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THE 72nd ANNUAL MEETING OF THE
FLORIDA ENTOMOLOGICAL SOCIETY

The 72nd annual meeting of the Florida Entomological Society will be held August
7-10, 1989 at the Daytona Beach Hilton, 2637 So. Atlantic Ave., Daytona Beach, FL
32018; telephone (904)-767-7350. Registration forms and information will be mailed to
members and will appear in the Newsletter and the March, 1989 Florida Entomologist.

Notice of Change of Deadline for Submission of Papers

The deadline for submission of papers and posters for the 72nd annual meeting
of the Florida Entomological Society will be May 1, 1989. The meeting format will
be much the same as in the past with eight minutes allotted for presentation of oral
papers (with 2 minutes for discussion) and separate sessions for members who elect to
present a Project (or Poster) Exhibit. The three oral student papers and the three
student Project Exhibits judged to be the best on content and delivery will be awarded
monetary prizes during the meeting. Student participants in the judged sessions must
be Florida Entomological Society Members and must be registered for the meeting.

James R. Price, Chairman
Program Committee, FES

University of Florida, IFAS
Gulf Coast Research & Education Center

5007 60th Street East
Bradenton, FL 34203

(813)-755-1568



National Center for Physical Acoustics
NATIONAL AGROACOUSTICS SYMPOSIUM

PREFACE

As part of its broad research effort in agroacoustics, The National Center for Phys
ical Acoustics (NCPA) was pleased to sponsor the first National Agroacoustics Sym
posium in Jackson, Mississippi on April 26-27, 1988. Florida Entomologist has provided
a forum to the participants of that symposium by the dedication of this issue to ag
roacoustics. We gratefully acknowledge the assistance of J. C. Webb and Carrol O.
Calkins with reviewing and editing the papers.

Agroacoustics is a developing discipline which blends the detailed and systematic
observational techniques of the biological scientist with the ever increasing technical
sophistication of physical science and engineering. As this field grows, and more biolog
ical scientists utilize acoustics instrumentation to acquire additional information about
the behavior of an individual organism, an increased need will develop for specialized
devices that are adapted to a specific insect or data acquisition modality. The NCPA
wishes to help scientists meet their individual and group research needs. We can partici
pate in joint research efforts, provide technical advice on available equipment and, in
certain instances, develop specialized instrumentation.

The recent development of the discipline of agroacoustics is evidenced by the follow
ing milestones: The first acoustics session of the Entomological Society of America
meeting was held in 1987; a National Agroacoustic Symposium was organized in 1988;
this agroacoustics issue of Florida Entomologist in 1988 continues the exciting progress.
The National Center for Physical Acoustics is pleased to see this progress and hopes
that it can assist existing programs and participate in the development of additional
efforts that would result in benefit to this discipline and to the country at large.

It is our sincere hope that others find the meeting and its proceedings as profitable
as we have.

Dr. Ralph R. Goodman
Laboratory Director
Oxford, Mississippi

Dr. Robert T. Walden
Chairman of Symposium
Oxford, Mississippi
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HOW DO ACOUSTIC INPUTS TO THE
CENTRAL NERVOUS SYSTEM OF THE

BOLLWORM MOTH CONTROL ITS BEHAVIOR?

HERNDON R. AGEE

Insect Attractants, Behavior, and Basic Biology Research Laboratory,
Agricultural Research Service, U.S. Department of Agriculture,

Gainesville, Florida 32604.

ABSTRACT

393

The nervous system of the bollworm moth, Heliothis zea (Boddie), a noctuid moth
that is a major pest of cotton, corn, and tomatoes, is served by two pairs of acoustic
sense cells. The moths use the acoustic receptors to detect the ultrasonic cries of predat
ory bats that feed on these moths. Bats use pulsed high frequency sounds to echolocate
and capture moths for food. The moths have developed an avoidance behavioral reaction
that protects them from predatory bat capture when they detect the echolocating cries
of the bats.

A pair of acoustic receptors are located in each tympanic organ located on the lateral
wall of the metathorax on each side of the moth. Al receptor, the most sensitive unit,
can detect 20 kilohertz freqencies at sound pressure levels of 35 dB (0 dB re 20 tJ-Pa).
The A2 receptor is about 20 dB less sensitive and is also tuned to be most sensitive to
20 kHz sounds. Pulse rates of 10lsec and pulse durations of 10 msec were most effective
for eliciting evasive reactions in the bollworm moth.

In field and laboratory behavior tests, we have determined that the moths can detect
85 dB pulses of ultrasound (20 kHz) at a distance of 50-80 feet from the moth and after
detection the moths make evasive reactions.

My recent research has focused on identification of the neural circuits from the
acoustic receptors to and through the central nervous system (meso- metathoracic gang
lia and prothoracic ganglion and brain) to the motor nerves responsible for executing
the evasive reactions. The structure of the various parts of the circuits responsible for
the behavioral reactions have been identified using histochemical techniques (cobalt
chloride and lucifer yellow) that mark only the axons carrying the acoustic information
(action potentials) and the motor nerve commands from these nerves to the muscles
responsible for directed flight.

Electrophysiological techniques were used to monitor the information flow in the
acoustic axons that feed the moth coded information on the high frequency sounds in
its environment. If the information is from the Al receptor, it is processed in the brain
to produce behavior commands that are transmitted by the motor nerves to generate
a behavioral reactions that produce turn reactions. The information from the A2 recep
tor is transmitted to neurons in the mesothoracic ganglion directly and produce rapid
unpredictable evasive reactions (spirals, dives, and cessation of flight) and do not re
quire "brain" processing. The anatomical circuits, behavioral reaction times, and elec
trophysiological monitoring of neural activities confirm these findings. These and other
studies have demonstrated that the behavior of the moth is influenced or controlled by
sensory inputs that can have positive and negative effects on the moth behavior. When
the flying moth is attracted to an ultraviolet light and a sound source at the light source
generates a pulses of high frequency sound, the moth will make an evasive reaction to
the sound stimuli in preference to the continued attraction to the visual stimuli. In other
instances, another nocturnal moth species that is attracted to a sex pheromone (an
olfactory attractant) can be terminated (behavior turned off) if the trap containing the
pheromone is constructed of specific colors that cause an avoidance reaction to the visual
stimuli that are dominant over the attractive odor.

These model acoustic studies are establishing the boundaries and conditions that
must be met in the neural circuits of the central nervous system of the moth for specific
sensory stimuli to be functionally effective. Normal or usual behaviors can be turned



394 Florida Entomologist 71(4) December, 1988

on and off when the proper sensory stimuli are presented according to specific "criter
ion" conditions. To obtain maximum benefits from the use of non-insecticidal
technologies to control insects, a full understanding of the levels of neural processing
of sensory stimuli is needed, as is an understanding of the spheres and levels of domi
nance that specific sensory stimuli exert in the control of the behavior of the insect pest.

RESUMEN

El sistema nervioso de Heliothis zea (Boddie), que es una alevilla noctuida y una
plaga mayor del algod6n, maiz y tomates, es asistido por un par de celulas del sentido
aclistico. Las alevillas usan los receptores aclisticos para detectar el grito ultras6nico
de los murcielagos predatores de estas alevillas. Los murcielagos usan pulsaciones de
sonido de alta frecuencia para localizar por el eco y capturar las alevillas como comida.
Las alevillas han desarrollado una reacci6n en su comportamiento donde evitan la cap
tura cuando detectan el grito localizador de ecos de los murcialagos.

Un par de receptores aclisticos estan localizados en cada 6rgano timpanico que se
encuentran en la pared lateral del metat6rax a cada 1000 de la alevilla. El receptor Al
que es la unidad mas sensitiva, puede detectar frecuencias de 20 kilohertz a niveles de
presion de sonido de 35 dB (0 dB re 20 fLPa). El receptor A2 es como 20 dB menos
sensitivo y tambien es el mas afinado y sensitivo a los sonidos de 20 kHz. Pulsaciones a
raz6n de 1O/segundo y pulsaciones durando 10 megasegundos fueron los mas efectivos
en educir reacciones evasivas en las alevillas.

Hemos determinado en pruebas de comportamiento en el campo y en ellaboratorio,
que las alevillas pueden detectar pulsaciones de 85 dB de ultrasonidos (20 kHz) a una
distancia de 50-80 pies, y que despues de detectados, las alevillas reaccionan
evasivamente.

Mis investigaciones reciente se han enfocado en la identificaci6n de los circuitos
neurales de los receptores aclisticos hacia y a traves de del sistema nervioso central
(ganglio meso-metatoracico y ganglio protoracico y el cerebro).

The nervous system of the bollworm moth, Heliothis zea (Boddie), a noctuid moth
that is a major pest of cotton, corn, and tomatoes, is served by two pair of acoustic
sense cells (Agee 1967, Roeder & Treat 1957). The moths use the acoustic receptors to
detect the ultrasonic cries of predatory bats that feed on these moths (Agee 1969a). The
bats use pulsed high frequency sounds to echolocate and capture moths for food. The
moths have developed an avoidance behavioral reaction which protects them from pred
atory bat capture when they detect the echolocating cries of the bats.

A pair of acoustic receptors is located in each tympanic organ located on the lateral
wall of the metathorax on each side of the moth. The Al receptor, the most sensitive
unit, can dfetect 20 kilohertz frequencies at sound pressure levels of 35 dB (Agee 1967).
The A2 receptor is about 20 dB less sensitive than the Al receptor and is most sensitive
at 20 kHz. Pulse rates of 10/sec and pulse durations of 10 msec were most effective for
eliciting evasive reactions in the bollworm moth (Agee 1969a, 1969b, Agee & Webb
1969). In response to bat cries or electronically generated pulses of ultrasound, the
acoustic receptors generate action potentials that are transmitted to the central nervous
system. In the flying moths, this information causes evasive reactions that include
directed turns, unpredictable dives, and falls to the ground. The behavior of non-flying
moths is less affected by pulses of ultrasound (Agee 1969b).

In field and laboratory behavior tests, we have determined that the moths can detect
ultrasounds at an SPL of 85 dB at a distance of 50-80 feet and make evasive reactions
(Agee 1969a,b) after detecting this sound.

Recent research has focused on identification of the neural circuits from the acoustic
receptors to and through the central nervous system (meso- metathoracic ganglia and
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Fig. 1. Flow diagram of data acquisition and analysis system for neurobiological
studies.

prothoracic ganglion and brain) to the motor nerves responsible of executing the evasive
reactions.

A special electronic data acquisition and analysis system was developed to selectively
record and analyze the electronic events occurring in the central nervous system in
response to pulsed ultrasound (Agee 1985a) (Fig. 1).

The action potential caused by the stimulation of ultrasound can be tracked from the
tympanic nerve through the central nervous system using special electrodes. Figure 2
compares the action potentials from the tympanic nerve, the axon in the ganglion, the
coded information on a pulse of sound identified as an action potential from a pulse
marker neuron and the action potential produced by the non-acoustic B cell in the
central nervous system as shown in Figure 1.

The structure of the various parts of the sensory input and motor nerve output
circuits responsible for behavioral reactions have been identified using histochemical
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Fig. 2. Examples of acoustic responses recorded at (A) the tympanic nerve, (B)
repeater neuron in the mesothorax, (C) pulse marker neuron in the prothoracic ganglion,
and (D) B cell recorded from position 3 in the prothoracic ganglion. Time scale for A,
B, and C indicated on C.

techniques (cobalt chloride and lucifer yellow) that mark only the axons carrying the
acoustic information (action potentials) and the motor nerve commands from these
nerves to the muscles responsible for directed flight (Fig. 3) (Paul 1973, Orona & and
Agee 1987a,b, Tyrer & Altman 1974.

Electrophysiological techniques were used to monitor information flow in the acous
tic axons that feed the moth coded information on the high frequency sounds in its
environment (Agee 1985a). If the information is from the Al receptor, it is processed
in the brain to produce behavior commands that are transmitted by the motor nerves
to generate behavioral reactions that produce coordinated turning. The infonnation
from the A2 receptor is transmitted to neurons in the mesothoracic ganglion directly
and produce rapid unpredictable evasive reactions (spirals, dives, and cessation of flight)
that do not require "brain" processing. The anatomical circuits, behavioral reaction
times, and electrophysiological monitoring of neural activities confirm these findings.
These and other studies have demonstrated that the behavior of the moth is influenced
or controlled by sensory inputs that can have positive and negative effects on the moth
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Fig. 3. Representative camera lucida reconstructions of the cells labeled following
cobalt infiltration of the tympanic nerves. The Al and B cells have synaptic terminals
scattered throughout the thoracic ganglia. The axonal terminations of the A2 cell are
confined to the meso-metathoracic ganglia.

behavior. For example, when the flying moth is attracted to an ultraviolet light and
a sound source at the light source generates pulses of high frequency sound, the moth
will make an evasive reaction to the sound stimuli in preference to the continued attrac
tion to the visual stimuli (Agee & Webb 1969). In other instances, a nocturnal moth
species that is attracted to a sex pheromone (an olfactory attractant) can be terminated
(behavior turned off) if the trap containing the pheromone is constructed of specific
colors that cause an avoidance reaction. Visual stimuli are dominant over the attractive
odor (Mitchell et al., unpublished data). If an olfactory attractant, i.e., sex pheromone,
is presented to the moths without a repellent visual or acoustic stimulus the olfactory
attractant is effective. Figure 4 illustrates these events graphically.

Figure 5 shows what we have learned to date regarding the flow of information in
the acoustic network from the receptors through the tympanic nerve, meso
metathoracic ganglia, prothoracic ganglion and brain to the motor nerves that control
flight of the moth. As mentioned before, there are two networks that function in the
moth to avoid bat predators. In the rapid reaction network the acoustic inputs from the
A2 receptor cause the motor nerves to operate directly and provides for the quickest
reaction possible to protect the moth. In the slow reaction network, acoustic information
that arrives in the central nervous system is transmitted to the prothoracic ganglion
and brain and receives some coding, such as the pulse marker neuron; a longer and
slower route for the information to travel before a behavior can executed. This produces
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Fig. 4. Schematic diagram of the effects of sensory stimuli on the behavior of the
bollworm moth. The width of the arrows indicate the relative influence of sensory input
to the central nervous system of a flying moth. The bars indicate blockage of behaviors
elicited by specific stimuli. In event #1, all three inputs affect behavior. Event #2, the
attractant behavior induced by ultraviolet light or sex pheromones are blocked if a
repellent acoustic stimuli is received. In event #3, the olfactory stimulus of a sex
pheromone is blocked when it is being release from a color trap that is repellent. In
event #4, an olfactory stimulus (a sex pheromone) is attractive when no repellent
acoustic or visual stimuli are present.

a precise turn behavior that puts the maximum distance between the moth and the
sound source.

These "model" acoustic studies are establishing the boundaries and conditions that
must be met in the neural circuits of the central nervous system of the moth for specific
sensory stimuli to be functionally effective in controlling of their behavior. Normal or
usual behaviors can be turned on and off when the proper sensory stimuli are presented
according to specific conditions. To obtain maximum benefits from the use of non-insec
ticidal technologies to control insects, a full understanding ofthe levels of neural proces
sing of sensory stimuli is needed. We also need to know the spheres and levels of
dominance that specific sensory stimuli exert in controlling the behavior of pest insects.



Agee: Symposium on Agroacoustics 399

Antennal Lobe
+ Brain

Optic Lobe +( +

SUBESOPHAGEAL GANGLION

PROTHORACIC GANGLION

IINl

MESOTHORACIC GANGLION.

METATHORACIC GANGLION

TYMPANIC EAR

SLOW REACTION NETWORK
(BRAIN CONTROLLED

TURN BEHAVIOR)
(Multi-neuron)

RAPID REACTION NETWORK
(A2+MOTOR NERVE
TO WING MUSCLES)

IIIN1

MOTOR NERVE
TO WING MUSCLES

Fig. 5. Schematic diagram of the tympanic neurones and associated circuitry to the
motoneurones involved in evasive flight behavior. Two behaviorally-relevant systems
appear to be present. The A2 acoustic cell has direct monosynaptic connections to the
motoneurones within the meso-metathoracic ganglia, forming a rapid reaction network.
On the other hand, the A and B cells appear to be additionally linked to interneurones
and the brain reflecting their involvement in a slower and directed reaction network.
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ACOUSTIC SIGNALS, ARMS RACES AND THE COSTS OF

HONEST SIGNALLING

THEODORE BURK
Biology Department, Creighton University,

Omaha, Nebraska 68178-0103, U.S.A.

ABSTRACT

Animal signals evolve as adaptations to social as well as physical environments.
Where the interests of signallers and responders differ, a coevolutionary "arms race"
cycle of signal adoption, exaggeration, and devaluation may result. Stable, reliable
signals evolve when costs of signalling constrain the evolution of bluff and exaggeration.
Acoustic signals are especially costly, compared to other signal types, and are therefore
especially likely to evolve as reliable signals in such "social competition" situations.
Costs of acoustic signals include physiological costs of growth and signal production,
probes by conspecific rivals and discriminating members of the other sex, and attacks
by natural enemies such as predators and parasites.

RESUMEN

Sefiales dadas por los animales se han desarrollado como adaptaciones al medio
ambiental fisico asi como al social. Donde el interes del que sefiala y del que responde
difieren, pudiera entonces resultar en un ciclo coevolucionario de "carrera hacia las
armas" en la sefial de adaptaci6n, exageraci6n, y devaluaci6n. Sefiales estables y confi-
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Animal signals evolve as adaptations to social as well as physical environments.
Where the interests of signallers and responders differ, a coevolutionary "arms race"
cycle of signal adoption, exaggeration, and devaluation may result. Stable, reliable
signals evolve when costs of signalling constrain the evolution of bluff and exaggeration.
Acoustic signals are especially costly, compared to other signal types, and are therefore
especially likely to evolve as reliable signals in such "social competition" situations.
Costs of acoustic signals include physiological costs of growth and signal production,
probes by conspecific rivals and discriminating members of the other sex, and attacks
by natural enemies such as predators and parasites.

RESUMEN

Sefiales dadas por los animales se han desarrollado como adaptaciones al medio
ambiental fisico asi como al social. Donde el interes del que sefiala y del que responde
difieren, pudiera entonces resultar en un ciclo coevolucionario de "carrera hacia las
armas" en la sefial de adaptaci6n, exageraci6n, y devaluaci6n. Sefiales estables y confi-
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abIes se desarrollan cuando los costos de sefiala constrifien la evolucion de la decepcion
y la exageracion. Las sefiales acusticas son especificamente costosas cuando se comparan
con otros tipos de sefiales, y es muy posible que se.desarrollen como sefiales confiables
en situaciones de "competencia social". Los costos de sefiales acusticas incluyen el costo
fisiologico de crecimiento y la produccion de la sefial, exploracion por rivales con-es
pecificos y miembros discriminantes del otro sexo, y ataques por enemigos naturales
como predatores y parasitos.

COMMUNICATION ARMS RACES

Are the communication channels used by different animal species arbitrary? Or,
does the variation among species in communication channels represent different adap
tive solutions to varying ecological and social situations? To answer these questions,
behavioral ecologists have recently begun to explore the mesh between communication
channels and the environment (see discussion in Burk 1988). The approach has often
been to take each type of signal in turn, and ask what its costs and benefits are, with
the hope that knowing these will allow one to predict the kinds of environments in which
it would be adaptive. For example, Alcock (1984) provides a table in which chemical,
auditory, visual, and tactile channels are compared for ability to reach receivers, infor
mation available, and cost to sender. Acoustic (auditory) signals-my focus in this
paper-are characterized as long range, with fast transmission rates, flowing around
barriers, of use day or night, having fast fadeout time, being fairly easy to localize,
having a medium risk of exploitation (visual signals considered to be of higher risk),
and being of high broadcast expense (all other signals being characterized as of low or
low-moderate expense).

Such assessments are of great value, but a slightly different perspective can greatly
add to our understanding of the reasons for the frequent evolution of acoustic signalling
in animals. This involves an appreciation of the dynamics of communication evolution.
Communication necessarily involves two individuals, a signaller and a receiver, both
subject to natural selection. Krebs & Dawkins (1984, see also Dawkins & Krebs 1978)
have characterized these two parties as a "manipulator" and a "mind-reader", respec
tively. Manipulator-signallers are selected to produce signals that effectively elicit re
sponses in receivers that are beneficial to the signaller. Mind-reader-receivers, on the
other hand, are under selection only to respond in ways that are beneficial to them
selves. Sometimes, the interests of signallers and receivers will lead to an "agreed"
response. Under such circumstances, as in communication between close relatives or
between mates involved in brood care, communication may evolve to be accurate &
efficient. An excellent example is the waggle-dance foraging communication system of
honeybees (Winston 1987). On the other hand, where the interests of the signaller and
receiver do not necessarily coincide, as in intrasexual competition or intersexual mate
choice situations, a complex co-evolutionary process is expected to be set in train. By
analogy to human processes, Dawkins & Krebs (1979) called such dynamic coevolutio
nary events "arms races."

How will signalling systems evolve in such "social competition" arms races (West
Eberhard 1979)? A number of authors, for a number of contexts, have suggested that
complex signal systems with multiple signals, each a rather weak predictor of sub
sequent behavior, will result (Barnard & Burk 1979: dominance hierarchies; Burk 1981:
sexual signalling; Andersson 1980: threat signals generally). Andersson's (1980) paper,
"Why are there so many threat displays?", presents the expected scenario clearly: In
agonistic encounters, some incidental movement, such as baring the teeth, may be well
correlated with likelihood of attack. Natural selection may favor a retreat response by
oppponents when such a movement occurs. However, once a response spreads, natural
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selection favors "bluff' teeth-baring by individuals with lower likelihoods of attack.
Now natural selection on responders will lower their likelihood of retreat; the original
threat display, while not meaningless, has nevertheless become devalued. At this point,
responders may be selected to use a second attack-associated movement as a cue along
with teeth-baring. This second movement will then go through a similar cycle of rituali
zation and devaluation. The cycle may occur many times, leading to agonistic encounters
consisting of a string of threat displays. A similar arms race scenario may occur in
courtship: females look for indicators of male quality, these indicators become ritualized
and elaborated, and ultimately females devalue them and evolve responses to additional
indicator traits (West-Eberhard 1979, Burk 1981).

HONEST OR RELIABLE COMMUNICATION SYSTEMS

If such elaboration-devaluation arms races are common, why aren't agonistic or
courtship encounters infinitely long? Does this simply reflect the possibility that we
commonly see communication processes that are somewhere near the beginning of a
coevolutionary spiral? Or is it rather due to the existence of some factor that can halt
the arms race spiral and stabilize a communication system at a point where displays
contain only slight elements of bluff and where there will be little selection for response
devaluation? That the answer is likely to be the latter was suggested by Zahavi in an
important paper in 1977 (Zahavi 1977). Zahavi argued that stable "honest" or "reliable"
communication systems will evolve when responders only consider"... signals that are
not easily open to cheating a signal is reliable when the difficulty of its performance
is related to its meaning " Zahavi argued that "... cost is a necessary component
of the signal; the more significant the signal, the higher the cost to the performer. . .
characters important in determining quality should be affected adversely by the signal"
(Zahavi 1977).

To state Zahavi's thesis more explicitly, some signals are costlier to produce than
others. Only vigorous, healthy signallers will be able to develop the signal producing
mechanisms these require, and/or to withstand the physiological burden of their produc
tion. When, in the course of communication coevolution such a signal is "chosen" by
natural selection on responders, exaggeration and bluffing are constrained. Little de
valuation of response evolves either; the communication system is stabilized when
costly, and therefore "reliable", signals have evolved (see discussion in Wiley 1983).

TABLE 1. METABOLISM INCREASES IN CALLING ANIMALS.

Animal

Euconocephalus nasutus katydids
Neoconocephalus robustus katydids
Teleogryllus commodus crickets
Anurogryllus arboreus crickets
Oecanthus celerinictus tree crickets
O. quadripunctatus tree crickets
Gryllotalpa australis mole crickets
Cystosoma saundersii cicadas
Physalaemus pustulosus frogs
Hyla versicolor tree frogs
H. crucifer tree frogs

Increase in
Metabolism Over

Resting Rate

14.2X
15.3X
3.9X

1O.O-15.8X
6.2-12.0X
6.5-8.0X

13.4X
18.4X

2.1-4.3X
5-22X eX = 12.4X)

14.0X

Reference

Stephens &Josephson 1977
Stephens &Josephson 1977
Kavanagh 1987
Prestwich & Walker 1981
Prestwich &Walker 1981
Prestwich &Walker 1981
Kavanagh 1987
MacNally &Young 1981
Ryan 1985
Taigen &Wells 1985
Taigen et al. 1985
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The thesis ofthis paper is that acoustic signals are particularly likely to be the stable
end points of communication coevolutionary events. Paradoxically, acoustic signals will
commonly act as honest or reliable cues because they are especially costly to produce,
compared to other types of signals. I will argue that three types of costs maintain the
reliability and thus stability of acoustic communication systems: (1) Acoustic signals are
physiologically very expensive to produce; (2) Acoustic signals, because they are con
spicuous, elicit probes of the signaller's vigor by conspecific social competitors (bluffs
may be called!); (3) Acoustic signals, because they are conspicuous, attract natural
enemies such as predators, parasitoids, and parasites.

In the remainder of this paper, I attempt to document the costliness of acoustic
signals and the way in which they become reliable cues. To properly test my hypothesis,
it would be preferable to compare the costs of acoustic signals with those of other
signals, such as visual or pheromonal ones. However, a cursory glance at the literature
suggests that few attempts to quantify the costs of signals other than acoustic ones have
been made. I will therefore review only the information available on acoustic signals,
in the hope that this may stimulate others to collect comparative data for other signals.

THE COSTS OF ACOUSTIC SIGNALS

PHYSIOLOGICAL COSTS

Some male frogs and insects are so highly motivated to produce acoustic signals that
they will do so normally even when enclosed in a respirometer (Kavanagh 1987). Using
this device, one can measure metabolic rates of calling animals and can compare them
with metabolic rates at rest or when performing other behaviors such as walking or
eating. A range of values from the literature is given in Table 1. On average, there is
an increase in metabolism by calling animals of about an order of magnitude. Acoustic
calling is usually one of the most energetically expensive things an animal does: the
mass-specific rate of oxygen consumption by calling Hyla versicolor frogs is the highest
measured for any ectothermic vertebrate (Given 1988), while only the demands of flight
exceed those of calling in some insects (Prestwich & Walker 1981).

Knowing the energy cost of sound production, and measuring the sound energy
levels in the acoustic field around a signaller, allows one to calculate the energetic
efficiency of sound production. Values from the literature are given in Table 2. They
are all very low, in no case more than a few percent. Earlier higher estimates, such as
those of Bennet-Clark (1971) for mole crickets (35%) and Counter (1977) for katydids
(26%), have been re-evaluated recently and lowered by an order of magnitude

TABLE 2. ENERGETIC EFFICIENCY OF ACOUSTIC SIGNALLING.

Animal

Cystosoma saundersii cicadas
Neoconocephalas robustus katydids
Gryllotalpa vinae mole crickets
G. gryllotalpa mole crickets
G. australis mole crickets
Teleogryllus cummodus crickets
Anurogryllus arboreus crickets
Physalaemus pustulosus frogs
Gallus domesticus cockerels

% Efficiency

0.82
2.1
3.41
0.5
1.05
0.05
0.23

0.05-1.2
2.0

Reference

MacNally &Young 1981
MacNally & Young 1981
Kavanagh 1987
Kavanagh 1987
Kavanagh 1987
Kavanagh 1987
Kavanagh 1987
Ryan 1985
Brackenbury 1980
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(Kavanagh 1987, MacNally & Young 1981). It is interesting that the one value for a
bird is in the same range as those of anurans and insects.

In the absence of information on the metabolic cost and efficiency of other signal
types, it is impossible to draw firm conclusions. It seems likely, however, that acoustic
signals will turn out to be highest in cost and lowest in efficiency, because of their
transitory nature (requiring their repetition), omnidirectionality, and the extensive
muscle movements involved in their production---often a production mechanism involv
ing substantial frictional forces.

SOCIAL COMPETITION COSTS

The above information, while striking, fails to give an adequate impression of signal
ling costs. The presence of "social competitors" (West-Eberhard 1979) such as rival
males or discriminating females imposes certain physical signal forms and high signal
rates on acoustic callers, so that total costs of signalling are multiplied, as the following
discussion will show.

Sexually advertising males, for example, often call at high rates for hours a day,
and for weeks or months during prolonged breeding seasons. Rates of acoustic display
by a variety of animals are taken from the literature and presented in Table 3. In a
variety of species, mate-choosing females have been shown to respond disproportion
ately often to males who call at the highest rates or for the longest durations (fruit flies:
Sivinski et al. 1984; crickets: Hedrick 1986; frogs: Halliday 1987; sage grouse: Gibson &
Bradbury 1986; red deer: McComb 1987). In many species, males greatly increase their
calling rates when females are present (Sivinski & Webb 1986, Taigen & Wells 1985),
or switch to a more energetically demanding call type (Ryan 1985).

The physical form of acoustic signal favored by choosing females is often demanding
of male vigor. Females prefer loud calls (Forrest 1980, Halliday 1987), and measured
intensity levels of male calls are often astounding. Hyla versicolor frog calls averaged
109 dB at 50 cm from the caller (Wells & Taigen 1986), Scapteriscus acletus mole cricket
calls 91 dB at 15 cm (Forrest 1980), Neoconocephalus robustus katydid calls 116 dB at
1 cm (Counter 1977), and Cystosoma saundersii cicada calls 91 dB at 20 cm (MacNally
& Young 1981). Females also prefer individual calls of long duration (Halliday 1987),
calls with additional notes (Ryan 1985) and-very commonly----calls of low frequency
that can be produced only by the largest males (Halliday 1987, Morton 1977, Webb et
al. 1984, Latimer & Sippel 1987). [Anuran calls are longer in duration and lower in
frequency at lower temperatures; it is possible that a small frog or toad could fake larger

TABLE 3. SOME EXAMPLES OF ACOUSTIC DISPLAY RATES.

Animal

Neoconocephalus
robustus katydids
Cystosoma saundersii
cicadas

Hyla crucifer
tree frogs
Centrocercus urophasianus
sage grouse
Cervus elephus
red deer

Display Rate

Wing closures during stridulation
(25°C): 673,000Ihr.
tymbal muscle "twitch" rate
(21.5°C):
72,000/30 min. calling period
call rate (16°C):
45001hr.
"strut" vocalizations:
720-1080/2-3 hour display period
roaring rate during rut (31 days):
2.7/min.

Reference

Stephens &Josephson
1977
MacNally &Young
1981

Taigen et al. 1985

Krebs & Harvey 1988

Clutton-Brock et al.
1982
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size by calling from colder sites in the water at a pond's edge. In Fowler's toad (Bujo
woodhousei jowleri), Fairchild (1981) has shown that such cheating is prevented by
male-male competition: large males occupy these pond-edge sites & displace small males
onto the wormer pond bank. Thus males that already have long duration, low frequency
calls exaggerate these traits even more. "To those that have shall be given . . ."]
Comparative studies support the hypothesis that female choice leads to the evolution
of especially low-pitched calls: female Physalaemus pustulosus frogs and Tettigonia
cantans katydids have been shown to mate preferentially with males producing low-fre
quency calls, and each species has a much lower calling song fundamental frequency
than would be expected for a species of that size in that taxonomic group (Ryan 1985,
Latimer & SchatraI1986).

The costs of such strenuous & extended signalling can be seen in the weight loss
experienced by breeding males. Some frogs lose over 1% per day (Halliday 1987), some
orthopterans 2-3% in 1-2 h (Dodson et al. 1983), and red deer stags 20% in a month
(Clutton-Brock et al. 1982). The males that were in the best physical condition at the
beginning of the sexual display season may be able to sustain costly signalling in the
face of such losses longer than less vigorous males. In a number of frogs, the best
correlate of mating success is length of time spent at a mating site (Halliday 1987); this
is probably true for many other animals with extended sexual advertisement seasons.

Effects of costly signalling extend beyond the immediate breeding season. With
males putting as much as 86% of their energy assimilation into calling (Ranidella frogs:
MacNally 1981), it is not surprising that there is often a negative relationship between
reproductive activity and growth (frogs: Given 1988) or survival (ungulates: Clutton
Brock et al. 1982). Just to develop the sound producing structures may impose consid
erable costs on signallers, with effects on overall growth and mortality rates. In frogs,
the trunk muscles used in vocalizations amount to as much as 15% of a male's body
mass, compared to 3% of a female's (Taigen et al. 1985).

Production of conspicuous acoustic signals attracts another class of "social com
petitors", rival males. The songs that are favored by females have also been shown to
attract rival males in animals as diverse as crickets (Cade 1979, Burk 1983), frogs (Given
1987), and cowbirds (West et al. 1981). The aggressive encounters that subsequently
occur are frequently settled on the basis of qualities of acoustic signals that are unbluff
able, such as low frequency--correlated with size (frogs &toads: Arak 1983, Given 1987;
katydids: Latimer & Sippel 1987; birds & mammals: Morton 1977)-or high acoustic
display rate--correlated with physical condition (red deer: Clutton-Brock et al. 1982).
Small, subordinate, or out-of-condition males may not be able to bear the costs of such
aggressive challenges and may opt for non-calling alternative strategies (Cade 1980),
leaving acoustic signals as relatively reliable indications of the vigor, large size, or
dominance of their producers (Burk 1983).

PREDATION COSTS

As we have seen, an acoustically-signalling animal may be heard by individuals other
than its intended targets: a calling male attracts rivals as well as potential mates.
Perhaps even more costly to signallers is another class of "eavesdroppers" (Alcock
1984): predators, parasitoids, and parasites may orient acoustically to calling hosts. The
first demonstration of such acoustic orientation by natural enemies was by Walker
(1964); the number of examples has steadily increased, as seen in Table 4. Mortality
rates of callers from such eavesdroppers can be very high: 1% or more per hour calling
in Physalaemus pustulosus frogs (Ryan 1985), over 90% per season for crickets &
katydids (Cade 1979, Burk 1982). Noteworthy is the fact that the calls which are most
attractive to females, such as loud, complex calls, are also typically more attractive to
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TABLE 4. ACOUSTICALLY-ORIENTING NATURAL ENEMIES.

Prey

Crickets
Crickets
Crickets
Crickets
Cicadas
Katydids
Katydids
Frogs
Frogs

PredatorlParasite

Cat
Ormiine Tachinid Flies
Herons
Geckos
Sarcophagid Flies
Bats
Ormine Tachinid Flies
Mosquitos
Bats

Reference

Walker 1964
Cade 1975
Bell 1979
Sakaluk & Belwood 1984
Soper et a1. 1976
Tuttle et a1. 1985
Burk 1982
McKeever 1977
Ryan 1985

natural enemies (Ryan 1985). The costs of conspicuous calling may be bearable for
vigorous males that may be more able to escape predators or to compete successfully
within the large choruses that evolve as anti-predation defenses (Ryan 1985), but these
costs may lead to a loss of calling by less vigorous or less dominant individuals. Again,
the cost of acoustic signalling tends to restrict the subset of individuals that sings,
keeping the communication system more "honest" for conspecific responders.

RELEVANCE FOR AGRO-ACOUSTICS

Without making exaggerated claims, it seems to me that the view of the importance
of acoustic signals presented above is revelant to applied entomologists for three
reasons. First, and most generally, in order to design the most appropriate integrated
pest management programs, one needs to know as much as possible about the ecology
and behavior of the target species. Since development rates, relative development of
different parts of the body, extent and type of sexual dimorphism, dispersion and disper
sal characteristics, and many other features of a species' biology may be shaped by
sexual selection involving acoustic display, one certainly needs to appreciate the impor
tance of such signals. Second, for pest species producing conspicuous acoustic signals,
the strong possibility exists that there are acoustically-orienting natural enemies. A
systematic search for such species, especially dipteran parasites of pest orthopterans,
would be justified (see Walker, this symposium, for one example). Third, I have argued
that acoustic signalling is one of the most demanding activities animals engage in, one
that only possessors of vigorous phenotypes can sustain for long. If so, then acoustic
signals should be one of the first traits to change as laboratory populations undergo
domestication. In mass rearing programs, as in applications of the sterile insect
technique, quality control managers could use decrease in call rate or degradation of
acoustic signal form as a "canary-in-a-coal-mine" early indicator of quality declines.

CONCLUSION

To understand the evolution of animal communication systems, one has to adopt a
dynamic, coevolutionary perspective. Signals will evolve that reflect not only a fit to
the physical environment, but also to the social situation involved. Stable communication
systems, ones buffered against arms-race cycles of exaggeration and devaluation, will
be ones in which signals remain reliable or honest because of their high costs to signal
lers. Because acoustic signals are particularly costly, they may frequently act as such
reliable cues. As with other coevolutionary processes, the resultant communication
systems may not be "optimal", but they will be "evolutionarily stable" (Dawkins 1980).
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Note added in proof: Similar ideas about the evolution of acoustic signals have recently
appeared in an article by M. J. Ryan (American Zooi. 28: 885-898).
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TEMPORAL AND SEASONAL DIFFERENCES IN MOVEMENT
OF THE CARIBBEAN FRUIT FLY LARVAE IN GRAPEFRUIT
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ABSTRACT

Larvae of the Caribbean fruit fly Anastrepha suspensa (Loew) can be detected by
the sounds they make while feeding using an acoustical detection system. Efforts to
improve and determine the efficiency of the system led to detailed studies of the feeding
behavior of larvae in grapefruit. Movement, feeding and growth are related to the
maturity of the fruit. As the fruit matured, it became more sweet and larvae fed more
consistently and voraciously, moved into the pulp portion earlier, and developed more
rapidly. Larvae were detected within hours after they hatched from eggs, when they
are often too small to be seen in the fruit with the unaided eye. The efficiency of the
system in detecting infested fruit has been demonstrated to be more efficient than the
accepted method of cutting and visual examination.

RESUMEN

Larvas de la mosca de frutas del Caribe, Anastrepha suspensa (Loew), se pueden
detectar por el sonido que hacen cuando comen usando un sistema de detecci6n aclistica.
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Esfuerzos para mejorar y determinar la eficiencia del sistema nos dirigi6 hacia estudios
detallados del comportamiento de las larvas cuando comen toronjas. El movimiento,
alimentaci6n y crecimiento estan relacionados con la madurez de la fruta. A medida que
la fruta madura, se pone mas dulce, y las larvas se alimentaron mas consistente y
vorazmente, se movieron hacia las porciones de pulpa mas temprano, y se desarrollaron
mas rapidamente. Las larvas se detectaron a pocas horas de salir de los huevos cuando
a menudo todavia eran muy pequefias para verse a simple vista en la fruta. Se ha
demostrado la eficiencia del sistema en detectar frutas infestadas y es mas eficiente que
el aceptado metodo de cortar y examinar visualmente.

The Caribbean fruit fly, Anastrepha suspensa (Loew) (caribfly), has inhabited
Florida since 1966. Although most of its hosts are wild and dooryard fruits, it does
occasionally infest citrus, particularly grapefruit and oranges (Swanson & Baranowski
1972). Although it has never been found to cause extensive damage in citrus groves,
the threat of the presence of its larvae in citrus fruit being shipped to other tropical
and subtropical areas has caused it to become subject to quarantine regulations. Florida
citrus is now quarantined by Arizona, California, Hawaii, Texas and Japan.

Prior to 1983, fumigation by ethylene dibromide CEDB) successfully controlled eggs
and larvae in fruit. However, after the withdrawal of this compound, citrus exporters
were only able to use methyl bromide, cold treatment and shipment offruit from fly-free
areas as means of overcoming the quarantine restrictions. In all cases, because these
methods are more complicated and less effective than EDB, a large sample of fruit must
be examined by cutting to determine the presence or absence of caribfly larvae.

When it was discovered that sounds of feeding by larvae of the caribfly could be
detected by use of an accelerometer (Webb & Landolt 1984), a new technology for the
detection of fruit fly infested fruit was developed. Subsequent improvements in the
system eliminated the accelerometer and the frequency of the feeding sounds produced
were altered at the detector due to the physics of the system (Webb et al. 1988). To
improve on the efficiency of the system and to help explain the variability in the sounds
detected, it was necessary to determine the feeding behavior of the larvae in the target
fruit. It also became necessary to determine patterns of movement in relation to age of
larvae producing the audible signal and the maturity of the fruit so that standard com
parisons could be made between different equipment modifications.

MATERIALS AND METHODS

Grapefruit in Central Florida blooms in March. The fruit picking starts in late Oc
tober and extends to May of the following year. Grapefruit (var. Marsh White) used in
this study were picked every four weeks from November, 1984 to April, 1985 from a
grove maintained on Merritt Island, Florida. The fruits were transported to the Insect
Attractants, Behavior and Basic Biology Research Laboratory in Gainesville where
they were washed and infested with eggs from gravid female caribflies. Fruits were
placed into cages containing large numbers of sexually mature flies and the females
were observed for probing and oviposition activity. The fruits were exposed to the flies
for 6 hours, then were removed from the cage and placed on trays and incubated for 3
days at 25 C. From each collection, 45 to 60 fruits were infested, 15 on each of3 days.

Mter 3 days, the fruits were placed individually on the sound detector (Webb et al.
1988) to see if eggs had hatched and the larvae had begun feeding. Under ideal condi
tions in the laboratory at 25° C., eggs hatch in 3 days. If feeding sounds were detected,
the date of detection was written on the fruit and the fruit was returned to the incuba
tion tray. If no sound was heard, the fruits were examined acoustically each day there
after until larval sounds were apparent.
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FLAVEDO

GRAPEFRUIT

ALBEDO

PULP

Fig. 1. The three major regions of a citrus fruit. Flavedo is the colored outside layer
containing the oil glands. The albedo is the white fibrous inner layer. The pulp is the
edible portion from which the juice is extracted.

The three main layers of fruit are illustrated in Figure 1. The flavedo is the yellow
portion of the grapefruit peel. It contains most of the oils in the peel. The albedo is the
white layer between the flavedo and the pulp and is made up mostly of pectin, but
several chemicals including narangin and limonin also occur there (Greany et al. 1983,
Kefford & Chandler 1970). The pulp is the yellow edible center portion of the fruit.
Each of these portions of the fruit were dissected to locate larvae.

Three fruits were dissected to locate larvae at 2-day intervals after the first larval
sounds were heard during the months of November through February. During March,
dissections were made daily for 5 days because larval development and movement were
so rapid. During dissections, the fruits were first cut in half and then into quarters.
Then a cut was made to separate the albedo from the pulp. After each cut, the fruit
portion was examined carefully with a 2X magnifierllamp or with a lOX dissecting
microscope for feeding trails or larvae. The flavedo and the albedo were carefully teased
apart with forceps and probes. Neonate larvae are very small and identical in color to
the albedo layer in grapefruit which makes them difficult to see. As they become larger,
they and their feeding trails were more easily found. An example of a feeding trail is
shown in Figure 2.

Data were recorded on a diagram of the fruit indicating where each larva was lo
cated. The distance that the larva moved from the outer perimeter of the fruit was
measured with a direct line from the outer edge to the center. No attempt was made
to determine lateral distances the larvae may have moved while feeding because of the
great variations found and the difficulty in following the complete feeding route.

RESULTS

The average location of larvae and the number of days after acoustic detection for
each month are shown in Figures 3 and 4 for each month from November through
March. The lines on either side of the dot is the range of depths that larvae had pene-



412 Florida Entomologist 71(4) December, 1988

Fig. 2. An example of a feeding trail in the albedo of a grapefruit made by a Carib
bean fruit fly larva.

trated by that day. Because growth and movement of larvae in November and De
cember were slow, the figure only indicated locations at 4-day intervals.

Fruits picked in November were just beginning to turn yellow. The peel was still
firm to the touch. In all cases when eggs were discovered, always in the flavedo, they
were found to be laid singly rather than in aggregates. During the first 4 days after
larval chewing was detected, the larvae were only found in the flavedo. By day 8, larvae
were found in the albedo and in the outer regions of the pulp. On day 12, most of the
larvae found were in the pulp with a few still in the albedo. On day 14, one mature larva
left the fruit to pupate. By day 16, all of the larvae found were in the pulp. This was
the last observation made because all of the infested fruit from the November picking
date had been cut for examination. The number of larvae found on the days of examina
tion ranged from 11 to 33, more larvae were found in the later examination periods as
might be expected because they were larger in size and easier to see.

In December, larvae were recorded only in the flavedo on day zero. On day 4, they
were found in both the flavedo and the albedo. On day 8, they were found in all 3 regions
and by day 12 and 16 were found exclusively in the pulp (Figure 3). The first larva
emerged from the fruit on day 13.

From January through March, fruits were collected every 2 weeks so that 60 fruits
could be infested each week. They were examined every two days after larval sounds
were detected. Five fruits per day were cut and examined. During the first 2 days after
egg hatch, larvae were found exclusively in the flavedo. On day 4, most of the larvae
were found in the albedo with a few still in the flavedo and 2 larvae were found at the
border between the pulp and the albedo. By day 6, although most of the larvae were
still in the albedo a few larvae had penetrated the pulp, one as deep as 26 mm. On day
8, most of the larvae were found in the pulp with a few still found at the border between
the pulp and the albedo. The number of larvae found per fruit ranged from 14 to 44.
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Fig. 3. The mean location of Caribbean fruit fly larvae in grapefruit picked during
November and December at specified days after larval eclosion.

From day 10 on, almost all of the larvae were found in the pulp (Figure 4). The first
larvae to emerge during the first week's infestation was on day 13. Later in the month,
the first emergence of mature larvae occurred on days 12, 10 & 10 for the next 3 weeks,
respectively. The number of larvae found ranged from 13 to 55/fruit.

In February, larvae were already found in the albedo on day 2 and one larvae was
found in the pulp at the interface between the pulp and the albedo. By day 4, a few
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larvae were moving into the pulp, one as deep as 5 mm while most were at the interface.
By day 6, most of the larvae were in the pulp as deep as 26 mm (Figure 4). Most of the
larvae had completed development and had exited the fruit before the 14th day. Unfor
tunately, the date of first emergence was not recorded.

During March, fruits were examined every day for 5 days. On day zero, the first
day larval sounds were detected, all of the newly hatched larvae were still in the
flavedo. On day 1, several had already migrated into the albedo. By day 2, most were
found in the albedo. By day 3, although most were in the albedo, a few had already
entered the pulp as deep as 2 mm. On days 4 and 5, the larvae were found both in the
albedo and the pulp. The first larva began exiting the fruit on day 6 (Figure 4). Feeding
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and growth were very rapid in fruit picked in March. The number of larvae found
ranged from 16 to 811fruit. The feeding passages were difficult to follow because there
was such a large number of larvae in each fruit and the feeding was so extensive. The
fruit also became infested with fungi and mold and broke down very quickly, partly as
a consequence of the extensive larval feeding.

DISCUSSION

Results of this study indicate that the maturity of the fruit has a great influence on
the development rate and movement of larvae within the fruit. The rate of egg hatch
in November took from 6 to 12 days to hatch. In February, the egg hatch occurred
within 4.6 days. An interesting side observation of this study was that about 50% of
the eggs were found in the oil glands and about 50% between the oil glands in fruit from
all picking dates. Greany et al. (1983) observed a high mortality of eggs and newly
hatched larvae that were inside of oil glands. The increase in development rate and
movement of larvae into the pulp occurred earlier in consecutive months from November
through March. The greatest increase occurred in March when complete larval develop
ment occurred as early as 5 days after egg hatch. During this month the fruit has
reached a stage of maturity when grapefruit is truly susceptible to attack from the
Caribfly. Feeding sounds of larvae are most easily detected by acoustical techniques
when fruit is most mature because larvae feed almost continually at this stage (Webb,
unpublished data). There are also several changes in the chemistry of the peel with
maturity and, these appear to affect feeding and development rates early in the season.
(Shaw & Calkins, unpublished).

MARCH

o.y 0: fl,.t dIIy chewing ~nd detected

~.---o

11.---5

Fig. 4. The mean location of Caribbean fruit fly larvae in grapefruit picked during
January, February and March at specified days after larval eclosion.
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ABSTRACT

Accurate estimates of population size are needed to understand the population
dynamics of any species. They are also needed to determine when to implement a
specific control tactic, and to measure whether that control tactic has been effective.
This paper discusses the use of acoustic signals produced by insects and the feasibility
of using these signals to census populations.

Insect sounds are either incidental (produced as a by-product of some activity) or
non-incidental (produced to cause a response in some other animal). Incidental sounds
differ from non-incidental sounds with respect to several features that are important to
using sound to census populations. These features include species specificity, frequency
content, ease of localization, distance traveled, and the duration and timing of sound
production.

Studies of crickets show that information about which individuals in a population are
producing sound, when the individuals produce sound (seasonally and daily), and the
probability that individuals produce sound during census periods must be known to
accurately estimate the size of a population.

RESUMEN

Se necesitan estimados precisos del tamano de la poblaci6n para entender el di
namismo de la poblacion de cualquier especie. TambiEm se necesitan para determinar
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cuando es necesario implementar una tactica especifica de control, y para medir la
efectividad de dicha tactica. Se discute el uso de senales aclisticas producidas por insec
tos y la posibilidad de usarlas en censos de poblaciones.

Los sonidos producidos por insectos son incidentales (producidos como producto sec
undario de otra actividad) 0 no incidentales (producidos para inducir una respuesta en
otro animal) Los sonidos incidentales difieren de los no incidentales con respecto a
algunas caracteristicas que son importantes en el uso del sonido en el censo de pob
laciones. Estas caracteristicas incluyen especificidad de las especies, el contenido de la
frecuencia, la facilidad en localizarla, distancia cubierta, y la duracion y 10 oportuno del
sonido producido.

Estudios hechos con grillos muestran oue se debe de tener informacion sobre aquellos
individuos que producen sonidos en la poblacion, cuando producen los sonidos
(diariamente y estacionalmente), y la probabilidad que los individuos produzcan sonidos
durante el censo para poder estimar con exactitud el tamano de la poblacion.

An often asked question of animal populations is 'Do individuals occur in a certain
area?'. While knowing if they occur at a locality is necessary to study them, an even
more important question is 'How many animals are there?' or 'What is the number of
individuals in a certain area?'. One of the most important properties of any population
is its size. Population size or density is information that is needed to understand the
dynamics of a population, and it has import in all areas concerned with ecological mod
eling of populations.

Knowing the dynamics of pest populaticns is crucial in determining effective control
tactics, when to initiate the tactics, and if the tactics, once implemented, are successful.
Knowing how a population changes through time must be considered paramount in the
management of a pest, and therefore, accurate and precise estimates of pest population
density are needed.

For more than 20 years researchers have used sounds produced by insects to detect
their presence (Adams et al. 1953, Wojcik 1968; see also Webb, Calkins, Wolfenbarger
et aI., Toba, Vick et al. this symposium). In contrast, few attempts have been made to
use insect generated sound to estimate population size and density.

This paper will discuss the use of sounds produced by insects as a means of estimat
ing their population size and in monitoring the population size over time.

CATEGORIES

In this paper the term "sound" is used in a broad sense: a vibration in some medium.
By using this definition, all insects produce sounds during all stages of their lives. These
sounds can be classified into two broad categories (Table 1). The first category contains
sounds that are by-products of some activity of the animal. They are termed incidental
sounds. In the second category are sounds that function to produce a particular response
in another animal. These non-incidental sounds are termed communication. In most
instances communication occurs between members of the same species, but interspecific
communication also occurs, for instance in warning and anti-predator signals. Communi
cation, as it is used here, includes deceptive or false signals (see Burk this symposium).
An insect's activity can be monitored by listening for either incidental or non-incidental
sounds, and therefore the sounds may be used to census insect populations.

Examples of the two categories of sounds produced by insects are shown in Table
1. The two categories differ in one fundamental aspect. Whereas, sounds used in com
munication are produced to be heard by another animal, incidental sounds are not.
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TABLE 1. EXAMPLES OF SOUND GENERATED BY INSECTS AS BY-PRODUCTS OF
SOME ACTIVITY (INCIDENTAL) OR DURING COMMUNICATION (NON-INCI
DENTAL).

INCIDENTAL

walking
flying (adults)
chewing
swimming
breathing
heartbeats

COMMUNICATION

mating signals
courtship signals
territorial displays
social & subsocial signals
anti-predator signals
warning signals

CATEGORY DIFFERENCES

Whenever an insect produces sound, that sound is a potential cue that predators and
parasites might use in locating prey or hosts (Burk 1982 and refs.). Selection will favor
the production of sounds that avoid the attention of predators and parasites. Because
communication signals and incidental sounds differ in the function for which they are
produced, it might be expected that differences in certain characteristics will be re
flected between the categories. Understanding these differences will be important ifwe
are to use insect sounds to monitor and census individuals within a population (Table 2).

Species Specificity: One of the major differences to be expected between the two
categories is whether the sound is specific to a particular species. Sounds produced as
by-products of certain activities should not be as species specific as those used in com
munication, especially when the communication mediates sexual pair formation.
Specificity is important in whether sounds are suitable to monitor a particular species.
When more than one species in an area produce the same or similar sounds it will be
difficult to estimate population size for the species of interest. Likewise, it will be
difficult to accurately estimate a population size if different members of same population
produce different sounds.

Frequency Content: Generally incidental sounds have a broader frequency range than
sounds used in communication, and a spectral 'signature' of the sound produced by an
insect may be important in its detection and identification. However, the spectrum
(relative power at different frequencies) of a sound changes with distance from the
source, and is influenced by the particular habitat over which the sound propagates
(Marten & Marler 1977, Wiley & Richards 1978). Thus, sounds with a narrow frequency
range (non-incidental or communication signals) will be more convenient to use to locate
and count individuals in a population.

TABLE 2. GENERALIZED COMPARISON OF CHARACTERISTICS BETWEEN INCIDEN

TAL SOUNDS AND THOSE PRODUCED DURING COMMUNICATION.

Species Specificity
Frequency Range
Localization
Distance Traveled
Duration
Timing

INCIDENTAL

low
broad

difficult
short
short

unpredictable

COMMUNICATION

high
narrow

easy
long
long

predictable
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Ease of Localization, Distance Traveled and Duration Produced: Because sound may
attract the attention of predators and parasites, selection should favor incidental sounds
that are not easy to localize, do not travel far, and are produced for short durations
and/or at unpredictable times. While sounds used in communication can also be used by
predators and parasites, they have evolved to be heard by another animal. Therefore
they should be easily localized and produced at a level and for a duration that will allow
the intended receiver to detect and locate the sender from some distance. Being able
to localize a sound source from a distance is an important consideration when using
sound produced by insects to census their populations.
Device Design: The ease and success with which sound can be used in monitoring and
estimating populations will depend upon the above characteristics and understanding
the contexts in which the sounds are produced. The differences in the two categories
of sound will also influence the design of listening devices. Development of listening
devices for specific incidental sounds will be difficult and will require in-depth analysis
of the sounds (Webb et al. 1988). One potential advantage to sounds that are produced
for communication is that an efficient and effective device for listening to the particular
sound in the specific environment in which it is produced has already been developed.
Natural selection has shaped and modified the ears of the receiving animals to be effec
tive in detecting the sounds. Investigating the properties of the ears of receiving animals
may help develop transducers with similar properties. Perhaps the animals' own ear
can be used as a 'biological microphone' or transducer (Rheinlaender & Romer 1986,
Romer & Bailey 1986).

MONITORING POPULATIONS

Sexual and Life-Stage Differences in Sound Production: To accurately census popula
tions it is necessary to know what individuals in the population are producing sound
and how these relate numerically to the rest of the population. In insects that communi
cate via sound usually only one sex produces the sound. For crickets it is usually the
adult male, and to estimate a population size by counting calling males one must know
the proportion of adults in the population and the sex ratio of the adults.

Another important consideration for sound censusing is whether different individuals
of a population produce different sounds. For example, the characteristics of the sounds
produced by insects often depend upon the size of the structures that produce the
sound. During the growth of an insect the size of the structures change, and thus, the
characteristics of the sound change with the life stage of the insect.

Different life-stages of an insect often occur at the same time of the year. If only
one stage produces a particular sound, then information about the life history and the
proportion of individuals in each age class must be considered. When certain sounds are
characteristic of each stage then the sounds can be used to estimate the number of
individuals in each life stage class and will provide information about the distribution
of age classes of a population.

Life table data for a hypothetical cricket population, Gryllus hypotheticus are shown
in Table 3. This species has six life stages from egg to adult. The individuals in the
population are distributed amongst the different age classes as shown in column Px'
During a census period 100 calling males are counted. Counting calling males gives a
minimum size of the population, however this is far from a more accurate estimate
(N = 166) calculated using life table statistics of the population. The number of individu
als in each age class, nx , can be estimated using the following equation:

Eq.1

where nx is the estimate of the number of individuals in the x age class, N (= 100) is
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TABLE 3. LIFE TABLE STATISTICS AND POPULATION ESTIMATION BASED ON
MALE CALLING IN A HYPOTHETICAL CRICKET, GRYLLUS
HYPOTHETICUS.

TOTAL

Life
Stage

x

1
2
3
4
5

adult

Prop. of
Population

Px

0.00
0.05
0.05
0.10
0.20
0.60

1.00

Number
Counted

N

100

Estimate!

o
8
8

17
33

100

166

'The estimate for each age class, nXlis calculated from Eq. 1 (see text).

the number of individuals counted producing sound, Px is the proportion of the popula
tion in the x age class, and Pc (= 0.60) is the proportion of individuals in the counted
age class. This assumes that all individuals in the age class being counted are producing
sound during the census. To make the equation more general the number counted must
be divided by the proportion of individuals of the age clas that are calling at the time
of the census, re. The equation then becomes

Eq.2

For instance, if all adult males are calling during the census and the adult population
has a sex ratio of 50:50 (ie. r e = 0.50), then the estimates of each class increase by a
factor of 2. The total population is 332. As will be seen below, all males are not always
calling during a census, and it becomes necessary to find out what proportion of the
individuals are producing sound during a particular time to estimate the population.

Daily Periods of Sound Production: One of the problems with using sound to census
populations is the lack of information about when to monitor. If reliable estimates of
populations are to be made using the sound produced by insects, then all individuals in
the population, or a constant proportion of those individuals, must produce sound at the
time of censusing. Almost all activities of animals, especially those of insects, follow a
circadian rhythm (Brady 1982). Much has been learned about physiological and environ
mental influences on these animal rhythms in the laboratory, but only recently have
researchers looked at such rhythms with the animal's ecology in mind (Walker 1983).
If insect sounds are to be used in estimation of population size, understanding these
rhythms becomes necessary.

Species Differences in Rhythms: The periods of sound production are often very specific
to a species and may be very different between closely related species. For a particular
species these activities can be brief, lasting only a few minutes, or they may be spread
throughout the day. For instance, each evening male mole crickets, Scapteriscus acletus
and S. vicinus, begin calling shortly after sunset and continue to call for about an hour
(Forrest 1983). This period also corresponds to female flight activity. Similarly, male
Anurogryllus arboreus, a short-tailed cricket, call for about an hour shortly after sunset
(Walker 1980a).

Males of other crickets call throughout the night and these species differ in the
proportions of individuals calling at anyone time. During an evening, about 25% of the
Anurogryllus muticus in the population call at the same time (Walker & Whitesell 1982,
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Walker 1983). About 50% ofthe total population of Gryllodes supplicans call simultane
ously during an evening (Sakaluk 1987). The proportion of male field crickets (Gryllus
integer, G. veletis, and G. pennsylvanicus) that call during an evening varies throughout
the night and is dependent upon population density. Just after sunset 25-80% of the
male population is calling, and there is an increase in calling activity at sunrise when
almost 100% of the males are calling (Cade 1979, French & Cade 1987).

These daily calling periods may be changed by several environmental factors. For
instance, calling may shift from predominantly nighttime to mostly daytime calling if
nighttime temperatures are below those suitable for calling (Alexander & Meral 1967).
Rain may also cause shifts in the calling period (Alexander & Meral 1967, Forrest 1983,
Walker 1983, Walker & Whitesell 1982). Interaction with other species has also been
found to cause shifts in the calling period of some katydids (Greenfield 1988, Latimer
& Broughton 1984).

Characterizing the periods of sound production is useful in determining the proper
times to census an insect population. Once this characterization has been made it be
comes necessary to understand what the individuals in that population are doing during
the periods of sound production. However, few data are available on sound production
by individual insects under natural conditionR.

Individual Differences in Rhythms Within Days: Calling periods sometimes vary be
tween individuals within a population. Individual male mole crickets, Scapteriscus ac
letus and S. vicinus, have significantly different times that they begin their evening
calling (Forrest 1983). Walker & Whitesell (1982) studied calling of individual male A.
muticus. They found males that called near burrows generally called during the same
period and for the same duration from night to night, but individuals differed in both
respects. Some males were early evening callers while others called late in the evening.
Other males that were not associated with burrows were more variable in their calling
times and durations, often moving between census periods. One male moved more than
50 m during a night of singing.

Individuals Differences in Rhythms Between Days: Another important aspect of sound
production is the variability in sound production from one day to the next. To reliably
quantify population density using the sounds that are made by individuals in the popu
lation, the variation in sound production by individuals must be known. The probability
of calling from night to night varied among individual male mole crickets monitored for
periods of as long as a month (Fig. 1). One S. vicinus male called only 26% of the nights
compared with other males that called as much as 79% of the nights during the same
period. For all males combined, S. acletus males called an average of 78% of the suitable
nights (>16°C and no rain) and S. vicinus males averaged 76%. All males were kept
outdoors in 19-1iter buckets of soil and were provided with enough food so as not to
limit energy needed for calling (see below).

Effects of Density and Nutrition on Sound Production: If sounds are to be used to
measure population size and density, the influence of population size or density on the
production of sound must be known. This too will depend upon the context in which the
sound is produced. For incidental sounds, the number of sounds detected should increase
linearly with increasing density. In other contexts (eg. aggressive sounds), the propor
tion of the population producing sounds may be low under low density situations and
may then increase dramatically (exponentially) as the population density increases. The
reverse may be true for sounds such as the calling songs of crickets. In this case, the
proportion of the population calling may decrease as the density increases because of
an increase in attacks from neighbors (see Burk 1983 and this symposium), or because
the sounds are energetically expensive to produce and the high density situation makes
another strategy of finding mates more profitable.
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Fig. 1. Daily calling probabilities of individual male Scapteriscus acletus and S.
vicinus. Each horizontal line represents data from a single male (N = 16 S. acletus =21
S. vicinus). Solid lines are days males called, dotted lines represent days males did not
call, and open area show days males were not monitored. Males are grouped according
to dates monitored. Top 4 S. acletus and 8 S. vicinus were monitored 10-22 Apr 1979,
middle 8 S. acletus and 5 S. vicinus were monitored 18 May-18 Jun 1979, and bottom
4 S. acletus and 8 S. vicinus were monitored 7 Mar-9 Apr 1980. Numbers at the right
are the proportion of suitable (>16°C and no rain) nights that each individual called.
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Data for calling in two mole crickets as a function of male density (Shaw 1981,
personal communication) are shown in Figure 2. Male mole crickets were place at vari
ous densities in 10 m2 outdoor arenas. The number of individuals calling in the arenas
was monitored on successive nights. The maximum percentage of males calling de
creases exponentially with increasing density and reaches a constant level of about 10%
calling at high densities (Fig. 2). These data can be fit with an exponential decay function
of the form

P(x) = ex I (l-e(-XI,»), Eq.3

where P(x) is the proportion of the total calling at density x, ex is the asymptotic value
of the function as x becomes large, and T is the function's rate of decay. The dotted line
in Figure 2 is the least-squares fit to all data using the above equation (ex = 0.11 and
T = 2.00). Walker (1980b, personal communication) has shown that the presence of
conspecific male and female mole crickets will decrease the proportion of nights indi
vidual males call by as much as 70%.

Nutrition will also influence sound production. If the sounds to be monitored are
produced because of feeding activity, then abundant food supplies could cause a decrease
in movement associated with acquiring food. Sound production caused by the movement
of the insect would decrease. However, if the food has little nutritional value, then the
individual must consume more and feed more often to make up for the low nutritional
intake (Slansky 982). Sound production would increase. If the sounds are energetically
expensive to produce, poor nutrition may decrease the production of such sounds. Cal-
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Fig. 2. Maximum percent of male mole crickets calling in 10 m2 outdoor arenas
plotted as a function of male density in the arena. Dotted line is a least-square fit to
the data using ex = 0.11 and T = 2.00 as parameters of Eq. 3 (see text, Shaw 1981,
personal communication).
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ling male crickets use more than 10 times the energy used during resting (Prestwich &
Walker 1981, Kavanagh 1987). Walker (1980b, personal communication) found that the
proportion of nights that male mole crickets called decreased from about 80 to 30% when
they were deprived of food (Fig. 3).

Seasonal Periods of Sound Production: Besides daily periods of sound production, ani
mals very often have specific seasonal periods. This is especially true of insects where
certain life stages are only present during specific times of the year. Crickets are a good
example. It has become common practice to use counts of calling crickets to determine
life cycles, seasonal maturation, and adult activity periods of crickets (Alexander 1962,
Alexander & Meral 1967, Walker 1983). Because adult males are the only part of the
population that produce calling songs, the season of sound production generally corres
ponds to the adult activity of the species. However, in some species males are rarely
heard at certain times of the year even though adult males are abundant in the popula
tion. This may be caused by the abundance of acoustically orienting parasitoid flies
present at this time of the year (Burk 1982 and refs.). The seasonal activity of sound
production must be considered if acoustic signals are to be used to monitor populations.

Geographic Ranges and Population Spread: Two very practical uses of monitoring insect
populations based upon the sounds produced are determining geographic ranges and
measuring the spread of populations. The use of acoustic signals to determine population
ranges and their spread have been used extensively in insects that use sound to com-

D

D FED

f11J STARVE

'-

-

-

r-

80

100

20

o
W
--J
--J
<: 60u
t-
Z
W

~ 40
w
a..

o
S. oclefus S. vicinus

Fig. 3. Bars show how starving influences the nightly calling of male mole crickets.
Percent of nights called is significantly decreased for males that are deprived of food
(hatched bars) compared with males provided food (open bars) (Walker 1980b, personal
communication.
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municate over long distances (Alexander 1962). The signals of particular species are
easily distinguished, and to determine a species geographic range it is a simple matter
of cataloguing the localities where that species sound has been heard. This technique
could also be used for incidental sounds, provided a suitable detection device can be
produced. This application will increase our ability to monitor the spread of migratory
species and pest species that have been introduced to new areas.

CONCLUSIONS

Monitoring and estimating populations is important in the management of any pest
species. Because sound of one form or another is produced by all insects, a promising
area of research is to use sound in detecting, censusing, and monitoring insect popu
lations. An understanding of the sounds, knowing the contexts in which they are pro
duced, and knowing how the production of sound relates to the ecology and biology of
the animals will improve population estimation. In most instances, the population size
will be underestimated. It is only when insects of different species produce indistin
guishable sounds or when individuals are very mobile and are counted more than once
that a population would be overestimated. Thus, the use of sound censusing provides
baseline data for estimating population size. Where exact counts are not a necessity,
monitoring the sounds of insects can provide much information about a species life
history. Using sound should become an increasingly important tactic for monitoring
population spread and has application in monitoring the movement of migratory pest
species.
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ABSTRACT

Ultrasonic acoustical emissions (AEs) were recorded from trunk samples of eastern
white pine, Pinus strobus L., northern red oak, Quercus rubra L., paper birch, Betula
papyrifera Marsh., and red maple, Acer rubrum L., that were cut in winter (February)
and allowed to dry indoors. Emission rates were determined for waxed and unwaxed
samples at weekly intervals throughout the drying period. Waveform parameters deter
mined for each AE were duration, counts (oscillations above threshold), rise time,
amplitude, energy, and average frequency (counts/duration). For all tree species, AE
rates from unwaxed samples first increased and then decreased during drying, and they
were several times greater than rates for waxed samples. For white pine, mean dura
tion, counts, rise time, amplitude, and energy decreased over time while average fre
quency increased. Such patterns were often lacking among the three hardwood species.
Average waveform parameters differed among species; AEs from white pine were
strongest while those from red oak were weakest. Implications for bark- and wood-bor
ing insects are discussed.

