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GUIDE TO THE
ENCYCLOPEDIA

The Encyclopedia of Insects is a complete source of information
on the subject of insects, contained within a single volume. Each
article in the Encyclopedia provides an overview of the selected
topic to inform a broad spectrum of readers, from insect biologists
and scientists conducting research in related areas, to students and
the interested general public.

In order that you, the reader, will derive the maximum benefit
from the Encyclopedia of Insects, we have provided this Guide. It
explains how the book is organized and how the information within
its pages can be located.

SUBJECT AREAS

The Encyclopedia of Insects presents 273 separate articles on the
entire range of entomological study. Articles in the Encyclopedia fall
within 12 general subject areas, as follows:

Anatomy

Physiology

Behavior

Evolution

Reproduction

Development and Metamorphosis
Major Groups and Notable Forms
Interactions with Other Organisms
Interactions with Humans
Habitats

Ecology

History and Methodology

ORGANIZATION

The Encyclopedia of Insects is organized to provide the maximum
ease of use for its readers. All of the articles are arranged in a single
alphabetical sequence by title. An alphabetical Table of Contents
for the articles can be found beginning on p. v of this introductory
section.

As a reader of the Encyclopedia, you can use this alphabetical
Table of Contents by itself to locate a topic. Or you can first identify
the topic in the Contents by Subject Area (p. xvii) and then go to the
alphabetical Table to find the page location.

In order to identify articles more easily, article titles begin with
the key word or phrase indicating the topic, with any descrip-
tive terms following this. For example, “Temperature, Effects on
Development and Growth” is the title assigned to an article, rather
than “Effects of Temperature on Development and Growth,”
because the specific term Temperature is the key word.

ARTICLE FORMAT

Each article in this Encyclopedia begins with an introductory par-
agraph that defines the topic being discussed and indicates its signifi-
cance. For example, the article “Exoskeleton” begins as follows:

The exoskeleton is noncellular material that is located on top
of the epidermal cell layer and constitutes the outermost part
of the integument. The local properties and appearance of the
exoskeleton are highly variable, and nearly all visible features
of an insect result from the exoskeleton. The exoskeleton
serves as a barrier between the interior of the insect and the
environment, preventing desiccation and the penetration of
microorganisms. Muscles governing the insect’s movements
are attached to the exoskeleton.

Major headings highlight important subtopics that are discussed
in the article. For example, the article “Flight” includes the follow-
ing topics: “Evolution of Flight”; “Aerodynamics”; “Neural Control”;
“Energetics”; “Ecology and Diversity.”

CROSS-REFERENCES

The Encyclopedia of Insects has an extensive system of cross-
referencing. References to other articles may appear either as mar-
ginal headings within the A-Z topical sequence, or as indications of
related topics at the end of a particular article.

As an example of the first type of reference cited above, the fol-
lowing marginal entry appears in the A-Z article list between the
entries “Bee Products” and “Biodiversity”:

Beetle see Coleoptera

This reference indicates that the topic of Beetles is discussed
elsewhere, under the article title “Coleoptera,” which is the name of
the order including this group.

An example of the second type, a cross-reference at the end of an
article, can be found in the entry “DDT.” This article concludes with
the statement:

See Also the Following Articles
Insecticides w Integrated Pest Management w Pollution
This reference indicates that these three related articles all pro-

vide some additional information about DDT.

BIBLIOGRAPHY

The Bibliography section appears as the last element of an article,
under the heading “Further Reading.” This section lists recent
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secondary sources that will aid the reader in locating more detailed
or technical information on the topic at hand. Review articles and
research papers that are important to a more detailed understanding
of the topic are also listed here.

The Bibliography entries in this Encyclopedia are for the benefit
of the reader, to provide references for further reading or additional
research on the given topic. Thus they typically consist of a limited
number of entries. They are not intended to represent a complete
listing of all the materials consulted by the author(s) in preparing the
article. The Bibliography is in effect an extension of the article itself,
and it represents the author’s choice as to the best sources available
for additional information.

GLOSSARY

The Encyclopedia of Insects presents an additional resource for
the reader, following the A—Z text. A comprehensive glossary provides
definitions for more than 750 specialized terms used in the articles

XXXi

in this Encyclopedia. The terms were identified by the contributors
as helpful to the understanding of their entries, and they have been
defined by these authors according to their use in the actual articles.

