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Abstract. When the chemical cues co-occurring with prey vary in time and space, foraging
predators profit from an ability to repeatedly associate chemical cues with the presence of
their prey. We demonstrate the ability of a predatory arthropod (the plant-inhabiting mite,
Phytoseiulus persimilis) to learn the association of a positive stimulus (herbivorous prey,Tetra-
nychus urticae) or a negative stimulus (hunger) with a chemical cue (herbivore-induced plant
volatiles or green leaf volatiles). It has been suggested that the rate at which the integration of
information becomes manifest as a change in behaviour, differs between categories of natural
enemies (parasitoids versus insect predators; specialist versus generalist predators). We argue
that these differences do not necessarily reflect differential learning ability, but rather relate to
the ecologically relevant time scale at which the biotic environment changes.

Key words: associative learning, sensitisation, innate response, herbivore-induced plant
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Introduction

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

We studied whether and how associative learning plays a role in the ori-
entation of the predatory mite,Phytoseiulus persimilisAthias-Henriot, to
plant volatiles induced by feeding of their prey, the two-spotted spider mite
Tetranychus urticaeKoch. This prey mite is a phytophage with a vast array
of host plants and the blends of herbivory-induced plant volatiles (HIPV)
differ between hosts in qualitative and quantitative respects (e.g. Takabayashi
et al., 1991, 1994). Olfactory responses ofP. persimilisto these HIPV have
been 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 Van de Baan, 1983; Dickeet al., 1990a),
vertical airflow olfactometers (Sabeliset al., 1984), wind tunnels (Sabelis and
Van der Weel, 1993) and greenhouse releases (Janssen, 1999). These studies
show that HIPV mediate arrestment on and attraction towards spider-mite
infested plants. Among the many factors that influence these responses, the
role of dietary history of the predatory mites is of particular relevance. Dicke
et al.(1990b) found thatP. persimilisreared onT. urticae-infested Lima bean
prefer the odour fromT. urticae-infested Lima bean over the odour from
T. urticae-infested cucumber, and that this preference changes gradually to
a preference forT. urticae-infested cucumber during a period of 7 days in
which the predators were reared onT. urticae-infested cucumber (see also
Krips et al., 1999 for similar results with gerbera as a host plant). The authors
suggested that the predators learned to respond to cucumber odours by sens-
itisation, that is, by prolonged exposure the predators got used to cucumber
odours and responded to them in the same way as they previously responded
to bean odours (see also Takabayashi and Dicke, 1992). Papaj and Prokopy
(1989) defined sensitisation as the gradual increase in response to a stimulus
with repeated exposure to that stimulus. What Dickeet al. (1990b) have not
yet shown is a gradual increase to cucumber odours in absence of a (positive)
reinforcing stimulus (food).

We suppose thatP. persimiliswould greatly benefit from an ability to
learn the association betweenT. urticae, that is its prey, and HIPV, that is
the odours in the immediate vicinity of the prey. This supposition is rooted in
the predator’s biology: it disperses passively on air currents, lands randomly
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and then searches upwind until it either decides to become airborne again or
encounters a prey item. It is not very likely that passive dispersal will bring the
predator to a specimen of its original host plant. Hence, upon encounter with
prey on a new host plant the predatory mite may experience the association
with a new blend of HIPV. BecauseT. urticaeproduces colonies on leaves
and the infested leaves usually occur in clusters, the predator benefits from
continued search for prey using the new HIPV blend as a cue.

The ability to associatively learn combinations of prey and HIPV in un-
familiar environments is experimentally analysed in this study. Associative
learning (used here in the narrow sense of operant conditioning; Thorpe 1963)
requires that the conditioned (e.g. odour) and the unconditioned stimulus
(e.g. food, hunger) are paired, resulting in context-dependent preference or
aversion. We also analysed the existence of an innate (i.e., ‘experience-free’)
response by rearing the predatory mites on a ‘plant-free’ and probably ‘HIPV-
poor’ substrate, viz. by feeding the predatorsT. urticae rinsed off tomato
plants onto a filter paper dish.

