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Preface

The first volume of Chemical Ecology of Insects was published ten years ago.
Then this field was characterized by rapidly expanding knowledge of the chemical
structures used by insects in a variety of tasks: communication, defense, and
finding and identifying resources. In parallel, the plant and animal resources
exploited by insects were documented to invest in chemicals to manipulate
insects’ behavior and physiology. The ecological complexities of these interac-
tions, however, were often unapparent. For example, although odor plumes were
known to have considerable fine-scale structure, the significance of such wispiness
to the orientation maneuvers of flying insects was not suspected. Similarly,
although a few early studies implicated learning in the recognition by wasp
parasitoids of chemical cues from their prospective hosts, the widespread nature
of this phenomenon remained to be uncovered. These examples illustrate the
point that our understanding of the ecology of interactions mediated by these
chemicals often lagged behind our ability to characterize the chemicals them-
selves.

The current volume brings together a narrower selection of reviews than did
its predecessor. Our intent has not been to span the entire field of insect chemical
ecology—given the growth of knowledge in this area, such a task now would
of necessity cover topics superficially. Instead, we have selected topics that offer
a perspective on some of the most interesting advances in insect chemical ecology.
We encouraged the authors to provide proximate examinations of the ways in
which chemical cues modify ecological interactions and to speculate when feasi-
ble on the ultimate selective forces that maintain and may have molded these
relationships.

Chapter 1 offers a compelling case for abandoning a “chemocentric” approach
to understanding how insects react to chemical cues, and instead for developing
assays that account for the integration of sensory modalities in behavior output.
Chemoreception and integration also are considered in two chapters of the wide-
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spread role of prior experience in host finding and acceptance. Chapter 2 reviews
the effects of epxerience in host acceptance by herbivores, and Chapter 3 examines
how experience modifies searching for and accepting of a host by parasitoids.
Chapter 4 considers the topic of detecting and then locating chemical resources,
offering new perspectives on the diversity of strategies available.

The complexities of plant-insect interactions are reviewed in the cases of bark
beetles (Chapter 5) and Pieris butterflies (Chapter 6). The last section focuses
on insect-insect interactions. The behavioral ecology of trails and territories in
social insects is examined in Chapter 7, and in Chapter 8 the role of chemical
signals in nest-mate and mate recognition is analyzed. Chapter 9 details a special-
ized example of chemical communication and its exploitation: pheromones of
true bugs and their use by parasitoids as kairomones. In Chapter 10 cases of
chemical espionage and deceit among inquilines and slavemakers offer the most
complex examples of the exploitation of chemical signals.

One value of such reviews lies in their identification of the boundaries of our
current knowledge and the prospect of identifying the most profitable areas in
which we should expect these topics to develop. A consensus in these reviews
may be that assays of insect behavior conducted in the field or incorporating a
realistic simulation of field conditions will prove instructive to establishing natural
patterns of response and variation in behavior. In turn, these observations can
help identify the most relevant cues to incorporate into laboratory tests that seek
to partition the importance of chemical and other sensory inputs.

We thank John Byers for his suggestions on the organization of topics and
Greg Payne, our editor at Chapman and Hall, for his patience throughout this
project’s somewhat long gestation.

Ring T. Cardé, William J. Bell
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“All behaviour is the product of central nervous integration of different stimuli from both
outside and inside the insect, and likewise of different responses.”

—1J.S. Kennedy (1978).

1. Introduction

Chemicals are involved in mediating a wide range of insect behaviors, from
communication between conspecific individuals to the recognition of specific
features of the environment, such as a food source. Anyone who has observed
the effect of a chemical on the behavior of an insect cannot fail to be impressed
by the apparent power of the chemical. Metcalf and Metcalf (1992) related how
their interest in chemical ecology was stimulated upon observing the extraordinary
response of the oriental fruit fly to the plant kairomone methyl eugenol. “We
vividly recall walking into our bedroom where a handkerchief with a trace of
methyl eugenol was left, to find a screened window several meters away literally
black with bemused Dacus dorsalis males.”

The powerful effect that chemicals can have on the behavior of insects may
give the impression that such behaviors are controlled by chemicals, that is, that
the behavior is merely a stereotyped response to a chemical stimulus (or stimuli).
Despite the apparently powerful behavioral effects of chemicals, it is generally
accepted that the behavior of insects is not controlled by any one external stimulus
(chemical or otherwise), but is mediated by a large number of external and
internal stimuli (Kennedy, 1978). As Prokopy commented “There may in fact
exist few, if any, cases wherein an insect uses only a single sensory modality
to find a resource” (Prokopy, 1986).

While there can be little question that any behavior of an insect is mediated

'Dedicated to the memory of Professor J.S. Kennedy
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by a large number of internal and external stimuli, it is probably not unfair to
say that most studies of insect behavior (involving chemical or other stimuli)
are primarily concerned with one stimulus (or one class of stimulus) and its
effect on the behavior. Although such studies are necessary in order to elucidate
the stimuli that are involved in a behavior, they ultimately fail to tell us how an
insect uses and processes multiple stimuli, and hence how the behavior is orga-
nized in the central nervous system (CNS) and what causes the behavior (i.e.,
its mechanism).

In this chapter, we consider the chemically-mediated behavior of insects and
how it results from the processing of a variety of inputs from chemical, other
external, and internal stimuli. The processing of inputs is a physiological phenom-
enon, and the discussion of the processing of chemical and other inputs in insect
behavior has largely been restricted to a neurophysiological perspective (Horn,
1985; Light, 1986; however, see Prokopy, 1986). A major aim of this chapter
is to discuss this physiological phenomenon from a behavioral perspective. In
particular, we consider what the behavioral manifestations of the processing of
multiple inputs may be, and how these may be studied. By so doing, we hope
to encourage more study on multiple inputs in behavior and a greater meld of
physiological and behavioral studies investigating this phenomenon.

We used the quote by J.S. Kennedy at the start of this chapter because of its
pertinence. While we were writing this chapter, J.S. Kennedy passed away. His
contributions over the last 50 or so years to the study of insect behavior have
been immense. Our ideas in this chapter have been strongly influenced by his
work, and we sincerely hope that this chapter, in some way, reflects this.

2. Behavior and its Causes

Before discussing chemically-mediated behaviors, it is necessary, first, to define
what is meant by the term behavior. Dawkins (1983) described it as: “In one
sense, behaviour is nothing but movement—the movement of whole animals in
space . . . In another sense behaviour is much more. The movements we see
are simply the outward and visible signs of highly complex ‘programs’ or se-
quences of instructions to the muscles.” Behavior is therefore, movement, be it
of part of an organism (e.g., the antennae), of a whole organism, or of a
group of organisms (e.g., the migratory flight of a swarm of locusts), and the
physiological basis of that movement.

In behavior, movement is rarely studied for its own intrinsic interest. Rather,
movement is studied, generally, in order to find out what causes the movement.
Tinbergen (1951, 1963) formulated four questions concerning behavior and its
causes: (1) What is the mechanism of the behavior (i.e., its immediate cause)?
(2) How does the behavior develop over the lifetime of an individual? (3) How
did the behavior evolve? (4) What is the function of the behavior? In this chapter
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we are principally concerned with the first of these questions, a question, as
pointed out by several authors (Dawkins, 1989; Kennedy, 1992), that has been
less fashionable in recent years than the questions concerned with function and
evolution.

To understand a behavior and its immediate cause, ideally one would character-
ize the stimuli (we use the term stimulus for the actual factor or event that is
sensed by the nervous system), the various inputs (we use the term input for the
signal generated from the stimulus that is sent to the CNS) and how they are
processed by the CNS, the motor programs that control muscle movements,
and the actual movements that result. Although physiologists are attempting to
understand behavior in this way (Camhi, 1984), the complexity of the CNS, and
the way it processes inputs and regulates outputs, will defy such an understanding
for many years. Thus, most researchers interested in behavior do not attempt to
understand it at a level that is purely physiological, but rather at a higher,
behavioral level. That is, they attempt to understand a behavior in terms of the
organization of the movements, and how these movements result from particular
combinations of stimuli (or inputs).

3. Studying Behavior
3.1. Classifying Behavior

To study a behavior, the behavior must first be defined, in order that it may be
separated from other movements (or behaviors) of the insect. The most usual
way to define a particular behavior is to classify it according to an obvious
function, such as finding a mate or a host, and limit it to the events that appear
most relevant to the perceived function.

This classification of behaviors along perceived function is the one we shall
use in this chapter. However, we use it with caution, as a functional classification
has several problems. First, it may give the impression that the life of an insect
can be partitioned into discrete phases, each of which can be studied separately
from all others. In many insects, the end of one functional class of behavior and
the beginning of the next may be unclear (e.g., egg-laying and nectaring bouts
in female butterflies). A functional classification of a behavior also tends to focus
on the endpoints of the behavior (e.g., copulation, feeding, oviposition), as
though these somehow encapsulate all the relevant movements that have preceded
the endpoint. In this way, studies on the endpoint of the behavior are sometimes
substituted for studies on all the movements that lead to (and often follow) the
so-called endpoint. As we shall demonstrate, an understanding of a behavior and
its immediate cause can only be achieved through studying the whole behavior,
not just its endpoint. That is not to say that studying the endpoint of a behavior
is not useful. The endpoint is often, somewhat paradoxically, a useful starting
place to work backward from and identify the movements which are associated
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with it (Martin and Bateson, 1986). A final problem worth mentioning is that a
functional classification of behavior implies that the insect carries out the behavior
with some preconceived goal. Kennedy has discussed the hazards of such teleolog-
ical thinking in mechanistic behavioral studies on numerous occasions [see, for
example, Kennedy (1992)].

Despite the problems with a functional classification of behavior, it is probably
the one most commonly used, especially in the area of chemical ecology, and,
if somewhat problematical, it is nevertheless convenient, brief, and easily under-
stood.

3.2. Behavioral Inputs

The quote by Kennedy at the start of this chapter states that there are internal
and external stimuli that generate inputs for a given behavior. The inputs are
generally classified according to their action on three classes of senses: enterocep-
tive, proprioceptive, and exteroceptive (Schmidt, 1978). Enteroceptors monitor
the internal physiological state of an animal, and include receptors that sense
temperature, and concentrations of critical physiological chemicals. Propriocep-
tors provide information on relative positions, and changes in these positions,
of parts of the body, including internal organs. Exteroceptors sense events external
to the insect, and include the commonly known visual, chemical, and mechanical
senses (amongst others).

While these distinctions between different classes of senses are made, it should
be noted that often there is no such clear distinction; so-called exteroceptive
senses can be used as proprioceptive senses as, for example, vision in monitoring
self-movement. It is also worth noting that a given stimulus does not generate
the same input in all contexts. The input generated by a particular stimulus is,
for example, dependent upon the physiological state of the insect (see Blaney
et al., 1986, Davis, 1986), and upon the behavior of the insect. Thus a flying
insect will perceive the stimuli from a plant quite differently than will a stationary
insect. As most behavioral studies characterize the stimulus rather than the input
for a given behavior, it is critical, therefore, that the behavioral and physiological
context in which the behavior is carried out is characterized as completely as
possible.

3.3. Behavioral Outputs

The first step of any behavioral study is informal observation, the purpose being
to define discrete and quantifiable units of the behavior [see Martin and Bateson
(1986), for a discussion of this process]. The units of a behavior can be based
on many things such as posture (e.g., arching of the abdomen), movements
(e.g., rapid fanning of wings), spatial relationships to other individuals (e.g.,
the distance of a male from a calling female) or specific features in the environment
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(e.g., a plant), or the consequences of the behavior (e.g., find a mate). It is
important that the units of a behavior be defined as precisely and objectively as
possible and are easily recognizable, so that other researchers studying the same
behavior can observe and measure the same units.

Consider the egg-laying behavior of mated female Hessian fly, Mayetiola
destructor, a herbivore that specializes on wheat and related grasses. The move-
ments that lead to the laying of eggs by mated Hessian fly females may be
divided into movements that occur before, during, and after landing (Harris et
al., 1993; Withers and Harris, unpublished). This effectively divides the time
spent off and on the plant. Within each of these three broad divisions, several
distinct units can be recognized. There are several types of flight (i.e., movements
before landing): relatively straight and rapid flights from one plant to another;
circular flights, which take the female back to the same group of plants; slower
zigzagging flights between and around groups of plants; and vertical flights which
take the female out of the plant canopy. There are also different types of landing
movements: some females fly directly to the plant and land without hesitation,
while others hover within 1 cm of a plant, during which their antennae, legs,
and tip of their abdomen may contact the plant surface, and then land. Once on
a plant, several other units of behavior can be distinguished: extension of the
ovipositor, arching of the abdomen, movement of the abdomen from side to side
across the leaf surface, antennating the leaf surface, laying an egg, walking up
and down the leaf, and remaining motionless, in one of several postures, on the
leaf.

The choice of units to be studied for a particular behavior is made usually on
the basis of what is obvious and considered important to the behavior or to the
hypothesis being tested. Because the amount of data increases with the number
of units studied, it is usually necessary to limit the number of units recorded for
a given behavior, especially if the number of experimental treatments or the
number of individuals being tested for each treatment is large. Thus, the definition
of units for a given behavior is a compromise between describing precisely the
behavior and the amount of data able to be observed or analyzed.

Even the most comprehensive behavioral study is, however, a simplification
of what the insect is actually doing. It generally assumes that the behavior or
each of its units is independent of other behaviors or units (see Section 4.2 for
a more thorough discussion of this point). Furthermore, by defining a stereotypical
series of movements or postures as a single unit of behavior, there is a tendency
to assume that the unit is immutable, when in fact the unit may vary in subtle
ways over time or in slightly different contexts. For example, locusts will stop
walking when subjected to certain intensities of pulses of 3-kHz sound. However,
locusts that have walked for a long period will stop when subjected to pulses of
lower intensities of this sound than locusts that have walked for a relatively short
period (Moorehouse et al., 1987). Thus, as discussed for stimuli, the context in
which behavioral units are studied is very important.
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3.4. Studying Input-Output Relationships

Once measurable units of a behavior have been identified, the causes of the
behavior can be determined experimentally. Halliday and Slater (1983) described
the method by which this is done: “To study behaviour at its own level is to
treat the animal as a black box, modifying the stimuli that impinge upon it and
seeing how these affect its behavioural output without being concerned too deeply
with the exact nature of the intervening mechanisms . . . This enables behaviour
to be predicted, to be changed and its causes understood without any direct
knowledge of the mechanisms within the animal for translating the various inputs
into the output.”

Using this black box method (Fig. 1.1), it is evident that understanding the
behavior and its immediate causes is dependent on (1) the detail of the behavioral
analysis (i.e., the number of behavioral units composing the behavior that are
measured); and (2) the researcher’s ability to describe and quantify the various
inputs that influence these outputs. In most cases, the inputs for a given behavior
are not studied directly (i.e., by electrophysiological methods), but rather are
characterized in terms of their respective stimuli (e.g., an amount of a specific
chemical) or by simply stating a gross change in the external or internal environ-
ment of the test insect (e.g., the addition of a virgin female; the precise stimuli
associated with that female and perceived by the male are not characterized).

To prove that a particular stimulus is involved in (i.e., generates an input for)
a particular behavior, it is necessary first to isolate the stimulus and to demonstrate
that it elicits a behavioral response within the normal context of the behavior.
However, the isolation of a particular stimulus (and therefore its effects) is not
always facile. For example, the predatory beetle, Rhizophagus grandis, flies
upwind in response to odor from the frass of its prey, the bark beetle, Dendrocto-
nus micans. In a series of experiments designed to elucidate the effect of visual
and mechanical effects on the odor-mediated flight and landing behaviors of R.
grandis, Wyatt et al. (1993) found that the beetles responded equally well to a
hidden (by a mesh screen) Mylar object as to a black silhouette drawn on the
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Figure 1.1. The “black box” approach to studying behavior, illustrated here for a single-
input-output approach. The experimenter changes the stimulus and quantifies the change
in movement of the insect.
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screen plus the hidden Mylar object, suggesting that the turbulence induced by
placing the object in the tunnel had a more significant effect on the behavior of the
beetles than did the visual silhouette. However, as pointed out by the authors, Mylar
reflects some ultraviolet light and hence may have been visible through the screen.
Furthermore, while the turbulence created by the object may have affected the
behavior of the insect (rather than, or in addition to, visual inputs associated with
the object), precisely how this turbulence affected the sensory input of the insect
is unknown. The turbulence, for example, may be sensed directly, through mecha-
noreceptors, as abruptchanges inairmovement. Alternatively, the turbulence could
affect the structure of the chemical plume, which would change the inputs from
chemoreceptors and result in different flight maneuvers.

The principal aim of any study of the immediate cause of a behavior, is,
however, not to isolate a particular stimulus and demonstrate whether it elicits
a change in the behavioral output, but to understand and characterize the range
of stimuli or inputs that elicit the complete behavioral output. In most studies,
the stimuli to be studied are usually narrowed initially to those that are more easily
manipulated or to those that are of interest to the researcher. Not surprisingly,
in the field of chemical ecology the stimuli most commonly studied first are
chemicals.

The approach used to elucidate whether a particular chemical is involved in
an insect behavior is to study the relationship between the chemical and the
behavioral output. The simplest way to do this is to change a single, highly
defined, chemical stimulus within a context of otherwise unchanged stimuli. We
will refer to this as the single input-output approach. This single input-output
approach can be carried out in one of two ways: (1) In a laboratory assay in
which all stimuli except the chemical one are simplified and standardized; and
(2) in field or near-field assays in which the chemical stimulus is tested in a
context of natural stimuli. In the study of chemically-mediated behaviors, the
former way has probably been used more commonly, because it allows, among
other things, experimentation all year round and at convenient times of the day,
greater control over the stimuli involved in (and hence the inputs to) the behavior,
and more detailed observation on the changes in the behavior. Several laboratory
assays, such as y-tube olfactometers, four-arm olfactometers, and wind tunnels
[see Baker and Cardé, (1984)], have been developed and used prolifically for
studying input-output relationships between chemicals and particular behaviors.
The widespread use of these standardized assays has resulted in a consistency
in approach, as well as in the behavioral units used, in the study of chemically-
mediated behaviors.

While such laboratory studies have the above advantages, they also have the
drawback that they can yield false, negative results. For example, a chemical
(or any other) stimulus can appear to have no effect because the response to that
stimulus only occurs in the presence of some other input(s) which may not be
present, as is evident in a study of the host-finding behavior of alfalfa seed
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chalcids (Kamm, 1990). In this study, adult females flew to sources of host-
plant odors in the greenhouse, but not in artificially illuminated laboratory assays.
By manipulating the light source, it was found that oriented flights to plant odors
only occurred when the test arena was illuminated with polarized light.

Studying the chemical input(s) to a behavior within a natural or near-natural
context makes it more likely that most, if not all, of the important stimuli for a
behavior will be included in the assay. However, this approach by itself does
not allow the identification of other inputs involved in or necessary to the behavior,
such as the effects of polarized light in the seed chalcid example. Therefore,
when studying the single input-output relationship between a chemical (or any)
stimulus and a behavioral output, it is better to utilize both approaches (i.e.,
laboratory and more natural assays), and compare the respective behavioral
outputs. If the behavioral output elicited by a stimulus in a more natural context
cannot be repeated in a laboratory assay, it usually implies that inputs present
in the natural assay are lacking in the laboratory assay; conditions in the natural
assay can then be varied systematically until other inputs influencing the behavior
are identified. Similarly, if a behavioral output is elicited by a stimulus in a
laboratory assay but not in a more natural assay, the laboratory assay can be
made progressively more complex to determine what other factors, in nature,
influence or mask the behavioral output.

The single input-output approach for studying behavior is useful in that it
usually requires a small number of experimental treatments (generally just the
treatment or various levels of a single treatment and a control) and the statistical
analysis of the resulting data is generally straightforward. Perhaps, most impor-
tantly, this approach provides a useful starting place for studying, individually,
each of the stimuli (and inputs) for a given behavior. In chemically-mediated
behavior, this usually directs the researcher to examine chemical stimuli first.
However, once the behavioral effects of the chemical stimulus (or stimuli) have
been established, the same single input-output approach can be used to explore
other external and internal stimuli influencing the behavior.

Although useful, the single input-output approach is restricted in what it is
actually able to tell us about the causes of behaviors. Often this approach tends
to limit the researcher to focus solely on the stimulus being tested, and the actual
behavior of the insect is used as a means of documenting the effect of the
stimulus. This approach can “imply that each response has one self-sufficient
kind of stimulus, as if each kind of stimulus acted on its own. This is to lose
sight of the rich variety of interactions that are known.” (Kennedy, 1965).

To think of behavior as a response to an input is to ignore the complexity of
behavior and the cardinal role of the CNS to process or integrate sensory inputs
and organize the behavior. In the remainder of this chapter, we will discuss the
“variety of interactions that are known” within the context of the integration of
chemical and other inputs by the CNS.
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4. Behavior and Integration of Inputs
4.1. The Physiological Basis of Integration

Integration is the combination of parts into a whole. Thus, the integration of
sensory inputs in a behavior must involve a convergence and physiological
processing of two or more inputs (external or internal). In theory, the integration
of different inputs can occur anywhere within the nervous system. However, in
practice, sites of integration have proven more likely to be found in higher levels
than in lower levels of the nervous system (Horn, 1985).

Much of the physiological evidence for the integration of a chemical input
with other external (including chemical) inputs comes from the discovery of
neurons within the CNS that respond to multiple inputs (usually from peripheral
stimulation). Most commonly, neurons of this type that respond to a particular
chemical input also respond to other chemical, mechanical, or visual inputs.
Multimodal neurons, coding information about chemical and other external stim-
uli, have been found in a range of insects including crickets (Schildberger, 1984),
bees (Homberg, 1984), cockroaches (Waldow, 1975), and moths (Olberg and
Willis, 1990). The existence of such neurons implies that these different inputs
converge and are therefore integrated within some structure of the CNS (not
necessarily inside the neuron for which the electrophysiological recordings have
been carried out).

The integration of olfactory inputs with other inputs has proven particularly
amenable to investigation. Information generated from the perception of chemi-
cals by an insect antenna goes to the deutocerebrum and then onto the protocere-
brum. It appears that much of the processing and integration of chemical inputs
from the antennae and other inputs occurs within these structures of the CNS.
The distinct antennal receptor neurons sensitive to the different components of
the sex pheromone of a moth, such as Manduca sexta, terminate within structures
called glomeruli in the deutocerebrum (Hildebrand and Montague, 1986). In
both of the moths, M. sexta and Agrotis segetum, the arborizations of different
populations of receptor neurons terminate primarily in distinct glomeruli, al-
though some neurons appear to have arborizations in more than one glomerulus.
This suggests that the integration of the inputs from the different pheromone
components largely does not occur in the glomeruli (Hansson et al., 1991, 1992),
and therefore probably occurs in higher centers of the brain.

In the honey bee, Apis mellifera, interneurons that extend to the mushroom
bodies (in the protocerebrum) show a range of inhibitory and excitatory responses
when the insect is stimulated with combinations of chemical and mechanical
stimuli, but not light (Homberg, 1984). The mushroom bodies also have some
visual inputs, and thus it is likely antennal and some visual information converge
and are integrated within these structures (Kaulen et al., 1984).
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Because of its complexity, the understanding of the physiological processing
and integration of behavioral inputs in the CNS is still rather limited (Horn,
1985; Light, 1986). However, the available evidence strongly suggests that the
integration of chemical and other inputs occurs largely, if not exclusively, within
higher centers of the CNS.

4.2. Integration and Behavioral Studies

The integration of chemical and other inputs can conceivably occur in three
forms: the simultaneous integration of the inputs (Fig. 1.2a), where the two or
more inputs (x and y) are present and integrated simultaneously and elicit the
behavioral output (C); the successive integration of inputs (Fig. 1.2b), where
one input (x) in effect triggers the responsiveness to a successive input (y); and
a combination of these two (Fig. 1.2c), in which one input (or an integrated
combination of inputs) triggers responsiveness to an integrated combination of
inputs (or a single input).

Given the complexity of behavior and the variety of internal and external
stimuli that are known to influence many insect behaviors, there can be little
doubt that the integration of different inputs plays a part in all insect behaviors.
However, while all behaviors probably involve integration, the dilemma is that the
study of behavior cannot establish, unequivocally, that the process of integration
actually occurs. The integration of inputs is a physiological process and therefore
can be proven only by studies at the level of the neuron. Nevertheless, it is possible
to infer from behavioral studies some information concerning the integration of
inputs, and such information should be an important basis for physiological
studies investigating the role of integration in behavior.

To infer from a behavioral study that integration occurs, one must assume
that the process has, in many cases, some recognizable behavioral manifestation.
When the presence of two or more distinct inputs results in a behavior that is
different, either qualitatively (i.e., a completely different behavioral unit) or
quantitatively (i.e., a change in the frequency of a behavioral unit), from the
behavior when the inputs are presented separately, the behavior can be assumed
to result from the integration of inputs. This is not to say that the integration of
inputs always involves some discernible behavioral manifestation. The physiolog-
ical integration of inputs may occur, but there may be no apparent behavioral
manifestation. Rather, the process of integration can only be inferred from behav-
ioral studies (within the constraints discussed later) when there is a recognizable
behavioral manifestation.

It follows from our definition of the behavioral manifestation of integration,
that a more complex experimental design is necessary to elucidate whether the
integration of inputs may be occurring in a behavior. Thus, where previously in
the single input-output approach, only one stimulus (for example, a chemical)
was studied in a minimal design (a single dose of the chemical and a solvent
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Figure 1.2. Three possible types of integration of the inputs x and y that involve the
behavioral outputs A, B, and C (the endpoint of the behavior): (a) Simultaneous integration,
where the inputs x and y must be present simultaneously for the behavioral state A to
proceed to the behavioral endpoint C; (b) successive integration, where input x elicits
output B , followed by input y which elicits the endpoint C (from output B); and (c) two
combinations of simultaneous and successive integration.
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control), the design must now be expanded to include other stimuli. Thus, a
minimum of four experimental treatments is presented to the test insect in a
factorial design (Fig. 1.3): a treatment in which neither stimulus is present (—/
—), a treatment in which the chemical stimulus is present but the other stimulus
(a tactile one in Fig. 1.3) is not (—/+); a treatment in which the other stimulus
is present but the chemical is not (+/—); and a treatment in which both the
chemical stimulus and the other stimulus are present (+/+).

Although the above example contains only two quantitative levels (i.e., present
or absent) for each of the two stimuli, in theory each stimulus can be studied at
any number of levels, by testing different intensities of the stimulus. For example,
two or more different dosages (levels) of a plant chemical may be tested, as well
as two or more densities of a tactile stimulus, in various combinations in a
factorial design (Fig. 1.3). Multilevel factorial designs add further resolution to

(a)

Chemical Stimuli

Tactile Stimuli absent | present

absent -/- -I+

present +/- ++

(b)

Chemical Stimuli
absent 1 plant 5 plant
Tactile stimuli equivalent equivalents
absent -/- -/1PE -/15PE
6 hairsiem® | 6h/- 6h/1PE 6h/5PE
12 hairs/cm® | 12h/- 12h/1PE| 12h/5PE

Figure 1.3. Experimental treatments involving combinations of chemical and tactile
stimuli presented to a test insect in (a) a simple 2 X 2 factorial design with the factors
being either absent (—) or present (+); and (b) in a multi-level factorial design with the
factors present at different dosages (plant equivalents, PE), or at different densities (hairs/
cm?).
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the study of input-output relationships and may be useful in the elucidation of how
various internal inputs (including those resulting from experience) are involved in
the integration of externally-sensed inputs (see sections 4.4 and 4.5).

The problem with such multi-input, multilevel factorial experiments lies in
the large number of treatments required. For example, if one wishes to test
simultaneously the effects of three stimuli (/) and four levels (L) of each input,
the experiment would consist of 4 X 4 X 4= 64 15) experimental treatments.
The difficulties of such large experimental designs have been pointed out by
Sokal and Rohlf (1981): “It may not be possible to run all the tests in one day
or to hold all of the material in a single controlled environment chamber. Thus,
treatments may be confounded with undesired effects if treatments are applied
under not quite the same experimental conditions.” Experiments with a large
number of treatments are also usually harder to interpret, as establishing statistical
differences between means becomes increasingly difficult with a greater number
of treatments (Sokal and Rohlf, 1981).