INDEX

The Subject Index for the Encyclopedia of Insects contains more
than 7000 entries. Within the entry for a given topic, references to
general coverage of the topic appear first, such as a complete article
on the subject. References to more specific aspects of the topic then
appear below this in an indented list.
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culean task, but I think that sells the enterprise short. After all,

Hercules only had twelve labors assigned to him, and twelve
years to complete them—with insects, there are over 900,000 differ-
ent species and many, many more stories to tell. Twelve years from
now, there will likely be even more. Why, then, would anyone under-
take the seemingly impossible task of compiling an encyclopedia of
insects? To an entomologist, the answer is obvious. For one thing,
there’s the numbers argument—over 70% of all known species are
insects, so if any group merits attention in encyclopedic form, surely
it'’s the one that happens to dominate the planet. Moreover, owing
in large part to their staggering diversity, insects are in more differ-
ent places in the world than virtually any other organism. There are
insects in habitats ranging from the High Arctic to tropical rainfor-
ests to petroleum pools to glaciers to mines a mile below the sur-
face to caves to sea lion nostrils and horse intestines. About the only
place where insects are conspicuously absent is in the deep ocean
(actually, in deep water in general), an anomaly that has frustrated
more than a few entomologists who have grown accustomed to world
domination. Then there’s the fact that insects have been around for
longer than most other high-profile life-forms. The first proto-insects
date back some 400 million years; by contrast, mammals have been
around only about 230 million years and humans (depending on how
they're defined) a measly one million years.

Probably the best justification for an encyclopedia devoted to
insects is that insects have a direct and especially economic impact
on humans. In the United States alone, insects cause billions of dol-
lars in losses to staple crops, fruit crops, truck crops, greenhouse and
nursery products, forest products, livestock, stored grain and pack-
aged food, clothing, household goods and furniture, and just about
anything else people try to grow or build for sale or for their own
consumption. Beyond the balance sheet, they cause incalculable
losses as vectors of human pathogens. They're involved in transmis-
sion of malaria, yellow fever, typhus, plague, dengue, various forms
of encephalitis, relapsing fever, river blindness, filariasis, sleeping
sickness, and innumerable other debilitating or even fatal diseases,
not just abroad in exotic climes but here in the United States as well.
All told, insects represent a drag on the economy unequaled by any
other single class of organisms, a seemingly compelling reason for
keeping track of them in encyclopedic form.

In the interests of fairness, however, it should be mentioned that
insects also amass economic benefits in a magnitude unequaled by
most invertebrates (or even, arguably, by most vertebrates). Insect-
pollinated crops in the United States exceed $9 billion in value annu-
ally, and insect products, including honey, wax, lacquer, silk, and so

I would say that creating an encyclopedia of insects was a her-

on, contribute millions more. Insect-based biological control of both
insect and weed pests is worth additional millions in reclaimed land
and crop production, and even insect disposal of dung and other
waste materials, although decidedly unglamorous, is economically
significant in fields, rangelands, and forests throughout the country.

So, for no reason other than economic self-interest, there’s rea-
son enough for creating an encyclopedia of insects. But what can
be learned from insects that can’t be learned from an encyclopedia
of any other abundant group of organisms? Basically, the biology
of insects is the biology of small size. Small size, which has been in
large part responsible for the overwhelming success of the taxon, at
the same time imposes major limits on the taxon. The range in size
of living organisms, on earth at least, encompasses some 13 orders
of magnitude (from a 100 metric ton blue whale to rotifers weigh-
ing less than 0.01 mg). Insects range over five orders of magnitude—
from 30-g beetles to 0.03-g fairyflies—so eight orders of magnitude
are missing in the class Insecta. Problems at the upper limit involve
support, transport, and overcoming inertia, issues clearly not critical
for organisms, like insects, at the lower end of the range.

We humans, in the grand scheme of things, are big creatures and
as a consequence we interact with the biological and physical world
entirely differently. Rules that constrain human biology often are
suspended for insects, which operate by a completely different set of
rules. The constraints and benefits of small size are reflected in every
aspect of insect biology. They hear, smell, taste, and sense the world
in every other way with abilities that stagger the imagination. They
are capable of physical feats that seem impossible—most fly, some
glow in the dark, and others control the sex of their offspring and
even occasionally engage in virgin birth, to cite a few examples. Their
generation times are so short and reproductive rates so high that
they can adapt and evolve at rates that continually surprise (and sty-
mie) us. The environment is “patchier” to smaller organisms, which
can divide resources more finely than can large, lumbering species.
Thus, they can make a living on resources so rare or so nutrient-poor
that it defies belief, such as nectar, dead bodies, and even dung.

