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1 INTRODUCTION

The diversity of insect behaviors is staggering. Their
repertoires are amazingly matched to their life his-
tories and to the demands of the abiotic and biotic
surroundings. Earlier chapters in this volume have
described lucidly how behavior results from the
integration of visual, auditory, tactile, olfactory,
and gustatory sensory information from the en-
vironment with internal information from hor-
mones and the central nervous system (CNS). It
is the purpose of this chapter to review the types
of behaviors elicited by cues from just one of
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these modalities, chemicals, and to try to generalize
about their effects. Certainly chemicals are power-
ful modifiers of insect behavior; so much so that
entomologists now use them to suppress and
monitor populations (see volume 12). We should
not delude ourselves that such chemicals completely
control insect behavior, notwithstanding the title of
this chapter, but when compared to other stimuli
across all the insect families, chemicals must be
considered the most specific and influential
mediators of behavior known. I would like to
make some generalizations about how they affect
nsects,




11 Information flow

It may be helpful to depict information, in the form
of chemicals, as being emitted from a source,
travelling through an environmental channel, and
reaching the receiver, the insect (Fig. 1, adapted
from Shannon, C. and Weaver, W, 1949). Chemi-
cal communication, defined here in the broad sense
as transmission of information between a source
and receiver, will have occurred only when the sig-
nal reaches the receiving insect’s CNS and has a
chance of being integrated with the internal
physiological state of the insect to result in a
behavioral response. Before reaching the CNS,
however, spurious information from the environ-
ment may be added to the channel. Such chemical
noise is a factor in determining whether or not

622 Thomas C. Baker

mformation in the signal is integrated and com-
munication occurs. The chemical signal:noise ratio
must be high enough for the receiving individual’s
nervous system to discriminate the message con-
tained in a stream of action potentials.

Hence, chemically mediated interactions among
insects or among insects and other organisms in the
environment can be viewed as “attempts” to either
enhance or minimize the chemical signal:noise
ratio. This ratio may be altered in three major ways:
by changing either the quality or quantity of the
chemical signal, or both. It is helpful, although
somewhat subjective, to look at communication
that occurs in nature based on whether the sender
or receiver benefits (Alcock, J., 1982). Such an
examination often reveals the type of sclective
forces occurring at the individual, not the group,

level. In Table 1, I have categorized the major types
- of chemical communication occurring in insects ,
according to the types of pressures placed on the '
signal:noise ratio by the sender and receiver. It is
clear that in most cases the receiver “wants” the
NOLSE ratio to be high, and may go to great lengths
physiologically to amplify the signal, using
thousands of narrowly tuned receptors to filter out
the background noise. The sender, on the other
hand, very often does not “want” to send a signal

signal received

SENDER CHANNEL signal RECEIVER

FiG. 1. Information flow that results in communication in an
environment with noise. (Adapted from Shannon, C. and
Weaver, W, 1949))

Table 1: Relationship between the signal . noise ratio and the types of behaviours in which chemical communication is used.

Benefits of How accomplished

Behaviour Sender

Receiver

signal : noise ratio Amplitude Sensitivity Specificity
Mate-Finding  adult insect adult insect high, benefits sender low high high
high, benefits receiver
Courtship adult insect adult insect high, benefits sender high moderate moderate
high, benefits receiver
Host-finding plant host insect low, benefits sender low high high
(feeding, tissues high, benefits receiver
oviposition)
flowers insect high, benefits sender high high moderate
high, benefits receiver
insect host insect low, benefits sender low . high high
high, benefits receiver X
Host-finding insect insect’s relative  high, benefits sender high low high
(recruitment) high, benefits receiver
Self-defense insect predator high, benefits sender high low low
or parasite low, benefits receiver :
plant tissues phytophagous  high, benefits sender high low low
insect low, benefits receiver
Defense of insect insect’s relative  high, benefits sender high high low
relatives high, benefits receiver
(alarm) :
oviposition adult adult high, benefits receiver moderate? moderate? unknown
(deterrence) female female
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Chemical Control of Behavior

because the reactions of the receiver are detrimen-
tal. Therefore the sender allocates much effort to
reducing the signal’s amplitude and altering its
quality so that it blends into the background noise
and communication does not occur. I will examine
the relationships in Table 1 in more detail later,
when I address each type of behavior separately.

1.2 Chemicals and insect movement

I will discuss only the overt behavioral effects
elicited by chemicals in this chapter, not the
physiological, or primer effects. Overt “releaser’
effects are manifested most often as changes in an
insect’s movements, which I prefer to view as result-
ing in three major types of outcomes: attraction,
arrestment, and repellency. Here T take a broader
view than Dethier, V. ez al. (1960), who defined the
effects of chemicals on behavior in terms of whether
the movements take the insects toward or away
from the source in a directed (steered) or non-
directed fashion. For instance, a repellent was
defined as a chemical that causes an insect to make
a directed movement away from the chemical
source. An attractant would cause a directed move-
ment toward the source. In my view, whether or not
the movements are steered toward or away from the
source is irrelevant. What matters is the outcome of
the movements in terms of the insect’s displacement
in space. After all, this is the evolutionary bottom
line, how quickly and efficiently, not necessarily
how directly, the insect can make it from point A to
point B.

This distinction between movement reactions
and the end result of those movements was pointed
out quite clearly by Kennedy, J. (1978), and cannot
be overemphasized. Thus the effects of a defensive
chemical might be to make an attacker stop in its
tracks (arrestment) or make it move away
(repellency). Likewise, the effects of a sex
pheromone may be viewed as causing first net
movement toward the source (attraction) and then
arrestment upon reaching the source. Although the
question of how an insect steers in response to a
chemical is critical to a complete understanding of
the chemical’s effects, it does not need to come into
play in this generalized view of the overall displace-
ment outcomes evoked by chemicals.

A more detailed examination of responses

623

reveals, for instance, that some lepidopteran court-
ship chemicals not only cause a female to become or
remain arrested; they also evoke a change in her
posture that allows the male access to her genital
opening (Rutowski, R., 1977, 1980; Grula, J. et al.,
1980). Likewise, defensive chemicals that cause an
attacker to become arrested may do so because they
evoke an intense grooming response that is incom-
patible with continued movement toward the
would-be victim (Eisner, T., 1970, 1972). Certainly
itis imperative that the movement reactions used by
insects to result in these displacement outcomes be
fully explored (see section 3).

1.3 Theoretical considerations of chemical
communication

Of all the communication modalities, chemical
communication is the slowest. Once chemicals are
emitted into the environment they linger, and are no
longer under the control of the emitter. Communi-
cation by sound or light does not pose such
problems and the temporal aspects of these signals
can be tightly controlled by the emitter. Fade time
(Bossert, W. and Wilson, E., 1963) and rise time of
non-chemical signals are very short, and therefore
are easily amplitude-modulated. In fact, the rich-
ness and specificity of auditory and visual signals
are derived in insects mainly by amplitude modula-
tion and not carrier frequency (Lloyd, J., 1966;
Alexander, R., 1962; Bennet-Clark, H. et al., 1980;
Ewing, A, 1979; Hoy, R. et al., 1977).

There are a few instances of amplitude-
modulated chemical emissions that may have com-
municative value above and beyond that of the
chemical blend itself (Conner, W. er al., 1982;
Baker, T. and Cardé, R., 1979a; Cardé, R and
Roelofs, W_, 1973). The signal value of these pulsed
signals needs to be proven, and these examples not-
withstanding, the richness and diversity of chemical
communication can be attributed to the diversity of
chemical structures themselves. This was predicted
20 years ago by Bossert, W. and Wilson, E. (1963)
when only a handful of pheromones had been ident-
ified. They predicted that most insect sex
pheromones (which usually are species-specific)
should be 10- to 18-carbon compounds because of
the trade-off between the volatility necessary for
sufficient long-distance transport, and the size of
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the compounds, which directly affects the number
of possible species-specific isomers and configur-
ations. This prediction has been proven correct even
though it was put forth at a time when “‘one-species,
one-compound” was thought to be the rule for
pheromone signals. Now that it has been shown
that blends of pheromone compounds are the rule
(see Borden, chapter 6; Tamaki, chapter 3), it is
clear that signal specificity can be attained in so
many structural ways, even without amplitude
modulation. There is even one more way to find a
specific, noise-free communication channel: by
using a structure that is the mirror image of another.
The evidence now favors a model for the transduc-
tion of chemical cues into action potentials that
invokes  chiral,  “hand-in-glove” receptors
(Amoore, J. et al.,, 1967) rather than one which
would involve infra-red vibration resonance
(Wright, R, 1973; Callahan, P., 1975) (see Mayer,
and Mankin, chapter 2). There is even evidence that
the receptor sites for cis-11-tetradecenyl acetate on
male red-banded leafroller moth antennae are
chiral, even though the compound itself is not chiral
(Chapman, O. et al., 1978).

It is clear, then, that chemicals offer a richness of
signals unmatched by other modalities, and this
may account for their widespread use by insects for
communication within their own species and with
the rest of the biotic environment. The ubiquity and
richness of signals can be a disadvantage, too, un-
less this large amount of potential noise is filtered
out, possibly at considerable physiological cost, and
at the cost of being ignorant of a large amount of the
odorous environment. Once a more narrowly tuned
path has been taken, and receptors have been
devoted specifically to one set of signals, there may
be no evolutionary turning back. Indeed the great
diversity of insect species may have been due to such
canalizing of insects with host plant chemicals, host
insect volatiles, and with members of their own
species (Ehrlich, P. and Raven, P., 1964)

What are some of the other advantages and
disadvantages of chemical communication? The
slow fade time of chemical signals allows marking
of pathways, territories, or previous positions in the
environment that would be impossible with other
modalities (see Birch and Haynes, chapter 5). One’s
presence in a large area can be communicated long
after one has departed. Hence, information con-
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cerning profitable foraging routes, among other
things, can be stored externally, in the environment,
without the need to take up space in the CNS mem-
ory. The pheromonal “memory trace” in ants, for
instance, is reinforced as long as food rewards are
present, but is allowed to fade (disappear) with
disuse and exhaustion of the food supply (Wilson,
E., 1974). The topographical information is only
available as long as the concentration is sufficiently
high and above background noise such that it is
above the response threshold of other worker ants.
The area in which the chemical concentration is
above threshold, i.e., the “active space” of the signal
(Bossert, W. and Wilson, E., 1963) can be
controlled by alterations in either the emission rate
(deposition rate of trail pheromone) or the response
threshold of the workers. The active space concept
advanced by Bossert and Wilson in 1963 remains a
valuable way of looking at chemical communi-
cation such as trail pheromones. Using mathemati-
cal formulae, it predicted the features that species-
specific trail pheromones should have in order to
produce sharp “edges” to the trail plus have a
moderate fade time if not reinforced. These features
included intermediate molecular weight compared
to alarm or sex pheromones, moderate emission
rate, and a high threshold, so that the concentration
would fall quickly below threshold when the ants
are more than a few mm from the source.

One reason that chemical communication can
take place so slowly is that it must rely on evapor-
ation and diffusion, except in the cases of some
defensive chemicals that are forcibly ejected at close
range onto their targets (Eisner, T., 1965). Thus,
more so than light and sound, chemical signals are
highly dependent upon the whims of the environ-
mental channel through which communication
must occur. The emissions may be transported by
air currents in unwanted directions, or extremely
high or low temperatures may change evaporation
and diffusion rates. These changes may be es-
pecially disadvantageous for species trying to.com-
municate by using a precise blend of two or more
compounds having dissimilar vapor - pressures.
Cardé, R. er al. (1977) pointed out this problem
after examining the sex pheromone- systems of
several sympatric species of - tortricid moth§.
They noted that only the ratios of geometric
isomers — those compounds having nearly identical
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vapor pressures — were tightly and narrowly
discriminated by males. Males had a higher
tolerance, on the other hand, to a wider range
of ratios in blends of compounds having different
functional moieties (i.e. alcohols vs. acetates vs
aldehydes) or chain lengths. In other words, precise
ratios of such vapor pressure-disparate compounds
donotappear to be asimportant for communication
as those of vapor pressure-similaz compounds,
because the ratios of emitted similar compounds
should not vary as much with ambient temperature.
Both light and sound have high directionality,
mainly because intensity can be compared simul-
taneously by receptors on different parts of the body.
Light and, to some extent, sound, do not move well
around objects and therefore produce intensity
“shadows” that, when caused by the receiver’s own
body parts, can enhance the location of the signal’s
source by producing a steep gradient between recep-
tors located on different sections of the body. The
directionality, or polarization, of a chemical signal is
usually only provided by the movement of the
medium (the air) itself. This is because sufficiently
steep gradients that allow either simultaneous inten-
sity comparisons by two or more receptors or
sequential ones by movements through space are not
likely to occur at very great distances due to proper-
ties of diffusion. Trail pheromones have high lateral
directionality because sharp lateral gradients are
present and able to be sampled by the widely spaced
antennac (Hangartner, W., 1967). An ant is never
more than a few mm from the “source”, the entire
length of deposited trail. There is no evidence thata
longitudinal gradient from source to nest or vice-
versa is present that would give the trail directional-
ity. Similarly, odor “plumes” may provide a rather
narrow path with which moths may chemotactically
stay in lateral contact, but without wind the
“toward”, or “away-from”-source polarity is not
present in the chemicals alone.

Compared to light, there is a relative paucity of
“reflected”” chemical signals. Reflection of ambient
light predominates in visual signalling, probably
because, during daylight, background noise would
swamp any synthesized light. Small sections of the
ambient light spectrum can, however, be amplified
by pigments that preferentially absorb some
frequencies while reflecting others, or by cuticular
structures that cause some frequencies to be
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brilliantly enhanced at the expense of others (see
Fuzeau-Braesch, chapter 12). The intensity of the
concentrated, reflected light is sufficient to over-
come the background frequencies. At night, a few
insects have been able to find ener getically feasible
means of producing enough light to rise above
background levels. Even so they have apparently
had to skew their emission frequencies according to
the predominant ambient frequencies (Lall, A. er
al., 1980). Ambient sound, because it is less predict-
able and abundant and because it is not easily con-
centrated, is not usually reflected for communica-
tion purposes. The resonance provided by special
body parts and structures such as cricket burrows
(Bennet-Clark, H., 1970; Forrest, T, 1982) may aid
in amplifying and reflecting synthesized sounds but
in general this modality does not lend itself well to
reflection of ambient sounds.

The problems of directionality and signal:noise
ratio may be the primary reasons for the synthesis of
novel compounds for communication rather than
reflection of available ones. Where good signal:noise
ratios can be obtained, such as in the direct applica-
tion of defensive chemicals at close range, the ampli-
fication and reflection of ambient compounds is
found morecommonly. The sawflylarva, Neodiprion
sertifer, ingests and sequesters terpenes from its host
conifer plants and then smears them on would-be
parasite attackers (Eisner, T. ez al., 1974),

Other than these instances where defensive com-
pounds are used, the ambient noise is used as a
“passive” defense by many insects, as something to
“blend into” rather than to amplify (see section 2.5
and Blum, chapter 4). Other examples of chemical
signals virtually unchanged from the environment
are found in some lepidopteran  courtship
pheromones, also used at close range. When reflec-
tion of ambient chemicals is used, it can follow a
longer time-course than that of light or sound
because of slow fade time, and chemicals can be
stored and protected for a long time before re-
transmission because evaporation is minimal

2 TYPES OF CHEMICAL COMMUNICATION

2.1 Mate-finding

In no other chemical communication system is the
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signal:noise ratio greater, and the length of the
active space longer, than in mate-finding systems.
This is accomplished mostly by exceedingly low-
response thresholds in the receivers, not by high
emission rates. Mayer and Mankin. (chapter 2)
discussed how thousands of nearly identically tuned
receptors are devoted by male moths to an incred-
ibly narrow range of compounds. The substantial
amount of background noise that must be present
even in a temperate ecosystem with all its plant and
insect volatiles, is filtered out.

Thousands of nearly identically tuned receptors
would appear to offer much in the way of sensitivity
to one specific chemical or blend, but at the cost of
being able to discriminate only one odor from all the
rest. However, the receptors’ spectra are not identi-
cal, only similar, and so some discrimination over a
narrow range of pheromone-like blends is possible.
O’Connell, R. (1975) demonstrated that the sex
pheromone receptor cells in male red-banded leaf-
roller moths, although very similar, have slightly
different tuning curves, which would allow
discrimination among very similar blends. It would
also account for the narrow behavioral response
spectra in field trapping and laboratory bioassays
(Baker, T. er al, 1976) to ratios of two of this
species’ components. Behaviorally the moths appear
oblivious to blends not involving these two com-
pounds and this probably is a result of devoting all
one’s receptors to the important compounds and
tuning out all the others. Only some “unnatural”
synthetic pheromone analogs can stimulate the
receptors enough to evoke responses, such as to an
odd, 13-carbon pheromone analog, cis-11-13:Ac
that appears to bind the sites of two components at
once, those of ¢is-11-14:Ac and 12: Ac (Roelofs, W.
and Cardé, R., 1977; Baker, T. and Roelofs, W.,
1976).

In moths, convergence of the thousands of recep-
tor axons takes place at the level of the olfactory
lobe, and exiting to the brain are only a few hundred
fibers (Boeckh, J. and Boeckh, V., 1979). The
pheromone signal for Antheraea polyphemus is
thereby amplified a measurable 10-100-fold over
the levels at the individual sensilla.

Why have ultra-low thresholds been selected for in
insects receiving sex pheromone signals, as exemp-
lified by male moths? And why are sex pheromone
emission rates so low compared to other types of
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chemical communication? This emission rate dif-
ference is not small. For instance, nausute termite
soldiers attacking an intruder can emit milligrams of
sticky terpenoid secretioninafew seconds (Eisner, T.
etal ,1976). Female Heliothis virescens, on the other
hand, emit only a few nanograms of sex pheromone
each minute, and Grapholita molesta females only a
few nanograms each hour (Pope, M. er al., 1982;
Baker, T. et al., 1980). Thus, moth sex pheromone
emission rates are many millions of times lower, and
when taking into account the distance of communi-
cation (hundreds of meters Compared to a few
millimeters), the effective concentration for evoking
a response may be trillions of times lower. Even for
courtship pheromones, it is easy to extract
microgram amounts from male moths and
butterflies, whereas 10 ng or less of sex pheromone
per female gland are usually the maximum for female
moths. When the distance of communication is also
considered, the emission concentration of sex
pheromone compared to courtship again seems
unnecessarily low. Why?

The answer may lie in sexual selection by the
emitters for only the most discriminating, sensitive
responders (Greenfield, M., 1981). By releasing
lower amounts of pheromone, females may be select-
ing for “better’” males who have the receptor equip-
mentand vigor torespond from great distances to the
minute amount of odor she produces. Trivers, R.
(1972) and Thornhill, R. (1979a) considered the sex
having the well-stocked, nutrient-rich gametes to be
the one that has invested the most and, as such, to be
the “limiting” resource. Female moths and female
insects in general will usually be limiting because of
their large, well-provisioned eggs. Presumably males
initially became “tuned in” to any cues, including
odors, that would help them locate these limiting
resources. Over time, normalizing or stabilizing
selection should have fashioned female-emitted
chemicals that were blended to what the majority of
males were sensitive to, and males that were tuned to
what the majority of females were producing. Such
males would have the maximal chance of flyingintoa
potential mate’s pheromone plume at above-
threshold concentrations. At the same time, female
“selectivity” for mates would have been operating by
lowering theemission rates of anincreasingly narrow
blend of compounds. It would seem at first that
females would risk luring no males at all by emitting
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too little compound, especially at low population
densities. But under most densities this has not been
a problem, and there is still apparently much room
for females to lower their rates further.

