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M.. Venzon  2000  Food webs on plants: the role of a generalist predator 

Chapterr 5 

Absencee of odour-mediated avoidance of heterospecific 
competitorss by the predatory mite Phytoseiulus 

persimilis* persimilis* 

Arnee Janssen1, Angelo Pallini1,2, Madelaine Venzon1'3 & Maurice W. Sabelis1 

'Sectionn Population Biology, University of Amsterdam, The Netherlands; 
departmentt of Animal Biology, Federal University of Vicosa, Minas Gerais, Brazil; 

33 Agriculture and Livestock Research Enterprise of Minas Gerais (EPAMIG), Uberaba, Minas Gerais, 
Brazil l 

Arthropodss use odours associated with the presence of their food, enemies and competitors 
whenn searching for patches. Responses to these odours therefore determine the spatial 
distributionn of animals, and are decisive for the occurrence and strength of interactions 
amongg species. Therefore, a logical first step in studying food web interactions is the 
analysiss of behaviour of individuals that are searching for patches of food. We followed 
thiss approach when studying interactions in an artificial food web occurring on greenhouse 
cucumberr in the Netherlands. In an earlier paper we found that one of the predators of the 
foodd web, the predatory mite Phytoseiulus persimilis Athias-Henriot, used to control 
spiderr mites, discriminates between odours from plants with spider mites, Tetranychus 
urticaeurticae Koch, and plants with spider mites plus conspecific predators. The odours used for 
discriminationn are produced by adult prey in response to the presence of predators, and 
probablyy serve as an alarm pheromone to warn related spider mites. Other predator species 
mayy also trigger production of this alarm pheromone, which P. persimilis could use in turn 
too avoid plants with heterospecific predators. We therefore studied the response of the 
latterr to odours from plants with spider mites and 3 other predator species, i.e. the 
generalistt predatory bug Orius laevigatus (Fieber), the polyphagous thrips Frankliniella 
occidentalisoccidentalis and the spider-mite predator Neoseiulus californicus (McGregor). Both 
olfactometerr and greenhouse release experiments yielded no evidence that P. persimilis 
avoidss plants with any of the 3 heterospecific predators. This suggests that these predators 
doo not elicit production of alarm pheromones in spider mites, and we argue that this is 
causedd by a lack of coevolutionary history. The consequences of the lack of avoidance of 
heterospecificc predators for interactions in food webs and biological control are discussed. 

Thee spatial distribution of species in a food web depends on the foraging behaviour of 
individualss searching for patches with food. Behaviour thus has a major impact on the 
occurrencee and strength of direct and indirect interactions among members of a food web 
(Abramss 1984, 1995, 1996, Peacor and Werner 1997, Schmitz et al. 1997, see Janssen et 

*Entomologia*Entomologia Experimentalis et Applicata 92: 73-82 (1999) 
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al.al. 1998 for a review). It is generally acknowledged that patch selection of foraging 
animalss is affected by the spatial distribution of food, but other factors are also important. 
Forr instance, animals avoid predation (Dil l 1987, Lima and Dil l 1990) and this 
behaviourall  response can have similar effects on population dynamics as predation itself 
(Peacorr and Werner 1997, Schmitz et al. 1997). Avoidance of patches occupied by 
competitorss also occurs in several species, e.g., bark beetles (Birch et al. 1980, Byers and 
Woodd 1980, Byers et al. 1984, Byers 1993), insect parasitoids (Janssen et al. 1995a,b), 
predatoryy mites (Janssen et al. 1997), spider mites (Pallini et al. 1997) and nematodes 
(Grewalefa/.. 1997). 

Whenn studying interactions among members of a food web, a first step is to study 
thee searching behaviour of the species in the food web, because this reveals which 
combinationss of species are potentially found on the same types of patches. Subsequently 
itt should be assessed whether any of the species avoids patches occupied by the other 
species.. We followed this approach when studying interactions in a simple artificial food 
webb occurring on cucumber in greenhouses in The Netherlands. Various species of 
predatorss are used to control thrips (Frankliniella occidentalis) and spider mites 
(Tetranychus(Tetranychus urticae) in cucumber crops, but it is as yet unclear how these species of 
naturall  enemies interact. Many predators and parasitoids use herbivore-induced plant 
volatiless when searching for their prey (see Takabayashi and Dicke 1996, Dicke et al. 
1998,, Turlings and Benrey 1998, Sabelis et al. 1998 for reviews), and there are indications 
thatt plants produce specific blends of volatiles when atttacked by various species of 
herbivoress (Dicke et al. 1998, Takabayashi et al. 1991, DeMoraes et al. 1998). The 
predatorss of our food web are no exception to this; several species are attracted by odours 
off  cucumber plants with either one or both types of pest species (Takabayashi et al. 1994a, 
Janssenn 1999, Janssen et al 1998, Chapter 2). Predators that are attracted to plants with 
thee same pest wil l potentially visit the same plants where they could interact through 
competitionn for food, intraguild predation, or through triggering antipredator behaviour in 
aa shared prey, thus affecting each other's searching efficiency. 

