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ABSTRACT 

Heliolithine moth larvae are serious agricultural pests 

causing hundreds of millions of dollars in agricultural 

damage annually. Mating disruption, a behavioral method of 

control of adult male sexual response to female pheromones, 

has been successfully administered in the field for many 

years, yet the underlying mechanisms that account for mating 

disruption are poorly understood. 

Habituation, a form of nonassociative learning, has 

been implicated as one possible mechanism that effects male 

moth behavior during the application of mating disruption 

strategies. To substantiate the claim that habituation can 

play a role in mating disruption, data were collected on 

five of habituation's classic characteristics: 1) The 

existence of a negatively accelerated relationship between 

trials and response strength; 2) Spontaneous recovery of 

response strength; 3) A long-term reduction in male moth 

pheromonal response strength; 4) More rapid reduction of 

response strength and greater spontaneous recovery of 

response with less intense stimuli; 5) Learning associated 

with a highly specific stimuli will not generalize to 

exceedingly dissimilar stimuli. 

Results of this study clearly indicate that all five 

characteristics related to habituation were present. 
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Specifically, males, repeatedly exposed to pheromones of 

conspecifics, display a decrease in response strength. 

Response reduction and spontaneous recovery were both found 

to be greater with less complex stimuli. Long-term 

habituation was successfully demonstrated for up to 96 hours 

post habituation training. Most importantly, it was found 

that males, habituated to one blend, demonstrated little 

habituation when exposed to a second blend. Additionally, it 

was found that a substantial amount of individual 

differences in responsiveness to habituation training exists 

between males of this species. 

The findings of this study indicate two major points. 

First, habituation can be used as part of an effective 

integrated pest control strategy. However, because there is 

a substantial amount of individual differences in 

habituation susceptibility, some male moths may experience 

greater reproductive success. Further, because the males did 

not generalize habituation across the two stimuli presented 

in this study, there is concern that if all known pheromone 

components of this species are not used in field 

applications, males will habituate to the applied pheromone 

but not individual females. 
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INTRODUCTION 

Overview 

For the past 40 to 50 years an increasing number of 

insect species have been attaining agricultural pest status. 

The increase in number of new agricultural pest species is 

due, at least in part, to the application of synthetic 

organic insecticides used for insect control (King & 

Coleman, 1989; Fitt, 1989). In many agricultural ecosystems 

the population levels of predators and competitors, that act 

naturally to control population levels of other species, 

have been diminished because of insecticide application. 

Additionally, many insect species evolved specific pesticide 

resistance. The coupled effects of pesticide resistance and 

competitive release have created a situation in which pests 

whose damage to crops was previously minor or 

inconsequential where able to rapidly populate a region 

(Luttrell, et al 1987). Changing agricultural ecosystems 

have also amplified this problem. Large monocultural agri-

ecosystems, farmlands producing one crop, create large 

niches in which previously non-pest species have flourished 

in the absence of many their natural predators and resource 

competitors. 

One genus of agricultural pest that has been highly 

successful under the above-mentioned conditions'is Hellothis 
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sp., specifically, Heliothis zea (Corn Ear Worm), and H. 

virascens (Tobacco Budworm). This genus achieved major pest 

status in southern United States in the early 1950s after 

introduction of insecricide treatments in that region. 

Current estimates value their collective damage to crops in 

excess of 1 billion dollars in the United States annually, 

with an additional 250 million dollars spent annually for 

pesticide treatments of these two species. 

Tobacco budworm and corn earworm feast on over one 

hundred varieties of plants, many of which are important 

horticultural and agricultural species. The major 

agricultural crops affected are corn, sorghum, cotton 

tobacco, soybean, tomato, and wheat (King & Coleman, 1989). 

As a consequence of H. zea and virescens' successful 

increase in resistance to a growing list of pesticides 

(Sparks 1981) and their pernicious appetite for a variety of 

important agricultural plant species, scientists are 

researching a myriad of control approaches, collectively 

known as. Integrated Pest Management or IPM (Van Lentern, 

Overholt, 1994). Included, as part of a comprehensive IPM, 

is a class of behavioral control approaches aimed at 

affecting male moth sexual behavior. Behavioral control of 

male mating is known as mating disruption. Mating disruption 

techniques take advantage of the natural system whereby a 



11 

female moth attracts, or calls, conspecific males. By 

permeating the atmosphere with synthetically produced female 

pheromone, control through disruption of male mating effort 

can be achieved. Male moths subsequently display a reduction 

in response strength to the female pheromone. A number of 

field and laboratory studies have clearly demonstrated the 

efficacy of mating disruption (Shorey, Gaston, and Saario, 

1967; Hendriks, Perez, Guerra, 1982) . A detailed behavioral 

analysis of the change in the male's response to mating 

disruption has been heretofore lacking. 

The goal of this dissertation project was to provide an 

overview of one of these pest species, H. virescens, its 

lifecycle, and its attraction and mating system. Several 

mechanisms have been used to describe what happens to the 

male moth as a result of pheromone disruption, but again, a 

detailed analysis of the changes in behavior that occur as a 

result of pheromone based disruption is lacking. These 

mechanisms may be responsible for the failure of male moths 

to find and mate with a conspecific. Therefore, a 

description of these mechanisms, in particular habituation 

and sensory adaptation, will be given. A comprehensive 

outline of the characteristics of each of these phenomena 

will provide the standards of evidence necessary for the 

proper categorization of the decrease in responsiveness 
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exhibited by the male moth as a function of repeated 

exposure to conspecific sex pheromone. 

While laboratory evidence indicates that male moths 

experience sensory adaptation of the olfaction neurons under 

certain conditions (Baker, et al, 1988) only scant evidence 

indicates that central habituation is occurring. Therefore, 

a series of behavioral experiments will be proposed which 

will investigate the possibility that habituation plays a 

role in mating disruption. 



Classification and Lifecycle 

H. virescens belongs to the Lepidopteran family of 

Noctuidae containing roughly 21000 distinct species of moths 

that are distributed world wide but are particularly 

abundant and diverse in tropical regions (Scoble, 1995). Of 

the Heliolithine genus, comprising 80 or so species, only 2, 

H. virescens and H. zea, are major agricultural pests in the 

United States. Many others Heliolithine species are listed 

as agricultural pests in Africa, Australia, the Americas, 

the Middle East, Central and Southeastern Asia, India, 

Southern Europe, the Mediterranean (Fitt, 1989) and the 

Hawaiian Islands (Vargas, Nishida, 1960). In the Americas, 

the Heliolithine genus maintains a permanent and year-round 

presence between 40 degrees N and 40 degrees S latitudes. 

Seasonally, all three species are known to migrate beyond 

these latitudes (Fitt, 1989). 

The generation cycle of H. virescens is approximately 

28-30 days and maybe related to the lunar cycle (Nemec, 

1971), although this finding is in dispute (Fitt, 1989). 

Under ideal conditions H. virescens can pass through as many 

as 11 to 12 generations per year in more tropic regions. 

Typically however, five or fewer generations will emerge in 

the cooler climate of the greater United States. A major 

factor contributing to slower generation cycles is a 



delaying of maturation known as diapause (Butler, Wilson, 

and Henneberry, 1985) . 

The lifecycle begins in H. virescens with the placement 

of a single fertilized egg on a host plant, a process known 

as oviposition. Females have been known to produce and 

oviposit as many as 3000 viable eggs, though field estimates 

range from 500-1500 eggs per female (Fitt, 1989; Nadgauda 

and Pitre, 1983). Within 2 to 3 days of oviposition the 

larvae will hatch from their eggs. 

Larvae develop through 6 to 7 instars before pupation 

begins. It is during these larval instars that the moths do 

their agricultural damage. Having high nitrogen 

requirements and immature mandibles, the newly hatched 

larvae must position themselves upon an area of the host 

plant that is young and developing and begin feeding (Fitt, 

1989). Younger plant tissue typically has higher nitrogen 

levels and is more readily palatable because of its 

tenderness. Unfortunately, this means that the larvae will 

most likely be feeding on newly forming leaves and flower 

buds. The consumption of new plant growth is particularly 

devastating to crop yields because infested plants cannot 

produce fruit. 

The number of instars an individual larva experiences 

before pupation appears to be dependent on two factors, 



15 

temperature and diet (Nadgauda and Pitre, 1983) . Nadgauda 

and Pitre (1983) found that if larvae were fed an artificial 

diet at temperatures between 25 and 30 degrees C, they would 

not require a 7th instar. Time spent developing in each 

instar varied widely, ranging from less than 2 days to just 

over 7 days. 

The duration of individual instars was also related to 

diet and temperature (Nadgauda and Pitre, 198 3) . Total time 

spent in the larval stage varied from nearly 34 days on a 

soybean diet at 20 degrees C, to just over 12 days when on 

an artificial diet at 30 degrees C. 

Once larvae have satisfied nutritional requirements, 

they begin a period of prepupation lasting 3 to 5 days in 

which they actively seek and prepare an environment suitable 

for pupation. Larvae locate an area of soil that is soft 

enough to burrow into and construct a subterranean nest. 

Under ideal temperature conditions pupation will last 8 or 9 

days before eclosion of the adult moth. Pupation may be 

stalled for extended periods of time, however, through a 

process known as diapause. Diapause is mediated by 

environmental variables. 

The function of diapause is threefold. First, by 

stalling pupal development, during harsh environmental 

conditions, a species is able to reproduce more effectively 
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because the number of adult individuals that must endure 

harsh environs is shortened. Emergence is delayed until 

conditions are more suitable for survival and reproduction, 

thereby increasing fecundity. 

The viability of mated female tobacco bud worms drops 

substantially with increasing temperatures (Butler et al 

1985). By stalling adulthood until more favorable conditions 

arise, females increase their viable egg counts. 

Diapause also creates a mechanism by which adult 

emergence can be synchronized. In the related species 

Heliothis armigera, Kay (1982) describes a bimodal pattern 

of emergence as heavily influenced by seasonal diapause. 

Though individual larvae may enter diapause at different 

times spanning over a several month period, the cessation of 

diapause is relatively synchronous with, and directly 

affected by, changing conditions. Most diapausing pupae will 

emerge as adults over a 3 to 6 week period. Synchronous 

emergence maximizes reproductive opportunity and thus 

further increases fecundity. 

In the tobacco budworm, two diapause patterns, which 

are initiated by different environmental factors, have been 

identified and termed summer diapause and winter diapause 

(Fitt, 1989, Butler, et al. 1985). Summer diapause is a 

stalling of development of the pupal stage as a result of 
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exposure to high temperatures. High temperatures must occur 

during the last week or so of the larval stage or the first 

few days of pupation. Summer diapause can last through the 

summer months with adults emerging in the early fall. 

Typically temperatures over 32 degrees C are needed to 

initiate summer diapause in the tobacco budworm. If held in 

temperatures fluctuating between 23.9 and 40.6 degrees C for 

the duration of their larval stage, as many as 50% of the 

female and 100% of the male H. virescens larvae will enter 

summer diapause (Butler, et al. 1985). In the southern 

United States, as summer approaches and daily high 

temperatures begin to rise, an increasing percentage of 

pupae enter diapause. In late September and early October as 

temperatures drop, all of the surviving pupae terminate 

diapause and emerge together over a few week period. 

Winter diapause, on the other hand, has been associated 

with a shorter photoperiod, scarcer resources, as well as 

lowered temperatures. The advantages of winter diapause are 

the same as for summer; namely, synchronization of 

emergence, escape from harsh conditions, and an overall 

increased fecundity. 

Like most other Lepidoptera, after eclosion from the 

pupal stage, H. virescens seek a vertical surface from which 

they hang to inflate and dry their wings. This usually takes 
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place during dark hours in the laboratory (personal 

observation). On the first night, after their wings have 

dried, adults may make short flights and feed. As a 

nocturnal species they are usually only active during 

evening and nighttime hours. On subsequent nights, as 

nightfall approaches, H. virescens begins to emerge and 

either feed off the nectar of flowers, or perform some form 

of dispersal (Fitt, 1989). Redistribution of individuals can 

be local, long-range, or migratory. One of the primary 

defining characteristics of these different categories, in 

addition to distance traveled, is the altitude at which the 

separate redistribution behavior patterns take place. In all 

cases moths will take advantage of prevailing winds and move 

downwind. 

