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ABSTRACT

Investigations were made to isolate, analyze, and identify the

specialized sound produced by the male Caribbean fruit fly, Anastrepha

suspensa (Loew), before pair formation and to determine if this sound is

used as one mode of communication in the fly's sexual behavior. Three

other sounds were identified and related to specific behavioral activities,

These experimental data were to provide information on one of several

factors that is needed to develop effective control methods for this

and other closely related insect species.

These sounds were recorded with the flies located in an anechoic

chamber. Calibrated condenser microphones were used as the transducers

to detect these sounds, to convert them to electrical signals, and to

transfer them to instrumentation located outside of the anechoic chamber.

After the sound pressure level was recorded, the data were stored on

magnetic tape for later analysis and identification. The data were

analyzed for frequency, waveform, and pulsed information. A power

spectral density or a frequency spectrum was calculated and plotted for

each sound signal on a real—time spectrum analyzer and an x—y recorder.

The power spectral density and the frequency spectrums were compared for

each sound signal for similarities and differences.

A bioassay test system was designed and constructed to measure

the response of both the males and the females to the reproduced calling

sound alone or in combination with pheromone extract. The test insects

were allowed to move toward the treatment, away from the treatment, or

to remain in the entrance cell.
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Four sounds from the male flies were isolated and identified

and each related to a specific behavioral activity; these activities

are flight, aggression, premating, and calling. Each of these sounds

was found to contain different information and each has its own distinct

frequency signature. The calling sound was the only one to contain

pulsed information. The pulse duration ranged from 0.04 to 21 seconds,

with 60 percent of the pulse durations less than 0.50 seconds and 85

percent less than 0.75 seconds.

The males did not respond to other calling males or to the

reproduced calling sound either alone or in combination with pheromone

extract. The females, eight to thirteen days old, responded to calling

males, pheromone extract, and reproduced calling sound plus pheromone

extract, but did not respond to sound alone. The response of the younger

flies, six to eight days old, was significantly greater to sound plus

pheromone extract than to pheromone extract alone.

The techniques developed in the research for obtaining frequency

signatures of the acoustical properties for specific insect activities

show promise of becoming a very important tool for measuring insect

quality. Such a tool would be a true asset to research scientist as a

measure of quality control for both laboratory reared and mass reared

insects. These frequency signatures could also be useful as a taxonomic

tool in identifying other species of Tephritid fruit flies.
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CHAPTER I

STATEMENT OF THE PROBLEM

Man has always had problems with insects. As far back as 1400 B.C.,

the Egyptian writer wrote, "Worms have destroyed half of the wheat, and

the hippopatami have eaten the rest; there are swarms of rats in the

fields, and the grasshoppers alight there" (83)• North America has been

especially hard-hit by losses due to insects. This is caused in part by

the cultivation of many crops not indigenous to this country. Losses of

crops, stored products, domestic products, and other commodities were

estimated in 1951 at 10.2 billion dollars (83). Another 5.0 billion loss

was estimated for illness and deaths due to insect-borne diseases. These

losses were in addition to any insect control program cost.

Insecticides have assumed a major role in the total area of insect

control. However, because of the concern of the harmful effects many of

these chemicals have on man and animal, the use of some of these insecti

cides has been restricted in recent years. Therefore, new methods of

insect control are being sought.

Emphasis is now being placed on non-chemical control methods,

which are mainly based upon physical, genetic, and biological principles.

Improved cultural practices and the use of insect resistant varieties

have already proven to be of great value. Biological methods, including

the propagation and distribution of parasites and natural predators, are

receiving increasing attention.



Another method of control that has been used to some degree of

success is the sterile male release technique, which involves rearing

large numbers of insects, sterilizing and releasing the males to mate

with females in the natural population (89). This method was used suc

cessfully to eradicate the screwworm fly in the Southeast; and the

potential of this method depends on the mating habits of the insect,

their geographical distribution, and other factors.

Considerable study has been given to the use of electromagnetic

radiation to control insect populations. One application is the use of

"light traps," usually employing an ultraviolet or visible source, to

attract and trap the insects. Light traps have given an encouraging

degree of control in a few cases. The primary weakness of this method

is that the capture does not usually constitute a significant portion

of the population.

The buzz of insects has drawn the attention of man since prehistoric

times (27). Many phenomena of nature were reviewed by Aristotle who

also discussed the possible origin of the hum emitted by insects. Later,

following his ideas, numerous scholars of natural history have described

a variety of organs in the insect body which were thought to produce

sound. There is a new interest in the possible involvement of sound in

the communication process of insects. In the past fifty years, many of

the acoustic receptors and sound producing mechanisms have been determined.

Some of these receptors are used by insects to detect the presence of

predators, such as insectivorous bats; some are used for communication

purposes, but the purpose for many of these receptors is unknown. The

frequency response has been determined for some of these receptors, and
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it ranges from a few hertz to over 250 kilohertz.

While a considerable amount of research has been done on insect

sounds, most of the work was concentrated in the area of insect predator

detection and insect communication by stridulation. Little information

is available on sound and its interaction on the mating process of insects

of major economic importance. Many of these insects produce a specialized

sound sometime during their mating period, and many researchers believe

that these specialized sounds play a role in attracting mates. Dahm (36)

indicates that an interaction exists between the sound that is produced

and pheromone released to enhance attractance of the lesser wax moth

during the mating process. Therefore, it is important that these

specialized sounds be isolated and identified so that their role as an

attractant may be determined.

The potential of electromagnetic radiation and sound in insect

control probably will be strongly influenced by the progress made in

understanding their communication system. The basic nature of these

responses and the biological mechanisms involved are usually not well

understood. Some recent theories of insect communication may provide

guidance in conducting research into new areas as well as giving better

direction in the previously researched areas (30).

With the present and anticipated restrictions on the use of

pesticides, information is needed on new attractants that can be used

in integrated control programs. Therefore, a better understanding of

the insects' communication systems will be of great interest in this

respect.
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The Tephritidae fruit flies are one of the most important

families of insects known. These pests are responsible for large

economic losses in many countries around the world. There are over

4,000 species of fruit flies; some of the more common species are the

oriental fruit fly, the melon fly, the Mediterranean fruit fly, and the

Caribbean fruit fly.

The Caribbean fruit fly, Anastrepha suspensa (Loew), is a native

of the West Indies, but the adults have been trapped in central and

southern Florida since 1965 and as far north as Jacksonville, Florida,

in recent years. This species is not yet a serious pest in Florida, but

it is already known to infest many tropical and subtropical fruits

including common guava, Surinam cherry, peach, loquat, rose apple, and

tropical almond (68). The potential danger of this insect is that it is

not a native of the United States, and it is now in the process of

establishing itself geographically and selecting the host plants best

suited for its survival. Many insects that have been introduced into

this country have gone through this same process and have become a very

serious pest to agricultural and forestry products. It is therefore

essential to begin collecting basic information of the Caribbean fruit

fly before control methods are needed. This procedure has not always

been followed in the past and millions of dollars have been wasted on

crash insect control programs that have not worked, primarily because a

bank of basic information was not available. A limited amount of

information is known about this potentially harmful insect, and one of

the major goals of this research is to obtain basic information that will

aid in developing control methods when they are needed.



I. Problem

Many insects have receptors that receive various types of

information that regulate their behavioral responses. This information

can be transferred in the form of light, odor, sound, electromagnetic

radiation, etc. These factors usually do not function independently but

interact with each other to obtain a given behavioral response. However,

it is important to determine the characteristics of each factor involved

to better understand its role in a given behavioral response. This

research is to be concerned with the information that is transferred from

one insect to another by means of sound.

Nation (68) has shown that the male Caribbean fruit fly produces

a sex pheromone (odor) that aids in the attraction of female flies;

however, it has not been identified and reproduced. He and others believe

this sex pheromone is released by the male at the same time that a

specialized sound is produced. If this is true, there could be an interac

tion between the sound and the sex pheromone in attracting mates. There

is also a possibility that the males and females are in visual contact

with each other at the time the sound is produced and the sex pheromone

is released. Therefore, it is possible that odor, sound, and vision are

present simultaneously. These factors, singly or in combination, could

be used by the male to attract the female fly for mating purposes. Infor

mation is needed on all three factors before any one of them can be

fully evaluated.

All insects produce sounds that are incidental to ordinary

movements, such as flight, chewing, muscle tones, and many others. In
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addition to these, some insects make specialized sounds normally used

to communicate with other insects of the same species. The male

Caribbean fruit fly and the male of many other species of tephritid

fruit flies have been observed to produce two specialized sounds. One

of these sounds is produced by the male fly after the female has been

attracted for mating, and it will be referred to in this report as the

premating sound. This sound is of general interest; therefore, the

physical characteristics of this sound will be determined.

The other specialized sound, the one of interest in this research,

is made by the male fruit fly before pair formation. A similarly

produced sound is generated by other species of tephritids such as the

Mediterranean fruit fly. Much speculation exists as to the purpose of

this sound and its functions in communication with other insects of the

same species. It has been proposed that this sound may play an important

role in forming aggregations of males, in establishing male territorality,

in attracting females, or used as a species recognition cue (68). A

better understanding of this sound and the basic mechanisms involved could

provide insight into basic insect communications and could also lead to

techniques useful in the management of this and related species of

tephritid fruit flies. Therefore, the problem in this research will be

to isolate and identify this calling sound produced by male Caribbean

fruit flies so that entomologists may use this information to determine

the role of this sound as an attractant that might lead to a control

method for this and related insects.



II. Objectives

The objectives of this study were:

1. To develop techniques and procedures for recording and

analyzing the sounds produced by the Caribbean fruit fly.

2. To determine the characteristics of flight sounds as related

to age and sex.

3. To determine the characteristics of those sounds that are

incidental to ordinary movement.

4. To isolate and characterize the specialized sound (calling

sound) that is produced by the male Caribbean fruit fly

before pair formation.

5. To determine the response of both the males and females to

the reproduced calling sound under laboratory conditions.



CHAPTER II

REVIEW OF LITERATURE

Many insects are capable of producing as well as detecting sound.

The use of sounds by insects for communication purposes implies that

insects produce special sounds, receive these sounds through sense-organs,

and react to them with appropriate behavioral patterns. Frings (45, 46)

stated that all insects produce sounds that are incidental to ordinary

movements, such as flight tones and chewing sounds. In addition to these,

some of the following specialized methods of sound production are known:

tapping the substrate; explosive explusion of material through a small

orifice; snapping of a prosternal spine from a cavity in the mesosternum;

buzzing, whinning or piping produced when the body is vibrated without

flight; rhythmic snapping of tymbals or tymbal-like organs; stridulation;

explusion of air over a specialized vibrating membrane; and wing beat

sounds (45). The morphology of many of the ordinary sound producing

organs are known (45). It is also known that many insects use sound as

one mode of communication.

A considerable amount of literature is available on the sound

production and sound reception of insects. In 1960, Frings and Frings

(46) published a bibliography containing 1,752 references on the sound

production and sound reception of insects. Most of the studies in this

area have been conducted since this time; therefore, the reference

material has increased many times.
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The type of sound receptors and sound producing mechanisms used

by the Caribbean fruit fly is unknown. Therefore, this literature review

includes information of many known sound receptors, sound producing

mechanisms, and uses of sound by insects for communication purposes.

I. Sound Receptors

Most bats have a very sophisticated navigation system. This

system operates on the echo-ranging principle, and the sensing mechanisms

are highly selective. The bat has the ability to discriminate echoes of

its own vocalizations reflected from a mosquito or moth when the back

ground noise is 2,000 times stronger than the level of the echo. With

this ability, insectivorous bats are predators of many night flying

insects. Scientists have observed that many of these insects can detect

the sound generated by these bats and take evasive action (46). As a

result of these observations, a considerable amount of work has been

done on the sound receptors and behavioral responses of many of these

insects. Busnel (27) has described several receptors, and they range

from tympanic membranes to simple hair-like structures. He also states

that all receptors can be classified as either pressure or displacement

transducers (88). Belton (18) in his study of the physiology of sound

reception in insects, has grouped insect sense organs into four main

groups: hair sensilla, subgenual organs, tympanic organs, and Johnston's

organ. The frequency response of these organs has been reported from a

few Hz to as many as 200 kHz (79, 114).
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Physiology

The corn earworm, Heliothis zea (Boddie), is a serious pest on

corn, cotton, tomatoes, and many other crops. Because it is a serious

pest and because it attempts to avoid the bat, extensiye studies haye

been made of its sound receptors. The corn earworn has two sound receptors,

one on each side of the thorax. Boeder (77) has described these receptors

as tympanic membranes which contain two active sense cells, an A-1 and an

A-2 cell. The A-1 cell was more sensitive than the A-2 cell. As the

tympanum of the moth was stimulated with sound, the two sense cells became

active. When no sound was applied to the insect, the A-1 cell generated

a random (potential) spike, but as the sound pressure level was increased,

the number of spikes increased and became periodic (1). Several possible

types of information could be transmitted to the moth from a bat. With

a tympanum on each side, the moth could detect the general direction and

relative distance from the sound source. With the two sense cells at

different sensitivities, the moth could get some idea of the distance

between the bat and himself. Other information could be included in the

number of spikes generated by each cell and the spacing between each

spike.

