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An important factor inducing variability in foraging behavior in parasitic wasps 
is experience gained by the insect. Together with the insect's genetic constitu- 
tion and physiological state, experience ultimately defines the behavioral rep- 
ertoire under specified environmental circumstances. We present a conceptual 
variable-response model based on several major observations of a foraging 
parasitoid's responses to stimuli involved in the host-finding process. These 
major observations are that (1) different stimuli evoke different responses or 
levels of response, (2) strong responses are less variable than weak ones, (3) 
learning can change response levels, (4) learning increases originally low 
responses more than originally high responses, and (5) host-derived stimuli 
serve as rewards in associative learning of other stimuli. The model specifies 
how the intrinsic variability of a response will depend on the magnitude of the 
response and predicts when and how learning will modify the insect's behavior. 
Additional hypotheses related to the model concern how experience with a stim- 
ulus modifies behavioral responses to other stimuli, how animals respond in 
multistimulus situations, which stimuli act to reinforce behavioral responses to 
other stimuli in the learning process, and finally, how generalist and specialist 
species differ in their behavioral plasticity. We postulate that insight into behav- 
ioral variability in the foraging behavior of natural enemies may be a help, if  
not a prerequisite, for the efficient application of parasitoids in pest manage- 
ment. 
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INTRODUCTION 

Insect behavior is no longer considered to be fixed and predictable, but rather 
it varies in response to the insect's physiological condition and genetic com- 
position as well as to environmental factors. However, the quest for factors 
inducing variability in parasitoid foraging behavior has largely centered on the 
influence of learning. Experience in either preadult or adult stages modifies 
adult behavior (see below). Leaming may be loosely defined as "any change 
in behaviour with experience" (for a discussion of the definition of learning, 
see Papaj and Prokopy, 1989). It can impinge on every phase of parasitoid 
foraging from habitat location to host acceptance. Associative learning (defined 
as the establishment through experience of an association between two stimuli 
or between a stimulus and a response) has now been demonstrated in several 
parasitoid species (Lewis and Tumlinson, 1988; Turlings et al. ,  1989; Vet, 
1988; Vet and Groenewold, 1990), and it appears to be a general phenomenon 
in the Hymenoptera. 

Studies on sources of variability in parasitoid behavior other than leaming 
(including both genetic and nongenetic sources) are still rare (Lewis et al.,  
1990). Pr6vost and Lewis (1990) demonstrated genetic variability in responses 
to host-plant odors and studies by Mollema (1988) point to genetic variability 
in host selection behavior. The animal's physiological state will specify its 
responsiveness to stimuli, especially to those related to essential resources (Tin- 
bergen, 1951; Nishida, 1956; Herrebout, 1969; Herrebout and van der Veer, 
1969; Gould and Marler, 1984; Dicke et al. ,  1986). 

Apart from the interest in behavioral variation from a theoretical standpoint 
[where we ask whether plasticity in behavior is adaptive or if such plasticity 
affects the evolution of other behaviors (Papaj and Prokopy, 1989)], there is an 
applied side to understanding the mechanisms that generate behavioral varia- 
tion. Ultimately, the effectiveness of natural enemies in controlling populations 
of insect pests is in part associated with this variability. Understanding its nature 
may result in its manipulation to our benefit (see, e.g., Gross et al.,  1975; 
Wardle and Borden, 1986) and thus insight into behavioral variability is a help, 
if not a prerequisite, for the efficient application of biological control agents 
(Lewis et al. ,  1990). 

In this paper, we argue that certain key stimuli evoke absolute responses 
that are conservative to change in both an ontogenetic and an evolutionary sense. 
As such they act as an "anchor"  by which responses to other stimuli are altered 
freely in a reliable manner. Other key stimuli arise through association with the 
original key stimuli and act to accelerate leaming of new stimuli. Even for 
insects of a given genetic constitution, physiological state, and degree of expe- 
rience, a behavioral response to a given stimulus varies both among individuals 
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and over repeated observations of the same individual. Variability in a response 
will depend on the magnitude of the response. The impact of learning will relate 
to the magnitude and variability of behavioral responses. These ideas are pre- 
sented in a conceptual variable-response model based on several major obser- 
vations of a foraging parasitoid's responses to assorted host or host microhabitat 
stimuli. 