So they're profoundly different from humans and other big ani-
mals, and the study of insects can offer many insights into life on
earth that simply couldn’t be gained from a study of big creatures.
By the same token, though, they are cut from the same cloth—the
same basic building blocks of life, same genetic code, and the like—
and their utility as research organisms has provided insights into all
life on the planet.

The Encyclopedia of Insects contains contributions from some
of the greatest names in entomology today. Such a work has to be
a collective effort because nobody can be an expert in everything
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entomological. Even writing a foreword for such a wide-ranging vol-
ume is a daunting task. To be such an expert would mean mastering
every biological science from molecular biology (in which the fruit
fly Drosophila melanogaster serves as a premier model organism) to
ecosystem ecology (in which insects play an important role in rates
of nutrient turnover and energy flow). But, because insects, through
their ubiquity and diversity, have had a greater influence on human
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activities than perhaps any other class of organisms, to be the ulti-
mate authority on insects also means mastering the minutiae of his-
tory, economics, art, literature, politics, and even popular culture.
Nobody can master all of that information—and that’s why this ency-
clopedia is such a welcome volume.

—May R. Berenbaum
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e are pleased to have had the privilege of continuing as edi-

\ ; s / tors for the second edition of the Encyclopedia of Insects.

This edition contains several new entries and updates of

almost all of the original entries. Many new illustrations have been
added and references for further readings have been updated.

The first edition of the Encyclopedia of Insects was well received.
Awards garnered include: The “Most Outstanding Single-Volume
Reference in Science,” presented by The Association of American
Publishers for 2003; An “Outstanding Academic Title, 2003,” by
CHOICE magazine; and “Best of Reference, 2003,” by both the
New York Public Librarians and the American Library Journal 2003.
These are a tribute to the quality of contributions to that volume.
We anticipate that this updated, second edition will play the same
role in assisting students, teachers, and researchers in the entomo-
logical and biological sciences, along with interested readers among
the general public, in obtaining up-to-date and accurate information
about these fascinating organisms.

Between publication of the first and second edition of the
Encyclopedia several contributors to the first edition died, including
Peter Bellinger, Donald Dahlsten, Reginald Chapman, Eva Crane,
Michael Majerus, and Ronald Prokopy. Their substantial contributions
to entomology will long be remembered.

We thank the staff of Elsevier Press for their assistance on this
project. Christine Minihane originally proposed the preparation of a
second edition and Andy Richford shepherded it to completion. Pat
Gonzalez was invaluable in managing the flow of revised manuscripts.
Stephen Pegg and Mani Prabakaran oversaw the printing process. We
especially thank Alan Kaplan for reading over the final text for consist-
ency and accuracy. David Hawks provided the cover photograph.

We are pleased to dedicate our efforts in producing this second
edition to our mentors and professors, whose influence we still feel
40 years later: Stuart Neff, Louis Krumholz, Jack Franclemont and
Wendell Roelofs.

—YVincent H. Resh and Ring T. Cardé
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inspiring, fascinating, beautiful, and, at the same time, a scourge

of humans because of food loss and disease. Yet despite their
negative effects, we depend on insects for pollination and for their
products. As insects are the largest living group on earth (75% of
all animal species), any understanding of ecological interactions at
local or global scales depends on our knowledge about them. Given
the current interest in biodiversity, and its loss, it must be remem-
bered that insects represent the major part of existing biodiversity.
Aesthetically, insect images are often with us as well: early images
include Egyptian amulets of sacred scarabs; modern images include
dragonfly jewelry, butterfly stationery, and children’s puppets.

The idea of an Encyclopedia of Insects is new, but the concept of
an encyclopedia is quite old. In 1745, Diderot and D’Alembert asked
the best minds of their era—including Voltaire and Montesquieu—
to prepare entries that would compile existing human knowledge in
one place: the worlds first encyclopedia. It took over 20 years to fin-
ish the first edition, which became one of the world’s first best-selling
books and a triumph of the Enlightenment.