To test which mechanism alters the response of predators, we paired the
odour ofT. urticae-infested bean leaves to food abundance and to food ab-
sence. The predators were from the culture deprived of host plant odours (i.e.
they were cultured on prey that were washed off plants). If sensitisation were
the mechanism, the resulting response of the predators would in both cases
be an increase in preference for the odour as only the duration of exposure
counts, not the context. If the mechanism were associative learning, the ex-
pected response is preference if the odour is paired with food, and aversion if
paired with food absence.

Materials and Methods

Predators and prey

The predatory mites,P. persimilis, were originally obtained from a commer-
cial supplier in 1990 (Koppert BV, Berkel en Rodenrijs, The Netherlands).
Since then they were reared on detached bean leaves with two-spotted spider
mites,T. urticae, on water-soaked clay pots in a climate room.

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

Two strains of spider mites were used: bean spider mites (green strain)
kept on bean plants in the laboratory for more than 10 years, and tomato
spider mites (red strain) kept on tomato since their collection in a commer-
cial tomato greenhouse in 1993 (Houten, The Netherlands) (Drukkeret al.,
1997). Culturing and experiments were carried out under constant climatic
conditions (25◦C, 80% RH, 16:8 LD).

Olfactory response of predators

The olfactory response of predatory mites towards various (combinations of)
odour sources was investigated using a glass Y-tube olfactometer (cf. Sabelis
and Van de Baan, 1983; Janssenet al., 1997). An odour source consisted of
two detached leaves, either with or without spider mites, on wet tissue cloth,
in an 18× 15×8 cm plastic box (see Janssenet al., 1997 for a detailed de-
scription). When ‘clean air’ was the odour source, an identical plastic box was
used, including wet tissue but without leaves. The boxes with odour sources
were connected to the arms of the Y-tube.

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

Predators are released, one at a time, at the downwind end of the wire.
Typically, a mite 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 after 5 min since release. After each fifth run
the odour sources are interchanged, to cancel out any unforeseen asymmetries
in the set-up. About 20 adult female predators were tested per replicate ex-
periment. Two to five replicates were done per experiment (each with a fresh
pair of odour sources). After collection from the culture, predators were kept
for 1 h on a clean Petri dish without food until they were tested, unless stated
otherwise.

Three odour sources were used:

(1) mite-infested Lima bean, the original host plant on which the predators
were reared (two spider-mite infested Lima bean leaves, with 14–90 adult
female spider mites per leaf, 80–200 juveniles and males, and numerous
eggs);
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(2) uninfested tomato, a host plant novel to the predators (four to six tomato
leaflets of uninfested plants); and

(3) clean air from the ambience. Infested Lima bean represents the environ-
ment familiar to the parental strain, clean tomato an unfamiliar environ-
ment, and clean air is a control.

Assessment of innate response towards infested bean

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

The responses of the naïve predators were compared to responses of ex-
perienced predators, reared from egg to adulthood on Lima bean plus spider
mites. For clarity, we emphasize that the period over which the predators
gained experience, did not exactly stop at adulthood, but included 0–2 days
of adulthood (this period is on average equal to the pre-oviposition period).

Assessment of acquired response towards infested bean

Naïve predators, reared from egg to adulthood on filter paper and fed washed
spider mites, were first tested for their response towards spider-mite-infested
Lima bean versus clean air. Immediately after the test, they were transferred
to Petri dishes with spider-mite-infested Lima bean leaves on soaked cotton
wool, and allowed to feed forca. 16 h. Subsequently their response towards
spider-mite-infested Lima bean versus clean air was tested again. In this way
it was tested how the response changed after experiencing odour combined
with a positive stimulus, that is, odour from the (+) source in the olfactometer
test combined with food.