Males are sometimes the emitters of sex
pheromones, and Thornhill, R. (1979a) and Trivers,
R. (1972) predicted this should occur when the male
is providing significant investment in the offspring,
usually in the form of a nutritional investment of
some sort that the female can use to manufacture
cggs (Boggs, C. and Gilbert, L., 1979). The large
orthopteran spermatophores or females feeding on
male body parts are usually a part of a male-emitted
auditory sexual signaling system. For chemical
communication, the pheromonal signaling by male
scorpion flies that have captured a prey item or
manufactured a saliva ball on which females feed
before producing eggs also lends support to this
idea. The males’ nutritional gifts make them the
limiting resources to whose odors females must
become sensitive if they are to arrive there before
other females.

However appealing or correct this idea proves to
be, one should not conclude that nutritional giftsare
the only ones that can be limiting and zeroed in on by
females. Sexual selection as proposed by Fisher, R.
(1958) may account for the evolution of many male-
based pheromone systems. In this model the male
pheromone itself, plus the display associated with
pheromone release, would be the “gift” (limiting
resource) to females under situations where males’
displays vary in quality, and where some males mate
more often than others. Females’ sons inheriting the
pheromone display would be at a mating advantage
in the next generation in the presence of the
discriminating females in that generation (Baker, T.
and Carde¢, R., 1979a). An initial event such as in-
complete reproductive isolation from female-
emitted pheromone resulting in mating mistakes
would have to have occurred, causingdiscriminating
females to arise in the first place. Females might
begin by discriminating for some species-specific
male odor. Once this discrimination arose, sexual
selection for increasing amounts of male odor and
ever-more discriminating, choosy females could
proceed in a “runaway” fashion (O’Donald, P.,
1967) until a limit was reached due to natural selec-
tion, the physiological limits on emissionrates, or the
structures needed to produce such high rates.

In moths, such sexual selective pressures alone,
without a special nutritional resource, may have
been responsible for the male scent and hairpencil
structures involved in close-range attraction of
oriental fruit-moth females by displaying males
(Baker, T. and Cardé, R , 1979a).-Male hairpencils
and brush organs in other species may have arisen
under similar pressures (see section 2.2, and chapter
5 by Haynes and Birch). There are relatively few
long-range olfactory signals emitted by male
Lepidoptera and much research needs to be per-
formed to deduce the relative roles of nutritional
gifts, sexual selection for the display itself, and selec-
tion for “fit” males who have obtained defensive
compounds (Conner, W. e al, 1981). Male Eldana
saccharina (African sugarcane borer) emit a
pheromone from their hairpencils and attract

FiG. 2. Male Aftican sugarcane borer (Eldana saccharina)
everting brush organs on end of abdomen and emitting
pheromone. Females tespond to the male-emitted phero-
mone from several meters away by walking up and down
plants until they locate the male (From Zagatti, P., 1981 )




females who walk to the males from many meters
away (Fig. 2) (Zagatti, P, 1981). Do they provide a
larger than usual spermatophore compared to other
species, which the female can use for producing
eggs? Research is under way on the oriental fruit-
moth to determine the relative size of its sper-
matophore and quantity of accessory gland
secretions passed to females.

It is possible that female-choice sexual selection
could “run away” to the point where females are so
choosy that the emission of a single male would
rarely be enough to seduce a female. It might pay
males to “pool” their displays to hasten the female’s
decision. Once this happened, individual males
would be at a disadvantage and it would pay to be
part of a group that emits sufficient odor and have
at Jeast some chance of being chosen by a female
than none at all. Such a male “lek” system, or group
of displaying males, is found in the aggregating and
displaying males of Estigmene acrea, the saltmarsh
caterpillar moth (Willis, M. and Birch, M., 1982).
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The huge, bloated coremata are inflated by males
hanging on foliage or other objects such as fences.
The displaying males attract other males until the
aggregation grows to large numbers (Fig. 3.
Females are also attracted to these leks, whereupon
one of the males mates with her. Whether males in
these groups give extra-large nutritional gifts to
females remains to be seen, but it is possible that the
display behavior alone, and the mating advantage
it confers on the female’s sons in the next gener-
ations, may be all that is involved in the female’s
choice. For E. acrea, like Grapholita molesta, the
female-based pheromone system is still functional.
Female pheromone (Hill, A. and Roelofs, W., 198 1)
is emitted later in the evening, after male lekking has
subsided. Females are still apparently enough of a
limiting resource that a “dual” system of attraction
is used.

A variety of male- and female-based mate-finding
systems is exhibited by the bark beetles, family
Scolytidae. The pheromone-host-tree blends of

F1G. 3. Artist’s depiction of a lek formed by male Estigmene acrea moths, which hang on plants and inflate their corgmata &)
Both females (Q) and males (3,) are observed to fly into these leks, the females ending up in copula (c) with some of the maleS,
“and the males landing and inflating their coremata to add to the aggregation of displaying males. Some males periodically

withdraw their coremata (3;). (Drawing by Sam Gon, courtesy M. A, Willis and M. C. Birch; see Willis, M. and Birch, M., 1982.)
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volatiles used by these species have heretofore been
called “aggregation” pheromones, but as pointed
out by Alcock, J. (1982), this label has fostered a
possibly illusory impression of group cooperation
by the beetles in “mass-attacking” the trees to over-
come their defense of viscous terpenoid sap. When
examined on the basis of selection pressures on in-
dividuals, these beetles’ mating systems become
even more interesting. For instance, the host- and
mate-finding system of Dendroctonus pseudotsugae,
researched so carefully over the years by Julius
Rudinsky and his colleagues (Rudinsky, J. and
Ryker, L., 1976, 1977), illustrates nicely that the
stimuli and responses shaped by individual selection
may have little to do with aggregation and more to
do with selfish competition (Alcock, J., 1982).

Individual females locate a host tree and begin
burrowing into the bark by eating it. On a relatively
healthy tree with only a few females attacking it,
there will be relatively large amounts of unaltered
terpene-volatile resin exuded by the tree compared
to the enzymatically altered terpenes emitted from
the beetles’ feces that make up the pheromone
blend. Therefore relatively few other females (and
males) in the area may be likely to be attracted to the
tree at this stage because the chemical signal leaves
doubt as to whether the tree’s defenses are going to
be overwhelmed. But if the tree is already weak with
relatively low resin content (and terpene emissions)
orif a healthy tree’s supply of resin has been exhaus-
ted by further attack, the signal may shift to more
predominantly pheromone compounds from the
fecal pellets, and males will be attracted to the limit-
ing, lucrative resource of a batch of unfertilized eggs
in an already-excavated gallery in a favorable host
environment for offspring. Other females likewise
will be attracted because of the pheromone-proven
existence of a favorable environment for offspring
in that same tree.

Males that arrive at a gallery entrance emit a
stridulatory chirp, and at this point a so-called
“masking” compound is emitted as well, which
keeps other males from being attracted to the gal-
lery. As pointed out by Alcock, J. (1982) far from
serving as a repellent or “masking” the pheromone
blend “against the wishes” of approaching males
(as implied by this term), sensing the odor and stay-
ing away may be entirely to the approacher’s advan-
tage and may have evolved in such a way as to

indicate an already-occupied gallery which would
be a hopeless situation for mating,

Similarly, large amounts of the “masking” odor
may indicate to approaching females that there is
little space left in which her offspring can develop
without incurring the fatal competition from the
young of other females, who have a head start in size
and development. This interpretation is quite dif-
ferent from the group-oriented picture of past
reports, where the termination of “mass attack™ by
a group of beetles was thought to be orchestrated so
that the (tree) resource would not be over-exploited
to the group’s detriment

There seem to be many more examples of male-
emitted pheromones in the bark beetles than in
other insects, and this may be due to the substantial
investment a burrowing male can make in his off-
spring relative to males of other insects. Females
will have “learned” over evolutionary time to tune
in to volatiles emitted by these males. In this case the
“gift” is both a food and shelter resource, the gallery
located in a good host tree. For instance males of
the beetle, Ips pini, locate the tree and initiate the
galleries. Future researchers on bark beetle phero-
mone systems will likely benefit by interpreting their
results based on selection pressures on individuals.
However, some of the beetle mate-finding systems
may indeed have a group basis and benefit, and this
should not be dismissed entirely. For instance, a few
male-emitter systems may have evolved on a basis
similar to lekking, although the fact that the signal-
ing occurs on a resource “‘patch” would not precisely
fit the concept of a lek (Brown, L., 1975). The
pheromone components of bark beetles do not ap-
pear to be very different from the volatiles that to
our noses make a walk in a coniferous forest such
a pleasure. Perhaps lekking male beetles have opted
to optimize the signal:noise ratio through the
relative synthetic ease of only slightly modifying
existing abundant terpenoids and raising their am-
plitude by group emissions to attract mates.

Emission systems based on groups of individuals
would increase the active space compared to an in-
dividual signal. The active space concept introduced
by Bossert, W. and Wilson, E. (1963) has provided
a valuable framework on which to structure our
thinking about chemical communication. For mate-
finding systems, this concept has already been
examined by Tamaki in chapter 3. Although it




630

has been a helpful concept, it has become clear that
some aspects now need to be revised. The original
calculations, with the subsequent predictions-about
communication distances, were based on the
equations of Sutton, O. (1953) that dealt with
time-averaged estimates of concentrations of gases
transported by the wind. As such, one major change
that needs to be made in these equations when they
are used for behavior is to make the concentration
mstantaneous, not time-averaged, because behavior
may be elicited by a virtually instantaneous ex-
posure to molecules. This change would not affect
the overall scheme of a behaviorally active con-
centration that depends on Q, the emission rate, and
K, the behavioral threshold in the receiver (Bossert,
W. and Wilson, E., 1963). But it would affect the
precise numerical relationships outlined by Bossert
and Wilson, perhaps making experimentally
measured active space dimensions differ from the
expected values, calculated according to a given
wind speed, the emission rate and thresholds of the
insects (Elkinton, J. and Cardé, R., 1983). Instan-
taneous rather than time-averaged concentrations
may indeed be responsible for behavioral response,
and the filamentous nature of odor plumes (Wright,

R, 1958) makes it much more likely that a parcel of

air could contain an above-threshold concentration
of pheromone than if the insect were taking an
overall average and then responding. Thus, one way
the equations might be made more accurate for
behavior would be to incorporate instead peak con-
centrations, or average peak concentration at a
given distance.

Another shortcoming of these equations is that
they were based on a system having no upper
threshold, and we know it is possible to exceed a
concentration at which a behavioral response is
elicited. This is illustrated in the oriental fruit-moth
male response to its female-emitted sex pheromone
(Fig. 4).

At very low concentrations in a laboratory wind
tunnel or at great distances from the source in the
field above-threshold concentrations are present to
cause the behavioral movements that result in “up-
wind flight” or displacement toward the source.
Thus the “active distance” for upwind flight, on
average extends to past 80m for 1000 ug-loaded
septa, 30m for 100 ug-loaded septa, and 12m for
10 ug-loaded septa. However, upwind flight, on

Thomas C. Baker

Mean Active Distance - Upwind Flight
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Fic 4 The mean active distances for upwind flight of
Grapholita molesta males measured in response to four dif-
ferent sex pheromone dosages on a rubber septum dispenser,
Note that at the two highest dosages the active space does not
extend all the way to the source due to arrestment of upwind
flight, even though males began flying upwind from farther
away to these dosages. (From Baker, T. and Roelofs, W,
1981)

average, stops 1.5m from the source for 1000 ug,
and 0.2 m from the source for 100 ug, but extends all
the way to the source for 10 ug (Baker, T. and
Roelofs, W., 1981). In the laboratory wind tunnel
these same distances for in-flight arrestment are

. found. Thus, there exists a concentration above

which this behavior is no longer elicited but at which
arrestment occurs within the plume (no displace-
ment toward or away from the source), and then the
moth leaves the plume by flying out and upward.
Thus active space does not extend all the way to the
source at higher septum loadings, and this is why
one does not capture as many moths to the correct
blend of components at 1000 ug compared to 10 ug.
Female oriental fruit-moths emit pheromone at a
rate similar to 10 pg septa (1-2ng h™"'). Premature
arrestment of upwind flight has been observed for
many other species (Tamaki, chapter 3) and it is
likely that for lepidopterous sex pheromone systems,
at least, the active space concept must be modified
for behaviorally active compounds to take into ac-
count upper, as well as lower, thresholds (Baker, T.
and Roelofs, W., 1981).

It is also important when measuring active spaces
to specify precisely the behavioral response whose
threshold is being measured. For instance, oriental
fruit-moths may begin walking, on average, at
slightly greater distance (lower concentrations)
than they begin flying upwind. Thus the active space
for walking without wing fanning extends farther
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than for upwind flight. By the same token, the upper
threshold for walking may be lower than that for
upwind flight, resulting in the disappearance of
walking at greater distances from the source than
those at which upwind flight is terminated.

For mate-finding systems, environmentally
modulated variations in the active distances over
which responders fly upwind may be more a result
of changes in K, the behavioral threshold, thanin Q,
the emission 1ate (Bossert, W. and Wilson, E.,
1963). Certainly, the diel variations in trap captures
of moths in traps containing continuously emitting
sources attest to that. But when the distances over
which behavioral responses are elicited are actually
measured, the dramatic variations are seen more
clearly. For instance, walking in male oriental fruit
moths was elicited to 1000 g septa on some warmer
days at distances of 140 m, well over the average of
80 m. On the other hand, on cooler days, especially
those below a critical threshold of 16°, walking only
occurred at ca. 25m and on these days no upwind
flights were observed at all. The males’ thresholds
were apparently changed dramatically by changes
in temperature. Apart from these immediate
changes to exogenous factors, the oriental fruit-
moth threshold also fluctuates according to an en-
dogenous circadian rhythm whose phase is set by
photoperiodic cues. This makes wing fanning while
walking behavior less likely to be clicited at par-
ticular time periods by a given concentration of
pheromone, even under unvarying light conditions
(Baker, T. and Cardé, R., 1979b).

The active spaces for other insects” mate-finding
systems differ from the oriental fruit-moth. One
must be careful, though, in examining the literature
for such values, to make certain that the maximum
distances of attraction were not merely themaximum
distances that were tested. Another cautious note
must be sounded for data that are taken from
capture—mark-release—recapture studies. For in-
stance,itwasquiteimpressivethatmarked Antheraea
polyphemus males were recaptured in sex pheromone
traps more than 2 linear miles from their point of
release (Kochansky, J. ez al., 1975). The length of the
active space cannot be derived from these results,
becauseastheauthorspointout,itisnotclearat what
point males began responding to the sex pheromone
plume. The study did show that it is possible the
active space could have extended for 2 miles.

Long “active distances’ are possible when mol-
ecular transport by wind not only keeps the
molecules concentrated in a long narrow plume, but
also makes anemotaxis possible, which increases the
efficiency and accuracy of the orientation (section
3). Some mate-finding systems may not be able to
take advantage of wind because there is too little of
it. For instance, almond moth males (Ephestia
cautella) begin to change their wandering “‘search-
ing” flight pattern and begin approaching calling
females at about 1.5m in the relatively stagnant air
of grain storage (Hagstrum, D. and Davis, L.,
1982). Male American cockroaches (Periplaneta
americana) walking in still air make correct sharp
turns toward the source when they are 41-80cm
away (Bell, W. and Tobin, T., 1981). Therefore, the
length of the active space for “‘correct turn”
behavior is at least 80 cm. The pheromone beyond
this distance causes increased locomotory velocity
but with few turns toward the source. When suf-
ficient air currents are present (the wind detection
threshold is 0.015-0.03 m s~ '; Bell, W. and Kramer,
E., 1979) the males can use them to orient to a sex
pheromone source at least 2m away (Tobin, T.
et al., 1981) (section 3).

In the Lepidoptera, a relatively few enzymes
might be responsible for the great diversity of sex
pheromones. Roelofs, W. and Brown, R. (1982)
have hypothesized that one enzyme in particular,
A-11-desaturase (Bjostad, L. and Roelofs, W.,
1983), is the only one needed to explain most of the
great variety of tortricid and noctuid pheromones.
The major variable would be whether it acted before
or after a chain-shortening step or a chain-
elongation step, also enzyme-performed. Con-

jugated, di-unsaturated pheromone molecules

would result from the A-11-desaturase acting both
before and after chain-length alterations. The
beauty of this system is that it explains how a small
number of enzymes would be responsible for most
of the known pheromones and only the order of
their reaction would need to be altered to create a
new signal. For new pheromone signals to evolve,
new enzymes would not need to come into play;
only a change in their order of performance plus
corresponding changes in receptor enzymes in
males.

Sex pheromone isomer production (cis:trans
ratios) may be governed by very simple Mendelian




632

inheritance (Klun, J. and Maini, S., 1979) (chapter
3 by Tamaki). But of course many other steps are
involved in their manufacture and transport. For
the red-banded leafroller moth, the long-chain fatty
acyl moieties that eventually become pheromone
molecules are housed and transported primarily on
triglycerides, but also on choline phosphatides and
ethanolamine phosphatides (Bjostad, L. et al., 1981,
Bjostad, L. and Roelofs, W., 1983). The fatty acyl
groups only at the Sn-2 position on choline
phosphatides and at the Sn-1, Sn-2, and Sk-3
positions on triglycerides are apparently cleaved
and converted to the corresponding pheromone
components, cis- and trans-11-tetradecenyl acetate
The cis:trans ratio is apparently determined by the
relative numbers of cis or frans molecules in these
positions that happen to be plucked out by the
enzyme.

How narrowly are males tuned to particular
ratios of sex pheromone components? Are there
behavioral phenotypes in the population that res-
pond preferentially to one ratio? This cannot be
determined by ordinary field trapping experiments
because males are only given one chance to
“choose’ a particular ratio in a series. They are then

trapped and unable to undo a “mistake”. Thus the
distribution of males in traps emitting a spectrum of

- blends, far from reflecting a series of discrete male
response types or preferences, may merely reflect
the probability of “mistakes” being made around a
mean ‘‘preferred” ratio to which the receptors are
tuned. Another way of looking at the distribution is
that it reflects the breadth of tuning in the male
population

There is evidence that male oriental fruit-moths
captured to off-ratios on either side of the optimal
one actually made mistakes, and when given
another chance, prefer optimal ratio. Males were
allowed to fly up to septa emitting three different
ratios of the sex pheromone components cis-8-
dodecenyl acetate and rrans-8-dodecenyl acetate,
and upon landing and approaching closer than
4cm, they marked themselves with a flourescent
powder color-coded for that ratio (Cardé, R. ef al.,
1976). After an evening of unencumbered self-
marking, the powders were replaced with sticky
traps, and marked males in the area were recaptured
to the same three blend ratios. The males were then
examined under ultraviolet lamps for the presence
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" of colored powder on their bodies. A recapture

distribution that would have indicated the existence
of behavioral phenotypes specific for each type of
ratio would have been one in which yellow-colored
males (11 trans) were recaptured in greater than
expected proportions to 11% trans, and blue-
colored males (3% frans) and red males (8% trans)
recaptured in greater than expected proportions in
traps containing 3 and 8%, trans, respectively. This
distribution was not found in the observed recap-
ture pattern, however. More males were recaptured
to 89, trans regardless of their previous marking
history.

More work needs to be performed to determine
the malleability of a communication channel to
shifting selection pressures and to see whether or
not these pressures on the male or female can result
in changes in the emissions and response ends of the
channel Preliminary evidence (Roelofs, W, er al.
1983) indicates that red-banded leafroller females
selected for their higher than average or lower than
average frans isomer content, when mated to
normal-ratio-responding males, produced daugh-
ters that emitted significantly higher and lower than
average amounts of trans, respectively. Interesting-
ly, when the rare 109, of males that flew upwind to
the source to an off-ratio (209 trans), were selected
for mating to normal-ratio females, their daughters
had significantly higher ratios of trans than normal.
Furthermore, their sons now responded very
readily to the 20%, trans off-ratio. Nearly 1009 of
the sons flew upwind to, and touched, the 209, rrans
source. These results are yet another indication that
emission and reception of sex pheromone signals
are very closely genetically linked.