In spite of these added difficulties, factorial, multi-input designs are preferable
to ones where the change in each stimulus is tested separately, as in single input-
output designs. First, all the stimuli being tested are present and changed in the
same experiment under the same conditions, rather than in different experiments
and possibly under slightly different and unaccounted for conditions. Second, a
stimulus may only have an effect on the behavior in combination with another
stimulus. Thus, when tested in a single input-output design, such stimuli may
not appear to be an input for the behavior if the second input is not present. This
can apply to inputs that have a positive effect (i.e., they elicit an increase in the
behavioral output when present with another input) or a negative effect (i.e.,
they elicit a decrease in the behavioral output when present with another input)
on the behavior.

The statistical analysis of a factorial experimental design provides information
on the effects of each stimulus singly (so-called ‘main effects’) and the interactions
that occur between the multiple stimuli (so-called ‘higher order interactions’).
The main effects of stimuli tested in a factorial design may be [but not always,
see Harris and Rose (1990)] similar to the effects observed in a single input-
output design; however, because the stimuli are tested simultaneously in the
factorial design, more can be said about the relative effects of each on the
behavior. In a factorial design, the experimental finding that two or more stimuli
have significant main effects indicates that they are inputs to the behavior and
furthermore suggests that these inputs are integrated at the level of the behavior
being measured.

The interaction term, generated from the statistical analysis of a factorial
design, addresses the question of whether the presence or amount of one stimulus
affects the behavioral output to another stimulus. As such, if a significant interac-
tion between two stimuli is found, it suggests that their resultant inputs are
integrated. Such a result can be especially important when one or both of the
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main effects involved in the interaction is not statistically significant; i.e., if only
the main effects were considered, one would falsely conclude that one or both
of the stimuli has no effect on the behavior and that there can be no integration
of inputs because the stimulus (or stimuli) have no resultant input into the
behavior. It is tempting to think that a statistical interaction must tell us something
additional (to the main effects, assuming they are significant) about the integration
of inputs. However, it is important to recognize that this term is a statistical one
which simply indicates that, at the level of the population, the behavioral output
when both (or more) stimuli are presented together is not explained by the main
effects of the stimuli presented alone. Nothing further concerning physiological
integration, other than that it appears to have occurred with the resultant inputs,
can be gleaned from such a result. This again emphasizes the limitations of
purely behavioral data for understanding the physiological process of integration.

In the following sections, we consider specific ways that behavioral studies
may be used to explore how chemical inputs may be integrated, or interact in
other ways, with other inputs for a particular behavioral unit.

4.3. The Integration of Inputs from Chemoreceptors and Inputs from
Other Exteroceptors

In theory, both simultaneous and successive integration of chemical and other
(including chemical) inputs in a behavior are possible. In practice, however, it
is difficult, if not impossible, to distinguish between these two types of integration
in behavioral experiments. To demonstrate whether successive integration takes
place would require the rapid removal of the former input after it has triggered
responsiveness to the latter input (see Fig. 1.2), so that they are not present
concurrently (and hence could not be integrated simultaneously). Whether this
phenomenon can actually be addressed experimentally depends upon how feasible
it is to remove quickly the former stimulus, after it has triggered responsiveness
to the latter stimulus. The problem may be further exacerbated by the processing
of the inputs. For example, even when the stimulus that elicits the former input
has been removed, neurons that convey the input may still be conveying this
information to the CNS when the second stimulus is presented and the latter
input processed. Thus, what appears to be a successive presentation of two
stimuli from the experimenter’s point of view may not necessarily be translated
into a successive presentation of inputs to the CNS.

Another limitation concerning the inference from a behavioral study of whether
integration of chemical and other inputs occurs, is that any conclusion regarding
integration is highly qualified by the behavioral units that have been studied.
This is because the larger (as a proportion of the whole behavioral sequence)
and less precisely defined the units of the behavior are, the greater the chance
that inputs involved in the behavior will appear to be integrated. This phenome-
non, which is a relation between successive behavioral outputs, rather than an
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actual physiological event, is illustrated in simplistic form in Figure 1.4. With
the insect in an initial behavioral state of A, input x elicits the behavioral output
B, and another input (y) elicits the behavioral endpoint C. If outputs B and C
are studied, then significant main effects for each of the stimuli that generate
the respective inputs would be observed only for their respective behavioral
outputs, and no interaction between the stimuli would be observed; one would
therefore conclude that the two inputs are probably not integrated. However, if
only the endpoint C is studied, the stimuli that generate the inputs x and y would
both have significant effects, apparently concurrently, and a statistical interaction
between these stimuli may be observed, suggesting that the two inputs are
-integrated. Thus, the smaller and more precisely defined the units of a behavior
that are studied, the greater confidence with which it can be inferred that the
inputs are integrated or not within each individual behavioral unit and therefore
within the behavioral sequence as a whole.

It is worth noting in the above example that the behavioral sequence resulting
in endpoint C appears to result from the successive integration of the inputs x
and y. However, the situation in the example is distinct from that of successive
integration of inputs in that the inputs are related through successive behavioral
outputs. This distinction should be evident in certain cases where the sequence
of behaviors being studied corresponds to a specific sequence of encounters with
different resources (e.g., as in parasitoids foraging for herbivorous hosts, where
the host’s habitat, the host’s host plant, the host’s damage to that plant, and the
host itself might be encountered sequentially). In such a situation, the insect
could be manipulated so as to start at different points in the behavioral sequence.
Thus, in the example in Figure 1.4, if the outputs were related through successive
behavioral outputs, then starting the insect at state B in the behavioral sequence
(i.e., omitting the stimulus that generates input x) and presenting it with the

( A) Relationship of Inputs Through (B) Relationship of Inputs Through
Successive Behavioral Outputs Successive Integration

x y X y
! ! + ¥
A » B > C A » B »C
y y
and ‘ and

Figure 1.4. The difference between the relationship of inputs x and y through (a)
successive behaviors A, B, and C; and (b) successive integration. In both situations, input
x elicits output B (from initial state A), and input y elicits endpoint C (from output B).
For the relationship of inputs through successive behaviors, the behavioral transition from
A to B (triggered by input x) does not have to precede the transition of B to C, whereas
it is necessary when the inputs are related through successive integration.
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stimulus that generates input y would result in the insect proceeding to the
endpoint C. However, if the inputs x and y were integrated successively, then
starting the insect at B along with the respective stimulus for y (without the insect
having experienced input x), would not result in the endpoint C.

The importance of studying smaller behavioral units when examining the
effects of multiple inputs is illustrated by the behaviors involved in female
Hessian flies ovipositing on a plant. When only the endpoint of the behavior
(i.e., the number of eggs laid) was considered, chemical, tactile, and visual
stimuli were all found to influence significantly the behavior (Fig. 1.5). Using
a three-factor, factorial design, all possible first-order interactions (chemicals x
color, chemicals x tactile, tactile x color) as well as the second-order interaction
(chemicals x color x tactile) were found to be significant statistically (Fig. 1.5)
(Harris and Rose, 1990).

A two-factor, factorial design was used to examine the roles of visual and
chemical stimuli in Hessian fly females finding oviposition sites (Harris et al.,
1993). The following behavioral units were measured: approach (the number of
females entering a 1-cm zone around the model plants), landing (the percentage
of females that entered the 1-cm zone that landed on the model plant), and egg-
laying (the number of eggs laid per landing). Both chemical and visual stimuli
influenced the number of females approaching each model (Fig. 1.6). Similarly,
both stimuli influenced the landing of females (Fig. 1.6). Once females had
landed on the plant, visual stimuli, such as color, had no effect on the number
of eggs laid, but chemical stimuli did (Fig. 1.6).

Given the first set of experiments (i.e., studying only the endpoint of the
behavior), it would have been tempting to conclude that both chemical and visual
stimuli influence female Hessian flies when they are on the plant and laying
eggs, and that therefore the resulting inputs are integrated during this endpoint.
The second series of behavioral experiments, however, demonstrated that visual
stimuli do not influence females when they are laying eggs, and hence it is unlikely
that the integration of chemical and visual inputs influences this behavioral output.
Instead, the integration of chemical and visual stimuli occurs earlier in the
behavioral sequence.

4.4. The Integration of Inputs from Chemoreceptors and Enteroceptors

Internal stimuli mediating the behavior of insects are not as well understood as
external stimuli and are often described in broad terms (e.g., a mated or virgin
female). The collective set of internal stimuli corresponding to such a broad,
physiological description, is often referred to as the internal state of the insect
(Halliday and Slater, 1983).

One reason that internal stimuli are not as well understood is that it is generally
difficult to manipulate these stimuli other than at a gross level. Unless some
substance can be physically injected into the relevant part of the body of the
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Figure 1.5. (a) The number of eggs laid by Hessian flies on plant mimics comprising
different combinations of tactile, color, and chemical stimuli. The tactile stimulus consisted
of parallel, vertically oriented grooves to mimic leaf venation (the absence of the tactile
stimulus consisted of a smooth, waxed surface). Green filter paper constituted the color
stimulus (in the absence of green, the filter paper was white), and the chemical stimulus
consisted of one plant equivalent of a chloroform extract of epicuticular waxes of wheat
foliage (in the absence of the chemical stimulus, the leaf-mimic was treated with chloro-
form). The absence or presence of a particular stimulus type is indicated by a white or
black box, respectively. (b) The main effects of each stimulus type and the higher-order
interactions between these effects are shown, along with their significance [from Harris
and Rose (1990)].

insect to produce a specific change in inputs to the central nervous system [e.g.,
as in a study of stretch reception in the bursa copulatrix of Pieris rapae, Sugawara
(1979)], internal stimuli often can only be manipulated indirectly by either testing
the insect at a particular time or age, or by allowing or preventing the insect
access to some resource, €.g., access to food to manipulate internal stimuli
associated with the nutritional status of the insect, access to ovipositional sites
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(a) Approach; (b) landing; and (c) egg-laying responses of mated female
Hessian flies to differently colored objects and objects that were treated with a chloroform
extract of epicuticular waxes of wheat foliage. Color and chemical stimuli were presented
in various combinations using a factorial design as indicated by the letters beneath each
column. W= white, G= green, B= blank with no wheat extract, E= one plant equivalent
of wheat extract [from Harris et al. (1993)].
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to manipulate internal stimuli associated with the egg-laying status of the insect,
access to mates to manipulate internal stimuli associated with the mating status
of the insect.

When such indirect and gross manipulations of internal stimuli are made, it
is usually difficult to know precisely what inputs to the behavior are involved
and which ones have actually changed. For example, a female Euphydryas editha
butterfly deprived of an oviposition site behaves differently than a female that
has recently oviposited (Singer, 1986). Plants that would typically be rejected
by females that have recently oviposited are accepted as oviposition sites by
deprived females. It is reasonable to conclude that the deprivation has changed
various internal stimuli and that these putative changes result in a change in the
behavior. Exactly what changes the deprivation has resulted in is, however, less
clear. For example, the deprivation could result in changes in inputs from stretch
receptors in the ovaries or oviducts, or in the titers of various hormones.

These difficulties make the study of the integration of inputs from chemorecep-
tors (or other exteroceptors) with inputs from enteroceptors more challenging
than the study of the integration of inputs from exteroceptors, where the stimuli
that generate the inputs can be usually manipulated and measured more precisely.
Questions such as whether inputs are integrated simultaneously or successively
cannot be addressed when studying chemical and internal stimuli, because internal
stimuli cannot be removed or manipulated rapidly enough to switch on or switch
off their inputs. Indeed, because of the way that chemically-mediated behavior
is usually studied (and indeed most behavior of insects), as a response mediated
by external stimuli, it must be assumed that any appropriate inputs resulting
from internal stimuli are integrated simultaneously by the CNS with the inputs
arising from external stimuli.

Because of the problems with characterizing internal stimuli, it is usually more
appropriate to consider how internal states modulate the behavioral responses of
an insect to externally-sensed chemical stimuli. There are essentially two ways
that the internal state of an insect can modify the behavioral response of an insect
to a chemical stimulus. First, it can change the response threshold to a particular
amount of the stimulus. Thus, depending upon the internal state of the insect,
the insect may respond to smaller or larger amounts of the chemical stimulus,
or in extreme cases not respond to any amount of the chemical. Such effects are
commonly observed with changes in internal states corresponding to changes in
age or circadian rhythm. For example, males of various species of Dacus fruit
flies do not respond to methyl eugenol or raspberry ketone in traps until some
two to four days after eclosion (Metcalf, 1990).

The second way that the internal state of the insect may modify the behavioral
responses of an insect to a chemical (or other) stimulus is to change the set of
stimuli required to trigger the behavior. For example, in the feeding behavior
of locusts (see also section 5.4), individuals that have recently fed will not palpate
or bite a host plant. As the time of deprivation increases, locusts will palpate
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and bite a host plant and, if deprived for longer periods, will eventually palpate
and bite anything with suitable visual (Williams, 1954) or mechanical features
(Sinoir, 1969). In this example, the internal state of the insect changes such that
after feeding the locust does not respond to a set of stimuli from a plant, then
with deprivation the locust responds to the same set of stimuli (probably including
chemical, visual, and mechanical), and with even longer periods of deprivation,
a reduced set of more general stimuli (visual and mechanical) triggers palpation
and biting.

It is worth noting that these two changes in response to external stimuli elicited
by changes in internal state, may not be different; i.e., changes to different sets
of external stimuli may merely involve changes in the level at which a particular
stimulus (or stimuli) elicits a behavioral threshold.

4.5. Experience and the Integration of Inputs from Exteroceptors

The effect of experience is a special case in which the input (or inputs) from an
exteroceptor (or exteroceptors) modifies the nervous system for a sufficiently
long time so that, upon subsequent exposure to the input, the behavioral output
is different. The effects can be categorized according to whether they affect the
peripheral or central nervous system. Those that result from the initial effect on
peripheral receptors [e.g., adaptation, see Vet et al. (1990)] can be thought of
as modifying the input from the exteroceptor. In this case, the only integration
that occurs is that which would normally occur with the input (whether modified
or not) and other inputs (from both external and internal stimuli).

In the case where the initial input affects the central nervous system (e.g., as
for learning), this may result in a significant change in the way that inputs from
externally-sensed stimuli are integrated with inputs from internal or other external
stimuli. The situation is similar to that for changes in the internal state of an
insect; however, presumably the effects of learning on the insect are more specific,
in that learned inputs and their integration will be more affected than unlearned
inputs.

As discussed for changes in the internal state (section 4.4), the effect of
experience on the CNS of the insect may be either to modify its behavioral
response threshold to the experienced stimulus or to change its response to a
qualitatively different set of external stimuli. Using the responses of a female
parasitoid, Cotesia rubecula, to host odors, Kaiser and Cardé (1992) found that
the effect of experience was to increase the probability that an individual female
would orient to, and land on, weaker odor sources. However, in the presence
of stronger odor sources, both inexperienced and experienced females were
equally successful in detecting and finding hosts. Thus, the effect of experience
in this case was to make females more able to find lower-concentration odor
sources, perhaps through lowering the behavioral response threshold to the odor
stimulus.
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4.6. Integration and Behavioral Units

The final part of the quote by Kennedy at the start of this chapter states that a
given behavior is dependent upon the integration of different responses. To
illustrate this, Kennedy discussed how male moths maintain contact with a
pheromone plume and eventually find a pheromone source by integrating kinetic
and tactic responses (Kennedy, 1978), through what is now considered to be the
integration of optomotor anemotaxis with an internal program of self-steered
counterturns (Baker, 1989a) (see section 5.2). In other words, what may appear
to be a single behavioral unit, in this case upwind flight, may in fact be the
product of two or more behavioral outputs. The coordinated behavioral unit
results from the integration of the two behavioral outputs by the CNS.

In a more general sense, individual behavioral units are also dependent upon
the behaviors that precede them as well as the behaviors that are expressed
concomitantly. For example, the landing behavior of an insect is usually distinct
from its normal flight behavior. It not only succeeds its flight behavior, in the
sense of being possible only after flight has occurred, but it must also be integrated
with flight behavior, because the insect is still flying when landing behaviors are
initiated. The pheromone-mediated landing behavior of males of the tortricid
moth, Epiphyas postvittana, is influenced by chemical (the pheromone) and
visual inputs, as is its flight behavior (Foster and Harris, 1992, Foster and
Muggleston, 1993; Foster, unpublished). The landing behavior is apparently
triggered only under certain conditions of flight, most noticeably when the insect’s
flight maneuvers allow it to approach and contact some surface. The insect’s
flight maneuvers that affect altitude, track, and velocity must also affect the
inputs that eventually trigger its landing behavior. Therefore, in addition to the
integration of the olfactory and visual inputs, it is likely that the two behaviors
are coordinated and integrated by the CNS.

One final point that we wish to reiterate is that the separation of one unit of
behavior from others is usually artificial and subjective. A better understanding
of any behavior will result from an understanding of the relationships between
the various behavioral units that constitute it, as well as an understanding of its
relationship to other behaviors that precede, succeed, or are concurrent, regardless
of whether they are integrated or not.

5. Examples of Multiple Inputs and Integration
5.1. Introduction

In this section, specific examples of three different functional classes of chemical-
ly-mediated behaviors, mating, feeding, and egg-laying, are discussed. In choos-
ing these examples, we selected insects with a range of different habits (insects
feeding on blood, plants, other insects) which had been studied in some depth
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with regard to a particular behavior. In selecting these examples, we have tried
to avoid studies which have been restricted largely to the endpoints of behaviors.
Rather, we have tended to use examples in which a sequence of units, or behav-
iors, has been studied, so as to illustrate the complexity of each behavior and
the wide range of inputs that mediate a behavior. In certain examples, we have
tended to generalize between species, so as to present a more complete study,
although we are aware that the generalizations may not be applicable to all
species within a particular group of insects.

Where possible, we have commented on whether inputs are probably integrated
or interact in some way. However, because behavioral studies whose aim is to
investigate multiple inputs and their integration are rare (Dusenbery, 1992), we
have often had to infer the integration of inputs from experimental designs with
a single input-output approach.

5.2. Mate Location Behavior of Male Moths

Over the last 20 years or so, the study of the sex pheromone-mediated behavior
of male moths has pioneered an understanding of the mechanisms used by insects
to find a distant odor source. The flight behavior of male moths is dependent
upon a number of inputs from the internal state, including a circadian rhythm
and age [male moths usually exhibit a peak of responsiveness at a particular time
of day and at a particular age, Shorey (1973)]. Inputs from pheromone receptors
are also known to vary with factors such as temperature and previous exposure
to sex pheromone. Changes in these factors can have a pronounced effect on
the flight behavior of male moths to the same pheromone blend (Baker et al.,
1988; Linn et al., 1988).

The sex pheromones of most species of moths consist of a specific blend of
chemicals (Am et al., 1992 ). Typically, each component of the blend is perceived
by a single type of neuron on the antenna (Kaissling, 1986) [although components
are perceived by a single type of neuron, recent evidence has shown that neurons
may, but perhaps only in some cases, respond to more than one component
found in the blend, Todd et al. (1992)]. Despite some claims that individual
chemicals elicit specific events in the behavior, it is now accepted, in the cases
that have been extensively studied, that the complete blend of chemicals is
processed as an integrated whole and thus mediates most if not all of the behavior
from activation of flight through to landing and copulation (Linn et al., 1987,
Baker, 1989b).

From the few species that have been studied in depth, it appears that male
moths use an integrated combination of behavioral mechanisms to maintain
contact with, and thereby locate the source of, the sex pheromone (see section
4.6 and Chapter 2). Two behavioral mechanisms, optomotor anemotaxis and a
program of self-steered counterturns, appear to explain most of the maneuvers
exhibited by male moths during this sex pheromone-mediated flight (Baker,



Behavior and Integration | 25

1989a). Optomotor anemotaxis in male moths requires both chemical (from the
sex pheromone) and visual inputs (see Fig. 1.7) in order that the male moth may
steer an upwind track, while the program of self-steered counterturns (i.e., an
internal input) is apparently modulated by pheromonal input (such as pheromone
concentration or blend quality) (Baker, 1989a). Flight altitude is also controlled
by an optomotor response, requiring the integration of both olfactory and visual
inputs (Preiss and Kramer, 1986).

When nearing a pheromone source, pheromonal and visual inputs continue to
be integrated and influence where the male moth lands inrelation to the pheromone
source. Even after landing, male moths probably need continued pheromonal
stimulation, when visually orienting and moving toward the pheromone source
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Figure 1.7. The triangle of velocities used in the behavioral mechanism, optomotor
anemotaxis, of male moths during sex pheromone-mediated flight. Pheromonal stimulation
(the pheromone plume is shown to the left of the insect) elicits the mechanism which
allows males to use visual feedback in order to progress upwind [after Marsh et al.
(1978)].
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(Charlton and Cardé, 1990; Foster and Harris, 1992). In the oriental fruit moth,
Grapholita molesta, mechanical (tactile) inputs also appear to be integrated with
chemical and visual inputs during close-range interactions between the male and
the source of the pheromone (Baker and Cardé, 1979).

5.3. Courtship Behavior of Drosophila melanogaster

Courtship behavior is a term that encompasses aspects of mating behavior when
the male and female are at a somewhat arbitrarily-decided distance close to each
other. In general, it is applied to situations where behavioral interactions between
the two sexes are obvious. Extensive work on the courtship behavior of Drosoph-
ila species, especially D. melanogaster, has, for the most part, been carried out
using genetic mutants, comparing their behavior with that of wild-type insects,
as a way to probe the genetic basis of this behavior [see reviews by Ewing
(1983), Tompkins (1984), and Jallon (1984)].

The courtship behavior of D. melanogaster has been well described (Markow
and Hanson, 1981). Essentially, the behavior consists of the male orienting to
face the female, tapping her abdomen with one of his foretarsi, and then extending
and vibrating one of his wings. If the female moves away from the male, he
follows her, continuing his wing vibration and attempting to tap her abdomen.
The male extends his proboscis to contact the female’s genitalia, and then curls
his abdomen toward the female’s genitalia. The female may then open her vaginal
plates and copulation will generally ensue.

The focus in the courtship behavior of D. melanogaster has been on the
responses of normal and mutant males to various stimuli associated with females
and other males (male homosexual courtship behavior has been extensively
studied). Although females clearly respond to various external stimuli, including
auditory, visual, and possibly tactile, during courtship, there is no evidence to
suggest that females also perceive chemical input during this behavior (Tompkins,
1984). Hence the following discussion is principally concerned with the integra-
tion of chemical and other inputs by the male.

Internal stimuli influence the courtship behavior of D. melanogaster. For
example, young males do not exhibit courtship behaviors (Tompkins, 1984).
The male’s wing vibratory response (song) is believed to be affected by internal
factors that also affect the internal clock controlling the circadian rhythm (Kyrai-
cou and Hall, 1980; 1989).

Various long-chain hydrocarbons mediate the courtship behavior of male D.
melanogaster. The compound, 7, 11-heptacosadiene, found on the cuticle of
virgin females, elicits courtship responses by males (Antony et al., 1985). How-
ever, mated females generally elicit less courtship from males than do virgin
females. The decreased response (of males to females) is thought to be due, in
part, to 7-tricosene, which is transferred from the male to the female during
mating (Antony et al., 1985; Scott and Jackson, 1988). The response of males
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to mated females is therefore mediated by an integration of chemical signals,
one that elicits (7, 11-heptacosadiene), and the other that effectively inhibits (7-
tricosene) the expression of the overt behavior.

The response of males to face the female during courtship is almost certainly
mediated by the integration of chemical and visual inputs. The orientation of the
male toward the female suggests that it is a direct visual orientation that is
mediated by chemical input. This is supported by experiments with male visual
mutants, which orient less to females than do wild-type males (Connolly et al.,
1969; Willmund and Ewing, 1982). After orienting, the male contacts the female,
during which he probably perceives additional chemical, as well as possibly
tactile inputs. Mutant males that are both blind and olfactory-deficient (i.e., do
not respond to the volatile chemicals extracted from the female) will initiate
undirected courtship following contact with a female, and may eventually (after
a much longer time than wild-type males) copulate with a female (Tompkins et
al., 1980; Tompkins, 1984). In addition to the integration of visual, chemical,
and perhaps mechanical inputs that mediate courtship at this point, there is also
a possibility that males integrate an auditory input as well; the sound generated
by male wing vibrations, in addition to its effect on female D. melanogaster,
has been shown to increase the locomotor activity of males (von Schilcher,
1976).

The female’s response of moving away from the male also provides an addi-
tional visual stimulus to the male. Optomotor-blind males, which show little or
no response to horizontally moving objects, do not pursue a moving female as
do wild-type males (Tompkins et al., 1982). Throughout the phase of courtship
in which the (wild-type) male is following the female, the male taps the female’s
abdomen and repeatedly contacts her genitalia, suggesting that the courtship
behavior continues to involve the integration of chemical, visual, and mechanical
inputs.

Although the courtship behavior of D. melanogaster illustrates the integration
of a variety of different sensory inputs during close-range behavioral interactions
of mates, it should be pointed out that much of this work has been conducted
in highly constrained and artificial conditions (Ewing, 1983). The natural behavior
probably involves more complex behavioral interactions between mates, and
hence the integration of even more inputs.

5.4. Feeding Behavior of Locusts

Studies on locusts and other acridids illustrate the variety of inputs that can be
important in mediating even apparently simple behaviors, such as feeding. The
following units have been distinguished for the feeding behavior of locusts
(Bernays and Chapman, 1974): walking after a period of sitting, the cessation
of walking after the tarsi contact a leaf, touching the leaf repeatedly with the
palps (this behavior continues throughout feeding), lowering of the head so that
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the labrum contacts the leaf, biting the leaf, sustained feeding, and termination
of feeding. Each of these behavioral units has been shown to be influenced by
both internal and external stimuli.

Many different inputs appear to be integrated to produce the first of these
behavioral units, movement after a period of sitting. Internal stimuli [reviewed
by Simpson and Ludlow (1986), and Simpson (1992)] play an important role:
they appear to trigger walking and also play a role in sustaining movement, even
in what may be a fairly featureless environment. The internal stimuli producing
these behavioral effects are related to processes in the digestive tract, such as
the rate of gut emptying and the time of defecation, as well as the nutritional
composition of the hemolymph, levels of hormones, and circadian and short-
term rhythms.

The internal state of the insect is important for the responses of locusts to
stimuli from plants. Starved Schistocerca nymphs walk upwind when exposed
to grass odors in a wind tunnel (Kennedy and Moorhouse, 1969; Moorhouse,
1971). However, satiated nymphs do not respond when exposed to grass odors,
suggesting that internal stimuli (associated with starvation) affect the responses
of nymphs to odor through modulating response thresholds.

When a locust contacts a plant with its tarsi or antennae, it probably integrates
chemical, visual, and mechanical inputs arising from the plant, as well as mechan-
ical inputs generated during examining and feeding behaviors. Chemoreceptors
on the tarsi code information about plant chemicals present in leaf surface waxes
(Kendall, 1971). This information, if appropriate (e.g., stimulatory and/or not
inhibitory), contributes to the triggering of palpation. During palpation, both
chemical and mechanical inputs are probably integrated (Simpson, 1992). Integra-
tion of these inputs is probably involved in determining whether palpation will
continue and whether the head will be lowered so that the labrum is brought
into contact with the plant. Contact of the labrum with the plant stimulates
mechanoreceptors on the lateral parts of the labrum (Sinoir, 1969). Inputs from
mechanoreceptors, perhaps in addition to various visual inputs (Bernays and
Chapman, 1974), direct the locust to the leaf edge, where the first bite is taken
(Blaney and Chapman, 1970). At this point, chemoreceptors on the inside of
the clypeo-labrum are brought into contact with the food and influence the
initiation of feeding (Sinoir, 1970; Chapman, 1990). Throughout the course of
a meal, the frequency of chewing and the power output of the muscles associated
with the mandibles are modulated by feedback from various mechanical inputs
(Seath, 1977a, Seath, 1977b). Inputs from chemoreceptors on the palps (palpation
continues throughout the meal) and the labrum, as well as feedback from the
crop and hindgut (Simpson, 1983), also affect the length of the meal (Sinoir,
1970; Blaney and Duckett, 1975).

