 
experiencee with mite-infested bean leaves, and then tested again with fresh, but similar, 
odourr sources. The results showed a strong preference for odour from infested bean 
leavess over clean air, significant in all four replicates (Table 3). The change in response 
duee to experience with mite-infested bean leaves was highly significant (xa=l8.9, df=l, 
p<0.0Ol).. This can be interpreted as strong evidence for an acquired response to HIPV 
whenn paired to a positive unconditioned stimulus (i.e. prey presence). 

Thee acquired response may result from two underlying mechanisms: sensitisation or 
associativee learning. For sensitisation the increase in responsiveness to the odour should 
bee gradual and independent of the stimulus with which it is paired. To investigate 
independencee of the conditioned and unconditioned stimuli, HIPV was paired to a 
contrastingg stimulus, viz. food absence. Naive predators were exposed to HIPV for 16 or 
244 h in absence of prey. Before exposure to the paired stimuli the naive predators had no 
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preferencee for odour from spider-mite infested bean leaves over odour from uninfested 

tomatoo leaves (Table 4). After 24 h the response had dropped from 54% to 22% (via 50%, 

afterr 16 h; Table 4). Th is points at a switch to the opposite response: the predators 

acquiredd a significant aversion to the odour of spider-mite-infested bean leaves. T he 

changee in response due to the 24-h experience with H IPV in absence of food was 

significantt (x*=l5.S, d f - l , p<O.00l). Together with the results in Table 3, this is 

evidencee to reject sensit isation as the under ly ing mechanism, because a change of context 

(fromm positive to negative) in which the odour is presented, also changes the quality of 

thee response (from posit ive to negative). Rather, it suggests associative learning. 

Tab lee 4 Effect of odour during starvation and subsequent satiation on the olfactory response of 
PhytoseiulusPhytoseiulus persimilis females towards odour from Tetranychm «r^cae-infested bean (TUB) versus 
cleann tomato (CT). Predators were first reared from egg to adulthood on filter paper with spider 
mitess washed off tomato leaves as food. These females - inexperienced with odour from infested 
leavess - were first tested in the olfactometer, then starved for 16 or 24 h while exposed to TUB, 
andd tested. Subsequently during 24 h they were fed ad libitum washed spider mites while either 
exposedd to CT, or while exposed to TUB, and then tested again. Rows indicate independent 
replicatee trials; trial codes identify groups of mites 

Experiencee Trial 

Feedingg state Odour given 

n(TUB)) n(CT) n(0)) %(TUB)* P (2-sided) 

Fed d None e 

244 h starved TUB 

A A 

B B 

C C 

D D 

E E 

Total l 

10 0 

I I I 

I I I 

9 9 

13 3 

54 4 

to o 
9 9 

9 9 

I I I 

7 7 

46 6 

2 2 

0 0 

0 0 

0 0 

0 0 

2 2 

50 0 

55 5 

55 5 

45 5 

65 5 

54 4 

1.00 0 

0.82 2 

0.82 2 

0.82 2 

0.26 6 

0.48 8 
166 h starved TUB B A A 

B B 

Total l 

13 3 

7 7 

20 0 

7 7 

13 3 

20 0 

1 1 

3 3 

4 4 

65 5 

35 5 

50 0 

0.26 6 

0.26 6 

1.00 0 

Total l 

8 8 

3 3 

3 3 

14 4 

16 6 

17 7 

17 7 

50 0 

33 3 

15 5 

15 5 

22 2 

26 6 

15 5 

20 0 

21 1 

78 8 

73 3 

75 5 

80 0 

64 4 

73 3 

0.15 5 

0.0026 6 

0.0026 6 

0.000007 7 

0.035 5 

0.0026 6 

0.012 2 

0.000003 3 

0.18 8 

0.12 2 

0.08 8 

0.38 8 

0.42 2 

0.0006 6 

Fed d 

Fed d 

CT T 

TUB B 

Tout t 

Total l 

6 6 

3 3 

4 4 

13 3 

7 7 

I I I 

12 2 

4 4 

9 9 

43 3 

17 7 

17 7 

16 6 

50 0 

2 2 

4 4 

4 4 

I I 

5 5 

16 6 

**  see Table 1 
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Associativee learning was further tested in two ways. After 24-h experience with 
hungerr in presence of the odour of spider-mite-infested bean leaves - and after a choice 
testt displaying aversion to the odour of spider-mite-infested bean leaves -predators were 
givenn 24-h experience either with food in presence of the odour of clean tomato leaves, or 
withh food in presence of the odour of spider-mite-infested bean leaves. When prey 
presencee (unconditioned stimulus) was paired to odour from the unfamiliar environment, 
i.e.i.e. uninfested tomato (conditioned stimulus), a preference for odour from clean tomato 
leavess over odour from spider-mite-infested Lima bean leaves was found (79% of mites 
towardss tomato leaves; Table 4) - similar to the previous response found after the 
negativee experience with odour of spider-mite-infested bean leaves (78%). Thus 
ironically,, by association of prey and odour from clean tomato, the predators now 
respondd positively to the odour from the unfamiliar environment that in actual fact does 
notnot harbour the prey! 

Whenn prey presence (unconditioned stimulus) was paired to odour from the familiar 
environment,, i.e. spider-mite-infested bean leaves (conditioned stimulus) - after the mites 
hadd been given 24-h experience with food absence combined with volatiles from mite-
infestedd bean leaves - a change of preference was found. Now predators preferred odour 
fromm spider-mite-infested Lima bean leaves over odour from clean tomato leaves (73% of 
mitess towards infested bean leaves; Table 4). Although due to small sample sizes none of 
thee five replicates gave a significant deviation from the 50:50 distribution, the pooled data 
showedd a highly significant effect (Table 4). Thus, by imposing a subsequent, 
qualitativelyy different experience on predatory mites, a qualitative change in response 
wass found - which was highly significant (x*=S0.1, df=l, p<0.001). This is strong 
evidencee for context-dependent adjustment of behaviour, in other words: associative 
learningg in predatory mites. 

DISCUSSION N 

Evidenc ee fo r associativ e learnin g 

Ourr results are consistent with the hypothesis that naive, inexperienced predators have 
no,, or at best a very faint, preference for volatile chemicals until they first perceive 
odourss in association with a rewarding or unrewarding experience. Inspired by Papaj et 
al.al. (1994), we tested this hypothesis by offering stimuli that are relevant in the context of 
foragingg predatory mites, both in realistic combinations (odours from spider-mite-
infestedd bean leaves in association with prey presence, and clean air in association with 
preyy absence) and unrealistic combinations (clean air or odour from uninfested tomato 
plantss associated with prey, and odour from spider-mite-infested bean leaves associated 
withh prey absence). In both cases the predators responded according to the context and 
nott according to how familiar their parental strains were with the odour. Thus, predatory 
mitess can interpret the coincidence of two independent events - or states - as a relation 
betweenn these events, which is defined as associative learning. Sensitisation cannot be the 
mechanismm because a change of context (from positive to negative) in which the odour is 
presented,, also changes the quality of the response (from positive to negative). 
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Takingg a devil's advocate position, one could argue that the population of predatory 
mitess used for the experiments exhibits a genetic polymorphism of olfactory responses to 
differentt stimuli. So, each combination of stimuli offered would elicit an innate, fixed 
responsee of a different subset of individuals in the population, whereas - for the sake of 
argumentt - the remaining individuals respond indifferently in two-choice tests. This 
hypothesis,, however, is highly unlikely for two reasons. First, the predatory mites can be 
fooledd to make non-adaptive choices by offering unrealistic combinations of stimuli. 
Second,, the response switches are too intense to be explained by a polymorphic 
populationn response. Recent experiments on prey choice of another predatory mite, 
HypoaspisHypoaspis aculeifer (Mesostigmata: Laelapidae), showed that local populations exhibit 
between-individuall  variability in prey choice and that prey choice has a simple genetic 
basiss (Lesna 1998). However, isofemale lines of this predator selected for choosing a 
particularr prey (bulb or copra mites), retain their ability to learn the association between 
preyy and (novel) odour, and switch their choice accordingly (Lesna and Sabelis, 
unpublishedd data). 

Too our best knowledge, this is the first evidence for associative learning in predatory 
mites,, and it is almost the first case for associative learning in predatory arthropods in 
general.. Similar evidence was obtained in recent studies on olfactory responses of 
heteropterann bugs (Drukker et al. 2000 [=Chapter 5~]) and laelapid predatory mites 
(Lesnaa and Sabelis, unpublished data). Although new for predators, associative learning 
hass been demonstrated for parasitic insects (Lewis and Tumlinson 1988; Lewis and 
Takasuu 1990; Vet and Groenewold 1990; Vet et al. 1995) and honeybees (Gould 1993; 
Menzell  1993). 

Somee authors have argued that experience changes behaviour of parasitoids and bees 
muchh faster (say in seconds), than that of predatory mites (say in days) (Krips et al. 1999). 
Thiss generalization, however, should be treated with caution, as becomes clear when 
consideringg a functional - rather than a causal - perspective: why should a forager 
changee its behaviour fast when its natural environment changes relatively slow? In other 
words,, learning in parasitoids should be scaled to the rate at which hosts in a patch 
becomee parasitized, whereas learning in predators should be tuned to the time scale at 
whichh prey densities change. Thus, slow or fast changes in behaviour do not necessarily 
reflectt interspecific differences in learning capacity. 

Searchh phase s and th e relevan t tim e scal e of learnin g 

Onee may wonder whether predatory mites learn fast when the biotic environment 
changess rapidly. To explore this possibility it is useful to divide the searching process 
intoo five phases (Sabelis and Dicke 1985): (l) take-off, (2) passive aerial dispersal, (3) 
searchingg for prey patches (clusters of prey colonies on leaves), (4) searching for prey 
coloniess within a patch, (5) searching for prey within a colony. These phases differ in the 
characteristicc time scale of change in the prey environment. During phase 4- and 5, prey 
densityy (number of prey per occupied leaf area) will certainly not change in seconds or 
minutes,, but rather in days or even slower. When local prey populations are wiped out, 
thee vast majority of predatory mites take off for aerial dispersal (phase 1 and 2). After 
landing,, these hungry predators may find themselves on a specimen of the same or a new 
hostt plant species, harbouring the same or other potential prey, or no prey at all. From 
thee predator's perspective this is where the biotic environment changes fast and the 
predatoryy mites do better by learning fast accordingly. This wil l involve learning to 
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associatee herbivore-induced volatiles (HIPV) from the new host plant with the herbivore 
infestingg it. Since the predatory mites are hungry in phase 1-3 and well fed during most 
off  phase 4? and 5, we expect starved predators to learn fast and fed predators to learn 
slowly. . 

Wee also argue that fast or slow learning does not relate to the degree of specialisation 
off  the predator (Poolman Simons et al. 1992; Vet et al. 1995; Potting et al. 1997; Geervliet 
etet al. 1998), but rather to the ecologically relevant time scale of change in the prey 
environment.. Thus, before taking position in the debate over whether some species 
(should)) learn fast and others slow, whether generalist predators require learning and 
specialistt predators can do without, it seems wiser to investigate at which time scale the 
predatorr should integrate information before deciding to alter its behaviour. 

A c k n o w l e d g e m e n t ss  BD, JB and GJ were supported by the Dutch Technology Foundation 

(NWO/STW).. Martijn Egas, Arne Janssen, Marcel Dicke, Jetske de Boer and two anonymous referees kindly 

providedd thoughtful comments on the manuscript. 

REFERENCES S 

Dee Moraes, CM., Lewis, W.J., Pare, P.W., Alborn, H.T. & Tumlinson, J.H., 1998. Herbivore-infested plants 

selectivelyy attract parasitoids. Nature 393: 570-573. 

Dicke,, M., Van Beek, T A , Posthumus, M A , Ben Dom, N„ Van Bokhoven, H. & De Groot, >€., 1990a. 

Isolationn and identification of volatile kairomone that affect acarine predator-prey interactions. J. 

ChemEcol.ChemEcol. 16:381-396. 

Dicke,, M., Van der Maas, K.J., Takabayashi, J. & Vet, L.E.M., 1990b. Learning affects response to volatile 

allelochemicalss by predatory mites. Proc Exper. Appl. Entomol., NEV Amsterdam 1:31 -36. 