The fact that such a pheromone component ratio
can be shifted in the laboratory brings up the
possibility that under pressure in the field, blend
ratio shifts can occur. This might be due to an in-
crease in background levels of that blend due to a
new species moving into the area, or possibly due to
man-made interference. This latter possibility has
increased in recent years with the introduction of
mating disruptant formulations that emit the exact
blend emitted by females of the target species.
Recently Haynes, K. et al. (1983) examined air-
borne emissions from females of the pink bollworm
moth (Pectinophora gossypiella) to see whether such
shifts had occurred during the past 4 or 5 years of
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mating disruption pressure in southern California.
They found no evidence of changes in the average
ratio of Z,Z to Z,E isomers of 7,11-hexadecadienyl
acetate used by females or in the rate of pheromone
emitted. The latter was expected to have increased
if “resistance” to the disruptants had developed.
Likewise a ratio shift might have been detected
in a resistant population. It was not. Monitoring
populations = for resistance to pheromones
should prove valuable in detecting the onset of
resistance in a population put under pressure
from high background levels of the very chemicals
the individuals use for communication

2.2 Courtship

Chemicals and other cues used in mate-finding
intergrade into those involved in insect courtship.
For instance, the total blend of three female-emitted
sex pheromone components is necessary to elicit
optimal levels of hairpencil displays in male oriental
fruit-moths, but visual cues from the female help
increase the displays (Baker, T. and Cardé, R.,
1979a). The fact that the sexes now have located
each other and are close enough to touch allows
new, additional compounds to come into play that
might otherwise have been useless at long range due
to volatility factors, among others. The gradients of
these compounds will be very steep at close range
and the relatively small active spaces will have sharp
boundaries due to high thresholds in the respon-
ders. The steepest possible gradients, approaching
all-or-nothing levels, are found in the “contact”
pheromones involved in much of courtship. Other
odor cues used in courtship are more volatile and
act at distances of a few cm or more. At these short
distances the signal:noise ratio is high due to high
emission rates rather than low thresholds.

Electronantennogram (EAG) results have
shown, for instance, that female moths do have
antennal receptors that respond to male courtship
pheromone, but the maximum amplitude that can
be eclicited is only ca. 1-2mV (Nishida, R. e al,
1982; Grant, G., 1970, 1971), indicating that there
are-likely fewer receptors available for courtship
pheromone detection on female antennae than on
male antennac devoted to sex pheromone
reception. Male EAGs can reach 10mV or more
(Roelofs, W., 1977).

The active space of courtship pheromones is usu-
ally short, therefore, and the responses are elicited
only at a range of a few cm or by actual contact. The
usual responses are short-range attraction, arrest-
ment, or arrestment coupled with changes in pos-
ture or body orientation. When a male German
cockroach’s antennae touch the female, the
pheromone, 3,11-dimethyl-2-nonacosanone, causes
the male to turn 180° and face away while raising its
wings (Nishida, R. et al, 1979; Schal, C et al.,
1983). The female is then attracted over a short
range by a yet-to-be-identified pheromone to the
male’s abdominal tergites, where she commences
feeding on secretions and he couples with her. If the
female is not attracted, the residual effects of con-
tact with the pheromone cause a “local search” by
the male for the female, which consists of high
angular velocity coupled with low linear velocity of
movement that initially keep him arrested in one
small location where he had first contacted the
female’s pheromone (Schal, C. er al., 1983).

A courtship pheromone is emitted by males of the
pierid butterfly, Eurema lisa, from patches of
specialized scales on the hind wings. When the
female’s antennae touch the scales, or are near them,
she remains quiescent and at the same time bends

. her abdomen downward so that the genital opening

projects out beyond the margins of her hind wings,
making it available for clasping by the male’s
abdomen (Rutowski, R., 1977). A similar response,
quiescence coupled with “acceptance” posture, is
taken by females of Colias eurytheme and Colias
philodice (Grula, J. et al., 1980; Rutowski, R., 1980).
The pheromone blends are mixtures of hydrocar-
bons and long-chain esters whose volatility is lower
than most sex pheromones. Here again the active
space is quite small, often requiring contact. EAGs
reveal low mV response from the female antennae,
indicative of a moderate-to-high threshold. The
emission rate is apparently controlled by the fore-
wings, which cover these scalesunder normalcircum-
stances, helping keep the emission low by providing
a small volume into which the compounds can
evaporate. Equilibrium vapor pressure would be
reached with fairly low numbers of molecules
having entered the vapor phase. When the wings are
extended during courtship, there would be a sharp
increase in the numbers of molecules available to
adsorb onto the female’s antennae.
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Other modifications of wings, such as the costal
folds of phycitine and tortricid moths, provide a
similar way to rapidly increase emissions to high
levels (Grant, G. et al., 1975; Grant, G. and Brady,
U., 1975; Grant, G., 1978). A large surface area for
evaporationissuddenly created when hair-like scales
are everted from within the folds during wing vibra-
tion. The phycitine courtship pheromones, which
variously elicit quiescence, female postural changes,
and 180° changes in body orientation (Grant, G. et
al, 1975; Grant, G. and Brady, U., 1975; Grant, G,
1976; Krasnov, S., 1981) act overa range of a fewcm.
This active space is probably aided at the emission
end by the wind generated during wing vibration,
transporting the molecules directly to the female.

In the oriental fruit-moth a 45-90 cm s~ wind is
generated that propels the relatively volatile court-
ship pheromone toward the female (Fig. 5)(Baker, T.
and Cardé, R., 1979a). A blend of two compounds,
trans-ethyl cinnamate and methyl-2-epijasmonate,
accounts for most of the behavioral response, the
attraction of females (Baker, T er al, 1982). Here,
the emissions are kept minimal by having the scent
scales housed in abdominal pouches and then sud-

denly everting and splaying them to rapidly enlarge
their collective surface area and the subsequent
emission rate of pheromone. The individual scales
comprising the hairpencils, like those of other
species, are hollow with a honeycombed, porouscon-
struction optimally suited for conducting the
secretion from the gland cells and for maximal sur-
face area (Fig. 6) (George, J. and Mullins, J., 1980).

The addition of wind allows the signal to have
additional directionality and females may be able to
use anemotaxis to orient to the male’s abdominal
tip. In general, though, anemotactic orientation in
response to courtship pheromones appears to be
rare, not only because overt orientation responses
are rare themselves, but because of the close range
involved. At these short distances direct rather than
indirect chemo-orientation responses (Bell, W. and
Tobin, T., 1982) may be more important consider-
ing the sharp gradients that exist at that range. Also,
other indirect orientation responses to the odor
(orientation to cues in other modalities that are trig-
gered by the presence of the odor) may be more
immediate, and informative, than wind.

The landing and arrestment of female queen

F16. 5. Wind of 45-90 cm s ™' is generated by Grapholita molesta males during their hairpencil display. Here a feather-anemometer
is deflected from its resting position (dashed line) by a male displaying at a sex pheromone-emitting model female. Distance
between each marking near model and male is | mm (From Baker, T. and Cardé, R., 1979a )
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Fi1G 6. A: Scanning electron micrograph (x 800) of Grapholita molesta hairpencils (modified scales ot hairs) everted from their

pouch Note that many have been fractured near the base, and their hollow interiors can be seen. B: Greater magnification

(x 14,400) of a portion of one of the scales showing honeycombed ridges, which pr ovide great evaporative surface area, and pores

which likely facilitate transport of courtship pheromone from within the scale’s hollow interior to its surface. (From George, J.
and Mullins, J., 1980.)

butterflies, Danaus gilippus after contact with the
male’s courtship pheromone, danaidone (Pliske, T.
and Eisner, T., 1969; Meinwald, J. e al., 1969),is an
interesting case of indirect responses to odor. The
pheromone is disseminated through the air on
pieces of cuticular dust coated with a diol sticker by
the splaying apart of hairpencils, and the dust ad-
heres to the female’s antennae. Hence the chemical
message is delivered by means of a type of contact
chemoreception. The input from such a c_hcmiéal
signal should be unvarying, and so the alighting and
arrestment by the female and her “recer tive” pos-
ture must be the result of indirect visual responses
to foliage plus an internal motor program.

The playing out of an internally stored program
of movements, rather than orientation continually
guided by feedback from the chemical itself or from
indirect cues, is illustrated well by the movements
and 180° turns performed during courtship by male
German cockroaches (Schal, C. et al., 1983). The
postural changes adopted by responding female
pierids (Grula, J. et al., 1980; Rutowski, R., 1977)
must also be the result of an internal motor program
not guided by external feedback. A steep gradient
cah have a direct effect on orientation though, as

when male German cockroaches preferentially turn
through the shortest route to face 180° away from
the position of the antenna that had been briefly
touched by female pheromone.

It is too early to tell how species-specific courtship
pheromones are, although it appears that thus far
they are not as specific as sex pheromones. For in-
stance, danaidone has been found in the male scent
brushes of a variety of danaids in the genera Danaus,
Amaurisand Lycorea (Boppré, M., 1978; Meinwald,
T. and Meinwald, Y., 1966; Meinwald, J. et al., 1969,
1971,1974; Edgar,J. etal,, 1971,1973; Schneider, D.
et al., 1975). In addition, hydroxydanaidal has been
identified from the coremata of three species of arc-
tiid moths, Utethesia ornatrix (Conner, W. et al.,
1981) and two species of Crearonotos (Schneider, D.
et al., 1982). In Utethesia hydroxydanaidal is em-
ployed at close range. After males orient to and
locate the female by means of her sex pheromone,
they inflate their large scent-disseminating coremata
near her antennae, whereupon she remains quies-
cent and permits copulation. In Creatonotos there
are no reports as yet as to how the pheromone func-
tions, but from the information given (Schneider, D.
et al., 1982), it would not be surprising that male
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lek formation and attraction of females occurs in a
manner similar to that reported by Willis, M. and
Birch, M. for Estigmene acrea (1982). Individual
Creatonotos males are reported to hang on plants or
wires and inflate their coremata similar to E acrea
males starting an aggregation.

Benzylalcohol and benzaldehyde have been ident-
ified in large quantities from the male scent brushes
of a large number of noctuid moths (Birch, M.,
1974). Yet far from being the common, non-specific
courtship pheromones of a variety of species, they
may in fact be pheromone components of more com-
plex, species-specific blends. Without knowing the
other components of tortricine moth female sex
pheromones and working only from compounds
identified from gland extracts, one might
erroneously conclude that cis-11-14:Ac is a very
general non-specific tortricine sex pheromone —
until one places it in traps in the field and finds that,
by itself, it captures very few males. cis-11-14:Ac is
found in nearly every tortricine female sex phero-
mone gland, and is par of the sex pheromone blend
in nearly all these species, often as the major com-
ponent (Roelofs, W. and Brown, R, 1982), but it is
not the sex pheromone. Thus at this point we should
be cautious in concluding anything about the
specificity of the purported noctuid courtship
pheromone components benzyl alcohol and benzy-
aldehyde. The fact that they are present in very large
quantities in the gland does not necessarily mean
they are pheromone components, either. Mellein is
found in extracts of oriental fruit-moth hairpencils
in great quantities, yet its behavioral effects are
minimal compared to the combination of trans-
ethyl cinnamate and methyl-2-epijasmonate
(Baker, T. et al , 1982).

It would not be surprising, though, if courtship
pheromones turned out to be less species-specific
than sex pheromones. For one thing, the most
important species-discriminating step may have
already occurred at long range through visual
(Silberglied, R. and Taylor, O., 1978), auditory, or
olfactory cues. When mlstakes are made through
the long-range cues, then courtship cues may be
important in species discrimination (Grula, J. ef al.,
1980). Female moths, for instance, might

discriminate for an odor that is emitted by males of
their species from the intersegmental membranes of
the abdominal tip when the claspers are everted
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duringa copulatory attempt, This would help reduce
mating mistakes between the males of the female’s
species and those of a second species she sometimes
attracts (Baker, T. and Cardé, R., 1979a). Sexual
selection could then exaggerate both the male’s clas-
per extension and her “choosiness” (see below). A
female of yet a third species might attract males of
her own species plus occasionally those of a fourth
species due to the lack of complete sex pheromone
specificity. If the male-produced clasper odor was
identical to that of the first species, females of the
third species would still be able to discriminate for
this odor, because they never would encounter
species No. 1 males. Sexual selection could amplify
and increase the concentration of this odor in species
No. 3 just as in species No. 1 once the process was
triggered. Courtship signals do not travel very far;
the channel’s signal : noise ratio is high, due mainly
to the high concentration at close range, and noise is
notaproblem. Therefore the same signal can be used
effectively by many different species without a need
for further specific tuning of blends.

The use of courtship pheromones at high close-
range concentrations also permits compounds
found in flowers and plants to be used that normally
might have been drowned out by background noise
if used at greater distances. Male euglossine bees,
for instance, appear to gather floral odors from
flowers and apparently use them in their courtship
displays. The methyl-2-epijasmonate used by
oriental fruit-moths in their displays is found in
lemon peels and probably in other fruits, and the
methyl cis-jasmonate is a constituent of jasmine oil
and known as “queen of aroma” when blended into
many man-made perfumes. The closely related cis-
jasmone is found in male Amauris ochlea hairpencils
(Petty, R. et al., 1977) and 2-phenyl-ethanol, or oil
of rose, has been isolated from the hairpencils of
many noctuid moths. The behavioral activity of
these latter compounds has not been verified.
Danaidone, danaidal, and hydroxy-danaidal are
found in large quantities in a wide variety of but-
terflies’ and moths’ hairpencil secretions, and an
alkaloid precursor is ingested from plants by larvae
or adults. Adult males are attracted to dead or
withered plants such as Heliotropium ot Senecio and
first dissolve the alkaloid crystals with their saliva,
then re-imbibe the solution (Pliske, T., 1975a;
Boppré, M., 1981; Edgar, J., 1975). The danaidone
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or danaidal can apparently be cleaved in one step
from the other portion of the molecule, and it is
apparently the volatile esterifying acids of the
alkaloids on the plants that attract males to the
exudate. For the moths Utethesia ornatrix and
Creatonorus, hydroxydanaidal in its alkaloid
precursor form is apparently ingested by larvae
from their host plant and sequestered until adult-
hood when hydroxydanaidal is cleaved and used

during courtship. Male Creatonotus larvae, if

deprived of the hydroxydanaidal precursor during
development, metamorphose into adults with small,
stunted coremata (Schneider, D. et al., 1982). The
consequences of possessing withered coremata is
not clear, but it is possible that such males would be
at a mating disadvantage. Preliminary data show
that when male larvae of the oriental fruit-moth are
reared on lima bean diet rather than their normal
diet of fruit, their hairpencils lack the trans-ethyl
cinnamate and jasmonates that are important in
attracting females during the hairpencil display
(Baker, T. et al., 1982; Nishida, R. et al., 1982).

Finally, the most extensively researched case is
that of the queen butterfly Danaus gilippus. When
larvae were reared in enclosures containing their
own larval food plant, Asclepias, but the adult
males lacked access to other plants, the males were
considerably less successful at mating than wild
males. Pliske, T. and Eisner, T (1969) were able to
demonstrate that the males lacked danaidone, and
that when their hairpencils were artificially coated
with a mixture of the cuticular dust, the diol sticker,
and danaidone, mating competence was restored in
these males. Combinations of dust and diol lacking
danaidone did not restore mating ability. Presum-
ably these males were able to induce arrestment and
the acceptance posture in females, behaviors which
had been well-described in wild males and females
(Brower, L., et al., 1965; Pliske, T. and Eisner, T,
1969). The males lacked danaidone because their
cages kept them from visiting the pyrolizadine
alkaloid-exuding plants in the area.

It remains to be seen how many other courtship
pheromones have floral, herbal, or plant-like bases
to them; but it seems clear at this point that these
pheromones are more closely related to plant
products and odors than are sex pheromones, and
it is likely that at least part of the reason is that
plant-odor background noise does not interfere

during courtship because large amounts of odor are
used at very close range.

How did courtship pheromones and displays
evolve? As discussed in section 1, an important force
likely was sexual selection by the sex that has a sub-
stantial investment in a courtship resource. The
resource might be a nutritional “gift” to aid in
development of the embryo, or it might be the
odorous display itself, which confers a mating ad-
vantage to individuals that possess it in subsequent
generations. Certainly there are enough cases which
demonstrate males with impaired hairpencils or
courtship pheromone production are at a mating
disadvantage (Birch, M., 1970; Pliske, T. and Eis-
ner, T., 1969; Conner, W. et al., 1981; Baker, T. and
Cardé, R, 1979a; Grant, G. and Brady, U., 1975).
Another possible evolutionary mechanism has been
proposed (Conner, W. er al, 1981) that invokes the
defensive value imparted by compounds such as the
alkaloids ingested by Utethesia ornatrix males, or
the benzyaldehyde possessed by males of several
moth species. Females presumably would assess the
amount of these defensive compounds or their meta-
bolites to ensure that their offspring would also have
the ability to acquire large quantities of these
materials and be well protected. This scenario is one
step more complex than it needs to be, however.
Females may discriminate for any odor that males
already possess, although it would not be disadvan-
tageous that the display compound is linked to
chemicals that also provide defense and “fitness” in
offspring having the propensity for acquiring them.

The fact that some male ithomiines apparently
use their hairpencil products including a lactone
(Edgar, J. ez al., 1976) to “repel” other males and
defend territories does not mean that the chemicals
have inherent repellent qualities, i.e. qualities that
are obnoxious and cause displacement away from
the source against the “will” of the receiver. As
pointed out by J. Alcock for bark beetles that are
“inhibited” by so-called “masking” compounds, it
must also benefit the receivers to move away after
sensing such a signal. This was proposed for
ithomiine males by Pliske, T. (1975b): a fruitless
courtship of another male can be broken off in the
pursuit flight stage when the pursued male’s phero-
mone is detected. Likewise the report that benzal-
dehyde emitted from armyworm male hairpencils is
“repellent” to other males does not mean that this
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compound is a good defensive compound. The other
males must benefit by stayingaway, possibly because
the presence of the compound along with sex phero-
mone means that going to the source and attempting
tomateisfutile. By thetimethe malearrivesthere, the
benzaldehyde-emitter will have already succeeded in
copulating. More work needs to be done on the role
of compounds such as benzaldehyde and benzyl
alcohol during courtship. It is unclear what effect
they have on females, although there is some indica-
tion that they can reduce locomotion (Clearwater,
J., 1972). The male-male “inhibitory” function
(Hirai, K. et al., 1978) in groups of males housed in
long tubes could have been due to other factors, such
as adsorption of female pheromone on the males
located upwind so that thedownwind males, far from
being inhibited by male-produced odors, simply did

Thomas C Baker

F1G. 7. Alternative courtship “strategies™ performed by competing Grapholita molesta males. A: Late-arriving male displaying
his hairpencils at a pair in copula; B: late-arriving male (& ,), without displaying, attempting copulation with a female who was
being attracted toward the first-arriving male’s display (3 ,); C: late-arriving male (& ,) about to touch the abdomen of a displaying
first-arrival (3 ), eliciting a misdirected copulatory attempt by & , toward 3 ,; D: two males displaying simultaneously toward
a female, who eventually touches the abdomen of §; (From Baker, T., 1983.)

not receive enough female pheromone to stimulate
them adequately. Adsorption of pheromone onto
moths’ bodies has been documented (Baker, T. ef al.,
1980) and can be significant.

In another species, courtship pheromone causes
other males to be attracted to the source of the
emissions. In the oriental fruit-moth the hairpencil
pheromone plays an important part in the “alterna-
tive” mating strategies undertaken by males that
arrive late after a first male has already begun his
courtship display. Late arrivals are attracted to, and
touch the end of, the displaying male’s abdomen,
similar to the attraction of females (Fig. 7) (Baker,
T., 1983). Like females, the touch delivered by males
causes a misdirected copulatory attempt at the
displayer (Baker, T. and Cardé, R., 1979a; Baker, T.,
1983), which disrupts the first male’s courtship and
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buys precious time for the late male who then often
succeeds in mating with the female. Another tactic
practiced by late arrivals is to ““sneak’ a copulatory
attempt with a female who is in the process of being
attracted to the first male’s display (Fig. 7). The late
arrival does not display first, but immediately
approaches and bends his abdomen toward the
female’s. Attempting copulation without displaying
is extremely unusual in courtships involving a single
male and female, and a male never mates success-
fully unless he first displays. But in this particular
competitive situation, the presence of courtship
pheromone from the displaying first-arrival ap-
parently not only triggers the unusual immediate
copulatory attempt without display, but also makes
the female receptive to such an attempt. The second
male therefore sneaks in under the barrage of court-
ship pheromone provided by the already-displaying
male, and this tactic is successful nearly 509/ of the
time. Other tactics include displaying simultaneously
alongside the first arrival (Fig. 7), during which time
a female may ‘“‘choose” the second male over the
first. Finally if males arrive after copulation by the
first male, they often nevertheless display at the
coupled female (Fig.7) and a small percentage of
the time the female breaks away from the male and
mates with the second male.