In separate experiments it was tested how the mites’ response changed
after experiencing the same odour, but now combined with foodabsence, a
negative stimulus. Naïve predators were first tested for their response towards
air from spider-mite-infested Lima bean versus air from clean tomato. Imme-
diately after this test they were transferred into a glass tube with nylon gauze
at both ends to allow free air exchange. The mites were deprived of food,
but water was supplied on filter paper. Humidified air carrying odour from
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a container with spider-mite-infested Lima bean leaves was pulled through
the tube for 16–24 h. Then the response towards spider-mite-infested Lima
bean versus clean tomato was tested again. After this test, the mites were put
back in the glass tube, but now they were inpresenceof food (spider mite
eggs washed off tomato leaves onto filter paper), while being exposed for
24 h to odour. In one experiment, this odour came from clean tomato, in an-
other experiment it came from spider-mite-infested Lima bean. Subsequently,
the response of the predators towards spider-mite-infested Lima bean leaves
versus clean tomato leaves was tested again, in both experiments. In this way
it was tested whether two sequentially offered pairs of stimuli had an additive
effect on the olfactory response ofP. persimilis.

In all experiments where groups of mites were given serial experiences,
random samples ofca.25 individuals were taken for olfactometer tests. After
each test the mites were returned to the group for a subsequent experience
(when applicable), regardless of the choice they had made in the olfactometer.
In other words, the groups of mites tested consisted 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 genetic com-
position of the predator population; any change in response is unlikely to be
the consequence of directional selection, but rather to be due to learning.

Statistical analysis

Each replicate experiment was subject to a binomial test against the null
hypothesis that the 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 were tested against each other by means
of 2×2 contingency table analysis, where appropriate.

Results

Innate response towards infested bean?

Well-fed predators reared on spider-mite infested bean leaves and hence ex-
posed to HIPV throughout their entire life, showed a significant preference
for odour from infested bean leaves (familiar environment), both over odour
from uninfested tomato leaves (unfamiliar environment; Table 1) and over
clean air (Table 2). They did not prefer odour from uninfested tomato leaves
to clean air (Table 1).

Naïve predators raised on washed tomato-reared spider mites (eggs and
emerging larvae) on filter paper, showed a very weak preference for odour
from mite-infested bean leaves over clean air. Two sets of replicates, each



887

Table 1. Olfactory response ofPhytoseiulus persimilisfemales
reared on bean leaves infested withTetranychus urticae

Odour source n(+) n(−) n(0) % (+)∗ P (2-sided)

+ −
TUB CT 19 1 1 95 0.00004

17 3 1 85 0.0026

15 5 1 75 0.041

15 5 2 75 0.041

15 5 0 75 0.041

Total 81 19 5 81 <10−6

CT CA 13 7 2 65 0.26

9 11 0 45 0.82

Total 22 18 2 55 0.64

∗%(+) = n(+)/{n(+)+ n(−)} × 100.
Pairs of odour sources were:T. urticae-infested bean leaves (TUB)
versus clean tomato leaves (CT), and clean tomato leaves (CT)
versus clean air (CA). Rows indicate independent replicate trials.

being part of a separate experiment, were carried out: three replicates (Table 2)
and four replicates (Table 3). None of the seven replicates gave a significant
deviation from the 50:50 distribution expected under the null hypothesis.
Pooling within a set gave a significant effect only in Table 3. In a separate
experiment predators were raised on washed bean-reared spider mites on
filter paper, and tested as adults for their response towards mite-infested bean
leaves versus clean tomato leaves. In none of the four replicates a preference
was found, nor when the results were pooled (Table 2). These results sup-
port our initial assumption that predatory mites will have had no significant
experience with (the whole blend of) plant volatiles after reaching adulthood
on a diet of washed spider mites on filter paper.