OBSERVATIONS UNDERPINNING THE MODEL 

Five observations made in our collective studies of parasitoid foraging 
behavior inspired the model: (1) different stimuli evoke different responses or 
levels of response; (2) strong responses are less variable than weak ones; (3) 
learning can change response levels; (4) learning increases originally low 
responses more than originally high responses; and (5) for naive females, host- 
derived stimuli serve as key stimuli (rewards) in associative learning of other 
stimuli. 

Different Stimuli Evoke Different Responses or Levels of  Response 

A naive female parasitoid searching for hosts in which to lay eggs encoun- 
ters a variety of environmental stimuli. Consequently foraging typically involves 
a sequence of responses to some of these stimuli, first to the long-range cues 
(usually for locating and selecting proper habitats) and then to close-range cues 
(usually for detecting and selecting hosts). The stimuli and motor patterns 
evoked by them are diverse and include a variety of plant and host chemicals 
such as volatiles toward which the parasitoid walks or flies and nonvolatiles to 
which the parasitoid is arrested, antennates, or probes with her ovipositor. Stim- 
uli may also be physical in nature, including light, which induces migratory 
flight behavior, and sound or mechanical vibrations, which elicit orientation 
responses to hosts (see Vinson, 1976, 1981, 1984; Lewis et al., 1975; van 
Alphen and Vet, 1986). 

Let it be assumed that natural selection has set the strength of the response 
to each of the stimuli involved. The outcome of this selection will not be with- 
out some developmental constraint, but naive animals would nevertheless be 
expected to show the highest responses to those stimuli that, in evolutionary 
time, are predictably correlated with high reproductive success. Support for this 
functional argument is found in work with parasitoids of Drosophila larvae, 
where differential responses to odors from different host food substrates or from 
substrates in different stages of decay is adaptive (Vet, 1983; Vet et al., 1984; 
Vet and Janse, 1984). Differential responses (with or without plausible adaptive 
functions) are reported not only for several species attacking Drosophilidae (Vet 
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et a l . ,  1984; Vet, 1985) but also for parasitoids of other host types (e.g., Drost 
et al . ,  1988; Sheehan and Shelton, 1989; see also references given by Vinson, 
1976, 1981, 1984; Lewis et a l . ,  1975; van Alphen and Vet, 1986). 

It is not surprising to observe that parasitoids do not respond to each pos- 
sible stimulus with the same response intensity, as it is this mechanism that 
incites the expression of preferences, a phenomenon with an obvious function 

for each animal living in a complex environment where it has to make choices 
among the "bad,  good, better, or bes t ."  

Strong Responses  Are  Less  Variable  than W e a k  Ones  

Many investigators of parasitoid behavior have undoubtedly made the 
observation that the more strongly parasitoids respond to a stimulus, the less 

sensitive they are to all manner  of disturbance. The stronger the response, the 
more predictable its occurrence as can be quantified by calculating its coefficient 
of variation (CV) (Sokal and Rohlf, 1981). Table I shows data sets for three 

Leptopi l ina species. Females were allowed to search on a standard patch of host 
food substrate until they decided to leave. Animals with the same type of for- 

Table I. Comparison of the Variability (CV as %; See Text) of Responses (Average Search 
Times; s) of Animals with the Same Level of Experience Responding to Different but 