What do we intend this encyclopedia to be? Our goal is to con-
vey the exciting, dynamic story of what entomology is today. It is
intended to be a concise, integrated summary of current knowl-
edge and historical background on each of the nearly 300 entries
presented. Our intention has been to make the encyclopedia scien-
tifically uncompromising; it is to be comprehensive but not exhaus-
tive. Cross-references point the reader to related topics, and further
reading lists at the end of each article allow readers to go into topics
in more detail. The presence of a certain degree of overlap is inten-
tional, because each article is meant to be self-contained.

The Encyclopedia of Insects also includes organisms that are
related to insects and often included in the purview of entomol-
ogy. Therefore, besides the members of the class Insecta—the true
insects—the biology of spiders, mites, and related arthropods is
included. The core of this encyclopedia consists of the articles on the
taxonomic groups—the 30 or so generally accepted orders of insects,
the processes that insects depend on for their survival and success,
and the range of habitats they occupy. The fact that entomology is
a dynamic field is emphasized by the discovery of a new order of
insects, the Mantophasmatodea, just as this encyclopedia was being

l nsects are ever present in human lives. They are at once awe

completed. This is the first order of insects to be described in over
80 years, and we are pleased to be able to include it as an entry,
further underscoring that there is much left to learn about insects.
Some topics, especially the “poster insects”—those well-known taxa
below the level of orders for which entries are presented—may not
cover all that are desired by some readers. Given insect biodiversity,
your indulgence is requested.

We have gathered over 260 experts worldwide to write on the
entries that we have selected for inclusion. These specialists, of
course, have depended on the contributions of thousands of their
entomological predecessors. Because the modern study of entomol-
ogy is interdisciplinary, we enlisted experts ranging from arachnolo-
gists to specialists in zoonotic diseases. Given that the two of us have
spent over 25 combined years as editors of the Annual Review of
Entomology, many of our contributors were also writers for that peri-
odical. We thank our contributors for putting up with our compulsive
editing, requests for rewrites, and seemingly endless questions.

Our intended audience is not entomological specialists but ento-
mological generalists, whether they be students, teachers, hobbyists,
or interested nonscientists. Therefore, to cover the diverse interests of
this readership, we have included not just purely scientific aspects of
the study of insects, but cultural (and pop-cultural) aspects as well.

We thank the staff of Academic Press for their encouragement
and assistance on this project. Chuck Crumly had the original con-
cept for this encyclopedia, convinced us of its merit, and helped us
greatly in defining the format. Chris Morris provided suggestions
about its development. Jocelyn Lofstrom and Joanna Dinsmore
guided the book through printing. Gail Rice managed the flow of
manuscripts and revisions with skill and grace, and made many valu-
able suggestions. Julie Todd of Towa State University provided a cru-
cial final edit of the completed articles. All these professionals have
helped make this a rewarding and fascinating endeavor.

We dedicate our efforts in editing the Encyclopedia of Insects to
our wives, Cheryl and Anja; their contributions to our entomological
and personal lives have been indescribable.

—Vincent H. Resh and Ring T. Cardé



ABOUT THE EDITORS

Vincent Resh is Professor of Entomology and a Curator of the Essig
Museum at the University of California, Berkeley, since 1975. He is
the author of more than 300 articles on insects, mainly on the role
of aquatic insects in the assessment of water pollution and as vectors
of disease. For 22 years, he was an editor of the Annual Review of
Entomology and served as an ecological advisor to the United Nations
World Health Organization’s program on the control of river blindness
in West Africa. In 1995 he was elected as a Fellow of the California
Academy of Sciences and was the recipient of the University of
California at Berkeley’s Distinguished Teaching Award.

Ring Cardé joined the Department of Entomology of the University
of California, Riverside, in 1996 as Distinguished Professor and holds
the position of A. M. Boyce Chair. He has served as Department Chair
since 2003. He has authored more than 230 articles on insect chemi-
cal messengers, particularly on moth communication by pheromones,
and has edited four books on insect chemical ecology and pherom-
ones. He is a fellow of the American Association for the Advancement
of Science, the Entomological Society of America, the Entomological
Society of Canada, and the Royal Entomological Society. In 2009
he was awarded the Silver Medal by the International Society of
Chemical Ecology.