Dicke,, M., Takabayashi, J., Posthumus, M A , Schutte, C. & Krips, O.E., 1998. Plant-phytoseiid interactions 

mediatedd by herbivore-induced plant volatiles: variation in production of cues and in response of 

predatoryy mites. Exp. Appl. Acarol. 22: 31 I -334. 

Drukker,, B., Janssen, A., Ravensberg, W. & Sabelis, M.W., 1997. Improved control capacity of the mite 

predatorr Phytoseiulus persimilis (Acari: Phytoseiidae) on tomato. Exp. Appl. Acarol. 21: 507-518. 

Drukker,, B., Bruin, J. & Sabelis, M.W., 2000. Anthocorid predators learn to associate herbivore-induced 

plantt volatiles with presence or absence of prey. Physiol. Entomol. 25: 260-265. 

Geervliet,, J.B.F., Vreugdenhil, A.I., Dicke, M. & Vet, L.E.M., 1998. Learning to discriminate between 

infochemicalss from different piant-host complexes by the parasitoids Cotesia glomerata and C 

rubecularubecula (Hymenoptera: Braconidae). Entomol. Exp. Appl. 86: 241-252. 

Gould,, J.L., 1993. Ethological and comparative perspectives on honey bee learning. In: D.R. Papaj & A.C. 

Lewiss (Eds.) Insect learning: ecological and evolutionary perspectives. Chapman and Hall, New York, pp. 

18-50. . 

Janssen,, A., 1999. Plants with spider-mite prey attract more predatory mites than clean plants under 

greenhousee conditions. Entomol. Exp. Appl. 90: 191-198. 

Janssen,, A., Bruin, J., Jacobs, G., Schraag, R. & Sabelis, M.W., 1997. Predators use volatiles to avoid prey 

patchess with conspecifics. J. Anim. Ecot. 66: 223-232. 

Krips,, O.E., Willems, P.E.L, Gols, R., Posthumus, M A & Dicke, M., 1999. The response of Phytoseiulus 

persimilispersimilis to spider-mite induced volatiles from gerbera: influence of starvation and experience. ]. 

Chem.. Eco/. 25:2623-2641. 



80 0 CHAPTERR 6 

Lesna,, I., 1998. Bulb mite biocontiol: evolutionary genetics of prey choice in a soil predatory mite. PhD. Thesis, 

Universityy of Amsterdam. 

Lewis,, W.J. & Tumlinson, J.H., 1988. Host detection by chemically mediated associative learning in a parasitic 

wasp.. Nature 331: 257-259. 

Lewis,, W.J. & Takasu, K„ 1990. Use of learned odours by a parasitic wasp in accordance with host and food 

needs.. Nature 348: 635-636. 

Menzel,, R., 1993. Associative learning in honey bees. Apidologie 24: 157-168. 

Papaj,, D.R. & Prokopy, R.J., 1989. Ecological and evolutionary aspects of learning in phytophagous insects. 

Annu.Annu. Rev. Entomol. 34: 315-350. 

Papaj,, D.R. & Lewis, A.C. (Eds.), 1993. Insect learning: ecological and evolutionary perspectives. Chapman and 

Hall,, New York. 

Papaj,, D.R., Snellen, H., Swaans, K. & Vet, L.E.M., 1994. Unrewarding experiences and their effect on 

foragingg in the parasitic wasp Leptopilina heterotoma (Hymenoptera: Eucoilidae). J. Ins. Behcv. 7: 465-

481. . 

Poolmann Simons, M.T.T., Suverkropp, B.P., Vet, L.E.M. & de Moed, G., 1992. Comparison of learning in 

relatedd generalist and specialist eucoilid parasitoids. Entomol. Exp. Appl. 64: 117-124. 

Potting,, R.P.J., Otten, H. & Vet, L.E.M., 1997. Absence of odour learning in the stemborer parasitoid Cotesia 

flavipes.flavipes. Anim. Behav. 53: 121 I -1223. 

Sabelis,, M.W. & Van de Baan, H.E., 1983. Location of distant spider mite colonies by phytoseiid predators: 

demonstrationn of specific kairomones emitted by Tetranychus urticae and Panonychus ulmi. Entomol. 

Exp.Exp. Appl. 33:303-314. 

Sabelis,, M.W. & Dicke, M., 1985. Long-range dispersal and searching behaviour. In: W. Helle & M.W. Sabelis 

(Eds.)) Spider mites - their biology, natural enemies and control. Elsevier Science, Amsterdam, pp. 141-

160. . 

Sabelis,, M.W. & Van der Weel, J.J., 1993. Anemotactic responses of the predatory mite, Phytose/u/us persimilis 

Athias-Henriot,, and dieir role in prey-finding. Exp. Appl. Acarol. 17: I -9. 

Sabelis,, M.W., Vermaat, J.E. & Groeneveld, A., 1984. Arrestment responses of the predatory mite, 

PhytoseiukisPhytoseiukis persimilis, to steep odour gradients of a kairomone. Physiol. Entomol. 9: 437-446. 

Takabayashi,, J. & Dicke, M., 1992. Responses of predatory mites with different rearing histories to volatiles 

off uninfested plants. Entomol. Exp. Appl, 64: 187-193. 

Takabayashi,, J., Dicke, M. & Posthumus, M.A., 1991. Variation in composition of predator attracting 

allelochemicalss emitted by herbivore-infested plants: Relative influence of plant and herbivore. 

ChemoecologyChemoecology 2: I -6. 

Takabayashi,, J-, Dicke, M, & Posthumus, MA., 1994. Volatile herbivore-induced plant-mite interactions: 

variationn caused by biotic and abiotic factors. J. Chem. Ecol. 20: 1329-1354. 

Thorpe,, W.H., 1963. Learning and instinct in animals. Methuen, London. 

Turlings,, T.C.J., Loughrin, J.H., McCall. P.J., Rose. U.S.R., Lewis, W.j. & Tumlinson, J.H., 1995. How 

caterpillar-damagedd plants protect themselves by attracting parasitic wasps. Proc Natl. Acad. Sci. USA 

92:4169-4174. . 

Vet,, L.E.M. & Groenewold, A.M., 1990. Semioehemicals and learning in parasitoids. J. Oiem. Ecol. 16: 3119-

3135. . 

Vet,, L.E.M., Lewis, W.J. & Cardé, R.T., 1995. Parasitoid foraging and learning. In: R.T. Cardé (Ed.) Chemical 

ecologyecology of insects - 2. Chapman and Hall, New York, pp. 65-101. 



B.. Drukker « 2001 » How predatory arthropods learn to use herbivore-induced plant volatiles 

G E N E R A LL D I S C U S S I O N - BEHAVIOURA L 
RESPONSESS OF PREDATORY AN D HERBIVOROUS 
ARTHROPOD SS TO INDUCED PLAN T VOLATILES : FROM 
EVOLUTIONAR YY ECOLOGY TO AGRICULTURA L 
APPLICATION S S 

Herbivoryy is known to induce the production of volatiles in plants. These signals are 

thoughtt to betray herbivores to their predators, which are then attracted or arrested 

nearr the plant under attack. Evidence for involvement of herbivore-induced plant volatiles 

inn predator recruitment is largely based on experiments with olfactometers designed to 

demonstratee a response to odours, not to elucidate the behavioural mechanisms used to 

locatee the source. Since the mechanisms underlying orientation may well operate at a 

spatiall scale beyond that considered in the lab, experiments are required to unravel the 

tacticc and kinetic responses in carefully designed laboratory experiments at a larger scale 

andd to assess the responses under more realistic (greenhouse, field) conditions. 

Experimentss are discussed showing the role of odour-conditioned anemotaxis, 

tactic/kineticc responses to odour gradients, odour-conditioned landing and take-off 

responses,, as well as the role of hunger, associative learning and innate responses in 

predatoryy arthropods. 

Byy producing volatiles, plants also betray their presence to arthropods that do not 

conferr a direct benefit to the plant, such as other herbivores, hyperpredators and 

omnivores.. Recent results on responses of such non-beneficial arthropods to odours from 

plantss under herbivore attack are reviewed. Finally, conditions are discussed under which 

herbivore-inducedd synomones have an overall positive effect on plant fitness, and 

possibilitiess for the practical application of herbivore-induced synomones in plant 

protectionn are highlighted. 

Basedd on: Sabelis, M.W., A. Janssen, A. Pallini, M. Venzon, J. Bruin, B. Drukker & P. 

Scutareanuu (1999) Behavioural responses of predatory and herbivorous arthropods to 

inducedd plant volatiles: From evolutionary ecology to agricultural applications. In: A A 

Agrawal,, S. Tuzun & E. Bent (Eds.) induced Plant Defenses Against Pathogens and Herbivores. 

Americann Phytopathological Society Press, St. Paul, Minnesota, pp. 269-298. 

Plantss defend themselves against herbivorous arthropods, not only directly (toxins, 
digestionn inhibitors, glandular hairs, tough cuticle, etc.), but also indirectly by promoting 
thee effectiveness of the herbivores' predators (Price et al. 1980, Fig. la). Indirect plant 
defensee may be achieved by creating protective structures, providing food (pollen, nectar) 

81 1 
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andd by releasing chemical cues which betray the presence of herbivores (Dicke and 
Sabeliss 1988a, Sabelis et al. 1999ab). These plant-provided facilities can be utilized by 
predatoryy arthropods that help the plant to get rid of herbivorous arthropods, but they 
aree also open to other organisms that are not beneficial to the plant. Indeed, mutualistic 
interactionss are never foolproof (Bronstein 1994a) and plant-predator mutualisms are no 
exception.. Here, the role of herbivore-induced plant volatiles (HIPV) is discussed from a 
foodd web perspective. 

Theree are two problems to be addressed before we can conclude that attracting 
predatorss is indeed one of the functions of HIPV. Firstly, most studies showing attraction 
off  predators by these volatiles are done under idealized laboratory conditions and it 
remainss to be shown that attraction also occurs under natural conditions. Secondly, if 
plantss do attract predators by producing HIPV, it is inevitable that other organisms that 
aree not beneficial to the plant also use these volatiles to their own benefit. Here, advances 
inn knowledge on how these volatiles influence the behaviour of (l ) predatory arthropods 
andd (2) other (possibly non-beneficial) arthropods are reviewed. By considering the 
responsess to HIPV in the food web of plant-inhabiting arthropods a more realistic view 
onn the overall effect of producing "alarm calls" on plant fitness may be obtained. 

predatorss

herbivoress s# «d 

hyperpredatorss * 

predatorss

herbivoress J| ^ i J«**J 

Figuree 1 Diagrams of systems with one, two and three trophic levels (top) or four trophic level 
andd variants thereof (bottom). The spheres represent the biomass at each trophic level, assuming 
10-20%% conversion efficiency for the herbivores and 70-80% for the (hyper-)predators. Drawn 
arrowss stand for the trophic interactions, whereas dashed arrows stand for avoidance of 
(herbivore-herbivore,, herbivore-predator, predator-predator) interactions. Defensive interactions 
aree left out to keep the diagram simple. 
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AA food-web perspective on the effects of HIPV is crucial to understand the evolution of 
plant-predatorr mutualisms. Hairston et al. (i960) hypothesized that predators control 
herbivoree densities, resulting in the plants being relieved from herbivore damage. This 
implicitl yy assumes that direct plant defenses are ineffective. Although these defenses are 
successfull  against many herbivores, they are not effective against all (Strong et al. 1984), 
andd this leaves room for the evolution of indirect defenses (plant-predator mutualisms). 
Whilee the "World is Green" hypothesis (Hairston et al. 1960) may hold for linear 
tritrophicc food chains, one may wonder what happens in more complex food webs (Polis 
andd Strong 1996). When hyperpredation and intraguild predation are prevalent, plant 
alarmm calls may not only benefit the herbivores' predators, but also the predators' 
predatorss and competitors. These effects on the fourth trophic level wil l cascade down 
thee food chain (Fig. lb): the herbivores' enemies become less abundant, the herbivores 
increasee in number and the plant wil l suffer more from herbivory. This cascading effect 
mayy reduce the plant's benefit in sending out alarm calls to the point that it does not 
outweighh production costs and risks of alerting other herbivores. Thus, it is crucial to 
determinee whether communities of arthropods on plants behaveWke linear tritrophic food 
chainss or not (such as a four trophic level system or a web of interactions between linear 
foodd chains). In the first case, plant investment in indirect defenses is more likely to be 
favoredd by selection, since predators wil l suppress herbivore populations to a greater 
extentt and plants wil l suffer less from herbivory (Hairston et al. 1960, Strong et al. 1984, 
Sabeliss et al. 1999ab). Consequently, to explain why plants usually retain a green 
appearancee under natural conditions, one should identify the mechanisms that make 
complexx food webs behave much like linear tritrophic food chains (Fig. lb). The key 
mechanismss probably lie in the adaptive behaviour of members of the food web. Odour-
mediatedd attraction and avoidance may lead to niche partitioning, thereby decreasing the 
strengthh of food web interactions. This is why the focus is on behavioural responses to 
HIPVV and, where possible on responses to other volatiles conveying information on niche 
qualityy (Janssen etal. 1998). 