The migratory-like behavior exhibited by H. virescens 

is impressive. Shortly after dark, the moths take flight and 

fly vertically as high as 2 kilometers where they can take 

advantage of upper atmospheric wind speeds. During migratory 

redistribution moths may relocate hundreds of kilometers 

from their start points in a matter of a few hours. 

Long range redistribution is classified as 10 

kilometers or less. Here the moths fly up 10 meters in 

altitude, redistribute downwind to different, and perhaps 

better food sources, or oviposition areas. Those that 
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locally redistribute tend to be active for an hour or two. 

During this period they may also engage in feeding and 

oviposition, followed by a period of inactivity that lasts 

roughly two hours. They stay within or just above their host 

plant's foliage. At about four hours after dusk, feeding and 

relocation behaviors end, and mating behavior begins. 

Primarily because of the importance to disruption 

strategies, male attraction to females in Heliothis sp., as 

in many other Lepidopteran species, has been the focus of 

much research. At about four hours after dusk, females, 

while hanging from the foliage of a host plant, begin to 

emit a blend of pheromones from a gland located on the 8th 

and 9th abdominal segments. The gland is composed of 

modified epidermal cells of the integument. Normally, the 

female pheromone gland is telescoped such that its surface 

is covered, restricting pheromone release. During calling 

behavior the female will expose her gland allowing the 

pheromone to be released and drift downwind (Scoble, 1992). 

Each species of moth appears to produce and emit a 

unique blend of pheromone components in specific ratios. 

This specificity can be used as a taxonomic tool for the 

identification of highly similar yet reproductively distinct 

species (Roelofs, & Comeau, 1969). Gaston and Shorey (1964) 

were first to successfully extract female sex attractant 
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pheromone from the excised tips of female H. vxrescens 

abdomens, as evidenced by positive male response. However, 

none of the chemical components of female H. virescens sex 

pheromone were isolated and identified for nearly another 

decade. Roelofs et al. (1974) and Tumlinson et al. (1975) 

both successfully extracted and identified the two major 

components of the female sex pheromone (Z)-11-hexadecenal, 

and (Z)-9-tetradecinal from the excised abdomen tips of 

females. Behavioral verification from conspecifics was also 

obtained. Subsequently, five additional components were 

identified (Z)-7-hexadecinal, hexadecanal (Z)-ll hexadecen-

l-ol, tetradecenal, and (Z)-9-tetradecsnal (Klun, et al 

1980). However, there is some disagreement over which of 

these additional components summate to positively affect the 

elicitation of sexual response in conspecifics (Vetter and 

Baker, 1983), in and above the required two components 

(Vickers, et al. 1991). 

Behavioral response to wind borne pheromones has been 

the focus of much investigation (Kennedy, Ludlow, and 

Sanders, 1980, 1981; Kuenen and Baker, 1982; Kennedy and 

Marsh, 1974; Marsh, Kennedy, and Ludlow, 1978; Kennedy, 

1983; Baker, Willis, and Phelan, 1984). Currently, male 

response to female pheromone, given normal conditions, is 

fairly well understood. The male moth receives pheromone 
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information from the female through olfactory receptors on 

his antennae. CJpon reception of an adequate amount cf 

pheromone, the male begins a sequence of appetitive 

behaviors directed at successfully finding and copulating 

with a female. 

The initial and minimal response is wing fanning. The 

male may wing fan in low amplitude cycles, or strokes, in 

order to warm flight muscles. Prior to flight, the amplitude 

of the wing-fanning stroke increases and the male usually 

moves to the upwind edge of hatever surface he is resting 

upon (personal observation). Once the male moth has 

positioned himself he takes flight, maintaining upwind 

orientation. 

The male may already be engaged in flight behavior when 

a pheromone plume is encountered. In either case, when a 

male is in contact with a female sex pheromone plume while 

in flight he initiates a positive optomotor anemotactic 

behavioral response (Kennedy and Marsh, 1974; Kuenen and 

Baker, 1982; Marsh, Kennedy, and Ludlow, 1987; Kennedy, 

Ludlow, and Sanders, 1981). While in flight the male moth is 

not directly able to sense wind direction and speed. By 

using visual information about changing ground position, the 

moth is able to respond successfully to wind speed and wind 

direction. In this way, visual information is used to 
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mediate flight behavior in relation to the surrounding 

geography and defines the optomotor response (Kennedy and 

Marsh, 1974). 

Contact with the wind borne plume also initiates 

counter-turning behaviors known as casting and zigzagging 

(Baker, Willis, Phelan, 1984). If the moth subsequently 

loses the pheromone plume the counter turning amplitude 

increases, while forward ground speed is maintained at or 

near zero. This increase of search space is known as 

casting. When the male moth re-establishes contact with the 

plume, the amplitude of the casting decreases, and he 

eventually begins to make forward progress in a typical 

zigzagging pattern forward and across the plume. As the male 

continues up the plume the amplitude of the zigzagging can 

diminish to nearly straight forward flight. Straightforward 

flight usually only occurs very near the plume source 

(personal observation). Thus, while casting and zigzagging 

appear to be initiated and mediated by contact with the 

plume (chemotaxis) (Marsh, Kennedy, and Ludlow 1978), up

wind orientation to the plume is mediated by visual cues. 
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Increasing Pesticide Resistance 

It is now clear that many moth pest species have, and 

continue to develop resistance to a variety of chemical 

pesticides; H. virescens is no exception. Luttrell et al 

(1987) found that in laboratory bioassays, resistance to 

pyrethroids of field caught H. virescens larvae have 

increased 40-56% from that of their laboratory strains which 

had not been exposed to insecticides for more than 5 years. 

The wild caught larvae came from natural populations in 

Mississippi, a region of the Unites States that has used 

pyrethroids for many years. Pesticide resistance however, is 

not isolated to the United States. Wolfenbarger, Bodegas, 

and Flores (1981) found increased pesticide resistance in 

Heliothis sp., in Australia, Africa, and Asia, in addition 

to the Americas. Future ability to control these pests 

effectively lies in the development of alternatives to the 

use of these environmentally harsh and increasingly 

ineffective pesticides. 
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Behavioral Mechanisms of Mating Disruption 

In the early 1960's behavioral researchers began 

reporting that male moths, when exposed to the pheromones of 

a conspecific, would display a reduction in behavioral 

responsiveness to those pheromones (Shorey, and Gaston, 

1964). A number of researchers have subsequently supported 

these initial findings using a variety of laboratory methods 

of pheromone delivery including, permeating a closed air 

space (Traynier, 1970; Mafra-Neto, Baker, 1996); air 

permeated with pheromone and pulsed threads of pheromone in 

the wind tunnel (Bartell and Larwence, 1976a; Bartell and 

Larwence, 1976b; Bartell and Larwence, 1977; Willis and 

Baker, 1984). Additionally, field studies measuring 

pheromone exposure effects have obtained very impressive 

results (Carde and Minks, 1995). In a study by Hendricks, 

Perez, and Guerra (1982) test plots of farmland were planted 

with alternating rows of cotton and pigeon peas. Two types 

of traps (TP, and Wind Vane traps), were used on sequential 

years. Each trap contained sexually active female H. 

virescens moths. Results of male moth trappings showed that 

during nights when synthetic Z-llhdal was dispersed into the 

atmosphere, as much as a 97% drop in trappings occurred. 

When Z-9tdal was used, a 75% drop in trappings occurred. 

When Z-9tdal or Z-llhdol was used a number of male H. zea 
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were found in the traps (containing female H. virescens). 

Particularly important was the fact that male H. zea had 

sexually engaged a number of the females in the trap but 

could not disengage. Both male and female die in copula when 

this inter specific mating occurred. 

The behavioral control of H. virescens and other pest's 

ability to reproduce by use of pheromone based disruption 

techniques are now well-accepted strategies. Researchers 

have subsequently focused on three major areas of research 

in this area. One area of study is focused on the 

identification of specific components and blends of 

pheromone used by specific pest species. Another area of 

research has focused on the development and implementation 

of commercial pheromone delivery systems. The third major 

area of study has focused on the neurological basis of the 

male's pheromone response system, from sensory input to 

pheromone mediated flight control. 

The areas of study mentioned above all have produced a 

better understanding, as well as a better level of control 

of this type of agricultural pest. Each could benefit 

further from an increased understanding of the mechanisms 

that underlie behavioral changes occuring in male moths who 

are repeatedly or continuously exposed to the pheromones of 

conspecifics. Definitively knowing that habituation plays a 
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role in mating response reduction would have a drastic 

effect in the way in which commercial pheromone delivery 

systems are designed. If it were known that habituation 

played a role in response reduction, creating a pulsed 

delivery system could reduce the costs to farmers by reduced 

pheromone usage, while optimizing the habituation process. 

Bartell and Lawrence (1977) have shown that the amount of 

long-term habituation is reduced if an animal is exposed for 

a prolonged period as opposed to brief pulses of pheromone. 

This effect may occur because when continuously exposed, the 

animal experiences short-term sensory adaptation, reducing 

the amount of time that it is "centrally" exposed thereby 

reducing the amount of learning. 

If, on the other hand, habituation plays no role in 

response reduction then it would be more fruitful to design 

commercial pheromone delivery systems that permeate the 

infected field and maintain a constant level of pheromone. 

A considerable amount of behavioral information has 

been attained about male moth detection and location of a 

female. We do not know, however, what mechanisms are 

involved in the reduction of response associated with 

prolonged and/or repeated exposure to pheromone. The 

confusion among researchers is evidenced by the number of 

terms that are used to describe the behavior change. At the 
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current level of understanding it is most appropriate to 

describe the behavior change as a "reduction of response," 

(Bartell, Lawrence, 1973, 1977; Figueredo, Baker, 1992) . 

However, a number of other terms have been used as well, 

including "inhibition of response," (Bartell, Roeloffs, 

1973;) "habituation of response," (Traynier, 1970; Kuenen, 

Baker, 1981), and "adaptation" (sic sensory adaptation) 

(Baker, et al, 1988). The use of some of these terms, 

habituation in particular, is somewhat tentative. 

Bartell (1982) outlined five different strategies by 

which effective disruption can be achieved. First, by 

decreasing the signal to noise ratio, where the female's 

scent is the signal and the synthetic reproduction of her 

scent is the noise, the male's ability to find and 

successfully navigate an actual plume of pheromone from a 

conspecific is hindered. According to Bartell, for this type 

of disruption to occur, environmental conditions would have 

to promote the uniform dispersal of the synthetic pheromone 

at concentration levels at or near that which the female 

normally emits. Bartell argues that because of the 

complexities of wind patterns moving through fields and 

orchards, this mode of disruption is unlikely to occur. 

Another approach is to provide false trails of 

synthetic pheromone for the male to follow (Bartell, 1982). 
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The production of false trails appears to be most successful 

when large numbers of small dispensers, such as pheromone 

injected plastic pellets are used. One potential strategy 

for mating disruption is to out-compete female moths using a 

large number of false trails. While Bartell describes this 

treatment as potentially effective, he notes that the 

supporting evidence is "negligible." He further points out 

Sanders (1982) argument that the effectiveness of this type 

of pheromonal control depends on the ratio of females to 

false sources; if an area is heavily infested, its efficacy 

of this strategy will only decrease. 

The third strategy by which disruption can affect male 

response is to manipulate the pattern of sensory input that 

the male experiences (Bartell, 1982). Females of many 

closely related moth species produce many of the same 

pheromone components but release them in different ratios; 

this is thought to help maintain reproductive isolation. If 

enough of one or two components common to two or more 

species were dispersed, it would change the signal quality 

of the females and could in effect make them appear as 

females from a different species to the males. As mentioned 

above, Hendricks, Perez, and Guerra (1982) found male H. zea 

copulating with female H. virescens on nights that they 

released single components of pheromone. H. zea and 
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virescens are closely related and share many common 

pheromone components including Z9-tdal and Zll-hdol (two of 

the components used in their study). While their findings 

suggest that disruption can be achieved by changing the 

qualities of the signal, the number of male H. zea captured 

were relatively small, and only four males engaged in 

interspecific copula. 