—
Acaril

see Mites; Ticks

I ——
Accessory Glands
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he accessory glands of reproductive systems in both female

and male insects produce secretions that aid in sperm mainte-

nance, transport, and fertilization. In addition, accessory glands
in females provide protective coatings for eggs. Accessory glands can
be organs distinct from the main reproductive tract, or they can be
specialized regions of the gonadal ducts (ducts leading from the ova-
ries or testes). Typically, glandular tissue is composed of two cell types:
one that is secretory and the other that forms a duct. The interplay
between male and female secretions from accessory glands is a key
element in the design of diverse mating systems.

ACCESSORY GLANDS OF FEMALES
Management of Sperm and Other Male Contributions

Sperm management by females involves a wide range of proc-
esses, including liberation of sperm from a spermatophore, digestion
of male secretions and sperm, transport of sperm to and from the
spermatheca, maintenance of stored sperm, and fertilization.

Accessory gland secretions can have digestive functions impor-
tant in sperm management. First, digestive breakdown of the sper-
matophore can free encapsulated sperm for fertilization and storage.
Second, male contributions can provide an important nutritional
benefit to their mates. Female secretions can digest the secretory
components of male seminal fluid to facilitate a nutritive role. In
addition, females can digest unwanted sperm to transform it into
nutrients. Third, female secretions in some species are required to
digest sperm coverings that inhibit fertilization.

Transfer of sperm to and from the spermatheca is generally
accomplished by a combination of chemical signals and muscular
contractions. Secretions of female accessory glands in some species
increase sperm motility or appear to attract sperm toward the sper-
mathecae. Transport of fluid out through the wall of the spermatheca
may also create negative pressure that draws in sperm.

Sperm can be stored for some length of time in spermathecae,
with the record belonging to ant queens that maintain sperm viability
for a decade or more. Secretions of spermathecal glands are poorly
characterized, and how sperm is maintained for such extended
periods is not known. Spermathecal tissue seems to create a chemi-
cal environment that maintains sperm viability, perhaps through
reduced metabolism. A nutritional function is also possible.

Transport of sperm out of storage can be facilitated by the secre-
tions of the spermathecal gland, which presumably activate qui-
escent sperm to move toward the primary reproductive tract. One
potential function of female accessory glands that has been explored
only slightly is the production of hormonelike substances that modu-
late reproduction functions.

Production of Egg Coverings

Female accessory glands that produce protective coverings for
eggs are termed colleterial glands. Colleterial glands have been best
characterized in cockroaches, which produce an oothecal case sur-
rounding their eggs. Interestingly, the left and right glands are ana-
tomically different and have different products. Separation of the
chemicals permits reactions to begin only at the time of mixing and
ootheca formation. Other protective substances produced by glands
include toxins and antibacterials.

Nourishment for Embryos or Larvae

Viviparous insects use accessory glands to provide nourishment
directly to developing offspring. Tsetse flies and sheep keds are dip-
terans that retain single larvae within their reproductive tracts and
provide them with nourishment. They give birth to mature larvae
ready to pupate. The gland that produces the nourishing secretion,
rich in amino acids and lipids, is known as the milk gland. The Pacific
beetle roach, Diploptera punctata, is also viviparous and provides its
developing embryos with nourishment secreted by the brood sac, an
expanded portion of oviduct.

ACCESSORY GLANDS OF MALES

Accessory glands of the male reproductive tract have diverse func-
tions related to sperm delivery and to the design of specific mating
systems.

Sperm Delivery

Males of many insects use spermatophores to transfer sperm to
females. A spermatophore is a bundle of sperm contained in a pro-
tective packet. Accessory glands secrete the structural proteins nec-
essary for the spermatophore’s construction. Males of the yellow
mealworm, Tenebrio molitor, have two distinct accessory glands, one
bean-shaped and the other tubular (Fig. 1). Bean-shaped accessory
glands contain cells of at least seven types and produce a semisolid
material that forms the wall and core of the spermatophore. Tubular
accessory glands contain only one type of cell, and it produces a mix
of water-soluble proteins of unknown function. Spermatophores are
not absolutely required for sperm transfer in all insects. In many
insects, male secretions create a fluid medium for sperm transfer.

Effects on Sperm Management and on the Female

The effects of male accessory gland secretions on the female are
best known for the fruit fly, Drosophila melanogaster, in which the
function of several gene products has been explored at the molecular
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FIGURE 1 Male reproductive system of T. molitor, showing tes-
tes (T), ejaculatory duct (EJD), tubular accessory gland (TAG), and
bean-shaped accessory gland (BAG). [From Dailey, P. D., Gadzama
J. M., and Happ, G. M. (1980). Cytodifferentiation in the accessory
glands of Tenebrio molitor. VI. A congruent map of cells and their
secretions in the layered elastic product of the male bean-shaped
accessory gland. J. Morphol. 166, 289-322. Reprinted by permission
of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.]