Foodd webs of plant-inhabiting arthropods vary in space and time with respect to their 
structuree and the abundance of their members. Herbivores and their natural enemies 
makee foraging decisions that not only depend on the presence and quality of food but also 
onn the risk of being eaten and the intensity of competition. Thus, these decisions depend 
onn the current and local state of the food web. Hence, although the ultimate evaluation of 
effectss of HIPV on plant fitness should be done under natural conditions, there is a 
dangerr in evaluating plant fitness effects exclusively in the field, because the temporal 
andd spatial scale of field experiments is bound to be such that only a subset of food web 
statess play a role. Lab experiments allow a free choice of the composition of the food web, 
whereass in the field, species composition may vary in space and time. Hence, it seems 
wiserr to develop insight by considering a chain of experiments, starting from controlled 
conditionss in the laboratory to real, complex conditions in the field. 

Theree is a rich literature on indirect plant defense against herbivores via the attraction 
off  natural enemies by HIPV (Dicke and Sabelis 1988b, 1989, 1992, Dicke et al. 1990b, 
Dickee 1994, Turlings et al. 1995, Takabayashi and Dicke 1996). In this chapter, literature 
onn the role of HIPV in attracting predatory arthropods is reviewed. The focus is on true 
predatorss because the experimental work presented in this thesis is carried out on true 
predators.. Predators - unlike many parasitoids (Van der Meijden and Klinkhamer 2000, 
Vinsonn 1999) - have a direct impact on plant fitness: they kill the herbivores immediately, 
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therebyy preventing further feeding damage to the plant. Attraction of true predators may 
thereforee more readily result in an advantage to the individual plants. After reviewing the 
responsess of predators to HIPV, the net effect of HIPV production on plant fitness is 
evaluated.. Finally, the practical perspectives of HIPV for crop protection are discussed. 

BEHAVIOURA LL RESPONSES OF PREDATORY ARTHROPODS T O HIPV 

Thee first indication of olfactory responses of arthropods to odours emanating from 
herbivore-infestedd plants came from Y-tube olfactometer tests with predatory mites and 
spiderr mites on detached bean and apple leaves (Sabelis and Van de Baan 1983). 
Subsequentt experiments showed that the odours do not emanate from the spider mites 
alonee nor from its silk secretions, but that it comes to some degree from the faeces, and 
principallyy from the mite-infested leaves [i.e. after removal of spider mites and their 
products,, Sabelis et al. 1984a). Since leaves did not elicit a response until being fed upon 
byy spider mites and infested leaves gradually lost their attractiveness after the removal of 
spiderr mites, the hypothesis was formulated that the odours are of plant origin and 
inducedd by spider mite feeding (Sabelis and Dicke 1985). Two lines of evidence for the 
activee involvement of plants have been presented. First, headspace analysis revealed that 
thee most abundant chemicals in the blend released upon feeding by two-spotted spider 
mites,, Tetranychus urticae, on Lima bean (e.g. methyl salicylate, linalool, (iTj-p-ocimene, 
4,8-dimethy]-l,3(£),7-nonatriene,, 4,8,12-trimethyl-l,3(£),7(£),l l-tridecatetraene) are 
knownn as plant compounds (Dicke 1988, Dicke and Sabelis 1988ab, 1989, 1992, Dicke et 
al.al. 1990ab). Second, not only the infested leaves release the volatiles, but also uninfested 
leavess of the same plant (Dicke et al. 1990b, 1993; see also Turlings and Tumlinson 1992). 
Thus,, there is a local, as well as systemic induction of volatiles upon spider-mite attack. 
Sincee these results became available, a quest for the elicitor involved in local transduction 
fromm the herbivores' oral secretions to the plant and systemic signal transduction from 
leaff  to leaf has started (Pare et al. 1998). The ability to produce herbivore-induced alarm 
signalss is probably widespread in the plant kingdom, as there is supporting evidence that 
herbivoress elicit such responses across 23 plant species in 13 plant families (Dicke 1994, 
Dickee et al. 1998). This ability is not limited to the interaction of plants with herbivorous 
mites.. Apart from extensive work on the response of parasitoids to plant volatiles induced 
byy caterpillars (Turlings et al. 1995) and aphids (Guerrieri et al. 1997, Du et al. 1998), 
theree is also evidence for responses of anthocorid bugs to odours from bean plants 
infestedd by spider mites (Dwumfour 1992), to pear leaves infested by psyllids (Chapter 4, 
thiss Thesis; Drukker et al 1995) and to components identified in the odour blends of 
Psylla-'mfestedPsylla-'mfested pear leaves, such as (E,£)-ct-farnesene and methyl salicylate (Chapter 2, 
thiss Thesis; Scutareanu etal. 1996, 1997). 

Theree is evidence that the behavioural responses of predatory arthropods to HIPV are 
basedd on olfaction. For example, when released in realistic concentrations, single 
componentss of the herbivore-induced odour blend (methyl salicylate, linalool, (-E)-P-
ocimene)) elicit a positive response of predatory mites in a Y-tube olfactometer (Dicke et 
al.al. 1990a). Furthermore, the behaviour of chemoreceptor-bearing extremities in response 
too HIPV has been described for predatory mites (Dicke et al. 1991), chemosensors on tarsi 
off  first legs have been described morphologically (Jagers Op Akkerhuis et al. 1985) and 
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electrophysiologicall  recordings have been obtained from the neurons in these sensors 
whenn exposed to one of the blend components (linalool) (De Bruyne et al 1991). We 
knoww little, however, of the role of blend composition, even if it concerns only the major 
blendd components. Can mixes of the major components alone explain all behavioural 
responses?? Or are minor blend components or hitherto undetected volatiles essential? 
Campbelll  et al. (1993) compared single-cell recordings of odour-receptor cells with gas 
chromatogramss from odours from hop leaves and found that some spikes in the action 
potentiall  of the receptor cells did not coincide with detected volatiles, suggesting that 
otherr volatiles may also play a role. The only test of the response of a parasitoid to a 
syntheticc mixture of the (eleven) major volatiles from corn fed upon by Spodoptera exigua 
caterpillarss failed to reproduce the response to a natural blend of HIPV (Turlings et al. 
1991).. Moreover, it is well documented that herbivorous mites of different species on the 
samee species of host plant induce the production of blends that differ only in relative 
amountss of the (major) components. Yet, predatory mites can readily discriminate 
betweenn leaves infested by either of the spider mite species (Sabelis and Van de Baan 
1983,, Sabelis and Dicke 1985, Dicke and Groeneveld 1986, Takabayashi et al 1991). 
Apparently,, predatory mites can discriminate between quantitative differences in the 
compositionn of major blend constituents, a phenomenon recently also reported for 
parasitoidss (De Moraes et al. 1998). Alternatively, the components that enable the mites 
too discriminate are present in minor quantities and/or are still to be identified. These 
volatiless are not necessarily of plant origin as they may well be produced by the 
herbivoress themselves (pheromones that are only produced in minute quantities) or even 
byy associated micro-organisms. 

COPINGG W I T H VARIABILIT Y IN HIPV 

Anotherr salient point arises from the observation that the composition of induced 
volatiless varies with the species and cultivar of the host plant, even when attacked by the 
samee species of herbivore (Takabayashi et al. 1994). Also, age, tissue and condition of a 
hostt plant influence the composition of plant odour blends (Takabayashi et al. 1991 1994, 
Scutareanuu et al 1997; Chapter 2, this Thesis). Plants even show diurnal cycles in the 
productionn of some of the induced volatiles (Loughrin et al. 1994). One may wonder how 
predatorss cope with this bewildering variety of signals. 

Margoliess et al. (1997) showed that it is possible to select for strength of the response 
too one of the spider-mite-induced volatiles (linalool) in a culture of the predatory mite, 
PhytoseiulusPhytoseiulus persimilis. A genetic basis may be expected when there is a cost to flexibility 
[e.g.[e.g. the capacity of the sensory and central nervous system to perceive and integrate 
signalss and alter behavioural response) and/or a cost to dietary change [e.g. due to 
differencess in nutritional quality and secondary plant compounds). Given a sufficiently 
constantt prey availability and signal environment, there wil l be selection to avoid paying 
thee cost of flexibility,  which wil l then pave the way for genetically fixed preferences. In 
fact,, genetic polymorphisms for prey preference have been found in a predatory mite 
speciess associated with roots and bulbs of lilies (Lesna and Sabelis 1999). Thus, there may 
welll  be a (partially) genetic determinant of the olfactory response, but this does not imply 
aa rigid prey/plant preference, because the genetic influence may be overruled by plastic 
responsess to environmental stimuli. Indeed, there are indications of effects of experience 
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duee to rearing on different host plants attacked by the same herbivore (Dicke et al. 1990c, 
Takabayashii  et al. 1994, Krips et al. 1999). Selection, however, cannot be completely ruled 
outt as a factor modifying the response, because (1) mortality during the 7-day rearing 
periodd may alter the genetic composition and (2) 3 hours of rearing on cucumber was not 
sufficientt to alter preference. Experiments in this Thesis (Chapter 6; Drukker et al. 
2000a),, however, have shown that one-day starvation in the presence of HIPV caused a 
reversall  from attraction to avoidance of these odour components. These studies indicate 
thatt predatory mites can learn the association between these odours and their state of 
starvation.. Much the same results were obtained with Anthocoris females starved in the 
presencee of single HIPV components from pear leaves (methyl salicylate, (E,E)-a-
farnesene)) (Chapter 5, this Thesis; Drukker et al. 2000b). Because there was no mortality 
inn these experiments, this is strong evidence that associative learning is implicated in 
strategiess of predatory arthropods to locate herbivorous arthropods. Positive associations 
mayy be reversed when volatiles are paired with a hunger stimulus, which leads to 
dispersall  away from the original site. We hypothesize that avoidance responses wane 
whenn pairing of the odours and the hunger stimulus is discontinued, which in turn may 
reinstalll  the innate responses. When innate responses or coincidental encounters happen 
too bring the predator in contact with a potential prey on a new host plant, then positive 
associationss with the HIPV in that setting may result (Fig. 2). Learning of positive 
associationss between food and odours has been amply demonstrated in studies on 
parasitoidss of herbivorous insects (Turlings et al. 1993a). 

HIPV-ELICITEDD MECHANISMS TO LOCAT E THE ODOUR SOURCE: 
RELEVANC EE OF SPATIA L SCALE 

Y-tubee olfactometers are suitable to assess whether HIPV elicit a response of the 
predatoryy arthropod, but not to analyse the orientation mechanisms. The latter requires a 
moree analytical approach, where each mechanism is tested in a specially designed 
experimentall  set up. Such an approach has so far only been followed in studies on the 
predatoryy mite P. persimilis (Sabelis and Dicke 1985). This predator showed an ability to 
orientt to odour gradients in an olfactometer with a vertical airflow passing a horizontal 
fine-meshfine-mesh gauze which served as a substrate for the predator (Sabelis et al. 1984b). When 
thee odour source was positioned underneath the center of the gauze, the predatory mites 
respondedd to passing the sharp HIPV gradients by performing right-about turns. These 
turnss show that, after passing the gradient, the predator perceived the absence of HIPV 
andd increased the chance of moving back into the area with HIPV. When the odour 
sourcee was moved in the same direction as the predator's direction of movement, but 
faster,, the predators also responded to the passing gradient by making about turns. 
Clearly,, this behaviour would not help them to keep track of a moving odour plume. 
Hence,, orientation to odour gradients is probably only relevant where odour gradients 
aree sufficiently static at the time scale of mite movement. This is probably the case very 
closee to the odour source, i.e. near a spider-mite colony on a leaf, where wind has 
relativelyy littl e impact on the position of the gradient. 
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Figuree 2 Diagrammatic representation of alternating prey and HIPV preferences by associative 
learningg in anthocorid predators. In May-June the anthocorids feed on aphids where they learn to 
associatee Alder-HIPV with the presence of aphids as prey. In July aphids migrate or go extinct 
duee to predation. Anthocorids then learn to associate hunger and Alder-HIPV, which triggers 
avoidancee and emigration. During migration the anthocorid predators either search randomly or 
respondd to an array of odours (other than Alder-HIPV) according to innate response patterns. 
Oncee they land on pear trees and discover psyllid prey, then they learn to associate pear HIPV 
andd psyllids as prey, which will elicit arrestment on this new host plant and near this new prey. 