Comparable Stimuli ~ 

Average 
Experience on Searching on search time CV 

A. None (naive) M 211 58.8 
None (naive) AY 102 87.3 
M M 810 55.6 
M AY 179 83.2 
AY AY 569 62.7 
AY M 393 69.7 

B. B B 589 49.9 
B AY 97 87.1 
AY AY 247 83.4 
AY B 584 56.9 

C. M M + kairomone 415 39.6 
M M - kairomone 179 85.8 

a(A) L. heterotoma with three different experience treatments [naive; oviposition experience on 
mushroom (M) or on apple/yeast (AY) substrate]. Comparison of average search times on M and 
AY substrate patches. (B) L. fimbriata (specialist on decaying plant material) with two different 
experience treatments [oviposition experience on decaying beet leaves (B) or on AY]. Comparison 
of search times on B and AY substrate patches. (C) L. clavipes with oviposition experience on 
mushroom. Comparison of average search times on mushroom patches with and without host 
kairomone. A partly from Vet and Schoonman, 1988; B from Vet, Poolman Simons, and Suverk- 
ropp, unpublished data; C from Vet, 1985. 
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aging experience can be compared in their response to two different substrate 
types. The response to the substrate stimulus is expressed as the search dura- 
tion. Within each pair, the longest search time corresponds to the lowest CV, 
or in other words, strong responses are less variable than weak ones. There may 
be good physiological reasons for expecting this pattern in variability. When a 
response to a given stimulus is strong, it is less likely to be deflected by responses 
to other stimuli, as the insect is more liable to filter out and thus ignore sensory 
inputs from other stimuli that may evoke motor patterns different from that of 
the stimulus under investigation. This explanation appeals to the importance of 
allothetic mechanisms in the control of behavioral output (i.e., control by exter- 
nal information; see Visser, 1988). Additionally, motor patterns under strong 
allothetic control may be less susceptible to alteration by idiothetic mechanisms 
(i.e., under control by internal information). 

Learning Can Change Response Levels 

Studies on the influence of experience on foraging behavior in parasitoids 
focus on changes in what the animals respond to and/or changes in the strength 
of these responses, rather than the (probably less likely) modifications of the 
form of the motor patterns involved. 

Preadult Experience 

Parasitoids develop in and emerge from hosts. This specific environment 
can influence behavioral responses by the adult (e.g., Thorpe and Jones, 1937; 
Vinson et al., 1977; Smith and Cornell, 1978; Vet, 1983; Sheehan and Shelton, 
1989). The adult parasitoid's response is most likely modified prior to or during 
eclosion through a chemical legacy from previous developmental stages (Vet, 
1983, 1985; Corbet, 1985). Elegant experiments by Hrrard et al. (1988) with 
Microplitis demolitor females suggested that the cocoon is a potential source of 
information learned by the parasitoid during or just after emergence. A clear 
distinction between preadult and adult effects of experience on adult behavior 
is difficult to make (Vet and Groenewold, 1990). "Naive"  insects have had the 
least possible experience with the stimuli to which they will respond. We define 
a naive insect not as an insect without any experience, but as one which has 
had no experience beyond that which occurred during development within and 
eelosion from the host. 

Adult Experience 

Experience during the adult stage has more impact on subsequent behav- 
ioral responses than experience during development (Vinson et al., 1977; Jae- 
nike, 1983; Vet, 1983; Drost et al., 1988; Sheehan and Shelton, 1989). In the 
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case of parasitoids, hosts or host products serve as key stimuli (rewards) in 
association with which insects either (1) learn to respond to stimuli that previ- 
ously evoked no overt response (e.g., Vinson et al., 1977; Lewis and Tumlin- 
son, 1988; Vet and Groenewold, 1990) or (2) increase a preexisting but weak 
overt response to a stimulus (i.e., so-called "alpha conditioning"; see Carew 
et al., 1984; Gould and Marler, 1984). 

In Drosophila parasitoids, responses to microhabitat odors are strongly 
influenced by alpha conditioning (Vet, 1983, 1985, 1988; Vet and van Opzee- 
land, 1984; Papaj and Vet, 1990). Leptopilina heterotoma females dramatically 
increase their responses to stimuli after having encountered them in association 
with oviposition in host larvae. Females experienced with apple-yeast substrate 
respond significantly more strongly to the odor of an apple-yeast substrate than 
naive females or females experienced with another substrate [in olfactometers 
(e.g., Vet, 1988) and in mark-recapture experiments (e.g., Papaj and Vet, 
1990)]. Similar response increases to stimuli associated with hosts, and in some 
cases with host by-products only, have been demonstrated in several other par- 
asitoid species including other eucoilids (Vet, 1983; Vet et al., in preparation), 
braconids (Vinson etal . ,  1977; Drost etal. ,  1986, 1988; Tudings etal . ,  1989), 
tachinids (Monteith, 1963), ichneumonids (Arthur, 1966, 1971), aphidiidids 
(Sheehan and Shelton, 1989), and trichogrammatids (Kaiser et al., 1989). Var- 
ious types of stimuli can be involved in these learning processes. There are 
reports in the literature of parasitoid species learning odors, colors, and shapes. 