Another strategy of behavioral control is to inhibit or 

otherwise modify the male's response to the pheromone by 

introducing a secondary compound that competes with female 

pheromones for the same sensory receptor sites. Termed 

antipheromones, these agents are usually chemically related 

to pheromone components (e.g. geometric isomers). Bioassays 

by Bartell and Roeloffs (1973) showed that if the main 

component of the light brown apple moth's pheromone was 

simultaneously presented with its trans-isomer, male 

response levels dropped significantly. However, at least one 

field test of one of these compounds actually increased 

trappings. There is some evidence by Rothchild (1974), 

however, that males may produce their own pheromone signal 

which may be nested into the females plume as he tracks it. 

Rothchild found that in Pseudaletia unipuncta this male 

pheromone acts to inhibit the approach of other males. 
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Unfortunately, this particular line of antipheromonal 

research is still largely unexplored. 

By far the most promising strategy for behavioral 

control of male sexual response is through the effects on 

the peripheral and central nervous system. Two processes, 

sensory adaptation and central habituation may play the 

major roles in the control of male sexual response (Kuenen 

and Baker, 1981). In both processes the result is decreased 

response to female pheromones. Both sensory adaptation and 

habituation have been used to describe changes in behavior 

that occur in the male moth as a result of repeated or 

prolonged exposure to the pheromones of a conspecific. 

However, they are fundamentally different neural mechanisms 

expressed as a result of different environmental situations. 

Although they can act simultaneously, the procedures needed 

to produce each usually prevent this from happening. 

Adaptation, or sensory adaptation, occurs with many 

sensory systems in most sentient organisms. Adaptation has 

been widely described as a temporary inability to sense (or 

perceive) and respond to sensory stimuli, simply because of 

extended, continuous exposure. Sensory adaptation can occur 

because of blockage of receptor sites and depletion of 

neurotransmitter substance at the pre-synaptic element. 

Adaptation is a short-term effect that will completely 
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dissipate. It is not a learning process since prior 

experience does not in any way affect future performance, 

given adequate recovery time (Domjan, 1993). 

Sensory adaptation has been explored in a number of 

moth species including, Trichoplusia ni (Ignoffo et al, 

1963, Shorey, and Gaston, 1964), Epiphyas postvittana 

(Bartell and Roelofs 1973, Bartell and Lawrence, 1976c), 

Anagasta kuehniella (Trayner, 1970), Agrotis segetum and 

Grapholita molesta (Baker, et al., 1988), Choristoneura 

fumiferana (Sanders, 1985) . The most important common factor 

in all of these studies is that during the adaptation phase 

(the pre-exposure time) a uniform and continuous exposure to 

female pheromone (or a synthetic duplicate) was experienced 

by the male moths. All of these reports successfully 

demonstrated sensory adaptation. 

Bartell and Roelofs (1973) reported that pre-exposure 

to just the female pheromone gland extract continuously for 

10 minutes, caused a complete cessation of male sexual 

response to female pheromones in subsequent bioassays at 10, 

30, and 60min after the end of the pre-exposure period. 

Further, Bartell and Lawrence (1976c) found that this effect 

was concentration dependent. As pheromone concentrations are 

increased, so did the strength of the inhibiting effect. 
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Baker, Hansson, Lofstedt, and Lofqvist (1988) bolstered 

the behavioral data supporting sensory adaptation. They 

reported that in single sensory neuron recordings from the 

antennae of two species, A. segetum and G. molesta, there 

was a drop in response to nearly zero, only seconds after 

presentation of female pheromone. Unfortunately, they did 

not provide data on recovery of response. 

It seems clear that sensory adaptation is responsible for 

at least part of the response reduction that occurs in male 

moths that have been exposed to a continuous stream of 

female pheromone. One piece of the adaptation puzzle still 

missing is information on how long recovery takes. The fact 

that behavioral response recovery can be incomplete 4 days 

after pheromonal exposure (Figueredo and Baker, 1992) 

implies that another process, central habituation, may also 

play a role in response reduction. Further evidence comes 

from Kuenen and Baker (1981) and Willis and Baker (1984) who 

found that pulsed pheromone delivery produces more response 

reduction than continuous pheromonal stimulation. 

Habituation, while often assxamed in pheromone disruption 

research, has not been conclusively demonstrated. There is 

some evidence that habituation does in fact occur (Figueredo 

and Baker, 1992; Bartell and Lawrence, 1977; Kuenen and 

Baker, 1981; Willis and Baker, 1984). Habituation can be 
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defined as a progressive decrease in the activity of an 

elicited (unconditioned) response that may occur with 

repeated presentations of an eliciting (unconditioned) 

stimulus (Domjan, 1993). Habituation is purported to be non-

associative and is considered by many to be a simple form of 

learning. It is produced by repeatedly eliciting an 

unconditioned response by presenting its unconditioned 

stimulus. Eventually, given enough presentations of the 

unconditioned stimulus, the strength of that response will 

decrease. 

The process of habituation has been documented in species 

ranging from humans to several species of Protozoans (Wood, 

1970; Tomlinson, 1974; Jennings, 1976). It can also occur 

with a wide range of elicited behaviors, from simple muscle 

contractions (such as the flexion reflex), to more complex 

behaviors, like the pheromone mediated upwind flight 

behavior of male moths. Because habituation can be found 

across a wide range of behaviors and species, including 

animals without nervous systems, the process of habituation 

should not be considered the product of a single type of 

neural substrate. Instead, habituation is a process, or 

phenomenon, that results from a wide range of biological 

conditions including everything from the complex neural 

pathways described by Thompson and Spencer (1966) and Groves 
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and Thompson (197 0) to possible changes in chemical pathways 

and/or conditions that would have to occur in single celled 

organisms. 

Habituation can be distinguished from fatigue, a decrease 

in response magnitude resulting from changes in the muscles 

and/or motor nerves. Although both fatigue and habituation 

are manifested as a decrease in response, the effects of 

fatigue are temporary, usually lasting a few minutes or 

hours. Full recovery of fatigued muscles and nerves can be 

expected, given adequate recovery time. Furthermore, 

habituation is stimulus specific, meaning that response 

decrements do not transfer relatively different stimuli. In 

fatigue, on the other hand, once an organism ceases to 

respond to a stimulus, switching to different stimuli will 

not produce a response. 

Habituation in different species and sensory modalities 

displays a surprisingly similar set of characteristics. 

Thompson and Spencer (1966) state: 

"In reviewing the behavioral habituation 
literature, it is striking to find virtually 
complete agreement on the parametric 
characteristics of the phenomenon in such a wide 
variety of animals and responses. These nine 
common characteristics may consequently serve as 
the detailed operational definition of 
habituation, [their emphasis]... The extent to which 
any other response decrements satisfy these 
characteristics will thus determine whether they 
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can be called habituation," (Thompson and Spencer, 
1966, pp. 19-20) . 

They outlined, and provided extensive supporting evidence, 

for a comprehensive operational definition of habituation 

that includes 9 major points. Those points are listed below 

and, where possible, moth sexual response data are provided 

(for comparative support see Thompson and Spencer's report. 

Groves and Thompson, 1970; and Petrinovich, 1984) . 

1. Thompson and Spencer (1966) noted a negative 

logarithmic relationship, or a slope of diminishing returns, 

between response strength and exposure trials. This 

relationship is visible within blocks of trials and between 

blocks of trials as well. To date, Figueredo and Baker's 

(1992) study on reduction of sexual response in the oriental 

fruit moth is the only documented moth study in which 

repeated trials were incorporated into the design. They 

reported a negative log reduction in response, supporting 

the idea that habituation does occur in the male moth's 

sexual response. Traynier (1970) also described a negative 

logarithmic decrease in mean response strength as a function 

of increased time of pre-exposure to pheromone. However, 

Traynier pre-exposed separate groups of males for different 

times and recorded their group mean responses. This 
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describes a procedure that produced increasing levels of 

adaptation and not necessarily any habituation. 

2. A second characteristic noted by Thompson and Spencer 

was that there should be a spontaneous recovery of response 

strength after an extended interval without exposure to the 

eliciting stimulus. Typically what is meant by "extended" 

has been somewhat ambiguous, ranging from a few minutes to 

many hours. The spontaneous recovery of response strength 

should yield a net response that is weaker than the initial 

response. The fact that the spontaneous recovery produces 

lower response strength than the initial response is 

evidence that either the animal has aged substantially, been 

injured, or that some long-term learning has occurred. Age 

and physical injury, however, can be controlled. Figueredo 

and Baker (1992) did not find spontaneous recovery of male 

moth response to pheromone. This result may have been a 

result of their experimental design, in which moths were 

flown only twice daily with an inter-trial interval of 1 

hour. With an inter-trial interval of this length, 

spontaneous recovery could have occurred between trials 

(within days). Thompson and Spencer (1966) suggested that 

spontaneous recovery should have a positive decelerating 

relationship with time; therefore, most of the resurgence in 

response should occur immediately following the trial. 
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3. A third characteristic of habituation outlined by 

Thompson and Spencer (1966) was that the interstimulus 

interval, or the amount of time between the presentation of 

successive stimuli, affected the rate of habituation and the 

amount of spontaneous recovery. Long interstimulus intervals 

produce less and slower habituation with less spontaneous 

recovery. Less measurable spontaneous recovery may occur 

between blocks of trials if the interstimulus interval has 

sufficient length to allow spontaneous recovery to occur 

between trials. Short interstimulus intervals produce more 

and rapid habituation with a large amount of spontaneous 

recovery. While there is ample evidence of this 

characteristic in comparative animal learning research 

(Askew, 1970; Farel, Glanzman, and Thompson, 1973; Davis 

1970; Rankin, Broster, 1992) there is only non-supporting 

evidence in the moth pheromonal response literature 

(Figueredo and Baker, 1992). 

4. A fourth characteristic of habituation is that its rate 

is affected by stimulus intensity. It has been shown that 

relatively weak stimuli produce more and rapid habituation 

with strong and rapid spontaneous recovery. Relatively 

strong stimuli on the other hand have produced less and 

slower habituation. Spontaneous recovery in this instance 

should be weak in expression. 



Current data in the literature on moth habituation in 

relation to stimulus intensity are mixed. Bartell and 

Lawrence (1973; 1976) found that the light brown apple moth 

responded more in posttests when pre-exposed to lower 

dosages of pheromone. These results are difficult to 

interpret, however, because they pre-exposed once for a ten 

minute period, a procedure that describes sensory adaptation 

rather than habituation. Traynier (1970) found no difference 

in habituation rate as a function of pheromone 

concentration. Figueredo and Baker's (1992) analysis of 

stimulus intensity directly contradicted the notion that 

weaker stimuli will produce habituation at a greater rate. 

They found a "steeper logarithmic function of successive 

trials with increased dosage of sex pheromone" (pp. 347). it 

is not clear why they obtained these results, both stimulus 

conditions were within the naturally occurring emission 

range of female oriental fruit moth. 

5. Thompson and Spencer (1966) also suggested that rather 

intense stimuli should produce an initial sensitization, or 

increase in response strength, that may be followed by 

habituation. They proposed that habituation and 

sensitization are two separate processes operating somewhat 

independently of each other. Again, while there is 
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comparative support of this idea (Petrinovich, 1984) there 

are as yet no data on sensitization in the moth. 

6. The effect of excessive habituation training (i.e., 

training after complete habituation has been achieved) will 

cause a delay in recovery. This can also be described as a 

subzero response, the idea being that habituation trials can 

train the animal beyond the point where spontaneous recovery 

will yield a response (Thompson and Spencer, 1966). Again, 

there are no data on habituation over training in the moth 

literature. 

7. A seventh characteristic described by Thompson and 

Spencer (1966) was that stimuli similar to the habituated 

stimulus show some degree of response degradation. This is 

Jcnown as stimulus generalization. Novel, or dissimilar 

stimuli, will not show response degradation, this is known 

as stimulus specificity. Petrinovich (1984) describes these 

two characteristics as polar opposites of a continuxjm. Again 

to date there are no data on this characteristic of 

habituation in moth sexual response literature. However, 

stimulus specificity is particularly important in the 

development of disruption strategies. If the male moth 

perceives scent trails of individual females as highly 

specific and distinct from synthetic blends (which may 

contain only a subset of the pheromone components), any 
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habituation occurring as a result of that synthetic blend 

may not transfer to pheromone based stimuli produced by 

females. The more distinct the synthetic blend is, given 

high stimulus specificity, the less effective it will be in 

reducing male sexual response. 