Onee of the species in this food web is the predatory mite Phytoseiulus persimilis, 
whichh is commonly used to control spider mites. Odours produced by cucumber plants 
withh spider mites are attractive for this predator (Takabayashi et al. 1994a, Janssen 1999), 
butt odours of plants with prey plus conspecific predators are avoided (Janssen et al. 1997). 
Byy using these odours, predators refrain from visiting plants where intraspecific 
competitionn for prey will occur. The volatiles that enable P. persimilis to discriminate 
betweenn plants with and without conspecifics are not produced by predators, nor are they a 
combinationn of herbivore-induced plant volatiles and predator odours, but are probably 
producedd by prey in response to the presence of predators or in response to odours of 
predatorss (Janssen et al. 1997). It is as yet unknown whether other predators also trigger 
thee production of these volatiles by prey, but if so, P. persimilis could use these odours to 
avoidd plants with its prey and heterospecific predators. In this paper we investigate the 
occurrencee of such avoidance of heterospecific predators by P. persimilis. 

Forr this we use three species of predators that are also found in greenhouses. The 
firstt species is the predatory bug Orius laevigatus, commonly introduced for thrips control 
(subsequentlyy referred to as the predatory bug). Besides being attracted by odours of 
cucumberr plants with thrips, the bug is also attracted to plants with spider mites 
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(Chapterr 2). Since O. laevigatus is a polyphagous predator that attacks thrips and spider 
mitess as well as phytoseiids (Wittman and Leather 1997), it can compete for food with P. 
persimilis,persimilis, but may also attack it. Hence, P. persimilis has every reason to avoid plants 
withh the bugs. 

Anotherr species that feeds on spider mites is the polyphagous thrips F. occidentalis 
(referredd to as thrips). Besides being a herbivore, this species is able to prey on spider-mite 
eggs,, but it can also attack eggs of predatory mites, including those of P. persimilis (F. 
Faraji,, A. Janssen and M.W. Sabelis, unpubl., A. Pallini, pers. obs.). Hence, P. persimilis 
wouldd also have reason to avoid plants occupied by thrips and spider mites, thus avoiding 
resourcee competition and predation. The third heterospecific species used here is the 
predatoryy mite Neoseiulus californicus (referred to as heterospecific predatory mite), 
whichh is introduced for control of spider mites. This species does not attack P. persimilis, 
hencee the only reason for P. persimilis to avoid patches with prey and this species would 
bee to reduce interspecific competition for food. 

Materialss and methods 

RearingRearing methods 

Spiderr mites and thrips were collected from cucumber (var. Ventura RZ®, Rij kZwaan, De 
Lier,, The Netherlands) in a commercial greenhouse in Pijnacker, The Netherlands, in May 
1994.. In this greenhouse, P. persimilis was used for biological control of spider mites for 
144 years, various species of Or ins had been used against thrips occasionally for c. 9 years, 
althoughh O. laevigatus was only used now and then during the last 2-3 years. Neoseiulus 
californicuscalifornicus was never used in this greenhouse. 

Spiderr mites were reared on cucumber plants (var. Ventura) in a climate room 
(25°C;; L16:D8). Clean cucumber plants were grown in a climate room (same regime) until 
theyy were 3 weeks old and were subsequently added biweekly to the culture. Plants used 
forr experiments were also 3 weeks old and were infested with spider mites by placing 
themm in the climate room with the spider mite culture and putting one or two small 
infestedd leaves on the plants. Plants were incubated in this way for c. 3 days, after which 
theyy were infested by 800 to over 1000 adult mites per plant. This resulted in some visual 
damage,, but plants were far from being overexploited. Thrips were cultured on cucumber 
plantss in climate boxes (27°C; L16:D8). Here too, clean plants, 3 weeks of age, were 
addedd to the cultures twice per week. 