Thee presence of HIPV also suppresses the tendency to disperse aerially in response to 
herbivore-inducedd plant odours, as shown by Sabelis and Afman (1994) using a wind tube 
designedd to observe take-off behaviour of a single predatory mite on a leaf. Predatory 
mitess are thought to disperse passively in air currents (Sabelis and Dicke 1985), but 
beforee becoming airborne, they appear to make decisions on whether to take off or not. 
Thesee decisions are influenced by their state of food deprivation and dehydration, but also 
byy the presence of HIPV. Even when the predatory mites were severely starved and 
dehydratedd (in the absence of HIPV), the presence of HIPV stimulated them to stay. This 
responsee leads to arrestment in the area where HIPV signals the presence of prey to the 
predatoryy mites. However, the same response is also relevant to attraction towards the 
odourr source. To understand this, one should realize that airborne predatory mites 
cannott decide when and where to land, but after landing they would gain by finding 
clusterss of spider mite colonies located not too far from the site of landing. This is done 
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byy ambulatory search and the perception of HIPV probably stimulates the predator to 
continuee searching until the source is found. 

Thee ambulatory search to find clusters of spider-mite colonies on plants would be 
muchh more effective if HIPV elicits not only take-off suppression but also movement 
againstt the wind guided by orientation on the wind direction (positive anemotaxis). This 
wass studied in a wind tunnel with a homogenous airflow and a uniform odour 
concentrationn (thus no odour gradients) (Sabelis and Van der Weel 1993). The results 
showedd that starved predators walk upwind, but this positive anemotaxis is also 
manifestedd in the absence of HIPV, though in a somewhat less pronounced form. The 
mostt surprising result was that in the absence of HIPV well-fed predators move 
downwind,, whereas in the presence of HIPV this negative anemotaxis disappears or is 
reversedd to a positive anemotaxis depending on the odour concentration. At first sight 
thiss result was puzzling: why should satiated predators walk with the wind (= downwind) 
inn absence and against the wind (- upwind) in presence of HIPV? The solution is simple 
oncee one realises that predatory mites foraging in clusters of prey colonies are probably 
satiatedd and, while moving from one infested leaf to another, may move out of the plant 
areaa occupied by the colony cluster. Should the predators happen to move out at the 
upwindd (= windward) side of the cluster, then this takes them into HIPV-free air and 
negativee anemotaxis would bring them back into the area with the colony cluster. Should 
theyy move out at the downwind side of the colony cluster, then positive anemotaxis wil l 
increasee the chance of re-entering the cluster area. The consequence of this behaviour is 
anemotacticc arrestment in the prey cluster area. 

Whetherr the above mechanisms are sufficient to explain the orientation responses to 
HIPVV in the field is an open question for future research. So far, effective location of 
spiderr mite-infested plants has been demonstrated in wind tunnels (Sabelis and Schippers, 
unpublishedd data), in the laboratory (Sabelis and Van der Weel 1993) and under 
greenhousee conditions (Janssen 1999). Moreover, there is indirect evidence that 
arrestmentt of predatory mites in clusters of spider-mite infested leaves plays a decisive 
rolee in the rate at which the local population of spider mites are exploited and ultimately 
eliminatedd (Sabelis and Van der Meer 1986, Sabelis 1992, Van Baaien and Sabelis 1995, 
Pelss and Sabelis 1999). Simulation models of the interaction between T. urticae and P. 
persimilispersimilis only provided a good fit to data on local predator-prey dynamics when it was 
assumedd that the predatory mites do not emigrate until after all prey are eliminated. 
Evenn small rates of predator emigration from the cluster led to drastic effects on the 
simulatedd local predator-prey dynamics (much higher prey population peaks, longer 
periodss of predator-prey interaction, much higher overall predator yield). Since predatory 
mitess have to move between spider-mite infested leaves, they have to pass leaf surface, 
stemss and petioles that are devoid of prey. The cloud of HIPV surrounding the cluster of 
infestedd leaves may well be instrumental for the predatory mites to stay arrested within 
thee cluster. 

THEE IMPAC T OF HIPV IN THE FIELD 

Thee first demonstration of the impact of HIPV in the field came from research on 
biocontroll  of psyllids in pear orchards in the Netherlands (Chapter 4, this Thesis; 
Drukkerr et al. 1995). Pear orchards suffer from only a few plant pests, the most important 
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off  which are leaf suckers, Psylla pyri and P. pyricola. These psyllids are absent in spring 
(March-May),, begin to show up in June and may become numerous from July to 
September.. In spring and early summer the predators thought to be most efFective 
againstt the psyllids, (i.e. heteropteran bugs such as Anthocoris nemorum (L.), A. nemoralis 
(Fabricius)) and various Orius spp.) feed on aphids on other trees (e.g. alder, hawthorn). By 
thee time the psyllid populations start to increase in July predators begin to immigrate, 
showw up first as adults in June-July, then later in July-September in all developmental 
stages,, and building up strong cross-correlations with the population sizes of psyllids 
(Chapterr 3, this Thesis; Scutareanu et al. 1999). It was hypothesized that the immigration 
off  adult predators was triggered by HIPV from Psylla-infested pear trees. This was 
assessedd in the field by sampling trees next to cages with trees harboring Psylla 
populationss of various sizes. Densities of predatory bugs increased with the density of 
psyllidss in the cages. Since covering the cage with an infested pear tree by a plastic sheet 
ledd to a sudden drop in the density of predatory bugs and removal of the sheet was 
quicklyy followed by a build-up in predator numbers, there was support for HIPV-
triggeredd immigration of predators (Chapter 4, this Thesis; Drukker et al. 1995). This 
wass further substantiated by identification of headspace volatiles from Psy//a-infested 
leavess (methyl salicylate and (E,E)-a-farnesene) and by testing the behavioural response 
too Psy//a-infested vs. clean leaves and to single HIPV-compounds in a Y-tube 
olfactometerr (Chapter 2, this Thesis; Scutareanu et al. 1997). Naive predatory bugs 
showedd a weak innate response to HIPV from pear, but once they experienced the 
associationn between food and these odours they exhibited a strong positive response 
(Chapterr 5, this Thesis; Drukker et al. 2000b). Pairing HIPV to a hunger stimulus, the 
predatorss exhibited a strong negative response. This ability to learn associations between 
odourss and positive or negative stimuli is probably of great importance in the field since 
thee predators are faced with a wealth of volatile infochemicals emanating from various 
plantss and plant-herbivore combinations (Fig. 2). We suspect that predatory bugs leave 
theirr original prey resources when hungry (a negative association with plant volatiles), 
subsequentlyy rely on their innate responses until they contact suitable herbivorous prey, 
suchh as pear leaf suckers, and experience the associated HIPV (a positive association). 
Thesee experienced predators subsequently continue to respond positively to the HIPV 
andd end up close to the cages harbouring large Psylla populations in the experimental 
orchard.. This may explain the somewhat puzzling observation that predatory bugs 
aggregatee around the cages without being able to contact the prey on the trees inside 
thesee cages. 

Otherr examples of attraction in the field are still scarce. Shimoda et al. (1997) studied 
thee response of a predatory thrips to odours produced by bean plants infested with spider 
mites.. In the field, thrips were caught on sticky traps baited with infested bean plants but 
nott on traps baited with clean bean plants. However, only a few predatory thrips were 
recaptured,, and only after a long period, and it therefore remains to be seen whether 
predatorss arrived in time to benefit the plant. 
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LIMITSS T O ATTRACTIVENESS : THE EFFECT OF THE PRESENCE OF 
CONSPECIFICC PREDATORS 

Theree may well be limitations to the number of predators that a plant can attract 
(Janssenn et al. 1997). When predatory mites are offered a choice between odours from 
spiderr mite colonies with and without conspecific predators, they prefer odours from the 
latter.. This probably means that predatory mites are initially attracted towards a plant 
infestedd by spider mites, but once the infested leaves are discovered and colonized, others 
wil ll  move on to neighboring plants with spider-mite colonies free of predators. Predatory 
mitess make their own foraging decisions and may well be capable of balancing food gains 
andd competition effects, as predicted by ideal-free foraging theory. They not only use 
informationn to locate their prey, but also to avoid intraspecific competition. An open 
questionn is where this information on competitors is coming from and whether this 
informationn allows predators to discriminate between different competitor species. 
Janssenn et al. (1997) show that production of the odours is associated with the presence of 
adultt spider mites, and they suggest that it is an alarm pheromone of the spider mites. 
Whetherr this alarm pheromone conveys information that allows the receiver to specify 
thee enemy (competitor, predator) is not known. 

RESPONSESS OF NON-BENEFICIA L ARTHROPOD S T O HIPV 

Too understand the evolution of HIPV it is necessary to change gears from simple 
tritrophicc food chains to food webs. Volatile signals may also be picked up by other 
organismss in the food web, such as herbivores and hyperpredators (Fig. s), and this can 
havee severe consequences for the net fitness effects of the production of volatiles by 
plants.. Consider, for example, a simple food web occurring on greenhouse cucumber in 
Thee Netherlands. One tritrophic food chain studied in this system consists of the plant, 
two-spottedd spider mites and their natural enemy, the predatory mite P. persimilis. 
Anotherr food chain consists of the plant, western flower thrips (Frankliniella occidentalis), 
andd its natural enemies. When combining these two food chains in a food web, many 
moree interactions can occur (Janssen et al. 1998, Pallini 1998, Pallini et al. 1997, 1998). 

Herbivoress could take advantage of the presence of other herbivores on plants, for 
instancee by using the volatiles induced by the other herbivore to acquire information 
fromm a distance on the state of the plant. Attack by the first herbivore may induce plant 
defenses,, including indirect defense through attraction of natural enemies, making 
infestedd plants less suitable for colonization. In this case, the volatiles would signal this 
defendedd state to other herbivores that may use them to avoid well-defended plants {e.g. 
Ohsakii  and Sato 1994). Herbivores may also use HIPV to avoid competition on plants 
thatt have a high probability of being defended by predators attracted by the volatiles. 
Underr all scenarios, production of HIPV would lead to avoidance of the plant by other 
herbivores,, which wil l have a positive effect on plant fitness. Alternatively, herbivores 
attackingg the plant may deplete plant constitutive defenses, making the plants a more 
suitablee food source (Tallamy 1986). In this case, production of HIPV could lead to an 
increasee of herbivore numbers and species, which is obviously detrimental to the plant. 
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Productionn of HIPV may also attract natural enemies that interfere directly, through 
interferencee competition or intraguild predation, with natural enemies already present on 
thee plant (see Janssen et al. 1998, for a review). Effects of these interactions on herbivore 
densitiess can be positive or negative (Rosenheim et al. 1995, Holt and Polis 1997, Janssen 
etet al. 1998), and hence wil l affect the plant's net benefits of HIPV production. Below we 
revieww the evidence for the use of HIPV by other members of the food web (see Turlings 
andd Benrey 1998 for a review), as well as the evolutionary consequences of this for 
volatilee production. 