Learning Increases Originally Low Responses More than Originally High 
Responses 

With flies and parasitic insects it has been observed that responses to less 
preferred stimuli are influenced more by learning than responses to more pre- 
ferred stimuli (Jaenike, 1982, 1983, 1988; Prokopy et al., 1982; Vet and van 
Opzeeland, 1984; Kaiser et al., 1989; Sheehan and Shelton, 1989; Vet et al., 
in preparation). These observations may possibly account for the remarks of 
some colleagues working only with highly preferred stimuli, that " their"  spe- 
cies do not seem to learn. In some studies it is partly the method by which the 
behavioral response is measured that limits how much a response changes with 
experience. When responses are measured in terms of choice situations or per- 
centages--and so the behavioral measure has an upper bound of 100%--there 
may be little scope for learning. For example, in Asobara species, the prefer- 
ence for odors of originally less preferred host substrates is increased markedly 
by an oviposition experience on these substrates. No such measurable effect 
occurs with substrate odors that are originally more preferred, as an increase in 
preference for these odors is barely possible (Vet and van Opzeeland, 1984; see 
also Drost et al., 1986, 1988). 
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In conclusion, experimental data with parasitoids and flies suggest that this 
lower effect of learning on responses that are initially high is (although some- 
times a methodological feature), a true behavioral phenomenon. It may reflect 
the existence of a maximum response to a stimulus as set by physiological con- 
straints. 

For Naive Females, Host-Derived Stimuli Serve as Key Stimuli (Rewards) 
in Associative Learning of Other Stimuli 

As stated earlier, associative learning seems to be a major source of behav- 
ioral plasticity in parasitoids and other insects. Responses to stimuli can be 
acquired or enhanced by linking these stimuli to a key stimulus (reward). How- 
ever, what is the nature of these reinforcing stimuli for parasitoids? Naive insects 
foraging for food use stimuli unambiguously associated with feeding (e.g., sug- 
ars) as key stimuli (Papaj and Prokopy, 1989). It is no accident that these stim- 
uli are most frequently used in conditioning paradigms. They elicit responses 
which are strong and consistent. By analogy, we expect naive parasitoids for- 
aging for hosts to use stimuli unambiguously associated with oviposition as key 
stimuli, and not, for example, stimuli associated with finding the host habitat. 
This is in fact what is observed, for example, in L. heterotoma, which does not 
link a novel odor to the presence of a substrate, but to the presence of hosts 
(Vet and Groenewold, 1990). 

Current knowledge indicates that the key stimuli used by naive parasitoids 
in associative learning are always host derived. These stimuli themselves gen- 
erally elicit strong and predictable responses in naive animals. 

THE MODEL 

A simple conceptual model embraces these initial observations. It encom- 
passes that: First, parasitoids do not respond to each possible stimulus in the 
same way or to the same extent. Second, strong responses are less variable than 
weak ones. Third, learning can change response levels. Fourth, the extent to 
which experience alters a response depends on its original level and that learn- 
ing increases weak responses more than strong ones. Fifth, in naive individuals, 
stimuli that evoke high and predictable responses such as those derived from 
the host are most likely to function as a key stimulus to condition other stimuli. 

Response Potential 

We first postulate a unique response potential for each stimulus perceived 
by a parasitoid. Note that we are speaking of potential and not realized behav- 
ior. The response potential is a way of assigning all incoming stimuli a relative 
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value in common units regardless of whether those stimuli evoke fundamentally 
different responses. If, for example, the odor of a host substrate stimulates 
upwind anemotaxis in a parasitoid, any differences in the insect's walking speed 
in different odor plumes reflect differences in response potentials among the 
odors. However, for stimuli that evoke different behaviors (e.g., ovipositor 
probing vs flying in the presence of odor), response potentials cannot be com- 
pared readily by external observation alone. 

We assume that a maximum response potential exists for a naive individual 
of a given physiological state, developmental history, and genetic composition. 
This maximum is set by constraints on the motor patterns elicited by stimuli, 
e.g., a maximal walking speed or a maximum ovipositor-probing frequency. 

Ranking  o f  S t imul i  

In Fig. 1 all stimuli perceived by the insect are ranked according to the 
strength of their response potential in the naive insect. Each stimulus occupies 
a unique " s lo t "  along the response potential continuum. Stimulus $1 has the 
highest response potential and the response potentials to the different stimuli 
decrease along the abscissa. 