Bothh predatory mite species were reared at 25 °C on detached cucumber leaves 
infestedd with two-spotted spider mites. Leaves were put on an inverted flowerpot in a 
water-containingg tray covered by a Plexiglas container. Some 2-3 leaves from the spider 
mitee culture were added to the cultures biweekly. Phytoseiulus persimilis was obtained 
c.c. 10 years ago from Koppert BV, and was reared for 5 years on cucumber leaves with 
two-spottedd spider mites. The heterospecific predatory mite (N. californicus) was obtained 
fromm Koppert BV in 1996 and was reared on cucumber leaves with spider mites since. 
Neww leaves with spider mites were added 2-3 times per week. 

Predatoryy bugs were reared following a method modified after Van den Meiracker 
(1994).. The predators were reared at 25°C (L16:D8) in plastic jars (8 x 8 x 11 cm) with 
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twoo lateral holes (0 4 cm) covered with fine nylon gauze for ventilation. Eggs of the flour 
moth,, Ephestia kuehniella Zeiler, were provided as food three times a week. Green bean 
podss were added as oviposition substrate and as supply of moisture. The jars were lined 
withh tissue to provide hiding places to reduce cannibalism. Bean pods with O. laevigatas 
eggss were transferred from jars with adults to new jars and replaced by fresh ones three 
timess a week. In the new jars, emerging nymphs were provided with fresh bean pods and 
E.E. kuenhiella eggs obtained from Koppert BV. A synchronised rearing was maintained in 
thiss way, with each jar containing insects varying two to three days in age. 

OlfactometerOlfactometer experiments 

AA Y-tube olfactometer was used to study the response of adult female P. persimilis 
(Sabeliss and Van de Baan 1983). It consists of a glass tube in the form of a Y, with a black 
Y-shapedd metal wire in the middle to railroad the mites. The base of the tube was 
connectedd to a pump that produced an air flow from the arms of the tube to the base. The 
plantss that were used as odour sources were placed in a tray (1 x w x h = 46 x 30 x 8 cm) 
thatt was put inside a further, water-containing tray (60 x 40 x 4.5 cm). A Plexiglas 
containerr (50 x 36 x 43 cm, open at the bottom) was put over the plants so that it rested in 
thee outer water-containing tray. In this way a water barrier was created to prevent escape 
orr invasion of animals, the water furthermore serving as an air-tight seal. The containers 
hadd an air inlet and outlet (0 4 cm, covered with mite-proof gauze) in the opposite walls. 
AA flow meter with needle valves was connected in-between the air outlet of the two 
containerss and the arms of the olfactometer. It was used to calibrate the speed of incoming 
airr in each arm of the olfactometer. When wind speeds in both arms are equal (0.3 m/s), 
thee odours form two neatly separated fields in the base of the Y-tube with the interface 
coincidingg with the metal wire (Sabelis and Van de Baan 1983). 

Odourr sources consisted of 2 cucumber plants infested with 800-1000 spider mites 
(seee above). Heterospecific predators (179 thrips-larvae or 20-40 adult predatory bugs) 
weree added to the plants in one of the two cages the day before the experiment, whereas 
thee plants in the other cage did not receive any predators. 

Adultt female P. persimilis were starved for 1 h prior to the experiments. This was 
donee because mites that are starved for shorter periods do not walk upwind in the 
olfactometerr (Sabelis and Van der Weel 1993). Mites were introduced one at a time by 
disconnectingg the pump and putting a female on the metal wire at the base of the Y-tube. 
Afterr reconnecting the pump, the female started moving upwind to the junction of the 
wire,, where she could walk into one of the two arms. Each individual was observed until 
shee had reached the end of the arm or for a maximum of 5 minutes, after which they were 
removed.. We tested 20 to 25 predators per replicate, and the odour sources were 
connectedd to the opposite arm of the olfactometer after each 5 mites tested to correct for 
unforeseenn asymmetries in the experimental set-up. Three or four replicates were done per 
experiment,, using a different set of plants and group of predators for each replicate. 
Differencess in numbers of mites choosing for any of the odour sources were tested using a 
two-sidedd binomial test with H0 = 0.5. 
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Release-recaptureRelease-recapture experiments 