Attraction of males to other males’ displays
occurs in other groups. For instance, male bittacid
scorpion flies are sometimes attracted to phero-
mone-releasing males that have captured a prey
item which is to be presented to a female. The
attracted male, however, behaves like a female,
adopting the typical “wings-down” female posture
which induces the first male to present the prey to
him (her) (Thornhill, R., 1979b). This pseudo-
female ‘‘strategy”, as for oriental fruit-moths,
following attraction to the male emitter, increases
mating success under these competitive circum-
stances. Attraction of males to other males’
emission occurs during the formation of leks as in
Estigmene acrea (Fig. 3). Lek formation is known in
tephritid flies (Prokopy, R, 1980) and in some
Drosophila (Spieth, H., 1968). Much work needs to
be done to understand male-male attraction and lek
formation in the Diptera, but already it appears that
there are many interesting olfactory-mediated
courtship and male mating strategies in this group.
The alternative courtship strategies in oriental

fruit-moth males do not appear to be genetically
fixed in each individual The male may behave as a
pseudo-female one moment and then try to sneak a
copulation during another. This is in contrast to the
apparently hard-wired alternative courtship
behaviors of some male crickets in auditory mate-
finding systems. “‘Silent”” males, which have a genet-
ic predisposition to sing less often, wait near singing
males (also genetically so predisposed) and may
intercept and mate with the females attracted to the
singing males (Cade, W, 1981). The “sneaking” of
copulations here, unlike in oriental fruit-moths, is
therefore apparently more likely in some in-
dividuals than others.

For olfactory-mediated courtship in insects, the
whole area of alternative behaviors and strategies
needs further intensive study. This body of know-
ledge will add to the already large one that exists for
vertebrate mating systems (Gould, J., 1982; Alcock,
J., 1979).

2.3 Host-finding (feeding, oviposition)

Host plants or host insects often emit chemicals
which are used by phytophagous insects or insect
predators and parasites to locate the hosts. One may
or may not choose to label this as communication,
but nevertheless information flows from the sender
to a receiver through an environmental channel
containing chemical noise. Once the receiving insect
locates the host, other gustational and contact
chemoreception cues come into play to determine
whether the host that was located is accepted for
feeding or oviposition. I will not deal with host ac-
ceptance and feeding cues in this chapter, but rather
will focus on olfactory cues that allow host-finding
to occur.

The “sender” is usually under selective pressure
to minimize the signal:noise ratio so that infor-
mation flow does not occur. This may be especially
true, for instance, for plants that are ephemeral in
space and time and that have a relatively narrow
range of toxic chemical defenses. Feeny, P. (1976),
in his plant apparency hypothesis, compared such
unapparent plants to more permanent, perennial
plants such as trees located in dense homogeneous
stands. The latter are more apparent and predict-
able in time and space and have more general chemi-
cal defenses such as terpenes, phenols, and tannins
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for the wider range of attackers that are likely to
find them. He predicted that for apparent plants
specific chemical and other cues used for host lo-
cation should be less important because the host is
ubiquitous. For unapparent plants with a few
specific toxic defensive compounds, insects that
have evolved detoxifying mechanisms may now use
these specific chemical cues to zero in on and locate
the host plant from a distance Certainly this
hypothesis needs testing and revising, which will
take much time, but in the meantime itis noteworthy
that some of the most specific, behaviorally active
chemical host stimuli from plants have been found
in the Brassicaceae, and Solanaceae, families that
include many agricultural plants that under natural
conditions would be classified as “‘unapparent”
(Feeny, P, 1976). These plants formerly would have
existed intermixed with a wide variety of plants
from other families in fairly recently disturbed, non-
climax ecosystems. Finding a brassicaceous host
plant in natural conditions might require a lot of
searching, and olfactory cues could be quite import-
ant from a long distance.

For instance, females of the onion fly, Hylemia
antiqua, use olfactory cues to locate susceptible
onions for oviposition. A single volatile from
onions, #n-propyl disulfide, has been shown to attract
flies in great numbers (Dindonis, L. and Miller, J.,
1980a), but a blend of n-propyl disulfide plus other
volatiles, or arotting onion alone, attracts even more
flies (Dindonis, L. and Miller, J., 1981). Fresh
onions, interestingly, attract no more flies than z-
propyl disulfide alone, and it appears that micro-
organisms are responsible for producing some of the
extra volatiles that make rotting onions more
attractive (Dindonis, L. and Miller, J., 1981).
Without the interaction with onion-derived chemi-
cals the micro-organisms were unable to produce
attractive volatiles. Displacement toward the source
of volatiles occurs as a result of movements that are
likely at least partly anemotactically-mediated, as
demonstrated by Dindonis, L. and Miller, J.
(1980b), who used wind-vane traps that swing freely
to always keep the same side downwind. The
distribution of flies captured on the cylindrical
screen surface (Fig 8) indicated that the flies’
approach clearly was from downwind and at ground
level. Observations of flies approaching sources in a
wind tunnel hinted that they remained motionless
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FiG. 8. Mean distribution of captured onion flies, Hylemia

antigua, on the surface of special rotating sticky traps that

always keep one surface facing downwind The flies respond-

ing to onion volatiles (top graph) approached the traps from

downwind and near the ground, in contrast to those blunder-

ing onto the sticky surfaces of unbaited traps (bottom graph).
(From Dindonis, L. and Miller, J., 1980b.)

for long periods of time, then suddenly flew in short
hops along the ground to the buried onion source.

As exemplified by the onion fly, it is clear that in
general olfactory-mediated location of plant hosts
is accomplished by responses to blends of com-
pounds, not a single compound alone. Another
example is host plant location by the Colorado
potato beetle (Visser, J. and Avé, D., 1978).
Curiously the volatiles emitted by potato leaves that
induce positive anemotaxis by adult beetles are ap-
parently not related to the numerous alkaloids con-
tained in the solanaceous host. Rather the blend is
composed of what Visser, J.and Avé, D. (1978) call
general “green leaf” volatiles emitted by numerous
varieties of plants. The blend emitted by potato
leaves is composed mainly of trans-2-hexen-1-ol,
hexan-1-ol, cis-3-hexen-1-ol, trans-2-hexenal, and
linalool (Visser, J. et al., 1979). In contrast to this
solanaceous plant, the predominant volatiles of
several brassicaceous plants . are. cis-3-hexenyl
acetate, cis-3-hexen-1-ol and hexyl-acetate, with
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Irans-2-hexenal being absent. In the Colorado
potato beetle, if the blend of potato volatiles is al-
tered by the singular addition of synthetic trans-2-
hexen-1-ol, trans-2-hexenal, trans-3-hexen-1-ol, or
cis-2-hexen-1-ol, there is no longer any positive
anemotaxis to the source by beetles (Visser, J. and
Ave, D., 1978). Thus the blend quality is important
to orientation, and different blends of green odor
from different plant species or families may elicit
species-specific host-finding behavior. There were
many plants in the Solanaceae that attracted
Colorado potato beetles but those in the Brassi-
caceae and other families were either neutral or
repellent (Visser, J. and Nielsen, J., 1977). It will be
interesting to see how many polyphagous versus
oligophagous insects use similar “green odor”
blends in locating host plants. It is not clear how
specific these cues would be, or how great the active
space would be, especially considering the back-
ground levels of green odor generated by the nearly-
identical volatiles from green leaves everywhere.
Parasitoids or predators searching for prey also
utilize olfactory cues to locate hosts. Some research-
ers would consider insects that attack specific parts
of plants such as fruits and seeds, to be parasitic
(Price, P., 1975). This seems logical, and often the
insects use the fruit or seeds’ specific odors to locate
them. For instance the apple maggot fly, Rhagoletis
pomonella, flies upwind in a wind tunnel to a com-
bination of airborne-extracted volatiles recently
identified from whole apples (Fein, B. ez al., 1982).
A blend of hexyl acetate, trans-2-hexen-1-yl acetate,
butyl hexenoate, propyl hexanoate, hexyl

propanoate, butyl hexanoate, hexyl butanoate, and -

butyl-2-methylbutanoate attracted as many flies in
the wind tunnel as the natural extract. This mixture
also attracts many more flies to traps than do blank
controls. None of the synthetic compounds alone
evoked optimal attraction. Interestingly both males
and females were equally attracted, the females
presumably so that they may oviposit in the apples.
As part of a mixed mating strategy, males wait on
apples for females to arrive, so that they may
inseminate them, and a marking pheromone
deposited by females helps arrest males on the apple
(Prokopy, R. and Bush, G., 1972). In this regard
the above mixture of volatiles may help males locate
the fruit. The mixture is likely different from
the volatiles emitted from leaves, and therefore
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would provide a high signal:noise ratio for the
flies.

Chemically-mediated attraction to other plant
parts also occurs. For instance, flowers produce dis-
tinctive odors, at least to the human nose. But to
insects these also play a major role in locating these
sources of carbohydrates and protein. Perhaps
nowhere is the coevolution of plants and insects
more clearly delineated than in flower—insect
relationships. The fields of pollination ecology and
behavior have been investigated more thoroughly
for vision than for other modalities. Visual cues
have evolved to provide loud, clear signals from
these plant parts that preferentially reflect only the
electromagnetic wavelengths that stand out against
the background’s ambient wavelengths (Price, P.,
1975). An assortment of patterns helps guide insects
to the nectar source and effect pollination.

Odors do play a role in location of flowers, even
for bees, which are highly visual. Von Frisch, K.
(1967) demonstrated that bees associate a particular
odor with the nectar reward, and that the floral odor
is carried back to the hive on the worker’s body
where recruits learn it during the recruiter’s dance.
The odor aids in location and recognition of the
particular type of flower that has abundant nectar
and pollen at that time. Under agricultural con-

. ditions with large monocultures, or when there is an

abundant source of nectar from one type of flower
close to the hive, the floral odor alone may be
enough for bees to fly upwind and locate the field of
flowers (Wenner, A. et al., 1969; Gould, J., 1975).
Certainly more work needs to be performed to
isolate and identify the components of each species’
floral odor that evokes behavioral responses in the
particular insect species that parasitizes its flowers.
Dodson, C. ez al. (1969) identified 60 different com-
pounds in the fragrances of several orchid species,
cach species having its own characteristic blend.
Male euglossine bees are known to be attracted to
these species, and apparently gather the fragrances
for later use in lekking behavior. While collecting
the components, the most common of which is cine-
ole, the bees pollinate the orchids, which have a
variety of elaborate mechanisms for depositing and
removing the specialized pollen packets, or pollinia
(Dressler, R., 1968).

The coevolution of odor and insect can be quite
tight. For instance, each species of orchid in the
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genus Ophrys produces an odor that apparently
mimics a species-specific sex pheromone of one of a
variety of hymenopterous species. Male wasps and
bees orient upwind to the flower and, after landing,
attempt to copulate with it (Kullenberg, B. and
Bergstrom, G., 1973, 1976). Visual signals that séem
to mimic the female body of each species also aid in
inducing males to attempt copulation, and again the
flowers use a variety of mechanisms to stick pollinia
to the courting males’ bodies or remove them. Such
a narrow species-specific chemical signal represents
the ultimate in insect—flower coevolution. As in
other flowers, the narrowing of the chemical signal
would minimize usurpation of the floral resources
by other species of insects who might be attracted
and take the nectar or pollen but fail to consistently
visit other flowers of the same species or otherwise
pollinate the flowers properly. The cost of such nar-
row tuning, of course, is the reliance on only one
insect species for pollination, and lack of offspring
if that species should leave the area. But, as for
flowers of other species with less restricted insect
pollinator—visitors, a unique blend of floral chemi-
cal components allows the insect pollinator species
to exploit the resources of that species when they are
available.

Another very narrowly tuned host-finding system
also apparently involves a sex pheromone; but in
this instance predation, not nectar or pollen-
feeding, is the motive. The bolas spider, Mastophora
dizzideani, from Columbia apparently emits a blend
of chemicals that mimics the sex pheromone of at
least one species of armyworm moth. Fall army-
worm moths, Spodoptera frugiperda (only males),
were seen orienting toward the spider from down-
wind, and when they got close the spider ensnared
them by swinging a sticky ball toward them on the
end of a silk thread (Eberhard, W., 1977). This
technique resulted in a success rate of about 10%;
8 out of 82 males Eberhard observed orienting
within 1 m downwind of the spider were captured.
Small numbers of other noctuid species (Leucania
sp.) were also attracted, and it is not clear whether
they use the same blend as Spodoptera frugiperda or
whether other species with a similar blend, abun-
dant at a different time of the year to S. frugiperda,
can also be attracted by the spider. Possibly the
spider can alter its emission to attract other species
utilizing a different blend when other species are

more abundant Certainly more work needs to be
done, but it is clear that the spider is able to utilize
a clear chemical signal that already has a high
signal : noise ratio and large active space to locate its
hosts, except it makes its hosts do the traveling!

As covered by Vinson (chapter 9, this volume),
chemical signals play an important role in host-
finding by other predators and parasites but they
are not nearly as spectacular as the bolas spider.
Nevertheless, it is clear that other insect species do
sometimes take advantage of their insect hosts’
communication channels. The clerid beetle
predator, Enoclerus lecontei, is attracted to the
pheromone emitted by Ips confusus bark beetles as
they excavate galleries on their host trees. The
synthetic pheromone compounds alone attract sig-
nificant numbers of these predators (Wood, D.
et al., 1968). Similarly, the synthetic pheromone
blend of Dendroctonus brevicomis attracts the
trogositid predator, Temnochila chlorodia (Bedard,
W. et al., 1980). The synthetic blend of Ips
typographus attracts the clerid species Thanasimus
formicarus and Thanasimus femoralis. Interestingly
T. formicarus responds more to ipsenol and ips-
dienol, one or both of which are emitted by all Ips
species in Europe, which explains why this species
attacks all Ips beetles there. T. femoralis responds
optimally to cis-verbenol, emitted by only a few Ips
species, including I. typographus (Bakke, A. and
Kvamme, T, 1981). Devoting enough receptors
and neuronal circuitry to detect the pheromone
from a decent distance would involve considerable
trade-offs, such as becoming less sensitive to other
chemical cues in the environment. Therefore the
coevolution of host and predator again is canalized
down an olfactory-mediated evolutionary road that
becomes increasingly narrow, and for which there is
apparently little opportunity to turn back.

The mechanisms by which insects orient to their
hosts through olfaction are just beginning to be
understood, but in many cases they appear to be
similar to those used by insects orienting to sex
pheromones. The end-results of the movement re-
actions to host odor are displacement toward the
host (attraction) followed by arrestment at or near
the host. In many cases attraction is aided by
anemotaxis. Arrestment very often involves an in-
verse orthokinesis; that is, the parasite moves more
slowly when the concentration of the host’s odor is
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high (Waage, J, 1978). A chemotactic (steered) re-
sponse such as longitudinal klinotaxis may help the
parasite turn back into an area where host odor is
present if it begins to move away from the host. An
example of these mechanisms acting to localize a
parasite at its host is provided by Nemeritis

canescens. When the mandibular gland secretion of

its host, Plodia interpunctella larvae, is present,
linear velocity of movement is very low as is angular
velocity (Waage, J., 1978). When the odor is lost,
linear velocity increases dramatically, as does
angular velocity and the parasite “scans” a much
larger area very quickly. When the odor is lost at the
boundaries of the “patch” of odor, an apparently
self-steered, 160° turn is made which tends to bring
it back into the odor “patch” (Waage, J., 1978).
Thus arrestment over the host is a 1esult of several
mechanisms acting together.

Finally, some compounds result in displacement
away from a potential host. These oviposition
“deterrents” or repellents are sometimes deposited
by a female after oviposition and result in other
females not ovipositing in that host. After inserting
an egg in a host hawthorn fruit females of the apple
maggot fly, Rhagoletis pomonelia, smear yet-to-be-
identified compounds on the surface of fruit, and
the effect thus far appears to be that it causes sec-
ondary arrivals to maintain a higher rate of
locomotion plus induces flight to other trees in the
area (Roitberg, B. er al, 1982). Arrestment is
prevented and the end-result is movement away
from the marked fruit and that patch (tree) harbor-
ing the fruit. The pheromone is not inherently ob-
noxious or irritating because females need to
“learn”, often through just a single ovipositioned
reinforcement, to leave fruits that are thus marked
(Roitberg, B. and Prokopy, R., 1981). Again, similar
to the “masking” of bark beetle pheromones by first-
arriving males and the inhibition of late-arriving
Spodoptera males’ approaches by a first-arrival’s
scent, the “deterrency” of the pheromone occurs at
the individual, not population, level It seems best to
view the lack of multiple ovipositions of a single fruit
not as an attempt by the flies to evenly exploit the
available resources, but as a response by an in-
dividual late-arriving female to a threat to her egg.
Her offspringmay be atadisadvantageinanalready-
infested fruit, and early detection and reaction to
such a fruit is to the late-arrivals’ advantage. The

“deterrency” is self-imposed, and advantageous to
the individual, not necessarily to the population.

2.4 Host-finding (recruitment)

Individual insects can help others locate food
sources by leaving chemical deposits or by station-
ing themselves at the source and emitting an odor
(described in detail by Haynes and Birch, chapter
5). The major feature of this type of communication
system is that in all cases the recruited insects are
closely related to the recruiter — the one emitting
the signal. In this respect alone, recruitment
pheromones differ from all the others discussed thus
far. Bark beetles’ pheromones do result in recruit-
ment to a potential host tree, but that may be only
a side-effect of the pheromone’s primary purpose,
to bring individual males and females together for
mating Recruitment pheromones’ sole purpose, on
the other hand, is to alert relatives as to location of
food or nest resources. There are no other known
secondary functions.

The apparently altruistic motive to this type of
communication is nicely explained by theories of
kinship (Dawkins, R., 1976; Hamilton, W., 1964)
which predicts that helping one’s brothers and sis-
ters, sons and daughters, or other close relatives
should pay off evolutionarily because a good
proportion of one’s own genes reside in their bodies.
The special type of haplo-diploid kinship that exists
in many social hymenopterans does not need to be
imvoked for this type of cooperation (Evans, H.,
1977) in finding food sources. Certainly the extra-
strong sister—sister relationships that exist in these
hymenopterans might make sister—sister recruit-
ment more likely than between brothers and sisters
(Wilson, E., 1974). However the trail-recruitment of
nest-mates (tent-mates) by larval Lepidoptera of
Archips cerasivoranus, Malacosoma disstria and
Malacosoma americanum (Fitzgerald, T. and Edger-
ly, J., 1979; Fitzgerald, T. and Gallagher, E., 1976),
or the trail-recruitment of workers and soldiers in
the many species of termites (Wilson, E., 1974) are
every bit as efficient as in the Hymenoptera. Male
and female Lepidoptera and Isoptera have no
special kinship, only the “usual” diplo-diploid kind.

As discussed by Haynes and Birch (chapter 5) and
Blum (chapter 4) there are many types of chemical
recruitment systems. They may be divided into the
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following:
(1) trail-recruitment, in which the chemicals are

applied in such a way that the recruit is never

more than a few mm from the deposited “trail”.

This would always provide the sharpest possible

gradient, because the recruit would never be far

from the chemical source and allow the most
accurate (tropotactic) chemo-orientation to be
used to maintain lateral contact with the trail.

(2) Trail-recruitment where the pheromone is

deposited with large gaps between, that might

force sequential (klinotactic) chemo-orientation
to be used by the recruiter, or even anemotaxis.

