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PREFACE

It is a challenge to bring together all relevant information about the sterile insect
technique (SIT) and its application in area-wide integrated pest management (AW-
IPM) programmes; this book is the first attempt to do this in a thematic way. Since
SIT practitioners tend to operate in the context of only one insect pest species, it was
also a challenge for authors to develop and write their chapters from generic and
global points of view, stressing the principles of the technology, and including
examples from a range of pest species. We appreciate the understanding shown by
the authors in accepting our many suggestions to emphasize the principles of the
technology and to minimize details of field programmes. We also thank them for
their patience with the prolonged editing process of the book.

We are especially grateful to the authors for writing the chapters without
financial compensation. Authors who are retired, or worked on their own time,
deserve special commendation.

Each chapter was peer-reviewed, and we thank the reviewers for helping to make
the book accurate, complete, up-to-date, and generic in content.

The need for this book has been evident for many years, and now that it has
finally been published, it is expected to serve the scientific community for many
years to come. We are pleased to have been able to participate in its development.

The Editors
March 2005

DISCLAIMER

This publication has been prepared from the original material submitted by the authors, and then edited
and revised by the editors according to style guidelines acceptable to the publisher. The views expressed
do not necessarily reflect those of the Food and Agriculture Organization of the United Nations (FAO),
the International Atomic Energy Agency (IAEA), and the governments of the Member States.

The use of particular designations of countries or territories does not imply any judgement by the
publisher, the FAO or the IAEA as to the legal status of such countries or territories, of their authorities
and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered) does
not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement or
recommendation on the part of the FAO or IAEA.

The authors are responsible for having obtained the necessary permission for the reproduction,
translation or use of material from sources already protected by copyrights.



FOREWORD

For several major insect pests, the environment-friendly sterile insect technique
(SIT) is being applied as a component of area-wide integrated pest management
(AW-IPM) programmes. This technology, using radiation to sterilize insects, was
first developed in the USA, and is currently applied on six continents. For four
decades it has been a major subject for research and development in the Joint
FAO/IAEA Programme on Nuclear Techniques in Food and Agriculture, involving
both research and the transfer of this technology to Member States so that they can
benefit from improved plant, animal and human health, cleaner environments,
increased production of plants and animals in agricultural systems, and accelerated
economic development. The socio-economic impacts of AW-IPM programmes that
integrate the SIT have confirmed the usefulness of this technology.

Numerous publications related to the integration of the SIT in pest management
programmes, arising from research, coordinated research projects, field projects,
symposia, meetings, and training activities have already provided much information
to researchers, pest-control practitioners, programme managers, plant protection and
animal health officers, and policy makers. However, by bringing together and
presenting in a generic fashion the principles, practice, and global application of the
SIT, this book will be a major reference source for all current and future users of the
technology. The book will also serve as a textbook for academic courses on
integrated pest management. Fifty subject experts from 19 countries contributed to
the chapters, which were all peer reviewed before final editing.

vii



INTRODUCTORY REMARKS

As evidenced by the successful area-wide insect pest control programmes described
in this book, the sterile insect technique (SIT), a component of these programmes,
has come of age. The technology has expanded rapidly — additional target species,
new rearing techniques, studies on genetics and insect behaviour, and especially
integration into operational area-wide integrated pest management (AW-IPM)
programmes. The SIT has matured to the point where a critical overview of its
principles and practice will greatly facilitate further research, development, and
application in the field.

The SIT was among the first biological insect control methods designed for area-
wide application. While the SIT gained its reputation in insect eradication
programmes, it is essential that the scientific community now recognizes its
potential as a part of IPM strategies for the area-wide suppression, containment,
prevention and, where advisable, eradication of pests.

Insect control methods in the first 70 years of the 20™ century were based largely
on chemical insecticides; this was especially so after the Second World War with the
introduction of synthetic insecticides. The concept of IPM became popular after
1970, and a more selective use of insecticides was emphasized. Attempts to
significantly reduce insecticide applications have only gradually become more
prominent. Biological control of pest insects, together with the breeding of insect-
tolerant or resistant plants, is probably now receiving the major emphasis in IPM
programmes. According to an international standard under the International Plant
Protection Convention (IPPC), the SIT is now officially considered as one type of
biological control, and it is ideally suited for incorporation into AW-IPM
programmes.

The scientific underpinning of SIT programmes has broadened as new areas of
science have developed, e.g. insect mass production and quality, geographic
information systems and data management systems, genetics and molecular biology,
insect behaviour, aerial release of sterile insects, and modelling of AW-IPM. The
practical success of a programme incorporating the SIT requires a holistic and
multidisciplinary approach, and effective management, since in the last analysis
programmes must produce substantial economic benefits. This is clearly evident in
the major successes using the SIT against screwworms, fruit flies, and moths.

In spite of documented successes, many colleagues in the scientific community
are partially or inadequately informed on the application and importance of this
powerful addition to the biological weapons that can be used against insect pests that
are economically important or a threat to human health. The credibility and impact
of the technology needs to be described in an objective, comprehensive, and
balanced fashion, and in an accessible format. New insect pest problems, new
restrictive legislation, as well as older problems such as insecticide resistance and
minimum residue levels, require new solutions. There is a real need, and an



increasing demand, for information on the SIT so that its potential for addressing
some of these problems can be assessed.

The chapters have been written by well-known experts on the SIT and other
technologies that are integrated into IPM systems. A “first” in its field and
worldwide in scope, this book will provide an in-depth resource for the whole range
of documented scientific information about the SIT. The target audience of the book
is the scientific community worldwide. It will assist animal health and plant
protection practitioners, as well as students, teachers, and researchers, in
understanding and applying the SIT. It is anticipated that the book will have a
considerable impact on the science and practice of pest control systems.

Research workers new to this field have difficulty accessing the literature — it
tends to be widely scattered in multiple publications (some with very limited
distribution), in conference proceedings, and in unpublished programme reports. To
further the science and application of the SIT, the accumulated knowledge and
experience needs to be integrated and synthesized from a generic standpoint. The
consolidation of comprehensive information into one volume, with references to the
large amount of previous work, is long overdue. Such a consolidation will facilitate
the application of the SIT to those pest problems for which it is appropriate. It will
also lay the groundwork for future applications. The present book is uniquely
designed to fill this gap. The strengths and weaknesses, and successes and failures,
of the SIT have rarely been evaluated openly and fairly from a scientific perspective.

This is just the beginning. This book will help develop further the use of the SIT
for pest suppression, and where advisable, eradication. It will be a gold mine for
graduate students who want to learn about the history, accomplishments, problems,
and promises of the SIT. As an “autocidal” biological control method, it fits into
present-day concerns regarding human health and the environment. There is great
potential for significant advances that will make the SIT more effective and
economically viable, such as commercializing the different components, developing
genetic sexing strains that permit the release of only males, treating sterile insects
hormonally and semiochemically to increase their quality and competitiveness,
releasing insects from improved aerial systems, and using modern biotechnology.

It is an honour to have been asked to write these introductory remarks. The
developments in this technology are exciting, and I will always remain a part of
them.

Maurice Fried

Director, Research Support Program
National Academy of Sciences

500 Fifth Street, NW

Washington, DC 20001, USA
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SUMMARY

During the 1930s and 1940s the idea of releasing insects of pest species to introduce sterility (sterile
insect technique or SIT) into wild populations, and thus control them, was independently conceived in
three extremely diverse intellectual environments. The key researchers were A. S. Serebrovskii at
Moscow State University, F. L. Vanderplank at a tsetse field research station in rural Tanganyika (now
Tanzania), and E. F. Knipling of the United States Department of Agriculture. Serebrovskii’s work on
chromosomal translocations for pest population suppression could not succeed in the catastrophic
conditions in the USSR during World War 11, after which he died. Vanderplank used hybrid sterility to
suppress a tsetse population in a large field experiment, but lacked the resources to develop this method
further. Knipling and his team exploited H. J. Muller’s discovery that ionizing radiation can induce
dominant lethal mutations, and after World War 11 this approach was applied on an area-wide basis to
eradicate the New World screwworm Cochliomyia hominivorax (Coquerel) in the USA, Mexico, and
Central America. Since then very effective programmes integrating the SIT have been mounted against
tropical fruit flies, some species of tsetse flies Glossina spp., the pink bollworm Pectinophora gossypiella
(Saunders), and the codling moth Cydia pomonella (L.). In non-isolated onion fields in the Netherlands,
the onion maggot Delia antiqua (Meigen) has since 1981 been suppressed by the SIT. In the 1970s there
was much research conducted on mosquito SIT, which then went into “eclipse”, but now appears to be
reviving. Development of the SIT for use against the boll weevil Anthonomus grandis grandis Boheman
and the gypsy moth Lymantria dispar (L.) has ended, but it is in progress for two sweetpotato weevil
species, Cylas formicarius (F.) and Euscepes postfasciatus (Fairmaire), the false codling moth
Cryptophlebia leucotreta (Meyrick), the carob moth Ectomyelois ceratoniae (Zeller), the cactus moth
Cactoblastis cactorum (Berg), the Old World screwworm Chrysomya bezziana (Villeneuve), additional
Glossina spp., other Anastrepha spp. and Bactrocera spp. fruit flies, and other pest insects.

1. PROLOGUE

When using the sterile insect technique (SIT), it is applied usually as a component of
area-wide integrated pest management (AW-IPM) (Klassen, this volume). The
density of the target insect pest population is reduced, eliminating already mated
females, with auxiliary control methods (Mangan, this volume). Then the SIT
imposes birth control on the population to further reduce its numbers (Klassen, this
volume). The SIT involves rearing large numbers of the target species, exposing
them to gamma rays to induce sexual sterility (Robinson, this volume), and then
releasing them into the target population. The released sterile males mate with wild
females to prevent them from reproducing.

Runner (1916) found that large doses of X-rays applied to the cigarette beetle
Lasioderma serricorne (F.) rendered it incapable of reproduction. Soon afterwards
H. J. Muller (1927) showed that ionizing radiation induced visible mutations in
Drosophila, and also a much larger number of dominant lethal mutations, which
were expressed through a reduction in the hatch of eggs laid by treated females or
fathered by treated males. However, only after 1950, when Muller made a special
effort to publicize the biological effects of radiation, did economic entomologists



HISTORY OF THE STERILE INSECT TECHNIQUE 5

become aware that, through irradiation, sexual sterility in male insects was quite
easily achieved (Bakri et al., this volume).

Nevertheless, already in the 1930s and 1940s, the idea of releasing pest insects to
introduce sterility into wild populations, and thus control them, had been conceived
independently by A. S. Serebrovskii at Moscow State University, F. L. Vanderplank
at a tsetse field research station in rural Tanganyika (now Tanzania), and E. F.
Knipling of the United States Department of Agriculture (USDA). Serebrovskii and
Vanderplank both sought to achieve pest control through the sterility that arises
when different species or genetic strains are hybridized (Robinson, this volume).

The debut of the most successful AW-IPM programme integrating the SIT to
date occurred in the 1950s. It was started to rid the south-eastern USA of the New
World screwworm Cochliomyia hominivorax (Coquerel), a deadly parasite of
livestock. During the next 43 years the technique was used to eradicate this
screwworm from the USA, Mexico, and Central America to Panama (Vargas-Teran
et al., this volume).

Currently, the SIT is most widely applied against tephritid fruit flies (Enkerlin,
this volume). Following extensive Research and Development since the late 1950s
(Klassen et al. 1994), the first large-scale programme, established in the 1970s,
stopped the invasion of the Mediterranean fruit fly Ceratitis capitata (Wiedemann)
from Central America into southern Mexico (Hendrichs et al. 1983). In Japan, the
SIT was employed in the 1980s and 1990s to eradicate the melon fly Bactrocera
cucurbitae (Coquillett) in Okinawa and all of Japan’s south-western islands,
permitting access for fruits and vegetables produced in these islands to the main
markets in the Japanese mainland (Kuba et al. 1996). In Chile, the SIT was used to
rid the country of the Mediterranean fruit fly. By 1995 the entire country had
become a fly-free zone, and a joint programme with Peru operates in northern Chile
and southern Peru. Since then Chilean fruits in huge volumes have entered the US
market without the need for any quarantine treatment, providing a major benefit to
the Chilean economy (Enkerlin, this volume). Argentina also has developed
significant SIT Mediterranean fruit fly programmes in several fruit-producing
provinces, some of which have recently succeeded in establishing pest free areas.
Mexico has also applied the SIT to get rid of various Anastrepha species from
northern Mexico (Enkerlin, this volume). The SIT is increasingly applied with the
objective to reduce losses and pesticide use rather than fruit fly eradication, with
effective suppression programmes ongoing in Israel, South Africa, and Thailand,
and in preparation in Brazil, Portugal, Spain, and Tunisia. To prevent Mediterranean
fruit fly establishment in the continental USA through infested imported (smuggled)
fruit, sterile males are being released regularly in the Los Angeles Basin, Tampa,
and Miami. Consequently, there is no longer a need to spray these urban areas with
malathion insecticide to suppress pest outbreaks.

Since 1967, sterile pink bollworm moths Pectinophora gossypiella (Saunders)
have been released over cotton fields in the San Joaquin Valley of California to
prevent the establishment of this pest by moths immigrating from southern
California. The SIT is also being used to suppress the codling moth Cydia
pomonella (L.), an economic pest of apples and pears, in the Okanagan region of
British Columbia, Canada (Bloem et al., this volume).
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Tsetse flies, which in sub-Saharan Africa transmit the disease trypanosomosis
[trypanosomiasis] to humans (sleeping sickness) and livestock (nagana), are
regarded as a major cause of rural poverty because they prevent mixed farming.
Crops are produced with hoes because nagana kills draught animals. The existing
cattle produce little milk, and manure is not available to fertilize the worn-out soils.
The conquest of sleeping sickness and nagana would be of immense benefit to rural
development in sub-Saharan Africa (Feldmann et al., this volume). The eradication
in 1997 of the tsetse fly Glossina austeni Newstead in Zanzibar, Tanzania,
confirmed the feasibility of integrating releases of sterile males with other
suppression methods to create sustainable tsetse-free areas (Vreysen et al. 2000). As
a result, in 2001, the African Heads of State and Government committed their
countries to rid Africa of this disease (Feldmann and Jannin 2001). However, the
dream to conquer nagana and sleeping sickness will require many decades of
concerted effort. Currently there is a debate about the desirability of using the SIT to
eradicate major tsetse populations from large areas of the African mainland (DFID
2002, Hargrove 2003), and the perceived high cost of applying the technique.

2. SEREBROVSKII AND POSSIBLE USE OF CHROMOSOMAL
TRANSLOCATIONS TO CAUSE INHERITED PARTIAL STERILITY

Beginning in 1922, Muller encouraged and assisted Serebrovskii’s genetic studies
on Drosophila. In 1933, Muller became the director of a genetics laboratory, a
position created for him by N. I. Vavilov, head of the Lenin All-Union Academy of
Agricultural Sciences. Serebrovskii became embroiled in the fierce controversy with
T. D. Lysenko about the validity and usefulness of Mendelian genetics in advancing
Soviet agriculture (Medvedev 1969), whether genes exist, and whether the
Lamarckian concept of inheritance of acquired traits is correct. Lysenko had gained
the support of Stalin, and he attempted to force Vavilov, Serebrovskii, Muller, and
other geneticists to recant their adherence to Mendelian genetics. In December 1936,
exponents of the two trends in Soviet biology confronted each other at a special
session of the Lenin All-Union Academy of Agricultural Sciences, and the
geneticists vigorously defended their science. Subsequently several prominent
geneticists were arrested. Probably Serebrovskii was motivated to develop the
concept of using chromosomal translocations for pest population suppression as a
means to deflect Lysenko’s strident criticism that research in genetics was devoid of
promise to benefit Soviet agriculture (Carlson 1981).

Serebrovskii (1940) noted that it was already well known in 1940 that a
translocation of segments between two chromosomes caused an abnormal
association of four chromosomes during meiosis in heterozygotes, resulting in the
formation of gametes with lethal genetic duplications and deficiencies. These
abnormalities manifested themselves as partial sterility in the translocation
heterozygote. Such partial sterility tended to be passed on from one generation to the
next. Those translocations that were viable in the homozygous state had normal
meiotic pairing, and were fully fertile. Serebrovskii appreciated that, in such
conditions of negative heterosis (or underdominance as it has more recently been
called (Davis et al. 2001)), natural selection would favour whichever chromosome
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type was initially in the majority, with a point of unstable equilibrium, which would
be at a frequency of 50% if the viability of the two homozygous karyotypes were
equal. At a frequency of 50%, the proportion of heterozygotes, and hence of sterility
in the population, would be maximal.

On the basis of Mendelian principles, Serebrovskii worked out: (1) the extent to
which sterility would continue to appear in a population in the generations after a
single release of translocation homozygotes, (2) ways of enhancing levels of sterility
by using several different translocations, and (3) the effects of releasing only males
to avoid a temporary increase in the breeding population. Years later the alternative
possibility was proposed — the deliberate release of a majority of insects with
translocations as a means of “driving” into a vector population a gene that would
render it harmless to man, e.g. a gene for inability to transmit disease (Curtis 1968).

Serebrovskii (1940) started practical work on translocations in Musca domestica
L. and Calandra granaria L., but presumably it was impossible to continue it in the
catastrophic conditions in the USSR during World War Il. Unlike some other
opponents of Lysenko, Serebrovskii was not arrested, but he died of natural causes
in 1948. Before his death he expanded his ideas in a book (Serebrovskii 1971), but
which could not be published until after the fall from power of N. S. Khruschev and
of Lysenko (whom Khruschev supported).

3. VANDERPLANK AND USE OF HYBRID STERILITY TO COMBAT
TSETSE FLIES

In the 1930s and 1940s, Vanderplank and his colleagues developed and field-tested
an entirely different system of insect control, based on sterility from species crosses
and in the hybrids from such crosses. Based on field studies on the Glossina
morsitans Westwood group of tsetse flies in East Africa, they had discovered the
subtle but unequivocal differences between G. morsitans sensu stricto and G.
swynnertoni Austen. Laboratory crosses between G. morsitans and G. swynnertoni
were made by Corson (1932), Potts (1944), and Vanderplank (1944, 1947, 1948),
but the cross-matings had low fertility. Vanderplank (1947) reported that the
genitalia of the hybrids were distinguishable from both parent species, the hybrid
males were sterile, and the female hybrids partially sterile. Hybrid sterility in tsetse
flies has been studied further by Curtis (1971), and extensively by Gooding (1985,
1993).

Vanderplank (1944) proposed that sterility from crosses could be used for tsetse
control, and Jackson (1945) showed that there was random mating between the two
species in the field. On this basis, Vanderplank organized the mass collection of G.
morsitans pupae, and released emerging flies in a 26-km? area occupied only by G.
swynnertoni. This habitat was separated by at least 19 km from other tsetse
populations, and was considered too arid for G. morsitans to establish itself
permanently.

Vanderplank (1947) briefly described the success of this experiment, noting that
the initial effects were as theoretically expected. Surprisingly, he never published the
detailed results, but he kindly gave them to C. F. Curtis. After F. L. Vanderplank’s
death, his son, R. J. R. Vanderplank, gave permission that these remarkable data be
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published (Table 1). The releases of G. morsitans did indeed virtually eliminate the
less numerous G. swynnertoni, and there was a period in which hybrids could be
identified, before they also declined in numbers. Finally, the predicted decline of G.
morsitans also occurred, presumably because of its lower tolerance of aridity than
that of G. swynnertoni. When the density of tsetse flies had been reduced to a low
level, local people moved into the area, and apparently completed tsetse eradication
by bush clearance. It is unfortunate that the details of this remarkable trial have
remained almost unknown for so long, and were not followed up.

Table 1. Effect of releasing G. morsitans pupae into G. swynnertoni habitat
on the density of these two species and of the interspecific hybrids (G.
morsitans released into a 26-km? habitat in Tanzania separated from other
tsetse habitats by at least 19 km) (data fromF. L. Vanderplank and C. H. N.
Jackson, 1944-1946, reproduced with permission)

Average catch of old males

G. morsitans h
Date released (per 5 hours of catching)
(number) G. morsitans G. swynnertoni Hybrids
June 1944 0 0 54 0
July 0 0 69 0
August 27000 64 50 0
September 25000 138 25 0
October 26000 169 16 5t
November 11000 54 15 7t
December 4500 39 12 11
January 1945 5200 49 9 19
February 2300 68 5 21
March 0 40 4 28
April 0 22 4 20
May 0 17 3 10
June 0 16 1.2 9
July 0 13 11 7
August 0 15 0 4
September 0 11 0.2 2.4
October 0 7 0.1 21
November 1945 No surveys: local inhabitants now grazing cattle in the area
— March 1946
April 1946 0 0.6 0.4 0.8
After April 1946 Area given over to local inhabitants who cut down most of the
bush

*In this period, not all males were examined under the microscope, so the numbers
recorded as hybrids were possibly inaccurate.
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4. KNIPLING AND USE OF STERILITY INDUCED BY IONIZING
RADIATION

4.1. New World Scremworm

4.1.1. Early Attempts at Control, and Importance of Correct |dentification

Since ancient times, the tropical and semi-tropical New World screwworm has been
a serious enemy of warm-blooded animals, including humans, in an area extending
from Argentina to the southern USA. Descendants of European settlers managed
their herds and flocks so that the birth of most calves and lambs, as well as
castration, branding, and dehorning operations, occurred only during months when
screwworms were scarce. Each animal was checked for wounds at least twice per
week, and each wound was treated with an insecticidal “smear” (Knipling 1985).

The correct identity of the insect concerned was established in 1858, by French
entomologist C. Coquerel, who published an accurate description of the New World
screwworm in the Annals of the Entomological Society of France. Coquerel
assigned the name Lucilia hominivorax Coquerel to this parasite. “Hominivorax”
literally means “man eater”.

North American entomologists were, unfortunately, unaware of Coquerel’s
paper. Indeed, until 1933, North Americans confused the identity of the New World
screwworm with the abundant scavenger of dead carcasses, Cochliomyia macellaria
(F.). Due to this inability to recognize that a different species was involved,
livestock producers wasted much energy in burying or burning carcasses, and
trapping adult flies, in the vain hope of reducing the population of what was believed
to be the myiasis-causing screwworm.

E. C. Cushing, under the guidance of W. S. Patton of the Liverpool School of
Tropical Medicine, discovered that the genitalia of adult flies that had developed in
carrion were different from those of most flies collected from wound-reared
specimens, and named the latter species Cochliomyia americana (Cushing and
Patton 1933). Later this species was found to be the C. hominivorax described 75
years earlier by Coquerel (Laake et al. 1936). C. hominivorax is now referred to as
the New World screwworm, and the scavenger C. macellaria as the secondary
screwworm. As soon as the true identity of C. hominivorax had been clarified,
Knipling and his colleagues made a concerted effort to elucidate its biology and
ecology. They concluded that the number of screwworm flies that survives the
winter as pupae in the soil was very low, perhaps only 40-80 per km? (Lindquist
1955, Meyer and Simpson 1995).

4.1.2. Sudieson Reared Screwwormsin 1930s, and Conception of ST

C. hominivorax was the first obligate insect parasite to be reared on an artificial diet
(Melvin and Bushland 1936), and this enabled very large numbers of screwworms to
be available for study. Knipling observed the extreme sexual aggressiveness of male
screwworms, as well as the refusal of females to mate more than once, and he
realized that, if sexual sterility could be induced in males, and if vast numbers could
be sterilized and released in the field, then the screwworm population would be
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suppressed. He also realized that, if releases continued for several successive
generations, and the wild population density decreased, the ratio of the number of
sterile males to that of fertile wild males would increase sharply. Provided that the
wild population was isolated, the sterile:fertile ratio would become so great that
probably not even a single fertile mating would occur, and thus the wild population
would be eradicated (Knipling 1955, 1985). Knipling introduced simple
mathematical models to assess the effects of the SIT and of insecticides on the
dynamics of screwworm populations (Barclay, this volume; Klassen, this volume).

The idea of the SIT may well have been triggered in part by the observation of
monogamy in female screwworms. However, Bushland (1960) asserted that, in
instances in which irradiation induces dominant lethal mutations in sperm which can
still penetrate eggs, female monogamy is not a requirement of the SIT, and this view
was accepted by Knipling (1959, 1979) (Lance and Mclnnis, this volume; Whitten
and Mahon, this volume).

In the 1930s, mass-rearing was not developed, and no method to induce sexual
sterility was known. For a decade, the paramount urgency of World War Il
prevented Knipling from pursuing this sterile-male concept (Klassen 2003), but R.
C. Bushland made a few attempts to induce sterility using chemicals.

4.1.3. Serility Based on Radiation-Induced Dominant Lethal Mutations

In 1946, H. J. Muller was awarded the Nobel Prize in Medicine for his discovery of
induced mutagenesis, and this gave him the prestige to lead a vigorous campaign
against the atmospheric testing of atomic weapons. He wrote a popular article in the
American Scientist in which he used tombstones as symbols to depict graphically
the dead progeny from matings of irradiated Drosophila (Muller 1950). A. W.
Lindquist recognized that Muller had developed a means of sexually sterilizing
insects, and drew Knipling’s attention to this paper.

Knipling wrote to Muller, asking if ionizing radiation could be used to induce
sexual sterility in the New World screwworm. Upon receiving Muller’s confident
assurance, Bushland and D. E. Hopkins used the X-Ray Therapy Section of Brooke
Army Hospital to conduct the first screwworm irradiations. They found that, when
6-day-old pupae were exposed to 50 Gy, the adults that emerged appeared to be
normal. However, when irradiated males were mated with untreated females, none
of the eggs hatched. Females that had been irradiated and mated to untreated males
produced almost no eggs, and none hatched. When untreated and irradiated males
were caged together with untreated females, the irradiated males competed about
equally with untreated males (in accordance with Knipling’s model) (Bushland and
Hopkins 1953).

4.1.4. Sanibel Island Field Evaluation Pilot Test

Sanibel Island (47 km?), 4 km from the coast of Florida, was selected for a release-
recapture experiment (Bushland 1960; 1té and Yamamura, this volume) using *2P-
labelled flies. In addition, the ratio of radioactive egg masses to non-radioactive
masses was assessed. The release of approximately 39 sterile male flies per km? per
week for several weeks resulted in up to 100% sterility of the egg masses from
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wounded goats, and it greatly reduced the wild population. However, eradication
was not achieved, apparently because wild fertile flies were flying to the island from
the mainland (Baumhover 2002).

4.1.5. Curacao Eradication Trial — Proof of Concept

In 1954, Knipling was informed that screwworms were causing severe damage to
the dairy industry on the island of Curacao, 65 km from Venezuela, with an area of
only 435 km?. Flies were reared in Orlando, Florida, and irradiated pupae were
packaged in paper bags, air freighted to Curacao, and released by air twice per week.
On Sanibel, the release of 39 sterile males per km? per week had been effective, but
on Curacao this rate caused only 15% sterility of egg masses, and it had little effect
on the incidence of myiasis cases due to the presence of thousands of unattended
goats and sheep. Since wounds on these animals were not treated, they supported a
high screwworm population. The release rate was increased to about 155 sterile
males per km?® per week, whereupon egg sterility increased to 69%, and then to
100% by the time two generations had elapsed. Subsequently two more fertile egg
masses were found, and so sterile-fly releases were continued for another 8 weeks.
Evidently eradication had been accomplished within 14 weeks, and the releases were
halted after 22 weeks (Baumhover et al. 1955).

4.1.6. Florida Eradication Programme

At a meeting of the Florida Livestock Association in 1956, A. H. Baumhover
suggested that eradication of the screwworm in Florida might eventually be possible,
and he outlined a plan that called for the release of 50 million sterile flies per week.
However, Knipling was reluctant to implement a high-risk USD 10-million
programme on the mainland — there were too many unknown factors, with
problems in mass-rearing and distribution requiring several more years of research
(which might reduce the eventual cost of the programme by USD 2 million).
However, the governor T. L. Collins noted that the agricultural economy of Florida
was losing more than USD 20 million per year due to the screwworm, and he
pressed for immediate implementation. Nevertheless, to upgrade the rearing and
release methodology, a further trial was conducted in 5000 km? along the Atlantic
coast (Baumhover et al. 1959, Graham and Dudley 1959). Meanwhile, in July 1957,
the Florida Legislature appropriated USD 3 million to match federal funds for an
operational programme.

A rearing facility was constructed at an Air Force Base at Sebring, Florida, with
the production capacity of 60 million flies per week, and the programme was
scheduled to begin in July 1958 (Scruggs 1975, Meyer and Simpson 1995).
However, this schedule could be accelerated following the unusually cold winter of
1957-1958, which eliminated all screwworms in the south-eastern states, except for
the southern one-third of Florida. To contain the surviving screwworm population,
the production was rapidly increased in the research facilities at Orlando and Bithlo,
from 2 to 14 million sterile flies per week, and by May 1958 sterile flies were being
distributed north of the infestation to the border with Georgia using 10 aircraft. The
programme established a quarantine line across central Florida to prevent the
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shipment of any infested livestock out of southern Florida, and any localized
concentrations of screwworm cases in northern Florida were quickly eliminated by
treating infested wounds, spraying herds, and releasing large numbers of sterile flies.

The mass-rearing facility at Sebring reached full production in August 1958, and
20 aircraft were used to distribute sterile flies throughout Florida and parts of
neighbouring states. The Florida Cooperative Extension Service conducted a public
information programme, and trained county agents to educate producers. Field
inspectors assisted and trained producers in treating cases and submitting larvae
from wounds for identification at eradication headquarters in Sebring. Cases of
myiasis in each county were plotted each day. The number of sterile flies released
per km® per week was increased at persistent “hot spots” from about 155 to 1160.
The last autochthonous case occurred on 19 February 1959 (Baumhover 2002). All
sterile fly releases were terminated in November 1959. The total cost of the
programme was USD 11 million, about 50% of the annual losses in Florida
(Meadows 1985).

4.1.7. Eradication and Area-Wide Population Management in South-Western USA
The Florida programme aroused the interest of cattle producers in Texas, the western
states, and Mexico. In 1959 the presidents of the USA (D. D. Eisenhower) and
Mexico (A. Lopez Mateos) agreed to a feasibility study to eradicate the New World
screwworm in Mexico.

The strategy for dealing with the south-west was a by-product of the use of the
160-km-wide sterile-fly barrier across Florida, with the release of sterile flies only in
the overwintering area, and to let the cold weather destroy the screwworms to the
north of this area. Following eradication from that area, sterile flies would be
deployed to create a barrier zone along the US-Mexico border to protect against
reinvasion (Bushland 1985).

A mass-rearing facility was built in Mission, TX, and releases began in 1962. By
1964 no screwworms were found in Texas or New Mexico for a period of two or
three generations, and USDA officials declared the screwworm eradicated from
these states. In 1965, the programme was extended to the Pacific, and in 1966 the
entire USA was declared free of screwworms; the federal government took full
responsibility to maintain the barrier zone from the Gulf of Mexico to the Pacific.
However, no agreement with Mexico to proceed southward had been reached, and
the USA remained highly vulnerable to the influx of screwworms from Mexico. At
this point in time, the goal of the programme was no longer eradication in the true
sense, but had become population containment (Klassen 1989, 2000; Hendrichs et
al., this volume).

4.1.8. Managing Screwworm Population Along US-Mexico Border

Both US and Mexican cattle producers were anxious to push the screwworm
population south to the Isthmus of Tehuantepec, where a barrier of only 360 km
would be needed. In 1972 the Mexico-United States Screwworm Eradication
Agreement was signed, with the aim of eradicating the screwworm to the north of
the Isthmus of Tehuantepec, and to establish a sterile-fly barrier there.
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In the meantime, many difficulties arose. Screwworm cases occurred as much as
480 km north of the US-Mexico border. In 1968 almost 10 000 cases were recorded
in the USA, and in 1972 such cases rose to 95 000. Knipling (1979) noted that,
before the programme began, the maximum flight range of screwworm adults was
estimated at 80 km. It was planned that the width of the sterile-fly barrier be twice
this figure. However, Hightower et al. (1965) demonstrated that natural fly
movement can occur up to at least 290 km, and the pattern of screwworm movement
during the spring indicated that dispersal in a single generation was up to 480 km. In
addition, Knipling (1979) concluded that the main reasons for the “breakdown” of
the AW-IPM programme in 1972 were the unusually favourable conditions for
winter survival of screwworms, the abandonment of animal husbandry practices
needed to counter screwworm infestations (including the twice-weekly inspection
and treatment of animals), and the explosion of the population of white-tailed deer
as a result of almost no screwworm-induced mortality during the previous decade
(Nagel and Peveling, this volume). Critics of the programme postulated changes in
the behaviour of the native population through genetic selection, making wild adults
prone to avoid matings with the released strain, and the existence of cryptic species
(Richardson et al. 1982). However no data were generated to support these views
(Krafsur 1998; Krafsur, this volume), and they were strongly rebutted (LaChance et
al. 1982). Another important factor was the unwise attempt to reduce sterile fly
distribution costs by releasing flies on parallel flight lanes spaced 8 or 16 km apart,
and this failed to deliver adequate numbers of sterile flies to all locations where wild
virgin females were present (Krafsur 1978, Hofmann 1985).

The Mexico-United States Screwworm Eradication Commission began field
operations in Mexico in 1974. A mass-rearing facility, with a capacity of 500 million
sterile flies per week, was built at Tuxtla Gutiérrez, and it reached full production in
January 1977. Nevertheless, as late as 1976, almost 30 000 cases occurred in the
USA. Major relief came when fly production at Mission, TX, was supplemented
from the new factory in Mexico (Meyer and Simpson 1995). Subsequently the need
for the Mission facility diminished rapidly, and in 1981 it was closed. The last
autochthonous screwworm case in the USA occurred in August 1982.

Knipling (1979) stated:

Had scientists known of the long flight range of the insect, they would not have
recommended a sterile fly release programme in the south-west. This would have been
unfortunate. By taking this gamble, up to a billion [1000 million] dollars [USD] have
been saved. We have learned that despite the long-range movement of the insect, a high
degree of pest population suppression can be achieved even against non-isolated
populations.

4.1.9. Programmesin Central America: the Drive to Panama

By 1984 the Commission had achieved the goal of eradicating the screwworm to the
Isthmus of Tehuantepec (Peneda-Vargas 1985). In 1986, operations were extended
to the Yucatan Peninsula and the countries bordering Mexico (lrastorza et al. 1993).
Eradication was declared as follows: Mexico 1991, Belize and Guatemala 1994, El
Salvador 1995, Honduras 1996, Nicaragua 1999, Costa Rica 2000, and Panama
2001, where a permanent sterile-fly barrier is being maintained in the Darien Gap
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along the border with Colombia (Wyss 2000; Vargas-Teran et al., this volume). A
rearing facility is being constructed at Pacora, Panama, and eventually the facility at
Tuxtla Gutiérrez will be closed.

4.1.10. Screwworm Eradication Programme in North Africa

In 1988, the New World screwworm was discovered at Tripoli, Libya, where it
rapidly spread over 28 000 km? Many feared that the insect would spread
throughout North Africa, the Middle East and southern Europe, and migrate up the
Nile River to sub-Saharan Africa, with serious consequences for the African people,
livestock, and the already endangered large mammals.

In 1989, the Government of Libya asked the Food and Agriculture Organization
of the United Nations (FAO) for assistance in eradicating the screwworm. The
operational programme was planned in detail by consultants assembled by the Joint
FAO/IAEA Division, and Libya and various donor countries provided the funding
(FAO 1992; Vargas-Teran et al., this volume).

The infested area was partially isolated by the Mediterranean Sea, desert to the
south, and barren areas with few livestock to the east and west. On the other hand,
all of the conditions for successful overwintering and dispersal existed in a 15-25-
km-wide zone along the Mediterranean coast (Krafsur and Lindquist 1996). One
hundred teams, each consisting of two individuals equipped with a jeep, inspected
all livestock every 21-28 days, applied insecticide to every wound, and sprayed
many of the animals. About 80 swormlure-baited wing traps were deployed across
the lines of flight of the aircraft from which the sterile screwworms were dropped.

Sterile screwworms were supplied from Mexico — mating studies showed that
the factory-strain flies were sexually compatible with the Libyan strain. Some
differences in the mitochondrial DNA were observed, but they were not considered
to indicate a barrier to applying the SIT (FAO 1992). Each weekly flight from
Tuxtla Gutiérrez to Tripoli carried 40 million sterile screwworm pupae. In Tripoli,
adult emergence was controlled to allow two early morning releases per week.

The attack on the pest population was planned for the early winter of 1990, since
by then cool weather would have greatly reduced the density and the reproductive
capacity of this insect. Also cool weather would synchronize the life stages, and
eliminate generation overlap. The number of sterile flies released was quickly
increased to the maximum to saturate all suitable niches with sterile males. Thus,
from the time that indigenous females emerged from under the soil, they would be in
the company of sexually sterile males.

The impact of this strategy was dramatic. Only six instances of wounds infested
with screwworm larvae were found in 1991, compared with more than 12 000 cases
in 1990. Releases of sterile flies were continued until October 1991, and surveillance
of all livestock until June 1992 (Lindquist et al. 1993). Eradication was declared in
June 1992 (FAO 1992).

4.1.11. Screwworm Programmesin the Caribbean
By 1975 the screwworm had been eradicated from Puerto Rico and the Virgin
Islands. In 1999, the Government of Jamaica initiated a programme to eradicate the
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screwworm (Dyck, Reyes Flores et al., this volume; Vargas-Teran et al., this
volume). No eradication programmes have been initiated on Cuba and Hispaniola,
even though C. hominivorax could easily be reintroduced into areas that have been
cleared of this pest (Hendrichs 2000; Vargas-Teran et al., this volume).

4.2. Tephritid Fruit Flies

Several species of tropical fruit flies are extremely destructive pests of fruits and
vegetables. Tephritid fruit flies are major economic pests because they have:

o A multivoltine life cycle with an explosive reproductive capacity

e The capacity to exploit a large number of host plants

e The ability to disperse widely as adults or to be moved in fruit as larvae

e The ability (adults) to survive several months of inclement weather

Tropical fruit flies not only cause great losses in fruit and vegetable production,
but they also seriously impede international trade because of quarantine regulations
designed to avoid cross-border introductions. Consequently, efforts to remove,
suppress, or exclude these pests have been made in at least 32 countries (Hendrichs
1996, 2001; Klassen et al. 1994; Enkerlin, this volume).

The mating behaviours of tropical fruit flies are very different from the
aggressive behaviour of male screwworms and involve complex courtship
behaviours including female mate choice (Robinson et al. 2002). Thus, close
attention must be given to the effects of colony-holding conditions, artificial diets,
irradiation, and handling procedures on the acceptability to wild females of released
sterile males (Cayol 2000, Hendrichs et al. 2002).

Investigations into the possibility of using the SIT to eradicate populations of the
Mediterranean fruit fly, melon fly, and oriental fruit fly Bactrocera dorsalis Hendel
were initiated in 1955 in Hawaii (Steiner and Christenson 1956). Also, prior to 1960,
pioneering investigations were underway on the Queensland fruit fly Bactrocera
tryoni (Froggatt) in Australia, and on the Mexican fruit fly Anastrepha ludens
(Loew) in Mexico and the USA (Klassen et al. 1994; Enkerlin, this volume).

4.2.1. Mexican and Queensland Fruit Flies
In 1964, the SIT was used to eradicate the Mexican fruit fly from outbreaks in
southern California, and as a quarantine measure to prevent the pest from re-entering
California from Baja California Norte in Mexico, and a decade later to exclude the
pest from the Rio Grande Valley of Texas. Both SIT containment programmes have
continued since then, but the programme on the California-Mexico border was
terminated after the Mexican states of Baja California Norte, Baja California Sur,
Chihuahua, and Sonora, following successful SIT projects in the 1990s against A.
ludens and the West Indian fruit fly Anastrepha obliqua (Macquart), were converted
into fruit fly-free zones from which citrus, stone fruits, apples, and vegetables are
now being exported without any postharvest treatment (Reyes F. et al. 2000;
Enkerlin, this volume).

Field trials of the SIT against the Queensland fruit fly began in 1962 in New
South Wales, Australia. Although the population was suppressed strongly, it could
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not be eradicated because of long-range immigrants. Nevertheless, since the mid-
1990s, an SIT containment programme protects a “Fruit Fly Exclusion Zone”
comprising major fruit production areas in New South Wales, Victoria, and South
Australia. In 1990, use of the SIT resulted in the eradication of this pest from an
incipient infestation in 125 km? at Perth, Western Australia (Fisher 1996). Also, the
SIT was used to eradicate the Mediterranean fruit fly in Carnarvon in Western
Australia (Fisher et al. 1985), and is now used to eradicate recurrent outbreaks of
this pest in South Australia (Smallridge et al. 2002).

4.2.2. Moscamed

In 1955, the Mediterranean fruit fly was found in Costa Rica. After the pest had
established a small foothold in Nicaragua, and a pilot programme conducted in 1967
(Rhode 1970), an operational programme to contain this pest was initiated to prevent
it from invading countries to the north (Rhode et al. 1971). However, very
unfortunately, a review team concluded that the Mediterranean fruit fly is not
economically important to Central America, and recommended that the programme
be terminated (Rhode 1976; Dyck, Reyes Flores et al., this volume). By 1976 the
pest had expanded its range into Honduras, El Salvador, and Guatemala, and in a
few years occupied 15000 km? in southern Mexico. To meet this emergency, the
Government of Mexico entered into cooperative agreements with Guatemala and the
USA to establish the first large-scale fruit fly AW-IPM programme using the SIT.
Construction of a rearing facility at Metapa, Mexico, to produce 500 million sterile
flies per week, began in 1978. Pest eradication in the infested area of Mexico was
achieved in 1982 (Hendrichs et al. 1983), and a barrier was created through
Guatemala (Villasefior et al. 2000; Enkerlin, this volume). For over 25 years, this
programme has kept Mexico, the USA, and half of Guatemala free of the
Mediterranean fruit fly, allowing Mexico over this period to significantly expand its
fruit and vegetable exports to the USA. According to The Economist (2004), the
Mexican horticulture export earnings since 1994 have tripled to over USD 3500
million per year, with exports of fresh vegetables rising by 80% and fresh fruit by
90%. In the meantime, the production capacity of the Moscamed programme has
increased to over 3500 million sterile males per week, the majority of which are
produced at the El Pino facility in Guatemala (Rendon et al. 2004).

4.2.3. Melon Fly Eradication in South-Western Islands of Japan

Between 1919 and 1970, the melon fly was discovered to have invaded various
island groups in the south of Japan, including Okinawa. The shipment of fruits and
vegetables to markets in mainland Japan was strictly forbidden. Consequently, the
Japanese National Government assisted the Prefectural Governments of Kagoshima
and Okinawa to conduct two separate programmes to eradicate the melon fly from
all of the south-western islands.

A pilot eradication experiment on small Kume Island (60 km?) began in 1972,
and eradication was declared in 1978. In 1984, an operational programme was
undertaken in the Miyako Islands. The capacity of the rearing facility was 30 million
flies per week. Since the wild population was estimated at 34.4 million, male
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annihilation (using cotton strings impregnated with cuelure and insecticide) was
used to reduce it to 5% of its original level. The production of high-quality flies, and
supplementary releases in high-density areas, were critically important (Yamagishi
et al. 1993, Kakinohana 1994). By 1986 the production capacity had been expanded
to almost 200 million sterile flies, and the programme gradually moved from island
group to island group until eradication of the melon fly from all of Japan was
achieved in 1993 (Kuba et al. 1996, Koyama et al. 2004).