AA tray consisting of a wooden frame (1.74 x 1 x 0.19 m), lined with plastic was placed on 
aa table in a greenhouse compartment. The tray was filled with soil, and 6 potted plants 
infestedd with spider mites (see above) were put in a hexagonal arrangement (0 80 cm), 
withh the pots buried in the soil (Pallini et al. 1997, Janssen 1999). Subsequently, thrips 
(600 larvae/plant), predatory bugs (30 nymphs/plant) or heterospecific mites (70-75 adult 
females/plant)) were added to half of the plants in such a way that plants were alternated so 
thatt each plant with predators had two neighbours with prey only. Plants were supported 
byy 3 small wooden sticks to prevent the leaves from touching the soil. Thus, the only 
objectss sticking out from the soil were the plant stems and these sticks. The temperature in 
thee greenhouse was between 20°C and 30°C. 

Thee next day, approximately 160 well-fed P. persimilis females were collected 
fromfrom the culture by sucking them into a pipette tip that was connected to the vacuum 
networkk and sealed by mite-proof gauze at the wide end (Oomen 1988) and with ParafUm 
att the tip after collection. In the greenhouse, the tip was opened and the mites were gently 
shakenn into a Petri dish (0 8 cm), placed in the centre of the hexagon of plants, so that the 
predatorss were allowed to walk to any of the plants and move onto them. The plants were 
sampledd once per hour and all P. persimilis found on the plants were counted and removed 
(Janssenn 1999). There was almost no wind in the greenhouse, so the predators could not 
dispersee on air currents. Four replicates of each experiment were done with new sets of 
plants,, herbivores and predators. The position of plants with only spider mites or with 
spiderr mites plus heterospecific predators was changed between replicates to correct for 
anyy directionality in the searching behaviour of the predatory mites. Although plants were 
nott standardised with respect to the exact number of spider mites per plant, the results are 
averagedd over 3 plants per replicate, which reduces the effect of variation of numbers of 
spiderr mites on the numbers of predators recaptured. Results of the experiments were 
analysedd with a multifactor ANOVA of arcsine transformed fractions of mites recaptured 
perr plant, with the state of the plant (with or without thrips or predators) and its position in 
thee hexagon as factors. 

Results s 

ResponseResponse to plants with spider mites and predatory bugs 

InIn the olfactometer, P. persimilis did not show a preference when offered a choice 
betweenn odours of plants with spider mites and those of plants with spider mites plus 
predatoryy bugs (Fig. 1). No significant preference was found in any of the 4 replicates, and 
overalll  48% of the predatory mites chose for odours of plants with spider mites and 
predatoryy bugs (n.s., two-sided binomial test). 

Greenhousee release experiments also failed to show preference for plants with or 
withoutt predatory bugs (Fig. 2, Table 1). Averaged over the 4 replicates, 41.9% of all 
releasedd predators were recaptured. Overall, 46.8% of all recaptured predatory mites were 
foundd on plants with predatory bugs, and there was no significant effect of treatment of the 
plantss on the fraction recaptured per plant (Table 1). There was a a significant effect of plant 
positionn on the fraction of mites recaptured (Table 1), most mites were recaptured on 
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plantss that were positioned NNW from the release point. The interaction between 
treatmentt and position was not significant (Table 1). 

ResponseResponse to plants with spider mites and thrips 

Olfactometerr experiments showed that P. persimilis did not have a significant preference 
whenn offered a choice between odours from plants infested with spider mites only and 
odourss from plants with spider mites plus thrips (Fig. 3). No significant preference was 
foundd in any of the 3 replicates, and the pooled result is also not significant (58.3% of all 
mitess tested choose for odours of plants with spider mites and thrips, not significant, two-
sidedd binomial test). 

Tablee 1. Analysis of Variance of arcsin transformed fractions of predatory mites recaptured per plant in a 
seriess of experiments where mites were released in the centre of a hexagon of 6 plants, half of which with 
spiderr mites, while the other half had spider mites and predatory bugs, O. laevigatus 

Sourcee of variation 

treatment' ' 

position n 

interaction n 

residual l 

d.f. . 

1 1 

5 5 
5 5 

12 2 

Meann square 

0.0074 4 

0.0201 1 

0.0101 1 

0.0038 8 

o o 

1.962 2 

5.342 2 

2.697 7 

P P 

0.187 7 

0.008 8 

0.074 4 

treatmentt refers to plants with only spider mites vs. plants with spider mites and predatory bugs. 
2positionn refers to one of the 6 positions the plants could occupy within the hexagon. 