The trail-recruitment system of some species of

Trigona stingless bees is an example of this type

of system (Lindauer, M, 1961; Haynes and

Birch, chapter 5) although it is not clear whether

the bees orient to the point source deposits

through anemotaxis or chemotaxis or both.

(3) “Calling” recruitment by a recruiter who sta-

tions itself at the food source and releases a scent.

(4) Tandem running, in which a recruiter leads a

single récruit out to the food source by means of

a pheromone on its body.

Trail-recruitment systems are found in a variety
of ant species. In some species the trail pheromone
alone is sufficient to both alert and activate worker
ants as well as guide them toward the food.
This “mass recruitment” system, considered to
be the most advanced form of recruitment
(Wilson, E., 1974), is used by several Solenopsis
species (Wilson, E., 1962a,b; Hangartner, W.,
1969) and by two Novomessor species (Holl-
dobler, B. et al., 1978). Many other species, how-
ever, use trails for orientation but rely on
behavioural displays such as food offerings, mouth
opening, antennation, running, or release of
attractive secretions to alert and activate recruits
to the presence of the chemical trail. Then, as in
mass recruitment, they follow the trail to the
food source independent of the recruiter (Szlep, R.
and Jacobi, T., 1967; Méglich, M. and Holldobler,
B., 1975; Holldobler, B. and Wilson, E., 1978; Cam-
maerts, M -C., 1980; Robertson, P. et al., 1980).
Fach recruiter generally activates about 5-20
workers.

A form of chemical recruitment considered to
be more primitive than trail-recruitment  is
tandem running (Wilson, E., 1974). Here a single

Fic. 9. Recruitment by tandem running in Camponotus

sericeus. The leader ant orients according to a trail

pheromone it has previously discharged from the hindgut,

and the follower is stimulated to maintain contact with the

jeader by a surface pheromone on the leader’s gaster. Tactile

stimuli help keep the follower aligned (From Holidobler, B.
etal,1974)

recruited ant maintains tactile contact with the
recruiter which leads the recruit to the food source
(Fig. 9). Cuticular surface pheromones (Holldobler,
B. et al, 1974; Moglich, M. and Masch-
witz, U., 1974) and pygidial gland pheromones
(Holldobler, B. and Traniello, J., 1980) have
been shown to be important in evoking contin-
ued following of the leader ant. Odor trails,
when present, provide only orientation cues for
the leader, as in Camponotus sericeus (Holldobler,
B. et al, 1974) and Leptothorax Sp.
(Moglich, M. and Maschwitz, U., 1974). :
Mixed forms of recruitment appear to be utilized ‘
by some ant species such as Leptothorax uni-
fasciatus, in which tandem running is used in
the early stages of recruitment to a food find;
and trail-following predominates in the later
stages after trails have become established
(Lane, A, 1977). In another species, Camponotus
paria, contact between the leader and follower is not
necessary, but the leader deposits a short-lived trail
that is followed by the single recruit (Wilson, E.,
1974).
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How “accurate” are chemical trail-recruitment
systems, compared to, say, dance-language sun-
compass systems used by bees? As mentioned ear-
lier, trail deposition might be viewed as a kind of a
“cheat-sheet” for ants, who do not apparently have
the memory capacity of honeybees This infor-
mation storage, a chemical memory trace external
to the CNS, may actually convey more information
at great distances from the source than the honey-
bee dance-recruitment system. Wilson, E. (1974)
used information-theory analysis on the two types
of recruitment and found that angular errors, ot
accuracy of orientation, decrease in magnitude
farther from the nest in a typical trail-recruitment
system. The recruit’s side-to-side errors stay the

same all along the trail with respect to the trail itself

because the ant is never far from the pheromone
“source” and the sharp gradient it provides.

Trail pheromone specificity was discussed in
detail by Haynes and Birch (this volume). I will end
this discussion in chemical recruitment by saying
that, in general, these systems are usually at least
species-specific. It would not be surprising if future
research will show some degree of colony-specificity
to some of these systems as well, inasmuch as they
likely arose to benefit relatives, not the species.

2.5 Self-defense

There are at least three major ways for an insect to
defend itself against attack by parasite or predator
by means of chemicals. One is to blend into the
chemical background noise so that information
does not flow to the attacker and “‘communication”
does not occur. The result is that an attack is not
evoked. The second way is to emit a chemical that
changes the attacker’s behavior rapidly. For in-
stance, an irritating chemical may change a
predator’s behavior from locomotion to grooming.
Since grooming is incompatible with locomotion,
arrestment is the end-result and the would-be insect
prey can then lower its signal : noise ratio by moving
rapidly away to effectively reduce its amplitude. A
third way, which will not be discussed here, is used
when an attack has occurred and the predator has
the animal in its grasp. A toxic compound can be
produced that causes the predator to become ill, or
to associate the odor with a previous bad experience
and drop the prey. This type of chemical defense is

usually coupled with strong visual signals that func-
tion as an early-warning system to keep an attack
from occurring. Such an association of chemical and
visual signals, in most evolutionary models, requires
that the predator be capable of associative learning.
Chemical crypsis, blending into the chemical
background, is accomplished in two ways: reducing
the concentration of one’semissions, and altering the
quality of one’s emissions so that they match those
that predominate in the environment. Of course, the
visual equivalent of the last strategy is to paint
oneself with pigments that absorb and reflect the
same light frequencies as the substrate the insect
normallyfindsitselfon. Itislikely that whennotcom-
municating with members of their own species, most
phytophagous insects keep the amplitude of volatile
emissions to a minimum. Indeed most of the body is
covered with heavy molecular weight waxes that
have low volatility and low emission rates. When
potential attackers are nearby, however, even these
compounds will have a relatively higher amplitude
and the ““active space” for attraction of, and attack
by, a predator could be exceeded. The blend quality
may then be altered to more closely match the back-
ground chemicals. An example is provided by larvae
of the green lacewing, Chrysopa slossonae, worked
outindetail by Eisner, T. et al. (1978). The larvac are
predators on woolly alder aphids, and the aphids are
attended by ants that collect their honeydew. The
lacewing larvae, however, can come under attack by
the ants guarding the aphids. To blend into the waxy
background noise both visually and chemically, they
steal wax from the aphids and cover their bodies with
it. When the lacewings were experimentally denuded
it became clear that they were much more likely to be
attacked and removed from the area by ants than
when they were covered with wax. Even when the
covered larvae were discovered and attacked, the
wax then provided a more active type of defense by
eliciting cleaning behavior when the ant’s mouth-
parts became filled with wax. This defensive behavior
is a high priority for the lacewings, as evidenced by
the large time-allotment they give to covering them-
selves with wax compared to feeding and resting.
The termitophilous staphylinid beetle, Trichop-
senius frosti, also avoids evoking attack from its
termite hosts, Reticulitermes flavipes, by matching
its ensemble of cuticular hydrocarbons to those
of the termites (Howard, R. et al., 1980). Over
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evolutionary time, the beetles had an extra problem
to surmount, however, because termite reproduc-
tives have a slightly different array of compounds
than the workers. The beetles solved this problem
by developing a blend that was intermediate be-
tween that of the workers and reproductives, with
the proportion of branched to normal components
being closer to that of reproductives, and the
proportion of saturated to unsaturated components
more closely matched to the workers’ blend. In
other words, the beetles became an “average” ter-
mite in terms of their body odor. The most remark-
able feature of this defense is that these odors are
not simply acquired by adsorption of the termite’s
own hydrocarbons onto their cuticle. Howard, R. ez
al. (1980) found that the beetles synrhesize these
compounds from acetate starting material to form
the precise blend of “average termite” compounds.
This is powerful evidence of the strong selective
forces operating on this defensive system to tune it
to reduce the signal : noise ratio. A similar example
is provided by the beetles, Myrmecaphodius ex-
cavaticollis, which inhabit nests of its ant hosts,
Solenopsis spp. (Vander Meer, R. and Wojcik, D.,
1982). The beetles’ body hydrocarbons also match
those of their hosts, except that they apparently
acquire them through adsorption of ambient chemi-
cals, not synthesis. They are therefore capable of
shedding the compound acquired from one host
and picking up a new set as they move in with a new
Solenopsis host species.

Insect-produced chemicals that deter or repel
attackers are primarily known through the work of
Eisner and his colleagues (Eisner, T., 1970, 1972;
Eisner, T. and Meinwald, J., 1966). The arrays of
compounds used and behaviors involved are too
numerous to review here, but some examples will
illustrate how attackers can be arrested or repelled
by these chemical defenses.

Making an attacker switch over from attack
behavior to grooming behavior is a widely used
means of arresting a predator. The potential prey
must deliver a chemical signal that arrives quickly
at the target and rapidly sends stimuli through the
Sensory nervous system that suddenly tips the
behavioral hierarchy’s balance in favor of grooming
rather than locomotion (see Hansell, chapter 1).
The stimuli are too intense for the CNS to ignore
and, as in the use of tear gas by humans, the poten-

tial victim can escape while cleaning and grooming
occur in the attacker. Such chemicals are often
forcefully ejected to speed their delivery, plus the
amplitude of the signal is optimized by accurately
focusing the entire secretion solely on the target.
Often spreader—sticker compounds are included to
speed penetration and increase amplitude by in-
volving a greater number of cuticular receptors
(Eisner, T., 1970). This is illustrated by the defensive
secretion of the whipscorpion, Mastigoproctus
giganteus, which ecjects onto the cuticle of its
attackers an irritating spray composed of 849
aqueous acetic acid plus 5% caprylic acid. The
spray’s activity is enhanced by the caprylic acid
spreader—penetrant which results in a broader area
of contact for the acetic acid (Eisner, T. et al., 1961),
Probably no better example exists of forcible ejec-
tion of a defensive secretion than that provided by
the bombardier beetle. Eisner, Schildknecht, and
colleagues have worked out the mechanics and
chemistry of this system over the years (Aneshans-
ley, D. et al., 1969; Eisner, T., 1958; Schildknecht,
H. and Holoubek, K., 1961; Schildknecht, H. ez al.,
1968). When the beetle is disturbed, its turret-like
nozzle on its abdominal tip can be aimed in the
direction of the attacker to accurately deliver a blast
of boiling-hot quinones onto its body. The chemical
reactions that result in the hot, irritating spray are
quite complex, and require that the precursors be
housed separately so that the beetle avoids irritating
itself with its own quinones. Two glands with
storage sacs for the reactants are separated by
cuticular barriers until the moment the defensive
secretion is needed One sac contains hydro-
quinones and hydrogen peroxide, and the other
holds peroxidases and catalases. When the
quinones are needed, the contents of the first sac are
forced into the second, and are mixed in the second
chamber or “reaction chamber”. The result is an
explosive reaction that generates heat and
quinones, and the secretion is discharged from the
chamber at 100°. The quinones are the active com-
ponents that arrest ant attackers and other
predators by inducing them to release their hold on
the beetle and begin recovering by cleaning and
grooming, which allows the beetle to walk away.
Another interesting example of an gjected irri-
tating spray is that produced by the stick insect,
Anisomorpha buprestoides. The secretion, composed
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Fie. 10. Discharge of defensive chemicals from Nasutitermes exitiosus snout A: The natural pattern of discharge from a soldier
onto a glass slide shows that the chemical is sprayed in a pattern of loops (by quick head movements) which increases the cover age;
B: a droplet of secretion that was allowed to stand in air for 2 days, then compressed to show a liquid core under an outer crust;
C: head of a soldier squeezed with forceps to eject defensive fluid for analysis and experimentation (From Eisner, T. ez al , 1976.)

mostly of anisomorphal, a terpene dialdehyde, is
sprayed from openings on the insect’s thorax. Eis-
ner, T, (1965) demonstrated that the phasmid will
often discharge its spray at avian predators even
before they touch the insect during their approach,
When the spray hits its eyes and face, the bird stops
to clean them, and the insect walks away. Of course,
vertebrate predators have the capacity to learn
quickly and the birds usually do not attack the stick
insect again in the near future. Two species of ants
and a beetle were also repelled by the spray, which
the phasmid aimed and ejected accurately at them
when they hit one of its legs.

It is not clear how long-lived the effects are of
such sprays aimed at arthropod predators. How-
ever, some of them are often both irritating and
gummy. Nausute termite soldiers of the species
Nasutitermes exitiosus, are walking squirt-guns of
sticky defensive terpenoid secretions, and virtually
their entire head is devoted to storing these com-
pounds (Eisner, T et al, 1976) (Fig. 10). The
viscous secretion not only entangles attackers such
as ants, but irritating components elicit grooming
behavior and cause them to become arrested. The

major chemicals responsible for arresting and
repelling arthropod attackers, such as ants, were
monoterpenoids such as o-pinene and B-pinene
(Eisner, T. er al., 1976). The secretion also functions
as an alarm pheromone, attracting other soldiers to
the area, but tactile cues are needed to cause the
attracted soldiers to discharge their spray.
Prestwich and his colleagues have determined the
chemistry of termite defensive secretions for many
species in both the lower and higher termites (for
review see Prestwich, G., 1979). Some of the chemi-
cals are toxic when contacted or inhaled by arthro-
pod attackers. There is a rich diversity of com-
pounds, among which are represented mono-
terpenes, sesquiterpenes and diterpenes, macro-
cycliclactones, various ketones, vinyl ketones, other
acetate-derived compounds, mucopolysaccharides
and n-alkanes (Prestwich, G., 1979; Prestwich, G.
and Collins, M., 1981). There is also a wide variety of
cephalic weaponry for applying these chemicals
(Prestwich, G.,1979). The defensive chemistry of ter-
mites, which varies among families, appears to
provide an evolutionary picture of the termites and
allows hypotheses to be formed as to the biochemical




shifts that have occurred over evolutionary time
(Prestwich, G. and Collins, M., 1982).

Apparently non-irritating, but sticky, secretions
can be effective at arresting a predator. For instance,
female black widow spiders produce copious
amounts of a viscous silk from their abdomens when
attacked (Vetter, R., 1980). In a head-standing pos-
ture on the ground or while hanging upside-down on
her web, she uses her hind legs to stretch out the
threads as they come out and also to apply thessilk to
the attacker’s body, such as onto the muzzle of a
mouse. Immediately the mouse begins intense
grooming trying to remove the secretion that has
stuck its whiskers together. Similar gummy
secretions are emitted by onycophorans, millipedes,
and other arthropods, and like those of the black
widow have also been shown to have significant
defensive value (Eisner, T., 1970, 1972).

2.6 Defense of relatives

Individuals in many insect species emit chemicals
when they are being attacked that induce “‘alarm?”
responses in any conspecifics nearby. That the
emission of such alarm pheromones often occurs as,
or just before, the insect is killed, or that it may bring
the emitter under more danger than if it had merely
fled, brings forth the question of how these signals
could have evolved. Certainly alarm pheromones
often are part of a defensive secretion emitted to
thwart an attacker. But when one understands that
in every case where alarm behavior has been obser-
ved the responders are actually close relatives of the
emitters, it is clear that kinship selection likely has
made possible the evolution of this type of chemical
communication. In this way, as in trail-recruitment
systems, the “‘altruistic” individual who releases the
signal in fact is not sacrificing anything at all. It actu-
ally benefits because the greater-than-average
proportion of its genes which resides in its relatives
will be more likely to be perpetuated as a result of its
behavior (Dawkins, R., 1976).

Alarm pheromone systems are reviewed by Blum
in this volume and he has also reviewed alarm sys-
tems of the social Hymenoptera (Blum, M., 1974,
1979). Alarm pheromone systems of non-eusocial
insects have recently been reviewed by Nault, L. and
Phelan, P. (1983), and an excellent review of ant
alarm pheromone systems is found in Parry, K. and
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Morgan, E. (1979). Some of the features alarm sys-
tems have in common will be examined here.

As predicted by Bossert, W. and Wilson, E
(1963) the alarm pheromone systems described thus
far utilize volatile chemicals, usually more volatile
than trail and sex pheromones. Secondly, these
same compounds or blends of compounds appear
to be used by a number of closely related species.
Specificity of the signals appears to be lower than
sex pheromones, perhaps because the active space is
so small that only the intended receivers nearby will
be affected. Also, there would appear to be little
disadvantage to any outsiders perceiving the signal.

The alarm pheromone systems of aphids exhibit
these characteristics, and have been well worked out
by Nault and his colleagues (Nault, L. and Mont-
gomery, M., 1977, 1979; Nault, L. and Phelan, P.,
1983). Most of the species use (E)-S-farnesene, a fair-
ly volatile terpenoid, as their alarm pheromone. This
compound is found in 18 genera in three subfamilies.
In each species the response to the pheromone is
somewhat different, however. Nymphs may have a
different response from adults; alates may behave
differently from non-alates. When attacked, orin the
grasp of a predator, the aphid typically exudes drops
of liquid from two tubercle-like organs in the end of
its abdomen. Although the cornicle secretion may
have originated as a defensive secretion, the
triglycerides and fatty acids which are the
predominant components are not very effective at
protecting aphids from predation (Goff, A. and
Nault, L., 1974). The main function of these heavier
molecules may be to serve as a substrate for the
emission of the more volatile alarm pheromone
molecules (Nault, L. and Phelan, P., 1983). The typi-
cal response to pheromone of nearbyindividualsis to
fall from the host plant, although in some species
those individuals farther away from the emitter and
exposed to lower concentrations will merely walk
away (Montgomery, M. and Nault, L., 1977). Some
species only walk, regardless of concentration, and
others continue feeding while jerking their bodies
(Montgomery, M. and Nault, L., 1977; Nault, L. ef
al., 1976). Thus for species which both drop and
walk, there appear to be smaller active spaces for
dropping than for walking, the former being elicited
only by the higher concentrations that can occur
closer to the emitter. Many species in which walking
or jerking, not dropping, is the only response to
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pheromone, are tended by ants, and the ants are
attracted to the source of the alarm pheromone
(Nault, L. er al, 1976). For ant-attended aphids,
arrestment has been selected for because the ants
will dispose of the attacker and movement away
from the cluster may result in loss of this protection.

For those aphids that have dropped from the
plant, the pheromone appears to cause a prolonged
change. They have a higher linear velocity and walk
in fairly straighter paths without orienting to nearby
vertical objects (Phelan, P.ezral., 1976). Those merely
knocked from the plant by an experimenter have a
low velocity of movement, execute many turns, and
orient toward the nearest vertical silhouette, which
tends to result in a high rate of return to the plant
from which they fell (Phelan, P. ef al., 1976).

The alarm pheromones of social Hymenoptera
are best-known in the ants. It has become in-
creasingly clear that these pheromones are complex
blends of chemicals, not individual compounds act-
ing alone (Blum, M., 1979). Typically the contents
of the various glands, mandibular, Dufour’s,
poison, etc., are characterized by chemists and
several of the myriad compounds are found to
evoke the behavioral response, “alarm”, in wor-
kers. The uncertain definition of what constitutes an
alarm response has added to the difficulty of analyz-
ing just how species-specific and powerful these
pheromones are (Parry, K. and Morgan, E., 1979).
In contrast to the commonly imprecise descriptions
of the response which usually include increased ““ex-
citation” and velocity of movement, alarm behavior
may also include increased rates of turning, dis-
placement toward or away from the source, opening
of the mandibles, biting, digging, stinging, trail-
laying and other behaviors (Parry, K. and Morgan,
E., 1979). Several compounds have, however, been
identified from glands that, compared to other
analogs, are the most powerful elicitors of alarm
behavior, which has also been carefully described.