Boeder (81) analyzed the different responses from the tympanic

organ of noctuid moths and reported that intensity differences of ultra

sonic pulses are encoded by the spike discharge of the acoustic cells in

four different ways; number of spikes, inter-spike interval, number of

acoustic cells responding, and spike generation time. He stated that the

most obvious effect of increasing intensity is shown by the increase in

the number of spikes per stimulus. As the intensity of the stimulus was
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increased, the interval between the spikes decreased. Roeder theorized

that moths could detect the sounds emitted by such predators as bats,

decode the sound, and take evasive action.

Roeder (76) also studied the tympanic receptors of the forage

looper, Caemurgina erechtea (Cramer), and found that the A-1 cell was about

10 times more sensitive than the A-2 cell. He also determined that the

forage looper could detect frequences up to 80 kHz. By using a tympanic

nerve preparation, Roeder determined that this moth could detect bat

cries up to 40 meters.

Roeder (78) also reported on the interneurons of the thoracic

nerve cord activated by tympanic nerve fibers in noctuid moths. He stated

that many noctuid moths turn in free flight and assume a course away from

the source of faint ultrasonic pulses. This avoidance behavior appeared

to be steered primarily by a difference in signals delivered by one

acoustic A-1 sense cell in each tympanic organ. The A fibers distribufed

signals ipsilaterally within the three thoracic ganglia. They were

connected with the relay neurons that conveyed the different signal with

minor transformation to other ipsi- and contralateral regions of the meso-

and prothoracic ganglia and to the ipsilateral cervical connectives.

The posterior medial part of the raesothoracic ganglion appeared to be a

site for various types of integration of the different signals. This

appeared to take the form of discarding certain parameters of the stimulus

and retaining others. Ultrasonic frequency was discarded and the neural

signal was generated by the A cells. Their signal was in turn trans

formed by pulse-marker neurons so that pulse intensity and duration were

discarded; leaving only pulse repetition rate in the pulse-marker
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response. Relay neurons, A fibers, and pulse-marker units responded

unilaterally, that is, only to the stimulation of one tympanum. Other

neural units summated signals from right and left tympanums, while still

others responded with a tonic discharge phased by the repetition rate of

the stimulus.

It has long been known that a decapitated insect might live and

continue to show complex behavior for many days; whereas, similar treat

ment of an animal would cause immobility and death in a few minutes.

Roeder (78) has investigated the brain and the central nervous system of

certain insects in an attempt to find some answers as to why this occurs.

He indicated that the life support centers are concentrated in the

vertebrate brain; whereas, in insects they are distributed in other parts

of the body. While both have different histories, the insect nervous

system and the vertebrate nervous system depend on the same neural

principles. The acoustic signal from the tympanic organ was relayed to

the brain where the neurons discharge a potential, and this acoustic sig

nal was capable of acting as a steering signal. In view of the above,

the life support centers in insects are distributed. Frings (42) has

shown that at least some insects have duplex sound receptors. He measured

the response of some insects when exposed to sound up to 40 kHz, and then

destroyed the tympanic organ to determine if the insect would continue

to respond. The insects did continue to respond but at much lower

frequencies, and no response was recorded at higher frequencies. Both

Roeder and Frings speculated that even moths with tympanic organs had

at least two pairs of acoustic receptors. The tympanic organs would be

the primary receptors and at least one secondary set would be some other
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place in the body. Fringe speculated that there may be a galaxy of

sound receptors which enables the insect to react to its total acoustic

environment.

Most Lepidoptera are equipped with at least one type of sound

receptor, a tympanic organ, and possibly others. However, only a limited

amount of research has been done on the possibility of sound producing

mechanisms that might be used for communication purpose between the sexes

of this group of insects. Kay (50) and Agee(5) have detected a high

frequency sound generated by the bollworm moth. This sound is believed to

be generated by the wing tips while the moth is in flight. The sound is

in the general nature of high frequency clicks composed of rapidly damped

oscillations of 50 kHz burst every 25 msec. The sound pressure level

of those clicks was measured at 98.5 dB at 1.5 cm from the insect. The

purpose of the sound is not known, but Kay speculated that it may be used

in insect communication and may specifically be used by the moth for

signaling for the purpose of assembling or for locating a mate.

Callahan (29) compared the conjunctive and tympanic membrane of

the corn earWorm with those of the cabbage looper, Trichoplusia ni

(Hubner) , by using a scanning electron microscope. Organs of both moths

were covered with micronodules. The corn earworm micronodules were

elongated and of about the same diameter. The cabbage looper micronodules

were unevenly shaped and connected by lateral ridges. Callahan speculated

that these micronodules possibly contribute to filtering or attenuating

specific frequencies involved in the auditory behavior of each species.

Agee (2) reported the response of the sense cell of the bollworm

and tobacco bud moth, H. virescens (Fabricius), to ultrasound. The A-1
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ceil responded to pulses of ultrasound ranging in frequency from 10

kHz to 100 kHz, but it was most sensitive to frequencies between 18 and

25 kHz. Free flying moths of both species responded with similar

evasive behavior when they were stimulated with pulses of ultrasound at

frequencies of 21 to 22 kHz. When electrophysiological techniques were

used to determine the acoustic sensitivity of the European corn borer,

Ostrinia nubilalis (Hubner), Agee (3) reported the tympanic organ was

found to be served by two acoustic A cells and one nonacoustic B cell.

One A cell was more sensitive than the other A cell. The B cell had a

spike rate from 50 to 100 Hz. The tympanic organ detected frequencies

of 25 to 60 kHz. Pulse trains composed of frequencies of 25 kHz caused

more moths to show the avoidance response than trains of 20, 30, or 50 kHz

at sound levels of 80 to 90 dB.

Miller (60, 61) studied the physiological responses of the green

lacewings (Neuroptera chrysopidae), to ultrasound and found that the

tympanic organs functioned as ultrasonic receptors. Sensory responses to

sound occurred at frequencies from 13 to 120 kHz and at pulse rates from

1 to 150 pulses per second. The tympanic organ of the green lacewing

appeared to be about 20 dB less sensitive than the tympanic organ of
I

noctuid moths.

Behavior

Agee (4, 7) also reported the response of the bollworm moth to

ultrasound while the moth was resting, feeding, courting, mating, or

ovipositing. When the bollworm moths were confined in a large cage, 63

percent did not react to the pulsed sound while they were resting.
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feeding, mating, or ovipositing. However, about 50 percent of those in

the midst of the courtship display ceased these activities and assumed

a resting posture. When the moths were exposed to several pulses of

ultrasound, many of those reacting became habituated to the sound within

two minutes or less and then continued their sexual activities irre

spective of stimulation. A few did not become habituated to the sound

stimuli.

Agee and Webb (1, 6, 103) studied the response of free-flying

bollworm moths and ten other species of tympanate moths to pulsed ultra

sounds. These moths made evasive maneuvers, turn-aways, loops, and dives

to the ground when they were exposed to pulsed ultrasound; the looping

was the more successful method of evading pursuing bats. Agee reported

that not all moths exposed to pulsed ultrasound made evasive responses.

A check of the acoustic sensitivity of the two sound-detecting cells in

the tympanum of some nonresponding moths showed that the acoustic cells

were responding to the stimuli; hence, the pulsed ultrasound had been

detected. He speculated that habituation at the second or higher order

neutral levels probably explains the behavior of the nonresponders.

The directional sensitivity of the tympanums of noctuid moths was

studied by Payne, Shorey, and Roeder (72, 73, 87). In the presence of

high-intensity pulses, the moths' responses took the form of diving and

looping, but since these responses generally bring the moth to the

ground, there was no clear directional reaction to the sound source.

However, it was consistently noted (17, 43, 80, 82) that moths flying at

greater distances from the sound source would turn and fly away from the

source. This turning away was observed only if the moth encountered a
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series of low-intensity ultrasonic pulses. It is likely that at such

intensities only one nerve cell in each tympanum was stimulated. It

also implies that moths with this sensory equipment can extract

directional information from sound waves in all planes.

Treat (93, 94) studied the responses of some Lepidoptera to

frequencies up to 24 kHz. The responses were measured in terms of insect

activity such as diving, swerving, turning, etc. Many of the day flying,

as well as many of the night flying insects, responded in some way to the

ultrasound and were often seen to make swerving or diving movements at the

approach of bats; and in many instances they appeared to escape capture

by such maneuvers. These evasive actions were initiated by an auditory

mechanism responsive to the bat's ultrasonic pulses. Treat (92) also

reported that electrical responses were recorded from the main lateral

nerve trunks of the mesothoracic ganglia in noctuid moths of five common

species when the tympanic organs were acoustically stimulated with

frequencies between 3 and 120 kHz.

II. Stridulation and Insect Communication

Insects are said to stridulate when they produce sound by rubbing

together special bodily structures. These stridulatory sounds are produced

in discrete sound patterns usually in the form of pulses and pulse trains.

The tooth impact frequency of the scraper is synchronized with the

resonant frequency of the file, thus producing one sound wave per tooth

impact (44). As the tooth on the scraper strikes the tooth on the file,

a damped oscillation occurs that decays exponentially before the next

chain of events. This sequence of events results in a pulse train where
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each pulse could have a different frequency depending upon the resonant

frequency of the tooth. The duration between pulses depends upon the

motion of the wing or other moving organs and the spacing of the teeth

on both the file and the scraper. These events result in a very complex

sound pattern. It is believed that this sound is used for communication

purposes; and if this is true, then the male, female, or both must be

equipped with some type of sound receptor.

Stridulatory organs are wide spread among insects. Eastop (37) has

found a stridulatory surface on the abdomen of certain aphids that earlier

field observers had reported as making sounds. Leston (56) reported that

in the Pentatomodea super-family alone at least six different types of

stridulatory apparatus are known.

Alexander (9) stated that the number and variety of insects which

produce sounds with specialized apparatus exceed those of all other

living organisms combined; but only a few of these, the crickets, katy

dids, grasshoppers, and cicadas, make noises loud enough to be noticeable

to man. These are what Alexander (8) calls the singing insects and

their ancestors may well have been the first organisms on earth to com

municate through sound waves transmitted in air. Alexander gave some

different ways that he believes insects produce sound; by stridulation;

by striking body parts together or against a substrate; by vibrating

some body part such as the wings; by vibrating drum-like membranes called

tybols; or by forcibly ejecting air or fluid. The method of sound

production by Orthoptera (crickets, katydids, and locusts) is primarily

by stridulation, but other methods may be used (52). These insects

ordinarily stridulate either by rubbing together specialized surfaces or
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by stroking with the hind legs. Crickets, cicadas, and grasshoppers

have similar sound producing mechanisms which consist of two organs

commonly called the file and the scraper (35). The file is normally

found on some part of the body in a stationary position; whereas the

scraper is normally found on a moving part such as the wings, legs, etc.

Sound is produced when the scraper and the file are rubbed together.

With the introduction of the scanning electron microscope in recent years,

these organs, such as the ones described by Lawson (55), are being

examined in great detail.

Much of the sound made by Orthoptera is audible and can be heard

at some distance, and many researchers have studied it at various angles

of approach. Walker (102) has studied these sounds from a taxonomic stand

point as well as how they are used in male to female communications.

Walker reported that males of most crickets, tettigoniids, and cicadas, and

of some short-horned grasshoppers produce sounds frequently or continuously

for many minutes or hours daily which function in bringing the sexes

together. In most species the female is attracted to the male sound.

However, it has a potential disadvantage of aidvertising the location of

the sound-producing male to many predators. Walker (101) studied ten

species of crickets and found morphological differences based on the

sound each produced. He also found a direct correlation between wing

stroke and temperature. The wing stroke increased as the temperature

increased. When Walker (100) and Neilson (70) studied crickets, they

found that the stridulation rate was dependent upon temperature. The

average pulse rate within a chirp was also temperature dependent; and

chirp duration, as well as the chirp interval, shortened or lengthened with
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increasing or decreasing temperature. Walker also showed that these

sounds were produced by the male as a calling song for the female. The

sexually responsive females responded to the calling song by approaching

the stridulating male or by producing an answering sound which directs

the male in approaching the female. Differences in pulse rates, normally

corresponding to wing-stroke, are the basis of initial species dis

crimination by the females of some species.