Figuree 3 Herbivory {e.g. by spider mites) induces plant-wide production of volatiles in their host 
plantt (e.g. cucumber), thereby providing free information for other herbivores (e.g. thrips), 
predatorss (e.g. predatory mites), hyper- and intraguild predators (e.g. predatory bugs), and 
possiblyy others (e.g. fungivorous or pollen-feeding mites and insects). 
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THEE RESPONSE OF HERBIVORES TO HIPV 

Effect ss of HIPV on conspecifi c herbivore s 

Dickee (1986) found that two-spotted spider mites dispersed when exposed to odours of 
beann leaves infested with conspecifics. Although other studies indicate that many of the 
volatiless emitted by such infested leaves (i.e. general green-leaf volatiles) such as hexenol 
andd specific herbivore-induced volatiles such as terpenoids and the ester methyl 
salicylate)) are indeed produced by the plant, it cannot be ruled out that spider mites 
themselvess also produce volatiles that play a role in eliciting dispersal. Another study of 
thee response of these mites showed a slight attraction to cucumber plants with 
conspecificss (Pallini et al. 1997). Apart from differences in the plant species, the 
differencess between the two series of experiments may be explained by differences in the 
spatiall  scale at which the response occurs; from a distance, spider mites are slightly 
attractedd to plants with conspecifics, but once on the plant, they prefer leaf areas that are 
unoccupiedd (see Pallini et al. 1997 for details). This matches with further experiments by 
Dickee (1986), in which odours from a mixture of clean and infested leaves did not induce 
dispersal.. Hence, from a distance, spider mites perceive a mix of odours from clean and 
infestedd leaves to which they are attracted. Once on a plant, they preferentially settle on 
cleann leaf areas. 

Landoltt (1993) studied the response of adult female cabbage looper moths {Trichoplusia 
ni)ni) to odours of cotton and cabbage plants that were uninfested, mechanically damaged or 
damagedd by conspecifics in a laboratory wind tunnel. In choice experiments, artificially 
damagedd or herbivore-damaged cotton attracted more moths than clean plants, but 
mothss oviposited more on clean plants. In contrast, cabbage with herbivores attracted 
significantlyy fewer moths than clean plants did, and there was no difference in 
attractivenesss between clean and artificially damaged cabbage. 

Hararii  et al. (1994) investigated the volatile stimuli that cause aggregation in a 
polyphagouss beetle (the scarabaeid Maladera matridd) with a Y-tube olfactometer. Beetles 
weree not attracted to odours from conspecifics only, but were attracted when beetles 
weree feeding on Duranta repens leaves. Bolter et al. (1997) studied the response of the 
Coloradoo potato beetle (Leptinotarsa decemlineata), to clean plants, artificially damaged 
plantss and plants damaged by conspecifics. More beetles were found to walk upwind 
whenn mechanically damaged plants, rather than clean plants, were offered as the odour 
source,, but plants lost their attractiveness soon after being damaged. Plants with older 
beetlee infestations were attractive for a longer period. The volatiles produced were a mix 
off  green-leaf volatiles (fatty acid derivatives) and induced volatiles (terpenoids such as 
linalool).. The responses found in these two studies (Harari et al. 1994, Bolter et al. 1997) 
mayy have been elicited by a combination of plant-produced volatiles and beetle odours. 

Inn laboratory olfactometer experiments, Campbell et al. (1993) showed that spring 
morphss of damson-hop aphids (Phorodon humuli) have a significant preference for odours 
fromm hop leaves with conspecifics over clean hop leaves. Single-cell recordings of 
olfactoryy receptors combined with gas chromatography showed that this preference is 
likelyy to be caused by volatiles produced by the plants upon induction by the aphids 
(hexenal,, (3-caryophyllene, methyl salicylate and (£)—farnesene). As mentioned before, 
somee spikes in the action potential of the receptor cells did not coincide with detected 
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volatiles,, suggesting that also other volatiles may play a role. The origin of these 
compoundss is unknown, hence, volatiles other than HIPV may play a role. This study 
alsoo shows some other striking features of arthropod responses to blends of volatiles. 
First,, responses depend on the relative concentration of various components; two 
componentss in a natural ratio ((£)-2-hexenal and (3-caryophyllene) were attractive 
whereass a 1:1 ratio was unattractive. Second, responses to mixtures differ from responses 
too individual components; for example, the full blend of HIPV is attractive despite the 
presencee of one component that, by itself functions as a repelling alarm pheromone ((E)— 
farnesene).. Moreover, the attractive mix of {E)-2-hexenal and P-caryophyllene in natural 
ratioss became unattractive when a third compound (methyl salicylate) was added in the 
naturall  ratio. 

Inn all of the above examples, it is still possible that minor or even undetected 
componentss are responsible for eliciting the responses. A more conclusive example of 
increasedd attraction of herbivores by HIPV comes from the work of Loughrin and 
colleaguess on Japanese beetles (Popillia japonica: Scarabaeidae). These beetles were shown 
too induce production of volatiles in crab apple and grapevines (i.e. terpenoids such as 
ocimene,, linalool and farnesene, aliphatic compounds such as hexenyl acetate, and 
aromaticss such as phenylacetonitrile and hexenyl benzoate; Loughrin et al 1995, 1996). 
Inn the field, vines producing these volatiles after overnight feeding by beetles attracted 15 
too 30 times as many beetles as plants with non-feeding beetles (Loughrin et al 1996). 
Trappingg experiments in the field showed that single compounds of the induced volatiles 
aree attractive and that the attractiveness of mixtures of synthetic volatiles increased with 
thee number of compounds added (Loughrin et al. 1998). Some of the most prevalent 
volatiless produced by plants induced by herbivores {acyclic terpene hydrocarbons such as 
(£)—ocimenee and farnesene) were not tested however, because they were not 
commerciallyy available. It is possible that these single compounds would elicit even 
strongerr responses from the herbivores. In conclusion, there are several examples of 
conspecificc herbivores that respond to the odours emanating from plant-herbivore 
complexes,, and there is every reason to assume that heterospecific herbivores use the 
samee volatiles to their own benefit. 

Effect ss of HIPV on heterospecifi c herbivore s 
Responsess to plant volatiles induced by heterospecific herbivores are less well studied. 
Somee of the already cited studies compare plants infested with heterospecifics to plants 
withh conspecifics. Harari et al. (1994), for example, found that leaves with the desert 
locustt Schistocerca gregaria were as attractive to the scarabaeid beetles as leaves with 
conspecifics,, suggesting that common damage-induced volatiles are responsible for the 
aggregation.. The authors further state that in the field, aggregations of beetles were seen 
closee to feeding larvae of Spodoptera littoralis. Bolter et al. (1997) found that feeding by 
beett armyworm larvae (Spodoptera exigua) led to similar responses in the Colorado potato 
beetlee as conspecific feeding. Pallini et al. (1997) found that two-spotted spider mites 
avoidedd plants infested with western flower thrips under greenhouse conditions. In 
contrast,, western flower thrips did not show preference when offered clean plants and 
plantss infested with spider mites (Pallini et al 1999). In all of these studies, it is possible 
thatt herbivores responded to odours that were not produced by the plants, such as faeces 
orr body odours of the heterospecific herbivores. 
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Thee only study that unambiguously shows that herbivores use plant volatiles induced 
byy heterospecific herbivores when searching for plants is that of Bernasconi et al (1998). 
Theyy studied plant selection by the corn leaf aphid (Rhopalosiphum maidu). Corn plants 
weree induced to produce volatiles by treating artificially damaged plants with caterpillar 
(S.(S. httorahs) regurgitate. Plants treated in this way are known to produce many typical 
herbivore-inducedd volatiles (Turlings et al. 1993b, 1998), amongst others (£)—farnesene 
whichh is an alarm pheromone of aphids. In a Y-tube olfactometer in the lab and in release 
experimentss in the field, it was found that aphids prefer clean plants over induced plants. 
Byy using plants that were artificially induced (without herbivores), effects of the presence 
off  odours of herbivores themselves or their faeces were ruled out as a possible cue for 
avoidance. . 

Functiona ll  explanation s 

Thee above shows that there is evidence that herbivores can use volatiles emitted by 
plant-herbivoree complexes to avoid or find plants infested with con- and heterospecific 
herbivores.. Littl e is known about the adaptive value for such avoidance or attraction. All 
animalss for which odour-mediated attraction towards plants with conspecifics was shown 
aree known to form aggregations in the field, but it is unclear why they do this, although 
somee reasons have been suggested (Loughrin et al. 1995, 1998, Harari et al 1994). 
Bernasconii  et al. (1998) suggest that their aphids avoid plants because the volatiles 
indicatee (l) that the plant has started to produce toxic compounds in response to damage, 
(2)) that potential competitors are present on the plant, or (3) that the plant is attractive to 
naturall  enemies. Moreover, they suggest that aphids may avoid damaged plants because 
theyy produce an aphid alarm pheromone. This last explanation hinges on the biological 
functionn of one isolated compound in aphid ecology, and the avoidance is seen as an 
inevitablee by-product of this. However, farnesene was also present in the headspace of 
infestedd hops (Campbell et al. 1993) and this did not lead to the whole mixture of volatiles 
beingg unattractive to aphids. This last study provides further evidence that mixtures of 
volatiless may contain unattractive compounds without loosing their overall attractiveness 
(Campbelll  et al. 1993). It therefore seems necessary to study and explain responses to 
blendss of volatiles rather than to isolated compounds. 

Anotherr study that speculates on the functional explanation for the response of 
herbivoress to HIPV is that of Pallini et al. (1997), who state that two-spotted spider mites 
avoidd plants with thrips to avoid interspecific competition and intraguild predation. 
Indeed,, greenhouse experiments show that the population growth rate of spider mites is 
lowerr in the presence than in the absence of thrips (Brodsgaard and Enkegaard 1995). 

Fromm the plant's perspective, it is clear that production of induced volatiles may keep 
otherr herbivores away in some cases but can have devastating effects in others. 
Aggregationn of Japanese beetles on certain plants, for example, causes complete 
defoliationn while other hosts in the vicinity are hardly attacked (Loughrin et al. 1996). 
Hence,, in this case the production of volatiles by the plants seems to have only negative 
effects.. Since Japanese beetles are an imported pest at the study site, plants may not have 
adaptedd to their occurrence. It is expected that plants that have coevolved with this pest 
wouldd have been selected not to produce volatiles. 
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ATTRACTIO NN OF HYPERPREDATORS A N D INTRAGUIL D PREDATORS 
BYY HIPV 

Hyperpredatorss and intraguild predators may also be attracted by HIPV. There are no 
exampless of this in the literature. Recently, the response of an omnivorous predatory bug, 
OriusOrius laevigatus, to odours of plants attacked by two herbivores was investigated: the 
westernn flower thrips, the target pest of the predator in greenhouses in The Netherlands, 
andd the two-spotted spider mite, a non-target pest (Venzon et al. 1999). The bug was 
attractedd to plants infested with either herbivore. Predatory bugs not only attack 
herbivores,, but can also prey on other predators such as predatory mites, the natural 
enemiess of spider mites (Cloutier and Johnson 1993, Brodsgaard and Enkegaard 1995). 
Forr this intraguild predation to occur, it is not sufficient that predators are attracted to 
plantss with the same prey, but also that they do not avoid plants with the other predators 
presentt (Janssen et al. I995ab, 1997). When offered a choice between plants with spider 
mitee prey plus spider mite predators and plants with spider mites only, the predatory bug 
showedd no preference for either of the two. This indicates that it does not avoid plants 
withh the other predator present (Venzon 2000). Likewise, the natural enemy of spider 
mitess did not avoid plants with prey and the predatory bug (Janssen et al. 1999). This 
indicatess that predators of both species may interact on plants with spider mites. That 
thiss can have negative effects on the control of spider mites is indicated by experiments 
byy Brcdsgaard and Enkegaard (1995). They compared the dynamics of two-spotted 
spiderr mites and P. persimilis in the presence or absence of another Orius species, 0. 
majusculusmajusculus (Reuter), on gerbera. Their results clearly show that the number of spider 
mitess remained higher in presence of O. majusculus. Unfortunately, no data were given on 
thee densities of P. persimilis, but it suggests that intraguild predation of Orius on P. 
persimilispersimilis initially has a positive effect on spider mite densities. Hence, attraction of a 
generalistt predator by odours produced by the plant has positive effects on herbivore 
density,, and may therefore have negative effects on plant fitness. The effects of HIPV on 
thee attraction of hyper- and intraguild predators clearly need further study. 