RESUMEN

Emisiones acusticas ultrasonicas (EAU) se registraron en muestras de troncos de
pinos blancos del este, Pinus strobus L., robles rojos del norte, Quercus rubra L.,
abedul de papel, Betula papyrifera Marsh., y en el meple rojo, Acer rubrum L., que
fueron cortados en el invierno (Febrero) y secados dentro de la casa. Se determino la
proporcion de emision de muestras enceradas y sin encerar a intervalos semanales
durante el periodo que se secaban. Los parametros determinados del tipo de onda para
cada EAU fueron duracion, conteo, (oscilacion encima del umbra!), tiempo en ascender,
amplitud, energia, y el promedio de la frecuencia (conteo/ duracion) Para todas las
especies de arboles, la proporcion de EAU de muestras sin cera primero aumento y
despues disminuyo cuando se secaban y fueron varias veces mayor que la proporcion de
muestras enceradas. Para los pinos blancos, el intermedio de duracion, conteo, tiempo
en ascender, amplitud, y energia, disminuyo con el tiempo mientras que el promedio de
la frecuencia aumento. Tales patrones amenudo estaban ausentes entre las tres especies
de madera dura. EI promedio de los parametros del tipo de onda diferio entre las
especies; EAU del pino blanco fueron los mas fuertes mientras que aquellos del roble
rojo fueron los mas debiles. Se discuten las implicaciones para insectos taladradores de
la corteza y de la madera.

Water is conducted upwards in the xylem tissue of plants. To accomplish this, xylem
functions at negative pressures, with water being held under tremendous tension
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(Kramer 1983, Oertli 1971, Zimmermann 1983). This tension increases dramatically
during drought and at some critical point the hydrogen bonds between the water
molecules break or cavitate (Tyree & Dixon 1983). The breaking of individual water
columns releases energy that results in acoustical emissions (AEs) primarily at ul
trasonic frequencies (>20 kHz) (Sandford & Grace 1985, Tyree & Dixon 1983, Tyree et
al. 1984b). Each AE is believed to result from cavitation of an individual water column
within the conducting xylem. As drought stress intensifies, AE rate increases with the
largest diameter xylem conduits tending to cavitate first (Sandford & Grace 1985, Tyree
& Dixon 1986). The term conduit is used to include both the single-cell tracheids of
conifers and the multi-cell vessels of hardwoods. Ultrasonic AEs from drought-stressed
plants are a recent discovery, being first reported by Tyree & Dixon in 1983. AEs have
since been recorded from a number of hardwood tree species (Jones & Pefta 1986, Salleo
& Lo Gullo 1986, Sandford & Grace 1985, Tyree & Dixon 1986), conifers (Dixon et al.
1984, Pefta & Grace 1986, Sandford & Grace 1985, Tyree and Dixon 1983, 1986, Tyree
et al. 1984a, 1984b), and herbaceous plants such as corn (Tyree et al. 1986). In the forest
products industry, AEs have been reported to occur in drying lumber (Becker 1982,
Honeycutt et al. 1985, Noguchi et al. 1980, 1983, 1985, Skaar et al. 1980).

Considering that many bark- and wood-boring insects preferentially attack drought
stressed trees (Mattson & Haack 1987), and that several insects from at least nine
Orders can detect and/or produce ultrasound at similar frequencies (Lewis & Gower
1980, Sales & Pye 1974, Schwartzkopf 1974, Spangler 1988), Mattson & Haack (1987)
hypothesized that some bark- and wood-boring species might perceive and utilize
drought-induced acoustic signals during host colonization. One means to test this
hypothesis requires characterization of the AE rate and waveform pattern from
drought-stressed trees during the period of host colonization, and then testing the
relative attractiveness of substrates pulsed with ultrasound to simulate drought-related
AEs with that of similar nonpulsed substrates.

AEs are sensed by transducers affixed to the bark or wood (xylem) surface. Most
researchers have used wideband transducers that are sensitive over the range 100-1000
kHz. The most commonly reported AE parameter has been emission rate. Besides
simply counting AEs, technologies exist to determine several AE waveform parameters
such as duration, counts, rise time, amplitude, and energy (see Fig. 1). Because (a)
larger xylem conduits tend to cavitate first, (b) frequency is inversely proportional to
conduit size, and (c) AE intensity is proportional to cell size, average frequency theoret
ically would increase while signal intensity would decrease during an extended period
of drought. Moreover, because xylem cells vary among species in length, width, struc
ture, and arrangement (Panshin & de Zeeuw 1980), it is possible that different species
or genera of trees will produce unique AE signatures. In the present study, our objec
tive was to describe emission rates and several AE waveform parameters during an
extended period of dehydration for freshly cut trunk samples of eastern white pine,
Pinus strobus L. northern red oak, Quercus rubra L., paper birch, Betula papyrifera
Marsh., and red maple, Acer rubrum L. Such information will allow us to pulse sub
strates with ultrasound at meaningful levels.

In conifer xylem, the principal water-conducting units are single-celled tracheids.
Conifers lack vessels. Hardwood xylem is more complex; vessels are the chief water-con
ducting components. Vessels are tubular structures, consisting of individual cells from
which the end walls have disintegrated. Vessels are much larger than tracheids. The
arrangement of vessels is variable among species, but fixed for a given species.
Hardwoods are often classified as either ring porous or diffuse porous. In ring-porous
species, earlywood vessels are much larger than latewood vessels, thus producing an
abrupt and obvious transition between growth rings. In diffuse-porous species, there
is little change in vessel size across the growth ring (Kramer & Kozlowski 1979). In the
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Fig. 1. Typical acoustical emission waveform showing parameters commonly meas
ured above a preset threshold voltage: event duration (time between first and last
threshold crossing), rise time (time from first threshold crossing to peak amplitude),
peak amplitude (the peak voltage of the largest excursion attained by the signal
waveform from an emission event), counts (number of times the signal passes above the
threshold), and energy (total elastic energy released by an emission event; this parame
ter is calculated in various ways using the values for amplitude and duration).

present study, white pine is a conifer, red oak is a ring-porous hardwood, and paper
birch and red maple are diffuse-porous hardwoods.

METHODS AND MATERIALS

Plant Material and Preparation

A small-diameter (6-10 em) tree of each of the four test species was cut on February
22, 1988 in a forested area in southwestern Michigan. Six, branch-free, 40-cm long
samples were cut from the trunk of each tree and immediately taken to the laboratory
and weighed (Table 1). For each species, two samples were dried to determine initial
moisture content (wet-weight basis), two were end-dipped in melted paraffin to slow
dehydration, and two were left unwaxed. The waxed and unwaxed samples were used
to simulate low and high levels of water stress, respectively. The samples were allowed
to air-dry in the laboratory at room temperature; weight was recorded periodically
during the drying period. At the end of the study, all samples were dried at 75°C and
weighed.

To aid in transducer placement, we removed a small area (ca. 4 cm") of bark near
the center of each sample, shaved the exposed sapwood flat, affixed the transducer with
couplant, and constructed a support cylinder around the transducer using a hot-melt
adhesive. The support cylinder allowed for exact placement of the transducer on each
sampling day. Any remaining exposed sapwood around the support was coated with
petroleum grease to reduce local dehydration.
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An acoustical emission is a phenomenon in which transient elastic waves are gener
ated by the rapid release of energy from a localized source within a material. In our
case, the energy released as a result of cavitation is believed to generate the elastic
waves that we detected. Elastic waves propagate outward from their source and can
be detected with the appropriate transducer as small displacements on the surface of
the specimen. Transducers tr:;msform elastic waves into electrical signals that can be
further amplified, filtered, and conditioned by other AE-detecting hardware.

We used AE equipment from Physical Acoustics Corporation (PAC) of Princeton,
NJ. The sensors were 150 kHz resonant transducers (PAC model R15) of the ceramic
piezoelectric type with -68 dB sensitivity. We used PAC model 1220A preamplifiers
with 100-300 kHz bandpass filters and 40 dB gain (0 dB = 100 J.LV; a decibel is 1120 of
a logarithmic unit; thus 20 dB is 10 times greater, 40 dB is 100 times, 60 dB is 1000
times, etc.). The AE processor was a PAC model 3000/3004, which was set for an
additional gain of 32 dB. The total gain was thus 72 dB. An event was recorded when
the resulting amplified signal was greater than a 0.3 V threshold voltage; considerable
background noise was detected at 0.1 and 0.2 V. For comparison, others have used total
gains of 67 to 82 dB and thresholds of 0.12 to 0.25 V (Jones & Pefla 1986, Pefla & Grace
1986, Sandford & Grace 1985, Tyree & Dixon 1983, 1986, Tyree et al. 1984a, 1984b,
1986). For each recorded AE, the PAC 3000/3004 measured waveform parameters such
as duration (microseconds), counts (oscillations above threshold), rise time (microsec
onds), amplitude (dB), and energy (volt seconds). Given that frequency is defined as
hertz (cycles per second), we estimated average frequency for each AE by dividing
counts by duration. We realize that this method will not calculate the tru'e frequency
of a signal in most cases because (1) it assumes equal time intervals between oscillations,
(2) it allows for only one frequency per signal, and (3) a resonant transducer was used
which is most sensitive to its resonant frequency.

AEs were recorded three times weekly as the trunk samples dried. The base of the
transducer was coated with couplant and affixed to each sample within the support
cylinder. AEs were recorded for 5 minutes (or until at least 50 AEs had been recorded)
per sample using the same transducer, preamplifier, and AE-processor channel through
out. Samples were tested until no AEs had been recorded for two successive sampling
dates.

Statistical Analysis

The AE data were analyzed by using the general linear models procedures of the
Statistical Analysis System (SAS Institute 1982). To keep the data set sizes manageable,

TABLE 1. SUMMARY DATA FOR SAMPLE MATERIAL FROM EASTERN WHITE PINE,
NORTHERN RED OAK, RED MAPLE, AND PAPER BIRCH.

WeeksofAE
Moisture content (%) production

Tree
Sample (unwaxed only)

After8wksage Lth Diam When First Last
Species (yr) (cm) (cm) cut waxed unwaxed week week

Pine 16 40 7.7 68 66 34 1 7
Oak 39 40 8.6 41 39 30 1 8
Maple 20 40 5.6 51 43 22 2 11
Birch 20 40 6.0 49 47 24 1 7
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only the first 50 AEs were recorded from each 5-min sampling period. All recorded AEs
were used in determination of AE rate and nearly all in conducting simple correlations
among AE waveform parameters by species. However, in analyses of AE waveform
parameters, only AEs with values of 1 or greater for duration, count, rise time, and
amplitude were used, thus eliminating the weakest signals. Positive and negative linear
trends in the weekly mean values for all AE parameters were tested for each species
by using simple linear regression techniques. ANOVA and multiple range testing were
used to determine significant (P<0.05) differences among the four species for overall
mean values for each AE parameter.

RESULTS

Moisture Content

At the time of felling, moisture content was highest in pine and lowest in oak (Table
1). For all species, replicate samples dried similarly, being within 1% moisture content
on each sampling day. After 8 weeks of air drying, waxed samples had lost little mois
ture compared with unwaxed samples (Table 1) indicating that waxing the cut ends
reduced dehydration. Unwaxed maple contained 16% moisture after 11 weeks, after
which AE production stopped.

AE Rate

The rate of acoustic emissions was far greater in unwaxed than in waxed samples
(Fig. 2; note differences in scale). In general, considering unwaxed samples only, AE
rate increased rapidly at first, remained steady, and then slowly declined. AE rate was
higher in pine than in any of the hardwood species. Unwaxed pine, oak, and birch
samples produced AEs during the first week of drying, whereas none were detected
from maple until week 2. Similarly, AE production ended in pine, oak, and birch samples
during weeks 7 and 8; however, maple samples produced AEs through week 11 (Table
1).

Waxed pine and birch produced practically no AEs, whereas waxed oak and maple
produced some (Fig. 2). Cracks in the wax coatings of the oak and maple samples were
noted at the end of the study; it is possible that these cracks allowed water loss and
thus AE production.

AE Waveform Characteristics

All correlations among the AE parameters were highly significant (P<.OOl), and in
general, patterns were similar for each tree species (Table 2). Strong positive correla
tions existed among duration, count, energy counts, amplitude, and rise time. Weak,
negative correlations were found for frequency with each of the other five AE paramet
ers, indicating that signals of lower intensity were often of higher average frequency
(as defined here).

Weekly mean values for duration, counts, rise time, amplitude, energy, and average
frequency are presented by species for the unwaxed samples in Fig. 3. Data points
represent an average of 55-255 individual AEs.

Mean duration tended to decrease during the drying cycle for pine, oak, and birch,
whereas maple remained rather constant (Fig. 3; Table 3). The greatest decline occurred
in pine. For all weeks combined, AEs from pine were the longest while those from oak
were the shortest in duration (Table 4). Noguchi et al. (1985) recorded durations of
50-200 fLsec for two hardwood species and one conifer.
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Fig. 2. AE rate (events/minute) recorded with a 150 kHz resonant transducer from
unwaxed (top) and waxed (bottom) trunk samples cut from four tree species in February
and allowed to dry indoors in a heated building: threshold voltage = 0.3 V, total system
gain = 72 dB.

Mean counts per AE declined during the drying cycle for pine and oak, but no
consistent linear pattern was found for either maple or birch (Fig. 3; Table 3). The most
dramatic decline occurred in pine. For all weeks combined, AEs from pine had the most
counts while those from oak had the fewest (Table 4).
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TABLE 2. SIMPLE CORRELATIONS (r) AMONG AE WAVEFORM PARAMETERS BY
SPECIES; BASED ON ALL AEs HAVING VALUES OF 1 /LSEC OR GREATER
FOR DURATION; P<.OOl FOR ALL VALUES BELOW.

Duration Counts Rise time Amplitude Energy Frequency

Eastern white pine (below right, N = 1645 AEs)
Duration .97 .66 .80 .87 -.26
Counts .93 .63 .75 .84 -.15
Rise time .67 .65 .48 .60 -.27
Amplitude .72 .66 .49 .71 -.28
Energy counts .84 .80 .68 .61 -.21
Frequency -.31 -.14 -.33 -.31 -.27

Northern red oak (above left, N 1619 AEs)

Red maple (below right, 2259 AEs)
Duration .97 .71 .72 .88 -.28
Counts .97 .70 .66 .84 -.15
Rise time .73 .71 .44 .66 -.28
Amplitude .81 .76 .55 .60 -.32
Energy counts .89 .86 .72 .69 -.25
Frequency -.29 -.13 -.32 -.31 -.27

Paper birch (above left, N = 655 AEs)

A decline in mean rise time was noted for pine and maple but not for either oak or
birch (Fig. 3; Table 3). Pine demonstrated the greatest decline in rise time. For all
weeks combined, rise time was longest for pine and shortest for oak (Table 4).

Mean amplitude decreased over time in pine, oak, and birch, but not maple (Fig. 4;
Table 3). Pine showed the steepest decline. For all weeks combined, pine and birch had
the largest mean amplitude while oak and maple had the smallest (Table 4).

Mean energy tended to decrease during the drying cycle for pine and maple, but no
such trend was observed for oak or birch (Fig. 4; Table 3). The greatest decline in
energy occurred in pine. For all weeks combined, mean energy was highest in pine and
lowest in oak (Table 4).

Mean average frequency tended to increase during the drying cycle in pine, but did
not show a consistent pattern in oak, maple, or birch (Fig. 4; Table 3). For all weeks
combined, average frequency was broadly similar in all species (Table 4), being close to
the resonant frequency of the transducer used (i.e., 150 kHz).

DISCUSSION

Seasonal Changes in Xylem Moisture Content

The winter-time moisture contents reported here are typical of conifers and
hardwoods in north-temperate forests. Moisture content of sapwood is generally higher
in conifers than in hardwoods, reaching a maximum in winter and a minimum in mid
summer. In hardwoods, on the other hand, moisture content reaches a maximum in
spring and a minimum in autumn or in mid-winter; it is lower in winter in ring-porous
types than in diffuse-porous hardwoods (Clark & Gibbs 1957, Gibbs 1958). Therefore,
the relative ranking of species by moisture content will vary depending on the season
during which a study is conducted.

Variation in Xylem Conduit Size

There is much within-tree, between-tree, and between-species variation in size of
xylem conduits. Three important trends in conduit size are (a) size decreases with
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TABLE 3. ANOVA PROBABILITY (P) VALUES FOR VARIOUS AE WAVEFORM
PARAMETERS TESTED AGAINST TIME (WEEKS OF DRYING) FOR TRUNK
SAMPLES FROM EASTERN WHITE PINE, NORTHERN RED OAK, RED
MAPLE, AND PAPER BIRCH.

P<

Species Duration Counts Rise time Amplitude Energy Frequency

Pine 0.001 0.002 0.001 0.001 0.001 0.010
Oak 0.028 0.008 0.245 0.047 0.069 0.283
Maple 0.147 0.208 0.035 0.378 0.021 0.801
Birch 0.100 0.183 0.536 0.035 0.435 0.826

increasing height within the tree, (b) the number of conduits per unit area (tangential
section) increases with sampling height, and (c) average conduit length increases with
tree age (Bailey 1958, Fegel 1941, Zimmermann 1978, Zimmermann & Potter 1982).
Vessel length and diameter are positively correlated (Greenidge 1952, Zimmermann &
Jeje 1981). Xylem conduits are shortest in conifers, relatively long in diffuse-porous
hardwoods, and can be extremely long in ring-porous hardwoods. For example, white
pine tracheids are up to 4-5 mm long (Bailey & Tupper 1918), whereas the longest
vessels in maple, birch, and oak are typically 25-35 cm, 36-40 em, and 10-11 m, respec
tively (Zimmermann & Jeje 1981). However, only a few vessels belong to the longest
length class. In red maple, for example, although some vessels reached 42 cm in length,
over 50% were in the 0-4 cm class (Zimmermann & Potter 1982). Therefore, in addition
to season of year, AE studies will be influenced by sampling location within the tree,
tree age, and sample length.

AE Rate

The higher AE rate in unwaxed versus waxed samples reflected the former's greater
rate of water loss, given that the evaporated water resulted from cavitated xylem
conduits. The differences in AE rates that we recorded between waxed and unwaxed
specimens are similar to differences in AE patterns from well-watered and drought-

TABLE 4. MEAN AND RANGE VALUES FOR VARIOUS AE WAVEFORM PARAMETERS
REORDED FROM TRUNK SAMPLES OF EASTERN WHITE PINE, NORTHERN
RED OAK, RED MAPLE, AND PAPER BIRCH.

Duration Counts Rise time Amplitude2 Energy Frequency2 AEs3
Species (!J.sec) (N) (!J.sec) (dB) (V sec) (kHz) (N)

Pine 43.6 a' 7.2a 13.3a 41.4 a 3.0a 168 a 1069
(8-187) (2-33) (1-95) (30-73) (1-30) (68-583)

Oak 30.9d 5.2d 1O.Od 39.6b 2.2d 171 a 801
(7-230) (2-36) (1-44) (30-66) (1-11) (27-444)

Maple 39.2b 6.6b 12.5 b 40.0b 2.8b 172a 1264
(9-269) (2-42) (1-68) (25-79) (2-42) (30-500)

Birch 35.1 c 5.7c 1O.8c 41.1 a 2.5c 164 b 382
(8-172) (2-28) (1-42) (31-65) (1-13) (62-278)

'Means followed by the same letter (within columns) are not significantly different at tne P < 1).1)';, level (Duncan\>
multiple range test).

'For amplitude, 0 dB = 100 /LV; frequency was calculated as (counts)/(duration) for each AE.
':e«o« ffC"," puv_"u",,~ ff=..G'.,y,Op="';" d?af'dd5-wr~<ar~or'"/'--~~M-~~~"~.~

and amplitude were used. AEs were sensed with a 150 kHz resonant transducer.
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stressed conifers (Peiia & Grace 1986) and hardwoods (Jones & Peiia 1986). The increase
and eventual decrease in AE rate noted here is similar to the AE rate recorded from
drying lumber (Becker 1982, Honeycutt et al. 1985, Noguchi et al. 1980, 1983, 1985,
Skaar et al. 1980).

AE rate and the time over which AEs are produced are known to increase with
increasing specimen size (Becker 1982, Jones and Peiia 1986). In our study, because
specimen size was kept within a narrow range, we feel that differences in AE rate
reflect primarily variation in conduit size and moisture content, Le., more water-filled
xylem conduits cavitated within the "listening" distance of the transducer in pine than
in the hardwood samples. However, it is possible that many of the AEs produced by
the hardwoods could have been above or below the bandwidth we examined (100-300
kHz). For example, Noguchi et al. (1985) reported that AE rate was greater in
hardwoods than conifers but they recorded AEs between 50 and 150 kHz. Additionally,
had testing been done during spring or summer, hardwood AE rate would probably
have been higher because more cells would have been water-filled, and conversely pine
AE rate may have been lower for similar reasons.

AE Waveform Parameters

Although most AE parameters varied among species, it is not known how similar
the findings would be in another experiment if we sampled other trees of the same
species, other tree locations, longer or shorter samples, during other seasons of the
year, or used other transducers that were sensitive to different frequency bands. For
example, given the above information on within-tree variation in xylem conduit size and
that frequency is inversely correlated with conduit size, we hypothesized that the aver
age frequency would increase with increasing within-tree sampling height and sample
length as well as with lowered tree age.

Highest mean AE intensity (i.e., energy) was measured in pine. This may have
occurred because pine had the highest moisture content and the smallest xylem con
duits. That is, more conduits cavitated within the listening range of the transducer on
pine than on any of the hardwoods. Sandford & Grace (1985) reported that the listening
distance was greater on hardwoods than conifers. If true, this could also help explain
lowered AE intensity on hardwoods because more distant AEs, which weaken as they
propagate, would be averaged in the calculations. Average intensity is also known to
decrease as sample diameter increases (Tyree et al. 1984b). As just mentioned, sound
attenuates as it travels through wood. We do not know the distances that AEs traveled
to reach the transducer in this study. Given two AEs of similar magnitude that occur
at different distances from a transducer, the more distant signal will be sensed as
weaker.

Only in pine was there a significant trend of increasing average frequency with
drying time. Such evidence supports the contention that large conduits cavitate earlier
than smaller ones (Tyree & Dixon 1986, Tyree et al. 1984b). The values we reported
for average frequency are crude estimates based on counts and duration. Individual
AEs may have more than one major frequency component (Noguchi et al. 1985, Tyree
& Dixon 1983). Detailed spectrum analyses are needed to determine the actual fre
quency components produced by drought-stressed plants, and how these spectra change
as drought intensifies.

Considering that oaks have the largest xylem conduits of the species tested, it is
puzzling that average frequency was not substantially lower in oak. However, because
the samples were only 40-cm long, more than 80% of the earlywood vessels may have
been severed (see Fig. 12 in Zimmermann & Jeje 1981). Moreover, Zimmermann (1983)
states that most earlywood vessels of ring-porous hardwoods cavitate during winter.
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Because samples were collected in February, most earlywood vessels probably had
already cavitated. Thus, the AEs recorded from our oak samples, most likely resulted
from cavitations occurring in the much shorter (mostly <25 cm) latewood vessels (Zim
mermann & Jeje 1981).

Implications for Bark- and Wood-Feeding Insects

Visual and olfactory cues are considered of primary importance in host finding by
bark- and wood-feeding insects (Haack & Slansky 1987). It is well recognized, however,
that ultrasound in the range 20-200 kHz is produced and/or detected by insects in
diverse groups such as Diptera (Saini 1984), Lepidoptera (Spangler 1988). Neuroptera
(Olesen & Miller 1979), Orthoptera (Silver et al. 1980), and Trichoptera (Silver & Halls
1980). Two species of Ips bark beetles (Scolytidae) are known to produce low-frequency
ultrasound (Swaby & Rudinsky 1976, Wilkinson et al. 1967). We believe it highly plaus
ible that some insects could detect and utilize drought-induced AEs during host finding
and accepting. It is not known, however, to what distance ultrasound radiates from
stressed trees into the surrounding air. If insects do utilize tree-produced AEs, we
believe it is likely that they would sense them primarily after landing on the bark or
after initiating boring. In support of such a scenario is evidence that mate calling by a
species of pyralid moth involves using pheromones for long-range communication and
ultrasonic pulses for short-range orientation (Spangler et al. 1984).

To be meaningful to insects, host-produced AEs should convey information that is
consistent and specific. AEs are consistent in that they are associated with drought
stressed trees; AEs are typically lacking in well-watered trees and in dry host material.
More specific information could be ascertained from AE waveform parameters such as
intensity and frequency. Since these waveform parameters tend to change as drought
intensifies, certain combinations of them could signify susceptibility. We are currently
measuring a number of AE parameters on drought-stressed potted trees that are ex
posed to bark beetle attack. Our future studies will test whether substrates artificially
pulsed with AEs that simulate the drought-stressed condition are any more attractive
to bark beetles than are unpulsed controls. Besides visual, olfactory, and gustatory
cues, it may be learned that certain insects utiliie plant-produced vibrational cues in
host recognition or acceptance. It is already known that certain Homoptera communi
cate by sending and perceiving vibrational signals through their host plants (Michelsen
et al. 1982).
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ABSTRACT

The possibility of using insect-produced sounds to estimate insect populations with
out removing grain samples was investigated. The number of ins.ect-produced sounds,
heard with a piezoelectric microphone pushed into the grain, increased as the number
of lesser grain borer, Rhyzopertha dominica (F.), larvae increased. The probabilities
of detection and the accuracy of estimation of insect densities with the acoustical method
were comparable to those obtained with a standard grain trier.

RESUMEN

Se investig6 la posibilidad de usar sonidos producido por insectos para estimar las
poblaciones de insecto sin tener que remover muestras de granos. EI mimero de sonidos
producido por insectos, oidos con un micr6fono piezoelectrico empujado dentro del
grano, aument6 a medida que el mimero de larvas de Rhyzopertha dominica (F.),
aument6. Las probabilidades de detecci6n y la exactitud del estimado de la densidad de
insectos con el metodo aclistico fue comparable a aquellos obtenidos en un probador
patr6n de grano.

Nondestructive methods of detecting insects feeding inside kernels of grain during
storage include x-ray of insects within the grain (Milner et al. 1950), and measurement
of insect-produced carbon dioxide (Bruce et al. 1982) or sounds (Vick et al. 1988). The
initial cost of the x-ray machine and the ongoing cost of the x-ray film and chemicals to
develop the x-ray film are high and examination of each of the individual grains on the
x-ray film for insects is labor intensive. While the cost and labor might be lower for
carbon dioxide and acoustical methods than for the x-ray method, x-ray has the added
advantages of 1) detection of both live and dead insects (although live insects cannot be
distinguished from dead insects) and 2) identification of the species and stage of insect
detected. However, eggs and small larvae are generally difficult to distinguish from
denser portions of the grain. Also, not all carbon dioxide or sound detected in grain are
produced by insects. Adams et al. (1953) suggested that the acoustical method might
be used to monitor "... grain within storage bins for infestation without sampling or
removing the grain from the bins in much the same manner as permanent thermocouple
systems are now used for checking the heating of grain in storage." This potential for
automation of insect monitoring with the acoustical method may be a major advantage
over the carbon dioxide and x-ray methods.
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We investigated whether the insect-produced sounds, heard with a piezoelectric
microphone pushed into grain, can be used to detect insect infestations and to estimate
insect densities as efficiently as other methods.

MATERIALS AND METHODS

The acoustical system shown in Figure 1 was used for discovery and estimation of
the densities of lesser grain borer, Rhyzopertha dominica (F.), larvae detecting the
feeding sounds they produce. The system was composed of a durable piezoelectric micro
phone (#9D0576 BNF Enterprises, Peabody, Mass.) mounted on the end of a probe
which was pushed into the grain, a battery operated amplifier (Insecta-scope, Sound
Technologies Inc., Kilgore, TX) and earphones for listening to insect-produced sounds.
A Krohn-Hite model 3700 filter (not shown in Figure 1) was used between the amplifier
and earphones to remove frequencies below 1000 hz and above 3000 hz. Feeding sounds
were recorded on a Technics magnetic tape recorder, Model RS-B16, equipped with
dBx. Magnetic tape recordings of these sounds were analyzed later with a Fast Fourier
Transformation (FFT) instrument (Nicolet Model 660A) and a Hewlett Packard vectra
computer to compare earphone with instrument counts. The FFT determined the fre
quency content of the sounds, whereas instrument counts with the Hewlett Packard
Vectra computer coupled through a Hewlett Packard universal counter Model 5316A

Fig. 1. Acoustical insect detection system including a probe with piezoelectric micro
phone (Top), battery operated amplifier (Bottom Right), and earphones (Bottom Left).
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determined the number of voltage spikes in a predetermined time interval (Webb et al.
1988).

Insect populations of several densities were prepared by diluting lesser grain borer
cultures with clean wheat. The actual densities and age structure of the lesser grain
borer populations were determined at each density level by x-raying 90 ml samples of
wheat. The acoustical system was used 1) to estimate insect densities by counting the
number of sounds per unit of time produced by insects at each of nine locations during
a one minute interval in a grain mass (10 cm deep by 14 cm diameter) in a four-liter jar
or 2) to determine the probability of detection from the fraction of nine locations in a
grain mass (10 cm deep by 30 cm diameter) in a 20-liter can at which sounds were heard
during 20-s intervals. Both containers were set on 10 cm thick synthetic foam inside a
40 cm diam cylinder of 5 cm thick synthetic foam to dampen background sound. The
acoustical probe was inserted 3 cm deep in the grain at the centers and at eight equidis
tant locations halfway between the centers and edges of the containers. A series of 1:1
dilutions was repeated four times in each size of container.
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Fig. 2. Relationship between insect density and the number of insect-produced
sounds counted with instrument (x) by Vick et al. (1988) or heard in the present study
with earphones (.).
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RESULTS AND DISCUSSION

December, 1988

The number of sounds heard with the piezoelectric microphone pushed into the grain
increased as the density of lesser grain borer larvae increased (Fig. 2). This is consistent
with the results of Vick et al. (1988) using an acoustical system which required that
grain samples be taken. In both studies, the relationship between the number of sounds
or voltage spikes counted and the number of lesser grain borer larvae present was not
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Fig. 3. Relationship between earphone countf of insect-produced sounds and instru
ment counts of insect-produced sounds in the present study.
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linear. The nonlinear increase in insect-produced sounds is probably the results of an
increased simultaneous occurrence of sounds of insects which cannot be distinguished
as separate sounds.

In the present study, the positive correlation between the number of insect-produced
sounds counted with earphones and the number counted with the instrument indicates
that our use of earphones instead of instrumentation has not altered the relationship
observed between insect sounds and insect density (Fig. 3). The slope of the regression
indicates that each insect-produced sound counted with the earphones was actually
composed of an average of 3.76 instrument counts. This means that the instrument
counts from Vick et al. (1988) must be divided by 3.76 in comparing the two data sets.
Even with this adjustment, the counts in this earlier study increased much more rapidly
as insect density increased than in the present study. In Vick's earlier study, the
number of counts per insect increased rapidly between 0 and 10 insects per 100 ml
sample of wheat, but the counts increased more slowly as insect density increased from
10 to 20 insects per sample. Because we are estimating increases in the number of
insects by increases in the number of sounds counted, insect densities are estimated
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Fig. 4. Regressions of the logarithm of variance in the number of counts or insects
(Y) against logarithm of mean (X) number of counts or insects are given for present
study (.) and an earlier study (x) by Vick et al (1988). Regression line for other insect
sampling methods from Hagstrum et al. (1988) is shown as dashed line for comparison.
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Fig. 5 Regression of the fraction of samples with insects or sounds against mean
number of lesser grain borer larvae per sample. The regression line for other sampling
methods from Hagstrum et al. (1988) is given as dashed line for comparison.

better between 1 and 10 insects per 100 ml sample of grain than at higher densities. In
the present study, over a much broader range of 0 to 60 insects per 100 ml sample of
grain, the rate of increase in counts for each increase in insect density was intermediate
between rates observed for the 0 to 10 and 10 to 20 density ranges in the earlier study.

The relationship between the mean number of insects or insect-produced sounds per
sample and the sample-to-sample variance (Fig. 4) provides a measure of insect distri
bution and a means of calculating the accuracy of estimation of insect populations
(Hagstrum 1987). The relationship between the variance and mean for the acoustical
method are very similar to the relationship between variance and mean for other insect
sampling methods. Such similarities indicate that the accuracies of the acoustical method
will be similar to accuracies for other methods.

We also determined the fraction of samples with insect-produced sounds because
this represents the probability of detection. The increase in the fraction of samples with
insect-produced sounds as insect density increased is described by the double logarithm
model (Fig 5). The similarity of relationship between probability of detection and insect
density for acoustical method to that for other insect sampling methods is also shown.
Because it is simpler to record the number of locations at which insect-produced sounds
are are heard (presence or absence sampling) than to count the number of insect-pro
duced sounds at each location, these curves may also be useful in estimating insect
densities from the fraction of sample locations with insects.
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These studies suggest that with further development the acoustical method might
provide a quick and easy way of detecting and perhaps even estimating insect popula
tions in stored grain. In our laboratory studies, the probability of detection and accuracy
of estimation with an acoustical method appear to be quite similar to those for other
methods.

END NOTE

Mention of a commercial or proptietary product in this paper does not constitute
endorsement by the USDA.

REFERENCES CITED

ADAMS, R. K, J. E. WOLFE, M. MILNER, AND J. A. SHELLENBERGER. 1953.
Aural detection of grain infestation internally with insects. Science 118: 163-164.

BRUCE, W. A., M. W. STREET, R. C. SEMPER, AND DAVID FULK. 1982. Detection
of hidden insect infestations in wheat by infrared carbon dioxide gas analysis.
Advances in Agric. Tech., South. Series, No. 26, U.S. Dept. Agric., 1-8.

HAGSTRUM, D. W. 1987. Seasonal variation of stored wheat environment and insect
populations. Environ. Entomol. 16: 17-83.

HAGSTRUM, D. W., R. L. MEAGHER, AND L. B. SMITH. 1988. Sampling statistics
and detection or estimation of diverse populations of stored-product insects. En
viron. Entomol. 17: 377-380.

MILNER, M., M. R. LEE, AND R. KATZ. 1950. Application of x-ray techniques to the
detection of internal insect infestation of grain. J. Econ. Entomol. 43: 933-935.

VICK, K. W., J. C. WEBB, B. A. WEAVEh, AND C. LITZKOW. 1988. Sound-detection
of stored-product insects that feed inside kernels of grain. J. Econ. Entomol. 81:
1489-1493.

WEBB, J. C., C. A. LITZKOW, AND D. C. SLAUGHTER. 1988. A computerized acous
tical larval detection system. Applied Engineering in Agriculture. 4: 268-274.

• • • • • • • • • • • • •
ACOUSTIC STUDIES OF DENDROCTONUS BARK BEETLES

LEE C. RYKER
478 Willow Street

Ashland, Oregon 97520

ABSTRACT

The utility of recording, monitoring, and manipulating acoustic signals of destructive
bark beetles and some methods of bioassay and analysis related to pheromone research
are discussed. J. A. Rudinsky and his research group at Oregon State University
utilized particular chirps of males and females to acoustically stimulate pheromone re
lease, for bioassays of odors as possible pheromones, and as indicators of the behavior
of beetles hidden under the bark. A summary of the acoustic signals of five species of
Dendroctonus, D. pseudotsugae, D. ponderosae, D. brevicomis, D. valens, and D.fron
talis, is presented.

RESUMEN

Se discuten la utilidad de grabar, chequear, y manipular las sefiales acusticas de
escarabajos destructores de cortezas y algunos metodos de bio-ensayos y analisis re-
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lacionados con investigaciones de feromonas. J. A. Rudinsky y su grupo investigador
en la Universidad del Estado de Oregon utiliz6 chirridos particulares de machos y
hembras para estimular acusticamente la liberaci6n de feromonas, para bio-ensayos de
olores como posible feromonas, y como indicadores del comportamiento de los es
carabajos escondidos debajo de la corteza. Se presenta un sumario de las senales aClls
ticas de cinco especies de Dendroctonus, D. pseudotsugae, D. ponderosae, D. bre
vicomis, D. valens, yD. frontalis.

In keeping with the purpose of this agroacoustic symposium, this paper considers
the practical results obtained from the study of insect acoustics by J. A. Rudinsky and
his co-workers at Oregon State University. It describes some of the laboratory methods
developed to study destructive bark beetles and brings together and reviews the acous
tic signals of five species of Dendroctonus. The signaling repertoire of several of these
beetles has been obscured until now by non-uniform illustration and by being scattered
piecemeal through several papers as different types of signals, i.e., stress, attractant,
rivalry, territorial, and courtship signals, were described.

Virtually every important timber species of conifer in North America, excluding
redwood and sequoia, are attacked by bark beetles, Family Scolytidae (Stark 1982).
The economic impact of one species, the Douglas-fir beetle, Dendroctonus pseudotsugae
Hopkins, was $1.5 million for the states of Oregon and Washington in a non-epidemic
year, 1980; and the mountain pine beetle, Dendroctonus ponderosae Hopkins, was re
sponsible for over $13 million of losses of pines the same year (Ruderman 1980). Four
epidemics of the Douglas-fir beetle between 1950 and 1969 killed 7.4 billion boardfeet
of prime timber valued at over $3 billion (Furniss & Orr 1970). Losses of timber in the
southern U.S. due to the depredations of the southern pine beetle, Dendroctonus fron
talis Zimmermann, reach similar proportions (Bronson 1986). Attempts to control infes
tations of bark beetles are made difficult because the insects are inaccessible except
during a brief flight period, spending their lives under the bark of trees (Rudinsky
1962). Therefore, research focused upon pheromones as a possible means of control
(Rudinsky 1963).

Stridulation by species of Dendroctonus was mentioned as early as 1909 (Hopkins
1909), and chirping was identified by Chapman (1955) as a characteristic of males. Allen
et al. (1958) published oscillograms of a pair of D. pseudotsugae beetles chirping beneath
the bark of a Douglas-fir tree. The elytro-abdominal stridulatory apparatus and method
of sound production of several species of Dendroctonus was described and illustrated
by scanning electron micrographs by Michael & Rudinsky (1972). Wilkinson et al. (1967)
reported that females of Ips calligraphus (Germar) attracted to nuptial chambers chirp
to polygynous males guarding the entry. Barr (1969) demonstrated similar behavior for
Ips paraconfusus (LeConte). She proposed that the gender that invades the host is
silent, and the gender that is attracted to the invader has well developed stridulation
in sound producing species. Males of polygynous species colonize the trees, and females
chirp at the entry; conversely, females of monogynous beetles, such as species of Den
droctonus, colonize and males chirp. Barr also described three different types of
stridulatory organs occurring on numerous species of bark beetles.

Alexander et al. (1963) reported loud chirps coming from the burrow of a skin beetle,
Trox suberosus Fabricius, and generalized that the chirps of most beetles would likely
be of low intensity, close range sounds. The long range signals of beetles, analogous to
the songs employed by crickets and other Orthoptera, were expected to be pheromones,
chemical signals (Ryker 1975). With this expectation, the idea of studying acoustic
signals of economically impacting species of bark beetles seemed unrewarding. How
ever, the chemical communication system of the Douglas-fir beetle, our number one
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target insect at Oregon State University in the 1970's, was so complex and difficult to
analyze that it became apparent that an understanding of the acoustic signals might be
useful in manipulating the beetle's signaling behavior for pheromone analysis (Rudinsky
& Michael 1972).

Rudinsky (1968) made a discovery that underlined the importance of acoustic signals
for understanding the behavior of the Douglas-fir beetle. He had attracted thousands
of flying beetles to caged logs infested with female Douglas-fir beetles. After he placed

a male with each female in her burrow (gallery), the attractiveness of the logs was
completely extinguished within minutes. The effect was so dramatic that Rudinsky
hypothesized the release of an antiaggregation pheromone, which he called "the mask."
Further, he found that the male did not have to enter the female's burrow for the
pheromone mask to be produced, but it did have to be able to chirp. Surgically silenced
males had no effect, but normal males that chirped continually while on the screen over
the entry triggered the masking effect (Rudinsky 1968, 1969, Rudinsky & Ryker 1977).

Acoustic signals still are not considered promising as population control tools, but
they became invaluable for analysis of the various pheromone components. Indeed, the
communication system of Dendroctonus bark beetles cannot be understood or explained
without detailed knowledge of the acoustic signals. Acoustic signals were of value: 1)
as stimuli to cause males or females to release pheromones for analysis; 2) as indicator
responses of beetles during behavoral bioassays of possible chemical stimuli; 3) as indi
cators of the timing of release of pheromones during natural interaction between the
male and female; 4) as indicators of passive vs aggressive behavior during natural beetle
interactions; and 5) as releasing signals in the chain of stimuli and responses that allow
destructive bark beetles to select host trees, to attack en masse, and to regulate the
density of the attack, preventing overcrowding and subsequent starvation (Rudinsky
1968, Rudinsky & Ryker 1977, Alcock 1981, Ryker 1984). These studies have resulted
in the patenting of methylcyclohexenone as a control pheromone for the Douglas-fir
beetle (Rudinsky 1974) and the identification of endo-brevicomin and verbenone as anti
aggregation pheromones with potential as control substances for the mountain pine
beetle (Ryker & Yandell 1983, Borden et al. 1987).

SOUND RECORDING METHODS

Test beetles were obtained each spring by cutting sections of logs from infested
trees, holding them in the warmth of a greenhouse while the brood matured, and then
storing the infested logs in walk-in coolers at 4°C until needed. All species of Dendroc
tonus can be sexed by the presence of a sclerotized plectrum on the seventh abdominal
tergite only in males (Michael & Rudinsky 1972). Females were introduced into holes
drilled into the bark of freshly cut logs and given 36 h to begin a burrow and produce
attractive frass (bark shreds and fecal pellets containing tree odors and pheromones).
At this point, a Hewlett-Packard 15119A condenser microphone was placed directly
above the entry, leaving space for the tiny male to walk beneath it and enter the burrow
(Fig. 1). The signal was amplified by a Princeton Applied Research 113 low noise
preamplifier, and recorded on a Nagra 4.2L tape recorder at 38 cm/sec tape speed.
Recording system components all showed an essentially flat response from about 0.02
to 22 kHz, and frequencies below 0.3 kHz were filtered by the preamplifier settings to
minimize stray noise. Signals were monitored via earphones and an oscilloscope, and
signal parameters were measured on a Tektronix 5103N storage oscilloscope. Stored
tracings were photographed by a Polaroid® camera (Rudinsky & Ryker 1976).

ACOUSTIC STIMULATION METHOD FOR PHEROMONE RELEASE

Pheromone odors were trapped on Porapak-Q for gas chromatographic/mass spec-
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Fig. 1. Method of tape recording and monitoring acoustic signals of Dendroctonus
bark beetles on a section of log.

trometric analysis easily by placing together a male and female Douglas-fir beetle in a
short, paper-lined glass vial and trapping odors from purified air flowing over 30 to 50
such vials within a larger glass container. The male would chirp and jostle the female,
and they would each release pheromones. Two males confined in a single vial would
chirp and fight, and would also release pheromones. However, females would not release
their pheromones if placed together. To trigger pheromone release by single females,
Rudinsky stimulated them with recorded male attractant chirps played back through a
piezoelectric ceramic disk. The disk was pressed to a silicone rubber gasket over an
opening in the glass chamber facing the screened ends of the vials, where it acted as a
transducer for recorded chirps (Rudinsky et a1. 1973, Ryker et a1. 1979) (Fig. 2). Only
the chirp of males near the females' burrow successfully triggered females to release
their pheromones (Rudinsky et a1. 1973).
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Fig. 2. Glass chamber used to trap pheromones via acoustic stimulation (Ryker et
al. 1979) modified from earlier chamber (Rudinsky et al. 1973). The small vial shown
has the paper removed from the inside; the wire mesh is stainless steel. A single female
is in each vial in this example.

METHOD FOR BIOASSAY OF ODORS VIA CHIRPING RESPONSE

Jantz & Rudinsky (1965) tested the responses of male beetles walking on screening
above a tiny vial containing either natural attractive frass or a dilute solution of synthe
sized chemical odors. Their technique was developed further to include monitoring of
the presence or absence of chirping (Rudinsky & Michael 1972), and finally the identifi
cation of the type of chirp elicited (Rudinsky & Ryker 1976) (Fig. 3). This technique
was very helpful in determining when the beetles switched from being attracted to
being repelled as the concentration of certain pheromones increased. For example, the
pheromone methylcyclohexenone at only 0.002% concentration in a solution of several
other attractants (evaporating at about 1 ng/h) stimulated walking males to double their
turning and digging behavior above the test vial, and to double their tendency to emit
attractant chirps. Increasing the concentration (and evaporation rate) of methylcyc
lohexenone 100 times stimulated the male beetles to pass by the vial without stopping
and to give aggressive (rivalry) chirps. Flying beetles showed a similar inhibition to
attractive traps and logs in the forest in the presence of higher concentrations of this
pheromone (Rudinsky & Ryker 1976, 1980). The chirping response of male beetles was
similarly used to bioassay candidate odors and concentrations of synthesized
pheromones with other species of Dendroctonus (Michael & Rudinsky 1972, Rudinsky
& Ryker 1977, Rudinsky et al. 1974, Ryker & Yandell 1983).

ACOUSTIC SIGNALS OF DENDROCTONUS BARK BEETLES

The Douglas-fir beetle, D. pseudotsugae Hopkins, emits five known types of sounds
(Fig. 4). Females click intermittently in their burrows in the bark. Clicks appear to be
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Fig. 3. Olfactory walkway for testing of various concentrations of candidate
pheromones, modified for acoustic monitoring (Rudinsky & Ryker 1977).

territorial signals because other females turn away from established, clicking females
as they select a place to cut an entry hole. When she is disturbed by digging or scratch
ing sounds, a female increases the frequency of clicking (Rudinsky & Michael 1973).
Thus she clicks when the male digs into the entry, causing him to release concentrated
methylcyclohexenone as an antiaggregation pheromone (Rudinsky et al. 1976).

The male attractant chirp is produced by males responding to the pheromones in
female frass at the burrow entry (Rudinsky & Michael 1972). A dilute solution of synthe
sized tree terpenes and pheromones, with methylcyclohexenone in trace amounts, dupli
cates the effect of frass (Rudinsky 1973, Rudinsky & Michael 1972, Rudinsky & Ryker
1976). This male chirp also signals the female to actively release additional pheromone,
including concentrated methylcyclohexenone (Rudinsky et al. 1973), and to stridulate
(clicking) loudly (Rudinsky & Michael 1973).

Male Douglas-fir beetles emit an interrupted chirp, the aggressive chirp (= rivalry
chirp), when they meet another beetle in a burrow, on which occasion they invariably
attack (Fig. 4). Males fight head to head. The female faces away from the male and
pushes backward with the heavily armed posterior portion of her elytra, attempting to
force the male out of her burrow (Rudinsky & Ryker 1976, Ryker 1984). This is aggres-
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Fig. 4. Drawings of oscillograms of stridulations of Dendroctonus pseudotsugae, the

Douglas-fir beetle. All oscillograms in this paper are to the same time scale; the shortest
traC'ings each have a 0.1 sec. sweep duration.
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sive courtship. When unmated beetles or two males meet, both sexes release concen
trated methylcyclohexenone. This pheromone, even in the absence of another beetle,
stimulates males to give the aggressive chirp and to pass by rather than to stop and
dig (Rudinsky & Ryker 1976).

The male Douglas-fir beetle courts the female aggressively, with much jostling,
biting, and aggressive chirping for about an hour, after which he emits the courtship
chirp (Fig. 4). While giving the courtship chirp, the male strokes the female gently.
Copulation follows within minutes (Rudinsky & Ryker 1976). Males give the stress chirp
when disturbed (Fig. 4) (Rudinsky & Michael 1972).

The mountain pine beetle, D. ponderosae Hopkins, males and females each emit two
chirps (Fig. 5). Females click intermittently in their burrows in the bark; this is pre
sumed to have a territorial function (Rudinsky & Michael 1973). The female produces
a multi-impulse chirp when the entry is disturbed by digging or scratching, and when
defending her burrow against intruders, a territorial function. She ceases to chirp only
when touched by a chirping male (Ryker & Rudinsky 1976a). If the male beetle does
not chirp correctly, the female attacks and repels him from her burrow if possible,
chirping continually.

Male mountain pine beetles give the attractant chirp, an interrupted chirp, when
stimulated by the odor of female frass or a synthetic pheromone mixture (Michael &
Rudinsky 1972, Ryker & Yandell 1983, Yandell 1984). This chirp also accompanies
aggressive behavior whenever unmated beetles meet or when rival males fight
(Rudinsky et al. 1974). A male also gives this chirp while digging through frass to enter
the female's burrow and while attacking his future mate; this aggressive phase of
courtship lasts only a few minutes before mating (Ryker & Rudinsky 1976a).

Mountain pine beetle males produce the simple chirp both when disturbed (stress)
and during courtship. Within five minutes of contacting the female, the male ceases to
attack the female, begins to stroke her, and gives simple chirps. Copulation follows
(Ryker & Rudinsky 1976a).

The western pine beetle, D. brevicomis LeConte, female has two and the male has
three chirps (Fig. 6). Females click intermittently (about 8 clicks per minute) when
alone in their burrows. When disturbed by other females boring nearby (Rudinsky &
Michael 1973), or when a male enters her burrow, they give a multi-impulse chirp about
twice per second.

Males emit an interrupted chirp with two or three subchirps when attracted to
female frass (attractant) (Rudinsky & Michael 1974) and when courting the female (Fig.
6).

The male rivalry chirp is an interrupted chirp with an average of about five subchirps
(Fig. 6) and is given during fighting (Rudinsky & Michael 1974). Males also emit a
simple stress chirp when disturbed.

The red turpentine beetle, D. valens LeConte, male has two distinctive chirps and
the female emits several rather variable sounds (Fig. 7). Males produce a simple chirp
when attracted to female frass; the stress chirp given by the male when disturbed is
not measurably different (Ryker & Rudinsky 1976b).

The "agreement" chirp is a grating sound emitted by a female when a male is digging
and chirping in her entry. This is possibly a territorial signal. When first contacted by
a male, females produce a much shorter and less variable chirp, the "greeting" chirp.
Females also produced stress chirps, containing only about five pulses of sound (Fig.
7). This is the only species of Dendroctonus known to do so.

The rivalry or aggressive chirp of male beetles is produced during fighting, as well
as during the first 30 seconds of courtship. The entire train of sounds is an interrupted
chirp, made by a single motion of the abdomen (Ryker & Rudinsky 1976b).
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Fig. 5. Drawings of oscillograms of stridulations of Dendroctonus ponderosae, the

mountain pine beetle.
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Fig. 6. Drawings of oscillograms of stridulations of Dendroctonus brevicomis, the
",~stern pine beetle.
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Fig. 7. Drawings of oscillograms of stridulations of Dendroctonus valens, the red
turpentine beetle.

The southern pine beetle, D. frontalis Zimmermann, is diminutive compared to the
other species of Dendroctonus, but it is a remarkable chirper. Males readily produce
many stress chirps when disturbed (Fig. 8). The male attractant chirp is an interrupted
chirp produced when the male is digging in the frass of a virgin female (Rudinsky &
Michael 1974).
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Fig. 8. Drawings of oscillograms of stridulations of Dendroctonus frontalis, the
southern pine beetle.

A female produces a series of chirps (about eight per second) when a male enters
her burrow. Female chirps are probably territorial signals (Rudinsky & Michael 1973).

Males defend their burrows, fighting other males and producing long, fast series of
rivalry chirps (Fig. 8). These chirps are high-pitched, brief, and are delivered at a rate
of about 16 per second (Rudinsky & Michael 1974, Rudinsky et al. 1974).

FUNCTIONS OF ACOUSTIC SIGNALS

All five species of Dendroctonus reviewed in this paper show aggressive behavior
in both sexes. Colonizing females compete for limited and ephemeral host material, have
territorial clicks or chirps, and attack strangers. Males both fight over control of a
female's burrow and test the female for fitness by attacking her (Alcock 1981, Rudinsky
& Ryker 1976, Ryker 1984). Specific chirps are associated with fighting; these signals
either cease or are replaced by a distinctive courtship signal before mating. This
suggests that aggressive chirps are important to the reproductive success of male Den
droctonus. Excluding D. ponderosae, these species of Dendroctonus also have a distinc
tive signal to the female as they locate the entry of her burrow (attractant chirp). This
signal has been shown in two species to trigger an interaction between the female and
the male that results in release of antiaggregation pheromones (Rudinsky et al. 1976),
thus protecting their brood resources from pressure of over-population and warning
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flying beetles to seek more sparsely settled trees. Alcock (1981) gives a convincing
argument for individual selection vs signal selection for the benefit of the population.
Such closely interlocked acoustic and chemical signals are most complex in species of
Dendroctonus bark beetles that attack and overwhelm living trees en masse. Similarly
complex development of acoustic and chemical signals, especially territorial and aggres
sive sounds, might be expected in other highly competitive species of bark beetles
(Swedenborg et al. in press).

APPENDIX

A list of acoustic studies of bark beetles other than Dendroctonus, arranged by host
tree, follows:

On pine: Ips calligraphus (Germar), Wilkinson et al. (1967); Ips paraconfusus
(LeConte), Barr (1969); Ips pini (Say), Oester & Rudinsky (1975), Swaby & Rudinsky
(1976).

On spruce: Ips concinnus (Mannerheim), Oester & Rudinsky (1975, 1979); Ips plastog
raphus (LeConte), Oester & Rudinsky (1979); Ips tridens (Mannerheim), Oester and
Rudinsky (1975, 1979); Ips typographus L, Rudinsky (1979); Polygraphus rufipennis
Kirby, Rudinsky et al. (1978); Hylurgops rugipennis (Mannerheim), Oester et al. (1978).

On Douglas-fir: Pseudohylesinus nebulosus (LeConte), Oester et al. (1981).

On ash: Hylesinus oleiperda Fabricius, Rudinsky & Vallo (1979); Leperisinus califor
nicus Swaine and L. oregonus Blackman, Vernoff & Rudinsky (1980); Leperisinus fra
xini Panzer, Rudinsky & Vallo (1979).

On apple: Scolytus mali Bechst, Rudinsky et al. (1978b).

On elm: Hylurgopinus rufipes (Eichhoff), Swedenborg et al. (in press).
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WHAT DO FRUIT FLY SONGS MEAN?
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ABSTRACT

Many flies, including tephritid fruit flies, produce acoustic courtship signals; how
ever, the message these signals transmit is not always clear. Courtship in general is
often considered to be a mechanism for species recognition and the prevention of hyb
ridization. Such a proposition suffers from the rarity of sympatric character displace
ment, the complexity of displays in some species with few close sympatric relatives and
the simplicity of courtships in other species with many close sympatric relatives. The
theory that displays are sexually selected advertisements of male qualities that females
prefer in a mate faces none of these objections. The acoustic signals of male Caribbean
fruit flies can be examined from a sexual selection perspective. Females appear to
prefer large mates. Both the "calling" and "precopulatory" songs have characteristics
that are correlated to male size and females are more likely to react to songs typical of
large males. Studies of fruit fly acoustics may serve agriculture either in the develop
ment of attractants or by providing criteria to monitor the sexual competitiveness of
insects reared for sterile release programs.

RESUMEN

Muchas moscas, incluyendo moscas tefrfticas, producen senales acusticas de cortejo;
sin embargo, el mensaje transmitido pOI' estas senales no es siempre claro. En general,
el cortejo es a menudo considerado ser un mecanismo de reconocimiento de especies y
para prevenir la hibridaci6n. Tal proposici6n sufre de la rareza de la destituci6n de la
caraterfstica simpatrica, 10 complejo de la demostraci6n de algunas especies con pocos
parientes cercanos simpatricos, y la simplicidad de cortejos en otras especies con muchos
parientes cercanos simpatricos. La teorfa que demostraciones del macho son un anuncio
de sus selectas cualidades sexuales que las hembras prefieren en su consorte presenta
ninguna de esta objecciones. Las senales acusticas de machos de la mosca del Caribe
pueden ser examinadas desde una perspectiva de selecci6n sexual. Las hembras parecen
preferir machos grandes. Cantos "llamantes" y "precopulatorios" tienen caracterfsticas
que estan correlacionadas al tamano del macho y es mas probable que las hembras
reaccionen al canto tfpico de machos grandes. Estudios acusticos de las moscas de fruta
pudieran servir a la agricultura ya sea en el desarrollo de atrayentes 0 proporcionando
un criterio para chequear la competividad sexual de insectos esteriles criados para
programas de liberaciones.

Many male flies, including tephritid fruit flies, make sexual courtship sounds. The
contexts in which these songs are produced are often well described, but the information
being transmitted to listening flies is less well understood. Acoustic and other courtship
displays, such as wing waving, colors, and scents, are sometimes considered species
isolating mechanisms, ie., means by which creatures of the same species and opposite
sex recognize each other. Calls in translation might be nothing more than, "I am a male
species A-I am a male species B," etc.

A model for the evolution of such a song in a fruit fly might start with allopatric
speciation (see Mayr 1963). First, a population of flies becomes geographically divided.
Suppose, for example, that a fly cannot cross a mountain which arises to bisect its
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range. Environments and, hence, selection pressures on the two sides of the mountain
may not be identical; perhaps one is warmer or wetter or contains a novel predator. In
addition, different mutations might arise in the separated regions from alleles whose
frequencies differed in the first place because of genetic bottlenecks so that the raw
material of evolution is also different. Over time, the genomes of the two populations
diverge. When erosion breeches the mountain and the flies from the two sides mingle
there are reproductive consequences arising from their previous isolation-hybrids be
tween the two types may be less fit than offspring produced by same-type parents.
Thus flies that only mate with members of their own isolate are at a reproductive
advantage and will eventually replace those that do not. After all, the latter are spend
ing time and resources on offspring (should zygotes even develop) that will bear fewer
or no grandchildren. Flies that are clearly of a particular type and those that prefer
mates that are clearly of their own type can "collaborate" in evolving features, de novo
or through exaggeration, whose role is to explicitly say "I am a species A."

This model is appealing because the signals of so many species are recognizably
different, even to humans. One can easily assume that these signals are different be
cause species are different. However, the argument faces objections when applied to
male-produced displays. First, it makes the largely unmet prediction of sympatric
character displacement. That is, animals sometimes have similar signals in the parts of
their ranges that do not overlap. Where the ranges do overlap, the need for species
recognition should force the signals to diverge. Such cases of character displacement
are rarely found (e.g. Walker 1974). Second, some of the most complex and elaborate
courtships occur in species that have few close relatives and who would have little
chance to err by choosing an almost, but not quite, proper mate (Otte 1972, Alcock &
Pyle 1979, Thornhill & Alcock 1983, West-Eberhard 1984). A mirror image phenomenon
can be observed by anyone watching the flies on a fresh pat of dung or other resource
that concentrates insects. Closely related species can often be seen in great density on
the fecal surface. The opportunity for error seems quite high, yet the courtship of these
insects tends to be relatively simple. (see for example phoretic sphaerocerids of the
genus Borborillus, Sivinski 1983, 1984, or many of the dung breeding Sarcophagidae,
pers. obs.).

If it sometimes seems that species isolation is an insufficient explanation for the
variety and complexity of male courtship, what does all its behavioral sound and fury
signify? An alternative explanation arises from how much the sexes invest in their
offspring. Females produce large gametes. The number of offspring they can have is
largely limited by the number of eggs they can generate. Males make small, cheap
gametes and the scope of their paternity is largely a function of how many females can
be mounted and eggs fertilized. While number of matings is generally important to
males, copulatory quantity is often of little concern to females. Rather, females can
enhance their success at reproduction by choosing quality mates, Le., by incorporating
the best available genes into their offspring or by obtaining a valuable resource, such
as ejaculate-borne proteins from the "wealthiest" male they encounter (Trivers 1972,
Thornhill 1976, Sivinski & Smittle 1987).

Assume, then, that at least some courtship displays are advertisements that males
produce to convince females that they have the qualities females prefer in a mate. One
might imagine that females would be very discriminating, looking for relatively small
differences among suitors. Species could be kept separate incidentally by females en
gaged in making minute distinctions among a subset of males of her own species. Hence
the lack oflarge scale character displacement is less surprising. The elaborate courtship
of isolated species poses no difficulty to the female choice/male advertisement model. If
there were only one species in the world, it might still evolve complex communications
between the sexes. The variety and species-uniqueness of signals may simply be due to
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the improbability of selection ever repeating itself exactly during the evolution of inde
pendent displays.

There is profit in examining fruit fly songs as "intersexually selected" instruments
of persuasion (Sivinski & Burk 1988). In the Caribbean fruit fly, Anastrepha suspensa
(Loew) (Caribfly), there are two male sexual sounds, both produced by wing movemnt
(Webb et al. 1976, Sivinski & Webb 1985a). The "calling song" is made up of repeated
bursts (pulse trains). It is sung by males on the leaf territories they defend against
interloping males and coincides with the release of pheromone from abdominal glands
and everted anal membranes (Burk 1983, Nation 1972, Sivinski 1988, Chuman et al.
1988). Calling song may be sung in the absence of other flies, although it can be con
tinued in the presence of a visiting fly. The "precopulatory song" is a continuous sound
made as the male mounts the female and typically lasting until the male genitalia are
completely threaded through the female ovipositor, a period averaging a minute and a
half (Webb et al. 1984).

What qualities might such songs advertise? One trait that is preferred by females
is large size (Burk & Webb 1983). Big males are more likely to mate than smaller rivals
in many species of flies (e.g. Sivinski 1984). It is often unclear, however, if bulk wins
out in competition with other males for access to females or if it is something favored
by females or both. In Caribbean fruit flies the problem is simpler. Females go to males
to initiate courtship and so must either prefer big males or be more likely to sense them.

Are there characteristics of the signals that are correlated to large size? In the
calling song, the interval between pulse trains is such a correlate. Larger males tend
to have shorter intervals (Burk and Webb 1983, see however Webb et al. 1984). The
reason is unknown; perhaps with size come greater resources to sustain what must be
a more expensive signal. The sound pressure level (SPL) of the precopulatory song is
also related to male size, big males being louder (Webb et al. 1984).

Do females use these correlates when choosing a mate? Virgin females are more
responsive (Le., increase movement) to shorter pulse train interval songs. Their activity
increases when a recording of a short, but not a long, pulse train interval song is
broadcast into their cage (Sivinski et al. 1984). This increased movement is a plausible
response to a sound heard at some distance that directs the hearer toward an attractive
goal. It is interesting that the papaya fruit fly (Toxotrypana curvicauda [Gerstacker])
sings only as it approaches nearby females. These sounds quiet the female (Sivinski &
Webb 1985b). Perhaps these females become still in order to access their approaching
suitors. Also of note is a sexual dimorphism in the response of Caribflies to calling
sounds. Males become quiet in the presence of the shorter pulse train interval songs,
while mated females are not affected by differences in pulse train intervals. This makes
it less likely that virgin females are simply startled by the short interval sound and so
become agitated. If short pulse train interval songs are both more effective and more
energetically expensive, it might be predicted that pulse train intervals would decrease
when a male was "certain" a female was observing. This is the case. An individual male
will shorten his pulse train intervals in the presence of a female. When another male is
close by, the pulse trains themselves are longer in time, and made at a higher frequency,
suggesting a between-male communication role for calling song as well (Sivinski &
Webb 1986).

The precopulatory song is also an important component of courtship. Its absence in
muted (dealated) males leads to a greater number of rejections by females. A calling
sound reproduced by a tape recorder at a SPL of 90 dB (OdB re 20 f.L pac) broadcast
increases female acceptance, but a broadcast at 50 dB does not (Sivinski et al. 1984).
Thus, females make sexual decisions on the basis of precopulatory SPL and that SPL
is positively correlated to male size.

What agricultural purpose is served by studies of fruit fly sex sounds and an appre
ciation that not all males and their displays are equally attractive? Studies of this type,
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not only on sounds but also visual and pheromonal displays, have at least two potential
applications. The first, which is arguably more important in studies of chemical cues,
is the manufacture of attractants and more efficient traps, either to monitor pests or to
control them. Caribbean fruit fly calling sounds are attractive in themselves. Traps
baited only with recorded songs are more effective than silent controls (Webb et al.
1983). It remains to be demonstrated that sounds and pheromone together, for example,
can be more attractive than a more conventional chemical cue alone or, if they are,
whether it is economically feasible to produce such a trap. The second use is in the
quality control of reared insects. A major concern of sterile release programs is that
their reared insects be sexually competitive with the wild rivals they encounter in the
agricultural arena. While sterile releases are often a very efficient means of fruit fly
control, there have been some less spectacular efforts where overflooding ratios have
reached thousands of reared for every wild fly and still not succeeded (Burk & Calkins
1982). A possible reason for these expensive failures (and perhaps some overly expen
sive successes) is the inadequate courtships of the reared flies. A first step in ensuring
that competitive flies are released is a description of sexual behavior in a species fol
lowed by periodic comparison of factory reared stock wild flies in mating compatibility
and competitive tests. In this way, waste can be minimized and the efficiency of pro
grams be enhanced. It may concern A. suspensa breeders, for instance, that radiation
can increase the calling pulse train interval of irradiated males (Webb et al. 1987). On
the other hand, years of domestication in Central American stocks have not dramatically
influenced the acoustical signals of the Mediterranean fruit fly Ceratitis capitata (Wied.)
(Sivinski et al. 1988).
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ABSTRACT

467

Both lesser wax moth, Achraia grisella (F.) and greater wax moth, Galleria mel
lanella L. males produce sounds using tymbals located on their tegulae. Wing movement
twists one end of a tymbal causing it to buckle and produce an ultrasonic pulse. Both
sexes are equipped with tympanic ears that hear the high-frequency sound. A. grisella
females use the sound to locate males prior to copulation. In contrast, female G. mel
lanella respond to the sound with wing fanning. This wing fanning sets off a more
complex, three-step behavioral sequence that allows the females to locate males by
male-produced pheromone. Techniques that make use of the moth-produced sounds to
detect and control these pests of bee products include locating calling males with elec
tronic detectors and using acoustically-baited traps to capture receptive females.

RESUMEN

Ambos machos de los gusanos de cera, Achroia grisella (F.) y Galleria mellonella
L., producen sonidos usando timbales localizados en su tegula. El movimiento del ala
dobla una punta del timbal causando que se encorve y produzca una pulsacion ul
trasonica. Ambos sexos estan equipados con oidos timpanicos que oyen el sonido de alta
frecuencia. Hembras de A. grisella usan el sonido para encontrar al macho antes de
copular. En contraste, hembras de G. mellonella responden al sonido abanicando con
las alas. Abanicando con las alas produce una secuencia mas compleja de tres etapas
que Ie permite a las hembras encontrar los machos por feromonas producidas por los
machos. La tecnica que hace uso de los sonidos producidos por las alevillas para detectar
y controlar estas plagas de productos de las abejas incluye ellocalizar a los machos que
llaman usando detectores electronico~ y usando trampas de cebos acusticos para cap
turar las hembras receptoras.

Many insects possess organs that serve as receivers of airborne sounds. In Hemipt
era, Orthoptera and Diptera these organs function primarily in intraspecific communica
tion. In Lepidoptera, Neuroptera, Dictyoptera and Coleoptera the organs serve to warn
the bearer of the potential threat of a predator. In both groups, however, some insects
use their hearing ability for both communication and defense. For example, while some
Orthoptera use hearing to warn them of approaching insectivorous bats (Moiseff et al.
1978), certain moths have acquired the additional ability to generate sounds for intra
specific communication.

Although acoustical communication for pair forming is probably uncommon among
moths, recent research has exposed a number of demonstrated or suspected cases (See
review by Spangler 1988). Most moths are equipped with tympanic ears, which appa
rently resulted from the selective pressure of echolocating insectivorous bats (Fenton
& Fullard 1981). The location of ears, that varies with moth group, can be on the head,
metathorax, first, second or seventh abdominal segment of the insect's body. These ears
provide moths with the hearing ability needed for ultrasonic communication. Two
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pyralid moths, the greater wax moth, Galleria mellonella L. and the lesser wax moth,
Achroia grisella (F.), specifically consume the products of honey bees, Apis mellifera
L. Both moths have ears which allow them to defend against bats (Spangler and Takes
sian 1983). Structurally similar to ears of other pyralid moths, these ears are located
on the first abdominal sternum (Coro 1973, Coro & Fernandez 1972, Mullen & Tsao
1971a, b). They are sensitive to a wide range of sound frequencies from ca. 20 kHz to
over 200 kHz (Spangler and Takessian 1983, Spangler 1984a). This hearing ability
suggested that both moths were capable of developing acoustical communication sys
tems. In fact, A. grisella was the first moth discovered to have such a system (Dahm
et al. 1971, Spangler et al. 1984). However, acoustical communication is not unique to
these was moths. Within the subfamily Galleriinae, to which both wax moths belong,
acoustical communication may be widespread. Galleriinae is divided into three tribes:
Galleriini, Megarthridiini and Tirathabini and contains about 55 genera and 250 species
(Hampson 1917, Pajni & Rose 1977, Whalley 1964). Several members of this group
which feed on agricultural products are of great economic importance. The rice moth,
Corcyra cephalonica (Staint.) and Paralypsa gularis (Zeller) damage a variety of stored
products (Hodges 1979, Smith 1957). Three well-known species consume the stored
products of bees. Besides A. grisella and G. mellonella, Aphomia sociella (L.) feeds
on the products of bumble bee nests. Eldana saccharina Walker, the sugar cane borer,
is another well-known economic pest in this group (Sampson & Kumar 1983). In fact
intraspecific acoustical communication also appears to occur in a number of distant or
unrelated moth groups including Pyralidae, Agaristidae and Noctuidae (Gwynne and
Edwards 1986, Bailey 1978, Surlykke & Gogala 1986).