Walker (99) studied the sound produced by six species of crickets

that occur in the United States. Each species had a distinctive calling

song even though they may have different seasonal life histories and may

overlap in geographic distribution and habitat. He (96, 97, 98) has also

described a method of determining the pattern of wing movement of crickets

and katydids during stridulation by means of high speed photography.

The variations in forewing movement that produce this complex sound in

crickets and katydids are not well understood. Perhaps this photographic

method can help in correlating the movements of the wings with the sound

that is produced.

Ewing (39) classified the sound produced by crickets into three

classes: calling, aggression, and courtship songs. The calling song was

the most common and consisted of a series of chirps containing two or

three pulses given at regular intervals. It was emitted spontaneously

by a sexually mature male in his territory. The aggression song was

exhibited by males in the presence of other sexually mature males. It

was composed of short pulse trains, apparently identical with those used

in calling, but averaged a greater number of pulses. The courtship song

was quite different from the others, the component pulses of sound were



20

shorter and were emitted at a much lower intensity; and the sequences

were long, always forming a pulse train. Interspersed among the weak

sounds were single occasional loud pulses. The significant sounds

appeared in a sequence of major units with each corresponding to a single

wing closure. Ewifig theorized the pulses vary in amplitude through three

causes: as a result of differences in the force with which the two

wings press against each other; as a result of differences in the velocity

of the wing stroke; and as a result of different extents of opening of

the wings prior to the closing stroke.

Reid (75) studied the sound producing mechanism of the 17-year

cicada. He found that these sounds were produced by sequentially buckling

a series of stiff ribs embedded in a flexible tymbal. Each such collapse

excited a damped oscillation in a resonant cavity. By this means, the

cavity was excited 10 to 12 times per muscle contraction, which permits

a normal muscle to perform a task requiring very rapid repetitive

activity. Lewis (57) studied the high frequency produced and the action

potentials generated by several species of crickets, and he found that the

tympanic nerve was stimulated when exposed to these high frequencies.

Hubner and others (10, 49, 71) reported on the central nervous

system control pf sound production in crickets. When a male cricket

sings, he raises the tegmina and rubs them together causing a file on one

tegmen to move against a scraper on the other. The song pattern produced

reflects a pattern of wing movement. Each song is different and each

requires different wing movements. Hubner identified 14 pairs of muscles

that are involved during stridulation or sound production. He also

stated that three parts of the central nervous system controls the starting
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and stopping of singing and the type of song. Sound production and

associated behavior were not detected if any of these three structures

were destroyed (20).

Morris (65) recorded and analyzed the sound from Metrioptera

sphagnorum. There were two stridulation modes corresponding to two

intensity levels. Characteristic frequency spectrograms were associated

with each mode. In one mode audio frequencies were emphasized; the other

mode was dominated by high frequencies.

The literature on crickets and cicadas are numbered in the

thousands. It has been clearly demonstrated that these insects communicate

by sound with their mate during the mating process. Each species has a

distinctive communication signal and a given species can be identified by

its sound pattern. Since crickets and cicadas are of no great economic

importance, no attempt has been made to use their mating calls to

attract and destroy the insects.

Extensive studies on the stridulatory sounds of European Orthoptera

have been made by Broughton (26), Busnel (27), Busnel and Chauasse (28),

Evans (38), Haskel (48), and others. It has been established that

grasshoppers and locusts communicate acoustically. The communicative

behavior among grasshoppers consists of a great variety of acoustical and

visual patterns (58) between the sexes and among members of the same sex.

These signals, which are expressed in the form of stridulations and

vibrations by the male or as the waving-gesture by both sexes, charac

terize either the premating and mating state or the state of disturbance

and defense, depending on the circumstances that elicit these expressions.

Loher (58) recorded and analyzed the songs of C. pacifica and reported
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that these sounds were emitted in pulses with some frequencies as high

as 40 kHz.

Young (118) studied the songs of three species of grasshoppers

and reported that the songs are divided into four distinct types: the

calling song, the rivalry song, the agreement song, and the precourt-

ship song. The duration of the chirps and the frequency within chirps

were analyzed and found to be different in each song.

The acoustic communication in Frimerotropis agrestis, a species of

desert grasshoppers, was studied by Willey (115, 116, 117). He reported

that in addition to the sounds produced by stridulation, a visual stimulus

was also provided. This stimulus was produced by the male grasshopper

when the legs passed above the body and exposed the coral-red inner surface

of the femora. The acoustical communication system of this species pro

vides communication between male-to-male, male-to-female, female-to-male,

predator-to-insect, and insect-to-predator. The communication of these

insects is quite complex and is encoded in a series of pulses, pulse-

trains, and carrier frequencies. In addition to the sound communication

signals of this species, there are other sound signals which could not be

directly correlated with activity. There was a flutter-rasp sound

produced by a rapid oscillation of the femur in contact with the tegmen.

The effective sound produced was a broad-spectrum noise produced about

20 times per second. There was also a buzz and flutter-squeal sound made

by the males that has no certain communications function. The buzz

lasted one to two seconds with a pulse frequency of about 110-120 per

second. The males also produced a clicking sound just before attempting

to copulate. The activity associated with this click was not determined.
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The sound frequency spectrum of the long-horned grasshopper was

investigated by Morris (64). His study revealed that the pulses were com

posed mainly of frequencies extending from 28 to 60 kHz. However, there

were also some audible frequencies. Suga (90) also reported ultrasonic

frequencies produced by four species of neotropical grasshoppers. These

frequencies consisted of mainly two frequency banc}s, one was from 22 to

24 kHz and the other 40 to 60 kHz. He also reported that the optimum

sensitivity of the tympanic organs of these two species was between 20

and 25 kHz. Blondheim (22) reported that in addition to the stridulation

sounds produced by two species of grasshoppers, a sound was made by

substrate drumming. This could indicate that grasshoppers have more than

one type of sound receptors.

Michelson (59) made a rather in-depth study of the physiology of

the locusts' tympanum. The frequency sensitivity of single cells in the

isolated tympanum was studied under controlled acoustical conditions.

The four anatomical groups studied differed as to frequency sensitivity,

and it was concluded that fairly accurate information about sound frequency

reaches the control nervous system. Michelson's (59) next study was

frequency discrimination based upon resonances in the tympanum. The

expected resonance frequencies of the tympal membrane were calculated

from its dimensions, mass, and compliance. It was determined that the thin

part of the tympanic membrane could vibrate independently of the entire

tympanum. Therefore, receptor cells attached to different areas on the

membrane may receive different modes of vibrations. The receptor cells,

also, may fail to respond to some modes if their area of attachment is

at a nodal circle of these modes at resonance. The third study of
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Michelson (59) was the acoustical properties of the intact tympanum,

and he determined that the sensitivity of the intact tympanum to low

frequencies depended on the fat content of the insect. The internal

tissues seem to act as an acoustic low pass filterj therefore, the high

frequencies were heavily damped.

Some beetles are known to produce sounds. Kogan (53) has studied

some of the leaf beetles that are known to produce sound and found that

they are equipped with stridulatory organs. The geometry of these organs

is different from those of crickets, cicadas, and grasshoppers; and the

pulse repetition rate is higher. Rudinsky (84) studied the acoustic

communication between the male and female douglas-fir beetle. The male

beetle was found to produce two distinct sounds. One was found to be a

stress sound, but the other was correlated with attraction behavior.

Rudinsky believed that acoustic communication among beetles is more

important than heretofore believed.

Finn (40) and Ruppel (86) identified the stridulatory organ in

the long-horned and cereal leaf beetles. These organs were very similar

to those described by Kogan in the leaf beetle. Sound producing mechanisms

and sound receptors have also been identified on the cockroach (41).

Songs of Acridadae are generally broad band noises with a maximum

at 4 to 8 kHz and intensities of 30 to 40 dB at 10 to 30 cm (48). Songs

of Tettigoniidae are also wide-band noises but have higher frequencies up

to 100 kHz with the maximum at 8 to 15 kHz and intensities of 45 to 75

dB (28). Songs of Gryllidae have relatively pure tones at frequencies

from 2 to 6 kHz and intensities from 40 to 60 dB.
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Many other insects are known either to generate or detect sounds.

In stored products alone about 50 families of beetles are known to

produce sounds (42). Also, about 40 families of Lepidoptera have

been reported as having sound producing organs.

111. Tephritid Fruit Flies

Fruit flies belong to the Tephritidae family of insects. This

family includes approximately 4,000 species distributed throughout the

temperate, subtropical, and tropical areas of the world (34); and they

annually take a heavy toll of fruits and vegetables in these areas.

Barriers to trade in fresh food commodities; difficult quarantine and

and regulatory problems; prevention of development of desirable crops;

and costly survey, control, and eradication programs are some of the

undesirable by-products of these insects.

The body length of individual fruit flies varies from 1 to 20 mm

(34); and most species' wings are yellow, brown, black stripes or spots,

or a combination of both. The females of most species insert their

eggs in living, healthy plant tissue, especially in ripening or ripe

fruits and vegetables. After the egg hatches, the larvae feed and grow

within the fruit; and after the fruit falls to the ground, pupation takes

place in the soil. The adult emerges from the soil and after a few days

attains sexual maturity; then mating occurs and a new cycle begins (107).

The average life of an adult is from 30 to 40 days. Several species of

fruit flies are closely related in their host plant selection, life

history, and mating habits. Some of the related species are; the

Caribbean fruit fly (113), the Mexican fruit fly (112), the Mediterranean
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fruit fly (111), the melon fly (110), the Oriental fruit fly (109),

olive fruit fly (108), Anastrepha interrupta (104), Anastrepha

nigrifascia (105), Queensland fruit fly (106), and others.

A considerable amount of literature is available on many species

of fruit flies with respect to their ecological, biological, and

morphological characteristics. In 1914, Back (13) reported on the life

history of the melon fly. In 1916, he studied the effects of temperature

on the pupae (14) and the adult (15) Mediterranean fruit flies. In 1939,

McBride (67) reported on the response of the Mediterranean fruit fly to

its environmental factors; and in 1970, Chambers (31) reviewed the recent

research on the Mediterranean fruit fly. The biology of 14 species of

related fruit flies was reported by Christenson (34).

While the tephritid fruit flies have been studied for some 60

years, very little information is available on their sensory mechanisms.

During this literature review, relatively little information was found

on any of the major sensory receptors such as vision, olfactory, sound, or

any other receptors that the fly might possess. However, it is assumed that

this insect contains several types of sensory mechanisms. The input to

these receptors should control the behavioral responses and the basic

functions of the insect. As a result of this lack of information, the

modes of communication from male-to-female, female-to-male, male-to-male,

and female-to-female is not well understood. However, Nation (69)

reported that visual, auditory, and chemical stimuli are important to

successful mating in several tephritid fruit flies.

There is evidence that sound may be used as one mode of communica

tion in several species of tephritid fruit flies. The exact purpose of



27

these sounds is unknown, but it has been proposed that they may play a

role in forming aggregations of males, in male territoriality, or in

attracting mates; or they may be used as a species recognition cue. In

1952, Myers (66) reported that male Queensland fruit flies produced a

high-pitched sound which he considered to be a mating call. In 1953,

Monro (62) reported on his investigation of the sound from this fruit

fly. While he did not prove how this sound was produced or what its

purpose was, his observations indicated that the sound resulted from

stridulation in which the wings were drawn along two rows of large

bristles. His findings did show that these bristles were only on the

male Queensland fruit fly and absent on the female.

Myers (66) also reported that light intensity was an important

factor in the mating activity of the Queensland fruit fly. Under

natural conditions, mating behavior is stimulated by lower light levels

and normally occurs between sundown and dark. Under laboratory condi

tions, he found that when this dusk period was omitted no mating occurred.

He stated that when this dusk period begins the males always initiated

the sexual activity by beginning to call. The calls were heard as

rather high flute—like sounds. The calls stimulated the females, and

in many cases they were seen to walk from one end of the cage to the

other in a straight line toward the calling male.

Similar sounds have been reported in other tephritid fruit flies.

Keiser (51) reported that these sounds were observed from the Oriental

fruit flies, the melon flies, and the Mediterranean fruit flies. These

sounds were observed at the same time of day, between sundown and

dark.
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The Caribbean fruit fly is a native of several Caribbean Islands

and was first reported in Florida in 1932. This insect was not reported

again until 1965 (23) when large numbers were reported in Miami Springs

near the Mieimi International Airport. The fly has been found as far

north as Jacksonville along the East Coast, and it is known to infest

several central and south Florida counties. It has a wide range of

host plants infesting many tropical and subtropical fruits and causing

damage to peaches (95). At present, no control methods are known for

this fly. It is relatively new in this country; therefore very little

information is available relating to its behavior (16, 74). However, the

literature of other tephritid fruit flies can be of some value in

studying the Caribbean fruit fly.