4.2.4. Mediterranean Fruit Fly Genetic Sexing Strains

In the early 1960s, the Citrus Marketing Board of Israel developed an insecticide-
based area-wide programme against the Mediterranean fruit fly that was able to meet
the certified quarantine security requirements of fruit importing countries (Cohen
and Cohen 1967, Hendrichs 1996). Evidently bisexual releases of sterile flies could
not be used for this programme because sexually sterile female Mediterranean fruit
flies sting fruit with their ovipositors. However, in work with the Australian sheep
blow fly Lucilia cuprina (Wiedemann), Whitten (1969) found that male and female
pupae of a strain, in which the segment of the autosome bearing a gene for black
puparium is translocated to the Y chromosome, could be separated mechanically.
Therefore, all males are brown, and all females black. This encouraged Rdssler
(1979) to construct a similar strain of the Mediterranean fruit fly in which male
pupae (brown) could be separated from female pupae (white). This special strain
was mass-reared and sorted at the FAO/IAEA Seibersdorf laboratory in Austria, and
performed very well in large-scale tests in Israel (Nitzan et al. 1990; Franz, this
volume). Subsequently the Seibersdorf laboratory developed a genetic sexing strain
in which a segment of an autosome bearing the dominant wild type allele of a
temperature-sensitive lethal (tsl) mutant was translocated to the Y chromosome
(Franz and Kerremans 1994, Caceres et al. 2004). In addition, this laboratory
developed a “filter rearing system” to maintain stability in the mass-rearing of
genetic sexing strains (Fisher and Caceres 2000; Franz, this volume; Parker, this
volume).

4.25. Serile” Genetic Sexing Strain” Males Alleviate Mediterranean Fruit Fly
Crisesin California and Florida, USA

Until 1980, the Mediterranean fruit fly invaded California and Florida at only
infrequent intervals. Outbreaks were eliminated mainly by applying malathion-bait
sprays. It cost more than USD 100 million to eradicate the infestations in California
detected in 1980 and 1982. In the decade 1987-1997, multiple new infestations were
encountered annually in California and Florida. Since each outbreak was addressed
independently, this non-area-wide approach resulted in continuous new satellite
infestations, and there was a real threat that the pest would become established.
Therefore, in 1994, an area-wide SIT eradication programme was initiated, with
twice-weekly releases of sterile Mediterranean fruit flies over the entire Los Angeles
Basin. This programme was so successful and cost-effective that, in view of the
many introductions, in 1996 a permanent preventive release programme was
established (Dowell et al. 2000, Barry et al. 2004). The same preventive approach
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was also followed in 1998 in three high-risk Florida counties. Sterile males of the td
sexing strain VIENNA 7, mainly produced by the Moscamed programme in
Guatemala, are used for these preventive release programmes. Sexing strains are
now used in most Mediterranean fruit fly suppression, containment, or eradication
programmes (Caceres et al. 2004; Enkerlin, this volume; Franz, this volume;
Hendrichs et al., this volume).

4.2.6. Jordan-lsrael-Palestine Mediterranean Fruit Fly Programme

The signing of the Oslo Peace Accord created an opportunity for the international
community to assist Middle East countries, notably the Hashemite Kingdom of
Jordan, the Palestinian Authority, and Israel, to undertake joint projects that would
foster cooperation. Consequently, the various governments and the Palestinian
Authority met in Vienna, agreed to develop a cooperative area-wide programme
with the support of the FAO/IAEA, and asked these organizations to conduct an
economic analysis of three area-wide programme alternatives (Enkerlin and
Mumford 1997). In the operational programme, initially focused on the Arava/Araba
region between Israel and Jordan, the genetic sexing strain VIENNA 7 (Franz, this
volume) has been used for population suppression rather than eradication (at present,
there is no intention to establish disruptive quarantines along a major highway). As a
result of this suppression programme, the export of fresh vegetables from the Arava
region has reached almost USD 30 million per year (Cayol et al. 2004; Enkerlin, this
volume). The sterile pupae for this programme have been shipped from the
Moscamed facility in El Pino, Guatemala, although the largest producer of
biological control agents in Israel is currently constructing a commercial mass-
rearing facility, with the goal of expanding suppression to the area north of the West
Bank, including northern Jordan.

4.2.7. Trendis Suppression, not Eradication, of Fruit Flies
For technical and economic reasons, including difficulties in maintaining effective
guarantines (even with large capital investments in facilities), today most fruit fly
AW-IPM programmes that integrate the SIT aim to suppress the pest populations
(Mumford 2004; Enkerlin, this volume; Hendrichs et al., this volume; Mumford, this
volume). Examples of suppression programmes are:
o Mediterranean fruit fly

o Cap Bon, Tunisia (Ortiz Moreno 2001)
Costa Rica (Reyes Flores 2004)
Hex River Valley, South Africa (Barnes et al. 2004; Enkerlin, this volume)
Madeira, Portugal (Dantas et al. 2004)
San Francisco Valley, Bahia, Brazil
Valencia, Spain (Generalitat VValenciana 2003)
e Mexican fruit fly

o0 North-east Mexico (SAGAR/IICA 2001)
e Oriental fruit fly

o Ratchaburi Province, Thailand (Sutantawong et al. 2004)

(0]
0
0
(0]

o
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4.3. Onion Maggot

Since 1981, the SIT has been applied by a private firm (De Groene Vlieg) in The
Netherlands to control the onion maggot Delia antiqua (Meigen) on an aggregate
area of 2600 hectares (Loosjes 2000). The flies are reared year-round, and stockpiled
in diapause for release during the onion-growing season. Individual farmers contract
for the SIT independently of their neighbours, many of whom use chemical control.
Much efficiency is lost since the sterile flies are not applied on an area-wide basis
(protected fields do not form a contiguous block). Some growers in the general area
of sterile-fly releases benefit from them, but refuse to contribute to the programme
(free-riders). The programme has not been able to expand beyond 16% of the onion
production area.

44. TsetseFlies

Tsetse flies are unique among pest insects in being larviparous, i.e. females do not
lay eggs but gestate a larva in a uterus (one larva at a time), with a gestation period
of about 9 days. Thus, these flies have extraordinarily low rates of reproduction.
Therefore, relatively low release rates should be sufficient, compared with those
required for highly fertile oviparous pests (Hendrichs et al., this volume). However,
rearing tsetse flies is relatively laborious and expensive because both sexes require
frequent blood feeding (Parker, this volume).

Table 2 summarizes the SIT trials and operations that have been conducted on
tsetse flies. (Data from the trial by Vanderplank is shown in Table 1.) In a trial on
G. m. morsitans Westwood in 1969 on an island (5 ki ) in Lake Kariba, Zimbabwe,
pupae collected in the field were chemosterilized in the laboratory, and then returned
to the field to permit adult flies to emerge. The sterile flies were fully competitive,
but adult flies that were sterilized after emergence and held in captivity suffered an
80% loss in field competitiveness. These studies were followed in 1977-1978 by a
larger-scale (195 km?) trial in Tanzania using factory-reared G. m. morsitans fed on
live animals, which demonstrated full sterile fly competitiveness following
irradiation and release in the pupal stage.

Among the other releases, conducted in the 1970s and 1980s, were several that
successfully integrated releasing sterile males with the recently developed attractant
traps and insecticide-treated targets. Three tsetse species were eradicated
simultaneously in 3000 km? in Burkina Faso (Politzar and Cuisance 1984), and one
species in 1500 km? area in Nigeria (Takken et al. 1986). The technology was
successfully applied, but unfortunately the programmes were not conducted area-
wide and thus the pest free status of the areas was not sustainable.

Traps were also used on a small island (12 km?) in Lake Kariba, Zimbabwe, to
attract wild flies that were autosterilized by coming into contact with the traps, and
then departed (Hargrove and Langley 1990). This, and another failed eradication
trial, also in a small island in a Ugandan lake, are almost the only attempts to date to
apply the autosterilization principle which avoids or minimizes the need for a
rearing facility.
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Table 2. Summary of ST trials with tsetse flies Glossina spp.

Species, habitat, and
location

Method

Outcome and
objectives

References

Glossina swynnnertoni,
savannah, north-western
Tanzania

G. morsitans morsitans,
savannah, Lake Kariba,
Zimbabwe

G. tachinoides Westwood,
riverine, Chad

G. palpalis gambiensis
Vanderplank, riverine,
Burkina Faso

G. palpalis palpalis
Robineau-Desvoidy with
G. tachinoidesas a
control, riverine, Lafia,
Nigeria

G. morsitans morsitans,
savannah, Tanzania

G. morsitans morsitans,
and G. pallidipes Austen,
savannah, Lake Kariba,
Zimbabwe

G. morsitans submorsitans

Newstead, G. palpalis
gambiensis, G. palpalis
palpalis, G. tachinoides,
riverine and savannah,
Burkina Faso, Nigeria

G. austeni, bushland and
forest, Unguja, Zanzibar,
Tanzania

G. fuscipes fuscipes
Newstead, forest, Buvuma
Islands, Uganda

Release of G. morsitans,
which mated with G.
swynnertoni

Insecticidal suppression
followed by release of
chemically sterilized
pupae

Radiation-sterilized,
transport from France,
ground release sterile &

Suppression by aerial
insecticide treatment,
ground release sterile &

Suppression with traps
and targets followed by
ground release of
radiation-sterilized
adults

Insecticidal suppression
followed by ground
release of radiation-
sterilized pupae

Autosterilization of wild
flies with pyriproxyfen

Insecticide application
and trapping suppression
followed by ground
release of radiation-
sterilized adults

Suppression with
insecticide on livestock
and attractive devices
followed by aerial
release of radiation-
sterilized adults

Autosterilization of wild
flies with triflumuron vs.
insecticide-impregnated

traps

99% suppression in
256 km?, permitted
development of the
area for agricultural
production

> 99% suppression
on 5-km? island,
feasibility study

Feasibility study,
sterilization,
transport, release

Feasibility study (16
linear km) to control
sleeping sickness

Eradication of G. p.
palpalisin 1500 km?

90% suppression
(195 km?),
feasibility study

Suppression (12
km?), feasibility
study

Eradication (3000
km? - Burkina Faso,
1500 km? - Nigeria)

Eradication

(1650 km?),
trypanosomosis
transmission ceased

Suppression (5
km?), abandoned
because of funding
shortfall

Vanderplank
1947, and hitherto
unpublished data
shown in Table 1

Dame and
Schmidt 1970,
Dame et al. 1981

Cuisance and Itard
1973

Van der Vloedt et
al. 1980

Takken et al.
1986,
Oladunmade et al.
1990

Dame et al. 1975,
Williamson et al.
1983

Hargrove and
Langley 1990

Politzar and
Cuisance 1984,
Takken et al. 1986

Msangi et al.
2000; Vreysen et
al. 2000;
Feldmann et al.,
this volume

Oloo et al. 2000
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The first aerial releases of sterile males were carried out in the 1990s in Unguja
Island, Zanzibar, Tanzania, culminating in the eradication of G. austeni (Vreysen et
al. 2000). This successful programme freed the cattle from the burden of nagana
(Msangi et al. 2000; Feldmann and Jannin 2001; Feldmann et al., this volume).

Vreysen and Van der Vloedt (1992) described a sensitive method to determine
whether or not eradication has been achieved. This consists of the release of virgin
sterile female flies, and their recapture and dissection, to determine if, while in the
field, they became inseminated by wild males.

4.5. Mosqguitoes

As shown in Table 3 and in Benedict and Robinson (2003), several release trials
were conducted with sterile male mosquitoes in the 1960s and 1970s. For mosquito
SIT, since females may transmit disease, it is essential that releases of female
mosquitoes be reduced to an absolute minimum.

The largest-scale trials were conducted in El Salvador and India. Unfortunately,
in both countries, political factors in the mid-1970s interrupted further work — civil
war in El Salvador, and in India false accusations that the project was intended to
collect data on biological warfare (Nature 1975, WHO 1976).

The work in India showed that two important vector species of culicine
mosquitoes could be mass-reared, and the sexes separated (according to pupal size)
to ensure that 99.8% of the released mosquitoes were males. Males were
chemosterilized in the pupal stage, or by male-linked chromosome translocations
combined either with cytoplasmic incompatibility or sex-ratio distortion due to
meiotic drive. Field tests showed that the mating competitiveness of the males of
both species was acceptable. However, the mass release of Culex quinquefasciatus
Say males in villages achieved only limited levels of sterility in eggs laid by wild
females. This was attributed to the influx of already-mated females from outside the
target release area. A planned mass release of sterile male Aedes aegypti (L.), aimed
at the eradication of this urban mosquito from a whole town, was prevented by the
political problem mentioned above.

In El Salvador, the target was the malaria vector Anopheles albimanus
Wiedemann. It was multi-resistant to insecticides (partly due to the agricultural use
of insecticides), and therefore difficult to control by conventional means. In the
initial study, releases during 5 months around Lake Apastapeque were successful in
inducing 100% sterility in eggs laid by wild females (Lofgren et al. 1974, Weidhaas
1974). Sex separation in that trial was based on pupal size differentiation; however,
it was very imperfect, yielding 15% females among the released males. In a second
larger trial, a second separation was added; adults were offered malathion-laced
blood through a membrane. This effectively eliminated most of the females, but the
males were debilitated from being caged and handled. Therefore a genetic sexing
strain was developed — a chromosome translocation was induced, linking a
propoxur-resistance gene to the Y chromosome, and this was combined with a
crossover-suppressing chromosome inversion. Propoxur treatment at the egg stage
selectively eliminated all but 0.2% of females, thereby allowing a doubling of the
male production for release (Seawright et al. 1978). By eliminating the handling
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losses in the adult stage, the net release was increased from 200 000 males per day to
over 1 million, and these males, when released as sterile pupae, were almost fully
competitive in the field. Compared with the seasonal upward trend of the untreated
population, the releases reduced the target field population by more than 97% (Dame
et al. 1981, Benedict and Robinson 2003). However, complete control was thwarted

by immigration, and political unrest and war caused the trials to be terminated.

Table 3. Summary of release trials with sterile or semi-sterile male mosquitoes

Sterilization and

Target species Location sex-separation Outcome References
method
Anopheles Lakes in Pupal irradiation, Poor competitiveness Weidhaas et
quadrimaculatus  Florida, USA  adult release, sex of colonized males for  al. 1962,
Say separation by pupal wild females, which Dame et al.
size may have been 1964
mismatched for sibling
species
Culex Okpo, Cytoplasmic Eradication of small Laven 1967
quinquefasciatus Myanmar incompatibility village population
Anopheles Pala, Burkina ~ An. melas Theobald Poor competitiveness Davidson et
gambiaes.s. Faso X An. arabiensis of hybrid males al. 1970
Giles Patton cross yielding
sterile hybrid males
and few females
Culex Sea Horse Chemosterilization Sterilization of small Patterson
quinquefasciatus Key, Florida,  with thiotepa island population, 1970
USA moderate
competitiveness
Culex pipiens L. Village near Chromosome Persistent semi- Laven 1972,
Montpellier, translocations sterility in wild Cousserans
France population and Guille
1974
Culex Villages near  Thiotepa 300 000 released per Singh et al.
quinquefasciatus ~ Delhi, India sterilization or day, 99.8% male, 1975, Sharma
cytoplasmic adequate etal. 1972,
incompatibility plus ~ competitiveness inthe ~ Grover et al.
translocations, sex field for females of 1976a,
separation by pupal wild origin, but high Yasuno et al.
size egg sterility not 1978, Curtis
achieved by mass etal. 1982,
release due to Curtis 1976
immigration
Aedes aegypti Urban areas Thiotepa Rearing and sex Ansari et al.
in or near sterilization or sex- separation as for Culex 1977, Suguna
Delhi, India ratio distorter plus quinquefasciatus etal. 1977,
translocations, sex above, high Grover et al.
separation by pupal competitiveness in the  1976b, Curtis
size field for females of etal. 1976

wild origin
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Table 3. Continued
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Sterilization and

Target species Location sex-separation Outcome References
method
Aedes aegypti Mombasa, Chromosome Partial sterility McDonald et
Kenya translocations detected in wild al. 1977
pobulation
Anopheles Lake Chemosterilization 100% sterility induced  Lofgren et al.
albimanus Apastapeque,  of pupae with in wild population, 1974
El Salvador bisazir, inaccurate which fell below
sex separation based  detection level after 5
on pupal size months
Anopheles Pacific coast Bisazir sterilization,  Eventually 1 million Seawright et
albimanus of El sex separation MACHO released per al. 1978,
Salvador originally by pupal day and found Dame et al.
size + feeding on competitive, a natural 1981
malathion-treated population increase
blood, later by a Y was suppressed, but
chromosome eradication prevented
propoxur-resistance by immigration in
translocation spite of a barrier zone
inversion (MACHO
strain)
Culex Village near Pericentric inversion  Assortative mating — Baker et al.
tritaeniorhynchus  Lahore, plus translocation, competed for females 1978, 1979
Giles Pakistan sex separation by of colony origin but
temperature- not for females of wild
sensitive lethal origin
Anopheles Village near Bisazir sterilization, ~ Released males Reisen et al.
culicifaciesGiles  Lahore, sex separation by Y behaved normally in 1981, Baker
Pakistan chromosome the field but showed et al. 1980,
dieldrin subnormal mating 1981
translocation competitiveness
Culex tarsalis Kern County,  Adult irradiation Partial assortative Reisen 1982
Coquillett California, after separation of mating — reduced
USA males by hand competitiveness for

wild females, but
supercompetitiveness
for colony females

The idea of genetic control of mosquitoes is now undergoing a revival, based on
the production of transgenic strains. Such strains may either have been rendered
unable to transmit the pathogens that their species normally transmit (Ito et al.
2002), or carry a “release of insects carrying a dominant lethal” (RIDL) system
(Thomas et al. 2000; Robinson and Hendrichs, this volume). The latter could
provide both the elimination of biting females from batches being prepared for
release, and elimination of females from the progeny of matings of the released
males to wild females (Alphey and Andreasen 2002).
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4.6. Coleoptera

4.6.1. Field Cockchafer

Cockchafers (Scarabaeidae) are important pests of root vegetables. The flight period
can be accurately forecast, and is restricted to a few weeks every third year, with
males emerging before females. In 1959 and 1962, Horber (1963) conducted two
field trials on Melolontha vulgaris F. in 30 hectares of agricultural land in
Switzerland. He collected adult males in light traps, and gave them a sterilizing dose
of 33 Gy. In the two trials, 3109 and 8594 sterile males were released, and the wild
populations were reduced by 80% and to eradication, respectively.

4.6.2. Boll Weevil

Since the boll weevil Anthonomus grandis grandis Boheman necessitated the use of
one-third of the insecticides applied in US agriculture, and highly insecticide-
resistant boll weevil populations had emerged, the National Cotton Council was
determined to eradicate the boll weevil from the USA. Brazzel and Newsom (1959)
showed that, in autumn, the boll weevil enters diapause in trash along the edges of
cotton fields. If insecticides are applied just before diapause, the number of weevils
that survives the winter is reduced by 90%. As predicted by Knipling’s model, if
insecticide sprays were targeted to kill also the generation producing individuals
going into diapause, the number that overwinter is reduced by more than 99%
(Knipling 1963, 1968a). This ignited interest in the possibility of eradicating the boll
weevil. An effective pheromone-baited trap was developed for detection. Using the
SIT was problematic, however, since the competitiveness of the weevils is reduced
by irradiation. Nevertheless, this problem is largely avoided if they are sterilized
with the anti-leukemia drug busulfan (Klassen and Earle 1970), or with low doses of
fractionated irradiation (Haynes and Smith 1992).

In 1971-1973, a large pilot field experiment, centred in southern Mississippi,
was conducted to assess the feasibility of eradication. The eradication zone was
surrounded by three buffer zones. Very intensive suppression was implemented in
the two inner zones, and farmers were expected to practice diligent control in the
outer zone. Following a single integrated insecticide and SIT application, the boll
weevil population in the eradication zone was suppressed below detectable levels in
203 out of 236 fields. All of the remaining 33 infested fields were located in one
area less than 40 km from substantial uncontrolled populations. Knipling (1979)
concluded that eradication could be achieved subsequently by further attacks on
those portions of the population that had survived the first attack (Klassen 1989).
However, other prominent entomologists disagreed, arguing that the method could
be considered successful only if eradication was achieved throughout the area by
one combined application (Perkins 1982); a report by the National Research Council
(NRC 1975) concurred.

Since then, piecemeal AW-IPM programmes, that did not include the SIT, have
removed the boll weevil from about 3 million hectares in the south-eastern and
south-western states (USDA/APHIS 2004). Apparently, because of the disputed
interpretation of the original trial, funding is being made available only piecemeal.
Neither sterile males, nor other ecologically selective control tactics, are being used,
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and broad-spectrum insecticides are the main eradicant employed (Cunningham and
Grefenstette 2000, Dickerson et al. 2001). Pheromone traps are used to delimit
infestations and to time insecticide applications, planting by all growers is
synchronized and delayed, short-season varieties are grown, crops are harvested as
soon as possible, and stalks are destroyed immediately after harvest. Eradication is
usually achieved by the end of the third growing season. These area-wide
programmes have led to significant reductions in the total amount of pesticide used
on cotton in the USA. Eradication efforts are continuing in the remaining 40% of the
original infested area in the USA, and have even expanded into cotton-growing
regions of northern Mexico. The SIT might still be used in wildlife sanctuaries and
parks where the application of insecticides is prohibited.

4.6.3. Sweetpotato Weevils

Two weevil species are found in Okinawa Prefecture in south-western Japan —
sweetpotato weevil Cylas formicarius (F.) and West Indian sweetpotato weevil
Euscepes postfasciatus (Fairmaire) (Yasuda 2000). These are invasive alien pests
that threaten agricultural production, and have been designated as plant quarantine
pests. Consequently, the transport of fresh sweet potatoes from Okinawa to
mainland Japan is prohibited. Currently both species are the targets of pilot AW-
IPM eradication programmes integrating the SIT on Kume Island.

From 1994 to 1999, the male annihilation technique (MAT), using synthetic sex
pheromone and insecticide in wood fibreboard squares, was applied. The population
of C. formicarius was suppressed by about 90%, and the plant infestation level
dropped from 9.5 to less than 1%. Subsequently sterile weevils were aerially
released, and “hot spots” were treated with additional ground releases. In 2002, no
wild weevils were found, except at the south-eastern coast, and eradication appears
to be imminent (Kohama et al. 2003).

Following a successful SIT trial in 1995, and using weevils reared on artificial
diet (Shimoji and Miyatake 2002, Shimoji and Yamagishi 2004), an island-wide
AW-IPM programme integrating the SIT against E. postfasciatus on Kume was
initiated.

4.7. Lepidoptera

Throughout the world, lepidopteran larvae cause immense damage to food and
forage crops, forests, and stored products. However, there are several problems
when applying the SIT against moths (Bakri et al., this volume; Lance and Mclnnis,
this volume):

e Resistance to dominant lethal induction by ionizing radiation, because of the
holokinetic chromosomes of Lepidoptera

Production of eupyrene and apyrene sperm

Reductions in ability to mate

Spermatophore formation

Complex sperm transfer
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For species, such as the codling moth, that undergo diapause, the potential exists
to stockpile and activate them for release in synchrony with the wild population
(Parker, this volume). However, on the whole, the large-scale rearing of moths is
more difficult than that of most flies. For these reasons, the development of the SIT
against moths has lagged behind work with flies. Nevertheless, the potential to use
the SIT against lepidopteran pests appears to be very great (Carpenter et al., this
volume).

M. D. Proverbs (1962, 1982) in British Columbia, Canada, developed a
programme to suppress the codling moth using the SIT. He found that very high and
debilitating doses of ionizing radiation (about 400 Gy) are required to induce 100%
sterility. However, considerably lower and less debilitating doses induce inherited
sterility, and the level of sterility of the F; progeny is greater than that of the
irradiated parent (North 1975). Simulation models showed that released males with
inherited sterility would suppress the wild population to a greater extent than the
release of equal numbers of fully sterile males (Carpenter et al., this volume). In
1994, releases of irradiated codling moths were initiated in the Okanagan Valley of
British Columbia, and continue with the objective of area-wide population
suppression (Dyck et al. 1993; Bloem and Bloem 2000; Bloem et al., this volume).

The only other AW-IPM programme integrating the SIT, which has been
implemented as a large-scale operational programme, is for the pink bollworm.
Since 1968 sterile moths have been released in 0.4 million hectares of cotton fields
in the San Joaquin Valley of California to prevent the establishment of the pink
bollworm (it migrates from southern California) (Staten et al. 1993, Walters et al.
2000). This programme, largely funded by growers, has been key to the survival of
cotton production in California. Recently, in conjunction with the use of Bt-cotton,
the programme is being expanded with the aim of eliminating this pest from south-
west USA and north-west Mexico (Bloem et al., this volume).

5. EPILOGUE

Krafsur (1998) noted that many scientists view the SIT and related genetic methods
negatively (Whitten and Mahon, this volume). For example, Hargrove (2003) cast
doubt on the potential value of the SIT for tsetse eradication. Krafsur (1998)
identified the fundamental problem as follows:

There is a paucity of published data that relate sterile male releases to population
suppression. It would lend much credibility to the efficacy of SIT if sterile mating
frequencies were estimated in challenged populations. Numerous models have been
constructed that relate sterility and genetic deaths to population density but few were
tested with field data. Studies in which target population dynamics are evaluated in
terms of sterile mating rates and other covariates are badly needed. In this way, useful
mathematical models could be made and tested with actual data.

Nevertheless, in the screwworm programmes, sterile and fertile egg masses were
collected routinely in the Sanibel Island, Curagao, and Florida programmes, and
these data were related to target population decline (Baumhover 2002). Equivalent
work on mosquitoes is summarized in Table 3. Vreysen et al. (2000) described a
clear connection between the release of sterile tsetse males and induced sterility in
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wild females, and between induced sterility and subsequent population decline in the
field. Also Renddn et al. (2004) established this relationship on a large scale for the
Mediterranean fruit fly. Regarding lepidopteran pests, North and Snow (1978)
confirmed the interaction of released irradiated moths and the wild population by
capturing wild females, allowing them to oviposit, dissecting them to determine
whether or not the spermatophores were coloured with the dye from the rearing
medium, and examining their progeny cytogenetically for chromosomal aberrations.
Others have adopted this approach for other species (Bloem et al., this volume;
Carpenter et al., this volume; Vreysen, this volume). All these data confirm the
relationship between sterility and pest suppression, yet much remains to be done to
further address the paucity of field data identified by Krafsur.

AW-IPM programmes that integrate the SIT serve a very useful role in focusing
attention on the need for area-wide strategies in managing major pest problems
(Klassen, this volume). AW-IPM programmes are difficult to organize and to
manage, but those that exist have shown that the conventional IPM programmes
tend to be conducted on too small a scale for optimum efficiency, and often employ
insecticides in a way that destroys natural enemies.

Progress in developing and implementing the SIT for AW-IPM programmes has
been slow in some cases, but it has been rapid for such groups as fruit fly pests. As
noted by Hendrichs (2000), currently the SIT is practiced on an industrial and area-
wide scale against the New World screwworm, Mediterranean fruit fly (and other
fruit fly species, e.g. Anastrepha ludens, A. obliqua, Bactrocera cucurbitae, B.
dorsalis, B. tryoni), pink bollworm, and codling moth. Mass-rearing facilities in
several countries produce several thousand million sterile Mediterranean fruit flies
per week, and the capacity still exists to produce 500 million New World
screwworms per week. In 1994 the capacity to rear pink bollworms was increased,
and the distribution of moths was extended to include the southern irrigated desert
valleys of California (Walters et al. 2000). The codling moth programme in Canada
has weathered major concerns (Myers et al. 1998), and has significantly reduced
insecticide use. The small onion maggot programme releasing sterile flies in The
Netherlands survives, even without authority for a mandatory area-wide application.
The African Union is attempting to facilitate the integrated use of the SIT to
establish tsetse-free zones (Feldmann et al., this volume). The SIT has been shown
to be valuable in dealing with certain transboundary pest problems, and in
eliminating outbreaks of invasive pests in urban settings. Finally, the SIT may
benefit from the development of modern biotechnologies that may make disease
vectors harmless by replacing genes for vectorial capacity in populations of
mosquitoes and other vectors. The field evaluation of transgenic technology in
vector control would be facilitated by studies on the effects of sexually active sterile
transgenic vectors (Benedict and Robinson 2003; Robinson and Hendrichs, this
volume).
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SUMMARY

Area-wide integrated pest management (AW-IPM) focuses on the preventive management of pest
populations throughout the ecosystem. It seeks to treat all habitats of the pest population so that none
produces migrants to re-establish significant infestations in areas of concern. In contrast, the conventional
strategy focuses narrowly on defending the valued entity (crop, livestock, people, buildings, etc.) from
direct attack by pests. AW-IPM requires multiyear planning, and an organization dedicated exclusively to
its implementation, whereas conventional pest management involves minimal forward planning, tends to
be reactive, and is implemented independently by individual producers, businesses, or households. AW-
IPM tends to utilize advanced technologies, whereas the conventional strategy tends to rely on traditional
tactics and tools. The sterile insect technique (SIT) is a species-specific form of birth control imposed on
the pest population. It is a powerful tool for “mopping up” sparse pest populations, and is most efficient
when applied as a tactic in a system deployed on an area-wide basis. On environmental, economic and
biological grounds, the case for the SIT is compelling.

1. AREA-WIDE INTEGRATED PEST MANAGEMENT STRATEGY

The area-wide concept is a modernizing strategy of providing services efficiently
wherever needed. Area-wide management takes advantage of the power of
organization intelligently applied. Police protection, distribution of potable water,
and removal of garbage and sewage have been provided on an area-wide basis to
varying degrees for several millennia, whereas mail service, retailing, ambulance,
fire protection, public health, electrical supply, high-speed transport, telephone, and
internet services have been provided relatively more recently (Lindquist 2001).

Area-wide integrated pest management (AW-IPM) also has ancient roots in
coping with locust plagues and vector-borne diseases (Klassen 2000). By systematic
use of quarantines, Venice and Milan in 1347-1350 contained bubonic plague
transmitted by the oriental rat flea Xenopsylla cheopis (Rothschild), and this
approach was gradually adopted throughout Europe. AW-IPM came into a degree of
prominence in the late 19" and early 20™ centuries with the development of classical
biological control (1888), the use of pest-resistant plants (such as the grafting of all
European grapes on phylloxera-resistant American rootstocks in the 1870s),
campaigns to eradicate the gypsy moth Lymantria dispar (L.) in Massachusetts
(1890-1901) and Boophilus spp. cattle ticks from the Southern USA (1906-1943),
the suppression of yellow fever and malaria vectors in Havana (1898) and in the
Panama Canal Zone (1904), and the organization of mosquito-abatement districts,
first in West Africa and then in several continents (1900).

AW-IPM is one of several major strategies for coping with pest problems
(Kogan 2000). Various pest management strategies have evolved in response to
differences in the challenges presented by various pests (Hendrichs et al., this
volume). The strategy for coping with a pest problem on an empirical basis gives
only temporary alleviation. As methods of control, and guidelines for their use, are
developed and refined, they form the basis of the conventional strategy of localized
management of only fractions of populations. This is the most widely used strategy,
and individual producers, businesses and households practice it independently and
with no coordination. However, since individual producers or households are not
capable of adequately meeting the challenge of certain very mobile and dangerous
pests, the total population management or AW-IPM strategy developed (Rabb
1972). Mobile pests include not only those that fly long distances, but also those
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transported passively on wind, water, or animal hosts, or in infested commaodities
traded locally or internationally. Table 1 lists examples of area-wide programmes
not involving the sterile insect technique (SIT).

1.1. Defining Area-Wide Integrated Pest Management

For the purposes of this book, AW-IPM is defined as:

IPM against an entire pest population within a delimited geographic area, with a
minimum size large enough or protected by a buffer zone so that natural dispersal of the
population occurs only within this area.

The common thread that runs through all AW-IPM programmes is the strong
emphasis on the preventive control of foci of infestation from which recruits emerge
to re-establish damaging densities of the pest population in areas of concern.

A few scientists have attempted to define the AW-IPM strategy. Knipling, as
cited by Dickerson et al. (1999), stated:

Area-wide pest management is the systematic reduction of a target key pest(s) to
predetermined population levels through the use of uniformly applied control measures
over large geographical areas clearly defined by biologically based criteria.

Lindquist (2000) wrote:

An area-wide insect control programme is a long-term planned campaign against a pest
insect population in a relatively large predefined area with the objective of reducing the
insect population to a non-economic status.

Both of these definitions have considerable merit, and they fit the majority of
area-wide programmes. However slightly different definitions may be needed to
describe programmes on the conservation of natural enemies, and on classical
biological control where the adaptation of the introduced biological agent to all new
environments cannot be known in advance of release. Also, in using the SIT to
contain a population, it may not be possible to clearly define the boundary of the
pest population. In a similar vein, Showler (2002) stated:

Locust swarms can be highly variable, influenced by many factors, including
geography, vegetative conditions, land-use patterns, environmental sensitivity,
availability of resources and tactics, prevailing winds, insecure areas, and rainfall
patterns. Reliance on a single control strategy is therefore unrealistic [Showler 1997]. A
more appropriate approach would be to develop specific strategies that will fit with
projected scenarios, mostly by harmonizing them with national contingency plans.

1.2. Characteristics of Area-Wide Integrated Pest Management

It is intuitively obvious that the immigration of pests into a managed ecosystem
prevents their effective suppression or eradication. Indeed, the immigration of pests,
usually from small untreated foci into a managed area, has a tremendous impact. For
example, very few codling moths Cydia pomonella (L.) develop in well-managed
commercial orchards. Butt et al. (1973) found that the number of codling moths that
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Table 1. Area-wide programmes to suppress or eradicate insect pests without ST

Programme

References

Anti-locust programmes in Africa, southwest Asia and China — some are
coordinated by the FAO

Area-wide biocontrol of the cassava mealybug Phenacoccus manihoti
Matile-Ferrero with the parasitoid Epidinocarsislopez (De Santis) in 38
countries of sub-Saharan Africa

Avrea-wide biocontrol of the pink hibiscus mealybug Maconellicoccus
hirsutus (Green) with two parasitoid species in the Caribbean Basin, Florida
and California

Area-wide control of the brown planthopper Nilaparvata lugens (Stal) in
Indonesia and the Philippines

Dendroctonus pine bark beetles: long-term landscape level management
aimed at age and species mosaics unfavourable for large outbreaks in
western USA and Canada

Global Malaria Eradication Campaign, initiated by the WHO in 1955, but
disintegrated in 1969; malaria was eradicated in 37 countries, and in the end
74% of the people at risk were protected

Mosquito control districts first implemented in West Africa in the 1890s
against malaria vectors; ~ 260 districts in the USA, many in other countries

Onchocerciasis Control Programme in 1 000 000 km? in West Africa;
insecticides used to kill Smuliumspp. larvae in rivers, and ivermectin to
treat infections

Caribbean Amblyomma Programme to eradicate the tropical bont tick
Amblyomma variegatum F., Bridgetown, Barbados; treatment of all
ruminant livestock with pour-on Bayticol®

Chagas’ disease, reduviid vectors in Latin America; spray infested homes,
eliminate habitat, screen blood banks for trypanosomes

Boll weevil Anthonomus grandis grandis Boheman eradication; pheromone
trapping, insecticide treatment and cultural control

Corn rootworm management programmes in Texas, Illinois, Indiana, lowa,
Kansas, and South Dakota; adult bait and kill system using cucurbitacins as
attractants, carbaryl and non-toxic carrier applied to corn foliage

Codling moth suppression; area-wide use of pheromone-mediated mating
disruption in Washington State, Oregon and California

Area-wide use of encapsulated semiochemicals in lure and kill sprays
against the olive fruit fly Bactrocera oleae (Gmelin) in Greece and Spain

Eradication of Bactrocera papayae Drew and Hancock from North
Queensland, Australia, by male annihilation and strategic foliage baiting

Eradication of oriental fruit fly Bactrocera dorsalis Hendel from Mauritius
using male annihilation and bait application technique

Eradication of the carambola fruit fly Bactrocera carambolae Drew and
Hancock in Suriname, Brazil, and Guyana; Male annihilation

Pacific Islands Regional Fruit Fly Management Programme

Eradication of Hypoderma warbles from livestock in France using pour-on
insecticides
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overwintered in the Wenas Valley of Washington State, USA, dropped by 96%
when a few abandoned orchards and neglected non-commercial apple trees were
either removed or sprayed with insecticide. This study indicated that most of the
moths originated from untreated trees that in aggregate were less than 5% of the host
resources of the moth. Similarly, experience in coping with the pink bollworm
Pectinophora gossypiella (Saunders), and the boll weevil Anthonomus grandis
grandis Boheman, have shown that the few growers who do not destroy crop
residues immediately after harvest provide food for these pests to reproduce and to
enter diapause. This lapse in field sanitation can be the direct cause of devastating
levels of these pests appearing in the following season on neighbouring farms.

Knipling (1972) graphically pointed out the implications of allowing a small
fraction of a population of a major pest to reproduce without control (Fig. 1).
Knipling showed that more pest individuals would be produced if 1% of the total
population were allowed to reproduce without control, while 100% control were
applied to 99% of the population, than if only 90% control were imposed uniformly
on the total population. Thus Knipling (1972) elaborated the basic principle of total
population suppression:

Uniform suppressive pressure applied against the total population of the pest over a
period of generations will achieve greater suppression than a higher level of control on
most, but not all, of the population, each generation.

The defining imperative, in all variations of the AW-IPM strategy, is the strong
emphasis on preventing the existence of foci of infestation from which recruits can
re-establish damaging densities of the pest population. AW-IPM is preventive and
thoroughly inclusive.

Currently, for the most part, individual producers, who rely heavily on the use of
insecticides, carry out defensively the control of highly mobile and very destructive
pests. Although other control technologies are often incorporated into the producer’s
IPM system, these technologies are also usually applied by the individual producer
independently of other producers. This conventional uncoordinated farm-by-farm
strategy provides opportunities for the pest population to build-up and to infest well-
managed fields. Consequently, on most farms, insect pest populations increase to
damaging levels each year, and the farmer is forced to apply broad-spectrum fast-
acting insecticides as a rescue treatment. This defeats the primary goal of the IPM
system, which is to take maximum advantage of naturally occurring biological
control agents (Rohwer and Knipling 1992). Moreover, the application of
insecticides, when an insect pest population reaches the economic threshold, does
not prevent the losses that occur before the threshold has been reached. For
commodities that are planted on vast areas, such losses are immense. For example,
the world production of maize (corn) is roughly 600 million metric tons
(USDAJ/FAS 2002). Avoidance of a loss of only 3% would make available 18
million metric tons, which could be a major factor in alleviating hunger.

AW-IPM differs from conventional pest management of local pest populations in
several important ways (Lindquist 2000): (1) it focuses on the preventive
management of pest populations throughout the ecosystem, while the conventional
strategy focuses narrowly on defending the valued entity (crop, livestock, people,
buildings, etc.) from direct attack by pests, (2) it requires multi-year planning, and
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IMPORTANCE OF TOTAL POPULATION SUPPRESSION

99% CONTROL OF . 90% CONTROL OF
90% OF POPULATION 12.5+ TOTAL POPULATION

4 1
GENERATION

Figure 1. Results of model that shows the outcome of neglecting to suppress a small
fraction of a pest population in an agroecosystem versus the effect of uniformly
suppressing the entire pest population. Left: 10% of the population is untreated, and in
four generationsit produces a large number of individuals, while the 90% of the
population that is treated declines. Right: Entire pest population in the agroecosystemis
suppressed uniformly, and its numbers decline from generation to generation. (Figure
from Knipling 1972, reproduced with permission.)

an organization dedicated exclusively to implementing the strategy; the conventional
strategy involves only minimal forward planning, tends to be reactive, and is
implemented independently by individual producers, businesses, or households, and
(3) it tends to utilize advanced technologies, “high-tech”, whereas the conventional
strategy tends to rely on traditional tactics and tools that can be reliably implemented
by non-specialists, “low-tech” (Lindquist 2000, 2001).

Indeed, it is the use of organizations dedicated to conduct area-wide programmes
that provides the opportunities to employ sophisticated technologies and
professional management. Computer-based models are utilized in planning and
management, and satellite imagery is used to identify localities of alternate hosts that
can be treated to reduce the number of migrants that cause the damage in
commercial production areas. Area-wide programmes acquire or develop highly
sensitive detection systems, and employ software for geographic information
systems (GIS), global positioning system (GPS), and data management. They may
implement approaches to prevent or retard the development of insecticide resistance
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or the loss of host-plant resistance. Computer programmes and real-time
environmental data to predict insect populations can be used effectively in an area-
wide programme, but usually not on an individual farm basis. Thus pest immigration
patterns, analysis of weather to predict increases or decreases of populations, genetic
analysis to determine and forecast resistance levels, etc., are utilized in area-wide
programmes.

Finally, area-wide programmes are able to take advantage of the power and
selectivity of specialized methods of insect control that, for the most part, are not
effective when used on a farm-by-farm basis. These include the SIT, certain
programmes of inundative releases of parasitoids, semiochemicals, mating
inhibitors, large-scale trap cropping, treatment of hosts on public lands and in
private gardens, etc.

1.3. Benefits of Area-Wide Integrated Pest Management

Suppressing highly mobile pests on an area-wide basis is usually more benign
environmentally, more effective, and more profitable, than on a farm-by-farm basis
because of economies of scale (Carlson and Wetzstein 1993). Also AW-IPM is
better able to capture the benefits of mobile natural enemies (Knipling 1992a).

Area-wide programmes enable many producers to pool resources to utilize
technologies and expertise that are too expensive for individual producers. These
may include mass-rearing facilities, aircraft, information technologies, and highly
trained specialists. In addition a coordinated area-wide programme can avoid or
internalize external costs. External costs (externalities) are the harmful effects
arising from pest control operations, which affect parties other than the pest control
decision-maker, but for which no compensation is paid to the persons harmed
(Reichelderfer et al. 1984). Spray drift onto neighbouring properties frequently
provokes disputes. Also pesticide use to protect agricultural crops has caused
insecticide resistance to develop in insect vectors of disease. This has been an
important factor in the resurgence of malaria.

Finally, economies of scale can be captured in area-wide programmes, although
complex trade-offs may be involved. The more mobile the pest and the more
uniform the damage caused by the pest, the larger the area under coordinated
management can be. The total cost of pest detection, monitoring, and suppression
per hectare of crop usually declines as the size of the managed area increases.
However, as the project size increases, the per-hectare organizational cost usually
increases because of the increased need for coordination and other communication
costs. For these reasons, in very large programmes such as the effort to eradicate the
boll weevil in the USA, the vast area was subdivided into several zones. Also
considerable organizational cost savings may be realized in instances where towns,
municipalities, or cooperatives already have structures in place for decision-making
and communication.
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1.4. Contingencies Often Dictate Changes in Strategy

Contingencies often arise that require replacement of one strategy with another
(Geier 1970). For example, at various times during the 43-year campaign to remove
the New World screwworm Cochliomyia hominivorax (Coquerel) from the United
States, Mexico and Central America, different pest management strategies had to be
selected. This programme began when an unusual series of frosts, beginning early in
December 1957, killed all screwworms in the south-eastern USA north of a line
from Tampa to Vero Beach in southern Florida. Sexually sterile flies, from a culture
in a research laboratory, were released in a broad band north of this line to contain
the pest population. Meanwhile a high-capacity rearing facility was being
constructed. This exclusion or containment strategy was replaced by the strategy of
eradication in the summer of 1958, when the mass-rearing facility was able to
produce 50 million sterile flies per week. Eradication was accomplished in 1959.
Subsequently, in 1966, the screwworm was declared eradicated in the USA.
However, it was obvious that, unless the insect was removed from northern Mexico,
it would reinvade the USA. Nevertheless the eradication of the screwworm from
northern Mexico could not commence immediately because, until 1972, there was
no agreement between the Governments of the USA and Mexico. Finally, in 1974,
operations in Mexico began, and the last screwworm case occurred in the USA in
1982. However, in 1966, the programme strategy clearly had to change from
eradication to exclusion in the form of a sterile insect barrier along the entire
Mexico-USA border. Sterile flies were released in a zone that was about 130-km
wide. Unfortunately this barrier proved to be too narrow to exclude female
screwworms from entering the USA and causing many cases of screwworm myiases
(Graham 1985).

1.5. Legal Authority for Area-Wide Integrated Pest Management

The legal authority to conduct area-wide and other regulatory programmes is
absolutely essential, and still evolving (Dyck, Reyes Flores et al., this volume).
Without explicit legal authority, the organisation conducting an area-wide
programme would not be able to conduct operations on private property, nor operate
guarantines.