Naïve predators showed no significant preference for odour from infested
bean leaves over odour from uninfested tomato leaves (Table 4). These neg-
ative results are unlikely to be due to inferior quality of the odour sources,
because the very same odour sources elicited a significant response in pred-
ators obtained from spider-mite-infested bean leaves (not shown in Table;
with odour sources from trial A–E: (A) 19 predators went towards infested
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 five replicates significant (two-sided binomial test)). Thus, the
slight preference of the ensemble of naïve predators to spider mite-infested
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Table 2. Effect of pre-adult experience on the olfactory response ofPhytoseiulus per-
similis females towards odour fromTetranychus urticae-infested bean leaves (TUB)
versus clean air (CA) or clean tomato (CT)

Experience n(TUB) n(CA) n(CT) n(0) % (TUB)∗ P (2-sided)

Spider mites on bean leaves

15 1 2 94 0.00052

18 6 0 75 0.023

20 2 0 91 0.00012

19 6 0 76 0.015

Total 72 15 2 83 <10−6

Tomato spider mites on filter paper

12 7 6 63 0.36

12 12 3 50 1.00

11 9 0 55 0.82

Total 35 28 9 56 0.45

Bean spider mites on filter paper

6 4 1 60 0.75

6 4 1 60 0.75

11 5 0 69 0.21

8 8 0 50 1.00

Total 31 21 2 60 0.21

∗see Table 1.
Predators were reared from egg to adulthood either onT. urticae-infested bean leaves,
on filter paper with spider mites washed off tomato leaves, or on filter paper with
spider mites washed off bean leaves. Rows indicate independent replicate trials.

bean leaves over clean air suggests that an innate response, if present at all, is
weak.

Acquired response: sensitisation or operant conditioning?

Naïve predators were first tested for their response to spider-mite infested
bean leaves versus clean air. As pointed out before, their responses were not
significant in any of the four replicate experiments (Table 3). Subsequently,
these predators were given a 16 h experience with mite-infested bean leaves,
and then tested again with fresh, but similar, odour sources. The results
showed a strong preference for odour from infested bean leaves over clean
air, significant in all four replicates (Table 3). The change in response due to
experience with mite-infested bean leaves was highly significant (χ2 = 18.9,
d.f.=1,p<0.001). This can be interpreted as strong evidence for an acquired
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Table 3. Effect of conditioning on olfactory response ofPhytoseiulus
persimilis females towards odour fromTetranychus urticae-infested bean
leaves (TUB) versus clean air (CA)

Condition n(TUB) n(CA) n(0) % (TUB)∗ P (2-sided)

Inexperienced 15 11 0 58 0.56

15 8 5 65 0.21

14 5 1 74 0.064

12 7 3 63 0.36

Total 56 31 9 64 0.0097

Experienced 16 1 2 94 0.00027

19 0 1 100 0.000004

18 1 1 95 0.00008

20 3 1 87 0.00049

Total 73 5 5 94 <10−6

∗see Table 1.
Predators were reared from egg to adulthood on filter paper with spider
mites washed off tomato leaves as food. Subsequently, these females, in-
experienced with odour from infested leaves, were given experience for
16 h with HIPV, spider mites and bean leaves. Groups of females were
tested in the olfdactometer before and after this experience. Rows indicate
independent replicate trials.

response to HIPV when paired to a positive unconditioned stimulus (i.e. prey
presence).

The acquired response may result from two underlying mechanisms: sens-
itisation or associative learning. For sensitisation the increase in responsive-
ness to the odour should be gradual and independent of the stimulus with
which it is paired. To investigate independence of the conditioned and un-
conditioned stimuli, HIPV was paired to a contrasting stimulus, viz. food
absence. Naïve predators were exposed to HIPV for 16 or 24 h in absence
of prey. Before exposure to the paired stimuli the naïve predators had no
preference for odour from spider-mite infested bean leaves over odour from
uninfested tomato leaves (Table 4). After 24 h the response had dropped from
54% to 22% (via 50%, after 16 h; Table 4). This points at a switch to the
opposite response: the predators acquired a significant aversion to the odour
of spider-mite-infested bean leaves. The change in response due to the 24 h
experience with HIPV in absence of food was significant (χ2 = 15.3, d.f.=1,
p<0.001). Together with the results in Table 3, this is evidence to reject
sensitisation as the underlying mechanism, because a change of context (from
positive to negative) in which the odour is presented, also changes the quality
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of the response (from positive to negative). Rather, it suggests associative
learning.