Moths within the Galleriinae subfamily have different sound-producing structures.
Although both A. grisella and G. mellonella have tymbals which produce single sound
pulses per wing-stroke (Spangler et al. 1984, Spangler 1985a), C. cephalonica has tym
bals with nine striations, which buckle in sequence to produce up to 36 pulses of sound
per wingbeat (Spangler 1987b) (Fig. 1). C. cephalonica is in the tribe Tirathabini while
A. grisella and G. mellonella are in the tribe Galleriini. E. saccharina and A. sociella,
in the tribe Tirathabini, also have striated tymbals (Zagatti 1985). That tymbals or
other sound producing mechanisms occur only in male insects, suggests that an intra
specific communication system is present. Only the males of most insects that communi
cate with sound face the increased risk of parasites or predators attacking the sound
source (Burk 1982, Cade 1976).

Both A. Grisella and G. mellonella wax moths are distributed widely throughout
the tropical and temperate regions of the world. Because the larger, faster growing G.
mellonella seems to out-compete A. grisella in most areas of the United States, it
causes more damage. But where A. grisella predominates, in the extreme Pacific North
west and at higher elevations, it also causes considerable damage to stored bee comb.
Initial studies on sound and wax moths involved attempts to prevent the females from
ovipositing near bee colonies and stored bee equipment by triggering their defensive
behavior with simulated cries of echolocating bats (Spangler 1984c). However, like
similar previous studies on different moth species (Belton & Kempster 1962, Agee &
Webb 1969), the moth populations were affected, but habituation to the sound prevented
any efficacious control. More recent discoveries that these moths use ultrasound as a
component of their mate-calling systems suggests new possibilities for detection and
co~,trol. HO"ever, the role of sound in pair forming behavior is different in A. grisella
and G. mellonella. A. grisella males use sound as the primary signal to call females.
Male G. mellonella, in contrast, use sound to stimulate females to fan their wings, an
action which in turn stimulates males to emit pheromone, the primary signal which
attracts females (Spangler 1985a, 1987a).
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Fig. 1. Tymbals of four species of galleriine moths: A. Achroia grisella (by S. L.
Buchmann); B. Galleria mellonella; C. Aphomia sociella (from Zagatti 1985); D. Cor
~yra cephalonica.

Different Roles of Sound in the Pair-Forming Behavior of Two Wax Moth Species

Achroia grisella. Each tegula of male A. grisella bears an anteriorly situated tymbal
Fig. 1). The tegular-wing coupler, a blade like structure, attaches to the lower, distal
order of the tegula, directly below the tymbal (Spangler et al. 1984). When pushed
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down by the wing, the coupler causes the tymbal to snap inward (buckle), simultane
ously producing an ultrasonic pulse (Spangler and Takessian 1986). Release of pressure
on the coupler caused by the wing moving upward, allows the tymbal to snap outward
producing a second ultrasonic pulse. Stroboscopic analysis not only confirmed that the
tymbal snapped inward during the wing downstroke and outward during the upstroke,
but also revealed that the snapping action of the tymbal produced sound about midway
through the downstroke and upstroke (Spangler et al. 1984). Exactly how the insect
accomplishes this precise timing is not known. It appears, however, that moths produce
sound when they elevate the tegular process on the underside of the tegula with a
structure referred to as the "striker" on the costal margin of the forewing (Spangler et
al. 1984). An air chamber, enclosing not only the back side of the tymbal, but also most
ofthe underside of the tegula, may playa role in the positioning of the striker, although
its function is unknown.

Male A. grisella produce pulses of 100 kHz sound when calling, one pulse per up
stroke and one pulse per downstroke. The wings, held posterior to the normal flying
position and fanned through about a 45 degree are, also release a pheromone (Dahm et
al. 1971). The wing action produces a continuous series of sound pulses at a repetition
rate of 80-90/sec (Fig. 2). Males prefer calling in subdued light or darkness, but may be
found calling at any time under a variety of conditions.

The function of the sound is clearly to call potential mates. In tests using simulated
male sound (short pulses of 72 kHz sound at 80/sec), 15 of 21 unmated females ran to
the transducer; 13 fanned their wings. No females moved toward muted, pheromone
producing males at the opposite end of the arena. In another test, 16 of 20 unmated
females arrived at the sound source plus females, while only one arrived at the muted
males plus silent transducer. In a third test, simulated sound plus females was equally
attractive to unmated females as sound plus muted males (Spangler et al. 1984). Addi
tional tests over longer distances in greenhouses once again confirmed that simulated
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sound alone attracted 32% of the females and was much more effective than male
pheromone (6%) (Spangler 1984b).

Typically, A. grisella males assume calling positions near food (bee hive or stored
comb) where emerging females are expected to arrive. They stay near the culture if no
bees or only a few bees are present. However, if the bee colony is strong, both sexes
run from the hive immediately after emerging, before their wings have expanded.
Males outside the hive call from positions on the hive or on nearby vegetation (Green
field & Coffelt, 1983). From either location, females, activated by male pheromone,
search until they locate the sound of a male, then run or fly directly to him (Spangler,
1984b).

Galleria mellonella. Male G. mellonella also have sound-producing tymbals on their
tegulae which are activated when their forewings push down on the tegular-wing
coupler. The sound is released at the bottom of the wingstroke. As a downward moving
wing approaches the end of the stroke, it exerts pressure on the tegular-wing coupler,
which twists the distal area of the tegula and causes the tymbal to buckle in, producing
an ultrasonic pulse. Just as the wing starts back up, the pressure is released, the tymbal
snaps out, and a second pulse is produced. Since two tymbals buckle in and snap back
out, a train of two, three or four pulses of ultrasound may be released for each wingbeat,
depending on how synchronized the wings are in their movement (Spangler 1985a).
These pulse trains are produced by subsequent wing beats to form a series or phrase.
The number of pulse trains in a phrase ranged from 1 to 18 but averaged 4.03. When
many males are inside an enclosure such as a hive containing comb, but few or no living
bees, the ultrasonic pulses occur frequently. For example, in an abandoned outdoor bee
hive infested with G. mellonella , ultrasound production began about 11 minutes after
sunset and continued for 8 hours or more. Tsolated males still remained silent because
stimulation from other wax moths is requiTed before they will produce sound (Spangler
1986a).

G. mellonella males do not fan their wings continuously while they are calling, as
do A. grisella males. Instead, they extend their wings outward about 45 degrees from
their bodies (Flint & Merkle 1983, Spangler 1985a). When wings are in this position,
the upper wing surface is at the same height as the top of the moth's body. If no other
male or female G. mellonella is nearby, a male remains stationary while releasing
enough pheromone to attract females. However, if another male or female G. mellonella
approach the calling male, it may flutter its wings briefly and emit pulses of 75 kHz
sound.

The ultrasonic pulses produced by G. mellonella males are known to stimulate only
wing fanning in unmated females (Spangler 1985a). Although a female may run about,
she will not orient directly toward the sound source. Reactions of 100 virgin females in
groups of 5 to bursts of 72-kHz sound at 5-second intervals were tested. Eight moths
began wing fanning in response to the second sound burst at 5 seconds. Forty-five had
responded by 35 seconds; 57 by 1 minute; 77 by 2 minutes; and 83 by 3 minutes. Seven
teen moths did not respond within the 3-min test period. The average threshold inten
sity at which simulated male sounds caused virgin females to wing fan was 69 dB. The
frequency within the pulses could be made to vary widely and still elicit virgin female
response. Transducers resonating at 25 kHz and 150 kHz caused the females to wing
fan and emit low frequency sound with energy peaks at about 40 and 80 Hz (Spangler
1985a).

Males in calling position are sensitive to low-frequency airborne sounds. A recent
study showed calling males to be highly sensitive to sound and vibrations from 35 to
100 Hz, a range which includes most of the sound energy released by a wing-fanning
female. When sound or vibration simulating the sound of a wing-fanning female was
directed toward a male, it responded by increasing the quantities of pheromone it
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released from wing glands (Spangler 1987a). Existence of a sexual pheromone in G.
mellonella, known for some time (Leyrer & Monroe 1973), has been demonstrated to
attract females (Finn & Payne 1977).

Males move about and produce ultrasound (Spangler 1986a) and pheromone within
a cavity such as an abandoned bee hive. When a nearby female recognizes the sound
signal, she fans her wings and produces a low-frequency sound which causes the male
to sharply increase the release of pheromone so she can locate him. Outside of the hive,
G. mellonella males are unlikely to produce sound. However, they release a low-level
of pheromone probably sufficient to attract nearby females and they have been observed
producing ultrasound only when two males approach each other closely. When a male
hears the wingbeat sound of a nearby flying female he may flutter his wings to increase
his pheromone dispersal (Spangler 1985a).

Hearing Adaptations and Communication

Whether A. grisella females exhibit behaviors either for defending themselves
against insectivorous bats or responding to calling males depends, in part, on the pulse
repetition rate of the sound they hear. Most females show a sexual attraction above 40
pulses/sec and apparent defensive response below 30 pulses/sec (Spangler et a1. 1984).
In contrast, while female G. mellonella wing fan in response to a single pulse and to
repeated pulses with a repetition rate up to about 117/sec, this behavior normally takes
place within the protection of the beehive (Spangler 1985a).

A. grisella females can orient, then run or fly to the sound of a calling male from
distances of about 1 m (Spangler 1984b, Spangler et a1. 1984). They lose ability to orient
if one ear is deafened by tearing the tympanum (Spangler & Hippenmeyer 1988). Al
though they may run and circle in response to sound, they are unlikely to find the
source. Although no mechanism for distinguishing sound frequencies, as in Orthoptera
(Michelsen 1979), has been identified in any moth ear (Miller 1983, Roeder 1967). Some
evidence indicates that G. mellonella can distinguish different frequencies because they
do not appear to respond defensively when subjected to lower frequency ultrasound of
moderate intensity. They do respond with typical defensive behavior at higher frequen
cies (Spangler 1984a). In contrast, simulations of the very short sound pulses used for
G. mellonella sexual communication affect the female by causing her to wing fan at low
intensities throughout her hearing range (Spangler 1985a).

The Acoustical Environment of Wax Moths

Wax moths of both species usually occur in situations where there are few or no
honey bees (the colony has died, abandoned the hive or the comb has been removed
from the hive). However the moths do emerge and exist in active bee colonies and
females will enter colonies to oviposit. Bees defend their hives against the moths by
evicting both larvae and adults in ways that suggest elaborations of existing cleaning
behavior (Clark 1984).

Bees produce a wide variety of sounds, some of which are in the hearing range of
wax moth ears. However, at the low end of the frequency spectrum there does not
appear to be much opportunity for acoustical interactions (Fig. 3). Male greater wax
moths respond to airborne sounds from a wing-fanning female at the 40 Hz wingbeat
frequency and the second harmonic at 80 Hz (Spangler 1987a). However, they do not
respond much at the lowest frequencies produced by wing-fanning bees. In fact, bees
produce very little sound energy in the 30-100 Hz range which might interfere with the
communication system of greater wax moths.
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On the other hand bees do produce a broad range of ultrasonic frequencies (Spangler
1986b). This sound is in the form of pulses produced when bees fan their wings, either
while stationary or when flying. The pulses have their highest intensity from about 25
to 50 kHz. Generally there is one loud pulse per wing beat, although sometimes there
is a second pulse of lesser intensity. The pulse repetition rate is typically above the
frequency that female greater wax moths responded to by fanning their wings (Fig. 4).
However, it seems possible that wax moths obtain some information from the bee sound
or respond to it defensively as if a bat were attacking. It is also possible that moths are
able to use the ultrasound produced by wing-fanning bees in locating and/or assessing
the condition of bee colonies to allow females to decide whether to enter the hive or to
oviposit near an opening into the hive.

Although generally honey bees are not sensitive to most airborne sounds and are
unlikely to hear any ultrasound, Apis cerana detect 50 Hz sound, probably from vibra
tions on the comb, then respond by hissing (Fuchs & Koeniger 1974). Bee hissing,
produced by many bees fanning their wings, is rich in almost continuous ultrasound
(Spangler 1986b). Thus, it would seem that bees, particularly when nesting outside of
cavities, might be able to detect approaching wax moths and disrupt them by triggering
their defensive responses. However, no conclusive evidence has established that the
sound from hissing bees affects any insect (Fuchs & Koeniger 1974). Perhaps this is
because G. mellonella has developed the ability to limit its defensive responses to
bee-produced sound (Spangler 1984a).

CONCLUSION

Female A. grisella has a sophisticated system for determining the pulse repetition
rate of incoming sound to distinguish male moths from bats. Pheromone released by the
wing glands of calling males may cause females to search, although they are unlikely to
find males without the acoustical signals.

Acoustical techniques have already proven useful in problem situations caused by
A. grisella. Electronic devices designed to detect male sound allow quick inspection of
comb storage facilities for the presence of adult moths (Spangler 1985b). Acoustically
baited traps, designed to monitor for the presence of moths in apiaries or storage
facilities, may also be possible (Spangler 1984b).

If the intensity of simulated male sound is increased above that of male-produced
sound, these acoustically-baited traps might outcompete calling males in attracting
enough unmated females from greater distances to reduce population levels.

The sexual signalling system of G. mellonella, which includes chemical, ultrasonic
and low-frequency sound signals, allows it to function efficiently both inside and outside
enclosures. Because all of these signals seem to operate at a distance of less than one
meter, G. mellonella's communication system is short range. By concentrating their
mating activities on or near bee hives, these moths have no need for a long-range sexual
signalling system. Because G. mellonella produce sound sporadically, the techniques
suggested for monitoring, detecting and controlling A. grisella males using acoustical
equipment seem unlikely to work with G. mellonella. While it is possible to locate A.
grisella males with an electronic detector, isolated male G. mellonella, which don't
produce ultrasound, cannot be detected by sound until a number of males are present.
By that time one can usually detect the odor of their pheromone.

Understanding the biology of these bee pests may lead to yet undiscovered control
techniques. If, for example, the odor and/or acoustical signals that attract wax moths
to bee colonies could be defined, then appropriate methods to lure the moths into traps
could probably be devised.
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ABSTRACT

A small, easily constructed sound-insulated room suitable for use in acoustic detec
tion of insect larvae in stored commodities is described. Sound measurements are pre
sented to quantitate the reduction of exogenous noise. The directionality of the acousti
cal detector used for detection of Sitophilus oryzae larvae feeding inside kernels of grain
was determined. "Dead spots" were located and suggestions for the design of a sample
holder are given which will minimize this problem.

RESUMEN

Se describe un cuarto pequeno, insulado a prueba de ruido, y facil de construir, para
uso en la detecci6n acustica de larvas de insectos en cultivos almacenados. Se presentan
medidas del sonido para cuantificar la reducci6n de ruidos externos. Se determin6 la
direccionalidad del detector acustico usado para detectar larvas de Sitophilus oryzae
comiendo dentro de los granos. Se localizaron "lugares muertos" y se hacen sugerencias
para el diseno de un porta-muestra que reducira el problema.

Recent interest in detecting internally feeding insects in kernels of grain has cen
tered on the use of acoustical methods. Although the electronic filtering used by Webb
et a1. (1988), Vick et a1. (1988) and Hagstrum et a1. (1988) reduces the ambient and
system noise to some extent, the high amplification required to detect the low-power
sounds that feeding larvae produce requires that the grain sample be isolated from
ambient noise. Although an anechoic chamber would be the ideal environment to use
with these detector systems, this often is impractical given constraints of budget and
space common at most laboratories. We describe a small sound-insulated room which is
easily constructed, inexpensive and suitable for use for insect detection using acoustical
methods.

The ideal acoustic detector should be one which detects sounds equally well from all
directions. Our preliminary data indicated that our detectors had some degree of direc
tionality. This problem of directionality and consequent dead space in the grain sample
holder can be minimized with certain grain sample holder designs provided the direction
ality of the transducer is known. We present data on this directionality for one type of
detector used in this laboratory and suggest a sample holder design to minimize direc
tionality effects for this detector.
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Fig. 1. A. Outline of sound-insulated room. B. Schematic representation of a wall
section to show construction details.

METHODS AND MATERIALS

SitophilUB oryzae (L.), the rice weevil, (laboratory stock in culture at this laboratory
for 19 years) was reared on wheat incubated at 25 ± 1°C and 65% RH ± 5% with a 14:10
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(L:D) photoperiod. Adults were allowed to oviposit on uninfested wheat for 7 days and
then were removed. Individual kernels were checked for sounds using the acoustical
detector system described by Webb et al. (1988) to identify kernels containing larvae
17 days after the adults were removed.

The sound-insulated room was constructed in a corner of our laboratory (Fig. 1).
Sound control board (112 inch thick, Cellotex Co.) was cut to the size and shape of the
floor of the proposed room and laid directly on the concrete floor of the laboratory. A
frame for the floor was constructed of pine 2-inch X 4-inch wood (ca. 4 cm X 9 cm) and
laid on the sound control board. The floor of the room was constructed of 3/4-inch (ca.
1.8 cm) thick plywood attached to the upper side of the 2 inch X 4 inch frame with nails
and glue. The sound-insulated room used 2 existing laboratory walls for its back and
right side wall. To these, sound control board was attached with glue. The left side wall
(LSW) as well as the front wall (FW) were framed with 2 inch X 4 inch lumber on 16
inch centers (40.5 cm) using standard construction techniques. Three-inch thick
fiberglass bats were placed between the studs. The LSW and FW walls were faced
inside and out with sound control board. The door was a 28-inch (71 cm), hollow-core
veneered door typically used for interior doors in houses. The ceiling was constructed
of a 2-inch X 4-inch lumber frame covered inside and out with sound control board. A
medium length shag carpet was installed on the floor. The walls and ceiling and door
were then covered inside and out with 3-inch thick (ca. 7.5 cm) Sonex acoustical foam
(Illbruck Co., 3800 Washington Avenue No., Minneapolis, MN 55412) except that the
2 walls shared with the laboratory were covered only on the inside.

A work bench was constructed in the sound insulated room by stacking 6 standard
concrete building blocks into two, three-block high columns (61 cm high) upon which
was placed a concrete slab (66 X 40.5 X 5 cm thick) which served as the work surface.
The slab was covered with medium length shag carpet. A sound insulated box, 56 cm
deep X 54 cm wide X 64 cm tall, constructed of 3/4 inch plywood and lined with 3/4-inch
sound control board was placed on the work surface. Access to the box was gained
through a hinged door measuring 38 cm wide X 51 cm tall located on the side of the
box. The entire box including the door was lined with sound insulation foam. The sample
holder was suspended in this box by rubber bands to reduce transmission of building
vibrations to the sample holder and microphone.

The sound detection and amplification system used here was described in Vick et al.
(1988). The filter, signal processing, and computer system were located outside the
sound-insulated room. The sound insulation qualities of the room were tested by feeding
a 1 kHz signal from an oscillator into a speaker placed 2 meters in front of the room
door at a height of 1.5 meters. The sound in the room was measured with a I-inch
condenser microphone, Bruel & Kjaer (B&K) model 4145, and a microphone amplifier,
B&K model 2610. The grain sample holder was made from a copper pail (ca. 0.5 mm
wall thickness) with the top slightly larger than the bottom and having the following
dimensions: 11 X 9.5 X 13.5 cm, respectively for the diameter of the top and bottom
and the height of the sides with the sides tapering towards the bottom. The angle
formed by the meeting of the sides and bottom was 93 degrees. A 33-mm diam hole was
bored at the center of the bottom of the grain sample holder into which was fitted the
plastic diaphragm of the acoustic coupler.

Five wheat kernels, each infested with a 17-26 day-old rice weevil larvae, were
placed in a small mesh pouch (ca. 1 X 1 cm with a thickness of one wheat kernel) which
was used as the sound source for measuring the effect of distance and angle on sound
detection. The same 5 kernels were used throughout the 3 days of testing. The bottom
of the sample container was covered with a 1 cm layer of uninfested wheat. The sound
source was placed in the middle of the container on top of the layer of wheat and the
detectable sounds emanating from the sound source were counted for 2 minutes. The
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sound source was moved to a position 2.4 cm from the center towards the edge of the
container and the sounds counted as before. A third count was taken at a position 4.6
cm from the center. The counts thus were taken at the center of the container (im
mediately above the diaphragm) (position A), at a point ca. midway between the middle
of the container (position B) and the edge and at a point near the edge (position C).
These 3 counts were taken in random order. The voltage spike counts at the 3 horizontal
locations were taken at 1, 2, 3, 4, and 5 cm depths, also, in random order. Measurements
were replicated 8 times per position.

RESULTS AND DISCUSSION

The sound-insulated room, the sound-insulated box inside the room and even the
grain in the grain holder are components of an exogenous noise reduction system. To
determine the contributions of the various parts of this system to overall noise reduc
tion, sound levels were measured at various locations inside and outside of the sound-in
sulated room (Fig. 2). The sound level at the front of the door leading into the sound-in
sulated room (2 meters from the sound generating oscillator) was 67 dB. The sound
level at the microphone in a full grain holder inside the sound-insulated box positioned
inside the sound-insulated room was 13 dB for a total reduction of 54 dB. Since each 6
dB reduction represents a 2X reduction in sound power (volume), the entire noise
suppression system reduces exogenous noise to a level ca. 0.15% of its original power.

The exogenous noise suppression afforded by this room when used with a sound-in
sulated box and the present grain sample holder would be sufficient for most larval

COMPARISONS OF NOISE LEVELS
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Fig. 2. Flow chart showing effect of each component of the exogenous noise reduction
system on the reduction of background noise.
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TABLE 1. NUMBER OF LARVAL SOUNDS DETECTED (S.D.) AS A FUNCTION OF
HORIZONTAL AND VERTICAL DISTANCE FROM THE ACOUSTICAL DETEC
TOR.

Horizontal distance from center (cm)

Depth (cm) 0 2.4 4.6

1 4640 (1982)1 312 (474) 4 (7)
2 1635 (648) 180 (181) 7 (14)
3 1174 (1307) 101 (117) 7 (11)
4 814 (1022) 88 (105) 23 (28)
5 154 (174) 95 (114) 22 (27)

'Number of larval sounds as detennined by number of voltage spikes

detection needs. Routine use of this room in our laboratory has shown that normal
laboratory work, including the normal operation oflaboratory equipment (refrigerators,
freezers, etc.) and conversation, can be carried out in the laboratory without interfering
with sound counts by the sound detection system in the insulated room. Problems might
develop if the amplification had to be set at very high levels for some reason (Le. to
detect very young larvae). Extensive testing of the system with uninfested grain in the
sample holder did yield rare spurious sound spikes which seemed to be attributable to
building vibrations possibly made worse by the fact that this room is located on the
second floor. In our situation these spurious sound spikes were sufficiently rare that
they were easily identified as spurious sound spikes by the normal replication of the
experiments. In cases where building vibrations are common enough to be troublesome,
the problem might be solved by suspending the sound-insulated box from the ceiling of
the sound-insulated room by elastic bands.

The extent that sounds could be detected was both a function of distance of the sound
source from the diaphragm and angle of the sound source to a vertical perpendicular
line in the center of the grain mass of the sample holder. Although the number of sounds
detected decreased as the sound source was moved away from the acoustic coupler
(Table 1), the distance of the sound source from the detector was not as important in
this regard as the angle of the detector in relation to the sound source. The greatest
sensitivity occurred when the sound source was at 0 degree incidence to the detector
angle and decreased as the angle increased. This effect is especially apparent for the
results at position C (4.6 cm, Table 1). As the depth increased from 1 to 5 cm, the
distance from the sound source to the acoustic coupler increased but the angle de
creased. The increase in sound counts with decreasing angle (even though the distance
increased) indicates that in sample holder design, one of the top priorities should be the
elimination of "dead spots", even if the design change would place some grain at a
greater distance from the detector.

The log of the number of voltage spikes (Table 1) was plotted against the distance
of the infested kernels from a zero degree incidence perpendicular line running from
the detector up into the grain mass of the sample holder. Regression lines (not shown)
were eye-fitted for grain depths of 1, 2, 3, 4, and 5 m. Thus from the resulting 5
regression lines one could estimate for each of the grain depths the number of sounds
expected when the sound source was placed at positions A, B, or C (0, 2.4 and 4.6 cm,
respectively, from Table 1) or at any position in between. Conversely, one could esti
mate at what point between position A and the sample holder wall that a given number
of sounds would be detected.

Figure 3 illustrates the effect of detector directionality with "isobars" drawn for
1500, 1000, 100 and 30 counts expected from our standard insect sound source. A con-
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Fig. 3. Schematic diagram of the grain sample holder used in this study. A constant
sound source when placed anywhere on each of the lines would yield sound counts
equivalent to any other point on the same line.

stant sound source would give a constant number of voltage spike counts at any point
on each of the lines shown. This figure dramatically illustrates the need to eliminate the
"dead spot" formed at the angle where the bottom and sides of the container join. A
more satisfactory shape for the sample holder would be a cone shaped vessel that
eliminates the acute bottom to side angle, even if the total depth of the container had
to be increased to hold the same quantity of grain sample.
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Development of sound-baited traps for insects has lagged behind that of light- and
chemical-baited traps. The principal successes for acoustic traps have been with mole
crickets (Gryllotalpidae), field crickets (Gryllidae), and ormiine flies (Tachinidae). The
crickets are attracted to the conspecific calling song and the flies to the calling songs of
their hosts. Electronic sound synthesizers facilitate routine operation of acoustic traps,
and increasing the intensity of the sound far above the levels of the natural call greatly
increases the numbers trapped. Acoustic traps are most likely to be useful for species
that exhibit long-range phonotaxis under natural conditions. Acoustic traps are unlikely
to be cost-effective for control but have proved valuable in studying behavior and ecol
ogy, collecting specimens, and monitoring populations.

RESUMEN

El desarrollo de trampas cebadas con sonido esta mas atrasado que trampas de luz
o cebadas con productos quimicos. El exito principal de trampas aclisticas ha sido con
los topogrillos (Grillotalpida), grillos de campo (Grillida) y con moscas Taquinidas. Los
grillos son atraidos a los cantos coespecificos y las moscas al canto de su hospedero. Los
sintetizadores electr6nicos de sonido facilitan la rutina de la operaci6n de trampas aclis
ticas, y aumentan la intensidad del sonido mucho mas que los niveles delllamado natural,
aumentando el nlimero de atrapados. Es mas probable que trampas acusticas sean mas
litiles para especies que demuestren una fonotaxis de largo alcance bajo condiciones
naturales. Es improbable que el costo de trampas aclisticas valga la pena, pero han
demostrado ser valiosas en estudios ecol6gicos y de comportamiento, en la colecci6n de
muestras, y en el chequeo de poblaciones.

Traps baited with lights or chemicals are widely used to collect insects and to monitor
their populations. Light traps catch a wide variety of insects that generally are attracted
in small numbers; why light attracts insects and from how far are poorly understood
(but see Baker 1985). On the other hand, chemical traps generally trap one or a few
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kinds of insects, frequently in large numbers; this is because chemical baits simulate
specific sex pheromones or chemicals released by particular foods. Individuals are often
attracted from 100 m or more. Acoustic traps are similar to chemical traps in that they
generally catch one or a few species, often in large numbers. Acoustic baits simulate
the mating call of the captured species or of the prey or host species.

In this paper I review the development and use of sound-baited insect traps, compare
the principal components of successful traps, and consider potential uses and limitations
of acoustic traps for agricultural insects.

A HISTORY OF SOUND TRAPS FOR INSECTS

Kahn & Offenhauser (1949; also Offenhauser & Kahn 1949) were apparently first to
field test a sound-baited trap. In a swamp in Cuba, they used a recording of the flight
sound of an Anopheles albimanus female to attract mosquitoes to a high-voltage elec
trified screen. Their equipment was crude by today's standards-they played a 78 rpm
acetate disk on a record changer. Nonetheless, they killed more mosquitoes in the peak
10-minute interval of trapping than a nearby cattle-baited trap caught in a week. Be
cause phonotaxis in mosquitoes is mainly a matter of males seeking a mate by homing
on the female's flight sound, the mosquitoes Offenhauser & Kahn killed were principally
males-rather than blood-seeking, disease-carrying, egg-laying females. In spite ofthis
limitation, Belton (1967) and, more recently, Ikeshoji and co-workers (Ikeshoji et al.
1985, Ikeshoji 1986, Ikeshoji & Yap 1987) further developed and field-tested sound
traps for mosquitoes. Such traps could reduce mosquito populations by reducing fertility
of females, either by removing or chemically sterilizing attracted males.

The first acoustic traps developed for agricultural insects were for the mole crickets,
Scapteriscus acletus and S. vicinus, which are important pests of pastures and crops
in the southeastern United States (Ulagaraj & Walker 1973, Walker 1982). These traps
(e.g., Fig. 1) broadcast the real or imitation calling song of the male and attract and
catch flying mole crickets of both sexes. A standard trapping station, consisting of one
S. acletus trap and one S. vicinus trap, generally yields thousands of mole crickets in
a year; catches of hundreds during one evening are not uncommon. The record catch of
S. acletus for one station in one night is 3,297; for S. vicinus, 2,174 (Walker 1982, and
unpublished). Forrest (1983a) and Chukanov & Zhantiev (1987) trapped mole crickets
of other species (Scapteriscus spp. and Gryllotalpa spp.) that flew or walked to repro
ductions of their calling songs.

A major use of acoustic traps for mole crickets has been to acquire living material
for research. Adult mole crickets are exceedingly difficult to collect by other means,
and large-scale laboratory rearing has thus far proved impractical. Sound trapping has
made possible much of the research on the biology and on chemical and biological control
of Scapteriscus acletus and S. vicinus (Walker 1984).

Field crickets are a second group of agriculturally important insects that have been
caught with sound-baited traps. Campbell & Shipp (1974, 1979) and Campbell (ms. in
review) developed traps for Teleogryllus commodus, an important pest of pastures in
Australia and New Zealand. As in mole crickets, the bait was the natural or synthesized
male calling song, and both males and females flew or walked into the trap. In North
America, field crickets of the genus Gryllus have been acoustically trapped by Cade
(1979, 1981) and Walker (1986). Sound trapping field crickets has contributed to studies
of their migratory and mating behaviors (Campbell & Shipp 1979, Cade 1981, Walker
1987). It can also provide a ready source of live crickets for laboratory studies or for
feeding animals: for three years, a trap broadcasting G. rubens song at Gainesville,
Florida, caught hundreds of G. rubens most months and an annual average of 8,209
(Walker 1986).
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A third group of insects successfully trapped acoustically are tachinid flies of the
tribe Ormiini. These flies are parasitoids of crickets and katydids, and females find their
hosts by homing on the hosts' calling songs. Cade (1975, 1981) trapped gravid females
of Euphasiopteryx ochracea at broadcasts of the recorded song of Gryllus integer, and
Mangold (1978) trapped it at the song of Scapteriscus acletus. In three trap-years
Walker (1986, 1989) trapped 3,583 E. ochracea at synthesized Gryllus rubens song. A
South American species of Euphasiopteryx, E. depleta, is important as a potential
biological control agent for Scapteriscus mole crickets that became major pests when
accidentally introduced into the southeastern United States (Fowler & Garcia 1987).
Fowler (1988) devised sound traps to capture gravid E. depleta females for biological
studies and for shipment to the United States.

Sound traps have been used for other insects with less success and/or on a more
modest scale. For example, Webb et al. (1983) caught female Caribbean fruit flies
(Anastrepha suspensa) using sound-baited traps within field-caged guava trees; Sil
veira-Guido & Fowler (1988) caught Megacephala fulgida, a tiger beetle predator of
mole crickets, at mole cricket sound traps; and Walker (1979) and Zuk (1987) suspended
gryllid males (Anurogryllus arboreus and Gryllus veletis and G. pennsylvanicus) over
pitfalls to study what mates or enemies particular males attract.

COMPONENTS OF SOUND TRAPS

The principal parts of a sound trap are a sound source, a controller, and a catching
device.

Sound source

Sounds used to attract insects to sound traps are, thus far, natural sounds or elec
tronic imitations of natural sounds. Natural calls of insects can be used directly (e.g.,
Campbell & Shipp 1974, Forrest 1983b); they can be captured by microphone, amplified,
and broadcast in real time; or they can be recorded for later broadcast (e.g., Ulagaraj
& Walker 1973, Cade 1979). The first method changes no feature of the natural call.
The second method keeps the timing and quality of the sound natural while permitting
it to be amplified and broadcast from one or more speakers. The third allows a selected
natural sound (the recording) to be produced on a predetermined schedule at a predeter
mined intensity. The third method can be adapted to routine operation of sound traps,
but automated playback of recorded sounds requires expensive equipment not easily
adapted to field use.

Using sound synthesizers as sound sources greatly simplifies automatic sound trap
ping (Walker 1982, Campbell & Forest 1987). Except for speaker diaphragms, electronic
sound synthesizers have no moving parts to wear or bind, and they can be built or
programmed to produce precisely the sound that is wanted. Under field conditions they
reliably produce the specified song for weeks or longer; those incorporating a digital
microprocessor may retain their calibration indefinitely.

Synthesizers are either line operated (e.g., 110 volt AC) or battery operated (e.g"
12 volt DC). Once lines are run to a trapping site, line power is economical and requires
little routine maintenance. The virtues of battery power are that it can be used at any
trapping site and is not disrupted by line power failures.

A bag made of 3 mil black polyethylene is an easy way to weatherproof a sound
synthesizer (Fig. 1). The sound is attenuated 8 dB by the bag, but quality is not affected.
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Fig. 1. Mole cricket sound trap. Sound synthesizer in black plastic bag produces
calling song of Scapteriscus sp. Attracted mole crickets land on coarse net and crawl
or fall into shallow, obliquely truncated, wirecloth-bottomed cylinder. Net prevents
crickets from flying out as they work to low point of cylinder and fall into pipe. Outlet
of pipe can be directed either into pool (as shown), where crickets swim until collected,
or into bucket, where they find soil (for live collections), or preservative. Time clock
(lower left) switches synthesizer on at sunset and off two hours later, when the flight
period is over.

Controller

Unless a human operator is always available or the sound is to be broadcast continu
ously, routinely operated sound traps need a device that switches the sound on and off
at appropriate times. Reliable, economical timer-controlled switches are commercially
available for line-operated sound sources. For battery operated sound sources, commer
cial timers are difficult to find and expensive----e.g., the Paragon EC72D 12-volt DC
timer costs ca. $170.

Catching devices

In some cases, it is important that the insects caught at a sound trap be kept healthy
for later use. In other cases, dead specimens are all that are needed. Lethal traps may
use an electrified grid, sticky material (e.g., Tack Trap©), or insecticides. Catching
devices for live traps are sometimes difficult to devise. For mole crickets and field
crickets, sheet-metal funnels will direct those that land within its diameter to a holding
container (Fig. 2) (Walker 1982, 1986). For mole crickets, an obliquely truncated sheet
metal cylinder with a wire mesh bottom works like a funnel but does not direct rain
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Fig. 2. Field cricket and fly sound trap. Sound synthesizer (concealed beneath screen
cage) produces calling song of Gryllus rubens. Attracted field crickets that land in
funnel slide into removable 2-liter plastic jar (which has a screen bottom to prevent
flooding). Attracted flies (Euphasiopteryx ochracea) that land on top of cage run toward
sound and pass into cage through I-em-wide slit at bottom of notch. They later fly
upward and are trapped in removable collecting vial (on cage at upper left).

water into the holding container (Fig. 1). A cheaper, easier to transport device for mole
crickets is a foldable child's wading pool (Fig. 1) (Walker 1982). Mole crickets landing
on water are bouyed by their hydrofuge pile and swim or float for 12-24 hours until
collected.

A serious problem with catching mole crickets that land at sound traps is that many
alight meters from the sound source. Matheny et al. (1983) found that only 8% of S.
vicinus and 36% of S. acletus landed within the 1.5-m-diameter funnel or pool of a
standard mole cricket trap. Increasing the diameter of the catching area to 4.6 m in
creased the potential catch of the two species to 30% for S. vicinus and 75% for S.
acletus.

The efficacy of catching devices for ormiine tachinids has also been a problem.
Fowler (1988) and Walker (1989), who developed live traps for Euphasiopteryx depleta
and E. ochracea, respectively, noted that attracted flies often did not find their way
into the holding cage and thus escaped. However, the E. ochracea trap (Fig. 2) caught
approximately as many flies as a concurrently operated sticky trap (Walker 1989).

SOUND LEVEL

Most acoustic traps have amplifiers and therefore can be operated at any of a wide
range of sound levels. If the sound level matches that of the natural sound (e.g., a calling
male), the number of insects attracted should approximate the number that would come
to the natural sound. In most cases though, the goal of sound trapping is either to catch
as many target insects as possible or to catch large samples. Sounds louder than natural,
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generally, perhaps invariably, attract more target insects than sounds of natural inten
sity. This is in keeping with Burk's (1988) contention that intensity indicates fitness and
cannot be counterfeited. It is also in keeping with the physics of competing sound fields
(Forrest, personal communication).

The exact effects of intensity on the performance of acoustic traps are poorly known.
Cade (1979) found that taped integer calling songs attracted significantly more E. och
racea and G. integer females when amplified ca. 10 dB above the natural sound level.
Ulagaraj & Walker (1975) reported that at sound pressure levels (SPL's) between 70
and 106 dB (re 20I1Pa, measured at 15 cm) catches of S. acletus approximately doubled
with each 6 dB increase. Forrest (1980), using improved equipment and more replica
tion, found that between 101 and 111 dB, catches of S. acletus averaged 5.7 times
greater for the louder of two groups of traps differing in acoustic output by 6 dB. The
95% confidence limits for the 5.7 ratio were 5.2 and 6.3. Walker & Forrest (unpublished)
ran further tests with S. acletus, increasing the range of sound levels tested to 128 dB.
For traps differing by 12 dB, the louder traps caught 2.5 to 10.9 times as many S.
acletus as the softer traps.

DISCUSSION

Limitations to acoustic trapping

The most fundamental limitation to using acoustic traps is that few insect species
are attracted to sound. Those that are attracted come to natural sounds or their imita
tions. Nothing presently suggests that long-range acoustical communication is as com
mon as long-range chemical communication or that yet-to-be-discovered acoustical sig
nals will prove remarkably attractive to many insect species (cf. UV light for light
traps).

Not only are few species attracted to sound, but within a species, attraction is
usually restricted to one or a few classes of individuals. For example, in Euphasiopteryx
spp. the only flies that come to broadcasts of the host's calling song are gravid females.
In this case it is evident that individuals attracted are those that, under normal cir
cumstances, would benefit from coming to the sound. The attraction of male crickets to
calling songs of males is harder to explain-e.g., 44% of sound-trapped G. rubens were
males (Walker 1986). It may be a matter of males landing near calling males for the
opportunity to intercept attracted females (Cade 1979) or of their using conspecific calls
to locate habitat, with calling sites and potential mates. The latter accords with the
finding of Matheny et al. (1983) that the sex ratio of sound-attracted Scapteriscus spp.
becomes less female biased as landing distance from the sound source increases.

Yet another limitation to acoustic trapping is its high cost-for purchase, operation,
and maintenance of sound synthesizers, controllers, and catching devices. Unlike chem
ical traps, sound traps that do not use live insects to produce the attractant require
batteries or line current for power and an amplifier and speaker for propagation. Im
proved electronic technology may lower the costs of acoustic trapping, but sound traps
will likely remain many times as expensive as chemical traps.

Uses of sound traps

Sound traps have already proved their usefulness for studying behavior and ecology,
collecting specimens, and monitoring populations. For example, Forrest (1983b) used
male-baited traps to study phonotaxis, song and flight periodicity, and mate choice in
mole crickets. Mole crickets attracted to amplified synthetic calls have been used to test
pesticides, chemical attractants, and feeding stimulants in the laboratory; to test and
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to rear biocontrol agents; and to study damage to grass cultivars (Walker 1984). By
running sound trapping stations throughout peninsular Florida, Walker et al. (1983)
revealed population trends, seasonal distribution, and life cycles. By trapping simultane
ously in habitats suitable and unsuitable for mole crickets, Walker & Fritz (1983) esti
mated prevalence of interhabitat flights.

Sound traps are potentially important in establishing mole cricket biological control
agents and in monitoring their spread. Mole crickets attracted to a sound trap can be
automatically infected with an agent and released. Some will flyaway the next evening
(Ngo & Beck 1982), dispersing the agent. Sound traps can also be used to collect biolog
ical control agents for satellite releases and to collect samples of hosts for assay.

Crickets caught in sound traps could be used (or sold) for fish bait or animal food.
Sound synthesizers, programmed to produce the most effective cricket call for the time
and season, could be suspended over ponds to help feed fish.

Prospects are not good for using sound traps to control the attracted insects by
directly reducing their populations. The attracted individuals may be impressively
numerous but they are not likely to be a major portion of the local population, most of
which may not be attracted. Indeed, the insects that are attracted may be chiefly
migrating individuals that might not have stopped except for the supernormal stimulus
of the trap's broadcast. Of those that do limd, a small portion may be caught (Matheny
et al. 1983)-though by poisoning the area around the trap or by placing the trap over
a large fish-filled pond, those landing far away could be prevented from augmenting the
local population. Sound traps are too expensive to use to blanket large areas-as has
been done with chemical traps (e.g., >400,000 boll weevil traps were used in 1985:
Dickerson 1986). For sound traps to be effective and competitive with other methods
of control, an array of variables would have to coincide in favoring the method. That
seems less likely to happen for sound than for chemical traps, and chemical traps have
proved useful for control in few instances (Lanier 1989).

A final caveat: devices that attract and destroy large numbers of insects hold a
fascination for the general public, and some farmers, out of proportion to the good they
do-as witnessed by the popularity of UV-baited electric "bug zappers." Some entrep
reneur may very well make and market sound traps to control mole crickets or some
other insect pest. Even if the traps do not provide control, their catches may be im
pressive enough to ensure their commercial success.

ENDNOTE

I thank T. G. Forrest and J. E. Lloyd for improving the manuscript. Florida Agricul
tural Experiment Station Journal Series No. 9300.
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sistema de computadoras y de programas para chequear la actividad de como comen los
insectos inmaduros durante su cicio de vida. La senal es amplificada aproximadamente
90 dB y filtrada a traves de los filtros apropriados de paso-de-bandas. Las variables
(niveles disparadores, intervalo de tiempo en la colecta de datos, y la proporcion de
muestras) son controladas por la computadora. La computadora tambien guarda y
analiza los datos.

Post-harvest commodities are frequently infested with insect larvae, adults or both.
As a result of such infestations, enormous quantities of food are lost or rendered unus
able each year. Also, because of the quarantine restrictions imposed by many countries
against certain insect pests, treatments or detection methods must assure that the
affected commodities are insect free. Since the Environmental Protection Agency halted
the use of ethylene dibromide (EDB) fumigation as a treatment for many of these
commodities, it has been necessary to develop new treatments for the export market.
Some of the more common treatments now being studied for fruit are other fumigants,
cold treatment, vapor heat treatment, and irradiation. It also has been necessary to
develop new detection methods, especially in fruit, to determine the presence of a
quarantine pest.

The most common method used to determine the presence of larvae in perishable
fruit, (Le., citrus and mango) and thus to determine the effectiveness of the treatments
is to cut the fruit and look for larvae. This method is very labor intensive when large
numbers of fruit are involved, and innacurate especially in detecting first and second
instar larvae. The cutting of such fruit also renders it useless.

Several detection methods and devices are currently in use to detect adults and
feeding (external and interval) larvae in storage grain. The two most common methods
are X-ray (Milner et al. 1950, Fisus 1972), and carbon dioxide gas analysis (Bruce et al.
1982). Some of the techniques used to detect adult weevils in grain are described by
Barak & Hariem (1982) and Barak & Burkholder (1985). Also, adult weevils in grain
are detected by sieving the grain through hardware cloth.

Brain (1924) was one of the early scientists to publish on detecting the chewing and
moving sounds of insect larvae in agricultural commodities with electromechanical de
vices. He reported that he could detect apple and quince borers in apple stems and
weevils inside grain. Since Brain's work, many scientists have researched this area and
each has made major contributions (Adams et al. 1953, Bailey & McCabe 1965, Street
1971, Webb & Landolt 1984, Webb et al. 1988). Unfortunately, early work was plagued
by inadequate sensor sensitivity, sensor noise, ambient noise and equipment noise which
resulted in poor signal to noise ratio. With the advent of microelectronic equipment,
electronic noise and the signal amplification are no longer limiting factors. As in most
systems the sensors or detectors are the limiting components.

The objectives of this research were to upgrade and modify the acoustical detection
system reported by Webb et al. (1988). These include the development of an adjustable
acoustical coupler that can be used on fruit of different size and shape, development of
calibration curves for the system and the development of software that can monitor the
feeding sounds over the life span of the larvae.

METHODS

ACOUSTICAL DETECTORS

The basic acoustical coupler with one detector is shown in Figure 1. The detector is
composed of a 2.54 cm i.d. polyvinylchloride (PVC) pipe with a thin diaphragm mounted
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Fig. 1. The basic acoustical coupler with a single diaphragm illustrating the various
components

on one end and a microphone on the other The microphone is inserted into a 2.54 cm
flexible plastic tubing that is attached to one end of the pipe and clamped to assure an
air-tight seal. The vibrations on the surface of the fruit caused by the feeding larvae
are transmitted to the plastic diaphragm causing the diaphragm to vibrate and create
standing waves in the PVC pipe (Webb et al. (1988). To maximize the signal from the
detector, the microphone must be tuned to the standing waves. This can be ac
complished by carefully sliding the microphone in the pipe until a maximum amplitude
is reached. The maximum signal normally consists of a very high amplitude narrow band
frequency range when compared to a broad band signal for an untuned system (Figure
2). This basic design of the acoustical coupler can be modified to accommodate more
than one diaphragm, thereby, allowing more than one contact point with the commodity
which increases the probability of detecting the smaller larvae. An acoustical coupler
is defined in this paper as a tuned airtight chamber with one or more plastic diaphragms
that can be physically and acoustically coupled to a microphone. A typical acoustical
coupler used for round fruit i.e., grapefruit and oranges, is shown in Figure 3 and an
acoustical coupler for irregular type fruit i.e., mangoes and papaya, is shown in Figure
4. Ball type swivel sockets have been installed in most acoustical couplers just below
the diaphragm to accommodate fruits of different sizes and shapes. The acoustical
coupler can be modified to detect larvae in stored grain as shown in Figure 5 (Vick et
al 1988). The detector and microphone must be in a relatively quiet environment for
most studies; therefore, a lead chamber with a hinged lid was used to house the detector
and microphone when additional sound attenuation is needed.
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Fig. 3. An acoustical coupler with three adjustable detectors used mainly for round
fruit i.e., grapefruit, oranges and apples. Note the swivels are located just under the
vertical detectors.

SIGNAL PROCESSING SYSTEM

The equipment used to detect, condition the signal, and monitor the larval sounds
are shown in Figure 6. The detection system consists of a sound insulating chamber (to
insulate the detector and the commodity being tested from ambient noise), an acoustical
coupler and the transducer. The sound insulating chamber can be anything from a
commercially available anechoic chamber to a simple plywood box lined with acoustical
insulation. The sound insulated chamber is often used in conjunction with a lead cylinder
42 cm long and 25 cm in diameter with a hinged lid located on the side of the cylinder.
The lead chamber filters out many of the sounds that are common in the laboratory. A
Model 4145 Bruel and Kjaer* (B&K) low noise 2.54 cm diameter condenser microphone
was used as the transducer in the acoustic coupler.

The signal processing system is equipped with an 8 channel B&K model 2811 multi
plexer for simultaneous monitoring of up to 8 inputs. The multiplexer is equipped with a
HP-IB interface bus that makes it possible to be controlled by any IBM compatible
computer equipped with an HP-IB interface card. We have written appropriate
software for the multiplexer. The signal from the microphone or multiplexer is amplified
by a low-noise, high-gain Model 2610 B&K amplifier. The signal amplification ranges
from 70 to 90 dB depending upon the signal strength generated by the larvae. The
amplifier also provides for subsonic filtering of frequencies below 22.4 Hz and for "A
weight" filtering. These filters eliminate extremely low and high frequency noise. A
Model 3700 Krohn-Hite* bandpass filter was used to provide additional filtering as well
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Fig. 4. An acoustical coupler constructed of flexible conduit and four sensors
mounted to swivel. This acoustical coupler was designed for irregular fruit Le., mango
and papaya.

as an additional 20 dB gain. The filtered signal is then fed into a general purpose audio
amplifier equipped with headphones for audio monitoring, a Model 5111A Tektronix*
oscilloscope for visual monitoring and a computer system which controls the AiD conver
ter and counter, collects, stores and analyzes the data. Much of the equipment after the
bandpass filter is optional and will depend upon the nature of the measurements desired.
For example, only an audio amplifier and earphones are requird to detect the presence
of larvae, but some type of computer system or data logger is required to monitor the
activities over longer periods of time.

COMPUTER SYSTEM

The primary purpose of the computer system is to provide an efficient means of
recording, displaying and analyzing the acoustical signals sensed by the detector. This
gives, for the first time, a means of continuously monitoring an insect larva's feeding
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Fig. 5. Acoustical coupler and sample holder for detecting larvae in bulk samples of
stored grain. The diaphragm is located in the bottom of the sample holder.

activity throughout its life cycle undisturbed in its natural habitat. The computer system
consists of three main components: 1) a personal computer (PC) with at least 640 K
bytes to 2.6 M bytes of dynamic random access memory (RAM) (the higher the RAM,
the longer the data collection period can be) and a high speed interface bus, such as the
IEEE 488-1978 system; 2) an AID converter and a programmable universal counter
with a frequency range of 0 to 10 MHz; and 3) a mass storage device (hard disk).

Specifically this system in our laboratory consists of a Model 3437A Hewlet-Packard
(HP) voltmeter (analog to digital, AID converter) a Model 5316 HP universal counter,
and a HP Vectra (IBM compatible) computer with 20 M byte hard disk and a graphics
printer (Figure 6). Computer software was developed to control both the AID converter
and the universal counter. The AID converter was used primarily to measure the
amplitude of the voltage when determining the trigger levels of the system and when
calibrating the filters. The counter was used to monitor the larval feeding activities by
counting the number of voltage spikes in a predetermined time period.

The purpose of the AID system was to analyze insect activity using sound in the 100
Hz frequency region. The Nyuist sampling theorem requires that the computer sample
an AID converter at more than 200 samples/second to guarantee detection of 100 Hz
sounds. This high sampling rate soon creates a data storage problem. For example, if
a computer monitored an AID converter at 200 Hz for a 48-h period, 34.6 million samples
would be collected, which far exceeds the capacity of the PC memory. The universal
counter was used in place of an AID converter to alleviate this problem because of its
natural data compression capability.
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The function of the programmable universal counter is to monitor continuously an
input signal and keep track of the number of times the voltage level exceeds a predeter
mined threshold level. By substituting a universal counter for the AID converter the
sampling interval can be reduced to a window of time dependent upon the experimental
considerations rather than the frequency of the sound emitted by the insect larvae. In
comparison, if a particular experiment only required information at a I-sec resolution
over a 48-h period, the computer could sample the counter at 1 Hz (independent of the
frequency of sound emitted by the insect larvae) requiring 172.8 thousand samples. The
use of a programmable universal counter thus provides a considerable reduction of data
(over two orders of magnitude in this example), which not only reduces the storage
requirements but reduces the analysis time as well. The primary disadvantage of using
a universal counter in place of an AID converter is that the actual voltage levels (or
sound amplitudes in this case) are not recorded. We only know how many times the
sound level exceeded the threshold during the selected window of time.

The system's software was developed using the Microsoft QuickBasic language.
Basic was chosen as a developmental language because of its ease of use, reduced
development time and the availability of a software library for instrument control. The
scope of the software was two-fold, first to provide a routine that controlled the univer
sal counter and voltmeter and second, to display data (both in tabular and plotted form)
and calculate pertinent statistics.

The software that controls the universal counter permits data to be collected at a
resolution ranging from 150 ms to 1 h and to store it in Lotus a 1-2-3 readable format.
At a resolution of 150 ms the system can monitor signals "continuously" for 7.86 hand
at a resolution of 10 seconds, monitoring can be conducted for over 21 days. The term
"continuous monitoring" should be tempered with the understanding that between
counter measurements the system requires a period of approximately 17 ms to store
the measurement in RAM as well as to read and store the time of the measurement
and reset the counter. Therefore at a 150 ms resolution, the system is "continuously"
monitoring only 90% of the time, but at a I-sec resolution this increases to 98%.
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generated for a given trigger level.

RESULTS AND DISCUSSION

This detection system can be used to test a variety of commodities for hidden insects.
However, one requirement is that the test be conducted in a relatively quiet environ
ment such as an acoustically insulated room or a room with the walls lined with standard
acoustical tile or acoustical foam to reduce the ambient noise level. The ambient and
the inherent system noise must be determined in order to select the appropriate
threshold settings for the counter. It was determined that all components of the various
systems in operation could be used interchangeably without effecting the trigger level
except the Krohn-Hite filter. The gain varied between filters and this had to be taken
into consideration when a system with a different filter was used. Therefore, a calibra
tion curve to determine the trigger level for each filter was developed using the univer
sal counter. The curves were determined by placing a rubber ball filled with water, to
simulate the size and weight of a grapefruit, on the detector and monitoring the output
of the system. Since the counter was used to collect data for most experiments, the
counter was used to collect data for the calibration curves. The counter was set at a
gate time of 10 seconds with a total collection time of I-h, this gave 360 intervals per
hour. The minimum trigger level was selected by insuring that each of the 360 intervals
contain voltage spikes generated from either ambient or system noise. Then the trigger
level was increased in increments of 100 mV until none of the intervals contained spikes.
This was the trigger level that was considered to be above the system and ambient
noise for a time period of one hour or less. The results from three Kron-Hite filters are
shown in Figure 7.
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The trigger level of the AID converter can be set so that only the voltage of those
biologically generated spikes above a predetermined value will be recorded and those
below this value will not be measured. Likewise, the trigger level of the counter can
be set so that only those spikes that are above a preset voltage level will be counted.
Therefore, it is important to know the ambient and system noise level before beginning
the measurement of insect feeding sound. A typical example of a filtered and amplified
analog signal fed into the AID converter and the counter from a 2-day-old Caribbean
fruit fly (Anastrepha suspensa (Loew) larva in grapefruit is shown in Figure 8. As seen
from this figure there is a large signal to noise ratio, therefore, a relatively high trigger
level could be selectd and still guarantee detection of the feeding sound generated by
the larvae. However, as in most biological material not all signals are this large. The
peak voltage of the spikes from a one day old larva may range from noise level to several
times noise level. But when the larvae reaches 3 to 4 days old, the signal is normally
of the magnitude of that shown in Figure 8. Therefore, in order to count the small
signals the trigger level may have to be set just above noise level.

The universal counter totals the number of voltage spikes above the threshold level
in a given time interval and sends this information to the computer. An example of the
summary of the data taken with the counter is shown in Table 1, using a noninfested
grapefruit and a grapefruit with one 2-day-old Caribbean fruit fly larva. The data was
stored in a Lotus readable format and a plot for both sets of data is shown in Figure 9.
Both tests were run for approximately 14-h with a gate tim~tj of 10 sec and a trigger
level of 0.15 volts. As can be seen from the summary data in Table 1, there were some
intervals that contained one or more spikes. If the trigger level were set at a higher
value, these spikes could be eliminated. Graphically, these random noise spikes from
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TABLE 1. AN EXAMPLE OF THE SUMMARY OF THE DATA SHOWN IN FIGURE 9,
COLLECTED WITH THE UNIVERSAL COUNTER.

A noninfested grapefruit

ID: NONINFESTED GF 2610 30-40 FIL 20DB 1.2-1.7 SOUND HEARD 1-12-87
FILE NAME: A:D701 DATE: 01-21-86 TIME OF TEST: 04-00-PM
GATE TIME: 10000 msecs TRIGGER LEVEL: .15 volts

MEAN SPIKE/SEC: .0072 STANDARD DEVIATION: .2561 sec
TOTAL SPIKES: 35 TOTAL COLLECTION TIME: 49961 sec

MAXIMUM PERIOD WITHOUT NOISE: 10259.00 sec
PERIOD OCCURRED AT INTERVAL: 31551.00-41810.00

MAXIMUM PERIOD WITH NOISE: 1.00 sec
PERIOD OCCURRED AT INTERVAL: 10550.00-10551.00

NUMBER OF INTERVALS WITHOUT NOISE: 1846
NUMBER OF INTERVALS WITH NOISE: 15

A grapefruit containing one 2-day-old Caribbean fruit fly larva
ID: INFESTED GF 2610 30-40 FIL 20DB 1.2-1.7 SOUND HEARD 1-12-87
FILE NAME: A:D701 DATE: 01"22-87 TIME OF TEST: 04-IO-PM
GATE TIME: 10000 msec TRIGGER LEVEL: .15 Volts
STATISTICS FOR DATA BETWEEN 5.15-49966.00 sec

MEAN SPIKE/SEC: 704.6153 STANDARD DEVIATION: 526.6220 sec
TOTAL SPIKES: 3.42SE +006 TOTAL COLLECTION TIME: 49966 sec

MAXIMUM PERIOD WITHOUT NOISE: 0.00 sec
PERIOD OCCURRED AT INTERVAL: 0.00-0.00

MAXIMUM PERIOD WITH NOISE: 49960.85 sec
PERIOD OCCURRED AT INTERVAL: 5.15-49966.00

NUMBER OF INTERVALS WITHOUT NOISE: 0
NUMBER OF INTERVALS WITH NOISE: 4861

noninfested fruit (9a) are insignificant compared to the number of intervals showing
feeding activity in the grapefruit (9b) with only one 2-day-old Caribbean fruit fly larva
presented graphically in Figure 9.

The examples shown here are typical of the feeding sounds of the aribbean fruit fly
larvae. It must be emphasized that care should be used to determine the correct
threshold level of the system before each test, because proper selection depends upon
the gain of the amplifier, the bandpass filter setting and ambient noise level. If the
threshold level was set too low, then there is a good chance of detecting false signals,
but if the threshold level was set too high, some of the larval sounds may be missed.

When using the AID converter in measuring the noise or signal voltage it is recom
mended to use a sampling rate as high as possible, the computer system and software
allows a simple rate of up to 500 samples per second. In addition, the noise level calib
ration must be repeated whenever the detection environment changes.

CONCLUSIONS

In summary, an acoustical sensing system was developed that is capable of detecting
the feeding and moving sounds made by early instar larvae in fruit, nuts and grain. The
acoustical couplers were modified so they could be adjusted to accept different size and
shape fruit. Electronic amplification, filtering, computer monitoring and data analysis
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fruit with one 2-day-old Caribbean fruit fly larvae.

software were developed to process the acoustical signals generated by the feeding
sounds of insect larvae. The system has potential in at least two areas. The first is to
obtain basic biological information on larval behavioral activities such as time and fre
quency of feeding, and also the growth rate of insect larvae inside various commodities.
Methods to obtain these data were unavailable previously. This information must be
known before the detection system can be used effectively in most inspection programs.
Therefore, research is being conducted at several USDA research installations across
the country to obtain these data and to determine which agricultural commodities and
which insects are suited to this method of detection. The system also has great potential
for reducing the labor-intensive and destructive task of manually cutting and visually
inspecting fruit, which is currently used by USDA commodity inspectors. Research is
also under way to determine probability of error in detecting one insct larva in a single
grapefruit or orange using a listening time of only 10 sec per fruit.
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STUDENT SYMPOSIUM:
ALTERNATIVES TO CHEMICAL CONTROL OF INSECTS

PREFACE

Insecticides are currently our primary means of controlling damaging insect popula
tions. However, a number of factors place restrictions on their use. Tightening govern
ment regulations, economic constraints, environmental concerns, and pest resistance to
insecticides have all contributed to an increased awareness and interest in alternative
management tactics. The fourth annual Student Symposium held 27 January, 1988 in
conjunction with the annual meeting of the Southeastern Branch of the Entomological
Society of America dealt with some of the alternatives to chemical control of insects.

In the development of biological control programs, valuable groups of natural
enemies may be overlooked because information on them is not readily available. Pres
entations in the symposium reviewed the biology, history of use, and potential utility
of two hymenopteran parasitoid families, the Scelionidae and the Eucharitidae. Addi
tionally, the current status of attempts to biologically control mosquitoes was reviewed.
Although the use of insect-resistant plant varieties presents several economic and en
vironmental advantages over insecticides, the number of such varieties currently in use
in agricultural systems is relatively low. The reasons for this lack of utilization were
included in a discussion of the problems faced in the development of host plant resis
tance. An understanding of the biology and ecology of pest insects and often their
natural enemies is crucial to the development of any pest management strategy. Radio
tracer methodology was described in the symposium as an often overlooked but very
effective tool which can be used to gain such information.

The following series of manuscripts address in greater depth some of the alternatives
to chemical control of insects which were presented at the 1988 Student Symposium.

DAVID B. ORR
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SCELIONID WASPS AS BIOLOGICAL CONTROL AGENTS:
A REVIEW

DAVID B. ORR!

Department of Entomology, Louisiana Agricultural Experiment Station,
Louisiana State University Agricultural Center, Baton Rouge, 70803

ABSTRACT

The Scelionidae is a large family of parasitic Hymenoptera whose members specialize
in egg parasitism of insects and arachnids. Many of the characteristics considered most
desirable in a natural enemy can be found within members of this family. Species have
been studied which demonstrate high searching abilities and reproductive rates, lack of
hyperparasitoids, have synchrony with host populations, have positive host-density re
sponsiveness, have simple adult diets, and can be reared easily. The advancements
made in rearing techniques for these natural enemies should prove valuable in the
future both in classical biological control and in augmentative efforts. Research which
has been done indicates that a variety of approaches are possible for augmenting
scelionid populations. These range from simple innundative releases to manipulation of
preferred nectar-bearing plants. Although fewer than 30 species have been used in
classical biological control attempts, several of these have produced excellent results.
The interaction of scelionid wasps with various insect management tactics is discussed.
In general, scelionids interact well with insecticide applications due to the protective
nature of host egg choria. The number of known scelionid species represents only a
fraction of those estimated to be in existence. The results of biological control efforts
undertaken with known species suggests that much potential exists within the
Scelionidae.

RESUMEN

La Scelionida es una familia grande de parasitos Himenopteros cuyos miembros se
especializan en parasitar huevos de insectos y arafias. Muchas de las caracteristicas
consideradas deseables en un enemigo natural se pueden encontrar en miembros de esta
familia. Se han estudiado especies que han demostrado una gran abilidad de busqueda
y proporci6n de reproducci6n, falta de hiperparasitoides, que tienen sincronia con pob
laciones hospederas, responden positivamente a la densidad del hospedero, tienen una
dieta simple como adultos, y pueden ser criadas facilmente. Los avances que se han
hecho en tecnicas de cria de estos enemigos naturales debe de ser de valor en el futuro,
tanto en control bio16gico clasico como en esfuerzos de aumentacion. Investigaci6n que
se ha hecho indica que es posible una variedad de metodos para aumentar la poblaci6n
de Scelionida. Estos varian de liberaciones inundativas simple, a la manipulacion de las
plantas preferidas con nectar. Aunque menos de 30 especies se han usado atentando un
control bio16gico clasico, algunas de estas han producido un resultado excelente. Se
discute la interacci6n de avispas scelionidas con varias tacticas de administraci6n de
plagas. En general, scelionidas entreactuan bien con la aplicaci6n de insecticidas debido
a la protecci6n natural de la coria del huevo del hospedero. EI numero de especies de
scelionidas representa solo una fraccion de las que se estima que existen. Los resultados
de esfuerzos llevados a cabo en control bio16gico con especies conocidas sugiere que
existe un gran potencial dentro de la Scelionida.

The Scelionidae is a very large, diverse hymenopteran family which includes 94
genera worldwide (Masner 1976). Most scelionids are solitary, and all are egg parasitoids
which utilize the eggs of a wide variety of insects and some arachnids (Krombein et al.

'Present address: Dept. of Entomology, Iowa State University, Ames, IA 50011.
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1979). Because of the role they play in natural control of a number of insect populations,
including some important pests, these parasitoids have received a certain amount of
attention as useful or potentially useful biological control agents.

One major stumbling block to a fuller exploitation of this group has been the lack of
a solid systematic base. However, numerous recent contributions have helped to im
prove this situation (Galloway & Austin 1984, Johnson 1984, Johnson 1985a, b, Johnson
1987, Johnson & Masner 1985, Kozlov 1967, Masner 1976,1980, 1983, Ryu & Hirashima
1984, 1985a, b). Even with improvements in the systematics of known species, it re
mains that many species have yet to be discovered and described. In the subfamily
Telenominae, for example, the total of over 600 species which have been described
represents only 10-25% of the estimated total number of existing species (Bin &Johnson
1982a). The potential, therefore, of finding valuable new species is great.

Although numerous papers have been published which deal with scelionids, many of
these simply contain reports of parasitism, often included as small notes within manus
cipts. In this review, I will not attempt to summarize all the available literature dealing
with this group of parasitoids. Rather, I will present that information most relevent to
applied biological control utilizing scelionid wasps.

BIOLOGICAL AND ECOLOGICAL ATTRIBUTES OF SCELIONIDS

Although it is generally impossible to predict the effectiveness of a natural enemy
prior to its introduction, it is useful to have some understanding of the enemies' biolog
ical and ecological characteristics (DeBach 1964). Several attributes which are generally
considered desirable for a natural enemy to possess have been summarized by Coppel
& Mertins (1977). Below I present available information under each of these categories
to illustrate attributes which various members of the family Scelionidae possess.

Searching Capacity

Little work has been done to directly examine the host searching ability of scelionid
wasps. One notable exception has been the work of Nakasuji et al. (1966) who compared
the relative egg mass locating abilities of Trissolcus (Asolcus) mitsukurii Ashmead and
Telenomus nakagawai Watanabe in potatoes and rice. The latter species was considered
the superior searcher, with peak numbers finding host egg masses 1-2 days after masses
were artificially placed in fields. Turner (1983) examined the rate of movement of Tris
soleus basalis (Wollaston) on leaf surfaces of a variety of different crop plants, and
found that parasitoids moved three times as slowly on soybeans as on the others.
Parasitism of Nezara viridula (L.) eggs in field cage studies by the same author was
lower on soybeans leading him to conclude that the trichomes on soybean leaves inhibit
parasitoid movement and thus their effectiveness on this crop.

Debach (1964) states that, in lieu of direct empirical information, one can get an
indication of host searching ability by the ease with which a natural enemy can be found
at low host densities. This type of evidence has been presented by Hirose (1986) who
concluded that Telenomus dendrolimi (Matsumura) had a greater searching ability than
Trichogramma dendrolimi Matsumura. Hirose (1986) believed his work supported the
contention that most Telenomus species have a searching ability superior to Trichog
ramma species. Other indirect evidence comes from an applied biological control pro
gram against N. viridula in Hawaii. The imported parasitoid Tr. basalis rapidly effected
a level of parasitism greater than 90%, which was maintained in the years following
introduction even though host egg masses became scarce (Clausen 1978). This evidence
indicates a high searching ability on the part of Tr. basalis. Although the number of
studies addressing searching ability of scelionids is small, the work which has been done
indicates that these parasitoids are good searchers.
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Reproductive Potential

Generally, it is considered desirable for a natural enemy to possess a high reproduc
tive potential as well as high searching ability. Although a number of studies have
examined the reproductive biology of scelionid wasps, few quantitative estimates of the
reproductive potential of scelionids are available. The values which have been obtained
are presented in Table 1 for comparison with available values for other hymenopteran
families which specialize in egg parasitism. Although the values for scelionids are not
as high as for some trichogrammatids, they are relatively high when compared to values
for other parasitoid taxa, such as those presented by Force (1974). Also, it should be
noted that while members of the Trichogrammatidae often produce multiple progeny
from individual host eggs, scelionids are mostly solitary (Clausen 1940). Therefore,
scelionids have the potential to inflict greater mortality on host populations for a given
reproductive rate, if all other biological attributes are assumed equal.