Nation (69) studied the courtship and mating behavior of the

Caribbean fruit flies and showed that the male flies produce a sex

pheromone that attracts the female flies. However, he reported that

visual and auditory stimulation are also important in these mating

events. The mature male emits the pheromone by enlarging the pleural

region of some abdominal segments to form a small pouch on each side of

the abdomen. This puffing action is usually accomplished by a rapid

fanning action of the wings. Two distinct wing movements, slow and

rapid, have been observed. In the slow wing movements, the male may

move one wing at a time or both simultaneously to a position at right

angles to the body axis. He raises and lowers them in this position to

form the slow wing movement. This slow action may frequently be inter

rupted by rapid wing fanning. This rapid burst of wing fanning consti

tutes the high-pitched sound that has been reported in many of the
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tephritid fruit flies. Nation observed caged Caribbean fruit flies and

found that a female would fly or walk toward the fanning male, and as

the female approached the male, the fanning would cease. He also

observed that in crowded cages the fanning was sometimes omitted. He

speculated that at close range other stimuli, perhaps largely visual,

are probably important in mate recognition and acceptance. He inter

preted the wing fanning and puffing behavior of males as serving to

attract females from some distance away.



CHAPTER III

EQUIPMENT AND FACILITIES

The equipment and facilities used in this research were located

in the Insect Attractants and Basic Biology Research Laboratory of the

United States Department of Agriculture at the University of Florida,

Gainesville, Florida.

I. Insect Cages

The fruit flies used in this research were shipped to the

Gainesville Laboratory in the pupal stage by Dr. R. M. Baronowski located

at the Sub-Tropical Experimental Station in Homestead, Florida. After

the flies arrived at the laboratory, they were removed from the shipping

containers and placed in rearing cages.

Once the flies had emerged into adults, the females and males

were separated and placed in separate holding cages. The rearing and

holding cages were constructed of aluminum frames with outside dimensions

of 12 X 12 X 12 inches. The bottom, top, and two sides were covered

with copper screen to assure adequate ventilation. One end of the cage

contained a removable glass panel to facilitate cleaning. The other end

contained a sheetmetal panel with a 3-inch diameter opening in the

center. A cheesecloth sleeve was attached to this opening to gain

entrance to the cage without allowing flies to escape (Figure 1).

30
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Figure 3. The bioassay plexiglass test unit: (A) Release cell,
(B) Control cell, (C) Treatment cell, (D) Fly trap, and (E) Speaker.
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on the flypaper or trapped in the bottom of the trap ceil. Based on

observations, it was estimated that less than 1 percent of the flies

entering the trap cell escaped.

Ventilation System

The airflow was controlled in each test unit. A hole was drilled

in the bottom of each of the center cells and a 5/8-inch outside

diameter plastic hose was inserted into the hole. This hose was connected

to a plenum chamber located under the test units. A 2-inch flexible hose

was attached to the exit of the plenum chamber and extended through a

utility opening from the anechoic chamber. This hose was then connected

to the suction side of a shop type vacuum cleaner which was located inside

an exhaust hood (Figure 5). All exhaust gases were then carried to the

outside of the building.

The air entered the test units through one of the 3-inch holes in

the side of each end cell, passed through the fly trap cell, and then

was carried into the center cell where it was exhausted through the

plastic exhaust hose as shown in Figure 6. The velocity of the air

entering the center cell from the fly trap was measured in each unit

with a Taylor Model ML-62 anemometer. The average velocity was 21 ft

per minute with variations among chambers of + 3 ft per minute. Dry

ice, carbon dioxide, was placed in front of the air opening in the end

cell so the airflow pattern could be observed. There was direct flow of

air from the end cell, through the fly trap, and into the center cell.
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Sound Reproduction

A 1-inch diameter speaker was installed in the end of four of the

end cells. Dummy speakers were in all the other end cells. These

speakers were taken from Realistic Nova Pro stereo headsets. The output

waveform at 150 Hz and frequency response for each speaker are shown in

Figures 7 and 8. The waveform from the speaker output showed some

distortion, but were considered to be good when compared to those of

other speakers.

The eight bioassay test units were located in the anechoic chamber.

Each test unit was acoustically insulated with a double layer of acous

tical tile (Figure 2, page 33). These tiles extended 2 inches beyond the

ends of the test cages and 2 inches higher than the test cages.

Lighting

A panel of seven fluorescent lamps was installed 36 inches above

the top of the test cages and extended 6 inches beyond the last test

unit. A light diffusing panel was located 6 inches below the panel of

lamps; this assured uniform lighting in all test units. Special lamps

were used in this arrangement so that daylight conditions could be

simulated. The fluorescent lamps were 15-watt, TB Vita Lite manufactured

by Luxor Lighting Company with output characteristics as shown in

Figure 9. A low light level of approximately 11 lux was maintained at

cage height.
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III. Flight Mill

The flight mill used to obtain the flight data is similar to that

used by Chambers and O'Connel (32), shown in Figures 10 and 11. The

flight mill consisted of a plywood mounting bracket, a top and bottom

support, a stainless steel wire, two magnets with Teflon bearings, and a

rotating arm.

The two magnets and the rotating arm constituted the functional

parts of the mill. The two magnets weighing 0.35 ounces each were

suspended between the support arms by means of the stainless steel wire.

The lower magnet was fixed in position and remained stationary. The

upper magnet was placed with like poles facing each other, and the

repelling force caused the upper magnet to float about 3/4 inch above

the lower magnet. The magnets were 3/4 inch in diameter and 1/4 inch

thick with a 1/4 inch diameter hole in the center.

A Teflon sleeve with a bearing surface on each end was inserted

in the center hole of each magnet. The two surfaces of the sleeve were

the only contacts with the wire; therefore, they were the only source of

surface friction of the rotation arm.

The rotating arm consisted of a split washer attached to a 22

gauge wire. The diameter of the hole in the washer was large enough to

fit over the Teflon sleeve allowing the washer to rest directly on the

upper magnet. A counterweight to compensate for the weight of the fly was

located on the opposite end of the wire. The distance from the stainless

steel wire to the point where the fly was attached was 6-3/10 inches.

This gave 39-1/3 inches of travel per arm rotation.
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(C) Stainless wire, (D) Magnets with Teflon bearings, (E) Solenoid,
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A 6-volt dc operated solenoid was attached to the base of the

plywood mounting bracket with a rod that could intersect with the rotat

ing arm when energized. This solenoid was equipped with remote controls

so it could be operated from outside the anechoic chamber. This control

was used to stop or release the fly from the microphone position.

The temperature of the air near the fly location was maintained

at approximately 78°F and was monitored by placing a thermocouple near

the flight mill. The temperature was recorded by a Brown recorder

located outside the anechoic chamber.

An incandescent and a fluorescent lamp were placed about three

feet above the flight mill to assure uniform lighting during the test.

IV. Sound Laboratory

The sound laboratory is located in an isolated section of the

building and consists of an anechoic chamber and an instrument room.

The anechoic chamber was installed by a commercial firm during the con

struction of the building and is an integral part of the laboratory.

Anechoic Chamber

The outside dimension of the chamber is 16 x 16 x 12 ft, and it

rests on rubber supports to reduce vibration inside the chamber. The

inside dimensions as measured from wedge tip to wedge tip are 10 x 10 x 6

ft. The wedges were designed and arranged to give frequency attenuations

as shown in Table I. The arrangement of the wedges are shown in Figure

12. A viewing window can be provided if needed by removing one section

of wedges.
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TABLE I

NOISE REDUCTION OF ANECHOIC CHAMBER

Octave Bands

"z

Noise Reduction

dB

37.5 - 75 20

75 - 150 25

150 - 300 35

300 - 600 45

600 - 1200 50

1200 - 2400 55

2400 - 4800 55

4800 - 9600 50
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Figure 12. Placement of thermocouples for temperature measurements
in the anechoic chamber. Also details of wedge arrangement.
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The anechoic chamber is equipped with heating, cooling, and

humidity systems that can be controlled independently of any other space

in the laboratory. The air ducts entering and leaving the chamber

contain acoustical insulation to attenuate any sounds that could enter

the chamber from the temperature and humidity control systems. The air

flow through the chamber is 110 ft/min.

The temperature gradient was determined by placing 48 evenly spaced

thermocouples throughout the chamber. The temperature of all 48 ther

mocouples was recorded simultaneously on two 24-point recorders for a

period of two weeks. The data showed that there were no major hot or

cold spots inside the chamber.

Instrument Room

The instrument room is located just outside the anechoic chamber

(Figure 13). Cables from the microphones or other equipment were fed

through two 2-1/2-inch pipes located in the side of the anechoic chamber

to the equipment in the instrument room. The walls and ceiling of the

instrument room were covered with acoustical tile to reduce echoes and

reflections from these surfaces.

V. Data Acquisition Instrumentation

The major components of the data acquisition system are shown

schematically in Figure 14. The system is composed of a condenser

microphone, a sound pressure level meter, a high—pass filter, an ampli

fier, an oscilloscope, and a tape recorder.
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window.
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Microphones

One of the most important components of any data acquisition

system is the transducer. The characteristics of the condenser micro

phones, such as high stability, flat linear response, reasonable high

sensitivity, combined with its minimal effect on the sound fields in

which it is placed, makes it one of the most suitable transducers avail

able for measuring sound pressures.

A condenser microphone consists essentially of a thin metallic

diaphragm mounted in close proximity to a rigid back plate; they are

electrically insulated and form the electrodes of a capacitor (Figure 15).

When the microphone is exposed to a sound pressure, the diaphragm is

subjected to an alternating force proportional to the pressure and the

diaphragm area. The consequent movement of the diaphragm varies the

capacitance, and these variations are transduced into an ac voltage

component proportional to the pressure if a constant charge is maintained

between the electrodes. The charge is maintained by means of a constant

200 volts dc polarization voltage, and it remains constant as long as

the charging time constant of the circuit is much longer than the period

of the sound pressure variations. The sensitivity of the condenser micro

phone is directly proportional to its difimeter while the frequency response

is inversely proportional to its diameter. Therefore, condenser micro

phones are classified according to their difimeter.

The capacitance of the condenser microphone is small and any

capacitance additional to the transducer capacitance loads the transducer

and decreases the output voltage. The total capacitance in the circuit

should not exceed the capacitance of the transducer. Therefore, it is
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necessary to locate a cathode follower as close to the microphone as

possible. The microphones used in this research have a cathode follower

located in the same housing as the microphone.

Three Bruel and Kjaer condenser microphones, a 1^, a 1/?-, and

a 1/4-inch,were used in this research (Figure 16). The major character

istics of these microphones are shown in Table II. Once a year these

microphones were individually calibrated at the Bruel and Kjaer labor

atories against a microphone calibrated at the National Bureau of

Standards. A calibration chart was supplied with each microphone after

each recalibration. In addition to this factory calibration, each

microphone was calibrated periodically in the laboratory with a type

4220 pistonphone calibrator.

Pistonphone

The pistonphone calibrator is battery powered, lightweight,

portable, and easy to use. The calibrator consists of two symmetrical

pistons driven by a cam disc designed according to the law r = a + b sin4a.

When rotating, the cam gives the pistons a sinusoidal movement at a

frequency equal to four times the speed of rotation. The pistonphone is

constructed with a cavity in one end so that the 1-inch microphone can

be inserted at a precise distance into it (Figure 17). With the micro

phone in this position, a known volume of air exists in the cavity.

Plastic inserts are provided for the calibration of the 1/2- and the 1/4-

inch microphones without altering the volume of the cavity. The sound

pressure level is related directly to the total displacement or volume

of the piston and not related to the speed of rotation. The battery
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Figure 16. Condenser microphones used for sound recordings:
(A) I inch, (B) 1/2 inch, and (C) 1/4 inch.
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TABLE II

CHARACTERISTICS OF THE 1-, 1/2-, and 1/4-INCH MICROPHONES

I-inch 1/2-inch 1/4-inch

Frequency response
flat + 3 dB

Open circuit sensitivity
mv per N/m^ 2
dB re 1 V per N/m

Open circuit distortion
limit

Correction factor dB

Influence of R.H. %

3 H

to^
20 kHz

4 7o

1

4.5 H
z

to

40 kHz

50 12.5

-26 -38

4 %

13

4.5 H
z

to

100 kHz

4

-48

10 7=

26

less than 0.1 dB
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Figure 17. (A) Microphone inserted into (B) pistonphone calibrator
and (C) adaptors for 1/2, 1/4, and 1/8 inch microphones.
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voltage of the plstonphone is not critical with respect to sound

pressure level, but the frequency is directly related to the battery

-5 2
voltage. The pistonphone is rated to give 124 dB re 2 x 10 N/m +

0.2dBat 250 Hz + 1 percent.