In about 1860 the grape phylloxera Phylloxera vitifoliae (Fitch) was transported
from the USA to France. Within 25 years of its arrival, this insect had utterly
destroyed 1 million hectares of vineyards (fully one-third of the productive
capacity). To protect the German wine industry, the Government of Germany in
1873 passed the first law that provided for quarantines and regulatory control of
agricultural pests (NAS 1969). Other governments quickly followed the example,
and in 1881 representatives of many European countries together developed a set of
regulations governing the movement of grape-propagating material.

In about 1880 the establishment of the San Jose scale Quadraspidiotus
perniciosus Comstock in California, its rapid spread on nursery stock throughout the
country, and the failure of a programme to eradicate it, caused Canada, Germany
and Austria-Hungary in 1898 to prohibit the importation of American fruit and
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living plants (Klassen 1989). This crisis in the USA led to the passage in 1905 of
federal legislation on quarantine and the regulation of interstate shipments. Indeed
now many countries have legislation on: (1) prevention of the introduction of new
pests from foreign countries, (2) prevention of the spread of established pests within
the country or state, and (3) enforcement of the application of control measures
against exotic pests to prevent their introduction and establishment, eradicate their
outbreaks, retard their advance, or prevent damage by them. In some countries the
law allows people, who wish to organize a programme against a pest, to hold a
referendum. If the referendum passes by a certain margin (usually 67% in US
counties), then all parties at interest must cooperate in the venture.

In Florida, the programme to eradicate the citrus canker disease has been
hampered for 4 years as a result of insufficient legal authority. This pathogen is
carried considerable distances on driving rain, and to achieve eradication the
Division of Plant Industry has found it necessary to destroy all citrus trees within a
radius of 578 m from an infected tree. Homeowners in urban areas, who do not
understand the need for such drastic action, feel that their rights are violated by
workers who, as part of the eradication programme, enter residential yards and
destroy citrus trees. Thus, the Broward County Circuit Court has ruled that
programme employees must have a separate court-issued warrant to enter each
privately owned property. The need to apply for tens of thousands of warrants
prompted the Florida Department of Agriculture and Consumer Services to appeal
this ruling; in 2004 the Florida Supreme Court overturned it.

1.6. Apathy, Outrage, and Area-Wide Integrated Pest Management

The strategy of eradication emerged just over a century ago as the brainchild of C.
H. Fernald of the University of Massachusetts, USA. Under Fernald’s leadership,
Massachusetts attempted to eradicate an introduced pest, the gypsy moth, in an 11-
year campaign from 1890 to 1901. Initially, the primary eradicant was Paris green,
but this insecticide, of only modest efficacy and phytotoxicity, had to be abandoned
because of adverse public reaction.

Forbush and Fernald (1896) noted:

Considerable opposition to the use of Paris green for spraying was manifested by many
people living in the infested towns. A mass meeting of opponents of the spraying was
held in Medford. One citizen, who attempted to cut the hose attached to one of the
spraying tanks, and threatened with violence the employees of the Board who had
entered upon his land, was arrested and fined. Others neutralized the effects of the
spraying by turning the garden hose upon trees and shrubs that had been sprayed, and
washing off the solution. The opposition to the spraying affected the results of the work
unfavourably to a considerable extent.

Clearly apathy by many members of the public had turned into outrage.

If not concerned primarily with the economic dimension of the pest problem,
stakeholders tend to be highly concerned with ecological, environmental, social, and
human-health implications of area-wide programmes (Rabb 1972, Dreistadt 1983,
Scribner 1983, Myers et al. 1998). Therefore leaders of AW-IPM programmes need
to be very sensitive to the perceptions and attitudes of the public toward certain
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programme operations (Dyck, Regidor Fernandez et al., this volume). Often
eradication efforts must be conducted by the ground rules of the urban, rather than
rural, setting. In programmes to eradicate the Mediterranean fruit fly Ceratitis
capitata (Wiedemann) in California and Florida, members of the urban public
strongly protested the aerial pesticide applications (even the same insecticide that
was used without dissent for mosquito abatement). On the other hand, the same
public has usually applauded the release of sexually sterile male flies.

As explained by Sandman (1987), the public is usually apathetic towards
technological programmes. However certain factors inherent in programmes, and in
the manner in which they are managed, can precipitate an almost irreversible shift of
the public’s attitude from apathy to outrage. A sense of outrage can be evoked by
involuntary exposure to pesticide residues, imposed levies of fees, quarantines, right
of trespass, unfair and inequitable sharing of risks, costs and benefits, temporary loss
of control of one’s property or field operations, the perception that endangered
species may be harmed, etc. Starr (1985) asserted that:

Public acceptance of risk is more dependent on public confidence in risk management
than on the quantitative estimates of risk consequences, probabilities and magnitudes.

He noted that, when a zoo wishes to acquire a tiger, the public does not demand a
refined assessment of the risk that the tiger might escape and kill someone. Instead
the public wants assurance that the zookeeper can be trusted to prevent the tiger
from escaping, and that, if the tiger should escape, the zoo is fully prepared to
implement an emergency plan to meet this contingency. Similarly the public’s
confidence in the management of an area-wide programme is of paramount
importance.

In each area-wide programme, a special effort must be made to anticipate and
identify those factors that may be emotionally upsetting to various stakeholders, and
take pre-emptive actions to avoid or mitigate adverse reactions. Public officials must
be kept apprised, fora must be created for effective two-way communication with
the public, surrogates of the public must be included in oversight and decision-
making processes, and referenda may have to be conducted to secure support and
funding for the programme (Batra and Klassen 1987; Klassen 1989; Dyck, Regidor
Fernandez et al., this volume).

1.7. Invasive Pests, Global Trade, and Area-Wide Integrated Pest Management

The rapid globalization of trade in agricultural products, and increasing tourism,
have dramatically increased the spread of invasive harmful organisms (Klassen et al.
2002). We have entered an era of an unprecedented level of travel by exotic invasive
organisms. Native flora and fauna on islands are sustaining great harm from non-
indigenous invasive organisms, and major pests are becoming established with
increasing frequency on all continents, except Antarctica.

For about a century many countries relied on the inspection of arriving cargo and
passengers at the port of entry as the primary exclusion strategy. However the
volume of arriving cargo is doubling every 5 or 6 years (Zadig 1999), and it is not
possible to increase similarly the human and other resources devoted to inspection at
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ports of entry. Clearly exclusion at the port of entry is no longer sufficient to protect
plant resources, even though a number of emerging technologies are likely to
facilitate safeguarding activities (Batkin 1999). Thus, to stem the influx of exotic
pests into the USA, the National Plant Board asserted that the most important
change needed in the US safeguarding system is to shift primary reliance from
exclusion at the port of entry to off-shore actions, i.e. pest-risk mitigation in the
areas of production, certification at the point of origin, and pre-clearance at the port
of export (NPB 1999).

An important approach to offshore risk mitigation is the creation of pest free
areas. Indeed, countries that export raw agricultural commodities can effectively
remove the threat of exotic pests to the importing country by creating and
maintaining pest free areas (Rohwer 1992; Malavasi et al. 1994; Enkerlin, this
volume; Hendrichs et al., this volume). A pest free area is an area in which a specific
pest does not occur as demonstrated by scientific evidence and in which, where
appropriate, this condition is being officially maintained (FAO 2002). There are two
kinds of pest free areas: (1) pest free zones — large geographic areas, including
entire countries such as Chile, Japan or New Zealand — that are certified free of
tropical fruit flies of economic importance, and (2) pest free production fields or
areas that require demonstration of non-host-status or the demonstrated suppression
of quarantine pests to non-detectable levels. In addition, there are low-prevalence
areas that are established by means of a systems approach through the application of
a series of pre-and post-harvest suppression and mitigating measures.

According to Griffin (2000), both the International Plant Protection Convention
(IPPC) and the Sanitary and Phytosanitary Agreement:

.. are structured to accept and encourage area-wide pest management as a tool for
promoting safe trade and contributing as much as possible to the complementary goals
of food security and economic security for all countries.

Chile used the SIT to rid the entire country of the Mediterranean fruit fly
(Klassen et al. 1994). By 1995 (SAG 1995) the entire country had become
Mediterranean fruit fly-free, and since then huge volumes of Chilean fruits have
entered the USA and other markets without the need for any quarantine treatments.
This has dramatically strengthened the economy of Chile (Enkerlin, this volume).
Argentina has created Mediterranean fruit fly-free areas within the province of
Mendoza (El Valle de Uco) (Los Andes 2004), and the region of Patagonia. Now
Peru and other countries have AW-IPM programmes integrating the SIT that should
enable them to create fly-free zones and thereby obtain access to markets in southern
Europe, Japan, and the USA (Enkerlin, this volume).

The first US-recognized pest free area was established in the early 1990s in
Sonora, Mexico (CNCMF 2002), and since then Mexico has been ridding large
additional sections of its territory of all fruit fly species of economic importance.
The Mexican states of Baja California, Chihuahua, and Sonora have been freed of all
economically important species of fruit flies. Citrus, stone fruits, apples, and
vegetables are being exported from these states without any suppression or post-
harvest treatment. In other parts of Mexico, low-prevalence fruit fly areas are being
established by means of a systems approach (Reyes et al. 2000; Enkerlin, this
volume; Hendrichs et al., this volume).
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An area of low pest prevalence is an area, whether all of a country, part of a
country, or all or parts of several countries, as identified by the competent
authorities, in which a specific pest occurs at low levels, and which is subject to
effective surveillance, control or eradication measures (FAO 2002; Hendrichs et al.,
this volume). Requirements to establish low-prevalence areas include a sensitive
detection programme, suppression of the quarantine-significant pest to non-
detectable-levels, strict control of the fields, and safeguards to prevent infestation
during packing and transit to the port of export (Riherd 1993, Simpson 1993,
Malavasi et al. 1994, Riherd et al. 1994).

Florida is able to export grapefruit to Japan by creating pest free grapefruit
groves in about 22 counties. Regulatory experts from Japan inspect the entire
process of production, packing and transit. Official protocols for pest free fields can
be found in Gomez (1999). Similarly fruit groves free of the South American
cucurbit fruit fly Anastrepha grandis (Macquart) have been created in Mossoro,
Brazil, and Guayaquil, Ecuador through demonstration of non-host status under
appropriate crop management (Malavasi et al. 1994).

The concept of low prevalence, using bait sprays and the SIT, was pioneered
during the early 1960s against the Mexican fruit fly Anastrepha ludens (Loew) along
the Mexico-USA border (Knipling 1979). Also, in the early 1960s, the Citrus
Marketing Board of Israel developed a bait-spray-based area-wide programme
against the Mediterranean fruit fly that has been able to meet the certified quarantine
security requirements of fruit importing countries (Cohen and Cohen 1967,
Hendrichs 1996).

A more recent and highly significant development has been the continuous area-
wide release of sexually sterile male medflies in the Los Angeles Basin (Dowell et
al. 2000; APHIS 2004; Enkerlin, this volume), and around high-risk ports in
southern Florida, to prevent Mediterranean fruit fly establishment (APHIS 1998).

2. BASIC ELEMENTS OF SIT

The SIT is a form of birth control imposed on an insect pest population to reduce its
numbers. The SIT harnesses the sex drive of insects. According to the International
Plant Protection Convention (IPPC) (FAO 2005), the SIT is defined as:

a method of pest control using area-wide inundative releases of sterile insects to reduce
fertility of a field population of the same species.

Thus far the SIT has involved rearing large numbers of the target pest species,
exposing them to gamma rays to induce sexual sterility, and releasing them into the
target population of the pest on an area-wide basis. Another kind of SIT avoids the
need to mass-rear the target insect pest species since individuals of the wild
populations are attracted to a chemosterilant, e.g. Mediterranean fruit fly (Navarro-
Llopis et al. 2004) and Glossina spp. tsetse flies (Hargrove and Langley 1990,
Langley 1999). Thus treated insects are prevented from reproducing; they act as
biological agents that nullify the biological potential of untreated individuals with
which they mate. Both kinds of SIT are effective only against pest species that
reproduce sexually.
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2.1. Mechanisms of Serility

The type and level of sterility induced in mass-reared and released insects is
critically important. A sterile insect is defined (FAO 2005) as:

an insect that, as a result of an appropriate treatment, is unable to produce viable
offspring.

Fecundity is the number of progeny produced per female. Thus only females can be
infecund. Sterility may be caused by: (1) the inability of females to lay eggs
(infecundity), (2) the inability of males to produce sperm (aspermia), or inability of
sperm to function (sperm inactivation), (3) the inability to mate, or (4) dominant
lethal mutations in the reproductive cells of either the male or female (LaChance
1967; LaChance et al. 1967; Lance and Mclnnis, this volume). All of these
mechanisms may be induced by exposing insects to gamma rays, X-rays, or certain
chemicals (Bakri et al., this volume). In addition, sterility may be induced by insect
growth regulators which can be transferred from a treated male to an untreated
female during mating, subsequently disrupting the development of the embryo by
interfering with endocrine mechanisms (Hargrove and Langley 1990).

Dominant lethal mutations are of foremost importance for the SIT (Robinson,
this volume). However, in some instances, the induction of permanent infecundity in
females is required. For example, in the use of the SIT against the New World
screwworm, both males and females are irradiated with a dose of gamma rays in the
late pupal stage that induces dominant lethal mutations in all of the sperm of the
male, and infecundity in all females. In addition, this dose must destroy the
spermatogonia of the male to prevent the recovery of fertility, and permanently
destroy either the oogonia or the trophocytes (nurse cells) required for egg
formation. Since the irradiated females cannot lay eggs, all egg masses collected
from the wounds of sentinel animals are laid by wild females, and the percentage of
sterile egg masses directly reflects the percentage of wild females that have mated
with sterile males.

Dominant lethal mutations, which are manifested by the inability of a treated
individual to reproduce, are almost always caused by chromosome breaks (Muller
1954) induced in the germ cells. Chromosome breaks do not interfere with the
ability of the gametes to participate in fertilization. The breaks persist, but the
affected sperm fertilizes the egg in the normal fashion, and the dominant lethal
mutations kill most embryos during the first few cleavage divisions (LaChance and
Riemann 1964; Robinson, this volume).

The Lepidoptera, which have diffuse centromeres, are an exception to this
generalized concept. In Lepidoptera some dominant lethal mutations may be
expressed just prior to hatch, but most of the broken chromosomes pass on to the F;
generation. It is mainly in the F; generation of Lepidoptera that induced
chromosomal abnormalities express themselves as dominant lethal mutations
(Carpenter et al., this volume).

During the process of inducing dominant lethal mutations, however, damage to
somatic cells must be avoided or kept to a minimum. In the case of the New World
screwworm, this is accomplished by irradiating pupae that have been incubated at
27°C for 5 days. Males are sterilized by a dose of 25 Gy. However, to completely
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prevent females from laying eggs, a dose of 75 Gy is required. This insect tolerates
75 Gy without any apparent debilitation (Bushland 1960).

The dose required to induce complete sterility in the boll weevil is very
debilitating. The resulting damage to the midgut prevents the weevil from digesting
food, and also makes the gut vulnerable to penetration by microorganisms (Reinecke
et al. 1969, Klassen and Earle 1970). The capacity of male weevils to mate falls off
sharply several days after exposure to ionizing radiation or most alkylating agents.

In the Lepidoptera, the large doses required to induce sterility in males may
impair the transfer of sperm from a male to the spermatheca of a female (Carpenter
et al., this volume). Consequently, the females from such pairings do not lay eggs,
and they call for another mate (North 1975). In addition, lepidopterans have two
types of sperm, eupyrene (nucleate) and apyrene (anucleate). Eupyrene sperm occur
in bundles, and possess nuclei and large mitochrondrial derivatives. These nucleate
sperm are needed to fertilize the egg. Apyrene sperm appear to be necessary for the
transport of the eupyrene sperm from the spermatophore down the seminal duct into
the spermatheca, and to prevent the inseminated female from calling for another
mate (Cook and Wedell 1999). Eupyrene sperm are susceptible to damage by
irradiation, and in the F; male progeny, the number of eupyrene sperm per sperm
bundle appears to be reduced, and many sperm exhibit ultrastructural abnormalities.
However only normal-appearing sperm are found in the spermathecae of females
that mated with an F; male (Riemann 1973).

2.2. How Serile Males Suppress Populations: Numbers Game

Knipling (1968) recognized that the level of suppression required to stabilize the
density of a population depends on its intrinsic rate of increase (Table 2).

Table 2. Rates of mortality and survival required to maintain a stable pest population

To prevent population increase

Intrinsic rate ~ Number Number (fraction)

of increase of that must survive Number Percentage Percentage
between progeny to prevent (fraction) that must%ie that may
generations per population from must die survive
female declining.
2-fold 4 2 (1/2) 2(1/2) 50 50
3-fold 6 2 (13) 423 67 33
4-fold 8 2 (U/4) 6 (3/4) 75 25
5-fold 10 2 (1/5) 8 (4/5) 80 20
10-fold 20 2 (1/10) 18 (9/10) 90 10

20-fold 40 2 (1/20) 38 (19/20) 95 5
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Knipling (1968) estimated that an overwintering screwworm population typically
increases approximately five-fold for the next two or three generations. For example,
if in an area of 100 000 km?, 1 000 000 screwworms overwinter, this population will
increase to 5 000 000, 25 000 000 and 125 000 000 in the Fy, F» and F3 generations,
respectively. To calculate the consequences of releasing sterile screwworms into a
population of fertile screwworms, Knipling listed the various types of matings,
calculated the frequency of each type of mating, and assigned ten progeny to each
mating of a normal female (NF) with a normal male (NM). When both sterile males
(SM) and sterile females (SF) are released, there are four types of matings possible.
Thus the wild population has 500 000 normal males [NM] and 500 000 normal
females [NF], and 4 500 000 sterile males [SM] and 4 500 000 sterile females [SF]
are released. The frequencies of the various matings, and the number of progeny
produced, are shown in Table 3. Using this method, Knipling calculated the trend of
this hypothetical screwworm population (Table 4).

Table 3. Method of cal culating frequencies of various types of matings and resultant
progeny when sterile males and females are released into a population of normal males
and females (text provides details)

Type of Number of Number of Number of

mating matings prrr?a?t?:g/ progeny
NF X NM W =50 000 o 20000
NF X SM W=4SO 000 . i
SF X NM Wﬂso 000 . )
sExsm 4 50% %0000>(<) 510500 000 = 4 050 000 . .

Table 4. Trend of an insect population subjected to sterile insect releases when the
normal increaserateisfive-fold

Uncontrolled natural

Generation population Controlled population Ratio of sterile to

(5 X increase rate) fertile
Natural population  Sterile population
1 1000 000 1000 000 9 000 000 9:1
2 5000 000 500 000 9 000 000 18:1
3 25000 000 131625 9 000 000 68:1
4 125 000 000 9535 9 000 000 942:1
5 625 000 000 50 9 000 000 180 000:1
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Knipling realized that, to obtain a reduction of the wild population, the degree of
sterility introduced into the wild population by releasing sterile males must be
sufficiently high to overcome the rate of increase (reproductive success) of the wild
females. Knipling (1968) stated:

If we assume that a given insect has a net capacity to increase five-fold each generation,
the ratio of fully competitive sterile to fertile insects will have to be 4:1 to keep the
natural population stable. Theoretically, an initial ratio as low as five sterile to one
fertile will be adequate to start a downward trend in the natural population when the net
increase rate is only five-fold. Actually, starting with this lower overflooding ratio,
theoretical elimination of the population will be achieved with fewer insects than will be
required with a 9:1 ratio. However, in actual practice, the density of insects will vary in
different parts of the environment. Moreover the distribution of sterile insects will never
be uniform. Therefore, in control operations, the initial ratio should be sufficiently high
to be certain that an overall reduction in the population will occur in all parts of the
environment from the start. In some instances, the sterility procedures might reduce the
vigour and competitiveness of the organism. Allowance must be made for this factor.

As shown in Table 4, the ratio of sterile to fertile insects increases asymptotically as
the density of the wild population declines to low levels. Thus, to take advantage of
the tremendous power of the SIT against sparse populations of pests, Knipling
advocated that the release of sterile insects should be initiated when the wild
population was at a seasonal low or immediately after its decimation by adverse
weather events, such as freezes and hurricanes. In addition, Knipling (1966, 1979,
1992a) designed pest management systems in which insecticides, biocontrol agents,
etc., were used to reduce the density of the target population to a level at which the
SIT could manifest its great suppressive power (Fig. 2).

insecticides, trapsand =~
other control methods.... ;

two phases:

[ deployment of insecticide, traps
and/or other control methods

. . Sterile Insect
[ aerial releases of sterile males T :

T I 1
High —> Low

Pest population density

Figure 2. Schematic representation of the sequential use of methods of suppression that
efficiently decimate a pest population followed by use of the SI'T, which becomes
progressively more suppressive as the population declines. Theterm*“ efficiency” refersto
the ease in further suppressing the population, and not to the cost of eliminating an
individual pest (cost per kill). (Figure adapted from Feldmann and Hendrichs 2001.)
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3. USE OF SIT IN IMPLEMENTING PEST MANAGEMENT STRATEGIES

The major pest management strategies are: (1) suppression of local populations, (2)
suppression of total populations under an AW-IPM approach, (3) eradication of
well-established pest populations, and (4) containment (exclusion) and prevention of
invasion. The last three of these strategies are variants of AW-IPM (Hendrichs et al.,
this volume).

The SIT is a pest-specific tactic that can play a role in implementing all of these
strategies. In this sense, a “tactic” is a method for detecting, monitoring or
controlling a pest. A “system” is an assemblage of tactics that are applied
simultaneously or sequentially so that the effects of individual tactics on the pest
population are either additive or mutually potentiating, and counter-productive
(negative) interactions are avoided or minimized. A pest management “strategy” is a
broad overall plan. The merits of a pest management strategy may be judged by its
short- and long-term ecological, economic, sociological and political impacts (Rabb
1972; Enkerlin 2003; Enkerlin et al. 2003; Hendrichs et al., this volume).

To implement a strategy effectively and efficiently, each control tactic has
characteristics that need to be considered in the design of a system. The relationship
of the density of the pest to the efficiency of the control tactic is of paramount
importance. Some tactics are most useful only against dense and moderately dense
populations, while others, such as the SIT and sex pheromones, are effective only
against sparse populations. Also, ecological selectivity is important to avoid the
destruction of natural enemies needed to prevent the resurgence of the pest
population following a control operation, and to prevent environmental damage.
Most conventional insecticides are relatively non-selective. Highly selective tactics
include the SIT and other genetic techniques, pheromones, pest-resistant crop
varieties, certain insect pathogens, parasitoids and predators, and certain artificial
and naturally occurring attractants. Light traps, some attractant baits, “general”
predators, parasitoids and pathogens, and certain insecticides, are only moderately
selective.

3.1. Principles of Designing Pest Management Systems

The design of a pest management system requires information on the selectivity and
efficiency of available tactics. When the suppression of populations to a very low
level is required, methods that are effective against high populations, and methods
that are effective against low populations, should be integrated so that the actions of
the former potentiate those of the latter (Mangan, this volume). For example, the use
of a selective insecticide potentiates the SIT by increasing the sterile:fertile ratio.
Moreover, the release of both a pest-specific parasitoid and sterile insects is likely to
be mutually potentiating (Carpenter et al., this volume). When the economic
threshold of the pest is moderately high, several tactics that have additive effects
against dense populations may be combined to give much more reliable suppression
than from a single method. Knipling (1979) provided a thorough discussion of these
principles.
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3.2. 9T and Suppression of Local Populations

Since 1981, the SIT has been used commercially to control the onion maggot Delia
antiqua (Meigen) on an area of 2600 hectares in The Netherlands (Loosjes 2000).
The flies are reared year-round and stockpiled for release during the onion-growing
season. To protect against immigrant flies, sterile flies are constantly maintained in
the fields. Individual farmers contract for the SIT independently of their neighbours,
many of whom use chemical control. Free-riders (growers in the release area who
benefit but do not pay) weaken the programme, and the programme has not been
able to expand beyond 16% of the onion-producing area. Some efficiency is lost
because the fields with sterile flies do not form a contiguous block.

In about 20 counties in Florida, each year the SIT has been used to create
grapefruit groves that are free of the Caribbean fruit fly Anastrepha suspensa
(Loew) (Riherd 1993, 1994, Malavasi et al. 1994). The effectiveness of the
suppression decreases greatly with the size of the areas. This programme is critically
important to the industry, which depends on profits from shipments of fruit to other
citrus-producing states and to Japan. A somewhat similar programme exists in
south-eastern Texas to create citrus groves free of the Mexican fruit fly (Malavasi et
al. 1994).

3.3. 9T and Suppression of “ Total” Populations

The SIT can be applied for population suppression rather than eradication
(Hendrichs 2001; Hendrichs et al., this volume). As a sequel to the Oslo Accords, an
AW-IPM programme using the SIT against the Mediterranean fruit fly was
established in fruit-producing areas of Israel, Jordan, and the Territories under the
Jurisdiction of the Palestinian Authority. Enkerlin and Mumford (1997) concluded
that, over a 9-year time frame, the net economic benefits from this SIT suppression
programme would be greater than from an SIT-based eradication programme, or
from an area-wide bait-spray programme. Assuming that sufficient sterile flies can
be purchased from existing rearing facilities, SIT suppression is profitable beginning
in the first year. In contrast, eradication would have a payback period of 4 years,
because of the need for an upfront investment in a rearing facility, high quarantine
costs, and the need for more intensive monitoring. A similar SIT management
programme is being contemplated for southern Europe.

The SIT suppression programme against the codling moth in British Columbia,
Canada, initiated in 1994, has reduced populations of the pest to non-detectable
levels in most commercial orchards in the southern Okanagan and Similkameen
Valleys (Bloem et al. 1981; Bloem et al., this volume).

3.4. 9T and Eradication of Well-Established Populations

Eradication of a pest population is the destruction of every individual of the pest
species in an area surrounded by natural or man-made barriers sufficiently effective
to prevent reinvasion except through the intervention of man (Newsom 1978).
Although the eradication of a population may not endure forever, the total
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elimination of a pest from a defined area, followed soon after by reinvasion, is not
considered to be eradication.

By means of the SIT, through an unrelenting effort from 1957 to 2000, the New
World screwworm was eradicated in its native range in the southern USA, Mexico
and Central America. An area-wide programme was essential since the screwworm
infested wild as well as domestic animals. Similarly, the SIT was the key to the
eradication of Mediterranean fruit fly populations in areas of Argentina, Chile, USA,
and Mexico, and the eradication of the melon fly Bactrocera cucurbitae (Coquillett)
in Japan’s southern islands. Tsetse populations were eradicated temporarily, with the
use of the SIT, in several small areas of the African continent, and permanently in
Unguja Island of Zanzibar. However, the goal of creating a number of tsetse-free
zones in Africa (Feldmann et al., this volume) will require significant improvements
in mass-rearing technology, an in-depth knowledge of the behaviour of released and
wild flies, and a careful consideration of the design of pest suppression systems. In
addition, besides technical concerns, considerable development of programme
management, and political and financial support, is essential (Dyck, Reyes Flores et
al., this volume).

3.5. 9T and Containment and Prevention of Pest Populations

As already noted, the SIT and quarantines are major tactics in systems used to
implement the containment (exclusion) and the prevention strategies. Examples of
the containment strategy include Panama, where a barrier of sterile New World
screwworm flies is maintained to contain the screwworm at the Panama-Columbia
border, and a barrier of sterile Mediterranean fruit flies is maintained to exclude this
pest from Mexico (Villasefior et al. 2000).

For the prevention strategy, examples include releases of sterile pink bollworms
to prevent the pest from establishing on cotton in California’s San Joaquin Valley,
releases of the male-only strain of the Mediterranean fruit fly over southern
California and major metropolitan areas in Florida, and releases of sterile Mexican
fruit flies to prevent immigrant flies from crossing over from Mexico into the lower
Rio Grande Valley of Texas. The SIT and quarantine stations were used, initially, to
prevent the spread of the New World screwworm throughout Africa, and then to
eradicate it in the coastal region of Libya (FAO 1992, Lindquist et al. 1993).

3.6. Lessons Learned from Using ST to Achieve Area-Wide Integrated Pest
Management

In most AW-IPM programmes that apply the SIT, the goal of containment or
eradication has been threatened by the existence of untreated or inadequately treated
refugia or microhabitats unusually favourable for the pest, i.e. “hot spots”, from
which recruits could come to reinfest cleared areas. In the screwworm campaigns,
some hot spots were the ranches where livestock wounds were not being treated.
Breaches of quarantine lines were very troublesome. The overarching lesson was
that absolutely all segments of the population, i.e. the total population, must be
suppressed.
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More specifically, with respect to the SIT, the following conclusions were

drawn:

An extended lag period may occur between the initiation of the release of sterile
insects and a noticeable effect on the density of the pest. This is inevitable since
the wild population will include many mated females, sexually immature
females, pupae, larvae, and eggs. The released sterile males can only prevent the
reproduction of unmated females. As the immature forms mature, they become
subject to the impact of the sterile flies. However, the time of one generation will
pass before the progeny of previously mated females can be affected.
Consequently, the release ratio must be sustained over a period of time
equivalent to several generations.

If a high proportion of the wild population is present as eggs and larvae when the
release of sterile insects begins, then the wild population will increase for a time
in spite of the releases of sterile insects. However, this period can be shortened if
an insecticide application is made to kill females previously mated to wild males.
Severe weather events, such as periods of cold weather, may reduce the density
of the pest population, and also synchronize the development of the population
by halting reproduction and killing exposed life stages. In this way the
generation overlap may be eliminated.

An influx of pests into the target area, even a few mated females, will greatly
prolong an eradication programme. Great care must be taken not to
underestimate the flight range of the pest. For most pest insects one can assume
that an immigrant female will produce 10-20 adult progeny in a small area.
However the progeny may disperse and be thinly distributed, and thus vulnerable
to the SIT.

Krafsur (1998) asserted that the SIT is an underutilized and widely

misunderstood technology (Whitten and Mahon, this volume). He refuted several
misconceptions concerning the evolutionary responses to the SIT, the role of
weather in AW-IPM programmes using the SIT, and the occurrence of undetected
populations where eradication had been claimed.

3.7. Requirements to Achieve Area-Wide Integrated Pest Management Using ST

The requirements for implementing the SIT to accomplish AW-IPM are complex
and sophisticated. Of paramount importance is the recognition that AW-IPM must
be preventive, offensive, and planned on a multi-year basis (Lindquist 2001; Dyck,
Reyes Flores et al., this volume). Requirements include the following:

The target pest must be a good candidate for suppression by the area-wide
integration of the SIT with other methods, i.e. substantial overflooding ratios can
be achieved, and sensitive methods of detection and sampling of sparse
populations are available, and rearing, handling, irradiation, and release
technologies have been developed.

The ecology of the target pest must be thoroughly understood.

There must be strong stakeholder cohesiveness, good leadership, and
commitment to the campaign.
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o An effective and knowledgeable programme leader, supported by an effective
organization, is needed. This team must formulate and continuously update both
technical and business plans.

e There must be a system of programme review, including external and
independent experts.

o Research and methods-development to backstop the programme are needed.

o Legal authority is required to execute all aspects of the programme, e.g. conduct
operations on private properties, and operate quarantines.

Up to the present time, the relative simplicity of the SIT has given it a great
advantage over other genetic techniques such as the use of strains with multiple
chromosomal translocations, compound chromosomes, cytoplasmic incompatibility,
etc. (Whitten and Foster 1975). Since losses caused by pests rapidly mount with the
passage of time, the time required to organize a programme is critically important,
especially when it is financed in part by an industry under economic stress.
Generally an AW-IPM programme that releases sterile insects can be mounted much
more quickly than a programme for which a considerable amount of genetic research
is still needed. For example, more than a decade of sophisticated genetics research
was required to develop the exquisite genetically impaired female technique (GIFT)
for use against the Australian sheep blow fly Lucilia cuprina (Wiedemann) in
Australia (Foster et al. 1993). However this programme was cancelled in 1992
before the mass-rearing technology required for this promising strain had been
developed (Krafsur 1998).

Nevertheless, it is very important to continue to develop additional genetic
techniques to meet the problems of pest insects. For example, Curtis and Graves
(1998) and Curtis and Andreasen (2000) proposed genetic approaches to replace
malaria vectors with harmless strains, and Crampton et al. (2000) outlined some of
the steps still needed to accomplish this goal.

4. IMPROVEMENTS IN SIT TECHNOLOGIES

e Separation of males from females. The removal of females prior to large-scale
sterile insect releases is of great importance, both in terms of economics of
production and biological efficiency in the field (Franz, this volume; Parker, this
volume). In the Mediterranean fruit fly, where genetic sexing strains are in
widespread use, there is a several-fold increase in field efficiency (Rendén et al.
2000, 2004; Caceres et al. 2004).

Mechanical methods for separating males from females (Parker, this volume)
exist in many species, e.g. Culex pipiens fatigans Wiedemann, Aedes aegypti
(L.), Anopheles albimanus Wiedemann, and L. cuprina (LaChance 1979), and
genetic methods have been devised in a variety of species, e.g. Bombyx mori
(L.), Tetranychus urticae Koch, Musca domestica L., An. albimanus, Culex
tritaeniorhynchus Giles, Anopheles gambiae Giles species A, Anopheles
arabiensis Patton, L. cuprina (LaChance 1979), and C. capitata (Franz 2000;
Franz, this volume). A full list of species where sexing methods have been
developed is found in Robinson (2002). In tsetse flies Glossina morsitans ssp.
(Zdarek and Delinger 1995) and Glossina austeni Newstead (Opiyo et al. 2000),
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adult emergence is temperature dependent, with females emerging before males
from pupae deposited at the same time. This phenomenon is now the basis for
self-stocking of rearing cages with the desired ratio of males to females, and
collecting males for irradiation and release (Msangi et al. 2000).

Improvements in rearing. The replacement of crude liquefied larval diets with
modified starch gels was of great importance to rearing the New World
screwworm (Brewer 1992, Chaudhury et al. 1998); more efficient use of diet
ingredients is made, major savings in labour costs are realized, and an offensive
odour is no longer generated. A “filter rearing system” has been devised to
maintain the genetic integrity of genetic sexing strains of the Mediterranean fruit
fly (Fisher and Caceres 2000; Parker, this volume). During the past decade the
cost per pupa of rearing tsetse flies has been reduced more than ten-fold (Opiyo
et al. 2000).

Improvements in sterile insect release and distribution technologies. Packing
sterile flies in bags and boxes for release has, in some instances, been replaced
by the use of machines in which the sterile insects are kept in bulk in a chilled
hopper, and then metered into the atmosphere to achieve the desired number per
unit area (Dowell et al., this volume).

Global Positioning System (GPS). The introduction of the GPS, for precision
navigation and georeferencing the location of insect traps, hosts and other
information, has greatly reduced costs (Cox and Vreysen, this volume). The GPS
technology provides a printout of the track of an aircraft as it distributes sterile
insects. Inexpensive hand-held GPS units allow personnel to locate and service
traps efficiently.

Geographic information systems (GIS) and database management. Specialized
software is now commonly used to manage data and chart developments in
programmes (Cox and Vreysen, this volume).

Molecular techniques for determining places of origin of immigrant insects.
Using restriction endonucleases and the polymerase chain reaction, it is possible
to characterize the mitochondrial DNA of individual insects. This approach was
utilized to establish that the New World screwworm population in Libya had not
originated in North and Central America (Narang and Degrugillier 1995). Such
“genetic fingerprinting” has been applied to tropical fruit flies, tsetse flies, etc. in
view of their importance for quarantine purposes (Krafsur, this volume).
Sterilizing natural insect pest population by transferring chemosterilant during
mating. Langley and Coates (1982) developed pheromone-baited traps fitted
with a contaminating device that dispensed a mutagenic chemosterilant, bisazir,
to tsetse flies that passed through it. Subsequently, Hargrove and Langley (1990)
used pyriproxyfen, an insect growth regulator, as the sterilant. Field trials in
Spain (Navarro-Llopis et al. 2004) showed that two formulations of a bait-
chemosterilant (lufenuron) combination reduced Mediterranean fruit fly
populations in citrus orchards. Autosterilization is entirely compatible with the
release of sterile insects, although it has not been tested in conjunction with
large-scale AW-1PM programmes.
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5. RESEARCH NEEDS

e In operational programmes, correlate the frequency of matings of sterile males
with wild females and the dynamics of the pest population. There is a paucity of
published data that relate sterile male releases to population suppression
(Vreysen, this volume).

o Determine if the competitiveness of sterile males is correlated with density.
Rogers and Randolph (1985) suggested that the competitiveness of sterile males
is strongly impaired by high density, and Hargrove (2003) made a similar claim
without providing any mechanism.

e Study the detection and sampling of very sparse populations. Disagreement, on
the interpretation of sample data, enveloped area-wide programmes against the
boll weevil in an especially bitter and costly controversy (NRC 1975). Similar
difficulties have been encountered in programmes against tsetse flies Glossina
spp., screwworms, the gypsy moth, etc.

e Automate the collection of field data, resulting in substantial cost savings in
area-wide programmes, for example, insect traps (baited with a species-specific
attractant) that send a radio signal when a catch is made.

o Determine the full host range of many pest species.

o Identify sociological barriers, and opportunities to surmount them, in
implementing AW-IPM programmes.

6. KNIPLING’S IMPERATIVE

When the World Food Prize was awarded to E. F. Knipling and R. C. Bushland,
Knipling (1992b) stated:

If major advances are to be made in coping with most of the major arthropod pest
problems, then the tactics and strategies for managing such insects, ticks and mites must
change. They must change from the current, limited scale, reactive, broad-spectrum
measures to preventive measures that are target-pest specific and rigidly applied on an
area-wide basis.
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SUMMARY

In principle, the sterile insect technique (SIT) is applicable to controlling a wide variety of insect pests,
but biological factors, interacting with socio-economic and political forces, restrict its practical use to a
narrower set of pest species and situations. This chapter reviews how the biology and ecology of a given
pest affect the feasibility and logistics of developing and using the SIT against that pest insect. The
subjects of pest abundance, distribution, and population dynamics are discussed in relation to producing
and delivering sufficient sterile insects to control target populations. Pest movement and distribution are
considered as factors that influence the feasibility and design of SIT projects, including the need for
population- or area-wide management approaches. Biological characteristics, that affect the ability of
sterile insects to interact with wild populations, are presented, including the nature of mating systems of
pests, behavioural and physiological consequences of mass production and sterilization, and mechanisms
that males use to block a female’s acquisition and/or use of sperm from other males. An adequate
knowledge of the biology of the pest species and potential target populations is needed, both for making
sound decisions on whether integration of the SIT into an area-wide integrated pest management (AW-
IPM) programme is appropriate, and for the efficient and effective application of the technique.

1. INTRODUCTION

In principle, the sterile insect technique (SIT) is simple — the release of a large
number of reproductively sterile male insects into a wild population of the same
species so that they mate with, and block the reproduction of, wild females
(Knipling 1955). Released insects are most often completely sterile (or nearly so),
but inherited (F,) sterility (I1S) is an option with species (primarily Lepidoptera) in
which appropriate substerilizing doses of radiation produce males that are partially
sterile but sire completely sterile offspring (Carpenter et al., this volume).

The successful application of the SIT requires: (1) the ability to rear, sterilize,
and distribute sufficient insects to achieve a sufficiently high “overflooding”
(sterile:wild insect) ratio in the field, and (2) that the sterile males can successfully
compete and mate with their wild counterparts. Although the concept of the SIT is
simple, the implementation is complex (Seawright 1988). Insects are mass-produced
in an artificial environment and, after being exposed to ionizing radiation (Bakri et
al., this volume), are often densely packed and shipped to a distant facility. Their
subsequent release into the field can involve procedures such as immobilization,
chilling, and ejection from flying aircraft (Dowell et al., this volume). Through all of
this the insects must remain “competitive”, i.e. able to survive and perform
behaviours that allow them to mate successfully with wild insects (Calkins and
Parker, this volume).

Several key biological questions must be considered when deciding whether the
use of the SIT would be warranted in a given pest situation (Table 1). Although
economic and political considerations may drive decisions on when and where the
technique is developed and deployed, these biological issues ultimately determine
both the logistical feasibility and economics of suppressing a given pest population
with the SIT. Understanding a pest’s biology also allows programmes to optimize
procedures and avoid pitfalls that could make the SIT impractical or ineffective.
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Table 1. Key biological considerations affecting the decision to usethe ST

Question

Biological consideration

Is the pest an appropriate target for the SIT?

Can adequate sterile:wild ratios be achieved?

Will released sterile males be able to compete
effectively against wild males in target
populations?

Role of pest in agroecosystems

Existence of negating or complicating trait(s)

Potential of integration into (typically area-
wide) pest management system

Pest ecology and population dynamics

Biological factors affecting production,
distribution, and release

Integration with other suppression methods

Effects of mass rearing and sterilization on
insect behaviour and physiology
Evolution and the SIT

Mating systems

Post-copulatory factors

Potential for enhancing sterile insect
competitiveness

2. ECOSYSTEM, AGRONOMIC, LIFE HISTORY, AND BIONOMIC
CONSIDERATIONS

2.1. Roleof Pest in Agroecosystems

2.1.1. Pest Satus

The SIT is mostly used when the selective removal of, or a great reduction in, a
population of an individual species would have significant benefit. Examples (not
inclusive) of applicable pest situations are shown in Box 1. Alternatively, the SIT
would generally not be warranted if the suppression or elimination of a single pest
population would not substantially reduce overall management costs or efforts. For
example, the use of the SIT against the summer fruit tortrix Adoxophyes orana
(Fischer von Réslerstamm) in The Netherlands would do little to reduce the number
of required insecticide sprays in apple orchards since other tortricid pests are present
(Ankersmit et al. 1977).

2.1.2. Pest Sage Producing Damage
In his original treatise on the SIT, Knipling (1955) suggested that:

It probably would be impractical to release insects which are highly destructive in the
adult stage.
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Box 1. Examples of Pest Situations Where ST Could be Considered for Control

e Incipient population of an exotic pest that, if established, would severely impact agricultural or
environmental ecosystems, e.g. eradication of the Mexican fruit fly Anastrepha ludens (Loew) in
California, USA

e Vector of a serious disease (plant or animal), e.g. tsetse fly Glossina spp. eradication
programmes (Feldmann et al., this volume)

e Presence of a “key pest” that greatly increases management costs and/or is quarantined in
potential export markets, e.g. New World screwworm Cochliomyia hominivorax (Coquerel) in
North America; Bactrocera spp. in Okinawa (Kuba et al. 1996)

e Alternate methods of controlling a pest disrupt ecological processes that regulate populations of
other pests, e.g. chemical control of the boll weevil Anthonomus grandis grandis Boheman
disrupts the biological control of noctuids such as Helicoverpa sp.

e Preventing establishment of an important pest by maintaining a continuous population of sterile
insects in an area of high risk of introduction, e.g. releases of sterile Mediterranean fruit flies
Ceratitis capitata (Wiedemann) in Los Angeles, California, USA (Dowell et al. 2000)

The theoretical basis of the SIT is largely unaffected by which stage(s) produces
damage, but sterile insects themselves can be nuisances, disease vectors, or
agricultural pests (Nagel and Peveling, this volume). For example, in the case of
blood-feeding horn flies Haematobia irritans (L.) (Patterson and Miller 1982,
Perotti and Lysyk 2003), large releases of sterile insects may preclude the use of the
SIT. If the damage from sterile insects is primarily done by females, e.g.
mosquitoes, the development of genetic sexing strains can allow the SIT to be used
with few or no negative consequences (Franz, this volume).

2.1.3. Plant Part Attacked

In the case of plant pests, the SIT has most often been deployed against insects that
attack marketable, especially fruiting, tissues. Small numbers of pests can cause
substantial economic damage by attacking these high-value substrates, and, as a
technology, the SIT is best used to drive small populations to very low levels or
even to local extinction. In contrast, many agricultural crops can sustain modest
levels of damage to vegetative tissues such as leaves or roots with little or no
economic loss, and populations of pests attacking such tissues can, in some cases, be
very large (Sutter et al. 1998), and hence the SIT is less appropriate for such pest
situations.