Associative learning was further tested in two ways. After 24 h experience
with hunger in presence of the odour of spider-mite-infested bean leaves, and

Table 4. Effect of odour during starvation and subsequent satiation on the olfactory res-
ponse ofPhytoseiulus persimilisfemales towards odour fromTetranychus urticae-infested
bean (TUB) versus clean tomato (CT)

Experience Trial n(TUB) n(CT) n(0) % (TUB)∗ P (2-sided)

Feeding state Odour given

Fed None A 10 10 2 50 1.00

B 11 9 0 55 0.82

C 11 9 0 55 0.82

D 9 11 0 45 0.82

E 13 7 0 65 0.26

Total 54 46 2 54 0.48

16 h starved TUB A 13 7 1 65 0.26

B 7 13 3 35 0.26

Total 20 20 4 50 1.00

24 h starved TUB C 8 16 1 33 0.15

D 3 17 0 15 0.0026

E 3 17 0 15 0.0026

Total 14 50 9 22 0.000007

Fed CT B 6 17 8 26 0.035

C 3 17 1 15 0.0026

D 4 16 0 20 0.012

Total 13 50 9 21 0.000003

Fed TUB F 7 2 1 78 0.18

G 11 4 1 73 0.12

H 12 4 1 75 0.08

I 4 1 0 80 0.38

J 9 5 1 64 0.42

Total 43 16 4 73 0.0006

∗see Table 1.
Predators were first reared from egg to adulthood on filter paper with spider mites washed
off tomato leaves as food. These females, inexperienced with odour from infested leaves,
were first tested in the olfactometer, then starved for 16 h or 24 h while exposed to TUB,
and tested. Subsequently during 24 h they were fedad libitumwashed spider mites while
either exposed to CT, or while exposed to TUB, and then tested again. Rows indicate
independent replicate trials; trial codes identify groups of mites.
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after a choice test displaying aversion to the odour of spider-mite-infested
bean leaves, predators were given 24 h experience either with food in pres-
ence of the odour of clean tomato leaves, or with food in presence of the
odour of spider-mite-infested bean leaves. When prey presence (uncondi-
tioned stimulus) was paired to odour from the unfamiliar environment, that
is, uninfested tomato (conditioned stimulus), a preference for odour from
clean tomato leaves over odour from spider-mite-infested Lima bean leaves
was found (79% of mites towards tomato leaves; Table 4) – similar to the
previous response found after the negative experience with odour of spider-
mite-infested bean leaves (78%). Thus ironically, by association of prey and
odour from clean tomato, the predators now respond positively to the odour
from the unfamiliar environment that in actual fact does not harbour the
prey!

When prey presence (unconditioned stimulus) was paired to odour from
the familiar environment, that is spider-mite-infested bean leaves (conditioned
stimulus) – after the mites had been given 24 h experience with food ab-
sence combined with volatiles from mite-infested bean leaves – a change
of preference was found. Now predators preferred odour from spider-mite-
infested Lima bean leaves over odour from clean tomato leaves (73% of mites
towards infested bean leaves; Table 4). Although due to small sample sizes
none of the five replicates gave a significant deviation from the 50:50 distri-
bution, the pooled data showed a highly significant effect (Table 4). Thus,
by imposing a subsequent, qualitatively different experience on predatory
mites, a qualitative change in response was found, which was highly signi-
ficant (χ2 = 30.1, d.f.=1, p<0.001). This is strong evidence for context-
dependent adjustment of behaviour, in other words: associative learning in
predatory mites.