One such compound is 4-methylheptan-3-one,
which has been identified from the mandibular
glands of at least six species of Pogonomyrmex, and
shown to evoke alarm behavior in Pogonomyrmex
barbatus and Pogonomyrmex badius (Parry, K. and
Morgan, E., 1979; McGurk, D. et al., 1966; Wilson,
E., 1958). Low concentrations of this compound
result in alarm-attraction of nearby workers
whereas high concentrations result in alarm-

“frenzy” as well as digging behavior (Wilson, E.,
1958). This same compound has also been identified
as a mandibular gland alarm pheromone in 4.
texana and is present in the mandibular glands of at
least six other Atta species (Blum, M. ez al., 1968).
Again, in A. texana low concentrations alarm and
attract workers and high concentrations alarm and
repel them. Interestingly the (S)-(+) enantiomer of
this chiral compound is about 100 times more active
than the (R)-( —) enantiomer (Riley, R. ef al., 1974)
in A. texana and about 200 times motre active than
(=) in A. cephalotes. Thus, even though each
species can discriminate the optical isomers of this
compound, they both apparently use the (+) en-
antiomer as the major alarm pheromone com-
ponent. Either species-specificity comes from secon-
dary components blended with the major one, or
there is little or no specificity. Wilson, E. (1974)
concluded that alarm pheromones are not likely to
be species-specific because there have been no
evolutionary pressures on them to become so.

3 ORIENTATION MECHANISMS

The reactions to chemicals that modulate insects’
behaviors often result in displacement toward or
away from the emission source. Even when no
displacement occurs, however, movements may
be made by the insect in order to remain in the
same location, as in an insect flying in wind that
must measure its airspeed and drift in order to keep
station while in an odor plume (Marsh, D. et al.,
1978). Although the evolutionary “‘bottom line” as
far as the insect is concerned is its displacement, the
insect’s steering and velocity of movement are the
means by which the displacement outcomes are
achieved. In the following section I will examine
some of the mechanisms currently thought to be
used by insects to displace in odor fields. Although
each possible mechanism will be examined separately,
it should be stressed that more than one can be used
at any time and two or three reactions might
be integrated to form one resultant movement
(Kennedy, J., 1983; Bell, W. and Tobin, T.; 1982).

3.1 Direct reactions to odor

One useful way to look at responses to odor is to




650 Thomas C. Baker

determine whether o1 not the insect is able to sample
an existing gradient and detect differences in odor
concentration. If it can, and can steet in response to
this difference, the response may be called a direct

response (Bell, W. and Tobin, T., 1982). This would .

be in contrast to an indirect response in which the
odor triggers steering to another stimulus such as
wind, or activates a stored motor progtram, and
does not itself guide the animal (Bell, W. and Tobin,
T., 1982).

An odor gradient may be sufficiently steep to
allow for direct response if the insect has two or
more receptors spaced far enough apart such thata
simultaneous comparison of concentrations can be
made. Alternatively, a direct response can be made
during sequential sampling (Bell, W. and Tobin, T.,
1982; Kennedy, J., 1983). The shallower the
gradient the faster the insect must move and the
longer its memory must be of the concentration at
previous points along its path. Traditionally, simul-
taneous sampling of concentration has been called
tropotaxis and sequential sampling klinotaxis, but

regardless of the terms, these mechanisms have been -

recognized for a long time (Fraenkel, G. and Gunn,
D., 1940; Kennedy, J., 1977, 1978).

A good example of direct response mediated
by simultaneous sampling of the gradient is pre-
sented by the ant, Lasius fuliginosus, which zig-zags
along its pheromone trail. If the antennae are
experimentally glued in a crossed position, with
every excursion from the trail the ant turns in the
wrong direction, away from the trail instead
of toward it, proving that each turn is due to the
sampled gradient (Hangartner, W., 1967). From ex-
periments with honeybees (Martin, H., 1965) and
Bombyx mori (Kramer, E., 1975), both of which can
respond by turning to ca. 2-fold differences in odor
concentration between antennae, one might expect

for L. fuliginosus that the chemical concentration of

one antenna must be double that on the other in
order for the ant to turn back toward the trail.
Male American cockroaches, Periplaneta
americana, can make a “correct” turn toward a
pheromone source in still air when they get close
enough to it to detect a concentration difference,
apparently simultaneously across their antennae
(Hawkins, W, 1978; Bell, W. and Tobin, T., 1982).
Before arriving to within about 70 cm of thesource in
a circular arena, the cockroaches exhibit increased

velocity of movement in tesponse to pheromone and
a certain degree of apparently random turning.

The change from simultaneous to sequential sam-
pling can be induced experimentally in honeybees
by fixing the antennae so that they no longer diverge
and cannot simultaneously sample a concentration
difference. They then tend to swing their head more
from side to side, apparently to sample the lateral
gradient through time at different positions, trans-
verse to the body axis (Martin, H., 1965). American
cockroach males do the same thing. When one
antenna is removed the remaining one sweeps
greater distances from side to side for sequential
samples of concentration (Rust, M. et al., 1976;
Bell, W. and Tobin, T., 1982). Whether the entire
body moves side to side or just the mobile receptors,
it is apparent that when the animal encounters
shallower gradients the simultaneous comparisons
will eventually be insufficient to detect differences,
and movements to and fro from more widely spaced
areas will need to be made for the differences to
have a chance of being significant.

There ate not very many other examples of such
classical transverse klinotactic responses to concen-
tration (see Kennedy, J., 1978, 1983; Bell, W. and
Tobin, T., 1982). Most of such samplingis performed
along theinsect’sresultant path, notacrossit, and the
response to a change in concentration may be a turn
directly back along the concentration gradient, or
else a change in the movement pattern. Such longi-
tudinal klinotaxis was not originally recognized by
Fraenkel, G. and Gunn, D., (1940), but was pointed
out by Kennedy, J. (1978). It would first appear that
the turn back along the gradient is more of a direct
response to odor but the change in movement may
also be a self-steeredchange in the pattern or severity
of turning that is difficult to distinguish from what
has classically been described asklinokinesis (Fraen-
kel, G.and Gunn, D., 1940; Kennedy, J., 1978). This
type of reaction may be described as another type of
indirect response to concentration.

3.2 Indirect reactions to odor without wind

Indirect reactions to odor include those in which
responses to cues from other modalities are switched
on. For instance, odor may trigger anemotaxis, a
response to wind, which will be discussed in the next
section. In addition, the response to the concen-
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tration difference that has been sampled can be in-
direct in a way not related to cues from other
modalities (Kennedy, J., 1983). The concentration
change may trigger a self-steered maneuver that
necessarily bears some relation to the gradient, but
is not steered by it (Kennedy, J., 1978, 1983). The
maneuver pattern may be centrally programmed
and executed with or without feedback from other
modalities in the environment. These reactions,
modulated but not steered by concentration, appear
to fall into the class of reactions classically called
klinokineses (Fraenkel, G. and Gunn, D., 1940;
Kennedy, J., 1977, 1978). In some instances such
responses may be integrated with another indirect
response to odor, anemotaxis, and it is often dif-
ficult to pick these two reactions apart. Another
complicating factor is that even without wind, the
program of movements may range from being very
disorganized-looking to being quite patterned, with
loops or zig-zags (Bell, W. and Tobin, T., 1982).
Linear velocity of movement (classically called the
orthokinetic component) may also be integrated,
which can result in striking changes in displacement

One good example of an indirect response to odor
is the response of male German cockroaches
responding to antennal contact with female sex
pheromone (Bell, W. and Schal, C., 1980; Schal, C.
et al., 1983). First a single 180° rotational turn is
made with respect to the cockroach’s initial direc-
tion if both antennae are touched, but if one an-
tenna is touched the male turns 180° away from that
antenna’s position, turning the shortest route to do
so. Then after a short time if no further stimulation
is received a second turn of ca. 180° is performed.
This second turn, like the first, must be self-steered
according to an internal turn program, because no
real gradient remains to guide it. The performance
of the turn program is aided by proprioception from
the legs and antennae. Even more 180° turns may
follow, but the male begins to move more between
them, which results in wider areas being sampled
(Schal, C. et al., 1983).

Another example without wind is provided by the
wasp, Nemeritis canescens (see section 2.3). As the
female walks from an area where the host odor
is present into clear air, it performs a 160° turn
back toward the “patch” of host odor. The sam-
pling is performed along its path of displacement,
and the response is to perform an about-face, taking

her back into the patch. The about-face appears to
be self-steered, triggered by the drop in concentra-
tion but not steered by the gradient (Waage, J.,
1978). Mosquitoes flying from one side of a choice
chamber into a column of air permeated with a
repellent or having suboptimal humidity or tem-
perature will turn back nearly immediately and re-
enter the original column of air (Daykin, P. and
Kellogg, F., 1965; Daykin, P. et al., 1965).

Tenebrio molitor also exhibits similar self-steered
movements when the humidity is suddenly ratsed
(Havukkala, 1., 1980). A turning-back reaction,
based presumably on an internal program and its
previous walking direction, resultsin a 165° turn, on
average, in the 2s immediately following the hu-
midity increase.

In a sense, a change in linear velocity with odor
concentration, classically known as orthokinesis
(Fraenkel, G. and Gunn, D., 1940), may be con-
sidered to be an indirect response. The rate of
locomotion is not steered by the gradient, only
modulated by it, possibly according to an internal
mechanism, and thus may fall into the category of
indirect responses along with klinokinesis. The two
kineses in combination can, without any other
mechanisms, result in significant displacement
toward the source, as demonstrated by Rohlf, F.
and Davenport, D. (1969) in computer simulations.

Performance of more elaborate, organized pro-
grams of movements may occur as part of an
indirect response. Zig-zags or counterturns (Ken-
nedy,J.,1983; Tobin, T., 1981) area primary example
Just as in less well-patterned self-steered move-
ments, the zig-zagging program that was switched
on by odor can also be modulated by its concen-
tration, and the width and frequency of the zig-zags
may be greater or smaller depending on the ambient
concentration Oriental  fruit-moth  males
(Baker, T. et al., 1984) exhibit zig-zag movements in
zero wind when pheromone is present and not when
it is absent. This will be discussed in more detail in
section 3.4,

33 Indirect reactions to odor involving wind and visual
cues

Another set of indirect reactions to concentration
involves those to other stimuli in the environment.
For instance, odor may trigger orientation to visual
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objects nearby, such as dark vertical silhouettes, as
occurs in bark beetles and gypsy moths responding
to sex pheromone (Shorey, H., 1973). In the gypsy
moth, pheromone-baited traps placed on thick tree
trunks captured significantly more males than those
on thin trunks (Cardé, R. e al., 1977).

But perhaps the most widely used indirect te-
sponse to odor involving another stimulus is
anemotaxis, or steering with respect to the wind’s
direction. For walking insects, sensing the wind’s
direction and walking at some angle to it or directly
upwind is not difficult, because pressure differences
on sensory hairs, antennae or body parts can be
detected since the animal is anchored to the ground
by tarsal contact. An example of odor-conditioned
anemotaxis in a walking insect is that exhibited by
the American cockroach to its sex pheromone (Bell,
W. and Kramer, E., 1980). When pheromone is ab-
sent in wind, at other than very low wind velocities,
the cockroaches exhibit negative anemotaxis, dis-
placing downwind. When a low concentration of
pheromone is introduced, however, their tracks are
almost always in the general upwind direction,
although with increasing concentrations the tracks
become straighter upwind (Fig. 11).

Evenin relatively uniform, wide plumes, there are
side-to-side oscillations though, (Tobin, T, 1981),
and such movements may be indicative of an
additional, indirect response discussed earlier, an
internal program or movement pattern triggered by
the odor (Tobin, T, 1981; Bell, W. and Tobin, T.,
1982). In addition, a direct response may occur, a
tropotaxis, by the animal’s long antennae which can
simultaneously sample the clean air outside the

plume area (Tobin, T., 1981; Kennedy, J., 1983).
Coupled with odor-conditioned anemotaxis, this
steering to maintain contact with the plume could
contribute to location of the pheromone source
(Bell, W. and Kramer, E., 1980; Tobin, T., 1981).

In the silkmoth Bombyx mori, a similar
anemotactic response was observed in a relatively
homogeneous pheromone field (Kramer, E, 1975).
The males walked generally upwind, but reversed
their course periodically while still within the field.
The result was a zig-zag walking track with dis-
placement upwind, and the zig-zags were again ap-
parently part of an internal program triggered by
the presence of pheromone and superimposed on an
anemotactic response.

P\ g

Fig. 11. Tracks of American cockroach males recorded from

a servosphere device. Wind containing sex pheromone is

from top, indicated by atrow. In A and B, the two highest

concentrations of pheromone elicit nearly straight upwind

walking by males, whereas the two lowest concentrations in

D and E evoke more circuitous movements, not always up-
wind. (From Bell, W. and Kramer, E., 1980.)

Flying insects have a much more difficult task in
integrating anemotaxis into their response to odor,
contrary to W. Bell and T. Tobin’s 1982) statement
that the only thing different about chemo-orien-
tation for flying compared to walking insects is that
there is a third dimension. Flying insects cannot
detect wind very well by pressure differences alone
because with no ground contact they are displaced
along with the wind. Hot-air balloonists swept
along at great speeds commonly report how calm
the air around them seems; almost motionless at
times. Like the balloonist, however, if the insect can
obtain a visual fix point or frame of reference, it can
determine in which direction it is drifting. Unlike
the balloonist the insect can then compensate for its
drift by thrust and steering movements. Thus odor-
modulated anemotaxisin a flying insect involves the
odor triggering a response to the apparent motion
of the visual field (Kennedy, J., 1977, 1978, 1983).

This response to visual drift information by flying
insects, called the optomotor response, has: been
well-documented (Kennedy, J., 1940; Kennedy, J.
and Marsh, D., 1974; Marsh, D. et al., 1978; Miller,
J. and Roelofs, W., 1978: David, C., 1982a,b).
When a ground pattern is rotated in the downwind
direction, moths flying in pheromone plumes in
wind can be displaced downwind while still facing
generally upwind in the plume because the rate of
apparent image movement across the eyes exceeds
the preferred rate and the insect reduces its airspeed
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(Marsh, D. et al., 1978). Conversely the animal can
be made to increase its airspeed, work harder, and fly
right past a pheromone source when the pattern is
rotated in the upwind direction. The moth flies faster
upwind to attain the preferred rate of general front-
to-back image movement (Marsh, D. et al., 1978).

If the ground pattern predominates as the major
visual input, increasing the moth’s height of flight
above the pattern should require the moth to fly at
higher airspeeds in order to attain the same velocity
ofimagemovementaswhen it wasatalower altitude.
In fact faster flight at increasing flight heights hap-
pens to some degree in male oriental fruit-moths
displacing upwind in their pheromone plume. At
greater heights it takes a faster-rotating ground pat-
tern to reduce their airspeed to the same degree as at
lesser heights (Kuenen, L. and Baker, T., 1982a).
Also, velocity of flight up the plume is faster at
greater heights above a stationary floor than at lesser
heights. Because other factors such as competition
between fixed objects in the room and the floor pat-
tern could contribute to the higher velocities with in-
creasing height, these observations are not
definitive: they do suggest height-induced changes
in angular velocity of image movement influence
flight speed. Recent work with Drosophila flying
upwind to banana odor in a striped “barber’s pole”
visual field surrounding the flies demonstrated more
clearly that angular velocity of image movement, as
controlled by distance from the visual pattern, was
the predominant factor influencing airspeed
(David, C., 1982b). Other visual parameters that
were varied were wavelength of the striped pattern,
its pitch, and its frequency. These played less
pronounced roles in modulating the flies’ airspeeds.

The amount of drift allowed by flying insects
seems to vary with concentration. As pointed out by
Kennedy, J (1940) and Marsh, D. et al. (1978) an
insect flying at any angle but 0° (directly upwind) or
180° (directly downwind) with respect to the wind
will experience some degree of transverse image
movement across its eyes, the visual equivalent of a
sideways skid (Fig. 12). The difference between the
moth’s course angle and its track angle is its drift
angle, which could possibly be measured visually by
the angle of transverse image movement across the
eyes. Kennedy, J. and Marsh, D. (1974) and Marsh,
D. et al. (1978) showed that when a pheromone
source is removed and the male flies out of the front

(

Fic 12. The relationship between oriental fruit-moths’
course, track, and drift angles in wind as they flew toward
sources impregnated with 1, 10, and 100 ug of sex pheromone
in a laboratory wind tunnel (from Kuenen, L. and Baker,
T., 1982b). Video-recordings were made from above in plan
view. As the concentration increased from 1 to 100 ug,
groundspeeds decreased, as illustrated by the lengths of lines
G, G, Gyog Airspeeds (A}, Ay, Ago) similarly decreased
with higher concentrations. On average, moths’ track angles
with respect to the wind were nearly identical along the
relatively straight “inter-reversal” portions of the zig-zag
track (depicted by the straight line common to the three flying
moths along Gy, Gy, G o0) but to attain that track angle, the
course angles of moths flying to increasingly high concentra-
tions were higher (pointed more upwind) as illustrated by the
body axis lines of the moths along G, G4, Gygo. (Although
“course angle” is for illustrative purposes here used
synonomously with “body axis angle”, “thrust direction
angle” is a more precise way of defining course ) Due to the
differences between course and track, the angle of transverse
image drift is more severe (31°) at 100 ug than at 1 or 10 ug
(21° and 25°). During the in-plume 90° cross-tunnel casting
flight characteristic of arrestment, the males allowed even
more severe transverse image drift of 45° At higher con-
centrations the zig-zags during upwind flight were narrower
and more frequent, as shown. At zero wind velocity course
and track angles are identical and the drift angle is therefore
zero. (After Marsh, D. et al.,, 1978, from Kuenen, L and
Baker, T., 1982b)
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end of the plume in wind, experiencing a concen-
tration drop, the straight legs of the tracks become
oriented at nearly 90° crosswind. The drift angle,
the difference between the course and track, must

now have increased. Kuenen, L. and Baker, T. |

(1983) obtained similar results with the oriental
fruit-moth, In wind, when males flew out of the
front end of the plume, the straight legs of the zig-
zag track became nearly 90° cross-tunnel. The con-
centration decrease also produced a concurrent in-
crease in Hnear velocity and a decrease in turning
frequency, causing wider zig-zags. Thus the males
appeared to allow the drift angle to increase during
the concentration-induced cross-tunnel casting

Marsh et al. showed that the track angle is kept
constant under varying wind velocities, and
Kuenen, L. and Baker, T. (1982b) showed that up
to a point moths kept the track angle constant with
increasing pheromone concentrations (Fig. 12). But
after flying closer to the strongest point source, the
concentration became high enough to cause in-
flight arrestment within the plume and, the key
feature of the movements that changed was the
track angle accomplished mainly by changing the
course angle, not the airspeed or ground speed (Fig.
12). The other movement parameters, such as turn-
ing frequency, linear velocity, angular velocity, etc.,
remained no different from those values during the
attraction to the high concentration that im-
mediately preceded the arrestment. During arrest-
ment the average course angle increased to 45°, as
did the drift angle, to produce the 90° cross-wind
track within the plume. The high and low concentra-
tions produced high and low frequencies of zig-zag
turns (see next section) by modulating the internal
self-steered movement pattern, but during casting
flightin the plume (arrestment) or casting after flight
out of the plume, the increased drift angle due to the
changein course was the main change in steering that
caused arrestment with either narrow (in plume) or
wide 90° cross-wind oscillations of track (Kuenen, L.
and Baker, T., 1982b).

34 Integration of mechanisms by an insect flying in sex
pheromone

Recent evidence indicates that the oriental fruit-
moth and other moths integrate several indirect res-
ponses to pheromone (optomotor anemotaxis, a

self-steered zig-zag program, linear velocity of move-
ment) in order to locate a sex pheromone source in
wind. Whatis the evidence for a self-steered program
ofzig-zags modulated by pheromone concentration?
First, in our laboratory’s flight tunnel, males initiat-
ing flightin a pheromone plume in wind and then fly-
inginstill air when the wind was stopped were able to
continue zig-zagging up the plume to locate the
pheromone source a significant percentage of the
time (Fig. 13) (Baker, T and Kuenen, L., 1982).
Proof that the narrow zig-zags in zero wind were
modulated by the pheromone came from a second
experiment in which the source was removed while
wind wasoninordertocreateatruncated plume. The
wind was then stopped, and the moths that had star-
ted upwind in the plume now found themselves first
in zero wind in the plume and then flying out of the
plume’s front end into clean air. At this point their
zig-zags became wider and steered more cross-
tunnel, and the turning frequency became lower with
a slight increase in the linear velocity. Since no wind
was blowing, the change in the zig-zag pattern could
nothave been steered ancmotactically butratherwas
evidence for a concentration-dependent program of
movements self-steered by the moth. Whether the
movements in still air were aided by visual feedback
from the environment, such asflow-field oscillations,
or were performed solely through proprioceptive
feedback is not known at this point and deserves
further study. Preliminary evidence (Kuenen and
Baker, unpublished data)indicates that in still air the
moths do respond to a moving floor pattern. How-
ever, thisisnot proof that they use feedback from the
Stationary pattern to perform their movementsinstill
air because the pattern’s movement is the visual
equivalent of wind drift, and it is already known that
insects compensate to a moving pattern in zero wind
(Kennedy, J. and Marsh, D., 1974; Kennedy, JI.,
1940).