2.2. Reproductive/Life History Srategy

Since the SIT relies on sterile males mating with wild females, most sexually
reproducing insects are at least potential targets of the technique. Beyond that,
various aspects of a species’ basic biology tend to make that species relatively
amenable to (Box 2), or a poor candidate for (Box 3), the SIT. Natural
parthenogenesis, even at low levels, is a potential pitfall of the SIT, which could
theoretically select for parthenogenesis in wild populations (Templeton 1978).
Nevertheless, use of the SIT has been considered against facultatively
parthenogenetic aphids (Steffan and Kloft 1973). Controlling eusocial insects, such
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Box 2. Examples of Biological Characteristics that Allow, or Increase the Feasibility of,
Using ST

Sexual reproduction (exclusively)

Methods of mass-rearing are available, or can be developed

Species is holometabolous (quiescent pupal stage facilitates sterilization and handling)

Males exposed to sterilizing doses of ionizing radiation can compete with wild males for mates
Methods are available to monitor released sterile and wild populations

Low intrinsic rate of increase

as termites, with the SIT, while not theoretically impossible, would also present
immense challenges in mass-rearing, sterilization, and release. Haplodiploidy,
common in Hymenoptera, could make classical deployment of the SIT (rear,
sterilize, release) problematic, but could open possibilities for simplified male-only
release strategies. Broad taxonomically based generalizations about the applicability
of the SIT are risky except, perhaps, that the technique may often be simpler with
holometabolous than hemimetabolous insects (Box 2). The presence of the quiescent
pupal stage tends to facilitate the harvest, sterilization, and transport of mass-reared
insects. Also, larvae of many holometabolous insects have limited mobility and, in
some cases, feed gregariously within a restricted unit of habitat such as a fruit. These
habits tend to facilitate mass-rearing, whereas in other cases containerization is
required to avoid cannibalism. However, the historical bias of area-wide integrated
pest management (AW-IPM) programmes integrating the SIT toward Diptera,
Lepidoptera, and to a lesser extent Coleoptera, is arguably, as much as anything, a
reflection of the large numbers of pest species in these orders. In particular, they
contain high percentages of pests of regulatory and, in the case of Diptera, public
and veterinary health concern. Such pests can be prime targets for government-
sponsored development of the SIT.

2.3. Potential of Integrating ST with Other Control Srategies

In most applications of the SIT, it is a key component of AW-IPM programmes
(Klassen, this volume). As such, the SIT is commonly integrated with other control
methods, most often: (1) following pre-release suppression of the target population

Box 3. Examples of Biological Characteristics that Could Negate or Severely Complicate
Using ST

e Parthenogenesis

e Highly synchronous, aggregated, ephemeral mating system (found in many eusocial insects and
other groups such as some Ephemeroptera)

o Extended life cycle, e.g. typical of many cicadas

o Sterile insects themselves are a serious pest, disease vector, or nuisance pest, such as horn flies,
locusts, house flies or cockroaches

e Migratory behaviour involving long-distance flight and/or movement along weather fronts, as in
various moths, locusts, planthoppers and stable flies
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(often involving insecticides) to the point where the SIT becomes more effective,
less costly, or even feasible at all (Knipling 1979), (2) during simultaneous
suppression using SIT-compatible controls (for example, the use of larvicides
against mosquitoes or screwworms), or (3) exploiting the specificity of the SIT to
provide control without disrupting biological control of the target population and/or
other species in the area (Knipling 1998). Thus the potential for area-wide
integration of the SIT depends on a species’ basic biology, the specific population
situation, and the availability of effective and/or compatible suppression tools.
Mangan (this volume) discusses supplementary control tactics used in AW-IPM
programmes that release sterile insects.

3. PEST ECOLOGY AND SIT

The successful application of the SIT requires knowledge of the target population’s
ecology, including estimates of the absolute density of the adult population, and how
that density changes over time (Lindquist 1969; Lindquist et al. 1974; Knipling
1979; 1td6 and Yamamura, this volume). For example, the number of insects needed
for a given programme depends on the size of the target population, the area covered
by the programme, the goal of the programme (Hendrichs et al., this volume), and
the required ratio of sterile:wild insects in the field. When Knipling (1955) initially
developed the theoretical basis of the SIT, he used a simple mathematical model to
demonstrate that a wild population of 1 000 000 insects could be driven to extinction
in 4 or 5 generations by maintaining a level of 2 000 000 sterile insects within the
area (an initial 2:1 overflooding ratio). This model assumed that the wild population
was stable, i.e. the average female produced one female offspring that survived to
reproduce, and that sterile males were equivalent to wild males in their ability to
mate with wild females. In practice, these assumptions are rarely true.

Subsequent models, which contain parameters that incorporate behavioural and
ecological information, provide more realistic estimates of overflooding ratios
needed for desired levels of suppression (Knipling 1968; Barclay, this volume;
Klassen, this volume). In practice, when high rates of increase are involved, the
required overflooding ratios can be quite high. Using empirical data, Brower and
Tilton (1975) calculated an optimal sterile:wild ratio of about 100:1 for the almond
moth Cadra cautella (Walker). In some programmes, ratios greater than 100:1 have
not controlled rapidly increasing populations (Vargas et al. 1994; Rendon et al.
2000, 2004).

3.1. Abundance of Pest

3.1.1. Numerical Sze of Population

The need to produce enough sterile insects to overflood a wild population places
practical limits on the size of the target population that can be suppressed or
eradicated, and has led to the assertion that the SIT is best applied against relatively
small numbers of insects (Knipling 1955, 1979). This can include pests that are
widely distributed but tend to occur at low densities, such as the New World
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screwworm (Knipling 1968), and others that occur in higher densities but exist (at
least in the programme area) in relatively small and somewhat isolated patches of
habitat. An example of the latter would be populations of Mediterranean fruit flies as
they exist in some Middle Eastern areas (Rossler et al. 2000). The SIT has also been
used to eradicate highly isolated populations such as the melon fly Bactrocera
cucurbitae (Coquillett) in Okinawa (Kuba et al. 1996), and incipient populations of
the Mediterranean fruit fly and the Mexican fruit fly in the United States (Penrose
1996). For the latter types of programmes, pest surveys must be sensitive enough to
detect and delimit a population before it grows beyond the capacity of the system
and resources available for eradication (Lance and Gates 1994).

3.1.2. Pest Population Dynamics

Since the SIT interacts with a pest population at the point of reproduction,
overflooding ratios must account for any tendency of the population to increase. As
a simple demonstration, Knipling (1968) extended his 1955 model to show that, if a
2:1 overflooding ratio could reduce or eliminate a “stable” pest population, a ratio of
9:1 or 10:1, i.e. 2:1 X 5, would be needed for a population that was increasing 5X
per generation. Such rates of increase are not uncommon among insects. For
example, Bartlett and Butler (1979) documented a 10-fold increase per generation in
pink bollworm Pectinophora gossypidlla (Saunders) populations, and Cirio et al.
(1972) reported generation-to-generation increases of greater than 40-fold in the
Mediterranean fruit fly. Since rates of increase in the field are difficult to predict,
operational programmes should be monitored carefully for effectiveness and to
ensure that proper overflooding ratios are being maintained (Knipling 1979).
Relationships of pest population dynamics to the SIT are discussed by Barclay (this
volume) and It6 and Yamamura (this volume).

3.1.3. Seasonality and Voltinism

It is clear that pest populations do not continuously increase at high rates. In warmer
regions, many insects breed year-round, or at least go through multiple generations
annually, but the populations cycle in response to factors such as the abundance of
food, e.g. host plants, weather (temperature, wet/dry cycles), and cropping cycles
(Adkisson 1971, Wong et al. 1983). Conceptually, seasonal periods of low and
declining pest numbers provide opportunities to effectively apply the SIT against
pest populations that are too large during other seasons (Knipling 1968; Lindquist
1969; Adkisson 1971; Hendrichs et al., this volume); empirical data support this
concept (lwahashi 1976, Baumhover 2002). However, following reductions in target
population numbers, maintaining adequate “pressure” from sterile insects on the pest
population can be difficult when resources subsequently become abundant and pest
populations rapidly increase in size. For example, Carpenter and Gross (1993) were
not able to stop season-to-season increases in populations of the corn earworm
Helicoverpa zea (Boddie) with releases of substerile males, although they
consistently delayed or reduced the extent of those increases. If releasing sufficient
sterile insects becomes impractical during some portions of the year, then alternating
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sequences of the SIT and other methods of pest management (e.g. mass-trapping or
cultural control) may prove more cost-effective than continual releases of sterile
insects (Cirio 1974).

Many insect species, especially in temperate areas, have a dormancy period.
Dormancy may involve diapause, induced by environmental factors such as
photoperiod or temperature, and be either facultative or obligate (Leopold 2000).
Temperate species are frequently univoltine (one generation per year); in some, a
single generation requires two or more years. Mating, then, is restricted to specific
periods within the year, and the production and release of sterile insects must be
properly timed to ensure the maximum benefit (Mastro and Schwalbe 1988). If
partial sterility carries across generations, conditions that initiate and break diapause
in sterile insects must be appropriate, or sterile insects may not be present when
needed. As examples, relatively normal diapause characteristics were observed in H.
zea with inherited (F,) sterility and in sterile backcross hybrids of Heliothis subflexa
(Guenée) x Heliathis virescens (F.) (tobacco budworm), allowing appropriately
timed activity and/or survival over winter (Stadelbacher and Martin 1981, Carpenter
and Gross 1989).

3.2. Dispersion and Dispersal of Wild and Serile Populations

Programmes that release sterile insects can be strongly affected by both the
dispersion (distribution of organisms over an area) and the dispersal (movement, or
displacement, of individuals) of wild and sterile populations. These two parameters
are influenced by a variety of ecological and behavioural factors intrinsic to a
species’ basic biology, and that tend to make that pest species more or less amenable
to the implementation of the SIT.

3.2.1. Dispersion

Most insect populations have clumped distributions with areas of relatively high
density amid regions of substantially lower density. This clumping is often related to
the distribution of resources, such as host plants, and may vary seasonally (Shiga
1986). For example, Nakamori and Shiga (1993) outlined zones of B. cucurbitae
density in Okinawa based on the seasonal availability of host fruits, and identified
“hot spots” where host fruits were abundant year-round. In such local areas with
high densities of wild insects, the overflooding ratio is substantially lower than the
overall ratio of sterile to wild insects throughout the programme area. As a result,
other things being equal, the effectiveness of sterile insect releases would decrease
as the degree of clumping in the target population increases (Sawyer et al. 1987,
Barclay 1992). This effect will be overcome to the degree that the sterile insects are
distributed, or redistribute themselves, to mirror the distribution of the wild insects.
Knipling (1979) cited cases in which sterile insects concentrated themselves in areas
of high wild-insect density, but poor correlations between the distributions of wild
and sterile insects have been observed in other cases, such as trapping studies on B.
cucurbitae (Shiga 1986) and H. virescens (Hendricks et al. 1973). The distribution
of wild and sterile populations must be understood to be able to allocate and
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distribute sterile insects optimally (Lindquist et al. 1974; 1t6 and Yamamura, this
volume). Recent advances in geographic information (GIS) and database systems
can facilitate the identification, monitoring, and differential treatment of population
foci on relatively broad spatial scales (Cox and Vreysen, this volume). However, if
the aggregations of target populations occur on finer spatial scales, or are not
predictable, the overall release rates may have to be adjusted upwards to ensure that
the local sterile:wild ratios are high enough to achieve the desired level of sterility.

3.2.2. Host Specificity

The distribution of an insect population will, of course, be influenced by the
distribution of its hosts and, as a result, by the pest’s degree of monophagy or
polyphagy. Plant pests targeted in AW-IPM programmes that use the SIT have
ranged from relatively monophagous or oligophagous pests such as the pink
bollworm to highly polyphagous pests such as H. virescens and C. capitata
(Proshold et al. 1983, Liquido et al. 1991, Staten et al. 1999). Monophagy should
tend to simplify the application of the SIT, especially if host plants are restricted to
discrete patches. For polyphagous pests, the widespread presence of alternate hosts
can increase the area, logistical complexity, and costs required for effective control
(Vargas et al. 1995). Movement of insects to and from sites of adult food, or other
ecological requisites, can also influence pest distribution (Hendrichs and Hendrichs
1990). For example, adult male New World screwworms, when waiting for potential
mates, will often perch near sources of adult food (nectar) rather than near the
animals that are the larval hosts (Guillot et al. 1978).

3.2.3. Dispersal

The ability of wild insects to move within and between habitat patches influences
the required size of release areas, the need for and size of barrier or buffer areas, and
the pattern of insect release (Knipling 1979). The immigration of small numbers of
mated females or large numbers of males into an SIT release area can potentially
disrupt a programme (Prout 1978; Barclay, this volume). The magnitude of the
impact from immigration depends on pest biology and on programme goals, with
less isolation being required where moderate suppression rather than eradication is
desired. For example, Ankersmit et al. (1977) reported that the SIT appeared to be
capable of suppressing populations of the summer fruit tortrix in small orchards with
a modest degree of isolation, even though the efficacy obtained was not sufficient
for eradication. The dispersal capacity of a pest species determines the need to
isolate treatment areas from immigration, and is the primary factor dictating a
population-wide approach to AW-IPM programmes integrating the SIT (Hendrichs
et al., this volume; Klassen, this volume).

In eradication programmes, the potential for reinvasion also needs to be
considered. The melon fly was eradicated from subtropical Japan (Kuba et al. 1996),
but continuous surveys are now needed in the region, with preventive sterile fly
releases in the southernmost islands, because this species is capable of flying in from
Taiwan (Koyama and Tanaka 1984, Kohama and Kuba 1996). The New World
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screwworm was eliminated from North America, but because the flies are capable of
dispersing more than 280 km, the eradication campaign had to be extended to cover
most of Central America (Lindquist 1969, Jones et al. 1999, McGraw 2001), and a
wide band of sterile-fly releases across eastern Panama is now required to prevent
reinvasion from South America. Conversely, when the SIT is used in too small an
area against an incipient, isolated infestation, undetected dispersal away from the
site of the initial introduction can foil eradication efforts by producing satellite
infestations beyond the SIT release zone (Penrose 1996).

Pilot-scale testing of the SIT also requires relatively isolated venues such as
islands or oases (Proshold et al. 1983, Cayol and Zarai 1999, Baumhover 2002) or,
alternately, plots that are buffered with wide barrier or treatment zones (Rendo6n et
al. 2000). Such tests tend to be relatively large-scale, and can produce the added
benefit of detecting logistical or biological problems that would not arise in smaller-
scale studies (Seawright 1988, Mclnnis et al. 1996). However, large-scale tests are
expensive, and logistical issues often force limits on size and/or replication. As a
result, field data on relationships between sterile:wild ratios, sterile insect
competitiveness and level of sterility, and effects on wild populations, are minimal
in many cases (Krafsur 1998; Vreysen, this volume). In some instances, the initial
stages of an operational programme have to function as a feasibility study (Lindquist
et al. 1974).

Although long-distance movement can create problems for programmes that
apply the SIT, dispersal on a more local scale is essential to the technique’s
effectiveness. Modelling studies indicate that a moderately high dispersal capability
may tend to facilitate the SIT by reducing spatial heterogeneity in the pest
population (Wehrhahn 1973; Barclay, this volume). Hence arthropods that are
largely sedentary, such as ticks and mites, as well as various homopterans, are much
less amenable to the SIT. Moreover, released sterile males must move sufficiently to
locate resources such as food, mating arenas, and/or mates (Calkins and Parker, this
volume; Vreysen, this volume). The dispersal capability of sterile males is a primary
consideration when designing release methods and protocols for a specific pest
species, since it is critical that sterile males are distributed throughout the release
area, at least in habitats where wild insects may occur (Dowell et al., this volume).

3.3. Chemical Ecology

Chemical communication is often involved in mating, feeding, or other key
ecological interactions of insects (Matthews and Matthews 1978). Accordingly, an
insect’s chemical ecology can have important implications for the SIT (Table 2). In
particular, the common involvement of semiochemicals in intraspecific finding
and/or recognizing mates means that sterile males must respond to, and in some
cases produce, semiochemicals appropriately for the SIT to be effective (Table 2). In
addition, an insect’s chemical ecology can often be exploited to benefit AW-IPM
programmes that integrate the SIT. Long-range attractants are very useful for
assessing the distribution of wild and sterile insects (section 3.2.1.), monitoring
overflooding ratios (\Vreysen, this volume), and evaluating specific aspects of sterile
male quality (Calkins and Parker, this volume). In addition, males of species that use
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Table 2. Examples of types of semiochemicals utilized by insects, and their potential
implications for programmes releasing sterile insects

Type of semiochemical Implication for programmes Reference
Sex attractant pheromone Used for monitoring or evaluating Staten et al. 1999
(female-produced) programmes that apply the SIT
Used for assessing sterile male quality Bloem et al. 1998
Sex attractant pheromone May be critical component of sterile Heath et al. 1994
(male-produced) male competitiveness (section 5)
Parapheromone (such as the Used for monitoring or evaluating Mclnnis and
“male attractants” of programmes that apply the SIT Cunningham 1986

tephritids) or aggregation Used for assessing sterile male quality FAO/IAEA/USDA 2003
pheromone (section 5)

Aphrodisiac and/or contact May play important role in mating Hammack 1992
recognition pheromone process and affect mating
competitiveness (section 5)

Host-plant or other food- Used for monitoring programmes that Katsoyannos et al. 1999
related kairomones apply the SIT Wood et al. 1982
May play critical role in mating system Nishida et al. 1997
May need to be provided in diet as
precursor of pheromone component

a long-range female-produced sex attractant are normally mobile enough to disperse
well throughout the release area (sections 3.2.1. and 3.2.3.).

In some species, feeding, or otherwise exposing sterile males to an appropriate
compound, can optimize mating competitiveness. Sometimes these chemicals are
components (or precursors of components) of male-produced pheromones, which
may be long-range sex attractants or close-range “aphrodisiacs” (Boppre 1990,
Nishida et al. 1997). In other cases, reasons for the enhancement are not clear; for
example, mating competitiveness is improved when sterile Mediterranean fruit fly
males are exposed to the parapheromone o-copaene (Shelly and Mclnnis 2001).

3.4. Serile Insect Longevity

The frequency of sterile insect releases will depend on each species, and vary
according to the average longevity. The ability of sterile insects, to survive as long
as wild insects in the field, is critical to the success of the SIT. If the longevity of
sterile insects declines, the frequency of releases, and the number of insects released,
must be increased to maintain the desired overflooding ratio (Dowell et al., this
volume; Vreysen, this volume). A reduction in longevity can be a side effect of
mass-rearing, strain genetics, sterilization, or handling and release methods (Fay and
Meats 1987, Meats 1998). Assessment of the longevity of sterile insects has often



80 D. R. LANCE AND D. O. MCINNIS

been conducted in the laboratory (Meats 1998, Thomas and Loera Gallardo 1998,
FAO/IAEA/USDA 2003), in spite of the fact that the ability to survive in the field is
critical, and is influenced by factors beyond the scope of laboratory tests. For
example, released insects can suffer proportionately higher predation than wild
insects if release methods concentrate or temporarily immobilize insects, or if mass
production alters normal predator-avoidance behaviour (Schroeder et al. 1973,
Iwahashi 1976, Hendrichs and Hendrichs 1998). The survival of sterile insects to
reproductive age is especially critical, and, in many programmes, adults are not
released into the field until they are sexually mature, or have at least acquired
nutritional reserves (Dowell et al., this volume). Although obviously critical, the
ability of sterile insects to survive in the field has generally not received as much
attention as some other aspects of competitiveness (Calkins and Parker, this
volume).

4. BIOLOGY AND STERILE INSECT PRODUCTION

4.1. Feasibility of Rearing and Cost of Production

Technical issues surrounding the production of sterile insects are reviewed
elsewhere (Parker, this volume), but some biological factors that influence the
feasibility of mass-rearing bear mention here. As noted above, sterile insect
production should generally be easier with holometabolous than with
hemimetabolous species. Also, dormancy periods must be taken into account when
designing rearing systems (Parker, this volume), and, in some cases, they can be
exploited to “stockpile” sterile insects (Mastro and Schwalbe 1988, Bloem et al.
2000). In some insects, developing specific components of rearing systems can
prove intractable, e.g. the continued lack of useful artificial diets for rearing larvae
of some bark beetles (Mattanovich et al. 1999), root-feeding beetles (Branson et al.
1988, Klein and Allsopp 1994), or parasites of mammals such as Dermatobia
hominis (Linnaeus, Jr.) (Banegas et al. 1967, Arce 1968, Borja 2002). Obligatory
diapause in a one-generation-per-year species, e.g. the western cherry fruit fly
Rhagoletis indifferens Curran (Vankirk and AliNiazee 1982), may make continuous
rearing difficult unless a solution to the obligatory nature of the diapause is found.
The cost of rearing insects, in particular, affects the economic feasibility of the
SIT (Mumford, this volume), and is influenced by basic biological characteristics.
Small insects with rapid life cycles can often be reared relatively cheaply. For
example, Mediterranean fruit flies develop from the egg to prepupal stage in 6-9
days within large trays of relatively inexpensive diet, and several thousand sterile
flies can be produced for USD 1 (Hendrichs et al. 2002). At that rate, hundreds of
thousands of Mediterranean fruit flies can be produced for the current cost of rearing
a single individual of the Asian longhorned beetle Anoplophora glabripennis
(Motschulsky), a large 3-cm-long cerambycid with a 10-month larval period (Dubois
et al. 2002). The developmental and operational costs of mass-rearing are also
affected by factors such as cannibalism, requiring individual containerization
(Sparks and Harrell 1976), and the need for specialized environments such as
artificial streams for simuliid larvae (Edman and Simmons 1985). In many cases,
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innovation and automation help to reduce costs and other problems of mass
production (Parker, this volume). Finally, while lower reproductive rates generally
reduce overall SIT costs by requiring lower overflooding ratios in the field, they
tend to increase the unit rearing cost since facilities needed to maintain such colonies
are large relative to production output (Hendrichs et al., this volume).

4.2. Mass-Rearing and Competitiveness

A sterile male’s ability to compete for mates against wild males is a function of its
phenotype, which, as in all living organisms, is determined by the expression of its
genotype within its environment. Insects in mass-rearing facilities typically
experience biotic and physical environments that clearly are very different from
those in which wild insects develop. These environmental differences can influence
the phenotype of sterile insects both directly and, along with other factors, by
inadvertently selecting for genetic differences between laboratory and wild
populations. Careful monitoring of phenotype (manifest as sterile insect quality) is
critical to the success of programmes that use the SIT (Calkins and Parker, this
volume; Vreysen, this volume).

Many aspects of mass-rearing environments directly affect sterile insect quality.
Characteristics of artificial larval or adult diets, such as nutritive elements,
contaminants, moisture, texture, and pH, can influence body size, survival,
longevity, flight ability, mating ability, and responsiveness to light (Economopoulos
et al. 1990, Villavaso et al. 1998, Chang et al. 2000, Shelly and Kennelly 2002).
Keena et al. (1998) found that, in the gypsy moth Lymantria dispar (L.), a
deficiency of available iron in the diet of a female larva reduced survival and
skewed the developmental rate of her offspring. Handling methods and
environmental conditions that optimize, or are simply convenient for, mass-rearing
do not always produce the most competitive insect. A classic example is the
“droopy-wing syndrome” and poor flight ability that were found to occur in tephritid
flies when pupae were sifted from the pupation medium during the time of flight
muscle development (Ozaki and Kobayashi 1981). Lance et al. (1988) reported
another example where holding L. dispar pupae at typically warm laboratory
temperatures “programmed” sterile males with inappropriately timed mating
activity. Conversely, temperature preconditioning (cold-conditioning) enhanced the
survival and mating success of sterile male Queensland fruit flies Bactrocera tryoni
(Froggatt) (Fay and Meats 1987). More details on rearing methodology and insect
quality are presented by Parker (this volume) and Calkins and Parker (this volume).

Reproductive sterility is typically induced by exposure to X-rays, electron
beams, or most commonly gamma rays from a Co-60 or Cs-137 source (LaChance
1975; Bakri et al., this volume; Robinson, this volume), which all cause
chromosomal damage. Sterility is usually permanent, although irradiated males of
some species may, over time, regain at least partial fertility, especially following
multiple mating (Brower 1976). Nevertheless the irradiation process reduces insect
quality in some measurable way. Various strategies minimize somatic damage and
thus preserve quality: irradiating insects near, or after the completion of, adult
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development, i.e. late-stage pupae or adults, irradiation in a reduced-oxygen
atmosphere, “fractionating” the dose into several smaller doses, and using irradiators
with small maximum to minimum dose ratios (which allow the minimum sterilizing
dose to be achieved without substantially overdosing a large proportion of the
insects) (Economopoulos 1977; ASTM 2005; Bakri et al., this volume; Calkins and
Parker, this volume).

Radiation doses that sterilize males typically kill oogonial cells, but the radiation
sensitivity of oocytes varies with such factors as maturity and meiotic stage. As a
result, females of some species may retain a degree of fertility after irradiation,
especially when treated late in development. For example, in C. capitata, careful
monitoring is needed to ensure that pupae are not irradiated too early, resulting in
poor quality, or too late, leaving females with residual fertility (Williamson et al.
1985). Some insect species that are irradiated as adults, such as the boll weevil,
require alternative or augmentative sterilization strategies (McKibben et al. 2001).

Mass-rearing can also produce genetic differences between wild and laboratory
populations (Cayol 2000). Genetic changes in rearing colonies have been cited as the
likely causes of shifts in such traits as flight ability, mating age, age at first
reproduction, cuticular hydrocarbons, and adult longevity (Spates and Hightower
1970, I1t6 and Koyama 1982, Pomonis and Mackley 1985, Hammack 1987, Mangan
1991, Miyatake and Shimizu 1999, Suenaga et al. 2000, Meats et al. 2004). Mating
arenas, in particular, may differ greatly between field and laboratory environments,
and inadvertent selection of inappropriate mating behaviours in mass-reared colonies
could be especially detrimental to the SIT (Edman and Simmons 1985, Bricefio and
Eberhard 1998). Strategies for maintaining the competitiveness of mass-reared
strains include holding colonies under “relaxed” conditions to minimize selection of
undesirable traits, and regular replacement of mass-reared strains (Leppla et al.
1983, Mclnnis et al. 1985, Mclnnis et al. 2002). Of course genetic changes in mass-
reared colonies can also result from factors other than inadvertent selection, such as
founder effects, genetic drift, and “bottlenecking”.

5. MATING SYSTEMS

Given that population suppression by the SIT is overwhelmingly a function of
matings between sterile males and wild females (Mclnnis et al. 1994), the ability of
released sterile males to compete for mates is critical. The mating competitiveness of
sterile males is a function of their mating propensity and mating compatibility.
Mating propensity, the tendency to locate a mate, copulate and inseminate, is
primarily of concern as a component of sterile insect quality (Calkins and Parker,
this volume). Mating compatibility is a relative measure of how readily two
populations of insects are reproductively compatible, and, in relation to the SIT,
most often refers specifically to matings of sterile males with wild females
(FAO/IAEA/USDA 2003). Calkins and Parker (this volume) describe methods of
assessing and quantifying compatibility. In programmes that release sterile insects, it
iS necessary to ensure that those insects are compatible with the target insect
population (FAO 1992, Cayol et al. 2002).
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Insect mating systems are almost as diverse as the insects themselves, and have
been categorized in a variety of ways, such as their relation to ecological resources
(Hendrichs et al. 2002), type or degree of aggregation, the type or extent of male-
male competition (Robacker et al. 1991, Hendrichs et al. 2002), means by which
females select mates (Eberhard 1996), or the involvement and type of
semiochemicals. Insects use a variety of sensory modalities to locate, identify, and
evaluate potential mates and related resources, including vision, sound, odours,
contact chemoreception, and “touch” (Matthews and Matthews 1978). For the SIT,
the modalities used in an insect’s mating system have to be understood. Sterile
males must be competent in their ability to communicate with females, as receiver
and/or sender of signals, to be fully competitive (Table 3). Most mating systems, in
themselves, do not preclude the use of the SIT, but they influence the efficiency and
logistical difficulty of the technique. In general, greater levels of complexity in the
role of the male in mating will require more effort in tracking male behaviour as a
part of product quality control (Hendrichs et al. 2002; Parker, this volume), and will
lower expectations of high mating competitiveness of mass-produced sterile males.

5.1. Smple Mating Systems

Relatively simple mating systems often involve scramble competition for females.
For example, adult female gypsy moths emerge essentially mature, do not feed, and
begin “calling” (releasing a single-component sex attractant) near their pupation
sites, which are spread throughout their habitat. To mate successfully, a male moth
must be active at the time of day when females begin calling (Lance et al. 1988), be

Table 3. Characteristics of insect mating systems that are favourable or unfavourable for
the development and operation of programmes releasing sterile insects

Characteristic of mating system Favourable Unfavourable
Behavioural role of male, Simple Complex
including any courtship ritual
Female choice of mates Passive (accepts first male) Active (chooses among
males)
Sex pheromone Female-produced, simple (1- or Male-produced, complex

2-component), long-range

Characteristics of adult male Long-lived, active disperser Short-lived, sedentary

Male-male competition Indirect (scramble for mates) Contest for mates or
resources

Mating in time and space Distributed throughout habitat, Highly aggregated, e.g.

asynchronous termite swarms
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capable of locating the source of the pheromone (before another male finds it), and
then recognize and attempt copulation with a female when he, literally, steps on her
(Charlton and Carde 1990). Mating is slightly more complex in the New World
screwworm where male flies must locate and perch in sites where they can
encounter flying females (Guillot et al. 1978). The males dart out and grab at small
objects flying by, recognizing and attempting to mate with females if a contact
pheromone is present (Hammack 1992). Such relatively simple mating systems are
amenable to the SIT, and can lead to the production of highly competitive sterile
males. Sterile male gypsy moths are typically nearly 100% competitive, based on
their ability to locate pheromone sources (Mastro 1978), and on the relationship of
egg sterility to the ratios of sterile:wild males trapped during pilot tests (Mastro and
Schwalbe 1988; Bloem et al., this volume). One downside of simple mating systems,
especially those with pure scramble competition, is that they are often associated
with short adult lifespans and compressed mating periods (sections 3.4. and 3.1.3.).

5.2. Complex Mating Systems

The difficulty of producing highly competitive sterile males will, as a general rule,
increase with the complexity of the males’ mating-related behaviours. For example,
Mediterranean fruit fly males attract females by releasing a very complex
pheromone (Jang et al. 1989) from an appropriate microhabitat, which typically, but
not always, is the underside of a sun-lit leaf. Males often call near other calling
males at locations that have been referred to as leks (Prokopy and Hendrichs 1979).
When a female approaches a male, he initiates a complex courtship ritual and, if the
female remains to the end of the display, he attempts to mount her. Following
mounting the female can mate, or reject the male by dropping from the leaf (Lance
et al. 2000). Given the complexity of male behaviour, differences in pheromone
composition and sexual behaviour between wild and sterile male Mediterranean fruit
flies are not unexpected (section 4.2.), and in fact have been quantified (Heath et al.
1994, Bricefio and Eberhard 1998). Accordingly, in small-scale mating assays
through pilot-scale tests, sterile male Mediterranean fruit flies have usually been less
than fully competitive, and in very extreme cases less than 1% competitive (Wong et
al. 1986; Mclinnis et al. 1994; Mclnnis et al. 1996; Renddn et al. 2000, 2004). Such
lapses in mating competitiveness can increase costs, and compromise the
effectiveness of programmes that release sterile insects (Calkins and Parker, this
volume; Vreysen, this volume; Whitten and Mahon, this volume). In spite of this,
the SIT is increasingly being used against the Mediterranean fruit fly and other
tephritids in eradication, exclusion and suppression contexts (Dowell et al. 2000;
Rossler et al. 2000; Enkerlin, this volume; Hendrichs et al., this volume). Several
potential methods of enhancing the competitiveness of sterile Mediterranean fruit
flies are being investigated, such as the development of improved pre-release
feeding regimes (Yuval et al. 2002, Niyazi et al. 2004), and hormonal (Teal et al.
2000) and semiochemical treatments (Papadopoulos et al. 2001, Shelly and Mclnnis
2001).

The mating behaviour of sterile males becomes especially critical when females,
as in the example above, actively choose among mates based on male phenotype. In
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these insects, seemingly minor differences in behaviour between wild and sterile
insects can translate into poor competitiveness (Lance et al. 2000). In addition,
selection can potentially favour wild females that are adept at identifying and
rejecting sterile males, resulting in wild populations that are “behaviourally
resistant” to the SIT (Itd and Yamamura, this volume; Whitten and Mahon, this
volume). Apparently this occurred after several years of sterile insect releases
against C. capitata on the island of Kauai, Hawaii, USA — the percentage of
successful courtships dropped from about 10% to 1 or 2% for interactions between
sterile males and wild females; however the compatibility of the sterile males with
wild females from other islands was unaffected (Mclnnis et al. 1996, Lance et al.
2000). A similar erosion of mating compatibility had previously been noted and
overcome during the SIT-based successful eradication of B. cucurbitae in Japan
(Hibino and Iwahashi 1991).

6. POST-COPULATORY FACTORS

The effectiveness of mating between sterile males and wild females can be lost
partially or entirely if the females also mate with wild males, and preferentially use
sperm from the latter for fertilization. To determine if the SIT is appropriate for use
against an insect species, Knipling (1955) proposed that one principle to consider
was:

Females must normally mate only once.

This assertion is still occasionally voiced dogmatically, at least as a question,
although polyandry does not negate the basic principles of the technique (Barclay,
this volume; Whitten and Mahon, this volume). However Knipling (1955)
continued:

If females of a species mate more frequently, the sperms from irradiated (sterile) males
must be produced in essentially the same number and compete with sperms from fertile
males.

Indeed, all else being equal, the overall sterility induced into a population of ten
females by a sterile:wild overflooding ratio of 9:1 should be the same whether each
female mates once — nine with a sterile male and one with a wild male — or each
female mates ten times — nine times with sterile males and once with a wild male.
This issue is broader than Knipling’s assertions, but regardless of the number of
times that a female “normally” mates, the competitiveness of sterile males will be
influenced by post-mating factors, including the ability to induce mating
refractoriness in females, sperm competition, and/or sperm precedence, depending
on the species.

Patterns of female receptivity include variations on three basic themes: (1)
monogamy, (2) females cycle through periods where they alternately are or are not
receptive, and (3) continuous receptivity (Ringo 1996). In most insects, female
receptiveness drops sharply after mating, typically due to a physiological response to
materials passed from male to female during copulation (LaChance 1975, Eberhard
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1996, Ringo 1996, Kraaijeveld et al. 2005). In many species the sperm or
spermatophores themselves produce the effect, but in others (best documented
among dipterans) an “anti-aphrodisiac” in the seminal fluid — often an accessory-
gland protein — produces the change (Ringo 1996). An accessory-gland factor has
been documented in C. capitata, and males from sterile and wild strains were found
equally competent at inducing females to shift from mate-seeking to oviposition
behaviours (Jang et al. 1998). Similarly female B. cucurbitae became unreceptive
after mating either with virgin or with “spermless” (sperm-depleted) males (Kuba
and It6 1993).

In other species, the transfer of a full complement of sperm appears to be the
critical factor that turns off female receptiveness. For programmes for these other
species, this requires that sterility be based on dominant lethal mutations rather than,
for example, on the elimination of sperm production (LaChance 1975). Male
lepidopterans produce sperm that are apyrene (anucleate) as well as eupyrene
(functional), and in particular the presence of eupyrene sperm appears to be
important in shutting off receptivity (LaChance 1975). Radiation doses that cause
reproductive sterility can also reduce the quantity and/or quality of a male’s sperm
(North et al. 1975, LaChance et al. 1979, Proshold et al. 1993). Also sperm are often
depleted faster (after fewer matings) in radiation-sterilized males than in
unirradiated males (Haynes and Mitchell 1977). The F; sterile progeny of
substerilized males may also transfer less than a full complement of sperm
(Carpenter et al. 1987; Proshold et al. 1993; Carpenter et al., this volume).
Sterilization-related reductions in the amount of sperm transferred to females can
reduce sterile male competitiveness by increasing the incidence of remating among
females that mate with both sterile and wild males (Haynes and Mitchell 1977,
Carpenter et al. 1987).

When females mate with both sterile and wild males, the proportion of eggs
fertilized by the sperm of sterile males can be influenced by the species’ patterns of
sperm precedence and/or the competitiveness of the males’ ejaculates. In many
species sperm from recent matings takes precedence over sperm from earlier
matings (Brower 1975, Etman and Hooper 1979, Saul and McCombs 1993),
although other species show first-mating (EI Agoze et al. 1995) or variable sperm
precedence (Conner 1995, LaMunyon and Huffman 2001). In some species sperm
precedence is complete, or nearly so (Brower 1975, Etman and Hooper 1979), and
specialized mechanisms exist to expel or otherwise inactivate sperm from previous
matings (Waage 1979). However, often sperm from different matings mix to various
degrees, and the proportion of offspring a male sires will depend at least in part on
the competitiveness of his ejaculate.

Ejaculate competitiveness can potentially be related to a variety of factors such
as male age (LaMunyon 2001), but often the determinant is simply the quantity or
quality of sperm transferred (Saul and McCombs 1993, Alyokhin and Ferro 1999,
LaMunyon and Huffman 2001). The proportion of a multiple-mated female’s eggs
that any given male fertilizes can be reduced by sterilization procedures (LaMunyon
2001). This effect has been shown to be dose-dependent in the fall armyworm
Spodoptera frugiperda (J.E. Smith) (Carpenter et al. 1997), and influenced by the
age at irradiation in the boll weevil (Villavaso et al. 1998).
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7. CONCLUSIONS

No insect is a “perfect” target for the SIT. Sterile Mediterranean fruit flies can be
produced in large numbers at a reasonable cost, but the high release rates required,
and the complex role of the male in mating, can create problems for operational
programmes. New World screwworm flies have a relatively simple mating system
but are not easy to rear, and in a mass-production situation the quality of a colony
tends to degrade rapidly (Mangan 1991). Although numbers of tsetse required for
release are much lower than for other species, it is also problematic to rear them in
sufficient numbers (Opiyo et al. 2000). In spite of these problems, the SIT is being
used successfully against all of these insects in AW-IPM programmes that, in some
cases, are among the most extensive insect management programmes ever
undertaken.

For other insects, such as the boll weevil and gypsy moth, functional SIT
technology has been developed but is not being used (at least not on a significant
scale) because simpler or more cost-effective alternative control methods are
available. Agronomic, socio-economic, and biological factors must be weighed
when deciding whether the SIT is an appropriate tool for managing a given pest.
Probably the one generalization that can be made regarding pest biology and the SIT
is this: when considering, developing, or conducting an AW-IPM programme
integrating the SIT, an understanding of the pest’s biology is critical to making
appropriate decisions and to the overall success of the programme.
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SUMMARY

The use of the sterile insect technique (SIT) for insect control relies on the introduction of sterility in the
females of the wild population. This sterility is produced following the mating of these females with
released males carrying, in their sperm, dominant lethal mutations that have been induced by ionizing
radiation. The reasons why the SIT can only be effective when the induced sterility in the released males
is in the form of dominant lethal mutations, and not some form of sperm inactivation, are discussed,
together with the relationship of dominant lethal mutations to dose, sex, developmental stage and the
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particular species. The combination of genetic sterility with that induced by radiation is also discussed in
relation to the use of genetic sexing strains of the Mediterranean fruit fly Ceratitis capitata (Wiedemann)
in area-wide integrated pest management (AW-IPM) programmes that integrate the SIT. A case is made
to lower the radiation dose used in such programmes so as to produce a more competitive sterile insect.
Increased competitiveness can also be achieved by using different radiation environments. As well as
radiation-induced sterility, natural mechanisms can be recruited, especially the use of hybrid sterility
exemplified by a successful field trial with tsetse flies Glossina spp. in the 1940s. Genetic transformation
will make some impact on the SIT, especially regarding the introduction of markers for released flies, and
the construction of genetic sexing strains. It is concluded that using a physical process, such as radiation,
will always have significant advantages over genetic and other methods of sterilization for the large-scale
application of the SIT.

1. INTRODUCTION

E. F. Knipling realized in the 1930s (Lindquist 1955) that, if male insects could be
sterilized genetically without affecting their ability to mate, then they could be used
to introduce a genetic load into a wild population in the field that would lead to its
suppression or even eradication. For some time geneticists were aware that X-rays
could induce mutations in insects (Runner 1916, Muller 1927), but it was not until
A. W. Lindquist showed a publication by Muller (1950) to Knipling that applied
entomologists realized the great potential it offered (Baumhover 2001, 2002). The
results from the first experiments to sterilize the New World screwworm
Cochliomyia hominivorax (Coquerel) were published in 1951 (Bushland and
Hopkins 1951). This demonstration, that X-rays could indeed induce sterility, was
the first small step on the way to the eradication of this important livestock pest in
the southern states of the USA, and then in Mexico and all the countries of Central
America as well as Panama (Wyss 2000). A permanent barrier of sterile insects has
been established in eastern Panama to prevent the reinvasion of the pest from South
America. Baumhover (2001, 2002) provided a historical account of the early days of
the screwworm eradication programme, and Klassen and Curtis (this volume)
describe the sterile insect technique (SIT), in general, from an historical perspective.

During the first field trials of sterile New World screwworms in Curagao, the
genetic basis of sterility was poorly understood, but it was realized that sterility
resulted from the induction of dominant lethal mutations in the irradiated sperm
(Bushland and Hopkins 1951, LaChance et al. 1967). At that time the level of
understanding of the genetics of the screwworm led Bushland to comment that
(quoted by LaChance 1979):

. we eradicated screwworms from Curacao and the south-eastern United States
without knowing how many chromosomes it had.

Prior to the adoption of radiation to sterilize insects, chemical mutagens were
evaluated (Borkovec 1966), but difficulties relating to toxicity, handling, and
residues were considerable, and so radiation has usually been the method of choice.
Even though field trials with chemosterilized Anopheles albimanus Wiedemann
mosquitoes in El Salvador were successful (Breland et al. 1974), it is unlikely that
today such releases could be carried out.
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2. STERILITY REQUIREMENTS FOR SIT

It is very important that the word “sterility” be precisely understood in terms of its
use in the SIT. The word “sterility” describes one of many possible end points of the
reproductive process, but it can cover a multitude of causal factors. The following
definitions of sterility were taken at random from three biological dictionaries:
e Structural or functional inability to reproduce
e Involuntary total inability to reproduce
e Any complete or partial failure to produce functional gametes or viable zygotes
These definitions cover genetic, physiological, morphological or even
“psychological” factors, which can lead to a final end point of sterility, and clearly
many of these manifestations would not be useful for sterility in area-wide
integrated pest management (AW-IPM) programmes. For the SIT to be effective,
females of the wild population in the field have to be permanently prevented from
reproducing, and any factor(s) transferred by the released male that accomplishes
this would, in fact, be sufficient. True genetic sterility in released male insects
requires: (1) production of viable sperm, (2) their transfer to the wild female during
mating, (3) their use in fertilization of eggs, and (4) the inability of the fertilized
zygote to complete development to a fertile adult. In other words, an irradiated male
insect must be able to carry out all the functions of a normal fertile insect — it must
produce fully functional sperm that succeed in fertilizing eggs and initiating the
development of fertilized eggs. In the SIT, the radiation-induced sterility is actually
produced in the generation following the release of the males, i.e. with the death of
the embryo, larva, pupa or adult, or the production of F; adults that themselves
produce gametes that result in zygotes that do not develop. A male insect that cannot
mate, is aspermic, or that transfers non-functional sperm, could be classed as sterile,
but males with any of these defects would probably not be effective for the SIT.
Recently the International Plant Protection Convention (IPPC) (FAO 2005)
provisionally adopted the following definition of a sterile insect:

an insect that, as a result of an appropriate treatment, is unable to produce viable
offspring.

and the following definition of the SIT:

a method of pest control using area-wide inundative releases of sterile insects to reduce
fertility of a field population of the same species.