Ecological Compatibility

When introducing natural enemies to control a pest insect it is desirable to have one
or more species which will exert control throughout the ecological range of the pest (see
for example the California red scale project discussed by DeBach 1974). This can be an
important consideration since parasitoids are often more sensitive to environmental
conditions than their hosts (Coppel & Mertins 1977).

TABLE 1. COMPARISON OF THE REPRODUCTIVE POTENTIAL OF SEVERAL
SCELIONID SPECIES TO MEMBERS OF OTHER HYMENOPTERAN FAMILIES
WHICH SPECIALIZE IN EGG PARASITISM.

Reproductive
Parasitoid potential: rm or

taxon r c (temperature) Reference

Scelionidae

Trissolcus basalis 0.315 (27°C) Orr et al. 1986a
(Wollaston)

Telenomus calvus Johnson 0.149 (27°C) Orr et al. 1986a
T. cristatus Johnson 0.217 (27°C) D. B. Orr and D. J. Boethel,

unpublished data
T. dendrolimi (Matsumura) 0.296 (30oc)a Hirose 1986
T. podisi Ashmead 0.308 (27°C) Orr and Boethel1986

Trichogrammatidae

Trichogramma brevicapillum 0.330 (25°C) Pak and Oatman 1982
Pinto & Platner

T. dendrolimi Matsumura 0.604 (30oc)a Hirose 1986
T. minutum Riley 0.433 (27°C) Manweiler 1986
T. platneri Nagarkatti 0.368 (27°C) Manweiler 1986
T. pretiosum Riley 0.318 (25°C) Orphanides & Gonzalez 1971

0.340 (25°C) Pak and Oatman 1982
T. retorridum Girault 0.277 (25°C) Orphanides & Gonzalez 1971

Mymaridae

Anagrus epos Girault 0.165 (28°C) Williams 1984

'value presented is 'capacity for increase' (rcl; all others are 'intrinsic rate of increase' (rml.
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The ability of an individual scelionid species to suppress its host over a range of
ecological situations has been demonstrated with the case of Tr. basalis. This parasitoid
has been widely distributed, particularly in the South Pacific region (Luck 1981). The
success of this parasitoid in Australia, where it exerts control over N. viridula in both
the moist coastal regions and the dryer inland regions, has been attributed to the
variety of imported strains from regions of differing climatic conditions (Ratcliffe 1965).
Support for this conclusion comes from research demonstrating biological differences
between Tr. basalis strains (Powell & Shepard 1982).

Siddiqui et al. (1986) indicated that Scelio spp., important natural enemies of ac
ridids, are habitat specific, and species from this genus have been reported from a wide
variety of climates. From their list of parasitoids with recorded hosts and geographical
distribution, these authors suggest that species of Scelio from ecologically homologous
areas could be introduced for the biological control of grasshoppers throughout many
regions of the world.

Host-Specificity and Compatibility

Most of the natural enemies involved in successful biological control programs have
been somewhat host-specific, and therefore this characteristic is desirable in potential
biological control agents (DeBach 1974). Although the host ranges of scelionids vary
widely, most species are considered monophagous or oligophagous (Krombein et al.
1979). However, the apparent host-specificity in this group may simply reflect a lack of
collecting effort or host range testing (see for example Fedde 1977). It is interesting to
note that two species with wide host ranges, namely Telenomus alsophilae Viereck (17
host genera; Fedde 1977, Johnson 1984) and Tr. basalis (14 host genera; Buschman &
Whitcomb 1980, Correa-Ferreira 1980, Cumber 1964, Jones 1979, Orr et al. 1986b,
Thomas 1972), were utilized for the two most spectacular classical biological control
successes involving scelionids (Clausen 1978, Drooz et al. 1977).

However, the wide host ranges of these species may represent the ability to use
alternative hosts when a preferred host is unavailable, which seems to be the case with
T. basalis (see above references). Alternate hosts can be important in biological control
(DeBach 1964), and this has been found in the field with scelionids. Yasumatsu (1983)
noted that eggs of Sepedon and Tabanu spp. played an important role in Thailand rice
fields by providing alternative hosts for Telenomus and Trichogramma spp. to maintain
their populations during periods when eggs of stem borers were absent. Barrion &
Litsinger (1984) reported similar findings in the Philippines.

Temporal Synchronization

Synchronization of field activity and life cycles of natural enemies with that of their
hosts can be very important in determining the enemies' effectiveness (Coppel & Mer
tins 1977). Several studies have addressed this characteristic in scelionids.

Baker et al. (1985) examined the seasonal phenology of six species of Scelio and their
acridid hosts over a range of latitudes in southeastern Australia. These authors reported
that, in general, host insects entered diapause at higher temperatures than parasitoids
and that the parasitoids were therefore able to attack diapausing host eggs.

Ticehurst & Allan (1973) reported that the maximum activity by adults of Telenomus
coelodasidis Ashmead and peak oviposition by its host Heterocampa guttivita (Walker)
occurred at approximately the same time. Romanova (1954) noted that development of
egg parasitoids (including Telenomus laeviusculus Ratzeburg and Telenomus terebrans
Ratzeburg) was well synchronized with that of their host Malacosoma neustrium L.
Rauschenberger & Talerico (1967) found that Tel. alsophilae began ovipositing in host
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eggs soon after the beginning of the oviposition period of Alsophila pometaria (Harris)
in November or December.

Several studies have examined the synchronization of egg parasitoids with Eurygas
ter integriceps Put., a major pest of cereals in Eurasia. Kamenkova (1958) reported that
overwintered egg parasitoids (including Trissolcus (Microphanurus) vassilievi (Mayr),
Telenomus chloropus Thomson (= T. sokolovi Mayr), Cryon (Hadronotus) afanassievi
Meyer, and Trissolcus (Dissolcus) rufiventris Mayr, but predominated by Trissolcus
(Microphanurus) semistriatus (Nees)) emerged prior to E. integriceps, and thus could
effect a high rate of parasitism of eggs from the beginning of the host ovipositional
period. However, Popov & Paulian (1971) reported that scelionids in Romania had a
threshold for activity 7-8°C lower than Eurygaster spp. and appeared in the field 2-3
weeks earlier than this pest. As a result, the parasitoids suffered a high mortality rate
unless alternative hosts were available. Zatyamina et al. (1976) reported that tele
nomines moved into winter wheat in greatest numbers during the oviposition of E.
integriceps. Popov (1981) indicated that even though the overwintered generation of
Trissolcus grandis (Thomson) and T. chloropus were well synchronized with the ovipos
itional period of E. integriceps, the first generation was not. Talhouk (1977) reported
that early-season egg masses produced by E. integriceps in Lebanon escaped parasitism
by Tr. grandis, although late in the season parasitism rates reached 98%.

Grijpma (1984, 1986) found that adults of Telenomus nitidulus (Thomson) were able
to survive for 12 months in the field, thus covering the period from one generation of
their host, Leucoma salicis L. to the next. Torgersen & Ryan (1981) concluded that
although Telenomus californicus Ashmead was univoltine, the long life of overwintered
females allowed them to parasitize more than 80% of Orgyia pseudotsugata (McDun
nough) eggs. Hirose (1969) noted that Tel. dendrolimi adults have a sufficient longevity
to survive from the first to the second generation of their host, Dendrolimus spectabilis
(Butler). However, Learmonth (1981) reported that a major factor limiting the effective
ness of Telenomus rowani (Gahan) in controlling Scirpophaga innotata (Wlk.) was the
long resting stage of the pest.

Although there is some variation, populations of scelionids which have been studied
generally appear well synchronized with their hosts. Reproductively active scelionids
often appear in the field at the same time as the susceptible host stage apppears. In
addition, some scelionids can live for a very long period of time in the field, allowing
them to survive host-free periods and remain in synchrony with host populations.

Dispersal Capacity

Based on the studies which have been done, scelionid wasps appear to be capable of
dispersing well. A number of species of Scelionidae have been reported to be phoretic
on their hosts (Bin & Johnson 1982b, Buschman & Whitcomb 1980, Clausen 1976, Lear
month 1981). Phoresy would allow these parasitoids to move to new habitats with their
hosts, an adaptation which may be particularly important for species with migratory
hosts. Scelionids apparently are also capable of weather-associated long-range dispersal.
They have been collected on ocean-going ship traps and in aircraft-mounted sampling
nets (Holzapfel & Harrell 1968, White 1970). Farrow (1981) indicated that Scelio fulgidis
Crawford, an economically important parasitoid of the Australian plague locust, may
be capable of dispersing up to 300 km daily on prevailing winds. Both Thomas (1972)
and Lee (1979) reported that the dispersal of laboratory-reared Tr. basalis in soybean
fields following mass-releases was uniform within their experimental areas of ca. 400
and 1600 m2, respectively.



Orr: Symposium-Alternatives to Chemical Control 511

Density Responsiveness

In most cases where this characteristic has been studied, scelionids appear to re
spond in a positive manner to increases in host density, often through numerical re
sponses. Agudelo-Silva (1980) reported that Telenomus sphingis (Ashmead) responded
well to increases in egg density of its host Erinnyis ello (L.). During one year of this
study, no time lag was noted between intense host oviposition and parasitoid action,
and as a result a large host population buildup was prevented. Parasitism of Parnara
guttata (Bremer & Grey) eggs, predominantly by Telenomus sp., was in a host density
dependent manner (Nakasuji 1982). Kokubo (1975) found that parasitism of D. spee
tabilis by Tel. dendrolimi tended toward density dependence. Nef (1976) found that
Tel. nitidulus responded well to increases in populations of L. salieis. Rothschild (1970)
reported that an increase in parasitism of Leptoeorisa aratoria (F.) eggs by Gryon
flavipes (Ashmead) on rice in Sarawak appeared to be density-dependent. Metcalfe &
van Whervin (1967) found that parasitism by Telenomus aleeto Crawford as well as
Triehogramma minutum Riley was significantly related to Diatraea spp. egg density.
In contrast, Hikim (1979) noted that parasitism of Seirpophaga ineertulas (Wlk.) by
egg parasitoids, including Telenomus dignus (Gahan) and Tel. rowani, may not have
been density-dependent in rice. Owusu-Manu (1976) also noted that parasitism by Tris
soleus spp. appeared to be independent of the density of their host, Bathyeoelia thalas
sina (Herrich-Schaeffer).

Functional responses to changes in host density also have been noted in scelionids.
Umeh & Ofoegbu (1983) found that Gryon gnidus Nixon diplayed a Type 2 (C. S.
Holling) functional response to changing densities of Clavigralla tomentosieollis Stal
eggs. Buleza (1985) found that the functiL 1al response of Tr. grandis was more depen
dent on concentration of host-seeking ka'romone than on host density.

Overall, it appears that scelionids have a positive density responsiveness. Of the 11
species or species groups examined, 8 displayed a host density-related response.

Food Requirements and Habits

Scelionids, in general, do not require a specialized diet such as host-feeding, etc.
prior to egg maturation and/or oviposition. Exceptions are the two phoretic egg
parasitoids of mantids, Mantibaria seefelderiana (De Stef.-Per.) and Mantibaria
(Rielia) mantieida Kieffer, which feed on the body fluids of adult mantids while waiting
for host eggs to be deposited (Bin 1985, Clausen 1940). However, many scelionids
appear to be proovigenic and require only a carbohydrate source and water to live for
a relatively long period of time (ca. 8-70 days) in the laboratory (Hidaka 1958, Hirose
1986, Hokyo et al. 1966, Orr & Boethel 1986, Orr et al. 1985, Orr et al. 1986a, Powell
& Shepard 1982, Schwartz & Gerling 1974, Yeargan 1982). Their simple diet makes
these parasitoids more amenable to laboratory rearing.

In the field and laboratory, these parasitoids have been reported to feed on nectar
and aphid honeydew (Grijpma 1986, Hidaka 1958, Safavi 1968, Zatyamina & Burakova
1980, Zatyamina et al. 1976). These carbohydrates, along with water from dew, precipi
tation, etc. should allow these parasitoids to survive long periods in the absence of
hosts. In fact, Hidaka (1958) demonstrated that Telenomus gifuensis Ashmead adults
fed aphid honeydew survived more than twice as long as those fed honey.

Hyperparasitism

To date there has been only one confirmed report of hyperparasitism of a scelionid
species. Strand & Vinson (1984) reported that Triehogramma pretiosum Riley was a
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facultative hyperparasitoid of Telenomus heliothidis Ashmead. In general, however,
scelionids lack known hyperparasitoids or primary pathogens. Because of this, rearing
and quarantine operations have been simplified, and as far as is known, effectiveness
of these parasitoids is not reduced in the field as a result of secondary parasitism.

Culturability

Inherent characteristics such as simple adult diet, lack of hyperparasitoids and
pathogens, good reproductive capability, small size (and therefore low space require
ments), and often the ability to use alternate hosts, make scelionids very amenable to
rearing. Mass-rearing methods have been developed for a number of different species
and their hosts (Boardman 1977, Bustillo 1978, Conlong et al. 1984, Cumber 1951, Davis
1964, Gupta & Pawar 1985, Gusev & Shmettser 1975, Ji 1985, Korneeva et al. 1981,
Kulshreshtha et al. 1967, Kumar et al. 1986, Orr 1985, Owusu-Manu 1976, Pemberton
1948, Romanova 1954, Safavi 1968, Suntsova & Shirinyan 1974, Thobbi et al. 1976). In
addition, research conducted on a variety of topics outlined below may prove useful in
enhancing rearing operations.

A difficulty often faced in mass-rearing operations is obtaining large quantities of
suitable host material at times when they are needed. Several host storage or stock-pil
ing methods, including the use of infertile eggs or freezer storage, have been examined
for use with scelionid wasps.

A number of authors have looked at freezer storage and have indicated that, in
general, it appears to be a viable method for rearing scelionids. Genduso (1979) demon
strated that the eggs of several species of Heteroptera could be stored for up to three
years in liquid nitrogen and still be utilized normally by species of Gryon and Trissolcus.
Gennadiev & Khlistovskii (1980) further demonstrated the utility of this method by
showing that the eggs of Graphosoma lineatum (L.) could be stored for five years in
liquid nitrogen for the mass-rearing of Trissolcus simoni (Mayr). Powell & Shepard
(1982) found that emergence of T. basalis was not reduced in freezer-stored N. viridula
eggs, and that eggs could be successfully stored for seven months. In addition, when
eggs were removed from freezer storage they were suitable for a longer period of time
than were fresh eggs (Powell & Shepard 1982). Infertile eggs of Dendrolimus pini (L.)
kept in cold storage remained suitable for up to seven months, although the rate of
successful parasitism by Telenomus tetratomus Thomson (= T. verticillatus Kieffer)
declined with time (Korneeva et aI1981). Popov (1974) reported that neither T. grandis
or Tr. vassilievi showed a preference for fresh eggs of several pentatomid species over
those which had been stored at -20°C for up to 270 days, however, a decrease in
successful parasitism was noted in eggs after 180 days of storage. Not all scelionids
tested will develop in dead host eggs. Ryan et al. (1981) found that while Tel. califor
nicus could successfully develop in O. pseudotsugata eggs which had been stored at
5°C, the parasitoid developed poorly in eggs which had been killed by freezing. Simi
larly, G. gnidus would not develop in freezer-killed eggs of Acanthomia tomentosicollis
(StiH) (Egwuatua & Taylor 1977).

The cold storage of both parasitized eggs and adult parasitoids also has been studied.
Kumar et al (1984) found that host eggs parasitized by Telenomus remus Nixon could
be held at 5°C for two weeks before parasitoids died, regardless of developmental stage.
Both male and female Tel. remus adults were safely stored at 5°C for three days, and
parasitized eggs (6-7 days following parasitism) could be stored at lOoC for a week
without affecting the efficacy of parasitoids (Gautam 1986a). Bakasova (1975) reported
that the storage of telenomines at low temperatures did not reduce their ability to
attack host eggs for up to six months.
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Irradiation has also been studied as a possible tool for increasing the 'shelf-life' of
host eggs for parasitism by scelionids. Nordlund et al. (1983) successfully adapted a
Trichogramma-rearing technique for Tel. remus which involved irradiating (with WCo)
Heliothis zea (Boddie) eggs prior to exposure to parasitoids. In contrast, Egwuatu &
Taylor (1977) found that G. gnidus would not develop in eggs of A. tomentosicollis
which had been killed by gamma-irradiation.

The use of infertile host eggs as a means of augmenting host storage capabilities in
mass-rearing operations has met with some degree of success. Several authors have
successfully reared scelionid wasps in infertile host eggs (Artem'ev et al. 1971, Pelley
1979, Phalek & Raodeo 1967, Schneider, 1940, Tadic 1972, Ticehurst & Allen 1973).
Although parasitoid survival of Tel. alsophilae in infertile eggs of several lepidopteran
hosts is reduced by about one half (Fedde 1977), these eggs remain attractive to
parasitoids and cim be successfully parasitized for about twice as long a time period as
fertile eggs (Bustillo & Drooz 1977). However, parasitoids reared in infertile eggs may
face possible changes in vigor and/or biology as a result of nutritional changes in their
hosts. Gautam (1986b) found that infertile eggs of Spodoptera litura (F.) had amino acid
deficiencies. Even changes in the diet of host insects have been implicated in reduced
fecundity and survival of scelionids, possibly mediated through changes in the quality
of host eggs (Orr & Boethel 1986, Orr et al. 1985).

Scelionid species have been successfully reared in the laboratory on factitious hosts.
Pelley (1979) found that the eggs of Agonoscelis versicolor (F.) were very satisfactory
hosts for Gryon antestiae (Dodd) in the laboratory but not in the field. Fedde et al.
(1982) presented guidelines for selection of factitious hosts for the rearing of parasitic
Hymenoptera based on their own su~cessful experiences with Tel. alsophilae. These
included: 1) Consider all 'surrogate' host op~ions, 2) favor the use of artificial media for
host rearing, when possible, and 3) Consider quality control of hosts. Although problems
with reduced size, fecundity, longevity and vigor have been previously noted with
Trichogramma spp. reared on factitioU3 hosts, Fedde et al. (1982) suggested that this
should not be assumed to be a problem with egg parasitoids.

Both the existence and characterization of kairomones involved in host-location and
selection by scelionids have been documented by a number of authors (Aldrich et al.
1984, Bin & Vinson 1985, Buleza 1985, Buleza & Mikheev 1979, Cave et al. 1987, Lewis
& Nordlund 1984, Nordlund et al. 1987, Sales 1979, Sales et al. 1978, Strand & Vinson
1982a, b, 1983a, b, Viktorov et al. 1975). There may be several potential uses for these
compounds in scelionid rearing. Strand & Vinson (1982b) have demonstrated that Tel.
heliothidis will develop successfully in the laboratory on non-host eggs to which
kairomones have been applied. This technique may be very helpful in situations where
the usual host insect of a parasitoid is difficult to rear in the laboratory but an easily
reared potential host may be available. Another possibly useful application of
kairomones was noted by Buleza (1979) who found that host-seeking kairomones from
the frass and cuticle of E. integriceps increased both the longevity and fecundity of Tr.
grandis in the laboratory.

AUGMENTATION

A number of attempts have been made to increase or help synchronize scelionid
populations through periodic mass-releases. Mineo & Lucido (1976) found that releases
of Gryon muscaeformis (Nees) in hazel resulted in higher rates of parasitism of
Gonocerus acuteangulatus (Goeze), however, the same was not true for Trissolcus
flavipes (Thomson). Both Thomas (1972) and Lee (1979) reported that mass-releases of
native Tr. basalis into soybean fields resulted in significant increases in percent
parasitism of Nezara viridula (L.). Early season releases of Tel. gifuensis against
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Scotinophara lurida Burmeister were effective, resulting in much higher rates of
parasitism than natural populations (Hidaka 1958). Martin et al. (1969) found that au
gmentative releases of Tr. grandis and Tr. semistriatus in Iran gave satisfactory results
against E. integriceps. However, Kartavtsev et al. (1974) reported that seasonal re
leases of telenomines against E. integriceps were hampered by the wasp's behavior.
Most of the parasitoids did not remain at the release sites, and levels of parasitism
which did occur were strongly influenced by weather conditions.

Weekly mass-releases of large numbers of Tel. remus into cauliflower resulted in
60% parasitism of S. litura, however, releases into tobacco did not result in any
parasitism of the pest (Patel et al. 1979). This parasitoid, although exotic, had first been
introduced into India eight years prior to this test (Luck 1981). Krishnamoorthy & Mani
(1985) used field cages to determine the optimal parasite-to-host egg ratio for releases
of Tel. remus against S. litura in cabbage fields in India. Cochereau (1980) reported
that Telenomus sp. nr. dignus was being released to attempt control of Eldana sac
charina Walker on the Ivory Coast of Africa. Large-scale releases of T. laeviusculus
and T. terebrans were made from 1950 through 1960 within the Soviet Union in attempts
to control M. neustrium and Dendrolimus sibiricus Tschtv., respectively (see Kozlov
1967).

Parman (1928) reported on attempts to augment egg parasitism of tabanid flies in
Texas by the field-collection of large quantities of naturally-parasitized eggs, and the
subsequent placement of these eggs in containers along stream banks to allow
emergence of Telenomus olsenni Johnson (Phanurus emersoni Girault) but prevent
escape of hatched host larvae. The author concluded that this was a viable method of
tabanid control, however, Anderson (1985) indicated that the reported 50% reduction
of tabanid populations may have been as much a result of the removal of 20-25 million
fly eggs from the study area as the dissemination of parasitoids.

Semiochemicals may also prove useful in augmentation efforts involving scelionids.
As mentioned above, semiochemicals involved in host selection by several scelionids
have been identified. Kairomones which stimulate host-seeking can be used to reduce
or eliminate the escape response displayed by adult parasitoids when released into an
area, thus increasing their effectiveness (Lewis & Nordlund 1984). These semiochemi
cals may also be used to attract and retain natural populations of parasitoids.

Environmental manipulation or modification can be helpful in increasing the effec
tiveness of natural enemies (DeBach 1964). Several studies'have examined the value of
this method for use with scelionid wasps. The influence of surrounding plant com
munities or agroecosystems on parasitism was discussed by Fed'ko (1982). The latter
author reported dramatic increases in parasitism of E. integriceps by telEmomines when
winter wheat fields were located near buckwheat or nectar-bearing plants. Zatyamina
& Burakova (1980) demonstrated that T. grandis will feed on the nectar of a variety of
flowers, the type of which had an important influence on both the fecundity and longev
ity of these parasitoids. This work raises the interesting possibility of augmentation of
scelionid populations by selective planting or encouragement of species preferred by
scelionids. This approach has been suggested by Romanova (1951) as part of a biological
control program against M. neustrium L. in the USSR.

Nagarkatti (1973) reported that Agrius convolvuli (L.), an occasional pest of
Phaseolus spp. and sweet potatoes, will also frequently oviposit on the flowering shrub
Clerodendron fragrans var. plenijlorum (which does not sustain any feeding damage
by the pest) where eggs are parasitized by several egg parasites including a species of
Telenomus. The latter author suggested either leaving or planting this shrub near fields
to provide reservoirs of parasitoids.

Both Areshnikov et al. (1987) and Morales-Agacino (1972) found that irrigation of
cereal crops increased the rate of E. integriceps egg parasitism by scelionids 2- to 4-fold
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the rate in dry conditions. The latter author also presents an entire management scheme
recommended for E. integriceps control on cereals in Iran based on conservation and
encouragement of scelionids. Suggested practices included the provision of trees for
overwintering sites, refuges for parasitoid populations, and insecticide applications only
in host aestivation areas to avoid adverse effects on parasitoids in fields.

Ever since industrial melanism was first demonstrated in Great Britain, en
tomologists have been aware that industry can have an important impact on insect
populations (Kettlewell 1961). An interesting example of how industrial pollution might
affect a biological control agent was recorded in Finland. Heliovaara et al. (1982) found
that the percentage of Aradus cinnamomeus Panzer eggs parasitized by Telenomus
aradi Kozlov decreased significantly with proximity to an iron factory and concluded
that the scelionid wasps did poorly in polluted conditions.

Two unusual approaches to augmentation of egg parasitoid (including Telenomus
spp.) populations involved supplementing host egg masses in the field. Peng et al. (1984)
found that by setting out cards with attached Dendrolimus punctatus Walker eggs into
forest situations they could produce an increase in parasitism by the endemic egg
parasitoid guild of 5.5-16.2 times the natural rate. Miah et al. (1984) reported that when
''parasite boosters" (hollow bamboo stakes containing naturally-parasitized egg masses)
were placed in sugarcane fields, infestations of sugarcane topshoot borer were reduced
by 20%.

Augmentation of scelionid populations has also been attempted through the release
of sterile adult female hosts. Artem'ev et al. (1971) reported that the field release of
sterilized E. integriceps females resulted in a 16% increase in egg parasitism by Tr.
grandis since the parasitoids' development and survival was not affected in infertile
host eggs.

CLASSICAL BIOLOGICAL CONTROL

Scelionids have been used with a certain amount of success in classical biological
control programs, although the number of programs in which they have been employed
is relatively small. Luck (1981) recently tabulated the cases in which parasitoids have
been introduced in classical biological control programs throughout the world. A total
of 20 scelionid species were listed.

One of these species, Tr. basalis had been introduced into a number of different
countries to control N. viridula, with repeated success (Clausen 1978, Luck 1981). Since
that time, T. basalis has been further introduced into Argentina (Crouzel & Saini 1983),
the Philippines (M. Shepard, D. B. Orr, and D. J. Boethel unpublished data), and
Taiwan (Su & Tseng 1984). Telenomus remus also has been introduced against noctuid
pests in many more countries including Antigua (Irving 1978), Australia (Michael et al.
1984), Barbados (Alam 1978,1981), Guyana (Sinha 1982), New Zealand (Rep. Dept. Sci.
Ind. Res. 1977), Suriname (Segeren & Sharma 1981), Trinidad (Yaseen 1981), and the
United States (Earl & Graham 1984, Waddill & Whitcomb 1982, Wojcik et al. 1976).

An additional 16 scelionid species plus Tr. basalis were imported into the USSR
from Morocco to be evaluated as control agents of E. integriceps (Shapiro et al. 1975,
Voronin & Dzyuba 1971). Three of these, namely Tr. semistriatus, Tr. basalis, and
Trissolcus nigribasalis Voegele, were subsequently mass-released, with mixed results.
Gusev (1970) reported that pentatomid population reductions of 25-50% resulted from
releases, however, Kartavtsev et al. (1974) were not successful at increasing parasitism
rates.

Biological control attempts have been made with several other scelionid species
since Luck's (1981) review. Tr. mitsukurii was released in Brazil in attempts to control
the guild of pentatomids occurring in soybeans (Kobayashi & Cosenza 1987). Telenomus
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chloropus has been introduced into the U.S. and the Philippines against N. viridula
and Scotinophara coarctata (F.), respectively (Orr 1985; M. Shepard, D. B. Orr, & D.
J. Boethel unpublished data). Both Telenomus cyrus Nixon and Psix lacunatus Johnson
& Masner were released on the island of Palawan in the Philippines in an effort to
control S. coarctata (Annual Report 1984). The former species had not been previously
recorded from Palawan where S. coarctata is a pest. Telenomus proditor Nixon has
been further mass-released in India against Achaea janata (L.) (Thobbi et al. 1976).
Conlong et al. (1984) and Carnegie et al. (1985) reported that Telenomus applanatus
Bin & Johnson had been imported from West Africa and released in South Africa sugar
cane against E. saccharina. Rees (1985) evaluated four Pakistani scelionids against
North American grasshopper species, but found them to be unpromising as biological
control agents.

Possibly the most outstanding example of classical biological control involving
scelionids utilized an egg parasitoid of a forest pest. Bustillo & Drooz (1977), and Drooz
et al. (1977) reported that Tel. alsophilae, a parasitoid of A. pometaria in North
America, was imported to Colombia, South America, where it successfully controlled
an outbreak of Oxydia trychiata (Guenee). The results supported Pimentel's (1963)
hypothesis that biological control programs could be more successful if they utilized
parasitoids which attack allied species and genera to control pest insects.

Overall, scelionids have been used quite successfully in classical biological control
programs. Greathead (1986) reported that 12 scelionid species had become established
following release against 11 target pest species. On 6 of the 23 separate occasions on
which establishment of these parasitoids was reported, the target species was effec
tively controlled (Greathead 1986).

INTERACTIONS WITH OTHER MANAGEMENT TACTICS

Because scelionids parasitize the eggs of a number of predatory insects as well as
those of phytophagous insects (Krombein et al. 1979), they might be expected to hamper
predatory insect introduction efforts and also reduce the effectiveness of native pre
dators. This has been shown to be the case with chrysopids and berothids for example
(see Johnson & Bin 1982). However, this is not always so. Izhevskii et al. (1980) reported
that the predatory pentatomid Podisus maculiventris (Say), imported into the USSR
from the USA, was less preferred than native hosts of the indigenous scelionid guild
and thus escaped high rates of parasitism. In the USA this predator is often heavily
parasitized (Buschman & Whitcomb 1980, Yeargan 1979, Orr et al. 1986b). On the other
hand, predation of parasitized eggs by non-discriminating egg predators may result in
a further conflict between biological control programs utilizing these two types of natu
ral enemies (see for example Krishnamoorthy & Mani 1985).

As mentioned previously, scelionids are not known to be attacked by any primary
pathogens, and therefore should be expected to interact well with microbial control
programs. Phadke & Rao (1978) and Kamat at al. (1978) demonstrated that Tel. proditor
was not affected by the fungus Nomuraea rileyi (Farlow) Samson, and they concluded
that the two natural enemies could be successfully used together to control the castor
pest A. janata. Kaya & Dunbar (1972) reported that the immature stages of Tel. al
sophilae in eggs of Ennomus subsignarius (Hubner) in apple orchards were unaffected
by field applications of Bacillus thuringiensis (Berliner).

While much work has been done to illuminate the influence of host plant resistance
on beneficial insects (see Boethel & Eikenbary 1986 for a recent review of this subject),
it appears that a generalized statement cannot be made concerning the outcome of these
interactions. Rather, it appears to depend on the particular system and its components.
Several studies have been done to determine effects of insect-resistant plants on
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scelionid wasps. Rabb & Bradley (1968) noted that Tel. sphingis parasitism ofManduca
sexta (Johannson) eggs was reduced on resistant tobacco cultivars with glandular pubes
cence. Orr et al. (1985) and Orr & Boethel (1986) demonstrated further that soybean
antibiosis, mediated through host insects over three and four trophic levels, had an
adverse effect on the biology of both Tel. chloropus and Telenomus podisi Ashmead.

Biological control provided by scelionid wasps may interact well with pest manage
ment programs involving semiochemicals. Egg parasitism by Tel. californicus was un
affected by aerial application of synthetic sex pheromone for mating disruption of the
host O. pseudotsugata (Sower and Torgersen 1979). Nordlund et al. (1983) reported
that components of the sex pheromone of Spodoptera frugiperda (J. E. Smith) also
stimulate host-seeking activity by Tel. remus, and suggested that the parasitoid could
be used in conjunction with mating disruption programs against S. frugiperda.

The sterile-male technique can be a valuable management tool for some insect pop
ulations (Knipling 1979). While evaluating the release of sterile E. integriceps males,
Tadic (1972) concluded that the effectiveness of Telenomus and Trissolcus populations
would not be reduced because the parasitoids could successfully develop in infertile host
eggs.

Insecticides remain the most important control measure we have against many pest
insects. Therefore, workers in biological control must often integrate natural enemies
into an existing pest management program based mainly on insecticides, even if their
goal may be the eventual reduction of chemical controls. It is therefore of paramount
importance to have an understanding of how natural enemies are affected by insecticides
throughout their various life stages. A number of laboratory bioassay studies have
addressed the contact toxicity of a variety of insecticides to adult scelionids. However,
several other studies have a more direct application to field situations.

Kolomiets & Kovalenok (1958) noted that aerial application of insecticides did not
reduce parasitism rates by T. / (= T. gracilis Mayr) because this parasitoid is phoretic
and is recolonized along with its host D. sibiricus Tschetv. Kamenkova (1971) noted
that if insecticide applications were made against first generation E. integriceps nymphs
rather than overwintered adults, the scelionid fauna would be virtually unaffected,
since they had already oviposited into host eggs produced by the overwintered bugs.
Zaeva (1969) reported that insecticide treatment of wheat fields for control of E. integ
riceps in spring in the USSR resulted in reduced overall control when compared with
the natural control provided by beneficial insects, particularly Trissolcus and Tele
nomus species.

While insecticides generally are toxic to adult scelionids, it appears that preimaginal
parasitoids within host eggs are protected and thus can often escape high mortality in
the field and replenish reduced adult populations (Joshi et al. 1982, Malysheva & Kar
tavtsev 1975, Nadejde & Teodorescu 1982, Niemczyk et al. 1979, Orr et al. 1988, Patnaik
& Satpathy 1984, Rosca & Popov 1983). This phenomenon has also been seen with insect
growth regulators. Leuschner (1975) reported that the development of Trissolcus
seychellensis (Kieffer) was virtually unaffected by treatment of Antestiopsis spp. eggs
with juvenile hormone analogs.

The reason for this 'protection' appears to be differential penetration through the
chorion of host eggs. Novozhilov et al. (1973) found that the penetration of chlorophos
through the chorion of E. integriceps eggs varied with developmental stage of Tr.
grandis, but that most of the insecticide remained adsorbed to host egg choria.
Parasitoids were least vulnerable in the egg and larval stages, and penetration was
highest in the pupal stage, resulting in increased parasitoid mortality and number of
malformed individuals. Two other studies have presented evidence to the contrary,
indicating that scelionid emergence was greatly reduced by insecticides both in the field
and in the laboratory (Sales 1978, Xie et al. 1984).
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Of the 63 scelionid species or groups of species discussed in this review, many have
exhibited characteristics which make them worthy of consideration as candidates for
biological control programs directed toward a variety of arthropod pests. Certainly,
applied work has demonstrated a wide range of possibilities for the utility of this group
of parasitic wasps, in both augmentative and classical approaches to biological control.
Although major improvements have begun in the systematics of scelionids, most of the
existing species within this taxon apparently await discovery. This information, com
bined with the results obtained both in basic research and practical applications involv
ing known species, suggests that scelionid wasps hold much promise in the future as
biological control agents.
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The family Eucharitidae consists of small wasps (Hymenoptera) of the superfamily
Chalcidoidea. The type genus is Eucharis Latreille (1802). Now 44 genera and over 300
species are recognized (Heraty 1985). Although the distribution of eucharitids is nearly
world-wide, their diversity is greatest in tropical regions. The group is treated here as
distinct from the related Perilampidae and Pteromalidae, in accordance with the findings
of Heraty & Darling (1984) and Heraty (1985). In this communication, aspects of the
biology of eucharitids are surveyed, and an evaluation is made of the potential for using
them in biocontrol of their ant hosts.

SUMMARY OF EUCHARITID BIOLOGY

The life histories of these wasps are known from observation of a small number of
species. It can be surmised that all are parasites of ants (Hymenoptera: Formicidae),
although the full range of hosts utilized by eucharitids (as a group or even within a
single species) is uncertain. Table 1 shows the known host associations for eucharitids.
The taxonomically limited host preference of eucharitids as a group stands in contrast
to the wider host ranges in related chalcidoid families such as Perilampidae (Iwata 1976).

TABLE 1. HOST ASSOCIATIONS OF EUCHARITIDSa
.

Eucharitid Genus

Chalcura

Epimetagea
Eucharis

Eucharomorpha
Isomerala
Kapala

Orasema

Pseudochalcura
Pseudometagea
Psilogaster
Rhipipallus

Schizaspidia

Stilbula

Tricoryna

Ant Genus

Formica (12)
Odontomachus (4,5)
Myrmecia (5,12)
Cataglyphis (12)
Formica (4,10)
Messor (10,12)
Myrmecia (12)
Myrmecocystus(10)
Pheidole (12)
Ectatomma (12)
Camponotus (5,12)
Odontomachus (3)
Pachycondyla (12)
Pheidole (4,6,8,12,13)
Solenopsis (6,13)
Wasmannia (4,9,12)
Camponotus (7,12)
Lasius (1,6)
Pheidole (12)
Myrmecia (5,12)
Odontomachus (5,12)
Calomyrmex (5,12)
Camponotus (2,12)
Odontomachus (3,4,5)
Camponotus (3,4,5,10)
Polyrhachis (5,11,12)
Chalcoponera (12)
Ectatomma (12)

"References: (1) Ayre, 1962, (2) Clausen, 1923, (3) Clausen, 1941, (4) Gahan, 1940, (5) Hedqvist, 1978, (6) Heraty,
1985, (7) Heraty, 1986, (8) Mann, 1914, (9) Mann, 1989, (10) Ruschka, 1924, (11) Wheeler & Wheeler, 1924, (12)
Wheeler & Wheeler, 1937, (13) Williams & Whitcomb, 1973.
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The appearance of these wasps is varied and often bizarre. In adult eucharitids, the
head is small and the mandibles are falcate. In some, the head is triangular in frontal
view and thin along the antero-posterior axis. The thorax of many forms is robust, and
often sculptured distinctively. The scutellum in many species is modified, sometimes
with a bifurcate process extending posteriorly beyond the tip of the abdomen (Clausen
1940a). The abdomen is petiolate, and in some forms the exposed portions of the terminal
segments are small. This gives the appearance of compression or telescoping of the
terminal abdominal segments (Ashmead 1897, Clausen 1940b).

The first-instar larva of the eucharitids is termed a planidium. The tergites of this
legless larva are highly sclerotized and are mostly ring-shaped. Thus, they do not sur
round the body completely. The tergites allow some flexibility at the intersegmental
membranes and telescoping of the segments (Clausen 1940b,c, Tripp 1961). Although
Malyshev (1966) considered Eucharitidae and Perilampidae to represent the so-called
intermediate parasitic phase in the evolution of the Terebrantia (parasitic Hymenoptera
in the wide sense, as opposed to the Aculeata), it has become evident through compara
tive morphological and systematic studies (Heraty & Darling 1984) that the planidium
is a derived larval form within the Terebrantia.

Planidial larvae are known from two other hymenopteran families, namely the
Ichneumonidae (subfamily Eucerotinae; Tripp 1961) and Perilampidae (Smith 1912, Her
aty & Darling 1984). Within the dipteran families Acroceridae, Tachinidae, and Sar
cophagidae (Wilson & Cooley 1972), and in the lepidopteran family Epipyropidae
(Kirkpatrick 1957) are species with legless first-instar larvae that search actively for a
host. These larvae are sometimes called planidia, but possess a different morphology
than the hymenopteran planidia.

The eucharitid planidium hatches from eggs deposited usually in or on plants
(Clausen 1941). A caudal sucker and in some cases stout spines are used by the planidium
to assume an upright position when waiting for a host (Clausen 1940c). The method of
movement or transport of the planidium to the host brood has not been studied in detail,
but it is thought generally that it may attach to an adult foraging ant, and be carried
back into the nest. Here it develops as a parasite of an immature ant (Clausen 1941).
In several cases studied, the planidium remains attached to the ant larva until the host
begins to pupate, the parasite feeding comparatively little through one or more
puncture(s) made in the integument. In some cases the planidium feeds with most of
its body inside the host, with the caudal end emerging from the wound site. Tracheal
breathing has not been demonstrated in the planidia, but the small size of these larvae
would allow respiration by diffusion through the body surface. Indeed, the absence of
spiracles in planidia is seen as a derived trait in this group by Heraty & Darling (1984).

Once the host enters the pupal stage, feeding by the eucharitid is intensified. The
parasite completes its development swiftly, and adults emerge within the ant nest
(Heraty 1985). Some eucharitids consume the majority of the host pupae before begin
ning their own pupation (Ayre 1962), while others cause characteristic deformations of
the host pupae (Wheeler 1907) which involves arrested development and eventual death.
Moving out from the host colony, the adult parasites usually mate soon (within several
hours) after emergence. In some cases females have been found to oviposit close to the
host colony from which they emerged. Observations indicate that adults of some species
do not feed (Clausen 1941).

Poor dispersal, as well as the specificity for particular host plants for oviposition,
are among the factors thought to contribute to the seeming rarity of some eucharitids
(Ayre 1962, Clausen 1941). However, some eucharitids are very good fliers (J. M.
Heraty, Texas A&M University, College Station, TX, personal communication). Also,
the known oviposition plants for some species are weeds throughout much of the ranges
of the host ants, and the presumed specificity in oviposition plants may be an artifact
of the limited data available.
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The adult female eucharitid carries an abundance of eggs. These are minute, about
0.1 to 0.2 mm long, and stalked (Clausen 1940c). Dissections of females of
Pseudometagea schwarzii (Ashmead) before and after oviposition (Ayre 1962) indicated
that the full complement of approximately 450 eggs was deposited by a female during
her life. The eggs are fully developed upon emergence of the adults from the nest.
Individual females of some species of eucharitids may deposit as many as 10,000 to
15,000 eggs (Clausen 1940a) during their lives.

Eucharitid eggs are laid on or in the tissues of plants, but the exact site of oviposition
on the plant, as well as the typical number of eggs laid per oviposition event, varies
among different species. Eggs overwinter in some species (Clausen 1940a). They may
be laid in overwintering leaf buds of mulberry, chestnut, oak, or birch; on expanding
leaf and flower buds; or in leaf tissue incisions (Clausen 1940a,b). Some forms which
oviposit into the surface tissues of leaves may deposit the eggs in characteristic designs
or patterns. Some oviposit into seed receptacles, where the eggs may be dispersed on
wind-borne seeds (Parker 1937).

The apparent specificity of oviposition sites chosen by eucharitids has been deduced
from records based on field observations. These indicate that a given eucharitid
oviposits on one or a few types of plant soon after emerging from the host colony
(Clausen 1940a). Thus, the range of possible oviposition plants for a given species is
uncertain. P. schwarzii is known to utilize several different plant species for oviposition,
but it is not clear how this broad preference may affect dispersal of the parasite. It may
limit distribution of the parasite (Ayre 1962) by allowing suitable oviposition sites to be
found close to the nest from which the female just emerged. Or it may promote dispersal
if, for example, a mated female is swept by winds away from the ant nest from which
it emerged, and finds suitable oviposition sites near another host colony.

Some eucharitids oviposit at sites of prior oviposition by thrips. The eucharitid larva
then attaches to the larval thrips, and may consume a portion of the hemolymph of the
thrips. Probable feeding of Orasema sp. on nymphal Sericothrips sp. was noted by
Johnson et al. (1986), who suggested that thrips may serve as a facultative alternate
host until the suitable ant host was found. Females of the eucharitid Psilogaster anten
natus Gahan will only deposit their eggs in close association with the eggs of Selenot
hrips rubrocinctus (Giard) (Clausen 1940a). In these types of interactions, it has been
suggested that the planidium, in a phoretic relationship with the thrips, is transferred
eventually to the ant host (Clausen 1940a). However, with at least one species of
Orasema in Florida (L. Davis, USDA, ARS, Gainesville, FL, personal communication),
and with P. antennatus (Clausen 1940a), the thrips involved are not tended regularly
by ants. In the case of the Orasema in Florida (L. Davis, personal communication), as
well as the eucharitid associated with the thrips Frankliniella occidentalis (Pergande)
(Wilson & Cooley 1972), planidia were found imbedded partially in the body of a thrips
in a manner similar to that in which they are found in ant larvae. However, no
eucharitids are known to complete their development on thrips; therefore, the latter
should not be considered alternate hosts. The thrips are at this time considered to be
carriers or accidental hosts (J. M. Heraty, personal communication). The role of thrips
in the life cycle of any eucharitid thus remains unclear.

In the case of P. schwarzii, development proceeds through three instars prior to
pupation (Ayre 1962). During the first instar, the planidium, developing inside the ant
larva, increases greatly in size. Development proceeds quickly, pupation occurring only
four to five days after the first molt. The parasite is shed, prior to its own pupation, at
the host's prepupal molt. At this point the wasp becomes an ectoparasite and consumes
more or less the entire host (leaving only the integument). Preoral digestion, perhaps
by regurgitation of enzymatic alimentary secretions, may facilitate such a complete
consumption of the host. This possibility is supported by the observation in thin sections
of destruction of host epithelial tissue at the locus offeeding of the first instar parasite.
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A switchover from endoparasitism to ectoparasitism is not limited to a single
eucharitid species. Development of an Orasema sp. on fire ant (Solenopsis sp.) brood
in Brazil is also known to involve such a change in the ontogeny of the parasite (D. P.
Wojcik, USDA, ARS, Gainesville, FL, personal communication).

After consuming the host, P. schwarzii pupates, and the worker ants sometimes
assist in the emergence of the adult from the pupal skin. In some cases the workers
carry the adults away from the nest, in a behavior that appears similar to that used for
refuse disposal. Hostile behavior was not observed to be directed toward the parasites
(Ayre 1962). In disturbed fire ant nests in Brazil, the worker ants rescue Orasema
pupae and adults before they rescue ant brood (D. P. Wojcik, personal communication).

Thus, the eucharitids are a group with varied habits. Species exhibit differences in
fecundity, oviposition behavior, developmental times, stage morphology, and host pref
erence.

POTENTIAL FOR USING EUCHARITIDS IN BIOLOGICAL CONTROL
OF ANT PESTS

Many ant species have been considered pests (Table 2). Some of these, such as
species of Solenopsis and Pheidole, are known to be hosts of eucharitids. The assess
ment of the potential of these wasps in biological control of pest ants is made difficult
by the paucity of information on the factors affecting levels of parasitism and colony
vigor. It is also hindered by a scarcity of biological and systematic information for the
eucharitids. Since ant colonies may be maintained in the laboratory, studies should be
instigated in controlled conditions in which uninfested (control) ant colonies are com
pared to colonies infested with eucharitids.

Laboratory studies conducted with different ant-eucharitid combinations would
allow an assessment of the impact of variations in abiotic factors such as temperature
and humidity on levels of parasitism. These studies would suggest which eucharitids
might best be used to induce mortality in a given environment. Biotic factors affecting
mortality induced by eucharitids could also be investigated if colony size and composition
were varied in the laboratory, and the level of parasitism could be varied in different

TABLE 2. SOME ANT GENERA WITH SPECIES CONSIDERED TO BE PESTS.

Ant Genus

Alta
Camponotus
Crematogaster
Formica
lridomyrmex
Lasius
Monomorium
Myrmecia
Pheidole
Pogonomyrmex
Polyrhachis
Solenopsis
Tapinoma
Technomyrmex
Tetramorium

Reference(s)a

1,5,6
1,2,3,4,5,6
6
1,3
1,2,5,6
3,5,6
2,5,6
2
2,6
3
7
6
2,5,6
2
5,6

'References: (1) Baker 1972, (2) Britton et al. 1970, (3) Furniss & Carotin 1977, (4) Hansen & Akre 1985, (5)
Metcalf et al. 1951, (6) Smith 1965, (7) Wheeler & Wheeler 1924.
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experiments by altering the ratios of wasps to ants. Analyzing the mortality induced
by eucharitids in a quantitative and rigorous fashion may allow a reliable assessment
to be made of the potential for using the wasps in applied biocontrol.

In evaluating the potential for using eucharitids in biocontrol of ant pests, it is useful
to consider aspects of (1) dispersal, (2) levels of parasitism, (3) habits of the host that
may affect parasitism, and (4) the effect of these and other factors on the survival and
vitality of the host colony. In order to evaluate the potential for biocontrol of a given
eucharitid, we must have information on these factors, as well as an understanding of
the dynamics of the choice of the host species and oviposition site. The host range as
well as the range of suitable oviposition sites should be known before a eucharitid is
used in a biocontrol project, in order that beneficial ant fauna and flora are not affected
adversely.

In a given area there may be found infested and uninfested colonies of a given host
ant species. Dispersal of these parasites may be affected by the flight ability of the
adults, and by the area controlled by the host colony. These parameters vary widely
among different species within the respective groups. Although it has been thought
(Clausen 1941, Ayre 1962) that the area monopolized by the hosts tends to limit dispersal
of the parasites, this has not been proven. The short life spans of some adult eucharitids,
requirements for certain oviposition plants, and abiotic factors such as wind may also
affect dispersal.

Poor dispersal may hinder the establishment of an introduced biocontrol agent, but
establishment may not be required in some control programs. The provision of plants to
promote oviposition by the adult parasites may be accomplished in the field by setting
out potted plants close to an infested colony. If the plants are monitored for the presence
of eucharitid eggs, they could be moved at appropriate times to facilitate distribution
of the parasites to other (uninfested) colonies.

The factors influencing the level of parasitism in a colony are not well understood.
Parasitism of larvae of the ant Lasius neoniger Emery by P. schwarzii was found by
Ayre (1962) to exceed 90% in some colonies. The levels of parasitism dropped with
increasing distance from centers of infestation. In one instance collection data indicated
a drop to 30% parasitism at a distance of 120 feet from the center of infestation.
Parasitism of Camponotus sp. by Stilbula tenuicornis (Ashmead) was reported to be
47% by Clausen (1941), but the next year the level declined to 16%.

It is not clear how levels of parasitism within a colony affect colony vitality and
longevity. Temporal determinants of parasite development may interact with seasonal
patterns of development of host brood. As noted by Ayre (1962), an important factor
may be the impact of parasitism on the worker:brood ratio.

Ants are not known to exhibit any behavior intended to harm or to prevent
parasitism by a eucharitid. The behaviors which appear to aid the parasite, such as help
ing an emerging adult eucharitid out of the host cocoon and the transporting of adults
away from the center of the colony, may be normal behavior patterns of the workers.
However, it should be noted that interactions between the parasites and their hosts
within the nest have been observed for a very limited range of species. There has been
no rigorous study of these interactions for any eucharitid-plus-host system.

One approach to measuring the success of a biocontrol project involving eucharitids
would be to determine the effects of parasitism on colony longevity or vitality. Colony
vitality may be measured as the number of reproductive forms (or the ratio of these to
workers in the colony) produced during the regular season of production of such forms.
Vigorous biotypes of the parasites could be screened and selected in the laboratory
using artificial colonies. Such studies might yield data that suggest other control prac
tices that act to enhance the level of parasitism within an infested colony. The problem
of providing the correct conditions in the laboratory to approximate those occurring in
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the field is not trivial, but such an approach would surely yield insights into the interre
lations between abiotic factors, parasitism, and other biotic factors influencing total
mortality of the host brood.

Experimentation may reveal a synergistic action of eucharitids with other natural
enemies of ants. As with any endeavor to achieve biological control, preliminary inves
tigation must be directed toward the discovery and characterization of natural enemies
of the pest.

The possibilities for achieving increased host mortality using more than one natural
enemy of ants should be investigated. For example, fire ants may be parasitized by
phorid flies (Williams & Whitcomb 1973, Williams 1980, Borgmeier 1963), and colonies
may be weakened by social parasites (Bruch 1930, Silveira-Guido et al. 1973). There is
evidence that a viru.s infects fire ants (Avery et al. 1977), and eucharitids may be able
to .spread these pathogens through a colony. Natural enemie.s of ants, including fungi,
nematodes, and .strep.sipteran.s (Britton et al. 1970), may act synergi.stically in the con
trol of their ho.st.s.

An i.ssue important in applied biocontrol projects i.s the potential for conflict of
interest between the goals of the project and the interests of others. There are two
possibilities in the ant-eucharitid .sy.stem a.s regard.s conflict of intere.st. First, the wasps
are known to cause damage to the tis.sue.s of plants during oviposition. This may re.sult
in economic damage to crops, as noted, for example, in tea (Da.s 1954, 1963, Kerrich
1963) and banana.s (Kerrich 1963). Thi.s type of damage must be con.sidered in biocontro1
project.s involving eucharitids. It could be prevented or minimized by proper choice of
locations cho.sen for di.spersal of the eucharitids, a.s well as the choice of a eucharitid
.species which is known not to ovipo.sit on the type.s of crop plants being grown in the
vicinity.

The other form of pos.sible conflict of intere.st may occur where ant.s are considered
beneficial in .some circum.stance.s but pest.s in other contexts. The fire ants provide an
example of this type of conflict, as they have been considered to be beneficial as pre
dator.s of crop pest.s in certain agroeco.system.s (.see for example, Table 8.2 in Lofgren
1986). In many .situations, however, fire ants are considered a direct threat to human
welfare (they sting, and some people are allergic to their venom; Baer et al. 1979). In
addition, they are also known to reduce the yield or quality of certain crops (Adams et
al. 1976, Adams et al. 1983, Smittle et al. 1983, Glancey et al. 1979). In view of the
possible types of conflict of interest in controlling ants, a limited dispersal of eucharitids
may be a valuable trait. It would provide localized control while allowing the beneficial
presence of the host ant in nearby areas to continue.

There are no known natural enemies of eucharitids, but the unknown degree of host
specificity of these parasites is a hindrance to their effective use as control agents.
There is much potential in their use in the control of ant pests, but much work needs
to be done in a.ssessing their effect on ant brood mortality. This may be done initially
in the laboratory, and subsequently in field tests. The influence of other biocontrol
organisms that may act synergistically with eucharitids to debilitate the hosts should
be investigated. In addition, the ovipo.sition habits of eucharitids used as biocontrol
agents must be defined in order to allow optimization of the control of host numbers,
and to avoid conflicts of interest.
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ABSTRACT

The control of mosquito populations with predators, pathogens and parasites is dis
cussed. Fish and canabalistic mosquitoes offer the greatest potential as mosquito pre
dators. Bacterial pathogens such as Bacillus thuringiensis var israelensis and B.
sphaericus along with the fungal pathogens Coelomomyces spp., Culicinomyces clavos
porus, and Lagenidium giganteum are also discussed. The parasites of mosquitoes are
limited, but the parasitic nematode Romanomermis culicivorax is discussed.

RESUMEN

Se discute el control de la poblaci6n de mosquitos con predatores, pat6genos y
panisitos. Peces y mosquitos canibales ofrecen el mayor potencial como predatores de
mosquitos. Tamben se discuten los pat6genos bacteriales como Bacillus thuringiensis
var israelensis y B. sphaericus, junto con los pat6genos fungosos Coelomomyces spp.,
Culicinomyces clavosporus, y Lagenidium giganteum. Los parasitos de los mosquitos
son limitados, pero se discute el parasito nematodo Romanomermis culicivorax~

Mosquitoes (Diptera: Culicidae) provide a major threat to human health and well
being. Diseases vectored by mosquitoes include malaria, yellow fever, dengue, en
cephalitis and filariasis. Harwood & James (1979) report that approximately 300 million
people world-wide suffer from mosquito borne diseases, primarily malaria and filariasis.
The livestock industry also suffers economic losses from mosquitoes. Steelman (1976)
estimates a loss of 10 million dollars annually in the dairy industry alone can be attri
buted to mosquitoes. Mosquitoes also are an important nuisance in many parts of the



Holck: Symposium-Alternatives to Chemical Control 537

WHEELER, W. M. 1907. The polymorphism of ants, with an account of some singular
abnormalities due to parasitism. Bull. Am. Museum Nat. Hist. 23: 1-98.

WILLIAMS, R. N. 1980. Insect natural enemies of fire ants in South America with
several new records. Proc. Tall Timbers Conf. on Ecol. Animal Control by
Habitat Management 7: 123-134.

WILLIAMS, R. N., AND W. H. WHITCOMB. 1973. Parasites of fire ants in South
America. Proc. Tall Timbers Conf. on Ecol. Animal Control by Habitat Manage
ment 5: 49-59.

WILSON, T. H., AND T. A. COOLEY. 1972. A chalcidoid planidium and an entomophilic
nematode associated with the western flower thrips. Ann. Entomol. Soc. Am.
65: 414-418.

• • • • • • • • • • • • •
CURRENT STATUS OF THE USE OF

PREDATORS, PATHOGENS AND PARASITES
FOR THE CONTROL OF MOSQUITOES

ALAN R. HOLCK
Department of Entomology

Louisiana Agricultural Experiment Station
Louisiana State University Agricultural Center

Louisiana State University
Baton Rouge, La. 70803

ABSTRACT

The control of mosquito populations with predators, pathogens and parasites is dis
cussed. Fish and canabalistic mosquitoes offer the greatest potential as mosquito pre
dators. Bacterial pathogens such as Bacillus thuringiensis var israelensis and B.
sphaericus along with the fungal pathogens Coelomomyces spp., Culicinomyces clavos
porus, and Lagenidium giganteum are also discussed. The parasites of mosquitoes are
limited, but the parasitic nematode Romanomermis culicivorax is discussed.

RESUMEN

Se discute el control de la poblaci6n de mosquitos con predatores, pat6genos y
panisitos. Peces y mosquitos canibales ofrecen el mayor potencial como predatores de
mosquitos. Tamben se discuten los pat6genos bacteriales como Bacillus thuringiensis
var israelensis y B. sphaericus, junto con los pat6genos fungosos Coelomomyces spp.,
Culicinomyces clavosporus, y Lagenidium giganteum. Los parasitos de los mosquitos
son limitados, pero se discute el parasito nematodo Romanomermis culicivorax~

Mosquitoes (Diptera: Culicidae) provide a major threat to human health and well
being. Diseases vectored by mosquitoes include malaria, yellow fever, dengue, en
cephalitis and filariasis. Harwood & James (1979) report that approximately 300 million
people world-wide suffer from mosquito borne diseases, primarily malaria and filariasis.
The livestock industry also suffers economic losses from mosquitoes. Steelman (1976)
estimates a loss of 10 million dollars annually in the dairy industry alone can be attri
buted to mosquitoes. Mosquitoes also are an important nuisance in many parts of the



538 Florida Entomologist 71(4) December, 1988

United States. Mosquito abatement districts (MAD's) often operate in such areas to
keep mosquito populations below pestiferous levels.

The mosquitoes belong to the suborder Nematocera, the gnat-like flies. Approxi
mately 3500 morphologically distinct species have been described (Knight & Stone 1977).
All species undergo complete metamorphosis, with the larval and pupal stages being
aquatic. Mosquitoes can be classified into two general categories based upon the aquatic
habitats the larvae occupy: permanent water mosquitoes and floodwater mosquitoes.
Permanent water mosquitoes complete their larval development in aquatic habitats that
are permanent or semi-permanent in nature. These habitats include swamps, bogs,
marshes, flooded rice fields and some roadside ditches. Floodwater species develop in
more transient types of aquatic habitats, including ground pools, cattle hoofprints,
treeholes and discarded containers. After adult eclosion, mating, and possibly blood
host seeking, egg development begins. Not all mosquito species require a blood meal
to complete development, but the majority do (Harwood & James 1979). Some species
will only take blood from a particular class of vertebrate host, while for others almost
any type of blood will suffice. Eggs are deposited by the female in an appropriate larval
habitat for the species. Permanent water mosquitoes lay their eggs on the water sur
face, whereas floodwater species oviposit in an area likely to become flooded in the
future. The seasonal histories displayed by mosquitoes are also very diverse. Some
species (ex. Aedes impiger (Wal)<er» are univoltine, with only one generation per year.
Other species (ex. Ae. aegypti (L.» are polyvoltine, breeding year-round in tropical
climates. Most species of concern in the temperate regions may be termed facultatively
polyvoltine, with several generations occurring in the summer months with overwinter
ing occurring in an inactive state.

Both larval habitat and life strategy must be taken into consideration when devising
control measures for a particular species, especially when biological control is being
considered. Biological control programs are most successful when several life stages of
the pest are present at all times. This paper reports on the use of predators, pathogens
and parasites in mosquito control and discusses the future of the biological control of
mosquitoes.

BIOLOGICAL CONTROL USING PREDATORS

The use of predators for the control of mosquito populations has been tried often in
the past. Koebele in 1898 attempted, with limited success, to import large numbers of
the western salamander, Diemyctylus tortosus (Eschscholtz), from California to Hawaii
for the control of larval mosquitoes breeding in small pools and taro fields (Howard et
al. 1912). Herms & Gray (1940) state that for some time it was hoped that by the
establishment of large bat (Mammalia: Chiroptera) colonies, control of adult mosquito
populations would follow. An added side benefit of this type of control was that the
large amount of bat guano produced could be sold to orchid growers at a large profit.
Birds have also been suggested as potential biological control agents, but huge popula
tions are required for adequate control (Gillett 1972). Unfortunatly, all attempts to date
using birds has failed.

By far the most widespread and successfully used predators for the biological control
of mosquitoes are fish. These predators are most successful against permanent water
species. Howard et al. (1912) report several cases where the introduction of insectivor
ous fish into larval habitats resulted in significant reduction of the pest population.
Bates (1949) states that in North America fish of the genus Gambusia have received
considerable attention as biological control agents. More recently, Gerberich & Laird
(1984) state that while over 250 different species of fish have been studied for use in
mosquito biological control programs, the mosquitofish, Gambusia affinis (Baird &
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Girard), is by far the most successful. This species has been introduced into over 50
countries and is responsible for the majority of successful projects involving the control
of mosquitoes with fish (Haas & Pal 1984). Gerberich & Laird (1984) also discuss various
adaptations of G. affinis that make it such a good predator on mosquito larvae. Hoy &
Dahlsten (1983), Gall & Campton (1983) and Beesley et al. (1985) discuss the mass
production of G. affinis and its implementation into large scale mosquito control pro
grams. However, the use ofG. affinis does have some limitations. Schaefer et al. (1981)
report that insecticide treatment of rice fields containing both mosquito and G. affinis
populations killed a large portion of the fish population, which could not resurge in time
to control a large mosquito population which had recovered much faster. Myers (1965)
reports that many commercial fish producers view G. affinis as a pest that devours the
young of several commercially grown species. In fact, the literature has shown that G.
affinis may be responsible for the local extinction of several fish species (Meisch 1985).

Other fish species also have received attention as potential control agents of mos
quito populations. Cech et al. (1985) report that the Sacramento blackfish, Orthodon
microlepidotus (Ayres), is a biological control agent of considerable potential in Califor
nia. Sasa & Kurihara (1981) discuss the use of the guppie, Poecilia reticulata (Peters),
as a species that possesses much potential in controlling permanent water Culex sp.
breeding in sewage pits where Gambusia cannot survive. Some success with this species
has already been achieved in India (Sasa et al. 1965). Haas & Pal (1984) report on the
use of Nothobranchius sp. in areas with a long dry season. Members of this genus are
highly predacious on mosquito larvae and are able to withstand desiccation for many
months, making them useful as predators of floodwater univoltine and facultatively
polyvoltine mosquitoes.

Another predator that also has received attention as a potential biological control
agent of mosquitoes are the predatory mosquitoes of the genus Toxorhynchites.
Females of this species do not require a blood meal for egg development. Eggs are iaid
in treeholes and other small natural and artificial containers where certain species of
floodwater mosquitoes develop. Gerberg (1985) reviews the utilization of these pre
dators and details a method where Tx. brevipalpis Theobald eggs are sequentially
released for the control of the yellow fever mosquito Ae. aegypti. Although in the
laboratory Toxorhynchites will consume many species of mosquitoes, in practice its
use is restricted to treehole and container breeding mosquitoes. The New Orleans
Mosquito Control Board rears two species of Toxorhynchites (Tx. amboinensis
(Doleschall) and Tx. splendens (Wiedemann)) for mass release to control Ae. aegypti
and Ae. albopictus (Skuse), both which breed in treeholes and small containers including
discarded tires. Limitations concerning the use of Toxorhynchites are given by Service
(1983) and include non-overlap of temporal and spatial distributions with prey, length
of life cycle and cost of mass rearing. The larvae of several other mosquito species,
notably Psorophora ciliata (F.) and Ps. howardii (Coquillett) are also known to be
predacious. The adults of these species require blood meals and thus are often pests
themselves.

Other invertebrate predators of mosquitoes have been considered for use in biolog
ical control programs, usually with little or limited success. Phantom midges (Diptera:
Chaoboridae) may be useful as predators and are tolerant of cold temperatures. The
flatworm, Dugesia dorotocephala (Wordworth) (Platyhelminthes), is an effective pre
dator of mosquito larvae, but problems exist with mass culture (Service 1983). Hydras
(Hydrozoa) suffer the same problem. Mullen (1975b) reports on cases where mites
(Acari) have been observed preying upon mosquito eggs and larvae. Although several
orders of insects contain species predacious on mosquitoes (Coleoptera, Hemiptera,
Odonata), large scale mass production to date has not been proven economically feasible.
This is not to say that predators are unimportant in mosquito control. Andis & Meek
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(1985) report that only 2.6% of the dark rice field mosquito Ps. columbiae (Dyar and
Knab), larvae in a Louisiana rice field survived to the pupal stage when predators were
present, compared to 53.3% survivorship in predator free situations. These data indicate
that predators playa major role in the natural regulation of mosquito populations.

BIOLOGICAL CONTROL USING PATHOGENS

Pathogens, although they have not been historically manipulated by man for the
control of mosquitoes, nonetheless provide one of the most promising methods of biora
tional mosquito control for the future. A survey of the older literature on mosquito
control makes no mention of the use of pathogens (Howard et al. 1912, Herms & Gray
1940, Symes et al. 1962). In 1976, a mosquito-killing strain of the well known insect
pathogen Bacillus thuringiensis (Berliner) was isolated from a ground pool filled with
dead mosquito mosquito larvae located in Israel (Margalit & Dean 1985). The discovery
of this pathogern, subsequently termed B. t. var. israelensis has prompted many scien
tists to search for other msoquito pathogens.

Bacillus thuringiensis israelensis (Bti) is a pathogen with great potential for use in
mosquito biological control programs. It has been developed to the point that several
companies now produce and market 'insecticides' with Bti cell walls, spores, crystals
and live cells as the active ingredient. This pathogen is highly specific to mosquito
larvae, with little or no danger to other aquatic organisms (Service 1983, Mulla et al.
1982, Holck 1986) except blackflies (Diptera: Simuliidae), which also happen to be an
important group of vectors in many parts of the world (Lacy & Heitzman 1985). This
pathogen has been used against mosquito larvae developing in a wide range of habitats
including irrigated pastures and rice fields (Mulla et al. 1985), and marshes (Sjogren et
al. 1986). The exact mode of action is not entirely clear, but involves sloughing of the
peritrophic membrane upon ingestion. Qiu & Lei (1986) and Walther et al. (1986) further
discuss the pathogenicity of Bti to mosquito larvae. When using Bti to control disease
vectors it is important to use the maximum labeled rate. Sublethal exposure of larval
mosquitoes to Bti results in small adults that are more competent vectors of the patho
gens (Hare & Nasci 1986). Recent studies indicate that Bti may be particularly effective
when applied with other biorational insecticides such as monomolecular surface films
(Perich et al. 1987). However, Bti does possess some limitations. Drawbacks include
lack of recycling making frequent re-treatments necessary; limited activity in polluted
water; and difficulty of application on habitats with thick vegetation (Service 1983).
There is hope that formulation chemistry can overcome at least some of these shortcom
ings. Although no cases of resistance to Bti have yet been reported, it too remains a
possibility if mosquito larvae are exposed to high toxin concentrations over time.

Bacillus sphaericus Neide is another mosquito pathogen that has received consider
able attention in recent years. Kellen et al. (1965) reported a strain from California that
was slightly pathogenic to mosquito larvae, but it was not until Singer (1973) isolated
a strain (SSII-l) from India 10,000 more times potent than Kellen's strain that serious
development began. To date, more than 30 strains have been isolated from 11 countries,
with strain 1593 from India being the most promising (Davidson 1985). The exact means
of pathogenicity is again unknown, but the midgut appears to be the primary target
organ (Davidson 1979, 1981). A main advantage B. sphaericus holds over Bti is its
ability to recycle in the environment, eliminating the need for costly re-treatment (Ser
vice 1983). Several MAD's in Florida produce B. sphaericus on a small scale for their
own use, and commercially available products are currently being evaluated by several
universities and MAD'S.

Fungal pathogens also have aroused interest over the years, particularly those in
the genus Coelomomyces, which contains approximately 70 species. The majority of
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these species have been observed developing in larval mosquitoes (Lucarotti et al.
1985). At first, these organisms were thought to be of limited practical use because a
complete recycling of the fungus would not occur under laboratory conditions. A break
through occurred when Whistler et al. (1974, 1975) reported that a copepod (Ar
thropoda: Copepoda) or ostrocod (Arthropoda: Ostrocoda) intermediate host was re
quired for completion of the life cycle. The life cycle of Coelomomyces is rather complex,
involving both sexual and asexual stages. The mosquito host range for most
Coelomomyces sp. is considered wide, but it is not known how wide the range of alter
nate hosts is for this fungus (Lucarotti et al. 1985). The percentage of infected mosquito
larvae in localized populations is variable, but can be high. Muspratt (1963) reported
almost 100% infection of Anopheles larvae in Rhodesia (now Zimbabwe) by
Coelomomyces species. However, in other studies the percentage of infected mosquitoes
has been lower (Service 1977, Shemananchuk 1959). Nnakumusana (1986) reports that
adult female mosquitoes surviving Coelomomyces infections exhibit lower fecundity.
An advantage of this pathogen is its ability to withstand desiccation, but some field
trials with Coelomomyces have not been as thought through as one would hope.
Lucarotti et al. (1985) state that while infected mosquito larvae have been released on
several occasions, the presence or absence of the proper intermediate host was only
considered in one instance.