Sound Level Meter

The stgrial from the microphones was fed into the microphone

amplifiers. Two microphone amplifiers were used, Bruel and Kjaer Models

2107 and 2604. The 2104 and 2107 microphone amplifiers have a flat

frequency response up to 40 and 200 kHz, respectively. These amplifiers

also supply the 200 volts dc polarization voltage to the microphones.

The microphone amplifiers were also designed to be used as sound pressure

level meters and the SPL could be determined directly in dB re 2 x 10 ̂

N/m . The sound pressure level was read from these two instruments

after obtaining the following factors:

Where:

Sound Pressure Level — MR + RM + MR + CF,
s s

MR^ = Meter range switch

RM^ = Range multiplifier

MR = Meter reading

CF = Correct factor

Filter and Amplifier

The output from the sound pressure level meter was fed through a

Spencer, Kennedy Laboratory Model 3084, low-pass, high—pass band—pass

filter. This filter served to filter out any low frequency noise that

might mask out the low level high frequency signals. The frequency
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characteristics of this filter are shown in Figure 18. Because some

attenuation occurred at all frequencies through the filter, a Mclntosh

Power Amplifier Model MC75 with a flat frequency response from 5 Hz

to 75 kHz was used on the output of the filter and adjusted to give a

unity gain through the filters.

Tape Recorders

The data were taken from the output of the Mclntosh Amplifier and

stored on magnetic tape in analog form. Two 7-track data tape recorders

(a Honeywell 5600 and a Sanborn 3900) were available for this data

storage. The Honeywell recorder was equipped for both direct and FM

recording and has three modes of operations: the standard mode, the

extended mode, and the double extended mode. The frequency response for

direct recording was flat + 3dB from 50 Hz to 300 kHz and from dc to 40 kHz

on FM. Also seven recording speeds were available: 15/16, 1-7/8, 3-3/4,

7-1/2, 15, 30, and 60 inches per second.

The recorder contained independent record and reproduce plug-in

module cards for both direct and FM recording speed. An input and out

put card was selected for each channel and this pair of cards were

calibrated to give unity gain through the recorder. The same pair of

cards were used to record and reproduce all direct record data, and the

same pair of FM cards were used to record and reproduce all FM data.

This was done so that the amplitude on the power spectral density could

be compared for all data.

The Sanborn recorder also was equipped with seven data channels.

Again, the same pair of data cards were used to record and reproduce all

data.
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VI. Data Analysis Equipment

The major components of the data analysis system are shown in

Figure 19. This system consists of a tape loop recorder, an oscillo

graph, oscilloscopes, a real-time analyzer, a correlator, ahd x-y recorder

(Figure 20).

The analog data could be analyzed for amplitude and frequency

content from either data stored on magnetic tape or directly from the

transducer in real-time. A Signal Analysis Industries Corporation

(SAICOR) real-time spectrum analyzer. Model SAI-52, was used for these

analyses. For a thorough discussion of the theory of operation of this

type of instrument see references 11, 12, 21, 32, and 63.

The data could be fed from either tape recorder directly into the

analyzer or correlator. If time scaling was desirable, the data were

fed into the Ampex bin loop recorder. Model FB 450. The bin loop recorder

contained seven data channels and six record speeds. The loop could be

adjusted for any given data length up to 200 ft. The electronics in this

machine were compatible with the tape recorders so that data could be

transferred from one to the other without loss of information.

The data on the bin loop recorder could be time scaled and viewed

in analog form on a Honeywell Oscillograph, Model 2106. This graphic

presentation was used to determine the type of information that was con

tained in the analog data. This information was then used to select

more accurately the analyzer adjustment before the data were processed.
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Analyzer

The analyzer is a complex instrument and it is equipped with

several functions of operations. There are six major functions as

shown on the front of the instrument in Figure 21. They are the input,

display, frequency range, memory, integration, and output sections.

The input section contains signal coupling, signal calibration,

input signal level adjustments, and overload indicators. The display

section allows the processed signal to be displayed either on an oscillo

scope or on an x-y recorder. The frequency range section consists of a

10-position rotary switch for selecting the frequency range to be

analyzed. The lowest range is 0.1 to 20 Hz: the next eight ranges pro

gress in a 1-2-5 sequence up to a range of 20 kHz. The tenth range is

2.5 kHz to 1 mHz. The memory section contains two modes of operation,

the manual capture and the self-capture. The memory retains the latest

1200 nine-bit words of information. The integration section integrates

the function that it receives from the analyzer output. In addition,

the integrator will perform a log or a log square transformation on the

data and store this information for display purposes. The output section

contains a calibrate control, an output overload indicator, an output

gain control, and weighing functions. The weighing functions are linear,

square, and log. These functions can be recorded at the output of the

analyzer or they can be transferred into the integrator for time

averaging.

The processed data from the analyzer were recorded on a Honeywell

Model 540 x-y recorder. Both the amplitude, y-axis, and frequency.
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x-axis, were calibrated for the power spectral density measurements.

Only the x-axis were calibrated for the frequency spectrum.



CHAPTER IV

EXPERIMENTAL PROCEDURES

This chapter gives a description of the techniques and procedures

which were developed to record and to analyze many of the sounds that

are produced by the Caribbean fruit fly. Several characteristics of

flight sounds were determined and their correlation to age and to sex

were investigated. The waveforms and frequency content of these flight

sounds were compared with those of other sounds produced by the fruit

fly. The characteristics of other sounds that are incidental to ordinary

movements were also determined. In preliminary studies some high

frequency signals were observed on the calling sound. Therefore, it

became necessary to determine if this high frequency component existed

only on the calling sound or on other sounds as well. The calling sound

was isolated and characterized and those frequencies that are common to

other fly movements were identified.

After the calling sound was identified this sound was reproduced

to both males and females and their response to it was measured. A

bioassay test system was designed and constructed for these response

studies.

I. Raising and Handling of Insects

The fruit flies used were reared to the pupal stage at the

Sub-Tropical Experimental Station, Homestead, Florida. The pupae,

subsequently, were shipped to the Gainesville laboratory and approximately

67



68

2,000 were placed in each rearing cage where they emerged into the

adult stage. The standard adult diet (sugar, water, and yeast

hydrolysate) was placed in the cage so that the emerging flies would

have immediate access to it. The rearing room conditions were main

tained at a temperature between 70 and 80°F, a relative humidity between

40 and 50 percent, and a light level between 500 and 650 lux at cage

height. Adult flies were maintained under a light and dark cycle from

0800 to 1900 and 1900 to 0800 hours, respectively.

The majority of the adults emerged within three days after initial

emergence, and the emergence date was recorded so that adults of known

age and sex could be used for specific tests. At the end of each day,

emergent flies were sexed with an aspirator and placed in holding cages

which were provided with food and water. The males were isolated in a

separate holding room from the females. The room conditions were

similar to that of the rearing room.

Adult flies were transferred from the holding cages as required.

The flies that were used in the flight mill studies were removed from the

holding cages in small plastic vials and placed in cool air until they

became immobilized. A 23 gauge wire bent at a right angle was attached

to the thorax of each immobilized fly by means of plastic rubber cement.

Once the flies were attached to the wire, they were then placed on a

holding mount where they were allowed to fully recover. After the

recovery period, they were allowed to fan their wings in a stationary

position for about one minute at which time a piece of paper about 1/4

inch square was placed under their feet. The flies would hold the paper

by their feet and remain stationary until the paper was removed. They
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were then transferred into the anechoic chamber where the flight mill

tests were conducted.

The flies used to record the calling and premating sounds

remained in the holding cages and were transferred to the anechoic

chamber as needed. These recordings were made directly from the holding

cages.

II. Characteristics of Flight Sounds

Flight sounds will be defined as any sounds produced by the fly

during flight. These sounds can be produced by a number of mechanisms,

such as wing movements, muscle movements, etc. Therefore, the purpose

of the flight sound studies was to obtain a better understanding of the

signals generated by such movements and correlate them with the sounds

made during calling. By eliminating incidental flight sounds, the

information contained in the calling sound was easier to identify.

Experimental Design

A randomized block experimental design was used in the flight

mill studies. There were 18 treatments with 15 replications: the age

of the flies were considered as treatments. Data were taken on flies from

1 to 15, 20, 25, and 30 days old. Five replications were taken from each

of three shipments of flies. Bartlett's test of homogeneity of the

variances was used to show that the variances of all shipments of flies

were from the same population 95 percent of the time.
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Data Recording

The 1-inch microphone was used in the flight mill data recordings

because of its greater sensitivity to the lower frequencies. The signal

from the microphone was fed through the cathode follower and then into

the 2604 sound pressure level meter where the sound pressure level was

recorded. The signal was then fed through the high-pass filter, which

filtered out all signals below 70 Hz and then through the power ampli

fier. At the output of the amplifier, the signal was paralleled into

the spectrum analyzer for immediate analysis and into the data tape

recorder for later processing. The maximum signal level at the input

of the spectrum analyzer was recorded for each data run. This allowed the

maximum signal level to be identified in order to later calibrate the

spectrum analyzer and x-y recorder for the power spectral density plots.

The frequency response of this system was flat + 3 dB from 70 Hz to

5 kHz. The response was limited on the low side by the high-pass filter

and on the high side by the tape recorder.

Data Analysis

The analog data were fed directly from the tape recorder, in

real-time, into the spectrum analyzer where the power spectral density

was calculated and stored in memory. The processed data were then fed

from the analyzer memory into the x-y recorder where a power spectral

density plot was obtained for each fly. The analyzer and x-y recorder

were calibrated, as explained in Appendix B, to give a known amplitude in

dB re 100 mv and a frequency in Hz for each power spectral density record.

These calibrations were checked before each data run.
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The data were analyzed on the 2 kHz frequency range with a

resolution of 5 Hz. The processed signal length per integration was

0.2 seconds, and since 64 integrations were performed, the total pro

cessed signal length was 12.8 seconds. The 12.8 seconds of data were

taken from the 20 to 32 second portion of the data record. This analog

data entered the analyzer in the time domain as f(x^) and the Fourier

Coefficients were then calculated in the linear mode for each of the 400

bins. The processed data g(x^), now in the frequency domain, were stored

in the analyzer memory where g(x^) represented the Fourier Coefficient

of the input function f(x^). This process was repeated until 64

integrations had been performed. The integrator averaged the function in

each bin, squared the function, and then took the log. Therefore, the

output function of each bin was as follows:

N 2
Power spectral density = [tt ^ glx^)] log

i=l

where:

N = 64 and g(x^) = Fourier Coefficient.

The log function was included to give better identification of the low

level signals by suppressing the large signals and enhancing the small

ones. The amplitude, frequency, and harmonic content was obtained from

each power spectral density plot.
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III. Characteristics of Sounds Incidental

to Ordinary Movement

There are many soiinds associated with ordinary movements of

insects. Such sounds include flight sounds, aggression sounds, sounds

caused by walking, wing movements other than flight, cleaning and rubbing

the wings with their legs. Typical signatures of these sounds were

recorded and analyzed for waveform characteristics and frequency content.

The high frequency content between 18 and 40 kHz was of primary interest

because this frequency occurred on the calling sound. Therefore, the

major purpose of analyzing these sounds was to determine if this

frequency was common to all insect movements.

Data Recording

The 1/2- and 1/4-inch microphones were used to record the data

from the incidental sounds. The 1/2-inch microphone has a flat frequency

response to 40 kHz + 3 dB and the 1/4 inch to 100 kHz + 3 dB. The

frequency response is much greater with these microphones than with the

1-inch; however, the sensitivity is much less. The noise level of the

-5 2
1/4-inch microphone is approximately 75 dB re 2 x 10 N/m and is

primarily white noise that extends to 320 kHz. The low-level, high-

frequency signals that occurred on the incidental and calling sounds

-5 2
ranged from 30 to 50 dB re 2 x 10 N/m . With the use of this micro

phone positive identification of these frequencies was difficult, even

with the aid of the signal enhancement on the analyzer. Therefore, the

1/2-inch microphone was used primarily in these high frequency identi

fications. The 1/4-inch microphone was used to investigate for any
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discrete periodic frequencies that might occur above AO kHz.

The Honeywell recorder was used to record the above data. The

recorder was operated in the direct recording mode at a speed of 15 inches

per second which gave a frequency response of 100 Hz to 75 kHz.

The procedures used to record the high frequency flight sound

data were the same as those used in the flight mill studies except for

the microphones and recorder speeds. The fly was mounted on the flight

mill, and the data were recorded in static flight using the 1/2-and 1/A-

inch microphones. These microphones were located in the same relative

position to the fly as in the flight mill studies.