The sigmoidal shape of the distribution is based on the assumption that the 
distribution is actually composed of two types of stimuli: those with responses 
maintained by natural selection and those with responses maintained by con- 
straint. The first group of stimuli (i.e., those maintained by natural selection) 
involves some stimuli that are essential in the host-location process of the par- 
asitoid and that evoke very high, adaptive responses in the naive insect. We can 
think of indispensible host-derived stimuli that are used in the location or 
acceptance of a highly suitable host. They are situated on the left of the curve 
and show high response potential levels. Stimuli in the tail of the sigmoid involve 

Response 
Potential 
(RP) 

S I ~tirnulus rank Sj 

Fig. 1. Diagram of a female parasitoid's potential behavioral response 
to a variety of environmental stimuli. All stimuli perceived by the insect 
are ranked according to their response potential in the naive insect. Stim- 
uli beyond Sj are outside the range of sensory perception of the animal. 
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stimuli that evoke very weak, behaviorally neutral responses that are maintained 
by some constraint. Some of the latter stimuli may be components of, or may 
overlap with, the more important stimuli. It may not be cost effective or even 
possible to reduce these responses to zero. It may be that these behaviorally 
neutral responses act as a reference library which the animal employs as needed 
during associative learning. The part of the curve in between the stimuli with 
high and those with low response potentials are stimuli of intermediate value. 
"Stimuli" S > j are beyond the range of sensory perception of the animal. As 
these stimuli cannot be perceived, they can never be learned. This distinguishes 
them from other behaviorally neutral stimuli to which responses can be induced 
through learning. 

Experience 

We next assume that experience can change the response potential of a 
stimulus, and when it does so, it moves this stimulus from one slot to another. 
Since a given slot can hold one and only one stimulus, this change always 
causes some other stimuli along the continuum to be displaced as well. 

Variability 

We further assume that there is always some variability when we actually 
measure the o v e r t  behavioral response to a certain stimulus, even if the response 
potential remains constant. So given an insect of a particular genetic composi- 
tion, physiological state, and level of experience, the overt response can be 
predicted only with a certain error, as shown by the shaded area in Fig. 2. The 
magnitude of variability is assumed to depend on the strength of the response 

VARIABILITY OF RESPONSES 

:ted variat ion 
"t behavioura[ 
qse 

Vr;alize d stimulus rank 

Fig. 2, Relationship between response potential level and variation in over t  

behavoural response. For each stimulus the predicted variation is given by 
the height of the shaded area. The resulting pattern of variability in actual 
responses over the range of response potentials is given by the V~al~zea 
curve. See text for additional explanation. 
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potential. When response potentials are high, they show low variability within 
the individual. Although this assumption is mainly empirically derived, it may 
be based on a plausible physiological reason (see Strong Responses Are Less 
Variable than Weak Ones, above). Furthermore, between individuals we expect 
little variation when responses to stimuli on the left-hand side of the abscissa 
are measured. Natural selection not only has led to these response potentials 
being inherently high but also has probably reduced differences in the maximal 
level of these response potentials between individuals of a population, which 
again reduces the variability in responses measured. So when response poten- 
tials are high, actual responses appear constant and predictable, and when 
response potentials are lower, actual responses are assumed to show more vari- 
ability within and between individuals. These responses vary over successive 
measurements in an unpredictable manner. When response potentials are very 
low, there is in reality less and less room for variability in the actual response, 
simply because responses cannot be lower than zero. Thus, extremely low mean 
responses may actually be associated with reduced variability than occurs with 
slightly higher mean responses. The resulting pattern of variability in actual 
responses over the range of response potentials is portrayed by the curve of 
realized variability (V~ealized) positioned vertically on the left-hand side in Fig. 
2. 

Key Stimuli 

Finally, we assume that whether a stimulus can serve as a key stimulus 
(reward) for another stimulus in associative learning depends on the position of 
the two stimuli on the response potential continuum. Specifically, stimuli with 
the higher response potentials will be most likely to condition responses to stim- 
uli with lower response potentials in associative learning. Moreover, we assume 
that the higher the response potential of the key stimulus, the greater the behav- 
ioral change it induces. 