With regard to the integration of inputs during feeding in locusts, it is interesting
that the elimination of one set of chemosensory organs (and presumably the loss
or change in the inputs from those sense organs) may be compensated for, to
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some degree, by inputs from another set of chemosensory organs. When the
palps of Schistocerca were amputated [Mordue (Luntz), 1979], nymphs spent
less time feeding during the first five minutes of the meal. However, when plant
odors were present, amputee nymphs increased the time they spent feeding. This
odor-mediated increase in feeding did not occur for nymphs with intact palps.

The influence of the internal state of the locust on several of the aforementioned
input-output relationships is illustrated in a study by Blaney and Chapman (1970).
Third instar nymphs of Locusta were allowed to feed to repletion, then starved
for periods from 30 minutes to 3 hours. After being starved, a nymph was given
a blade of grass to establish whether it would feed. Once the grass was bitten,
it was removed and the nymph given either a new blade of grass or a leaf of
Bellis perennis. Nymphs starved for less than an hour palpated both plants, but
were much more likely to bite and feed on the grass than the Bellis. As the time
of starvation increased, a larger number of nymphs bit the Bellis after palpating
it. Thus, the internal stimuli arising from starvation modified the behavioral
output of locusts to external stimuli, in this case the stimuli associated with what
are usually nonpreferred plants. Starved nymphs will also palpate and bite an
object with suitable visual (Williams, 1954) and mechanical (Sinoir, 1969; Dadd,
1960) features, even when the object contains no chemical stimuli.

Experience with a plant also appears to change the behavioral responses of
Locusta nymphs. Nymphs given a nonhost plant (Blaney and Simmonds, 1985),
initially palpated, bit, and then rejected the plant (Fig. 1.8). However, by the
fourth encounter with the plant, rejection occurred earlier, usually after palpation.

Precisely how starvation and experience alter the behavioral input-output rela-
tionships of locusts is not known. Possibly, they change the response thresholds
to particular external stimuli and thereby change the integration of the various
stimuli (see section 4.5).

5.5. Host-Finding Behavior of Hemotophagous Flies

Work on the host-finding behavior of hemotophagous flies illustrates the integra-
tion of chemical and other inputs in a behavior, and also illustrates the practical
benefits of investigating multiple stimuli involved in insect behavior. The two
most studied groups of these flies, because of their great significance to the health
of humans and domestic animals, are various species of mosquitoes and tsetses
(Glossina spp). Research on the host-finding behaviors of these species has been
driven by a desire to find ways to reduce or eliminate the health risk posed by
these insects, through exploiting this behavior. The most common approach used
to exploit this behavior has been the trapping of the flies, to reduce fly populations,
using various stimuli that elicit the host-finding behavior. This approach has
proven particularly successful for tsetse flies because of their very low reproduc-
tive potential (most females probably produce less than 10 offspring) (Colvin
and Gibson, 1992).
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Figure 1.8. The effects of experience on the rejection behavior of fifth instar nymphs
of Locusta migratoria to the plant Senecio vulgaris. Individual nymphs were placed in
arenas with a plant and observed during the first four encounters with the plant for whether
they rejected the plant after palpating it (open bars) or after biting it (solid bars) [from
Blaney and Simmonds (1985)].

In a general sense, the host-finding behavior of hemotophagous flies is consid-
ered as comprising the range of events from activation of the fly at rest to landing
on the host. Several chemicals, emanating from hosts and their excrement, are
known to be involved in the host-finding behavior of both mosquitoes and tsetse
flies, including CO,, lactic acid, and 1-octen-3-ol for mosquitoes (Bowen, 1991),
and CO,, acetone, butanone, 1-octen-3-ol, and various phenols for tsetse flies
(Colvin and Gibson, 1992). For both groups of insects, there is some evidence
that different chemicals involved in the behavior are perceived and integrated in
the CNS. Greater proportions of females of the mosquito Aedes aegyptii took
flight and landed to specific blends of CO,, lactic acid, and other chemicals in
human sweat, than to the chemicals presented singly (Eiras and Jepson, 1991).
Distinct receptor neurons for CO, and lactic acid have been found on the antennae
and palps, respectively, of mosquitoes (Bowen, 1991), suggesting that the inputs
resulting from perception of these chemicals are probably integrated in the CNS.
Tsetses respond to a blend of chemicals in cattle odor, but the concomitant
presence of human odor can reduce the response of tsetses to cattle (Colvin and
Gibson, 1992).

In a landmark paper, Kennedy reported that the mosquito A. aegyptii used
visual information to orient and fly upwind. He suggested that the “flying orienta-
tion to a wind-borne scent such as carbon dioxide from hosts is not, in a direct
sense, easily conceivable. But the activating effect of scent, combined with the
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visual orientation upwind, would serve as an effective host-finding mechanism”
(Kennedy, 1940). In effect, this laid the foundation for the elucidation of the
optomotor anemotaxis mechanism used by moths and other insects for odor-
mediated upwind flight.

While mosquitoes appear to integrate visual and chemical inputs for optomotor
anemotaxis, the odor-mediated flight of tsetse flies appears to be slightly different.
In response to host odor or CO,, tsetses generally fly upwind, often in shallow
curves. Wind tunnel studies have shown that during this odor-mediated flight,
tsetses use visual feedback (i.e., optomotor anemotaxis) to control their resultant
track and ground speed (Colvin et al., 1989; Paynter and Brady, 1993). In the
field, tsetse flies commonly fly in short bursts, consisting of frequent landings
followed by takeoffs into the wind. It has been proposed that in this type of
behavior, tsetses use a mechanical stimulus, rather than the visual stimulus used
during flight, to determine wind direction (Bursell, 1984; 1987; Colvin et al.,
1989). Whatever, during host-finding flight it is probable that tsetse flies integrate
chemical with visual, and possibly, mechanical inputs.

The role of visual stimuli in the host-finding behavior of tsetse flies has received
considerable attention. It is known that the behavior of tsetses is influenced by
visual stimuli, particularly, movement, shape, color, brightness, contrast, and
pattern (Colvin and Gibson, 1992). The attraction of tsetse flies to visual stimuli
during the host-finding behavior provides another interesting aspect of the interac-
tion of chemical with visual inputs. The addition of CO, and/or host odors to
an apparent (visually) object has been shown to increase trap catches of tsetse
flies (Hargrove, 1980). In particular, the combination of visual and chemical
stimuli appears to focus the flight and landing of flies at or near the chemical
source (Torr, 1989; Bursell, 1990). However, if the apparent object is separated
(by at least 3 m) from the odor source, then flies exhibiting odor-mediated flight
will divert their track out of the odor plume towards the object. Although in this
situation, landing on or near the object occurs strictly in the absence of the
chemical stimulus, there is evidence to suggest that the visual attraction to the
object is mediated by chemical input (Warnes, 1990; Bursell, 1990). Visual
stimuli in combination with odor also appear to attract and stimulate landing of
female mosquitoes (Hocking, 1971).

Internal stimuli influence the host-finding behavior of both mosquitoes and
tsetse flies. The feeding (and therefore probably the host-finding) behavior of
tsetse flies occurs mostly in the morning and late afternoon, being regulated by
a circadian rhythm, which is modified by temperature (Brady and Crump, 1978).
The visual responses of tsetse flies to a moving object are affected by starvation,
with more starved flies exhibiting greater activity, and being more likely to land
on a target. These responses are also influenced by age, sex, and pregnancy status,
with, for example, pregnant females being approximately half as responsive to
a moving target as mature males (Brady, 1972). The odor-mediated, host-finding
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behavior of female mosquitoes is also similarly influenced by circadian rhythm
(Reisen and Aslamkhan, 1978; Taylor et al., 1979), age (Bowen, 1991), and
level of starvation (Klowden, 1988).

5.6. Host-Finding Behavior of Onion Flies

The host-finding behavior of female onion flies, Delia antiqua has been studied
for many years, especially within the context of chemical inputs influencing this
behavior. Field studies (Martinson et al., 1988; Martinson et al., 1989) indicate
that onion flies are quite mobile, moving distances of up to 1.5 km from overwin-
tering sites. Many individuals probably find onion fields simply by chance encoun-
ter (Martinson et al., 1989). However, some proportion of the population exhibit
anemotaxis from up to 100 m downwind of a source of n-dipropyl disulfide (Judd
and Borden, 1988; Judd and Borden, 1989), a volatile chemical emitted by
onions. Female onion flies typically fly upwind to the host odor source in a series
of short flights, each flight punctuated by the female landing on the ground,
orienting in an upwind direction and again taking flight. There are probably two
distinct types of odor-mediated flight behavior: anemotaxis, involving mechanical
stimuli while the fly is in contact with the ground, and optomotor anemotaxis
involving visual stimuli while the fly is in flight (as described for the cabbage
root fly, Nottingham, 1988).

The responses of onion flies to dipropyl disulfide appear to be influenced
strongly by internal stimuli. Recapture rates of males and females and the fre-
quency of approaches toward dipropyl disulfide-baited traps are both dependent
upon age and mating status (Judd and Borden, 1992). For example, virgin females
move longer distances and show directed responses to wind in the presence of
host odors, while mated females apparently do not direct their movements in
relation to the wind but exhibit increased frequencies of turning or slower move-
ments in the presence of more complex blends of host odors (such as aged
onions).

Visual stimuli from plants also influence this behavior. Both virgin and mated
females landed more frequently on cylinders baited with dipropyl disulfide than
on spheres baited with the same chemical (Judd and Borden, 1991). However,
the color responses of mated and virgin females differed somewhat; when traps
were baited with dipropyl disulfide, mated females landed more frequently on
green rather than white cylinders, whereas virgin females did not discriminate
between cylinders of the two colors.

After a female lands on an onion plant, inputs from chemoreceptors are also
probably integrated with various other inputs from external stimuli. For example,
onion foliage influences responses to dipropyl disulfide and other odors. In assays
(Harris and Miller, 1982) comparing onion foliage positioned vertically in a dish
of sand, with an onion bulb placed below the surface in a dish of sand, females
laid virtually all their eggs around the foliage, even though the onion bulb
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contained greater amounts of stimulatory odors. When given a choice between
plant mimics representing various components of the foliage (Fig. 1.9), female
onion flies laid few eggs in dishes with only odor added, or in dishes with only
the foliar form, or form and color added. Significantly more eggs were laid in
dishes with both host odor and foliar form added, but this increase was small
compared to the increase that occurred when all three components were combined
(Harris and Miller, 1982). In no-choice assays, foliar form, color and odors all
influenced the numbers of eggs laid (Harris and Miller, 1988).

As discussed previously (section 4.3), measuring only the endpoint of a behav-
ior (here, the number of eggs laid) can be misleading about how and when
various stimuli influence the series of behaviors or units leading to the endpoint.
For the onion fly, the behaviors that occur on the plant and which may be
influenced by plant chemicals, form, and color (Harris and Miller, 1991) are as
follows. After landing, the onion fly female initially sits motionless on the plant
or grooms herself, but within approximately 10 s begins to run. If she is on the
foliage, the run is usually oriented toward the base of the plant; if she is on the
soil, the run is oriented up the vertical surfaces of the foliage. During these
vertical runs, females generally move no more than 4-6 cm, then turn 180° and
run in the opposite direction. These runs are usually repeated several times, and
sometimes are followed by short, circling runs around the base of the plant.
After approximately 10 s of running, the female extends her proboscis so that
her labellum contacts the foliage or soil. These proboscis extensions are repeated
until the female arches her abdomen and extends her terminal abdominal segments

[@] =hostodors

[}
o
J

D =glass cylinder

D
o
]

I =color + cylinder

Percent of total eggs laid
N S
?_®

CTwhedd

Figure 1.9. The influence of chemical, visual, and form stimuli from onion foliage on
the percentage of eggs laid by female onion flies, Delia antiqua. Stimuli were tested in
choice assays. Host odors emanated from chopped onion placed beneath sand, a glass
cylinder was used to mimic the form of onion foliage, and a yellow piece of paper was
inserted in the glass cylinder to introduce color [from Harris and Miller (1982)].
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so that the tip of her abdomen contacts the foliage. This probing of plant (and
soil) surfaces with the tip of the abdomen (surface probing) continues while the
female moves over the plant. Eventually, the female places her ovipositor into
the soil (subsurface probing) and probes the sides and bottom of crevices (Mowry
et al., 1989). An egg is propelled into the bursa copulatrix, fertilized, and
expelled through the gonopore. After depositing one such egg clutch, females
frequently resume examining behaviors, such as surface probing and running,
and lay more eggs.

Multiple inputs appear to be important throughout the sequence of behaviors
leading to the laying of eggs by female onion flies (Harris and Miller, 1983;
1984; 1988; 1991; Harris et al., 1987). For example, runs over the plant surface
appear to be triggered by foliar color and form, but are only sustained if host
odors (e.g., dipropyl disulfide) are present and accompanied by specific forms
which seem to serve as tracks for running females. The detection of the shape,
size, and orientation of onion foliage seems to occur during this running phase.
For example, when females, in the presence of odor, were on cone-shaped rather
than cylindrical models, they started running, but soon slowed their forward
movement and deviated from their normal vertical running tracks, wandering
randomly over the surface of the model. Eventually they stopped moving and
usually flew away without finishing or repeating runs.

These on-plant examining behaviors of onion flies illustrate the difficulty that
can be experienced with identifying the nature of inputs for a behavior. The
precise inputs coding the information concerning the shape, size, and orientation
of onion foliage are not known. For females to construct an image of the plant
form (in the CNS) based on inputs from mechanoreceptors [in a way similar to
that proposed for Trichogramma minutum females examining host eggs, Schmidt
and Smith (1986)] during these runs would require keeping track of inputs from
many different mechanosensory systems over time. A simpler way to detect the
overall form of a plant might be via the triggering of a motor pattern after landing,
with this motor pattern only being: (1) Possible, if the object landed on allowed
the stereotyped movements (short straight runs up and down vertical surfaces);
and (2) sustained, if feedback regarding these movements are integrated with
visual (color of the plant), chemical (odor), and mechanical (vertical alignment)
inputs.

5.7. Host-Finding Behavior of Parasitoids

Many parasitoids respond to chemicals from intact or damaged plants, and from
various larval products such as frass, during the series of movements that leads
to the laying of eggs (van Alphen and Vet, 1986). These behavioral responses
to chemicals are particularly interesting because they are frequently altered by
previous experience (Vet and Groenewold, 1990) and because they may be useful
tools for improving the efficacy of natural enemies for pest control (Tumlinson
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et al., 1993). However, given the large amount of research on the chemically-
mediated host-finding behavior of parasitoids, it is surprising that relatively
little is known about other external and internal stimuli that contribute to these
behaviors, and how the integration of the resultant inputs is altered by experience
(but see Wardle and Borden, 1985, Wardle, 1990, and Drost and Cardé, 1992).

Recently, McAuslane et al. (1991) have shown that visual stimuli from plants
can have a significant effect on the host-finding behavior of parasitoids. In these
experiments, concentrations of host-plant odors were held constant in a wind
tunnel with odor sources placed on the upwind side of a screen to obscure
attendant visual cues. Downwind of the screen, the size of visual stimuli was
changed by presenting either a single damaged leaf or an entire plant with a
single damaged leaf. Campoletis sonorensis were released downwind of either
the leaf or the plant. Both naive and experienced females completed more flights
to an odor source when a whole plant rather than a single leaf was presented
(Fig. 1.10). This suggests that visual stimuli associated with either the color or
the form of the plant are important at some stage during orientation. Visual
stimuli had a greater effect on the host-finding behavior of naive rather than
experienced parasitoids.

For parasitoids, visual stimuli from a plant could influence long-range orienta-
tion (=50 cm from the plant) or just the final stages of flight and landing (a few
cm from the plant). There is some evidence for the former possibility (McAuslane
et al., 1991). After taking flight 50 cm downwind of the leaf or plant, female
C. sonorensis (both naive and experienced) were more likely to exhibit oriented
flight when the plant (i.e., the larger visual stimulus) was presented (Fig. 1.10).
In this example, whether females detected plant-based visual stimuli before or
after takeoff from the release platform could not be distinguished. However, in
a study on a different parasitoid, Dacnusa sibirica (Dicke and Minkenberg,
1991), responses of host-experienced parasitoids to infested and noninfested
tomato leaves (plant-host odors plus visual stimulus) were compared to responses
to the plant-host odors alone. Although the experiments were not strictly designed
to make these comparisons, the latencies to flight were shorter (Fig. 1.11) when
visual plus odor stimuli were presented than when only the odor stimulus was
presented alone. Additionally, a higher proportion of these flights occurred in
an upwind direction (Fig. 1.11). Thus, in the case of D. sibirica, it appears that
the presence of odor elicited the parasitoid to initiate upwind flight sooner when
the visual stimulus of a plant was also present. This suggests that the integration
of inputs from both chemical and visual receptors plays an important role in the
orientation behavior of this parasitoid and perhaps other species.

6. Why Study Mulitiple Inputs?

The examples show that even the most apparently simple and straightforward of
chemically-mediated behaviors is complex and probably involves a multitude of
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Figure 1.10. The influence of odor and visual stimuli on the host-finding behavior of
female Campoletis sonorensis parasitoids: (a) Percentage of successful upwind flights and
(b) percentage of oriented flights, exhibited by naive (open bars) and experienced (solid
bars) females in the presence of a single cotton leaf (smaller visual stimulus) or cotton
plant (larger visual stimulus) infested with Heliothis virescens larvae [from McAuslane
et al. (1991)].

inputs, arising from external and internal stimuli, that are processed by the CNS.
Thus, an understanding of the immediate cause of a behavior is not provided by
characterizing one stimulus and ascertaining whether it elicits a response from
the insect. Rather, an understanding of a behavior and its immediate cause
results from studying a range of stimuli, how they interact, how their inputs are
processed, and how the behavior is organized by the CNS.

The substitution of a simple approach (i.e., studying the response of the insect
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female Dacnusa sibirica parasitoids: (a) Latencies to flight from the time females were
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infested with larvae of the leafminer, Liriomyza bryoniae, for 4 hr before being tested.
Odor sources were tomato plants either uninfested or infested with larvae of the leafminer.
The visual stimulus was a tomato plant [from Dicke and Minkenberg (1991)].
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to a single external stimulus) by a much more complex approach, begs the
question of, what is the value of such a change, particularly if one is only
interested in the behavior as a character of the insect so as to address economic
or evolutionary questions concerning the role of the chemical? Indeed, many
studies are not interested in a complex understanding of an insect behavior, and
therefore it may seem superfluous to study the behavior in such depth. There
are a number of examples where the primary aim of control of a pest insect
using a chemical that influences a behavior has been achieved by such an approach
without resorting to detailed behavioral studies involving other (than the chemical)
stimuli (see Ridgway et al., 1990). However, there can be little doubt that any
behavior of a pest insect would be better exploited for control by an increased
understanding of the behavior (see Dent, 1991), what stimuli influence it, and
how inputs to the behavior are processed and organized; the study of the host-
finding behavior of tsetse flies is evidence of this (see section 5.5). Similarly,
an understanding of the evolution or function of a behavior cannot be achieved
without a proper understanding of the immediate causes of the behavior.

In 1972, in his address to the International Congress of Entomology entitled
“The Emergence of Behaviour,” J. S. Kennedy pointed out some of the problems
with the study of insect behavior and its causes, and described how the science
was progressing (Kennedy, 1972). Some 20 years or so later, in large part due
to the contributions and influence of Kennedy, the study of the immediate causes
of insect behavior has progressed to the point where certain chemically-mediated
behaviors and some of their neurophysiological inputs are quite well understood.
The challenge ahead for behaviorists and physiologists is to link research on
these two extremes by understanding the processing and integration of the many
inputs involved in these behaviors.
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Effects of Experience on Host-Plant Selection
E.A. Bernays

Department of Entomology and Center for Insect Science, University
of Arizona, Tucson, Arizona

1. Introduction

Anyone who has watched insects selecting their host plants in nature is aware
of the variability of responses shown by the insects with respect to attraction,
landing, acceptance, and oviposition or feeding. Some of this variation results
from genetic differences among individuals, and some of it is due to variation
among plants that we usually cannot detect (Singer and Parmesan, 1993). How-
ever, a third variable may be even more important, and that is the effect of past
experience on the herbivore. The experiential effects may be short-term and
readily reversible or they may be long-term and less readily reversed. In almost
all cases, plant chemicals are involved, and the experiences can profoundly
influence which of the various available host plants will be selected at any given
time.

2. Simple Neural Changes
2.1. Habituation

This is defined behaviorally as the waning of a response to a stimulus with
repeated exposure to that stimulus. The classical example is that of an animal
hearing a loud noise, which initially elicits an escape response, but with repetition
is ignored. Habituation has been shown to involve synaptic changes in specific
neural pathways to the central nervous system. In short-term habituation there
is a decrease in neurotransmitter release at particular synapses; in longer-term
habituation there may be a decrease in productivity of neurotransmitters at syn-
apses. It is possible that in some cases of habituation to chemicals there is a
reduction of acceptor sites on the taste neurons.
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Habituation to chemical deterrents (as opposed to just eating more of a deterrent
food as a result of prior deprivation) is potentially a means of altering host-
selection behavior, enabling an insect to eat a previously unacceptable food. It
has been demonstrated in a few cases. In a study with locusts, the deterrent,
nicotine hydrogen tartrate, was painted onto leaves of sorghum and presented
to individual insects on consecutive days for 18 hours each day. In the remaining
hours each day they received uncontaminated food so that they could retain the
status of well-fed insects, and grow at a normal rate. On the first day of the
experiment the treated leaves were deterrent to all individuals. By the third day,
the nicotine-treated leaves were relatively acceptable to individuals of the desert
locust, Schistocerca gregaria, although naive insects of similar age and similarly
fed, were still deterred by them. The nicotine-experienced insects had obviously
habituated to this deterrent. Interestingly, individuals of the oligophagous migra-
tory locust, Locusta migratoria, showed little habituation (Jermy et al., 1982).
Further studies with S. gregaria showed that the changes were in the central
nervous system and that postingestive factors also played a role (Szentesi and
Bernays, 1984).

Experiments with caterpillars similarly showed habituation to deterrents, and
the polyphagous species habituated more than the oligophagous ones. A more
detailed study of habituation to deterrents using a different experimental design
was carried out with the polyphagous noctuid Pseudaletia unipuncta. Individual
caterpillars were exposed to deterrent caffeine-treated maize leaves or untreated
control leaves overnight. Then each caterpillar was allowed to take two meals
on untreated corn to equalize their feeding state. Then, individuals of both groups
were presented with caffeine-treated leaves: those that had previously experienced
caffeine ate nearly twice as much as those which were naive (Usher et al., 1988).
Clearly, they had habituated to this deterrent.

Considerable variation in habituation may occur between different individuals.
An example of the variation was demonstrated in experiments on the polyphagous
noctuid Mamestra brassicae. Some individuals did not alter in their behavior
over time, some habituated, and others apparently became sensitized (i.e., they
showed increased deterrence) (Jermy et al., 1987).

Habituation may be very common especially since many plant secondary
compounds are deterrent but not toxic (Bernays and Chapman, 1987; Bernays,
1990). Thus, there may be biological reasons to select a particular subset of
plants in an environment, but this bias is overcome with no immediate costs, if
the preferred plants are absent at any time. Field observations are required to
determine how frequently these changes might occur in nature.

2.2. Sensitization

This is the opposite of habituation, and involves an increased response to a
stimulus on repeated exposure, without any learned associations. Several different
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physiological mechanisms have been proposed for sensitization, including presyn-
aptic facilitation in interneurons and a heightened general state of excitation.

In contrast to habituation, where the stimuli tend to be relatively weak, sensiti-
zation is characteristically associated with intense or highly significant stimuli
such as chemicals that are extremely deterrent or extremely phagostimulatory.
A deterrent that causes a food to be ingested for only a few seconds before it is
rejected, may, on subsequent encounter prevent feeding at all. In some situations
the taste of a very deterrent compound not only increases the responsiveness to
that deterrent, but, in addition leads temporarily to a reduced responsiveness to
any food. One of the functional values of sensitization is that there may be an
increase in foraging efficiency due to sensitization; the decision not to eat may
be made immediately, and the inspection and selection of potential foods can
then be relatively more rapid.

Sensitization to stimuli producing positive effects always seems to be associated
with increased activity. If contact is lost with a highly acceptable food, an insect
may move around extremely rapidly, giving the appearance of being “excited”
(Bernays and Chapman, 1974). An increasing propensity to search and find food
after a very positive experience, such as tasting a highly acceptable food, may
increase the chances of obtaining more of the same without any associative
learning. This is especially likely if the food resource occurs in discrete patches,
and is probably the basis of the phenomenon of “area restricted search” (see
Bell, 1991, Chapter 1).

The level of overall excitation or arousal may have a role in selectivity also.
Butterflies that have been aroused by contact with a strong oviposition stimulant
and then lose contact will often lay an egg on a nearby nonhost. Grasshoppers
artificially aroused by presentation with a highly stimulating sugar, will ingest
water which they otherwise would have rejected. However, these types of arousal
are probably very short-lived.

3. Associative Learning

Here, an animal learns to associate a stimulus having no specific meaning (i.e.,
it is neutral), with some meaningful stimulus producing either positive or negative
effects. As a result, on subsequent encounter the response elicited previously
only by the meaningful stimulus is then elicited by the neutral stimulus. In the
literature on learning the meaningful stimulus is termed the unconditioned stimu-
lus (US), while the neutral one that comes to be associated with it is termed the
conditioned stimulus (CS). Associative learning is a process that usually occurs
in the brain and a number of different models for potentiation of pathways as a
result of experience have been developed. No studies with definitive conclusions
on neural mechanisms are available for phytophagous insects.
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3.1. Positive Associative Learning

Positive associative learning has been demonstrated with many species of phy-
tophagous insects. In the case of oviposition, where the taste of a specific chemical
is the unconditioned stimulus, leaf color or shape may be the conditioned stimulus.
For example in the cabbage butterfly, Pieris rapae, females tended to prefer
sites of the same appearance as those accepted previously for oviposition. Thus,
following oviposition on a cabbage leaf, they increased their tendency to oviposit
on substrates with a similar reflectance pattern. Sinigrin stimulates oviposition
in this species, and individuals can be trained with sinigrin to oviposit on discs
of different colored paper. It was found that, after laying an egg on such a paper,
females will preferentially land on discs of that color, even if sinigrin is absent
(Traynier, 1986). The memory lasted for at least a day, and the butterflies could
be retrained to prefer different colors or shades of green. The neutral stimulus
(color) became associated with the meaningful stimulus (the chemical, sinigrin).

A variety of field observations with butterflies demonstrate that this kind of
apparent learning is widespread. After an experience with a host plant, individual
females tend to select plants with one or more of the characteristics of the first
rewarding host plant. The conditioned stimuli appear generally to be visual and
the unconditioned stimuli are chemical (Papaj and Prokopy, 1989; Szentesi and
Jermy, 1990). Although this enhanced focusing on a particular plant species has
been referred to as associative learning, or as search image formation, the pro-
cesses involved are controversial. It is possible, for example, that the phenomenon
is closer to sensitization and that the insect is being specifically attentive to a
subset of possible cues. However, there is no doubt that the responsiveness to
different plant species changes.

The apple maggot fly, Rhagoletis pomonella, shows abilities to learn a variety
of different aspects of its host, including visual and chemical factors. Experiments
with different host fruit of similar appearance indicated that the host chemicals
can provide the conditioned stimulus. Females were given experience of apple
or hawthorn fruit and then tested with models of apple or hawthorn size. These
models were coated with parafilm wax which had been earlier placed around
apples or hawthorn fruit to adsorb wax chemicals. The females were offered
these models and their acceptance or rejection of them was recorded; apple-
experienced flies more often accepted models with apple-contaminated parafilm,
while hawthorn-experienced flies more often accepted models with hawthorn-
contaminated parafilm (Papaj and Prokopy, 1986). The unconditioned stimulus
is presumably related to the appropriate chemicals from within the fruit, while
the conditioned stimulus consists of the superficial chemistry.