It was observed many times during this research that when a male

was in the process of producing the calling sound, another male would

approach and attack the calling male. These aggressive acts were

accomplished by rapid wing movements and body contacts. The sounds

produced by these activities were recorded and analyzed to determine if

they also contained the high frequency components that occurred on the

calling sound.

The aggressive sounds were recorded by placing several males in a

holding cage. A male would normally select a location on the screen

wire cover at the top of the cage to call. When a male was observed to

begin calling, the microphone was placed about 1/2 inch above him. The

microphone was left in this position until an aggressive male attacked

the calling male. The same equipment was used to record these sounds as

was used in all other high frequency recordings.

Sounds of other fly movements were also recorded and analyzed.

These sounds were produced by such activities as walking, slow movements
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of the wings, and cleaning or rubbing the wings with their legs. These

recordings were made by holding a microphone as close to the caged

flies as possible without disturbing them. Each activity was identified

on the tape as the recordings were made, and the sounds from these

activities were analyzed for their high frequency content.

The high frequency components were observed to occur on the

flight data, aggression sounds, incidental movements of the flies, mating

sounds, and calling sounds. An investigation was made to determine if

the high frequency components were associated with any particular movement

or body part of the flies. Therefore, sounds were recorded and analyzed

of the flies, both males and females, after certain body parts were

removed. The body parts removed were: one-half of each wing, both wings,

legs, abdomen, thoraic muscles, and the head. Also, one wing was

removed and a sharp object was rubbed against it. These sounds were recorded

by attaching the fly to a holding wire, removing the body part, and hold

ing the fly above the microphone by the holding wire. Again the 1/2- and

1/4-inch microphones were used to record these data.

The premating sound is made by the male fly after the male mounts

the female for mating but before mating takes place. The sound is made

by a continuous fanning of the wings. The purpose of this sound is

unknown, but its analysis was made to determine its similarity to the

calling sound and to determine if the high frequency components were

present.

Sound recordings were made from the holding cages that contained

both males and females. The microphones were located close to a calling

male, and after he had attracted a mate, the premating sounds were



77

recorded. The 1-inch microphone was used to record the low frequency

fanning action and the 1/2- and 1/4-inch microphones were used to record

the high frequency signals.

Data Analysis

The high-frequency, low-amplitude signals were analyzed by

filtering out the low-frequency, high-amplitude signals. All frequencies

below 16 kHz were filtered out. These high frequency signals were then

amplified before they were analyzed. A frequency analysis was performed

on all the incidental sounds to determine if the high frequency was

present on each.

IV. Characteristics of the Calling Sound

The calling sound is made by the male fly before pair formation

takes place. After the male begins to make the calling sound, he will

remain in a near stationary position until he either attracts a mate or

moves to a new location. Therefore, it was possible to locate the micro

phone very close to the calling male and record this sound without

disturbing the fly. The recordings were made with the fly unrestricted

in a holding cage. Once the fly began to call inside the cage, the

microphone was located outside the cage approximately a 1/2 inch above

the fly (Figure 23). Data were taken on each fly until he moved to a

new location or attracted a mate. If he attracted a mate, the premating

sound was also recorded, and this allowed a direct comparison of the

calling and premating sound of the same fly. Calling sounds were

recorded from flies six through twenty days old.
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Figure 23. Microphone located over holding cage for recording
calling sounds.
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Most of these data were taken with the 1/2-inch microphone.

However, random samples of data were also taken with the 1—inch and

1/4-inch microphones in order to better examine the very low and the

very high frequency components.

The calling sounds were analyzed for waveform characteristics,

frequency content, amplitude, and pulse information. The waveform

characteristics and frequency content were determined and compared to

those of the flight, aggression, and premating sounds.

V. Response of the Fruit Fly to Reproduced Calling Sounds

After the calling sound had been isolated and identified, tests

were conducted to determine if there were any indications that this sound

is used as one mode of communication between the same sex or between

different sexes, either alone or in combination with sex pheromone

extract. The calling sounds used in these response tests were recorded

as described previously using the 1/2-inch microphone and the Honeywell

tape recorder. Those sounds of good quality were dubbed onto another

tape for these tests. This tape contained three hours of calling sounds

of flies from six to twenty days old, and the calls were randomly placed

on the tape so that no sound from the same fly was repeated for at least

one hour. The waveform and sound pressure level were checked at each

speaker and recalibrated, if required, before each replication.

The sex pheromone produced by males, perhaps during the wing

fanning, attracts sexually matured females and has not been identified

and synthesized. However, J. L. Nation of the University of Florida

supplied a sufficient amount of extract containing the pheromone for
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these tests. The amount of pheromone contained in the extract was

unknown, but it constantly resulted in good attraction, 30 to 45 percent,

of mature females. The extract was stored in a refrigerator at 40OF.

About 15 minutes before the tests were begun, the extract was removed

from cold storage, shaken, and then 3 ml pipetted onto filter paper

which had been rolled into a cylinder. The treated paper was then

placed into the treatment chamber (Figure 4, page 35).

Next, the sound and air were initiated. The air flow in each unit

was measured and adjusted before each replication to insure equal air

flow within each cell and each test unit. Subsequently, 50 flies of the

appropriate sex and age were released in the center test cell.

Three experiments arranged in a randomized block experimental

design were conducted to measure the response of the fruit flies to these

treatments. A sound pressure level of approximately 65, 65, and 50 dB was

maintained at the entrance of the center chamber for tests 1, 2, and 3,

respectively.

The first experiment using flies eight through thirteen days old

was repeated 16 times and consisted of eight treatments simultaneously

tested. These tests included males and females to sound, males to males,

females to males, males and females to extract plus sound, and males and

females to extract. Since previous data indicated age effects, the

second experiment was carried out to test responsiveness of young females

six to eight days old. This experiment had two treatments, sound plus

extract and extract alone, and was replicated eight times. The third

test was the same as the second except that the sound pressure level was

reduced to 50 dB. All tests were carried out from 3:00 p.m. to 8:00 p.m.



81

The flies attracted and trapped onto the sticky fly trap rings were

counted, and each test unit was cleaned and allowed to air for 48 hours

before another replication was conducted.
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The flight data were analyzed for waveform characteristics,

frequency and harmonic content, sound pressure level, and flight

velocity as related to the age and sex of the flies. While individual

variations in waveform information occurred, the basic waveform remained

constant. The basic waveform consisted of a fundamental frequency with

a time period between 5 and 9 msec, which was considered to be the time

for one complete cycle of the wing stroke. Contained within this time

period was one or more low amplitude frequencies with a time period of

1/3 to 1/8 that of the fundamental (Figure 24). The source of these

higher frequencies was not determined, but with the aid of high speed

photography, the wing movements could be correlated with waveform shape.

The frequency of these waveforms occurred periodically within the funda

mental period; therefore, their spectral peak occurred as a multiple

of the fundamental in the spectral analysis, usually in a harmonic.

Typical waveforms produced by each sex at each age tested are shown in

Figures 25 and 26. Also a composite power spectral density for each of

these waveforms is shown in Figures 27 and 28. A frequency spectrum for

the 3- and 11-day old males and females is also shown in Figures 29 and

30.

The data from these waveforms appeared to fall into two classi

fications: complex periodic and almost periodic data (19). The complex

periodic data occurred when the flies were fanning their wings at a

constant rate with no variation in the wingbeat. The almost periodic

data occurred when there were variations in the wing movements. An

important property of almost periodic data is that, if the phase angle

is ignored, the data can be characterized by a discrete frequency
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Figure 24. Waveform of flight sounds showing the fundamental
period (T ) and the secondary periods contained within Tp. Pulse marker
at 10 mseE.
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Figure 25. Waveforms of flight sounds of male (top trace) and
females (bottom trace) fruit flies ages from one through nine days old.
Pulse markers occur each 5 msec.
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Figure 26, Waveforms of flight sounds of males (top trace) and

females (bottom trace) fruit flies ages 10 through 15, 20, 25, and 30
days old. Pulse markers occur each 5 msec.
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spectrum similar to that for complex periodic data. Since the phase

angle was lost in the time averaging process, the frequency spectrum was

very similar for both the complex and the almost periodic data.

The data were considered complex when the fundamental frequency,

as well as the harmonics, appeared as discrete spectral lines with the

fundamental frequency being the greatest in amplitude. Data were con

sidered almost periodic when the fundamental frequency was less in

amplitude than the second harmonic and when the spectral lines in the

fourth or higher harmonic contained more than one spectral peak (Figure

31). The complex periodic and almost periodic waveforms were random

throughout the data with both waveforms occurring about 50 percent of the

time for both sexes and all ages of the flies.

A power spectral density was calculated and plotted from the analog

data of each fly in both the static and dynamic flight tests. Since it

was not practical to include all 1080 power spectral density plots, the

data were extracted from these plots and presented in table and graph

form. The wingbeat frequency was read directly from each power spectral

density plot. The sound pressure level was recorded from the sound

-5 2
pressure level meter in dB re 2 x 10 N/m at the time each test was

conducted. The peak power contained in the fundamental frequency was

measured from each power spectral density plot in dB re 100 mv. The

peak power in the harmonics was measured from each power spectral density

in dB re 100 mv. Also the total number of harmonics for each power

spectral density was determined from the plots. These data were tabulated

and tested for statistical significance at the 5 percent probability

level by the analysis of variance and the Duncan's multiple range test.
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These data are presented in Tables HI, IV, and V. The standard

deviation for each variable is shown in Tables VI and VII. A regression

analysis was performed for each measured parameter and correlated with

age. In all cases except one, the data were found to fit a third order

polynomial as shown in Figures 32 through 39. The wingbeat vs velocity
2

data were found to fit a linear regression curve with an R value of

0.90 for males and 0.81 for females (Figure 36). The polynomials were of

the form:

O *3

Y = a + bx + cx + dx

where:

Y = the estimated value of the variable that appears

on the y axis of each regression curve

X = fly's age in days.

The polynomial equation for each regression curve appears with its

respective curve in each figure.

The linear regression curve was of the form:

Y = a + bx

where:

Y = the estimate of flight velocity that corresponds

to a given wing beat frequency

X = wing beat frequency.

The standard deviation (Tables VI and VII) was used as a measure

of the variability of flies within each age group. As expected, the

variability was large in each parameter measured. The variability, in
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general, was larger for the younger and older flies than for flies from

eight to fourteen days old. However, the variability in the number of

harmonics was less for the older flies than for all others. This

indicated that the wing movements in flight were more uniform for the

older flies than for the younger flies.

Measurements of several sound parameters produced by the wingbeat

of both sexes are shown as means in Tables HI, IV, and V. Generally,

flies from one to four days of age were weaker than older flies. These

young flies, one to four days old, recorded low values in most categories.

Difficulty was experienced in recording data on these flies because only

a few remained in flight for as long as 60 sec. The younger flies were

also smaller than the older flies. The lowest, 133 and 123 Hz, and

highest, 160 and 164 Hz, mean frequencies were recorded at one and

fourteen days, respectively, for males and females. For comparisons of

dynamic mean frequencies, one-day-old males and females also had the

lowest frequencies, 114 and 116 Hz, but thirty-day-old males and

fourteen-day-old females recorded the highest frequencies at 155 and

160 Hz, respectively.

The data were also analyzed using regression analysis, and these

curves, including equations, are shown in Figures 32 through 39. These

curves show that most parameters increased up to approximately 12 days for

both sexes except for sound pressure level. Males reached a peak at

approximately 18 days in this category. At 24 days, the wingbeat

frequency decreased in dynamic flight for both sexes, but for males it

increased sharply from 24 to 30 days. Differences among dynamic wingbeat

frequencies were more apparent between sexes from approximately 8 to 15
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and 26 to 32 days. The curves of static and dynamic wingbeat frequency

were very similar for both sexes except that the wingbeat frequency

was lower in the latter frequency.

The static and dynamic wingbeat frequencies were compared with

a t-test, and it was found that both sexes had a higher wingbeat

frequency in static flight: at ages of 1, 2, 4, 6, 14, artd 20 days, wing-

beat frequencies for males were higher in static flight; for females,

frequencies were higher in static flight at 2, 4—6, and 9—12 days.

The differences between sexes in dyanmic flight were compared and

the frequencies were found to be higher for females at two days, 125 vs 117

Hz, and higher for males at twelve days, 155 vs 145 Hz. Males and

females in static flight had higher frequencies at one and five days,

respectively. Also, in static wingbeat analysis, two-day-old females

had a higher total peak power in harmonics than males the same age. Only

two-day-old females had a higher sound pressure level than males the

same age. Females at one and eight days had a higher peak power of the

fundamental frequency than one— and eight—day—old males. However, males

were superior to females at twenty days. Females had more peak power of

the fundamental frequency than males at two and thirteen days.