Irradiated males must also be able to transfer the appropriate accessory gland
fluid during mating, ensuring that female behaviour corresponds to that following
mating with a fertile male. In some insects, this female post-mating response
involves temporary or permanent refractoriness to further mating, and a change in
female behaviour. In Drosophila sp. the peptides transferred in the accessory fluid,
that are involved in the female post-mating behavioural changes, have been well
studied (Chen 1996), and it has even been possible to sterilize females by the ectopic
expression (i.e. gene expressed in all tissues) of a transgene which codes for the sex
peptide (Aigaki et al. 1991). In fact, a male that only transferred accessory gland
fluid, and which could elicit the correct post-mating female response, could
theoretically “sterilize” the female. In the Mediterranean fruit fly Ceratitis capitata
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(Wiedemann), it has been shown that irradiated sterile males produce the same kind
of change in wild female behaviour, from mating to oviposition, as do fertile males
(Jang et al. 1998, Jang 2002).

In species where females remate, sterility for use in the SIT must be efficiently
induced in sperm without affecting sperm function and its capacity to compete with
other sperm, and exert its effect only after fertilization of the female egg; dominant
lethal mutations are such sterility factors. They are readily induced in all
chromosomes by irradiation, and they have little effect on the phenotype of the
sperm, at least at the doses usually used for the SIT (Bakri et al., this volume).
Lethality occurs when the haploid nucleus, carrying such a mutation or mutations, is
combined with a normal haploid nucleus, resulting in the death of the early embryo
at the moment when the genetic information required for normal development is
absent or incorrect (Muller 1927). In addition, cell division can become
asynchronous and lead to the death of the zygote.

3. DOMINANT LETHAL MUTATIONS

The mechanisms by which these mutations cause lethality in Diptera in the
developing zygote are now well documented (Smith and von Borstel 1972,
LaChance 1967); they are illustrated in Figure 1.

SINGLE CHROMgSOME TWO CHROMOSOMES
S
BREAK < BREAK BREAK
easOESm—— — e O—— E— | e I — ) m—
REPLICATION DICENTRIC ACENTRIC
FUSION REPLICATION
—_—— ——o: o—— —==
lost lost
BRIDGE BRIDGE
FORMATION FORMATION
BREAK N

BREAK

-7

Figure 1. Schematic representation of the fate, during cell division in the embryo, of
chromosomes with radiation-induced dominant lethal mutations, leading to the
accumulation of serious imbalances in the genetic information of subsequent daughter
cells.
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The primary lesion leading to a dominant lethal mutation is a break in the
chromosome, in this case, induced by radiation. When a break is induced in a
chromosome in mature sperm, it remains in this condition until after the sperm has
entered an egg. (This was shown very elegantly by mating queen bees to irradiated
males, and then measuring fertility after storage of the sperm in the spermatheca for
one year; there was no difference in the level of sterility in the same queen tested
one year later (Lee 1958)). Following fusion, nuclear divisions begin, and a break in
a chromosome can have drastic effects on the viability of the embryo as
development proceeds. During early prophase the broken chromosome undergoes
normal replication, but during metaphase the broken ends can fuse leading to the
formation of a dicentric chromosome and an acentric fragment. The acentric
fragment is frequently lost, while the dicentric fragment forms a bridge at anaphase
leading to another chromosomal break. This whole process then repeats itself,
leading to the accumulation of serious imbalances in the genetic information of the
daughter cells. The accumulation of this genetic damage finally leads to the death of
the zygote. If two different chromosomes are broken they can also rejoin in the way
depicted in Fig. 1. These chromosomes produce the same problems for the dividing
cells as those formed by a break in a single chromosome, by undergoing incorrect
fusion and leading to the breakage-fusion-bridge cycle. In this way dominant lethal
mutations can cause cell death, and the accumulation of genetic imbalance in the
developing zygote leads to lethality.

3.1. Dose Response for Dominant Lethals

Dose-response curves for the induction of sterility by radiation are generally
developed using measurements of hatchability of eggs, deposited either by irradiated
females mated with non-irradiated males, or by non-irradiated females mated with
irradiated males. The implicit assumption is that most dominant lethal mutations
exert their effect during early embryonic development. Data from Drosophila sp.
and other dipteran species containing chromosomes with monokinetic centromeres,
have shown that, indeed, this is the case (Demerec and Fano 1944, Catcheside and
Lea 1945, Lee 1958, Tantaway et al. 1966, Franz 2000), making egg hatch an
appropriate stage to evaluate. In insect species with holokinetic chromosomes, many
dominant lethal mutations exert their lethal effects only at later developmental stages
(Carpenter et al., this volume).

Dose-response curves for dominant lethal mutations can be developed by
irradiating insects with increasing doses of radiation and calculating the percentage
egg hatch. The curves tend to show a characteristic shape, depending on the cell type
and stage irradiated. The shape of the curve can be used to infer information about
the types of initial chromosomal lesion producing the lethal effect. In irradiated
sperm, there is an approximately linear relationship between the dose and the
induction of dominant lethals at low doses, but at higher doses there is a noticeable
departure from linearity, i.e. it tends to saturate at higher doses, and approaches
100% sterility asymptotically. This is due to the induction of multiple lethal events
in the same cell, but only one is needed to cause the egg to die. The shape of the
curve, as well as indicating the underlying causal factors of dominant lethality,
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should help in selecting a dose that will be used to sterilize insects for release. Fig. 2
shows the dose-response curves for the house fly Musca domestica L. and the large
milkweed bug Oncopeltus fasciatus (Dallas). The difference in the shape of the
curves is due to the fact that the latter species has holokinetic chromosomes (section
3.4.), and this results in the need for much higher doses of radiation for sterilization.
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Figure 2. Dominant lethal dose-response curves for Musca domestica and Oncopeltus
fasciatus. (Figure from LaChance and Graham 1984, reproduced with permission from
Elsevier.)

Assuming that dose-response curves have been developed for both sexes, that
both sexes have to be released, and that close to full sterility is required, then the
minimum radiation dose chosen must lead to full sterility in females. Any residual
fertility in released females can be extremely damaging, as this will actually
contribute to the reproductive potential of the wild population. For example, a
residual fertility of 2% in irradiated females, following a sterile:wild release ratio of
100:1, will actually double the number of insects in the next generation. Residual
fertility in males is of less importance; it simply reduces the rate at which the
population is suppressed. These simplistic assumptions ignore the impact of any
density-dependent regulation in the population. The full impact that the decision —
on the dose to be used, based on the shape of the curve (Fig. 2) — has on the
effectiveness of the SIT is described below (section 4.).
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3.2. Dominant Lethals and Sex

Male and female insects normally differ considerably in their sterility response to
radiation, primarily because sperm are haploid post-meiotic cells, whereas mature
eggs are pre-meiotic. Eggs usually develop in the female to metaphase 1, and then
are arrested until oviposition when meiosis is completed with the production of a
single pro-nucleus and three polar bodies. Mature eggs in the female are much more
resistant to radiation than are the earlier oocytes, with the consequence that a
radiation dose which induces full sterility in mature eggs often leads to the cessation
of oogenesis at a later date. This can lead to an increase in the lifespan of females as
energy is redirected away from reproduction to survival (White and Hutt 1970,
Hafez and Shoukry 1972). In most cases this is of no consequence, but it can be
important if the sterile females that are released are themselves damaging in some
way. In tsetse, for example, it is essential to remove sterile females from the released
insects as their increased lifespan (Dean and Clements 1969) might enable them to
be efficient vectors of disease.

In addition to this basic difference between male and female germ cells, there are
also species-related differences in the overall sensitivity of male and female insects
to radiation sterilization. In most species, females are more sensitive than males to
radiation sterilization, and therefore it is possible to identify the sterilizing dose for
the SIT based on the acceptable dose for males (section 4). Use of this dose will
ensure that all released females are fully sterile. In the minority of species where the
female is more resistant (Haynes et al. 1977, Crystal 1979), the sterilizing dose for
females must be used, and this can compromise the competitiveness of the sterilized
males. These patterns of differential sensitivity of germ cells in males and females
are important to investigate when the radiation dose for an AW-IPM programme
using the SIT is identified.

3.3. Dominant Lethals and Devel opmental Stage

To maximize genetic damage to mature germ cells and minimize somatic damage,
insects should be irradiated as late as possible in the development pathway, ideally
as fully differentiated adults. In the adult stage, insects are most resistant to somatic
damage as somatic cell division is at a minimum.. However, even in a fully
differentiated insect, certain somatic cells, especially in the gut, continue to divide,
and sterilizing radiation doses can compromise viability and hence the fitness of the
treated insect (Flint et al. 1966).

In spite of these biological relationships, operational considerations in
implementing the SIT often play the major role in determining the stage at which
insects are irradiated. The operational decision is based on identifying the most
convenient stage for radiation, from the point of view of mass-rearing, handling and
release protocols. In most insects, this is the pupal stage, and consequently radiation
is applied to pupae as late in development as possible. In New World screwworm
and Mediterranean fruit fly AW-IPM programmes applying the SIT, pupae are
irradiated 2 days before emergence, enabling the shipment of irradiated pupae to
emergence facilities far from the production plant, where adults emerge and are fed
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and processed for release. In the successful eradication of the screwworm outbreak
in Libya, irradiated pupae were shipped twice weekly from Mexico (FAO 1992).

In AW-IPM programmes integrating the SIT for some other species, adult
insects have to be irradiated. In Lepidoptera, larvae generally pupate within a
cocoon that attaches itself to a substrate, and in these cases it is impractical to
irradiate this stage, and thus teneral adults are irradiated (Proverbs et al. 1975). In
tsetse, before release, adult males are fed blood containing a trypanocide and
irradiated at 3-4 days of age (Dyck et al. 2000, Vreysen et al. 2000). In general,
operational factors tend to be decisive in determining the developmental stage that is
irradiated (Bakri et al., this volume).

3.4. Dominant Lethals and Species

The class Insecta comprises 29 orders (Richards and Davies 1977), and pest species
are found in most of the major orders. This very diverse class exhibits widely
different sensitivities, both within and between orders, to the induction of dominant
lethal mutations (IDIDAS 2004, Bakri et al. 2005), and to the somatic effects of
radiation (Willard and Cherry 1975). Probably there are many factors that contribute
to these differences, including the centromere structure (Smith and von Borstel
1972), the degree of chromosome condensation (Israelewski 1978), radiation repair
(Beatty and Beatty 1967), and the chromosome environment (Thoday and Read
1947). This is certainly not an exhaustive list, and other factors, as yet unidentified,
could still be important.

Insects can, however, be divided into two main groups which show major
differences in sensitivity to the induction of dominant lethals, and for which
experimental evidence is available that identifies the underlying biological and
genetic factors responsible. Orders such as Diptera, Hymenoptera, and Coleoptera
can be classed as radiation-sensitive, while orders such as Lepidoptera and
Homoptera are radiation-resistant. A major difference between these two groups of
insects is that the former group has a localized centromere (monokinetic), while the
latter has a diffuse centromere (holokinetic) (Bauer 1967), and this difference plays
a major, although not exclusive, role in radiation sensitivity (Tothova and Marec
2001). Lepidoptera also do not show the classical breakage-fusion-bridge cycle that
is a characteristic of dominant lethals induced in Diptera. It appears that lepidopteran
chromosomes can tolerate telomere loss without the drastic effects that this has on
chromosomes in other orders. Discussions on this phenomenon are found in Bakri et
al. (this volume) and Carpenter et al. (this volume).

4. APPROPRIATE RADIATION DOSE FOR SIT: IS 100% STERILITY
REQUIRED?

The word “sterile” in the acronym “SIT” is generally perceived to imply a
requirement for full sterility, and hence a radiation dose is sought that achieves
100% sterility. However, since there are varying levels of sterility that can be
induced, the word “sterile” is not an absolute term, and it might not always be
required that released insects are fully sterile. As described above, the relationship of
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radiation dose to dominant lethal induction in the mature sperm of insects
approximates to linearity at low radiation doses, but not at high doses, producing an
asymptotic approach towards full sterility (Fig. 2). This curve is used as a decision-
making tool to identify the radiation dose appropriate for a specific insect in a
specific AW-IPM programme using the SIT. The fact that the curve approaches
100% sterility asymptotically makes it difficult to select the dose that gives the
required full sterility. The equation used to describe the curve predicts that, in
theory, given a large enough sample of eggs, it will always be possible to find one
that hatches, and hence the goal of full sterility will never actually be met. In
practical terms, however, a dose is chosen which prevents the hatch of over 99% of
eggs in a large sample. This decision is often taken solely on the basis of the
dominant lethal-induction curve; the effects of radiation on somatic tissues, and
hence on the final ability of the insect to introduce sterility into wild females in the
field, are generally ignored.

In fact, the goal of attempting to achieve full sterility in treated insects can
seriously compromise their competitiveness in the field. This follows from the shape
of the dose-response curve. At high doses, increasing amounts of radiation are
required for proportionally smaller increases in sterility. LaChance and Graham
(1984) described the dominant lethal-induction curve for several insect species, and,
using equations derived from their curves, it can be shown that, for example, to
decrease egg hatchability from 2 to 1%, an 11% increase in dose is required. This
marginal increase in sterility, obtained at the expense of a disproportionate increase
in the radiation dose, can have major negative effects on the competitiveness of the
released insects. Since the shape of the curve relating somatic damage to dose is not
known, some assumptions have to be made in arriving at this conclusion.

The proportion of wild females rendered sterile by a given number of males
released depends on both their sterility and their success in competing with wild
males to mate with wild females. Therefore, to optimize the balance between
somatic fitness and genetic sterility, it is in the interest of programmes applying the
SIT to choose radiation doses that maximize the genetic load introduced into the
wild populations. This means that chosen optimal radiation doses to achieve this
objective may give sterility levels well below 100% (Toledo et al. 2004).

A word of caution is required here. It is known that, in Drosophila spp., males
receiving substerilizing radiation doses can recover fertility over time (Luning
1952), and it is important to evaluate this aspect if lower doses of radiation are used.
Currently all operational programmes consistently err on what may be considered
the side of caution, and use radiation doses that induce close to 100% sterility in the
treated insects. Unfortunately, high levels of somatic damage, and hence lower
sterile male performance, normally result from such high doses.

5. RADIATION IN DIFFERENT ENVIRONMENTS

Usually radiation is the final treatment that insects receive at the mass-rearing
facility before being transported to, and released in, the field. Any technique that
reduces the somatic damage induced by the treatment would be advantageous. Mass
produced insects are expensive, and need to function as well as possible in the field.
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The amount of genetic damage produced by radiation, both in reproductive and
somatic tissues, is related to the environment in which the tissue finds itself, in
particular, the oxygen tension. It is well known that treatment in low-oxygen
tension, e.g. irradiating in nitrogen or anoxia, reduces radiation damage (O’Brien
and Wolfe 1964; Bakri et al., this volume). However, if low-oxygen tension gives
the same protective effect for somatic tissue (competitiveness) and sperm (sterility),
then there would be no net gain. To achieve the same level of sterility as irradiation
in air, irradiation in nitrogen would have to be at a higher dose.

The differential protection afforded to somatic cells by irradiation in nitrogen is
related to the fact that somatic tissue is diploid and still undergoing cell division,
whereas sperm are fully differentiated and haploid. This means that damage induced
in somatic cells can manifest itself during the further life of the insect, whereas
damage induced in sperm cells is only realized following fertilization of eggs in the
wild females. The positive effects on competitiveness of irradiation in nitrogen have
been demonstrated for several insect species (Hooper 1971, Curtis and Langley
1972, Hallinan and Rai 1973, Wakid 1973, LaChance and Richard 1974,
Economopoulos 1977). Two successful fruit fly AW-IPM programmes integrating
the SIT were carried out in Australia using pupae irradiated in nitrogen (Hooper
1971, Fisher et al. 1985, Fisher 1996), and this approach is still being used for
Mediterranean fruit fly programmes in that country (Fisher 1997). At present, no
other operational programmes are irradiating insects in nitrogen.

6. COMBINATION OF RADIATION AND GENETIC STERILITY

Genetic sexing strains are now being used in almost all AW-IPM programmes that
use the SIT for the Mediterranean fruit fly (Robinson et al. 1999; Franz, this
volume). Since these strains are constructed using male-linked translocations, they
are semi-sterile (Laven 1969). To obtain a more competitive insect, it has been
suggested (Steffens 1982, 1983) that this genetically contrived sterility be combined
with a lower dose of radiation-induced sterility. At lower doses of radiation, the
overall sterility of males from a genetic sexing strain is, of course, higher than that
of males from a normal strain. However, as the radiation dose increases, the
contribution from genetic sterility gets progressively less, and eventually disappears
as the sterility increases. For a male with a normal karyotype, and a male carrying a
translocation, the radiation dose close to full sterility is the same. Nevertheless, the
use of males produced from a genetic sexing strain offers the opportunity to
seriously re-examine the radiation strategy of Mediterranean fruit fly programmes to
maximize the genetic load introduced into wild populations.

7. HYBRID STERILITY

When hybrids are formed between closely related species, or even between some
populations of the same species, sterility is observed. The sterility phenotype can
include the total absence of viable progeny, the production of hybrids of both sexes
with varying levels of sterility, or the production of a unisexual sterile F; generation
that is usually male. Examples of all these are given below.
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This array of different hybrid phenotypes has a corresponding wide range of
underlying genetic and cytoplasmic causes, which in many cases overlap to produce
a very complex phenotypic picture. The causes of hybrid sterility can be grouped
roughly into those factors that are carried on the nuclear genome of the insects
themselves, and those that are maternally (cytoplasmic) inherited. Many nuances
and interactions are possible within these two major groups. Currently the picture is
far from complete. An early paper by Haldane (1922) reviewed cases of classical
hybrid sterility in many different animal groups, including a large number of
lepidopteran species. His analysis showed that there was preferential sterility or
inviability in the hybrids of the heterogametic sex. This observation has become
known as Haldane’s Rule, and has largely stood the test of time (Orr 1997). For pest
insects, this means that, for example in Lepidoptera where the female is
heterogametic, the major hybrid effects would be seen in the resulting female
hybrids, whereas in Diptera where the male is heterogametic, the F; males will be
more affected.

7.1. Cytoplasmic Incompatibility in Culex pipiens L.

Mosquitoes of the genus Culex are important vectors of filarial worms and some
arthropod-borne viral diseases such as arboviruses. As early as 1938, Marshall
(1938) showed that certain crosses of populations of Culex pipiens from England
and France failed to produce progeny. In the 1950s Laven (1967a) carried out a
worldwide survey of compatibility among many different populations of this
complex. He showed that this phenomenon was cytoplasmic in origin, and that
incompatibility could be uni- or bi-directional (Laven 1967a). The causative agent
was a rickettsia-like bacterial symbiont; its removal by antibiotic treatment
abolished the sterility phenotype (Yen and Barr 1973). The symbiont has been
classified as Wolbachia pipientis Hertig, and is widely distributed in arthropods,
with up to 76% of insect species so far examined showing evidence of infection
(Jeyaprakash and Hoy 2000). It has a wide variety of effects on arthropod
reproduction (Bourtzis and O’Neill 1998), and has been implicated in maintaining
the viability of filarial worms that cause river blindness. In insects, females infected
with Wolbachia can successfully reproduce with males that are uninfected, but the
reciprocal cross is sterile. This, coupled with the maternal inheritance of the infected
state, enables the bacterium to spread through a population and carry with it any
other factor that is exclusively maternally inherited (Pettigrew and O’Neill 1997,
Curtis and Sinkins 1998). The release of males infected with Wolbachia into a naive
population would be equivalent to the release of radiation-sterilized males.

In 1967 an experiment, to use cytoplasmic incompatibility to suppress a small
isolated population of Culex fatigans Wiedemann, was carried out in Okpo, a small
village near Rangoon (Laven 1967b). Over a period of 4 months, each day about
5000 infected or incompatible males were released into a population estimated to
fluctuate between 2000 and 10 000 mosquitoes. After 4 months of releases, all the
remaining egg rafts collected were sterile. Unfortunately the arrival of the monsoon
season prevented any further observations. Curtis et al. (1982) carried out a much
larger field trial. Although releases of incompatible males did reduce the population
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build-up, it was not possible to increase the percentage of sterile egg rafts above
70%. It was concluded that immigration of fertilized females from outside the
village caused the stagnation in the numbers of sterile egg rafts observed. The use of
this approach for suppression requires that exclusively males of the incompatible
strain be released; any females that are co-released would be compatible with the
males and would lead to population increase. To solve the problem of error-free
sexing as well as escaping females, a low dose of radiation can be given; female
mosquitoes are generally more sensitive than males (Arunachalam and Curtis 1985).

7.2. Hybrid Sterility in Tsetse

The first evidence that hybrids are formed by crossing different tsetse species was
provided by Corson (1932), who obtained progeny from mass matings involving
female Glossina morsitans centralis Machado and male G. swynnertoni Austen, but
as he did not make observations on mating, he concluded that it was due to
parthenogenesis. Potts (1944) repeated these experiments, and concluded that true
hybrids were obtained as evidenced by the morphology of the hybrid male genitalia.
He also was able to backcross F; females and produce progeny. Vanderplank (1944)
confirmed these observations, but noted that, when no choice of mates was offered,
inter-specific crosses took place as readily as the intra-specific crosses. By catching
and identifying each member of copulating pairs, Jackson (1945) confirmed that this
was true also in the field. Extensive work by Curtis (1972), Rawlings (1985),
Gooding (1993; 1997a, b; 2000), and Gooding and Krafsur (2005) expanded the
knowledge of tsetse hybridization phenomena, and indicated how this might, or
might not, be used to develop methods of pest population suppression. Interspecific
crosses in tsetse produce sterile male hybrids and partially sterile female hybrids,
and there is a strong asymmetry in the sterility phenotype of the reciprocal crosses.
In some crosses no F; progeny are produced. The male hybrids can copulate with
and inseminate females, but the hybrid sperm cannot always succeed in fertilising
eggs. For other crosses, Curtis (1972) showed that, following multiple mating of
females, the two types of sperm were equally competitive. However Gooding (1992)
showed that, in multiple-mated females of the G. morsitans subspecies, the sperm
from the conspecific male was used preferentially. The inability of hybrid males to
fertilize females, and the preferential use of conspecific sperm, would be serious
handicaps to the use of hybrid sterility for pest suppression.

Hybrid sterility in tsetse appears to be mediated by both genetic and maternally
inherited factors. A very complex picture has emerged, with many factors
interacting, and it has proved difficult to tease apart the differing contributions to the
total picture. Apart from the expected chromosomal and genic interactions, two
interesting observations have been made. Firstly, the fertility of reciprocal crosses
between the different taxa show high levels of asymmetry. This is reminiscent of
phenotypes induced by Wolbachia symbionts, and it is known that many tsetse
species carry Wolbachia (Chen et al. 1999, Cheng and Aksoy 2000). Secondly, it
appears that in some hybrid crosses there is a form of interaction between the mother
and hybrid offspring that determines whether a pregnancy will be successfully
completed. (Tsetse flies reproduce by adenotrophic viviparity, where the fertilized
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egg hatches into a larva that is fed within the female by milk glands, and a mature
third-instar larva is produced every 9-10 days.) Recent results (Olet 2000) have
shown that females mated to males of a different taxon, though initially sterile, can
as they get older begin to produce viable progeny.

Using hybrid sterility for tsetse control would involve either the release of fertile
males into a non-compatible population, or the release of F; sterile males into a
population of either of the parental species. The use of F; males has the disadvantage
that two taxa have to be maintained in the laboratory, and that males and females
from the respective taxa have to be obtained to set up the appropriate cross. The
release population must be sexed to prevent the release of semi-sterile F; females,
and the F; males need to be good inseminators. For the release of fertile males of
one taxon into a wild population of a second taxon, only the release population must
be sexed (however 100% accuracy is required).

In a large field experiment, Vanderplank (1947) eliminated a population of G.
swynnertoni from the Shinyanga area, Tanzania, by releasing into it fertile G. m.
centralis from Kondoa-Irangi, Tanzania (Klassen and Curtis, this volume). About
140000 G. m. centralis pupae were released over a 7-month period, and the
population of G. swynnertoni fell, presumably due to the reduced fertility of the
hybridized G. swynnertoni females and the subsequent matings with sterile hybrid F;
males. G. swynnertoni was eradicated, but G. m. centralis did not become
established because of the harsh climatic conditions, and therefore the area remained
tsetse-free for some time. These field trials were carried out before it was known to
applied entomologists that sterility could be readily induced by radiation, and clearly
demonstrated the potential of hybrid sterility to suppress tsetse flies. They were
carried out before mass-rearing of these species was possible, and all the flies
released, both males and females, were from field-collected pupae (there was no
way to separate the sexes). Recent improvements in tsetse mass-rearing procedures
and sex-separation methods (Opiyo et al. 2000, Dowell et al. 2005) should
encourage a re-examination of this form of pest suppression for tsetse.

7.3. Heliothis Hybrids —an Exception to Haldane' s Rule

Laster (1972) demonstrated that, when Heliothis subflexa (Guenée) females and
Heliothis virescens (F.) males are hybridized, sterile male and fertile female progeny
are produced, and the hybrid females continue to produce sterile male and fertile
females through many generations of backcrossing to H. virescens males (Lance and
Mclnnis, this volume). In Lepidoptera, females are heterogametic, and would be
expected from Haldane’s Rule to suffer more from hybridization, but in this case
this is not true, suggesting that novel factors may be involved. Hybrid males can
mate and transfer a spermatophore, but no eupyrene sperm reach the female
spermathecae, even though they are produced in the testis. However, as the number
of backcross generations increases, the ability of the males to produce eupyrene
sperm decreases. This pattern of hybrid sterility suggests a very strong maternal
component, but treatment of the moths with agents known to be lethal for Wolbachia
failed to remove the sterility syndrome (LaChance and Karpenko 1981, 1983). An
analysis of mitochondrial biogenesis in hybrid males failed to identify elements of
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protein synthesis or transport as being the cause of the sterility, but sperm
mitochondria were implicated in the phenomenon (Miller and Huettel 1986). Hybrid
males of the type generated in these crosses would unlikely be effective “sterile
males” in the field. Nevertheless, field trials on the island of St. Croix were
conducted using the release of backcross males (Proshold 1983, Proshold et al.
1983), and temporary sterility could be demonstrated in the target population.
Subsequently, there has been no field evaluation of this technology.

7.4. Anopheles gambiae Complex

The Anopheles gambiae Giles complex in Africa consists of seven sibling species,
and crosses between every combination led to hybrid males, with some crosses
producing no females (Davidson et al. 1967). The sterility is due to chromosomal
interactions, and cytoplasmic factors have not been implicated. Davidson (1969)
carried out a successful series of laboratory cage experiments to evaluate the use of
these sterile males, and was able to demonstrate the induction of the expected levels
of sterility in target mixed-sex populations. However, a field trial (Davidson et al.
1970) failed to demonstrate any substantial degree of mating between released
sterile hybrid males and wild females. Pre-mating isolation mechanisms played a
decisive role in the failure, illustrating the behavioural constraints that underlie the
use of hybrid sterility in the field.

8. TRANSFORMATION AND MOLECULAR STERILITY

The successful demonstration of transformation in Drosophila melanogaster Meigen
(Rubin and Spradling 1982) encouraged the development of similar systems in other
insects, including important pest species. A review by Handler (2001) illustrates the
current state of this successful technology for introducing foreign genes into pest
insects. The use of transgenic techniques in traditional SIT will probably involve the
introduction of molecular markers into the released insects (Robinson and Franz
2000), and the development of genetic sexing strains (Franz, this volume). Recently,
constructs have been tested in Drosophila sp. that might be used to produce both an
elimination of females from the insects to be released, and sterility induced by
matings with the released males (Heinrich and Scott 2000, Thomas et al. 2000).
These molecular sterility systems rely on conditional lethality in F; females that are
produced following the mating of released transgenic males with wild females. The
systems have now been demonstrated in Drosophila (Heinrich and Scott 2000,
Thomas et al. 2000) and the Mediterranean fruit fly (Gong et al. 2005), but only in
small laboratory experiments. To date, there is only a limited amount of data
available on transgenic pest insects, and what is known is giving some cause for
concern in two areas related to the technology itself, namely stability of the insertion
and expression of the transgene. Currently there are insufficient data to predict if
transgenic strains will retain the appropriate expression patterns of the constructs
under large-scale mass-rearing over many generations, and following their release in
the field. This will be particularly relevant for systems based on molecular sterility
where permanent and absolute sterility of the system is essential.
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Transformation in insect pests is carried out using transposable elements.
Initially the “P” system from Drosophila was extensively tested, but without any
success. Subsequently other elements were identified in different genomes,
including those of insects, and some of these have proved to be successful. There is,
however, growing concern that, as most of these elements are members of gene
families, it will be difficult to predict the long-term stability of the transgene, and
hence its expression in the transformed strain. This problem could be magnified
once fertile laboratory transgenic strains are released into a wild population, the
genomic diversity of which is unknown. There is also the slightly disconcerting idea
that a transgene, once released in a fertile insect, cannot be “recalled” or destroyed.
The integration of transgenic technology with the SIT, in the form of a sexing
methodology, would be an option to reduce risk, since radiation-induced sterility
would at least prevent vertical transmission of the transgene.

Public concern related to genetically modified organisms needs to be addressed,
and a regulatory framework is required, so that when transgenic insect strains
eventually become available they can be properly field-tested. Nevertheless risk
assessment of the use of these strains in the field will not be straightforward.

9. CONCLUSIONS

Due to the extensive studies on the radiation biology of Drosophila sp. carried out in
the 1950s and 1960s, there is a very good understanding of the genetic basis of
radiation-induced sterility in that species. However, even though the underlying
mechanisms are known and are probably of wide relevance, there still are many
unexplained observations, especially in regards to the different dose-response curves
found for different species, even within the same order (Bakri et al. 2005). For one
type of mutation, i.e. specific locus mutations, there is a very good correlation
between the dose-response curve and the DNA content of the haploid genome
(Abrahamson et al. 1973); these studies ranged from bacteria to man. There is as yet
insufficient information on genome size, in a large enough number of insect species,
to assess whether such a simple relationship holds for dominant lethal induction. In
addition, in Lepidoptera and other species with holokinetic chromosomes, the
mechanism(s) of dominant lethal induction has/have still to be fully explained
(Carpenter et al., this volume).

Radiation is usually one of the last procedures that insects undergo before
leaving mass-rearing facilities for release in the field, and it is important that it be
applied in a way that minimizes its detrimental effects on insect competitiveness.
Firstly, it is essential that the dosimetry of the radiation source be checked to ensure
that all the insects receive the required minimum dose, and that none is
unnecessarily overdosed (Bakri et al., this volume). Secondly, a dose should be
chosen that maximizes the level of introduced sterility in the wild females in the
field, i.e. both the sterility level in the released males and their competitiveness has
to be taken into account. Thirdly, numerous studies have shown that irradiation in
nitrogen can provide protection against the detrimental somatic effects of radiation,
but unfortunately no large-scale programmes make use of this procedure.
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Currently, the development of molecular methods to sterilize pest insects in the
field, by the release of fertile insects carrying transgenes, is very much in vogue, in
spite of the many unknowns inherent in such a system and the current negative
public opinion on transgenic technology. There is also no regulatory framework in
place for any eventual release of transgenic insects. Using biological/molecular
methods to sterilize insects is quite different from using a physical process, such as
radiation. In the former, the essential biological interaction required to generate the
sterility phenotype is subject to biological variation in both components, and is
therefore unpredictable in the long term. A physical process such as radiation is not
subject to this variation, and hence, in some ways, is an ideal methodology. Insects
cannot become resistant to ionizing radiation as it is used in the SIT (Whitten and
Mahon, this volume).
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SUMMARY

The unique genetic phenomena responsible for inherited sterility (IS) in Lepidoptera and some other
arthropods, as compared with full sterility, provide advantages for pest control. Lepidopteran females are
usually more sensitive to radiation than males of the same species. This allows the radiation dose to be
adjusted to suit programme requirements. When partially sterile males mate with wild females, the
radiation-induced deleterious effects are inherited by the F; generation. As a result, egg hatch is reduced
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and the resulting offspring are both highly sterile and predominately male. Compared with the high
radiation required to achieve full sterility in Lepidoptera, the lower dose of radiation used to induce F;
sterility increases the quality and competitiveness of the released insects as measured by improved
dispersal after release, increased mating ability, and superior sperm competition. F; sterile progeny
produced in the field enhance the efficacy of released partially sterile males, and improve compatibility
with other pest control strategies. In addition, F; sterile progeny can be used to increase the production of
natural enemies, and to study the potential host and geographical ranges of exotic lepidopteran pests.

1. INTRODUCTION

Lepidopteran species are among the most destructive pests of annual and perennial
crops, forests, and stored products throughout the world. Following the successful
area-wide integrated pest management (AW-IPM) programme, integrating the sterile
insect technique (SIT), against the screwworm fly Cochliomyia hominivorax
(Coquerel) (Bushland 1971), studies were conducted on the possibility of
suppressing lepidopteran pest populations through the release of radiation-sterilized
moths. However, because Lepidoptera are radioresistant compared with most other
insects (LaChance et al. 1967; Bakri et al., this volume), a fully sterilizing dose of
radiation reduced the ability of sterile moths to compete with wild moths. To
increase the competitiveness of irradiated Lepidoptera, Proverbs (1962) investigated
the effects of substerilizing doses of radiation on the codling moth Cydia pomonella
(L). He noted that male moths treated with substerilizing doses and then mated to
fertile females produced reduced numbers of F; progeny, the majority of which were
males with very low fertility. This discovery prompted numerous investigations in
many lepidopteran pests. North (1975) and LaChance (1985) provide thorough
reviews of the early investigations on inherited sterility (IS), and discuss potential
advantages of using IS in suppressing pest populations and its possible genetic basis.

IS is also referred to as inherited partial sterility, partial sterility, delayed
sterility, semi-sterility and F; sterility. Although it is difficult to find a satisfactory
definition for IS, LaChance (1985) described several attributes that are common to
IS in Lepidoptera: F; male and female offspring are more sterile than the irradiated
parental (P;) generation, and more F; male progeny than female progeny are
produced. Other attributes may include longer developmental time and reduced
sperm quality in the F; generation. Radiation-induced deleterious effects can be
inherited for several generations; however, the majority of the inherited deleterious
effects are expressed in the F; generation.

2. HISTORICAL OVERVIEW

IS was first reported in the Soviet Union in the mid-1930s by Astaurov and Frolova
(1935) while studying radiation-induced genetic anomalies in the silkworm Bombyx
mori (L.). A few years later Ostriakova-Varshaver (1937) reported IS in the greater
wax moth Galleria melonella (L.). In North America, Proverbs (1962) was the first
to describe IS in the codling moth. Within the order Hemiptera, LaChance and
Degrugillier (1969) reported 1S while conducting genetic studies on the large
milkweed bug Oncopeltus fasciatus (Dallas), and Delrio and Cavalloro (1975) and
Maudlin (1976) documented IS in Gonocerus acuteangulatus (Goeze), a coreid pest
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of hazelnuts, and in Rhodnius prolixus (Stal), a reduviid vector of Chagas disease,
respectively. IS has also been reported in mites of the family Tetranychidae
(Henneberry 1964). Although Curtis (1969) and Curtis et al. (1973) found low levels
of sterility (5-15%) in the F; generation of irradiated tsetse flies (Diptera:
Glossinidae), this level of sterility was less than that found in the irradiated parents,
and other attributes common to IS in Lepidoptera were not demonstrated in these
insects.

The genetic basis for IS has been reviewed and discussed by many authors
(Bauer 1967, LaChance 1967, 1974, 1985, LaChance et al. 1970, North and Holt
1970, North 1975, LaChance and Graham 1984, Anisimov et al. 1989, Marec et al.
1999, Tothova and Marec 2001). In this chapter, emphasis will be given to the more
recent research findings in the order Lepidoptera. Also the use of genetic sexing,
together with IS for the suppression of lepidopteran populations, will be discussed
briefly. The advantages of IS as compared with full sterility, the potential for IS to
suppress pest populations, and the compatibility of IS with other pest control tactics,
particularly with biological control, are also discussed. Table 1 provides a
comprehensive list of arthropod species where IS has been documented, and
includes key references that deal with radiation biology and field studies.

3. GENETICS AND INHERITED STERILITY

No comprehensive review of lepidopteran genetics has been published in the last 30
years. Robinson (1971) provided useful information on formal genetics (including
karyology) for many species in this large order. Additional information can be
extracted from published research on three economically important species: the
silkworm (Tazima 1964, Goldsmith 1995, Fujii et al. 1998, Nagaraju 2000), the
Mediterranean flour moth Ephestia kuehniella (Zeller) (Caspari and Gottlieb 1975,
Leibenguth 1986), and the pink bollworm Pectinophora gossypiella (Saunders)
(LaChance and Ruud 1980, Bartlett 1989, Bartlett and Del Fosse 1991).

The lepidopteran genome exhibits a number of peculiarities that distinguishes it
from the genomes of other insect orders, except perhaps from that of the closely
related order Trichoptera. Chromosomes in Lepidoptera are usually small,
numerous, and possess few differentiating features. Most species are reported to
have haploid numbers close to 30 (n = 28-32). However, karyological studies have
identified species with lower or higher chromosome numbers that are probably the
result of chromosome fusion or fission (Suomalainen 1969a, Robinson 1971).
Lepidopteran chromosomes are usually spherical and uniform in shape, and
consequently not much is known about their morphology, kinetic organization and
behaviour during mitotic and meiotic cell division. Lepidopteran chromosomes lack
distinct primary constrictions (centromeres) and, as a result, sister chromatids
separate by parallel disjunction during mitotic metaphase. Many researchers have
concluded that these genomic peculiarities are an indication that lepidopteran
chromosomes are holokinetic (Murakami and Imai 1974). However, recent work by
Wolf (1996) suggests that lepidopteran chromosomes are intermediate between
holokinetic and monocentric chromosomes.
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Table 1. Arthropod species, including key references of radiation biology and field studies,
in which inherited sterility (1S) has been documented

Family, species, and

common name

Key references

Radiation biology Field studies

Tetranychidae
Tetranychus urticae Koch
twospotted spider mite

Coreidae
Gonocer us acuteangulatus
(Goeze)

Lygaeidae
Oncopeltus fasciatus (Dallas)
large milkweed bug

Reduviidae
Rhodnius prolixus (Stal)

Bombycidae
Bombyx mori (L.)
silkworm

Gelechiidae
Pectinophora gossypiella
(Saunders)
pink bollworm

Phthorimaea operculella
(Zeller)
potato tuberworm

Stotroga cerealella
(Olivier)
Angoumois grain moth

Lymantriidae
Lymantria dispar (L.)
gypsy moth

Teia anartoides Walker
painted apple moth

Arachnida — Acari

Henneberry 1964

Insecta — Hemiptera

Delrio and Cavalloro 1975

LaChance and Degrugillier 1969
LaChance et al. 1970

Maudlin 1976

Insecta — Lepidoptera

Sugai and Mirumachi 1973
Murakami 1976

Bariola et al. 1973
Flintetal. 1974
Qureshi et al. 1993b

Cheng and North 1972
Graham et al. 1972

LaChance et al. 1973, 1976
Henneberry and Clayton 1981
Miller et al. 1984

Qureshi et al. 1993a

Makee and Saour 1997

Cogburn et al. 1966

Mastro et al. 1989
Proshold et al. 1993
Proshold 1995

Suckling et al. 2002
Wee et al. 2005

Maksimovic 1972
Mastro et al. 1989
Mastro 1993
Strom et al. 1996

Suckling et al. 2002
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Family, species, and

common name

Key references

Radiation biology Field studies
Noctuidae

Agrotisipsilon (Hufnagel) Elnagar et al. 1984
black cutworm

Helicoverpa armigera Saifutdinov 1989

(Hubner) Ocampo 2001

Helicoverpa zea (Boddie) Carpenter et al. 1987c North and Snow 1978
corn earworm Carpenter and Gross 1989 Carpenter et al. 1987a,
bollworm Carpenter 1991, 1992 1987b, 1989

tomato fruitworm

Heliothis virescens (F.)
tobacco budworm

Spodoptera exigua (Hubner)
beet armyworm

Soodoptera frugiperda
(J. E. Smith)
fall armyworm

Soodoptera littoralis
Boisduval

Soodoptera litura (F.)

Trichoplusia ni (Hubner)
cabbage looper

Pieridae
Pierisbrassicae (L.)

Plutellidae
Plutella xylostella (L.)
diamondback moth

Carpenter and Wiseman 1992a
Hamm and Carpenter 1997

Proshold and Bartell 1970, 1972a,
1972b, 1973
Guerra and Garcia 1976

Debolt 1973
Carpenter et al. 1996

Carpenter et al. 1983, 1986, 1997
Carpenter and Young 1991
Arthur et al. 1993

Hamm and Carpenter 1997

Wakid and Hayo 1974
Sallam and Ibrahim 1993

Seth and Sehgal 1993
Sutrisno Apu et al. 1993
Seth and Sharma 2001

North and Holt 1968, 1969
Ercelik and Holt 1972
Karpenko and North 1973

Bauer 1967

Omar and Mansor 1993
Sutrisno Apu and Hoedaya 1993
Sutrisno Apu et al. 1993
Nguyen Thi and Nguyen Thanh
2001

Carpenter and Gross 1993
Mannion et al. 1994, 1995

North and Snow 1978

Carpenter et al. 1985
Carpenter and Wiseman
1992b

Sallam and Ibrahim 1993

Tobaetal. 1972

Sutrisno Apu and Hoedaya
1993

Okine et al. 1998

Mitchell et al. 1999
Nguyen Thi and Nguyen
Thanh 2001

Sutrisno Apu 2001
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Table 1. Continued

Family, species, and

common name

Key references

Radiation biology

Field studies

Pyralidae
Amyeloistransitella (Walker)
navel orangeworm

Cactoblastis cactorum (Berg)
cactus moth

Cadra cautella (Walker)
almond moth

Corcyra cephalonica
(Stainton)

Crocidolomia binotalis Zeller

Diatraea saccharalis (F.)
sugarcane borer

Ephestia kuehniella Zeller
Mediterranean flour moth

Galleriamellonella (L.)
greater wax moth

Ostrinia furnacalis (Guenée)
Asian corn borer

Ostrinia nubilalis (Hubner)

European corn borer

Plodia interpunctella (Hibner)
Indian meal moth

Husseiny and Madsen 1964

Carpenter et al. 2001b

Ahmed et al. 1971

Gonnen and Calderén 1971
Brower 1980, 1982
Al-Taweel et al. 1990
Makee 1993

Chand and Sehgal 1982

Sutrisno Apu and Hoedaya 1993

Walker and Quintana 1968a,
1968b

Walker et al. 1971

Sanford 1976, 1977

Garcia and Gonzalez 1993
Gonzélez and Garcia 1993

Riemann 1973
Marec et al. 1999
Tothova and Marec 2001

Nielsen 1971
Nielsen and Lambremont 1976
Nielsen and Brister 1980

Lietal. 1988
Zhang et al. 1993
Wang et al. 2001

Shang and Lo 1980

Nabors and Pless 1981
Rosca and Barbulescu 1990
Barbulescu and Rosca 1993
Rosca and Barbulescu 1993

Cogburn et al. 1966
Ashrafi et al. 1972
Ashrafi and Roppel 1973
Brower 1976, 1979, 1981

Bloem et al. 2003a

Sutrisno Apu and Hoedaya
1993
Sutrisno Apu 2001

Wang et al. 2001

Barbulescu and Rosca
1993
Rosca and Barbulescu
1993
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Table 1. Continued

Family, species, and Key references
ommon nam
¢ ame Radiation biology Field studies
Sphingidae
Manduca sexta (L.) Seth and Reynolds 1993
tobacco hornworm
Tortricidae
Cryptophlebia leucotreta Schwartz 1978
(Meyrick) Bloem et al. 2003b
false codling moth
Cydia pomonella (L.) Proverbs 1962 Charmillot et al. 1973
codling moth Fossati et al. 1971 Charmillot 1977
Charmillot et al. 1973 Proverbs et al. 1978
Pristavko et al. 1973 Bloem et al. 1999b, 2001
White 1975

Anisimov et al. 1989
Bloem et al. 1999a

Grapholita molesta (Busck) Genchev 2001 Genchev 2001
oriental fruit moth

Two other groups of arthropods have shown IS, mites (Acari) and Hemiptera;
both possess holokinetic chromosomes and are radioresistant (Brown and Nelson-
Rees 1961, Hughes-Schrader and Schrader 1961, LaChance and Degrugillier 1969,
Wrensch et al. 1994). Gassner and Klemetson (1974) showed that the kinetochore
(centromere) in the large milkweed bug covers more than 70% of the chromosomal
surface. Gonzales-Garcia et al. (1996) provided indirect evidence of the holokinetic
nature of hemipteran chromosomes while working with Graphosoma italicum
(Muller) (Pentatomidae). Nonetheless, Wolf (1996) suggests that further
investigation is needed to verify the holokinetic nature of hemipteran chromosomes.