Normal

Accessory

Transgenic glands

FIGURE 2 Accessory gland of D. melanogaster. (A) The cells in this
normal accessory gland express b-galactosidase driven by a promoter of
a gene for an accessory gland protein. (B) A transgenic accessory gland,
cells expressing the gene have been selectively killed after eclosion.
These flies were used to explore the function of accessory gland secre-
tions. In transgenic males, accessory glands are small and translationally
inert. [From Kalb, . M., DiBenedetto, A. J., and Wolfner, M. F. (1993).
Probing the function of Drosophila melanogaster accessory glands
by directed cell ablation. Proc. Natl Acad. Sci. USA 90, 8093-8097.
Copyright 1993, National Academy of Sciences, U.S.A.]

level. Since insects have a diversity of mating systems, the specific
functions of accessory gland secretions are likely to reflect this
variation.

In Drosophila, the accessory glands are simple sacs consisting of a
single layer of secretory cells around a central lumen (Fig. 2). Genes
for more than 80 accessory gland proteins have been identified so
far. These genes code for hormonelike substances and enzymes, as
well as for many novel proteins. The gene products or their deriva-
tives have diverse functions, including an increased egg-laying rate,
a reduced inclination of females to mate again, increased effective-
ness of sperm transfer to a female’s spermatheca, and various toxic
effects most likely involved in the competition of sperm from differ-
ent males. A side effect of this toxicity is a shortened life span for
females. Other portions of the reproductive tract contribute secre-
tions with diverse roles. For example, the ejaculatory bulb secretes
one protein that is a major constituent of the mating plug, and
another that has antibacterial activity.
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3 estivation is a dormant state for insects to pass the summer

in either quiescence or diapause. Aestivating, quiescent
insects may be in cryptobiosis and highly tolerant to heat and
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drought. Diapause for aestivation, or summer diapause, serves not
only to enable the insect to tolerate the rigors of summer but also to
ensure that the active phase of the life cycle occurs during the favo-
rable time of the year.

QUIESCENCE

Quiescence for aestivation may be found in arid regions. For
example, the larvae of the African chironomid midge, Polypedilum
vanderplanki, inhabit temporary pools in hollows of rocks and
become quiescent when the water evaporates. Dry larvae of this
midge can “revive” when immersed in water, even after years of qui-
escence. The quiescent larva is in a state of cryptobiosis and tolerates
the reduction of water content in its body to only 4%, surviving even
brief exposure to temperatures ranging from +102°C to -270°C.
Moreover, quiescent eggs of the brown locust, Locustana pardalina,
survive in the dry soil of South Africa for several years until their
water content decreases to 40%. When there is adequate rain, they
absorb water, synchronously resume development, and hatch, result-
ing in an outburst of hopper populations. The above-mentioned
examples are dramatic, but available data are so scanty that it is dif-
ficult to surmise how many species of insects can aestivate in a state
of quiescence in arid tropical regions.

SUMMER DIAPAUSE

Syndrome

The external conditions that insects must tolerate differ sharply
in summer and winter. Aestivating and hibernating insects may show
similar diapause syndromes: cessation of growth and development,
reduction of metabolic rate, accumulation of nutrients, and increased
protection by body coverings (hard integument, waxy material,
cocoons, etc.), which permit them to endure the long period of
dormancy that probably is being mediated by the neuroendocrine
system.

Migration to aestivation sites is another component of diapause
syndrome found in some species of moths, butterflies, beetles, and
hemipterans. In southeastern Australia, the adults of the Bogong
moth, Agrotis infusa, emerge in late spring to migrate from the
plains to the mountains, where they aestivate, forming huge aggrega-
tions in rock crevices and caves (Fig. 1).

Seasonal Cues

Summer diapause may be induced obligatorily or facultatively
by such seasonal cues as daylength (nightlength) and temperature.
When it occurs facultatively, the response to the cues is analogous
to that for winter diapause; that is, the cues are received during
the sensitive stage, which precedes the responsive (diapause) stage.
The response pattern is, however, almost a mirror image of that for
winter diapause (Fig. 2). Aestivating insects themselves also may
be sensitive to the seasonal cues; a high temperature and a long
daylength (short nightlength) decelerate, and a short daylength (long
nightlength) and a low temperature accelerate the termination of
diapause.