Where the unconditioned stimulus is the taste of ingested food, both visual
and chemical stimuli have been shown to be relevant conditioned stimuli. The
grasshopper, Melanoplus sanguinipes, learned to forage preferentially in a place
associated with a particular color/light intensity if that visual stimulus was associ-
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ated with good-quality food. In one experiment individuals were observed in an
arena where two differently colored boxes were provided (dark green or yellow
to mimic foliage and flowers of sunflower, which are both fed upon by this
species in nature). The ambient temperature was suboptimal, and a light provided
warmth on the roost or resting place, so that between foraging bouts insects
returned to the resting place. Naive individuals left the roost to forage and would
eventually stumble on the box with the food. After feeding they would return
to the roost. The next feed was preceded by a very short search time, even if
the positions of the colored boxes were reversed, indicating an ability to learn
features of the environment related to color or light intensity, and return to the
food source (Bernays and Wrubel, 1985). The conditioned stimulus in this case
was spectral reflectance, and the unconditioned stimulus, the food.

In a lab study with the desert locust, Schistocerca gregaria, individuals were
trained to respond to specific odors associated with major essential nutrients.
The locusts were trained for two days in boxes with free access to two artificial
foods that were similar in all respects except that one lacked digestible carbohy-
drate and the other lacked protein. Each was paired with one of two distinctive
odors, carvone or citral. After the training period, insects were put in clean boxes
having no added odors and were given only one of the two diets so that they
became deficient in either carbohydrate or protein. On retesting, insects deprived
of carbohydrate did not respond differentially to the odors paired with carbohy-
drate, but those deprived of protein responded very differently to the two odors,
approaching the source of the odor previously paired with the protein diet signifi-
cantly more often than expected (Simpson and White, 1990). The experiments
demonstrated that the insects had learned an association between the odors and
the availability of a key nutrient (i.e., protein) that they were lacking. The
conditioned stimulus was the odor of the chemical, and the unconditioned stimu-
lus, while unidentified, was presumably some nutrient feedback associated with
ingestion of protein. In a field situation, it may be possible for individual grasshop-
pers to learn to feed on a particular food plant that best satisfies a regular
requirement for such a major nutrient.

It is usual to consider the sensory input to the brain of an animal to be consistent.
That is, one expects an odor or taste that is perceived by a chemoreceptor to
be relayed to the central nervous system in a manner that is similar on different
occasions. However, there are several indications that, among insects, chemore-
ceptor thresholds vary with experience. Among parasitic Hymenoptera, changes
in sensitivity of antennal receptors have been shown using electroantennograms,
and the changes are correlated with changes in behavior. When an individual
wasp experiences one host and its attendant odor, it later preferentially selects
that odor, apparently learning that it is associated with the presence of a rewarding
host. When electroantennograms were performed on wasps which had been
trained to different odors, it was found that the relative sensitivity of individual
wasp antennae was greatest for the odors that had been experienced (Vet et
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al.,1990). This could suggest that the learning process is, in part at least, due
to an increase in sensitivity of odor receptors to volatiles associated with a reward.
Although not yet demonstrated, it is likely that the phenomenon would occur
also in herbivorous species.

3.2. Food Aversion Learning

Although the phenomenon of learning to reject food as a result of negative
experience is obviously associative learning, it has been given special treatment
in earlier literature because of the characteristic delay that occurs between inges-
tion of a food and the consequent deleterious effects. However, it has now
become obvious that there is a continuum between avoidance learning unrelated
to food (such as to an unacceptable physical stimulus), avoidance learning of
bad taste, and avoidance learning of food that causes deleterious consequences
upon ingestion. The latter two are of most relevance to food selection in phytopha-
gous insects [see Bernays (1992b) for a review].

Clearly, an ability to learn to avoid a plant due to a noxious effect following
ingestion would be of considerable potential value. Field behavioral studies
would not allow a distinction between aversion learning, sensitization, or changes
in behavior brought about by other, unknown, variables. Its potential importance
in food selection must initially be demonstrated in laboratory experiments, where
relevant controls can ensure that the results are unambiguous.

In order to demonstrate an ability to associate a taste with a noxious effect
following ingestion, nymphs of the grasshopper Schistocerca americana, were
injected with nicotine after feeding on a novel food, and then tested on the same
or a different plant. It was found that individuals given novel plants known to
be acceptable, after this experience ate normal-sized meals. On the other hand,
individuals given the plants that had been eaten immediately before the injection
ate little or none (Bernays and Lee, 1988). This demonstrates that the insects
were not too sick to eat, but rejected the type of plant eaten just before they
suffered the symptoms. Additional controls showed that the chemical injected
was critical, and not the injection process itself. The conditioned stimulus, the
taste of the first plant, and the unconditioned stimulus, a factor associated with
the chemically-induced sickness, became associated. The results were clear-cut
when test plants were species of moderate or low acceptability, but plants that
were very highly acceptable in the first instance never became unacceptable. In
a series of experiments, a variety of different secondary metabolites were shown
to cause food aversion learning (Lee and Bernays, 1990).

The probable occurrence of aversion learning with a natural food has been
shown with spinach leaves. Successive meals by grasshoppers on this plant
became smaller, until after about four meals when it was rejected (Lee and
Bernays, 1988). Spinach contains phytosterols which are totally unsuitable for
this grasshopper, and, since dietary sterols are essential nutrients, it appeared
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that rejection might have been associated with the absence of usable sterols.
Later experiments demonstrated that, when appropriate sterols were added to the
spinach leaves, the decline in acceptability did not occur (Champagne and Ber-
nays, 1991). The sterols themselves appear not to be tasted, so that the results
indicate that the flavor of spinach, which was initially acceptable, became unac-
ceptable as the insect obtained feedback concerning its nutritional unsuitability.

Aversions may also be induced by an inadequate protein concentration in the
food. In a series of experiments with S. americana, artificial diets were prepared
that were either low in protein (2% wet weight) or higher in protein (4% wet
weight). Either tomatine or rutin was added at concentrations that could be
detected by the grasshoppers but were not deterrent. Individuals were fed on one
of the diets for four hours and then offered the low-protein diet with the familiar
or a novel flavor (tomatine, rutin or nontoxic levels of nicotine). The insects
that had experienced the lower-protein foods fed relatively longer on the diets
with novel flavors rather than those with the same flavor, or those which had
experienced the higher protein (Bernays and Raubenheimer, 1991). The conclu-
sion was that insects fed protein-deficient foods subsequently showed an aversion
for the flavor associated with the poor food as well as a preference for novel
foods (neophilia). Similar kinds of results have often been demonstrated in studies
on vertebrates, whereby learned aversions of one food go hand in hand with an
increased acceptability of a novel food. In fact, in choice tests, the two cannot
be separated. In any case the learned aversion for flavor coupled with low protein
indicates that the neutral flavor had acquired significance (become the conditioned
stimulus) related to the poor protein content of the food.

These data indicate that aversion learning, in grasshoppers at least, may have
an important role in dietary mixing to obtain a suitable nutrient balance. Field
studies have shown considerable individual polyphagy in grasshoppers and the
dietary mixing may have some basis in improving nutrient mixes ingested. It is
possible for example, that successive aversion learning experiences on a series
of plants that are each imperfect would lead to a better diet than remaining on
one plant only. A laboratory experiment to test this idea was carried out also
with S. americana. Two unbalanced but complementary artificial diets were
offered to grasshoppers, with or without distinctive flavors, and their behavior
monitored over three days. In all cases the grasshoppers were mobile enough to
encounter and eat both diets but the added flavors enhanced the amount of mixing
(Bernays and Bright, 1991). By analogy, it may be that the distinctive secondary
chemistry of plants is of considerable value to phytophagous insects that are
individually polyphagous, because they would provide distinctive signatures and
aid in the process of learning (Bernays and Bright, 1993).

The evidence so far indicates that aversion learning relating to nutrient profiles
causes altered preferences among different foods, and that relative acceptability
of a food will vary according to its nutrient content and, in addition, the insect’s
nutrient status/experience. S. americana is highly polyphagous and it is perhaps
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to be expected that an ability to learn from experience in this manner would be
highly valuable, just as has been proposed in vertebrates. In the grasshopper
experiments showing learned aversion to poisons the memory of the experience
was extinguished after four days. This period would probably allow plenty of
time to move into different areas with different foods to choose from. With
nutrient deficiency, the length of the memory has not been tested, but short-term
effects would be adequate to improve the efficiency of foraging.

There is one example with polyphagous arctiid caterpillars, which appears also
to show aversion learning. Diacrisia virginica and Estigmene congrua initially
respond positively to petunia leaves. After ingestion of this plant the caterpillars
regurgitated the leaf material and, when subsequently given a choice of petunia
and another plant, they selected the alternative (Dethier, 1980). The effect was
not produced in the oligophagous caterpillar Manduca sexta, even though it too,
regurgitated, and there is the suggestion that polyphagous species are better able
to learn such negative associations (Dethier and Yost, 1979). Gelperin and
Forsythe (1975) also suggest that polyphagous species would learn more readily
than oligophagous or monophagous ones: species which are hardwired to accept
a narrow range of plants and reject all others, are less likely to be able to learn
to avoid plants through experience. However, while extreme specialists may
never ingest food that is toxic to them, some at least move from low- to high-
quality plants. For example, Wang (1990) showed that the creosote bush grass-
hopper, Ligurotettix coquilletti, moved away from bushes they started to develop
on and accumulated on bushes known to be of higher quality for development.
Similarly, Parker (1984) found that the grasshopper, Hesperotettix viridis, had
a shorter tenure time on damaged host plants than on undamaged ones.

Because there is often a time delay between sensory patterns associated with
food intake, and the (negative) consequences of ingestion, it is to be expected
that certain patterns of feeding would enhance the likelihood of aversion learning.
For example, discrete meals on single food items will allow associations to be
made more readily than grazing on a mixture of foods within a meal (Zahorik
and Houpt, 1981). Another feeding habit that may allow learned aversions to
form is that of short-term fidelity to a particular resource such that a learned
aversion can develop over a series of meals on a single food type, whereupon
rejection and movement away may follow if the food is unsuitable. Species that
tend to rest on or near their food, as do most plant-feeding insects, are in this
category. It may be that many such insects have extensive capabilities to learn
associations between food characteristics and unsuitability, but establishing this
with certainty requires long-term continuous observations.

Inability to move readily from one food resource to another is a constraint in
many insect species, and in others, distances between potential alternative foods
may be prohibitive for any learning to be really useful. For example many
holometabolous larvae have no alternative but to remain on or in their food
source and aversion learning has no relevance for them. This is clearly the case
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with many fly larvae, like leaf miners or carcass dwellers; and for many beetle
larvae, such as wood-boring species. Certain homopterans such as scale insects
show the most extreme restriction; they are totally immobile and must feed in
the position first selected.

Blaney and others [e.g., Blaney and Simmonds (1985, 1987), Blaney et al.
(1985), and Chapman and Sword (1993)] have demonstrated with both grasshop-
pers and caterpillars that individuals presented with a relatively unfavorable plant
will bite and reject the plant, but that on subsequent contacts, rejection tends to
occur after palpation only. On successive contacts a greater proportion of individu-
als reject at palpation (i.e., before biting). They presumed that insects learn to
associate the superficial taste or smell with the internal constituents of the plant.
Avoidance learning appeared to be occurring, even though there had been no
ingestion.

4. Induction of Preference

The term induction of preference is used almost exclusively in studies with
phytophagous insects in which individuals tend to prefer the plant they have
already experienced over one they have not experienced, whether or not this
plant is most appropriate for development. It has been demonstrated in different
insect groups. Some authors have drawn parallels between induction and im-
printing (Szentesi and Jermy, 1990), though the classical cases of imprinting
described in young birds is different in many ways. The physiological basis of
induction is unknown, but probably involves a mixture of processes. In some
cases changes in thresholds of chemoreceptors to chemicals that have been
experienced are correlated with induction; there may be elements of sensitization,
habituation, and/or associative learning.

Induction has been extensively studied among larvae of Lepidoptera where
individuals of over 24 species have been shown to develop an altered preference
in favor of the plant already experienced. Induction has also been demonstrated
in Phasmatodea, Heteroptera, Homoptera, and Coleoptera (De Boer and Hanson,
1984; Szentesi and Jermy, 1990). In some extreme cases, such as the saturniid
Callosamia promethea, experience on one host plant apparently precluded accep-
tance of an alternative one (Hanson, 1976). Similarly, it was shown that the
cabbage butterfly, Pieris brassicae, could be reared on Brassica or on Tropaeo-
lum, yet if larvae were first induced on Brassica, they refused Tropaeolum and
died of starvation (Ma, 1972). In most published cases, induction of preference
is much less extreme. Often, the normal host plant will remain favored, but if
larvae are forced onto an alternative plant that is accepted although it is not a
normal host the new plant may become relatively more acceptable thereafter,
although not as acceptable as the normal host.

In induction studies, the oligophagous larvae of Manduca sexta have had
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considerable attention by various authors, and recently it has been shown that
the induction shown on foods not normally eaten in nature can be explained by
an increased acceptability of the plant, probably due mainly to decreases in
deterrence of certain secondary metabolites (De Boer, 1992).

There is evidence that there can be increased responses to stimulating extracts
and odors of plants upon which larvae were induced. In earlier experiments with
M .sexta fed on an artificial diet with or without added citral, it appeared that
induction on citral-containing diet led to an ability to orient toward citral. Insects
having had a plain diet on the other hand turned significantly more frequently
toward the plain diet and away from citral (Saxena and Schoonhoven, 1982).
More realistic experiments were carried out using larvae of Trichoplusia ni. They
were fed on either mint or basil for one week and then tested in arenas with
discs of both leaf types. Not only did the larvae feed more on the plant they had
experienced, as expected in an induction experiment, they also oriented to, and
arrived first at, the discs of plants they had experienced previously (Lee,Bernays
and Buttolph, unpublished). Clearly the particular plant odors became attractants
with experience. The process of induction of preference thus appears to be a
mixed-process phenomenon.

In examining the physiological basis of induction, some studies have shown
modifications in firing rates of chemoreceptors to various chemicals. Behavioral
and electrophysiological tests with caterpillars fed on artificial diets containing
deterrents indicated that the larvae became less sensitive to the deterrents after
experiencing them in the food for a period. A few studies have shown that
experience of a plant secondary metabolite in artificial diet actually leads to a
reduced sensitivity of chemoreceptor cells to that chemical. This has been shown
with several species of caterpillars including Manduca sexta. For example, indi-
viduals that were force-fed a diet containing salicin, which is normally a deterrent,
were found to have a reduced sensitivity to salicin at the chemoreceptor level.
Furthermore, the individuals that were most tolerant of salicin behaviorally
showed the lowest firing rates to salicin in their maxillary sensilla (Schoonhoven,
1976). Similarly, with Spodoptera littoralis, given experience of nicotine and
subsequently tested with nicotine, there was a reduction in firing rates of the
chemoreceptors when stimulated with it (Blaney and Simmonds, 1987). These
data strongly suggest that experience-induced changes in the sensitivity of chemo-
receptors to particular compounds could influence the choice of foods thereafter.
No investigation of how such changes might influence selection of natural foods
has been undertaken, but it seems very likely that they would play a role in
induction of preference. They do correlate with behavioral changes [see Blaney
et al. (1986)], but at present it is not really known if this is cause or effect.

In comparing results of induction in different lepidopterous larvae, considerable
variation between species has been found. It occurs equally readily in species with
different host ranges, although the most extreme cases seem to be polyphagous. It
seems that the more taxonomically different the plants in any comparison, the
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greater the likelihood of induction. That is, the experience of very different
plants leads to a greater difference in their relative acceptability in a choice test
thereafter.

In addition to interspecific variation there is almost invariably a great deal of
variation among individuals within a species, and often there are trends but not
significant effects overall in experiments. Also, most experiments are performed
with a choice test, where relative amounts eaten are measured, so it is not easy
to distinguish increased acceptability of the plant experienced from decreased
acceptability of the alternative plant, and such experiments tend to enhance very
minor differences in acceptability that may not always have ecological relevance.
In recent extensive studies (M. Weiss, unpublished) it has become clear that even
among species in which induction has been repeatedly demonstrated the effects are
extremely variable and induction is always absent in a proportion of individuals.

A different type of induction or imprinting may occur even before contact
with the food plant. In adults, emergence from the pupal case may involve
experience of remnants of the food of the larval stage. If such food remnants
then cause a preference for those chemicals, this may be the simplest type of
induction of preference. This process has been demonstrated in Drosophila where
it has been shown that larvae reared on a flavored medium give rise to adults
with a preference for this flavor over alternatives. However, if the pupae are
thoroughly washed before the adult emerges this preference is eliminated (Jae-
nike, 1988). Such experiments have not been carried out with phytophagous
insects but the phenomenon may have been responsible for the earlier belief,
now disfavored, that larval food plant preferences were transmitted to adults.

Why do so many phytophagous insects show an induction of preference? In
the few cases where starvation rather than acceptance of a novel food has been
shown, it appears to be maladaptive. However, in nature, rejection behavior
might lead to movement away from a novel plant if it were encountered, but
not necessarily to starvation. The process needs to be examined under natural
conditions in the field to determine its prevalence and possible significance, but
in any case there has been considerable speculation as to its biological signifi-
cance. In some field settings one can envisage a benefit of induction, as for
example when a larva falls off its host and must refind it, a heightened sensitivity
to host odors may be useful. There may be some benefit of induction during
normal feeding activities on the host plant if it heightens arousal and minimizes
interruptions to feeding (Bernays and Wcislo, 1994).

It would be an advantage to have an induced preference if larvae became
particularly adept at digesting or detoxifying the preferred plant, but evidence
in this direction is contradictory so far. However in one case there is evidence
for this (Karowe, 1989) and it may be that sufficiently detailed studies have not
yet been done. This is mainly because it is difficult to separate the effects of
simply not feeding from reduced digestive performance.

Since ecological or physiological benefits are not very clear it may be that the
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phenomenon has its origin in terms of a more general requirement to narrow or
simplify neural pathways, allowing the individual to make decisions more rapidly.
Speed of decisions can, at least in theory, improve efficiency and decrease
danger, allowing a relatively polyphagous animal to attain the benefits of a
genetically determined narrow host range. It is also possible that many alterations
in food acceptance behavior have no particular significance. Experiments with
grasshoppers showed that prior experience could totally alter the acceptability
hierarchy of novel plants, although there were no obvious patterns and no explica-
ble benefits to be derived from the change (Howard and Bernays, 1991).

The fact that there is almost invariably a proportion of noninducers in “induction
experiments” would at least suggest that there may be polymorphism for the
trait, and that there may be benefits associated with a lack of ability to induce.

5. Postingestive Feedback

Several studies have demonstrated that the threshold response of insect taste
receptor neurons to sugars and amino acids varies in relation to the current
requirement for that nutrient, which is in turn a function of levels of nutrients
in the hemolymph. For example, in locusts, Simpson and his coworkers have
shown that when individuals were fed on food rich in carbohydrate and low in
protein, they developed a higher threshold response to sugars in the chemorecep-
tors on the tips of the maxillary palps, while threshold responses to amino
acids remained low. Conversely, insects fed on food rich in protein and low in
carbohydrate showed a high threshold response to amino acids and a low threshold
response to sugars. These authors have proposed that the changes could be
responsible for the sophisticated ability of these insects to select mixtures of
foods with complementary nutrients (Simpson et al., 1991).

Similar abilities and similar changes in chemoreceptor thresholds have been
demonstrated in caterpillars. In terms of natural foods, the use of these altered
thresholds in determining host selection would require that levels of sugars and
amino acids in plants are correlated with available carbohydrate and protein
levels. In addition, the palps are used primarily on the surface of the leaf, so
that, to be useful there should be levels of sugars and amino acids on the leaf
surface that somehow correlate with the available nutrients within the leaf.
Although we have no evidence that this is so, and the effects could simply be
an effect rather than a cause of the behavior, the changing inputs from the
chemoreceptors are worth further study. It may be that the changes described
are biologically most significant in relation to nutrient status in general. For
example, when insects are deprived of food they tend to accept nonhosts more
readily. If all chemoreceptors responding to nutrients are at their lowest thresh-
olds, then positive input could override input from deterrents, allowing the insects
to accept a food that would be unacceptable to a well-fed insect.



Effects of Experience on Host-Plant Selection | 59

As discussed in the section on induction, chemoreceptor changes may be
important in the changes in relative acceptability of different host plants. It is
not yet known whether a secondary metabolite absorbed from the gut during and
after a meal could influence the sensitivity of taste receptors from the hemolymph
side. If the chemical were able to reach the site of the relevant receptors, it is
conceivable that a certain amount of long-term adaptation could occur, reducing
the sensitivity of the cells.

Some insects have been shown to select wet or dry foods according to previous
experience/current needs, and the changes in preference may be so rapid that
individuals may switch among foods with different water content within a meal.
The locust, Schistocerca gregaria, for example, was offered in experiments fresh
wheat seedlings and lyophilized wheat seedlings from the same batch. These
were assumed to all be similar in their levels of basic nutrients. All individuals
showed clear-cut alternating preference for the wet and dry foods indicating
short-term postingestive feedbacks driving preference first for the food that had
excess water and then for the food with inadequate water (Lewis and Bernays,
1985).

In individuals that have been relatively deprived of an important nutrient and
then allowed access to it, rapid positive feedback from the gut can influence the
amounts of the food then eaten. For example, experiments with the grasshopper,
Schistocerca americana, showed within-meal feedbacks in relation to satisfying
a sterol deficit. Individuals that were short of utilizable sterols were allowed
access to sugar-impregnated filter paper with either a utilizable sterol or a nonuti-
lizable sterol. In the latter case, meal lengths were approximately ten minutes,
whereas with the satisfactory sterol, meal lengths were significantly longer, often
twenty minutes (Champagne and Bernays, 1991). Since the insects did not appear
to taste the sterols, it appears that feedback enhancing food intake occurred in
approximately ten minutes. Although this could be a learned response to the
sensory features of the available disk, it could also be a direct effect of sterol
satiation causing continuation of feeding.

Some known poisons may be ingested by insects if the chemical is not deterrent.
Sometimes, there is an effect on feeding within a minute or two, presumably as
soon as the chemical reaches the midgut epithelium. Either directly, or through
aversion learning (see above), feeding stops, and unless the observations have
been continuous the chemical may be considered deterrent.

6. Compulsive Requirement for Novelty

In at least one species, an absolute requirement for novel flavors seems to exist.
The highly polyphagous grasshopper Taeniopoda eques refuses to eat the same
food plant in the laboratory over a long period, and cannot be reared without
having a mixture of plants available. In the field it switches frequently between
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food items (Raubenheimer and Bernays, 1993). Laboratory tests showed that
every one of ten foods tested on isolated individuals showed a declining accept-
ability over time. Whatever the initial level of acceptability, the food was rejected
by about the fifth encounter. Further study was undertaken with good-quality
artificial diets that were all identical but had different added harmless flavors.
After two meals on food with one flavor, individuals were more likely to eat
large meals on food with a novel flavor and small meals on the food with the
flavor already experienced (Bernays et al., 1992).

After experience with one of two different odors in the absence of food,
T.eques ate sooner and for longer on an artificial diet laced with the novel odor
than on the diet laced with the one already experienced (Bernays, 1992a). This
may be an exaggerated example of the rather well-known general phenomenon
of an increased state of arousal when environmental stimuli change. It is perhaps
also related to the process of sensitization. It is of course unlikely to occur in
any but polyphagous species, and of those, only species that are mobile and
individually polyphagous. It is the precise opposite of an induction of preference.

7. Conclusions

Experience, especially of different chemicals, has a variety of effects on food
selection behavior and is one of the factors leading to the variability of response
seen in nature. Several different neural phenomena are involved, and in any one
behavioral change there may be a mixture of processes. An apparent difference
from vertebrates is the plasticity of the chemoreceptors, which may then govern
some of the changes found.

There has been discussion in the literature of behavioral plasticity and its
possible fitness benefits. In one sense, it is self-evident that learning would be
beneficial, yet experiments are lacking that actually measure it and there are
some situations in which learning might be a disadvantage. The fact that there
is variation in learning ability suggests that it is possible to select for improvements
and that there may be some benefit to not learning too much. For example, a
butterfly may find a good resource and remember it by its characteristic taste,
and preferentially search thereafter for this taste. If the resource is readily available
an advantage may accrue in some currency relating to efficiency. However, if
the resource is very rare or unpredictable the learning process may hinder accep-
tance of alternatives, and thus be a disadvantage. If within-generation predictabil-
ity of particular potential food plants is high and between-generation predictability
is low, learning will be most favored.

Recently, there has been some exploration of the possibility that learning may,
in itself, influence the direction of evolutionary change [see Jaenike and Papaj
(1992)]. An example may be given in the case of a female butterfly which is
encountering plants other than its normal host plants for oviposition. A large
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egg load may result in her decision to oviposit on nonhosts. If oviposition is an
unconditioned stimulus for learning, she may learn cues representing this new
oviposition substrate and continue to oviposit on the same plant species. Such
persistent oviposition on a novel or nonpreferred host will increase the likelihood
of there being individual offspring that accept the new plant. Among those that
accept it there may be some that grow well on it. It could be the first stage of
a host shift. The phenomenon involves a physiological state variable that alters
acceptance levels of a plant, combined with learning, and a resultant increase
in selection for larvae with improved ability to utilize a novel host.
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1. Introduction

The diminutive size of most parasitoids undoubtedly has limited their choice
as subjects for behavioral study, despite their great diversity in lifestyles and
reproductive strategies. The present chapter addresses their foraging behavior as
influenced by learning. Most of their adult life female parasitoids search for host
insects which, in turn, are under selection to avoid being found and devoured.
This scenario sets the stage for the evolution of diverse hide-and-seek games
played by parasitoids and their victims, most often herbivores. That parasitoids
are successful in their quest for hosts is evidenced by the vast number of parasitoid
species and their importance in insect management.

1.1. The Fixed Response Perspective

The study of parasitoid foraging behavior entered a new era around the time of
publication of Vinson’s review (Vinson, 1984) on parasitoid-host relationships
in the first edition of Chemical Ecology of Insects (Bell and Cardé, 1984). Prior
to that time, students of parasitoid foraging behavior mainly were involved in
identifying and describing the steps of how an insect parasitoid finds a potential
host in which to lay its eggs (e.g., Lewis et al. 1976). Although a major emphasis
was placed on the importance of chemical stimuli in guiding this process, an
impressive array of stimuli was revealed. In spite of this diversity in stimuli and
behaviors involved, some generalizations were possible. For example, different
searching phases, such as habitat location, host location, host examination, were
distinguished. The importance of host-derived cues including frass, webbing,
mandibular secretions, and scales of adult moths, in attracting and arresting
parasitoids at a short distance also seemed a general phenomenon (Weseloh,
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1981). Each parasitoid species was envisaged to respond to a stimulus or combina-
tions of stimuli in a hierarchy of stimulus-response sequences. As the sequence
of search events was known for only a limited number of species, much remained
to be uncovered. Furthermore, the origin and exact chemical identity of the
major cues needed to be elucidated. The approach was largely descriptive and
mechanistic, and lacked a theoretical basis and hypothesis-driven experiments.
Furthermore, most chemical ecologists appreciated the presumed consistency of
the behavioral outcome.

1.2. The current view

In the 1980’s studies on model species intensified, research questions arose from
field observations, and novel bioassays expanded the initially limited focus on
short-range searching to include orientation at long range. These approaches
revealed the variability and previously hidden complexity of the response patterns.
The significance of parasitoid experience intruiged behavioral ecologists who
attempted to unravel the function of such behavioral plasticity (e.g., van Alphen
and Vet, 1986; Papaj and Lewis, 1993).