SYNTHESIS::  OVERAL L IMPACT OF HIPV O N PLAN T FITNESS 

Mostt studies reviewed above do not enable distinction between volatiles emanating from 
thee herbivores and plant-produced volatiles. Moreover, volatiles may also be produced by 
microorganismss associated with the plant or with herbivores. The distinction between 
odourss of these various sources and their effects on other herbivores is essential from an 
evolutionaryy perspective since plants may be unable to affect production of volatiles by 
herbivoress or microorganisms. We therefore stress that further identification of the 
volatiless and determination of their source is essential for determining costs and benefits 
off  HIPV-production by plants. 

Thee concept of plants producing volatiles to attract members of the third trophic level 
hingess on the assumption that hyperpredators and intraguild predators are unimportant 
inn determining herbivore density and plant fitness. In other words, the effects of 
hyperpredatorss should not cascade down to the first trophic level. This is in agreement 
withh the once widely accepted view that herbivore densities are mainly determined by 
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predators,, and predator densities are, determined by competition rather than 
hyperpredationn (the "World is green" hypothesis, Hairston et al 1960). This idea 
however,, has lost some of its credibility since it became clear that competition among 
herbivoress occurs frequently (Sih et al. 1985, Denno et al. 1995), and that intraguild 
predationn is widespread and can have important effects on herbivore dynamics 
(Rosenheimm et al. 1995, Holt and Polis 1997). Moreover, the idea that species can be 
assignedd to one trophic level is also the subject of discussion (Polis and Strong 1996, 
Janssenn et al. 1998). Many species are omnivorous and attack both plant and herbivore, or 
herbivoree and other predators. A remarkable example of this is the western flower thrips. 
I tt attacks both plants and spider mites, but is mainly viewed as a pest. However, in cotton 
inn California and Texas it is regarded as a predator of spider mites and it is mostly not 
controlled,, although it may occasionally cause substantial damage (Trichilo and Leigh 
1986).. The thrips can also act as hyperpredator; it kill s eggs of predatory mites that prey 
onn spider mites or on the thrips itself (F. Faraji, pers. obs.; A. Pallini, pers. obs.). 

Viewedd from the perspective of such food web complexities, one is inclined to think 
thatt conditions favouring the evolution of production of HIPV can only occur under a 
restrictivee set of conditions, i.e. when the overall effect of hyper-, intraguild-, and simple 
predatorss on herbivore densities is negative, or when HIPV-preduction does not lead to 
attractionn of other herbivores that cause more damage. Moreover, when benefits of 
volatilee production are relatively small, as wil l be the case when a plant is attacked by a 
minorr pest, the costs may well outweigh the benefits. Hence, assuming that plants can 
distinguishh between herbivore species, we hypothesize that attack by herbivores that 
causee small negative effects on plant fitness will not lead to induction of volatile 
production.. Yet, we are aware of only one example of a herbivore-damaged plant species 
thatt did not produce any volatiles: maize plants infested with aphids (Rhopahsiphum 
maidis)maidis) did not show any production of induced volatiles (Turlings et al. 1998). This 
speciess can be a pest in the US and China but is less important than stem-borers that do 
elicitt HIPV production (T.C.J. Turlings, pers. comm.) Hence, it is possible that volatile 
productionn would be detrimental to the plant because it attracts more severe pests. 
Alternatively,, it is possible that volatiles were produced, but were not detectable by the 
techniquess used. Study of the response of natural enemies of aphids, as well as stem-
borers,, to plants with aphids wil l give more insight. 

AA reason for the apparent generality of HIPV production among plants may be that 
negativee results, i.e. the absence of attraction of natural enemies or production of 
volatiles,, may not be published as readily as positive results. Negative results, however, 
wouldd enhance our understanding of the evolution of induced volatile production. 
Anotherr reason might be that most herbivores studied so far are serious pests of crops, 
hencee have enormous effects on plant fitness. In these cases, any defense is better than 
patientlyy awaiting death or defoliation. This topic raises further questions on the 
specificityy of volatile signals produced; besides being able to produce specific signals for 
eachh herbivore (De Moraes et al. 1998), are plants also capable of shutting down this line 
off  defense when they are attacked by a minor pest? 

AA third reason for the generality of production of herbivore-induced volatiles may be 
thatt complex food webs behave as simple tritrophic food chains (Fig. 4). In other words, 
thee negative effects of hyperpredators and generalist predators on plant fitness are minor 
comparedd to the positive effects of predators, and it therefore always pays for a plant to 
advertisee the presence of herbivores. This seems to contradict the notion that interactions 
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suchh as intraguild predation are widespread (Rosenheim et al. 1995, Holt and Polis 1997). 
However,, many of the empirical studies underpinning this conclusion used confinements 
too study food web interactions and this leads to inevitable interactions among species 
(Janssenn et al. 1998). Antipredator behaviour (Lima and Dil l 1990, Lima 1998, Kats and 
Dil ll  1998, Pallini et al. 1998) and avoidance of other adverse interactions (Janssen et al. 
I995ab,, 1997) may substantially reduce the direct interactions between predators, 
hyperpredatorss and generalist intraguild predators (Fig. 4). Still, such avoidance always 
comess with a cost, so even if predators escape from their adversaries, the act of escaping 
mayy reduce their efficiency at reducing herbivore populations. 

AA last important point to make is that costs and benefits of indirect plant defenses are 
likelyy to vary greatly in space and time, as is generally the case in mutualistic interactions 
(Bronsteinn 1994ab). For example, the number of predatory arthropods, but also the 
numberr of herbivores and hyperpredators in the environment of a plant may vary, 
therebyy causing differential net effects of indirect plant defenses. 

cucumberr cucumber 

Figuree 4 Complex interactions in an artificial food web on cucumber plants consisting of spider 
mitess (the two-spotted spider mite, Tetraitychus urticae) and their enemies (the predatory mite 
PhytoseiulusPhytoseiulus persimilis), as well as thrips (the western flower thrips, Frankliniella ocadentalis) and 
itss enemies (the predatory mites, Amblyseius cucumeris and Iphiseius degenerans, the predatory bug, 
OriusOrius laevigatus) (left). The complexities involve herbivore-herbivore, herbivore-predator and 
predator-predatorr interactions, as well as the avoidance of these interactions. When the avoidance 
responsess are of overriding importance, the food web behaves like two linear food chains (right). 
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Inn conclusion, we hope to have convinced the reader that to assess the impact of HIPV 
onn plant fitness it is essential to consider (l) interactions with other members of the food 
web;; (2) a spatial scale that enables manifestation of the full behavioural repertoire of all 
organismss in the food web, such as antipredator and avoidance behaviour; (3) a temporal 
scalee that allows the expression of the full range of possible outcomes of interspecific 
interactionss (Bronstein 1994b). 

FUTUREE DIRECTIONS: PERSPECTIVES OF HIPV FOR CROP 
PROTECTION N 

Att first sight, the active role of plants in promoting efficiency of the third trophic level 
seemss an appealing idea for improving crop protection, but it is essential to realize that 
thesee plant traits have evolved under natural conditions. One should be cautious when 
usingg these traits to improve pest control under agricultural conditions. Clearly, plant 
fitnesss and crop yield are not synonymous, although they may overlap in many cases. 
Moreover,, food web structure of arthropods on agricultural crops may differ drastically 
fromm those under natural conditions due to, for example, pesticide use, the introduction of 
(alien)) natural enemies and reduced plant diversity. Nevertheless, bearing these 
restrictionss in mind, one may speculate on the possibilities for manipulating HIPV 
productionn to improve crop protection (Bottrell et al. 1998). Below, we give five 
applicationss and discuss their advantages and disadvantages. 

Developmen tt  of predato r lure s and herbivor e deterrent s 

Componentss or mixtures of several compounds of HIPV can be used to monitor and/or 
luree naturally occurring predators to crop fields, or to arrest released predators in the 
cropp where they have been released. Attractive as this might seem, predators may be 
confusedd within the crop by the omnipresence of cues signaling prey. This may 
eventuallyy alter their responsiveness to the compounds either via selection or via learning 
too avoid them. In fact, when the compounds are offered dissociated from the prey, the 
applicationn of lures may even become counterproductive because these signals then 
becomee associated with hunger (Drukker et al. 2000b). Also, the supposed predator lures 
mayy additionally attract herbivores. This is nicely illustrated by the field experiments of 
Mollemann et al. (1997). They attempted to attract anthocorid predators to pear orchards 
byy placing delta and funnel traps releasing methyl salicylate, one of the HIPV 
componentss from Psy/fo-infested pear leaves that was shown to be attractive in Y-tube 
experiments.. Rather than attraction of these predators, they found significant attraction 
off  herbivores, such as silver-Y and apple clearwing moths. 

Naturall  enemies were also attracted - in greater numbers than herbivores - but these 
consistedd mainly of hoverflies and lacewings and to a much lesser extent of predatory 
bugss (Orius spp.). These were caught either very early (March) or very late (October) in 
thee season. In an experiment with methyl salicylate lures where no traps were used, but 
wheree samples were taken with beating nets (see Chapter 4 for methodology), it was 
foundd that within 24 h after suspending the lures, anthocorid predators wwere found in 
greaterr numbers on trees with lures than on trees without lures (Drukker, unpublished 
data).. When sticky traps were used later on, fewer predators were caught (but still 
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significantlyy more on trees with lures). Whether this decrease was due to the method of 
collectionn or indeed due to negative inforcement is impossible to tell, but given the 
findingg that anthocorids learn by association (Chapter 5), it would be interesting to see 
whatt wil l happen if some of the lures are accompanied by a positive reinforcement such as 
pollenn or a sugar solution. A subsequent increase in predator numbers near all lures 
wouldd demonstrate associative learning in the field, but it would still not be final proof 
forr a role as HIPV for methyl salicylate. 

Conditionin gg of mass-reare d predator s on th e appropriat e cues 

I tt is a widely recognised problem that mass-reared natural enemies do not end up on the 
targett crop after release. One possible cause may be that the food/prey used for mass-
rearingg lacks the association with cues relevant to searching in the field. The simple 
solutionn may be that before release the predators are conditioned by offering food 
associatedd with appropriate HIPV. For example, the number of Orius laevigatus recovered 
onn thrips-infested and spider mite-infested cucumber plants in the greenhouse increased 
byy 30% when the predators had experienced the association of odours and spider mites on 
cucumberr prior to the release experiment (Venzon and Janssen, unpublished data). 
Anotherr example of such a conditioning before mass-release, is the release of tomato-
conditionedd P. persimilis. Before mass-release in a tomato greenhouse infested with spider 
mites,, predators were kept overnight on a spider-mite-infested tomato leaf. Compared to 
predatorss without such an experience, they performed significantly better (Bruin and 
Drukker,, unpublished data) 

Plan tt  breedin g fo r improve d HIPV productio n 

Plantt species and cultivars differ in the composition and amounts of green leaf volatiles 
andd HIPV, as shown for example in cotton {Elzen et al. 1985), apple (Takabayashi et al. 
1991),, gerbera (Krips 2000), and pear (Drukker, Bruin and Posthumus, unpublished data). 
Thee responsiveness of natural enemies is not necessarily related to the total amounts of 
volatiles,, but rather to the extent to which the blends stand out in the context of the 
environment.. Conspicuousness may well prove a selectable trait, but the impact on 
biocontroll  is probably context-dependent. In addition, dose-response curves usually 
exhibitt a plateau above which an increase in stimulus is not matched by an increased 
response.. Nevertheless, selecting more attractive varieties due to HIPV release upon 
herbivoree attack has the major advantage that target and signal coincide. Plant varieties 
attractivee due to green leaf volatiles may attract more predators from the environment 
surroundingg the crop, but share the disadvantage with predator lures that the volatiles 
aree not associated with prey and predators may be confused by the omnipresence of cues 
withinn the crop. 