T.T. urticae 

_ 1__ M, T A 

T.T. urticae O. laevigatus 

0.5 5 

P.P. persimilis 

0.5 5 

Figuree 1. The response of P. persimilis in an olfactometer when offered the choice between odours from 
plantss with spider mites (left-hand side of the bars) and plants with spider mites and predatory bugs (right-
handd side). Shown are results of 4 independent replicates. Numbers inside bars refer to the numbers of 
predatoryy mites tested. All predators made a choice. See text for further explanation. 
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t t 
T.T. urticae O. laevigatus 

P.P. persimilis 

Figuree 2. Average percentage (+ standard deviation) of all P. persimilis that were recaptured per plant with 
T.T. urticae (left bar) and per plant with T. urticae plus predatory bugs (right bar) in a greenhouse. Shown are 
thee combined results of 4 replicates. Note that the percentages are averages over 3 plants (either with or 
withoutt O. laevigatus), so the total of the 2 averages shown here adds up to 33.3%. See text for further 
explanation. . 

T.T. urticae 

+ + 
T.T. urticae F. occidentalis 

P.P. persimilis 

Figuree 3. The response of P. persimilis in an olfactometer when offered the choice between odours from 
plantss infested with spider mites (left-hand side of the bars) and plants infested with spider mites and thrips 
(right-handd side). Shown are results of 3 independent replicates. Numbers inside bars refer to the numbers of 
predatoryy mites tested. All mites made a choice. 
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+ + 
T.T. urticae F. occidentalis 

m m 
P.P. persimilis 

Figuree 4. Average percentage (+ standard deviation) of all P. persimilis that were recaptured per plant 
infestedd with T. urticae (left bar) and per plant infested with T. urticae plus thrips (right bar) in a 
greenhouse.. Shown are the combined results of 4 replicates. Note that the percentages are averages over 3 
plantss (either with or without F. occidentalis), so the total of the 2 averages shown here adds up to 33.3%. 
Seee text for further explanation. 

^ ^ + + 
T.T. urticae T. urticae N. californicus 

P.P. persimilis 

Figuree 5. Average percentage (+ standard deviation) of all P. persimilis that were recaptured per plant 
infestedd with T. urticae (left bar) and per plant infested with T. urticae plus predatory mites (right bar) in a 
greenhouse.. Shown are the combined results of 4 replicates. Note that the percentages are averages over 3 
plantss (either with or without N. californicus), so the total of the 2 averages shown here adds up to 33.3%. 
Seee text for further explanation. 
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Tablee 2. Analysis of Variance of arcsin transformed fractions of predatory mites recaptured per plant in a 
seriess of experiments where mites were released in the centre of a hexagon of 6 plants, half of which were 
infestedd with spider mites, while the other halfwas infested with spider mites and thrips, F. occidentalis. 

Sourcee of variation 

treatment1 1 

position2 2 

interaction n 

residual l 

d.f. . 

1 1 

5 5 

5 5 

12 2 

Meann square 

0.0110 0 

0.0558 8 

0.0062 2 

0.0148 8 

F-ratio o 

0.740 0 

3.768 8 

0.416 6 

P P 

0.407 7 
0.028 8 

0.829 9 

'treatmentt refers to plants with only spider mites vs. plants with spider mites and thrips. 
2positionn refers to one of the 6 positions the plants could occupy within the hexagon. 

Tablee 3. Analysis of Variance of arcsin transformed fractions of predatory mites recaptured per plant in a 
seriess of experiments where mites were released in the centre of a hexagon of 6 plants, half of which were 
infestedd with spider mites, while the other half was infested with spider mites and heterospecific predatory 
mites,, N. californicus. 

Sourcee of variation 

treatment1 1 

position2 2 

interaction n 

residual l 

d.f. . 

1 1 

5 5 
5 5 

12 2 

Meann square 

0.0000 0 

0.0031 1 
0.0091 1 

0.0154 4 

F-ratio o 

0.000 0 

0.199 9 
0.589 9 

P P 

0.998 8 

0.957 7 
0.709 9 

'treatmentt refers to plants with only spider mites vs. plants with spider mites and heterospecific predatory 
mites;; 2position refers to one of the 6 positions positions the plants could occupy within the hexagon. 