8. Dishabituation, is the recovery of a habituated response 

that occurs after presenting a novel (and usually intense) 

stimulus. This characteristic has also not been explored in 

moth pheromone response research. 

9. Finally, Thompson and Spencer described yet another 

unexplored characteristic of habituation called the 

habituation of dishabituation. Habituation of dishabituation 

occurs after repeated dishabituation trials when the 

dishabituating stimulus that elicits the recovery of the 

initially habituated response, is no longer able to elicit 

the response recovery. 
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Proposal 

It is apparent by the lack of moth sexual response data 

that describing the characteristic decrease in response 

strength of male moths to female pheromone, as habituation, 

is somewhat premature. The purpose of the current research 

is to provide additional evidence showing that under 

specific conditions, the male H. virescens moths, and 

perhaps males of other moth species, habituate to pheromone 

from conspecifics. Data were collected to test the following 

five questions. 

1. Is there a negative logarithmic relationship between 

trials and response strength? Figueredo and Baker (1982) 

found a negative logarithmic relationship between trials and 

response strength in Oriental Fruit Moth (OFM), however this 

is the only recorded evidence of a negative log relationship 

and it should be confirmed in H. virescens. 

2. Can the decrease in response strength be a long-term 

effect in the absence of additional exposure? If changes in 

response strength that occur in the male moth are due, at 

least in part, to habituation, then there should be a long-

term decrement in response. Presently, Figueredo and Baker 

have showed prolonged habituation of response to female 

pheromones across 4 days and Bartell and Lawrence (1973) 

showed a 5 hour retention. 
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3. Does spontaneous recovery of response strength occur 

between blocks of trials separated in time? Currently, there 

appears to be no data in the moth literature to document 

this characteristic. 

4. Will relatively more intense stimuli produce slower 

habituation with less spontaneous recovery than less intense 

stimuli? Moth data to date do not support this 

characteristic (Figueredo and Baker, 1982). In the current 

study a different tack will be taken, distinguishing it from 

Figueredo and Baker's study. Their test of stimulus 

intensity was a function of stimulus quantity, that is, 

different dosages of the same mixture of components were 

administered to different groups. The current study will 

vary the stimulus intensity not quantitatively but rather 

qualitatively by adding components to a base mixture of 

pheromones to create a more intense stimulus. By adding new 

components to the base mixture, a wider array of the highly 

specialized receptor neurons from the male antenna will be 

recruited. 

5. The final question is, if male H. virescens are 

habituated to one pheromone stimulus; then presented a 

second novel pheromone stimulus, will they display a 

resurgence in pheromonal response strength because of 

stimulus specificity? Comparative data on the male stickle 
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back fish suggest that subtle differences are easily 

detected if those differences pertain to the reproductive 

system of the animal. Peeke and Veno (1973) found that male 

territorial aggressive response can be habituated to the 

presents another male. However, when presented with a new 

male, the habituated male will respond to the new male in 

the same aggressive fashion as if he had no prior 

habituation training. 
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METHODS 

Subjects 

Male H. virescens were used in the collection of the 

data described below. All moths were obtained form Arizona 

Research Labs Division of Neurobiology (ARLDN) as pupae, 

approximately one week prior to eclosion. The moth colony at 

ARLDN was fed and reared in a manor described by Shorey and 

Hale (1965). Moths came in cohorts of approximately 50-60 

pupae. Upon arrival at the Invertebrate Psychology 

Laboratory at the University of Arizona's Department of 

Psychology, each pupa was isolated in a 16oz Solo brand 

(model mkl6) white plastic food container with a clear 

locking lid. 

The containers were modified to make them suitable for 

moth housing. Four air holes were bored into the sidewall of 

the container and one hole was bored into the lid. Plastic 

screen-door mesh was stapled along the sidewalls to provide 

a climbable vertical surface for the moths. This insured 

that they had a vertical surface from which they could 

inflate and dry their wings. A plastic test tube feeder was 

heat glued to the bottom of container. A cotton wick was 

placed into the test tube to aid the moths in feeding. The 

modified containers provided adequate living space for the 

moths. Moths were observed using the feeders on numerous 
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occasions. The containers' clear lids facilitated the 

viewing of individuals and allowed ample amounts of light in 

during the daylight hours. 

All moth colony maintenance was conducted during 

daylight hours to insure that a proper day-night cycle was 

maintained. After the pupae were placed in containers, the 

containers were stacked and stored in a Percival brand 

(model 1-35L) environmental chamber. Relative humidity was 

maintained at 80 percent and only dropped for brief periods 

while the chamber door was open. Relative humidity typically 

dropped no lower than 50 percent and returned to the desired 

range within a few minutes after door closure. A 16/8-hour 

day/night schedule was maintained for the duration of the 

project. This light/dark schedule is roughly the same as 

natural conditions in the Tucson area during summer when the 

moths are reproductively most active. The moths were fed a 

10% sugar solution upon eclosion. This solution has been 

used in other studies (Teal, Tumlinson, and Heath, 1986) and 

adequately nourishes adult moths. The feeders were 

replenished with sugar solution on a daily basis as needed. 

A minimiim two day post-eclosion wait period, prior to 

experimentation, was recommended (Willis, personal 

communication) to insure that the moths* wings properly 
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formed and dried, and, more importantly, to allow further 

maturation of the moths olfactory system. 
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Moth Selection 

Preliminary studies indicated that some adult moths 

were incapable of controlled flight. Therefore, only moths 

that were capable of controlled upwind flight were included 

in the study. Controlled flight was defined as the ability 

to fly to the upwind end of the wind tunnel at a wind speed 

of 0.6m/sec. in response to an attracting stimulus. A small 

flashlight reflecting off the upwind end of the wind tunnel 

was used as an attractive stimulus. All moths were pre

tested for competence in directed upwind flight behavior. 

Those individuals that successfully made their way to the 

forward end of the wind tunnel in response to light were 

collected for experimental purposes; those that could not 

were excluded from the study. 
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The Wind Tunnel 

The wind tunnel was constructed from clear Plexiglas 

sheets buttressed in a plywood frame. The dimensions of the 

wind tunnel were Im wide, by 2.2m long, by .85 meters high. 

The sidewalls and top of the wind tunnel were formed of a 

single piece of Plexiglas arched in an inverted CJ shape. A 

blaclc fabric with randomly placed blue circles was placed 

along the floor of the wind tunnel. This offered the moths 

random non-directional cues about ground speed and direction 

of travel for their optomotor response. Typically a white 

ground with red circles is used to produce ground cues in 

wind tunnels. However, because H. virescens is a light 

colored moth, and the high reflectance of the Plexiglas, it 

was exceedingly difficult to identify and track the moths in 

low light conditions. The dark background increased the 

contrast between the moths and the background making data 

collection easier. 

Wind was generated by a Dayton brand (model 3m505B) 1/2 

HP electric fan. Fan output was controlled with a Staco 

brand (Type 2PF 1010) variable autotransformer. The fan was 

placed in a turbulence filtration box. Filtration was 

achieved with a series of 2 plastic mesh screens (1/16-inch 

mesh) and 1 cloth screen. Wind speed in the tunnel was 

calibrated, using a hot wire anemometer to a speed of .6 
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meters per second (well within the naturally occurring range 

of wind speed experienced by H. virescens). An exhaust vent 

was located at the downwind end of the tunnel and was 

positioned to capture the exiting pheromone plume and remove 

it from the building. 

Liquid smoke (TiC14) tests were performed to analyze 

the nature of airflow through the wind tunnel. The liquid 

smoke source was placed 40cm from the extreme upwind edge of 

the tunnel (in the position where the pheromone source was 

placed). Plume dimensions, path, and stability were noted 

along the length of the wind tunnel. The smoke test revealed 

that a slight residual torque from the fan remained. The 

torque redirected the smoke plume approximately 10cm to the 

left of center (at the downwind end). Smoke tests also 

revealed that the wind tunnel had some residual turbulence. 

The structure of the plume was best described as wispy and 

unpatterned. The plume remained generally unbroken for the 

entire length of the tunnel. The diameter of the plume at 

the emission source was approximately 1.5 cm, while at the 

downwind end it varied between 7 and 11 cm. 
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Room Lighting 

Lighting was provided by an array of red photo-safe 

bulbs that were evenly distributed directly above and along 

the length of the wind tunnel. Each of the four red-light 

fixtures was set into a wood board that ran the length of 

the wind tunnel and was approximately 25cm in width. The 

board was used to hold the fixtures in position and 

occluding direct light from entering the wind tunnel. A 

white floodlight was placed in the center of the room, and 

its output was controlled with a rheostat. Black fabric was 

hung on the walls to reduce reflectance. The light levels in 

the wind tunnel were measured with a Sekonic brand Digipro 

X-1 light meter and found to range from <1 to 2.3 lux, with 

a mean of 1.866 lux. 
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The Pheromones 

Two pheromone blends were used in the collection of the 

treatment groups described below. Both blends were obtained 

from ARLDN. Production and purity are described by Vickers 

and Baker (1992) . Both blends were suspended and preserved 

in a pure hexane solution and stored below freezing until 

needed. The first blend consisted of the two components 

necessary for eliciting a sexual response from male moths. 

They are Zll-16 aldehyde, and Z9-14aldehyde. The second 

blend contained four additional components {Z)-7-

hexadecinal, hexadecanal, tetradecenal, and {Z)-9-

tetradecenal (Roelofs et al. 1974) . Proportions of each 

component in both blends were described by Vickers and Baker 

(1992). 



52 

The Pheromone Source 

At the upwind end of the wind tunnel, the pheromone 

source was held in place by an armature constructed from a 

stainless steel wire, heat glued to a flat metal base. The 

wire armature rose from the base at a downwind angle. Smoke 

tests indicated that if the wire armature rose vertically at 

a perpendicular angle from the base, some of the smoke would 

be drawn down along it to the base before heading downwind. 

This problem was confirmed in the pilot studies when many of 

the moths would fly just above the floor of the wind tunnel 

until they reached the base of the armature where they would 

then slowly work their way up the wire until they found the 

plume source. 

The end of the wire was bent vertically and the end was 

sharpened so that the pheromone could be easily mounted. A 

^-inch wire mesh removable shield was also mounted on the 

end of the wire armature such that it completely surrounded 

the pheromone source and restricted the moths from any 

direct contact with it. If the males came into direct 

contact with the plume source, some of the pheromone residue 

may have attached to them, rendering them unusable. 

The pheromone source was a single circular piece of 

white filter paper, 0.5cm in diameter. This small piece of 

paper was impaled on the sharpened end of the wire armature. 
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and then 10 microliters of the pheromone/hexane solution, 

one female equivalent (Vickers and Baker, 1992) was applied. 

After the pheromone was applied, the filter paper was 

enclosed within the wire mesh shield, which attached to the 

stainless steal wire armature. The pheromone source was 

always prepared 15 minutes before the start of data 

collection. This period allowed ample time for the hexane to 

evaporate and for pheromone emissions to stabilize. The 

specific blends of pheromone used in each procedure are 

described below. What was common to all procedures, 

however, was the quantity of pheromone used; estimated to be 

equivalent to emissions from a single female (Vickers, 

personal communication). 
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Basic Habituation Trials 

After each cohort was purged of moths that could not 

produce upwind flight, ten of the remaining moths were 

randomly selected and placed into an experimental group. The 

remaining moths were used as controls. For all of the 

procedures described below, the following basic habituation 

procedure was used. Experimental moths were randomly 

assigned a number between 1 and 10. Their containers and 

testing cages were marked as such for the remainder of the 

data collection. At the beginning of each day, experimental 

and control moths were placed in special 1/8-inch wire-mesh 

containers measuring approximately 8cm high and 6cm in 

diameter. These containers were used instead of the housing 

containers because they allowed superior airflow through the 

interior of the container. All containers were numbered and 

placed in plastic shoeboxes for transport from the rearing 

room to the wind tunnel. All of the moths were placed in 

the wind tunnel and left for one hour to acclimate. 