Elicitor ss to induc e HIPV productio n 

Exogenouss application ofjasmonic acid and release of volatile methyl jasmonate activates 
thee octadecanoid pathway in plants which in turn triggers the production of proteinase 
inhibitors,, oxidative enzymes (Farmer and Ryan 1990, Thaler etal 1996, Adviushko et al. 
1997,, McConn et al. 1997), but also of plant volatiles known to attract natural enemies of 
herbivoress (Hopke et al. 1994). Thus, these treatments have multiple effects involving 
bothh direct and indirect defenses against herbivores (Thaler in Agrawal et al. 1999). 
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Treatingg plants with an exogenous elicitor (jasmonic acid) is the most elegant way of 
producingg predator lures; the plant itself produces most of the right ingredients! Whether 
suchh application to crops can yield less herbivore damage remains to be seen. For one 
thingg herbivory also triggers these defenses on site and, for another, application away 
fromm the site of herbivore attack may cause the plant to invest in defenses when herbivore 
densitiess are low, thus reducing crop yield. Again, there is the danger of attracting 
predatorss to places without herbivores, in fact, the bouquet produced by plants consists of 
majorr and minor compounds and is thus a realistic mimic of HIPV. This is an extra 
reasonn for caution since predators may have difficulty learning to discriminate between 
JA-inducedd plant volatiles and plant volatiles induced by herbivory. 

Intercroppin gg wit h plant s attractiv e to predator y arthropod s 

Thee use of this technique has recently been illustrated by Khan et al. (1997). They 
intercroppedd maize in Africa with molasses grass, a plant that was not colonized by stem-
borers,, a major pest of maize in this area. When undamaged, this grass normally 
producess several volatiles that are otherwise known as HIPV, such as p-caryophyllene, 
humulenee and 4,8-dimethyl-l,3(£),7-nonatriene. The entire grass plant, as well as one of 
thesee volatiles in pure form (nonatriene), was attractive to stem-borer parasitoids, 
whereass plant volatiles extracted by hydrodestillation deterred oviposition by the stem-
borers.. Indeed, intercropping resulted in an increase in rate of parasitism and a decrease 
off  stem-borer attacks. This study suggests that undamaged plants releasing volatiles that 
aree otherwise only produced upon herbivore attack may improve parasitoid efficiency, but 
thee role of the volatiles is by no means proven. Moreover, the use of such plants as 
naturall  lures faces some of the same problems as described in the previous section. 

However,, if the alternate crop produces apart from HIPV also additional cohorts of 
predators,, this objection does not apply. In this thesis such an example was already 
mentionedd in several chapters. Pear orchards are frequently bordered by trees and shrubs 
producingg predatory bugs, and without any doubt also HIPV. In the Netherlands, alder 
andd hawthorn are inhabited by a rich predatory fauna. Some evidence is available for the 
productionn of HIPV by alder (Drukker, Bruin and Posthumus, unpublished data). Both 
alderr and hawthorn are traditionally planted in hedges surrounding orchards as 
windbrakes.. Both shrubs are ideal for two reasons: (1) they produce Pjry/fo-predators, 
whilee their inhabiting psyllid species do not feed on fruit trees, and (2) they form refuges 
forr predators when orchards are sprayed with insecticides. In France and Swtizerland 
hedge-plantingg strategies are being developed to optimise this role for predator reservoirs 
(Staublii  et al. 1992; R. Rieux, pers. comm,). Shrubs were selected for the amounts of 
anthocoridss they harbour. It should be interesting to select shrubs producing blends of 
HIPV,, similar to those produced by P5y//a-infested pear trees in order to provide the 
predatorss with the right conditioning. 
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SAMENVATTIN G G 

Ditt proefschrift gaat over hoe bomen en andere planten zich verdedigen tegen degenen 
diee hen opeten. Planten zijn in staat om zich te verdedigen tegen plantenetende mijten en 
insectenn door hulp in te roepen van de vijanden van hun vijanden: roofmijten en 
roofinsecten.. Planten kunnen dit doen door vanaf het moment dat zij door hun belagers 
wordenn aangevreten geursignalen uit te zenden en daarmee rovers aan te trekken, die 
henn vervolgens ontdoen van hun plaag. Dit verschijnsel was al eerder bekend onder de 
naamm indirecte geïnduceerde defensie en is uitvoerig in het laboratorium bestudeerd. In dit 
proefschriftt wordt het voor het eerst in het veld aangetoond en wel in een peren-
boomgaard.. Bovendien is onderzocht hoe dergelijke roofmijten en -insecten zich gedrags-
matigg aanpassen aan de variatie aan geursignalen die zij in hun omgeving kunnen 
aantreffen. . 

Dee hoofdrollen in dit proefschrift zijn weggelegd voor perenbladvlooien, Psylla pyri en 
P.P. pyricola, en hun belangrijkste predatoren, de roofwantsen Anthocoris nemorum en 
nemoralis.nemoralis. Perenbladvlooien veroorzaken aanzienlijke schade aan perenbomen. In het 
laboratoriumm had ik met behulp van een Y-buis olfactometer al eerder aangetoond, dat 
perenbladerenn waarop larven van bladvlooien zitten, aantrekkelijk zijn voor roofwantsen, 
vergelekenn met schone bladeren. 

Inn hoofdstuk 2 wordt het onderzoek beschreven naar de identiteit van de vluchtige 
chemischee stoffen die voor deze aantrekkingskracht verantwoordelijk zijn. Met 
analytisch-chemischee methoden (gaschromatografie gecombineerd met massaspectro-
metrie)) is onderzocht hoe de vluchtige stoften die aangetaste bladeren afgeven, 
verschillenn van die van schone bladeren. Daarna is van enkele van deze afzonderlijke 
stoffenn met een Y-buis olfactometer onderzocht of zij aantrekkelijk zijn voor roofwantsen. 
Voorr twee van de onderzochte stoffen (a-farneseen en methylsalicylaat) bleek dit zo te 
zijn,, voor een derde (hexenylacetaat) niet. 

Inn hoofdstuk 3 wordt de opeenvolging van gebeurtenissen in het veld geanalyseerd. In 
eenn boomgaard is meestal een eerste generatie bladvlooien volwassen geworden en met 
eileggenn begonnen voordat de roofwantsen vanuit heggen en bosschages de boomgaard 
inn trekken om te prederen op de bladvlooien. De te toetsen hypothese was dat vroeg in 
hett voorjaar elders meer prooi wordt aangetroffen dan in de boomgaard, zodat de 
wantsenn pas bij de veel talrijkere tweede generatie jonge bladvlooien de boomgaard in 
trekken,, zich oriënterend op de geuren die de bladvlolarven met hun vraat aan de plant 
ontlokken. . 

Inn twee-wekelijkse perioden zijn tellingen verricht aan bladvlooien en wantsen van 
iederr ontwikkelingsstadium in zowel de boomgaard als de nabijgelegen elzenhaag. Met 
behulpp van een statistische techniek (kruiscorrelatie) wordt aanschouwelijk gemaakt dat 
dee toename van het aantal perenblad vlo larven direct gevolgd wordt door een toename van 
hett aantal volwassen roofwantsen. Andere stadia van de bladvlooien (de eieren of de 
imagines)) of van de wantsen vertonen een dergelijke correlatie veel minder of in het 
geheell  niet. Hiermee is aannemelijk gemaakt dat de migrerende stadia van wantsen 
reagerenn op het moment dat de plant fysiek wordt aangetast; het zijn namelijk de 
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larvenstadiaa van de bladvlooien die de schade aanrichten en die chemische reacties in de 
plantt induceren. 

Inn hoofdstuk 4 wordt voor het eerst in het veld aangetoond dat planten zich kunnen 
verdedigenn door met behulp van geurstofFen de aandacht van roofdieren te trekken. Zes, 
verspreidd over de boomgaard staande perenbomen werden omhuld door fijnmazige 
kooien.. In drie van de kooien werden perenbladvlooien losgelaten, de andere drie werden 
vrijgehoudenn van bladvlooien. Op de bomen rondom de kooien werden tellingen verricht 
vann het aantal roofwantsen. Rondom kooien met een bladvloaantasting bleken beduidend 
meerr wantsen te zitten dan elders in de boomgaard, rondom kooien zonder bladvlooien 
juistt beduidend minder. Omdat de kooien geen fysiek of visueel contact toelieten tussen 
dee bladvlooien en de wantsen is de enige verklaring voor de aggregatie der wantsen 
aantrekkingg of arrestatie door geurstoffen of geluiden. Aangezien voor zover bekend deze 
groepp Homoptera geen geluiden maakt, moesten het wel geurstoffen zijn die de wantsen 
aangeloktt hebben. 

Hoofdstukk 5 en 6 laten zien hoe het mogelijk is dat respectievelijk roofwantsen en 
roofmijtenn hun weg weten te vinden in een complexe wereld vol - soms tegenstrijdige -
vluchtigee informatie. Door associatief leren, weten ze met deze informatie om te gaan. 
Hett viel me op, dat wantsen, wanneer ze direct uit een boomgaard afkomstig zijn, 
reagerenn op geuren van perenbladeren met bladvlolarven, terwijl wantsen die al sinds 
enkelee generaties in het laboratorium op motteneitjes gekweekt worden niet reageren. 
Gekweektee wantsen reageren evenmin op de afzonderlijke componenten van het 
geurmengsell  zoals bijvoorbeeld methylsalicylaat. Wanneer je deze stof door de 
motteneitjess mengt, reageren de wantsen er wel op in een Y-buis geurtest. Dit kan twee 
dingenn betekenen: de dieren moeten eerst hun zintuigen aan een geur laten wennen 
voordatt ze deze kunnen waarnemen (sensitisatie) of ze moeten de geur associëren met 
voedsell  voordat ze erop reageren (associatief leren). Dit is onderzocht door dieren te 
hongerenn terwijl ze aan de geur worden blootgesteld. Nu reageren de dieren negatief op 
dee geur. Een geur die normaal eten betekent wordt nu gemeden. Dit betekent dat 
roofwantsenn door associatief leren de betekenis van geursignalen leren begrijpen. 

Inn hoofdstuk 6 zijn dergelijke experimenten beschreven met een dier dat een nog 
eenvoudigerr centraal zenuwstelsel heeft: de roofmijt Phytoseiulus persimilis. Roofmijten 
zonderr ervaring met geurstoffen van door spint [Tetranychus urticae) aangetaste 
bonenplanten,, prefereren deze geur toch boven schone lucht in de Y-buis, zij het zeer 
zwak.. Als deze geur wordt aangeboden met de geur van schone tomatenbladeren als 
alternatief,, is er geen voorkeur. Door de roofmijten te hongeren bij de geur van door 
spintt aangetaste bonenbladeren kan de roofmijten een afkeer aangeleerd worden voor 
dezee geur die normaal hun enige kans op overleving biedt, en een voorkeur voor de geur 
vann schone tomatenbladeren, die meestal gevaar voor hen betekent vanwege de kleverige 
klierharenn op tomaat. Ditzelfde effect wordt bereikt door de dieren voedsel aan te bieden 
inn combinatie met de geur van tomatenbladeren. Hier is dus eveneens sprake van 
associatieff  leren en niet van gewenning of sensitisatie. Ook al is er reeds een bepaalde 
voorkeurr latent aanwezig, de dieren kunnen nog alle kanten uit wat geurvoorkeur betreft. 