The profound effects of learning on parasitoid foraging were not recognized
until the early 80’s, although a few anecdotal examples of learning in parasitoids
were known (e.g., Thorpe and Jones, 1937; Arthur, 1971; Vinson et al., 1977).
Encouraged by extensive research experience on behavioral plasticity in other
Hymenoptera, especially learning in social bees, students of parasitoid foraging
felt challenged to tackle this unexplored realm. Now it is generally accepted that
the patterns of parasitoid foraging are determined by the interactions of genetic,
physiological, environmental and experiential factors (Lewis et al. 1990; Vet et
al., 1990; Kester and Barbosa, 1991; Drost and Cardé, 1992b; Vet and Dicke,
1992; Turlings et al., 1993).

The first task was to document the effects of experience on the response to
specific stimuli in a selection of species; such empirical studies are still accumulat-
ing (reviewed in Wardle and Borden, 1990; Vet and Groenewold, 1990; Kester
and Barbosa, 1991; Turlings et al., 1993). The questions asked are becoming
increasingly ecologically relevant. What is the value of learning for a particular
species (Vet and Dicke, 1992; Turlings et al., 1993; Tumlinson et al., 1993)?
What is the function of behavioral variability (Papaj and Vet, 1990; Vet and
Papaj, 1992; Papaj, 1993a)? Recently the nutritional state of the parasitoid has
been recognized as important in learning studies. Most parasitoids also need to
forage for food, such as nectar, and this foraging activity, wherein learning also
can play an essential role, can interact with host foraging (Lewis and Takasu,
1990). Both the informational state of parasitoids based on cues encountered in
association with food and the current nutritional state can substantially affect
host foraging behavior (Takasu and Lewis, 1993, 1995).

Comprehensive studies have been limited to a few species, but yet there is
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increasing interest in recognizing general patterns of underlying learning mecha-
nisms and generic types of problems parasitoids solve. Many studies emphasize
both proximate and ultimate factors influencing learning in parasitoid foraging
(Vet et al., 1990; Lewis et al., 1990; Vet and Dicke, 1992; Turlings et al.,
1993).

The approaches that influence the way learning-induced variability in searching
behavior is studied and interpreted include:

—tritrophic approach. Parasitoids are recognized to have evolved and function
within a multitrophic context (Price et al., 1980). Consequently their behavior
is influenced by several trophic levels (e.g., Turlings et al., 1990; Kester and
Barbosa, 1991; Vet and Dicke, 1992).

—optimality approach. Successful foraging in parasitoids is linked with Dar-
winian fitness, which makes parasitoids highly suitable for studying the adaptive-
ness of variation in foraging decisions and for testing hypotheses on optimization,
often with the use of theoretical models (e.g., Stephens and Krebs, 1986; Roitberg
et al., 1993).

—comparative approach. Comparative studies can reveal correlations between
species characteristics and ecological factors indicative of adaptation. A clear
example is the comparison of the learning capabilities of specialist and generalist
species (e.g., Poolman Simons et al., 1992; Rosenheim, 1993).

In the present chapter we do not review extensively the empirical data on
learning in parasitoids. Instead we focus on hypotheses on learning and foraging.
Are there general patterns and underlying mechanisms? What are the major
hypotheses?

After a brief review of the definitions of learning, we examine the general
value of learning in parasitoids and the complexities of using host cues in foraging.
Next we consider how learning is expressed and speculate on the mechanisms
that underly learning. We then address how experience can affect foraging effi-
ciency and in which stages of the foraging this occurs. We attempt to identify
general patterns and generate hypotheses on the value of learning in species with
specific ecological characteristics, such as the host stage they attack and their
diet breadth at two trophic levels. A closing glimpse of unanswered questions
and future directions may encourage future research to be guided by testable
hypotheses.

2. Definitions and criteria of learning

It is difficult, if not impossible, to give a satisfying and general definition of
learning (Papaj and Prokopy, 1989; Papaj, 1993b; Stephens, 1993). Divergent
views of learning are hardly surprising, as scientists from the disparate fields of
physiology, neurobiology, psychology, ethology and behavioral ecology study
learning. Consequently, all inclusive definitions such as: “modification of behav-
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ior by experience” are not satisfying to researchers interested in the underlying
mechanisms of learning, but such explanations can be ‘sufficient’ to someone
that is studying the function of phenotypic plasticity in behavior (e.g., Stephens,
1993). A recognized problem with such a broad definition is, however, that the
behavioral change observed may be due to physiological changes such as in
egg load, which is generally not considered learning (Jaenike and Papaj, 1992;
Rosenheim, 1993). Narrow definitions are mechanistic ones in that learning is
classified according to the identified underlying mechanism such as associative
vs. nonassociative, classical conditioning, instrumental learning, sensitization
and habituation, each with its own definition (Rescorla, 1988; Smith, 1993)
although these are not always unambiguous (see e.g., Turlings et al., 1993 for
sensitization). These subdivisions of learning arise from a behaviorist-psychologi-
cal approach. Using exemplar animal species, behaviorists try to search for
general mechanisms underlying learning in all animal species. However, currently
some animal psychologists are trying to integrate this mechanistic approach with
an evolutionary one, recognizing the existence of learning specializations in
specific species. The ecological context in which an animal functions can deter-
mine which learning abilities are favored (Roper, 1983; Shettleworth, 1984;
Papaj, 1993b). Gould (1993) argues that terminology used by behaviorists is in
fact comparable to that used by ethologists who traditionally are interested in
both the mechanism and the evolution of behavior, and consequently study
learning in a species-specific context.

Thus the way in which learning is defined and studied is in large measure a
matter of disciplinary orientation and intended use. We employ an ecological
approach to learning, although we consider the effect of learning on behavioral
expression as well as the underlying mechanisms. Compared to honey bees, the
basis of learning is practically unstudied in parasitoids. We follow Papaj and
Prokopy (1989) and Jaenike and Papaj (1992) in applying the following criteria
to learning, thereby avoiding the broad definition of “behavioral change with
experience.” 1. Behavior can change in a repeatable way through experience;
2. behavioral change is gradual with continued experience up to an asymptote;
and 3. learned responses can be forgotten (wane) or disappear as a consequence
of another experience. Criteria 1 and 3 are more easily applied to parasitoids
than 2, because learning can be essentially instantaneous (Vet and Dicke, 1992;
Kerguelen and Cardé, 1995).

3. Adaptive value for learning in parasitoids

3.1. The reliability-detectability dilemma

Parasitoids search for hosts that are presumed to have evolved strategies to avoid
detection. Continuous selection on herbivores to be “inconspicuous” should be
a major constraint on the evolution of long-distance host searching and may
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drive the evolution of ‘indirect’ search strategies, i.e. the use of information
which is not derived directly from the potential host but from other sources that
predict host presence (Vet and Dicke, 1992). The informational value of stimuli
ultimately depends on two factors: 1) their reliability in indicating available and
suitable hosts and 2) the detectability of the stimulus, i.e. the ease of stimulus
discovery. Both stimulus characteristics are assumed to enhance searching effi-
ciency and hence Darwinian fitness (Vet et al., 1991; Vet and Dicke, 1992;
Wickers and Lewis, 1994). The reliability and detectability of stimuli in general
are expected to be inversely correlated (Figure 3.1).

Information from the host itself is highly reliable, but hosts are only one
component of a complex environment and if they release information at all, such
as odors, it will be in minute quantities, which hampers detection especially at
a long distance. Furthermore, selection against detectability is expected. Plant
cues, or other cues from the host’s environment, are more detectable, but gener-
ally less reliable both over evolutionary time and over the foraging life of an
individual. After all, the presence of the host’s food plant does not guarantee
the presence of a suitable host (Zanen and Cardé, 1991). Furthermore, plant
habitus and volatile production may be highly variable, for example due to
differences in growing conditions (Visser, 1986). These factors may hamper the
evolution of invariable responses to such cues. Selection will favor animals that

Figure 3.1. Associative learning is a major solution to the reliability-detectability prob-
lem in foraging parasitoids. By linking highly detectable cues to highly reliable cues
through associative learning, parasitoids can temporarily increase the reliability of detect-
able indirect cues (adapted from Vet et al., 1991).
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solve this dilemma as each suitable host found adds directly to their reproductive
fitness.

Vet et al. (1991) and Vet and Dicke (1992) discuss several solutions to this
reliability-detectability problem. One is the infochemical detour: parasitoids re-
sort to information from other, more conspicuous, host stages than the one they
attack. The sex pheromone communication system of moths, for example, is
exploited by Trichogramma egg parasitoids (Lewis et al., 1982; Noldus, 1989).
A tritrophic solution is the ability to respond to so called herbivore-induced
synomones: plant volatiles that are only released upon damage by certain herbi-
vores (reviews: Vet and Dicke, 1992; Turlings et al., 1993; Dicke, 1994). These
stimuli are highly detectable as the synomone is released systemically by the
whole plant under attack, (also by undamaged leaves) (Dicke et al., 1990, 1993;
Turlings and Tumlinson, 1992). The information can also be quite reliable as
the synomone can be plant and herbivore specific (Dicke and Takabayashi, 1991;
Turlings et al., 1993; Dicke, 1994). However, due to their plant origin, herbivore-
induced synomones are expected to be more variable than direct host cues. A
third solution is associative learning. By linking highly detectable cues to highly
reliable cues through associative learning, parasitoids can temporarily increase
the reliability of detectable indirect cues (Fig. 3.1). Host-food cues are likely
candidates to be learned. Associative learning of host-food odors has been shown
for several species of parasitoids (e.g., Lewis and Tumlinson, 1988; Turlings et
al., 1989; Vet and Groenewold, 1990; Lewis and Takasu, 1990; de Jong and
Kaiser, 1991, 1992) and this mechanism is frequently suggested in other learning
studies.

Foraging is thus constrained by the low detectability of direct host cues and
the unreliability of indirect cues such as plant odors. These conditions favor
learning of host-associated cues.

3.2. Response potential: innate versus learned responses

Naive emerging parasitoids are not condemned to search for their first victims
in a random fashion. Naive parasitoids are expected to have a potential to respond
innately to an array of stimuli derived from their host (these stimuli mainly for
use at shorter distances), from the food and environment of the host, from
organisms associated with the host. For present purposes we speak of ‘innate,’
although we are aware that the use of this term has created confusion when it
lacked clear definition (Bateson, 1984; Tierney, 1986; Papaj, 1993a). We use
the term innate in the sense of ‘unlearned,” without suggesting an instinct-learning
dichotomy. The ‘innate part’ of a response is shown by naive individuals, without
the animal having had apparent experience with the stimuli concerned. However,
later on in life such innate behavioral responses can be modified by experience.
However, we do expect ‘strong’ innate responses to stimuli to be less likely
modified by learning than ‘weak’ innate responses. In that sense the use of the
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word innate is comparable to ‘canalized’ as used by Tierney (1986), who contrasts
‘strongly canalized’ behaviors to ‘weakly canalized’ behaviors, the latter being
relatively amenable to modification by learning.

A problem remains of what is meant by a naive parasitoid. The earlier addition
of ‘apparent’ in ‘no apparent experience’ reflects the uncertainty of excluding
experiental effects on parasitoid behavior. Due to their parasitic life style, parasi-
toids develop in and emerge from a host. Hence, they are inevitably exposed to
many stimuli, some of which may play a role in their foraging as an adult. Still
we refer to naive animals as ‘inexperienced’ unless experiments specifically
address development as an experience factor.

"Vet et al. (1990) developed a variable-response model based on observations
of parasitoid responses to cues involved in foraging. The model specifies how
the intrinsic variability of a response and the possibility for learning depends on
the strength of the response. Each cue perceived by a parasitoid, as represented
by S, through S; of Figure 3.2a, has some potential of evoking an innate response
in a naive parasitoid. The strength of this so called response potential is set by
natural selection and can vary greatly between stimuli.

The way the strength of the response potential is expressed depends on the
behavior under consideration. If, for example, an odor can stimulate upwind
anemotaxis in a parasitoid, the probability that an individual parasitoid in fact
starts to walk upwind upon encountering this odor is a measure of strength of
the response. In behavioral experiments this probability is often expressed as a
population measurement, i.e., the number of animals responding in a bioassay,
with a maximum of 100% response. Another measure could be the walking
speed of the parasitoid that responds to the odor. In the latter case the maximum
response potential is set by constraints on the motor patterns elicited by stimuli,
e.g., a maximal walking speed.

Stimuli perceived by the parasitoid can be ranked according to the strength
of their response potential in the naive insect. The response potential is a way
of assigning all incoming stimuli a relative value in common units, regardless
of whether those stimuli evoke fundamentally different responses. When actually
measured, the overt behavioral response will always show some variability. The
model predicts that the magnitude of this variability depends on the strength of
the response potential. When response potentials are high, the individual has
low variability in its response (Fig. 3.2b). The inverse correlation between
strength of the response and variability has been verified empirically (Vet et al.,
1990; Vet and Papaj, 1992; Papaj, 1993a; see further on).

Due to their reliability, host-derived stimuli are likely to evoke strong innate
responses that are little subject to learning. Examples are ‘indispensible’ cues
used in the location and acceptance of highly suitable hosts. In fact, the stimuli
on the left of the curve (Fig. 3.2a) that invariably elicit a maximal response,
may act as the reinforcer in associative learning of other stimuli by the naive
parasitoid or, using Pavlov’s (1941) terminology, they can function as uncondi-
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(adapted from from Vet et al., 1990).
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tioned stimuli (US). Plant and other host-environmental cues also may elicit some
innate responses, the strength of which generally depends on their predictability as
indicators of suitable hosts over evolutionary time. Due to their more variable
nature and lower reliability (see above), innate responses to these cues will be
lower than to host-derived cues. However, plant and other host-environmental
cues are likely to become the most important and useful cues in foraging once
learning has taken place. They are the conditioned stimuli (CS) (sensu Pavlov,
1941). This learning mechanism has been called alpha-conditioning and is defined
as the enhancement of weak existing innate responses through associative learning
(Carew et al., 1984; Menzel et al., 1993). We expect that parasitoids are likely
to be able to process and are neurologically prepared to learn these biologically
meaningful cues, in combination with specific reinforcing stimuli. This is the
basis of so-called learning biases that are very pronounced in bees and vertebrates
(Gould and Marler, 1984; Garcia and Garcia Y Robertson, 1985; Menzel et al.
1993), but practically unstudied in parasitoids (but see Lewis and Tumlinson,
1988). Another possibility is that responses to such biologically relevant cues
are enhanced through sensitization, whereby the response is increased, without
reinforcement, through mere exposure of the animal to the stimulus (e.g., Kaiser
and Cardé, 1992). Such learning without reinforcement will be less likely for
‘novel’ stimuli that have no obvious biological meaning and elicit no initial
response in an inexperienced animal (stimuli in the tail of the sigmoid). Associa-
tive learning will be required to acquire a new response to these novel cues
(called beta-conditioning Carew et al. 1984; Menzel et al., 1993). Such cues
may be the principal source of flexible foraging in parasitoids!

So when associative learning takes place during host foraging, the reward is
expected to be one of the stimuli on the left of the curve (Fig. 3.2a), generally
a host-derived stimulus, as indeed has been found for several parasitoid species
(e.g., Drost et al., 1986; Lewis and Tumlinson, 1988; Turlings et al., 1989,
1990; Wardle and Borden, 1989; Vet and Groenewold, 1990).

When a parasitoid population is generally associated with a particular host
species and its food plants, the parasitoid is expected to show high innate re-
sponses to those cues that, over evolutionary time, have shown to be reliable
indicators of host presence and suitability. The innate stimulus-response profile
is expected to be adapted to the most prevailing and suitable plant-host complexes,
with the highest responses to direct host cues and more plastic responses to more
variable indirect cues such as those derived from the host plant. Consequently,
parasitoid populations are expected to differ in, for example, their innate re-
sponses to volatiles from a particular plant-host complex (Kester and Barbosa,
1991; Powell and Wright, 1992). As argued by Vet et al. (1990) and Lewis et
al. (1990), this presumably genetic predisposition in response potential is flexible
enough to be modified during adult life through changes in physiological state
and through experience. Learning can move stimuli along the continuum and
change their rank order. The individual’s initial response profile is ‘refined’ to
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match the prevailing foraging circumstances, with learning as a major optimiza-
tion mechanism.

As we will argue later on, the adaptive value of learning is expected to
vary significantly between species and is expected to depend on factors such as
predictability of host presence and availability, host stage attacked and foraging
constraints related to it, life history, and dietary specialization in a tritrophic
context.

4. Variation in how learning is expressed

4.1. The effect of experience on general and specific responsiveness: the
learning mechanisms

Some parasitoid females can be trained to the odor of perfume, because in a
laboratory experiment they once found and parasitized a suitable host while
smelling a commercial perfume (De Jong and Kaiser, 1991). In nature, the effects
of experience are expected to be more adaptive than enhancing the location of
perfume-contaminated hosts!

In food learning by bees, exposure to an US-sugar solution is thought to have
a threefold effect (Menzel et al., 1993): 1. releaser function: several responses,
such as the extension of the proboscis, are released; 2. modulator function: the
strength of responses to other stimuli are enhanced; and 3. reinforcer function:
conditioned stimuli are reinforced. All three functions act together in classical
conditioning and each initiates a different memory (see Menzel et al., 1993 for
details). In spite of the gap in knowledge on neuroethology of learning in parasi-
toids compared to bees, it may be instructive to search for analogies. For a food-
deprived parasitoid that finds food, the situation is likely to be very similar to
bees. A sucrose stimulus given to a food-deprived Microplitis croceipes female
was shown to: 1. release feeding behavior, 2. enhance an upwind flight response
to odors they have not previously experienced (Takasu, unpublished data) and
3. reinforce responses to conditioned stimuli such as vanilla or chocolate odor
to which they previously did not respond (Lewis and Takasu, 1990).

But what about host foraging? Are the processes involved in food-associated
learning in honeybees and parasitoids similar to those governing learning in a
parasitoid searching for a host? What is the exact nature of the US in learning
during host foraging? What behaviors compare to the proboscis extension? To
start with the last question, the responses released by an US in host foraging
obviously are not as simple as the proboscis extension reaction. The responses
are likely to depend on how hosts are located, and so may vary between species:
e.g., antennation, release of ovipositor, ovipositor probing, and change in walk-
ing behavior. With regard to the nature of the US, the US in parasitoid learning
during foraging is a stimulus that is coupled with oviposition. Parasitoids associate
odors, colors, shapes, mechanosensory stimuli with the presence of hosts (Tur-
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lings et al., 1993). However, physical contact with a host is not always required
for learning to occur. Contact kairomones also can act as an US (Lewis and
Tumlinson, 1988; Vet and Groenewold, 1990). An inexperienced parasitoid M.
croceipes recognizes a host-derived water-soluble component in the frass of its
host Helicoverpa zea. Upon contacting this component, a female learns odors
that are present during the contact, such as the volatile plant-derived components
of the frass (Lewis and Tumlinson, 1988). Similarly, Leptopilina heterotoma,
a parasitoid of Drosophila larvae, can also be conditioned to a novel odor, a
green leaf volatile (Z)-3-hexen-1-ol, if this odor is presented to the wasp during
search on a yeast patch containing a host kairomone solution. The learning effect
was enhanced if it was reinforced with an oviposition (Vet and Groenewold,
1990).

Vet et al. (1990) hypothesize that any stimulus with a high response potential
could potentially act as an US in associative learning of stimuli with a lower
response potential, and that the higher the response potential of the US, the
greater its effect as a reinforcer, i.e. the greater the behavioral change it induces
or the longer it is remembered. Returning to the three functions of the US in
food learning by bees (releaser, modulator and reinforcer), we suggest that the
higher the response potential of a stimulus, the more likely the stimulus is to
perform all of the three functions. The establishment of a reinforcement is not
seen as a ‘yes’ or ‘no’ but occurs gradually. For example, a strong US may
perform all three functions and associative learning of a CS may take place
rapidly. Another stimulus with a somewhat lower response potential may have
a more limited function of releaser and modulator only. For example it may
release antennal responses or ovipositor probing, and enhance the general respon-
siveness to other stimuli, also called priming (Turlings et al., 1993) but it may
not reinforce learning of a CS such as a novel odor, or it may only do so to a
lesser extent. The latter is shown by an increase in the number of learning
trials necessary to induce the behavioral change or by a limited memory of the
information learned. In studies with M. croceipes, Martin and Lewiz (1995)
showed that memory for a CS encountered at a host site and reinforced by
oviposition was more persistent than frass contact alone. When female parasitoids
were provided experience involving only contact with frass, immediate subse-
quent responses were as strong as when contact with a host and oviposition were
included in the experience. However, decay in the level of response to the CS
was much more rapid when the oviposition was absent.

In summary, some stimuli may induce a general increase in responsiveness,
i.e. an increase in response that is not restricted to the stimulus experienced
(termed ‘priming’ by Turlings et al., 1993; e.g., Eller et al., 1992; McAuslane
et al., 1991ab) whereas other, ‘stronger’ stimuli may do the same, but may
additionally reinforce learning of specific responses to CS (called ‘preference
learning’ by Turlings et al., 1993). In the following section we will mainly
discuss the latter and illustrate how a change in specific responsiveness, induced
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by learning, can modify foraging behavior and potentially improve foraging
success in the parasitoid.

4.2. How experience affects foraging behavior

We can identify several mechanisms by which experience can improve foraging
success. Firstly, foraging parasitoids can expand their stimulus set by acquiring
responses to novel stimuli that initially have little meaning (beta-conditioning).
Learning to respond to a perfume may be quite adaptive if perfume is the odor
of a temporary microhabitat with abundant hosts. There are quite a few examples
of parasitoids learning novel cues. All proof for learning of novel stimuli, how-
ever, is limited so far to laboratory and ‘semi-field’ assays. Vinson et al., (1977),
for example, showed that Bracon mellitor, a parasitoid of the boll weevil, learned
to respond (probing with the ovipositor) to an antimicrobial additive in its artificial
host diet. Lewis and Tumlinson (1988) showed that M. croceipes learn to fly to
the arbitrary odor vanilla. The stimuli learned can be from numerous features
of the host’s environment and can involve different sensory modes. Wickers
and Lewis (1994) showed the importance of visual cues in foraging and learning
for M. croceipes. These parasitoids learned to use ‘targets’ that either differ in
color, pattern or shape after these were reinforced with a host encounter.
Secondly, foraging parasitoids can alter their response to the stimulus set
(alpha-conditioning). Innate responses to biologically meaningful stimuli can be
modified through rewarding and unrewarding experiences. Little is known of
how an unrewarding experience affects innate responses (but see McAuslane et
al., 1991b; Vinson and Williams, 1991; Papaj et al., 1994). Many examples of
learning in parasitoid host foraging fall into the category ‘increase after reward.’
All are obviously system-specific examples showing the predisposition of species
to learn biologically relevant cues. For example, in larval parasitoids of Drosoph-
ila, learning increases weak innate attraction to odors from the food of their host
(Vet, 1988). Parasitoids of plant-feeding caterpillars learn to increase the response
to volatiles from the plant, i.e. experienced females are more likely to make an
upwind flight towards the odor source compared to inexperienced females (e.g.,
Vinson and Williams, 1991). Although both the acquisition of responses to novel
stimuli and a change in responses to a fixed set of stimuli are generally assessed
in laboratory and semi-field bioassays, their role in enhancing foraging success
in nature can be deduced. In the case of the expansion of the stimulus set, it is
the addition of a cue proven to be reliable in indicating host presence. Additionally
it is also the increase in the number of sensory modes that can be beneficial if
we assume that the more modes a parasitoid can use, the more efficiently she
can forage. This was shown by Wickers and Lewis (1993) who found that M.
croceipes was more efficient in distinguishing host from non-host sites if olfactory
and visual cues were combined. An increase in an existing response to a certain
stimulus may help the animal to focus on this particular stimulus. When a given
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stimulus evokes a strong response the insect is more liable to ignore sensory
inputs from other stimuli that might evoke different motor patterns (Vet et al.,
1990).

A third and ecologically important effect of experience is that preferences are
altered and temporary specializations to preferred stimuli may arise. Induction
of preference is a likely mechanism to optimize essential foraging decisions such
as where to go, what to neglect, where to remain and for how long. Field
experiments by Papaj and Vet (1990) revealed that female L. heterotoma, experi-
enced with host-infested food substrates such as mushrooms or fermenting apples,
were more likely to locate a host-food substrate and do so more quickly than
naive females. In addition, learning greatly influenced the choice of substrate.
Mushroom-experienced females arrived more often at mushroom baits and apple-
experienced at apple baits. These field experiments supported previous findings
of such preference inductions in olfactometer experiments (Vet 1988).

A fourth effect of experience deals with the variability of the response. Strength
and variability of responses have been shown to be inversily correlated (Vet et
al., 1990) and this correlation is an essential element in the variable response
model (Fig. 3.2b). Since learning usually increases the response to a stimulus,
it should also reduce the varability of the response, and consequently we expect
responses of naive animals to be more variable than those of experienced ones.
Probably many students of parasitoid learning have observed that behavior ap-
pears more predictable following learning. Vet and Papaj (1992) and Papaj
(1993a) quantified this effect in detail for the response of L. heterotoma to odors
from food substrates of its drosophilid hosts. Oviposition experience in host
larvae feeding in either fermenting apple-yeast or decaying mushroom substrate
affected movement in odor plumes of each substrate. Using a locomotion compen-
sator, it was shown that females walked faster and straighter, made narrower
turns and walked more upwind toward the source, in a plume of odor from the
substrate they were experienced with when compared to movement in odor
plumes from the alternative substrate. Experience not only affected the mean
values of the movement parameters, but also affected variability around these
means. When walking speed or path straightness was increased following experi-
ence, variability was correspondingly decreased among individuals (Vet and
Papaj, 1992) and within individuals (Papaj, 1993a). Using a stochastic simulation
model of upwind movement by parasitoids in odor plumes, the effect of within-
individual variability in movement patterns on the mean distance moved toward
the odor source was simulated (Papaj, 1993a). While the mean walking speed
and turning angle remained more or less constant over simulation runs, an increase
in the variability of these parameters drastically decreased the mean net distance
moved toward the source, which can be interpreted as a measure of foraging
success. If we extrapolate this to field conditions, we expect that a reduction in
variability through learning is likely to enhance the chance an animal finds the
source once the odor plume is detected. In addition, consistent behavior will
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reduce the time required to find the source. As mentioned above, both effects
were actually measured in the earlier mentioned field release experiments with
trained and naive female L. heterotoma (Papaj and Vet, 1990). However, Kaiser
et al., (1994) showed that flight track characteristics of inexperienced female
Cotesia rubecula and those experienced on the plant-host complex were not
separable. Perhaps flight toward odor is not as subject as walking to modification
through experience, although a number of cases will need to be investigated to
verify this possibility.

4.3. Foraging stages affected by learning?

Parasitoids that emerge outside a potential host population must go through a
process of long-range and short-range orientation to find hosts and learning is
expected to affect these stages to different extents. These stages can be delineated
in the following generalized sequence: 1. host community location: behavior
involved in the detection of an area with host microhabitats (e.g., a plant popula-
tion that consists of host-infested and uninfested plants); 2. microhabitat location:
behavior involved in the detection of a host-infested site (e.g., a host-infested
plant, an infested leaf); 3. habitat acceptance: the ‘attention’ given to a microhabi-
tat after arrival, often quantified as time spent searching, or inclination to anten-
nate or probe with ovipositor; 4. host detection (senso stricto): behavior involved
in the detection of an individual host; 5. host acceptance: the examination behavior
leading to the decision to reject or accept the host individual for oviposition.

4.3.1 Host-community location

As host-derived stimuli are not likely to be used in long-range search due to
their low detectability, plants are an essential source of information for host
community location (but see section 5 for exceptions). Following our previous
reasoning on the general value of learning to deal with the variability and low
reliability of plant information, we can expect learning to play an essential role
in shaping host community location. However, the difficulty of studying long-
range behaviors under field conditions so far has relegated this scanning behavior
to the realm of theoretical discussion. Most studies on ‘long-range’ search are
conducted at the level of the host’s microhabitat where, as mentioned above,
learning of host environmental (often plant) cues, is common.