The optimal range of temperature for physiogenesis during
summer diapause broadly overlaps with that for morphogenesis, or
extends even to a higher range of temperature. Aestivating eggs of
the brown locust, L. pardalina, can terminate diapause at 35°C and
those of the earth mite, Halotydeus destructor, do this even at 70°C.
The different thermal requirements for physiogenesis clearly distin-
guish summer diapause from winter diapause, suggesting that despite

FIGURE 1 Bogong moths, Agrotis infusa, aestivating in aggre-
gation on the roof of a cave at Mt Gingera, A. C. T., Australia.
[Photograph from Common, I. (1954). Aust. J. Zool. 2, 223-263,
courtesy of CSIRO Publishing.]
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FIGURE 2 Photoperiodic response in the noctuid M. brassicae
controlling the pupal diapause at 20°C. Note the different ranges of
photoperiod for the induction of summer diapause (dashed line) and
winter diapause (solid line). [From Furunishi et al. (1982), repro-
duced with permission. ]

the superficial similarity in their dormancy syndromes, the two types
of diapause involve basically different physiological processes.
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of the subdiscipline “economic or applied entomology.”

Agricultural entomology, a branch of economic entomology,
is dedicated to the study of insects of interest to agriculture because
they help increase crop production (e.g., pollinators); produce a
commodity (e.g., honey, silk, lacquer); cause injury leading to eco-
nomic losses to plants grown for food, feed, fiber, or landscaping;
cause injury to farm animals; or are natural enemies of agricultural
pests and, therefore, considered to be beneficial. Study of all fun-
damental aspects of the ecology, life history, and behavior of insects
associated with agricultural crops and farm animals falls within the
realm of agricultural entomology. These studies provide the founda-
tion for the design and implementation of integrated pest manage-
ment (IPM) programs (Fig. 1).

The study of all economically important insects is the object

ECONOMIC ENTOMOLOGY

Insects are regarded by some as the main competitors of humans
for dominance on the earth. Humans depend on insects for pollination
of many crops, for production of honey and silk, for the decomposition
of organic matter and the recycling of carbon, and for many other vital
ecological roles. But it is the negative impact of insect pests that has
been of greatest concern to humans. There are no reliable estimates

'Deceased May 14, 2004.

of aggregate losses caused by insects as vectors of pathogens and para-
sites of humans and domestic animals, as agents causing direct damage
to dwellings and other artificial structures, and as pests of crop plants
and farm animals, but the amounts run to probably hundreds of bil-
lions of dollars annually. Losses caused by insects and vertebrate pests
worldwide in the production of only eight principal food and cash
crops (barley, coffee, cotton, maize, potato, rice, soybean, and wheat)
between 1988 and 1990 have been estimated at $90.5 billion.

In the late 1800s and early 1900s, entomology became established
in many academic and research institutions as a discipline equal in
rank with botany and zoology. The diversity of insects and their eco-
nomic importance was the justification for ranking the study of a class
of animals (Insecta) as being equivalent to the study of two kingdoms
of organisms (plants and animals other than insects). Through the
first half of the twentieth century, there was a schism between basic
and applied (or economic) entomology. Since then, common use of
the expression “economic entomology” has declined, being replaced
by designations of its principal branches, such as agricultural ento-
mology, forest entomology, urban entomology, and medical and vet-
erinary entomology. A detailed historical account is beyond the scope
of this article, but Table I provides a chronology of some landmarks
in the development of agricultural entomology through the ages.

The realm of agricultural entomology includes all basic studies
of beneficial and pest insects associated with agricultural crops and
farm animals. This article deals mainly with crops, but the general
principles and concepts are equally applicable to farm animals. The
starting point of such studies is a correct identification of the insect
species, in accordance with the science known as biosystematics.