The fungus Culicinomyces clavosporus Couch, Romney, and Row first isolated from
Australia in 1972, is also pathogenic to mosquito larvae (Sweeny 1981, 1985). A second
strain, indigenous to North America, was reported in 1974 from North Carolina in An.
quadrimaculatus Say (Couch et al. 1974). The host range of this pathogen seems to be
very wide. Russel et al. (1983) infected 36 species of mosquitoes in 6 genera with the
Australian strain. Sweeny (1975, 1969) states that this organism is pathogenic to other
aquatic Diptera but pathogenicity is probably restricted to larvae of the Culicimorpha.
Advantages include the ability to recycle, lack of alternate hosts and ease of production
abeit at a low yield; major drawbacks are a short shelf life and an intolerance to desic
cation (Sweeny 1985).

Lagenidium giganteum Couch is another fungus that has received attention as a
control agent for larval mosquitoes (Lacey & Undeen 1986). Kerwin & Washino (1987)
discuss the use of L. giganteum in the Central Valley of California including application
technology necessary for use of this pathogen. Further formulation strategies are dis
cussed by Axtell and Guzman (1987). Washino (1981) discusses the recycling of this
species in California rice fields. Guzman & Axtell (1987) report on the use of L. gigan
teum in stagnant water pools. Pools treated at the beginning of the mosquito season
produced 82% fewer adult when Culex quinquefesciatus Say over the 38 day mosquito
season.

A wide variety of other fungi have also been evaluated as biological control agents
of mosquitoes. However, most have problems of one sort or another (ie. recycling,
temperature intollerance, etc.) which must be remedied before they can be useful for
the control of mosquito problems.

BIOLOGICAL CONTROL USING PARASITES

The parasites of mosquitoes are very limited in number. Infestations of mites on
adult mosquitoes have been reported for years (Howard et al. 1912), but effect little or
no mortality (Mullen 1975a). Beier & Craig (1985) discuss the effects of gregarine pro
tozoal parasites on mosquitoes and conclude that mortality attributable to these para
sites is nil, and that they offer little control potential. On the other hand, certain species
of nematodes that are parasitic on larval mosquitoes have shown great potential as
biological control agents against mosquitoes.
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Nematodes of the genus Romanomermis (Nematoda: Mermithidae) have been ex
tensively studied and developed for use in mosquito control (Petersen et al. 1968).
Romanomermis culicivorax Ross and Smith (= Reesimermis nielseni) has received
particular attention. Petersen & Willis (1972) released preparasites of R. culicivorax in
Louisiana with some of success. Westerdahl et al. (1979, 1982) observed recycling and
overwintering of this species in California rice fields. Walker et al. (1985) successfully
established R. culicivorax in Louisiana rice fields. Levy and Miller (1977) used R.
culicivorax to control larval Cx. quinquefasciatus in sewage tanks in Florida. Advan
tages of this species include cold hardiness and recycling ability, but initial applications
must be carefully timed to insure effective colonization Petersen (1985). Resistance also
has been reported to have developed in a laboratory colony of Cx. quinquefasciatus
after exposure to the nematode for 300 generations. (Petersen 1978). Products contain
ing R. culicivorax are now marketed for use against mosquito populations (Coppel &
Mertens 1977) but are not widely used by mosquito control agencies (Finney-Crawley
1985) presumably due to high cost.

CONCLUSIONS

Biological control provides many new possibilities for the control of mosquito popu
lations. Predators, pathogens and parasites are now available that are highly effective
against mosquitoes. Unfortunately, most mosquito control agencies in the United States
do not take advantage of these new methods. Chemical control is still the most widely
used means of mosquito control in the United States, followed by water management.
However, problems with insecticide resistance as well as environmental concerns may
cause a change in attitude over the next few years. The real potential of biological
control of mosquito populations is being realized outside the United States. Mosquito
integrated pest management programs in many countries rely to a large extent on
biological control. Larval Ae. aegypti control in Thailand rests almost solely with the
predator Toxorhynchites splendens (Mathis 1983). Fish, Toxorhynchites, Bti and
nematodes are used in China (Pao 1981). In the Soviet Union, pathogens, nematodes
and predators are manipulated as a facet of integrated control (Dubitski 1985). Israel
now relies heavily on Bti for larval control (Margalit et al. 1985). While chemical insec
ticides will remain an important tool of mosquito control agencies in the United States
for some time, it is hoped that mosquito abatement districts will begin to 'see the light'
and incorporate more biological control aspects into their programs.
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ABSTRACT

A possible alternative to chemical control of insect pests may be plant resistance to
insects (PRI). Although PRI usually integrates well with other pest management
strategies, its use has been limited. Progress in PRI is influenced by variation in plants,
insects, and the environment. This review is intended to illustrate some of the factors
that affect the expression of resistance.

RESUMEN

Una posible alternativa al control quimico de insectos pudiera ser la resistencia de
plantas hacia insectos (RPI). Aunque RPI usualmente se integra bien con otras es
trategias de administracion de plagas, su uso ha sido limitado. El progreso de RPI es
influenciado por variaciones en las plantas, insectos, y en el medio ambiente. La interac
cion de este repaso es ilustrar algunos de los factores que afectan la expresion de
resistencia.

Man has attempted to control insect populations for centuries. Since WorldiWar II,
the use of insecticides has been the major control tactic employed. Rachel Carson's
book, Silent Spring, caused people to become aware of, and concerned with, the hazards
of chemicals. As the number of cases of insecticide resistance continues to grow, it
becomes apparent that alternate control tactics must be developed and integrated with
insecticides in a pest management context. Plant resistance to insects (PRI) is a tactic
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insects (PRI). Although PRI usually integrates well with other pest management
strategies, its use has been limited. Progress in PRI is influenced by variation in plants,
insects, and the environment. This review is intended to illustrate some of the factors
that affect the expression of resistance.

RESUMEN

Una posible alternativa al control quimico de insectos pudiera ser la resistencia de
plantas hacia insectos (RPI). Aunque RPI usualmente se integra bien con otras es
trategias de administracion de plagas, su uso ha sido limitado. El progreso de RPI es
influenciado por variaciones en las plantas, insectos, y en el medio ambiente. La interac
cion de este repaso es ilustrar algunos de los factores que afectan la expresion de
resistencia.

Man has attempted to control insect populations for centuries. Since WorldiWar II,
the use of insecticides has been the major control tactic employed. Rachel Carson's
book, Silent Spring, caused people to become aware of, and concerned with, the hazards
of chemicals. As the number of cases of insecticide resistance continues to grow, it
becomes apparent that alternate control tactics must be developed and integrated with
insecticides in a pest management context. Plant resistance to insects (PRI) is a tactic
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that can successfully be integrated with other tactics. Use of resistant plants has re
duced the amount of pesticides by one-third.

There are several advantages of PRI: (1) there is no additional pest control cost to
the grower; (2) it operates at all levels of insect incidence; (3) it cumulatively reduces
the insect population; (4) it avoids toxic residues and environmental pollution; (5) it
usually interacts well with the other integrated pest management (IPM) strategies.
Despite these advantages, the number of resistant varieties currently in use in agricul
tural systems (Fig. 1) is rather low.

This trend may be attributed to the disadvantages of PRI: (1) it requires several
years of plant breeding to develop a resistant variety; (2) resistance is often found in
taxonomically unrelated plants of poor agronomic quality; (3) PRI may encourage the
development of insect biotypes; (4) different geographic regions require different vari
eties.

The ultimate goal of PRI is insect pest population control without induction of genetic
counter-resistance in the insect (Fig. 2). The categories of plant resistance, antixenosis,
antibiosis, and tolerance, are the different means by which PRI is expressed and serve
as building blocks. Between the goal and the building blocks are barriers to progress
in the form of variables in both plant and insect age, health, level of incidence, and
genetics. All of these factors are influenced by the abiotic environment. These barriers
prevent or affect the expression of resistance. As students of entomology, we often cite
intrinsic and extrinsic factors as reasons for discrepancies in our data. Yet, it is a rare
occurrence when we can actually identify the specific factors and their actual impact
upon an experiment. This paper will attempt to expose some of the factors that affect
the expression of resistance.

Q)

Cl
C-C
Q)
U
~
Q)

a..

100

80

60

40

20

o
Alfalfa Peanut Soybean

Cotton Sorghum Wheat

Crop

LEGEND

~ Resistant

• Susceptible

Fig. 1. The percentage of cereal grain crop cultivars, registered with Crop Science,
with plant resistance to insects developed in the last 15 years.
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Antixenosis is the property of a plant that results in a negative response by an insect
to that plant (Kogan & Ortman 1978). Some plant characteristics that may cause such
a negative response include color, pubescence, wax, and trichome length (Tingey &
Singh 1980).

Plant Characters

Plant density can influence antixenosis. Fery & Cuthbert (1974) determined that the
damage by Heliothis zea (Boddie) larvae was directly proportional to the density of
three tomato cultivars. Damage increased 31 to 67% by increasing plant density from
one to 16 plants per 3 m row.

Plant height also affects the preference of insects, but there is no definitive rule.
Western Lygus bugs, Lygus hesperus Knight, prefer taller cotton plants for oviposition
(Tingey & Leigh 1974). However, when the height of the cotton plants was adjusted
for uniformity, the taller plants that had been preferred were chosen less often for
oviposition. But some insects prefer shorter plant cultivars. Dwarf rice varieties support
larger populations of the least skipper, Ancyloxypha numitor (F.), and sustain a greater
amount of defoliation (Smith & Robinson 1983).

Plant age also affects antixenosis. Surface wax in sorghum is a deterrent to the
desert locust, Locusta migratoria, and its concentration varies considerably between
cultivars (Woodhead 1982). Wax concentration decreases as plants mature. Therefore,
deterrent amounts are only present in the early stages of sorghum growth leading to
an increase in foliage palatability with plant age. Conversely, as the rice plant ages,
resistance to the yellow stem borer, Scirpophaga incertulas (Walker), increases (Via
jante & Heinrichs 1987). The greatest amount of plant damage and yield loss occurs
when the yellow stem borer larvae attack the tillering and flowering stages; damage "is
lowest when the plants are at panicle initiation stage of growth (Viajante & Heinrichs
1987).

In cotton, tannin quality and quantity increase gradually from cotyledonary stage
to peak in late bloom. At the 1/3-grown square stage a sudden drop in tannin quality
and quantity occurs, followed by rapid recovery (Zummo et al. 1984). Fruit damage by
Heliothis zea (Boddie) at the 1/3-grown square stage is highly negatively correlated
with tannin quality (Zummo et al. 1984).

Insect characters

The age of the insect is an important aspect to consider in testing for plant anti
xenosis. Barnes & Ratcliffe (1967) determined that although adult alfalfa weevils, Hyp
era postica (Gyllenhal), feed on alfalfa directly in proportion to their body size, freshly
emerged weevils consume 5-6 times more leaf material than 4-5 week old adults; the
feeding rate between large and small weevils was similar. Smith et al. (1979) noted that
14-day old female Mexican bean beetles, Epilachna varivestis (Mulsant), cause more
defoliation of soybean foliage than do younger (3-day) or older (35-day) females. Schalk
& Stoner (1976) showed that adult Colorado potato beetles, Leptinotarsa decemlineata
Say, feeding on tomato foliage reduce consumption as they age, but the larvae feed
more than either the young or old adults.

In some instances, insect sex also may affect the outcome of an experiment. Female
Mexican bean beetles and Colorado potato beetles both feed more than males (Smith et
al. 1979, Schalk & Stoner 1976), but female alfalfa weevils do not (Barnes & Ratcliffe
1967).
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Environment

In work involving the Colorado potato beetle on tomato, Schalk & Stoner (1976)
demonstrated that moisture levels had no effect on larval feeding but that adults prefer
low humidity conditions. Adult Colorado potato beetles feed on both juvenile and senesc
ing foliage, whereas, the larvae prefer the senescing foliage of the resistant variety of
tomato. At two temperature regimes, the preference for the susceptible tomato variety
remained the same for both larvae and adults (Schalk & Stoner 1976).

The spatial arrangement of the test plants may also influence preferences of insects.
Colorado potato beetle larvae are not affected by spatial arrangement, but adults feed
equally on both the susceptible and resistant tomato lines when plants are in an alternate
array (Schalk & Stoner 1976).

ANTIBIOSIS

Antibiosis refers to a plant's ability to adversely affect the biology of the insect
(Painter 1951). Its expression is governed by biotic and abiotic parameters.

Plant Characters

Like antixenosis, antibiosis varies with plant age. In grasses, antibiosis to the aphid,
Metopolophim festucae cerealium, increases with plant age (Dent & Wratten 1986).
Resistance is greater at stem elongation stages than at seedling stages. However,
resistance in sweet corn to the corn earworm, Heliothis zea (Boddie), decreases as the
plant develops. In resistant corn, mortality of corn earworm larvae is greatest at silking,
but 7 days later, mortality of corn earworm is absent (Wann & Hills 1966).

Phenolic acids act as deterrents to the desert locust, Locusta migratoria, and other
acridoids (Woodhead 1981). In sorghum, the levels of phenolic acids vary according to
the cultivar and plant age. Phenol concentration and locust resistance both decrease as
the sorghum plant ages.

The phenology of allelochemicals in cotton and cotton resistance to the bollworm,
Heliothis zea (Boddie), is complex. Zummo et al. (1984) identified the effects of tannin
(see antixenosis-plant characters) and terpenoid aldehyde quantity on Heliothis zea.
The terpenoid aldehyde quantity is greatest at fruit initiation; thereafter, it drops sig
nificantly and remains fairly constant. Zummo et al. (1984) determined that bollworm
damage at second week of bloom is due to the drop in terpenoid aldehyde quantity.

Wounding

Induced resistance in plants subjected to wounding has been documented. In the
tomato and potato, proteinase inhibitors increase after wounding. Deciduous trees,
grazed by insects, increase cyanide mustard oils and phenolic compounds (Edwards &
Wratten 1983). Oak leaves produce wound-induced responses that affect the survivor
ship of a lepidopterous leaf miner, Phyllonorycter harrisella (L.) (West 1985). Nebeker
& Hodges (1983) demonstrated that pines injured during thinning may have less bark
beetle damage because of wound-induced responses. Mechanical abrasion of the leaves
of a resistant soybean lowers the rate of larval growth of Pseudoplusia includens
(Walker) (Reynolds & Smith 1985). Resistance to spider mites, Tetranychus urticae
Koch, can be induced by abrading cotton cotyledons (Karban 1985). In sorghum, insect
and pathogenic fungi attacks increase phenolic content (Woodhead 1981). Ryegrasses
infested with endophytic fungi have lower numbers of stem weevil eggs and larvae and,
therefore, less damage than ryegrasses without endophytic fungi (Gaynor & Hunt 1983).
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In some plants, the induced resistance lasts only a few hours; in other plants it lasts
for years.

Environment

Light intensity influences the production of many plant allelochemicals. Kennedy et
al. (1981) found that the foliage of an insect-resistant wild tomato grown under a long
day regime causes greater mortality in Manduca sexta (L.) larvae than does plant
foliage grown under a short-day regime. This phenomenon is directly correlated to the
production of 2-tridecanone, a toxin to M sexta, that is greater in long-day regimes.
Light intensity does not directly affect 2-tridecanone levels; but, it does affect the
density of the glandular trichomes that secrete the toxin (Kennedy et al. 1981).

Continuous high-intensity light (24L:OD) induces susceptibility in soybean plants
normally resistant to the cabbage looper, Trichoplusia ni (Khan et al. 1986). The in
duced susceptibility is reversed by placing plants into 16:8 (L:D) for two weeks (Khan
et al. 1986).

DIMBOA (2,4-dihydroxy-7-methoxyl-1,4-benzoxazin-3-one) concentration in corn de
creases under high-intensity light regimes, as does leaf nitrogen concentration. Feeding
of European corn borer, Ostrinia nubilalis Hubner, neonate larvae is greatest on foliage
with less DIMBOA, in both light regimes (Manuwoto & Scriber 1985). Manuwoto &
Scriber (1985), however, reported that feeding rates of European corn borer are greater
under low-light intensity regimes, inferring that feeding rates are unlikely to be DIM
BOA-related.

Temperature also affects antibiosis. High temperatures decrease the resistance in
wheat varieties with the H3H3 and H5H5 gene pairs that are resistant to Hessian fly,
Mayetiola destructor (Say), larvae biotypes B & D (Ratanatham & Gallun 1986). Wood
& Starks (1972) found the opposite to be true with sorghum cultivars and the greenbug,
Schizaphis graminum (Rondani) biotypes A, B, and C, where resistance increases as
temperatures increase.

TOLERANCE

A plant's ability to withstand infestation and support an insect population that other
wise would severely damage susceptible plants is known as tolerance (Horber 1980).
The same barriers influence the expression of tolerance as antixenosis and antibiosis.

Plant Characters

Plant age infuences the level of tolerance. As rice plants age, they become more
tolerant to brown planthopper and green leafhopper (Velusamy et al. 1986, Rapusas &
Heinrichs 1987).

While determining the effects of temperature on resistance of sorghum to the green
bug, Schweissing & Wilde (1979) found that tolerance is greatly influenced by plant
nutrition. Resistant sorghum plants grown in solutions with excess potassium achieved
the greatest amount of resistance.

Environment

Schweissing & Wilde (1979) in studying the temperature effects on the resistance to
the C-Biotypes of the greenbugs found that cool season grasses, rye, barley, and oats,
increase resistance with lower temperatures. Sorghum, a warm season grass, increases
resistance with an increase in temperature.



Cook: Symposium-Alternatives to Chemical Control 551

Resistance in alfalfa to the spotted alfalfa aphid, Therioaphis maculata (Buckton),
could be reduced when treated with deficient levels of calcium or potassium or excess
of magnesium or nitrogen. Deficient levels of phosphorus increase resistance (Kindler
& Staples 1970b).

UNCATEGORIZED

Guthrie et al. (1986) reported that maize cultivars that are almost immune to the
European corn borer larvae in the field become susceptible under greenhouse condi
tions. In general, for four maize lines, the DIMBOA concentration in the leaves of plants
in the greenhouse was higher than or the same as the leaves of plants in the field.
However, the role of DIMBOA as a resistance factor was not clear as the higher concen
tration of DIMBOA did not prevent severe leaf-feeding damage by the ECB larvae
(Guthrie et al. 1986).

In mature potato plants, a fluctuating temperature regime (25°/15°C) provided wider
range of expression of resistance to potato leafbopper than did constant 25°C (van de
Klashorst & Tingey 1979). Spotted alfalfa aphids are more fecund on susceptible alfalfa
under fluctuating temperature regimes than with constant temperature (Kindler &
Staples 1970a). Greenbugs are also able to recover and reproduce at a higher rate under
a cycling temperature than at a constant temperature (Schweissing & Wilde 1979).
Kindler & Staples (1970a) demonstrated that the mean of the fluctuating temperature
did not govern resistance in alfalfa, and resistance in alfalfa to spotted alfalfa aphid is
retained at low temperatures.

Resistance

Plant
Age

Hcalth
Induction
Genetics

~
Inscct

'----IAntixenosisl----1 Antibiosis I-I Tolerance]

Fig. 2. Diagrammatic view of the components involved in plant resistance to insects.



552 Florida Entomologist 71(4)

CONCLUDING REMARKS

December, 1988

There are many factors to consider when testing plants for resistance to insects. In
terms of the insects, their activity, infestation levels, and pre-conditioning before bioas
say are very important. The plant tissue type--excised or intact, vegetative or senesc
ing foliage-is important. The soil conditions, whether greenhouse-, laboratory-, or
field-grown plants, and the agrochemicals present are vital to a study.

In spite of the numerous influences affecting plant-insect interactions, and sub
sequently PRI, only a few of these factors have been identified. To more effectively
utilize PRI as a control tactic in the integrated management of insects, it is important
that we develop a more comprehensive understanding of the factors that influence the
expression of PRI and the myriad of interactions among these factors. As our knowledge
expands, it is hoped that many of these factors will not only be identifiable but also
controllable.
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ABSTRACT

Isotope (nuclide) markers, tags, labels, or tracers can be radioactive or nonradioac
tive and include a wide diversity of nuclides that may be conservative (a mimic of
biologically essential elements) or nonconservative. Detectable radiations include alpha
or beta particles, or gamma or X-raYfl, or combinations thereof. Radiotracer half-lives
range from hours to years, and stable-activable tracers can be permanent.

Modes of application to the organism of interest include injection, dipping, wire or
disc attachments, paints, ingestion, trans-life-stage transmission, and water culture.
Tags have been ingested from labeled baits, other insects, living plants with topically
applied or translocated labels, blood, and living host animals. Radiolabels have been
transferred to the insect life stage of interest by being retained through molts and
metamorphic processes.

The unit labeled may range from selected individuals to entire populations and
ecosystems. Communities studied have been aquatic, terrestrial, soil- or wood-limited,
or combinations thereof. Radio- and stable-activable tracers have each been easily and
rapidly applied to large insect populations.

It is possible to design experiments for studying each and combinations of the follow
ing behaviors and ecological interactions: Dispersal and movement patterns, territorial
ity, food handling and consumption, vector-parasite associations, and food chains and
webs. Conservative isotopes can simultaneously be employed to study physiological
aspects of each labeled organism.

Detectors for quantifying alpha, beta, gamma, X-ray, and Cerenkov radiations are
available, and some are able to differentiate between several isotopes located within
the same sample. Samples have been detected in the field or laboratory, manually or
automatically, and with a wide range of detection methods that include portable
ratemeters, Gieger-Muller tubes, liquid scintillation and solid scintillation crystals,
semiconductor detectors, and autoradiographic emulsions. Samples can be analyzed
while living, dead, or after conversion to any physical state. The versatility ofradiotrac
ers was shown to enhance their utility in research in contrast with conventional marking
techniques.

RESUMEN

Marcadores, letreros, 0 rastreadores de isotopos (nuclide) pueden ser radioactivos 0

no e incluyen una gran diversidad de nuclides que pudieran ser conservadores (un
mimico de elementos biol6gicos esenciales) 0 no conservadores. Radiaciones detectables
incluyen particulas alfa 0 beta, 0 gama 0 rayos-X, 0 combinaciones de elIas. La media
vida de rastreadores radioactivos fluctua de horas a anos, y rastreadores aetivables-est
abIes pueden ser permanentes.

Metodos de aplicaci6n al organismo interesado incluyen inyecci6n, inmersi6n, prendido
a alambre 0 disco, pinturas, ingeridos, trasmitido a traves de las distintas etapas de
vida, y por cultura de agua. Marcadores han sido ingeridos en cebos marcados, con otros
insectos, de plantas vivas topicamente tratadas 0 con marcadores translocados, sangre,
y con animales como hospederos vivos. Marcadores radioaetivos han sido transferidos
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a la interesada etapa de vida del insecto, reteniendola a traves de las distintas mudas
y procesos metamorficos.

La unidad marcada puede variar de individuos selectos a poblaciones enteras y sis
temas ecologicos. Las comunidades estudiadas han sido acmiticas, terrestres, limitadas
al suelo 0 a la madera, 0 combinaciones de elIas. Rastreadores radio- y activable-estable
han sido facil y rapidamente aplicados a grande poblaciones de insectos.

Es posible diseftar experimentos para estudiar cada una y combinaciones de las
siguientes interacciones ecologicas y de compartimiento: dispersion y patrones de
movimiento, territorialidad, manejo de alimentos y consumo, asociacion de vector
parasito, y la cadena y red de alimentos. Isotopos conservadores pueden ser simul
taneamente usados para estudiar los aspectos fisiologicos de cada organismo marcado.

Hay detectores disponibles para cuantificar radiaciones de alfa, beta, gama, rayos-X
y Cerenkov, y algunos pueden diferenciar entre varios isotopos dentro de la misma
muestra. Se han detectado muestras en el campo 0 en el laboratorio, manual 0 au
tomaticamente, y con un gran mimero de metodos detectores que incluyen medidores
portatiles, tubos Gieger-Muller, titilacion liquida y titilacion solida con cristales detec
tores semiconductores, y emulsiones autoradiograficas. Se pueden analisar muestras
mientras vivas, muertas, 0 despues de convertidas a cualquier estado fisico. Se demostro
que la versatilidad de rastreadores radioactivos aumenta su utilidad en investigaciones
en contraste con tecnicas convencionales de marcar.

Insect ethology and ecology studies often involve lengthy experiments in conditions
that may preclude visual observations. To accurately assess insect behaviors such as
dispersal, subterranean habits, feeding, and complex ecological relationships among
diversified taxa, an efficient marker is desirable. Usefid markers i) are easily applied
to large populations, ii) involve minimal manipulation and trauma to the insect, iii) are
detectable without destroying or killing the insect samples, iv) are persistent in the
insect or community, and v) do not affect the physical or behavioral functions of the
labeled organisms (Bugher & Taylor 1949). Our review of the literature has revealed
an arsenal of marking techniques used by behavioral and ecological entomologists. While
most markers were found to be effective for their respective purposes, the versatility
of radiotracers (synomymous with radioactive markers, labels, and tags) enhance their
potential use as a research tool in contrast to conventional labeling procedures.

CONVENTIONAL LABELING METHODS

Visual detection

Visually detected markers commonly suffer limitations. Mirenda & Vinson (1979)
evaluated 3 methods for tagging the fire ant, Solenopsis invicta Buren: wire ties, paint,
and clipped legs. Securely fastened wire ties were retained, but the process of attach
ment was laborious and required anaesthetization of the ants. Workers with excised
legs were killd by their nestmates, and painted labels were scraped off. Fluorescent
dye in noninjurious concentrations was retained by only 26-60 percent of treated
hornflies, Haemotobia irritans L., and was frequently lethal (Chamberlain et al. 1977).
Individually applied external labels inflict trauma upon the insect and are impractical
in lieu of other options (Service 1976). Dusts and dyes have been used to easily label
large numbers of insects (Dalmat 1950, Sheppard et al. 1973, Chamberlain et al. 1977).
These labels, however, may be lost (Dow 1971, Chamberlain et al. 1977), are suitable
only between molts (Arnason et al. 1950), and are not reliable for monitoring species
with cryptic habits (Traniello et al. 1985). External markers, thus, are usually of little
value for studying insect behavior over long periods of time, for researching trophallaxis
(food exchange in social insects), and for unraveling food webs. Service (1976) suggested
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that, in addition to affecting survival rates, paints and powders might make mosquitoes
more susceptible to predation.

Internal labels such as dyes ingested by fire ants were used to monitor the intracol
ony exchange of oil, protein, and carbohydrate foods; however, detection of the label
required the destruction of the insects while the dye was extracted, partitioned, and
dried before light wavelength absorbance was measured (Vinson 1968). Wilson et al.
(1971) tagged fire ants with ingsted dyes and detection was only accomplished by crush
ing the ants on white paper. Brian & Abbott (1977) dissected ants, Myrmica rubra L.,
to detect dyes. It is difficult to detect dyes and vital stain indicators in small quantities
(Hamilton 1935), whereas the sensitivity of radiation detection exceeds that of most
chemical and physical methods (to illustrate, carrier-free tritium at 30 Ci per mmole
can be diluted by a factor of 1012 without hindering detection) (Wang et al. 1975).
ShowIer et al. (1988b) diluted 200 ..,..Ci Zn-65 in 20 ml molasses to label an entire fire
ant colony. The tracer was easily detectable in the ants 6 months after the tagged bait
was removed.

Rubidium

Stable (nonradioactive) rubidium (Rb) markers possess unique characteristics rela
tive to visually detected labels. Rubidium can be ingested from labeled artificial diet
(Stimmann et al. 1973, Graham & Wolfenbarger 1977), from Rb solutions sprayed onto
host plants (Berry et al. 1972, Stimmann 1974, Shepard & Waddill 1976) and from host
plants raised from Rb-treated seeds (Cheshire et al. 1987). Frazer & Raworth (1974)
labeled pea aphids, Acythosiphon pisum Harris, that had fed on bean plants cultured
in Rb-tagged nutrient solutions. Rubidium was detectable by atomic absorption spec
troscopy in pea aphids for up to 4 days (77% was eliminated in 2 days) (Frazer &
Raworth 1974) and up to 34 days in the adult Mexican bean beetle, Epilachna varivestris
Mulsant (Shepard and Waddill 1976). Unlike visually detected markers, ingested Rb
can be retained from larval to adult stages as has been demonstrated in the corn ear
worm, Heliothis zea Boddie (Graham et al. 1978a,b), tobacco budworm, H. virescens
F. (Graham & Wolfenbarger 1977), fall armyworm, SpodopterafrugiperdaJ. E. Smith
(Graham et al. 1978a,b), pink bollworm, Pectinophora gossypiella Saunders (Van Steen
wyk et al. 1978a,b), cabbage looper, Trichoplusia ni Hubner (Berry et al. 1972, Stim
mann et al. 1973), and the imported cabbage worm, Pieris rapae L. (Stimmann 1974);
no toxic effects were observed. Stimmann et al. (1973) showed that ingested Rb concen
trations of up to 28,000 ppm did not influence adult T. ni fecundity, fertility, longevity,
mating behavior, and responses to sex pheromones. Rubidium labels have been success
ful in flight dispersal studies on the corn earworm, fall armyworm (Graham et al. 1978b),
and pink bollworm (Van Steenwyk et al. 1978b), and to trace insect food chains (to
primary predator level) on grain sorghum and cotton (Graham et al. 1978a). Despite
these advantages, researchers frequently report equivocal results due to variation and
detectable levels of naturally-occurring Rb in all samples (Stimmann 1974, Shepard &
Waddill 1976, Graham et al. 1978b). Further, quantification of Rb requires the physical
destruction of samples for the use of atomic absorption spectroscopy or flame emission
spectrophotometry (Berry et al. 1972, Graham et al. 1978b, Van Steenwyk et al. 1978a).

RADIOTRACER METHODS

Selection of a radiotracer

A desirable marker i) provides analogs for biologically essential elements (examples:
C-14, P-32, Fe-55 and H-3), ii) does not require the destruction oflabeled samples, iii)
persists in readily detectable quantities for long periods of time, iv) is easily applied to
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large numbers of insects with minimal manipulation of the populations, and v) may
permit detection in the field, even when tagged insects are located underground or
within plant material. Unlike Rb, radioactive isotopes (radiotracers) provide analogs of
biologically essential elements such as P-32 (Bugher & Taylor 1949, Yates et al. 1951,
Radeleff et al. 1952), C-14 (Hilliard & Keeley 1984, Isaac & Rees 1985, Inagaki &
Yamashita 1986), H-3 (Bermudez et al. 1985, Kappler et al. 1986, Whitehead et al.
1986), 1-125 (Johnson et al. 1984, Ferkovich & Dillard 1986), S-35 (Ishikawa 1984, Wong
& Ho 1986), and Ca-45 (Yagi 1958) that can be applied to study such physiological
phenomena as reaction rates, metabolic pathways, and the distribution and incorpora
tion of elements or compounds in biological systems (Wang et al. 1975). Radioactive
analog or nonanalog nuclides can be administered to similarly monitor the behavioral
and ecological dynamics of individuals, populations, and biotic communities (Odum &
Golley 1961). Radiolabeled insects can be detected while living (Lambremont et al.
1977), dead but intact (Lindquist et al. 1951, Dietz & Lambremont 1970, Smittle et al.
1983), or while the insect is functioning in the environment (Rings & Layne 1953,
Riegert et al. 1954, Green et al. 1957). Radiotracer techniques offer a wide arsenal of
isotopes (Tables 1, 2, and 3) that can be administered and detected in a variety of ways
(Table 1); Jenkins (1961) reported that about 44 different radionuclides were used in
entomological studies. To select a radiotracer for labeling insects, several factors must
be considered: i) the effective half-life of the isotope in the organism, ii) possible toxic
effects to the insect, iii) the type of radiation emitted, iv) the energy of the radiation,
v) the form or valence of the radionuclide, and vi) the ease of handling and detecting
the label (Jenkins 1961).

The amount of a radioisotope retained by an insect after the administration of a
single dose decreases exponentially through time because of biological elimination and
radioactive decay. The time required for the amount of a particular internalized radio
tracer to decrease by one-half in a given insect is termed the effective half-life (Table
2). DiGregorio et al. (1978) reviewed determinations of other effective half-lives in
insects. Effective half-lives of radiotracers will decrease in response to excretion (Fuller
et al. 1954, Rahalkar & Doutt 1965), oviposition (Bugher & Taylor 1949, Rahalkar &
Doutt 1965), length of exposure to labeled bait (Sorenson et al. 1980), life stage (Mayer
& Brazzel 1961, Crossley 1963) or caste (Spragg & Fox 1974) of the insect, and the
nature of the labeled food ingested (oil, protein, carbohydrate) (Sorenson et al. 1980).
Radioactivity can, however, be easily detected long after the isotope's effective half-life
has elapsed (Radeleff et al. 1952, Fuller et al. 1954, Wang et al. 1975). To minimize loss
of the radiotracers in individuals over time, the isotopes may be delivered to insects in
a continuous infusion by providing a constant supply of radiolabeled food or water
(Jenkins & Hassett 1951, Bachmann 1961, ShowIer et al. 1988b), or by using large, but
nontoxic, doses of radionuclides in a single pulse application (Wang et al. 1975).

A radiolabel may prove detrimental to the inoculated system (and researcher) due
to the nature of the emitted radiation (Wang et al. 1975). The biological hazards of
radiation, although negligible in most radiotracer studies, have been magnified by the
media; thus the decline in radioecology experiments after the early 1960's. Radiotracers
have received wide application in the study of insect biochemistry and physiology (Odum
& Golley 1961); it is known that various isotopes are selectively distributed within insect
bodies (Yates et al. 1951, Grosch & Sullivan 1952, Yagi 1958). In the case of Aedes
aegypti L., females were twice as radioactive as males (Bugher & Taylor 1949) such
that radiotracers, in excessive quantities, can adversely affect each sex to different
degrees within a species. Depending on the isotope, the dose of radiation delivered, the
type of radiation, the insect species and life stage exposed, and the method of nuclide
administration, radiation levels necessary to produce toxic effects may differ. Toxicity
may also result from a species-dependent overdose of the stable element itself (Wang
et al. 1975). Toxic levels of Ca-45, Fe-59, Ag-llO, Cd-1l5, and 1-131 in certain insect
species have been documented (Jenkins 1961).



TABLE 1. RADIOTRACER USES IN INSECT ECOLOGY AND ETHOLOGY EXPERIMENTS CATEGORIZED BY THE TYPE OF STUDY (MARK-RECAP- c:.nc:.n
TURE POPULATION MEASUREMENTS, DISPERSAL AND MOVEMENT, FEEDING BEHAVIOR, VECTOR-PATHOGEN RELATIONSHIPS, 00

AND FOOD CHAINS AND WEBS).

Insect or Mode of Insect
Type of study community labeled Isotope application stagesa Detectorb Reference

MARK-RECAPTURE ~
POPULATION ESTIMATION "...

C

Colony Termite Mastotermes La-140 ingested: AlN;AlN SS Spragg & Paton 1950 ;L
~

size darwiniensis Froggatt bait ~

Colony Formicid Lasius P-32 dipped A;A GM Odum & Pontin 1961 ttj
size flavus F. ;;:l

"""Larval & Panaxiasp. S-35 ingested: L;LIP PRM Cook & Kettlewell 1960 c
~pupal labeled c

mortality nettle "...

~Population Mosquito Culex P-32 water L;A GM Lindquist et al. 1967 ""'.
size pipiens L. culture Cr.>

"""-.::J
DISPERSALIMOVEMENT I--'

~

Dispersal Lone star tick Fe-59 dipping A;A Schmidt & Smith 1961
H::>-

- '-"

Amblyomma
amencanum L.

Dispersal Acridid Melanoplus P-32 ingested: N/A;N/A GMB Baldwin et al. 1958
mexicanus Sauss bran & molasses

Dispersal Acridids M. mexicanus P-32 ingested: N/A;N/A PRM Riegert et al. 1954
&Camnula pellucida sprayed wheat t:1
Scudder seedlings ('t)

Dispersal Weevil Conotrachelus 1-131, ingested: A;A GM&PRM Rings & Layne 1953 ~
('t)

nenuphar Herbst Co-60, water S
Sr-89, 0"

('t)

Zn-65 ~..,

Dispersal S. pine beetle P-32 painted on A;A PRM Moore et al. 1979 I--'
~Dendroctonus tree boles 00

frontalis Zimmermann 00



Dispersal White pine beetle Co-60 painted on A;A PRM Sullivan 1953
Pissodes strobi (Peck) elytra

Dispersal Eur. pine shoot moth Co-60 painted on A;A PRM Green et al. 1957
Rhyacionia buoliana abdomen Cr.)

~Schiffermuller 0

Dispersal Blackflies P-32 water L;A AR Baldwin et al. 1966 ~
0'-..

(Simuliidae) culture co:.
~

Dispersal Blackflies P-32 water L;L&P PRM Fredeen et al. 1953 '.
Cr.)culture c.s:::

Dispersal Mosquitoes Aedes P-32 water L;A PRM Jenkins & Hassett 1951
~communis DeGeer, culture
0

A. pionips Dyar, ~

A. excrucians Walker, ~.

A. hexodontus Dyar, tA. punctor Kirby
Dispersal Eyegnat Hippolates P-32 ingested: A;A GM Dow 1959 0'-..

pusio Loew honey "....
co:.

Dispersal Musca domestica L. P-32 ingested: A;A - Schoof & Siverly 1954 ~milk "....

Dispersal M. domestica P-32 ingested: A;A GM Schoof et al. 1952 "".<:::
milk co:.

~

Dispersal Flies Phanenicia P-32 ingested: A;A GM Lindquist et al. 1951 "....
0

sericata Meigan, aqueous diet CJPhormia regina Meigan, ~

M. domestica co:.

Dispersal Walnut husk fly P-32 labeled A;A - Barnes 1959 ~"".
Rhagoletis completa attractant on ~

~

Cresson walnut branches 0'-..

Dispersal Apis mellifera L. Au-198 - A;A - Courtois & LeCompte 1968 CJ
0

Dispersal Apis mellifera L. P-32 ingestion: A;A GM&SS Lee 1965 o£
1-131 sugar water ~

Colony Termite Mastotermes Sc-46, ingested: A;A SS Spragg & Fox 1974 0'-..

location darwiniensis Froggatt Au-198 bait
Location Phyllocnistis sp. P-32 ingested: A;A - Sunby 1958 01

01
in soil sugar-water <:.0



TABLE 1 (Continued) 01
~
0

Insect or Mode of Insect
Type of study community labeled Isotope application stagesa Detectorb Reference

Location R. buoliana Co-60 painted on A;A PRM Green et al. 1957
in soil abdomen
Movement Wireworm Agriotes sp. Co-60 attached L;L - Green & Spinks 1955 ~
in soil WIre <-

0
Movement Wireworm Ctenicera Co-60 attached L;L GM Arnason et al. 1950 ;j.
in soil destructor Brown wire R..

t;::l
Movement White grub sp. Ta-182 inserted L;L - Speers 1956

~in soil wire ;::s
Movement Carpenter ants 1-131 ingested: A;A PRM Riordan 1960 <-<-

0
in wood Camponotus sp. diet ;§
Crawling Coccinelid larvae Ta-182 attached L;L PRM Banks 1955 0

<-

behavior wire ~
".,.

TERRITORIALITY
CI;>
<-<-

territory Formicid Formica P-32 injected A;A Pendleton & Grundmann
~

- I--',.-...
sanguinea puberula thistle & 1954 ~

Emery ingested from
'-"

herbivores
territory Formicid Lasius P-32 ingested: A;A PRM Kannowski 1959

minutus Emery honey
territory Formicid Solenopsis Mn-54, ingested: A;A SS ShowIer et al. 1988b

invicta Buren Zn-65 molasses

FEEDING BEHAVIOR
t:j
C'D
n

Amount A. mellifera P-32 ingested: L;L LS Dietz & Lambremont 1970 C'D

Sroyal jelly royal jelly 0'"
consumed C'D

""$
Amount S. invicta 1-125 ingested: A;A - Howard & Tschinkel1981b ~

foods protein, oil, I--'
~

consumed sucrose 00
00



Assess S. invicta P-32 ingested: A;A LS Smittle et al. 1983
fire ant injected
crop damage crop plants
Feeding on Geocoris punctipoes C-14 ingested: A;A LS Thead et al. 1985 tr..l
cotton and (Say) P-32 cotton plants ~c
H. virescens & H. virescens ~

~

eggs eggs ~

"l
Amount Plants and insects: Cs-137, radio- Pl& I GS Crossley 1961a '.
vegetation White Oak Lake bed Sr-90 active Pl& I tr..l

~

consumed ecosystem waste
~by insects disposal c

Feeding A. aegypti P-32 ingested: A;A - Schmidt & Smith 1961 CI;>.,.,.
frequency & honey + ~

amount chemosterilant tchemosterilant
ingested ~

Feeding A. aegypti P-32 ingested: A;A - Bar-Zeev & Schmidt 1959
.,..,.
~

response to blood + ~
repellent repellent ~.,..,.
Feeding M. domestica P-32 ingested: A;A GM Schmidt & LaBrecque 1959 ~.

~

response to bait CI;>

malathion bait
.,..,.
c

VECTOR-PATHOGEN RELATIONSHIPS C"'.:l
~

Virus Green peach aphid Po ingested: N/A; N/A GLE Hamilton 1935 ~

~transmission Myzus persicae Sulzer diet .,.,.
to plants

~

~

Virus Pineapple mealybug P-32 ingested: N/A; N/A AR Carter 1945
~

transmission Pseudococcus brevipes diet C"'.:l
c

to plants Cockerell ;::S

Vector-pathogen Mosquito Armigeres P-32 water LlA; AR Dissanaike et al. 1957a ~
relationship obturbans Walker cuture Setaria ~

digitata
(filarial 01

~

worm) J-o'



TABLE 1 (Continued) 01
~
l\:)

Insect or Mode of Insect
Type of study community labeled Isotope application stagesa Detectorb Reference

Vector-pathogen Mosquito Culex P-32 water LlA; GM Dissanaike et al. 1957b
relationship fatigans Say culture Wucheria

bancrofti ~
Cobbold ""0

FOOD CHAINS & WEBS ;::I.
~

Determine Velvetbean caterpillar P-32 ingested: AtoE; GM&PRM Buschman et al. 1977
~

~egg Anticarsia gemmatalis honey; egg ;:l
predators Hubner trans-ovarial predators .,....

0
passage ~

Determine H. virescens F. P-32 injected E' GM McDaniel & Sterling 1979 0,
""egg adults: predators -8

predators trans-ovarial .,.,.
~

passage to eggs
.,....
-::lDetermine H. virescens P-32 ingested: E&L; - Moore et al. 1974 ~-.

egg & larval adults to predators ~
'-'

predators eggs and
larvae

Determine Winter moth C-14 ingested: L&P; GM Frank 1967
larval & Operopthera sucrose predators
pupal brumataL. solution
predators

tjDetermine Heliothis spp., P-32 injected E,L; AR McCarty et al. 1980
(tIegg & Pseudoplusia adults: predators ~
(tIlarval includens Walker, trans-ovarial Spredators A. gemmatalis passage to eggs 0'"

& larvae (tI
~~

Determine Aedes stimulans P-32 water L; aquatic - Baldwin et al. 1955
~

larval & Walker culture predators ~

pupal A. trichurus Dyar 00
00



predators
Determine Aedes communis P-32 water A- PRM Jenkins & Hassett 1951,
predators Degeer, culture predators

A. pionips Dyar, ~
~A. excrucians Walker, 0

A. hexodontus Dyar, ~
"'-

A. punctor Kirby ~

~

Determine Blackflies P-32 water V PRM Fredeen et al. 1953 '.,
~larval (Simuliidae) culture predators ~

predators
~Label Pieris rapae Ca-45, ingested: V - Yagi 1958, 0

internal crucivora L. P-32 cabbage nematode Cf,l

parasites & fungal ~.

parasites tTrophic Balsam fir Abies P-32 injected - GQPD Krall & Simmons 1977
chain balsamea L.-+spruce balsam fir "'-

budworm Choristoneura roots <""t-
~

fumiferana Clemens ~larvae-+predators <""t-

Trophic Thistle Cirsium P-32 injected Pendleton & Grundmann
.,.,.

- - 0:=
web undulatum-+ thistle 1954 ~

Cf,l

herbivores-+predators <""t-o
& symbiotes CJ

Trophic Insects on P-32 sprayed on - GM Odum & Kuenzler 1961 ~

web Heterotheca sp., foliage ~

;§
Rumexsp., & .,.,.

~

Sorghum halpense L. ~

Trophic White Oak Lake bed Cs-137, radioactive GS Crossley 1961b "'--
CJweb ecosystem Sr-90 waste 0

disposal ;;:s
<""t-

Trophic Dow Run (stream) Bi-214, radioactive - SS Minckley et al. 1961 ~
web Ac-228, waste "'-

Cs-137, disposal
<:.l1Sr-90 Cl:l
CI:i



"E = egg, N ~ nymph, L = larva, P = pupa, A = adult PI = plant. Stage labeled; stage detected.
bAR ~ autoradiography, GLE = gold leaf electroscope, GM = Gieger-Muller tube, GQPD = gas quenched proportional detector, LS ~ liquid scintillation detector, SS = solid scintillation

detector, PRM = portable rate meter, - = detector not indicated in reference.

TABLE 1 (Continued)

Type of study

Trophic
web
Trophic
web

Insect or
community labeled

West Branch of
Sturgeon River
Lake

Isotope

P-32

Zn-65

Mode of
application

dripped in
river
sprayed on
lake

Insect
stagesa Detectorb

SS&GM

Reference

Ball 1961

Bachmann 1961

01

~

~.,.....
o

~
t'tj
;S
""""o

~
~"".<:r.>

""""
-:J.....
----*""'-"

tj
(0

~g.
(0

~>-::

.....
e.o
~
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White pine weevils, Pissodes strobi (Peck), painted with 500 fLCi Co-60 per individual
did not suffer increased mortality for at least 2 months (Sullivan 1953), whereas boll
weevil, Anthonomus grandis Boheman, mortality increased when P-32 concentrations
exceeded 9.9 fLCi per gram of labeled diet (Mayer & Brazzel 1961). Mortality studies
on termites, Reticulitermes flavipes Kollar, revealed that while equivalent amounts of
Mn-54, Sr-85, and Sr-85 + Co-60 produced lethal effects, Co-60, Cs-137, Sb-125, Mn-54
+ Zn-65, Mn-54 + Se-75, Co-60 + Cs-137, and Cs-137 + Se-75 were benign (Traniello
et al. 1985). In contrast, Grosch & Sullivan (1952) found that Habrobracon juglandis
Ashmead developed "radioresistance"; P-32-treated adults survived as long or longer
than controls. Sublethal doses of radiation have been shown to incur damage by reducing
insect fecundity (Bugher & Taylor 1949, Blumel 1950). H. juglandis adults fed on less
than 50 fLCi P-32 per gram of labeled food displayed no ill-effects; 50-200 fLCi resulted
in decreased (ca. 26 percent) egg production, and 200 fLCi halted the process entirely
(Grosch & Sullivan 1952). Eggs produced from radiolabeled adults may also show in
creased mortality (Banks 1955, Babers et al. 1956) and offspring hatched from labeled
eggs may be deformed or die soon after eclosion (Blumel 1950, Banks 1955). Mayer &
Brazzel (1961) demonstrated, further, that A. grandis larvae raised on P-32-labeled diet
developed into adults with adversely affected longevity, fecundity, and pre-oviposition
and ovipositional periods when compared with adults fed on similarly tagged diet.
Radiotracer levels, however, may not hinder longevity, fecundity, fertility, or egg eclo
sion as demonstrated by P-32 assays on the screw-worm fly, Cochliomyia hominivorax
Coquerel (Radeleff et al. 1952). Thus the use of a fixed radionuclide dose may be suitable
for one species but impractical for another (Jenkins 1961). If the nuclide is administered
in a nontoxic dose, any species can be radiolabeled.

Those nuclides that dissipate energy as gamma photons possess advantages peculiar
to the nature of gamma radiation. Gamma-emitting isotopes produce characteristic
spectral emission "signatures" such that confusion between different radionuclides in
the same insect or community is eliminated (Traniello et al. 1985, ShowIer et al. 1988b).
Additionally, because gamma rays have negligible mass and are extremely energetic,
gamma-emitting isotopes have been employed to locate cryptic insects through several
em of soil (Tomes & Brian 1946, Amason et al. 1950) and up to 14 cm of wood (Riordan
1960).

Radiolabeling methods

There is a diversity of methods by which radiotracers have been introduced to
insects (Jenkins 1961). Radiotracers can be applied as components of biologically essen
tial compounds for biochemical research (Wang et al. 1975), and even radiolabeled insect
sperm (A. aegypti) has been developed for mating studies (Schmidt & Smith 1961).
Insect ethology and ecology research is less specific regarding the chemical form of the
administered nuclide. The following labeling techniques have been used to tag individu
als (Odum & Pontin 1961, Tomes & Brian 1946), populations (Spragg & Fox, 1974,
ShowIer et al. 1988b), or entire biotic communities (Bachmann 1961, Crossley 1963):

A. Dipping and painting. Dipping insects in radioactive solutions has been success
fully implemented to mark individuals. The lone star tick, Amblyomma americanum
L., was dipped in an Fe-59 suspension to investigate dispersal in pastures (Schmidt &
Smith 1961); 1-131, Se-46, Ir-192 (Davis & Nagel 1956), and Co-60 (Sullivan 1953) dips
for tracing Englemann spruce weevils, P. strobi (Davis & Nagel 1956); and Co-60 for
labeling A. grandis (Babers et al. 1954). The addition of a detergent allowed a P-32
labeled water dip to penetrate the cuticle of the ant Lasius flavus F. for a retention
time of 10 days (Odum & Pontin 1961). Phosphorus-32 dipping of the plum curculio,
Conotrachelus nenuphar Herbst, was not effective (rate of success not given) despite
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supplementation with wetting and sticking agents (Rings & Layne 1953). Phosphorus
32-glycerin suspensions painted onto the southern pine beetle, Dendroctonus frontalis
Zimmermann, permitted the location of tagged beetles after dispersal by the presence
of P-32 on host tree pitch tubes (Moore et al. 1979). D. frontalis adults were also labeled
(100 percent effective) as they emerged from tree boles which had been painted with
P-32 (Moore & Taylor 1976). Painted radiolabels, like many visual markers, can be
chipped or washed off, and thus may give false indications of radioactivity in the envi
ronment (Green et al. 1957).
B. Disc and wire attachments. The movements of various subterranean beetle larvae
have been monitored with external disc or wire attachments labeled with Ra-226 (Tomes
& Brian 1946), Ta-182 (Speers 1956), and Co-60 (Green & Spinks 1955). Similarly,
Ta-182 wire glued to coccinelid larvae was used to investigate crawling behavior on
foliage (Banks 1955). Discs and wires glued or tied to the insect exoskeleton or inserted
within the insect's body suffer the disadvantages previously described for some visually
detected markers such as individual and manual tagging and subsequent trauma to the
organism being studied.

C. Ingestion. Isotopes are effectively transferred to insects by ingestion of
radiolabeled food; in this way, large numbers of marked insects can be reared simultane
ously. See Table 1 for a representative list of various ingested radiolabeled materials.
Tagged sugar and honey solutions (Grosch & Sullivan 1952, Baldwin et al. 1958), artifi
cial diets (Babers et al. 1956, Mayer & Brazzell 1961, Traniello et al. 1985), royal jelly
(Dietz & Lambremont 1970), milk (Babers et al. 1956), and living plants smeared or
sprayed with radiotracers (Fuller et al. 1954, Crossley & Schnell 1961, Odum & Kuenz
ler 1961) have produced good results in a variety of insects. Labeled wood, blood, and
living insect prey have been employed to tag termites (McMahan 1963), mosquitoes
(Bar-Zeev & Schmidt 1959), and mantids (Jenkins & Hassett 1950), respectively.

A more refined radiolabeling technique involves rearing insects on plants cultured
in radiotagged nutrient solutions (Cook & Kettlewell 1960) or plants injected with
radioisotopes (Beckman & Kuntz 1951, Fraser & Mawson 1953, Graham 1954). Insect
food webs on the thistle, Cirsium undulatum Nutt. (Pendleton & Grundmann 1954),
and balsam fir, Abies balsamea L. (Krall & Simmons 1977), were determined by inject
ing these plants with P-32. Similarly, P-32 injected into living rats, rabbits, goats,
sheep, and hamsters resulted in the tagging (exact rates not given) of A. aegypti
(Jenkins & Hassett 1950), screw-worm flies (Radeleff et al. 1952), and Oriental rat fleas
Xenopsylla cheopis Rothschild (Jenkins 1957), respectively.

Several food interaction studies have been conducted in the White Oak Lake bed,
an area in South Carolina contaminated by Cs-137 and Sr-90 wastes that were sub
sequently translocated by the terrestrial plant community (Crossley 1961b, Crossley
1963). Naturally occurring U-238 and Th-232 fission-products bismuth-214 and actinium
228 were similarly used in a stream ecosystem (Minckley et al. 1961).

D. Water culture. Large quantities of aquatic insects such as mosquitoes and
blackflies have been labeled through adulthood when the larvae were raised in P-32-tag
ged water (Yates et al. 1951, Fredeen et al. 1953, Baldwin et al. 1966); Yates et al.
(1951) and Fredeen et al. (1953) reported that 100% of the adults acquired the P-32. In
a large-scale application of this technique, Zn-65 was sprayed onto a lake (Bachmann
1961), and P-32 was systematically dripped into a stream (Ball 1961) to examine the
trophic structure of each system.

E. Trans-life-stage transmission. Another illustration of the versatility of radiotracer
application to insect populations involves transfer of radioisotopes through different life
stages of the same insect. This phenomenon has been observed when the initially labeled
insect stage obtained the tag by injection (McDaniel et al. 1978), ingestion (Kettlwell
1952, Moore et al. 1974), or radiolabeled water culture (Jenkins & Hassett 1951, Yates
et al. 1951, Baldwin et al. 1966). Grasshoppers Melanoplus mexicanus Sauss and Cam-
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TABLE 2. A REPRESENTATIVE LIST OF RADIOISOTOPIC BIOLOGICAL HALF-LIVES
IN SELECTED INSECT TAXAa

•

Insectb Isotope T-effectivec Reference

ISOPTERA

Mastotermes darwiniensis Sc-46 Spragg &Fox 1974
Froggatt: workers 1-1.5 days

soldiers 5 days
Reticulotermes flavipes Cs-137 12 days Rosengaus et al. 1986

(Kollar)
R·flavipes Mn-54 126 days Rosengaus et al. 1986

ORTHOPTERA

Cockroach sp. P-32 14 days Babers et al. 1956
Melanoplus differentialis Cs-137 2 days Crossley &Schnell 1961

Thomas Sr-85 0.5 days
M.femur-rubrum DeGeer Cs-137 1.25 days Crossley &Schnell 1961

Sr-85 0.8 days

COLEOPTERA

Chrysomela knabi Brown Cs-137 Crossley 1963
young adult 0.8 days
old adult 0.3 days

LEPIDOPTERA
Sciota sp. Cs-137 4.6 days DiGregorio et al. 1978

DIPTERA

Cochlyomyia hominivorax P-32 7 days Radeleff et al. 1952
Coquerel: larvae
Musca domestica L. P-32 0.8 days Babers et al. 1956

HYMENOPTERA

Habrobracon juglandis Sr-89 1 day Grosch &LaChance 1956
Ashmead
Phanerotomaflavitestacea P-32 36 days Rahalkar &Doutt 1965
Fisher
Solenopsis invicta Buren 1-125 4 days Sorenson et al. 1980

"All isotopes were ingested.
bAll insects were adults unless other life-stage is indicated.
cThe effective half-life = biological half-life and radioactive decay.

nula pellucida Scudder were shown to pass ingested P-32 from nymphal to adult stages
(Fuller et al. 1954). Similarly, larvae labeled via ingestion retained S-35 to adulthood
in Panaxia sp. and Arctia caja L. (Kettlewell 1952), Ca-45 and P-32 in P. rapae (Yagi
1958), and P-32 in A. grandis (Mayer & Brazzell 1961). Screw worm fly larvae raised
on P-32-injected goats and sheep passed detectable tracer levels to pupae, adults, eggs,
and the next larval generation (Radeleff et al. 1952). Adult insects that had ingested
radiotagged food transferred the label to their eggs; examples include Sr-89 in H. jug
landis (Grosch & LaChance 1956), and P-32 in the walnut husk fly, Rhagoletes completa
Cresson, (Barnes 1959) and the velvetbean caterpillar, Anticarsia gemmatalis Hubner
(Buschman et al. 1977). Furthermore, P-32 may be transmitted from adult to egg to
larva, as exemplified in H. virescens (Hines et al. 1973, Moore et al. 1974). Larval
mosquitoes and blackflies raised in P-32-labeled water cultures retained the tag into
adulthood (Jenkins & Hassett 1951, Yates et al. 1951, Baldwin et al. 1966). Smittle et
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al. (1973) found that first and second egg batches of Culex pipiens L. retained P-32
from individuals raised as larvae in a labeled water culture.

Methods of detection

Recognition of different methods for radiation detection adds another dimension to
the versatility of radiotracer application. The detector of choice may depend upon the
type of radiation to be measured, the physical state of the sample, and whether or not
detection will occur in the laboratory or the field (Wang et al. 1975, Service 1976). Wang
et al. (1975) described the different detectors available, of which the Gieger-Muller tube
(Lindquist et al. 1951, Schoof et al. 1952, Dow 1959), liquid scintillation (LS) and (Auer
bach et al. 1964, Dietz & Lambremont 1970) and solid scintillation (SS) detectors
(Spragg & Paton 1980, Traniello et al. 1985, ShowIer et al. 1988b), autoradiography
(Baldwin et al. 1966, Markin 1970), and portable rate meters (Fuller et al. 1954, Taylor
& Moore 1978) have received greatest use in insect ethology and ecology studies. Port
able rate meters are useful for the detection oflabeled insects encountred in the environ
ment and have been employed to locate P-32 (Riegert et al. 1954, Moore et al. 1979),
Co-60 (Sullivan 1953, Green et al. 1957), 1-131 (Rings & Layne 1953, Riordan 1960),
Sr-89 and Zn-65 (Rings & Layne 1953), and Ta-182 (Banks 1955) in insects, some of
which were located in soil (Tomes & Brian 1946, Amason et al. 1950) or wood (Riordan
1960).

Cerenkov radiation (Wang et al. 1975) can be measured from within living insects
placed in a liquid scintillation detector (Lambremont et al. 1977). See Table 1 for a more
extensive review of detector types used to measure radioactivity in insect ethology and
ecology experiments.

Fields of application

Odum & Golley (1961) listed areas of study within insect ecology and ethology to
which radiotracer methods have been applied; these fields were population measure
ments, dispersal and movement, feeding behaviors, and food webs. In light of more
recent applications, the above list should be amended to include territoriality and vector
parasite relationships. Representative implementations of radiotracer studies in
ethological and ecological entomology are summarized in Tables 1 and 3.

A. Population measurements. Mark-recapture statistical methods (Southwood 1966,
Steele & Torrie 1980) and radiolabeled population members have been used to estimate
the numbers of ants, Lasiusflavus F. (Odum & Pontin 1961), and termites, Mastotermes
darwiniensis Froggatt (Spragg & Paton 1980), per colony. Lindquist et al. (1967) used
P-32 to estimate the population size of Culex pipiens in Rangoon, Burma. Insects that
exhibit trophallactic behavior distribute ingested labels among other individuals to ren
der mark-recapture efforts invalid. Because a relatively large proportion of the studied
population should be marked to obtain a high rate of recaptures (Mosby 1969, Seber
1973), radiotracers are suitable.

B. Dispersal and movement. Numerous resarchers have investigated the dispersal
of a variety of insects such as D. frontalis (Moore et al. 1979), blackflies (Fredeen et
al. 1953, Baldwin et al. 1966), mosquitoes (Jenkins & Hassett 1951), Musca domestica
L. (Schoof et al. 1952, Schoof & Siverly 1954), acridids (Riegert et al. 1954, Baldwin et
al. 1958), weevils (Rings & Layne 1953, Sullivan 1953), honeybees (Courtois and
LeCompte 1963), and moths (Green et aI, 1957). A review of the literature revealed
that the greatest weakness of dispersal experiments was in sampling for the insects
after they had moved into the environment. More extensive reviews on mosquito (Jen
kins 1954, Jenkins 1961, Service 1976) and housefly (Jenkins 1954) dispersal studies
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demonstrate the successful application of radiotracers to such mobile and economically
important insects. Insect movement patterns in soil (Green & Spinks 1955), wood (Rior
dan 1960), on foliage (Banks 1955) and termite colony location within earthen nesting
structures (Holt & Easey 1985) have been investigated with radionuclides.

C. Territoriality. Social insects, such as ants, provide models for the study of territo
rial behavior. Pendleton & Grundmann (1954) injected a thistle, C. undulatum, with
P-32; ants, Formica sanguina puberula Emery, acquired the label from the thistle by
foraging on radioactive honeydew excreted by aphids. Because nearby F. puberula
colonies remained unlabeled, intraspecific territorial behavior was suggested. Similarly,
P-32-labeled L. minutus colonies were shown to be discrete from other colonies of the
same species (Kannowski 1959). More direct evidence for territorial behavior was de
monstrated by ShowIer et al. (1988b); two adjacent fire ant colonies, one labeled with
Zn-65 and the other with Mn-54, were monitored. Territorial patterns were clearly
delineated during 21 consecutive days.

D. Feeding behavior. Amounts of various food sources consumed by insects can be
measured with radiotracers; examples include P-32-labled royal jelly by honeybee larvae
(Dietz & Lambremont 1970), and I-125-labeled protein, oil, and sucrose by fire ants
(Howard & Tschinkel 1981a,b). Fire ant consumption of P-32-labeled corn, soybeans,
and okra was assessed by analyzing the ants for radiation (Smittle et al. 1983). A
complex application of this technique was undertaken by Crossley (1961a) to estimate
the feeding rate of the herbivorous insect fauna in the Cs-137- and Sr-90-contaminated
White Oak Lake bed ecosystem. Modification of such experiments permitted evaluation
of A. aegypti feeding responses to chemically altered food sources such as repellents
(Bar-Zeev & Schmidt 1959) and chemosterilants (Schmidt & Smith 1961) in blood, and
houseflies to malathion baits (Schmidt & LaBrecque 1959).

The study of trophallaxis among social insects has largely relied upon radiotracer
methods (Table 3). Naarmann (1963) used P-32 to show that formicid food secretions
are primarily formed in the pharyngeal glands, stored in the crop, then regurgitated.
Other radiotracer experiments revealed that food exchange rates may be governed by
temperature, time, colony size, starvation (Kneitz 1963a,b, Gosswald & Kloft 1963,
Howard & TschinkeI1980), and the food type ingested (Markin 1970, Howard & Tschin
keI1981a,b). Different rates of food exchange were also observed between social castes
(McMahan 1963; Sorenson et al. 1985) and life stages (Markin 1970, Howard & Tschinkel
1981a). Eisner & Wilson (1958) found that seed-eating Pogonomyrmex badius Latrielle
(a "primitive" myrmicine) exchanged I-125-labeled honey-water slowly (rate not given)
while the more "specialized" aphid-tending Solenopsis saevissima Fr. Smith trophallac
tic rate was significantly higher: in 3 days 65% of a colony's adults were labeled. The
"very specialized" aphid-tending Crematogaster lineolata Say transferred the tracer to
90% of its nestmates within 30 hr.

E. Vector-parasite relationships. The investigation of insect transmission of
pathogenic organisms to plant and animal hosts has involved the use of radionuclides.
The pineapple mealybug, Pseudococcus brevipes Cockerell (Carter 1945), and the green
peach aphid, Myzus persicae Sulzer (Hamilton 1935), were portrayed as plant virus
vectors using P-32 and polonium, respectively.

Jenkins (1954) indicated that several insect-vectored and medically important patho
gens have been radiolabelled; examples include Onchocerca volvulus Leuckart with
radioantimony; various protozoa with Fe-55, Fe-59, and P-32; and Bacillus subtilis, B.
coli, Escherichia coli, a virus bacteriophage, and influenza virus with P-32. Moraczenski
& Kelsey (1948) reported P-32-labeled Trypanosoma sp. Mosquitoes, Armigeres obtur
bans Walker and Culex fatigans Say, cultured in P-32-labeled water were found to
transfer the tag to microfilarial Setaria digitata Railliet and Henry and Wucheria ban
crofti Cobbold (Dissanaike et al., 1957,a,b), which suggested that there was a trophic
relationship between the insect vectors and the pathogens.
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TABLE 3. TROPHALLAXIS RESEARCH ON TERMITES, ANTS, AND HONEYBEES
USING RADIOTRACER TECHNIQUES.

Insect labeled

ISOPTERA

Cryptotsrmes brevis Walker
C. brevis
C. brevis
Kalotermes flavicollis F.
K. flavicollis
Mastotermes darwiniensis
Froggatt
M. darwiniensis
Reticulotermes flavipes
(Kollar)

R·flavipes

HYMENOPTERA (Formicidae)

Formica integra Nylander
F.rufaL.
Formica spp.
Formica spp.
lridomyrmex humilis Mayr
Lasius niger L.
Solenopsis invicta Buren
S. invicta
S. invicta
S. invicta
S. invicta
S. invicta

S. invicta
Crematogaster lineolata
Say
Formicafusca L.,
F. pallidefulva Mayr,
Pogonomyrmex badius
(Latreille),
and Solenopsis saevissima
Fr. Smith
Pheidole dentata Mayr,
Solenopsis geminata F.
and S. invicta
P. badius
and 2 Formica spp.

HYMENOPTERA (Apidae)

Apis mellifera L.
A. mellifera
A. mellifera
A. mellifera

Radioisotope

Co-57, Sr-85
Co-57
C-14
P-32
1-131, P-32
Sc-46

La-140
Co-60, Cs-137,
Mn-54, Sb-124,
Sb-125, Se-75,
Zn-65
Co-60, Mn-54,
Sb-125, Sc-46,
Se-75, Sr-85,
Zn-65

P-32
Au-198
1-131, P-32
P-32
P-32
P-32
1-131
P-32
P-32
1-125
1-125
1-125

1-125
1-125

P-32

1-131

P-32
C-14
Au-198, P-32
1-131, P-32

Reference

McMahan 1963
McMahan 1966
Beard 1974
Alibert 1959
Gosswald &Kloft 1963
Spragg &Fox 1974

Spragg &Paton 1980
Traniello et al. 1985

Rosengaus et al. 1986

Wilkinson et al. 1978
Courtois & LeCompte 1963
Gosswald & Kloft 1963
Kneitz 1963a,b
Markin 1970
Lenoir 1974
Eisner &Wilson 1958
Gosswald & Kloft 1960
Naarman 1963
Howard & Tschinkel1980
Sorenson et al. 1980
Howard &Tschinkel
1981a,b
Sorenson et al. 1985
Eisner & Wilson 1958

Bhatkar & Kloft 1977

Wilson & Eisner 1957

Nixon & Ribbands 1952
Oertel et al. 1953
Courtois &LeCompte 1963
Gosswald &Kloft 1963
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F. Food chains and webs. Radiotracer methodology has enabled entomologists to
identify predators of various economically important insects. Baldwin et al. (1955) pro
duced tagged Aedes stimulans Walker and A. trichurus Dyar larvae from P-32-labeled
water. After the larvae were transferred to ponds, predatory insect samples revealed
that Limnephilus indivisus Walker, Stagnicola palustris Muller, Gerris spp., Gyrinus
lecontei Fall, Hydrophilus obtusatus Say, Glossiphonia fusca Castle, Belostoma
fluminea Say, Ronatra fusca Beauvoir, and Callicorixa sp. were radioactive. The
amount of radiation per predator indicated the approximate numbers of culicid larvae
consumed. Phosphorus-32-labeled H. virescens eggs were used to identify egg predators
in cotton (Thead et al. 1987) such as S. invicta, Orius insidiosus Say, Geocoris punctipes
Say, G. uliginosus Say, Pseudatomoscelis seriatus Ruter, Hippodamia convergens
Guerin-Meneville, Cycloneda sanguina L., Coleomegilla maculata DeGeer, Scymnus
loewii Mulsant, Heliothis spp. larvae, Phidippus spp., Peucetia viridans Hentz,
Oxyopes salticus Hentz, and Misumenops spp. (McDaniel & Sterling 1979). Stam et al.
(1987) identified 18 insect and six spider species as predators of Nezara viridula (L.)
eggs and nymphs. Similarly, internal parasites of P-32-tagged P. rapae larvae, such as
nematodes and fungi, obtained the label (Yagi 1958).