Discussion

Evidence for associative learning

Our results are consistent with the hypothesis that naïve, inexperienced pred-
ators have no, or at best a very faint, preference for volatile chemicals until
they first perceive odours in association with a rewarding or unrewarding
experience. Inspired by Papajet al. (1994), we tested this hypothesis by
offering stimuli that are relevant in the context of foraging predatory mites,
both in realistic combinations (odours from spider-mite-infested bean leaves
in association with prey presence, and clean air in association with prey
absence) and unrealistic combinations (clean air or odour from uninfested
tomato plants associated with prey, and odour from spider-mite-infested bean
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leaves associated with prey absence). In both cases the predators responded
according to the context and not according to how familiar their parental
strains were with the odour. Thus, predatory mites can interpret the coincid-
ence of two independent events or states, as a relation between these events,
which is defined as associative learning. Sensitisation cannot be the mech-
anism 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).

Taking a devil’s advocate position, one could argue that the population of
predatory mites used for the experiments exhibits a genetic polymorphism
of olfactory responses to different stimuli. So, each combination of stimuli
offered would elicit an innate, fixed response of a different subset of indi-
viduals in the population, whereas, for the sake of argument, the remaining
individuals respond indifferently in two-choice tests. This hypothesis, how-
ever, is highly unlikely for two reasons. First, the predatory mites can be
fooled to make non-adaptive choices by offering unrealistic combinations
of stimuli. Second, the response switches are too intense to be explained
by a polymorphic population response. Recent experiments on prey choice
of another predatory mite,Hypoaspis aculeifer(Mesostigmata: Laelapidae),
showed that local populations exhibit between-individual variability in prey
choice and that prey choice has a simple genetic basis (Lesna and Sabelis,
1999). However, isofemale lines of this predator selected for choosing a par-
ticular prey (bulb or copra mites), retain their ability to learn the association
between prey and (novel) odour, and switch their choice accordingly (Lesna
and Sabelis, unpublished data).

To our best knowledge, this is the first evidence for associative learn-
ing in predatory mites, and it is almost the first case for associative learn-
ing in predatory arthropods in general. Similar evidence was obtained in
recent studies on olfactory responses of heteropteran bugs (Drukkeret al.,
2000) and laelapid predatory mites (Lesna and Sabelis, unpublished data).
Although new for predators, associative learning has been demonstrated for
parasitic insects (Lewis and Tumlinson, 1988; Lewis and Takasu, 1990; Vet
and Groenewold 1990; Vetet al., 1995) and honey bees (Gould, 1993;
Menzel, 1993).

Some authors have argued that experience changes behaviour of parasit-
oids and bees much faster (say in seconds), than that of predatory mites (say
in days) (Kripset al., 1999). This generalization, however, should be treated
with caution, as becomes clear when considering a functional, rather than
a causal, perspective: why should a forager change 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 become
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parasitized, whereas learning in predators should be tuned to the time scale at
which prey densities change. Thus, slow or fast changes in behaviour do not
necessarily reflect interspecific differences in learning capacity.

Search phases and the relevant time scale of learning

One may wonder whether predatory mites learn fast when the biotic envir-
onment changes rapidly. To explore this possibility it is useful to divide the
searching process into five phases (Sabelis and Dicke, 1985):

(1) take-off,
(2) passive aerial dispersal,
(3) searching for prey patches (clusters of prey colonies on leaves),
(4) searching for prey colonies within a patch,
(5) searching for prey within a colony.

These phases differ in the characteristic time scale of change in the prey en-
vironment. During phase 4 and 5, prey density (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, the 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 host plant species, harbouring the same or other potential prey, or no prey
at all. From the predator’s perspective this is where the biotic environment
changes fast and the predatory mites do better by learning fast accordingly.
This will involve learning to associate herbivore-induced volatiles (HIPV)
from the new host plant with the herbivore infesting it. Since the predatory
mites are hungry in phase 1–3 and well fed during most of phase 4 and 5, we
expect starved predators to learn fast and fed predators to learn slowly.

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