These experiments confirmed and extended: the
results of Farkas, S. and Shorey, H. (1972), who
first showed that male moths could continue to a
pheromone source in still air once having started
toward it while wind was on. However, they not
only overextended their findings to declare that only
chemotaxis, not anemotaxis, was used even with
wind present, but they also proposed that the type
of chemotaxis used was one in which all movements
were directly steered by a gradient. As pointed: out
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c 10cm

F16. 13. Top view of video-recorded tracks of Grapholita molesta males fl

ying up a wind tunnel along a stationary pheromone

plume after wind had been stopped A and B: controls; moths were flying up-tunnel in zero wind with the stationary plume allowed
to remain intact all the way to the source. These males made it to within 15 and 5 cm of the source, which was 105 cm to the right
of each figure. C and D: The pheromone source had been removed and the wind stopped before these males had entered the field

of view. These males did not make it near the source

, but rather their tracks changed significantly upon flying out of the up-tunnel

end of the truncated stationary plume into clean air. This was evidence that the pheromone itself modulates the program of zig-

zagging movements, apart from any anemotactic orientation Dots are the moths’ position each 1 /60s. The position of the

stationary plume in still air is indicated by the solid straight lines in each figure, the central dashed lines the plumes’ axes, and
double dashed lines the truncated up-tunnel ends of the plumes (From Kuenen, L. and Baker, T., 1983 )

by Kennedy, J. (1978, 1983) such a direct response
to the gradient in the plume is highly unlikely
because of the instantaneous plume’s broken,
filamentous structure, The plume’s structure may,
however, serve to provide intermittent stimulation
that avoids adaptation of the nervous system
(Wright, R, 1958; Kennedy, J. ez al, 1980, 1981;
Baker, T. ez al., 1984) (see following sections).
Other evidence for a self-steered program of zig-
zags comes from recent experiments in which
oriental fruit-moths were provided various regimes
of pre-exposure to wind, some involving no pre-
exposure whatsoever (Baker, T. ef al, 1984). With
no pre-exposure to wind, males introduced into a
stationary pheromone plume exhibited the charac-
teristic side-to-side zig-zagging usually seen with
wind on (Fig. 14A,B). When introduced into
stationary clean air, males seldom took flight, but

when they did, the tracks were relatively straight
and directed toward the ceiling’s lights (Fig. 14C).
One aspect of the zig-zagging tracks in still air was
clearly different than in wind The zig-zags had no
consistent direction, often meandering slowly about
in the plume, sometimes carrying the moth out of
the plume area, sometimes displacing it down-
tunnel away from the source. Males also zig-zagged
up-tunnel toward the source, which was located
successfully a surprisingly high 219, of the time. A
key difference to the zig-zagging in zero wind is, of
course, that the male’s course and track are ident-
ical. Again the pheromone seemed to switch on the
program of counterturns rather than guide each
counterturn directly (Kennedy, J., 1983). Such
programs may be different for different insect
groups (Bell, W. and Tobin, T., 1982).

In the oriental fruit-moth there is evidence that
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Fig. 14. Top view of video-recorded tracks of Grapholiia molesta males after they were introduced, in windless conditions; into a
stationary pheromone plume (A,B, dashed lines designate plume boundaries) and into clean air (C, tracks of two males). The circle
at left represents the top of the screen cone from which males took flight and the black dots are the males’ positions each 1/60's:
The presence of pheromone triggers a more sinuous, zig-zagging track than that produced in clean air. (From Baker, T. etal.; 1984.)
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the zig-zagging is not only initiated by the
pheromone but its frequency is modulated by the
ambient concentration (Kuenen, L. and Baker, T,
1982a). At higher concentrations, angular velocity
is higher, making the angular-to-linear velocity
ratio greater, and the result is that the tracks are
narrower with the more frequent zig-zags confined
closer to the plume’s axis than at low concentrations
(Fig. 12). That the reversals occur as part of an
internal program superimposed upon anemotaxis
and not steered according to each loss of phero-
mone at the plume’s boundaries was indicated by
the fact that, although the theoretical width of the
“active space” of the plume increases with higher
concentration point sources, the tracks are
narrower, not wider. This is the converse of what
would be expected if each turn were steered by an
excursion outside the active space.

Interestingly when Grapholita molesta males are
walking, higher concentrations cause angular vel-
ocity to increase, just as in flight, but on the ground
the males make motre severe turns involving long
loops instead of the side-to-side oscillations in
flight. On the ground males can do this because
tarsal contact permits the male to face in any
direction while maintaining control over its
displacement. While flying in wind the animal must
continue to face upwind and turn back and forth
across it, or else lose its ability to control its
progress.

Recent results with the oriental fruit-moth
provide even more evidence for a concentration-
modulated zig-zag program independent of plume
boundaries. Males were allowed to fly up a plume
and they initiated wider, less frequent zig-zags after
its removal in wind. But when a relatively uniform
cloud of pheromone was then introduced and it
reached the moths, the zig-zagging narrowed sig-
nificantly and this was accompanied by a brief
upwind surge (Willis, M. and Baker, T., 1983). Ken-
nedy, J. et al. (1980, 1981) had already observed this
same effect with Adoxophyes orana in a cloud of its
pheromone. In both species the males appeared to
adapt quickly to the uniform pheromone cloud, and
the reversal frequency reverted within several
seconds back to a level not different from clean air.
Also the upwind displacement reverted to arrest-
ment concurrently with wider casting movements.
The conclusion that some form of adaptation had

CIP VOL 9-QQ

caused the arrestment is supported by the fact that
when a point source plume was introduced into the
cloud the males readily flew up it in the typical zig-
zag flight (Willis, M. and Baker, T, 1984; Kennedy,
J et al, 1980, 1981) (see next section).

Another indirect reaction to concentration is an
orthokinetic one and is integrated with the program
of counterturning. Higher concentrations, either in
a plume or a cloud, cause the velocity to decrease
(Cardé, R. and Hagaman, T., 1979; Kuenen, L. and
Baker, T., 1982b). The increase in the angular-to-
linear velocity ratio that occurs is accentuated by
this reduction in linear velocity that accompanies
the greater angular velocity.

Anemotaxis (section 3.3) is integrated with these
two mechanisms, essentially by giving polarity to
the signal in the form of drift. If a male that has
begun flying upwind in a pheromone plume sudden-
ly has the wind reduced to zero, it very often can
continue on to the source by continuing to zig-zag
up the plume. But examination of the tracks of
males that do not reach the source reveals that they
often continue to zig-zag while straying off-line
(Baker, T. et al., 1984). Merely experiencing wind
while sitting or walking in the release cage before
take-off, either in or out of the pheromone plume,
is not enough to orient the zig-zags in the direction
of the pheromone source. The males must ex-
perience in-flight drift before the wind is stopped in
order for there to be a probability of locating the
source higher than 219/, the percentage of success
with no pre-exposure to wind at all. These tracks
meander around in the general area of the plume in
zig-zag fashion, but with few males showing rapid
displacement. Once drift has been experienced, the
polarity is established, and displacement toward the
source 18 pronounced. Therefore, the pre-wind-lull
wind information appears to be gained by flying
males only, presumably through optomotor drift
compensation, and this accounts for the heightened
success at locating the source in zero wind when
males are allowed to take off into wind before it is
stopped (Baker, T. ez al., 1984).

3.5 The function of zig-zagging programs

The integration of the mechanisms discussed above
are likely to be used by other flying insects respond-
ing to various odors although their programs of
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A >
Fig. 15. Tracks, video-tecorded from above, of L dispar
males 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 had lost the pheromone
plume, and each hollow arrow denotes the wind’s direction
during these periods of flight in clean air. Tick marks denote
one-second intervals. Note how progress is nearly directly
upwind with nartow high-frequency zig-zags when in
pheromone contact and nearly always 90° cross-wind with
low-frequency zig-zags when pheromone is lost During these
periods in pheromone-free air, if the wind swings sharply (as
in A-B and C-D of a and B-C and D-E of b), the 90° cross-
wind movement often brings the male back into contact with
pheromone at a point much closer to the source than where
the pheromone was lost. (From David, C. et al., 1983)

movement may be different (Bell, W. and Tobin,
T., 1982). For instance, Drosophila flying to banana
host odor fly upwind with nearly perfectly straight
tracks (David, C., 1982b) Walking insects are
known to zig-zag (Kramer, E., 1975) or loop
(Baker, T. et al., 1981) in response to increased con-
centrations of odor. But why do so many flying
moths use zig-zagging flight? What is its function?

First, it appears that the reversals allow the
animal to scan repeatedly for changes in concen-
tration. The narrow reversals when in high con-
centration make it more likely that they will be able
to “lock on” to a more concentrated plume. The
wide reversals when the concentration drops make
quick re-location of the plume more likely. All this,
of course, is integrated with anemotaxis, and when

concentration is higher the male steers more up-
wind, allowing less drift and when the concen-
tration drops, nearly 90° cross-wind, allowing
greater drift,

The usual benefit of wider reversals is re-location
of alost plume, but a surprising discovery by David,
C etal (1983) has demonstrated another important
function of such wide cross-wind zig-zagging or
“casting”. It was not discovered before this because
most moth tracks had been recorded in wind tun-
nels with non-shifting wind fields. David, C. et al.
(1983) tracked gypsy moths in the field as they flew
in response to pheromone. The location of the
plume was marked by soap bubbles. From a
previous study (David, C. et al,, 1982), it was al-
ready known that surprisingly often, regardless of
the wind direction near the source, the direction of
movement of any parcels of air carrying pheromone
nearly always will be on a line pointing away from
the source. This is because, regardless of wind shifts,
the parcels tend to continue to move in their
previously established direction. In this study the
male’s tracks were decidedly narrow and zig-
zagging when apparently in contact with
pheromone, and the concurrent displacement was
decidedly upwind. When a male flew out of the
plume, however, due to a shift in wind direction, a
new function for the wide cross-wind casting
became apparent. As the clean parcel of wind shif-
ted direction, the ever-widening casts shifted to
remain perpendicular to it and the plume was finally
re-located, the moth often being much closer to the
source upon regaining the plume than when it had
lost it (Fig. 15) (David, C. et al, 1983). Thus the
higher velocity, lower zig-zag frequency casts at
right angles to the wind can themselves contribute
to towards-source displacement. This is a previously
overlooked advantage of zig-zagging, especially the
wide casting type. ,

Experiments in zero wind also suggest that zig-
zagging may function as a more sensitive indicator
of wind direction than straight-line flight since, in
the latter, lack of transverse image movement
across the eyes can have ambiguous meaning:
the moth may be in zero wind, or it may be flying
directly up or downwind By continually oscillating
left and right, the first onset of wind, or the first shift
In its direction, may be detected sooner than in
straight-line flight.
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FIG. 16. Tracks, video-recorded from above, of Grapholita molesta'males flying upwind in a wind tunnel along an edge formed by

a uniform cloud of pheromone and clean air. Wind is from the right. Top: Male zig-zagging along the vertical edge formed by a

clean air-pheromone side corridor Bottom: With the tunnel rotated 90° to make the uniform pheromone corridor occupy the

bottom half of the tunnel, a male successfully zig-zags upwind along the horizontal edge to the front of the tunnel In a tunnel

completely permeated with pheromone (not shown) males do not fiy upwind, and therefore the phasic pheromone stimulation

provided by the mixing of pheromone and clean air along the vertical and horizontal edge of these half-permeated tunnels appears
necessary for zig-zagging upwind flight. (From Willis, M and Baker, T, 1983).

3.6 Tonic vs. phasic pheromone stimulation

Two separate experiments by different groups now
indicate that a broken, filamentous airborne plume
of odor may be essential for some insects for suc-
cessful source location. The filaments, contrary to
an idea first proposed (later rejected) by Wright, R
(1958), do not seem to guide insects by the
frequency of their encounters with them. Rather the
moths seem to require a phasic, up-and-down stimu-
lation to maintain the program of zig-zagging plus
anemotaxis. They appear to adapt quickly to tonic
stimulation by a uniform cloud. The lack of upwind
progress in a cloud was first observed by Kennedy,
J. et al (1980, 1981) with Adoxophyes orana and
confirmed by Willis, M. and Baker, T. (1984) with
a different species, G. molesta. Both Kennedy, J. et

al. (1980, 1981) and Willis, M. and Baker, T. (1984)
found that males seemed to very often “lock on” to
the “edge” formed by clean air next to a side cor-
ridor of uniform pheromone. The G. molesta very
often zig-zagged right up the edge to the upwind end
of the tunnel (Fig. 16).

The appearance at first was that the moth was
turning back each time it strayed into clear air, but
of course from previous studies it was known that
the moth was going to reverse its track, clean air or
not, as part of its endogenous counterturning
program (see section 3). The border likely was not
a sharp pheromone-air boundary, but rather a
“ragged” edge of pheromone-air filaments pro-
duced by small amounts of turbulence. The male
would “lock on’ and zig-zag upwind along an edge
in part because the edge itself was a phasic stimulus,
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somewhatlikea filamentous plume Thislatterexpla-
nation received support when the tunnel was turned
on its side, producing a corridor of pheromone
in the bottom one-third of the tunnel. Males
released at the downwind end zig-zagged up the
tunnel at the horizontal pheromone air-boundary in
a manner similar to when the boundary was vertical
(Fig 16). Thus the edge itself seemed likely to be a
phasic stimulus, and maintained the counterturning
program, although this is not to say that a moth
does not augment this stimulation by flying into and
out of pheromone contact as it zig-zags upwind
along a vertical edge, or a point source plume for
that matter. Tonic stimulation, either clean air or
constant pheromone, usually results in arrestment

and this happens very quickly. If a phasic stimulus
(a point-source-produced plume), is superimposed
on this tonic one, attraction up the plume results
(Kennedy, J. er al, 1980, 1981; Willis, M. and
Baker, T., 1984).

3.7 A new hypothesis

The results of experiments with uniform clouds
which produce tonic pheromone stimulation and in-
flight arrestment may be informative in explaining
why high concentrations of pheromone from a
point source sometimes result in in-flight arrestment
within or close to the plume. One reason may be
that at a certain concentration, as the male flies up
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the plume toward the source, the stimulation effec-
tively becomes tonic. The sensory system may have
reached its capacity and cannot increase its firing
rate even if higher concentrations are encountered.
Of course higher concentrations will be encountered
as the male continues to approach the source The
plume’s filaments will become more concentrated,
but since the maximal neuronal output has been
exceeded, the higher concentration cannot be regis-
tered on the sensory level. Thus the “highs” of the
high-low phasic stimulation eventually cannot
neurophysiologically get any higher, but at that dis-
tance from the source the “lows” still are low
enough that they provide enough of a contrast to
the sensory system that the signal is still registered
as phasic. With further progress up the plume, how-
ever, the lows will continue to increase in concen-
tration, and the difference in the lows and the highs
will narrow to such an extent (Fig. 17) at some point
near the source that the stimulus will become
neurophysiologically tonic. Arrestment then will
occur within the plume. The program of zig-zagging
that makes the turns very frequent and narrow at
high concentrations actually would contribute to
the effect because it would prevent the male from
making very many wide excursions into clean air to
get a lower “low”. At some point near the source
even the few brief excursions out of the plume
would not be enough, and progress is halted.

The idea that a moth flying up a plume is continu-
ally combatting habituation goes back a long way
(Shorey, H., 1973; Bartell, R., 1977; Bartell, R. and
Lawrence, L., 1977). However, this new hypothesis
does not invoke habituation as a cause of arrest-
ment, but rather it links receptor saturation and
arrestment to temporal aspects of plume stimula-
tion, and implies that some CNS elements need fluc-
tuating stimulation from the receptors in order to
continue the proper output that results in upwind
zig-zagging flight. It also explains why G. molesta
males do not habituate as well to pre-exposures to
ultra-high concentrations of the natural blend of
components as they do to lower concentrations
(Linn, C. and Roelofs, W., personal communica-
tion). The plumes from an excessively high loading,
even 1 m or so away from the source, would likely
present a tonic stimulus with a plateau level of highs
and lows that are virtually continually high. Thus
receptor saturation will have occurred and less

habituation of the CNS will be possible, assuming
the CNS neurons, require fluctuating input, for
optimal activity. Pulsed pheromone signals much
lower (1 min) than produced by a filamentous
plume (ca. 1s71) are known to be-more effective
than a continuous signal in producing habituation
(Bartell, R. and Lawrence, L., 1977; Kuenen, L. and
Baker, T, 1981) and reducing the subsequent up-
wind flight responses of males. It would not be
surprising if the moderate concentrations that op-
timally habituate males during pre-exposure are the
ones that produce the optimal levels of phasic ups
and downs that increase the habituation of the
CNS.

4 CHEMICAL CONTROL OF BEHAVIORS BY MAN

The ever-increasingly intensive study of chemical
communication in insects over the past 10 years has
resulted in novel and effective methods for the
monitoring and suppression of insect populations.

Many Dbehavior-modifying chemicals show
promise of being useful for helping in this

‘suppression. Not surprisingly compounds used in

mate-finding have so far proven to be the most use-
ful (section 4.3) but those from other behavioral
categories have recently been shown to have
possibilities in pest management. Two of these
categories are host-finding and compounds used in
defense of relatives (alarm and oviposition deter-
rents).

4.1 Host-finding

Work by Nordlund, Lewis, and Jones over the years
(see Nordlund, D. et al., 1981) has demonstrated in

the laboratory and field how applications of
kairomone can help increase parasitization of

Heliothis eggs by Trichogramma evanescens
parasites. Lewis, W. er al. (1972) found that
Heliothis zea moth scales stimulated searching by
the parasites. Tricosane was identified as the most
active hydrocarbon in the scales (Jones, R. ef al.,
1973).

Initially their work showed that broadcast appli-
cations of moth scale extract were better than spot
applications at increasing percentage parasitization
of the eggs in the lab and field (Lewis, W. et al,
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1975). The parasites apparently spent more time in
the area of application and “searched” more
thoroughly than in untreated areas. Further exper-
iments, however, revealed that spot applications
around the eggs, not broadcasts, helped increase
percentage parasitization from 18% to greater than
33%,. Although this was a significant increase it is
hard to say whether use of this compound would be
cost-effective in an agricultural system. Another use
of tricosane applications has perhaps more promise
using the kairomone in conjunction with mass
releases of the parasites. If lab-reared Trichogramma
are exposed to the compound in their laboratory
containers just prior to release in the field, percent-
age parasitization is significantly increased, presum-
ably because the parasite is more likely to be arrested
and search in the immediate area of the release
rather than immediately fly out of the target area
(Gross, H. et al., 1975),

4.2 Defense of relatives

The behavioral effects of the aphid alarm phero-
mone (E)-f-farnesene were discussed earlier (sec-
tion 2.6). Recently, Wohlers, P. (1981a,b, 1982)
demonstrated that the alarm pheromone, (E)-f-far-
nesene, broadcast onto host plants caused alates of
Acyrthosiphon pisum to probe for a shorter period
and to take flight faster than on untreated leaves.
They seemed to habituate fairly quickly to the
pheromone, however. Nevertheless these results
were encouraging for using this compound in the
field to reduce feeding. The appealing aspect of this
approach to controlling aphid-borne viral infec-
tions of plants is that the pheromone conceivably
might reduce alightment and “test” probing, which
can spread certain viruses quickly among crop
plants. Dawson, G. ef al. (1982) demonstrated a
reduction in beet yellow virus transmission by
Myzus persicae, when (E)-B-farnesene derivatives
were applied to plants in the laboratory. Although
some laboratory behavioral observations dictate
caution in using the alarm pheromone (it may in-
crease movement and test probes on plants for some
species) (Phelan, P. and Miller, J ., 1982), these field
trials are encouraging. Another potentially useful
way to use alarm pheromone is to apply it just prior
to insecticide sprays. It significantly reduces aphid
populations compared to insecticide alone, presum-

ably by increasing the movements of aphids and
hence their exposure to toxicant (Griffiths, D. and
Pickett, J., 1980).