The sex chromosomes of Lepidoptera are of the WZ type, in which females are
heterogametic (WZ) and males homogametic (ZZ). Lepidopteran species, where sex
chromosomes have been identified, show a typical QWZ/3ZZ system, or variants
such as 2/2Z, W{\W,Z/ZZ or WZ,Z,/Z,7,7,7, (Suomalainen 1969b, Robinson 1971,
Nilsson et al. 1988, Traut and Marec 1997, Rishi et al. 1999). Male chromosomes
display a normal sequence of meiotic events. In contrast, female chromosomes
undergo normal meiosis until they approach the pachytene stage (Fig. 1), when they
pair by means of synaptonemal complexes to form bivalents, and synaptonemal
complexes become visible (Marec 1996). From this point onwards, female meiosis
proceeds without meiotic recombination, and is achiasmate (Traut 1977, Nokkala
1987). The synaptonemal complexes in the female transform into elimination
chromatin that later detaches from the bivalents and persists during chromosome
segregation in the metaphase plate (Rasmussen 1977). The female W and Z
chromosomes, although often non-homologous and of different size, pair completely
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during meiosis and form a regular bivalent.

Another peculiarity of the lepidopteran genome is the presence of one or more
heterochromatic bodies in female somatic cells during interphase. This female
specific heterochromatin (also known as W- or sex-chromatin) is derived from the
W chromosome. Since sex chromatin is easily identified in interphase nuclei and is
especially visible in highly polyploid somatic cells, it can be used as a marker to
determine the sex of embryos and larvae and also to identify sex chromosome
aberrations in mutagenesis screens (Traut and Marec 1996).

Figure 1. Examples of pachytene configurations in aberrant chromosomes of Ephestia
kuehniella in microspread spermatocytes of F; males after the parental male was
irradiated with 150 Gy. a: Multiple chain translocation that involves 7 lateral elements,
each representing the protein axis of one chromosome, where 1-3 represent structurally
normal chromosomes inherited from the untreated female parent; arrows indicate
recombination nodules; b: Quadrivalent (Q) typical in reciprocal translocations; ¢: Ring
fragment (arrow) plus a bivalent with one shorter lateral element (idel) that indicates
interstitial deletion. All are electron microscope (EM) micrographs stained with
phosphotungstic acid. Scale= 2 pm.
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Lepidopteran males undergo two distinct modes of spermatogenesis/meiosis that
result in the production of two different types of sperm (Wolf 1994, Friedlander
1997): the larger, nucleate and fertile eupyrene sperm, and the smaller, anucleate and
non-fertile apyrene sperm. Apyrene sperm are more abundant and contain less
mitochondrial material (Kawamura et al. 1998), while eupyrene sperm are less
abundant and typically comprise 10-15% of the total sperm transferred to a female
during mating (Gage and Cook 1994, Cook and Wedell 1996). The role of apyrene
sperm is not fully understood, although it has been suggested that they aid the
transfer of eupyrene sperm to the female (Cook and Wedell 1996), have a nutritive
function (Friedlander 1997), or may be involved in sperm competition. The latter
function was recently studied in Pieris napi (L.), where the presence of apyrene
sperm was shown to delay female remating (Cook and Wedell 1999).

3.1. Radioresistancein Lepidoptera

A high resistance to the effects of ionizing radiation is a characteristic feature of
moths and butterflies (LaChance 1985). Cultured lepidopteran cells are 50-100
times more resistant to radiation-induced death than similarly cultured mammalian
cells. In contrast dipteran cells are only three to nine times more resistant than
mammalian cells (Koval 1996, Chandna et al. 2004). This high radioresistance in
Lepidoptera also applies to germ cells, and in particular to mature sperm. As a
consequence very high doses of radiation are required to fully sterilize lepidopteran
males (LaChance and Graham 1984).

LaChance and Graham (1984) and Koval (1996) suggested that possible
molecular mechanisms responsible for the high radioresistance in Lepidoptera might
include an inducible cell recovery system and a DNA repair process. Even though
lepidopteran chromosomes are not truly holokinetic, a significant role in their
radioresistance can be attributed to their holokinetic “nature” (as first suggested by
LaChance et al. 1967) and to the fate of the radiation-induced chromosome
fragments during mitotic cell cycles as explained below (Tothova and Marec 2001).
Lepidopteran chromosomes possess a localized kinetochore plate to which the
spindle microtubules attach during cell division (Gassnher and Klemetson 1974,
Traut 1986, Wolf and Traut 1991, Wolf et al. 1997). The kinetochore plates are large
and cover a significant portion of the chromosome length (Wolf 1996), ensuring that
most radiation-induced breaks will not lead to the loss of chromosome fragments as
is typical in species with monocentric chromosomes. In species with large
kinetochore plates, the fragments may persist for a number of mitotic cell divisions,
and can even be transmitted through germ cells to the next generation (Marec and
Traut 1993a, Marec et al. 2001). The plates also reduce the risk of lethality caused
by the formation of dicentric chromosomes, acentric fragments, and other unstable
aberrations (Tothova and Marec 2001) (Fig. 2).

3.2. Radioresistance in Hemiptera

A difference in radiosensitivity between males and females has also been
documented in several hemipterans including species of economically important
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leafhoppers (Shipp et al. 1966, Ameresekere and Georghiou 1971) and mealybugs
(Brown and Nelson-Rees 1961). However, LaChance and Degrugillier (1969) were
the first to document IS in the order Hemiptera when they induced chromosomal
fragments and translocations in the large milkweed bug. These authors demonstrated
that the induced fragments were both mitotically and meiotically stable and could be
transmitted through three generations of outcrosses to normal females.

Holokinetic chromosome of Lepidoptera Typical monocentric chromosome
MTs K MTs K
rE=—= 2
Ay Ay e
Irradiation Irradiation c
1 1
Single-stranded break Single-stranded break
LW s — A |
Next cell division - Replication Next cell division - Replication
LE = _3 % =
| ! | |
Mitotic anaphase Mitotic anaphase
-l b / |
‘Stable’ ) w T
=0 =
Kinetic Kinetic Acentric Dicentric
| | |
a Inherited Inherited b Lost Anaphase bridge

Figure 2. Kinetic structure of |epidopteran chromosomes during mitotic metaphase, and
consequences of chromosome breakage; a: Holocentric chromosome with two sister
chromatids (A; and A,), each with a kinetochore plate (K) covering about 50% of the
chromosome surface; spindle microtubules (MTs) are attached to the kinetochore; b:

Typical monocentric chromosome, where sister chromatids are joined by the centromere

(C); the kinetochore is localized on the surface of the centromere.

3.3. Radiation-Induced Serility in Parental (P,) Generation

Radiation-induced sterility is generally a consequence of dominant lethal mutations
(DLMs) that result in the death of the zygote or the embryo. The chromosomal
damage responsible for DLMs is characterized by the formation of anaphase
chromosome bridges, chromosome fragments and other abnormalities in the
dividing nuclei. In most insects DLMs are expressed during early embryogenesis
(LaChance 1967). In Lepidoptera, however, the frequency of DLMs is much lower
than in other insects and the majority are expressed very late in embryonic
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development (LaChance 1974, Berg and LaChance 1976). Furthermore, no
chromosomal bridges, indicating the presence of dicentric chromosomes, are evident
during embryonic development in Lepidoptera (LaChance and Graham 1984) and
Hemiptera studied thus far (LaChance et al. 1970, Maudlin 1976).

For males of four insect species, LaChance and Graham (1984) constructed
dose-response curves for the induction of DLMs in mature sperm. The species
exhibited a wide range of radiosensitivity, with Hemiptera showing intermediate and
Lepidoptera high radioresistance. When analysed mathematically, the dose-response
curves approximated an S-shape (LaChance and Graham 1984, Marec et al. 1999).
For highly radioresistant Lepidoptera, the curves approximated those expected for
8-16-hit kinetics while in Hemiptera the curve exhibited 4-hit kinetics. These data
suggest that multiple chromosome rearrangements must be induced in lepidopteran
males to be manifested as DLMs, explaining why lepidopteran males require very
high radiation doses (350-500 Gy) to be fully sterilized.

Radiation-induced sterility in lepidopteran males may also have other causes.
Anisimov et al. (1989) observed a dose-dependent increase in the number of matings
that produced no eggs, or the number of females that laid only unembryonated eggs,
following mating with irradiated male codling moths. A significant proportion of
unembryonated eggs (that might represent unfertilized eggs and/or eggs with early
embryonic mortality) were also observed after treated males were mated to females
of Manduca sexta (L.) (Seth and Reynolds 1993), E. kuehniella (Marec et al. 1999),
and Spodoptera litura (F.) (Seth and Sharma 2001). Furthermore, Koudelova and
Cook (2001) demonstrated with E. kuehniella that the volume of sperm transferred
during copula decreased, and mating times increased, as the dose increased. Taken
together, the above data suggest that an important component of male sterility can be
due to physiological disruptions during copulation, including the inability to
copulate and abnormal sperm transfer.

Lepidopteran females are considerably more radiosensitive than males. In a
number of species, a dose of 100 Gy is sufficient to achieve almost full sterility in
treated females (Anisimov et al. 1989, Marec and Mirchi 1990, Bloem et al. 1999a)
(Fig. 3). It appears that this difference in radiosensitivity between males and females
is related to the stage of development of the reproductive cells at the time of
irradiation. Lepidoptera are usually irradiated as mature pupae or newly emerged
adults. At this stage of development eupyrene spermiogenesis in the male has been
completed, and the nuclei in eupyrene sperm are in interphase. In contrast, female
meiosis is arrested at metaphase | in the nuclei of mature oocytes and the process
does not resume until the eggs have been laid (Traut 1977). As a consequence
irradiation of newly emerged females or of mature female pupae may disrupt the
normal course of meiosis including chromosome segregation. Finally, various
secondary detrimental effects can be expected in oocytes, which have a large amount
of cytoplasm (that contains many components required for embryonic development)
in comparison with the essentially cytoplasm-free sperm. Almost nothing is known
about the radiosensitivity of female Hemiptera, although Delrio and Cavalloro
(1975) showed that G. acuteangulatus females were fully sterilized at a dose of 50—
60 Gy. At this dose males were about 70% sterile.
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Figure 3. Percentage egg hatch obtained when codling moth adults were treated with
increasing doses of gamma radiation, and either inbred or outcrossed with fertile moths.
T = Treated; N = Non-treated. (Figure from Bloem et al. 1999a.)

3.4. Radiation-Induced Serility in F; Generation

Recent work by Tothova and Marec (2001) showed that various types of
translocations (non-reciprocal, reciprocal and multiple) are responsible for the
production of genetically unbalanced gametes in F; progeny and, as such, represent
the main chromosomal mechanism of IS. In addition, they demonstrated that two
types of intra-chromosomal aberration, fragmentation, and interstitial deletion
increase the frequency of unbalanced gametes; however, their contribution to overall
sterility appears to be less significant. The study also revealed that the predicted
level of F; sterility, based on the observed frequency of aberrations, was much
higher than the sterility observed in a previous study (Marec et al. 1999). This
suggests that Lepidoptera possess a mechanism that corrects the predicted
unbalanced state towards a balanced segregation of chromosomes. The authors
suggested that the increased number of chiasmata might facilitate a balanced
disjunction of chromosomes from translocation multivalents in F; males. The
modified synaptonemal complex, which ensures regular disjunction of homologous
chromosomes during female meiosis in Lepidoptera (Rasmussen 1977, Marec
1996), might play a similar role in F; females (Tothova and Marec 2001).

Several authors have documented the effects of radiation on the incidence of
visible chromosomal aberrations in F; males using light microscopy (North and
Snow 1978, Saifutdinov 1989, Al-Taweel et al. 1990, Carpenter 1991, Carpenter et
al. 1997). More recently Tothova and Marec (2001) used a modified micro-
spreading technique, first employed by Weith and Traut (1980), to study radiation-
induced chromosome aberrations in F; individuals of E. kuehniella. The micro-
spread chromosomes were viewed with an electron microscope and several types of
aberrations were documented. In F; individuals from male parents treated with 100
and 150 Gy, the overall frequency of aberrations varied between 4.2 and 4.8 per F;



INHERITED STERILITY IN INSECTS 127

larva in both sexes. A significant increase in aberrations was found in F; males from
male parents treated with 200 Gy (6.2 per male). Fragmentation and several types of
translocations (non-reciprocal, reciprocal, and multiple) were the most common
aberrations, while interstitial deletions and inversions were rare. Multiple
translocations forming complicated configurations were found with increasing
radiation dose. In males the mean number of chromosomal breaks resulting in
aberrations increased linearly with dose, from 8.4 to 16.2 per nucleus. In females
this value reached a maximum of 11.2 breaks per nucleus when male parents were
treated with a dose of 200 Gy (Fig. 1).

3.5. Sex-Specific Differencesin Inherited Sterility

Two consequences of radiation-induced IS are sex-specific and positively correlated

with treatment dose. First, the sex ratio of the F; generation is skewed toward males

(Lepidoptera — Proverbs 1962; Hemiptera — LaChance et al. 1970) and, second,

the level of IS in F; female progeny is lower than in F; males (Lepidoptera —

Anisimov et al. 1989, Al-Taweel et al. 1990, Seth and Reynolds 1993, Bloem et al.

1999a).

Marec et al. (1999) suggested that the sex ratio distortion in the F; generation in
Lepidoptera occurs as a result of recessive lethal mutations induced in the Z sex
chromosomes of treated male parents. Since lepidopteran females are heterogametic,
all female F; progeny will be hemizygous for Z and, as a consequence, any
deleterious Z-linked mutations will result in F; female mortality. In contrast, the F;
male progeny will inherit one Z chromosome from the treated father and the other
from the mother and, as such, will be heterozygous for any Z-linked mutation.

Induction of F; sterility by the transmission of complex chromosome
translocations to the progeny of treated males was first suggested by North (1967)
and North and Holt (1968) for Lepidoptera and by LaChance and Degrugillier
(1969) for Hemiptera. More recently Tothova and Marec (2001) suggested three
factors that might explain the higher level of sterility found in F; male progeny of
Lepidoptera:

e The ability of F; males to survive even though they inherit large numbers of
chromosome breaks. The authors found that in F; males of E. kuehniella, the
mean frequency of chromosome breaks was positively correlated with a dose-
dependent increase in sterility, whereas a clear correlation was lacking for F;
females. They suggested that this difference was due to higher mortality in F;
females that inherit a high number of breaks. Furthermore, at higher treatment
doses, there is increased probability that the sex chromosome (Z) will be
damaged and, as a consequence, any resulting recessive lethal mutation would
kill the F; females but not the males. Those F,; females that survive carry a
smaller number of chromosome breaks and, therefore, are more fertile than the
F; males.

e The occurrence of crossing-over during spermatogenesis. In F; males crossing-
over during spermatogenesis might increase the number of unbalanced gametes
produced, but only if it occurs at the crossover point between an aberrant
chromosome (that arose by two or more breaks) and its structurally normal
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homologue. This situation might occur when inversions and multiple
translocations are formed. However Tothova and Marec (2001) rarely detected
inversions in their study on E. kuehniella. They concluded that crossing-over
contributes to the sterility in F; males mostly through the formation of multiple
translocations. Since female meiosis is achiasmate during oogenesis, this factor
cannot play a role in the sterility level of F; females (Rasmussen 1977, Traut
1977, Nokkala 1987, Marec and Traut 1993b).

e A higher impact of radiation-induced deleterious effects on the fertility of F;
males. Some studies have reported finding a higher number of F; male crosses
that are fully sterile or that have resulted in the female laying a large number of
unembryonated eggs, whereas most F; female crosses laid embryonated eggs
(Anisimov et al. 1989, Marec et al. 1999). The data suggest that induced genetic
changes impaired the fertilizing ability of some F; males while the F; females
were not similarly affected. Recently Koudelova and Cook (2001) reported great
variability in the number of sperm that were transferred by F; males of E.
kuehniella. They found that, on average, the number of eupyrene sperm
decreased, whereas the number of apyrene sperm increased, resulting in an
abnormally high ratio of apyrene to eupyrene sperm. The ratio fluctuated
between 9.5:1 for untreated males and as high as 100:1 for treated males. These
results suggest that chromosomal rearrangements in F; males may have altered
the mechanisms regulating dichotomous spermiogenesis or those underlying
copulation and sperm transfer.

3.6. Genetic Sexing in Lepidoptera

Genetic sexing has been documented in only two lepidopteran species. Strunnikov
(1975) reported that genetic sexing was possible in the silkworm, B. mori. Recently
Marec (1990), Marec and Mirchi (1990), and Marec (1991) were successful in
constructing in E. kuehniella a balanced lethal genetic sexing strain, according to the
scheme of Strunnikov (1975). This strain, called BL-2, results in males that are
trans-heterozygous for two sex-linked recessive lethal mutations, d-2 and sl-15.
When BL-2 males are mated to wild-type females, the F; generation consists almost
exclusively of male progeny. The F, females die during embryogenesis because they
inherit one of the lethal mutations from their father, i.e., females are hemizygous for
d-2 or d-15 (Fig. 4).

BL-2 males of E. kuehniella could be released directly into nature to introduce
lethal mutations into the wild population (Marec et al. 1996), or they could be
maintained in the laboratory and used to generate a male-only mutant strain that
could be irradiated and released into the environment (Marec et al. 1999). Marec et
al. (1999) suggested that the production of male-only colonies through the use of
balanced lethal strains would reduce rearing costs and enhance population
suppression when used alone or in combination with F; sterility. Furthermore,
outcrosses of balanced lethal males with wild-type females one generation before
irradiation and release would improve the competitiveness of males through positive
heterosis. Finally, in addition to the genetic changes induced by treating the males
with gamma radiation, the released mutant males would introduce sex-linked
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Figure 4. Genetic sexing system developed in the Mediterranean flour moth; the cross
between BL-2 males and wild-type females produces only male progeny. Z and W
represent the sex chromosomes; sl-2 and sl-15 are sex-linked recessive mutations. LEL =
late embryonic lethality. (Detailsin text.)

recessive lethal mutations into the wild population that would further reduce the
number of F; females produced in the field. However, this system relies on sexing
two different strains and making directed crosses, and would be impractical in an
operational programme.

Some significant obstacles still need to be overcome before these types of
genetic sexing strain can be used against pest Lepidoptera. For example suitable
markers are currently lacking for the construction of similar mutant strains in other
economically important species. Also the genetic sexing system requires the mass-
rearing of two different colonies, a wild-type strain and a balanced lethal strain, for
which sex separation somehow has to be carried out under mass-rearing conditions.
Finally, the mutant strain must be routinely checked to prevent the loss of its genetic
structure through genetic recombination or colony contamination (Marec 1991).

Discovery of the sex-determining mechanism in Lepidoptera might facilitate the
development of a more convenient and sophisticated sexing system. Although little
is known about sex determination in Lepidoptera, and the exact locations of the
primary sex-determining factors are unknown (Traut and Marec 1996), some
progress is being made that will undoubtedly facilitate future research on
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lepidopteran genetics. Ohbayashi et al. (2001) recently found a homologue of the
Drosophila doublesex (dsx) gene in B. mori called Bmdsx. A sex-specific alternative
splicing of the primary Bmdsx transcript suggests that the gene might be involved in
the control of sexual differentiation, as does the Drosophila dsx gene. Also, germ-
line transformations, with a piggyBac transposable element, have been demonstrated
— in the pink bollworm by Peloquin et al. (2000), and in the silkworm by Tamura et
al. (2000). It has been proposed that genetic sexing strains based on a transgenic
approach may be a possible solution to this problem (Marec et al. 2005), where
females would be transgenic, but not the sterile males for release.

4. ADVANTAGES OF INHERITED STERILITY VERSUS FULL STERILITY

The unique characteristics of IS in Lepidoptera and other arthropods provide some
inherent advantages over the use of full sterility in pest control programmes (North
1975). Since lepidopteran females generally are much more radiosensitive than
males of the same species, the radiation dose may be adjusted to suit programme
requirements, i.e. treated females are completely sterile and males partially sterile.
When these partially sterile males mate with fertile females the radiation-induced
deleterious effects are inherited by the F; generation. As a result egg hatch is
reduced and the resulting (F;) offspring are both highly sterile and predominately
male (Table 2). The lower dose of radiation used to induce F, sterility increases the
quality and competitiveness of the released insects (North 1975) as measured by
improved dispersal after release (Bloem et al. 2001), increased mating ability
(Carpenter et al. 1987a), and superior sperm competitiveness (Carpenter et al. 1987a,
1997). In addition, because F; sterile progeny are produced in the field, the release
of partially sterile males and fully sterile females is more compatible with other pest
control mechanisms or strategies (Carpenter 1993).

Table 2. Typical attributes of male lepidopteran insects (and their progeny) receiving
substerilizing doses of radiation

Dose 1 2 3 4
applied Egg hatch Larval mortality Sex ratio Egg hatch
to P, (%) (%) 3:? (%)
(Gy)
F.id FiQ
0 71.8 20.0 1.0:1 82.5 76.8
100 46.1 51.1 2.6:1 10.8 13.9
200 30.8 69.5 5.1:1 0.9 7.5
250 19.1 75.1 7.0:1 0.8 6.1
1. Reduced F, egg hatch resulting from P; (parental) generation
2. Increased mortality during F, development
3. Skewed sex ratio in favor of males in the F; generation
4. Reduced F, egg hatch resulting from F, generation; sterility in F, generation higher than in F;

generation
Data for codling moth (Bloem et al. 1999a)
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Knipling (1970) used a mathematical model to explore the application of IS for
control of lepidopteran pests (Barclay, this volume). He found that the release of
partially sterile insects offered greater suppressive potential than the release of fully
sterile insects, and suggested that the partially sterile-to-wild overflooding ratio
could be as low as a one-quarter of what is normally required for fully sterile insects.
Population models using data collected from several pest species (Walker and
Pederson 1969, Brower and Tilton 1975, Carpenter et al. 1987a, Carpenter and
Layton 1993, Anisimov 1993) corroborate Knipling’s findings.

5. POTENTIAL FOR INHERITED STERILITY TO SUPPRESS PEST
POPULATIONS

Field releases of partially sterile insects have demonstrated the usefulness of IS to
control many lepidopteran pests, including the cabbage looper Trichoplusia ni
(Htbner) (North and Holt 1969), corn earworm Helicoverpa zea (Boddie)
(Carpenter and Gross 1993), gypsy moth Lymantria dispar (L.) (Mastro 1993),
codling moth (Proverbs et al. 1978, Bloem et al. 1999b, Bloem et al. 2001), and
many others (Bloem and Carpenter 2001; Bloem et al., this volume). The effect of F;
sterility to influence pest populations has been most convincing when irradiated
insects have been released in the field throughout the entire growing season. Season-
long releases of irradiated (100 Gy) H. zea in mountain valleys of North Carolina,
USA, delayed and/or reduced seasonal increases of wild H. zea males (Carpenter
and Gross 1993). The incidence of H. zea larvae with chromosomal aberrations
indicated that irradiated males were very competitive in mating with wild females,
and were successful in producing F; progeny, which further reduced the wild
population. Release ratios averaged less than 5:1 overall, but reduced the wild
population of H. zea by more than 70%. In another case, season-long field studies of
the codling moth were conducted in apple orchards in Washington State, USA, that
compared: (1) twice-weekly releases of partially sterile codling moths treated with
either 100 or 250 Gy, and (2) combinations of mating disruption plus the release of
partially sterile (100 Gy) codling moths, to control wild populations (Bloem et al.
2001). The results showed that fruit damage was significantly lower in all treatment
plots when compared with control plots located outside the treatment areas.

6. COMPATIBILITY OF INHERITED STERILITY WITH OTHER PEST
CONTROL TACTICS

The success of releasing insects irradiated with substerilizing doses of radiation for
the suppression of pest populations is influenced by the ability of released insects
and their progeny to survive and interact with insects of a wild population. Field
survival rates for F; larvae from irradiated parents should be comparable with field
survival of wild larvae because many of the deleterious effects induced by radiation
are manifested and therefore eliminated during the F; egg stage (Carpenter et al.
1985). Any mortality agents such as insecticides, entomopathogens, and natural
enemies (parasitoids and predators) could potentially interfere with the effectiveness
of F, sterility if the agent killed a higher proportion of treated than wild larvae.
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Likewise host-plant resistance could potentially interfere with the effectiveness of F;
sterility if the host-plant defenses somehow prevented a higher proportion of treated
than wild larvae from establishing and developing on the host plant (Carpenter
1993).

The compatibility of different pest control tactics with F; sterility has been
investigated in both laboratory and field studies. Examples include the use of nuclear
polyhedrosis viruses with F; sterility for controlling H. zea and Spodoptera
frugiperda (J. E. Smith) (Hamm and Carpenter 1997), host-plant resistance and F;
sterility in H. zea and S frugiperda (Carpenter and Wiseman 1992a, 1992h), F;
sterility and insecticide resistance in S frugiperda (Carpenter and Young 1991), F;
sterility and synthetic pheromones to reduce wild populations of the codling moth
(Bloem et al. 2001), and the use of parasitoids and F; sterility (Mannion et al. 1994,
1995; Carpenter et al. 1996; Bloem and Carpenter 2001; Mangan, this volume). All
studies have shown that F; sterility is compatible with other pest control tactics.

7. POPULATION MODELS COMBINING THE EFFECTS OF F; STERILITY
WITH OTHER CONTROL TACTICS

Knipling (1964), Barclay (1987), and Wong et al. (1992) recognized the potential
benefit of combining sterile insects with conventional pest control methods.
According to population models (Barclay 1987, Knipling 1992), combining
inundative releases of natural enemies and sterile insects should yield additive or
synergistic effects. Although natural enemies and the SIT have different modes of
action, the effectiveness of the SIT increases the ratio of natural enemies to adult
hosts, and the effectiveness of natural enemies increases the ratio of sterile to fertile
insects. Therefore greater suppression could be expected if parasitoid releases were
combined with the F; sterility technique (Carpenter 1993). Not only is F; sterility
theoretically more effective than full sterility in reducing population increase
(Carpenter et al. 1987a), but F; sterility results in the production of sterile F; larvae
that provide an increased number of hosts for the parasitoids. As a result, the number
of parasitoids produced should increase even if the rate of parasitism remained the
same (host-density independent), and whether or not additional parasitoids are
released. Although population models, that independently consider augmentative
releases of parasitoids (Knipling 1992) and F; sterility (Carpenter et al. 1987a),
suggest that both tactics are highly efficacious, integrating lepidopteran F; sterility
and augmentative biological control results in synergistic effects (Carpenter 1993).
Therefore the greatest impact of F; sterility and augmentative parasitoid releases as
area-wide tactics against lepidopteran pests can be realized only when the two
methods are integrated (Barclay, this volume).

Population models also provide insight into how different control strategies
could be combined for greatest efficiency. Although the effectiveness of F; sterility
continues to increase as the ratio of irradiated to non-irradiated insects increases, the
efficiency per released moth declines. A similar loss of efficiency occurs in
parasitoid releases (Carpenter 1993). According to these models the economic
benefit of combining F, sterility and parasitoid augmentation would be greatest
when the ratios of irradiated to non-irradiated, and parasitoid to host, are low (i.e.



INHERITED STERILITY IN INSECTS 133

equal to or less than 10:1). The model presented in Fig. 5 demonstrates that
population suppression is increased when F; sterility and parasitoid releases are
combined, and that the percentage reduction in population growth is greater when
parasitized hosts produce adult parasitoids than when no parasitoids are produced
(Carpenter 2000).
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Figure 5. Comparison of the projected reduction in normal population growth when

only parasitoids [ parasites] are released (Knipling 1992), when only irradiated (100

Gy) male moths are released (Carpenter et al. 1987c), and when releases are equally
divided between parasitoids and irradiated male moths.

8. INHERITED STERILITY IN COMBINATION WITH BIOLOGICAL
CONTROL

Fully successful integration of F; sterility and parasitoid augmentation into a
management approach can occur only if parasitoids do not negatively impact
irradiated insects and their progeny more than that of the wild population, and if F;
sterility does not negatively impact the efficacy and reproduction of parasitoids.
Knowledge of any negative impact of F; sterility on parasitoids would be important
before implementing an AW-IPM programme using F; sterility. For example, if
parasitoids that attack the F; sterile progeny are unable to develop normally, and
most of the hosts present are F; sterile progeny, then there could be a negative
impact on subsequent parasitoid populations. Conversely, if parasitoids develop
normally on F; eggs, larvae, and pupae, then the greater number of hosts available
would allow for an increase in the parasitoid population. Since many hosts of the F;
generation would experience genetically-induced mortality before they reached the
adult stage, any parasitoids able to develop on these hosts would result in a positive
and synergistic increase in the efficacy of an AW-IPM programme (Carpenter
2000).

Field, greenhouse and laboratory studies compared the acceptability and
suitability of progeny from irradiated (100 Gy) and untreated Spodoptera exigua
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(Htbner) males as hosts for the braconid larval parasitoid Cotesia marginiventris
(Cresson) (Carpenter et al. 1996), and progeny from irradiated (100 Gy) and
untreated H. zea males as hosts for the tachinid Archytas marmoratus (Townsend)
(Mannion et al. 1994, 1995). Results from these studies demonstrated that progeny
of irradiated males and untreated females were acceptable and suitable hosts for
parasitoid development. Female parasitoids showed no oviposition preference for
progeny from females paired with either irradiated or untreated males. Other studies
on different lepidopteran pests also have reported compatibility between the two
control tactics (Bloem and Carpenter 2001).

There are many different scenarios in which F; sterility could be integrated with
natural enemies to suppress pest populations (Carpenter 1993) (Box 1). The release
of partially sterile males and females would produce large numbers of F; eggs and
larvae that could be field-reared on early-season host plants or crop plants that
tolerate some larval feeding damage, e.g. whorl-stage corn. Natural enemies (native
and/or released) could use the F; eggs, larvae and pupae as hosts and thereby
substantially increase the natural enemy population for the next generation of the
pest insect (Proshold et al. 1998). Also surviving sterile F; progeny would produce
sterile adults that would negatively impact the next generation of the pest insect. If
the economic injury level of cultivated host plants indicated that the additional
sterile F; larvae were undesirable, then the dose of radiation could be increased to a
level that would reduce or eliminate the number of progeny from irradiated females,
or releases could be limited to irradiated males.

Box 1. Opportunities for Combining Inherited Serility with Biological Control

For pest suppression:
e Simultaneous or sequential inundative releases of irradiated insects and natural enemies
o Irradiated insects and their sterile progeny serve as host/prey for wild natural enemies

For research:

e Elucidation of the potential host range of exotic pests

e Prediction of the potential geographic range of exotic pests

e Delineation of the potential impact of native natural enemies on invading pests

Although the compatibility of F; sterility with the application of synthetic
organic insecticides has been demonstrated (Carpenter and Young 1991), parasitoids
and/or predators generally are not compatible with these products. When insecticides
are required to reduce pest infestations, insect growth regulators or other
formulations that are compatible with natural enemies should be considered.
Another management option would be to establish host plants for the pest in
insecticide-free areas adjacent to insecticide-treated crops. Host plants could be
artificially infested with pest larvae to provide natural enemies (native and/or
released) with an adequate supply of hosts. If the pest larvae used in the artificial
infestations (nursery crops) were sterile, i.e. the progeny of irradiated parents, then
non-parasitized larvae would not contribute to the increase of the wild population
but would produce sterile adults that would negatively impact the next generation of
the pest insect (Okine et al. 1998, Carpenter 2000).
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In addition to using F; sterility as a direct pest control tactic, there are
opportunities to use F; sterility to facilitate the development of other pest
suppression tactics. For example the F; sterile progeny (eggs, larvae and pupae) of a
pest may be used as hosts/prey for natural enemies that are shipped commercially,
especially in quarantine-sensitive shipments. The use of sterile insects in commercial
shipments would ameliorate concerns regarding the reproductive viability of non-
parasitized and non-consumed pests upon arrival at the shipment destination. Also
the use of F, sterile progeny as hosts for parasitoids would eliminate the need to wait
for non-parasitized pests (either eggs or pupae) to emerge before shipment of the
parasitized pest (Greany and Carpenter 2000).

9. ADDITIONAL APPLICATIONS OF F; STERILITY FOR RESEARCH AND
MANAGEMENT

Greany and Carpenter (2000) reported that F; sterility could provide a new risk
management tool for assessing the safety of exotic lepidopterans being considered as
biological control agents against invasive weeds (Box 1). Production of F; sterile
progeny would allow for developmental and behavioral observations to be made
under actual field conditions without concern that a breeding population would be
established (Carpenter et al. 2001a). This would facilitate field observations on
oviposition behaviors and host associations, larval feeding preferences, and larval
development and survival on both target and non-target plant species. Also the
impact that native natural enemies might have on exotic candidate species being
considered as biological control agents for invasive weeds, and the ability of these
candidate species to survive and overwinter under various climatic conditions could
be studied in the field through this innovative application of F; sterility.

F, sterility could be used to conduct research on exotic pests that are expanding
their geographical range. Strom et al. (1996) suggested that gypsy moth host
preferences, or the quality of potential hosts outside the generally infested area,
could be investigated using releases of F; sterile larvae of L. dispar. In addition to
host range studies, Carpenter et al. (2001a) suggested that F; sterility could be used
to predict the potential geographic range and to evaluate the potential impact of
native natural enemies on the rate of spread of exotic lepidopteran pests.

10. CHALLENGES AND OPPORTUNITIES

Challenges are inherent in all pest management tactics, and Whitten and Mahon (this
volume) discuss difficulties unique to the SIT. In addition to difficulties in common
with the SIT, the major challenge to the use of IS is the perception that sterile F;
larvae cause economic damage to crops, especially high-value crops such as fruit.
Consequently, low doses of radiation, which would certainly result in more
competitive insects, are often avoided. For example, Proverbs et al. (1978) found
that codling moths treated with 250 Gy were more competitive in the field, and
provided better control, than did fully sterile moths (400 Gy). Nevertheless, in spite
of these findings, Proverbs et al. (1982) continued to be concerned that F, larvae
would cause economic damage, and used 350 Gy to irradiate moths released in a
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pilot study conducted in British Columbia, Canada, from 1976-1978. Also, in the
current codling moth programme in British Columbia, Canada, which began field
operations in 1994, moths treated with 350 Gy are released, even though doses as
low as 100 Gy have been suggested (Anisimov 1993; Bloem et al. 1999a, 1999b). It
was found in field studies that season-long releases of moths treated with 100 Gy did
not cause fruit injury (Fig. 6), and moths receiving 100 Gy were more competitive
than those receiving 250 Gy (Bloem et al. 2001). These studies indicate that fears of
increased fruit (or plant) injury resulting from F; larvae are ill founded, especially
when the radiation dose causes partial sterility in males and full sterility in females.
Therefore the production of sterile F; larvae should be viewed not as a problem but
rather an opportunity to enhance the production of natural enemies and to produce
sterile moths in the field.
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Figure 6. Percentage fruit damage at harvest caused by the codling moth in apple
orchardsin Washington State, USA. One series of three plots received season-long
releases of partially sterile codling moths treated with 100 Gy (female moths were 100 %
sterile, and males 50% sterile). A second group of plots received 250-Gy-treated moths
(females 100% sterile, and males 75% sterile). The control areas were treated with six
applications of azinphosmethyl insecticide. At the end of the fruiting season, 2500 fruit
per treatment were sampled (Bloem et al. 2001).
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SUMMARY

This chapter begins with a consideration of simple population models. The sterility formulation proposed
by Knipling is then included into the population models, and these are elaborated in systematic fashion to
include the major biological factors that will affect the success of the sterile insect technique (SIT) control
programme. These factors include residual fertility, differential competitive ability of wild and sterilized
males, mating patterns, immigration, and various combinations of these features. Also examined are
density-dependence, age structure, population aggregation, biotic interactions with other species, and then
integration of the SIT with other control methods. It was found that combinations of factors are
synergistic: combinations of detrimental factors such as residual fertility and inferior competitive ability
put severe limits on the probable success of the control programme, while combinations of control
methods are much more likely to succeed than single control methods. This is because each control
method needs only to account for a smaller proportion of the total mortality when combined with other
methods than when acting alone.

1. BRIEF OVERVIEW OF MODELLING

1.1. Typesof Models

Modelling is the abstraction of processes or states of being. Mathematical models
involve equations, graphs or algorithms behind computer code. Virtually all models
of the sterile insect technique (SIT) are population models, either analytic (just with
equations) or computer models (often called numerical models and in which the
equations are usually implicit, rather than being made explicit). Population models
keep track of population numbers, and include various features that influence
population size and trend, such as birth rate, mortality, age structure, immigration
and emigration, competition, etc. Population growth can be either density-
independent, in which birth rate and mortality are independent of population size, or
density-dependent, in which either or both of birth rate and mortality depend on
population size, usually in such a way as to eventually stabilize the population
around some long-term mean value.

Mathematical models of populations are typically posed as difference equations
or as differential equations. Difference equations are discrete and use some
meaningful time step, such as days, years, generations, etc. These are popular with
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entomologists, since many insects breed seasonally, such as most temperate forest
insect pests (bark beetles, budworms, tent caterpillars, etc.). Differential equations
are continuous, involving an infinitesimal time step, and rely on calculus to solve
them. They are useful in species that breed continuously within some period of time,
such as aphids, stored products pests and animal parasites. However, difference
equations do not involve calculus, and generally are easier for the non-
mathematician to understand. Another dichotomy is between deterministic models,
which always yield the same model result, and stochastic models, which involve
randomness. Most of the models of the SIT have so far been deterministic models,
involving no random elements.

In this chapter, only models that predict some aspect of system behaviour
(population dynamics) will be explored. Thus purely statistical analysis of data,
however valuable and relevant that might be to the release programme, will not
be considered here. Likewise the derivation of regressions for use in models will not be
considered here as SIT modelling. However, a section on model parameter
estimation, in which such techniques are mentioned, is included.

1.2. Smple Population Models

For density-independent population growth, the simplest models are geometric
growth for a species with non-overlapping generations, and its continuous
counterpart, exponential growth (Box 1). A simple modification to these models, to
include resource limitation, puts an upper limit on growth. Many formulations exist
for limiting geometric growth; a few were provided by Hassell (1978). This small
complication makes some formulations insoluble analytically, and it is a common
feature of population models that non-linearities render the models insoluble
analytically; it is then necessary to resort to numerical solutions using a computer.

Box 1. Smple Growth Models
Geometric and Exponential Growth

The geometric model is Nu1=AN:. Here N, is the size of the population at time t, where t is
scaled to generations and A is the rate of increase each generation. In each generation the
population size is A times the size it was in the previous generation. In this model, generations
are discrete and non-overlapping. This model is easy to solve. At any time t, N; =No4', where
No is the size of the population at time t=0. The exponential growth model is dN/dt=rN. The
solution to this model is N=Nyexp (rt), where exp(rt) = €", e being the base of natural
logarithms, r is the instantaneous rate of growth, and N, is the initial size of the population at
time zero.

Density-Dependent Growth

With density-dependence, the geometric model becomes Ni.i=ANexp(-gN; ), in which the
exponential term has no real biological meaning, and is simply a convenient device to limit
population numbers. The continuous version is the logistic equation: dN/dt=rN(K-N)/K, where
K is the carrying capacity, imposed by resource limitation.
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1.3. Host-Parasitoid and Predator-Prey Models

Modelling host-parasite and predator-prey systems in insect population dynamics
has a long history, and the “workhorses” are the Nicholson-Bailey difference
equation model and the Lotka-Volterra differential equation model (Box 2). Hassell
(1978) described such models, and these models have been used in modelling sterile
insect releases for species under the influence of biotic interactions with other
species.

Box 2. Predator-Prey and Host-Parasitoid Model
Nicholson-Bailey Model

Without density-dependence Nu.;=ANexp(-aP; ); Pu1=AN[1-exp(-aP;)] where N; and P; are the
host and parasite population sizes at time t.

With density-dependence N, = ANPexp(-aPy); P.i=AN[1-exp(-aP)] where b is a
parameter for imposing density-dependence and has no obvious biological meaning, and exp(-aP; )
is the zero term of a Poisson series, representing those hosts not found each generation by a group
of randomly searching parasitoids.

Lotka-Volterra Model

Without density-dependence dN/dt=rN-bNP; dP/dt=P(cN—e) in which the first equation gives the
rate of change of the prey population (N) in terms of the intrinsic rate of increase, r, and a
predation rate per predator, b; the second equation gives the rate of change of the predator
population (P) in terms of the rate of increase per prey, c, and a death rate, e.

With density-dependence dN/dt=rN(1-aN)-bNP; dP/dt=P(cN-€), where a is a density-
dependent death rate.

2. MODELS OF STERILE INSECT RELEASES

2.1. Three Kinds of Control Programmes Using Sterility

There are three methods of using sterile insects for population control. These are: (1)
the standard method of releasing sterile males (or males and females) that have been
reared and sterilized; earlier work in modelling of sterile releases was previously
summarized by Hamada and Miyai (1985); (2) the treatment of insects with sub-
sterilizing doses of radiation or chemosterilants so that the matings are partially
sterile, but the offspring of matings involving treated insects are sterile, called
inherited sterility (Carpenter et al., this volume); and (3) the deployment of
chemosterilants in field traps to sterilize insects that are attracted to the traps. It is
mainly the first of these three methods that will be dealt with here. Chemosterilants
are seldom used in the field because of their carcinogenic potential, although
modelling has been done on this technique by Knipling (1960), Lawson (1967),
Staley et al. (1971), Hawkes and Coaker (1977), Barclay (1981a), and Wall and
Howard (1994). In addition, although the SIT is usually used for insect control, in
some cases the concept can apply to other animals (Klassen et al. 2004).
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2.2. Initial Contribution of Knipling to Modelling ST

Knipling produced a simple numerical model that foreshadowed most future
modelling developments (Knipling 1955, 1959). The central feature of Knipling’s
model, and one found in almost all subsequent models, is the ratio of fertile males to
all males in the population: (M/(S+M)) where M is the number of fertile males (or
females, assuming a 1:1 sex ratio) and Sis the number of sterile males. This gives
the proportion of the population, under ideal conditions, that results in fertile egg
production as a result of some fertile females mating with fertile males. Knipling’s
(1955) model for the release of sterile insects was a simple modification of the
geometric model in Box 1 using the sterility factor above:

Frr 1= AF(MJ(S+My) 1)

where F; and M; are again the population size (fertile females and males) at time t, A
is the rate of increase per generation, and Sis the release rate of sterile males each
generation. This yields a stable steady state at F=0 and an unstable positive steady
state for F when S=S, the critical release rate, where S*=F(1-1), the value of sterile
release rate that holds the population at the steady state (Berryman 1967). If S S,
then the pest population will collapse and be eliminated. If S<S*, then the
population in this model will increase indefinitely.