The flight velocity of females was greater than that of males

only at two days of age, 125 vs 117 ft/sec. Flight velocity correlated

with wingbeat frequency for both sexes is shown by linear regression

analysis in Figure 36, page 103. The velocity for males and females ranged

from approximately 3 to 4 ft/sec, being lowest for both sexes at one to

two days and highest at nine days for males and fourteen days for

females.
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Freshly emerged A. suspensa must allow their wings to expand and

their bodies to harden before any sustained flight activities can be

accomplished. It was difficult to record data using one- to four-day-

old flies, but when they surpassed four days of age, the flies responded

well for experimentation. Sexually matured males rapidly fan their

wings in courtship for the greater part of their adult life span. This

fanning plus other activities within the cages by both sexes caused the

wings to become frayed, broken, and completely removed in very old flies;

thus, it was difficult to select a perfect specimen older than approxi

mately thirteen days. And the reduced wing area partially accounted for

the higher frequencies of older males which had wings in poorer

condition than females.

Wingbeat frequencies increased up to approximately 12 days for

males and females. Frequencies increased again after 24 days for both

sexes, but the increase was greater for males. Wingbeat frequencies

were higher in static than in dynamic flight for both sexes at most ages,

and this indicated that the flies exerted more energy in the former

position.

The flight sound data indicated that both sexes were similar with

respect to most of the parameters studied. Also, the waveform of indi

vidual flies were similar for all ages. Based on findings of this

study, the flies can be categorized into three age groups: the one-

to four-day-old flies as immature, the eight- to fourteen-day-old flies

as mature with good flight ability, and flies over fourteen days as

mature with poor flight ability. Therefore, the most vigorous laboratory

flies were found to be eight to twelve days old. This age fly was

later selected for the bioassay studies.
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II. Characteristics of Sounds Incidental

to Ordinary Movement

All insects are known to make sounds that are incidental to

ordinary movement (46). Perhaps the most common sounds in this class

is the flight sounds made by all flying insects. Because of the

importance of flight sounds to the behavior of the fruit fly a detailed

study, as discussed in the previous section, was made. Four distinct

sounds with low frequency components and one with a high frequency com

ponent were found to be produced by fruit flies. Two of these sounds

were associated with mating behavior, one each with flight and aggression

activities. The high frequency sound appeared to be associated with all

movements of the fly.

The aggression sound is made by one male fly as he is preparing to

attack another male fly. This sound is produced by a prolonged wing

fanning. The frequency and waveforms produced by this sound may vary

slightly from one fly to another, but the basic waveform and frequency

content remain much the same, as shown in Figures 40 and 41.

The premating sound is produced by the male after he mounts the

female but before mating takes place, and it appears to be used as a

courtship sound. This sound is made by a continuous wing fanning with a

duration of several seconds. Again individual variations occur from one

fly to another, but the basic waveform and frequency content remains

much the same, as shown in Figures 42 and 43.

The fundamental frequency and the sound pressure level of the

aggression and premating sounds were very similar to the flight sounds;



Ill

Figure 40. Aggression sound as produced by the male fruit fly:
(A) Waveforms of prolonged sound, and (B) Expanded Waveform. 10 msec
pulse marker.
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Figure 42. Premating sound produced by wing fanning of the male
fruit fly: (A) prolonged fanning, (B) expanded waveform. 10 msec
pulse marker.
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however, the waveform content was different. A frequency signature of

the flight sounds of both males and females is shown in Figure 44 for

comparison.

When the calling sound was examined closely, a low amplitude,

high frequency signal was observed to occur at irregular intervals on

the waveform. The frequency of these signals ranged from 18 to 60 kHz

with the major frequencies between 20 and 35 kHz with an amplitude

ranging from 50 to 100 mv. An analysis was made of the flight, aggression,

and premating sounds to determine if these high frequency signals also

occurred on them. It was important to determine if these signals were

part of the information transferred during calling or if they were

ordinary movement sounds.

The flight sounds of both the males and females were examined

and were found to contain this high frequency (Figures 45 and 46). The

waveforms containing this high frequency signal for the aggression,

premating, and calling sounds are shown in Figures 47, 48, and 49. The

high frequency signal was found to exist on each low frequency waveform.

An attempt was made to locate the source of these high frequency

sounds. The method used to isolate these sounds was to remove specific

body parts which were believed to be the source of these sounds.

The first body part removed was 1/2 of each wing. It was thought

that the wing tips could be brushing against bristles or other objects

on the thorax or abdomen; however, this did not prove to be the case.

Other body parts removed completely were both wings, all legs, abdomen,

halteres, thoracic muscles, and a wing was removed and a stiff object

was brushed against the sclerites of the wings. When these body parts
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Figure 45. Flight sound of male fly: (A) Low frequency signal
with high frequency component, (B) Expanded high frequency with 10 msec
timing pulse.
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Figure 46. Flight sounds of female fly: (A) Low frequency signal
with high frequency component, (B) Expanded high frequency with 10 msec
timing pulse.
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Figure 47. Aggression sound: (A) Low frequency signal with high
frequency component, (B) Expanded high frequency with 10 msec timing
pulse.
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Figure 48. Prematlng sounds: (A) Low frequency signal with high
frequency component, (B) Expanded high frequency with 10 msec timing pulse.
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Figure 49. Calling sounds: (A) Low frequency signal with high
frequency components, (B) Expanded high frequency with 10 msec timing
pulse.
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were removed, the high frequency was still found to exist on all wave

forms. The characteristics of these signals were the same after each

body part was removed as those contained on the low frequency signals:

an example of the typical high frequency signal is shown in Figure 50.

A frequency spectrum is shown for each condition in Figure 51, and each is

identified by a number from one through thirteen; this number corresponds

to the following condition: (1) a male in normal static flight, (2) the

same male with 1/2 of both wings removed, (3) a female in normal static

flight, (4) the same female with 1/2 of both wings removed, (5) a male in

static flight with both wings removed, (6) a male in static flight with

all legs removed, (7) a male in static flight with the abdomen removed,

(8) a male in static flight with thoracic muscles removed, (9) a wing

removed and brushed with a stiff object, (10) a male in static flight with

halteres removed, (11) the high frequency on an aggression waveform,

(12) the high frequency on a premating sound, and (13) the high frequency

on a calling sound. Therefore, it was concluded that this high frequency

was generated by parts rubbing against the sclerites which exist on all

body parts. And this high frequency will not be considered as part of

the communicative signal in the calling sound, but will be considered an

incidental sound to ordinary movement.

III. The Calling Sound

The calling sound produced by the male Caribbean fruit fly before

pair formation is a specialized sound made by very rapid, precision wing

movements. Many visual observations were made of caged flies and the

activities surrounding the production of this sound before data
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Figure 50. Typical high frequency signal contained in all fly
movements. 10 msec pulse marker.
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recordings were begun. Several sexually mature females were placed

in a holding cage; then a male was released in the cage with the

females. If the male failed to produce the calling sound, no mating took

place. If the male called, he would first select a location some

distance from another fly and would move his metathoracic legs backward

and forward over the dorsal surface of his wings. When this was com

pleted, he would begin to call by initiating short bursts of rapid wing

movements. An individual burst might last from a few msec to several

seconds, and the length of the call could range from a few seconds to

several minutes. The calling male would remain in the same location

throughout the calling period but would turn clockwise or counter clock

wise and continue to call until another male approached, until a female

approached, or until he moved to a new location. Frequently, when more

than one male was in the cage, another male would approach the calling

male and initiate aggressive action against the calling fly. If the

calling male induced the aggressive male to leave, he would continue to

call from that same location; however, if the aggressive male induced

the calling male to leave, the calling male would move to a new location

to call and the aggressive male would begin to call at that location.

If a female approached to within 1 to 3 inches of the calling

male, he would stop calling. The male would remain stationary while the

female walked around and touched the male with her torso. If the female

did not touch the male, no mating was observed, and the male would start

calling again. If, however, the female touched the male, the male would

mount the female and begin rapidly fanning his wings. This rapid wing

fanning, referred to as the premating sound, would continue until the
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female raised her ovipositor sheath to the vertical or near vertical

position for mating to begin. If the female did not raise her ovipositor

sheath, the male would return to the calling location and would resume

his calling. There were exceptions to the above procedures, but these

were the usual.

The calling sound consists of a series of pulses within a pulse

train; the length of these pulse trains depends upon the length of time

a male fly remains and calls in one location. The time period of a pulse

period varies from a few seconds to several minutes. An example of a

typical pulse train, the pulse duration, and the pulse interval is shown

in Figure 52. This pulse train usually consists of both short and long

pulses. Several hundred pulse durations and pulse intervals were measured

from several calling males at ages six through sixteen and twenty days

old. The pulse amplitude was also measured. However, since the calling

males could not be constrained, the distance between the microphone and the

male could not be closely controlled. Therefore, the amplitudes could only

indicate trends. The total number of pulses counted varied with each

fly; however, a minimum of 300 were counted for each age. The data for

the pulse duration, pulse interval, and pulse amplitude are shown and

expressed as a percent of those measured in each age group in Tables

VIII, IX, and X, respectively. The shortest pulse recorded was 0.04 seconds

and the longest was 14.6 seconds. The youngest flies to call, six and

seven days old, had short pulse durations with no long calls being re

corded. In most instances, about 60 percent of the pulse durations were

less than 0.5 seconds, and about 85 percent were less than 0.75 seconds.

Some wild flies, which had emerged from rose apples in Homestead, Florida,
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were captured and tested: the duration of their pulses were normally

less than 0.5 seconds with no long pulses being recorded. The older

flies had longer pulse intervals and higher amplitude signals than those

of the younger flies. The sound pressure levels that were measured from

]_5 flies of each age averaged 73 dB at six days and 71 dB at sixteen

days. No differences in sound pressure level of the calling sound were

shown at any age.

An individual pulse was composed of two distinct parts, identified

as A and B parts (Figure 53). In most pulses, there was a transition

between the A and B parts called the C part, which consisted of one to

three cycles.

The frequency contained within the A and B parts of the pulses

were measured for both short and long pulses for each fly at each age.

The duration of the A part was independent of the total pulse duration.

The duration of part A ranged from 0.04 to 0.12 seconds and remained

constant regardless of the length of the total pulse or the duration of

part B. While the frequency in parts A and B varied even within the

same pulse train, the fundamental frequency in part A was always lower

than that in the B part. This difference ranged from 19 to 50 with

an average of 32 for the short pulses and 35 for the long pulses.

The number of cycles contained in an average long and short pulse for

each age fly is shown in Table XI. The number of cycles in part B varied

greatly, depending on the pulse duration. The number of cycles in part

A remained almost constant, varying only from five to fourteen cycles

with an average of eight cycles.
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Figure 53.
A and B parts.

An individual pulse of the calling sound, showing the
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The waveforms in part A approached a sine wave with a time

period, T^, which remained almost constant in ail pulses and ages of

flies (Figure 5A). The information contained in part B was more com

plex than that in part A (Figure 55). The fundamental frequency, with

a time period, ranged from 120 to 150 After the pulse started,

the fundamental frequency was very constant with a constant amplitude

throughout the pulse. Contained within the fundamental frequency period

were some higher frequency components. The pulse amplitude was greater

for the younger than for the older flies (Table X, page 130). The time

periods for the various frequencies were labeled as shown in Figure 56.

The time period for one cycle in the B part of the pulse was T^^. Also

contained within T^ are three other distinct time periods that appeared
b

on all pulses measured, and these periods are referred to as T^, T^,

and T^. The frequencies associated with these other time periods are

higher in frequency content and lower in energy content than Tj^. When

several hundred pulses were analyzed from flies of all ages, the time

periods, T , T , T , and T , were found to vary slightly in frequency
D C Ci 6

and amplitude from pulse to pulse; however, they were found to be constant

v/ithin a given pulse. The data obtained from a six and twelve day old

laboratory fly and a wild fly, and the frequency associated with each

time period are shown in Figure 57. The sharpness of the spectral lines

of T^ indicated the uniformity of the fundamental frequency. The
b

spectral line for however, was wider, indicating the frequency in

this time period was more variable within each pulse than The

frequency range in was 90 to 125 for T^, 120 to 150 for T^, 240 to

300 for T , 260 to 310 for T , and 800 to 1200 for T . When the calling
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Figure 54. Part A of the calling sound: (Top) complete A part,
(Bottom) expanded A part. 10 msec pulse marker.
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Figure 55. Part B of the calling sound: (Top) total B part,
(Bottom) expanded B part. 10 msec pulse marker.
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Figure 56. Information contained in one time period of Tj^.
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WILD FLY

0.5

FREQUENCY -KH7

1.0

uj 0

J 2

6-DAY OLD

Figure 57. Frequency analysis of the calling sound of a six-day-
old, twelve-day-old, and a wild fly. The time periods in Figure 56 are
correlated with their respective frequencies.
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sound was analyzed for males six through twenty days of age, the time

periods T^, T^, , and varied in frequency and amplitude among

pulses but remained constant within a given pulse. There was as much

variation in frequency and amplitude of pulses within the same pulse train

of a given age fly as there was between the pulses of flies of different

ages. A frequency analysis for each age fly is shown in Figure 58.