Radiotracers can be passed from injected plants to herbivores and on to predators
(Krall & Simmons 1977, McCarty et al. 1980) and symbiotes (Pendleton & Grundmann
1954). Food webs in large-scale complex ecosystems have been untangled in areas where
radiotracers have been introduced to areas where radioactive waste products have
accumulated in the environment (Crossley 1961b, Minckley et al. 1961), or aquatic com
munities (Bachmann 1961, Ball 1961). Relative proportions of isotopes may differ from
one organism to another because of dissimilarities in the chemical composition and
physiological demands of the different taxa, different sorption characteristics, variation
in moisture content between organisms, and relative position of the species on the food
chain (Davis & Foster 1958).

NEUTRON ACTIVATION ANALYSIS

Due to public concern regarding the potential detrimental effects of ionizing radia
tion, some scientists have turned to neutron activation analysis (NAA) to provide an
avenue to avoid this problem (Jenkins 1963) often without the sacrifice of radiotracer
sensitivity (Wang et al. 1975). Wang et al. (1975) listed the large selection of available
stable-activable markers. Rare earth elements, such as Sm and Dy, are good tracers
but are not analagous to biochemically essential elements. Because NAA markers are
made radioactive by exposing samples to specific thermal neutron fluxes in a nuclear
reactor (Wang et al. 1975, Knaus & Curry 1979), the thermal neutron capture cross-sec
tion of the nuclide should be large (;;;; 0.1 barn). The natural abundance of the stable
tracer in the experimental system should be less than 10% of the applied dose to avoid
equivocal results (Wang et al. 1975) such as those encountered with Rb labels. The NAA
tracer for insect studies should be selected for a short half-life and readily detected
radiations (preferably gamma rays) after the nuclide has been activated (Wang et al.
1975, Southwood 1978). NAA methods provide radio-safety in the environment, a diver
sity of nuclides from which to choose, and sensitivity of detection. The technique also
permits long-term experiments without decay of the tracer, nondestructive sample
analysis such that the same sample can be repeatedly activated and measured (Wang
et al. 1975, Knaus & Curry 1979), and quantification of the label in each sample based
upon the amount of radiation emitted (Knaus & Curry 1979). Drawbacks to NAA tech
niques include i) relatively long (;;;; 1 day) analyses of samples (Wang et al. 1975, Knaus
& Curry 1979), ii) persistence of the stable tracer in the environment which may render
future experiments in the same area unreliable (Wang et al. 1975), and iii) "loss" of the
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tracer in the experimental system until NAA is performed (Knaus & Curry 1979). The
activated nuclide can be detected and quantified using the same diversity of methods
available for conventional radiotracers (Wang et al. 1975).

While toxicity to the insect may result from stable-activable tracers, detectable
nonlethal levels may be attained by experimentation (Curtis et al. 1973). Application of
these nuclides to the insect has been achieved through ingestion (Richardson 1969,
Richardson et al. 1971, Curtis et al. 1973) and by the absorption of cerium into the
cuticle of palm weevils Rhynchophorus sp. (Rahalkar et al. 1971). White mustard,
Brassica hirta Moench, and hairy vetch, Vicia villosa Roth, have been shown to trans
locate Dy and Eu from soil to leaves (Kloke & Riebartsch 1965); thus certain herbivorous
insects may be labeled on tagged host plants, and, by extension, food webs could be
examined using NAA techniques.

At present, NAA has not received great attention in entomology. Curtis et al. (1973)
successfully tagged the tsetse fly, Glossina morsitans Westwood, with Eu-, Dy-, Au-,
and Ir-Iabeled nutrient solutions. Dysprosium was shown to be a life-long marker in
Drosophila spp. (Richardson et al. 1969) and was employed for dispersal studies
(Richardson 1968). Manganese ingested by the Mediteranean fruit fly, Cerititis capitata
Wied, was detectable with NAA (Monro 1968). NAA allows the precise measurement
of dispersal patterns that reveal behavioral parameters, ecological components, and
rates and other characteristics of movement and reproduction with little disturbance to
individual behaviors, population structures, and ecological systems (Gage et al. 1969).
A more complex implementation of NAA involved Sm-Iabeled bait to tag fire ants in a
Louisiana sugarcane field to observe the territorial areas of six colonies (ShowIer et al.
1988a).

Other activation analysis methods have been conducted with trace elements and
compounds such as zirconium oxide, Bi, Pb, cerium oxide, Sn, and Se sprayed on mos
quitoes then bombarded with alpha particles in a cyclotron to produce X-ray emissions
(McClelland et al. 1973a). In a field trial, however, Aedes nigromaculis Ludlow adults
did not retain detectable levels of the topically applied alpha-activable tracers (McClel
land et al. 1973b). Service (1976) suggested the use of high energy X-rays to interact
with natural trace elements in mosquitoes to elicit fluorescent X-rays that lare propor
tional to the atomic weights of the "marker" trace elements in the sample.

CONCLUSIONS

Radiotracer methods provide researchers of insect ecology and ethology with ver
satile and sensitive tools relative to conventional labeling procedures. Applications of
radioactive isotopes, when evaluated through the appropriate feasibility studies, can
avoid the pitfalls of conventional labeling techniques. Radiotracers are easy to apply to
large insect populations, minimize direct manipulation and trauma to individual insects,
are detectable in the field or lab without killing or destroying the samples, can persist
at detectable levels in the insect or community, and do not necessarily alter the physical
or behavioral functions of the labeled organisms. Although conventional tagging
methods have been shown to be effective for dispersal (Dalmat 1950), territorial (Wilson
et al. 1971), and feeding (Berry et al. 1972, Frazer & Raworth 1974 experiments, Stim
man 1974, Shepard & Waddill 1976), radiotracer labeling, as a single methodology, pro
vides greater flexibility with regard to modes of application, detection, and the types of
studies to be conducted. Judiciously employed combinations of available radiotracer
techniques could reveal a wide spectrum of behavioral and ecological information unat
tainable with alternative methods. It is conceivable that a single, well-planned radio
tracer and/or NAA experiment could provide information relevant to insect population
structures, dispersal and movement, te-rrit(wiality, feeding behaviors, relJroductive
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strategies, and various physiological phenomena. Prudent use of radiotracer and NAA
technology could equip researchers with the capacity to expeditiously enhance current
perceptions of insect interactions with man and the environment.
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ADOPTION OF NEWLY-MATED QUEENS:
A MECHANISM FOR PROLIFERATION AND PERPETUATION

OF POLYGYNOUS RED IMPORTED FIRE ANTS,
SOLENOPSIS INVICTA BUREN
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ABSTRACT

The polygynous form of the red imported fire ant, Solenopsis invicta Buren was
first reported from Mississippi in 1973; however, the source of the numerous fertile
queens in polygynous colonies has remained an enigma. In 1987, 400 queens from a
mating flight were marked with a durable paint and released in an area heavily popu
lated with the polygynous form. None were recaptured after one week, but 9 months
later, 4 clearly-marked queens were found in a nest 65 meters from their release point.
This finding clearly points to adoption. About 5 weeks later, 37 of 107 fertile queens
collected from 37 polygynous nests, were found to have partially histolyzed wing mus
cles and undeveloped ovaries. Mating flights had occurred a few days prior to the queen
collections, thus it was apparent that these queens were newly adopted. This observa
tion was verified following a second mating flight one week later. The results of our 3
studies clearly indicate that polygynous S. invicta can proliferate and perpetuate their
colonies by queen adoption.

RESUMEN

La forma poligama de la hormiga roja importada, Solenopsis invicta Buren, fue
reportada por primera vez en Mississippi en 1973; sin embargo, la fuente de numerosas
reinas fertiles en colonias poligamas ha permanecido un enigma. En 1987, 400 reinas de
un vuelo nupcial fueron marcadas con pintura duradera y liberadas en un area altamente
poblada con la forma poligama. Ninguna fue recapturada despues de una semana, pero
9 meses despues, 4 reinas claramente marcadas fueron encontradas en un nido a 65
metros de donde fueron liberadas'. Este descubrimiento claramente indica adopcion
Como 5 semanas despues, 37 de 107 reinas fertiles colectadas de 37 nidos poligamos, se
encontraron tener histolizados los musculos del ala y ovarios sin desarrollar. Vuelos
nupciales habian ocurrido varios dias antes de que se colectaran las reinas, de aqul que
es aparente que esas reinas fueron recientemente adoptadas. Esta observacion fue ver
ificada en el siguiente vuelo nupcial una semana mas tarde. El resultado de nuestros 3
estudios indican claramente que S. invicta poligamas pueden proliferarse y perpetuar
sus colonias adoptando reinas.

The increasing occurrence of populations of the polygynous form of the red imported
fire ant, Solenopsis invicta Buren, has become a concern to those faced with controlling
populations ofthis pest ant. Polygynous S. invicta tend to have high nest densities (up
to 2,000lha) and reproductive rates which cause greater economic, public health, and
environmental problems. Populations of the polygynous form have been reported for all
infested states except North and South Carolina and Puerto Rico; however, this prob
ably reflects a lack of surveys for their detection rather than their absence (Glancey et
al. 1973, Mirenda & Vinson 1982, Fletcher 1983, Lofgren & Williams 1984, Glancey et
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al. 1987). The finding of polygynous colonies in Oklahoma in 1987 and in several isolated
locations in west Texas (W. A. Banks, USDA, personal communication) suggests also
that they may present a greater hazard of spread to uninfested locations.

While there has been speculation about the origin of polygyny in S. invicta there
are no reports documenting the specific biological mechanism responsible for either the
origin of these populations or the method by which they perpetuate themselves. Because
a portion of our laboratory grounds is now infested with polygynous S. invicta, we were
able to compare differences between monogyne and polygyne populations. Of particular
interest was the possibility that the polygyne populations were being sustained through
the adoption of newly-mated queens following mating flights. This adoption theory was
proposed because orphaned S. invicta workers will accept new queens under certain
laboratory conditions (Banks et al. 1981), particularly if the new queen is 10-14 days
post-eclosion and producing the queen recognition pheromone (Glancey et al. 1981).
Also, we have found that laboratory-reared polygynous colonies will often accept newly
mated queens (unpublished observations).

METHODS AND RESULTS

To test our theory of adoption, we collected about 800 newly-mated and dealate
queens on the ground following a nuptial flight around a shopping area on June 15, 1987
near Ocala, Florida. We examined 200 of the queens for insemination and all contained
sperm. We then painted 100 each with orange, white, blue and yellow and banded 100
with wire. The queens were painted by applying a small drop of Markal Ball Point
Marker (Markal Co., 250 N. Washtenaw Ave., Chicago, Ill.) to the dorsal surface of
their thorax and the gaster while they were anesthetized with CO2, The banding was
accomplished by tying fine copper wire around the petiole of the queen while she was
inactivated by chilling (Mirenda & Vinson 979). The queens were allowed to recover
completely before they were returned to the field. The five groups of 100 queens were
released on June 16, 1987 in pre-selected areas around our laboratory that had well
defined populations of polygynous colonies. Seven days later, all mounds within 10
meters of each release site were dug up and placed in 5-gallon buckets. The ants were
separated from soil by the drip-flotation method (Banks et al. 1981) and all queens
examined for paint spots or bands. No marked queens were found. However, nine
months later (March 30, 1988), during the sampling of polygynous nests in a nearby
pasture area, we found 44 queens in one nest, 4 of which were marked. The nest was
located 65 meters from the nearest release point (Fig 1 & 2). The queens were readily
identified by bright orange spots on the dorsal side of their gaster and thorax. The
means by which the released queens migrated to the nest in which they were captured,
through an area highly populated with other polygyne S. invicta nests, is unknown. As
far as we are aware, this represents the first time that adoption of queens by polygynous
field colonies of S. invicta has been verified.

In early May, 1988, we collected queens from polygynous colonies in an adjacent
area, about 75 m from the site where the marked queens were collected. A rain had
occurred on May 13, and the ants had built up their mounds (15 cm or more) so they
were easy to locate. Mating flights were noted on May 14 & 15 also. On May 17 we dug
up 37 colonies, collected all the dealated females and dissected them to check for insemi
nation and ovarian development. All of the queens were inseminated; however, it was
evident that two types of queens were present: a) those that had well developed
ovarioles containing 3-4 or more vitellogenic eggs in every ovariole and no fat body or
alary muscles, and b) those that had a few ovarioles with 1 vitellogenic egg, but which
had fat body and partially histolyzed alary muscles. It was apparent that these latter
queens had mated recently and were in the initial stages of ovarian development and
egg production. Queens were retrieved from 21 of the 37 nests. The data on the 107
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Fig. 1. Photograph of pasture area in which marked queens or banded queens were
released (rp = release point, cp = capture point).

queens collected are shown in Table 1. Ten of the 21 nests contained 1 to 8 newly-mated
queens; 7 contained only newly-mated queens.

On May 20, another mating flight occurred the day after a rainfall. Six days later,
we collected ants from two nests located at the base of oak trees about 100 meters from
the location of the previous collection site. The data on queens from this collection also
are presented in Table 1. In Nest 1, 52 of 72 (74%) of the queens were adopted, and in
Nest 2,12 of 22 (55%) were adopted. Observations of the wing muscles indicated various
stages of histolysis. In neither nest did we find any males, alate females, or sex brood.

DISCUSSION AND CONCLUSIONS

In light of these observations, it is apparent that a principle method by which
polygynous colonies of S. invicta prepetuate themselves is via adoption of newly-mated
queens following their mating flights. However, we do not know the specific conditions
which favor adoption, since it is obvious that not all queens are accepted. The possibility
of intranidal mating as an alternative explanation for the 2 queen types does not seem
logical since it would require a change in mating behavior of S. invicta for which there
is no documented evidence. On the other hand, mating flights of males and females from
polygynous colonies are documented (W. A. Banks, personal communication) and flights
from nests in our test site were observed during May, 1988. The fact that the newly
mated queens were detected within 6 days of mating flights, and no sexual brood and/or
alate males or females were present in the nests we excavated, clearly favors adoption
of queens from local nuptial flights alighting near these nests rather than intranidal
mating. There was no way for us to determine whether the new queens were from
polygynous or monogynous colonies.

Another factor favoring adoption is the recent research of Morel et al. (In press)
which demonstrates a lack of aggression between workers of polygynous colonies and
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Fig. 2. Schematic map of pasture area showing location of multiple queen mounds
and the release (rp) and capture (cp) locations (distance = 65m).

toward workers of monogynous colonies. The lowered aggression levels in polygynous
populations are attributed to a greater variability in the polygyne template caused by
highly variant discriminators derived from multiple matrilines, as well as exposure to
a greater variety of environmental cues. From this evidence we infer that polygynous
workers might be less hostile to newly-mated queens, thus allowing their adoption.

We conclude that polygynous S. invicta colonies are able to proliferate and per
petuate by adoption of newly-mated queens. While our observations indicate adoption
immediately following the nuptial flight, we cannot rule out later adoption of claustral
founding queens. Adoption of queens directly after a mating flight has been reported
for Formica ulkei (Scherba 1958) and Formica opaciventris (Scherba 1961); however,
in these instances the queens returned to the same cluster of nests from which they
took flight.

Numerous other questions remain to be answered, particularly how individual
polygynous populations originate. Ross & Fletcher (1985) speculate that they arise
through kin selection and/or mutualism. It seems reasonable to us that both factors are
involved. Tschinkel & Nierenberg (1983) discuss the importance of relatedness on the
social biology of S. invicta in the United States. Because the original introduction of S.
invicta into the Mobile, Alabama area between 1933 and 1940 involved only a small
number of females, they suggested that relatedness could be associated with the devel
opment of polygyny. However, S. invicta queens were shipped from Mobile in nursery
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TABLE 1. OVARIAN STAGEa OF INSEMINNATED QUEENS COLLECTED FROM S. IN-

VICTA POLYGNOUS FIELD COLONIES.

Mound No. Ovarian Stage Mound No. Ovarian Stage
No. Queens 1 2 No. Queens 1 2

Observation Area No.1 (May 17, 1988)

I
1 13 0 3 I 12 4 4 0

I
2 1 0 1 I 13 8 8 0

I
3 17 0 17 I 14 1 0 1

I
4 1 0 1 I 15 3 3 0

I
5 7 0 7 I 16 2 2 0

I
6 4 0 4 I 17 7 4 3

I
7 7 1 6 I 18 4 4 0

I
8 2 0 2 I 19 2 0 2

I
9 20 9 11 I 20 1 0 1

I
10 1 1 0 I 21 1 0 1

I
11 1 1 0 I Totals 107 37 70

I

Observation Area No.2 (May 26, 1988)

1 72 52 20
2 22 12 10

Totals 94 64 30

aStage 1 = some ovarioles with one vitellogenic egg, fat body present, wing muscles partially histolyzed.
2 = all ovarioles with 3-4 vitellogenic eggs, no fat body or wing muscles.

stock to hundreds of other locations in the southern United States in the 1940's and
1950's (Culpepper 1953, Lofgren 1986). Most of the shipments probably involved only
one or, at most, a few colonies. Tschinkel & Nierenberg (1983) state that these "outlier
populations" could result in even higher degrees of relatedness associated with "second
founder effects and higher inbreeding". Thus, it is easy to conceive of polygynous pop
ulations arising at various locations due to high genetic similarity in combination with
pleometrotic colony founding. Once a polygynous founder colony becomes established,
lowered worker aggression levels (Morel et al., In press), queen adoption and colony
budding or fission (Vargo & Porter, in press) take over as the mechanisms by which
polygynous colonies are populated and enlarged.

Adoption can have definite advantages for newly-mated queens by providing them
with instant care. An example is provided by Ross & Fletcher (1986) who found that
diploid male-producing queens could not establish colonies by themselves but did survive
in polygynous colonies. This example can be extended to predict an overall increase in
survival potential for queens. For example, in March 1988 we estimated through exca
vations and subsampling that the nests in the polygyne field populations at our labora
tory harbored about 4,000 queens per acre. Glancey (1975) reported collection of over
4,000 queens in one year from 36 mounds along a ditch bank 45 m long by 1 m wide. If
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Fig. 3. Two types of ovaries found in queens from polygynous colonies. Class 1
queens had fat bodies, alary muscles, were inseminated and had only a few ovarioles
with a single egg. Class 2 queens were inseminated also, but lacked fat body and alary
muscles. Every ovariole possessed 3-4 vitellogenic eggs.

we assume the same number of newly-mated queens from nuptial flights alight in
monogyne and polygyne populations, it follows that their chances for execution by the
foraging monogyne workers will be much greater than by polygyne workers.

Disadvantages must also be associated with adoption. Lowered production of sexuals
(Vargo & Fletcher 1987) indicates a decreased genetic input for each queen into future
generations. The increased production of brood and workers causes an extreme foraging
load and potential lack of food. This undoubtedly is reflected in the production of ex
tremely small workers (Greenberg et al. 1985) and our personal observation that large
numbers of dead worker "bone piles" are associated with polygynous populations.

In the long term, it may be that negative aspects of polygyny will work against
polygynous S. invicta populations. However, in the meantime, they pose a greater
hazard to agriculture, public health and the environment (Lofgren 1986), especially to
other ant species (Vargo & Porter, in press). Without a doubt, polygyny has added a
new dimension to the fire ant problem.
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ABSTRACT

The mature larva of Neargyractis slossonalis (Dyar) is described and illustrated.
Larvae of this southeastern United States species live among submerged roots of plants
growing in or along streams and lakes. Larvae ingest young roots, but may also feed
on periphyton. Pupation occurs under water among the roots.

RESUMEN

La larva madura de Neargyractis slossonalis (Dyar) es descrita e ilustrada. Las
larvas del sudeste de los Estados Unidos viven en medio de las raices sumergidas de
plantas que crecen en 0 a 10 largo de arroyos y lagos. Las larvas comen rakes j6venes,
pero tambien pueden alimentarse del periphyton. El estado de pupa tambien ocurre de
bajo del agua en medio de las rakes.

Neargyractis slossonalis (Dyar) is a small pyralid moth with an aquatic larva. It
occurs throughout Florida (Kimball 1965), in South Carolina (Herlong 1979), and prob
ably occurs in Alabama and Georgia (Munroe 1972). Lange (1956) created the genus
Neargyractis for the species Dyar had described in the genus Elophila (Dyar 1906).
Kimball (1965) cited several Florida records for a second species, N. moniligeralis
(Lederer) but Munroe (1972) believes this is a Caribbean species that does not occur in
Florida. The immature stages of N. slossonalis have remained undescribed, and Lange
(1956) speculated that the larvae should be rock inhabitants similar to Petrophila
(= Parargyractis). Based on my unpublished report, Brigham & Herlong (1982) pro
vided a brief description of the larva and habitat and included the genus in their key to
pyralid larvae associated with aquatic plants. The present paper describes the larva in
detail and summarizes known information on the biology of N. slossonalis.

Mature larva: Maximum length about 20 mm; creamy pale to light brown, densely
covered with minute spinules. Head dark brown with creamy pale antec1ypeal and
stemmatal areas; prementum fuscous; mesal borders of maxillae and margins of hypos
tomal lobes of postgenae dark brown or black. Prothoracic shield yellowish brown to
dark brown and darkly margined posterolaterally. Thoracic legs brown, posterior as
pects of prothoracic coxae concolorous with prothoracic shield, meso- and metathoracic
coxae unsc1erotized posteriorly. Setal peritremes mostly concolorous with body, but
peritremes of labral setae often lighter than body color; peritreme of SV setae on
prothorax and the sclerotized band on dorsal surface of anal proleg darker than body
color. Unbranched, brown filamentous gills located on distinct tubercles on mesothorax,
metathorax and abdominal segments 1-9. Gill numbers variable (Table 1).

Head: (Figure 1, 2). Average width 0.53 mm (n = 10). Head circular in frontal view,
hypognathous, and granulate. Adfrontals extending two-thirds distance to the vertical
triangle, frontal suture about one and one-half times length of coronal suture. Labrum
(Figure 3) with shallow, obtuse notch, setae Ml and M2 normal in a horizontal line. Seta
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TABLE I. MEDIAN NUMBER AND RANGE (IN PARENTHESIS) OF GILLS ON ABDOM-
INAL SEGMENTS 1-8 OF NEARGYRACTIS SLOSSONALIS LARVAE (N = 20).

Abdominal Segment

Location 1 2 3 4 5 6 7 8

Subdorsal anterior 4 4 4 4 4 4 4 4
(2-4) (2-4) (3-5) (3-5) (3-5) (3-7) (3-5) (3-5)

Subdorsal posterior 4 4 4 4 4 4 4 3
(3-8) (3-9) (1-9) (2-7) (2-7) (2-8) (3-7) (1-5)

Lateral anterior 2 2 3 2 2 2 2 3
(2-4) (2-5) (1-5) (1-4) (1-4) (1-5) (1-5) (2-5)

Lateral posterior 2 2 2 2 2 1 1 1
(1-6) (1-5) (1-5) (1-6) (1-7) (1-3) (1-3) (0-3)

Subventral anterior 1 2 2 2 2 2 1 1
(1-4) (1-4) (2-4) (1-3) (1-3) (0-3) (0-3) (0-3)

Subventral posterior 3 3 3 2 3 3 3 2
(2-4) (2-5) (2-4) (1-6) (2-5) (0-5) (2-4) (2-4)

L1 normal, slightly lower, setae L2, L3 brushlike, seta M3 spatulate. Mandible with
two conspicuous inner ridges; teeth arranged in a semicircle (Figure 4). Spinneret slen
der, pointed apically and longer than labial palpi. Hypostomal lobes pointed mesally,
gap between pointed ends less than or equal to that between postmental setae. Antero
ventral region of the cranium with scerotized projection extending forward near the
base of the mandible. Cranium forming collarlike base around antenna. Distance be
tween PI and Adt2 setae two times greater than between PI and P2. Seta Adt2 at or
slightly below the level of the apex of the front; distances between setae Adt2, and PI
less than between Adfl and PI. F1 at the same level or slightly above the punctures.
Seta A2 closer to Al than to A3; AI, A2, and A3 form an obtuse angle at A2. A3 and
PI setae more than two times longer than Ll and P2, respectively. Seta 02 very long.
A3 and Ll setae as near or nearer to each other as PI is to P2. Stemmata poorly
developed, six pigmented areas generally visible, lenses obscure or absent.

Thorax: Prothoracic shield, covering about one-half of prothorax dorso-Iaterally,
rolled caudally (Figure 5). Seta XDI anteroventrad of Dl; D2 seta posteroventrad of
Dl on prothorax. Prothoracic spiracle vestigial. Prothoracic coxae contiguous, gap be
tween meso- and metathoracic coxae; tarsi longer and more slender on meso- and
metathoracic legs than on prothoracic legs. Meso- and metathorax each with two pair
of gill groups. Subdorsal gills adjacent and posterior to SD setae, subventral gills adja
cent and ventral or posterior to SV setae. Usual number and range (in parenthesis) of
subdorsal and subventral gills on meso- and metathorax are 3 (2-3), 2 (1-3); and 3 (2-5),
3 (2-4), respectively. Dl and D2 setae on meso- and metathorax fine and near each
other. L group setae fine, short, distance from L2 to L3 about 4x L2 to LI. L3 just
below subdorsal gills. SV group bisetose on prothorax, unisetose on meso- and
metathorax.

Abdomen: Vestigial, slit-like spiracles on segments 1-8. Segments 1-8 each with 6
pairs of gill groups (Figure 6). No sclerotized band around ventral prolegs; 56-62
crochets in a biordinal circle on prolegs on segments 3-6. Anal shield (Figure 7) broad,
truncate posteriorly, and unsclerotized; Dl seta on shield shorter than D2, Ll longer
than SDI. VI setae on segment 8 further apart than on segments 7 and 9. SV group
unisetose on abdominal segments 1, 7-9. bisetose on 2, and trisetose on 3-6. L group
unisetose on segment 9. Gills on segment 9 in 2 groups, subdorsal and subventral, the
former with 2 or 3 gills, sometimes 4, the latter usually with 7 but ranging from 5 to 8.
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Figs. 1-4. Mature larva of Neargyractis slossonalis: 1, head, frontal view; 2, head,
side view; 3, labrum; 4, right mandible.

Most of the specimens examined were collected from clusters of living roots in the
Santa Fe River in Alachua and Columbia Counties, Florida. Specimens were collected
from submersed roots of grape, Vitis sp.; ash, Fraxinus sp.; cypress Taxodium sp.;
and other unidentified roots. A single larva was also collected associated with stems of
Eleocharis elongata Chapman in a small creek running out of Magnolia Lake in Clay
County. Larvae of another aquatic pyralid Eoparargyractis floridalis Lange were fre
quently collected in the same habitat as N. slossonalis. Larvae are not confined to
running water because a few specimens were collected associated with water hyacinth,
Eichhornia crassipes (Mart.) (Solms-Laubach) roots in Lake Alice and Bivens Arm
Lake (Alachua Co.) and in a roadside ditch near Melbourne (Brevard Co.). Larvae are
apparently present year round since specimens were collected in January, March, May,
June, October, and November. This coincides with Kimball's (1965) recording of adults
throughout the year in Florida.
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Figs. 5-7. Mature larva of Neargyractis slossonalis: 5, prothorax; 6, abdominal seg
ment 4; 7, anal plate.

Dissections of freshly collected larvae indicated that the larvae were feeding on
young white roots. Older brown roots were not found in the digestive tract. Injury to
roots was never observed in the field although larvae confined in plastic cups in the
laboratory fed on and scarified the older brown roots. The larvae of two related species,
Argyractis subornata (Hampson) in Brazil (Forno 1983) and Petrophila drumalis (Dyar)
in Florida (A. Dray, T. Center and D. Habeck, unpublished), consume roots of
waterhyacinth and waterlettuce Pistia stratiotes L., respectively. Unlike N. slos
sonalis, larvae of these two species lack modified labral setae. The modified setae of
N. slossonalis indicate that the larvae may also feed on periphyton as do Petrophila
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santafealis (Heppner) and Eoparargyractisfloridalis both of which have modified labral
setae and apparently feed on periphyton.

Pupation takes place in a cocoon spun among the roots. Portions of the plant roots
are incorporated into the cocoon. Adult moths were frequently observed on vegetation
near the banks of streams and rivers and when disturbed flew a short distance before
settling down again.

The number of gills varied from specimen to specimen and frequently from side to
side in the same specimen. The anterior subdorsal gill group was considerably more
ventral of the posterior subdorsal group and was often subdivided into 2 subgroups with
a single gill located more ventrad of the other 2-4 gills. The lateral groups of gills are
also less well defined with some gills apart from the group. The specialized, highly
modified labral setae indicate the close relationship between Neargyractis and Pet
rophila. Superficially, the larvae of Neargyractis are very similar to those of
Oxyelophila, but differ in not having dorsal gills.
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ABSTRACT

593

A fossil horsefly, Stenotabanus brodzinskyi n.sp., embedded in a piece of Dominican
amber estimated to be 25 to 40 million years old is described and compared to extant
members of the genus known from Hispaniola.

RESUMEN

Un tabanido fosil, Stenotabanus brodzinskyi n.sp., incrustado en una pieza de ambar
dominicano, cuya edad estimada es 25 a 40 millones de anos, es descrito y comparado
con cong{meres vivientes conocidos en La Espanola.

Eight species and 1 infraspecific taxon of fossil Tabanidae (Diptera) representing 4
genera (Chrysops, Haematopota, Silvius, Tabanus) have been described worldwide
(see review by Moucha 1972 and Stuckenberg 1975). These include 3 species (Silvius,
1; Tabanus, 2) from the New World that were obtained from Miocene deposits of Floris
sant, Colorado, U.S.A. (Cockerell 1909, 1917, Melander 1946). Here we describe from
Dominican amber the first fossil member of the genus Stenotabanus and discuss its
relationship to extant members of the genus from Hispaniola.

DESCRIPTION

The fly is embedded in a piece of amber approximately 15.1 mm x 9.3 mm x 8.8 mm.
It is from an unspecified amber mine in the Cordillera Septentrional mountain range in
northern Dominican Republic. Amber from several mines in this region have been
estimated to be 25 to 40 million years old (Lambert et al. 1985) corresponding to early
Miocene and late Eocene.

Important specific characters of Tabanidae include thoracic and abdominal ground
colors and any overlying pubescent coloration. Since preservation of this fly in amber
doubtless precluded accurate assessment of these character states, we present here as
complete a description as possible with the caveat that the colors reported may not have
reflected those of the fly in life. Indeed, most of the body of this specimen was colored
various shades of orange-brown to dark brown with a golden tinge or metallic-like luster
which seemed to reflect, at least in part, the orange color of the amber itself.

The format for the ensuing description follows that of Fairchild (1980), who described
as new 3 species of Stenotabanus and 1 species of Tabanus from the Dominican Republic
and presented a key to all 29 recognized Hispaniolan species. Terminology follows Fair
child (1980) and McAlpine (1981).
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Stenotabanus brodzinskyi sp.nov.
(Figs. 1-4)

December, 1988

Diagnosis: A small orange-brown/brown species having hyaline wings, an unstriped
mesonotum, and a narrow, convergent frons.

Female: Length of body 9.0 mm, of right wing 7.3 mm. Eyes bare, golden brown.
without evident banding. Postorbital hairs long, black medianly and shorter, pale sub
medianly and laterally. Frons narrowed below, ca. 5Ax taller than basal width, with
index of divergence (width at vertex/width at base) 2.1, golden pollinose with scattered,
long dark hairs throughout (absent on basal callus), these hairs somewhat denser toward
vertex. Basal callus golden apically, brown basally, shape as in Fig. 2. Median callus
golden, elongate, thin, reaching ca. 0.7 height of frons, connected to basal callus. Ocellar
tubercle obscured by debris, dark brown; ocelli inconspicuous, only vestiges of anterior
ocellus visible. Vertex (Fig. 2) poorly discernible. Subcallus brown, predominantly bare.
Frontoclypeus brown with sparse, long dark hairs; genae slightly darker brown, par
tially covered with pale pollinosity, short, scattered dark hairs and long pale hairs, the
latter readily discernible in photographs (Fig. 4) but not by microscopic examination.
Antennae with scape, pedicel, and basal plate of 3rd segment dark orange-brown, the
style dark brown; scape, pedicel and dorsal process of basal plate black-haired. Left
antenna 1.32 mm long, with 3rd segment ca. 2.3x longer than length of scape and pedicel
combined. Palpi orange-brown, slender, elongate, shape as in Fig. 4, with apical seg
ment ca. 6x longer than greatest diameter in lateral view and beset with numerous
black hairs on all surfaces; basal palpal segment clothed with numerous long, pale hairs
and scattered, long black hairs. Proboscis orange-brown, length subequal to that of
palpi but shorter than height of head.

Mesonotum metallic orange-brown to golden without longitudinal stripes, moder
ately clothed with short, dark recumbent hairs medianly and scattered, longer erect
dark hairs anteriorly, anterolaterally and laterally. Scutellum and prescutellum bare
except for scattered long dark hairs laterally on former. Notopleuron heavily clothed
with long dark hairs. Pleura ground color dark brown, covered in part by golden pol
linosity appearing as a metallic sheen; sparsely pale-haired except for katatergite, the
latter densely covered with long pale hairs. Knobs of halteres dark brown, the stems
light brown. Right wing 7.3 mm long, hyaline except for a faint cloud apically at furca
tion (junction of R4 and R5 veins) that appears to be an artifact of preservation; venation
normal, 1st posterior cell open widely, lacking appendix on 3rd vein; stigma dark brown;
slightly more than apical 112 of left wing missing. Basicosta sharply pointed, bare api
cally, with sparse setulae basally. Costa, subcosta, and R1 clothed with dark, robust,
short setae. Coxae and femora brown, covered partly with golden pollinosity presenting
as a metallic sheen, dark-haired with some pale hairs ventrally. Tibiae and tarsi orange
brown to dark brown, black-haired; fore- and hindtibiae without apical spurs, midtibiae
with 2 strong spurs apically; tarsi with paired claws subequal in length.

Abdomen orange-brown to dark brown in ground color with posterior sternites and
tergites darkest, predominantly dark-haired, lacking conspicuous pubescent color pat
terns.

Holotype female. The fly is named after its discoverer, J. Brodzinsky, of Santo
Domingo, Dominican Republic. The piece of amber containing the fly described here is
currently owned by J. Brodzinsky and is now being held in the amber collection of G. O.
Poinar, Jr., at the University of California, Berkeley (accession number D-7-101).

DISCUSSION

The fossil Stenotabanus possesses characteristics of the subfamily Tabaninae and
the tribe Diachlorini listed by Mackerras (1954). Additionally, it meets the generic
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Figs. 1-4. Female Stenotabanus brodzinskyi n.sp. in Dominican amber: I-Dorsolat
eral view of entire fly; 2-Anterior view of head showing details of eyes, subcallus,
frons, and vertex in part; 3-Ventral view of antennae; 4-Ventrolateral view of head
displaying palpus and proboscis.

criteria for Stenotabanus presented by Fairchild (1980, p. 168), which include the ab
sence of strong setae on the basicosta and the presence of a tubercle at the vertex.
Fairchild (1980) recognized 3 groups of Hispaniolan Stenotabanus, namely, the subgenus
Aegialomyia and the brunettii and fenestra groups consisting of 2, 3, and 3 species,
respectively. Of these 8 species, 7 are endemic to the Dominican Republic and 1 is
widespread in the Greater Antilles.

The fly described here does not belong to the subgenus Aegialomyia because the
height of the frons is ca. 5.4 times its basal width (vs. less than 4 times as high as basal
width in Aegialomyia) and it has a prominent tubercle at the vertex (vs. small tubercle
at vertex in Aegialomyia). On the other hand, its clear wings and seemingly unstriped
mesonotum warrant tentative placement of this fly in the fenestra group which contains
S. fenestra Williston, S. marcanoi Fairchild, and S. hispaniolae Bequaert. In Fairchild
(1980), it keys out to S. marcanoi from which it differs by its smaller size (body 9 mm
long vs. 11 mm in marcanoi); the apparent absence of white hairs on the frontoclypeus,
legs and sternites; lack of a short appendix at the fork of the 3rd vein; and having palpi
and proboscis subequal in length (vs. proboscis about twice the length of the palpi in
marcanoi).
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The published fossil record for Tabanidae reviewed by Moucha (1972) may be up
dated as follows: Chrysops is represented by 1 species from the Eocene of France;
Silvius by 1 species from the Miocene of North America; Tabanus by 1 species from
the upper Oligocene and 1 subspecies from the upper Pliocene of Germany, 2 species
from the Miocene of North America, and probably 1 species from the Oligocene of the
Isle of Wight; Haemtopota by 1 species from upper Eocene Baltic amber; and
Stenotabanus by 1 species from early Miocene-late Eocene Dominican amber (Stucken
berg 1975, present study). In addition the Baltic amber Silviuslaticornis, though osten
sibly a chrysopsine, was misplaced generically by Hennig (1967) and needs to be
reevaluated (Stuckenberg 1975). Thus, the discovery of the Dominican amber
Stenotabanus brings to 9 the number of fossil tabanid species reported in the literature.
Moreover, this fly represents the first fossil member of the tribe Diachlorini and of the
genus Stenotabanus to be described. Unfortunately, a clue to the probable feeding
habits of this tabanid cannot be found among the 3 related Dominican species of
Stenotabanus assigned to the fenestra group inasmuch as their biologies are unknown
(Fairchild 1980).

Two of us (G.B.F. and R.S.L.) are preparing for publication the description of
another female Stenotabanus embedded in a piece of Dominican amber. This specimen,
which was obtained from the same montane region as our fly, represents another unde
scribed species.
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POLLEN-FEEDING IN POECILOGNATHUS PUNCTIPENNIS
(DIPTERA: BOMBYLIIDAE)

MARK A. DEYRUP
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ABSTRACT

Females of the bombyliid fly Poecilognathus punctipennis (Walker) feed avidly on
pollen of Commelina erecta L. and Tradescantia roseolens Small (Commelinaceae). The
front tarsi rapidly rake pollen from slits in the sides of the anther and transfer the pollen
to the tip of the proboscis. Specialized tarsal hairs may assist in pollen collection. Pollen
appears to be mixed with a liquid as it is transported the length of the proboscis. The
stomach of pollen-collecting flies is distended with pollen. Pollen was also found in
stomachs of females of Geron sp. Several types of evidence suggest that P. punctipennis
females are specialized to exploit pollen of Commelinaceae, especially T. roseolens.
There is no evidence that the plants have a coevolved symbiosis with the flies.

RESUMEN

Hembras de la mosca bombilid Poecilognathus punctipennis (Walker) comen
avidamente el polen de Commelina erecta L. y Tradescantia roseolens Small (Com
melinaceae). El tarso frontal rapidamente rastrilla el polen en las rajadas a los lados del
anter y transfiere el polen a la punta de la probocis. Pelos tarsales especializados
pudieran asistir en colectar el polen. El polen parece estar mezclado con un liquido
cuando es transferido a 10 largo del probocis. El est6mago de las moscas colectoras de
polen es distendido por el polen. Tambien se encontr6 polen en los est6magos de hembras
de la especie Geron. Varios tipos de evidencia sugieren que hembras de P. punctipennis
estan especializadas para explotar el polen de Commelinaceae, especialmente el de T.
roseolens. No hay evidencia que las plantas tengan una simbiosis coevolucionaria con
las moscas.

In the Sixth Century B.C., Aesop explored the problem of incompatible mouthparts:
when the fox invited the stork to dinner, the soup was served in saucers; when the
stork returned the invitation, the soup was served in narrow-mouthed urns. Nectivor
ous insects with elongate haustellate mouthparts adapted for probing deep within tubu
lar flowers often face the stork's dilemma. These insects are usually in contact with a
rich source of amino acids in the form of pollen, but it is mechanically difficult to ingest
this food source. Several species have overcome this problem. Heliconius butterflies
secrete a digestive fluid onto masses of pollen before imbibing (Gilbert 1972), and some
swallowtails perhaps use a similar pollen-lubricating system (DeVries 1979). Certain
syrphid flies have long been known to feed on pollen; species with a long proboscis
accumulate pollen on the front tarsi, removing it with the labellum (Holloway 1976).

Many species of flower-frequenting bombyliid flies have a long proboscis for extract
ing nectar. It has often been assumed that nectar is the chief nutrient of these flies;
various authors provide general discussions of bombyliid biology, mentioning only nec
tar as the food of the adult flies (Cole 1969, Curran 1934, Hall 1981). Oldroyd, in his
excellent compendium of dipteran habits (1964), states that bombyliids differ trophically
from other Asilomorpha in that protein-feeding has shifted to the larval stage. For some
time, however, evidence has been accumulating that pollen is a major component of the
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diet of adult bombyliids, especially the females. Graenicher (1910) noted that Bombylius
sp. visits flowers that produce only pollen. Painter and Painter (1965) state that adult
bombyliids feed on both nectar and pollen. Recent studies (Toft 1984a, 1984b, Grimaldi
1988) show that pollen-feeding is an important activity in certain bombyliids. According
to bombyliid specialists pollen-feeding is virtually universal in female bombyliids, with
the exception of species that lack functional mouthparts (personal correspondence: Neal
Evenhuis, Jack Hall, John Neff).

Poecilognathus punctipennis (Walker) is a small bombyliid (length of wing 4-7 mm)
in the subfamily Phthiriinae. It has been reported as widely distributed (Painter &
Painter 1965), but now appears to be restricted to Florida and Georgia (Neal Evenhuis,
personal communication). Some species of Poecilognathus have been recorded as pre
daceous on grasshopper egg pods (Hull 1973); the larval habits of P. punctipennis are
unknown. In spring of 1988, Alan Herndon, a botanist visiting the Archbold Biological
Station in south-central Florida, noticed a bombyliid manipulating the anthers of
Tradescantia roseolens Small. Subsequent observations showed that these flies have a
specialized pollen-gathering behavior. This behavior and associated morphological fea
tures are described below.

METHODS

All observations were made at the Archbold Biological Station (ABS), 10 km south
of Lake Placid, Highlands Co., Florida. The ABS is on the the Lake Wales Ridge,
whose well-drained sandy soils are suitable for a large variety of Bombyliidae. The
observation sites were the edges of firelanes in scrubby flatwoods, where the host
plants are common and easily observed. Field observations were made with a lOx hand
lens, and photographed with a Nikon model F camera equipped with macro lens and
extension ring. A few flies were willing to feed in the laboratory in plastic Petri dishes
and could be observed with a dissecting microscope. The discussion of behavior in the
field is based on observations of 542 flies, some of which might have been the same
individuals seen on consecutive days. Pollen-feeding was studied 19 May-2 June 1988.
Seasonal flight activity was monitored with 2 small Malaise traps operated continuously
for 3 years in the same 2 sites along trails in mature sand pine scrub habitat. All insects
and plants were identified by the author. Voucher specimens are in the collection of the
ABS and in the Florida Collection of Arthropods (Gainesville, FL).

OBSERVATIONS AND DISCUSSION

The feeding behavior of P. punctipennis is easily observed, as the flies have a
predictable schedule and are intent on their feeding. They assemble on newly opened
flowers of Tradescantia roseolens (Fig. 1), Cuthbertia rosea Ventnat, and Commelina
erecta Linnaeus (Fig. 2) around 7:00 AM, and begin avidly feeding on pollen. T.
roseolens is the favored host; C. erecta has fewer fertile anthers, and C. rosea is rela
tively uncommon. Pollen is the only nutrient available to the flies, as these flowers, like
all Commelinaceae, produce no nectar (Robert Faden, personal communication). The
flies may be attracted by odor as well as by visual stimuli, as T. roseolens has scent-pro
ducing hairs on the stamens (Fig. 3). No odor was detected from the other host species.
Artificial flowers of purple paper attracted flies, but these flies remained on the flowers
for only a second or two. Once they begin to feed, the flies are not easily disturbed and
can be observed with a hand lens. Photographic flashes did not appear to disrupt feed
ing. By 9:00 AM the anthers are senescing, and the flies disappear.

Several flies may feed simultaneously on a flower (Fig. 1), especially on T. roseolens,
which has 6 pollen-bearing anthers. C. erecta has a single large, yellow, fertile anther
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Fig. 1. Poecilognathus punctipennis feeding on anthers of Tradescantia roseolens.

Fig. 2. P. punctipennis feeding on fertile anthers of Commelina erecta.
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Fig. 3. P. punctipennis removing pollen from anther of T. roseolens.

(similar to the anthers of T. roseolens) , 3 sterile yellow anthers, and 2 inconspicuous
fertile anthers (Fig. 2). No more than 3 flies can feed simultaneously on C. erecta, and
usually there are only 1 or 2. The flies show no overt territorial behavior, such as that
described by Evenhuis (1983). If a fly finds no unoccupied anther, it usually leaves.
Since the extraction of pollen involves very rapid movements of the tarsi along the sides
of the anther, it is impossible for 2 flies to work effectively on the same anther.

Pollen is collected by raking the front tarsi across the pollen-bearing surfaces of the
anther. In T. roseolens pollen issues from the sides of the anther. The anther is on a
highly flexible peduncle, and the fly rapidly bats the anther back and forth while scrap
ing off the pollen. The fertile yellow anther of C. erecta is very similar to the anthers
of T. roseolens and is treated similarly by the flies (Fig. 6). The 2 additional fertile
anthers have pollen on the dorsal surface; the flies remove this pollen easily (Fig. 2).
Pollen collection may be assisted by modified hairs on the bottom and sides of the last
4 tarsal segments. There are 2 subterminal ventral and 2 subterminal lateral hairs on
segments 2 to 5, 3 to 5 lateroventral hairs along the inner sides of segments 3 to 5, and
I or 2 lateroventral hairs along the outer sides of segments 3 to 5. In the laboratory the
tips of these hairs adhere weakly to a fine human hair touched against them. The
unmodified hairs of the tarsi have no adhesive properties. Such hairs are found in many
other genera of Bombyliidae, and probably also serve in pollen collecting (John Neff,
personal communication).

Pollen is transferred to the proboscis in a flicking motion that is almost too rapid to
see (Figs. 3-5). The leg is raised and the tarsi quickly wiped across the tip of the
proboscis, which is simultaneously lowered and retracted, with a retraction of the entire
oral cone (See Lundbeck 1908 for a description of the mouthparts of Poecilognathus).
The labellae spread and the labrum and/or hypopharynx protrude as the pollen is taken
in. The wiping of the tarsi across the proboscis occurs at irregular intervals from less
than a second to about 1.5 seconds apart. Both tarsi are used in transfer of pollen, but
do not necessarily operate alternately. If only one tarsus is raking across an open pollen
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Fig. 4. Raising leg toward proboscis; proboscis beginning to deflect.

slit, only that tarsus flicks across the proboscis. If both are in contact with a pollen
supply, they touch the proboscis more or less alternately. As a fly approaches a stamen,
it makes rapid raking movements across the petals, glandular hairs, and other parts of
the flower. During these exploratory movements the tarsi seldom touch the proboscis.
This combination of behaviors suggests that the flies sense whether there is pollen
adhering to a particular tarsus. Such a sensitivity should greatly increase the efficiency
of pollen collecting.

The passage of pollen along the proboscis could not be observed directly, and the
mechanism of propulsion remains unclear. The labrum can be seen moving rapidly back
and forth along the trough of the labium while the fly is feeding. The hypopharynx and
maxillae are about as long as the labrum and could also assist in pollen transport. A
simple way to move pollen would be along a rachet of backward-pointing ridges or hairs,
but no such rachet could be seen on any mouthparts. Pollen also could be transported
in a slurry with liquid, and observations seem to support this. Under the microscope a
droplet of liquid with pollen grains sometimes can be seen at the tip of the labella while
the fly is feeding. On one occasion a feeding fly appeared to develop a blockage in the
proboscis, and the labrum was raised partly out of the groove formed by the labium.
There appeared to be a film of liquid, held by surface tension or viscosity, between the
labrum and the labium. The stomachs of freshly killed flies contain relatively large
amounts of pollen with relatively small amounts of liquid, and it may be that much of
the liquid is strained out before it reaches the esophagus.

P. punctipennis is not the only pollen-feeding species of small bombyliid at the ABS.
A series of 7 females and 8 males of Geron sp. nr. vitripennis Loew (Gerontinae) were
captured in an open scrub area. All of the females and none of the males had pollen in
their stomachs. Some specimens were taken on flowers of Stipulicida setacea Michaux,
and the pollen in all the females was similar to the pollen of this plant. The anthers of
this tiny (2 mm) flower are inside the corolla, and the flies are scarcer and more wary
than P. punctipennis, making it difficult to observe pollen-feeding in this species of
Geron.
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Fig. 5. Leg wiping front tarsus on tip of proboscis; proboscis deflected, oral cone
retracted.

Fig. 6. P. punctipennis on centralfmile anther ofC. erecta.
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Although nothing is known about pollen-gathering mechanisms in other species of
Poecilognathus or in the Phthiriinae, it is possible to speculate in a general way about
the evolution of pollen-feeding in P. punctipennis. Holloway (1976) has suggested that
the transfer of pollen from the front tarsi to the mouthparts of the syrphid Eristalis
tenax Linnaeus might have evolved from cleaning behavior, and a parallel evolution

'seems likely in P. punctipennis or its ancestral lineage. If pollen-feeding is widespread
among species ofPhthiriinae, as seems likely, it does not follow that the pollen-gathering
mechanisms are uniform. The anthers of T. roseolens and the central fertile anther of
C. erecta, with their pollen issuing from lateral grooves, could not be easily depollinated
directly with the proboscis. The extreme wobbliness of the anther on its flexible pedun
cle would make direct removal of pollen even more difficult. The position of the anther
on a highly flexible peduncle may be general adaptation that not only facilitates shedding
of pollen, but also makes pollen more easily removed by insect legs (such as those of
bees) than by mouthparts. Some anther configurations may allow or require direct
feeding even by a species with a long proboscis. The Geron species mentioned above is
not likely to use its feet to extract pollen from the corolla of Stipulicida, and Bombylius
spp. appear to take pollen directly from flowers of Hedyotis (Grimaldi 1988).

Beyond the possibly specialized mechanism of pollen removal, there is some evidence
that P. punctipennis has a specialized relationship with members ofthe Commelinaceae.
P. punctipennis has never been seen to feed on a variety of plants that bloom in close
proximity to its commelinaceous hosts. These flowers include Befaria racemosa Ventnat
(Ericaceae), Bidens pilosa L., Wedelia trilobata (L.) (Asteraceae), Bonamia villosa
(Nash) (Convolvulaceae), Callicarpa americana L., Lantana camara L. (Verbenaceae),
Cleome aldenella Ernst (Capparaceae), Licania michauxii Prance (Rosaceae), Serenoa
repens (Bartram) (Palmaceae), and Ximenia americana L. (Oleaceae).

Seasonal flight activity of P. punctipennis may be correlated with the principle
blooming period of its floral hosts, especially T. roseolens. When the blooming period
of T. roseolens ended in June of 1988, P. punctipennis disappeared, even though C.
erecta flowers were still almost as abundant as earlier. Results of a 3-year survey of P.
punctipennis taken in continuously operating Malaise traps showed a high correlation
of bee fly activity with floral phenology. The total catches of P. punctipennis for the 3
years are: April:39, May:73, June:20, November:2, December:1. Like P. punctipennis,
T. roseolens has previously been considered a widely distributed species, but recent
evidence shows it to be restricted to Florida and Georgia (Robert Faden, personal
communication).

During this study P. punctipennis was by far the most abundant insect on T.
roseolens and C. erecta. Observations in the laboratory and field showed that P.
punctipennis usually has small amounts of pollen adhering to its body (Fig. 2), and may
transfer this pollen to the stigma. An individual fly, when given the opportunity, will go
from one anther to another on the same flower until all the pollen is consumed, but in
normal field conditions the flies are frequently forced to move from flower to flower
because of crowding or because of disturbance by other insects. P. punctipennis, there
fore, may cross-pollinate its floral hosts. However, the general impression is that rela
tively small numbers of bees and hairy syrphids, moving rapidly from flower to flower,
are likely to be more important in cross-pollination than is P. punctipennis. Potential
pollinators seen during this study are: on T. roseolens: Bombus impatiens Cresson
(Apidae), Dialictus placidensis Mitchell, D. surianae Mitchell, Augochloropsis
sumptuosus (Smith), Augochlorella striata (Provancher) (Halictidae), Volucella nigra
Greene, V. pusilla Macquart (Syrphidae); on C. erecta: D. placidensis, Volucella barei
Curran; on C. rosea: A. striata. There is no reason to suspect any coevolved symbiotic
relationship between P. punctipennis and its floral hosts. If there has been coevolution,
it may have been in the direction of making pollen more difficult to collect. In the case
of C. erecta, it may be that the central Tradescantia-like fertile anther tends to distract
the flies away from the inconspicuous pair of fertile anthers with their exposed pollen.
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Predation may be a significant factor for both flies and flowers. There were 6 in
stances of flies captured by immature Misumenops sp. (Thonsidae) and a case of preda
tion by Vespula squamosa (Drury). Flies on C. erecta, especially those on tall, exposed
plants, were unusually wary and easily disturbed. Anthers were frequently eaten by
the tettioniid Odontoxiphidium apterum Morse, the petals of T. roseolens were eaten
by Oulema laticollis White, and the petals of C. erecta were eaten by Lema cornuta
(Fabricius) (Chrysomelidae).

SUMMARY AND CONCLUSIONS

Pollen collecting appears to be an important activity of female P. punctipennis,
presumably providing nutrients needed for egg production. There is evidence that this
bombyliid is specialized in its use of Commelinaceae as floral hosts. Other small bom
byliids could also be floral specialists, and there might be a whole array of interesting
behavioral and ecological characters that could be used to clarify the taxonomy and
evolution of this difficult group.

A more immediate question concerns the males of P. punctipennis: 542 females and
no males were seen on the flowers. It is difficult to think of other cases among the
insects in which females aggregate dependably and in large numbers on flowers, and
no males exploit this aggregation for mating purposes. Any patch of flowers is likely to
have a whole set of male flies, wasps, bees, and beetles cruising about waiting for
females, even when there is no specific floral relationship, and the chances of finding a
female are much less than in the situation of P. punctipennis. Males are still flying
while females are feeding, as records of males (from Malaise traps) extend through early
June. The simplest explanations would involve highly efficient mate-finding mechanisms
prior to pollen-feeding, or a mechanism to prevent insemination once pollen-feeding
begins. In either case, interesting behavioral problems remain for future studies of P.
punctipennis and its congeners.
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21 days) of teflubenzuron on DBM management were assessed. Teflubenzuron was
more effective than other insecticides at suppressing DBM populations and protecting
plants. The percentages of marketable cabbage heads were 98, 98, 83, 80, and 50% on
plants treated with teflubenzuron at 0.022 and 0.044 kg ai/ha, methomyl in combination
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ABSTRACT

The potential of the chitin synthesis inhibitor, teflubenzuron (CME 13406), for man
aging populations of diamondback moth (DBM), Plutella xylostella L., on cabbage was
assessed during two consecutive growing seasons in southern Florida. In the first year,
the effectiveness of two rates of teflubenzuron at managing DBM populations was com
pared with those of three commonly used insecticides, fenvalerate, methamidophos, and
methomyl in combination with Bacillus thuringiensis var. kurstaki, applied at recom
mended rates. In the second year, the effects of different treatment intervals (7, 14 or
21 days) of teflubenzuron on DBM management were assessed. Teflubenzuron was
more effective than other insecticides at suppressing DBM populations and protecting
plants. The percentages of marketable cabbage heads were 98, 98, 83, 80, and 50% on
plants treated with teflubenzuron at 0.022 and 0.044 kg ai/ha, methomyl in combination
with B. thuringiensis, fenvalerate, and methamidophos, respectively, and was 17% in
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nontreated plots. In the second year, teflubenzuron (0.033 kg aiJha) was consistently
more effective than other insecticides at suppressing DBM populations. DBM popula
tions and the percentages of marketable heads did not differ among plants treated with
teflubenzuron at 7-, 14-, and 21-day intervals, suggesting that the negative effects of
teflubenzuron on DBM were persistent. The potential importance of teflubenzuron in
DBM management programs in Florida is discussed.

RESUMEN

El potencial del inhibidor de la sintesis de quitina, teflubenzuron (CME 13406), para
administrar poblaciones de alevillas de Plutella xylostella L., fue evaluado durante dos
temporadas del cultivo de repollo en el sur de la Florida. En el primer ano se compar6
la efectividad de dos proporciones de teflubenzuron en administrar poblaciones de P.
xylostella con tres insecticidas comunmente usados, fenvalerate, metamidofos, y
metomil en combinacion con Bacillus thuringiensis var. kurstaki, aplicados ala propor
ci6n recomendada. Se evaluaron en el segundo ano los efectos de diferentes intervalos
de tratamiento (7,14,021 dias) de teflubensuron en la administraci6n de P. xylostella.
Teflubenzuron fue mas efectivo que otros insecticidas en suprimir poblaciones de P.
xylostella y en protejer las plantas. El porcentaje de cabezas de repollos vendibles fue
98, 98, 83, 80, y 50% en plantas tratadas con teflubenzuron a 0.022 y 0.44 kg (ai)/ha,
metomil en combinaci6n con B. thuringiensis, fenvalerate, y metamidofos, respec
tivamente, y fue 17% en las parcelas no tratadas. En el segundo ano, teflubenzuron
(0.033 kg aiJha) fue consistentemente mas efectivo que otros insecticidas en suprimir
poblaciones de P. xylostella. No hubo diferencia en poblaciones de P. xylostella y el
porcentaje de cabezas vendibles entre plantas tratadas con teflutenzuron a intervalos
de 7,14,021 dias, sugeriendo que los efectos negativos de teflubenzuron en P. xylostella
fueron persistentes. Se discute el potencial de la importancia de teflubenzuron en prog
ramas de administraci6n de P. xylostella.

The diamondback moth (DBM), Plutella xylostella L., is the most important insect
pest of cole crops during the winter growing season in southern Florida (Jansson, per
sonal observation). Current management programs rely on chemical and biological insec
ticides. Recently, several insecticides, including methamidophos and fenvalerate, were
ineffective at managing DBM populations in certain commercial cabbage, Brassicae
oleracea L., fields in southern Florida. Insecticide-resistant DBM populations are
known to occur in many areas of the world (Sudderuddin & Kok 1978, Liu et al. 1981,
Cheng 1986, Miyata et al. 1986, Sun et al. 1986, Tabashnik et al. 1987), including central
Florida (G. L. Leibee, personal communication). For this reason, alternative tactics are
needed to improve current DBM management programs in Florida.

One approach that has potential is the use of chitin synthesis inhibitors, benzoyl
phenyl ureas (e.g., teflubenzuron [CME 13406]), for DBM management. This group of
compounds has been evaluated for its potential at managing insecticide-resistant DBM
populations in several countries (Becker 1986, Kohyama 1986, Lim & Khoo 1986, Sagen
mueller & Rose 1986). Currently, cross-resistance between conventional insecticides
and these compounds has not been documented (Perng & Sun 1987). However, certain
DBM populations in southeast Asia have developed resistance to benzoylphenyl ureas
(Perng et al. 1988). The present study determined the effectiveness of teflubenzuron
at managing DBM populations on cabbage in southern Florida, and determined the
effects of different application intervals (7, 14, or 21 days) of teflubenzuron on DBM
population suppression and corresponding field plant protection. This information will
help develop an application strategy for teflubenzuron on cabbage in Florida and sub
sequently minimize the number of applications needed per growing season, delay tef
lubenzuron resistance, and reduce environmental contamination.
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MATERIALS AND METHODS

Two experiments were conducted during the 1986-1987 and 1987-1988 growing sea
sons in southern Florida. Rockdale soil was fumigated with Terr-O-Gas (75% methyl
bromide, 25% chloropicrin; 242 kg/ha) and covered with black (1986) or blue (1987)
plastic mulch one to two weeks before planting; mulch was perforated on 17 November
1986 and 9 December 1987. Certified seeds of 'Rio Verde' cabbage were incorporated
into a germination mix (Pro-Mix®) and direct seeded at the University of Florida's
Tropical Research and Education Center on 18 November 1986 and 14 December 1987.
Plants were spaced 0.3 m apart within each of two rows that were 0.76 m apart on
1.83-m center beds. In the 1986-1987 growing season, treatment plots were 2 rows (1
bed) wide by 10.7 m long. A 1.5 m buffer of nontreated plants separated treatment
plots. In the 1987-1988 growing season, treatment plots were 4 rows (2 beds) wide by
12.2 m long. A 3 m buffer of nontreated plants separated each replicate and one non
treated bed and a 1.8 m alleyway separated treatment plots.

In the first year, 1,120 kg/ha of granular (6:12:12 [N:P20 5:K20] and 672 kg/ha of
liquid (7:16:8) fertilizer were applied; in the second year 1,680 kg/ha of granular (6:12:12)
fertilizer were applied before planting. Plants were sprinkler irrigated (4.7-6.3 cm/ha/ir
rigation) twice per week. Maneb (Maneb 80) (Pennwalt Corp., Philadelphia, Pa.) was
applied (3.36 kg ai/ha) weekly for routine management of various foliar plant pathogens.

Treatments were arranged in randomized complete blocks with four replications. In
the 1986-1987 growing season, treatments evaluated were weekly applications of tef
lubenzuron (CME 13406, E. M. Industries, Hawthorne, N.Y.) (15 SC) (0.022 and 0.044
kg ai/ha), methomyl (Lannate 1.8L, E. 1. du Pont Nemours & Co., Wilmington, Del.)
(0.5 kg ailha) in combination with Bacillus thuringiensis var. kurstaki (Dipel IX, Ab
bott Laboratories, North Chicago, Ill.) (0.28 kg/ha), methamidophos (Monitor 4L,
Mobay Chemical Corp., Kansas City, Mo.) (0.56 kg ai/ha), fenvalerate (Pydrin 2.4EC,
Shell Chemical Co., Houston, TX) (0.11 kg ai/ha), and a nontreated check. Since tef
lubenzuron was effective at suppressing DBM populations and protecting cabbage
heads, in 1987-1988 we determined if the negative effects of teflubenzuron on DBM
populations and on field plant protection were persistent. Treatments evaluated were
teflubenzuron (CME 13406) (15 SC) (0.033 kg ai/ha) applied at 7-, 14-, and 21-day inter
vals, methomyl (Lannate 1.8L) (0.5 kg ai/ha) in combination with B. thuringiensis var.
kurstaki (Dipel 2X) (0.28 kg/ha), fenvalerate (Pydrin 2.4EC) (0.11 kg ai/ha), and a
nontreated check. An intermediate application rate (0.033 kg ai/ha) for teflubenzuron
was selected because both the low (0.022 kg ai/ha) and high (0.044 kg ai/ha) rates used
in the first year were equally effective at managing DBM populations. The methomyl
in combination with B. thuringiensis and fenvalerate treatments were applied at 7-day
intervals. In 1986-1987, treatments were applied on 7 dates: 8, 15, 22, and 29 January
5, 11, and 18 February 1987. In 1987-1988, teflubenzuron (7-day interval), methomyl in

combination with B. thuringiensis, and fenvalerate were applied on 10 dates: 14, 21,
and 27 January 3, 10, 17, and 24 February, and 2,9, and 16 March 1988. Treatments
of teflubenzuron at 14- and 21-day intervals were applied on 5 dates (21 January, 3 and
17 February, and 2 and 16 March) and 3 dates (21 January, 10 February, and 2 March),
respectively. Treatments were applied with a tractor-mounted single-bed boom sprayer
with two disc cone nozzles (D-4, no. 24) on each side of the bed and one nozzle over the
center of each bed. The sprayer delivered 934.6 l/ha at 4.8 km/hr.

In 1986-1987, data were collected from the center 6 m of each treatment plot, and
in 1987-1988 data were collected from the center 9 m of the two middle rows of each
treatment plot. Numbers of DBM larvae and pupae, and other lepidopterous pests,
including cabbage looper, Trichoplusia ni (Hubner), and cabbage budworm, Hellula
phidilealis (Walker), were recorded on 8 plants per treatment plot on each of 8 dates
in 1987 and 11 dates in 1988. In 1988, DBM larvae were categorized by size: small,
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medium, or large. Foliar damage was rated visually on 24 plants per treatment plot on
26 February 1987, on 8 plants per treatment plot on 4 and 11 March 1988, and on 24
plants per treatment plot on 21 March 1988 using a scale from 1-6 as follows: 1, no
apparent insect feeding; 2, minor feeding on wrapper or outer leavs, 0-1% leaf area
eaten; 3, moderate insect feeding on wrapper or outer leaves with no head damage,
2-5% leaf area eaten; 4, moderate insect feeding on wrapper or outer leaves with minor
feeding on head, 6-10% leaf area eaten; 5, moderate to heavy feeding on wrapper and
head leaves and a moderate number of feeding scars on head, 11-30% ofleaf area eaten:
6, considerable insect feeding on wrapper and head leaves with head having numerous
feeding scars, over 30% of leaf area eaten (Greene et al. 1969). The percentage of
marketable heads was determined on 26 February 1987 and 21 March 1988 by calculating
the percentage of heads with ratings :s 3.

Data were analyzed by the least-squares approach to analysis of variance (SAS
Institute 1985b). Numbers of DBM larvae per plant and the percentage of marketable
heads were transformed to In(DBM + 1) and to the arcsin, respectively, to stabilize
error variance. Normal probability plots and the Shapiro-Wilk statistic or the
Kolomogorov D statistic were used to assess homogeneity of error variance (SAS Insti
tute 1985a). The significance of differences among treatment means was assessed using
the Waller-Duncan K-ratio t-test (SAS Institute 1985b). On several dates, the mean and
variance for certain insecticide treatments of some insect counts were equal to O. For
this reason, these data could not be analyzed by least squares analysis of variance.
These treatments were assumed to be significantly different from other treatments if
owas outside the range of the 95% confidence interval of treatments with a mean> O.
To further assess the effects of teflubenzuron on plant protection from DBM, square
root transformed damage ratings were regressed on the application interval of tefluben
zuron for each of the three dates that damage was rated (SAS Institute 1985b). Also,
the percentages of marketable heads per replicate at harvest were regressed on the
corresponding teflubenzuron application interval.

RESULTS AND DISCUSSION

1986-1987 Growing Season

Abundance of DBM did not differ among most treatments on the first four sample
dates; however, DBM were 1.5-26.0 times more abundant on nontreated plants than on
plants treated with insecticides (Table 1). On the last four sample dates, DMB larvae
were 2.3 to > 56.0 times more abundant on nontreated plants than on plants treated
with insecticides. On 30 January and 9 February, fewer DBM larvae were found on
plants treated with teflubenzuron (either 0.022 or 0.044 kg ailha) than on those treated
with methomyl in combination with B. thuringiensis, fenvalerate, and methamidophos.
On 16 and 23 February, DBM populations did not differ among most insecticide treat
ments; however, more DBM (although not consistently significant) were found on plants
treated with methamidophos than on those treated with fenvalerate, methomyl in com
bination with B. thuringiensis, and teflubenzuron.

Damage ratings and corresponding percentages of marketable heads differed among
most treatments (Table 1). Damage ratings of nontreated plants were 1.3-3.4 times
greater than those of plants treated with insecticides. Plants treated with teflubenzuron
(either 0.022 or 0.044 kg ailha) were least damaged. Damage ratings were 1.7, 1.8, and
2.6 times greater on plants treated with fenvalerate, methomyl in combination with B.
thuringiensis, and methamidophos, respectively, than on those treated with teflubenzu
ron. Similarly, the percentage of marketable heads was 2.9-5.8 times greater on plants
treated with insecticides than on nontreated plants. Teflubenzuron treatments resulted
in the highest percentage of marketable heads (97.9%) followed in decreasing order by



TABLE 1. MEAN NUMBERS OF DBM LARVAE PER PLANT DURING THE GROWING SEASON, AND DAMAGE RATINGS AND PERCENTAGES OF
MARKETABLE HEADS PRODUCED AT HARVEST FOR CABBAGE PLANTS TREATED WITH DIFFERENT INSETICIDES AT HOME-
STEAD, FLORIDA IN 1987.