Another class of pheromones that falls into the
category of “‘defense of relatives” is that called

- “oviposition-deterring” pheromone (Prokopy, R.,

1981a). Among the many species of Rhagoletis flies
it is not clear whether the same blend of chemicals
is used, but their effectiveness within a species of
causing gravid females to move off a fruit without
ovipositing has been demonstrated convincingly
(Prokopy, R., 1972, 1981b). The blends of com-
pounds have yet to be identified and synthesized for
even one species, and for the time being the efficacy
of such a synthetic blend at reducing oviposition in
fruits must be viewed from the remarkable results of
Katsoyannos, B. and Boller, E. (1976, 1980) using
naturally deposited pheromone. After laboriously
extracting pheromone from the surface of thou-
sands of fruit in which female Rhagoletis cerasi had
oviposited, the pheromone solution was broadcast-
sprayed onto selected cherry trees in an orchard in
Switzerland. R. cerasi larval damage to fruit on the
sprayed trees was reduced by up to 90% over the
unsprayed trees. The pattern of application en-
visaged for commercial control of these flies is one
in which the majority of trees in an orchard would
be sprayed and seclected trees would be left
untreated as “trap trees”. This is because the inter-
nal “drive” to oviposit would otherwise conceivably
become great enough to override the deterring ef-
fect of ubiquitously applied pheromone (Prokopy,
R., 1981b), and the fruits of the unsprayed trees
might provide outlets for oviposition that could be
easily disposed of by the grower.

4.3 Mate-finding

Pheromones used in mate-finding have proven to be
the most effective for pest-management so far, for
a variety of reasons. First, because response
thresholds are so low and the active spaces so large
(see section 2.1), small quantities are extremely
potent in eliciting behavioral effects over tens of
meters or more. Secondly, these are the most
species-specific of the behavior-modifying chemi-
cals. One species can be targeted for control or
monitoring with no effect on the rest of the agro-
ecosystem. Also, for monitoring, relatively little

exper
Thir¢
comp
lowes
insect
are h
phero
popul
Q) me
disruy
slow-r
The
specie
will n¢
tive p
thesize
compl
in the
beetle
that ¢
optimi
to the «
the nu
50% @
peak a
conjun
models
suscept
vae (Ri
1976). °
prophy
of prec
of usin
events -
for a Ic
relative;
ing trap
flights tl
these v
damage
ledge at
levels, es
to chan
Further:
damage
research
is entere
needed. !
accurate



3 and
nand

o the
called
y, R.,
s flies
nicals
ies of
thout
zingly
com-
ed for
ficacy
ion in
ats of
using
iously
thou-
si had
dcast-
ard in
on the
er the
n en-
is one
would
e left
inter-
ivably
ng ef-
kopy,
| trees
uld be

1to be
ar, for
iponse
y large
-emely
ens of

most
hemi-
rol or

agro-
1 little

Chemical Control of Behavior 663

expertise is required for insect identification.
Thirdly, for direct suppression of a population, these
compounds work best when population density is
lowest, and this nicely complements conventional
insecticides which are best used when populations
are high. The three main usages of mate-finding
pheromones are: (1) monitoring and detection of
populations coupled with timed insecticide sprays;
(2) mass trapping to reduce populations directly; (3)
disruption of mating by broadcast applications of
slow-release formulations,

The population fluctuations of so many insect
species are monitored by pheromone traps that I
will not attempt to review them all. So many effec-
tive pheromones have been identified and syn-
thesized that it is now possible to monitor the entire
complement of species in a system, as for instance,
in the whole array of stored-products moths and
beetle pests (Burkholder, W., 1981). Suffice it to say
that the timing of insecticide sprays has been
optimized by pheromone trapping on many crops
to the extent that growers have been able to reduce
the numbers of insecticide applications by up to
50% (Madsen, H., 1981). The traps monitor the
peak adult flights, and these peaks are used in
conjunction with heat-accumulation and computer
models to predict the peak occurrence of future
susceptible stages, such as emerging first-instar lar-
vae (Riedl, H. and Croft, B., 1974; Riedl, H. et al.,
1976). The grower can then abandon the traditional
prophylactic, spray-on-schedule approach in favor
of precision applications. Undoubtedly this mode
of using monitoring traps — for phenological
events — will remain as the most widely used one
for a long time to come. One reason is that it is
relatively easy to obtain reliable data from monitor-
ing traps as to the relative peaks and valleys of adult
flights throughout a season without having to relate
these values to the absolute population levels of
damage. These would require much more know-
ledge about the factors affecting absolute capture
levels, especially fluctuations in the active space due
to changes in the response threshold each day.
Furthermore, accurate correlation of physical
damage levels with capture levels requires a large
research effort. When the economic threshold level
is entered in, still more knowledge and research is
needed. Of course, even without monitoring traps,
accurate characterization of economic thresholds

for most crop systems remains as a major challenge
to entomologists.

These problems notwithstanding, some relation-
ships of absolute population levels (or damage) with
captures of insects in sex pheromone traps are
known, and are being utilized at present for control
programs. One example is the simple but effective
system of Madsen, H. (1981) for the codling moth
in apple orchards in British Columbia, Canada.
Under conditions in that region, when the capture
of males exceeds two per trap in two consecutive
weeks, insecticide spraying is called for. Of course,
in arriving at these numbers, much research went
into determining standard spacing and placement
of traps within the trees. Earlier studies (Vakenti, J.
and Madsen, H., 1976) had established that one
trap per hectare adequately monitored the popu-
lations, and problems with accounting for the poss-
ible immigration from neighboring orchards had to
be addressed. Of course, if the release rate from the
lure (in this case rubber vial caps) is reduced due to
aging over the course of the season the two per trap
threshold may no longer be accurate, as the active
space will on average have grown smaller. There-
fore, Madsen recommends replacing the lures every
6 weeks. In order for such a treatment threshold to
remain accurate, the trap surfaces themselves must
remain uniformly sticky throughout the season.
Riedl, H. (1980) showed that when more than 20-30
males have been captured in small traps and 50-70
in large traps, the sticky surface must be rejuvenated
or replaced in order to keep the capture readings
accurate.

The immigration problem addressed by Madsen,
H. (1981) for codling moths points out the import-
ance of knowing the drawing range of monitoring
traps. Knowledge of the active spaces for different
loading and emission rates of lures can provide a
way to “‘tailor” a trap for a particular-sized field or
portion of a crop to optimize the sampling area
without drawing in males from outside the crop and
possibly overestimating the potential damage. This
problem was implicated in monitoring the Angou-
mois grain moth on corn in France (Stockel, J. and
Sureau, F., 1981) and addressed by Baker, T. and
Roclofs, W. (1981) for the oriental fruit-moth. After
measuring the active distances for several lure load-
ing rates, Baker and Roelofs suggested that low
loading rates would allow smaller areas to be
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O = NO CATCH
o=
A=2-4
H=5-9

X =i0 - 24

FiG. 18. Spatial distribution of capture of wild gypsy moth
males in an isolated infestation in Oakland County,
Michigan, 1979 Traps were deployed at 12 per km? Data
supplied by the Michigan Department of Agriculture and
USDA-PPQ. (From Elkinton, J. and Cardé, R., 1981)

sampled without fear of drawing in males from out-
side that area, and larger dosages could be used in
the center of larger areas needing monitoring,

A mark-release-recapture technique was used
by Elkinton, J. and Cardé, R. (1981) to estimate the
absolute population levels that correspond to cap-
ture rates of gypsy moth males in sex pheromone
monitoring traps. In contrast to many other species,
pheromone traps cannot be used to time insecticide
sprays at the vulnerable (larval) stages because there
is only one generation per year and the adults are on
the wing and being monitored after the last larvae
have pupated (Elkinton, J. and Cardg, R., 1981).
For this species in many states in the USA there is
a great need to detect the presence of the moth when
population densities are lowest, because in many
cases prompt insecticide spraying around the foci of
new infestation can eliminate new infestations.
Because the females often attach their €gg masses to
vehicles, new outbreaks often appear spuriously, far
from heavily infested areas In Michigan such local
infestations, often traceable to a single egg mass on
a vehicle, have been detected by a trapping grid set
up by the Michigan Department of Agriculture.
Traps were placed 12 per km?, and often the pattern
of capture pointed clearly to the focus of the infes-
tation (Fig. 18) (Elkinton, J. and Cardé, R., 1981).
The mark—release~recapture results showed that
about 49/ of all males released in a uniform disper-

sion were recaptured. Hence a capture of one male
in the Michigan grid should mean on average that
there are at least 24 other males in the area.

Mass trapping of populations is a second way of
using mate-finding pheromones. Probably the lar-

+ gestmass trapping effort ever was that performed in

Norway and Sweden for the suppression of spruce
bark beetle, Ips typographus, populations in 1979
(Lie, R. and Bakke, A, 1981). Over 600,000 traps
baited with the beetle’s aggregation pheromone
were placed in spruce forests throughout the
country. In Sweden over 300,000 traps were
deployed. The total beetles captured in both
countries was estimated at 4.5 billion, and Lie, R.
and Bakke, A. (1981) believe that better trap place-
ment and improvement in trap design would have
substantially increased capture rates and the overall
efficacy of the program. Nevertheless the program
was rated as a success because tree mottality levels
were kept the same as the previous year and without
the program, large increases in damage had been
expected. A very low level of predators (0.2% of the
Ips capture) were captured and so the program
should have minimally affected biological control
of the Ips beetles.

Lanier, G. (1981) demonstrated that mass trap-
ping  Scolytus multistriatus beetles with their
aggregation pheromone could help reduce the in-
cidence of Dutch elm disease. One area near
Syracuse, New York having ca 209 of the trees
infected with Dutch elm disease was treated by plac-
ing nearly one pheromone-baited trap per tree,
After 5 years the incidence of disease was reduced to
2%. In addition, Lanier, G. (1981) demonstrated
that in elm groves not already infested with beetles,
a very few pheromone-baited traps can help protect
the trees from being infected with the disease. The
combination of pheromone traps plus “trap trees”
killed by injections of cacodylic acid was shown to
be a commercially feasible means of suppressing
elm bark beetle populations and reducing the in-
cidence of Dutch elm disease. The trap tree method
works because the injection not only kills the brood
already present in the tree, but the tree remains
attractive to beetles, Incoming beetles bore into the
trees and lay eggs, but brood production is reduced
by ca. 97%; over the levels expected to emerge from
living, untreated trees. Thus future infestations are
reduced.
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Payne, T. (1981) and Richerson, J. et al (1980)
used a modification of the trap tree strategy and
demonstrated its potential as a way to halt infesta-
tion of the southern pine beetle, Dendroctonus
frontalis. The species’ aggregation pheromone was
dispensed in vials on already-attacked trees in the
center of a “‘spot” infestation. Newly emerged
adults then tended to be attracted to the already-
infested trees to mate and lay eggs. These trees were
no longer optimal for rapid population growth, and
the population increase was not only reduced but
new, healthy trees were kept from being attacked
because the beetles that did emerge were re-directed
back onto the old, weakened trees.

The third major use of mate-finding pheromones
is as a broadcast application to disrupt mate-
location and mating. This possible use of
pheromones has been examined thoroughly
elsewhere (Gaston, L. er al., 1967; Cardé, R, 1976;
Roelofs, W. and Cardé, R., 1977; Shorey, H., 1974,
1977) and so I will not go into a lengthy review. The
concept has been shown to work repeatedly in com-
pletely preventing location of females, reduction
in the percentage of mated females recovered from
the field, and reduction in damage to crops (see
Mitchell, E., 1981). The general methodology in-
volves applying the pheromone formulated in slow-
release dispensers to the crop. The: slow-release
devices may be: (1) tiny hollow fibers sealed at one
end to allow slow volatilization out of the open end
(Albany International); (2) plastic laminated flakes
(sandwiches) having a central pheromone reservoir,
the molecules migrating through the plastic to fin-
ally evaporate slowly from the flake’s surface (Her-
con Corp.); (3) micro-capsules containing
pheromone that can be sprayed from conventional
insecticide sprayers. The disruption of mate-finding
and mating is apparently accomplished by a com-
bination of at least two mechanisms that work con-
currently to one degree or another depending on the
species (Cardé, R., 1981; Bartell, R., 1982; Sanders,
C., 1982) The overall atmospheric concentration of
pheromone may habituate males, raising their re-
sponse threshold, thereby reducing the active space
of the female-emitted pheromone. Secondly, males
may be attracted to the point sources of synthetic
pheromone and spend time walking and fanning
their wings around them, wasting time that other-
wise could be spent locating a female. These males

may also habituate as a result of the high concentra-
tions experienced at these sources. Bartell, R (1982)
has described three other possible mechanisms that
may contribute to disruption of mate location in
other situations,

There have been a large number of demonstra-
tions of reduced damage in crops treated with
disruptant formulations. For instance, aerial
applications of slow-release formulation of the
sex pheromone of the western pine shoot borer
Eucosma sonomana resulted in 67-88% reduction in
damage from this pest (Sower, L. et al, 1981).

The mating disruption technique has been used
successfully commercially on cotton over the last 5
years to control a major pest, the pink bollworm,
Pectinophora gossypiella. In 1980 and 1981 over
100,000 acres of cotton were treated with the dis-
ruptant in the southwestern United States. Begin-
ning when the cotton is in a pre-bloom state called
“pin-square” up until the first bloom, growers aeri-
ally apply the pheromone every 10—14 days. Most
often the slow-release formulation has been
Nomate®, the hollow fibers (Albany International),
but in 1982 209, of the applications were with the
laminated flakes Disrupt® (Hercon Corp.). Years of

~data have demonstrated that mate-location and

mating are reduced 90—100%, in average population
densities (Shorey, H. et al., 1976; Brooks, T. et al.,
1979; Doane, C. and Brooks, T., 1981) and that
damage can be maintained at commercially accept-
able levels while costing about the same as conven-
tional insecticides (Gaston, L. et al., 1977; Brooks,
T. et al., 1979; Doane, C. and Brooks, T., 1981).
Growers’ acceptance of the technique has been
good and the US acreage applied with disruptant
has grown from 20,000 in 1978 to 40,000 in 1979, to
over 120,000 in 1982. Many growers in the Imperial
Valley of California were so satisfied with their
pheromone programs that they organized a man-
datory treatment program in 1982 that required
that all growers in the valley apply at least four
treatments of pheromone to their cotton acreage
early in the season. The program was successful at
increasing yields compared to the year before and to
nearby valleys not on the program, and avoiding a
crippling whitefly problem that had occurred the
previous year apparently due to overspraying of
pyrethroids. Further refinements to the technique
should help overcome some failures that are
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experienced each year by at least a few growers.
Usually these can be traced to: (1) the grower wait-
ing too long to put on the first application, hence
much mating has already occurred; (2) the grower
attempts to reduce the amount applied or to in-
crease the length of time between applications; (3)
the grower attempts to continue the application
under population pressures that are too high. This
last point is important because under commercial
conditions later in the season population pressures
can begin to increase to levels where the disruptant
does not work as well, and at this point the early
season pheromone program should be dropped and
replaced with insecticide sprays. But the early treat-
ment with disruptants will have served its purpose.
Predators and parasites are preserved that keep
Heliothis sp. and other pests under control because
msecticide spraying is delayed while the disruptant
does its job. Monitoring with pink bollworm
pheromone traps is an important part of a disrupt-
ant program, because even in early season if nightly
captures of males in pheromone-treated fields ex-
ceeds three or four per trap (usually it is zero) the
population density is considered too high for effec-
tive disruption

Clearly pheromone disruption is a tool that fits in
well with cotton pest management. It works best
when P. gossypiella populations are lowest, in the
carly season, and this is precisely the time when
beneficial insects should be preserved and allowed
to increase in number. The value of the behavior-
modifying chemical is, in this case, much greater
when measured in the context of the entire pest
management scheme than might have been antici-
pated from its isolated effects of reducing mating
and pink bollworm damage.

Recently growers have added small amounts
(1/50 of normal rate) of pyrethroid to the formu-
lation. The pyrethroid is contained in the poly-
butene sticker that makes the aerially applied
hollow fibers or flakes adhere to the cotton leaves.
Many growers maintain that this “attracticide”
technique allows them to reduce the absolute
amount of pheromone applied while maintaining
the same level of pink bollworm control. The males
attracted to the pheromone point sources presum-
ably pick up a lethal dose of insecticide that takes
them out of the mating population for good.
Whether there may also be sub-lethal behavioral

effects that help in reducing mate location remains
to be seen, and the efficacy of the attracticide
technique needs further examination. It looks
promising, and populations of beneficial insects are
not reduced (George Butler, personal communi-
cation; Las, A. e al, 1982). Obviously if more
pheromones are to be used in the attracticide mode
it is even more imperative that the optimal natural
blend of components be formulated because males
must be attracted all the way to a point source to

contact the toxin. Here the other mode of action of

disruption, area-wide habituation, would be coun-
terproductive, and for many species dosages and
application rates of an optimal blend might need to
be altered to favor attraction to such point sources
at the expense of atmospheric permeation and
habituation. Or, perhaps those species that are es-
pecially susceptible to area-wide habituation —
possibly because they have ultra-low emission rates
and male thresholds — may not need to have insec-
ticides added to the formulation because disruption
may be easier for these species.

The commercial use of pink bollworm phero-
mone over several successive years in Arizona and
California brings up the question of whether inten-
sive use could lead to “‘resistance’ to the pheromone
in pink bollworm populations. The resistance might
be manifested as increased emission rates by females
or changes in the ratios of the two sex pheromone
components away from theratio of applied synthetic
components (Cardé, R., 1976). In the pink boll-
worm there is evidence that if there were females in
the population that could emit higher amounts of
pheromone, they could overcome the effect of the
disruptant, because higher release rates of synthetic
pheromone in sticky traps resulted in significantly
more captures of males in a disruptant-treated field
(Doane, C. and Brooks, T., 1981). Additionally
behavioral “resistance” might take the form of in-
creased tendency for dispersal by calling females
that are unsuccessful in attracting a male in
disruptant-treated fields. Such females may be more
likely to reach untreated fields or borders where
males can locate them and mate. Then the females
could return to the pheromone-treated fields to lay
eggs. An initial study examining populations of
pink bollworms from pheromone-treated and
conventionally treated fields found no evidence
so far that resistance has developed in the
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pheromone emission rates and ratios (Haynes, K.
et al., 1984).

The first successful commercial experience with a
behavior-modifying chemical used for population
suppression points out some economic problems
not usually considered by entomologists and biol-
ogists. The final test of the technology is in the
market-place, and here a technique that is biologi-
cally powerful and proven to be efficacious in
controlling populations is now buffetted by forces
that have nothing to do with whether or not it works
biologically. The technique may be successful in
doing what it is supposed to but may be dropped,
not because it does not make a profit for the com-
pany, but because it does not make enough of a
profit It may fit into pest management but not into
the company’s financial projections and it will have
“failed”. Conversely another product containing

behavior-modifying compounds (such as many of

the pheromone traps being sold to homeowners)
may sell extremely well but be essentially worthless
for its advertized purpose of suppressing popu-
lations of a given species. And so as more “bio-
rational” behavior-modifying chemicals and tech-
niques reach the commercial level, it will become
even more clear the most powerful behavioral
modifier is money, and it is transported by shifting
economic winds.
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