Synopsis 

Figure 3 presents a flow diagram of the major concepts of the model. The 
central idea is the response potential. The lines indicate an influence or deter- 
mination of one factor upon another, the arrows specifying the direction in 
which this occurs. This system is couched within the internal and external envi- 
ronment of the parasitoid. 

HYPOTHESES RELATED TO THE MODEL 

We can easily see that the model embraces each of our initial observations, 
hut furthermore, it enables us to formulate various testable hypotheses. 
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c ,err o~ 

environment 

Fig. 3. Flow diagram of the major concepts of the variable-response model. 
For explanation see text. 

W h e n  Learning Changes the Response to a St imulus ,  I t  Should Change  

the Variability of that Response Accordingly 

Since learning usually increases the response to a stimulus, it should also 
reduce the variability of that response. Thus in general, the responses of naive 

individuals should be more variable than those of experienced individuals. Sev- 

eral examples suggest this to be the case. Naive and experienced L. heterotoma 
females differ in their variability (CV) in the time spent searching on two sub- 

strates (Table II). After an oviposition on a substrate the time spent searching 

on that substrate increases and becomes less variable. Similarly, Trichogramma 

evanescens responds to a sex pheromone of its host, Mamestra brassicae, in a 

Table II. Comparison of the Variability (CV as %; See Text) of Responses (Average Search 
Times; s) of L. heterotoma Females with Different Levels of Experience (Either No 
Oviposition Experience or Oviposition Experience on Beet (B) or Apply/Yeast (AY) 

Substrate) Responding to the Same Stimulus a 

Experience on Searching on Average search time CV 

None B 458 101.1 
B B 2657 69.5 

None AY 376 71.8 
AY AY 1366 41.3 

aFrom Vet and de Moed, unpublished data. 
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Fig. 4. Relationship between mean response (arrestment response 
as s) and variability of this response (coefficient of variation = 
SD x mean-' x 100%) for Trichogramma evanescens in an odor 
plume of host sex pheromone. Each square represents females 
within a particular experience treatment (e.g., oviposition expe- 
rience, experience with sex pheromone, no experience). See text 
for additional information. Data from Noldus et al. (in prepara- 
tion). 

wind tunnel ,  i .e . ,  uses it as a ka i romone  (Noldus,  1988; Noldus  et  a l . ,  1988). 

The respnse is expressed as the durat ion of  arrestment  on a platform in the odor 
plume.  Different experiences inf luence the mean  durat ion (Noldus et a l . ,  in 

preparation) which correlates with a significant  decrease in variabil i ty (Fig. 4). 

F inal ly ,  Exer i s t e s  robora tor ,  an i chneumonid  parasitoid,  was exposed to one 
of  three condi t ion ing  treatments:  (1) a natural  host and habitat,  (2) no exposure 

(naive),  or  (3) condi t ion ing  to a factitious host in an artificial habitat [Table III; 

based on Wardle  and Borden (1986)]. Its response to a natural  host was then 
measured.  The responses of  the naives  varied more  than those of  females expe- 

r ienced on the natural  host. Exper ience with the " w r o n g "  host and habitat  

Table III. Comparison of the Variability (CV as %; See Text) 
of Responses to Rhyacionia buoliana-Infested Scots Pine by the 
Parasitoid Exeristes roborator in Three Experience Groups: I, 

Oviposition in R. buoliana in Scots Pine; II, Naive; III, 
Oviposition in Galleria mellonella in Egg Cups" 

Experience Average time/female 
group spent probing (min) CV 

I 23.3 83.7 
II 18.2 98.9 
III 3.4 205.9 

aBased on data from Wardle and Borden (1986). 
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significantly reduces its response to natural hosts and simultaneously increases 
the response's variability. 

The Magnitude of the Change in Response for a Given Stimulus with a 
Given Experience Depends on the Level of the Original Response 

If a given experience increases a stimulus' rank order with a certain number 
of steps, the change in its response potential will depend on its original position 
in the rank order. If it was ranked either low or high, then its response potential 
will change relatively little. If it was of intermediate rank, then the change will 
be larger (Fig. 2). This may explain the observations by Lewis and Tumlinson 
(1988) in which M. croceipes rapidly learned some plant odors but exhibited 
more limited learning of other odors, e.g., vanilla (which is originally behav- 
iorally neutral and so situated on the far right of the stimulus rank axis). 