Mean no. DBM per planta %
Insecticide Rate, Dama§,e marketable
treatment Kgailha 2 Jan. 11 Jan. 16Jan. 26 Jan. 30 Jan. 9 Feb. 16 Feb. 23 Feb. rating headsc

Methomyl + 0.50
B. thuringiensis 0.28 0.5a 0.9a 0.3b OAb 0.7e OAcd 0.6bc O.lc 2.2c 83.3b

Methamidophos 0.56 0.8a 0.9ab 0.5b 0.8b 1.1b 2Ab 1.2b 0.9b 3.1b 50.Oe
Fenvalerate 0.11 0.7a 0.6b OAb 0.9b 0.8bc l.le OAc 0.2be 2.1e 80.2b
Teflubenzuron 0.022 0.6a LOb 0.5b O.lb 0.2d O.ld O.le O.Oc l.2d 97.9a
Teflubenzuron 0.044 0.7a 0.5b 0.3b 0.5b O.ld O.Od O.Oc O.Oe l.2d 97.9a
Nontreated check -- 0.2a 1.5a l.7a 2.6a 3Aa 5.6a 3.9a 3Aa 4.1a 16.7d

aData transformed to In(DBM + 1) to reduce error variance. Nontransformed means are presented. Means in the same column followed by the same letter are not significantly different
(K-ratio = 100; Waller-duncan K-ratio t-test).

bFoliar damage was rated by the method described by Greene et al. (1969).
'Data transformed to the arcsin for analysis. Nontransformed means are presented.
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TABLE 2. MEAN NUMBERS OF SMALL, MEDIUM, LARGE, AND TOTAL DBM LARVAE, AND DBM PUPAE DURING THE GROWING SEASON ~
~

ON CABBAGE PLANTS TREATED WITH DIFFERENT INSECTICIDES AT DIFFERENT APPLICATION INTERVALS AT HOMESTEAD, 0
FLORIDA IN 1988.

Appli-
Mean no. of small DBM larvae per plantacatIon

Insecticide Rate, interval,
Treatment Kgai/ha days 8 Jan. 15 Jan. 22 Jan. 29 Jan. 5 Feb. 12 Feb. 19 Feb. 26 Feb. 4 Mar. 11 Mar. 21 Mar.

~.,....
Methomyl + 0.50 0

;:!.B. thuringiensis 0.28 7 O.Oa O.la O.la O.lb 0.7b O.lb O.lb O.lbc O.lb O.Ob O.Oa ~

Fenvalerate 0.11 7 0.2a O.Oa O.la O.lb 0.3bc O.lb 0.2b 0.7b 0.6b 0.5ab O.la ~

Teflubenzuron 0.033 7 O.la O.Oa O.Oa O.Ob O.Oc O.Ob O.Ob O.Oc O.Ob O.Ob O.Oa ~
Teflubenzuron 0.033 14 O.la 0.2a O.la 0.2b 0.2c O.Ob O.Ob O.Oc O.Ob O.Ob O.Oa ;;S

<:""I-

Teflubenzuron 0.033 21 0.2a 0.2a O.Oa O.lb O.lc O.lb 0.2b O.lbc O.lb O.Ob O.Oa 0

Nontreated check - - O.la O.la O.la O.4a 1.7a 1.4a 3.5a 3.5a 4.5a 1.1a O.Oa ~
0.,....

Mean no. of medium DBM larvae per plant ~.....
<:I:>

Methomyl + 0.50 <:""I-

B. thuringiensis 0.28 7 O.la O.Oa O.Ob O.Ob 0.2b 0.2b O.lb O.lb O.Oc O.lc O.lb -::J
~

Fenvalerate 0.11 7 O.Oa O.la O.Ob O.lb 0.5b O.lb 0.2b O.4b 0.8b 1.0b O.4a
,.-...
~

Teflubenzuron 0.033 7 0.2a O.Oa O.Oab O.Ob O.Ob O.Ob O.Ob O.Ob O.Oc O.Oc O.Ob
'--"

Teflubenzuron 0.033 14 O.la O.la O.Oab O.Ob 0.3b O.Ob O.Ob O.Ob O.Oc O.lc O.Ob
Teflubenzuron 0.033 21 0.2a O.la O.Oab 0.2ab 0.2b O.lb O.lb O.lb O.lc O.Oc O.Ob
Nontreated check - - O.la O.la O.la O.4a 2.8a 1.1a 2.8a 3.7a 9.1a 3.7a O.lb

Mean no. of large DBM larvae per plant

Methomyl + 0.50
tj
Ctl

B. thuringiensis 0.28 7 O.la O.la O.Oa O.la O.lc O.lb O.lb O.Ob O.Oc O.lc O.Ob (';)
Ctl

Fenvalerate 0.11 7 O.Oa O.Oa O.Oa O.Oa 0.3bc O.Ob O.Ob 0.2b 0.7b 1.6b O.4a S
Teflubenzuron 0.033 7 O.la O.Oa O.Oa O.Oa O.Oc O.Ob O.Ob O.Ob O.Oc O.Oc O.Ob 0"

Ctl
Teflubenzuron 0.033 14 O.la O.la O.Oa O.la 0.5b O.Ob O.Ob O.Ob O.Oc O.lc O.Ob ~~

Teflubenzuron 0.033 21 O.la O.la O.Oa O.Oa O.lc O.lb O.Ob O.Ob O.lc O.Oc O.Ob ~

Nontreated check - - O.la O.la O.la O.la 0.9a O.4a 1.8a 0.9a 5.3a 3.2a 0.2a <:.0
00
00

Mean no. of total DBM larvae per plant



Methomyl + 0.50
B. thuringiensis 0.28 7 0.2a 0.2a 0.2ab 0.2be 1.0b OAb 0.2b 0.2e O.le 0.2e O.lbe

Fenvalerate 0.11 7 0.2a O.la O.lab 0.2be 1.0b 0.2be OAb lAb 2.2b 3.2b 0.8a
Teflubenzuron 0.033 7 0.5a O.la O.Ob O.Oe O.Oe O.Od O.Oe O.Oe O.Oe O.Oe O.Oe
Teflubenzuron 0.033 14 OAa 0.3a 0.2ab 0.2be 1.0b O.Oed O.Obe O.Oe O.Oe 0.2e O.lbe
Teflubenzuron 0.033 21 0.5a 0.3a O.Ob 0.3b OAbe 0.2b 0.2be O.le 0.2e O.Oe O.Oe
Nontreated check - - 0.2a 0.3a OAa 0.9a 5.5a 2.9a 8.la 8.la 19.0a 8.0a 0.3b

Mean no. of DBM pupae per plant

Methomyl + 0.50
B. thuringiensis 0.28 7 O.Oa O.Oa O.la O.la 0.2be O.lbe O.lbe O.lb 0.2b 0.2e O.la

Fenvalerate 0.11 7 O.Oa 0.3a O.Oa O.Oa 0.2be 0.3b 0.2be 0.2b OAb 1.6b 0.6a
Teflubenzuron 0.033 7 O.Oa 0.2a O.la O.Oa O.Oe O.Oe O.Oe O.Ob O.Ob O.Oe O.Oa
Teflubenzuron 0.033 14 O.Oa 0.3a O.la O.la 0.6b 0.2be O.Oe O.lb O.lb O.Oe O.Oa
Teflubenzuron 0.033 21 O.Oa 0.2a O.la O.Oa 0.2be 0.2be O.lb O.lb 0.2b OAe O.la
Nontreated check - - O.Oa O.la 0.2a O.la 1.4a 1.0a 1.7a 1.6a 4.la 3.3a 0.5a

aData trasformed to In(DBM + 1) to reduce elTor variance. Nontransformed means are presented. Means for each life stage within each column followed by the same letter are not significantly
different (K-ratio = 100; Waller-Duncan K-ratio t-test).
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methomyl in combination with B. thuringiensis (83.3%), fenvalerate (80.2%),
methamidophos (50%), and nontreated plants (16.7%).

1987-1988 Growing Season

Abundance of small, medium, large, total larvae, and DBM pupae did not differ
among most insecticide treatments on most dates; however, DBM were consistently
more abundant on nontreated plants than on plants treated with insecticides (Table 2).
In general, DBM were most abundant on nontreated plants followed in decreasing order
by plants treated with fenvalerate, methomyl in combination with B. thuringiensis, and
teflubenzuron (either 21-, 14-, or 7-day application intervals). In general, teflubenzuron
treatments were more effective than other insecticides at managing DBM populations.
Interestingly, abundance of DBM larvae and pupae did not differ among plants treated
with teflubenzuron at 7-, 14-, and 21-day intervals on most sample dates.

Although the numbers of other lepidopterous pests were recorded on plants, few
were found. For this reason, we could not evaluate the effectiveness of teflubenzuron
at managing other pests of cabbage.

Foliar damage ratings differed among most treatments on the three dates that dam
age was assessed (Table 3). Plants treated with teflubenzuron every 7 days were least
damaged. On 4 March, damage ratings were 3.4, 1.9, 1.9, 1.8, and 1.8 times greater on
nontreated plants and plants treated with fenvalerate, teflubenzuron every 21 days,
methomyl in combination with B. thuringiensis, and teflubenzuron every 14 days, re
spectively, than on plants treated with teflubenzuron every 7 days. On 11 March, dam
age ratings were 3.2, 2.1, 2.0, 1.8, and 1.8 times greater on nontreated plants and plants
treated with fenvalerate, teflubenzuron every 21 days, methomyl in combination with
B. thuringiensis, and teflubenzuron every 14 days, respectively, than on plants trea~ed

with teflubenzuron every 7 days. At harvest (21 March), damage ratings were 2.9, 2.2,
2.0, 1.8, and 1.8 times greater on nontreated plants and plants treated with fenvalerate,
teflubenzuron every 21 days, methomyl in combination with B. thuringiensis, and tef
lubenzuron every 14 days, respectively, than on plants treated with teflubenzuron every
7 days. Square-root transformed damage ratings were significantly positively correlated
with the application interval of teflubenzuron on 4 (F = 58.96; P = 0.0001; df = 1,94;
r2 = 0.38; Y = -0.27 + 0.20X), 11 (F = 53.09; P = 0.0001; df = 1,94; r2 = 0.36; Y =
0.42 + 0.23X), and 21 March (F = 216.77; P = 0.0001; df = 1,286; r2 = 0.43; Y =
0.99 + 0.03X). Thus, longer application intervals of teflubenzuron resulted in more
DBM damage to plants.

The percentage of marketable heads was 15.0-18.8 times greater on plants treated
with insecticides than on nontreated plants (Table 3). Plants treated with teflubenzuron
every 7 days produced the highest percentage of marketable heads (97.9%) followed in
decreasing order by plants treated with teflubenzuron every 14 (93.7%) and 21 days
(88.5%), methomyl in combination with B. thuringiensis (88.5%), fenvalerate (78.1%),
and nontreated plants (5.2%). These data were similar to those from the first year. The
percentage of marketable heads was not significantly correlated (F = 4.08; P > 0.05;
df = 1.10; r" = 0.30; Y = 1.028-0.007X) with the application interval of teflubenzuron,
suggesting that the negative effects of teflubenzuron on DBM populations were persis
tent.

In summary, this study showed that teflubenzuron was more effective than fenval
erate, methomyl in combination with B. thuringiensis, and methamidophos at managing
DBM populations on cabbage and protecting cabbage heads from DBM damage. Cab
bage yields were similar among plants treated with teflubenzuron at 7-, 14-, and 21-day
intervals. Teflubenzuron appears to have considerable potential for managing DBM
populations in Florida. Current label restrictions for teflubenzuron limit its use to 6



TABLE 3. FOLIAR DAMAGE RATINGS ON THREE DATES AND THE PERCENTAGES OF MARKETABLE HEADS AT HARVEST FOR CABBAGE
PLANTS TREATED WITH DIFFERENT INSECTICIDES AT DIFFERENT APPLICATION INTERVALS AT HOMESTEAD, FLORIDA IN

1988.

Application Damage rating" %
Insecticide Rate, interval, No. of marketable
treatment Kgailha days applications 4 Mar. 11 Mar. 21 Mar. headsb

Methomyl + 0.50
B. thuringiensis 0.28 7 10 2.2b 2.4c 2.6c 88.5ab

Fenvalerate 0.11 7 10 2.3b 2.8b 3.1b 78.1b
Teflubenzuron 0.033 7 10 1.2c 1. 3d lAd 97.9a
Teflubenzuron 0.033 14 5 2.2b 2.4c 2.6c 93.7a
Teflubenzuron 0.033 21 3 2.3b 2.6bc 2.8bc 88.5ab
Nontreated check - - 0 4.1a 4.2a 4.1a 5.2c

"As in Table 1. Means followed by the same letter within the same column are not significantly different (K-ratio = 100; Waller-Duncan K-ratio t-test).
bData transformed to the arcsin for analysis. Nontransformed means are presented.
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applications per growing season. The present study indicates that adequate control of
DBM may be possible with as few as 5 and perhaps even 3 applications of teflubenzuron
per growing season. Future studies should develop an application schedule for tefluben
zuron so that teflubenzuron selection pressure on DBM populations is minimized and
DBM resistance to teflubenzuron is delayed.
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ABSTRACT

A total of 785 samples of termites was obtained from structures in central and
southern Florida between February 1987 and March 1988. Eleven of the 15 termite
species known from Florida were recorded including six drywood (Kalotermitidae)
species and five subterranean (Rhinotermitidae) species. An unidentified species of
Termitidae, new to Florida, was collected in St. Petersburg. The subterranean termites,
Reticnlitermes flavipes (Kollar) and R. virginicns (Banks), accounted for 57% of the
716 survey samples identified to species, while the drywood termites, Cryptotermes
brevis (Walker) and Incisitermes snyderi (Light), accounted for 36%. Flight seasons for
various species were determined from alate collections. Fumigation for drywood termite
control cost building owners in central and southern Florida ca. $30 million in 1987.

RESUMEN

Se obtuvieron un total de 785 muestras de termes de edificios en el centro y el sur
de la Florida durante el peri6do febrero de 1987 hasta marzo de 1988. Se registraron
11 de las 15 especies conocidas para la Florida, incluyendo 6 especies de termes de
madera seca (Kalotermitidae) y 5 especies de termes subterraneos (Rhinotermitidae).
Se colect6 en St. Petersburg una especie desconocida de Termitidae la cual es nueva
para la Florida. De las 716 muestras identificadas al nivel de especie, 57% fueron termes
subterraneos, Reticnlitermes flavipes (Kollar) y R. virginicns (Banks), mientras las
especies Cryptotermes brevis (Walker) y Incisitermes snyderi (Light) constituyeron la
mayoria de los termes de madera seca y el 36% de los ejemplares. Se determinaron por
ejemplares de termes aladas los vuelos estacionales de varias especies. La fumigaci6n
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ABSTRACT

A total of 785 samples of termites was obtained from structures in central and
southern Florida between February 1987 and March 1988. Eleven of the 15 termite
species known from Florida were recorded including six drywood (Kalotermitidae)
species and five subterranean (Rhinotermitidae) species. An unidentified species of
Termitidae, new to Florida, was collected in St. Petersburg. The subterranean termites,
Reticnlitermes flavipes (Kollar) and R. virginicns (Banks), accounted for 57% of the
716 survey samples identified to species, while the drywood termites, Cryptotermes
brevis (Walker) and Incisitermes snyderi (Light), accounted for 36%. Flight seasons for
various species were determined from alate collections. Fumigation for drywood termite
control cost building owners in central and southern Florida ca. $30 million in 1987.

RESUMEN

Se obtuvieron un total de 785 muestras de termes de edificios en el centro y el sur
de la Florida durante el peri6do febrero de 1987 hasta marzo de 1988. Se registraron
11 de las 15 especies conocidas para la Florida, incluyendo 6 especies de termes de
madera seca (Kalotermitidae) y 5 especies de termes subterraneos (Rhinotermitidae).
Se colect6 en St. Petersburg una especie desconocida de Termitidae la cual es nueva
para la Florida. De las 716 muestras identificadas al nivel de especie, 57% fueron termes
subterraneos, Reticnlitermes flavipes (Kollar) y R. virginicns (Banks), mientras las
especies Cryptotermes brevis (Walker) y Incisitermes snyderi (Light) constituyeron la
mayoria de los termes de madera seca y el 36% de los ejemplares. Se determinaron por
ejemplares de termes aladas los vuelos estacionales de varias especies. La fumigaci6n
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para el control de los termes de madera seca les cost6 a los duenos de edificios en el
centro y el sur de la Florida cerca de $30 millones en 1987.

There are presently 42 described species of Isoptera in the continental United States
of which 15 have been collected in Florida (Table 1). Eight of these species are known
only from Florida and the northern Neotropics, especially the islands of the Bahamas
and Antilles (Snyder 1956). As a result of their prodigious degradation of cellulose,
termites serve an essential role in the detritivore cycle of many tropical and some
temperate ecosystems (Wood & Sands 1978). A large majority of the ca. 2,000 described
termite species do not feed on wood in structures, but rather attack live or decayed
wood, foliage, grass, other plant material, fungi, and miscellaneous organic debris
(Wood 1978, Edwards & Mill 1986). Edwards & Mill (1986) identified 21 pest genera of
termites worldwide, and list approximately 150 species that cause at least minimal
damage to buildings. Although all the described termites of Florida are wood feeders,
no quantitative assessment has been made of their infestation frequency in structural
lumber.

The descriptive foundation for the taxonomy, biology, and distribution of termites
in Florida was published in a landmark study of Nearctic Isoptera by Banks & Snyder
(1920). Later, Light (1934b), Snyder (1934a, 1954), Miller & Miller (1943), and Miller
(1949) contributed additional field information, including notes on structural infestations
and pest status of the Florida termite fauna. Snyder's (1949) world list of Isoptera and
a generic revision of the Family Kalotermitidae by Krishna (1961) provide the present
day nomenclature applied to Florida species.

From February 1987 through March 1988, a survey of pestiferous termites of central
and southern Florida was conducted through a joint effort of the University of Florida
and The Terminix International Co., L.P., a large and long-established pest control

TABLE 1. SPECIES AND DISTRIBUTION OF FLORIDA TERMITES.

Species

Family Kalotermitidae
Calcaritermes nearcticus Snydera

Cryptotermes brevis (Walker)
Cryptotermes cavifrons Banksa
Incisitermes milleri (Emerson)a,b
Incisitermes schwarzi (Banks)a,b,C
Incisitermes snyderi (Light)
Kalotermes approximatus (Snyder)b
Neotermes castaneus (Burmeister)a
Neotermes jouteli (Banks?
Neotermes luykxi Nickle & Collinsa,b

Family Rhinotermitidae
Coptotermes formosanus Shiraki
Prorhinotermes simplex (Hagen)a
Reticulitermes flavipes (Kollar)
Reticulitermes hageni Banks
Reticulitermes virginicus (Banks)

Distribution in Florida

Clay Co. to Sebring
Widely introduced
St. Johns Co. south
Florida Keys
Mostly coastal south
Statewide
Sarasota north
Lake Co. south
Fort Pierce south
Broward, Monroe Cos.

Isolated introductionsd

Coastal Broward, Dade Cos.
Statewide
Statewide, less common
Statewide

aNot known from other 49 states.
bNot collected in present survey.
<Banks and Snyder (1920 report I. 8chwarzi from Pensacola (Escambia Co.)
dBroward, Dade, Escambia, Okaloosa, and Orange Cos.
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firm. We herein report the findings of this survey, review the historical perspective of
termite incidence in Florida, present additional information on the current status of the
state's isopteran fauna, and summarize the frequency and cost of structural fumigations
for termite control in and near the survey area.

MATERIALS AND METHODS

Field personnel from 15 Terminix offices participated in the survey. The service area
of these offices roughly encompassed the three major population centers of central and
southern Florida: greater Tampa Bay, the OrlandolDaytona region, and the coastal
southeast including Miami, Ft. Lauderdale, and the Palm Beaches (Figure 1). Survey
forms and collection vials were distributed to participants. Completed survey forms
provided information including collection dates, locations, and specific evidence and
conditions under which sample specimens were obtained. Termite specimens were pre
served in the field in 7 ml glass vials filled with ethanol:water (85:15).

Terminix personnel, to perform service inspections, obtained unhindered access to
infested structures, usually at the request of a property owner who suspected a termite
infestation. The survey participants were instructed to collect soldiers and/or alate
castes whenever possible to facilitate identification to species. Initials of participants
followed by consecutive collection numbers (e.g. JRM-26) were used as unique codes to
designate each sample. To avoid sample misidentity, a pencil-written code label was
placed in each sample vial and inscribed on the accompanying survey form. Samples
and completed forms were delivered to the laboratory for identification and cataloging
of collection data.

All specimens in each sample were examined under a stereo dissecting microscope
fitted with a 0.02 mmldiv. (at 50X) eyepiece scale. Species determinations were based
on descriptive material in Banks & Snyder (1920), Light (1934c), Emerson & Miller
(1943), Miller (1949), Snyder (1954), Krishna (1961), and Weesner (1965). Identifications
were supported by the collection information provided on the samples' survey forms.
Only alates which were collected live or known to have swarmed on a specific date were
included in the flight data summary (Table 3). Samples containing only workers were
identified to family.

Notices of lawful intent to fumigate structures, submitted by commercial fumigators
to the Florida Department of Health and Rehabilitative Services (FDHRS), Office of
Entomology, were tabulated monthly by FDHRS regulatory inspectors. These data
provide an accurate accounting of structural fumigations for the control of drywood
termites in and near the survey area.

RESULTS AND DISCUSSION

General Findings

A total of 785 termite samples was collected; 716 samples were identified to species,
and the remainder identified to family (Table 2). The samples represented 779 separate
addresses. In six of these locations, two species were found. Sample vial contents ranged
from a few wings, workers (includes larvae, pseudergates, and nymphs), or a single
soldier or alate, to dozens of all three castes. Most alates were collected within struc
tures immediately after dispersal flights. Soldiers, workers, and a few of the alate
samples were extracted from either galleries in wood or from foraging tubes. No repro
ductively active kings or queens were taken.

Seven of eight genera, including 11 of the 15 species from the two families known
to occur within the survey area were collected (Table 1). Incisitermes milleri, I.
schwarzi, Kalotermes approximatus, and Neotermes luykxi were not collected. In



618 Florida Entomologist 71(4) December, 1988



Scheffrahn et al.: Florida Structure-Infesting Termites 619

TABLE 2. TERMITE SPECIES, NUMBER OF SAMPLES COLLECTED FROM EACH SUR
VEY REGION, AND NUMBER OF SAMPLES CONTAINING SOLDIERS COL
LECTED BETWEEN FEBRUARY 1987 AND MARCH 1988.

No. samples by region

Greater Orlando/ Coastal No. samples
Species Tampa Bay Daytona Southeast Total with soldiers

KLOTERMITIDAE
C. nearcticus 0 1 0 1 0
C. brevis 71 6 75 152 17
C. cavifrons 2 2 6 10 2
I. snyden 44 7 53 104 16
N. castaneus 9 0 8 17 2
N.jouteli 0 0 8 8 6
Unidentifieda 23 2 15 40 0

Total 149 18 165 332 43

RHINOTERMITIDAE
C. formosanus 0 1 3 4 3
P. simplex 0 0 3 3 0
R·flavipes 152 44 52 248 85
R. hagenib 5 0 1 6 0
R. virginicusb 84 23 56 163 40
Unidentifieda 18 4 6 28 0

Total 259 72 121 452 128

TERMITIDAE
UnidentifiedC 1 0 0 1 0

'Samples containing only workers.
hR. virginicus and R. hageni soldiers not differentiated. See text.
'Family not previously known in Florida.

Florida, I. millen is known only from the Florida Keys (Emerson 1943, Miller 1949).
These islands were not included in the survey area. I millen has not been found in
structural lumber (E. M. Miller, pers. comm.). I. schwarzi, although common in coastal
mangroves and Everglades hammocks of southern Florida (Luykx 1986) and in native
woods of the coastal southeast, did not, surprisingly, appear in our survey. Banks &
Snyder (1920) considered I. schwarzi to be an abundant species in southern Florida,
and it has been collected from wooden structures on the Yucatan peninsula of Mexico
(Light 1934d), but has not been reported from lumber elsewhere in its Caribbean range.
K. approximatus is common in central and northern Florida (Syren & Luykx 1981),
often found in dead portions of trees (Hetrick 1961), but appears not to favor structural
lumber. Snyder (1934a, 1954) reports that both I. schwarzi and K. approximatus have
been taken from the woodwork of buildings. These were most likely rare infestations.
Neotermes luykxi has recently been described as a new species (Nickle & Collins 1988)
and is known, at present, only from coastal Broward and Monroe counties. Both soldiers
and alates of N. luykxi, however, are very close in appearance to N. jouteli and the
two species can only be distinguished tenuously on the basis of morphometries. Discrimi
nation of these two species can best be accomplished by elucidating chromosome number
(Nickle & Collins 1988) from stained preparations of imago gonad tissue (Syren & Luykx

~
Fig. 1. Survey regions of peninsular Florida: greater Tampa Bay (TB), Orlando/Day

tona (OD), and the coastal southeast (CSE). Patterned circles denote single outlying
collections. Bar represents 100 km.
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1977), or by electrophoresis studies of enzyme patterns (Luykx, et al., in prep.). Sam
ples identified as N. jouteli in this study may, in fact, be N. luykxi.

The numbers of samples of each termite species collected from each of the three
survey regions (Figure 1) are listed in Table 2. Of all samples submitted, 58% (452)
were rhinotermitids, 42% (332) were kalotermitids, and one specimen was a termitid.
On a regional basis, however, the ratio of rhinotermitids to kalotermitids varied sub
stantially as follows: OrlandolDaytona region, 80:20; greater Tampa Bay, 63:37; and the
coastal southeast, 42:58. These and related fumigation data (Table 4) suggest a trend
for more drywood termite infestations in coastal and southern parts of the state. The
eastern subterranean termite, Reticulitermes flavipes, was the most commonly encoun
tered species during the survey, followed by R. virginicus. These two species alone
accounted for 57% of the samples identified to species, in part because the survey period
covered a portion of a second (i. e., spring 1988) flight season of Reticulitermes spp. The
next two most abundant species, Cryptotermes brevis and the southeastern drywood
termite, Incisitermes snyderi, constituted 21% and 15%, respectively. Thus, these four
species comprised 93% of survey samples identified to species.

Seasonal flight patterns for R. flavipes, R. virginicus, I. syderi, and C. brevis are
listed by month and region in Table 3. During the survey period, the months of peak
flight activity for R. flavipes were February and March with fewer samples submitted
in January and April. Some swarming R. flavipes alates were taken in the summer and
fall months. Peak collections of R. virginicus alates were made in April, especially in
the Tampa Bay region, with additional flights occurring in May and June and a steady
but lesser flight activity continuing throughout the year in all survey areas. C. brevis
and I. snyderi alate collections peaked during June in Tampa Bay and Orlando/Daytona,

TABLE 3. ALATE FLIGHT PERIODS FOR FOUR MAJOR STRUCTURE-INFESTING
SPECIES COLLECTED FROM EACH SURVEY REGION BETWEEN FEB-
RUARY 1987 AND MARCH 1988.

Species
No. samples by month

Region Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

R·flavipes
Tampa Bay 20 30 4 1 0 1 0 2 0 1 1 8 14 10
Orl./Dat. 1 11 4 0 0 0 0 0 0 4 0 4 3 2
S.E. coast 1 13 2 0 0 1 0 0 0 0 0 0 7 10
Total 22 54 10 1 0 2 0 2 0 5 1 12 24 22

R. virginicus
Tampa Bay 1 1 31 10 4 2 1 3 1 3 4 6 1 7
Orl./Dat. 0 0 9 6 1 0 0 2 1 1 1 1 0 1
S.E. coast 0 1 9 11 8 4 4 1 5 3 4 0 0 2
Total 1 2 49 27 13 6 5 6 7 7 9 7 1 10

Cr. brevis
Tampa Bay 4 4 4 5 25 6 3 3 4 3 0 1 2 0
Orl./Dat. 0 0 0 0 4 0 1 0 0 0 0 0 0 0
S.E. coast 0 2 7 10 14 19 2 3 5 3 2 1 0 1
Total 4 6 11 15 43 25 6 6 9 6 2 2 2 1

I. snyderi
Tampa Bay 0 2 2 5 22 5 1 0 1 0 0 0 0 0
Orl./Dat. 0 0 1 0 3 0 2 0 0 0 1 0 0 0
S.E. coast 1 3 3 4 6 9 6 6 5 0 1 1 1 1
Total 1 5 6 9 31 14 9 6 6 0 2 1 1 1
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TABLE 4. STRUCTURAL FUMIGATIONS DURING 1987 FOR SELECTED COUNTY

GROUPS IN FLORIDA AS REPORTED TO THE OFFICE OF ENTOMOLOGY,
DEPT. OF HRS, BY PEST CONTROL COMPANIES.

Counties Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

23 16 118 173 210 169 126 104 108 89aCitrus, Lake, Levy
Hernando, Marion,
Seminole, Sumter,
Volusia, and six
"panhandle" cos.b

Hillsborough, Pasco, 1101 1178 1146 1318 1145 2022 2041 1642 1211 1220 1110 765
Pinellas, Polk

Brevard, Indian 161 178 174 229 208 408 379 217 190 166 164 110
River, Martin,
Okeechobee, Orange,
Osceola, St. Lucie

Charlotte, Collier, 11 127 457 462 783 -
DeSoto, Glades,
Hardee, Hendry,
Highlands, Lee,
Manatee, Sarasota

Broward, Dadec
, 1612 1908 1201 1783 1919 2603 2479 2730 2146 2188 2105 1489

Monroe, Palm Beach

Total 2874 3275 2671 3803 3852 5989 5109 4758 3673 3678 3487 2453

"Data unavailable
bDixie, Hamilton, Lafayette, Madison, Suwannee, and Taylor Cos.
'January to June figures for south Dade Co. district are estimates based on north Dade and Broward Co. reports.

and July in the coastal southeast region. As with subterranean termites, elevated ac
tivities were tabulated in the months preceding and following peak months for drywood
termite swarms with sporadic flights occurring during the remainder of the year.

In the following sections, survey results and previous findings will be reviewed in
detail for each species.

Reticulitermes Spp.

R. flavipes is the most widespread and damaging subterranean species in eastern
North America, and has been found from Toronto, Canada and Maine to Florida (Snyder
1954). Banks and Snyder (1920) collected R. flavipes throughout Florida (except the
Florida Keys, as reiterated by Miller & Miller, 1943) and noted swarming records as
early as February in the south and in May in northern Florida. Miller (1949) recorded
flights of R. flavipes in Florida during February, March, April, and rarely, May.
Weesner (1965) reports two flights in April 1965 from Orange Co., Florida. Our records
of intermittent flights during May, July, September, November, December, and
January may reflect deviations from "natural swarms" possibly as a result of colonies
developing in temperature controlled and artificially lighted structures. Of the 46 sam
ples of R. flavipes alates collected in February 1987 and 1988, 34 (74%) were from the
Tampa Bay region. This compares to 40 (53%) of 76 March samples of R. flavipes from
Tampa Bay, indicating earlier flight activity for this species in the Tampa Bay region
than the other two survey regions.
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Reticulitermes virginicus rivals R. flavipes for pest status in Florida. Miller &
Miller (1943) first noted "extreme and consistant damage to human property" attributed
to R. virginicus. The reason may be the higher tolerance to dry conditions by this
species compared to R. flavipes as shown by Collins (1959). The sandy soils found in
many areas of Florida have poor water holding capacity and can become dry, especially
where the vegetative canopy is sparse. It is in these areas where R. virginicus appears
to flourish more readily than R. flavipes. Miller & Miller (1943) also note the presence
of R. virginicus in the arid oolitic soils of the lower Florida Keys.

Structural infestations of R. virginicus may be as severe as any noted for R. flavipes
(Scheffrahn & Su, pers. obs.). Distinguishable by size, R. virginicus alates (and soldiers)
are smaller than those of R. flavipes and their flights characteristically peak about one
month after R. flavipes in a given area. According to records in Banks and Snyder
(1920), the earliest swarm of R. virginicus in any year was on on Feb. 21, 1919 in
Labelle (Hendry Co.). Weesner (1965, 1970) recorded four R. virginicus flights in
Orange Co. in April 1965, one swarm in March, and two in April in Tampa during 1967.
Miller (1949) notes peak flight activity during March and April in southern Florida with
additional swarms in May, October, and November. Dispersal flights of R. virginicus in
our survey were most common during April in the Tampa Bay region, and remained
elevated in May and June for the entire survey area with these three months accounting
for 67% of the alate-containing samples collected in 1987. However, some flights of R.
virginicus occurred in every month surveyed (Table 3). One massive swarm of R.
virginicus in St. Cloud (Osceola Co.) on April 26, 1987 was estimated at nearly 33,000
based on a mean individual dry biomass of O. 769 mg from the 25.278 g of alates recovered
from inside the home the day following the swarm. In another instance, a wooden
interior door was severely damaged within several months from an R. virginicus infes
tation. Termites traveled freely between the door and frame even though the door was
constantly opened, disrupting their only connection to the hinged door. There appear
to be at least two distinct wing color forms of R. virginicus in Florida, a white-veined
and a clear-veined type. Conclusions about these variants will require further investiga
tion.

R. hageni, also a more xeric-adapted species (Collins 1959), is rare, based on our
survey, compared to either of its congeners. Alates of R. hageni are similar in size to
R. virginicus and may be distinguished by the former's light brown color and slender,
cylindrical body form. Soldiers of these two species are morphologically indistinguisha
ble. Banks (1946) found only that the curvature of the mandible tips of R. hageni were
less pronounced than those of R. virginicus and Emerson & Miller (1943) noted a wider
gula in R. hageni. Alate flights for R. hageni were recorded twice in March and De
cember 1987, and once each in June 1987 and February 1988. Weesner (1970) reported
a March 1966 flight in Leesburg (Lake Co.) and an April 1966 swarm in Tallahassee
(Leon Co.), while Miller (1949) lists a fall and winter flight season with peak activity in
January for this species in Florida. These observations suggest that R. hageni colonies
have an asynchronous flight habit in Florida as was reported in southern Florida for
the drywood species, I. schwarzi (Luykx 1986).

Survey samples containing only soldiers of Reticulitermes spp. were identified on
the basis of pronotum width: >0.81 mm = R. flavipes, <0.81 mm = R. virginicus.
Banks (1946) found almost no overlap with this measurement. Because this parameter
did not distinguish the two smaller congeners, a portion of the 40 R. virginicus samples
containing only soldiers may actually have been of the much rarer (123:6 alates) R.
hageni.

Coptotermes formosanus

The Formosan subterranean termite was identified in Hallandale (Broward Co.),
Florida in 1980 (Koehler 1980). In 1984, C. formosanus was discovered infesting struc-



Scheffrahn et al.: Florida Structure-Infesting Termites 623

tures in Orlando (Orange Co.) and in the western panhandle communities of Gulfbreese
(Escambia Co.) and, in 1987, Ft. Walton Beach (Okaloosa Co.) (Su & Scheffrahn 1987a;
R. Beal, pers. comm.). More recently, foragers of this introduced species have been
collected in Hollywood (Broward Co.) and North Miami Beach (Dade Co.) (Su & Schef
frahn, unpublished). Unlike some C. forrnosanus colonies in southern Louisiana which
occur in undisturbed native ecosystems (La Fage 1987), all known infestations of this
termite in Florida are closely associated with human structures. Three survey samples
of C. forrnosanus collected in Hallandale in May, July, and August 1987, all contained
alates, soldiers, and workers. A single alate collected in Orlando in June 1987 confirms
continued presence of this species in central Florida. Massive spring and summer
swarms, beginning in April, are characteristic of this species in the Hallandale area. A
single colony is known to have produced nearly 69,000 alates, all collected from a single
flight staging area (Su & Scheffrahn 1987b). Recently, C. forrnosanus was twice disco
vered infesting private vessels on the southeastern coast of Florida. This implicates a
maritime mode of introduction and dissemination of this threatening pest (Su & Schef
frahn 1987a). Considering its present distribution and affinity for structural lumber in
coastal settings, C. forrnosanus has vast potential to establish in urban and resort
locations along Florida's 13,547 km of tidal shoreline and connected inland waterways.

Prorhinoterrnes simplex

The "Florida dampwood termite", P. simplex, is found only in parts of extreme
southeast Florida originating, most likely, from ancient dispersals from neighboring
islands such as Cuba. In previous accounts (Banks & Snyder 1920, Miller 1949), this
species was not known to forage in the soil, and its colonies appeared restricted to wet
or decaying pieces of wood. However, more recent observations indicate some under
ground travel by P. simplex. A subterranean termite trap (Su & Scheffrahn 1986)
infested by R. fiavipes in early 1987 was found infested exclusively by several thousand
P. simplex foragers when inspected at year's end at its Ft. Lauderdale location (Ban
& Su, unpublished). The trap was not adjacent to wood, suggesting that the termites
located it by soil exploration.

In our survey, we recorded three instances in southeastern Dade Co. of nocturnal
P. simplex swarms in structures. Inspection of one home following a December 1987
flight revealed damage to outdoor wooden fencing and isolated damage to wooden mold
ing in proximity to an interior expansion seam in the concrete slab which separated an
adjoining foundation. It appeared that the termites had foraged a distance to reach the
structure. In 1986, two Dade Co. infestations of homes by P. simplex yielded alates
and foraging castes (J. Mangold, unpublished). In both later structures, no wood-to
ground contact was located. The other two infestations were discovered following alate
flights in March of 1987 and 1988. Miller (1949) observed P. simplex flights in Dade Co.
from October through January, apparently from colonies in native woodlands. He stated
that this species has "considerable economic importance" in Dade County. Based on our
survey results, we would rate P. simplex to be an infrequently encountered pest at this
time and may be more of a nuisance from indoor alate swarms than from feeding dam
age.

Cryptoterrnes brevis

C. brevis was first discovered in Florida in 1918 infesting a building in Key West
(Snyder 1934b). This drywood species, called the "powderpost" or "furniture" termite,
is a pest throughout the tropics (Gay 1969) and has been collected, amazingly, only in
structural lumber and furniture (Edwards & Mill 1986, Bacchus 1987). Miller (1949)
observed an increase in C. brevis infestations over the twenty years leading to his
publication, and by 1954, Snyder (1954) considered C. brevis a major drywood pest in



624 Florida Entomologist 71(4) December, 1988

Florida. Our survey found C. brevis to infest structures in all regions, particularly in
coastal urban centers of West Palm Beach/Ft. Lauderdale/Miami and St. Petersburg/
Tampa. There is a tendency for C. brevis to be especially common in older, downtown
buildings in these cities. A nocturnal swarmer, C. brevis can cause extensive damage,
especially if left uncontrolled, as it will continuously reinfest a structure until structural
framework and wooden contents are severely damaged by numerous colonies. Following
a massive swarm in May 1987, the floor of a Hollywood (Broward Co.) roller rink was
covered with more than 2,850,000 C. brevis wings based on a 1.428 gram sample (100
wings = 5 mg) estimated to represent less than 1% of the wings present in the building.
The swarming of C. brevis alates was a chronic nuisance problem in a Tampa cookie
factory (J. Mangold, unpubl.). The plant manager claimed alates swarmed throughout
the year before a fumigation eradicated the infestation. Weesner (1970) recorded five
flights of C. brevis in May and one each in June and July of 1967, all in Tampa. Miller
(1949) has flight records for March through June in Florida.

Incisitermes snyderi

In addition to Florida, this drywood termite is found in Georgia, Louisiana, Missis
sippi, Alabama, South Carolina, and Texas (Light 1934b, Snyder 1954) making it the
most widely distributed kalotermitid species in the eastern U.S. I. snyderi, originally
confused with Incisitermes marginipennis (Latreille), was not collected in Florida by
Banks and Snyder during their extensive collecting expeditions early in this century,
but they reported an 1880 find in mangroves along the Indian River. Banks & Snyder
(1920) noted that their Georgia collections proved this species was injurious to telegraph
poles and the dry woodwork of buildings. By 1934, Snyder (1934a) recognized I. snyderi
as the most injurious species of Eastern drywood termite. Miller & Miller (1943) stated
that structures were "occasionally" infested by I. snyderi in Florida, and later, Miller
(1949) noted that records of structural infestations were accumulating in the state. As
of 1940, its pest status was on the increase in Miami (Snyder 1954). All these accounts
suggest that, at least in Florida, I. snyderi has become increasingly prominent as a
drywood pest by expanding its niche from native to "introduced" structural wood.

According to Krishna (1961), alates of Incisitermes are recognized from those of
Cryptotermes by wing veination. In Incisitermes spp., the median vein runs to the tip
of the wing, while in Cryptotermes spp., the median vein turns anteriorly to join the
radial sector near the middle of the wing. This character has been used in all keys which
include the Florida species. Banks & Snyder (1920) and Weesner (1965) specify that
forewings be used for identification. Our examination of alates of C. brevis in samples
submitted with soldiers (to verify species) revealed that the turn in the media is variable
or entirely absent. This vein may extend to the wing tip in forewings (Figure 2) as well
as hindwings. I. snyderi wings showed consistency in medial vein character; however,
crossveins between the median vein and radial sector could be mistaken by a novice for
upward branchings of the media. Head width with eyes (Miller 1949) is a consistent
character to separate alates of I. snyderi (1.20-1.35 mm) from C. brevis (1.05-1.15 mm).
Freshly killed, alcohol-preserved alates of I. snyderi are orange-brown, whereas C.
brevis imagos are pigmented a darker green-brown. Future examination of imago fine
structure may yield more definitive morphological features to separate these two sym
patric species. Weesner (1970) lists the following flight records of I. snyderi in Florida:
August 1966 (Miami), December 1967 (Coral Gables, Dade Co.), and May 1967 (Hill
sborough Co.). Miller (1949) records I. snyderi flights from May to November (except
July) and an activity peak in March which we did not observe. This species typically
swarms at night but may fly during the day in structures.
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Fig. 2. Schematic drawings showing vein positions in forewings of Cryptotermes
brevis collected during survey. Median vein (M) turning to radial sector (RS) near
center of wing (a), near apex of wing (b), and extending to wing margin (c). Bar repre
sents 5 mm.

Cryptotermes cavifrons

In our laboratory colonies, this small species requires higher humidity than either
C. brevis or I. snyderi, which may account for its scarcity in interior structural lumber.
As evidenced by our survey, development of a C. cavifrons colony in strueturallumber
requires that the wood be exposed to some periodic external moisture, such as landscape
irrigation or rainfall. Outdoor moldings and wood sidings are examples of wood members
from which C. cavifrons was collected in our survey. Miller (1949) reports a single house
infested by C. cavifrons in Tampa but provides no details. Banks & Snyder (1920) found
a colony in a porch sill in Palm Beach. Although this is a widespread (Table 1) and
common species throughout the state, it is unlikely to become a serious pest.

Flights of C. cavifrons in structures in our survey were recorded three times in
May, and once each in June, July, August, and December. Weesner (1970) received a
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collection of alates from Tampa which had swarmed indoors in March 1967. Miller (1949)
indicates peak flights of C. cavifrons in February and March. Unlike C. brevis, the
smaller C. cavifrons alates have a consistently and clearly upcurved median vein in both
the fore- and hindwings as illustrated by Krishna (1961).

Calcaritermes nearcticus

Next to I. milleri, C. nearcticus is probably the least encountered of the Florida
termites. C. nearcticus and, with less certainty, N. luykxi are the only species which
occur exclusively in Florida. Snyder (1933) described this species from three alates
collected, one each in fruit fly traps located in Clay, Levy, and Orange Counties. In
1940, Miller (1943) collected the first soldiers and ergatoids of this species near Winter
Park (Orange Co.). Subsequent collections of all castes from native wood were made in
Bartow (Polk Co.) and near Jacksonville (Duval Co.) (Miller 1943) and from Sebring
(Highlands Co.) (Miller 1949). Alate flights have been recorded in January and April
(Snyder 1933) and March (Miller 1949). Alates were collected in Gainesville (Alachua
Co.) during a swarm in April 1982 (Hetrick, unpublished). Our survey yielded a single
coilection of ten C. nearcticus alates from a group of several dozen swarming on May
13, 1987 in the early afternoon in a home in New Smyrna Beach (Volusia Co.). It was
unclear if the termites emerged from structural lumber or from a live tree growing
inside an enclosed porch.

Neotermes jouteli

All survey collections of N. jouteli were obtained in the coastal southeast region
(Table 2). Two indoor collections of alates, one in June and one in October 1987, were
recorded. Miller (1949) also reports of spring and fall swarms of this species. Two
survey collections of N. jouteli from Ft. Pierce (St. Lucie Co.) mark its northern limits.
Unverified accounts of N. jouteli occurring in the Tampa area (Miller 1949) may be from
erroneous identifications of N. castaneus. When infesting structures, N. jouteli can
penetrate into sound, dry wood but a moisture source must infuse at least some of the
gallery network to support colony development. According to our survey and personal
observations, N. jouteli colonies are associated with intermittently wetted exterior
wood on porch sidings, fascia boards, and wood trim in structures in the Miami area.

Neotermes castaneus

N. castaneus is the largest termite species in Florida. Soldiers can be distinguished
from those of the slightly smaller N. jouteli by their lack of pigmented eye spots. Unlike
N. jouteli, this species occurs far inland. One survey sample of N. castaneus was ob
tained from Canal Point (Palm Beach Co.) ca. 60 km from the coastline. Moisture re
quirements and structural damage are similar to N. jouteli, however, N. castaneus may
be common in the Tampa Bay region, where nine of the 17 collections were obtained.
Survey records show one flight each in March, May, and July 1987, and January 1988;
and four flights in October, two in November, and three in December 1987. Miller (1949)
records flights in March, June, October, and November. Snyder & Banks (1920) report
N. castaneus swarming in May. Weesner (1970) identified alates which had swarmed
at night in October in Tampa and November in Sarasota (Sarasota Co.), both in 1967,
and North Miami (Dade Co.) in August 1966.

Unidentified Termitid

In the course of termite investigations, we have received four separate collections
of unusual alates from St. Petersburg (Pinellas Co.), one in 1986 and three in 1987 (one
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specimen included in this survey) following July dispersal flights. Superficially, the
unidentified alates resemble dark-winged R. virginicus alates. Their transluscent black
wings and midsummer flight season aroused the suspicion of experienced pest control
personnel, who collected them. Examination of these partially damaged specimens re
vealed that these are in the family Termitidae, a taxon previously not known in Florida.
Specimens had all the characteristics of termitid imagos as described by Light (1934a):
short anterior wing scales (i.e., not overlapping hind wing scales), non-reticulate wing
membrane, and hairy wing margins. Additional termitid characters include two protrud
ing marginal teeth on the left mandible (Ahmad 1950), opaque wing membrane, and
veins in the posterior wing portion which are pigmented and conspicuous throughout
(Weesner 1965). The alates are ca. 8.2 mm in total length and are reminiscent of mem
bers of the genus Amitermes.

The habitat of this obscure native or introduced (unlikely) species has not been
elucidated, and until colonies or foraging groups are collected, its identity will remain
unknown. The nearest members of the Termitidae occur in Cuba, the Bahamas, and the
Yucatan peninsula (Snyder 1956, Light 1934d). Most common Caribbean island species
of Termitidae are in the subfamily Nasutitermitinae which have large alates (>12 mm)
unlike those collected in St. Petersburg.

Incisitermes minor

Incisitermes minor (Hagen), the western drywood termite, is the principal drywood
pest of the Pacific coast, especially California. Hicken (1971) witnessed the fumigation
of a structure in Florida which was infested by I. minor, but gave no further details.
Specimens from two Florida infestations have been recorded by the present authors. I.
minor alates swarmed in a Pompano Beach (Broward Co.) home in June 1986. The
colony was located in a chair moved from California. Another swarm occurred in Sep
tember 1986 in Ft. Lauderdale, again from furniture originating in California. Although
I. minor does not appear to be established in Florida, the potential for a permanent
introduction exists.

Prominence of Drywood Termites in Florida

Florida's geographic position and the near-tropical climate of its southern expanse
provide an ideal habitat for drywood termites. A useful indicator of drywood termite
infestations is the number of structural fumigations which are performed in a given
area. Florida statutes require that a notice of intent to fumigate be filed with state
authorities before any such procedure is instituted. A summary of notices submitted
during 1987 for the regions encompassing the survey is given in Table 4. Records for
45,622 notices were tabulated and an estimated 3,000 additional notices were written
for fumigations in Sarasota and the surrounding southwestern Florida counties. Ter
minix records indicate that only a small percentage of their fumigation notices pertained
either to cancelled or repeats of failed fumigations, or for pests other than drywood
termites (three lyctid and two bostrichid beetle infestations were encountered during
the entirety of this survey). Some fumigations may inadvertently not be reported by
pest control companies. We conservatively estimate that ca. 40,000 fumigations were
performed to control drywood termites in peninsular Florida in 1987 at an average cost
to the consumer of $750 per fumigation, or a total expense of $30 million. The actual
loss to drywood termites in this region is much higher when costs for other methods of
control, damage repairs, and preventive measures are considered. Hamer (1985) esti
mates total losses from drywood termites in Florida at $105 million for 1983.

The numbers in Table 4 indicate, as expected, that more fumigations take place in
populated, coastal counties (i.e. Broward, Dade, Pinellas, and Hillsborough). Numbers
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of structural fumigations in June 1987 showed a 55% increase over May which reflect
the rise in swarming activity of C. brevis and I. snyden observed from alate collections
(Table 3). Terminix company records indicate that samples of drywood termites were
under-represented in our survey as a result of heavy work loads and time constraints
on field collectors to meet customer inquiries during months of peak drywood termite
flight activity. Therefore, drywood termites may account for a greater percentage of
infestations than this survey indicates.
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ABSTRACT
Recent Latin American literature concerning Spodoptera frugiperda (J. E. Smith)

is reviewed. The pest's distribution, economic importance, seasonal abundance, host
plants, life cycle and biology, as well as natural, cultural, genetic and chemical controls
are discussed.

RESUMEN
Se revisa la literatura Latinoamericana que trata del gusano cogollero, Spodoptera

frugiperda (J. E. Smith). Se resume la informacion disponible sobre su distribucion,
importancia economica, abundancia estacional, plantas hospederas, ciclo de vida,
biologia y control.

This literature review is an extension of that which was presented by Andrews
(1980) and includes both previously unencountered pre-1980 publications and recent
citations. This review includes many published summaries of papers presented at reg
ional professional meetings. Most of these citations are not included in any entomological
abstracting service. Brief, preliminary or even superficial, short publications have been
included because they are oftentimes the only published information available on a
particular subject. Moreover, each provides names and addresses which may help
foreign researchers obtain further information through correspondence. For the most
part, English-language references easily accessible to North American researchers
through abstracting services are not included.

MORPHOLOGY

Angulo & Jana (1982) described the pupae of 4 species of Spodoptera encountered
in northern Chile.
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INTRACOUNTRY DISTRIBUTION

In Mexico, Spodoptera frugiperda (J. E. Smith) is a more serious pest in the coastal
states and territories of Michoacan, Oaxaca, Quintana Roo, and Yucatan. It is also
serious in Morelos state. It is of much less importance in highlands areas over 2000 mts
in Puebla, Tlaxcala, Hidalgo, Guanajuato, Queretaro, and Mexico states (Sifuentes
1978). The pest is much more important in the coastal plain of Nicaragua than in interior
areas. The heavy use of insecticides in cotton in the Pacific plain and subsequent destruc
tion of natural enemies may cause this differential abundance (Van Huis 1981). Alterna
tively, the difference in populations in these areas may be a result of the higher biotic
potential of the species where hot conditions and large monocultures predominate.

SEASONAL ABUNDANCE

Manrique et al. (1979) conducted a four-year study involving blacklight traps located
at two sites in Durango and Chihuahua, Mexico. S. frugiperda moths were caught
regularly between June and November but few were trapped from December through
May. In Tamaulipas, Mexico, a three-year study involving staggered maize plantings
from June to November revealed greatest damage in July and October; the least damage
occurred in June and August (Alvarado & Carrillo 1981). Peralta (1980) reported little
S. frugiperda damage in April and May in this same state.

In Rio Grande do SuI, Brazil, no S. frugiperda moths were caught in blacklight traps
during August, September or October, and moths were most abundant in February,
March and April (Silveira et al. 1979). In this state, S. frugiperda is most common in
maize between December and April (Maia 1978). In Piracicaba, Brazil, Carvahlo et al.
(1971) found highest adult populations between October and February; during this
period, warm temperatures prevail and maize is growing. Lara et al. (1977) reported
that S. frugiperda was collected in over 80% of the blacklight samples at 2 sites during
4 years. Lara & Silveira (1977) collected adults during the entire year in Sao Paulo with
highest populations recorded between November and March.

Doreste (1975) reported the results of a 10-year study using light traps for collecting
S. frugiperda in Venezuela. Few moths were caught during the dry season, November
to April. Catches increased dramatically in June and July at the onset of the rainy
season. Population crashes in August were due to the effects of Beauvaria sp. and other
natural enemies. In dry years, the population peak was delayed until August. Clavijo
(l981b) found similar results using data collected at 5 sites and over 12 years in Ven
ezuela. He related abundance to rainfall. Silvain (1986) reported that highest larval and
adult populations tended to occur around January and July in French Guiana.

Hichens & Mendoza (1976) reported that S.frugiperda was present in Chilean alfalfa
throughout the year. According to van Huis (1981), in Nicaragua, second cycle maize
(that which is planted in August or September) is more severely attacked than is maize
which is planted in Mayor June at the beginning of the rainy season. Honduran data
(Andrews et al., unpublished) contradict these findings. Adult populations are generally
low throughout the second cycle growing season (August to December) and the dry
season (January through May). Adult populations are very high during June, July and
August. Larval populations are also highest during this period. Larval populations
rapidly reach damaging levels in irrigated maize grown during the Central American
dry season (Anon. 1984) indicating that lack of larval host plants, rather than mortality
agents, normally maintain low adult populations during the dry season. Passoa (1983)
collected S. frugiperda during every month in Honduras.

YIELD REDUCTIONS AND ECONOMICS OF S. frugiperda CONTROL

Just how important is S. frugiperda "south of the border"? Chemical control of S.
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frugiperda on sorghum in Cuba was uneconomical (Ryder et al. 1968). In hybrid maize
grown in Cuba for forage, Ryder (1968a) measured yield increases of 4.6-6.5 metric
tonslha due to whorlworm control and suggested that if 5% of the whorls are infested
an application of insecticide might be economically justified.

Sifuentes (1978) reported that in areas in Mexico where the whorlworm is most
damaging, yields are normally increased by an insecticide application. When 3 applica
tions are made, yield increases of 2-2.5 metric tons are normal. Silva (1978) working in
Oaxaca, Mexico, registered yield increases of 130 to 2000 kglha in maize which received
3 insecticide applications. Tello & Diaz (1982) reported yield increases in Sinaloa of 900
kglha through chemical control of whorl feeding S. frugiperda. These authors did not
present compelling evidence that the reported losses were due only to S. frugiperda
and not a combination of whorl and stem boring insects. Peairs & Saunders (1981)
reported studies in Mexico involving a late maturing tropical white dent and an inter
mediate-maturing tropical yellow flint. They used controlled infestation methods de
veloped in CIMMYT and an insecticide check. Yield reductions were significant only
when considered over several growing cycles and averaged 13%. Maximum losses were
30%. Galt and Stanton (1979) reported average losses of 17% due to foliage-feeding
insects in trials in Mexico carried out on experiment station grounds and on-farm.

Maize yields in Brazil were unaffected by S. frugiperda leaf feeding (Montenegro
1981). The same was true for maize in Venezuela (Clavijo 1984a,b).

In four unpublished theses based on work carried out in maize in Guatemala,
whorlworm control was rarely associated with significantly reduced yields and was
never justified economically (Garcia de Dacarett 1975, Cabarrus 1977, Teos 1980, Perez
1982). Dardon et al. (1983) registered yield increases of up to 15% due to control of
foliage pests. In the Dominican Republic, Del Rosario et al. (1981) and Del Rosario &
Diclo (1981) showed statistically insignificant yield increases of 8% when whorlworms
were controlled chemically.

In Nicaragua, van Huis (1981) measured strong interactions between fertilizer use
and whorl protection in studies involving a hybrid variety of maize. Use of fertilizer
alone increased yields only 6%; use of insecticide increased yields by 24%. Use of both
inputs increased yields by 60%. Because of this pronounced synergistic effect, the deci
sion to control S. frugiperda and D. lineolata should precede a decision to use fertilizer.
Ideally, however, credit facilities would enable use of both inputs. In another test,
maize grain yields were not significantly less in plots where whorl protection started 7,
15 or 30 days after plant emergence as compared to plots which were always protected.
Without whorl protection, yields were about the same for plants subjected to different
degrees of water stress. With sufficient soil moisture, whorl protection increased yield
by 50%, but under severe water stress, whorl protection did not increase yields. Whorl
infestation was highest for maize which was deprived of irrigation for the longest period.

Based on artificial defoliation studies, van Huis (1981) contended that maize plants
were more sensitive to late whorl than early whorl damage. Greatest yield reduction
occurred after mid-whorl stage. With two open pollinated varieties, yields were reduced
linearly as older plants were defoliated. With two hybrids, however, the greatest effect
was registered when defoliation occurred immediately after mid-whorl with less effect
on subsequent defoliation dates. Severe defoliation before mid-whorl caused moderate
yield losses of 20-30%. This author concluded that the commonly recommended action
threshold of 20% infested plants generally resulted in higher yields than did an action
threshold of 50% and this was always better than an untreated check.

This species can be devastating as a cutworm. Shannon & Navarro (1983) included
it as one of the three most serious pests of seedling maize in Panama. They estimated
plant stand losses of30%. Leon (1978) reported seedling losses of 60% in Sonora, Mexico.
Rueda et al. (1985) argued that care must be taken to not attribute damage caused to
maize seedlings by Listronotus dietrichi (Stockton) to S. frugiperda.
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In Nicaragua, loss of maize grain yield due to ear feeding is negligible (van Huis
1981, Anon. 1984), but Sifuentes (1978) contended that this damage is important in
Jalisco, Mexico.

Guiagossian et al. (1981) reported that yields of susceptible sorghum varieties were
reduced 55-80% when subjected to heavy, artifically induced whorlworm attack. Losses
in intermediately susceptible varieties were 35-50%. Carvalho et al. (1971) studied yield
responses of one sorghum hybrid and found that severe damage resulted in 15% yield
loss when compared to undamaged plants. Attacks at 64 days resulted in 34% yield
reduction. Other varieties responded similarly, registering losses of 20-30% when seri
ous versus light infestations were compared. In El Salvador, Hueso de Mira & Lainez
(1980) found yield losses of 50% in 13- to 22-day old sorghum due to S. frugiperda acting
as a cutworm. In 30- to 41-day old plantings the same pest population density resulted
in 25% yield reductions; between 45 and 55 days, corresponding losses were 15%.

LIFE CYCLE AND BEHAVIORAL STUDIES

In Venezuela, Labrador (1967) found that S. frugiperda larvae passed through 6 or
7 instars when fed maize, and he presented detailed information regarding head capsule
width. Nieto & Llanderal (1982) presented head capsule widths for a population of S.
frugiperda in Mexico. Loya (1978) studied larval development on maize and sorghum in
Mexico. Larval development took as little as 20 days in midsummer and as long as 35
days in September. Reproduction was greater and adults were longer lived when larvae
were fed maize leaves. Most larvae passed through 7 instars. Another report from
Mexico (Armenta 1971, cited in Sifuentes 1977) reported that larvae developed faster
on sorghum than on maize (14 versus 19 days). Pierda (1974) found larval development
times to be 17 and 15 days on sorghum and maize, respectively; this difference was not
significant. Castro et al. (1987b) found no difference in development times when larvae
were reared on these hosts, although adults reared on maize produced more eggs. Pefia
(1980b) reported that larval development took 13 days on maize and 22 days on an
artificial diet. Nieto & Llanderal (1982) reported the larval development period to be
30 days, followed by a pupal period of 11 days; females laid 1,500 eggs. In Surinam,
larval development typically is 15 days (van Dinther 1960) and 8-9 generations/year are
expected. According to Doposto & Enkerlin (1964) larval and pupal stages are completed
in 22 and 9 days, respectively. Estrada (1960, cited in van Huis 1981) reported that on
maize, larval development took 9.6 to 20 days, the average being 11.1 days. In Peru
(Campos n.d.), larval development on maize at 27°C was 18.9 days. Adults laid an
average of over 1,600 eggs, with a mean oviposition period of 9.2 days. Bertels (1970)
found that in Brazil egg and larval stages lasted 10 and 21-28 days, respectively. Pupae
required 9 (Armenta 1971), 9-10 (van Dinther 1960), 8-9 (Piedra 1974), 8 (Pefia 1980b),
10 (Loya 1978) or 10-30 days (Bertels 1970) to complete their development. Castro et
al. (1987b) compared S. frugiperda development periods and other parameters of a
Honduran colony with individuals collected in Mississippi.

Studies by Piedra (1971) in Cuba showed that 24 days were required for development
from first instar larva to adult on maize. Corresponding times required on sorghum,
Stizolobium deeringianum Bert. and Pennisetum purpureum Schumach. were 26, 28
and 29 days, respectively. In subsequent studies, she found that larval mortality was
higher on P. purpureum than on maize, sorghum or S. deeringianum. In Colombia,
Alvarez & Sanchez (1983) found that larvae fed on sorghum and nutsedge passed
through 6-8 instars. Larvae fed on older sorghum leaves grew more slowly and molted
more often than did larvae provided with young sorghum foliage.

According to Valerio & Combs (1980), adult S. frugiperda oviposit more readily on
"callie" bermudagrass than on other varieties of Cynodon dactylon (L.) Pers. and the
optimum temperatures for adults and larvae are 25 and 30°C, respectively. Sifuentes
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(1977), van Huis (1981), and Alvarez & Sanchez (1982) observed that females laid more
eggs on maize plants than on interplanted sorghum plants.

Fernandez (1971) caught twice as many S. frugiperda females as males in light traps
in Venezuela over a 3-year period. Trevino (1980) captured more moths in light traps
during new moon phase, at higher temperatures, and when there was less precipitation.
Portilla et al. (1984) studied the sexual behavior of normal and allatectomized males.

Carvalho & Silveira (1971) found that in whorl stage sorghum in Brazil, the maximum
size for coexisting large S. frugiperda larvae was 2.5 em. However, in 74% of the whorls
where they found a larva over 3.0 em long, they also found small larvae. They often
found small and medium sized larvae together in whorls; but, as they grew in size, the
number of cohabitating larvae decreased. These authors considered this to be conclusive
evidence for cannibalism. In the grain filling stage, 85% of the worms found were
located in the basal part of the heads and only 15% in the upper half. Aguilera & Vargas
(1970) found an average of 4.6larvae/whorl but reported that large larvae do not cohabit
a whorl.

S. frugiperda larvae collected by van Huis (1981) from Diyitaria sp. did not show
conditioning to that plant, but had a slight feeding preference for maize. The same
author made several interesting observations on the biology of S. frugiperda on maize.
All eggs laid on the early whorl stage were laid on the underside of the leaves, but by
the late whorl and tasseling stages between 30-40% were laid on the upper side. Egg
mass size increased linearly with maize plant growth; one week after plant emergence,
masses averaged 80 eggs while at 50 days the typical mass contained more that 400
eggs. In 3 separate experiments van Huis (1981) measured peaks of oviposition activity
in early whorl and tasseling stages; oviposition activity was low at mid-whorl stage (30
days after emergence).

HOST PLANTS

Brunner et al. (1975) listed 17 economically important plants attacked by S.
frugiperda in Cuba, including peanut, pepper, papaya, garbanzo, gladiolus, rice, guinea
grass, para grass, lima bean, verdulaga, sugarcane, Johnson grass, sorghum, maize,
kudzu, pigeon pea and Eucalyptus sp. Van Huis (1981) reported sorghum, sesame,
sugarcane, maize, rice, cotton, tobacco, potato, tomato, cucumber and cabbage as impor
tant crop hosts for this pest. Larvae were common on weeds, especially Digitaria sp.
and Eleusine indica (L.) Guertno. Passoa (1983) listed maize, rice, pepper, cabbage,
tomato, sorghum, onion, bean, beets, lettuce, garlic and potato as important host plants
in Honduras. Labrador (1967) listed 31 host plant species belonging to 21 families in
Venezuela. Included in the list are 9 gramineaceous larval hosts and 3 fruit crops upon
which eggs are laid. In Ecuador, the species is a problem on maize, cotton, tobacco,
tomato, cucumber, rice, sugarcane, beans, soy beans, various grasses and forage
legumes (Cevallos 1976).

According to Parasram (1976), larvae cause the most damage in cabbage by boring
straight down into the head. In Brazil, De Moraes et al. (1974) reported that S.
frugiperda caused considerable damage to buds on seedlings of Eucalyptus urophyla
S. T. Blake. In Chile, of 13 species of Noctuids which cause damage in alfalfa, S.
frugiperda is the second most important, just behind S. eridania (Aguilera et al. 1971).
In Brazil, Chandler (1984) and Calil et al. (1985) showed the importance of S. frugiperda
as a pest of young dry beans. S. frugiperda is common on Digitaria sanguinalis (L.)
Scop., Digitaria eglumis Peter, Setaria geniculata (Lam.) Beauv. and S. viridis Beauv.
(Bertels 1970). Howell (1980) stressed the importance of Digitaria spp. as a host and
source of migrating worms in Honduras. Alvarez & Sanchez (1983) cited Cyperus rotun
dus L. as an excellent, widespread host in hot areas of Colombia. Sinha (1982) reported
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S. frugiperda as the key pest of blackeyed peas [Vigna unguiculata (L.) Walp.], maize
and sorghum in Guyana. S. frugiperda is a key pest in soybeans in Columbia; it acts as
a cutworm, leaf feeder, terminal borer and pod feeder (Hallman 1983).

ABIOTIC CONTROL

Van Huis (1981) showed that heavy rainfall a few days after first instar larvae were
artificially infested into 8- and 18-day old maize plants resulted in a 20-30% reduction
in intensity of damage in injured whorls. Light rains did not, however, kill significant
numbers of larvae. The effect of rain was restricted to the early instars.

NATURAL ENEMIES

Parasitoids

Some of the parasitoids taken in Latin America and the Caribbean from S,
frugiperda are listed in Table 1. Ashley (1979) listed others. Other species have been
reported and distributions may be considerably wider than the limited information pro
vided here would indicate.

Hexamermis sp. is a commonly reported nematode parasitoid of whorlworm larvae.
Nickle (1978) described the life cycle of Hexamermis. Honduran data not yet published
(M. Castro, H. Pitre, G. Wheeler & K. Andrews) indicate that this species occasions
more mortality than any other larval parasitoid.

Van Huis (1981) reported 16 species of parasitoids and 3 entomopathogens which as
a group accounted for an average 35% larval mortality. The most commonly recovered
parasitoids were Lespesia archippivora (Riley) and the nematode Hexamermis sp.
Other important parasitoids were Ragas laphygmae Vier., Chelonus insularis Cresson,
Ophion sp. and Archytas narmoratus (Tns.). Hexamermis sp. is not common in coastal
areas; the use of carbofuran as a soil treatment at planting probably destroys large
numbers of this nematode. L. archippivora kill approxmately 76% of the larvae reco
vered from weeds in maize field while larvae taken frn whorls of maize in the same field
were attacked at a much lower level. Weeds may be a significant source of this important
parasitoid. Parasitism by L. archippivora was more important in the late whorl and
tasseling stages than in young maize. The reverse was true for R. laphygmae which
was frequent only in early growth stage maize. Intercropping of maize with beans
decreased parasitism of R. laphygmae.

Teran (1974) listed 19 species of Diptera as parasitoids of S. frugiperda in Venezuela.
Notz (1972) provided some biological data on 5 of these species and on 4 species of
Hymenoptera. Campos (1965) found only 10% infestation by tachinids in Peru and pro
vided some data on development for 3 species.

A number of S. frugiperda studies in Mexico may be cited. Laboratory and limited
field tests with Bracon kirkpatricki Wilkenson were reported by Pefta (1980a) and
Moya (1980). Field test results were not impressive. Montoya (1979, 1980) reported that
Trichogramma sp. and Euplectrus sp. caused 45-55% egg and 10-25% larval mortality
in different years in Veracruz. In maize in Quintana Roo, average larval parasitism of
41% was caused by Archytas sp., L. archippivora, Pristomerus spinator (F.) and
Chelonus sp. (Carrillo 1980). Loya (1978) attempted to control S. frugiperda with mass
releases of an unspecified species of Trichogramma without success. Parasitism levels
of 0.18% in fields where no liberations were made increased to only 0.56% in treated
fields. Chelonus sp. parasitized 5% of the eggs. Another attempt to use mass liberations
of Trichogramma spp. in Tamaulipas resulted in less than 15% average parasitism
(Peralta et al. 1981). Castrejon (1981) conducted a laboratory study of oviposition be
havior of Telenomus remus (Nixon).
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TABLE 1. PUBLISHED REPORTS OF PARASITOIDS OF SPODOPTERA FRUGIPERDA

FROM VARIOUS LATIN AMERICAN AND CARIBBEAN COUNTRIES.