Inn hoofdstuk 7 wordt het eerder beschreven onderzoek in een algemener evolutionair 
enn ecologisch kader geplaatst en worden mogelijkheden voor landbouwkundige 
toepassingenn gesuggereerd. Er wordt duidelijk gemaakt dat de strategie van deze planten 
niett alleen voordelen hoeft op te leveren. Zo kunnen ook niet-nuttige of zelfs schadelijke 
dierenn reageren op de geuren van aangetaste planten, bijvoorbeeld thrips, die zich 
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verschuiltt in het web van spintmijten en niets te duchten heeft van de spintroofmijten. 
Herbivorenn kunnen de geuren gebruiken om te beslissen of zij moeten vertrekken of zich 
vestigen.. Predatoren kunnen vaststellen of er reeds concurrerende predatoren op de plant 
aanwezigg zijn. Toch moet er een uiteindelijk positief effect zijn of geweest zijn op de 
plant,, anders zou deze eigenschap nooit zo geëvolueerd zijn. Een mogelijke toepassing in 
dee gewasbescherming is het aanbrengen van geurverdampers rond gewassen om 
predatorenn te lokken of te monitoren. Dit is met wisselend succes in boomgaarden 
uitgeprobeerdd met methylsalicylaat, een stof die vooral aantrekkelijk is voor zweef-
vliegen,, gaasvliegen en y-uiltjes. Ook zouden tijdens het op grote schaal kweken van 
predatoren,, verschillende geursignalen aangeboden kunnen worden, al naar gelang de 
bestemmingg van de predatoren. Op deze wijze zouden de dieren geconditioneerd kunnen 
wordenn voor een bepaalde prooi. In de plantenveredeling zou op induceerbare defensie 
geselecteerdd kunnen worden, in plaats van op constitutieve defensie wat mogelijk tot 
snellee resistentie bij plaaginsecten leidt. Andere potentieel interessante ontwikkelingen 
zijnn het gebruik van elicitoren om de induceerbare afweer op gang te brengen al voordat 
dee plaag zich aandient en mengteelten waarbij gewassen afgewisseld worden met planten 
diee aantrekkelijk zijn voor predatoren. 
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CURRICULU MM VITAE 

Bass Drukker werd op 14 december 1959 geboren in Scheveningen en woonde tot 1972 in 
Denn Haag. Hij deed in 1978 eindexamen VWO aan het Mgr. Frenckencollege te 
Oosterhoutt en was aldaar actiefin de Nederlandse Jeugdbond voor Natuurstudie. 

Inn 1978 ging hij biologie studeren in Utrecht. Voor zijn kandidaats hield hij zich 
voornamelijkk met plantkunde bezig, daarna met dierkunde. In februari 1986 voltooide hij 
dee doctoraalfase met als hoofdvakken ethologie en zoölogische taxonomie en oecologie. Voor 
hett eerste vak bestudeerde hij jonge beermakaken die de paringen verstoren van 
volwassenn soortgenoten. Het tweede vak deed hij samen met Jan van der Blom, een 
vriendd en studiegenoot, aan de wereldvermaarde, doch helaas recentelijk aan 
reorganisatiedriftt ten prooi gevallen proefboomgaard De Schuilenburg. Op en rond deze 
boomgaardd werden twee studies verricht, (l ) Een inventarisatie van de natuurlijke 
vijandenn van de perenbladvlo, waaruit bleek dat naarmate perentelers meer 
bestrijdingsmiddelenn gebruikten, ze te maken kregen met meer plaaginsecten en minder 
natuurlijkee vijanden. De inzichten van deze studie hebben geleid tot een bescheidener en 
selectieverr middelengebruik in de perenteelt. (2) Experimenteel onderzoek naar 
bijwerkingenn van een rupsenbestrijdingsmiddel op de oorworm die leidden tot een 
toenamee van zijn prooi, de appelbloedluis. De studie werd afgesloten met een 
didaktiekcursuss en een literatuurscriptie over de voor- en nadelen van zwavel als 
fungicidee in de biologische groententeelt. 

Daarnaa werden cursussen milieukunde en computerprogrammeren gevolgd. Met deze 
laatstee vaardigheden kon hij aan de slag bij het Instituut voor Meteorologie en 
Oceanografiee Utrecht, waar hij met Willem Asman bijdroeg aan het onderzoek naar zure 
regenn en ammoniakemissies in Europa. Daarna heeft hij een jaar aan de 
Erasmusuniversiteitt onderzoek gedaan aan hormonen en gedrag bij ratten, waarbij 
specialee programmatuur geschreven werd voor het registreren van gedrag. In 1988 en 
19899 is stage gelopen bij de Europese Commissie, afdeling Wetgeving Dierziekten. In mei 
19899 is het onderzoek van start gegaan aan perebladvlooien en roofwantsen dat met het 
verdedigenn van dit proefschrift zijn voorlopige afsluiting vindt. Dit (onbetaalde) 
onderzoekk werd verschillende malen onderbroken voor betaald werk, in 1990 een 
consultancyconsultancy van een halfjaar bij het International Institute for Tropical Agriculture in 
Benin,, West-Afrika, waar een methode ontwikkeld werd om ter bestrijding van de groene 
cassavespintmijtt roofmijten per vliegtuig los te laten. In 1992 is in opdracht van het 
Ministeriee van Landbouw en Visserij, aan de Vrij e Universiteit Amsterdam een rapport 
geschrevenn over Natuurcriteria voor bestrijdingsmiddelen. In 1993 is in opdracht van de 
firmaa Koppert een roofmijt ontwikkeld die de spintproblemen in tomatenkassen onder 
controlee kon krijgen. In 1994 heeft hij als managing director en study director leiding 
gegevenn aan de firma MITOX , een aan de UvA gelieerd bedrijf dat in opdracht van 
fabrikantenn contractonderzoek doet naar nevenwerkingen van bestrijdingsmiddelen op 
nuttigee arthropoden. Onder zijn leiding is een veldproef ontwikkeld voor effecten op 
roofmijtenpopulaties.. In 1995 heeft hij een populair-wetenschappelijk boek over het 
periodiekk systeem der elementen uit het Engels vertaald, dat inmiddels voor een tientje 
bijj  De Slegte verkrijgbaar is. In 1996 is een projectaanvraag door de Stichting 
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Technischee Wetenschappen gehonoreerd voor verder onderzoek aan spint op tomaat, om 
roofmijtenn te selecteren die de kleefharenvan de tomatenplant kunnen overleven. Er blijkt 
variatiee te zijn in de handigheid waarmee roofmijten over tomatenstengels kunnen lopen. 
Tott veler verrassing kunnen de verschillen grotendeels worden opgeheven door de 
mijtenn een leerervaring op tomaat te geven. In 1994 had Bas met succes aan een examen 
deelgenomenn voor een selectieproces van de Europese Commissie (zonder overigens 
gebruikk te maken van mobiele telefonie). Hierdoor kwam zijn naam op een zogenaamde 
lijstlijst  van geschikte kandidaten. Begin 1998 werd hij gevraagd voor een vacature bij de 
afdelingg Wetgeving gewasbescherming en biologische landbouw van de Europese Commissie te 
Brussel.. Deze betrekking werd aanvaard toen Jan Bruin bereid bleek het tomatenproject 
tott een goed einde te brengen, en dit was voor Bas de mogelijkheid om zich bij zijn vrouw 
(diee al sinds 1985 in Brussel werkt) en kinderen (die daar al sinds 1995 naar school gaan) 
tee voegen. 



114 4 

NAWOOR D D 

Bijnaa tien jaar heb ik met veel plezier gewerkt aan de Sectie Populatiebiologie van de 
VakgroepVakgroep Experimentele en Toegepaste Oecologie van de UvA en als ik niet uit mezelf weg 
wass gegaan had ik zeker nog veel langer van dit collegiale gedoogbeleid kunnen 
profiteren.. Voor biologen was en is het terrein van de Anna's Hoeve een lusthof met 
baltsendee fazanten en om ons oude noodgebouw wemelde het van de staartmezen en 
boomkruipers.. Het gebouw is tegen de vlakte gegaan, maar de vogels zijn er nog, alleen 
dee kakkerlakken zijn verdwenen. Het boomgaardje herbergt een interessante 
entomofaunaa voor zover we die er met onze bemonsteringen nog niet uitgeklopt hebben. 
Hett is te hopen dat het terrein niet verder volgebouwd wordt, want dan dreigt het zijn 
landelijkk karakter toch te verliezen. 

Inmiddelss is onze vakgroep (ik moet even op de envelop kijken) opgegaan in het 
InstituutInstituut voor Biodiversiteit en Ecosysteemdynamica, misschien omdat het woord vakgroep 
doorr de vele buitenlandse gastonderzoekers nooit helemaal juist werd uitgesproken. Toch 
wass de voortdurende aanwezigheid van buitenlandse gasten één van de leukste aspecten 
vann het werk. Bijna allemaal waren ze na hun vertrek in staat hun eigen band te plakken 
enn wisten ze beter de weg in Amsterdam dan ik. Het is moeilijk onder woorden te 
brengenn waarom onderzoek doen aan dit instituut zo aantrekkelijk is. Het lijk t soms wel 
off  alles mogelijk is, soms worden de meest waanzinnige hypothesen met enthousiasme 
ontvangenn en met vereende krachten getoetst, soms overheerst het individualisme en 
vindd je mensen die tot in het holst van de nacht hun eigen plannen uitvoeren. Iedereen 
kann zijn eigen gang gaan en doet dat ook. 

Ikk ging in 1989 naar Amsterdam met ideeën die ik nog had overgehouden aan het 
onderzoekk aan de perenbladvlo dat ik samen met Jan van der Blom had uitgevoerd op de 
Schuilenburg.. Jan en ik hebben tijdens dat onderzoek zeer intensief met elkaar van 
gedachtenn gewisseld over alle aspecten ervan en dat is zeker van belang geweest voor de 
opstartt van dit onderzoek. In Amsterdam trof ik een zeer enthousiaste en stimulerende 
Mouss Sabelis die me met open armen ontving en groot vertrouwen had in het onderzoek 
datt ik wilde doen en me ook met de ontwikkeling van ideeën goed op weg geholpen heeft. 
Dee komst van Petru Scutareanu in 1991, die zijn land Roemenië als vluchteling heeft 
moetenn verlaten nadat men hem het werken onmogelijk had gemaakt, gaf een belangrijke 
energie-impulss aan dit onderzoek. Met hem heb ik zeer grootschalige onderzoeken 
uitgevoerd,, die ik in mijn eentje zeker niet zou hebben aangedurfd. Veel van dit 
onderzoekk vond ook nog ver weg van Amsterdam en Brussel plaats, namelijk op De 
Schuilenburg,Schuilenburg, waar we altijd gastvrij ontvangen werden door Leo Blommers en de andere 
medewerkers,, die door hun enorme ervaring en kennis van dit agro-ecosysteem een 
belangrijkee bijdrage hebben geleverd. 

Ikk heb het altijd goed met iedereen kunnen vinden in Amsterdam, maar een paar 
mensenn hebben een belangrijke rol gespeeld in het onderzoek dat ik er deed. Jan Bruin die 
ikk enthousiast heb weten te krijgen voor de leergedragproeven met wantsen en 
roofmijten,, met wie ik een studentenpracticum heb gegeven over dit onderwerp en die 
mett zijn interesse en enthousiasme voor chemische ecologie iedereen wel aan de 
olfactometerr krijgt, zelfs Petru. Arne Janssen heeft me voor het eerst leren omgaan met 
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ditt apparaat; desondanks heb ik er diverse doen sneuvelen, vaak juist nadat ik ze helemaal 
volgenss het gebruikelijke ritueel had schoongemaakt. 

Omdatt ik niet de hele week aanwezig was in Amsterdam heb ik van de goedheid van 
veell  personen misbruik moeten maken voor het onderhouden van mijn kweken. Zo heeft 
Theoo Bosse jarenlang voor mij met GLP precisie enkele roofwantsenkweken 
onderhouden.. Iemand die veel voor het perenbladvloproject betekend heeft is Maarten 
Posthumus,, van wie ik zeer veel geleerd heb over analytische chemie, waardoor ik in mijn 
huidigee baan over dit onderwerp nog een aardige boom kan opzetten met analytisch-
chemici.. Mij n enige doctoraalstudent Freerk Molleman heeft laten zien dat je met 
methylsalicylaat-geurvallenn bijna de hele nuttige boomgaardfauna kunt lokken, maar 
roofwantsenn nu juist vrijwel niet. De medewerkers in het tomatenproject, Anette 
Johansson,, Gerrit Jacobs en Annemarie Kroon hebben een aantal lastige proefjes met de 
nodigee volharding tot een goed einde gebracht, Annemarie zelfs toen ik al lang en breed 
naarr Brussel was vertrokken. 

Uiteraardd moet ik Irene, Daan en Eva ook nog noemen. Voor kinderen is het 
vanzelfsprekendd dat je je met insecten en mijten bezighoudt. Ik heb eigenlijk nooit 
hoevenn uitleggen waarom. 

Eenieder,, in het bovenstaande genoemd of niet genoemd, wil ik bij dezen hartelijk 
bedankenn voor alle medewerking en enthousiasme voor mijn onderzoek. Iemand die ik 
helaass niet meer kan bedanken is Bas Pels, die niet meer terugkwam van het 
Entomologiecongres.. Ik wens zijn familie en die van zijn vriendin veel sterkte toe. 
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