After one hour, the habituation trials began. Each 

experimental moth was flown in four habituation trials each 

day for four consecutive days (16 total trials). Moths were 

flown in the order from 1 to 10 with one control moth added 

to the end of each cycle of trials. This sequence produced a 

relatively constant intertrial interval for each 
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experimental moth lasting between 14 and 16 minutes. The 

range of intertrial intervals occurred primarily as a 

function of recapture and preflight warm up time. 

Occasionally, a moth would fly too far upwind for the 

experimenter to net readily. There were also instances where 

individual moths appeared to engage in "escape flight" and 

were exceedingly difficult to net. 
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Testing Procedure 

In sequence, each cage, with the moth inside, was 

placed into the pheromone plume at the downwind end of the 

wind tunnel. The open end of the container was facing down 

and was blocked by the researcher's hand for ten seconds. 

After ten seconds, the hand was removed and the cage was 

inverted while still in the plume, so that the moth could 

climb out. Holding the container in the plume for ten 

seconds insured that all moths had a good opportunity to 

receive the pheromone signal in a standardized manner. 

After the hand was removed from the open end of the 

cage and the opening of the container was flipped to the 

upright position, the male moth was allowed to behave freely 

in response to the pheromone plume. Each moth, was allowed 

60 seconds to respond during every trial. If no response 

was elicited after that time, the container was placed back 

into the shoebox and appropriate scores for non-response 

were recorded. Preliminary studies suggested that if the 

moth remained completely inactive or unresponsive for a 

minute or more, it usually remained that way indefinitely. 
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Scoring 

For each trial the moth's behavior was recorded on 3 

separate scales all aimed at capturing behavior change as a 

function of repeated exposure to the pheromone. The first 

scale was a measure of general activity level and is 

detailed on Figure 1. Scoring of this scale was based on the 

animal's overall activity level from the time the container 

was removed from the shoebox and placed in the plume, to the 

time the animal and container were placed back in the 

shoebox. Thus the general activity score was a measure of 

activity over the entire trial. This measure was, of course, 

highly subjective. It ranged from zero, for no activity to 

3, for highly excited. Thus, if a moth scored a zero, he 

could not have flown during that trial. However it was 

possible that a moth scored a 1 and also flew to the 

pheromone plume source. It was also possible for a moth to 

score from 1 to 3 on the general activity scale and not 

directly respond to the pheromone plume. 

The second measure was a behavioral ethogram that is 

displayed in Figure 2. The ethogram was a sequential, 

ordinal scale measuring progression of behavioral responses. 

Because all responses on the ethogram represented steps in a 

linear sequence, any score that a moth attained, by 

definition, necessitated that all scores below it had also 
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been attained. For example, if a moth scored a 6 (indicating 

directed upwind flight) that also meant that all behaviors 

from 0 through 5 had also occurred. The ethogram was 

developed so that each behavioral score was discrete and 

easy for the data collector to perceive. Preliminary studies 

indicated that data collectors could be trained to use this 

scale (as well as the other scales) with a high degree of 

inter rater agreement, in as little as 30 minutes. 

The third score was a 5-point scale measure of relative 

in-flight forward progress toward the pliime source (see 

Figure 3). Upon taking flight many of the moths lost at 

least some ground due to the prevailing headwind and an 

initial loss of the pheromone signal. Therefore, in an 

effort to describe accurately the distance traveled toward 

the plume source, distance was measured from the point where 

the moth began to make forward progress to the point that it 

either landed or permanently left the plume. 



Experimental Design 

Figure 4 describes the general experimental design. 

Three basic treatment conditions were used in order to 

answer questions about the proposed aspects of habituation. 

For each of the three conditions, a total of 90 male H. 

virescens were used (30 experimental and 60 controls). Each 

of these basic experimental and control groups, for each 

treatment condition, was composed of three cohorts of males 

that eclosed on separate weeks. Thus for each cohort there 

were 10 experimental and 20 control moths. Preliminary 

studies indicated that 10 experimental animals were the 

maximum that could be managed within the current 

experimental setting. 

After all experimental moths had completed a trial, one 

control moth was flown. Controls were only flown once, 

their scores were recorded, and the moth was euthanized and 

discarded. Control group data were collected so that 

analyses could be performed to control for a number of 

possible confounds. First, age effects could be accounted 

for by comparing control scores across days. Changes in 

response due to changes in pheromone emission rates from the 

pheromone plume source, or changes in response due to 

progression of the males through the scotophase, within 

single days, could be analyzed as a between trials effect. 
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To increase statistical power, control moth data from all 

three treatment conditions were pooled. 

For the 6mix only treatment condition (see Figure 4) 

experimental moths were exposed, one at a time, to the six 

component blend described above. Scores for each of the 

three scales were recorded for 16 habituation trials across 

4 days. After the 16 habituation trials were complete, the 

10 experimental moths, with the remaining 4 controls, were 

posttested for long term habituation. Posttests were 

performed at 48, 72, and 96 hours. Each cohort was assigned 

and posttested for only one of posttest times. Individuals 

within each cohort were exposed to the pheromone plume, in 

the same manner as described above, and allowed to respond. 

Responses were recorded using the same three scales. Thus, 

for each of the above posttest conditions, data consisted of 

scores from 10 experimental and 4 controls moths. 

In the 2-6mix treatment condition, the same number of 

moths were used and in the same manner as described in 

previous treatment condition with the two following 

variations. First, moths in this experimental group were 

habituated to the two component blend instead of the six 

component blend across 16 trials. The same number of 

habituation trials in the same configuration was used and 

data were recorded in the same manner. For the "posttest 
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however, after four days of habituation trials, all 

experimental moths were given the six component blend on the 

fifth day. This allowed a measure of response change as a 

function of stimulus specificity. 

In the third treatment condition the use of the 

pheromone blends was reversed. To review, in the second 

treatment condition the moths were habituated to the 2 

component blend then posttested with the 6 component blend. 

In the third treatment condition however, moths were first 

habituated to the 6 component blend; then they were 

posttested with the 2 component blend. 

Data for the three conditions were collected across six 

months from late February to mid August. Climatic conditions 

in the Tucson area vary dramatically throughout the year. In 

February conditions were very dry, while in mid and late 

summer Tucson experiences a volatile monsoon season. During 

the monsoon season it appeared that the moths responded 

differently; they appeared to be somewhat more resistant to 

habituation. In an effort to account for climatic effects on 

pheromone response, data on atmospheric vapor pressure were 

collected from a weather station approximately 5 miles North 

of campus. 
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ANALYSIS AND RESULTS 

Controls 

The control data from all three treatment groups were 

pooled for analysis. Three separate General Linear Models 

were created, one for each of the three behavioral scales. 

Each scale was tested for between days and within days 

effects. These two effects captured variance that was due to 

the age of the moth (between days), changes in response due 

to declining pheromone emissions from the plume source 

(within days), and changes in male response due to the 

progression of time within a single night. 

The General Linear Models (GLM) procedure was used to 

analyze control data, as well as experimental data, because 

of procedures ability to handle both categorical and 

continuous data in any order, missing data, and unbalanced 

designs (Cohen and Cohen, 1983; SAS, 1990). The GLM 

procedure combines the best attributes of Regression 

Analysis and Analysis of Variance in one statistical 

package. 

Table 1 displays significance tests for all three 

scales. Standardized solutions are also provided for all 

significant effects of log-age, age, and time within days, 

for the three scales. The linear form of age has been 

hierarchically analyzed and displayed second to the log form 



of age. The General Linear Model procedure partitions 

variance in a sequential or hierarchical manner (SAS, 1994). 

Hierarchical analysis of these two forms of age indicated 

that the log form maintained a significant effect in spite 

of being placed after the linear form. However, the reverse 

is not true. Therefore, the log form of age placed 

hierarchically first and a more parsimonious model was 

created. 

The log form of age had a small but significant 

positive effect on activity. As indicated by the 

standardized solution, male activity level increased with 

age. The standardized solution also indicated that the trial 

effect produced a small but significant negative effect on 

activity. These effects, while interesting, necessarily 

confounded the relationship between activity and the 

theoretical variables. 

For the other two scales, ethogram and distance, there 

were no significant confounding age and time effects. Both 

ethogram and distance can be used to adequately describe the 

characteristics of male response changes; therefore activity 

was dropped from further analysis. 



Experimental Groups 

As Table 2 shows, correlations among the three 

dependent variables were, as expected, quite high. These 

strong relationships appear because each variable could be 

defined, at least in part, as dependent on the scores of the 

other variables. Therefore, it is important to note that 

although the dependent variables were treated independently, 

they are by definition statistically related. Note too that 

activity was negatively related to ethogram and distance. 

The negative relationship is the result of a reversed scale. 

That is, as response goes decreases, as measured by the 

activity and ethogram scales, the distance "from" the source 

increases. 

To investigate stimulus intensity, spontaneous 

recovery, trials effects, individual differences, and 

climate, data from all three treatment groups were pooled 

for analysis. Two General Linear Models were generated to 

explain independently both ethogram and distance scores. 

Multiple regressions were performed with the significant 

independent variables to attain intercept and slope 

information. Table 3 displays summary statistics for the 

ethogram and distance scales. As in the analysis of the 

control groups a number of curvilinear functions were tested 

for fit in the models, including log, squared, and cubic 
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functions. With the exception of the regression weight for 

trial, the curvilinear functions did not attain significant 

values; thus only their respective linear functions were 

included in the final model. Subj_Id, being a class variable 

with 88 degrees of freedom, was not included in the 

regression equations. However, day, also a class variable, 

was easily dummy coded for presentation in the final 

regression equations as Dl, D2, and D3. 

Table 3 indicates that vapor pressure (vapor) had a 

small but significant effect on both distance and ethogram. 

Semipartial correlations and regression weights, however, 

indicated that the effect was relatively small. With 

increasing vapor pressure there was an increased ethogram 

intercept. Thus males are more responsive to pheromones when 

vapor pressure is high but habituate at the same rate. 

However as vapor pressure increased, there was a lower 

intercept on the distance scale (recall that distance was 

defined as distance from the source and was inversely 

related to ethogram). These contradictory results, coupled 

with the fact that in each DV vapor pressure only accounted 

for only 1% of the variance, suggested that either the 

measure was inaccurate, or that it was not the important 

environmental factor needed to explain the noted seasonal 

variation. 
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Subj_Id was a class variable representing variation due 

to individual differences. Subj_Id explained 36% and 43% of 

the variance in the ethogram and distance scales, 

respectively. These variance components were the largest 

components in each model and represented 41% and 54% of the 

explained variance. Because Subj_Id is a class variable 

standardized solutions are not displayed. However, Figure 5 

displays individual response patterns for ethogram from the 

2-component blend condition; there were no discernable 

differences among the 3 groups at this level. Notice that 

while the general trend is downward, there was a substantial 

amount of variability among individuals. Figure 6 displays 

individual response patterns for distance. Here too there 

was a large amount of variation among individuals. Large 

amounts of individual differences neither add nor detract 

from the habituation support found in this data. However, 

these findings on individual differences have important 

evolutionary implications. They support the idea that 

resistance to pheromone treatment is a realistic problem 

that should be addressed (This issue will be taken up in 

greater detail in the discussion). 

Log_trials (Table 3) is the natural logarithmic 

function of trial; it had a significant effect on both 

ethogram and distance. Semi partial correlations indicated 
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that Log_trials accounted for 13% of the variance in both 

DVs. In the standardized solution for the ethogram model, 

Log_trials produces a negative slope, indicating a decrease 

in response strength with trials. Figure 7 clearly displays 

this decrease in the mean ethogram score across trials. As a 

log function, response strength diminished along a curve of 

diminishing returns. As expected, distance had a positive 

relationship with the log form of trials. A positive 

relationship indicated that the distance traveled to the 

source by male moths dropped along a slope of diminishing 

returns. Looking at Figure 8 it is obvious that from trial 

to trial less distance is made towards the pheromone source. 

The relationship between log trial and the two DVs strongly 

supports hypothesis #1, the existence of a negative 

logarithmic relationship between trials and response 

strength. 