4.3.2. Microhabitat location

The location and selection of a microhabitat, i.e. the host’s plant or food
substrate are little guided by direct host-derived cues (Vet and Dicke, 1992),
and subject to learning. The expected degree and function of plasticity in these
responses differs greatly between species and depends on the expected variability
in these cues both over the foraging life of the parasitoid and over evolutionary
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time (see dietary specialization and learning, section 5). The response to reliable
herbivore-induced (but plant-produced) synomones, indicating damage inflicted
by a specific herbivore, may be innate but learning is still expected to play a
major role in tracking the expected variability in these plant cues. Improving
responses to these herbivore-induced synomones may not need associative learn-
ing but may be achieved simply through sensitization (Dicke et al., 1990; Kaiser
and Cardé, 1992). Different behaviors involved in microhabitat location appear
subject to learning. Learning may alter movement, aiding in finding and following
of odor plumes leading to the microhabitat (Vet and Papaj, 1992; Papaj, 1993a,
but see Kaiser et al., 1994). A form of location learning was shown for the
parasitoid M. croceipes which attacks solitarily feeding H. zea caterpillars (Van
Giessen et al., 1993; Sheehan et al., 1993). Van Giessen et al. found that learning
plays a role in host-site discrimination: females learn to avoid previously visited
host sites where oviposition has taken place. Drost and Cardé (1992a) found that
Brachymeria intermedia, an endoparasitoid of gypsy moth pupae, learns whether
to forage along tree trunks or in the duff, dependent on patterns of previous host
encounters.

4.3.3. Habitat acceptance

At the level of the habitat acceptance, learning plays a significant role. Having
encountered hosts in a certain microhabitat type, a parasitoid generally increases
the time that is spent subsequently in such a microhabitat (e.g., Vet and Schoon-
man, 1988; Papaj et al, 1994), wherein initially strong innate responses seem
to be less enhanced by learning than initially weak responses (Sheehan and
Shelton, 1989; Poolman Simons et al., 1992). Throughout foraging, by sampling
the environment and thus by gaining experience, the animal builds up an ‘expecta-
tion’ of the resource value of a microhabitat and acts according to this learned
expectation (Stephens and Krebs, 1986; Krebs and Kacelnik, 1991). From a
proximate point of view, such changes in behavior due to learning may be very
difficult to separate from changes in behavior due to other factors, such as a
decreasing egg load (Rosenheim, 1993; Henneman, et al., 1995).

4.3.4. Host detection (senso stricto)

Host detection is guided primarily by host-derived stimuli and, as previously
argued, responses to these reliable stimuli are expected to be primarily innate.
This expectation seems supported by empirical evidence as responses to kairo-
mones are not or only slightly modifiable (see Vet and Dicke, 1992). If we
expect learning it is in cases where kairomones are variable. This may be in
polyphagous parasitoids that have the potential to attack a large range of host
species. In this case it may be impossible to have innate responses to all possible
kairomones and mothers and daughters may be faced with different situations
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(Zanen and Cardé, 1991). Learning then may be used to track the specific
kairomones of those host populations the parasitoid encounters during her forag-
ing life (see also later, dietary specialization and learning, section 5). Another
situation is when kairomone specifics are strongly influenced by non-host factors
such as the diet of the host. In studies with M. croceipes, Nordlund and Sauls
(1981) found that antennation and probing responses to frass of host caterpillars
varied with the diet of the host. However, frass can not be considered as fully
host-derived cues. Lewis et al. (1991) showed that responses to frass (from hosts
feeding on cowpeas) by M. croceipes involve a combination of host-derived
and plant-derived chemicals. The host-derived compounds were a host-specific,
nonvolatile, water-soluble compound together with 13-methylhentriacontane
(earlier described by Jones et al. (1971)). The hexane-soluble volatiles were
plant-derived. Samples containing all three of these factors elicited the strongest
antennation response upon contact and induced strongest subsequent flights to
the plant volatiles in the hexane extract. Antennation of the host-derived compo-
nents alone was less intense and produced a smaller effect on subsequent responses
to the plant volatiles. Experience with only the plant-derived components had
little impact on subsequent flights. Apparently associative reinforcement of the
plant volatiles (CS) with the host-derived components (US) during an experience
with frass resulted in the learning of the plant volatiles (Lewis and Tumlinson,
1988; Lewis et al., 1991). In choice tests in a wind tunnel Zanen and Cardé
(1991) found M. croceipes females experienced on a given H. zea-plant complex
were most likely in subsequent assays to fly toward odor sources with the same
combination of stimuli; a novel plant complex was less favored.

Both at the level of habitat acceptance and of host detection, habituation, a
non-associative form of learning plays an essential role. Habituation, being the
waning of the response to a stimulus with repeated exposure to that stimulus,
to host kairomones is expected to be the underlying mechanism of departure of
the parasitoid from sites that are not or no longer profitable (Waage, 1978).
Similarly, waning of previously learned responses is likely to play a role in
‘giving up’ and dispersal at all foraging levels, such as abandoning a leaf, the
plant, the plant population. Waning occurs in the absence of the stimulus and
of repeated reinforcement and is reported for parasitoids (e.g., Poolman Simons
et al., 1992; Lewis and Martin, 1990).

4.3.5. Host acceptance

Arguments similar to those given for host detection may be used for the
final stage of host selection, the examination of the host leading to rejection or
acceptance for oviposition. Again we expect mainly innate responses to the major
cues (being primarily host-derived) that elicit examination behavior but learning
may be used to track variability in these cues. Associative learning of variable
host details, such as chemistry, size or shape, may occur being reinforced by
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some major and strong host-derived cue. In Brachymeria intermedia, experience
increases acceptance of Lymantria dispar pupae (Drost and Cardé, 1992c). In
addition females learn to accept an unnatural host Holomelina lamae when these
hosts are contaminated with kairomone of L. dispar; this kairomone most likely
serves as the US in a conditioning process. Experience with clean H. lamae
pupae does not increase subsequent response to other H. lamae pupae, suggesting
that only the kairomone of its favored host is a strong enough stimulus to reinforce
learning of other characteristics. The nature of the learned characteristics remains
unknown. After a single oviposition in their favored host, a gypsy moth pupa,
female B. intermedia become more apt to accept this host in subsequent oviposi-
tions. There does not seem to be any definitive ‘point’ in the sequence of host
acceptance and oviposition behaviors at which a female acquires such ‘experi-
ence,’ that is becomes more apt to accept its favored host. Females interrupted
in a normal oviposition sequence at the stage of antennal drumming or just as
they plunge their ovipositor into a pupa but before oviposition, nonetheless
acquire sufficient experience to elevate their future host acceptance (Kerguelen
and Cardé, 1995). Precisely when and how these cues are processed remains an
open question.

Another effect of experience we expect at this level is operant conditioning,
also called instrumental or trial-and-error learning, i.e. ‘learning to do’ rather
than ‘learning to recognize’ as during associative learning (Gould, 1993). Experi-
ence was indeed shown to alter the sequential and temporal organization of
host-acceptance behavior in B. intermedia (Drost and Cardé, 1990). It was
demonstrated that the behavioral sequence leading to host acceptance in B.
intermedia is highly canalized through experience, increasing the probability that
oviposition actually takes place. Both associative and instrumental learning may
be mechanisms behind changes in host species preference through experience
(Cornell and Pimentel, 1978; Mandeville and Mullens, 1990). Ovipositional
experience by the parasitoid of fly pupae, Muscidifurax zaraptor on Musca
domestica or on Fannia canicularis significantly biased subsequent host species
preference in favor of the host on which experience occurred (Mandeville and
Mullens, 1990). Similar to the ‘acceptance’ of the habitat, both mechanistic and
functional arguments should be considered when looking at whether a host is
accepted or not. The foraging history of the parasitoid, and so both their remaining
egg load and their informational state based on memory of previous experience,
will determine whether it is more adaptive to accept a host than to reject it (Visser
et al., 1992; Drost and Cardé, 1992bc; Henneman, et al., 1995).

5. Ultimate factors promoting learning
5.1. Host stage attacked and the value of learning

Some parasitoids search for and develop in small and sessile insect host eggs.
Others hunt for larvae that may be actively feeding and moving about on plants.
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Pupal parasitoids try to locate hosts that may be removed from any usable indirect
cues, such as plant damage, as larvae often disperse from their feeding site.
How different are search strategies for parasitoids that attack these different host
stages? Can we recognize a pattern in specific foraging constraints and to what
extent does learning help solve specific foraging problems?

In Table 3.1 we focus on broad generalizations, recognizing that there are
undoubtedly many exceptions to the proposed characteristics, due to the diversity
in life histories and degrees of specificity of species, even when attacking the
same host stage.

Because of mortality of the host stages, eggs are more abundant than pupae,
and so broadly generalizing we could say that, per host species, availability of
hosts decreases with the stage attacked: host densities for egg parasitoids are
higher than for parasitoids that search for larvae and larval hosts are again more
available than pupal hosts. Restricted host availability may be partly solved by
increasing the range of acceptable host species but let us ignore this solution at
first. Besides there are also pupal parasitoids that are very host specific.

5.1.1. Egg parasitoids

Eggs are small in size and of course so are the parasitoids that emerge from
them. Small size imposes major constraints on the foraging potential of these
parasitoids. It will restrict upwind movement, necessary to actively track an odor
plume (Noldus, 1989). Egg parasitoids are more likely to disperse by drifting
passively downwind, and so long-distance ‘search’ will be difficult. They will
likely have a low chance of surviving aversive climatic conditions and generally
are short-lived. Hence, locating a fruitful host habitat is seemingly difficult and
hazardous for egg parasitoids. What kind of cues guide them in long-distance
search? There are limited indirect cues, such as plant damage. Pheromones from
the adult stage of their host such as sex pheromones have been shown to be
important cues in locating eggs of certain noctuid moths (Lewis et al., 1982;
Noldus, 1989). One underlying behavioral mechanism for these responses to
pheromones seems to be arrestment (Noldus, 1989 (review); Noldus et al., 1991).
Information from plants does not seem to be used in attraction, but may also
play a role in arrestment, important for habitat acceptance (reviewed by Noldus,
1989). At short distances host finding is readily accomplished. Egg parasitoids
are strongly arrested by host kairomones (such as scales from the host adults
wings, egg-adhesive materials (e.g. Lewis et al., 1972; Jones et al., 1973; Strand
and Vinson, 1982; Nordlund et al., 1983; Noldus and van Lenteren, 1985; Pak
and de Jong, 1987), responses that seem to be unaffected by experience (Gardner
and van Lenteren, 1986; Zaborski et al., 1987). Visual cues such as color and
shape of the host egg may be used to locate the host egg at a very close distance,
although they are most likely to function as host-examination cues (e.g., Strand
and Vinson, 1983; Pak and de Jong, 1987). Although the availability of host
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foraging constraints and learning

The effect of host stage attacked on parasitoid foraging characteristics,
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pheromones
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intermediate
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learned)

if possible, host-
derived: host adult
pheromones

high

low

any predictable
environmental cue,
especially plant-
derived

time limited: host
encounter rate

egg-limited:
encounters with
suitable hosts

abundant learning of
plant and
environmental cues

Pupa
low
low

host-derived:
volatiles pupae

if possible, plant-
derived: larval
feeding damage???
(also learned)

low?

low

any predictable
environmental cue,
but possibilities
limited due to
absent association
with host plant

lacks help of plant,
lack of predictable
indirect cues, use
of adult
pheromones
unlikely

learn any predictable
environmental cue,
learn to refine host
acceptance, live
long, invest in
quality offspring or
broaden host range
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eggs is high, the short longevity of egg parasitoids in combination with their
limited ability to search may limit the number of life-time foraging decisions
that lead to host encounters. However, once a host community is located an
abundance of hosts may be encountered, especially if the host eggs are laid in
clusters. At that point they may become egg-limited and may invest in quality
by maximizing fitness gain per host encountered. The fact that eggs are sessile
and can not actively defend themselves against the act of oviposition allows
meticulous examination to optimize the assessment of host suitability (e.g.,
Schmidt and Smith, 1987).

Stephens (1993) postulates that learning is most valuable when the environment
changes unpredictably between generations but is predictable within generations.
How predictable is the environment (i.e., with respect to essential foraging cues)
for egg parasitoids? Again due to their typically short life they are likely to
experience limited within-generation variability. If the findings for Trichogramma
egg parasitoids can be generalized, pheromones of major host species may be
important foraging cues for egg parasitoids and, as argued earlier, parasitoids
are expected to have innate responses to such reliable host-derived cues. As
well, the pheromone of a certain host species constitutes a relatively invariable
source of information (Vet and Dicke, 1992), which also favors the development
of prewired responses. So although mothers and daughters may be searching for
different host species, this variability is likely to be tracked by innate responses.
Another argument against learning in egg parasitoids can be derived from a
dynamic model of Roitberg et al. (1993). They conclude that the frequency of
decisions can strongly affect the value of learning about environmental variability.
They argue that animals making few major decisions (as in choosing mates) in
general will be less likely to learn about their local environment than animals
making many small decisions (as in choosing hosts). Although the model deals
with adjustment of preference for host or mate quality according to local availabil-
ity, the same arguments may apply to preference for and learning of host location
cues. We suggest that the more foraging decisions, the more likely it is that
learning of foraging cues is adaptive. Hence, for egg parasitoids learning of
foraging cues is not expected because they make possibly one or very limited
long-distance foraging decisions.

If learning is of little use to egg parasitoids, how do they solve the major
foraging constraints that are set by their life history? Egg parasitoids seem to
rely heavily on the adult stage of their host to solve their problems. A few species
have been demonstrated to respond to their host’s pheromone. Some other species
are even physically transported (phoresy) by the adults, thereby securing the
discovery of a host habitat and encounters with suitable host eggs that are about
to be laid (Clausen, 1976). The latter obviously requires the development of
great host specificity. Quite an opposite solution may be the development of
polyphagy as in Trichogramma species. Polyphagy increases the potential number
of hosts for attack whereby a gregarious reproductive mode can help to optimize
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clutch size and sex ratio in hosts of various quality (size) to maximize parental
fitness (Waage and Ng, 1984; Godfray 1987). In summary, we expect little
learning in egg parasitoids. If learning were to occur it would be most likely in
the more polyphagous species that attack hosts that lay their eggs in a solitary
fashion, not in clutches (lowest between-generation predictability, highest number
of foraging decisions) (see Kaiser et al., 1989).

5.1.2. Larval parasitoids:

The story is quite different for parasitoids attacking the larval stage. The
expected number of foraging decisions is much higher which by itself favors
learning if the arguments of Roitberg et al. (1993) are applicable. Selection will
favor maximization of the rate of host encounter, especially for proovigenic
species (sensu Flanders, 1950: oogenesis has ceased when oviposition starts, i.e.
females have all their eggs available at once) that are limited in the time available
for search and oviposition. The non-sessile and often agressive and defensive
host larvae may be more difficult to examine thoroughly for suitability, and
certainly compared to eggs and pupae, oviposition may be a hazardous experience
(e.g., Stamp, 1982).

Host-derived components of larval feeding damage and frass will be important
cues to which innate responses may exist. When possible, an infochemical detour
may be expected whereby the larval parasitoid, like the egg parasitoid, spies on
the intraspecific communication system of the adult stage of the host, such as
its pheromone. L. heterotoma, a parasitoid that attacks larvae of Drosophila
species, shows a strong attraction and arrestment to (Z)-11-octadecenyl acetate,
also known as cis-vaccenyl acetate (CVA), the major component of the aggrega-
tion pheromone of two of its hosts, Drosophila melanogaster and D. simulans.
As expected responses (attraction and arrestment) to these reliable host-derived
infochemicals are strong and innate (Wiskerke et al., 1993). This strategy needs
to be investigated for other parasitoids that attack larval stages.

As argued earlier, plants can provide important information for foraging parasi-
toids, although innate responses to plant cues are probably restricted. The plant
cues are expected to vary greatly between generations, as mothers and daughters
may be foraging for different host species feeding from different host plants.
Although the nature of plant information is by itself quite variable due to, for
example, differences in growing conditions, the information is likely to be quite
predictable over a particular period of a parasitoid’s foraging life. This strongly
favors learning (Stephens, 1993).

5.1.2.1. Time versus egg limitation.

Whether an individual is likely to run out of eggs or time may have interesting
implications for the value of learning. Under time-limited conditions, selection
will favor increasing the host encounter rate rather than selecting the better hosts.
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In time-limited situations we therefore expect any predictable environmental cue,
mostly plant-derived, to be learned as long as its use enhances the host encounter
rate. These cues can be rather general, indicating merely host presence, not
suitability. Smith (1993) discussed the adaptive value of stimulus generalization,
a concept used in psychology learning studies, being defined as the tendency to
respond to stimuli that were not experienced during conditioning trials, but which
vary from a learned CS along a defined perceptual dimension (e.g., wavelength,
brightness, size for visual stimuli; for odors this dimension may be more difficult
to define as odors may vary in many respects, €.g., carbon-chain length, structure,
functional groups). Smith argues that generalization of learned stimuli is not ‘a
mistake’ by the animal in that it responds to something else than what was
reinforced, but generalization may be highly adaptive when ‘error’ costs are low.
For parasitoids under time-limited conditions error costs are low for finding less
suitable hosts and generalization of learned information can be expected. For
individuals that are egg-limited there is stronger selection on fitness gain per
host and therefore also on investment in quality, especially when the life-time
number of eggs is small (as already mentioned for egg parasitoids). This means
that the premium will be placed on obtaining specific and therefore reliable
information about the presence of suitable hosts. In egg-limited situations learning
may therefore be of less importance, as they need to rely more on innate responses
to reliable host-derived cues to avoid making mistakes. As the error cost of
getting unreliable information is high, generalization of learned stimuli is not
expected under egg-limitation circumstances.

Time and egg limitations are probably a characteristic of a foraging individual
rather than of a species (Driessen and Hemerik, 1992; Visser et al., 1992),
although at the species level we may expect a correlation between being time
limited and being proovigenic. Little is known of egg vs. time limitation in
parasitoids under field conditions, and the differences in learning between egg-
and time-limited individuals and species remain to be tested.

5.1.3. Pupal parasitoids:

Considering pupal parasitoids we expect host densities to be comparatively
low and consequently, compared to larval parasitoids, the expected number of
foraging decisions leading to successful host encounters should be less frequent.
The availability of long-distance cues may be a major constraint on host finding
in pupal parasitoids. As for the other parasitoids, the use of direct host-derived
cues is limited. However, pupae can have an additional constraint: pupae typically
are not associated with a predictable food substrate and this feature of their
biology also restricts the use of predictable indirect cues. Pupal parasitoids thus
generally have to forage without the plant’s ‘help.’ After all, food substrates
may be ephemeral and so gone by the time the larvae have pupated (e.g.,
Drosophila in decaying mushrooms). Additionally, larvae often disperse from
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their food to pupate, enhancing their inconspicuousness. Besides, the process of
dispersion itself induces random distribution which hinders foraging efficiency
in the searching parasitoid. Thus, the solution of using larval feeding damage
is limited to situations where the pupae stay in or on the plant and larval and
pupal stages more or less co-occur. Another difficulty may be that some of the
volatile cues emanating from the pupae are expected to be quite variable if
dependent on the food of the larvae (as compared to, e.g., sex pheromones of
adult hosts). This would limit the possibility for innate responses to specific
kairomones and select for the use of a general kairomone (US) and for learning
of specific details of the kairomones (CS) during foraging.

So how do pupal parasitoids forage and does learning help? Our expectation
is that they do learn predictable environmental cues when possible, even very
general ones as long as they predictably indicate host presence. It was shown
that B. intermedia, an endoparasitoid of pupae of the gypsy moth, learns such
general cues: whether to forage along tree trunk or on the ground (Drost and
Cardé, 1992a). Schmidt et al. (1993) showed that a parasitoid of the genus
Pimpla learns to find Pieris pupae in certain colored ‘microhabitats’ (paper
cylinders). The extended life span of this large parasitoid could increase the
fitness value of such learned responses.

What other ‘solutions’ are there? Increasing host range and reproducing gregari-
ously (with a consequence of being small) may be one of the solutions to increase
host encounter rate (investment in quantity). Being host specific but large and
long lived may be another (investment in quality), and both strategies are encoun-
tered. Many other factors of course can drive the evolution of these alternative
reproductive strategies. Being limited as a pupal parasitoid in the possibility of
increasing host encounter rate through learning, learning instead may help to
increase the investment in quality and fitness gain per host. Being sessile, like
eggs, pupae can also be examined meticulously to optimize oviposition decisions
on clutch size and sex allocation. During oviposition in a first suitable host,
other host recognition characteristics such as odor, shape, color, may be learned
thereby increasing the reliability of future host acceptance (see above, 4.3) (Drost
and Cardé, 1992c.)

5.2. Dietary specialization and learning

Many parasitoid species, but especially those attacking larvae, function within
a tritrophic context and so information from both the first and second trophic
level can shape their foraging strategy. Parasitoids attacking a single host species
that feeds on a single plant species requires a different foraging strategy than a
species attacking a wide variety of host insect species, each with a variable diet.
The degree of specificity at two trophic levels can influence the variability that
parasitoids encounter both over generations and within their foraging life. Hence
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we expect dietary specialization to be an ecological factor setting specific values
for learning (Vet and Dicke, 1992).

Figure 3.3 shows the expected response patterns by parasitoids that differ in
their dietary specialization at two trophic levels. Learning is expected to play
an insignificant role in species that experience little variation in host and plant
species (A) and strong innate responses to kairomones, and stimuli from the
host’s food are expected in this situation. In situation B, information from the
host’s food is expected to be relatively important in foraging, and hence strong
innate responses to plant volatiles and other plant characteristics can be expected.
However, these plant specialists still have to deal with the intrinsic variabilty in
these first trophic level cues which may dictate a need for some learning. With
an increase in host range attacked, we expect innate responses to specific kairo-
mones of each possible host species to become less likely. First of all, there
may be little value in such specific information and it may also be less feasible
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at the sensory and processing level to encode all this information. An innate
response to a general kairomone cue may be sufficient to overcome between-
generation variability in kairomone cues and, if necessary, learning of details of
a kairomonal mixture can help when a parasitoid is confronted with a temporal
or spatial clustering of a certain host species. In situation C, we expect strong
innate responses to any cue that is host-derived. Weak innate responses are
expected to important host food cues (i.e., in an evolutionary sense), but learning
is expected to easily modify these responses and adjust preferences. An example
of situation C is M. croceipes, a specialist parasitoid of H. zea, that itself feeds
on a wide diversity of plant species. Thus, we expect most learning to occur in
situation C due to two reasons. First, the reliability-detectability dilemma already
argues for learning of first trophic level stimuli and, second, the wide range at
this trophic level adds to the variability of these cues.

The idea that diet breadth and learning may be correlated is not new and has
been applied to many different species of animals ranging from insects to mam-
mals (Gould and Marler, 1984; Shettleworth, 1984). Generally the discussion
deals with the relation between diet breadth and learning ability and here the
evidence that generalists would be more able to learn is conflicting (e.g., for
insect herbivores, Papaj and Prokopy, 1989). Also in parasitoids learning has
been reported for several specialist species (e.g., Arthur, 1971; Sheehan and
Shelton, 1989; Kaiser and Cardé, 1992). However, to answer the evolutionary
question of whether generalists and specialists have different learning abilities,
sound comparative studies with closely-related species are needed and these
kinds of studies are still rare (Rosenheim, 1993). After all, as argued by Tierney
(1986) and Papaj (1993b), learning may be an old and general optimization
mechanism. In other words, the ability to learn may have evolved in ancestral
species for quite other reasons, but may still be used in present day species to
solve a diversity of problems, including those dealing with foraging. Poolman
Simons et al.(1992) postulate that it may be equally interesting, if not more
valid, to investigate if generalists and specialists use their learning ability in a
different way, instead of having evolved different abilities. By comparing
learning in closely related generalist and specialist parasitoids of Drosophila
larvae, they showed that the two specialist species Leptopilina boulardi and
L. fimbriata learn patch characteristics, although their behavior was less
flexible compared to the generalist L. heterotoma. While patch times are
strongly influenced by experience in the generalist, the specialists have fixed
search times on their natural host food substrates and learning only affects
their search time on less preferred substrates. It thus seems that similar
learning abilities may be used in a different way, for different purposes: the
generalist can achieve a great flexibility in substrate selection, whereas the
specialist may employ learning to divert temporarily to a less preferred
substrate when their preferred substrate is temporarily absent.

Comparative studies, wherein phylogenetically close species are used to search
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for correlations between species characteristics and ecological factors, are valu-
able in delineating the adaptive value of learning traits and answering questions
such as: How does learning enhance foraging efficiency in different species?
How much learning is involved and do the findings support the hypotheses posed
above? The function of stimulus generalization—to what extent should an animal
generalize from a learned to a novel stimulus (Smith, 1993)—could be explored
in such comparative studies. We could test the hypothesis that the adaptive
value of generalizing learned stimuli differs among specialists and generalists.
However, to design ecologically relevant bioassays with highly comparable stim-
uli we would need to use species with highly comparable or even overlapping
niches. This sort of comparison enhances the chance of drawing unambiguous
conclusions that differences in learning observed are indeed correlated to diet
breadth and not to some other ecological or phylogenetic factor.

6. Physiological state and learning
6.1. Learning of food- and host-related cues

The behavioral output of a parasitoid in part will be dictated by internal factors
such as its nutritional and egg-load states (Bell, 1990; Minkenberg et al., 1992;
Drost and Cardé, 1992b; Barton Browne, 1993). Most parasitoids require food
during the adult stage (Jervis and Kidd, 1986). Hence, foraging for food is yet
another task to be fulfilled. Feeding activities can interfere with host foraging
for several reasons. Food sources are likely to be separated temporally or spatially
from hosts. Moreover, cues used in food and host foraging may differ and
compete as the parasitoid is not likely to attend to them simultaneously. Lewis
and Takasu (1990) showed that M. croceipes can learn to associate novel odors
with a sucrose reward. Such learning may play a role in optimizing the task of
foraging for food just as it does in foraging for hosts. Associative learning during
feeding is not surprising. More intriguing is the way parasitoids deal with the
combination of food- and host-related learning. Lewis and Takasu (1990) and
Takasu and Lewis (1993) showed that M. croceipes could learn two different
odors, one associated with hosts, another with food, and that their preference
for these odors depends on whether they are food- or host-deprived (Figure 3.4).

Apparently learned information acquired during feeding and during foraging is
used according to the parasitoid’s physiological state. A remarkably sophisticated
system of olfactory information processing and adaptive use that may rival that
described for bees and even rats. These findings raise interesting mechanistic
questions such as: are parasitoids more prepared to link food-related cues, such
as flower odors, with food and host-related cues, such as plant odors, with hosts?
What information is processed through which receptors on the antennae and
mouth? Where is the olfactory and gustatory information integrated and what is
stored peripherally versus centrally?
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Figure 3.4. [from Lewis and Takasu, (1990)]. Flight responses in a flight tunnel to
vanilla or chocolate extract by (a) hungry, (b) well fed, or (c) trained hungry then well
fed females with preflight training indicated. Food-C/Host-V: females given training
experience of chocolate-to-vanilla and vanilla-to hosts; Food /Host C; females given
training experience to-vanilla-to-food and chocolate-to hosts (the order of food-odor and
host-odor training was alternated and the results combined). Bars within same treatment
group capped by different letters are significantly different, P<0.01 Waller-Duncan K-
ratio t-test; minimum significant difference, 10.5% for a and b, and 16.3% for c; n=62
wasps for each test group (six replications, six wasps per replication per preflight treat-
ment). The training procedure involved exposure permitting feeding on sucrose or stinging
of a host while smelling the respective odor of vanilla or chocolate.