Parasites

DIPTERA

SARCOPHAGIDAE
Sarcophaga lambens
Sarcophaga Sp.

TACHINIDAE
Acroglossa vetula

Archytas analis

Archytas divisus
Archytas incasana
Archytas incertus

Archytas marmoratus
(= A. piliventris)

Archytas Sp.
Eucelatoria armigera
(= Blondelia armigera)
Eucelatoria Sp.

Euphorocera Sp.

Gonia crassicornis

Gonia texensis
Lespesia archippivora

Lespesia sp.

Linnaemya analis
Patelloa similis
Peleteria robusta
Pronemorilla mima

Countries

Lesser Antilles
Venezuela

Venezuela
Venezuela
Venezuela
Barbados
Venezuela
Chile
Chile
Brazil
Brazil
Lesser Antilles
Venezuela
Venezuela
Chile
Cuba
Nicaragua
Barbados
Trinidad
Mexico
Cuba
Venezuela
Venezuela
Barbados
Brazil

Lesser Antilles
Brazil

Venezuela
Cuba
Lesser Antilles
Cuba
Venezuela
Cuba
Venezuela
Mexico
Nicaragua
Brazil
Cuba
Venezuela
Brazil

Venezuela
Brazil
Colombia
Venezuela
Brazil
Chile
Venezuela

Citation

Fennah 1947
Teran 1974

Notz 1972
Teran 1974
Teran 1974
Alam 1978
Teran 1974
Etcheverry 1957
Etcheverry 1957
Lucchini &Almeida 1980
Patel & Habib 1984
Fennah 1947
Notz 1972
Teran 1974
Valencia & Valdivia 1973
Brunner et al. 1975
van Huis 1981
Alam 1978
Yaseen 1978
Carrillo 1980
Brunner et al. 1975
Teran 1974
Teran 1974
Alam 1978
Goncalvez & Goncalvez
1973
Fennah 1947
Goncalvez & Goncalvez
1973
Teran 1974
Brunner et al. 1975
Fennah 1947
Ryder & Piedra 1968
Notz 1972
Brunner et al. 1975
Teran 1974
Carrillo 1980
van Huis 1981
Patel & Habib 1984
Ryder & Pulgar 1969
Notz 1972
Goncalvez & Goncalvez
1973
Teran 1974
Lucchini & Almeida 1980
Vargas & Sanchez 1983
Teran 1977
Patel & Habib 1984
Etcheverry 1957
Notz 1972
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TABLE 1. (Continued)

Parasites Countries Citation

Venezuela Teran 1974
Pseudokea sp. Brazil Costa Lima 1949
Spoggosia calaripennis Venezuela Teran 1974
Spoggosia floridensis Venezuela Teran 1974
Winthemia quadripustulata Venezuela Teran 1974
Withemi reliqua Chile Valencia &Valdivia 1973
Withemia roblesi Chile Valencia &Valdivia 1973
Winthemia sp. Lesser Antilles Fennah 1947

Chile Etcheverry 1957
Venezuela Teran 1974
Trinidad Yaseen 1978
Colombia Vargas & Sanchez 1983
Brazil Patel & Habib 1984

HYMENOPTERA

BRACONIDAE
Apanteles marginiventris Lesser Antilles Fennah 1947

Surinam van Dinther 1960
Venezuela Notz 1972
Brazil Lucchini & Almeida 1980
Nicaragua van Huis 1981
Brazil Patel & Habib 1984

Apanteles sp. Barbados Alam 1978
(glomeratus group) Trinidad Yaseen 1978
Aphanteles sp. Colombia Vargas & Sanchez 1983

Brazil Patel & Habib 1984
Bracon kirkpatricki Mexico Peiia 1980

Mexico Moya 1980
Chelonus cautus Nicaragua van Huis 1981
Chelonus insularis Lesser Antilles Fennah 1947
(= C. antillarum , Cuba Ryder &Piedra 1968;

C. texanus) Ryder &Pulgar 1969;
Brunner et al. 1975

Venezuela Notz 1972
Barbados Alam 1978
Trinidad Yaseen et al. 1981
Nicaragua van Huis 1981
Colombia Vargas & Sanchez 1983
Brazil Patel & Habib 1984

Chelonus sp. Mexico Loya 1978
Mexico Carrillo 1980
Brazil Habib &Patel 1978

Meteorus laphygmae Surinam van Dinther 1960
Venezuela Notz 1972
Colombia Vargas & Sachez 1983

Palinzele sp. Trinidad Yaseen 1978
Rogas caphimal Nicaragua Lacayo 1984
Rogas laphygmae Nicaragua van Huis 1981
Rogas vaughani Nicaragua van Huis 1981

Honduras Passoa 1983
Rogas sp. Cuba Ryder and Piedra 1968

Cuba Ryder & Pulgar 1969
Honduras Passoa 1983

Zele sp. prob. mellea Nicaragua van Huis 1980
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TABLE 1. (Continued)

Parasites

ICHNEUMONIDAE
Amblyteles sp.
Campoletis flavicinta

Campoletis groti
Eiphosoma nr. annulatum
Eiphosoma vitticolle

Eiphosoma sp.
Enicospilus merdarius
Ophion flavidus

Ophionsp.
Pristomerus spinator

Zenillia blanda
TRICHOGRAMMATIDAE

Trichogramma exiguum
( = T.fasciata)
(= T·fasciatum)
Trichogramma sp.

Trichogramma sp. nov

EULOPHID
Euplectrus hircinus
Euplectrus plathypenae

Euplectrus nr. insularis
Euplectrus sp. nov
Euplectrus sp.

SCELIONIDAE
Telenomus heliothidis
Telenomus minutissimus

Telenomus remus

Countries

Brazil
Nicaragua
Uruguay
Brazil
Brazil
Venezuela
Nicaragua
Bolivia
Brazil
Trinidad
Cuba
Honduras
Brazil
Nicaragua
Nicaragua
Brazil
Cuba

Barbados

Mexico
Nicaragua
Guadeloupe

Panama
Lesser Antilles
Venezuela
Cuba

Barbados
Trinidad
Colombia
Nicaragua
Brazil
Mexico
Nicaragua

Cuba
Dominican Republic
Guadeloupe
Guadeloupe
Dominican Republic

Citation

Costa Lima 1949
van Huis 1981
Yaseen et al. 1981
Patel & Habib 1984
Lucchini &Almeida 1980
Notz 1972
van Huis 1981
Yaseen et al. 1981
Patel & Habib 1984
Yaseen et al. 1981
Brunner et al. 1975
Passoa 1983
Patel & Habib 1984
van Huis 1981
van Huis 1981
Patel & Habib 1984
Brunner et al. 1975

Alam 1978

Montoya 1979, 1980
van Huis 1981
Yaseen et a11981

F. Bennett (pers. comm.)
Fennah 1947
Marin 1966
Ryder & Piedra 1968;
Ryder & Pulgar 1969;
Brunner et al. 1975
Alam 1978
Yaseen 1978
Vargas & Sanchez 1983
van Huis 1981
Lucchini & Almeida 1980
Montoya 1979, 1980
van Huis 1981

Brunner et al. 1975
Yaseen et al. 1981
Yaseen et al. 1981
Yaseen et al. 1981
Yaseen et al. 1981

Lopez (1981) reported that in Colombia Meteorus laphygmae Viereck is perhaps the
most frequently encountered parasitoid of S. frugiperda and suggested that it is a good
candidate for augmentative release. He provided laboratory-derived data on mass rear
ing and life cycle. In Cordova, Colombia, Cardenas et al. (1982) and Valderrama &
Tordecilla (1982) found low parasitism rates (1%) for Euplectrus sp. and C. insularis
[= C. texanus (Cresson)], respectively. Landazabal et al. (1973) studied the effective-
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ness of the nematode Neoaplectana carpocapsae W. for control of S.frugiperda larvae in
Colombia. Under humid field conditions, the nematode gave acceptable control when
applied at 3000/plant. These authors gave details of rearing procedures and oflaboratory
studies.

Yaseen et al. (1981) reported that since 1976 the CIBC and cooperating agencies
have made several introductions of exotic parasitoids of S. frugiperda involving at least
11 species in the Caribbean. Cock (1985) updated the report. T. remus exerts adequate
control of the whorlworm in Barbados and may prove to be a valuable element in
integrated control programs on other islands. This species may have been established
in the Cauca Valley of Colombia. Ryder & Pulgar (1969) found that parasitism was low
in maize in Cuba and associated phenological stage of the host plant to larval stage and
rates of parasitism.

In San Paulo, Brazil, Patel & Habib (1984) collected over 2,500 S. frugiperda larvae
during a 4-year period and found trimestral parasitism rates ranged from 9 to 35%. The
most common parasites found were Campoletis flavicincta (Ashmead) and Archytas
incertus (Macquart). Insecticide applications were reported to dramatically reduce
levels of parasitism and three hyperparasites of C. flavicincta were observed. Fermin
dez & Clavijo (1984) also reported that insecticides reduced effectiveness of certain
Venezuelan parasitoids.

Pathogens

Van Huis (1981) concluded, as had previous Nicaraguan entomologists, that Asper
gillus flavus Link and Nomuraea rileyi (Farlow) are both significant pathogens of S.
frugiperda while Entomophthora sp. was unimportant. Beauvaria sp. was reported to
be of utmost importance in Venezuela as a regulating factor of whorlworm populations
(Doreste 1975). Agudelo-Silva (1986) found five pathogens in collections made in Ven
ezuela, including an NPV, a GV, Erynia radicans (Brefeld) Hunker, Ben-Ze'ev and
Kenneth, and N. rileyi. As a comlex, they killed 14% of the larvae collected. Fusarium
roseum Link was reported by Fassiatiova et al. (1978) from Cuba. A detailed study of
the histopathology and toxicology of an NPV was reported by Jimenez & Bustillo (1981).
A Venezuelan strain of a nuclear polyhedrosis virus was studied by Agudelo et al.
(1983). Garcia et al. (1984) studied a Brazilian NPV in the laboratory. The factors which
are responsible for susceptibility of S. frugiperda larvae to Bacillus thuringiensis were
studied by Garcia et al. (1982).

Garcia & Habib (1978) reported that Aspergillus parasiticus Speare could kill adult
S. frugiperda. Patel & Habib (1982) reported that wasp parasites were effective disper
sal agents and inoculators of the fungus in larvae.

Predators

Predators must be of considerable importance in the tropics in control of S.
frugiperda but researchers are only beginning to make the efforts necessary to ap
preciate their value. They are difficult to study.

Van Huis (1981) found that Galerita sp. and Nerthra fuscipes (Guerin-Meneville),
two probable predators of the larvae, were more abundant in weedy fields than in clean
cultivated plots. He identified 7 reduviids and 4 pentatomids as predators. Other general
predators, such as Nabis sp., Geocoris sp. and Chrysopa sp., were also important. Loya
(1978) also singled out Chrysopa as an important egg predator. Van Huis (1981) did not
quantify the effect of predators because a methodology for sampling their populations
accurately was not available. Labrador (1967) listed 6 species of predators of S.
frugiperda from Venezuela. Native predators (e.g., Polistes versicolor Olivo and Col-
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emegilla sp.) were not effective in regulating whorlworm populations in Trinidad (Ya
seen et al. 1981).

Van Dinther (1960) mentioned two birds, Crotophaga ani and Pitangas sulphuratus
sulphuratus, as predators. He and van Huis (1981) reported vespid wasps of the genera
Polistes and Polybia as important predators. Guagliumi (1972/1973) cited these same
genera as predators of S. frugiperda in sugarcane in northeast Brazil. At the Panameri
can Agricultural School and elsewhere in Honduras, Polybia spp. readily enter the
whorls where they attack and kill larvae (Andrews, unpublished). Attempts to manipu
late Polybia spp. have been unsuccessful. Gomez & Zapateiro (1982) concluded that 500
Podisus nigrispinus Dallas nymphs per hectare were capable of suppressing whorlworm
larval infestations of up to 15% in maize.

Another predator which merits special attention is Doru taeniata (= taeniatum)
(Dohrn). These earwigs are good fliers and hide deep in the whorl or behind sheath
collars. Van Huis (1981) reported that more earwigs were found in maize intercropped
with beans and in weedy maize than in monoculture or clean cultivation maize. In petri
dish studies, van Huis (1981) showed that eggs and instars 1 through 3 were readily
consumed while later instars were rejected. In field studies with one adult earwig per
plant, an average of 57% of the whorlworm egg masses put on the plants were con
sumed. Varying the number of masses from 1-13/30 plants did not affect predation
levels. Egg masses were either completely consumed or untouched. In other field cage
studies with one adult D. taenita per plant, artificial larval infestation of 2 to 4/whorl
were reduced by 50% within 6 days. The average damage level of injured plants was
also reduced significantly. Earwig population densities are variable, but commonly
reach 1 or more per plant by late whorl stage both in Nicaragua and Honduras (van
Huis 1981). Unfortunately, the earwig does not usually colonize in high numbers during
the first critical few weeks of plant growth. Farmers are rarely aware of the importance
of D. taeniata and generally consider it to be a pest because it consumes pollen in rice,
sorghum and maize. Jones et al. (in press) provided life table information for D. taenita.

In studies in Honduras (Andrews, unpublished), the most important egg predators
were D. taeniata; a mirid, Creontiades sp. and 2 species belonging to the genus Diab
rotica. The latter genus is normally considered to be strictly Phytophagus. During three
48 hour observation periods, 50-95% of the egg masses placed in the field were destroyed
by predators.

Sequeira et al. (1986) reported that Solenopsis spp. were effective prodators of both
S. frugiperda and Diatraea lineolata (Wlk.) in seedling maize and sorghum. Little effect
on yield was observed.

EFFECTS OF CULTURAL AND MECHANICAL PROCEDURES ON S. frugiperda

A major area of research which has to be addressed by neotropical entomologists is
the effect of different cropping systems on pest densities and damage. This is certainly
the case with S. frugiperda, where a number of experiments have indicated that low
or no till agriculture and polycultures are less severely attacked by the pest than
monocultures planted using conventional cultivation. One of the earliest tests involved
the interplanting of sunflower and maize in Cuba (Ryder 1968b); interplanted maize was
less severely attacked and yielded better than monoculture maize. Del Rosario et al.
(1981) in the Dominican Republic showed that the use of no till techniques reduced
whorlworm infestations by 30-60%. Yields were much higher in no till plots due to a
number of factors, not just whorlworm attack. Studies carried out in Costa Rica (Shenk
& Saunders 1981, Shenk et al. 1983, Saunders 1985) showed consistently lower
whorlworm damage in no till plots as compared to conventional tillage. No tillage plots
offer many other agronomic and economic advantages and merit considerably more
attention by tropical researchers.
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Van Huis (1981) studied several aspects of cultural control. He found significantly
greater S. frugiperda damage in monoculture maize than in maize interplanted with
beans. Damage reduction was generally on the order of 20-30%. The more complicated
polycultural systems generally contained more predators, such as Doru sp., spiders,
predatory ants and tachinids. However, van Huis concluded that the major reason for
reduced infestations was less oviposition by moths and less successful dispersal by first
instar larvae. More egg masses were found in monoculture maize than in maize inter
cropped with beans. It is not known if interplanted beans have any olfactory effect on
S. frugiperda feeding in maize. Unfertilized maize received fewer eggs than fertilized,
but whorl injury was not statistically different. No effect on oviposition was seen when
distance between rows of maize was varied, nor were percentages of plants infested
affected significantly by planting distance. Weeds present between rows of maize in
creased oviposition on the maize; very few egg masses were found on the weeds. Appa
rently, most larvae infesting the weeds originated from masses which were laid on
maize plants. Farmers often report increased severity of whorlworm attack on maize
shortly after they hand weed the crop; this is because many larvae move from the
desiccating weeds to the maize. Increased attention to sampling is needed at this time.
If weeding is required and chemical control is not possible, the severity of the attack
may be reduced by leaving a thin strip of weeds in mid row.

In two experiments, applications of soil directly to the whorls provided no control
of larvae in Nicaragua (van Huis 1981). Dard6n et al. (1985) found that sand applied to
maize whorls in Guatemala reduced larval infestations.

Clavijo (1981a) reported that planting density did not affect the percentage of plants
infested by the whorlworm. In Venezuela, rice fields are commonly flooded until the
plants are nearly covered in order to drown larvae (Labrador 1967) Castro et al. (1987a)
observed no effect of pigeon pea on infestations of interplanted maize and sorghum
plants.

DISPERSION, SAMPLING AND ACTION THRESHOLDS

Clavijo (1978a) reported that in Venezuela larval distributions were best described
by a Poisson distribution; therefore, a random sampling allocation is appropriate. In a
subsequent paper, Clavijo (1978b) estimated that between 122 and 190 plants had to be
sampled to estimate the number of larvae/plant with 5% probability of error and preci
sion levels of 20 to 5%. Barbosa & Perecin (1982) found that the number of larvae/l0
plant samples was best described using the negative binomial model. The percent of
plants infested in lO-plant samples adjusted best to the binomial distribution. Baez et
al. (1980) found both aggregated and random dispersion patterns depending upon instar
sampled and plant growth stage. Aguilera & Vargas (1970) reported that 0.45 larvae/
whorl justified an insecticide application in Chilean maize. According to van Huis (1981),
resource scarce farmers should count the number of injured whorls in 20 consecutive
plants at 5 randomly selected sites. Carvalho & Silveira (1971) reported higher infesta
tions in the edges of fields than in the center. Andrews (1984) provided detailed sampling
recommendations for the pest in several crops grown in Honduras. Andrews et al.
(1986) recommended sampling 20 plants in each of 5 sites and use of a 40% infestation
rate in Honduran maize.

The use of sex attractant-baited sticky traps for predicting outbreaks of larvae was
suggested by Ward et al. (1985). Herrera et al. (1982), Flores and Zapata (1982) and
Izquierdo et al. (1983) reported the results of Mexican trials using various attractants
and trap locations. Silvain & Hing (1985) and Silvain (1986) reviewed the programs
developed in French Guiana to warn pasture managers of impending larval outbreaks
on the basis of trap counts of male moths.
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Van Huis (1981) reported that a hybrid maize variety was significantly less severely
infested by S. frugiperda than was a local variety, Tuza Morada, in the early weeks of
development. Silva (1978) reported that 7 of 33 maize lines which he tested in Oaxaca,
Mexico, were resistant or moderately resistant to S. frugiperda; all were susceptible to
Diatraea spp. Peairs and Saunders (1981) suggested that yield reductions must be
considered the most reliable indicator of resistance; damage estimates did not correlate
well with yield reductions. Carvalho et al. (1971) working with maize in Brazil felt that
the use of a 5 point foliar damage rating scheme was valuable; yield reductions were
well correlated with foliar damage.

Carvalho & Rossetto (1971) tested sorghum varieties for resistance to S. frugiperda
using the 5 point damage system. Other Brazilian sorghum trials were reported by
Lordello et al. (1980) and Mesquita et al. (1980).

Guiragossian et al. (1981) reviewed progress made at CIMMYT on development of
whorlworm resistant sorghum cultivars. There is no relationship between HCN content
of sorghum and resistance to the pest. The resistance which has been observed must
be due to other mechanisms, including tolerance. Tolerance was confirmed to be the
principal mechanism involved (Guiragossian & Mihm 1985).

Castro et al. (1987c) reported that a Honduran dwarf sorghum showed antibiosis to
S. frugiperda. Efficient mass rearing and infestation techniques to screen for host plant
resistance to the whorlworm were summarized by Mihm (1983).

CHEMICAL CONTROL

Insecticides are widely used in Latin America for control of S. frugiperda. The
following remarks supplement Pitre's (1986) review. Despite the recognized value of
insecticides only certain farmers are capable of purchasing and applying them. For
example, only 12% of Nicaraguan farmers use insecticides in maize; most applications
were made against S. frugiperda (van Huis et al. 1982).

Soil applications of carbofuran and mefosfolan at planting are increasingly common
in Central America. Van Huis (1981) observed that they reduced larval populations
significantly for about 15 days, but thereafter whorlworm populations were higher,
often significantly so, when compared to check plots; he hypothesized that the insec
ticides impeded natural enemies, possibly the nematode Hexamermis sp. However, soil
treatments generally were associated with statistically significant yield increases. In
Surinam, Segeren & Sharma (1978) found that carbofuran use resulted in higher yields
as compared to check plots even when all known pests were present at very low levels.
This compound provided effective control of S. frugiperda. Dard6n et al. (1985) found
that furathiocarb seed treatments protected seedling maize and increased yields in
Guatemala. Trabanino et al. (1987) found that it gave better control than any other
sorghum seed treatment.

Nakano & Zucchi (1971) cited the advantages of using vermiculite as a carrier in
granular insecticides for use against S. frugiperda. Diazinon granules were effective in
Cuban maize (Ryder 1967). Mixing of insecticides with sawdust and subsequent hand
applications to whorls was effective in maize (Segeren & Sharma 1978). Sanchez &
Gonzalez (1982) found granuler formulations to be more effective than emulsifiable con
centrate formulations of the same active ingredients. Cruz et al. (1983) described a
tractor mounted apparatus used to apply granular insecticides directly to maize and
sorghum whorls. A similar, hand-operated machine was reported by Cruz et al. (1984).
Reyes et al. (1983) described a hand-held applicator for granular insecticides which can
be made with local materials. Cevallos (1976) illustrated 5 application methods for granu
lar formulations.
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In Nicaragua, the selective application of granules only to those plants showing
symptoms of whorlworm damage resulted in the same post-treatment infestation levels
as with general applications. However, yields were higher in plots receiving the latter
treatment. Savings in active ingredients on the order of 2/3 make selective applications
attractive to resource limited farmer. The hand application of a chlorpyrifos and sawdust
mixture can reduce use of active ingredients by 80% without sacrificing control (van
Huis 1981). Selective applications were not effective in EI Salvador (Reyes et al. 1983).

Several Brazilian references may be cited. Davidson (1966) reported that S.
frugiperda was susceptible to carbaryl, but appeared to be resistant to certain or
ganochlorines. Batagello & Monteiro (1970), Carvalho et al. (1971) and Gomes de Lima
and Cola (1976) confirmed that carbaryl was effective in Brazil. In tests conducted in
the same state, Waquil et al. (1982) found that diazinon worked well, but carbaryl was
largely ineffective. However, Cruz et al. (1983) found that carbaryl controlled the pest
well in Mato Grosso. Cruz and Pereira (1984) reported that trichlorfon and three other
compounds gave adequate control in maize. According to Caetano & Schweder (1983)
carbaryl and trichlorfon were recommended in Rio Grande do Sui, but they presented
no efficacy data.

Few recent references from Andean countries were available. Casanova (1966) found
that carbaryl granules gave adequate, but not excellent, control in Peru. Diaz & Flores
(1969) found that carbaryl provided some protection to ears of maize against S.
frugiperda and Heliothis zea; trichlorfon did not. Carbaryl was effective in Peru for
whorl protection (Pefla 1974). Carbaryl was recommended in Ecuador (Cevallos 1976).
Campos (1982) provided toxicological data for larvae collected in Chilean alfalfa.
Trichlorfon did not effectively kill larvae in the 1977 study reported by Clavijo (1984a),
but diazinon functioned well in 1979 (Clavijo 1984b).

The work of Alvarado (1976) indicated that neither carbaryl nor trichlorfon was
effective in Quintana Roo, Mexico. However, Sifuentes (1977) still recommended car
baryl for use in Mexican sorghum. This insecticide gave superior control in 1976 tests
in Sonora (Le6n 1978). L6pez & Le6n (1980) found carbaryl to be moderately effective
in laboratory tests using larvae collected in northeast Mexico. In Tamaulipas, both
carbaryl and trichlorfon were effective in suppression of S. frugiperda in maize (Charles
et al. 1980). Tello & Diaz (1982) reported that in Sinaloa, use of carbaryl did not decrease
foliar damage caused by S. frugiperda but did increase yields.

Based upon limited experimental data and considerable knowledge of pesticide use
patterns, the following generalizations may be made regarding physiological resistance
in S. frugiperda in Central America. Carbaryl is not effective and diazinon and trichlor
fon are not reliable. Standard dosages of most pyrethroids give only sporadic control.
Methyl parathion was not effective in the laboratory against third instar larvae from
Honduras, but subsequent field tests against first instar larvae did not indicate resis
tence (Pitre 1987). Methomyl, chlorpyrifos and phoxim are the products of choice. Car
baryl was recommended in Nicaragua by Sequiera et al. (1979), but we have determined
that it is of no value in the field in either EI Salvador or Honduras (Andrews and
Marenco, unpublished). Young (pers. comm.) reported that the Salvadorean strain he
tested showed 400-fold resistance to carbaryl. Trichlorfon did not give satisfactory con
trol under Nicaraguan conditions (van Huis 1981).

Hellpod & Mercado (1984) found that larval infestations and damage to maize in
Nicaragua were reduced by application of a 0.2% neem extract to the whorls. Lagunes
and coworkers (e.g., Lagunes et al. 1982) are actively screening extracts of Mexican
plants for activity against S.frugiperda. Llanderal and Nieto (1982) reported results of
laboratory studies of the effect of diflubenzuron on egg hatch and larval ecdysis. Cerecer
et aI. (1983) found triflumuron to be slow acting but selective in Mexican maize and
sorghum.
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A sizable body of information concerning S. frugiperda in the neotropics has been
developed by expatriate and Latin American scientists. Many comprehensive, careful
studies were encountered; others were preliminary and of uneven quality. Seemingly
contradictory findings may occasionally result from inadequate study or improper
methods. More importantly, however, they reflect the geographic, ecological and ag
ronomic heterogeneity of Latin America. Rather than trying to characterize the species
throughout its nearly continental range, we should seek to study it in limited subregions.
Moreover, the work of Pashley et al. (1985) compels us to rethink assumptions regarding
the genetic homogeneity of the species.

It is ironic that most of the well financed research involving full-time, experienced,
professional entomologists has been conducted in temperate zones (both the US and the
southern cone of South America) where the pest's forays are seasonal. Many studies
would be best carried out in the tropics where the species evolved and persists perma
nently. Long-term collaborative research projects located in the tropics can be expected
to provide insights and information which are otherwise unattainable.
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SCIENTIFIC NOTES
TRAPS FOR COLLECTING LIVE

EUPHASIOPTERYX DEPLETA (DIPTERA: TACHINIDAE)
AT A SOUND SOURCE

H. G. FOWLER

Instituto de Biociencias, Universidade Estadual Paulista
UNESP, 13500 Rio Claro, S Paulo, Brazil, and (formerly)

Entomology & Nematology Department, 3103 McCarty Hall,
University of Florida, Gainesville, Florida 32611, U.S.A.

After Wolcott (1940) reported rearing the tachinid Euphasiopteryx depleta (Wied.)
from a Scapteriscus mole cricket (Orthoptera: Gryllotalpidae), interest has been shown
in using this fly in introductions for the biological control of Scapteriscus. Fowler and
Kochalka (1985) reported attracting E. depleta to the synthesized broadcast calls of S.
acletus Rehn & Hebard in Paraguay. Using similar synthesizers (Walker 1982), Fowler
and Garcia (1987) reported additional captures of E. depleta, and of rearing it from S.
acletus, S. vicinus Scudder and S. abbreviatus Scudder. In those studies, attracted
female E. depleta were captured with an aerial net over the synthesizer and larvae
taken from them were placed on mole crickets to achieve laboratory parasitism. Sub
sequently, aerial nets were replaced with a sheet of plastic covered with Tanglefoot®,
and large numbers of female E. depleta were obtained. However, in the laboratory,
often the Tanglefoot would interfere with obtaining larvae, as many were killed in the
female's body through asphyxiation, or were gummed and died as they left the female's
body. Also, for some laboratory studies, healthy, gravid females were needed, which
could not be obtained by sticky trapping. Using flashlights and aerial nets to capture
females at sound synthesizers was not highly productive, as E. depleta tended to avoid
lighted areas.

To overcome these problems, two traps were designed and field tested (Fig. 1). Both
traps were inexpensive, consisting of a wire frame, with muslin sides and funnels, which
were used to direct flies into the trap. Cardboard baffles mounted on wire were used
to hinder fly escape after capture (Fig. 1). The muslin base was built so that the trap
could easily fit over a sound synthesizer (Walker 1982) or over a tape player.

Trap designs were evaluated by comparison of the numbers of flies caught in each
with the numbers caught on sticky traps. In December 1984, three sound synthesizers
broadcasting S. vicinus songs were placed in the field in Rio Claro, state of Sao Paulo,
Brazil. One synthesizer was fitted with sticky plastic sheeting, and the other two with
the two trap designs. After each night, the location of each was switched. Each synth
esizer was separated by 30 m from its neighbor. The sticky trap caught 132 flies during
2 weeks of trapping. Trap B, fitted with 5 funnels, of which 4 were lateral, was about
2.5 times as efficient as design A, consisting of only 1 funnel (Fig. 1). Trap B was about
a third as efficient as the sticky trap.

Field observations indicated that flies alighted on the muslin and walked extensively
over the trap's external surface until they were channeled into its interior through the
funnels. Many flies departed without ever reaching the trap's interior. This explains
why the numbers of female E. depleta caught in the traps were much less than with
sticky traps. If large numbers of flies are required, sticky traps should be used. If,
however, viable healthy females are required, then trap design B should be used. Sticky
traps are recommended for population monitoring.

I thank Joao Justi and Madelena Lima Costa for their assistance with the field
portion of this project. This study was funded in part by a grant, USDA No. 83-CRSR-2-
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A

15 cm (II opening
x 45 cm long
muslin sleeve
for retrieving flies

muslin stretched
over wire frame, --_,-:--'1.

4 sides & top;
muslin cut-away
to show interior

B

1 of 5 funnel
entrances for flies
wire funnel co
vered with muslin,
7 cm • exterior
opening, 1 cm •
interior opening,
10 cm long;
cardboard baffle
anchored to funnel
with wire
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oversized muslin bottom
accomodates sound
synthesizer beneath
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synthesizer beneslh
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Fig. 1. Trap designs evaluated for live captures of healthy E. depleta females.
Frames of both are of wire, and sides and funnels of muslin. Note how trap base sits
over a sound trap. Baffles are made of cardboard and wire, and mounted over funnels.

2162. I thank J. H. Frank and T. J. Walker for their interest and comments on the
manuscript, and Susan Wineriter for drawing Fig. 1. University of Florida, Institute
of Food & Agricultural Sciences, journal series No. 8708.
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DIFFERENTIAL INJURY BY LESSER CORNSTALK BORER
(LEPIDOPTERA: PYRALIDAE)

IN SOYBEANS OF DIFFERENT GROWTH STAGES
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The lesser cornstalk borer (LCB), Elasmopalpus lignosellus (Zeller), has been
ranked one of the top four insect pests of soybean in Florida every year for the last
four years, with crop losses estimated as high as $1.7MM (Sprenkel 1984, 1985, 1986,
1987). Damage by LCB to soybeans is usually restricted to the period from plant
emergence through the early vegetative stages (Todd & Suber 1988). Although other
stages may be attacked, seedling soybeans are most susceptible to injury (Isley & Miner
1944). Our observations indicate a growth differential of only seven days can substan
tially affect the extent of damage incurred by lesser cornstalk borer larvae.

Observations were made in a 40-acre field of 'Centennial' soybeans in Jackson
County, Florida. Approximately half the field had been planted June 19, 1987, and the
other half June 26. Both plantings were adjacent to corn, which was nearing maturity
about the time the soybeans were planted. Initial observations were made August 3.
The younger side of the soybean field was noted to have a poor stand; many dead plants
were present and several large LCB larvae were seen crawling on the soil surface near
the plant bases. No larvae and few damaged plants were observed in the older soybeans.
Numerous adults were flushed throughout the field.

Additional observations were made four days later. At that time, percent damaged
plants was determind for each side of the field by sampling five adjacent plants at each
of 20 randomly selected sites (100 total plants per side). Plants were unearthed with a
trowel and inspected for larvae or characteristic LCB damage, as evidenced by visible
stalk boring or stem feeding near the plant base, sometimes accompanied by a silken
feeding tube. Slightly damaged plants exhibited varying degrees of stunting and
chlorosis, while many heavily damaged plants were dead and had a characteristic brown
teepee-shaped appearance (Herbert & Mack 1987).
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Additional observations were made four days later. At that time, percent damaged
plants was determind for each side of the field by sampling five adjacent plants at each
of 20 randomly selected sites (100 total plants per side). Plants were unearthed with a
trowel and inspected for larvae or characteristic LCB damage, as evidenced by visible
stalk boring or stem feeding near the plant base, sometimes accompanied by a silken
feeding tube. Slightly damaged plants exhibited varying degrees of stunting and
chlorosis, while many heavily damaged plants were dead and had a characteristic brown
teepee-shaped appearance (Herbert & Mack 1987).
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In the younger soybeans, 41% of the plants inspected showed evidence of LCB
damage, and many of the damaged plants were dead or dying. In contrast, only 10% of
the older plants sampled were damaged. Local areas in the field that showed apparent
herbicide injury (crinkled, chlorotic leaves) or other physiological stress also had greater
LCB damage.

While soybean planting date cannot be fully utilized as a LCB management tool until
accurate methods of predicting LCB development are developed, these observations
indicate that younger soybeans may be more susceptible to LCB injury and this consid
eration should be incorporated into LCB management strategies.
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Graphognathus leucoloma (Boheman) (Coleoptera: Curculionidae) is one of four species
of this genus in the United States known as whitefringed beetles. This parthenogenic
and flightless species is highly polyphagous and has been reported to feed on 385 species
of plants (Young et al. 1950), many of which are crops. Adult beetles feed on leaves and
usually cause only minor damage (Anon. 1972). Ottens & Todd (1980) showed that as
many as 50 G. leucoloma adults per soybean plant were required to significantly reduce
pod production. However, the primary damage is incurred through the feeding activity
of the larvae on subterranean plant parts. Larvae typically feed on newly germinated
seeds and roots, and tunnel through tubers. Damage by larvae is evidenced as chlorotic,
wilted, or dead plants, and the damage in heavily infested fields usually progresses until
the crop must be replaced (Gross & Harlan 1975). Populations of G. leucoloma reach
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peak levels in pure stands of legumes (including alfalfa) as compared with grasses (King
& East 1979) and fecundity is highest among adults on legumes (East 1977). Many crops
grown in the southwestern U. S., such as alfalfa and cotton, are recorded as host plants
of this beetle (Anon. 1959). Records of this pest in South America indicate that it could
become established in irrigated areas of the western U.S. (Anon. 1959).

Whitefringed beetles are native to Argentina, Brazil, Chile, and Uruguay (Young
et al. 1950). In addition to South America, G. leucoloma is presently known to occur in
southern Africa, southeastern Australia, New Zealand, and the southeastern United
States (May 1975). Whitefringed beetles were first collected in the United States near
Svea, Okaloosa Co., Florida in 1936 (Buchanan 1947). Buchanan (1947) discussed distri
bution and Warner (1975) provided maps that show the U.S. distribution of the four
Graphognathus species. G. leucoloma occurs from the Florida panhandle north to Vir
ginia and Kentucky, and west to central Arkansas and Louisiana.

Prior to this report, no specimens of G. leucoloma were known from New Mexico
or Texas. We collected adult and larval specimens of G. leucoloma in an irrigated alfalfa
field ca. 10 km north of Lovington, Lea Co., New Mexico on 25 September and 16
October 1987. This ca. 4.0 ha field was adjacent to State Highway 18. To estimate adult
beetle density, we randomly placed 10, one-meter quadrats in a transect across this
field and recorded 5.6 ± 2.0 (x ± SE) live and dead adult beetles/meter" on 25 Sep
tember. Visual inspection for adult beetles in four other alfalfa fields within a ca. 8 km
radius revealed very low infestation levels «1 beetle/meter) in two fields and no G.
leucoloma in the other two. The Texas record is based on one adult specimen of G.
leucoloma collected at Buffalo Springs Lake, Lubbock Co., Texas on 5 October 1986 by
Mr. K. Stair.

These records represent a disjunct area of G. leucoloma occurrence ca. 1100 km
west of the previously known range (Warner 1975). Voucher specimens from each collec
tion locality and date are deposited in the Texas Tech University Entomological Collec
tion.

The establishment of Graphognathus leucoloma in this area represents the addition
of a significant pest because this species is both polyphagous and highly destructive.
Alfalfa, cotton, and other crop host plants are grown extensively in eastern New Mexico
and northwestern Texas and represent a vital part of the agricultural economy of these
areas.

We would like to thank Mr. J. C. Snodgrass, Texas Tech University, for bringing
the New Mexico situation to our attention; Dr. C. W. O'Brien, Florida A&M University,
for identifying specimens; Dr. H. R. Burke, Texas A&M University, for searching that
Collection for Texas records; and Ms. B. J. Nichols, Texas Tech University, for assist
ance with our field survey. We also thank Drs. L. Chandler, H. L. Schramm, and Mr.
J. C. Cokendolpher, Texas Tech University, for critically reviewing this manuscript.
Funding was provided by the State of Texas Line Item: Noxious Brush, Swine, and
Vegetables. This is Contribution T-1O-188, College of Agricultural Sciences, Texas Tech
University, Lubbock, Texas, 79409.
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CENTIPEDES AND MILLIPEDES IN THREE
CENTRAL FLORIDA PLANT COMMUNITIES

(CHILOPODA AND DIPLOPODA)

DAVID T. COREY
Department of Biological Sciences

University of Central Florida
Orlando, FL 32816

The scorpion, pseudoscorpion, opilionid and ground surface spider faunas in pond
pine, sand pine scrub, and flatwoods communities in central Florida were recently
documented (Corey 1987, Corey & Taylor 1987). This study describes the composition
and abundance of centipedes and millipedes in these communities.

The study sites were within natural areas of the University of Central Florida
campus, located approximately 17km east of Orlando in Orange County (S10 R31E
T22S). The three plant communities are descibed in Corey (1987) and Corey & Taylor
(1987).

Pitfall traps as described by Corey & Taylor (1987) and Corey (1987) were the
collecting device; they have been used to sample milliped populations (Fairhurst 1979).

Species composition and abundance for centipedes in the communities are presented
in Table 1. Twenty-eight centipedes representing 4 families and 5 species were collected.

The most abundant centipede was N eolithobius xenopus (Bollman) and represented
50% of the total centipede population. Most centipedes were collected in July (39.3%)
and September (21.4%).

Species composition and abundance of millipedes collected in the communities are
listed in Table 2. Ninty-seven millipedes from 4 families and 5 species were collected.

Dicellarius okefenokensis (Chamberlin) was the only millipede found in all three
communities. This is a new county record for D. okefenokensis in Florida. Dicellarius
okefenokensis has been reported from beneath logs in moist hardwood habitats (Shelley
1984). The three communities examined in this study are pinelands and therefore this
is a new habitat for D. okefenokensis. It appears to be active during cool weather with
14.7% collected in January and 85.3% collected in March. Of the 17 Florida records



Scientific Notes 659

GROSS, JR., H. R., AND D. P. HARLAN. 1975. Evaluation of preventative adulticide
treatments for control of whitefringed beetles. J. Econ. Entomol. 68: 366-368.

KING, P. D., AND R. EAST. 1979. Effects of pasture composition on the dynamics of
Heteronychus arator and Graphognathus leucoloma populations (Coleoptera:
Scarabaeidae and Curculionidae. Proc. 2nd Australasian Conf. Grassland Invert.
Ecol. 79-82.

MAY, B. M. 1975. White-fringed weevil, Graphognathus leucoloma (Boheman), life
cycle. Dep. Sci. Indust. Res., Wellington, New Zealand, Inform. Ser. No. 105/12,
4 pp.

OTTENS, R. J., AND J. W. TODD. 1980. Leaf area consumption of cotton, peanuts,
and soybeans by adult Graphognathus peregrinus and G. leucoloma. J. Econ.
Entomol. 73: 55-57.

WARNER, R. E. 1975. New synonyms, key, and distribution of Graphognathus,
whitefringed beetles (Coleoptera: Curculionidae), in North America. U.S. Dep.
Agric. Coop. Econ. Ins. Rpt. 25(44): 855-860.

YOUNG, H. C., B. A. App, J. B. GILL, AND H. S. HOLLINGSWORTH. 1950. White
fringed beetles and how to combat them. U.S. Dep. Agric. Circ. 850, 15 pp.

...~-...~-....- ....- ........~--........- ....------- .............- ........--.....- ....- ....-
CENTIPEDES AND MILLIPEDES IN THREE
CENTRAL FLORIDA PLANT COMMUNITIES

(CHILOPODA AND DIPLOPODA)

DAVID T. COREY
Department of Biological Sciences

University of Central Florida
Orlando, FL 32816

The scorpion, pseudoscorpion, opilionid and ground surface spider faunas in pond
pine, sand pine scrub, and flatwoods communities in central Florida were recently
documented (Corey 1987, Corey & Taylor 1987). This study describes the composition
and abundance of centipedes and millipedes in these communities.

The study sites were within natural areas of the University of Central Florida
campus, located approximately 17km east of Orlando in Orange County (S10 R31E
T22S). The three plant communities are descibed in Corey (1987) and Corey & Taylor
(1987).

Pitfall traps as described by Corey & Taylor (1987) and Corey (1987) were the
collecting device; they have been used to sample milliped populations (Fairhurst 1979).

Species composition and abundance for centipedes in the communities are presented
in Table 1. Twenty-eight centipedes representing 4 families and 5 species were collected.

The most abundant centipede was N eolithobius xenopus (Bollman) and represented
50% of the total centipede population. Most centipedes were collected in July (39.3%)
and September (21.4%).

Species composition and abundance of millipedes collected in the communities are
listed in Table 2. Ninty-seven millipedes from 4 families and 5 species were collected.

Dicellarius okefenokensis (Chamberlin) was the only millipede found in all three
communities. This is a new county record for D. okefenokensis in Florida. Dicellarius
okefenokensis has been reported from beneath logs in moist hardwood habitats (Shelley
1984). The three communities examined in this study are pinelands and therefore this
is a new habitat for D. okefenokensis. It appears to be active during cool weather with
14.7% collected in January and 85.3% collected in March. Of the 17 Florida records



~
~
o

TABLE 1. CENTIPEDES COLLECTED IN PITFALL TRAPS IN POND PINE (PP), SAND PINE SCRUB (SPS), AND FLATWOODS (FW).
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Scolopendra viridis Say 1 0 1 0

Total 3 0 0 7 4 0 4 1 1 1 0 1 0 0 3 0 1 2 15 6 7 tj
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TABLE 2. MILLIPEDES COLLECTED IN PITFALL TRAPS IN POND PINE (PP), SAND PINE SCRUB (SPS), AND FLATWOODS (FW).

May July September November January March Totals

Species PP SPS FW PP SPS FW PP SPS FW PP SPS FW PP SPS FW PP SPS FW PP SPS FW

JULIDA
Parajulidae
Species #1 3 2 4 0 7 2 W.

~

Species #2 42 4 0 46 0 .....
('0

:::1
SPIROBOLIDA ~.....

Spirobolidae ~
~

Chicobolus spinigerus (Wood) 2 1 2 0 1 Z
CALLIPODIDA

0
~
('0

Caspiopetalidae rJ).

Abacion lactanum (Say) 1 2 2 0 5 0
POLYDESMIDA

Xystodesmidae
Dicellanus okefenokensis

(Chamberlin) 1 4 14 5 10 14 6 14

Totals 2 0 0 0 0 0 0 1 1 0 47 2 0 5 4 14 11 10 16 64 17

~
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reported by Shelley (1984) 15 were found from October through March, only 2 records
were collected from warm weather (June) and this may be due to the method of collec
tion.

Parajulidae is in need of revision and it is difficult to identify specimens below the
family level. Two species are reported as Parajulidae species 1 and 2. Parajulidae sp.
#2 was the most common millipede (47.4%) and was collected only in November (91.3%)
and March (8.7%) in sand pine scrub.

I thank Rowland M. Shelley for identifing millipedes and Scolopendromorpha cen
tipedes and Andrew A. Weaver for identifing Lithobiomorpha and Geophilomorpha
centipedes.

REFERENCES CITED

COREY, D. T. 1987. Arachnid fauna in three central Florida plant communities. M.S.
Thesis, University of Central Florida. 290 pp.

COREY, D. T., AND W. K. TAYLOR. 1987. Scorpion, pseudoscorpion, and opilionid
faunas in three central Florida plant communities. Florida Scient. 50(3): 162-167.

FAIRHURST, C. 1979. The distribution of millipedes on a Lincolnshire sand dune
system. pp. 241. In: Marina Camatini, Ed. Myrapod Biology, CR. 24. Academic
Press, New York. 456 pages.

SHELLEY, R. M. 1984. A revision of the milliped genus Dicellarius with a revalidation
of the genus Thrinaxoria (Polydesmida: Xystodesmidae). Proc. BioI. Soc.
Washington 97(3): 473-512.



Index to Volume 71

INDEX TO VOLUME 71

663

absorption-105
Acari Cheylitidae-1
Acaropsis shorkotienses-1
Achroia grisella-467
acoustic-447, 478
acoustic inputs-393
acoustic signals-400
acoustic traps-484
acoustical-427, 492
acoustical detection-441
acoustics-409
Acrosternum dubium-120
Acrosternum fuscopunctatum-120
Acrosternum gregi-120
Acrosternum hilare-120
Acrosternum marginatum-120
Adams, F., note by-380
adoption-581
Aedes aegypti-33
Aedes sierrensis-86
African honey bees-294
Agee, H. R., article by-393
Akbar, S., article by-1
All, J. N., article by-268
alternative control-546
Aluja, M., article by-111, 154
Alvarado-Rodriquez, B. note by-84
Anacardiaceae-62
Anagasta kuhniella-86
Anastrepha antunesi-130
Anastrepha bahiensis-130
Anastrepha balloui-130
Anastrepha barnesi-130
Anastrepha canalis-130
Anastrepha chiclayae-62
Anastrepha chiclayae-130
Anastrepha concava-130
Anastrepha crebra-130
Anastrepha distincta-62, 130
Anastrepha fraterculus-62, 130
Anastrepha hamata-130
Anastrepha irretita-130
A nastrepha leptozona-130
Anastrepha limae-130
Anastrepha ludens-111, 130
Anastrepha manihoti-62, 130
Anastrepha montei-130
Anastrepha obliqua-62, 111
Anastrepha panamensis-130
Anastrepha pickeli-62, 130
Anastrepha robusta-130

Anastrepha schausi-130
Anastrepha serpentina-62, 111, 130
Anastrepha spatulata-130
Anastrepha striata-62, 130
Anastrepha suspensa-380
Anastrepha tumida-130
Andrews, K. L., article by-630
Anopheles gambiae complex-288
Anopheles quadrimaculatus complex-299,

303,311
antibiosis-254
Anticarsia gemmatalis-352
ants-163
Apanteles scutellaris-84
arms races-400
Asthenopodes-207
Asthenopus curtus-207
Asthenopus gilliesi-207
Asthenopus picteti-207
Atrichopogon wirthi-186
axils-33

Bacillus thuringiensis-105
Barfield, C. S., article by-352
bark beetles-447
bark-feeding insects-427
beehives-467
behavior-154, 393
bibliography-176
Billbergia pyramidalis-33
biological control-506, 528
biology-528
Blank, R. W., article by-427
Bloomcamp, C. L., note by-205
bollworm moth-393
Braconidae-84
Braxton, L. B., note by-656
Brazzel, J. R., article by-346
bromeliad-33
Browning, H. W., article by-176
Burk, T., article by-400

cabbage-605
caimito morado-62
Calkins, C. A., article by-346, 409
Caribbean fruit fly-380, 409
Caribo fasciatus-8
Caribo maculatus-8
Caribo subgibbus-8



664 Florida Entomologist 71(4) December, 1988

Carlin, N., article by-163
Carlson, D. A., article by-333
cassava-62
Castro, M., article by-273
Castro, M. T., article by-49
cat flea-359
Celedonio-Hurtado, H., article by-lll
centipedes-659
central nervous system-393
Ceratitis capitata-lll, 154, 346
Chan, K. L., article by-186
Chaoborus astictopus-86
Chaoborus crystallinus-86
Chaoborl'/'s trivittatus-86
Chapin, J. B., article by-352
Chaudhri, W. M., article by-l
Cheletogenes dissitus-l
chemical characters-323
Cheyletus baridos-l
Chilopoda-659
Chrysophyllum cainito-62
Claviceps paspali-374
Cockburn, A. F., article by-299
cockroaches-333
Coleoptera Curculionidae-657
Coleoptera Heteroceridae-30
Collembola Sminthurididae-124
computer assisted-281
Conomynna-219
Conomynna bossuta-ll
Conomynna bureni-ll
Conomynna elegans-ll
Conomynna flava-ll
Conomynna flavopectus-ll
Conomynna grandula-ll
Conomynna medeis-ll
Conomynna reginicula-ll
Conomynna smithi-ll
Conomynna revision-ll
control-205, 537
Cook, C. A., article by-537
Copeland, W. W., note by-212
Coptotermes fonnosanus-73
Corey, D. T., note by-659
Corithrella appendiculata-33
corn-49, 268
Corwin, K., article by-346
Costa Rica-62, 130
Ctenocephalides felis-359
Culex quinquifasciatus-33
Culiciodes-86
cuticular hydrocarbons-323, 333
cytotaxonomy-3ll

Dacus-Ill
daily flight-376
Daphnia carinata-86
degree-days-364
Deleatidium-86
Delia antiqua-86
demography-lll
Dendroctonus-447
Denisiella lithophila-124
Denisiella serroseta-124
Denisiella sexpinnata-124
description-593
design parameters-478
detect-492
detection-409, 478
Deutsch, J. A., article by-262
development-49, 234, 370
Deyrup, M., note by-217
Deyrup, M. A., article by-163, 597
Diabrotica undecimpunctata howardi-78
diamondback moth-605
diapause-78
Diatrea lineolata-176
dietary substrates-380
Diplopoda-659
Diptera Anthomyiidae-86
Diptera Asilidae-150
Diptera Bibionidae-86
Diptera Bombyliidae-597
Diptera Calliphoridae-86
Diptera Ceratopogonidae-86, 186
Diptera Chaoboridae-86
Diptera Culicidae-86
Diptera Dixidae-86
Diptera Drosophilidae-86
Diptera Muscidae-86, 205
Diptera Psilidae-86
Diptera Psychodidae-86
Diptera Tabanidae-593
Diptera Tachinidae-654
Diptera Tephritidae-62, 111, 130, 346
DNA fragment-294
DNA probes-288, 299
Dominguez, E. note by-207
Dominican amber-593
Doolittle, R. E., note by-376
Drosophila-86

eastern subterranean termite-73
eastern white pine-427
ecology-554
economic injury level-249



Index to Volume 71 665

Ecuador-120
Efferia caymanensis-150
Eger, J. E., article by-120
Eichhornia crassipes-210
EI-Gazzar, L., article by-359
Elasmopalpus lignosellus-656
electrophoresis-299
electrophoretic-303
Elsey, K. D., article by-78
Emerson, K. C., article by-202
entomopathogen-105
entomopathogenic-86
Ephemeroptera Polymitarcyidae-207
Epitritus hexamerus-217
eradication program-346
ergot-374
Eroles-Harkins, L., note by-376
Errata Trager-219
ethology-554
Euchartidae-528
Euphasiopteryx depleta-654
European honey bees-294

Fairchild, G. B., article by-593
fall armyworm-49, 227, 234, 243, 249,

254, 262, 268, 273
feeding behavior-380
feeding responses-243
Ferdinand F. Dicke-225
filth flies-44
Fink, F. T., article by-427
Finnerty, V., article by-288
fire ants-323
first record-217
first records-657
Florida Keys-163
flucythrinate-205
foliage consumption-78
Formosan subterranean termite-73
Forrest, T. G., article by-416
fossil horsefly-593
Fowler, H. G., note by-654
fragment polymorphisms-294
Frank, J. H., article by-33
Frank, W., note by-90
fruit flies-62, 130, 462
fungal honeydew-374

Galleria mellonella-86, 467
gas chromatography-333
Gilreath, M. E., article by-656

Gladstone, S. M., article by-249
Glancey, B. M., article by-581
Gnophothris fuscus-384
Goettel, M. S., note by-86
granada-62
Grand Cayman Island-150
grapefriut-409
Graphognatus leucoloma-657
Gregory, B. M., article by-352
grey currawang-202
Gryllidae-484
Gryllotalpidae-484
guava-62
Guillen, J., article by-HI
Guthrie, W. D., article by-225

Haack, R. A., article by-427
Haag, K. H., note by-210
Habeck, D. H., article by-580
Habeck, D. H., note by-21O
Haematobia irritans-205
Hagenbuch, B. E., note by-205
Hagstrum, D. W., article by-441, 478
Hall, D. G., article by-138
Hall, G. H., article by-294
Hardy, T. N., note by-374
Hedstrom, I., article by-62
Heliothis subflexa-212
Heliothis virescens-364
Hemiptera Pentatomidae-8
Hendrichs, J., article by-l54
Heterocerus angustatus-30
Heterocerus mollinus-30
Heterocerus selanderi-30
Heterocerus tenuis-30
Heterocerus tristis-30
Heteroptera Pentatomidae Pentatomini-

120
Hines, R. W., note by-21~

Holck, A. R., article by-537
Homoptera Delphacidae-387
Honduras-49
Honduras-56
honey bees-281, 333
horn fly-205
horses-205
host plant-49, 62
host records-86
host strains-227, 234
Hruska, A. J., article by-249
Hubbard, M. D., note by-207
Hudson, W. Goo note by-214



666 Florida Entomologist 71(4) December, 1988

hybrid-323
hybrid strains-281
hybridization-303
Hylemya brassicae-86
Hymenoptera Braconidae-370
Hymenoptera Chalcidoidea-528
Hymenoptera Formicidae-ll, 217, 323
Hymenoptera Vespidae-374
hyphomycete-86

identification-281, 288, 333
inbred lines-262
infestation-249
infested commodities-492
Inga-62
injury-656
insect sounds-416
insecticide-359
intercropped-273
irradiated-346
Isenhour, D. J., article by-243
Isoptera Rhinotermitidae-73
isozyme-299
isozyme analysis-303

Jackson traps-l54
Jamaica-56
Jansson, R. K., article by-605
Jiron, L. F., article by-62
Jiron, L. F., article by-130
jobo-62
Johnson, D. W., article by-528
Jones, C. J., note by-205

Kaiser, P. E., article by-311
Keiferia lycopersicella-84
Knaus, R. M., article by-554
Koehler, P. G., article by-359
Koehler, P. G., note by-205

laboratory colony-212
Lam, T. N., note by-86
Lane, R. S., article by-593
larvae-243, 492
larval description-588
Latin American-630
Lecrone, S. H., article by-605
Lee, J. W., article by-234

Lepidoptera Gelechiidae-84
Lepidoptera Noctuidae-86, 212, 254, 262,

268, 273, 352, 364, 370, 630
Lepidoptera Plutellidae-605
Lepidoptera Pyralidae-86, 176, 588, 656
Lepidoptera Sesiidae-376
Leppla, N. C., note by-380
lesser cornstalk borer-656
lethal time-73
Liedo, P., article by-ll1
Linley, J. R., article by-186
list-138
Litzkow, C. A., article by-478, 492
Lofgren, C. S., article by-323, 581
Lye, B-H., article by-254

maize-262, 273
maize yield-249
Mallophaga Menoponidae-202
Mangifera indica-62
mango-62
Mangold, J. R., article by-615
Manihot esculenta-62
Manilkara achras-62
manure-44
mating compatibility-234
Mattson, W. J., article by-427
Meckenstock, D., article by-273
Mediterranean fruit fly-I54, 346
Menacanthus dennisi-202
Menacanthus gonophaeus-202
Mersie. W., article by-105
metabolism-105
Mexico-84, 111
Microplitis croceipes-370
migration-56
Mihm, J. A., article by-262
Miller, W. V., article by-30
millipedes-659
Milne, D. E. note by-205
minutes-70th meeting-92
Mitchell, E. R., article by-364
Mitchell, E. R., note by-212
Mitchell, S., article by-299
Mocis latipes-352
Mocroplitis demolitor-370
mole crickets-90, 214
Morgan, P. B., article by-44
morphologigal differences-352
mosquito larvae-33
mosquitoes-303, 537
moths-467



Index to Volume 71 667

Musca domestica-44, 86
Myrtaceae-62

N-ethyl perfluorooctane sulfonamide-73
Narang, S. K., article by-303
Neargymctis slossonalis-588
Nebeker, T. E., note by-376
Neochetina bruchi-2lO
Neochetina eichorniae-210
neotropical cornstalk borer-176
neotropical mayfly-207
new introduction-90
new species-I, 8, 11, 30, 120, 124, 150,

186,202
newly-mated queens-581
Nguyen, R., article by-346
Nickle, D. A., note by-90
no-tillage-268
non-conventional hybrids-262
Norrbom, A. L., article by-130
northern red oak-427
nuclear DNA-294

Ogmotarsonemus erepsis-387
open-pollenated varieties-262
Orr, D. B., article by-506
Orthoptera Gryllotalpidae-90, 214
oviposition incisions-387
oviposition preference-234

Pakistan-l
paper birch-427
Pamdixa-86
Pamnthrene dolli-376
parasites-84, 537
parasitiod-44
parasitization-370
Pashley, D. P., article by-227
Passeriformes-202
PassijZora quadrangularis-62
pathogens-537
Patterson, R. S., article by-44, 359
Patterson, R. S., note by-205
peach-62
permethrin-205
pest management-44
Phaseolus vulgaris-105
phenetic comparisons-333
phenology-364
pheromone trap-364, 376

Phormia regina-86
Pinus eliottii-384
Pistia stratiotes-186
Pitre, R., article by-273
Pitre, R. N., article by-49, 56
planthopper-387
Plecia nearctica-86
plow-tillage-268
Plutella xylostella-605
Poecilognathus punctipennis-597
Poinar, G. 0., Jr., article by-593
Polistes dorsalis-374
Polistes fuscatus-374
Polistes metricus-374
pollen-feeding-597
polygynous-581
population estimate-416, 441
population monitoring-416
Pouteria cainito-62
Powell, J. E., note by-370
predators-537
predicting-364
Prenolepis-ll
Price, R. D., article by-202
Propp, G. D., article by-44
Prunus persica-62
Pseudapanteles dignus-84
Pseudoletia unipuncta-86
Psidium friedrichsthalianum-62
Psidium guajava-62
Psila rosae-86
Pyralidae Nymphulinae-588
pyrethriod tags-205

quality evaluations-346
Quisenberry, S., article by-234

radiotracer methods-554
Rahi, M. S., article by-l
Ranasinghe, M. A., note by-384
Reagan, T. E., article by-554
rearing-380
red imported fire ants-581
red maple-427
reproductive diapause-78
resistance-56, 254, 262, 359
resistantant corn-243
resistant plants-546
restriction analysis-299
restriction endonuclease-294
Reticulitermes .flavipes-73



668 Florida Entomologist 71(4) December, 1988

review-163, 506
Reyes, J., article by-l54
Rhyzopertha dominica-441
rice cultivars-254
Rider, D. A., article by-8
Riley, T. J., article by-234
Rinderer, T. E., article by-281
Rodriguez-Del-Bosque, L. A., article by-

176
Ryker, L. C., article by-447

saltmarsh cordgrass-387
sampling-214
sapwood-427
Scapteriscus acletus-90
Scapteriscus vicinus-214
Scarbrough, A. G., article by-150
scelionid wasps-506
Scheffrahn, R. H., article by-73, 615
seasonal flight-376
seasonal movement-409
seasonal occurrence-384
Seawright, J. A., article by-303
ShowIer, A. T., article by-554
sibling species-299, 303
siblings-311
signalling-400
Sinaloa-84
Singh, M., article by-105
Singh, P., note by-380
Siphonaptera Pulicidae-359
Sites, R. W., note by-657
Sitophilus oryzae-478
Sivinski, J., article by-462
slash pine-384
Slaughter, D. C., article by-492
Smith, C. M., article by-254, 546
Smith, J. W., Jr., article by-176
Smith, M. E., article by-262
snapbeans-105
Snider, R. J., article by-124
Solenopsis invicta-323, 581
Solenopsis richteri-323
Solenopsis saevissima complex-323
Solomon, J. D., note by-376
songs-462
sorghum-49, 268, 273
Soto-Manitiu, J. S., article by-130
sound-467, 654
sound-insulated room-478
soybean-268, 656
Spalangia endius-44

Spangler, H. G., article by-467
Spartina alterniflora-387
Spodoptera exigua-86
Spodopterafrugiperda-49, 227, 234, 243,

249, 254, 262, 268, 273, 630
Spondias dulcis-62
Spondias mombin-62
Spondias purpurea-62
spotted cucumber beetle-78
Staminea-150
Stenotabanus brodzinskyi-593
sterile flies-346
Stewart, J. P., article by-33
stored wheat-441
Strepera versicolor-202
Strong, D. R., note by-387
Su, N-Y., article by-73, 615
subsistence farms-273
sugarcane entomology-138
survey-615
susceptibility-56
susceptible corn-243
Symposium Fall Armyworm-223
Symposium Taxonomic Technologies-279
Symposium Agroacoustics-393
Symposium Alternatives Chemical

Control-505
synonymy-207

Tachinidae-484
tail tapes-205
Tarrant, C. A., article by-299
Tarsonemidae-387
taxonomy-281
teflubenzuron-605
temporal movement-409
termite-73
termites-615
Thorvilson, H. G., note by-657
thuringiensin-105
Thysanoptera Phlaeothripidae-384
Tigriopus-86
Tingle, F. C., article by-364
tobacco-364
tolerance-254
Tolypocladium cylindrosporum-86
tomato pinworm-84
toxicity-73
Toxorhynchites rutilus-33
Trager, J., article by-ll, 163
translocation-l05
transmission-374



Index to Volume 71 669

trap color-154
trap crop-273
traps-484, 654
trimedlure-154
Tropicus pusillus-30
tsetse flies-333

ultrasonic emissions-427
Umphrey, G., article by-163

Vander Meer, R. K., article by-323
venom alkaloids-323
Vick, K. W., article by-441, 478
Villeda, M. P., article by-l54

Walker, T. J., article by-484
water lettuce-186

waterhyacinth weevil-21O
Watson, D. A., article by-33
Weaver, B. A., article by-478
Webb, J. C., article by-409, 441, 478, 492
West Indies-150
whitefringed beetle-657
Whitford, R., article by-234
whorl tissue-243
Wilkinson, R. C., note by-384
Wiseman, B. R., article by-243
wood-feeding insects-427
Wyeomyia mitchelli-33
Wyeomyia vanduzeei-33

yellow caimito-62

zapote-62



670 Florida Entomologist 71(4) December, 1988

SUSTAINING MEMBERS, JANUARY, 1987

A. Duda & Sons, Inc.
Att: Larry Beasley
P.O. Box 257
Oviedo, FL 32765

Abbott Labs-Chern & Ag. Products
Div.

Att: R. Cibulsky, Dept. 986
14th & Sheridan Road
North Chicago, IL 60064

Alert-Lear Pest Control
Att: N. Goldenberg
P.O. Box 381777
Miami, FL 33238

All American Termite & Pest
Control, Inc.

P.O. Box 7359A
Orlando, FL 32854

AM-MO Consulting, Inc.
Att: Emil A. Moherek
Rt. 1, Box 62
Clermont, FL 32711

American Cyanamid Company
Att: Mr. Ken Muzyk
408 Larrie Ellen Way
Brandon, FL 33511

Becker Microbial Products, Inc.
Att: Terry Couch
9464 N. W. 11th Street
Plantation, FL 33322

Capelouto Termite & Pest Control
Att: Raymond Capelouto
700 Capital Circle N. E.
Tallahassee, FL 32301

Ciba-Geigy Corporation
Att: Haney B. Camp
P.O. Box 18300
Greensboro, NC 27419

Dow Chemical USA
Att: Joseph Eger
5100 West Kennedy Blvd.
Suite 450
Tampa, FL 33609

Duphar B. V.-Crop Protection Div.
Att: A. H. Tomerlin
P.O. Box 695
Lake Mary, FL 32746

E. 1. DuPont de Nemours & Co.
Att: David D. Delaney
Rt. 1, Box 75B
Clermont, FL 32711

E. O. Painter Printing Co.
Att: S. Dick Johnston
P.O. Box 877
DeLeon Springs, FL 32028

Florida Celery Exchange
Att: George M. Talbott
4401 E. Colonial (P.O. Box 20067)
Orlando, FL 32814

Fla. Fruit & Vegetable Association
Att: Daniel A. Botts
P.O. Box 140155
Orlando, Fl 32814-0155

Florida Pest Control Association
Att: Toni Caithness, C.A.E.
6882 Edgewater Commerce Parkway
Orlando, FL 32810-4281

Gould Arborists
Att: J. Gould
P.O. Box 715
Sarasota, FL 33578

Helena Chemical Company
Att: Steve McDonald
P.O. Box 5115
Tampa, FL 33675

ICI Americas, Inc.
Att: Henry Yonce
508 N. Boston Ave.
Deland, FL 32724-3663

Martin Pest Control
Att: Michael D. Martin
P.O. Box 610605
North Miami, FL 33161



McCall Service Inc.
Att: Bryan Cooksey
P.O. Box 2221
Jacksonville, FL 32203

Mobay Corporation
Att: B. A. Bustillo
P.O. Box 667
Lutz, FL 33549

MSDAGVET
Attn: Art James
P.O. Box 2000
Rahway, NJ 07065-0912

Truly Nolen
Att: Truly Nolen
876 N. W. 12th Avenue
Pompano Beach, FL 33060

Nor-Am Chemical Company
Field Station Florida
P.O. Box 7
Cantonment, FL 32533

Pennwalt Corporation
Att: Bill Moore
210 Valencia Shores
Winter Garden, FL 32787

Sustaining Members

Stauffer Chemical Company
Att: Ray Malby
627 Riverview Avenue
Altamonte Springs, FL 32714

Sun Refining & Marketing Co.
Att: Ms. N. E. H. Wright
P.O. Box 1135
Marcus Hook, PA 19061-0835

The P.L.M. Chemical Company
Att: Robert G. Haines
P.O. Box 733
Orange Park, FL 32073-0733

Uniroyal Chemical
Att: Keith H. Griffith
6233 Ridgeberry Court
Orlando, FI 32819

Van Waters & Rogers
Att: Norman R. Ehmann
2256 Junction Ave.
San Jose, CA 95131

Walt Disney World
Att: Jerry A. Hagedorn
P.O. Box 40
Lake Buena Vista, FL 32830

671

Plant Products Corporation
Att: Robert Geary
P.O. Box 1149
Vero Beach, FL 32960

Ratterman's Consulting Service
Attn: Clifford B. Ratterman
373 N. University Drive, Suite 44
Plantation, FL 33324

Rohm & Haas Company
Att: T. J. Stelter
224 Desota Road
West Palm Beach, FL 33405

A. C. "Abe" White R.P.E.
817 W. Fairbanks Avenue
Orlando, FL 32804

Wright Pest Control
Att: M. L. Wright, Jr.
P.O. Box 2185
Winter Haven, FL 33880

Zoecon Corporation-PPM
Att: Stan W. Stokes
P.O. Box 273626
Tampa, FL 33688-3626


	00075__Page_000
	00075
	SN00154040_0071_00041
	SN00154040_0071_00042
	SN00154040_0071_00043
	SN00154040_0071_00044
	SN00154040_0071_00045
	SN00154040_0071_00046
	SN00154040_0071_00047
	SN00154040_0071_00048
	SN00154040_0071_00049
	SN00154040_0071_00410
	SN00154040_0071_00411
	SN00154040_0071_00412
	SN00154040_0071_00413
	SN00154040_0071_00414
	SN00154040_0071_00415
	SN00154040_0071_00416
	SN00154040_0071_00417
	SN00154040_0071_00418
	SN00154040_0071_00419
	SN00154040_0071_00420
	SN00154040_0071_00421
	SN00154040_0071_00422
	SN00154040_0071_00423
	SN00154040_0071_00424
	SN00154040_0071_00425
	SN00154040_0071_00426
	SN00154040_0071_00427
	SN00154040_0071_00428
	SN00154040_0071_00429
	SN00154040_0071_00430
	SN00154040_0071_00431
	SN00154040_0071_00432