The variable day is a class variable that indicated the 

amount of spontaneous recovery between sets of trials. The 

day variable had a significant effect on both DVs and 

accounted for 10% of the model variance in the ethogram 

model and 5% in the distance model. The day effect was dummy 

coded as Dl, D2, and D3 to attain standardized solutions for 

both DVs. The standardized solution shows a strong positive 

spontaneous recovery in ethogram scores between sets of 
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trials. Figure 7 shows that the amount of spontaneous 

recovery between days was appreciable across all three 

treatment groups and across all three between-days 

intertrial intervals. Different standardized solutions for 

dummy coded variables indicate changing slope within a class 

variable as a function of classification. The standardized 

solutions in Table 3 indicate an increasing positive change 

in slope from D1 to D3 in the model explaining ethogram 

scores, and a negative change in slope from D1 to D3 in the 

model explaining distance. This change in slope was tested 

separately for significance for both ethogram and distance 

models, and both were found to be insignificant. Figure 8 

displays strong spontaneous recovery in the distance scale. 

The significant effect of the day variable gave strong 

support for hypothesis #3, namely that spontaneous recovery 

of male response strength to female pheromone did occur. 

Mix is a dummy coded variable that measured differences 

in stimulus intensity. Mix accounted for 5% of the variance 

in the ethogram scale and only 3% in the distance model, 

with standardized estimates of -.38 and -.07 respectively 

(Table 3). This significant negative effect on ethogram 

indicates that the 6-component blend produced a lower 

response strength than the 2-component blend. Assuming that 

complexity of the blend can be likened to stimulus 
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intensity, this was not the expected outcome. However, the 

lowered response strength to the more intense 6-component 

blend may be attributable to seasonal differences, such as 

vapor pressure, that were not adequately quantified. 

The mix by trial and mix by day interactions tested the 

differences in slope between the 6 and 2 mix treatments. 

According to Thompson and Spencer (1966) it was expected 

that the 6-mix, being more intense, should have a shallower 

habituation slope with less spontaneous recovery. The mix by 

trial interaction accounted for a significant amount of the 

variance in ethogram, indicating that moths exposed to the 

2mix habituated faster. Mix by day was also significant, 

with the standardized solution indicating that moths 

receiving the 2mix experienced greater spontaneous recovery 

than those exposed to the 6mix. Figure 7 indicates that the 

moths were habituating much faster to the 2 component blend 

and exhibiting greater spontaneous recovery. The significant 

interactions between mix by trial and mix and day strongly 

support hypothesis #4; more intense stimuli produce less 

habituation with less spontaneous recovery on the following 

day. 

The picture is not as clear for the distance model 

(Table 3). The mix by trial interaction did not account for 

a significant amount of variance. Although the mix by day 
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variable attained significance, it accounted for less than 

0.5% of the variance. The standardized solutions for the mix 

by day interaction (dummy coded MDl,) indicated a slightly 

negative change in slope in two (MD2, AND MD3) of the three 

classes. This change was not in the expected direction, and 

indicated that exposure to the 2 mix decreased the distance 

to the source. MDl on the other hand had a slightly positive 

change in slope, which is in the predicted direction. While 

these effects are statistically significant, their small 

cumulative effect size (less than 0.5% of the variance) and 

contradictory effects on slope suggested that these 

particular results could be erroneous and should be 

interpreted with caution. Although the mix by day 

interaction did not support hypothesis #4 in the distance 

model, it represented a weak challenge to it at best. 

Table 4 displays general Linear Models designed to 

investigate the stimulus specificity hypothesis #5. Data for 

this analysis were a subset of the two treatment conditions 

that received four days of one pheromone blend and then were 

posttested on the fifth day with the other blend. In 

reviewing Figures 9 and 10 the obvious and the most powerful 

test of stimulus specificity would be to compare data on 

ethogrcun and distance from the first day to that of the 

posttest day. If learning occurred and to the degree that it 
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generalized across different stimuli, the posttest scores 

should show habituation related differences. If there is no 

difference between the day 1 and the posttest day, would 

make a strong case supporting the hypothesis that male moths 

not only can distinguish between different blends, but also 

that learning (sic habituation) does not necessarily 

transfer from one stimulus to another. 

Table 4 displays the variable prepost, which measured 

the difference in intercept between day 1 and day 5 for each 

of the two groups. Prepost is a dummy coded variable with 

two levels, day 1 data (coded as 0) and the posttest data 

(coded as 1) for both DV's. The group variable represents 

the two treatment conditions, 2mix posttested with 6mix (2-

6mix group, coded as 0), and 6mix posttested with the 2mix 

{6-2mix group, coded as 1). By placing Subj_Id and Log_trial 

first in the model, possible colinear variance between them 

and the theoretical variables was removed prior to the 

partitioning of the theoretical variable's variance. This 

made the model a more stringent test of stimulus specificity 

by not allowing the theoretical variables to account for 

variance that may have been explained by individual 

differences or the trial effect. Note that in the model 

explaining ethogram the prepost variable was not 

significant. That prepost was not significant provides 
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strong evidence that moths, habituated to one blend, acted 

as if they had never experienced pheromones prior to the 

posttest day. 

Group and prepost*Group variables, however, were 

significant, accounting for less than 1% and 4% of the total 

variance of ethogram respectively. The positive group 

effect, although exceedingly small, indicated that the 6-

2mix treatment had a slightly higher Y-intercept. This 

finding indicated that male response in the 6-2mix group was 

greater than to the 2-6mix group. However, this effect is 

not visibly obvious on Figure 11 and should be interpreted 

with caution. 

In the distance model both prepost and the 

prepost*group interaction were significant, accounting for 

1% and 4% of the variance respectively (Table 4) . The 

Standardized solution indicated that the intercept for 

posttest group was slightly higher, meaning that the 

posttested males did not make as much progress toward the 

plume source as they did in the first day. This can be 

interpreted as a small stimulus generalization effect. 

In Tables 5 and 6 two new variables were created to 

gain specific intercept and slope comparisons for the 

significant prepost by group interaction found in both 

models. For both DV's 2mix_pre-pst represented a dummy coded 
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variable that compared the day 1 data from the 2-6mix group 

and the posttest data from the 6-2mix group; thereby 

producing a comparison of 2mix data across the two treatment 

groups. 6mix_pre-pst compares the 6mix data. This is done by 

comparing data from day 1 from 6-2mix group and the posttest 

data from the 2-6mix group (see Figure 12 for a schematic). 

Across Tables 5 and 6 the answer appeared exactly the same 

for both ethogram and distance. In Table 5, 2mix_pre-pst 

was not significant but its interaction with Log_trials was 

significant. The standardized solution suggests that there 

was more habituation (as measured by ethogram scores) on the 

first day for the 2-6mix group than the fifth day for the 6-

2mix group. Another way of interpreting this finding is that 

pre exposure to the 6mix reduced the amount of habituation 

that the male moth expressed when he came into contact with 

the 2mix. The same implication holds for interpreting the 

distance data. That is, pre-exposure to the 6mix reduced the 

effectiveness of the 2mix. Remember however, these effects 

were small, accounting for 2% of the variance in both 

models. The changes in slope were minor as well, +.04 in the 

ethogram model and -.03 in the distance model. 

Table 6 indicates that while the slope was the same for 

6mix_pre-pst, the intercept changed. Here we find that pre

exposure to the 2mix reduced the responsiveness to the 6mix, 
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indicating at least some stimulus generalization. Again 

however, the magnitude of the effect represented 2% of the 

variance indicating that, on a continuum ranging from 

completely specific to completely generalized, these two 

stimuli were much closer to the specific end of the 

spectrum. 

Table 7 shows long-term effects of habituation, as 

indicated by change in ethogram score, for group 1 only. 

Posttests were performed on subsets of 10 males at 48, 72, 

and 96 hours. ITI is a measure of the intertrial interval 

between days. During the habituation phase of the study iti 

was equal to one. For the posttest subgroups the iti scores 

were 2, 3, and 4 for 48, 72, and 96 hours respectively. The 

dependent variable in this model, RECOV, is the difference 

in ethogram score from the last trial of each day and the 

first trial of the following day. 

In all three subgroups ITI was non-significant. This 

indicates that the amount of spontaneous recovery did not 

increase from 24 to 48 hours, 24 to 72 hours, or 24 to 96 

hours. Figure 13 is a bar graph showing the average 

difference between the last trial of each day and the first 

trial of the following day. Figure 13 clearly shows that the 

amount of spontaneous recovery, as measured by difference in 

ethogrsun scores, while variable, centers nicely around two. 
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DISCUSSION 

A number of goals were set out in this project. The 

first was to review literature on the lifecycle and behavior 

of one of the most destructive agricultural pests in the 

United States and the world, H. virescens. The next goal was 

to describe mating disruption, an effective method of 

behavioral control of male moth sexual response through the 

use of pheromones. A number of mechanisms have been 

proposed that might mediate this behavioral control. 

Habituation is one mechanism that has been theorized to 

affect male response to female pheromone. Habituation, until 

now, has been poorly studied in reference to changes in male 

sexual response. 

In an effort to clarify the role of habituation in the 

response reduction from mating disruption, habituation was 

first defined behaviorally. In defining habituation, nine 

characteristics, set forth by Thompson and Spencer (1966), 

were detailed. Of the nine characteristics, five were 

explored in H. virescens in a series of wind tunnel 

experiments. Those five characteristics were: 1) The 

existence of a negative curvilinear relationship between 

trials and response strength; 2) the spontaneous recovery of 

response strength, following a prolonged period (in this 
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case 24hours) without exposure; 3) a reduction in male moth 

pherotnonal response strength that displays long-term 

effects; 4) with less intense stimulus there should be more 

rapid reduction of response strength and greater spontaneous 

recovery; 5) finally, the transference of response reduction 

from one stimuli to another is a function of the specificity 

of the stimuli where two highly different stimuli would 

transfer little or no learning and produce a resurgence in 

response strength. 

Results of this study clearly demonstrated the presence 

of all 5 of the tested characteristics and therefore 

indicated that habituation can play a major role in the 

mediation of mating disruption in male moths who have been 

repeatedly exposed to female pheromone. However, other 

mechanisms may also mediate response changes in male moths 

as well. Indeed, previous research has shown sensory 

adaptation to play a strong role. However, habituation and 

sensory adaptation are both expressed as the direct result 

of specific procedures that elicit them. Specifically, 

sensory adaptation is the product of continuous exposure 

while habituation tends to occur as a result of repeated 

exposure. Results of this study showed that if a male moth 

is repeatedly exposed to pheromone for relatively brief 

periods of time, habituation will occur as expected and will 
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persist, for as long as 96 hours after cessation of pheromone 

treatments. Herein lies the major advantage that habituation 

provides in and above the short-term effects of sensory 

adaptation as well as other mechanisms that can be used in 

mating disruption. 

Typically, disruption treatments in an agricultural 

region are continuous or are repeated nightly as long as the 

infestation is serious enough to warrant it. On those nights 

that mating disruption is used, it is expected that sensory 

adaptation and signal confusion, in addition to habituation, 

disrupt the signal of the female and the response of the 

male. On nights in which synthetic pheromones are not used, 

however, there is the added benefit that habituated males 

will continue to exhibit little or no response to female 

pheromones. Furthermore, males that migrate to a new region 

will tend to be ineffective at locating a plume trail and 

following it to the calling female there as well. Remember 

that H. virescens have been observed relocating hundreds of 

kilometers in a single evening. Thus, the positive effects 

that habituation has in reducing male sexual response can 

reach far beyond the field that was treated, so as to have a 

regional effect. 

A question remains, however. Do moths experience 

similar conditions in the field? One of the goals of this 
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project was to create a simplified reproduction of 

conditions that a male moth might expect in the wild. Wind 

speeds were low and non-laminar, similar to those found on a 

typical night in crop fields. Lighting was as low as 

possible and well within what could be expected on a 

partially moonlit night. Pheromone emissions, although not 

measured directly, were estimated to closely resemble 

naturally occurring levels produced by a single calling 

female. These factors are the most important in the natural 

setting, with one important exception. In the laboratory 

setting the surrounding environment remained static, whereas 

in a natural setting a male will experience pheromones in an 

ever-changing environment. One can imagine the limitless 

complexities that can be generated by the geography of the 

land, the plants on it, the atmospheric conditions, and 

their combined interactions. These geographic and 

environmental variables presumably play a small role, 

however, relative to those accounted for in the study. 