6.2. Egg load and learning

In addition to nutritional state, a parasitoid’s egg load can have a proximate and
ultimate effect on host foraging decisions. For example, a female parasitoid that
still has all her eggs at the end of her life is expected to have a high ‘motivation’
to lay eggs and therefore accept any host for oviposition. Theoretical optimization
models predict a fitness pay-off for lower selectivity under such sub-optimal condi-
tions and so females should indeed accept less suitable hosts for oviposition (e.g.,
MacArthur and Pianka, 1966; Janssen, 1989; Mangel, 1992). Nutritional state may
be important in that the intake of honeydew or nectar increases longevity which
consequently releases some of the pressure of time-limitation and host-deprivation.
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Let us assume that high egg load indeed decreases selectivity of responses to
foraging stimuli. Does this have any consequence for the value of learning?
After all, learning often increases selectivity, by enhancing the response to and
preference for specific foraging stimuli after a rewarding experience. Is ‘learning
to prefer’ less functional under high egg-load conditions? If so, is the propensity
to learn or the rate of learning different under high egg-load compared to low
egg-load conditions? Are parasitoids likely to learn different things under these
different conditions? So far little is known about egg-load effects on learning
processes in foraging parasitoids. Here we restrict ourselves to some ideas that
may be open to experimental testing. Firstly, under high egg-load conditions we
are dealing with time-limited search and we can repeat the arguments put forth
in the previous section on learning in time-limited parasitoids: learning of general
cues is to be expected to increase general host detection and generalization of
learned stimuli (sensu Smith, 1993) is likely to occur. So if animals are not host-
deprived we may indeed expect them to learn different things and utilize learned
information in foraging compared to when they are loaded with eggs and running
out of time. This could be tested empirically in comparative studies where egg
load is manipulated independent of experience [which may however be very
difficult! See Rosenheim (1993) for a discussion on confounding variables in
experimental analyses of learning]. Secondly, host deprivation may lower stimu-
lus thresholds for important host foraging stimuli. Vet et al. (1990) hypothesize
that in associative learning the strength of the response to the US determines the
effect of the reinforcement. If the response to the US itself is affected by egg
load and higher under high egg-load conditions, a stronger learning effect under
such conditions is expected. For example, we could compare learning rates under
high and low egg-load conditions. Thirdly, when host deprivation takes place
after some hosts have been found and therefore after an initial learning experience,
strong learning-induced preferences will wane as a consequence of a lack of
reinforcement and parasitoids then are likely to express their innate preferences
(Vet et al., 1988; Poolman Simons et al., 1992). Whether forgetting, or memory
processes in general, are affected by egg load is unknown.

Hence, the interaction of physiological state, learning and foraging is yet
another research area that is largely uncharted. Stochastic dynamic programming,
whereby behavioral modification due to learning (change in informational state)
and due to changes in egg load are incorporated, can be a powerful tool for
theoretical development, especially when used in combination with experimental
work (Mangel, 1993).

7. Future directions and unanswered question

In this chapter we attempted a synthesis of present knowledge on learning by
parasitoids. In our search for generalizations it has become clear that the evidence
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for our generalizations is limited. The field of learning and parasitoid foraging
is still fragmented and in need of contributions from disparate disciplines, ranging
from chemical ecology to neuroethology. In this section we identify the gaps in
our knowledge and unanswered questions.

First, the range of species studied needs to be expanded. The hypotheses given
in the present chapter may prove useful in guiding the choice of new experimental
species, although in practice the choice of species to be studied is dictated in
most cases by the presumed value of the parasitoid in pest management. There
is considerable knowledge on learning in larval parasitoids and a comparative
lacuna on species with other life styles. And parasitoids offer such a diversity
from which to chose.

Secondly, insight into the adaptive value of learning-induced behavior requires
field studies or at least questions which arise from the field. What are the exact
problems parasitoids solve with learning? Answers to this question are essential
if we want to use parasitoids as objects for the study of the evolution of learning.
Are learning abilities indeed species specific or is learning a general optimization
mechanism that is applied in a species specific context [see Papaj (1993b) for a
general discussion on the evolution of learning]. Comparative studies, using
species with a span of phylogenetic relatedness and ecological requirements is
the most useful approach for answering these questions.

To answer evolutionary questions on learning, insight into mechanisms that
manifest in behavioral plasticity is crucial. How generic in a physiological sense
are the learning mechanisms? How physiological state and learning interact in
modifying behavior is barely known. As well, how variation in sensory perception
of stimuli influences learning and foraging in general needs definition. There is
a clear need to know the chemical identity of the stimuli involved, but the other
sensory modalities also deserve more attention than they have accorded to date.
Sensory modalities have been shown to interact in determining foraging behavior
and learning. A research focus on a single sensory modality may provide a
misleading picture

Last but not least, little effort has been put into extrapolating effects of variation
due to learning from the level of the individual to that of the population. This
may turn out to be one of the great challenges of the future. How do learning-
induced changes in foraging strategy and host-location efficiency of parasitoids
affect the dynamics of both parasitoid and host populations? The answers may
be provided by population ecologists who include observations of searching
behavior into their models of dynamics of parasitoid-host systems. Population
consequences of learning are of particular interest to applied entomologists who
intend to manipulate the behavior of natural enemies used in biological control
of insect pests.

There is an obvious need for an interdisciplinary approach to study learning
and foraging in parasitoids and a fertile ground for future collaborations among
chemical and population ecologists, ethologists and physiologists.
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The Role of Chemo-orientation
in Search Behavior

William J. Bell, Larry R. Kipp and Robert D. Collins
Department of Entomology, University of Kansas

1. Introduction

Chemo-orientation is a diverse topic, intersecting the disciplines of fluid dynam-
ics, chemistry, physiology, cell biology, genetics, behavior, ecology, and evolu-
tion. Chemo-orientation is important for such diverse life processes as sperm
orientation in fertilization, white blood cell orientation preceding phagocytosis
in the autoimmune response, and locating resources such as food, mates, and
oviposition sites. In this chapter, with a few exceptions, we limit the discussion
to chemo-orientation processes involved in mate finding by insects. Not all insect
mate-finding strategies require chemo-orientation processes, of course, and even
in those instances where chemo-orientation is involved, insects often employ other
sensory modalities (sequentially or contemporaneously) when locating mates.

Chemo-orientation involves the use of an animal’s sense of smell (olfaction)
or taste (contact chemoreception) to locate a resource or to avoid a stress source.
The process functions as a one-way communication system between a signal
sender and a receiver. In order for the receiver to orient successfully toward the
sender, the receiver must execute “a series of responses based on a combination
of internal and external factors” (Hansell, 1985). Some behaviors, such as local
search patterns, are guided entirely by internal controls; other behaviors, such
as chemotaxis, are guided by external chemical gradients. Chemo-orientation
requires the integration of external and internal factors to generate one of several
possible searching strategies. A search strategy comprises a series of tactics,
including (1) initiation, during which an insect waits for or searches for an active
chemical space; (2) orientation, during which the animal moves within the active
space and toward the source of the chemical; (3) arrestment, including stopping
or landing; and (4) closure, a tactic for achieving the final approach to the
resource after stopping or landing.
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2. Locating a Pheromone Signal

Prior to mating, an insect must be motivated to search for, locate, and court a
prospective mate. Insects have evolved numerous ways to “switch on” mate-
finding behavior and to switch off competing drives such as finding food. Specific
mechanisms vary among species. For example, short-lived adult insects that do
not feed, such as the Hessian fly, Mayetiola destructor, or cecropia moth, may
initiate mate search soon after adult eclosion, whereas long-lived adult insects
first deal with other priorities, such as protein gathering, or nest building.

Ultimately, a mate-seeking male insect must encounter an active chemical
space. This space can be defined as the volume within which is the threshold of a
chemical (or blend of chemicals) that can initiate chemo-orientation in a particular
species. The active space is influenced by many factors, including the rate of
emission of the chemical signal and the perceptual abilities of the receiving
organism, as well as abiotic factors such as ambient temperature, and biotic
factors such as period of exposure to the odor (habituation may occur).

Two extreme tactics, with many intermediates, can be discerned with regard
to how an insect may increase its chances of detecting an active space. The first
is perching, in which an insect moves to a position in space that is optimal in
height or microhabitat features and then waits. The second is ranging in which
an insect actively searches for a stimulus (Jander, 1975). Ranging may be guided
by internal information, visual, wind, or gravitational cues, or some combination
of these. Perching is energy-conserving and risk-averse, especially if the animal
is cryptic. Ranging can expose the searcher to greater predation risk and may
require greater expenditure of energy.

Successful searchers depend on their ability to choose an optimal perch site
or ranging locale, and on the reliability and predictability of the signal emitter.
Such abilities include ranging or perching during the season and time of day or
night when the signal emitter is active. Ultimately, selection will favor those
searchers who are most efficient in locating mates.

The distribution and density of the emitting animals (usually females) could
influence the tactic employed by searchers. Most likely, the perching strategy
would be most efficient when the emitters are both numerous and widely distrib-
uted; when the emitters are aggregated during some phase of their lives, such
as emergence sites, feeding sites, and oviposition sites, perchers would have to
move from site to site in order to perceive pheromone. A major problem for
both perching and ranging is unproductive sites or paths. As noted below, both
perchers and rangers have evolved ways to avoid unproductive zones.

2.1. Perching

To optimize their chances of receiving olfactory signals, perchers would be
expected to station themselves at the right time and at an appropriate place. An
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insect can generally remain nearly motionless and often hidden while scanning
with chemosensory receptors, being inconspicuous to predators during this initial
phase of information gathering. For example, male cockroaches perch at night
on leaves where they can detect vibrations of approaching predators and at the
same time extend their antennae to pick up olfactory signals (Schal et al., 1983;
Seelinger, 1984). If sufficient chemosensory information is received, a perching
insect may then expose itself to potential predators and initiate local search or
orientation relative to wind, or gravitational or visual cues (Bell, 1990).
Silverman and Bell (1979) observed a population of Periplaneta americana
in a cubical 1.73 m’ chamber with a horizontal divider shelf. Cockroaches could
position themselves below the shelf or above the shelf, and they could rest
horizontally or vertically on walls or floors or ceilings. The results revealed a
vertical stratification, with males positioned above females. Later, Schal (1982)
and Schal and Bell (1986) found that males of several tropical cockroach species
also occur higher than females in rain-forest vegetation. This intersexual variation
in perch heights (described in Section 3.3) allows gravitational orientation in
which males run downward to locate pheromone-secreting females.
Presumably, insects that perch have ways to prevent the possibility of continu-
ously resting at a nonproductive site. One mechanism is for perch duration to
be time-dependent. For example, male cockroaches perching on vegetation in
the rain forest changed sites several times during a 4-hr period (Bell, unpublished).

2.2. Ranging

Theoretically, the ranging movements of a walking insect could be generated
entirely by internal information. For example, one way to localize a resource is
to move in a spiral in which the distance between paths is no greater than the
perceptual abilities of the insect. This tactic only works, however, if the resource
is quite close and does not move; if the resource is far away, the searcher may
expire before reaching it. As far as we know, the only example of fairly regular
spirals is in termites that lose an odor trail (Jander, unpublished). More often,
tracks of this kind tend to be a series of loops, and spiralling is exhibited only
periodically. Another possible tactic is to walk straight, perhaps using some
external cue, and thereby avoid revisits to areas previously searched (Jander,
1975). In straight-line ranging there must be a mechanism to prevent an insect
from becoming locked into an unproductive pattern of movement. For example,
blowflies, Phormia regina, walk straight for some distance, and then turn and
walk in another direction (Dethier, 1976). Straight search may either be continu-
ous or discontinuous (Dusenbery, 1992). In discontinuous search, also referred
to as saltatory search (O’Brien et al., 1989), an insect may move some distance
and stop to search for the resource or a cue emanating from the resource (Dusen-
bery, 1992).

Dusenbery (1992) suggests that a terrestrial odor trail, such as that produced
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by an ant, could be located by moving in a fairly straight course, in which the
path is made up of nonoverlapping segments. Some sort of zigzag might fall
into this category. How do insects move in a relatively straight line with periodical
changes in direction? Pline and Dusenbery (1987) define a collimating stimulus
as a stimulus (such as a wind current or a visual cue) that may be followed even
if the stimulus is not directly connected to the target. For insects, these cues
may be visual or gravitational stimuli or wind currents, as in the examples
discussed below.

2.2.1. Wind Cues

It has been suggested that insects should search for an odor plume by walking
or flying across the wind if the plume length exceeds its width, and upwind or
downwind if the reverse (Linsenmair, 1969; Cardé, 1981b). Generally a plume
presents a larger target area when approached from crosswind than when ap-
proached parallel to the wind.

Crosswind ranging is less than optimal when the wind direction fluctuates
significantly. If the range of current directions exceeds +30° from the mean
current direction, the plume will be wider than it is long, and the greater cross
section across the current will make a search along the mean current direction
more efficient than one across it (Sabelis and Schippers, 1984). These maneuvers
would be the favored tactics for flying insects because we know that they can
orient upwind in a pheromone plume, and that they can slip downwind, whereas
it would be more difficult for them to orient nearly exactly crosswind (i.e., 90°
to the wind) (Murlis et al., 1992). Even if they could orient crosswind, such
orientation would be energetically expensive owing to numerous fluctuations in
wind direction (Elkinton et al., 1987). The prediction, therefore, would be for
flight somewhat between upwind and crosswind, or between downwind and
crosswind.

Zanen et al. (1994) showed that Drosophila spp. in a wind tunnel tended to
fly 90° to the wind when the wind had a steady direction, but when the wind
shifted more than 60° the flies flew parallel to the wind direction. These observa-
tions suggest that Drosophila could shuttle between either an upwind or crosswind
strategy, depending on whether the wind direction was variable or stable. Thus,
Drosophila conforms to the models of Sabelis and Schippers (1984) on optimal
search for odor plumes.

The most complete information about ranging with wind orientation derives
from studies of walking arthropods. They use wind currents to orient when other
cues are not available, and they tend to orient at angles between crosswind and
upwind. For example, dung beetles, Geotrupes spp., and scorpions prefer angles
between 27° and 32° relative to exact upwind (Linsenmair, 1968, 1969), and the
median anemotactic course direction of the cockroach, Blaberus craniifer is 30°
(Bell and Kramer, 1979).
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2.2.2. Visual Cues

Some arthropods use topographical features in their ranging. For example, the
predatory mite, Amblyseius potentillae, searching for prey on a rose leaf follows
the leaf edges (Sabelis and Dicke, 1985), and butterflies, Pieris rapae, orient
to “leading lines” such as telephone lines, hedgerows, and roadways (Fig. 4.1)
(Baker, 1978). In the evident absence of sex pheromone, ranging male gypsy
moths spend more time in tree-oriented vertical flight than in any other behavior;
this result is consistent with the significantly higher trap catch at trees than away
from trees at corresponding heights (Elkinton and Cardé, 1983). Tree-oriented
vertical flight most commonly commences at the base of the tree. The moths
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Figure 4.1. Examples of ranging. (a, b, and c) Edge-oriented walking pattern of a
predatory mite on a rose leaf. Solid lines are paths on top of the leaf; dotted lines are
paths under the leaf. By cutting the leaf in (b) and (c), it was shown that the cue is any
edge, not just the outer edge [after Sabelis and Dicke (1985)]. (d, e, and f) Ranging of
butterflies, Pieris rapae. (d) Orientation to leading lines such as roads, telephone poles
or shoreline. Flight relative to wind (e) and leading lines (f) [after Baker (1978)].
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then hover near the tree and then fly at ground level out of the observation zone
or move up the tree and fly into the canopy. Many males move up and down a
tree repeatedly before leaving. Similarly, the western budworm, Choristoneura
occidentalis, and spruce budworm, C. fumiferana, “buzz” branches visually
during the day (Greenbank, 1973; Kipp et al., 1994), presumably searching for
mates.

3. Response to Pheromone Signals

Once an active chemical space has been located through ranging or while perch-
ing, the chemo-orientation tactic is activated. These tactics may initially involve
local search, presumably because in some species the pheromone emitter may
be close by. If local search fails to allow location of a resource, it may be
followed by orientation with respect to a wind current or gravitational or visual
cue. Those species that do not aggregate are more likely to immediately walk
or fly when a sex pheromone is detected, as in most species of moths.

3.1. Activation

Insects often exhibit a stereotypical behavioral response when they first detect
sex pheromone. For example, male green June beetles, Cotinus nitida, and
granary beetles, Trogoderma variabile, exhibit the following behaviors when
they detect sex pheromone: turning to face upwind, extending and waving the
antennae with the lamellae spread apart, raising the body up by lifting the forelegs,
and finally upwind running or flight (Domek et al., 1990; Tobin and Bell, 1986).
Presumably these behaviors are designed to gather as much sensory information
as possible before engaging in walking search or flight. Male gypsy moths,
Lymantria dispar, and many other moths respond to sex pheromone by wing
fanning for several minutes prior to flight (Cardé and Hagaman, 1979). These
behaviors are likely related to the warming up of flight muscles prior to taking
off.

3.2. Local Search

The function of local search is to find a resource that is nearby. An example of
purely endogenous local search orientation is the behavior of courting male
Blattella germanica in darkness. When the cockroach perceives the nonvolatile
female sex pheromone through contact with a female, it raises its wings and
turns 180°. If the female does not mount, or perhaps walks away, the male
engages in local search behavior in the area where wing raising occurred. Schal
et al. (1983) allowed a male to run on a locomotion compensator for a few
minutes and when it stopped an experimenter “fenced” with the male using a
sex pheromone impregnated antenna. Wing raising and turning was elicited, and



The Role of Chemo-orientation in Search Behavior | 111

after a few seconds the male began to search. Whereas movement prior to
stimulation is quite straight, local search is characterized by fast running in
overlapping loops. Return to straight walking occurs after several minutes.

In species that aggregate, such as the granary beetle, Trogoderma variabile,
males may engage in local search, comprising looping orientation near where
the odor was detected, enhancing its chances of locating a calling female (Tobin
and Bell, 1986). Similarly, dermestid beetles, Dermestes maculatus, stop, and
then turn in short loops when exposed to a puff of aggregation pheromone
(Rakowski et al., 1989). Local search can occur in flying insects as well. Douwes
(1968) plotted the flight paths of the geometrid moth, Cidaria albulata, as they
approached plants. When approaching host plants they increased their turning
rate, tending to remain in the area, followed by landing. This effect was not
noticed when moths approached nonhost plants, suggesting that plant odor stimu-
lated the local search. The local search tactic is adaptive in that the insect tends
to remain near where the resource odor was detected, enhancing the probability
of locating the resource or of detecting visual cues. The gradual manner in which
looping changes to relatively straight movements, eventually taking the insect
away from unproductive local search, has been found in all cases of local search
(Bell, 1991).

3.3. Gravity Orientation

Orientation to gravity may explain the behavior of male cockroaches in the rain
forest, where males perch higher than females (see Section 2.1) (Fig. 4.2a). This
height stratification of cockroaches in the tropical rain forest may be a mechanism
that enhances the efficiency of the mate-finding process. Schal (1982) found that
the nighttime temperature near the ground remains higher than at 1-2 meters
(Fig. 4.2b). The higher temperature near the ground causes convection currents
to move upward at night, as demonstrated by titanium tetrachloride smoke plumes
(Figs. 4.2d and 4.2¢). The resulting wind speeds (Fig. 4.2c) range from 7 cm
sec”' near the ground to 16 cm sec”™' at 2 m. This model was tested in the
laboratory in a vertical temperature gradient, and bioassays revealed that male
P. americana stationed above a sex pheromone source responded with courtship
behavior. Thus, the upward-rising convection currents at night in the rain forest
are sufficient to carry pheromones upward in the foliage.

To test whether male cockroaches perching higher than females tend to run
downward when they detect sex pheromone, male P. americana were tethered
by thin wires attached to their pronota, and a syringe was used to blow a puff
of air onto the back of the cockroach, perpendicular to a vertical arena. When
clean air was directed at cockroaches, both males and females ran upward in the
vertical plane, but when the air contained female sex pheromone, females ran
upward, but males ran downward (Silverman and Bell, 1979). The upward
running responses of both males and females may represent escape from preda-
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Figure 4.2. (a) Height stratification of eight species of cockroaches in the rain forest.
(b) Temperature profiles for a 24- hr period in the dry season. Stippled area is nighttime.
(c) Wind profile for day (1400 hr) and night (2200 hr) conditions. (d and e) Titanium
tetrachloride used to illustrate wind patterns. (d) Afternoon, (e) nighttime. (Schal, 1982).

tors, such as mice, rats, and centipedes, which are normally found on the floor. For
males perceiving sex pheromone, the downward running response is appropriate if
females occur lower on a vertical surface than males.

As discussed in Section 5, responses to gravity are also involved in search
patterns that occur after male moths land near target females.

3.4. Anemotaxis

Discussions of the mechanisms by which insects orient upwind in a pheromone
plume have often been controversial [e.g., Tobin and Bell (1981), Baker (1985),
Cardé and Charlton (1984)]. This is largely because flying insects seem to use
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somewhat different mechanisms than walking insects. The following discussion
is not a complete review of the literature, but merely an attempt to compare
some of the more important points distinguishing flying and walking in a phero-
mone plume.

The ability of a walking insect to maintain a relatively straight course in a
wind current is easily achieved because walking insects, such as immature locust
hoppers and cockroaches, detect wind speed and direction by using mechanore-
ceptors such as the Johnston’s organ at the base of the antenna or fields of
mechanoreceptive hairs on the head (Gewecke, 1974; Gewecke and Philippen,
1978; Bell and Kramer, 1979). In addition, walking insects can stop and move
their antennae or their bodies to monitor the wind direction to guide the next
series of movements. For example, as shown in Fig. 3, the larder beetles,
Dermestes ater, slow down when they perceive a directional change in a wind

2
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Figure 4.3. Pathway of a larder beetle, Dermestes ater, orienting to a wind current
moving from left to right (1) and then after the current is switched 90° (2). Inset shows
enlargement of track representing points observed every 0.1 s. Arrow shows point at
which wind shifts. (Bell et al., 1989).
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stream; they stop, turn to the new direction and proceed (Bell et al., 1989). In
contrast, flying insects are not in contact with the ground, and must use the
optomotor reaction, comparing the difference between the heading and the visu-
ally detected drift or side slip in order to orient upwind.

3.4.1. Flying Insects

With some exceptions, sex pheromone releases two programs in flying insects:
optomotor anemotaxis (upwind orientation) and a program of internally controlled
zigzag counterturns up a pheromone plume (Kennedy, 1986) (Fig. 4.4a). Whereas
an odor plume was once viewed as a more or less uniform cloud of pheromone-
laden air, at least on a time-averaged basis, it has become evident that pheromone
plumes comprise many tortuous, discontinuous filaments (Murlis and Jones,
1981; Baker et al., 1985). This finding has greatly contributed to understanding
behavioral chemo-orientation mechanisms of flying insects.

The filamentous nature of pheromone plumes appears to be critical for success-
ful chemo-orientation by flying insects (Baker, 1989). The flying insect briefly
surges upwind when a filament of pheromone is encountered and then returns
to endogenously programmed zigzag turns. The rate at which pheromone fila-
ments with detectable concentrations are encountered by male moths flying up-
wind may be relatively low (ca. once per second) (Baker and Haynes, 1989).
Because small discontinuous filaments of pheromone are less likely to become
mixed with other compounds, fine-scale structure of plumes may help to keep
the target signal separated and discernible from background chemical noise, such
as pheromone emitted by heterospecifics (Liu and Haynes, 1992).

Why do moths zigzag? Baker (1985) contends that the zigzag movements back
and forth across the plume allow the insect more opportunities to scan repeatedly
the changes in odor concentration, thereby allowing it to remain in the plume
more efficiently than if it flew straight. Two major factors influence this behavior:
(1) Changes in pheromone concentration, reflecting in part the distance of the
moth from the point source; and (2) loss of pheromone when the moth strays
out of the plume. With respect to changes in pheromone concentration, wide
zigzags when the pheromone concentration is low and narrow zigzags when the
pheromone concentration is high add to the efficiency of locking onto the plume.
Thus, as a male moves closer to the pheromone source, the pheromone concentra-
tion increases, the plume becomes narrower, and the behavior of the male changes
accordingly. For example, in L. dispar as pheromone concentration is increased
in a wind tunnel, the width of zigzags decreases, and more moths sustain flight
(Cardé and Hagaman, 1979). The response to straying out of the plume and into
clean air is to decrease the frequency of zigzagging. The resulting lateral excur-
sions lengthen until one of the forays reaches the plume and the frequency of
zigzagging increases once again. For example, when the pheromone source is
removed from a wind tunnel, male Plodia interpunctella and Grapholita molesta
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Figure 4.4. (a) Flight path of male Grapholita molesta in a plume of female sex
pheromone; wind from right (Kuenen and Baker, 1982). (b, c) Walking path of a male
cockroach, Periplaneta americana in a narrow plume (b) and wide plume (c) of female
sex pheromone; wind from left (Tobin, 1981). (d) Flight of male G. molesta in a side
corridor of female sex pheromone; wind from right (Willis and Baker, 1984). (e) Walking
paths of a male beetle, Trogoderma variabile, in a “temporal” corridor of female sex
pheromone; wind from right (Tobin and Bell, 1986). All tracks videotaped from above.
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fly into a clean airstream. They immediately switch from upwind zigzags to
casting nearly 90° across the wind (Kennedy and Marsh, 1974; Kuenen and
Baker, 1983).

In 1982 David et al. described a feature of plumes in wind streams that changed
the view of how moths follow a pheromone plume. They showed that in the
field a plume remains fairly straight for some distance, but that wind shifts cause
the plume to snake to and fro (Fig. 4.5a). Thus, flying persistently upwind
would actually lead the moth out of the plume. This idea was substantiated by
experiments with gypsy moths flying in a plume that could be visualized (David
et al., 1983). In David’s experiments, the movement of the plume in a field was
indicated by soap bubbles. Individual bubbles moved away from the pheromone
source in relatively straight lines, but then were displaced laterally by shifts in
the wind direction. However, the relatively straight lines, though displaced,
remained intact (David et al., 1982). A male L. dispar followed the plume by
flying in shallow zigzags upwind; when contact with the plume was lost, it flew
back and forth across the wind until it located the plume again (Figs. 4.5b and
4.5c¢). Each parcel of air carrying pheromone was nearly always moving directly
away from the source. When the moth lost the plume because a wind shift
displaced the plume laterally, it increased its velocity and began to cast. The
casting allowed the insect not only to relocate the plume, but to advance upwind
toward the source during the process. This experiment not only confirmed flight
tunnel data, but it showed that moths often cast in wide lateral sweeps to locate
the displaced pheromone plume. The wide sweeps could not be observed within
the confines of a wind tunnel.

Elkinton et al. (1987) carried out experiments similar to those of David et al.
(1983), but in the forest, which is the normal habitat of L. dispar. They showed
that when the long axis of the plume and the wind direction are parallel the moth
flies quickly and directly upwind; only during these brief periods does the male
gypsy moth make substantial progress toward the pheromone source.

Can moths detect the edge of a plume? Several experiments have shown that
various species of moths turn back into a corridor of sex pheromone in a wind
tunnel [e.g., Willis and Baker (1984)] (Fig. 4.4d), which could be interpreted
as changing tack when the pheromone concentration drops significantly. Baker
(1985), however, concludes from various other studies [e.g., Kuenen and Baker
(1982)] that moths do not steer according to loss of pheromone. Their evidence
is that the width of the zigzags in a plume from a high-concentration pheromone
source (larger active space) is actually narrower than in a plume from a lower-
concentration source (smaller active space). They conclude that “This is the
converse of what would be expected if each turn were steered by an excursion
outside of the active space.” However, if the moth in the wide plume was actually
zigzagging along the plume edge, this would be consistent with changing tack
according to changes in pheromone concentration.