Release-recapturee experiments in the greenhouse showed the same: there was no 
significantt difference between the fraction of mites recaptured on plants with spider mites 
onlyy and that recaptured on plants with spider mites and thrips (Table 2, Fig. 4). An 
averagee of 17% of all recaptured mites were recaptured per plant with spider mites only 
(Fig.. 4), so in total 51% of all recaptured mites were found on plants with spider mites and 
49%% were recaptured on plants with spider mites and thrips. In total 46.4% of all released 
mitess were recaptured. There was a significant effect of the plant position on the fraction 
recapturedd (Table 2): most mites were recaptured on the plants in the northern half of the 
set-up.. The interaction between treatment and position was not significant (Table 2). 

ResponseResponse to plants with spider mites and heterospecific predatory mites 

Withh this combination of species, only release-recapture experiments were done. On 
averagee 45.1% of all released mites were recaptured. The average percentage of mites 
recapturedd on plants with only spider mites was almost the same as that recaptured on 
plantss with spider mites plus heterospecific predatory mites (Fig. 5). In total, 50.3% of all 
mitess recaptured were found on plants with heterospecific mites. There was no significant 
effectt of treatment on the fraction of P. persimilis recaptured (Table 3), nor of the position 
off  plants on the fraction of mites recaptured (Table 3). 
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Discussion n 

AbsenceAbsence of avoidance of heterospecific competitors 

Underr the experimental conditions tested here, P. persimilis do not avoid visiting plants 
withh spider mites and heterospecific predators. This contrasts with the finding that this 
speciess does avoid plants with prey and conspecifics (Janssen et al. 1997). One difference 
betweenn the present experiments and the previous (Janssen et al. 1997) is the host plant 
used.. Avoidance of conspecifics was found using Lima bean leaves, whereas here we used 
cucumber.. However, spider mites were shown to be able to distinguish between cucumber 
plantss with conspecifics and P. persimilis and plants with conspecifics only in a similar 
greenhousee set-up, suggesting that there are differences in volatiles (Pallini 1998). 
Moreover,, it would be strange when the avoidance of heterospecific predators would 
dependd on the host plant, since the two-spotted spider mite occurs on a variety of host 
plants. . 

Becausee of the polyphagous life style of its prey, P. persimilis is likely to meet 
variouss species of generalist predators in its natural habitat. It could therefore be argued 
thatt it should response to intraguild predators in general. However, this could lead to 
avoidancee of many predators that form no danger to P. persimilis, and it is therefore 
expectedd that the predatory mite only responds to more specific predator cues. It has not 
coevolvedd with the polyphagous thrips or the heterospecific predatory mite, but possibly 
co-occurss with the predatory bug in Mediterranean areas. 

Thee absence of avoidance of heterospecific predators is not simply due to the fact 
thatt P. persimilis does not recognise cues from heterospecific predators as being potential 
competitors.. In the case of avoidance of plants with conspecifics, the odours that enabled 
P.P. persimilis to discriminate between plants with and without competitors were not 
producedd by the conspecifics themselves (Janssen et al. 1997). There is evidence that the 
odourss are produced by the adult spider mite prey in response to the presence of predators 
orr their odours (Janssen et al. 1997). These volatiles may serve as alarm pheromone to 
warnn related spider mites. Hence, the adult prey probably produce volatiles that convey a 
signall  to downwind predators that the plant is already occupied by predators and is 
thereforee a less profitable place to visit. It seems that the species of predators that we used 
herehere do not elicit production of such odours in the adult prey, or that P. persimilis does not 
respondd to these odours in a similar way as when conspecifics are present on plants with 
prey,, possibly because the odours of conspecifics are absent. 