An alternative explanation for the observed changes in 

male behavior is that they learned something about the 

specific environmental context of the wind tunnel room that 

produced a reduction in response strength, either 

associatively or nonassociatively. That context specificity 

occurred is a distinct yet remote possibility. Given that 
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the reduction in male response and the specific methodology 

were both characteristic of a classic habituation paradigm, 

it is my contention that if context specificity did play a 

role, it was a minor one at best. 

Further more, there is also the possibility that some 

environment related conditioning occurred. It is possible 

that the males made associations to some unknown variable 

that existed within the wind tunnel room. However, the 

methodological strategy devised for this study was highly 

standardized, room conditions were stable, and daily timing 

of trials was rigorously adhered to. Nevertheless, within 

the context of the current study there was no way to 

conclusively rule out other learning mechanisms (associative 

or nonassociative), in addition to habituation to the 

pheromone source, in the reduction of male response. 
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The Role of Climate on Habituation 

The addition of an atmospheric measure was done ad hoc 

to explain the differences in mean scores between the two 

groups receiving the six-component blend. While the effects 

of vapor pressure were weak and somewhat contradictory, they 

did imply that atmospheric changes may influence not only 

behavior but habituation as well. There is also the 

possibility that the difference between these two groups was 

due to experimenter error as well. While the scales were 

developed for ease of use, it is possible that during the 

extended periods of time between data collection of 

different treatment groups, the experimenter may have 

forgotten (or otherwise reinterpreted) some subtle 

behavioral cues. However, due to the simple and explicit 

nature of the scales, especially the ethogram scale, this 

seems highly unlikely. 

There were a number of problems with the vapor measure 

as used in this study, which probably reduced its 

effectiveness as a variable. First, vapor pressure can have 

dramatic local fluctuations (Mullen, personal 

communication); this variability is exceptionally high 

during the monsoon season in the Tucson AZ region. During 

the monsoon isolated storm cells can rapidly form and drop 

rain in a small very area, rapidly cooling the air in the 
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vicinity. The much warmer air in the surrounding area is 

slow to mix, leaving the majority of the region still dry 

and for the most part unchanged. Hence in the region that 

received the rainfall, vapor pressure would be high. Because 

the weather station was five miles from the invertebrate 

laboratory there was no guarantee that the measure was 

accurate. This problem was compounded by the fact that the 

study was carried out in a climate-controlled building. 

Nevertheless, in looking at Figure 7 the difference 

between the two groups receiving the six-component blend was 

clearly visible. During the late summer when temperatures 

suddenly drop, when there is abundant new plant life and 

reproductive conditions are seemingly ideal, male moths 

appeared to be less likely to habituate. Further support 

came from a count of individuals that showed little or no 

habituation. Of the group flown in the winter none of 30 

males scored 8 or higher on the ethogram scale. In contrast, 

3 of 30 males flown in the summer scored 8, and 2 scored 9. 

One could postulate is an adaptive advantage given to males 

who are persistent during optimal times. 

Unfortunately, the climatic part of the puzzle remains 

for the most part unsolved. The stark differences that 

appear to be occurring in males as a function of climatic 

change need to be investigated further. 
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The Role of Stimulus Specificity 

As Petrinovich (1984) suggested, there exists a 

continuum between stimulus specificity and stimulus 

generalization. This continuum is more commonly referred to 

as a generalization gradient. The results of the stimulus 

specificity analysis strongly suggest that the 

generalization gradient in this system is potentially quite 

steep. This means that males will habituate to a specific 

blend of pheromones (such as a synthetic blend) but when 

they encounter a different blend, perhaps being produced by 

a calling female, they may not be habituated to that 

different blend, and readily respond to it. It is apparent 

that the 2 component blend used in this study was not 

similar enough to live females, who emit six or more 

components, to yield the long-term effects of habituation. 

Our understanding of the generalization gradient is 

deficient. This study, providing only two points on the 

generalization gradient, could not describe the shape of the 

generalization gradient. A number of potential studies, 

however, that could provide valuable information about the 

shape of this generalization gradient. One path of future 

study would be to habituate males to specific blends from 

simple (like a two-component blend), to complex (such as a 

seven-component blend) ; then expose them to the plumes of 
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individual calling females and measure sexual response. This 

study would provide a better indication of che shape of the 

generalization gradient and produce valuable information 

about how much habituation will transfer from one blend to 

another. This kind of information would provide us with 

realistic expectations about the efficacy of habituation, as 

opposed to other mechanisms, in the field. 
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The Role of Individual Differences 

Individual differences represented the single most 

powerful variable in explaining what male moths will do when 

repeatedly exposed to female pheromones. Figures 5 and 6 

clearly demonstrated this point. However, by far the most 

important point, that can not be seen on those figures, was 

that other males exhibited no response reduction whatsoever 

across all 16 trials. The fact these individuals showed 

little or no habituation is alarming. Given more trials, 

with longer exposure and shorter interstimulus intervals 

perhaps these individuals would habituate. Perhaps too, the 

longer exposure males would receive nightly in the field 

setting would produce habituation that was not detected in 

the laboratory. 

Nevertheless, the evidence that these individual moths 

did not habituate suggests the very real possibility that 

using a disruption system that relied exclusively on the 

habituation of male moths may have a short-term payoff but 

eventually could produce changes in the gene pool from 

selective pressure favoring slow habituators. H. virescens 

and H. zea have both proven to be rapid adapters to 

pesticides. Laboratory evidence suggests that through 

selective breading procedures (Collins Rosenblum, and Carde, 

1990; Collins, Carde, 1989; Collins, Carde, 1990) the 
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pheromone based sexual attracting system can, and in fact 

is, changing in response to use of mating disruption 

strategies in both male and female Pectinophora gossypiella. 

Collins, Rosenblum, and Carde (1990) have found that in 

response to selective breeding, females will emit pheromone 

blends with a dramatic increase in the selected components, 

which is still within the normal range capable of eliciting 

male response. What may be occurring in the field is that 

the blends which females are emitting is shifting via 

evolutionary pressure. Collins and Carde (1990) have also 

shown that through selective breeding males can be produced 

that will respond longer to "off" or non-normal pheromone 

blends. These findings suggest that males can be selected 

for if they tend to respond longer and respond to 

increasingly different (from normal) blends. The fact that 

males respond longer does not necessarily mean that they are 

slower to habituate, but from current information this 

possibility can not be ruled out. 

A solution to the immediate problem of female signal 

changes is to sample the distribution of female emissions 

and compensate disruption treatments in like. Unfortunately, 

there does not seem to be an easy solution to evolved 

resistance to habituation. It is apparent that in designing 

specific pheromone delivery systems, all mechanisms that 



reduce male response should be taken advantage of, to 

produce a maximal effect on the largest number of moths. 
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A Proposed Mating Disruption Strategy 

The important question, given the conditions of the 

laboratory setting described above, is what specific field-

based disruption strategies might produce habituation? The 

production of false trails appears to be the most promising. 

False trails were used in the above experiments to produce 

habituation. Point sources can be individually produced by 

for field applications; for instance, pheromone-injected 

pelletized plastic, or TP traps. Both have inherent 

advantages and disadvantages. TP traps may trap the males 

and keep them from copulating or a male may fly up the TP 

traps plume a number of times and eventually habituate. 

Human resource limitations make hanging lots of these traps 

unfeasible. It is insufficient to set up only a few hundred 

of these when there can be many thousand calling females. 

Pelletized plastic, on the other hand, could conceivably be 

distributed in a variety of ways but it cannot trap the 

male. Distributing the pellets on the ground may be 

disadvantageous as well, since the females hang from the 

leaves of the plants, avoiding direct competition with the 

pellets. In cotton fields for instance, a female moth can be 

as much as two to three feet above the ground. Pellets can 

also be placed higher up but again there is a cost 

effectiveness issue. 
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There is a potential cost-effective method that could 

take advantage of trapping, misleading by false trails, and 

habituation, all in tandem. First the farmer would surround, 

or otherwise subdivide, the crop field with a row or two of 

a secondary sturdy, disposable plant that grows as tall or 

taller than the crop plant. Once this secondary plant is 

mature, and before the crop plant is in jeopardy, the farmer 

would first spray onto it a highly tacky substance. Onto 

that tacky material, the farmer would then spray on the 

pheromone pellets. So long as the secondary plant remains 

standing, these applications could be repeated as necessary 

to replenish either the tacky trapping material or the 

pheromone pellets. 

If the field is surrounded or properly subdivided by 

the secondary plant, wind direction would not matter. 

Because the plant is as tall or taller the false trails will 

directly compete with calling females. If the field is 

properly subdivided, males on the opposing end of the field 

will be able to detect the plumes of pheromones from the 

upwind edge and follow it. 

With this strategy, the male could be deterred from 

successful copulation in three or, perhaps, four ways. 

First, if the level of permeation is great enough, males may 

experience sensory adaptation. Second, by continually 
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selecting false scent trails, the males mating effort is 

foiled. Third, if he successfully follows a false plume to 

the source, he may become trapped on the tacky surface of 

the secondary plants. Finally, if the male continues to 

follow false plumes, eventually he may habituate. 

While the above strategy is only theoretical and has 

not been tested (to the best of my knowledge) it does seem 

to be highly plausible and potentially cost-effective means 

stopping agricultural pests such as H. virescens and H. zea 

while taking advantage of the process of habituation. 
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APPENDIX A: TABLES AND FIGURES 

FIGURE 1. Below is a list of possible scores for the general 
activity level score and their behavioral markers. 

SCORE BEHAVIORAL DESCRIPTION 

0 Moth remains motionless with wings tightly closed 
against thorax. 

1 Moth may not move for a prolonged time but 
eventually displays pheromone response. Movements 
are obviously sluggish (including in-flight 
behavior. 

2 Moth moves continuously about the cage, by both 
walking and flight. Readily displays response to 
the pheromone though he may not fly upwind to it. 

3 Occurring particularly upon exposure to the 
pheromone, moth behavior is best described as 
frantic or highly excited. 
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FIGURE 2. Below is a list of possible scores for the 
ethogram scale and their behavioral markers. 

SCORE BEHAVIORAL DESCRIPTION 

0 Moth is motionless with wings either closed or 
partially opened. 

1 Moth is vibrating (fanning) wings in low to medium 
amplitude. Movement of wings is insufficient for 
flight. This behavior is associated with preflight 
wanning of flight muscles. 

2 The moth is mobile within the cage and fanning 
wings. Tends to orient to the earth (negative 
geotaxis) and climb to the top of the cage. 

3 Moth takes off from the cage, usually with upwind 
orientation. May orient toward the pheromone plume 
or not. 

4 Broad based in flight search pattern (corkscrew). 
Moth is not in plume but appears to be searching 
for it. Tendency to maintain upwind orientation and 
zero forward ground speed. 

5 Narrower based search pattern (casting). Moth tends 
to fly side to side, through the plume, while 
maintaining altitude and forward ground position. 
Moth is also flying side to side. 

6 Moth is now making forward progress while also 
moving laterally through the plume (zigzagging). 
Most moths produce a zigzag flight pattern but some 
will "bob* from below the plume up into it. 

7 Moth is now within 10cm from the source. There is a 
tendency to stop at this distance, or nearer, and 
inspect the plume source. At this point the moth 
will either touch the pheromone sources protective 
structure or arrest the response to the pheromone. 

8 Moth lands on the pheromone sources protective 
structure but almost immediately leaves. 

9 Moth begins to walk around on the pheromone sources 
protective structure while vibrating wings with 
very high amplitude strokes. There is a tendency 
for the moth to appear as though it is attempting 
to pull the protective structure open. 
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FIGURE 3. Below is a list of possible scores for the 
Distance scale. Note that this scale is reversed 

SCORE RELATIVE FORWARD PROGRESS 

4 No forward progress in response to the pheromone. 
Moth may make upwind progress but leaves the plume 
upon alighting and does not enter the plume 
thereafter. 

3 While some ground may be lost initially upon 
alighting, the moth will at least maintain upwind 
orientation and ground position in response to the 
plume. 