2.3. Sex Ratio

One question asked early in the use of sterile release programmes was, “Is there an
optimal sex ratio for the insects being released?” It was initially thought that the
release of females would be counterproductive. This question was addressed by
Ailam and Galun (1967) and by Lawson (1967); using probabilistic models of
mating, they found that the release of females is never detrimental (assuming they
are all fully sterile), and in fact may assist the control programme if males are
limited in their mating ability, in which case some fertile females might not get
mated. However, there are limited field data to support this suggestion.

2.4. Residual Fertility of “ Serile Insects”

If some of the treated insects are not completely sterilized, then the situation
becomes more complicated. Klassen and Creech (1971) constructed a simple
numerical model in which a certain proportion of the released males remained
fertile. They found an upper limit to this “residual fertility” that was compatible with
the success of the release programme. Their model can be put into algebraic form
and generalized. When there is incomplete sterilization of the released insects, a
fraction, g, of males remains fertile. In that case, Knipling’s model can be modified
as in Box 3. The critical sterile release rate is then only finite for qg<1/A. If g>1/4,
then the population is not controllable by sterile releases. Thus, for example, if the
rate of increase, /A, is 10, then g must be less than 0.1, i.e. the released males must be
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greater than 90% sterile in order for control by the SIT to be possible. Also, if the
residual fertility is more than about three-fourths of the limiting value, then the
required rate of sterile releases is much higher than with complete sterility (Fig. 1).

If both males and females are released and neither sex is completely sterile, then
the fertile male X fertile female matings can be modelled as in Box 3. If residual
fertility exists in both sexes following release, it becomes impossible to eliminate
the pest population by sterile releases alone; the best that can be done is to suppress
it to a low level with continuing sterile releases. In addition, control is impossible
unless gn<FIA(F+S), where g, and ¢ are the residual fertilities of males and
females, respectively. This value of g, is smaller than that without the release of
females (Fig. 2). Thus less residual male fertility can be tolerated with the release of
residually fertile females (Barclay 2001).

Box 3. Residual Fertility of “ Sterile Insects”

Here Knipling’s model becomes: Fu1=AF(M*qS)/(M+S), where it is assumed that either only
males (M) are released or that released females are completely sterile and only males display
residual fertility. This model has a stable steady state at F=M=0, and an unstable positive steady
state for F and M when S=S*, the critical release rate, where S*=M(4-1)/(1-Aq). Here, S* is only
finite for g<1/A.

If both males and females are released and neither sex is completely sterile, then the fertile male
X fertile female matings can be modelled by the equation: Fi.;= A(Fi+ gS)(Mc+ gmSn)/(M+ Sy), in
which Fy is the number of wild fertile females in generation t, g, and ¢ are the proportions of treated
males and females, respectively, that remain fertile, and S, and § are the number of treated males
and females, respectively, that are released each generation (Barclay 2001). So far there is no
restriction on the sex ratio. Thus ¢S released females that remain fertile are added to the wild fertile
females each generation, and gmSy, released males are added to the number of wild fertile males each
generation, with the assumption that treated insects are equally competitive for mates with wild
insects. This model has a lower stable steady state and an upper unstable steady state for F and M>0
when S=&, and S = (4-1)(FM+ A S M)/(F(1-4 gn) -4 dm 6 S ), and this equation is only soluble if
the sex ratio is known. If we assume a one-to-one sex ratio (where Mi=F; and S,=S=9), then we
obtain a quadratic equation: AqmaS—1-A(Git a)]FS+ (A-1)F?=0 which gives two roots when solved
for either Sor F. The upper root of F is unstable, and represents the size of the population before
initiating sterile releases. The lower root of the equation for F is stable, and is the value at which the
population would be maintained by residual fertility after collapse due to suppression by sterile
releases. Thus it is impossible to eliminate the pest population by sterile releases alone; also control
is only possible if gn<F/A(F+qS). The relationship between the maximum values of g, and g is
hyperbolic (Fig. 2).

2.5. Competitive Ability of Males

The ability of sterile males to compete with wild males for mates can be affected by
sterilization through the debilitating effects on either sperm competition or the
behaviour of the adults (Calkins and Parker, this volume; Lance and Mclnnis, this
volume). This problem was modelled by Berryman (1967), Bogyo et al. (1971),
Berryman et al. (1973), 1t6 (1977), and Barclay (1982a). Their models are
summarized by the model in Box 4. All of their models show that the critical release
rate increases as the competitive ability of sterilized insects decreases.
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Box 4. Competitive Ability of Males

We define c as a coefficient of competitive ability, with 0 being completely non-competitive
and 1 being fully competitive. Then F., = AF(F/(F+cS)). This model has a stable steady state
at F=M=0 when S>0. The positive (unstable) steady state for F occurs when S=S*, the critical
value, where St=(A-1)F/c, which is greater than (A-1)F, with full competitive ability (1t6 and
Yamamura, this volume).

2.6. Interactions of Residual Fertility and Competitiveness

In this model only males display residual fertility; females are either completely
sterilized or not released.

2.6.1. Residually Fertile Insects Are Fully Competitive

Here the insects that remain fertile after treatment are fully competitive with wild
insects (Box 5). The allowable residual fertility of males is an almost linear function
of the competitive ability of released sterile males (Fig. 3A, solid line), unless A is
very small. Also, for a given degree of residual fertility, S* becomes larger as c
becomes smaller (Fig. 3B). Thus the extent of residual fertility, and lack of
competitive ability, compatible with control are each more restricted in the presence
of the other (Barclay 2001).
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Box 5. Residual Fertility and Competitiveness

If residual fertile insects are fully competitive, Fi.1= AF(F+q9)/(F+qStcS(1-)), then this
model has a stable steady state at F=M=0 when S>0. The positive (unstable) steady state
occurs when S=Sf=(4-1)F/(c(1-g)—q(4-1)), and S* is finite only if g<c/(A-1+c).

If residual fertile insects are of reduced competitiveness, then the model becomes
Fu1= AF(Fe+cqS)/(F+cS). If there is no residual fertility, there is a stable steady state at
F=M=0, if S>0, and a positive unstable steady state when S=S*=(A-1)F/c.

If there is both residual fertility and unequal male competitive ability, the steady state for
F is at S*=(4-1)F/(c(1-g4)), and this is finite only if g<1/A4.
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Figure 3. A: Changesin allowable residual fertility with changesin competitive ability of
sterile males. Residually fertile insects are of reduced competitive ability (broken line) or are
fully competitive (solid line). B and C: Critical sterile release rates for residual fertility (0 to

0.1) and competitive ability (0.5, 0.7, 0.9, 1.0). In B, residually fertile insects are fully
competitive, and in C, residually fertile insects are of reduced competitive ability. A= 10in
all cases. (Figure from Barclay 2001, reproduced with permission.)

2.6.2. Residually Fertile Insects Have Reduced Competitiveness

Here the insects that remain fertile after treatment are not fully competitive with
wild insects (Box 5). The critical sterile release rate in this case (Fig. 3C and Box 5)
is not as large as the corresponding value when residually fertile insects are of full
competitive ability (Fig. 3B).

2.7. Mating Patterns

Another question asked early in the use of sterile releases was, “Should the females
of the target species in a sterile release programme mate once or more than once?”
The question has been addressed by Knipling (1964), and in the models of Berryman
(1967), Lawson (1967), Zouros (1969), and Barclay (1984). The answer appears to
be that female remating (polygamy) is quite compatible with the SIT, as long as
mating is random, with sterilized males being fully competitive. In addition, in
polygamous species, it doesn’t matter whether sperm is diluted, replaced or excluded
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after the first mating, again as long as mating is random, and sterile males are fully
competitive (Lance and Mclnnis, this volume).

2.7.1. Interaction of Polygamy with Competitive Ability

If sterile males are equally competitive for mates with fertile males, sterile sperm is
fully competitive with fertile sperm, and there is no residual fertility, then the effects
of polygamy (multiple female mating) are simply to reshuffle the sperm at each
mating, and polygamy has essentially no effect. On the other hand, if sterilization is
incomplete, and/or sterilized males (or their sperm) are of inferior competitive
ability, then the situation is more complex. The work of Berryman (1967) (also
addressed by Zouros (1969)) is particularly insightful in this matter. If only the first
mating of a female results in sperm retention, or if all of the sperm of previous
matings is replaced at each successive mating, and if all matings occur before
oviposition begins, then the effective number of matings is just one. If the sperm
from all matings mixes and is retained, then the effect of multiple matings depends
on sperm competition as well as on competition between sterile and fertile males for
mates. Berryman (1967) addressed this important problem, and it is worthwhile
revisiting his results, making appropriate changes in his notation to make it
consistent with the development above. Berryman considered three cases, depending
on sperm action (Box 6).

2.7.2. Non-Functional Sperm

If the sperm of sterilized adults is either nonexistent or immotile, then a female
mating m times will only produce sterile eggs if all the matings were with sterile
males. The resulting critical values (Box 6) of the sterile release rate, S, are shown
in Fig. 5 for several values of M, the maximum number of matings, values of the
adult competition coefficient from 0.5 to 1.0, two values of the probability of
mating, and assuming a binomial distribution of mating frequencies.

2.7.3. Dominant Lethal Mutations with Fully Competitive Sperm

If sterility is caused by dominant lethal mutations, and the sperm of sterilized adults
is fully competitive with that of fertile adults, then it can be shown that the
probability that an egg is fertilized by a sterile sperm is independent of the number
of matings, and the results from section 2.5. on competitive ability still hold with
polygamy, and correspond to the case of M=1 in Fig. 5.

2.7.4. Dominant Lethal Mutations with Reduced Sperm Function

If sterility is caused by dominant lethal mutations, and the sperm of sterilized adults
is of reduced competitive ability compared with that of fertile adults, then it can be
shown that the probability that an egg is fertilized by sterile sperm depends on the
number of matings. The values of the critical release rates, S, in Box 6, are shown
in Fig. 4A and B against the adult sterile competitive ability, c,, and for the sperm
competitive ability, c. In addition, the values of c, and ¢ are shown for given values
of the critical release rate (250, 500), S¢, when it is held constant (Fig. 4C).
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Box 6. Mating Patterns
Interaction of Multiple Female Mating and Competitiveness

The probability of a fertile female mating with a sterile male is defined as Ps=c.S/(F+c,S), and the
probability of a fertile female mating with a fertile male as P=F/(F+c.S)=1-Ps, where c, is the
competitive ability of sterile adults (equivalent to ¢ in Box 4). Berryman (1967) considered the joint
distribution of the number of matings, and the number of sterile matings, as a sequence of marginal
distributions of the number of sterile matings given the number of matings. Thus a female can mate
from zero to M times, and for a given number, m, of matings the number of sterile matings is
binomially distributed. If ,C, is defined as the number of combinations of mthings taken n at a time
(=mi/nl(m-n)!), then the conditional probability that a given female mates with n sterile males, given
that she mates m times, is P(n|m)=nCnPs" P{™"=1CnPs(1-P)™". This is one term of a binomial
distribution that describes the number of sterile matings given the number of matings, and there will
be M+1 such distributions, including one for no matings. Berryman considered three cases,
dependent on sperm action.

Non-Functional Sperm

If the sperm of sterilized adults is either nonexistent or immotile, then a female mating m times will
only produce sterile eggs if all the matings were with sterile males. The probability of this occurring
is P¢", and so the probability of at least one fertile mating is (1-P<™). Then the probability of at least
one fertile mating, over the range of mating frequencies, is ZPn(1-Ps") for m=1,2,3, ..., M, and so
the population equation becomes Fui1=AFZP(1-P" ) for m= 1,2,3, ..., M, where P is the
probability of mating mtimes.

Dominant Lethal Mutations

In the binomial expansion of the probabilities of m matings, where m goes from 0 to M, each of the
terms representing mixed fertile and sterile matings will be weighted by a factor, ¢, representing the
competitive ability of sterile sperm. Thus the probability of an egg being fertilized by a sterile
sperm, taken over all mating frequencies, will be P(€)=P™ cy((m-1)/M) 1Cm1 P™(1-Pg)+c(m-
2)/M)Cin2Ps™4(1-P+ ...+ (0/m)Co(1-P9™, which can be reduced to PJ™cPy(1-P™), where
P=c.S(Fetc,S), as above. We can write the equation as Fuy = AFEZP[1—(P™ cPy(1-P™)] for
m=1,2,3, ..., M. The values of the critical release rates, S¢, are shown in Fig. 4A and B against the
adult sterile competitive ability, c,, and for the sperm competitive ability, c.. In addition, the values
of ¢, and ¢ are shown for given values of the critical release rate (250, 500), S*, when it is held
constant (Fig. 4C).
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Figure 4. A and B: Values of the critical releaserates, S, for values of adult sterile
competitiveness, c,, four mating frequencies (1,2,4,8), and two probabilities of mating —
A: 0.6, B: 0.8. C: Limits on adult sterile competitiveness compatible with control of the pest
population; these are shown for a range of values of sperm competitiveness and two values of

sterile releases (250,500). (Figure generated from equations, Berryman 1967.)
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Figure. 5. Critical sterile release rates when sterile males produce non-functional sperm. The
maxi mum possible number of matings, M, is 1,2,4,8, and the probability of mating in Ais 0.8,
and in Bis0.9. The adult competition coefficient ranges from 0.5t0 1.0. A=10in all cases.
(Figure generated from equations, Berryman 1967.)

2.8. Interaction of Polygamy with Residual Fertility

A similar analysis on residual fertility (not shown) can be performed. Starting with
the equation for residual fertility, and assuming that sterile sperm are fully
functional, one proceeds as with the case of dominant lethal mutations and fully
functional sperm. The result is that the probability that a female will mate with a
sterile male is independent of the number of matings (Barclay 2001), and the
probability that an egg will be fertilized by a sterile sperm is also independent of the
number of matings. Thus multiple female mating (polygamy) and residual fertility
have no interaction, and the results derived above for residual fertility alone apply
both to monogamy and polygamy.

2.9. Population Movement

The release of sterile insects, together with immigration from outside the control
area, can be modelled by a simple modification of the model in Box 4 (Dietz 1976,
Prout 1978). Following Prout, two cases must be accommodated here: (1)
immigration before mating, and (2) immigration after mating. In these two models it
is assumed that all sterilized insects that are released are completely sterile.

2.9.1. Immigration Before Mating
Assuming that V males and V females immigrate each generation prior to mating,
the female immigrants are thus available for mating with the released sterile males
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as well as the wild males, and the male immigrants are available for competing with
the sterile males. The model (Box 7) has two positive roots for F, with the upper one
being unstable (the population as it existed just prior to sterile releases) and the
lower one being stable. This lower steady state represents a population in a state of
collapse due to sterile releases, but which is replenished each generation by
immigrants. Note that zero is not a steady state solution here. The required sterile
release rate grows rapidly with V, but there is no value of immigration that disallows
control by sterile releases. The values of S* depend only modestly on V, if the
immigration rate each generation is only a small proportion of the total population.

Box 7. Immigration
Immigration Before Mating

If we include immigration into the model, we obtain F.1=A(F+V)(F+V)/(F+S+V). Solving for
steady state, we obtain the quadratic: (A-1)F?-[S-(24-1)V]F+V?=0 which has two positive roots for F,
with the upper one being unstable and the lower one being stable. Note that zero is not a steady state
solution here.

The critical release rate is S*=[(1-1)F+ AV ](F+V)/F.

Immigration After Mating

The equation here is F1=[AF/(Fe+S)]+AV. Note that, if the wild population is reduced to zero, it
will be reconstituted the following generation, as then F.,=A4V. Again solving for steady state, we
obtain (A-1)F*-[S-AV]F+ AVS=0.

The critical sterile release rate is given by S*=F[(4- 1)F+AV]/(F-4AV), and sterile releases can
only control the population if V<F/A.

For a given immigration rate, the required sterile release rate is much higher if immigration is
after mating than before mating.

2.9.2. Immigration After Mating

In this case it is assumed that VV males and V females immigrate each generation after
mating. The female immigrants are thus not available for mating with the released
sterile males or the wild males, however the male immigrants are available for
competing with the sterile males. Thus, immigrating females remain fully fertile.
Note that, if the wild population is reduced to zero, it will be reconstituted the
following generation, as Fu.;=AV. For a given value of immigration rate, the
required sterile release rate, S+, is much higher if immigration is after mating than
before mating, due to the fully fertile nature of the immigrating females.

2.9.3. Large-Scale Population Movement

The problem of large-scale population movement was addressed by Manoranjan and
van den Driessche (1986), Lewis and van den Driessche (1993), Plant and
Cunningham (1991), and Marsula and Wissel (1994). They showed, using diffusion
equations, that dispersal of insects, coupled with non-linear growth terms, can result
in waves of invasion or extinction. Both the velocity and direction of these waves
depend critically on the rate of release of sterile insects. With low rates of release,
the travelling wave advances as an invasion; when the density of sterile insects
exceeds a critical density, the wave recedes, giving rise to local extinction. This is
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likely to have considerable relevance to programmes releasing sterile insects such as
the New World screwworm Cochliomyia hominivorax (Coquerel) eradication
programme in the southern USA, Mexico and Central America, in which the pest
population has been pushed back to Panama and a sterile insect buffer zone created.
Matlock and associates are pursuing this approach with the screwworm, assessing
the size of the buffer zone needed to ensure that insect invasion into the eradicated
area does not occur (R. B. Matlock, Tulane University, personal communication).

2.10. Combinations of Residual Fertility, Reduced Competitiveness, and
Immigration

Four models can be considered, being the four combinations of: (1) those sterilized
insects that show residual fertility can be either of reduced competitive ability
(reduced) or fully competitive (equal) with the wild insects, and (2) insects can
immigrate either before mating or after mating.

Barclay (2001) provided equations for the four cases, and the values of the
limiting residual fertilities are shown in Table 1 and Fig. 6. In Table 1, the allowable
residual fertility for the case of residually fertile insects being of reduced
competitive ability is the same as for the case involving sterile insects being fully
competitive and immigration occurring. The other two cases yield more stringent
limits on allowable residual fertility than with no immigration. It is apparent that
there is a strong interaction among residual fertility, competitive ability, and
immigration, with the feasible limits on each factor becoming much more restrictive
in the presence of the other factors.

Table 1. Limits on residual fertility (q) when competitive ability of “ sterilized
but residually fertile insects’ is either reduced or equal to that of wild fertile
insects, and immigration is either before, or after, mating

Reduced Equal
Before a<F/A(F +V) g<cF/[A(F+V)-F(1-0)]
After a<(F-AV) 1AF A< c(F-AV)I[AFH(1-0)(F-AV)]

2.11. Density-Dependence in Population Regulation

Density-dependence in a population has been shown by modelling to predispose it to
control by sterile releases (Miller and Weidhaas 1974, 1t6 1977, Prout 1978, Barclay
and Mackauer 1980a). There are several formulations that include density-
dependence in a model of a population, and all yield the same qualitative results.
The two distinct ways that density-dependence assists the SIT are: (1) reduces the
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effective biotic potential of a species by increasing the natural mortality at higher
densities, and (2) introduces a bifurcation (splitting of one root of the equation into
two) into the model whereby the population suddenly collapses as the sterile insect
release rate is increased above the level required at the bifurcation (Fig. 7). This
avoids the necessity of the high levels of release needed to reduce the population
below the unstable steady state in the model with no density-dependence. This
bifurcation occurs in all the models involving density-dependence, and appears to
result from the interaction of the depressing effects of density-dependence and the
unstable equilibrium created by the SIT formulation in section 2.2., which results in
the release of sterile insects being more effective at low density than at high
population density, and thus the efficiency of the SIT increases as the population
declines. The sudden collapse of a population under attack by sterile insect releases
has indeed been observed in the programme against the melon fly Bactrocera
cucurbitae (Coquillett) in Okinawa, Japan (lwahashi 1977). Thus this predicted
bifurcation appears to be a robust result, and one that apparently mimics nature.

o
-
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Figure 6. A: The allowable residual fertility (q) when the released insects that are fertile are
also fully competitive with wild insects. Immigration occurs before mating ( );
immigration occurs after mating (- - - - - - ). Band C: Allowable residual fertility asa
function of competitiveness of released insects. Immigration occurs at 1% ( ),

2% (cevveennnn), A% (- - - - - ),and 8% (- . - . - .-) of the wild population size F.
B: Immigration occurs before mating. C: Immigration occurs after mating.
(Figure from Barclay 2001, reproduced with permission.)

The exact behaviour of the SIT under density-dependence appears to depend
sensitively on the biology of the system. Lawson (1967) and Berryman et al. (1973)
pointed out that overcrowded populations may deplete their resources sufficiently
such that survival to the adult stage is low. In this case, killing some of them (or
lowering egg production) might actually result in a higher survival to the adult stage,
making the use of the SIT counterproductive in such a situation. Another situation
might be encountered in the case of an insect species wherein egg production is
much higher than the resource allows, e.g. the olive fruit fly Bactrocera oleae
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(Gmelin) in which one egg per fruit is laid. If sterile eggs did not deter insects from
laying further eggs in a fruit already containing a sterile egg, then reduction in fertile
egg production would have to be substantial before any effect would be noticed.

Figure 7. Isoclines formed by setting the equations for sterile insects (S, vertical line) and
fertile insects (F) to zero; where they cross are the two steady states. The upper one is stable,
and the lower one unstable. As sterile releases increase, the sterile isocline moves to the
right. The bifurcation is at the point where the isoclines are tangent to each other. Larger
values of sterileinsect releases result in a sudden collapse of the population.
(Figure generated from equation 12, Barclay 2001.)

2.12. Age Structure

The existence of two or more life stages of a species complicates the dynamic
responses of a population to mortality factors, especially if the two stages are
ecologically different, as they are in mosquitoes and other pest species in which the
two active stages occupy different habitats. If density-dependence is strong in one
stage and weak or absent in the other stage, then the density-dependent stage is
strongly buffered against mortality factors and tends not to vary greatly, while the
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other stage may vary more but the mean size is a linear function of the buffered
stage. As such, somewhat different responses to mortality affecting mainly one stage
would be expected, and indeed this appears to be the case. In the case of the SIT, the
sterile insects released always affect the adult stage, reducing fertile egg production.

Prout (1978) modelled the SIT for species with identifiable age structure and
subject to immigration. His results indicated that, if the larval stage caused the pest
problem, a higher level of immigration of mated adults was tolerable.

Barclay (1980b) showed that the critical release rate (St) is a larger proportion of
the larval equilibrium size when density-dependence is in the larval survivorship
than when density-dependence is in the adult survivorship. Thus, relative to a given
larval equilibrium, the population requires fewer sterile insect releases when density-
dependence is in the adult stage.

2.13. Population Aggregation

In nature most populations are not dispersed evenly over the available habitat. Some
processes, such as territoriality, result in dispersion patterns that are more regular
than one would expect of a random spatial distribution. However most populations
will tend to have a somewhat aggregated dispersion pattern. Aggregation is the most
difficult pattern to deal with in making sterile insect releases, as one has to know
where the clumps are located.

Modelling of spatial aggregation has been done by Wehrhahn (1973) and
Barclay (1992a). Wehrhahn used a mosaic of patches, inhabited by differing
numbers of insects, and compared the required release rates for various patterns of
aggregation. He used Monte-Carlo simulation, which introduces random numbers to
allow stochastic variation, in this case, of migration rates among patches. Wehrhahn
pointed out that the control programme itself will probably change the nature of the
spatial distribution.

Another approach has used probability distributions to describe the extent of
aggregation (Barclay 1992a). There is a long history of using these distributions in
ecology, summarized by Pielou (1969) and Patil and Stiteler (1974). The most
common distribution to quantify aggregation is the Negative Binomial Distribution
in which the parameter k measures clumping. If aggregation is extreme, then K is
close to zero; as k goes off to infinity, the dispersion approaches a random pattern.
Another approach uses 1/k, which increases with the degree of clumping. Barclay
(1992a) used the negative binomial distribution to derive required sterile insect
release rates of an aggregated population as a function of the clumping parameter, k.
For moderately aggregated populations (k=0.25), it was found that the required
release rate was about four times that for a randomly dispersed population. Shiga
(1986) analysed spatial distributions in the context of fruit fly eradication using male
annihilation and the SIT.

Many aspects of aggregation involve behavioural components. Horng and Plant
(1992) modelled the impact of lek mating on the SIT, using a Poisson binomial
distribution. They found that the sterility effect, presence or absence of female mate-
choice, and sterile male mating competitiveness were the most important factors in
their model in determining the success of a programme releasing sterile insects.
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2.14. Predation, Parasitism, and Competition

The effects of predation on the efficiency of the SIT were first modelled by Knipling
(1979) using a simple numerical model. His model predicted a synergistic
interaction between predation and sterile insect releases, such that the net effect
would be considerably greater than either alone. Barclay and Mackauer (1980b)
included sterile insect releases in the Lotka-Volterra predator-prey model, and
demonstrated that, not only was the critical release rate lower with than without
predators, the system was also greatly destablized, and population collapse often
occurred with release rates well below the critical value. This model was
subsequently shown by Harrison et al. (1982) to have a very complicated dynamic
behaviour, and this is presumably related to the inherent instability. This model was
then extended, and an even greater array of dynamical behaviour was found (Barclay
and van den Driessche 1990). In addition, the general features of the predator-prey
system were found similar to the situation involving hosts and parasitoids (Barclay
1987a). Knipling (1998) analysed extensively the effects of augmentation of
predators and parasites on the efficiency of the SIT.

If the pest species is in competition for resources with another species, then this
is of some value to the release programme, as it reduces the initial pest population
size, but apart from that there seems to be little effect of the competing species on
the release programme (Barclay 1981b).

2.15. Sochastic Models

Stochastic models involve the specification of certain variables as being random. If
the processes involved are well known and the extent of variation is known, then
stochastic models can give additional information on the expected variability of the
resulting control, as well as deviations of mean values from those predicted by
deterministic models. This is especially true in areas like genetics in which the
mechanisms of variation, e.g. meiosis, are clear. However this information is often
not well-known in animal ecology, and therefore stochastic models may be of
limited use. In fact, if the wrong features are allowed to vary (e.g. birth rate is
variable in the model, whereas in reality it is mortality that varies), then stochastic
models can give misleading results. In addition, unless they are solved numerically,
stochastic models are usually much more difficult to analyse than deterministic
models, and for these reasons the history of stochastic population modelling has
been rather disappointing.

Stochastic models of sterile insect releases were developed by Kojima (1971),
Bogyo (1975), Costello and Taylor (1975), Taylor (1976) and Kimanani and
Odhiambo (1993), and they confirmed the results of Knipling (1955) and others that
used deterministic models. They also derived a threshold release rate that leads to
local extinction, and showed that much greater release rates above this threshold will
not result in a greatly reduced time to extinction, although Lawson (1967) and It6
and Kawamoto (1979) offered evidence to the contrary using both a deterministic
model and a probabilistic model.
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2.16. Sability under Various Conditions

Stability is a very important aspect of populations, and is of special interest to pest
managers. If, for any reason, the population is likely to collapse, this is important.
Barclay (1982b) examined four systems or cases for their relative stability under
sterile insect releases. These were all differential-equation models and represented:
(1) a simple one-species model with only one identifiable life stage (adult), (2) a
one-species model with two life stages (larval and adult), (3) a model of two
competing species, one of which is the pest, and (4) a predator-prey model in which
the prey is the pest. There are many possible definitions of stability in ecology, and
they involve various dynamic characteristics of the system. None has yet emerged as
definitive, although an extensive analysis of the topic is now available (Mueller and
Joshi 2000). Barclay (1982b) examined five criteria of stability for each system, and
ranked the systems. These stability criteria involved characteristics such as
extinctions, time to extinction, amplitude of fluctuations, and time until return to
equilibrium. The most stable was the single species — single stage model, followed
by the competing species model, then the two-stage model, and by far the least
stable was the predator-prey system above (section 2.14.). The existence of obligate
predators (or parasitoids) both lowers the critical release rate of sterile insects and
also destabilizes the system, so that it is likely to collapse even when the sterile
release rate is lower than the critical rate. Unfortunately there appears to be no
experimental evidence to test these ideas.

2.17. Integration of Control Methods

Since the SIT works best at low pest densities (section 2.11.), it is common practice
to reduce the population with insecticide prior to the release of sterile insects. This
brings the population down to a level at which the number of sterile insects (required
to be produced by a rearing facility) is manageable. It might also be possible to
combine contemporaneously the action of the SIT with other control methods to
share the required mortality among two or more imposed sources, each one then
having to impose only a modest level of mortality, and each one perhaps operating
best under conditions not favourable to the others (Barclay 1992b; Mangan, this
volume). On the other hand, certain combinations might interfere with each other
and thus prove unsuitable (Barclay 1987c).

Knipling (1964, 1979) examined several combinations of various control
methods with the SIT, using simple numerical intra-generational models. These
include combinations of sterile releases with insecticides, sterilants, pheromones,
parasitoids or predators. Barclay (1980b, 1987a, b) and Barclay and van den
Driessche (1989) also examined some of these combinations using more general
inter-generational algebraic models. They found that the results of the combined use
of sterile insects and other control methods became less clear when other biotic
interactions were included.
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2.17.1. ST with Application of Insecticide

It might be thought that insecticides and the SIT are incompatible since the
insecticide would Kill sterile, as well as fertile, insects. However, Knipling (1964,
1979) reasoned that insecticide application would kill both sterile and fertile insects
in the same proportion, and thus maintain the overflooding ratio, rendering the two
control methods compatible. By numerical examples he showed that these two
methods could work well together, and thus reduce both total costs and the need for
excessive insecticide application. If the sterile insects were also resistant to
insecticide, then the combination would be even more effective.

Barclay (19804, b) found that, when the pest species was considered in isolation,
the application of insecticide coupled with the release of sterile insects increased
total mortality. However, the results of the combined use of insecticide and sterile
insects became less clear when other biotic interactions were included. For species
with two life stages, and when used together with sterile insects, a larvicide appears
to be more useful than an adulticide, but if the pest is already under considerable
predation, the combination of insecticide and sterile insects might be detrimental.

2.17.2. 9T with Pheromone Traps for Male Annihilation

Knipling (1979) found that the combined use of sterile releases and pheromone traps
was less efficient than an equivalent effort put into either method alone. This was
because of the interference caused by the killing of sterile males in the pheromone
traps. As a variant of this combination, Knipling proposed that releasing pheromone-
treated sterile insects could enhance mate-finding, thus increasing the competitive
ability of sterile insects, especially at low densities. It might also act as a vehicle for
confusion of the wild population. Knipling found that, for insects in which the males
produce female-attracting pheromone, such as the boll weevil Anthonomus grandis
grandis Boheman, the release of pheromone-treated males would substantially
increase the effectiveness of the control program, assuming that the applied
pheromone did not deteriorate badly. Knipling also considered the situation in which
females produce male-attracting pheromone, and he modelled the release of
pheromone-treated sterile females alone. These would probably be most effective if
they were free-living rather than contained in traps. He again found that this method
was much more effective than the use of untreated sterile females, and that control
might be possible using pheromone-treated sterile females where the release of only
non-treated sterile females would be hopelessly inadequate.

Hamada and Miyai (1985), using a continuous model, modelled the combination
of the simultaneous release of sterile insects and pheromone trapping for male
annihilation (Box 8). They found that the two methods in combination required less
effort for each control method than when using either method alone. Their
recommendation was to use male annihilation first and then sterile releases, although
the model did not specifically explore that scenario.

Barclay and van den Driessche (1989) also modelled this combination, and
found that the two methods combine synergistically, especially when the fecundity
and daily survivorship are both high. When the fecundity and survivorship are low,
the synergism disappears. For parameter values approximating those of tsetse flies
Glossina spp., synergism is reduced.
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Box 8. Combination of Sterile Releases and Pheromone Trapping

Miyai’s model consisted of four differential equations: dM / dt=F(a-bF) —cM — kM;

dV/ dt=F(a-bF) —cV — ofmin(M+S V)]; dF/ dt=ofmin(M+S, V)] M/ (M+S) —cF;

dS/ dt=R — cS - kS, where M, V, F and S are the numbers of males, virgin females, fertilized
females, and sterile insects, respectively. The parameters are: a is a density-independent fecundity, b
is a density-dependent fecundity, c is a death rate, k is the rate of trapping of males, « is the mating
efficiency, and Riis the sterile insect release rate.

Knipling (1979) described the interaction of methyl eugenol for male
annihilation used concurrently with the release of both sterile males and females,
and found no interference and a high degree of synergism. Since the development of
resistance to methyl eugenol has been demonstrated (Shelly 1997), it might also be
possible to incorporate the use of sterile insects of the resistant strain, and thus
increase effectiveness even more.

In the case where the attractant is non-sex-specific, such as with food baits,
Barclay and van den Driessche (1989) showed that the two methods combine
synergistically, especially when sterile insects are fed before release, and fecundity
and survivorship are high. For parameter values approximating those of tsetse flies,
there is still some synergism.

2.17.3. 9T with Release of Parasitoids

This combination has the advantage that parasitoids work well at high host densities,
while the SIT works best at low pest densities. Knipling (1979, 1998) considered the
release of both sterile males and females, and also Trichogramma sp., an egg
parasitoid. His tables showed clearly that these two methods were synergistic. A
recent field study found that the two methods in combination were more efficient
than either method alone (Bloem et al. 1998). In addition, the release of sterile
females provides an egg resource for egg parasitoids, further augmenting the
parasitoid population. Many parasitoids attack the larvae, so that the release of
sterile females would not directly assist these parasitoids. If both sterile insects and
parasitoids are released inundatively (Carpenter et al., this volume), then each
should become more efficient as the density declines, offering a powerful source of
synergism.

Barclay (1987b) modelled the interaction of the inundative release of parasitoids
and sterile insects using several variations on the usual host-parasitoid equations.
This combination shows a high degree of synergism in all the models investigated,
and appears to be close to ideal (Fig. 8). The main problems to be anticipated
probably involve dispersal and phenology.

2.17.4. 9T with Sanitary Measures and Oviposition Traps

If sanitation destroys oviposition habitat and traps destroy oviposited eggs, then
there should be a complementary effect between the two, albeit moderated by
density-dependence. If sterile insects are also released, then the system has three
sources of population reduction, none of which interferes with any other. Knipling
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(1979) calculated that these three should result in a highly efficient combination for
control.

- -=- - MODEL (o)
MODEL (b)

STERILE RELEASES

PARASITOID INUNDATION

Figure 8. Critical release rates of sterile insects and parasitoids. All points on each curve
arejust sufficient to eradicate the pests. Density-dependence isin the hosts in model (a),
and in the parasitoidsin model (b). (Figure from Barclay 1987c, reproduced with
permission.)

2.18. Optimization of Programme Releasing Serile Insects

Optimization inevitably involves economics. Although that is somewhat outside the
scope of this chapter, a beginning has been made on this topic. Geier (1969) used
demographic models incorporating density-dependence to analyse the efficiency of
programmes that release sterile insects, and to derive optimal strategies for control.
Barclay and Li (1991) used a general treatment of combinations of pest control to
determine optimal proportions of each control method. Atzeni et al. (1992)
examined the situation for the Old World screwworm fly Chrysomya bezzania
(Villeneuve), and included buffer width, male competitiveness, and population
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aggregation in their analysis. Anaman et al. (1994) performed a cost/benefit analysis
with C. bezzania, and incorporated beef losses into the equation.

2.19. Development of Resistance

There has been a marked tendency for insects to develop resistance to insecticides or
other control methods. It is conceivable that a wild pest population could develop
resistance to the use of sterile releases as a means of control (Lance and Mclnnis,
this volume; Whitten and Mahon, this volume). This resistance might involve
behavioural mechanisms that would preclude the sterile-fertile matings (Barclay
1990). Selection for resistance to several pest control methods operating together has
been modelled by Barclay (1996), and it appears that selection for resistance to a
particular control method is a linear function of the amount of mortality being
inflicted by that control method. It and Yamamura (this volume) develop further
the subject of resistance.

2.20. Educational and Instructional Modelling

There have been a number of computer simulations of the SIT, for the purpose of
instruction, in both the technique and in insect population dynamics generally. At
least two have been documented and are available to the public. Both represent
various elaborations on the original model of Knipling.

Sawyer et al. (1987) described a simulation that includes spatial heterogeneity,
aggregation, immigration, random effects, and reduced sterile male competitiveness.
This model was adapted and named “Curacao” by Arneson (1996) to run on
Microsoft Windows (3x or 95), and is available for downloading on the website.
Instructions for running the programme are included on the website. The user can
specify the various options, and then compare runs to draw conclusions.

Weidhaas (2001) constructed a similar model written in Visual Basic called
“Sterility”, which runs on a personal computer with DOS capabilities. It allows
incomplete sterility in males, reduced sterile-male competitiveness, different sex
ratios, and determination of the growth rate of the population, and runs for 12
generations to assess the results. It also has the capability to compute costs of the
control programme.

3. PARAMETER ESTIMATION FOR THE MODELS

Knowledge of several parameters is crucial to the success of any programme that
releases sterile insects. With reference to the models outlined above, the basic
parameters that will always be of interest are: F, the population size; A, the potential
rate of population increase each generation; g, and g, the proportions of the released
males and females that remain fertile; and c, the competitive ability of sterile males
relative to the wild fertile male population. Some of the estimations can be done
using standard population biology methods. The population size can be crudely
estimated from trap catches. Hargrove (1990) used mark-recapture techniques to
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estimate the size of tsetse fly populations (Weidhaas 1973). The rate of increase, 4,
would normally be determined using oviposition rates. The residual fertilities, g
and ¢, could be determined by caging sterile males with fertile females, and fertile
males with sterile females, either in groups or pairs, and noting the resulting fertile
egg production. Competitive ability of sterile males, ¢, could then be determined
from laboratory, field cage or small-scale field experiments, where immigration
could be assumed to be negligible, using the equation involving competitive ability,
and then solving for c. The information on A, gy, and ¢ must be determined first, or
the equation becomes confounded. Alternatively, Meats (1998) used release and
recapture techniques to estimate the quality of released sterile insects. Immigration
into the control area could then be determined using either mark-recapture or the
equation involving immigration and solving for v. Plant and Cunningham (1991)
detailed procedures for estimating the dispersal of Mediterranean fruit flies Ceratitis
capitata (Wiedemann), and estimates of immigration could be obtained from
considerations of dispersal.

The determination of density-dependence is problematic, because there are many
models and none of them is particularly mechanistic. Thus rates of oviposition and
subsequent survivorship would have to be monitored at various densities to derive a
function to describe the depressing effects at various levels. In many wild
populations, even just detecting the existence of density-dependence is difficult,
much less the quantification of depressing effects. However, in view of the potential
assistance to the SIT, an estimation of the effects of density-dependence is
worthwhile. 1t6 and Yamamura (this volume) develop further the subject of
parameter estimation.

4. ASSESSMENT OF SIT MODELLING

4.1. Usesof Models

Models can be used to predict and explain the behaviour of a population. This
information guides research, generates hypotheses, and aids teaching. Most models
of the SIT have so far have been aimed mainly at predicting the behaviour of pest
populations under various constraints, such as incomplete sterility, lack of
competitive ability of sterile males, the immigration of wild insects into a control
area, etc. One of the best uses of models is to generate ideas or hypotheses that are
capable of experimental testing. Thus, ideally, modelling should go hand-in-hand
with field and laboratory experiments to verify or falsify a model’s predictions.

4.2. Advantages and Limitations of Modelling

The models of the SIT constructed thus far fall generally into three groups: (1)
models that investigate processes that determine the proportion of eggs laid that are
sterile, (2) models involving population dynamics and other population level
phenomena, and (3) models that investigate the interactions of the SIT with other
control methods, although it might be argued that the last two really belong together.
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The first category, including residual sterility, reduced sterile competitive ability,
mating patterns, and immigration, is of crucial importance in planning and executing
a programme that releases sterile insects. Unless one can accurately predict the level
of sterility in eggs produced by the wild females, the programme is liable to fail. In
addition, it is here that models are most likely to give realistic answers, as these
processes rely mostly on determinable proportions or coefficients, rather than
somewhat nebulous population processes.

Models of more general aspects of population dynamics involve many hidden
factors, such as the strength of density-dependence, the functional responses of
predators, synchrony of pest and predator phenologies, the degree of pest population
aggregation, the extent to which sterile insects assume the same spatial patterns as
the wild insects, etc. These are not easy to determine, and the models in the second
and third categories must be taken as heuristic, rather than quantitatively predictive.
They provide insights into the kinds of responses to expect, but quantitative
accuracy must await species-specific simulations based on accurate and detailed
biological and ecological information regarding the whole system.

4.3. Transient versus Equilibrium Models

Many analytic models of the SIT are solved for equilibrium, and the results of the
parameters on the equilibrium are noted. In real life, populations are almost always
changing. Analysis of the equilibrium behaviour certainly has much to say about the
effects of the parameters on the transient behaviour as well as on the equilibrium,
but a proper analysis should include the effects of the parameters on the dynamics of
transient behaviour. The problem is that there is an infinite number of trajectories
that any population can follow, and to encapsulate the behaviour of these in
digestible form is no small task. One criterion that can be used is that of stability of
the system, in its various forms. Stability characteristics can be related to parameter
ranges, and certain characteristics of the resulting transient behaviour can be inferred
from them.

4.4. Future Directions and Information Needs

The models reviewed in this chapter cover most of the relevant topics in the
dynamics of the SIT. However, it is only a good beginning, and there is much left to
do. Models that have a more realistic ecological basis will be required to suggest
new hypotheses and to give more accurate predictions of behaviour. One area still
largely untapped is metapopulation models — models including patches with
migration among patches, local extinctions and re-establishments. A start has been
made with the models including immigration, heterogeneity, and diffusion. The next
step is to tie these together into a meaningful whole.

Another area, which will yield useful information, is the construction of species-
specific models for the SIT, including all relevant factors. Many species-specific
models have been constructed, but many appear to have inadequate detailed
ecological information. In addition, the area of behavioural ecology will probably
emerge as being especially relevant.
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Testing models, experimentally and in the field, is in its infancy. Information is
needed on the effects of pest density-dependent regulation on the efficiency of the
SIT, the effects of predators and parasites on the dynamics of the SIT, and the
effects of ecosystem resilience. The simultaneous use of other control methods with
the SIT is still largely hypothetical, and this potentially useful area needs
considerable investigation.
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SUMMARY

The principles of population and behavioural ecology in relation to the application of the sterile insect
technique (SIT) for eradication of a pest are explained. These include: (1) a logistic population model for
estimation of the population fluctuation of target animals and the number of sterile males to be released for
successful eradication, (2) mark-recapture estimations of density and mortality rate of the target population,
especially for remote areas, where repeated releases and recaptures are difficult, (3) models of dispersal to
assess dispersal distance of target animals, and (4) equations for estimating the decrease of sexual
competitiveness of mass-reared strains under field conditions. The method to estimate dispersal distance
curves when attraction areas of traps are overlapping, and changes in mate-choice of wild females resulting
from inadvertent selection when the SIT is applied, are explained. The necessity of field estimation of
sexual competitiveness of released sterile males is also emphasized.

1. INTRODUCTION

In a paper, amongst a set of three papers (Knipling 1955, Baumhover et al. 1955,
Lindquist 1955) which included reports of the first success of the sterile insect
technique (SIT) to eradicate insect pests, Knipling presented a table showing an
example of model simulation for explaining the effect of sterile male releases. The
model is

Ng+1 = NgRQ

where Ng and Ng+ 1 are numbers of females at the gth and (g+1)th generation, and R

and Q are rates of change in the population size per generation and the proportion of
normal females (females which can lay hatchable eggs), respectively. R was first
assumed to be constant, that is, density-dependency was neglected, but this model still
shows that the SIT is a way to control insects, based completely on population
ecology theory.