A number of stimuli with high response potentials will even evoke responses 
that are not variable and not subject to modification by experience. These stim- 
uli include those that trigger motor responses known as "fixed-action patterns" 
(Manning, 1972; Alcock, 1984). 

A Change in Response to a Stimulus Exerted by Experience Can Change 
Responses to Other Stimuli 

When experience increases the response potential of a stimulus, i.e., 
increases its rank order, other stimuli will be displaced and their rank order 
(response potential) will decrease. Furthermore, the response potential of sev- 
eral stimuli may increase in concert due to experience. This phenomenon has 
been shown for parasitoids (Vet and van Opzeeland, 1984; Drost et al., 1988; 
Turlings et al., 1989; Eller et al., in preparation). Note that by increasing the 
rank order of one stimulus, the response potentials of some stimuli will change 
while those of others remain unaffected. This pattern, in which experience with 
a given stimulus affects the response to other stimuli to differing degrees [= 
cross-induction of Papaj and Prokopy (1986)], has been shown for sapropha- 
gous and fmgivorous insects (Jaenike, 1983; Papaj and Prokopy, 1986; Papaj 
et al., 1989). Such cross-induction may be a selectively neutral but physiolog- 
ically unavoidable side effect of other response modifications that are adaptive. 
It remains to be examined in parasitoids. 

The Response Pattern Exhibited in a Choice Situation Will Be Dictated 
by the Rank Order of the Stimuli Involved 

If animals are faced with comparable stimuli (such as odors from different 
host plants), they should prefer the stimulus with the highest response potential. 
If the response potential is modified sufficiently through experience, learning 
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may reverse the preference. For example, if L. clavipes, a parasitoid of mush- 
room-feeding Drosophila, is reared on a yeast substrate, its response to yeast 
odor increases but the increase is insufficient to displace the response to mush- 
room odor. However, if it oviposits in hosts on yeast, it prefers yeast odors to 
those of mushroom (Vet, 1983). 

Key Stimuli Are Expected Most Often to Be Those that Evoke Strong 
Responses in Naive Individuals, but Any Stimulus Whether or Not It 

Evokes a Strong Response in a Naive Individual Can Potentially 
Act as a Key Stimulus for Other Stimuli 

If we look at animals other than parasitoids, the stimuli (sugar, shock, poi- 
sons, etc.) most frequently used in conditioning paradigms are exactly those 
that elicit strong and consistent responses. In parasitoid foraging, oviposition- 
related stimuli and, generally speaking, host-derived products elicit the least 
variable of all responses in the naive female (Zanen et al., in preparation), and 
to the best of our knowledge, it is these stimuli that function as key stimuli in 
associative learning. The model assumes that the key stimulus with the highest 
response potential will give the strongest reinforcement. Such high-response 
stimuli are likely to be closely and reliably linked with the material presence of 
a host and its suitability for larval survival. By using such stimuli as the pre- 
dominant reinforcers in associative learning processes, the insect can freely 
increase its responses to stimuli which are not reliable predictors of host pres- 
ence and suitability in the long term (i.e., over evolutionary time) but which 
happen to be predictors of host presence and suitability in the short term (i.e., 
over the lifetime of the insect). 

The idea that any stimulus can potentially act as a key stimulus may account 
for the phenomenon of second-order conditioning. Second-order conditioning 
occurs when a stimulus that has been conditioned by a key stimulus becomes 
itself a key stimulus (Sahley, 1984). As the response potential of this condi- 
tioned stimulus increases in our paradigm, it displaces increasingly more other 
stimuli and is increasingly likely to be effective as a key stimulus for other 
stimuli. Second-order conditioning has been found in a variety of vertebrates 
and invertebrates (Sahley, 1984), including bees (Menzel, 1983), but has never 
been investigated in parasitoids. 

Therefore one of the major insights of our model is perhaps this implication 
that many more types of stimuli can act as key stimuli than has been previously 
assumed, including stimuli that originally elicit little or no overt behavioral 
response in the naive insect. Our model suggests that the number of key stimuli 
used by a parasitoid in learning will increase as increasingly more stimuli are 
"confirmed" to be reliable predictors of host presence and suitability. Through 
this second-order conditioning, the insect effectively constructs a hierarchy of 
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biologically meaningful causal relationships over the course of its foraging life. 
Acquiring a large and reliable set of key stimuli may increase the rate at which 
the insect learns. If this faster learning confers some reproductive benefit upon 
the individual, the accumulation of key stimuli should have some selective 
advantage. 