Itt is possible that spider mites do not produce odours in response to the presence of 
predatoryy bugs, thrips, or heterospecific predatory mites because they do not recognise die 
threee species of predators as a potential threat, not having coevolved with them. Studies on 
acaricidee resistance indicate that spider mite populations persist in greenhouses (Overmeer 
etet al 1975, 1980), and we previously argued that these persistent populations are 
frequentlyy exposed to P. persimilis, leading to selection on spider mites to recognise and 
avoidd this particular predator. Evidence for this comes from release-recapture experiments 
andd laboratory experiments with spider mites. As mentioned before, spider mites produce 
aa volatile (possibly an alarm pheromone) in response to the presence of odours of P. 
persimilispersimilis (Janssen et al. 1997). Furthermore, in a greenhouse release set-up similar to the 
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onee here, Pallini et al. (1998) found that spider mites avoid plants with P. persimilis. 
Moreover,, Grostal and Dicke (1999) showed that spider mites avoid leaf discs that had 
beenn exposed previously to P. persimilis. It was shown elsewhere that spider mites do not 
avoidd visiting plants with the heterospecific predatory mite (N. californicus) and spider 
mites,, probably because spider mites did not coevolve with this particular predator and 
weree therefore not selected to recognise it (Pallini 1998). The predatory bugs have only 
beenn used in the same greenhouse sporadically for a few years, therefore it is not 
surprisingg that spider mites do not recognise it as a potential predator. With respect to all 4 
speciess of natural enemies, including P. persimilis, it can be said that none of them occur 
inn the natural habitat of the spider mites (i.e., outdoors in The Netherlands). Apparently, 
thee exposure of the spider mites to P. persimilis in greenhouses led to selection of 
recognisingg this species as a predator, whereas the other species are (still) not recognised. 

Withh respect to recognition of thrips as potential predators by spider mites, the 
situationn is somewhat more complicated. It is known that spider mites use volatiles to 
discriminatee between clean plants and plants infested with thrips and that they avoid 
visitingg plants with thrips (Pallini et al. 1997). Hence, they are obviously capable of 
detectingg thrips from a distance and avoid interacting with them. However, when thrips are 
presentt on the same plant, this apparently does not induce production of volatiles by spider 
mites,, as is the case when P. persimilis is present. A reason for this may be that, in the 
absencee of the predators of thrips (the predatory mite N. cucumeris or the predatory bug O. 
laevigatus),laevigatus), thrips larvae prefer to reside on parts of leaves without spider-mite web and 
theyy therefore do not prey on spider mite eggs (Pallini et al. 1998, Chapter 4). Since there 
weree no predators of thrips present in our experiments, it is likely that spider mites and 
thripss occupied different parts of the plants and did not interact directly. In this case, 
spiderr mites may run no risk of predation and therefore not produce 'alarm pheromones'. 

Itt was found previously that P. persimilis is attracted by odours produced by plants 
infestedd with thrips and by plants infested with spider mites (Janssen et al. 1998). When 
offeredd a choice between these two odours, they preferred odours of plants with spider 
mitess (Janssen et al. 1998). Hence, the predators are able to distinguish between plants 
withh either of the two herbivores. As stated before, there are indeed indications that plants 
producee specific blends of volatiles when attacked by various species of herbivores (Dicke 
etet al. 1998, Takabayashi et al. 1991, DeMoraes et al. 1998). Hence, discrimination 
betweenn plants with spider mites and plants with thrips can be explained by different 
odourss being produced by the two different plant-herbivore complexes, by differences in 
concentrationss of similar volatiles, or both. In the experiments described here, half of the 
plantss were infested with both prey, and may therefore produce odours induced by each 
herbivoree separately. In another paper it is shown that 2 species of predators, one of which 
wass P. persimilis, are able to discriminate between plants with thrips and plants with 
spiderr mites (Janssen et al. 1998). If the herbivore-induced odours are different for both 
species,, P. persimilis should be able to distinguish plants infested with thrips and spider 
mitess from plants infested with spider mites only, and it would probably benefit from 
avoidingg plants with thrips, thus steering clear of predation of its eggs and competition for 
prey.. Possibly, the spider mite induced synomones and the synomones induced by thrips 
aree similar, or they mask each other. An alternative explanation is that P. persimilis is 
rearedd on a diet of spider mites only and has no experience with thrips. There is evidence 
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thatt the response of P. persimilis changes as a result of experience (Dicke et al. 1990, 
Takabayashii  et al. 1994b, Krips et al 1999), and it is possible that experience with thrips 
wouldd lead to avoidance of this species. 

AA final possibility is that P. persimilis is capable of discriminating between odours 
off  plants with or without heterospecific predators, but that this does not become manifest 
inn the present set-up used. When this is true, the release experiments in the greenhouse 
suggestt that P. persimilis do not avoid the heterospecifics under greenhouse conditions, a 
factt that seems difficult to understand when intraguild predation by these predators is 
indeedd important under greenhouse conditions. Obviously, this assumption needs further 
testing.. Alternatively, it is possible that avoidance only becomes manifest in the fraction of 
mitess that were not recaptured; these mites may altogether avoid the set-up. The 
percentagess of mites recaptured (41.9%, 46.4% and 45.1% in the 3 series of experiments) 
aree well within the range found in earlier experiments without heterospecific predators 
(40-57%,, Janssen 1999). This indicates that predators in the experiments discussed here do 
nott escape from the set-up because of the presence of heterospecific predators. 