However, the early success in eradicating the New World screwworm
Cochliomyia hominivorax (Coquerel), in the area-wide integrated pest management
(AW-IPM) programme in Florida in 1959, was not always replicated in subsequent
AW-IPM programmes integrating the SIT. Government officials began to think that
the SIT was an established technique, and animal and plant health workers engaged in
programmes releasing sterile insects began to plan and execute large-scale eradication
programmes without basic ecological and behavioural studies. Many progammes
carried out so far were made without first estimating the number of wild females,
simulating the process based on a population model incorporating the SIT, and
evaluating in the field the mating competitiveness of the released sterile males. Thus
in many cases, in which many sterile males were released but eradication failed, it was
not possible to know the major reason for failure, in spite of overflooding the wild
population with sterile males, e.g. ratios of the number of sterile to wild males were
112:1 in a Mediterranean fruit fly Ceratitis capitata (Wiedemann) programme in
Nicaragua (Rhode et al. 1971), and 311:1 in another C. capitata programme on
Procida Island (Cirio and de Murtas 1974). Without a full understanding of the
population ecology, the planning, implementation, and evaluation of programmes that
release sterile insects become very difficult (Barclay, this volume).
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2. THEORETICAL POPULATION DYNAMICS

2.1. Logistic Model

The most basic model of population increase is the Hale-Malthus model:

dNy/dt = rN; (1)
or integrating equation 1,

Nt = Noert 2

where Nt, Np, r and e are number of individuals at time t, number at the beginning of

increase, intrinsic rate of increase, and the base of natural logarithms (= 2.71828...),
respectively. If population increase with discrete generations, as seen in many insects,
is considered, equation 1 can be written as

Ng+1= NgR ®3)
or

Ng = NoR? (4)

the equation used by Knipling (1955), where InR = r (Begon and Mortimer 1981).
In equations 1 and 3, the population size increases indefinitely, but the large N; or

Ng may result in a smaller rate of increase, due to density-dependency, and the

population may reach an upper limit. The most widely used model of
density-dependent population increase is the logistic model,

dNy/dt = Ny(r — hNY )

where h is the suppressive effect of existence of an individual on the intrinsic rate of
increase. Here r/h is the upper limit of increase, and writing r/h = K,

AN KN ©)
dt K
or by integration,
N =—R ()
1+ ea—rt

where a is a constant.
To establish a population model of the melon fly Bactrocera cucurbitae
(Coquillett) under control by the SIT, 1t6 (1977) used a discrete expression of
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equation 7 to calculate generation-based increase of a logistic population (Fujita and

Utida 1953). We have the following relation from equation 7 of g generation: e 9=
(K/Ng) — 1. By substituting this relation for equation 7 of (g + 1) generation, we

obtain
K /Ng =€ /1+NgB)  ®

Ry = N9+1/N9 = 1+e? 9T

where B = (€' — 1)/K. In place of 1t6’s procedure, we can use a logistic difference
9)

model, such as
NgR

Ny =—3—
g+l
(L+cNg)P

where b and c are constants (Hassell 1975, Begon et al. 1996), in place of equation 4
for constant increase. Fig. 1 shows examples of Hale-Malthusian (dashed) and logistic

increase of density (Ng).

Ng
T

Figure 1. Exponential (A) and sigmoidal (B) increase in the population.
The equation giving a sigmoidal increase is the logistic model.
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2.2. Dynamics of Populations Under Control by ST

In equations 8 or 9, the population size of the next generation can be expressed as
Ng+1 = NgRg (10)
and when the SIT is applied

where Hg is the proportion of fertile (hatchable) eggs, and this value indicates the
suppressive effect of sterile males on population increase. Thus Hg is considered to be
a function of the ratio of the number of sterile males, Ng, to fertile (normal) males, Ns,
in the field, that is,

Hg = f(NS(g)/Nf(g)) (12)
If the number of sterile males released in each generation is the same,
Hg = f(Nng(g)) 129

how can f be determined? To establish a model of the SIT process for the melon fly
on Kume Island, Okinawa, 1t6 (1977) adopted a Poisson distribution (mean number of
matings = 1.61) for the frequency of matings per wild female. The probability that a
female would mate with normal and/or sterile males was approximated by the
binomial distribution. Based on this Poisson-binomial model, a curve showing the
relationship between the expected hatchability of eggs and the Ng/Nsf ratio was

obtained (Fig. 2). The Hg values read from this graph are incorporated into equation
11 where Rg is derived from equation 8.

For the melon fly on Kume Island, 1t6 used the following values: Ng = 125 000, K
=2700000, r = 1.2 (3.3 times increase per generation when N is near 0), and a =
3.971. Rg changes in response to Ng, but based on the observed tendency that the

number of melon flies decreases twice per year, in summer and winter in almost every
year, 1t6 used the following Rvalues for 4 months (assuming 12 generations per year):
R4 =R5=0.5Ryg=0.2and Ry1 =0.238. By these decreases the population returned

to the minimum density (125 000). Calculation of Ng for the untreated period (before

the SIT) gave a series of bimodal curves in which 125 000 and 2 621 568 were the
annual minima and maxima, respectively (curve A of Fig. 3). Hg values estimated

from Fig. 2, using Ny (Nf(g) in equation 12) and a constant Ng were used for
simulation of the SIT process.
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Figure 2. Relationship between the ratio of sterile to fertile males, and the ratio of fertile to
sterile eggs, in a Poisson-binomial model (solid ling). The broken line depicts the relationship
when the insects mate only once. (Figure from 1t6 1977, reproduced with permission.)

Curves B, C, and D of Fig. 3 are the results of simulation (initial ratios of sterile to
normal males are shown in the legend). Fig. 3 indicates that, although eradication was
not possible when the ratio of the number of sterile males released per month was one
half of the minimum density of wild males (Ng = 125000 and Ng = 62 500),

eradication can be attained only during 2 years when the number of released males is
the same as the minimum density (curve C). Note that the ratio of sterile males to wild
ones is less than unity when a decrease of wild insects has occurred.

When 1t6 published this result, it was unexpected since it shows that if the sexual
competitiveness (hereafter mating competitiveness + sperm competitiveness) of
released sterile males is the same as that of wild males, the release of much smaller
numbers of sterile males than previously anticipated (e.g. 10/1 in Knipling 1955) can
lead to success in an eradication programme. In the same year, using a similar logistic
model for mosquito populations, Haile and Weidhaas (1977) obtained a similar result.

Once the curve of Hy against Ng/Ny is obtained, this curve can be used to estimate

the sexual competitiveness of sterile males under field conditions. If the ratio of fertile
eggs known from observation of eggs laid by wild females from the target population
fell within the area below the curve in Fig. 2, this can be due to a reduction of sexual
competitiveness of the released males.

The required ratio of sterile to wild males is a function of r or R It6 and
Kawamoto (1979) attempted to simulate the population processes based on 1t6’s
model by substituting different values of r. Their results show that a ratio of 10 sterile
males to 1 wild male could result in the eradication of the target species within only 12
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generations even when the rate of increase per generation, R, was 20 (r = 3).

These results show that the quality (sexual competitiveness) of mass-reared and
sterilized males is much more important than the overflooding ratio.

Barclay and Mackauer (1980), Barclay (1982), and It6 et al. (1989) provided
detailed explanations of differential equation models of the SIT.

108

-
(=]
[

Number of individuals
=

10°[

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
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Figure 3. Fluctuations in the number of fliesin the model population without the ST (A) and
populations with the SIT. The initial ratios of sterile to normal males are 0.5/1 (number of
sterilemales = 62 500) in B, /1 (number of sterile males= 125 000) in C, and 2/1 (number of
sterile males = 250 000) in D, respectively. C' isthe trend when winter mortality was halved in
treatment C. Seasonal trendsintheratio of sterileto fertile (wild) males (Ng /N¢ ) are showniin
the lower section of the figure. (Figure from 1t 1977, reproduced with permission.)

3. ESTIMATION OF POPULATION DENSITY AND MORTALITY BY
MARK-RECAPTURE EXPERIMENTS

The previous section indicated that the number of sterile males to be released must be
the same as, or more than, the minimum number of males in the target locality. Thus
the density of target populations must be estimated to determine the appropriate
number of sterile males for release. Since direct counting is not applicable to adults
that move freely, mark-and-recapture methods are the only way to estimate the
density of many species that are targets of the SIT. In this section, equations of
mark-and-recapture methods are briefly explained. Krebs (1989) provided a detailed
explanation of equations and ways of using them, and useful computer programmes
for calculation.
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3.1. Petersen Method

The Petersen method is the simplest way to use the mark-and-recapture method
because it is based on a single episode of releasing marked animals and a second
single episode of recapturing individuals. The equation is

Np = Myny /my (13)

where I\Alp, M1, ny and mp are the estimated total population, the number of

individuals marked and released on the first day (day 1), the number of individuals
caught on day 2, and the number of marked individuals recaptured on day 2,

respectively. Variance of |\AjP can be estimated by

V(Kip) = Ml(Ml—%n%nz(nz—%) (14)

In a release experiment to estimate population size for the SIT, usually
laboratory-reared insects are released. This is especially necessary at the final stage of
the SIT, because at this stage the number of wild males is very small. The estimation
of the number of wild individuals (unmarked individuals) is of greater interest than
the total number of individuals. An estimate of the number of wild individuals, which
is denoted by L]P, can be obtained by

ljpleUz/mz (15)

where up = ny —my. The variance is given by

V(UP):UP(UP—U;)}Z(Uszmz) (16)

The following five assumptions are used for the Petersen method: (1) the
population is closed, so the total number is constant, (2) all animals have the same
chance of getting caught in the first sample, (3) marking individuals does not affect
their catchability, (4) animals do not lose their marking(s) between the two sampling
periods (Box 1), and (5) all marked individuals are reported on discovery in the
second sample. Even when these assumptions hold, the Petersen method tends to
overestimate the actual population, especially in small samples. For small samples
(e.g. mp < 10), the use of the following two modified equations is recommended (for
equations for variance, see Southwood 1978, and 1t6 and Murai 1978):
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Box 1. Method to Estimate Loss of Marking(s)

The fourth assumption in the Petersen method, that animals do not lose marking, is a prerequisite for
every model of mark-recapture estimation. Seber (1982) described a method to estimate the loss of

marking.

Mark all the nq individuals in the first sample (or all the laboratory-reared animals released on day

1) in two ways, A and B (by two colours or two points on the body). Then
Ty = Probability that a marking of type x is lost by the time of the second sample (x = A, B),

VI Probability that both markings are lost,
m, = Number of marked animals caught on day 2, with mark x only,
mpg = Number of marked animals on day 2 with both marks, and

m'z = True number of recaptures on day 2 (m'z + U= y).
Then the maximum likelihood estimates of rn’2 A and g are:
a=Mmg/(Mg+Mpg).
g = Mp/(Mp + Mpg) and

/
M = (Ma + Mpg)(Mg + Mag)/ Mag

= C(mA + Mg + mAB)

This means that the observed recapture (mp + mg + Mag = My) must be corrected by a factor

c[= l/(l — 7[A) (1 — 7Z'B) ] to give an estimate of the actual number of recaptures Y,

For large samples,

N'=n,/np

and, if laboratory-reared animals are released,
N’ =nu, /nb

with

. 3

VL {;}
nn (L-7p)1-7g)
3 2

+N— 1+ 2N + 6{—N j

My My N,

When nq =500, ny =149, mpp =7, my =1and mg =2,

TTp=22+7)=0222, rg=1U1+7)=0125

M) =[(1+7) X (2 + 7)}/7 = 10.286

Asmp + mg+ mpg =10, rn’2 —mp < 1, suggesting that the rate of loss of marking is negligibly small.

Here
N’ = (500 X 149)/10 = 7450 and

V =6869641, and s. d. = 2621
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A: NP,Z{(M1+1)(n2+1)}_l (17)
m, +1

B: Ko, = Ma(np +1) (18)
m, +1

If estimated Np is very large as compared with M4 and ny (e.g. Np > 10M1 or 10ny),
equation 18 is recommended, but if Np is relatively small and/or ny animals are Killed
during sampling (e.g. by trapping), equation 17 is recommended (Southwood 1978,
1t and Murai 1978).

The assumption of a closed population is usually not satisfied. For long-lived
animals, mark and recapture during a short period may permit neglecting mortality,
but the longevity of adult insects is often relatively short. However, 1t6 (1976) showed
that the Petersen method gives the true population density on day 1 (before death) if
only mortality exists, and gives the density on day 2 (after recruitment) if only
recruitment exists. If both exist, the true density on day 1 is Np/(1 + B) or Np/( 1 +
B/S), where Sand B are rates of survival and recruitment, respectively (Table 1). If
there is no recruitment, the Petersen method gives a good estimate of density even
when mortality and/or emigration exist. For a method to determine the existence of
recruitment, see Seber (1982).

Table 1. Effects of mortality and/or emigration and dilution (emergence and/or
immigration) on the Petersen estimates

Ny M2 no m Np
(1) Mortality/ N SMq pPSN¢ pSMq  (pSN{Mq)/(pSM1)
emigration occurs =N
but no dilution 1
(2) Dilution oceurs but  N;(1+B) M1 pN1(1+B) pM4 [PN1(1+B)M4]/pM4
no mortality/ = Nq(1+B)
emigration 1
3) Bot_h mgrtality/ N{(S+B) SMq pN1(S+B) pSv¢ [PN1(S+B)M]/pSM¢
emigration and =Ny (1+B/9)

dilution occur
(4) Same asin (3) but ~ SN¢(1+B) Sy pSN4(1+B) pSMy [pPSN; (1+B)M4/pSMq
in reverse order = Nq(1+B)
-M

No, My, ny and my, are the numbers of individuals living in the target area, those marked and released,

individuals caught on day 2, and recaptured on day 2, respectively.
Np, S Band p are Petersen estimates (of day 1), rates of survival and dilution from day 1 to day 2, and

rate of capture, respectively.
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3.2. Yamamura Method

Although the Petersen method is the simplest method of estimation, the estimates are
subject to large biases because the method ignores the mortality that must exist in the
field. Yamamura et al. (1992) proposed the second simplest procedure with field
mortality, where: (1) individuals reared in the laboratory are marked and released, and
(2) traps are used for the recapture census, and all captured individuals are removed
from the field population. This method requires one release procedure and two
capture censuses. Thus one more sampling census must be added to the Petersen
method. There are four assumptions: (1) the wild population size is constant during
the two consecutive sampling censuses (even if many wild individuals are lost by
emigration from the study area or by artificial removal, the wild population size
returns to the original level through immigration from the surrounding area), and (2)
the proportion of marked individuals that survive and remain in the population
between the two successive censuses, i.e. the rate of remaining, is constant. The last
two assumptions are the same as (3) and (4) of the Petersen method.

If the marked individuals are released on day 1, and recaptured on day 2 and day 3,
then the maximum likelihood estimates of the survival rate, Sy, and the wild
population size, Uy, are given by

& _UWmy My
Mpuz My
Uy = SyMyuy/m, (20)

3.3. Jolly-Seber Method

Most populations are constantly changing in size because birth (emergence for adult
populations), death, immigration, and emigration are not always balanced. Although
the wild population is assumed to be nearly constant in two successive census periods
in the Yamamura method, this is not always the case. The Jolly-Seber method is
applicable to such a changing population. Two or more releases are required to apply
the Jolly-Seber method. Recapture censuses are also required two or more times, the
first recapture being conducted just before the second release. Estimates are obtained
by using the following equations (for small samples, see Seber 1982 or Krebs 1989):

|\7|i =(RZ/r)+m (i=23,..,52)
Ujgy=Miu /m (21)
N3Gy =Min /m
Syiy =Misa/(M; —m +R)
By(iy = Nagisny = Say(Nagy =1 + R)



188 Y. 116 AND K. YAMAMURA

where

|\7|i = Estimated number of marked individuals living in the area just before the
sample i.

|\]J(i) = Total number of individuals just before the sampling at time i.

UJ(i) = Number of unmarked individuals just before the sampling at time i.

éJ(i) = Survival rate during i and i+1.
|§,“.I W= Number of individuals that entered the population during i and i+1.

nj = Total number of animals caught in sample i (= mj + u;).

my; = Number of marked animals caught in sample i.

u; = Number of unmarked animals caught in sample i.

Rj = Total number of animals released after sample i.

ri = Number of the R individuals released at sample i and caught again in some later

sample.
Z; = Number of individuals marked before sample i, not caught in sample i, but caught

in some sample after time i. Let M be the number of marked animals caught in
sample j last caught in sample h (1< h < j —1). Then we obtain

s i—1

An example calculation is shown in Box 2. The method of calculation for larger
samples, and special tables to be used for these, are shown in Seber (1982) using good
numerical examples including a method to estimate variances. The variance formula

for UJ(i) is given by Yamamura et al. (1992). Assumption (3) of the Petersen

method is especially important for the Jolly-Seber method. Krebs (1989) described
many methods to assess whether this assumption is satisfied or not.

3.4. Hamada Method (Modified Jackson Positive Method)

The above-mentioned methods were listed in ascending order of the required amount
of work. The Petersen method requires one release and one capture census, the
Yamamura method one release and two capture censuses, and the Jolly-Seber method
two releases and two capture censuses. The difference in requirements between the
Yamamura and the Jolly-Seber methods seems to be especially large, since the
addition of one more release usually requires more work than that of one more capture
census. Since AW-IPM programmes releasing sterile insects are often carried out in
remote areas, the addition of a release is especially laborious. Therefore in many cases
one release is conducted, accompanied by three or more subsequent capture censuses,
resulting in a series of regression estimates (see Jackson (1939) method).
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Box 2. Jolly-Seber Three-Point Method

As a special case of the Jolly-Seber method, an example of estimating population parameters based
on two releases and two recaptures is shown. Let us consider a typical case of mass-marking
experiment in which individuals reared in the laboratory are marked and released. All captured
individuals are killed. On day 1, individuals are released with a red mark. On day 2, individuals are
released with a blue mark. The following is the result of a release experiment of Spodoptera litura
(F.) conducted by Wakamura et al. (1992).

Number of recaptured individuals

Day n; RI U|
Red marked Blue marked
1 1934
2 409 1968 26 383
3 633 24 181 428

The Jolly-Seber method yields
M 2= R222 / fp +My = (1968)(181/ 428) +383=1215
Sy) =M,/ R =1215/1934 =0.63

U2y =Ml /my =1215x 26/383 =83
For the Yamamura method, we obtain
Sy = (Upmg)/(mpug) + My / My
=(26x181)/(383%x24) +383/1934=0.71
Uy = S, Myu, /my, =0.71x1934x 26/383 =93
For the Petersen method, we obtain
U p= Mqu, /mp =1934x26/383=131

The estimate obtained by the Petersen method is much larger than that obtained by other methods.
The Yamamura method generally yields results similar to those of the Jolly-Seber method if marked
individuals are sufficiently mixed with wild individuals.

Jackson (1939) presented equations to estimate the density and survival rate in an
open population by a single release and multiple recapture censuses (Jackson positive
method). As a first step an index y; is calculated using the following equation:

4
yj = 10 'm; /Mgny; (22)

where M) is the number of individuals marked and released on the first day (day 0,
here day 0 is used to show the first day in place of day 1 as in the preceding methods,
for simplicity of explanation of the regression method), y; is a standardized number of
marked insects to be recaptured on day i, assuming that 100 marked individuals are
released on day 0 and 100 individuals are randomly caught on day i. Other symbols
are the same as in the preceding equations. If total insect density is almost constant,
and if marked individuals are returned to the field after being recaptured, by plotting
y;j against i (Fig. 4) a survivorship curve of marked individuals in the field is obtained.
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Overestimation of lo
{‘,/ g Yo

Figure 4. Comparison of Jackson positive and [t6 methods using hypothetical values.
Assuming no trapping mortality, change in y; should parallel the survivorship curve of
marked insects and, when daily survival rateis constant, the curve of log y; should be linear
against i (|eft). However, if thereistrapping mortality, y; should have smaller than expected
values with time, and the linear regression should yield an overestimated value of log yq
(right), which in turn resultsin an underestimation of Ny, (Figure adapted from It6 et al.

1989.)

If the survival rate is constant, the survival rate can be estimated using a linear
regression:

logyj=logyg+ilog$S (23)

where Sis the survival rate per unit time (as 0 < S< 1, log Sis always negative), yq is
a constant representing the expected number of recaptures on the assumption that 100
marked individuals released on day 0 are instantaneously intermingled into the wild
population, and that 100 specimens are randomly caught before either mortality or
recruitment occurs. Then an estimate of the total number of individuals on day 0 using

N3, =10%/yq (24)

is obtained together with the survival rate Sfrom the slope of the regression line.

In the Jackson positive method, recaptured individuals should be returned to the
original population. Since, in programmes integrating the SIT, recaptures are made
with traps, the survival rate decreases as the number of recaptures increases, resulting
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in an overestimated yq (Fig. 4). Thus N34 will be underestimated. 1t6 (1973) devised
a modified equation to reduce some of this bias by using a modified index Y; , such

as
yi'=104m /M()(i)ni (25)
A[ i_l
where MO(i) :MO_Zj:1mj
then logy/ =logy,+ilogS and N, =10/y}

Hamada (1976) found that the 1t6 method gives an overestimated value when the
number of released laboratory-reared marked males is much larger than the wild
population size. He showed that a direct estimation of the number of wild males with
the following equation gives the least (but not zero) stable negative bias (usually
below 20%):

7 =10*m /Mpgyu and Uy =10*/7 (26)

where u; = nj —m; , and log z = log Z + i logS. The Hamada method has been
applied widely to estimate the wild melon fly density in Okinawa. The Hamada
method is based on a similar assumption as in the Yamamura method — the number
of wild individuals is kept constant during the capture period. If the number of
recapture censuses is two, the Yamamura method is preferable since it is the
maximum likelihood estimate for this situation. Table 2 gives estimated densities and
survival rates of male melon flies using the Petersen and Hamada methods, showing
the relative stability of the estimated values.

3.5. Jackson Negative Method

Jackson (1939) also presented another model (Jackson negative method) to estimate
the population size based on multiple-release single-recapture data. Marked
individuals are released on several occasions (on days —i, (4 + 1), ..., —=1) with
different markings, and thereafter a single random catch is made on day 0. Here

y_i =10*m,j o/M_jny (27)

where mj 0, the number of individuals released on day —i and recaptured on day 0, is
expected to increase with time. If the survival rate of marked individuals is constant,
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one can estimate y, by the linear regression of log y on i, that is,
logy;=log Y, + i log S Then, as in the positive method, N3 is

N3 = 10%y, (28)

When laboratory-reared individuals are released, the following equations are
applicable:

)/—i =104m_i’0/M_iU0’ and UJ—:104/)/0 (29)

Reisen et al. (1979) and Koyama et al. (1982) noted that the trapping mortality,
which induces a negative bias in the Jackson positive method, does not cause bias in
density estimates obtained by the negative method because recapture is made only
once for any group of released individuals. This method was used to estimate melon
fly density in mountainous parts of Okinawa. Multiple releases of marked flies were
made from a helicopter, followed by a single recapture by the many persons who
checked traps.

Table 2. Comparison of estimates of the density of male melon flies with the Petersen and
Hamada methods (data from Tanaka et al. 1978)

Station Date of release Lj p /ha Lj H /ha é/dayl
1 June 28 136 85 0.81
July 12 173 87 0.83
2 July 22 166 109 0.74
August 9 251 180 0.77

ljp and UH are the numbers of wild males estimated by the Petersen and Hamada methods,

respectively. For the Petersen method, the numbers of males caught on the 4th (station 1) and 2nd
(station 2) days after release are used as ny and m, (equation 13). Numbers of recaptures in the

Hamada method are four in station 1, and five in station 2.
! Estimated by the Hamada method, using linear regression of log z; and log S in equation 23

4. ESTIMATION OF DISPERSAL DISTANCE BY MARK-RECAPTURE
EXPERIMENTS

The immigration of wild insects into an area treated with sterile insects is one of the
most important causes of failure of some AW-IPM programmes integrating the SIT
(Lance and Mclnnis, this volume). If wild males have sufficient dispersal ability, the
male sterile:fertile ratio (NS/Nf(g) in equation 12") will decrease, causing higher
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fertility in wild females. Estimation of the dispersal range is also important for
estimating the Ns/Nf(g) ratio from field data. If the dispersal range is small, the
NS/Nf(g) ratio should be estimated using samples obtained from the small area,
whereas if the dispersal range is large, samples obtained from the large area should be
combined. Furthermore, if the range of dispersal is known, an optimal spatial design
for the release of sterile males can be constructed. If the dispersal range is small,
sterile males should be released at many spatial points to increase uniformly the male
sterile:fertile ratio. In this section several techniques to estimate the dispersal range of
individuals are described.

4.1. Diffusion Equation

A two-dimensional simple diffusion equation will be the simplest theoretical model
that can be applicable to the two-dimensional dispersal of marked individuals.
Assuming that the movement of marked individuals is Brownian random motion (the
rate of which is invariant in time and space), the number of marked individuals at time
t at coordinate (x, y), which is denoted by m(x,y,t), is described by a partial

differential equation (Okubo 1980, Shigesada and Kawasaki 1997):

am(x y.t) _ 82m+82m (30)
ot e oy’

where D2 is the diffusion coefficient that measures the dispersal rate with units
(distance /time). When 1, individuals are released at time 0 from the origin (0, 0),
the solution is given by

_ Mo (+yY) (31)
mex y’t)_4;th EX'{ 4Dt }

which is a two-dimensional normal distribution with mean zero, correlation
coefficient zero, and variance 2Dt in each dimension. If the distance from the origin is

denoted by ¢ = /x? + y2 , then equation 31 is rewritten in a simpler form

m(r,t)=%exp{—4r_;t} (r=0) (32)

The proportion of individuals in a circle of radius d at time t, which is denoted by
F(d, t), is given by
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I:(Ol,'t)=ide7zr.m(r,t)dr:1—exp _d® (33)
Mg 70 ADt

Thus the proportion of individuals in a circle of radius /4Dt is 1 — exp(—1) = 0.63,
and that in a circle of radius 2./4Dt is 1— exp(—4) = 0.98. A rearrangement of the
above equation yields

loge[1 — F(d, t)] = —d?/(4Dt) (34)

Therefore, if the distribution of marked individuals is observed at time t, an estimate
of D can be obtained by plotting the observed log[1 — F(d, t)] against d? and by
estimating the slope —1/(4Dt) using a liner regression with intercept zero (Broadbent
and Kendall 1953). If the relation is not linear, it can be judged that the dispersal is not
a random diffusion with a constant D (e.g. Inoue 1978). The expectation of the square
of the distance is given by

E[rZ]:ij‘”zm -r2.m(r,t)dr = 4Dt (35)
M, 70

Hence the moment estimate of D is given by the observed mean square of the distance
divided by 4t. If estimates of the mean square distance for several t are available, the
common D can be estimated by plotting the mean square distance against t and by
estimating the slope 4D using the linear regression with intercept zero.

4.2. Distribution of Cumulative Recaptures

Traps are frequently used to capture marked individuals (IAEA 2003). If traps are set
for a sufficiently short period around t, the observed distribution of captured
individuals can be used for a sample distribution of dispersing individuals at time t. If
traps are set for a longer period, the observed distribution cannot be used for a
distribution of a specific time. Note that a trap also performs some integration of
density over space as well as over time. Such a spatial integration may cause some
difficulties in the estimation of dispersal distance; one such difficulty is discussed in
Box 3.
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Box 3. Overlap of Attraction Areas of Traps

In a study of the dispersal of marked male sweetpotato weevils Cylasformicarius (F.), and using plastic
funnel traps with 1 mg sex pheromone, Miyatake et al. (2000) placed traps in eight directions, and at
distances of 10, 20, 50, 100, and 200 m, from the release point. However Yasuda and Sugie (1990)
estimated that the radius of the circular attraction area of a trap (area of 30% recapture) is about 50 m.
According to Fig. 52 in Yasuda (1998), the radius of 60% recapture is less than 30 m. (The distribution
of the attraction rate around a trap might be a normal distribution or a distribution with larger kurtosis.
Therefore, how can the radius of the “attraction area” be determined?) If we use a trap site of 10 or 20 m
from the release point, the attraction areas of traps placed by Miyatake et al. (2000) at sites near the
release point are overlapping, and many males might be attracted by two or more traps. Thus such traps
might attract more individuals when they are in an isolated place, leading to an overestimation of the
dispersal range.

If traps were distributed in a lattice pattern, the effect of the overlap of traps can be reduced to a
negligible level. If individually marked insects are released from many points of the lattice, reduction of
the effect is better. Therefore it is recommended that a lattice-pattern arrangement of traps be used.
However, since many data are taken if traps are arranged along four or eight directions to estimate the
dispersal range, a method that reduces the effect of overlap of attraction areas is described hereafter.

Fig. A shows an example of the effect of overlap of attraction areas. Individuals in the striped area
would be attracted to two traps. Therefore, we must calculate the area of half of the striped area (double
stripes) and subtract this from the area of the circle. In Fig. A, the distance between the two traps, and

the radius of the attraction area, are 2aand R, respectively. As 8= cos™'(a/R), & can be calculated when
Ris known. The area of the triangle ABC of Fig. A is [ 2\/R? — a2 xa /2 - Then half of the striped area

can be calculated by [7;R2><2¢9/(27r):|—[JR2_aZ xa]- This area must be subtracted from the

attraction area of a trap, 7R, to obtain the true attraction area.

When this procedure is carried out for data from Miyatake et al. (2000), a smaller value for
dispersal distance is obtained (Fig. B). Although Miyatake et al. (2000) set traps along eight directions
on circles of which the radii were 10, 20, 50, 100, and 200 m from the single release point, data for 10 m
are omitted because the attraction areas of three or more traps overlap at 10 m points.

Figure A. Method to estimate overlapping area (striped area) of attraction of two traps.
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Figure B. Recapture rate of sweetpotato weevilsin traps at different distances (r) from
release point (circles and broken line), and removal of effect of attraction-area overlap
(radius= 10 m, crosses and solid line).

In several experiments, marked individuals have been trapped until most of them
died or left the study area. In these cases estimates of the distribution of the
cumulative number of recaptured individuals in each trap can be obtained. The
theoretical distribution of the cumulative recaptures can be described by relatively
simple equations under several assumptions. Let § be instantaneous natural mortality
(or disappearance rate), and o trap efficiency. Assuming that the number of
recaptures is sufficiently small relative to the number of total release, Mg, so that the
mortality ¢ is not influenced by the mortality caused by trapping, then the cumulative
number of recaptures at a trap placed at a distance r is given by

C(r):aTMOKO[ érJ (36)

where Ky is a zero order modified Bessel function of the second kind (Broadbent and

Kendall 1953, Williams 1961). Turchin and Thoeny (1993) used an approximation for
equation 36
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C(r) z%exp[—r\/gJ (37)

where A is a constant. This equation can be described by a linear form,
08C(1+ 10051 = log(A) [ (59

therefore /5 /D can be estimated by plotting the observed loge[C(r)] +1|oge(r)
2

against r, and by estimating the slope by using a linear regression method, although
such an estimation procedure is not preferred from a statistical point of view. Like
Inoue's (1978) method using equation 34, equation 38 can be used to judge the
randomness of dispersal. If the relation is not linear, then dispersal is not a simple
random diffusion with a constant D (Cronin et al. 2000). Note that 6 and D cannot be
estimated separately since the accumulation of recaptures eliminates information on
the velocity of dispersal in this estimation procedure.

There is a dilemma in applying these models. If trap efficiency is high, these
models cannot be applied since ¢ is influenced by the mortality caused by traps,
whereas if trap efficiency is low, the spatial distribution cannot be estimated with
sufficient precision. This dilemma can be solved by a uniform placement of traps. If
traps are placed uniformly in a lattice pattern, the mortality caused by traps is constant,
and hence ¢ will be kept constant irrespective of trap efficiency.

4.3. Empirical Distributions

The models described above, being based on clear assumptions such as random
diffusion and constant mortality, do not always fit the data sufficiently well. The
heterogeneity among individuals used to calculate the diffusion coefficient, along
with the spatial and temporal heterogeneity, may be one of the causes of such
discrepancy. A promising approach for incorporating the heterogeneity of the
diffusion coefficient is to assume that the population consists of two groups with
different D, as seen in Inoue (1978) and Cronin et al. (2000). An actual population
may sometimes consist of many groups that have different tendencies of dispersal. At
present, however, there is no simple theoretical model to describe such complicated
situations. Therefore, in such cases, empirical equations will still be useful for
describing the dispersal of individuals.

Taylor (1980) and Turchin (1998) pointed out the usefulness of an empirical
equation to describe the number of recaptures, ¢(r), in a trap placed at a distance r:

P(ry=ar* eXp[—(r / ,8)7} (39)
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where § , 4, € ,and y are constants. Several empirical equations are given by

special cases of equation 39. If ¢ = g and ¥ = 2, we obtain a half-normal
distribution (Itd and Miyashita 1965):

log[(r)]=a—br? (40)

where a = loge(4) and b= 1/p 2 If £ = 0 and y =1, we obtain an exponential
distribution (Kettle 1952):

logg[g(r)]=a—br (41)

wherea=logg(4)andb=1/4. If ¢ =0 and y = 0.5, we obtain the equation used
by Wallace (1966):

loge[¢(r)]=a—br (42)

wherea=logs( 4 )andb=1/ \/ﬁ Several theoretical distributions are also described

by equation 39. The instantaneous distribution of dispersing individuals, equation 32,
corresponds to the case of y = 2 and £ = 0. The cumulative distribution under

random dispersal, equation 37, corresponds to the case of y = 1 and ¢ = 0.5 of

equation 39. Taylor (1978) compared the descriptive ability of these empirical
equations, and showed that Wallace’s equation (equation 42) is most preferred. Plant
and Cunningham (1991), in analysing the dispersal of sterile Mediterranean fruit flies,
also concluded that equation 42 is most preferred.

The parameters such as a or b of the above equations cannot readily be interpreted
in biological terms. Several statistics will be more useful than the parameters
themselves for describing the dispersal ability of individuals. Hawkes (1972)
suggested that “mean dispersal distance” be used. For equation 39, the statistic is

calculated by
__ Ig:oZﬂr2¢(r)dr :ﬂr(g_SJ /F(z_g) (43)
Io 27rg(r)dr 4 4

where T" indicates the gamma function. In the case of equation 42, for example, we
obtain T~ = 20/b? from equation 43. The median dispersal distance, g s, i.e. the radius

of a circle that encloses 50% of the individuals, will be another useful statistic for the
description of the dispersal ability of individuals (Turchin and Thoeny 1993). This
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statistic is obtained by numerically solving the equation

I(;O'S 27zr@(r)dr
I: 27r g(r)dr

05 (44)

Fig. 5 is an example of fitting equation 42 to data from male sweetpotato weevils. For
simplicity, linear regression was used to estimate b, 0.342. Hence the estimate of
mean dispersal distance is obtained by 20/0.3422 = 171 m. The median dispersal
distance was estimated by a numerical calculation to be 115.2 m. The mean dispersal
distance is much larger than the median dispersal distance, since the form of ¢(r) is

highly leptokurtic, i.e. L-shaped. In summarizing the characteristics of the dispersal
curve, the median dispersal distance will generally be preferred over the mean
dispersal distance.

5. BEHAVIOURAL ECOLOGY: SEXUAL COMPETITIVENESS OF
RELEASED STERILE MALES IN FIELD

The quality of sterile males to be released is the most important element in the success
of an AW-IPM programme integrating the SIT. Although quality includes survival
rate, dispersal ability, and other aspects that relate to the vigour of released males, the
most attention must be paid to the decline of sexual competitiveness (Calkins and
Parker, this volume; Lance and Mclnnis, this volume; Vreysen, this volume).

Even when the survival rate or dispersal ability of mass-reared and sterilized
males is lower than those of wild males, an increase in the frequency of mass releases
or the number of release points can compensate for these deficiencies. However, if
long-term mass-rearing creates a strain in which released males have a different
courtship behaviour (pattern of vibration, courtship sound, etc.) than that of the wild
males and therefore are not accepted by wild females, an increase in the number of
released sterile males cannot compensate for this deficiency.

This is a subject of behavioural ecology or sociobiology. Although sexual
behaviour and behavioural changes in mass-reared strains have been studied in
several species that are targets of the SIT (e.g. Prokopy and Hendrichs 1979, Sivinski
et al. 1989), probably the only AW-IPM programme releasing sterile insects, which
incorporated behavioural ecology as an important aspect throughout implementation,
has been the melon fly eradication programme in Okinawa, which was completely
successful (Yamagishi et al. 1993).
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Figure 5. Distance-density curve of number of marked adult sweetpotato weevils recaptured in
traps. Equation 42 isfitted by linear regression. (Data from Miyatake et al. 2000.)
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5.1. Effectsof Long-Term Mass-Rearing More Important than Effects of Serilization

The effects of sterilization, e.g. by Jradiation, are often regarded as an important
source of the decline of vigour and/or sexual competitiveness of males (Bakri et al.,
this volume). However, experiences accumulated during the Okinawa melon fly
programme suggest that changes in sexual behaviour of released males due to
long-term mass-rearing are much more important than the effects of sterilization (1td
et al. 1993; Calkins and Parker, this volume). The inadvertent selection of strains with
rapid development and early fecundity produces reduced longevity and other genetic
changes in the selected strain (Miyatake 1996, 1998; Shimizu et al. 1997). The
high-density rearing of adults in small cages can lead to the selection of strains in
which reared males do not perform the sexual behaviours of wild males in the field.

5.2. Competitiveness Must be Measured in Field

In many AW-IPM programmes integrating the SIT, sexual competitiveness has been
measured in the laboratory, e.g. observing wild females mating with marked wild
males and mass-reared and/or sterilized males in a cage (Fried 1971; Calkins and
Parker, this volume). However, conditions in a laboratory cage are different from
those in the field (Lance and Mclnnis, this volume; Vreysen, this volume). In a
programme to eradicate the melon fly from Kume-zima, Okinawa (1973-1977),
Iwahashi et al. (1983) measured sexual competitiveness in the field. They collected
wild females from Kume-zima, the target area, and Okinawa-Honto, the control
(non-SIT) area, and examined the hatch rates of eggs laid by those females.

Haisch (1970) presented the following equation for the laboratory examination of
competitiveness, c:

Ho—He W (45)

where
w = proportion of males of wild strain among all males,
Hp, = percentage egg hatch in matings between normal (wild) males and females of

wild strain,
H¢ = percentage egg hatch in competitive matings,

Hg = percentage egg hatch in matings between sterile males and normal females.

To use this equation in the field, Iwahashi et al. (1983) substituted percentage
hatch of eggs laid by females collected in the target and control areas for Hy, and Hg,
respectively. Hg is 0 in the Okinawa melon fly programme. For comparison of ¢
values while applying the SIT, or between two or more SIT areas, an estimation of
variance is necessary. lwahashi et al. (1983) presented an equation for estimating the
variance of c (Box 4).
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Box 4. Variance of Haisch Index of Sexual Competitiveness of Mass-Reared/Sterilized
Males

In the final stage of an eradication programme that releases sterile insects, when most males collected
are sterile males, 1 —w becomes near zero. In this stage, Hc may also become small. As c values become
quite sensitive to small changes in 1 — w and Hg, estimation of variance is necessary. The following
equation from lwahashi et al. (1983) is recommended:

2
~ w
V@:[Hca—wﬂ "
Hn(l_Hn)+ Hr%(:l-_Hc)_i_(Hn_Hc)2
Nn H:Ne W(L—wW)N,,

Here Ny, and N are the numbers of eggs examined in the control area and the release area, respectively.
N,y is the number of flies examined in the release area. For other symbols, see explanation of equation
45,

Competitiveness decreased from about 80% in the 5th generation after the
beginning of mass-rearing to 20% in the 18th generation, during the final stage of the
Kume-zima programme (Fig. 6, Upper). Even at this time, high sexual
competitiveness in laboratory cages was still observed (see closed triangles in Fig. 6,
Upper).

Soemori et al. (1980) described experiments that suggest an explanation for such a
discrepancy between laboratory and field data. They released individually marked
flies into cages or rooms of different sizes and recorded the matings. Fig. 6 (Lower)
shows the percentage of males that mated in relation to the volume of space available
per male in the experimental area. Males of the wild strain could not mate well in a
small space, whereas males of the laboratory strain performed best in these
conditions.

5.3. Inadvertent Selection of Mate-Choice When ST Applied

In a field cage, Hibino and lwahashi (1988) compared the mating success of males of
wild and mass-reared strains. One of their results, using flies of a wild strain of
Okinawa Hontd (O-males and O-females), is shown in Fig. 7 (Upper). Firstly, even
when courted by wild males, wild females accepted copulation in only 4 of 37
courtship trials, showing strong mate-choice by females. Secondly, it is noted that
O-females never accepted (0/46) courtship from mass-reared (R) males. Other
experiments showed similar results (I1t6 et al. 1993). When Hibino and Iwahashi
(1988) carried out these experiments, melon flies on Okinawa Hont6, as a result of the
application of the SIT, were near extinction. Therefore O-females had been subjected
to strong selection pressure by the released sterile males.

Hibino and Iwahashi (1991) carried out similar experiments using wild flies taken
from Ishigaki-zima, where a programme releasing sterile insects had not yet begun.
Fig. 7 (Lower) shows that females of Ishigaki wild flies (I-females) accepted
courtship from R-males (4/57) as well as from I-males (3/51).
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Figure 6. Upper: Sexual competitiveness of mass-reared and sterilized male melon flies
measured in the field (adapted from Iwahashi et al. 1983). Closed circles are for data from
Kume-zima, open circleis for data from another islet Kudaka-zima. Solid triangles are
competitiveness values measured in laboratory cages. Vertical lines show standard deviations.
(Box 4 shows the equation for variance.) Lower: Relationship between size of cage per fly and
percentage of successful mating of males of mass-reared (open circles, 33-34 generations) and
wild (closed circles) strains when caged together with mass-reared females. (Figure from
Soemori et al. 1980, reproduced with permission.)
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Figure 7. Upper (a): Mate-choice by wild female melon flies collected on Okinawa Hontd
(O-females) for wild males (O-males) or males of mass-reared strain (R-males). Arrows
indicate the direction in which the behavioural sequence proceeds. Upper numerals indicate
the frequencies of the transitions when O-femal es encountered O-males, lower numerals
indicate cases when O-femal es encountered R-males (adapted from Hibino and Iwahashi
1988). Lower (b): Mate-choice by wild female melon flies collected on a non-ST island
Ishigaki-zima (I-females) for Ishigaki wild males (I-males) or mass-reared males (R-males).
(Figure from Hibino and Iwahashi 1991, reproduced with permission.)

There are two possible explanations for the difference in behaviour between flies
on the two islands: (1) O-flies and I-flies had genetically different courtship and
acceptance characters, and the courtship character of R-males was more similar to that
of I-males, and (2) the “SIT-resistance hypothesis” — the wild female population was
initially heterogeneous and contained individuals which accepted a broad range of
male courtship characters (Lance and Mclnnis, this volume; Whitten and Mahon, this
volume). However, females that accepted sterilized R-male courtship could not
produce progeny. Thus, under strong selection pressure from the SIT, a female
genotype that accepted the courtship of mass-reared males may have become extinct.
Next Hibino and Iwahashi (1991) conducted an experiment on mate choice of



POPULATION AND BEHAVIOURAL ECOLOGY 205

O-females between O- and I-males. O-females then accepted courtship by I-males
(2/19) as well as by O-males (1/14), indicating that the second explanation is correct,
thus demonstrating for the first time the evolution of mate-choice in insects.

5.4. How Can Soread of ST-Resistant Strain be Overcome?

How can the problem of an increase in the number of females that do not accept
courtship from mass-reared males be overcome? An answer is provided by the
development of the logistic population model (e.g. equation 8).

Tsubaki and Bunroongsook (1990) conducted a simulation experiment to estimate
the effect of the change in mate-choice, using a logistic model (equation 8)
incorporating two strains. They showed that the effect of a reduction in mating
competitiveness of mass-reared and sterilized males is much more important than the
effect of a change in female mate-choice. Their simulation also indicated that releases
of two or three times more sterile males than would be released in a non-mate-choice
model can eradicate a target population that has a change in female mate-choice. In
the Okinawa melon fly AW-IPM programme integrating the SIT, an increase in the
number of released sterile males over that first planned for release (based on an
estimate of the wild fly density) resulted in complete eradication of the population.

The incorporation of recent ideas in behavioural ecology, as well as in population
ecology, into the SIT is indispensable for its success. It is recommended that Krebs
and Davies (1993) be consulted on the basic concepts of this subject.
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