The Shape of the Response Potential Curve Will Differ Among Species 
and Will Reflect the Ecological Circumstances Within Which 

the Species Operates 

Much attention has been devoted to the differences in foraging strategies 
between generalist and specialist species (e.g., Waage, 1979) and, in particular, 
to the possible correlation between niche breadth and learning ability (Arthur, 
1971; Cornell, 1976; Daly et al . ,  1980; Gould and Mailer, 1984; Vet and van 
Opzeeland, 1984; van Alphen and Vet, 1986; Papaj and Prokopy, 1989). It is 
usually postulated that generalist species (because of their more variable envi- 
ronment) will more ably learn than specialist species. For insects the evidence 
for this is conflicting (Papaj and Prokopy, 1989). Perhaps we can add some 
"food for thought" from the viewpoint of this variable-response model. The 
shape of the response curve itself can be expected to differ among species and 
to reflect the ecological circumstances within which each species operates. If 
the area under the response curve is constrained and remains relatively constant 
across--related?--species, we might expect that generalist species have a flatter 
distribution of response potentials than specialists (Fig. 5). As a general rule 
based on our model, we expect specialists to show less variability in their 
responses than generalists, with regard to the stimuli which they are specialist 
or generalist for. In addition, we can argue that as the fraction of intermediate 
response potentials is greater in generalists than specialists, the breadth of what 
can be learned is expected to be greater in generalist species. For parasitoids 
there is some evidence that both generalists (e.g., Arthur, 1966; Vet and 

~ specialist 
Response \ ----- generalist 

P~ l \\ 

stimulus rank 
Fig. 5. Differences in response potential curves between specialist and 

generalist parasitoid species. See text for additional explanation. 
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Schoonman, 1988; Turlings et al . ,  1989) and specialists (e.g., Arthur, 1971; 
Vet, 1983; Vet and van Opzeeland, -t984; Sheehan and Shelton, 1989) can learn 
but not enough data exist to make a meaningful comparison of their relative 
learning ability. Present data include work on only distantly related species. 
Any comparison would risk erroneously attributing differences in learning to 
differences in diet breadth when in fact they are due to other factors, for exam- 
ple, differences in phylogeny (Papaj and Prokopy, 1989). We suggest that the 
lack of consensus with regard to the learning abilities of specialists and gener- 
alists may be due in part to the failure to test enough stimuli over the possible 
range of response levels. 

CONCLUDING REMARKS 

The effect of experience on the mean and variability (and thus predictabil- 
ity) of behavioral responses has interesting implications for the use of parasi- 
toids in biological control. An improved predictability of natural enemy behavior 
will stimulate application of biological control (Lewis et al. ,  1990). Unpre- 
dictable behavior can hamper the development of reliable introduction schemes, 
can lead to disinterest in the biological control method, and can result in the 
release of exorbitantly high numbers of animals, leading to high control costs. 
The postrelease migration behavior of parasitoids away from the target area is 
considered a special problem (e.g., Ridgway et al. ,  1981; Keller et al. ,  1985). 
Increasing the mean and reducing the variability of the response to target stimuli 
through experience could considerably alleviate this problem. 

Although our model implies that all learning in parasitoids can be reduced 
to simple associative processes where a reinforcement increases the response to 
some other stimulus, it easily includes other effects of experience where an 
obvious reinforcement is lacking (e.g., sensitization and habituation). 

A behavioral repertoire is a complex process, influenced by genes, envi- 
ronment, physiology, and experience. Being aware of this complexity, we 
merely present a tool to simplify and clarify the effect of experience on behav- 
ioral responses and variability in those responses. The simplicity of the model 
enables us to formulate clear and testable hypotheses bearing on the desired or 
unavoidable manipulation of natural enemies, interspecific differences in behav- 
ioral plasticity, and learning mechanisms. Many of the above-mentioned 
hypotheses remain to be tested for foraging parasitoids as well as for other 
animals. For our own research the heuristic value of the model is already clear. 
Previously anecdotal behavioral data with several different species are now 
within a conceptual framework which is open to experimental testing. 
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