2 Definite forward progress. Moth may lose some 
ground position initially, but eventually makes .5 
to .75m in forward progress from the point at which 
forward progress starts. 

1 Forward progress to within 10cm of the plume 
source. 

0 Touches or lands on the on the plume source. 
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FIGURE 4. BELOW IS THE STUDIES BASIC METHODOLOGICAL 
ORGANIZATION. 
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FIGURE 11. MEAN ETHOGRAM SCORES ON DAYS 1 'PRETEST) AND 5 
iPCSTTEST) FOR IKE 2-6MIX AND 6-2MIX TREATMENT GROUPS. DASHED 
AND DOTTED LINES DELINEATE SPECIFIC COMPARISONS MADEWITH THE 
CRSS GRP VARIABLES. 
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Figure 12. Below is a schematic of the composition of the 
two variables 2mix_pre-pst, and 6mix_pre-pst. Group 2 is the 
2mix treatment group and is coded as 0; group 6 is the 6mix 
treatment group and is coded 1. Day 1 represents data from 
the first day and is coded 0, while day 5 is the posttest 
data and is coded 1. 

Mix by day interaction 

DaylfO Day5,l 
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Interaction 
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TABLE 1. GLM MODELS TESTING CONTROL GROUPS FOR TIME AND AGE 
EFFECTS. 

General Linear Model, Dependent Variable; Activity 
Predictor NDF,DDF RVsR^ F-Ratio Probability 

LOGN AGE 
AGE 
TIME 

1 
1 
1 
X 

.05 

.00 

.07 

8.08" 
0.17 
11.96' 

P=.0050 
P=.6812 
P=.0007 

Model 2,139 .13 6.74' P=.0003 

Standardized Final Solution 
ACTIVITY= .22*LOG_AGE + -.27*TIME 

General Linear Model, Dependent Variable: Ethogram. 
Predictor NDF,DDF RVsR^ F-Ratio Probability 

LOG AGE 1 .02 2.23 P=.1376 
AGE 1 .00 .18 P=.6722 
TIME 1 .00 .78 P=.3782 

Model 3, 139 .02 1.06 P=.3667 

Standardized Final Solution 
N/A 

General Linear Model, Dependent Variable; Distance. 
Predictor NDF,DDF RVsR^ F-Ratio Probability 

LOG AGE 1 .00 1.25 P=.2654 
AGE 1 .00 0.05 P=.8160 
TIME 1 .00 0.28 P=.5974 

Model 4, 139 

1—1 o
 • .53 P=.6625 

Standardized Final Solution 
N/A 



TABLE 2. CORRELATIONS AMONG MEASURES OF BEHAVIOR 

ETHOGRAM 

•
 

O
 
o
 

ACTIVITY 
.63 •

 O
 
o
 

DISTANCE 
-.89 -.42 1.00 

ETHOGRAM ACTIVITY DISTANCE 
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TABLE 3. GENERAL LINEAR MODELS EXPLAINING ETHOGRAM SCORES 
AND DISTANCE SCORES AS FUNCTIONS OF INDIVIDUAL DIFFERENCES, 
DIFFERENCES IN MIX, A LOG FUNCTION OF TRIALS, AND DAYS. 

General Linear Model, Dependent Variable: Ethogram 
Predictor NDF,DDF RVsR^ F-Ratio Probability 

VAPOR 1 .01 83.27* P<.0001 
MIX >

 G
O
 

00
 

.05 13.43* P=.0004 
SUBJ ID 88 .36 22.65* P<.0001 
LOG TRIAL 1,88 .13 329.40* P<.0001 
TRIAL 1,88 .00 1.88 P=.1737 
MIX*LOG TRIAL 1,88 .01 16.26* P<.0001 
LOG TRIAL*SUBJ ID 88 .04 2.28* P<.0001 
DAY 3,261 .10 104.02* P<.0001 
LOG TRIAL*DAY 3,261 .00 1.29 P=.2791 
MIX*DAY 3,261 .01 8.45* P<.0001 
SUBJ_ID*DAY 261 .08 1.79* P<.0001 

Model 448,980 .87 10.51' P<.0001 

Standardized Final Solution 
ETHOGRAM = .01*VAPOR + -.38 *MIX + -1.85*LOG TRIAL + 
.1.15*MIX*L0G TRIAL + .88*01 + .1.25*D2 + .1.41*D3 + -
.42*MD1 + -.49*MD2 + -.53*MD3 

General Linear Model, Dependent Variable: Distance. 
Predictor NDF,DDF RVsR^ F-Ratio Probability 

VAPOR 1 .01 19.27' P<.0001 
MIX 

00 00 r
H
 

.03 6.20* P=.0147 
SUBJ ID 88 .43 22.19* P<.0001 
LOG TRIAL 1,88 .13 239.58* P<.0001 
TRIAL 1,88 .01 8.23* P=.0052 
MIX*LOG TRIAL 1,88 .00 1.20 P=.2756 
LOG TRIAL*SUBJ ID 88 .05 2.57' P<.0001 
DAY 3,261 .05 51.25' P<.0001 
LOG TRIAL*DAY 3,261 .00 2.30 P=.0778 
MIX*DAY 3,261 .00 3.70* P=.0123 
SUBJ_ID*DAY 261 .09 1.47* P<.0001 

Model 451,977 .79 C
O
 

•
 o
 

o
 

4
 

P<.0001 
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TABLE 4. GLM'S MODELING STIMULUS SPECIFICITY. PREPOST 
REPRESENTS THE 0,1 COMPARISON OF THE FIRST DAY OF THE 
HABITUATION TRIALS AND THE POSTTEST TRIALS. GROUP EQUALS THE 
0,1 CODING OF THE TWO SETS OF MOTHS THAT RECEIVED BOTH 
BLENDS OF SYNTHETIC PHEROMONE, ONE DURING HABITUATION 
TRAINING AND THE OTHER DURING THE POSTTEST TRIALS. 

General Linear Model, Dependent Variable: Ethogram. 
Predictor NDF, DDF R^/sR^ F-Ratio Probability 

SUBJ ID 29 .16 4.85' P<.0001 
LOG TRIAL 1 .28 237.05' P<.0001 
GROUP 1 .00 3.98' P=.0466 
PREPOST 1 .00 3.35 P=.0680 
PREPOST*GROUP 1 .04 33.53' P<.0001 

Model 33,438 .48 12.68' P<.0001 

Standardized Final Solution 
ETHOGRAM = -. 58*LOG_TRIAL + .09*GROUP -11*PREP0ST*GR0UP 

General Linear Model, Dependent Variable: Distance. 
Predictor NDF,DDF R^/sR^ F-Ratio Probability 

SUBJ ID 29 .17 4.90' P<.0001 
LOG TRIAL 1 .26 218.32* P<.0001 
GROUP 1 .00 1.83 P=.1767 
PEIEPOST 1 .01 7.94* P=.0050 
PREPOST*GROUP 1 .04 30.48* P<.0001 
Model 33,438 .47 12.14' P<.0001 

Standardized Final Solution 
DISTANCE = .56*LOG TRIAL + -.29*PREPOST + 
.41*PREP0ST*GR0UP 
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TABLE 5. SPECIFIC GLM COMPARISONS MODELING THE SIGNIFICANT 
INTERACTION BETWEEN PREPOST BY GROUP FOR THE DEPENDENT 
VARIABLES ACTIVITYAND ETHOGRAM. 2MIX_PRE-PST IS A DUMMY 
CODED VARIABLE THAT REPRESENTS THE COMPARISON OF DAY I DATA 
FOR THE GROUP RECEIVING THE 2-6 TREATMENT AND POSTTEST DATA 
FOR THE GROUP RECEIVING THE 6-2 TREATMENT. 

General Linear Model, Dependent Variable: Ethogram. 
Predictor NDF,DDF R^/sR^ F-Ratio Probability 

SUBJ ID 29 .20 2.96' P<.0001 
LOG TRIAL 1 .32 136.01' P<.0001 
2MIX PRE-PST 1 .00 0.00 P=1.000 
LOG TRIAL*2MIX PR 1 .02 9.50' P=.0023 
E-PST 
Model 32,199 .54 7.23' P<.0001 

Standardized Final Solution 
ETHOGRAM = -.66*LOG TRIAL + .04*LOG TRIAL*2MIX PRE-PST 

General Linear Model, Dependent Variable: Distance. 
Predictor NDF,DDF RVSR^ F-Ratio Probability 
SUBJ ID 29 .19 2.798' P<.0001 
LOG TRIAL 1 .32 140.20* P<.0001 
2MIX PRE-PST 1 .00 1.35 P=.2462 
LOG TRIAL*2MIX PR I .02 8.248* P=.0045 
E-PST 
Model 32,199 

in • 7.21- P<.0001 

Standardized Final Solution 
DISTANCE = .64*LOG TRIAL + -.03*LOG TRIAL*2MIX PRE-PST 
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TABLE 6. SPECIFIC GLM COMPARISONS MODELING THE SIGNIFICANT 
INTERACTION BETWEEN PREPOST BY GROUP FOR THE DEPENDENT 
VARIABLES DISTANCE AND ETHOGRAM. 6MIX_PRE-PST IS A DUMMY 
CODED VARIABLE THAT REPRESENTS THE COMPARISON OF DAY i DATA 
FOR THE GROUP RECEIVING THE 6-2 TREATMENT AND POSTTEST DATA 
FOR THE GROUP RECEIVING THE 2-6 TREATMENT. 

General Linear Models Dependent Variable: Ethogram. 
Predictor NDF,DDF R^/sR^ F-Ratio Probability 

SUBJ ID 29 .24 3.65' P<.0001 
LOG TRIAL 1 .27 117.45* P<.0001 
6MIX PRE-PST 1 .02 10.13* P=.0017 
LOG TRIALS6MIX PR 1 .00 0.74 P=.3903 
E-PST 
Model 32,207 .53 7.32' P<.0001 

Standardized Final Solution 
ETHOGRAM = - . 56*LOG_TRIAL + .17*6MIX_PRE-PST 

General Linear Model/ Dependent Variable: Distance. 
Predictor NDF,DDF R^/sR^ F-Ratio Probability 
SUBJ ID 29 .24 3.30' P<.0001 
LOG TRIAL 1 .22 87.36* P<.0001 
6MIX PRE-PST 1 .02 9.61* P=.0022 
LOG TRIAL*6MIX PR 1 .00 0.78 P=.3777 
E-PST 
Model 32,207 .48 6.05' P<.0001 

Standardized Final Solution 
DISTANCE = .52*LOG TRIAL + -.17*6MIX PRE-PST 
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TABLE 7. BELOW ARE GLM'S TESTING LONG TERM HABITUATION BY 
GROUP. RECOVERY IS A MEASURE OF SPONTANEOUS RECOVERY, IT IS 
GERNERATED BY SUBTRACTING INDIVIDUAL ETHOGRAM SCORES FROM 
THE LAST TRIAL OF PREVIOUS DAYS FROM THE FIRST TRIAL ON 
FOLLOWING DAYS. TRIAL IS A CLASS VARIABLE DENOTING THE FIRST 
TRIAL OF EACH DAY STARTING ON DAY 2 AND CONTINUING THROUGH 
THE 96HR POSTTEST. ITI IS A CLASS VARIABLE DENOTING THE 
NUMBER OF DAYS SINCE LAST FLOWN. 

General Linear Model, Dependent Variable: Recovery, 
Group=l. 

NDF,DDF R^/sR^ F-Ratio Probability 

ITI 1 .09 3.42 P=.0727 
TRIAL 2 .00 0.14 P=.8676 

Model 3,35 .09 1.24 P=.3112 

General Linear Model, Dependent Variable: Recovery, 
Group=2. 
Predictor NDF,DDF R^/sR^ F-Ratio Probability 
ITI 1 .00 0.07 P=.7966 
TRIAL 2 . 11 2.31 P=.1133 

Model 3,36 .11 1.57 P=.2146 

General Linear Model, Dependent Variable: Recovery, 
Group=3. 
Predictor NDF,DDF R^/sR^ F-Ratio Probability 
ITI 1 .00 0.24 P=.6252 
TRIAL 2 .11 2.18 P=.1283 

Model 3,36 .11 1.53 P=.2231 
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