DirectionalityDirectionality in dispersal behaviour of P. persimilis 

Inn a previous paper, it was already reported that P. persimilis is mainly recaptured on 
plantss positioned NNW from the release point (Janssen 1999). Here, we found roughly the 
samee in 2 out of 3 experiments: in one there was preference for the 3 plants north of the 
releasee site, and in the other there was preference for the NNW. Moreover, R. Zemek and 
G.. Nachman (pers. comm.) also found significantly more P. persimilis migrating to the 
NWW part of their set-up in greenhouse experiments in Denmark. It is as yet unknown what 
causess this phenomenon, but the last experiment of this paper shows that it does not 
alwayss occur. The directionality had no impact on the results of our experiments, since 
caree was taken that each position was occupied by plants with spider mites plus predators 
inn half of the replicates, whereas plants with only spider mites were placed there for the 
otherr half. 

LackLack of avoidance, interactions in the food web and biological control 

Althoughh P. persimilis does not avoid visiting plants with heterospecific competitors and 
intraguildd predators, it remains to be investigated whether the heterospecific predators 
avoidd plants with P. persimilis. This is already known for the polyphagous thrips, which 
avoidss plants with spider mites plus P. persimilis in similar release-recapture experiments 
(Pallinii  1998). Hence thrips reduce the possibility of interacting with P. persimilis. When 
absencee of avoidance is found for the other two species, the species are likely to meet on 
plantss with spider mites, and the interactions between the species could have serious 
consequencess for biological control of spider mites. This is illustrated by the study by 
Bradsgaardd and Enkegaard (1995), who show that numbers of two-spotted spider mites 
weree higher when both P. persimilis and another predatory bug [O. majusculus (Reuter)] 
weree present compared to numbers with only P. persimilis present. They found similar 
effectss of the presence of thrips on spider-mite control by P. persimilis. However, these 
resultss should be treated with caution since the experiments lasted for a short period only 
andd the effects of interactions among these species in the long run are unknown. It can be 
concludedd that the interactions on plants with spider mites between P. persimilis on the 



AbsenceAbsence of competition avoidance by the predatory mite Phytoseiulus persimJlis 6H_ 

onee hand, and the heterospecif ic predators on the other hand need to be studied in more 
detaill  to reveal the effects of direct and indirect interactions on biological control of spider 
mites. . 

Behaviourall  responses to odours play an important role in determining the 
occurrencee and strength of interactions in arthropod food webs. It is therefore important to 
studyy the role of behaviour in arthropod food webs, rather than directly testing interactions 
amongg combinations of species in small confined arenas where species cannot avoid 
plantss occupied by others (see Parrella et at. 1980, Cloutier and Johnson 1993, Br0dsgaard 
andd Enkegaard 1995, Chang 1996, Ferguson and Stiling 1996, Wittman and Leather 1997 
forr examples). Only after having established which species do not avoid each other's 
presencee it becomes important to test interactions among these species at the scale of one 
orr a few plants. 

Whenn it is found that species of natural enemies prefer to visit patches without 
potentiall  competitors (or intraguild predators for that matter) the enemies may work in a 
complementaryy fashion, one predator species wil l mainly attack prey on plants that 
escapedd from being discovered by the other predator. However, it should be realised that 
predatorss that avoid each other wil l still compete for the same (meta)population of prey. 
Predatorss may switch from avoiding each other and end up on the same plant when plants 
withh prey become scarce and costs of finding plants without competitors become too high, 
butt this will not seriously hamper biological control precisely because it only occurs under 
conditionss of prey scarcity. When species do not avoid plants with other predator species, 
ass was found here, it becomes necessary to study the interactions between species when 
theyy are present on the same plant and to determine the effects on biological control. 
Hence,, by doing relatively simple and short olfactometer and release experiments as 
describedd here, it is possible to quickly gain insight into interactions in arthropod food 
webss and focus on those combinations of species among which competition for food, 
intraguildd predation, and other food web interactions occur. 
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