A comparison of the waveform of the premating and flight sounds

is shown in Figure 59. The premating, aggression, and flight sounds are

produced by continuous fanning; whereas the calling sound is pulsed

information. The fundamental frequency of the flight, premating, aggres

sion, and calling sounds are very similar; however, the waveforms of

each activity have a very distinct signature (Figure 60). The signature

of the calling sound was shown to be different from all other sounds

produced by the Caribbean fruit fly.

IV. Response of the Caribbean Fruit Fly to the

Reproduced Calling Sound

The response of the fruit fly to the reproduced calling sound

was measured with the use of the bioassay test units. Fifty flies were

released in the center cell and they were allowed to move toward the

treatment, to move away from the treatment, or to remain in the center

chamber. The number of flies that moved away from the treatment were

assumed to be a measure of random movement, and the random movement was

assumed to be equal in both direction from the center cell. The dif

ference between the number of flies moving away from the treatment

and those going toward the treatment were assumed to be the number of
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flies responding to the treatment. Three tests were conducted to

determine if the calling sound is used as one mode of communication

during courtship.

The first test was conducted to determine if both the females

and males or only one sex responds to the calling sound. This test

measured the response of the males and females to calling males> to

reproduced calling sound, to pheromone extract, and to reproduced calling

sound in combination with pheromone extract. The sound pressure level

for this test was maintained at approximately 65 dB at the entrance

to the release cell. The age of the test flies ranged from eight to thir

teen days old; these ages were shown to have the best flight ability in

the flight sound studies. The data were analyzed by multivariant

analyses and a summary of the results is shown in Table XII.

The results show that males did not respond to sound along or to

sound in combination with the pheromone extract. The females responded to

calling males, to pheromone extract, and to reproduced sound plus

pheromone extract, but did not respond to sound alone.

The second test was conducted to determine if the younger flies,

six to eight days old, were more responsive than the older flies were to

the reproduced calling sound and to the pheromone extract. The sound

pressure level was maintained at 65 dB. The number of younger female

flies responding to extract along was less than the number of older flies

that responded. This indicated that the older flies were more dependent

on the pheromone for locating a mate and that the younger flies were

more dependent on sound.
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The third test was conducted to investigate the possibility that

the calling sound is used as a long range communicative signal. To

simulate distance effect, the sound pressure levels was reduced from

65 to 50 dB, and all other test conditions remained the same as in test 2.

The response of the females to extract alone was about the same as in

test 2, and no response was measured to sound alone. But there was a

significant increase to sound plus the pheromone extract. This test

indicated that the calling sound in combination with pheromone is used

as one mode of communication between the male and female in locating a

mate. This test also indicated that this sound is most likely used as a

long range communication signal. The effective range of this signal was

not determined in this research, but this would make an interesting study

within itself.



CHAPTER VI

DISCUSSION

The flight sound studies provided valuable information of insect

behavior and flight ability as related to age and sex. However, a

detailed study is needed in relating specific insect activities to

specific sound parameters. At the present time, there is no method

available to determine insect behavior as related to insect quality.

Such a method of measurement would be a true asset to research scientists

in all phases of insect research and would provide them with a known

quality of insects for research purposes. Some scientists have suggested

that the techniques developed during this research holds promise of

being adapted to provide guidelines in determining the quality of insects.

No such method is now known.

The flight sound data showed that flies from one to four days old

were immature, that flies from eight to fourteen days old were more

vigorous and had the greatest flight ability of any age group, and that

flies from fourteen to thirty days old were less vigorous and had a

greater probability of having broken or frayed wings. These results

agreed with both the visual observations and the sexual maturity of the

flies. The fundamental frequency, sound pressure level, and flight

velocity could be directly related to insect behavior. But a detailed

study, perhaps with high speed photography, is needed on wing movements

before the power in the fundamental frequency and factors of the harmonic

content can be directly related to insect behavior.
147
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Four sounds produced by the male flies and one produced by the

female fly were isolated and identified and then were related to specific

behavioral activities. The flight sounds are common to both males and

females and are very similar for both sexes. The aggression, premating,

and calling sounds are produced only by the male fly and only while

the male fly is not in flight. In this study, the aggression sound was

made by a male as he approached a calling male. The aggressive act that

followed resulted in a struggle of the two males in question, and the

stronger fly claimed the territory and resumed calling. The above

observations led to the hypothesis that the calling sound was also used

as a territorial sound. However, this hypothesis was rejected when males

did not respond to calling males, the reproduced calling sound, or the

reproduc6d calling sound plus the pheromone extract.

The purpose of the premating sound is unknown, but it appears to

be used in courtship. This sound or the activity associated with this

sound appears to be essential for mating because mating was not observed

unless the male produced this sound. This sound does not appear to be

used as an attractant because pair formation has already occurred before

this sound is made. The flight, aggression, and premating sounds are

produced by continuous wing fanning, and they contain only frequency

and waveform information.

The calling sound not only contains frequency and waveform

information, but also contains pulse information as well. During the

literature review for this research, all insects, without exception,

that are known to use sound as one mode of communication responded to

pulsed information. This was true in both predator detection and sexual
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behavior. The calling sound of the Caribbean fruit fly is produced by

very precised wing fanning with no evidence of striduation occurring.

The male shifts the pitch of his wings to the near vertical position

and produces wing strokes in the near horizontal position to produce the

calling sound. Flight sounds are made with the wings in the near

horizontal position and with the wing stroke about 30° to the vertical.

This indicates that these sounds are used for different purposes. The

fundamental frequency of all four sounds falls within the same frequency

range. However, a separate and distinct frequency signature was obtained

for each sound.

The response of flies from eight to thirteen days old was measured

to the calling sound alone and to the calling sound plus pheromone.

Male flies did not respond to the calling sound or to the pheromone.

Females of all ages responded to the pheromone and to the reproduced

calling sound plus pheromone, but the responses of the younger females

were greater to the sound plus pheromone at 50 dB than to pheromone

alone. These results show that the calling sound is used as one mode of

communication and is more likely used in combination with pheromone for

attracting a mate.

Most of the tephritid fruit flies produce a calling sound.

Several orders of insects such as Heteroptera, Coleoptera, Deptera, Hymen-

optera, etc., are known to produce and use sounds in their sexual

behavior. Rudinsky (85) recently demonstrated the relationship between

sound and pheromone in the mating of the Douglas Fir Beetle. The

research on the calling sound of the Caribbean Fruit Fly has also shown

that both sound and pheromone were important in the sexual behavior of
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this fly. Therefore, research is needed on the pheromone so that the

relationship between sound and pheromone can be fully evaluated as an

attractant for the Caribbean fruit fly. However, the results of this

study show that sound plays an important role in the sexual behavior

of the Caribbean fruit fly.

I. Summary and Conclusions

This research was divided into four phases. The first phase was

conducted to measure the flight sound parameters produced by both the

male and female fruit flies and to correlate these parameters to fly

maturity and flight ability, and insect activity as related to sex and

age. The second phase was conducted to measure to major sounds produced

by the fruit flies and to determine those sounds that are incidental to

ordinary movement and that are of a specialized nature. The third phase

was conducted to isolate and identify the calling sound. The fourth

phase was conducted to determine if the calling sound, either along or

in combination with pheromone extract, was used as one mode of communica

tion in the sexual behavior of the fruit flies.

These studies led to the following conclusions:

1. The acoustical properties of the flight activities showed a

direct relationship with fly maturity and flight ability. These proper

ties show promise of being a very important tool for measuring insect

activity.

2. Four sounds from the male Caribbean fruit fly were identified

and each was associated with a specific activity: two with mating and

one each with flight and aggression.
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3. The calling sound is produced in pulse form by very precise

wing fanning. Each pulse is composed of two distinct parts and each

part contains its own fundamental frequency. Since there was no evidence

of stridulation, the calling sound is assumed to be produced only by

wing fanning.

4. Young females responded to sound in combination with pheromone

extract greater than to pheromone extract alone. This indicates that

young females use sound in their communications to a greater degree than

older females. The hypothesis that the calling sound is used as one

mode of communication is accepted.



CHAPTER VII

SUGGESTIONS FOR FUTURE STUDIES

This research was considered as basic but essential to a better

understanding of the basic behavior of the Caribbean fruit flies and

related species. The techniques and procedures developed show promise

of leading to a new and practical method for studying the behavior of

many species of insects. Future research should include the following

studies:

1. Information is needed to determine the specific purpose of

the calling sound.

2. A study is needed to determine the relationship of sound,

pheromone, and vision.

3. The sound receptors of the Caribbean fruit fly should be

identified and their characteristics determined.

4. The effective range of the calling sound and the pheromone

should be investigated.

5. The effects of temperature, humidity, and light on the

production of and the response to the calling sound should

be determined.

6. A frequency signature of the calling sound of all fruit flies

of major importance is needed. This signature could be a

very important from a taxonomic point of view.

152



153

7. Specific insect activities should be related to specific

sound parameters. This could lead to the development of

a practical method of measuring insect quality.
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APPENDIX A

Microphone Calibrations

The National Bureau of Standards uses a Western Electric type

640 AA condenser microphone, known as the "Type L," as the standard for all

microphone calibrations. The Bruel and Kjaer 1-inch condenser microphone

that was used in this research meets the requirements of the American

National Standards Institute of the laboratory standard "Type L" micro

phone. This microphone was returned to the factory periodically for

recalibration against a microphone which had been calibrated against the

standard at the National .Bureau of Standards. These microphones are

durable and reliable and should maintain their calibrations for years

with proper care. This Bruel and Kjaer 4145 microphone was used as the

basis for the calibrations of the other two microphones used in this

research.

Laboratory calibrations were made with the use of the pistonphone

which had a calibrated output of 124 dB re 10 ̂  N/m at 250 H^. The
1-inch microphone was coupled to the sound pressure level meter through

a cathode follower which had a gain of -1 dB. The 1-inch microphone was

inserted into the pistonphone calibrator and the sound pressure level

meter was then adjusted to indicate 123 dB. Therefore, a 1 dB correction

factor was added to all readings taken with the 1-inch microphone.

The 1/2- and 1/4-inch microphones were then calibrated with the

pistonphone and a correction factor (CF) obtained for each as follows:

CF = 124 dB - SPL meter reading.
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This calibration factor was used for each reading taken with its

respective microphone. These calibrations were made once each week

during the experiment, and the correction factor for each microphone

remained constant throughout the tests period.



APPENDIX B

Power Spectral Density Calibrations

The spectrum analyzer is calibrated to give a 5 volt spectral

line at the output when a reference voltage of 100 mv is supplied to the

input. The input is also equipped with precision attenuation from 0 to

54 dB in 1 dB steps. Therefore, the analyzer output can be calibrated

in dB where 0 dB is referenced to 100 mv; hence, all power spectral

density calculations were made in dB re 100 mv.

Where data recordings were made, the signal level to the analyzer

input was recorded for each data run, and the maximum signal level was

near 30 dB. Therefore, the output of the spectrum analyzer was cali

brated for a maximum output of 30 dB re 100 mv. The output of the

analyzer connected to one channel of a Tektronix R 5031 oscilloscope

and the x and y outputs of the analyzer were connected to the appropriate

X and y inputs of the Honeywell 540 XYY' recorder. The analyzer was

then programmed to calculate the power spectral density in dB re 100 mv

for the following function:
N

Power spectral density = I g(x£)J^ log
i

where:

=l

N = 64

g(x ) = Fourier Coefficient of the input function flx^.).

167



168

A sine wave was supplied to the input"of the analyzer by a Hewlett

Packard 651 test oscillator and monitored by a Hewlett Packard 3440

digital voltage meter and a Hewlett Packard 5325 A universal counter.

The voltage of the test oscillator was adjusted to give a power spectral

density calibration in 6 dB steps from -6 to 30 dB as calculated by the

following equation:

n = 20 log —
o

where:

n = dB re 100 mv

Vj^ = input voltage

V = reference voltage of 100 mv.
o

The rms voltage, V^, was calculated for each of the 6 dB steps as
follows:

dB tnis voltage
-6 0.05
0  0.10
6  0.20
12 0.40
18 0.80
24 1.60
30 3.20

Therefore, the amplitude could be compared for each of the power spectral

density's calculated and plotted for each fly.
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