An explanation for edge-tracking along a pheromone corridor has been offered
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Figure 4.5. (a) Simultaneous measurements of wind direction within a smoke plume.
Smoke was released at 0.5 m above ground level over a flat grassy area. Mean wind
speed was 1.6+/— m sec”; distance between markers equals 5 M. (David et al., 1982).
(b and c) Tracks, videotaped from above, of male gypsy moths, Lymantria dispar, flying
toward a pheromone source (X) in the field. Thick black line is the male’s track when
in contact with the pheromone plume, and each solid black arrow is the wind’s direction
during each period of pheromone contact. Thin black line is the track when the male lost
contact with the pheromone plume, and each hollow arrow denotes the wind direction
during these periods of flight in clean air. Tick marks denote 1-s intervals. When the
plume is lost often the wind has swung sharply (as in a-b and c-d in the left figure, and
b-c and d-e in the right figure) the male’s 90° crosswind flight often brings it back into
contact with the plume at a point closer to the source than where the pheromone was
lost. (David et al., 1983).
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by Willis and Baker (1984), based on the idea that the “edge” of a pheromone
cloud or corridor is probably ragged rather than sharply defined. Male moths
lock onto this ragged edge because it provides a phasic stimulation, similar to
that provided by a pheromone plume, that is needed to drive the internal program
of upwind zigzagging. In essence a moth may lock onto and follow the edge,
but not because they turn each time the pheromone concentration drops.

Cardé and Charlton (1984) pursued the idea that flying gypsy moths straying
out of a plume are brought back to it by a counterturn provoked by cessation of
the pheromone stimulus. Confirming Kennedy et al. (1981, their Fig. 4.9), Cardé
and Charlton (1984) found that the zigzags of moths are narrower along a discrete
plume than in a uniform cloud of pheromone, indicating that the moths turn back
when they detect the plume border. An alternative explanation is that the moths
habituate to the pheromone while in the corridor (Kennedy et al., 1981; Willis
and Baker, 1984). As explained by Kennedy (1986): “For the moth, habituation
of the initial narrowing-down response to entering pheromone would be like
passing into clean air again, with the well-known result that the zigzags widen.”
Diagrams of moth flight, however, show clearly that in many cases the moths
orient along the edge of the pheromone corridor, zigzagging in and out of the
corridor (Fig. 4.4d); habituation would seem unlikely. An alternative explanation
is that, rather than requiring chemotaxis, the turn of the moth back into the
corridor is simply a truncated version of the casting normally exhibited when a
moth loses the plume (Baker and Haynes, 1987). Is it not also possible that the
moth’s first reaction is to turn in the correct direction back toward the plume,
which it seems to do, and then to cast if it cannot quickly find the plume? Is it
also possible that moths utilize several different mechanisms, depending on
conditions and available information, but the existence of such redundant systems
remains undocumented?

Some species of flying insects exhibit alternative anemotactic behaviors. Dro-
sophila fly nearly straight upwind in banana odor (David, 1986). Interestingly,
Drosophila also walk straight upwind in a plume of banana odor (Fliigge, 1934).
The mosquito, Aedes aegypti, flying in a wind tunnel turns back on leaving a
favorable airstream (high CO, and humidity), but does not turn back upon entering
one (Daykin et al., 1965). This behavior keeps the mosquito within the favorable
airstream. Thus, it is not necessary to zigzag in order for a flying insect to locate
an odor source upwind. It is possible, however, that a plume containing CO, and
humidity would be more homogeneous than pheromone in a plume, accounting for
the straight flight. Some insects orient upwind by flying only in short hops. For
example, the onion fly Hylemya antiqua and cabbage root fly Delia brassicae
approach a source of host-plant odor in a series of short, low flights (“hops™),
without the zigzagging that is typical of the sustained flight of male moths nearing
a source of sex pheromone. When the fly perceives the host plant odor it turns
and walks or flies in short hops upwind toward the odor source; wind direction
is determined while the fly rests (Hawkes and Coaker, 1979; Dindonis and Miller,
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1980). Based on studies of Brady (1970) and Bursell and Taylor (1980), which
showed that tsetse flies, Glossina spp., alternate short flights with longer periods
of rest, Bursell (1984) speculates that the flies assess wind direction when resting,
and would therefore be able to fly in the upwind direction on the next flight.
They may even use local visual cues during their short flight rather than an
optomotor mechanism. It should be noted, however, that this mechanism would
not be productive under conditions of shifting wind directions.

Finally, moths that usually zigzag upwind in a pheromone plume occasionally
have been observed to fly straight [e.g., Mafra-Neto and Cardé (1994)]. To
explore this behavior further, Mafra-Neto and Cardé (1994) manipulated the
filamentous nature of plumes using a pheromone pulse generator in a wind tunnel.
Male Cadra cautella, which usually zigzag slowly up a pheromone plume, also
zigzagged in a continuous plume produced by the pulser, but flew straight upwind
when the plume comprised discrete pulses. When low-pulse frequency plumes
were used, the moth zigzagged when in clean air, and surged upwind when
contacting a pheromone pulse. Males thus change their flight behavior in response
to changes in the plume’s overall shape, and also to its internal structure.

3.4.2. Walking Insects

When Tobin (1981) filmed male P. americana running in a sex pheromone
plume in a wind tunnel, it was not surprising, given the data on flying moths,
that cockroaches also ran upwind in a zigzag fashion. However, the zigzag path
was related to the edge of the plume (dimensions visualized with titanium oxide)
(Fig. 4.4c). To determine if male cockroaches direct their zigzag orientation
pattern by detecting the edge of a plume, Tobin used either a narrow or a wide
pheromone plume. Whereas males remained tightly within the narrow plume,
turning precisely at the plume edges, in the wide plume they sometimes turned
within the plume and other times ran all the way to the edge of the plume before
turning (Fig. 4.4c). These observations indicate that the cockroach (1) runs
upwind at some angle, and then changes tack when it leaves the pheromone plume
(i.e., detects a decrease in pheromone concentration); and (2) turns stochastically
within the plume even when there is no change in pheromone concentration.
Thus, cockroaches combine chemotaxis (orientation driven by a change in odor
concentration) and spontaneously generated turns, with anemotaxis. Turning at
the edge of the plume allows the cockroach to remain within the plume, whereas
the spontaneous turns ensure efficient upwind orientation when pheromone secre-
tion from many females creates a wide swath of pheromone in an air stream.
Turning frequency appears to be stochastic in the cockroach, and also in walking
Bombyx mori moths (Kramer, 1975).

In the walking cockroach, loss of pheromone in a wind current leads to
crosswind turns that are similar to casting in moths. It would appear, however,
in contrast to flying moths, that the walking insect “knows” in what direction
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to turn to find the plume. This is an important point. The following experiments
with T. variabile test the idea of edge following (Tobin and Bell, 1986). The
experimental setup avoided the problem of a ragged corridor edge because a
corridor of female sex pheromone was produced by turning the odor on or off
in a wind-tunnel with the beetle on a locomotion compensator. They simulated
what the beetle would perceive if it walked across a sharp boundary between
clean air and air containing pheromone. The results showed that beetles walk
upwind when they perceive sex pheromone, and reached the boundary as a
result of net sideways displacement across the wind. When a beetle crossed the
boundary, the pheromone was eliminated from the wind stream, and the beetle
responded by slowing down and turning back toward the corridor. When it
reentered the corridor, pheromone was again provided, and the beetle again
walked upwind. The chemotactic turning response, resulting from an abrupt
decrease in pheromone concentration, indicates that walking insects are capable
of detecting temporal changes in odor stimuli in an air current and turning in
the correct direction that takes them back toward the plume. If the insect makes
an error, and turns in the wrong direction, it circles or casts, until it relocates
the odor.

As with flying insects, changes in pheromone concentration also affect zigzag
movements of walking insects. For example, increasing female sex pheromone
concentration alters pathways of P. americana running on a locomotion compen-
sator (Bell and Kramer, 1980). As the concentration increases, the male moves
straighter upwind. Clean air causes escape responses, which consist of rapid
downwind running. With no air current the cockroaches tend to circle about.
Walking Ips paraconfusus orients in a more upwind direction as the concentration
of pheromone is increased (Akers and Wood, 1989). The tracks of walking
beetles in a wind stream containing pheromone consist of relatively straight
or slightly curving sections interspersed with a few relatively abrupt course
adjustments.

3.5. Chemotaxis

Insects can orient without wind or visual cues by sampling information spatially
or temporally. In spatial sampling, the inputs to the two antennae are compared,
and the insect moves in the direction of the antenna receiving the higher input
(given that the stimulus is a favorable one). In temporal sampling the insect
samples over time and determines if it is headed toward the source by comparing
odor concentration at different points in time.

Male P. americana easily locate a source of female sex pheromone in an arena
in the absence of directional wind currents (Bell and Tobin, 1981). Movements
of individual males were filmed from above a 2.4-m diameter arena in which a
male was introduced at the edge, and a sex pheromone source was located in
the center. A male tended to remain along the edge until it detected pheromone.



The Role of Chemo-orientation in Search Behavior | 121

After a brief stop, during which the antennae were waved about, it ran very
quickly in forays toward the center of the arena, stopping at the pheromone
source.

The males were manipulated to discriminate between spatial and temporal
mechanisms in still air: (1) Males were unilaterally antennectomized (1-ANT)
to determine if it is necessary to compare inputs from the two antennae in order
to orient toward the pheromone source; and (2) the antennae were crossed, left
to right and vice versa (X-ANT), and the bases were sealed with wax. In the latter
case the brain should receive information reversing the apparent concentration
difference between right and left antennal receptors. If a cockroach can still
orient properly, it would suggest that information is not compared between
antennae. The results showed that 1-ANT males located the pheromone source
as frequently as control (2-ANT) males, but that X-ANT males failed to locate
the source. Bell and Tobin (1981) hypothesize that male P. americana probably
use spatial comparisons (between the two antennae) if the gradient is sufficiently
steep to perceive a difference in pheromone concentration. They are also appar-
ently capable of making temporal comparisons (1-ANT), in which pheromone
concentration is tested over time; otherwise they would not be able to orient with
one antenna.

It is not an easy matter to ascertain which chemo-orientation mechanism
(spatial or temporal) an animal is actually using at any particular moment.
Experiments with the clearest outcomes are those with honeybees (Martin, 1965)
and snails (Chase and Croll, 1981) in which tubes were placed over antennae
or tentacles, and different odor concentrations entered the left and right tubes.
In both cases the animal moved toward the direction of the olfactory organ
receiving the higher odor concentration. Martin (1965) then fixed the antennae
of honeybees close together so that they were unable to sample a concentration
gradient using spatial information; the bees then tended to move their heads from
side to side, as though to read the gradient using temporal information. Thus,
it is probable that insects have the ability to switch between temporal and spatial
mechanisms, depending on the information available.

Studies have shown that in the absence of a wind current some flying insects
can continue to fly in a static plume over a relatively short distance (a few
meters). They apparently sample pheromone concentration from place to place
(Farkas and Shorey, 1972; Kuenen and Baker, 1983; Willis and Cardé, 1990).
This tactic could be useful when the wind speed is too slow for the optomotor
reaction to work. Oriental fruit moths, G. molesta, exhibit zigzag flight, even
in the absence of wind, although they do not zigzag when they are not stimulated
by pheromone (Baker et al., 1984), suggesting that pheromone turns are based
on an internal program of zigzag flight. Without wind, however, the zigzags
have no consistent direction, since the wind polarizes the zigzag movements.
Interestingly, the moths without wind were able to locate the pheromone source
in some (21%) tests.
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4. Landing

The strategy of a searching male would be expected to contain an “end game,”
such that the male would curtail locomotion, either landing or stopping, at a
position in space that ensures location of the female. The problem for the male
is to land at the right time and at the right place.

One tactic for a flying insect is to land whenever the individual odor pulses
(filaments encountered) in an odor plume can no longer be resolved (Baker et
al., 1985; Baker and Haynes, 1989). Such a condition would likely occur only
when an insect is downwind of and very near to an odor source. However, given
that there is variability among females in the amount of pheromone emitted [see
for example, Collins et al. (1990)], there could be errors in the distance from
the female at which a male alights.

Two possible visual tactics depend upon the ability of a male to visually
resolve the target female. If it can, the male may land when the female comes
into view, or it may land on some nearby object and engage in walking search.
Obviously this task is simpler for diurnal species, but even nocturnal species
can resolve silhouettes of trees and other contrasting objects.

The larch casebearer moth, Coleophora laricella, may orient to nonfemale
objects, preferentially landing on twigs containing pheromone rather than flat
surfaces containing pheromone (Witzgall and Priesner, 1984). Their tendency
to orient to tree silhouettes was confirmed by placing pheromone baits in nonhost
trees. Male L. dispar in the forest can locate an isolated sex pheromone source
as readily as sources supplemented with female visual cues (Charlton and Cardé,
1990). In flight tunnel choice experiments using cylinders as surrogate trees,
and with pheromone in different spatial configurations, visual attributes did not
influence either a male’s choice of landing site or the efficiency with which it
located a female. Pheromone on the cylinder was required to elicit search orienta-
tion as well as landing.

Castrovillo and Cardé (1980) examined male codling moths, Laspeyresia po-
monella, approaching, landing, and walking on a platform containing a sex
pheromone source. The mean total orientation time and mean time in contact
with the platform was unaffected by the presence or absence of a dead female.
When a dead female was present, however, males spent more time near the
female than in other quadrants of the platform. During these periods copulation
attempts were made. Similarly, Shorey and Gaston (1970) found that when dead
Trichoplusia ni females or black paper silhouette models were positioned 2 cm
from a pheromone source, the presence of such visual cues did not influence the
persistence of orientation, but it did influence both the frequency and direction
of copulatory attempts.

The results of experiments with dead females or surrogates are not always
easy to interpret, however. In the lightbrown apple moth, Epiphyas postvittana,
a high proportion of males land just downwind of a pheromone source, even
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when visual objects such as dead moths or a rubber septa are present (Foster
and Harris, 1992). But the males tend to land very near live, moving male moths
(Foster et al., 1991). Thus, the behavior of the target individual may be more
important than the visual pattern of a dead individual or surrogate that cannot
move.

Long-range attraction in the strictly diurnal six-spotted burnet moth, Zygaena
filipendulae, is mediated by sex pheromone, but once males are within 50 cm
they switch to casting flight and utilize visual cues to locate the female (Zaggatti
and Renou, 1984). In the laboratory the final approach was filmed with a video
camera. At about 50 cm from the calling female the male describes a loop in
the air, gently brushing the female, then climbing and descending. This loop
brings him back to the female slightly underneath her. Then he either makes
another loop or gets closer to the female to attempt to contact her with his
antennae. Thus, the latter approach phase is visually mediated.

5. Searching after Landing or Stopping

After landing near or at the site of the pheromone emitter, the searching male
may employ an internally generated search pattern and may use gravity, wind,
or visual cues to localize the emitter. Charlton and Cardé (1990) found that
pheromone on surrogate tree cylinders was required to elicit search orientation
as well as landing in gypsy moths. If pheromone stimulation is interrupted during
search, males do not proceed directly to a female that is only a few centimeters
away. Rather, males initially walk downward, and then exhibit convoluted,
mainly vertically directed movements (Fig. 4.6). In contrast, males receiving
continual pheromone stimulation walk fairly directly toward a visually apparent
female. The mechanism appears to be a combination of local search and upwind
orientation. These behaviors may enhance relocating a pheromone plume and/
or increase the chances of contacting the female.

6. Factors Affecting Search Tactics

Both external and internal factors may influence the search tactics used by an
insect. External factors can potentially influence all members of the population,
whereas internal factors influence an individual’s behavior but not directly the
behavior of others. Internal factors may help explain much of the observed
variation of a population’s daily activities.

6.1. Internal Factors

Internal factors are all of those influences and constraints originating from within
the organism, such as characteristics provided by an organism’s genotype, experi-
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Figure 4.6. Walking path of a male gypsy moth, Lymantria dispar, responding to
combinations of females and sex pheromone. Reactions (a) prior to and (b) following
wind and pheromone plume shift induced by rotation of the cylinder. Before wind shift,
male was 5 cm directly downwind of the female and in the pheromone plume. (Charlton
and Cardé, 1990).

ential effects, and acquired characteristics. Internal factors include available
energy stores, motivational state, age, previous experience, parasite load, size,
and learning capability. At any given time, researchers will observe behavioral
differences within a population that could be attributable to differences in age.

6.1.1. Biological Rhythms

Biological rhythms are responsible for synchronizing female calling and male
responses to pheromones. For example, more male German cockroaches, B.
germanica, respond to female sex pheromone in the scotophase than in the
photophase (Bell et. al., 1978). In G. molesta, periodicities of both calling
female and male response to sex pheromone by wing fanning are controlled in part
by a circadian rhythm (Baker and Cardé, 1979). The response of P. americana is
affected by the length of time since the male was previously exposed to female
sex pheromone, the length of that exposure, as well as the time in the photocycle
(Hawkins and Rust, 1977). Liang and Schal (1990) found that in the brown-
banded cockroach, Supella longipalpa, the sex pheromone concentration and the
time of testing relative to the entrainment conditions affect the number of insects
responding. High pheromone concentration can alter the periodicity of the re-
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sponse of male S. longipalpa: males may respond to sex pheromone at any time
if the concentration is sufficiently high.

6.1.2. Body Size

Male gypsy moths differ in pupal length from 14 to 26 mm. Kuenen and
Cardé (1993) examined the effects of male size on flight parameters in a wind
tunnel. Mean net ground speed along the wind line and airspeed was faster
among large males than in medium and small males. It is, therefore, likely that
larger males would be able to reach calling females before smaller males. How-
ever, Kuenen and Cardé point out that fast flight could reduce orientation precision
by forcing them out of the plume if crosswinds cause the plume to snake (see
David et al., 1983). Once the male finds a female there is no advantage to being
large, since females mate with the first male that arrives (Cardé and Hagaman,
1984).

6.1.3. Parasitism

Parasites can have significant effects on an animal’s behavior. Hurd and Parry
(1991) observed reduced responses in male Tenebrio molitor beetles infected
with the metacestode Hymenolepis diminuta to glass rods coated with the female
sex pheromone. Likewise, infection of the cockroach, P. americana, with the
acanthocephalan Moniliformis moniliformis, affects sexual behavior. Response
to female sex pheromone, periplanone B, was significantly reduced in infected
individuals. If an infected male has a decreased behavioral response to sex
pheromone, it may also have decreased success in locating a mate, and thus
decreased fitness (Carmichael et al., 1993).

6.14. Age

As insects age the tendency to maintain flight periodicity may decline. For
example, young Anax imperator males mainly fly in the hours just after dawn;
older males usually fly later, near midday (Corbet, 1957, 1960). In biting Diptera,
periodicity changes in oviposition, feeding, and flight have also been observed
(Nielson and Nielson, 1962). Recent evidence suggests that a change in the
periodicity of flight also occurs with male spruce budworm moths, C. fumiferana,
as they age. Young males (< 24 hr) primarily take flight in the evening when
females are calling. Older males (>120 hr) primarily search during the day,
especially during peak female emergence, but may search again at night (Fig.
7) (Kipp et al., 1994). The behavior of older males could significantly reduce
the number of virgin females available to younger males that waited until evening
to search.
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Figure 4.7. Frequency of flight activity of male Choristoneura fumiferana moths in a
fir grove in the absence of females. Over five days in June 1989, one month prior to the
natural budworm flight season, 403 young (<12 hr old) and 367 older (>120 hr old)
laboratory-reared males were released and observed every other 15-min period from
sunrise to sunset. A total of 88 flights by young males (21.8%) and 94 flights by older
males (25.6%) were observed (Kipp et al., 1994).

6.2. External Factors

External factors such as day length or temperature can modulate search tactics
to fit current conditions. The presence and behaviors of other individuals can
also be influential factors. For example, the time for optimal search may vary
with population density, which will affect the encounter rate, relative risk of
predation, or the intensity of male competition.

6.2.1. Density

Some species of insects incur vast changes in density from year to year.
Populations of the spruce budworm, C. fumiferana, may vary from a few to 2.6
million pupae per hectare (Seabrook et al., 1989). Under low-density conditions,
males apparently locate females by upwind orientation, following a pheromone
plume. Under high-density conditions, several alternative tactics may come into
play. For example, a small percentage of L. dispar males locate females simply
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by walking about on the tree (Cardé and Hagaman, 1984). Thus, some females
are mated before beginning pheromone emission.

Under high-density situations, older spruce budworm males may search for
and mate females during the day (Kipp et al., 1990; Kipp et al., 1994). Since
females usually do not call until after 1700 hr, daytime flying males should not
be able to locate females by pheromone communication.

6.2.2. Ambient Temperature

Two reproductive behaviors highly influenced by shifts in ambient temperature
are female calling and male responsiveness. Laboratory experiments have demon-
strated that calling in G. molesta females is temperature dependent; the onset of
calling can be advanced by as much as 4 hr when the temperature is reduced
from 25° to 20° C at various times during the photophase (Baker and Cardé,
1979). In another series of laboratory experiments Linn et al. (1988) showed
that the response specificity of both Pectinophora gossypiella and G. molesta
male moths to sex pheromone specificity was temperature-dependent. At 20° C a
narrow pheromone blend-dose specificity was observed, while at 26° C specificity
decreased. Other temperature influences on female behavior are reviewed by
McNeil (1991).

The timing of male moth capture at attractant- or pheromone-baited traps
appears to be temperature-related. Laboratory studies of this phenomenon present
the most compelling results (McNeil, 1991), whereas the interpretation of results
from field studies are more problematic. Turgeon et al. (1983) found that peak
trapping of armyworm, Pseudaletia unipuncta, males on warm nights in the field
ranged from 2400 hr to 0400 hr, whereas on cool nights peak trapping occurred
near 2300 hr. Comeau et al. (1976) showed that the mean hour of attraction of
redbanded leafroller, Argyrotaenia velutinana, males to pheromone traps was
significantly correlated with the evening average temperature (1800-2300 hr) (r*
= 0.91). Significant correlations were observed for both the spring and summer
populations. Similar correlations were observed for five other lepidopteran species
[see also Cardé et al. (1975)]. These field studies are consistent with the hypothesis
that male behavior is affected by temperature (McNeil, 1991).

In addition to temperature, certain biotic factors may also advance or delay
the mean hour of attraction to pheromone traps (e.g., temporally nonrandom
predation or migration, and population density). First, Kipp et al. (1994) observed
that male moths attempting morning flight in low-density areas were attacked
by birds. Removal of these males by birds in the morning would lead to a low
trap catch in the morning, causing a delay in the mean time of trap catch. Such
a delay would be independent of temperature. Second, daily migration of moths
may affect trap catches. Kipp and Lonergan (1990), using a mark-release-recap-
ture technique (Kipp and Lonergan, 1992) showed that the ratio of marked to
unmarked males captured over the day was nonstationary: more marked males
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were captured earlier and more unmarked males were captured later. This resulted
in significant differences in the hour of peak capture for marked and unmarked
males. The increased catch of unmarked males later in the day may have resulted
from immigration, which is known to occur at that time (Greenbank et al., 1980)
with moths dispersing up to 600 km (Dobesberger et al., 1983). Such increased
trap catch late in the evening may have had little to do with ambient temperature.
Third, earlier field studies relating moth flight with ambient temperature may
have also been confounded by changes in moth density. Kipp et al. (1994)
have shown that with spruce budworm a single evening peak is observed when
populations are relatively sparse; whereas when populations are relatively dense
an earlier, morning peak also occurs. These peaks are independent of daily
temperature fluctuations.

We conclude that it is difficult to infer causes for shifts in the flight behavior
of moths from field-collected trap capture data. Trapping periodicity data repre-
sent the integration of many factors, possibly including age-dependent shifts on
daily flight time, temporally nonrandom predation, moth densities relative to
predator densities, and daily emigration and immigration rates, as well as abiotic
factors such as ambient temperature.

7. Genetic Components of Variance

As information about pheromone-mediated communication systems accrued, and
as techniques for identifying and synthesizing pheromone compounds became
more accessible, it soon became clear that pheromone systems are quite often
based on complex, multicomponent signals, and that response behaviors elicited
by these signals are equally complex. It also became evident that pheromone
systems are much more variable than formerly believed, and that significant
variation often exists at all levels, from within individuals to among populations.
Knowledge about this variation is critical to understanding pheromone-mediated
search behavior.

Evolutionary responses to selective forces are only possible if there is variance
in the behavioral phenotype, the phenotype is correlated with fitness, and there
is a genetic component of variance (Lewontin, 1970). The primary functions of
pheromone-based long-distance sexual communication systems are mate location
and reproductive isolation (Cardé and Baker, 1984). Reproductive isolation may
be maintained by the identity and blend of pheromone components (Roelofs and
Brown, 1982), differences in concentration (Kaae et al., 1973), or both.

Because many closely related species achieve reproductive isolation behavior-
ally, understanding the genetic bases of pheromone-mediated communication
may contribute to an understanding of speciation and the evolutionary causes of
diversity in pheromone systems (Lofstedt, 1993). Information about variation in
pheromone communication systems also has great practical significance for pest
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management tactics that utilize pheromone trapping to monitor or control pest
populations, and for programs that employ synthetic pheromone to disrupt mating.
Until recently, however, information on the extent of phenotypic variance in
aspects of pheromone signal and response behaviors was sparse, and studies
of the genetic bases of pheromone communication systems were even more
uncommon.

In the preceding sections of this chapter, external and internal factors have
been examined that contribute to variation in chemo-orientation behaviors. An
alternative way to look at variation in these behaviors is to partition observed
phenotypic variance into components that can be attributed to genetic and environ-
mental sources. Within the past decade, information about the extent and sources
of variance in these behaviors has been accumulating at an increasing rate. In this
section we report briefly on some of this information. Because of the considerable
research emphasis that has been placed on pheromone communication in Lepidop-
tera, the discussion will focus on this group. No attempt is made to provide an
exhaustive review of this rapidly expanding area of research; rather, we focus
on several examples of better-understood systems.

7.1. Within-Individual Variance

Pheromone systems are characterized by the emission of a narrow-variance signal.
In moths it is usually females that produce long-distance pheromone signals to
which males respond. Males generally exhibit relatively broad response spectra,
but peak response is often elicited by the particular pheromone blend emitted by
conspecific females, especially at low concentrations (Linn and Roelofs, 1985).

Total phenotypic variance observed within a population can be partitioned
into within-individual variance and among-individual variance. Within-individual
variance occurs when the behavior of an individual changes over time as a
function of age, reproductive status, deprivation, and external environmental
conditions such as climate or photoperiod (Caro and Bateson, 1986). Variability
in an individual’s behavior may also represent an important adaptive strategy.
To directly measure within-individual variation, the behavior of individuals must
be measured more than once. However, repeated measures are seldom reported
for behaviors associated with chemo-orientation. Du et al. (1987) measured
repeatabilities for the relative emission rates of pheromone components emitted by
individual female ermine moths, Yponomeuta padellus. Repeatability measures
among-individual variance as a fraction of total phenotypic variance, providing
an estimate of the extent to which repeated measures for an individual are
consistent over time (Boake 1989), and setting an upper limit to the character’s
heritability (Falconer, 1981). Emission rates were measured for individual fe-
males at six and eight days after adult emergence using an airborne collection
technique (Baker et al., 1981). The emission rates of five of the seven known
pheromone components were measured relative to the emission rate for the
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component with the highest emission rate. Estimated repeatabilities for these
relative emission rates were high, ranging from 0.82 to 0.90. Therefore, most
of the observed variance in relative component emission rates was attributable
to among-individual variance; component ratios emitted by individual females
were relatively constant over time. A similar result was also obtained for Ypono-
meuta rorellus.

Responding individuals appear to more variable than signalers. This was dem-
onstrated in a field population of the pink bollworm using a mark-recapture
technique (Haynes and Baker 1988). The observed broad response spectrum was
attributed to variation within individuals because individual males responded to
a variety of pheromone blends, rather than to multiple and invariant male response
phenotypes. In a laboratory colony, the wing-fanning response of males (Collins
and Cardé, 1989c) was significantly repeatable (Collins and Cardé, 1989a) but
most of the observed phenotypic variance was due to within-individual variance.
Variation in pheromone response by male Oriental fruit moths, G. molesta, was
also largely due to within-individual variation (Cardé et al., 1976).

7.2. Variance Within Populations

Pheromone communication systems are under strong stabilizing selection, and
are generally characterized by the emission of and response to narrow variance
signals (Lofste