BIOSYSTEMATICS

Scientific nomenclature is a powerful tool for obtaining informa-
tion about the basic biology of closely related species within a genus.
When systematic studies have been extended beyond the naming of
species (taxonomy) and contain detailed information on geographic
distribution, host records, and biology of one or more species in a
genus, it is often possible to extrapolate the information to other
closely related species of that genus. Although details of the biology
must be ascertained for each individual species, biosystematics offers
a blueprint to follow when dealing with a new pest. For example, the
genus Cerotoma (Coleoptera: Chrysomelidae) contains 1012 species
distributed from southern Brazil to the northeastern United States. All
seem to be associated with herbaceous plants in the family Fabaceae
(bean family). The biology of two of the species, C. trifurcata in North
America and C. arcuata in South America (Fig. 2), has been studied
extensively. Based on information for these two species, it is possible
to infer that the other species in the genus share at least some of the
following features: eggs are laid in the soil adjacent to growing legumi-
nous plants; larvae feed on nitrogen-fixing root nodules and pupate in
soil inside pupal cases; first-generation adults emerge when seedlings
emerge, and second-generation adults emerge when plants are in full
vegetative growth, feeding first on foliage and, later on, switching to
feeding on developing pods. The biosystematic information on the
genus allows students of agricultural entomology in South, Central, or
North America to understand, at least in general terms, the role of
any other species of Cerotoma within their particular agroecosystem.

The flip side of this notion is recognition that closely related and
morphologically nearly undistinguishable (sibling) species may have
many important biological differences. Examples of the critical need
for reliable biosystematics studies are found in the biological control
literature. The present account is based on studies conducted by Paul
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Under the bridge runs the “river” of ever-shifting societal needs and demands.

TABLE 1

Some Landmarks in the Historical Development of Agricultural Entomology
Significant events Years ago from 2000 Date
Beginnings of agriculture 10,000 8000 B.C.E.
First records of insecticide use 4,500 2500 B.C.E.
First descriptions of insect pests 3,500 1500 B.C.E.
Soaps used to control insects in China 900 1100
Beginning of scientific nomenclature—10th edition of Linnaeus, Systema Naturae 242, 1758
Burgeoning descriptions of insects 100-200 18th and 19th centuries
First record of plant resistance to an insect 169 1831
Charles Darwin and Alfred Wallace jointly present paper on the theory of evolution 142 1858
First successful case of biological control: the cottony cushion scale, on citrus, in California, by 112 1888
the vedalia beetle
First record of widespread damage of cotton in Texas by the cotton boll weevil 106 1894
First record of an insect resistant to an insecticide 86 1914
First edition of C. L. Metcalf and W. P. Flint’s Destructive and Useful Insects 72 1928
Discovery of DDT and beginning of the insecticide era 61 1939
First report of insect resistance to DDT 54 1946
Term “pheromone” coined by P. Karlson and P. Butenandt, who identified first such substance 45 1959
in the silkworm moth
First edition of Rachel Carson’s Silent Spring 48 1962
Expression “integrated pest management” first appears in the press 32 1968
Rapid development of molecular biology 20 1980s
Release of Bt transgenic varieties of cotton, corn, and potato 5 1990s

Based in part on Norris et al. (2003).

DeBach, one of the leading biological control specialists of the twen-  of confusion and missed opportunities because of misidentification of
tieth century. The California red scale, Aonidiella aurantii, is a seri- its parasitoids. The red scale parasitoid Aphytis chrysomphali had been
ous pest of citrus in California and other citrus-producing areas of the ~ known to occur in California and was not considered to be a very effec-
world. Biological control of the red scale in California had a long history  tive control agent. When entomologists discovered parasitized scales
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FIGURE 2 Morphological diversity and biological similarities in
the genus Cerotoma: four of the dozen known species are illustrated
by male and female specimens. The species are clearly distinguish-
able by morphological characters, but they have similar life histories
and behaviors. (From unpublished drawings by J. Sherrod, Illinois
Natural History Survey.)

during foreign exploration, the parasitoids were misidentified as A.
chrysomphali and therefore were not imported into California. It was
later discovered that the parasitoids were in fact two different species,
A. lingnanensis and A. melinus, both more efficient natural enemies of
the California red scale than A. chrysomphali. Now A. lingnanensis and
A. melinus are the principal red scale parasitoids in California. Further
biosystematics studies have shown that what was once thought to be
single species, A. chrysomphali, parasitic on the California red scale in
the Orient and elsewhere, and accidentally established in California, is
in fact a complex including at least seven species having different bio-
logical adaptations but nearly indistinguishable morphologically.

Knowledge of the name of a species, however, is not an indication
of its true potential economic impact or pest status. A next impor-
tant phase in agricultural entomology is, therefore, the assessment of
benefits or losses caused by that species.

PEST IMPACT ASSESSMENT

The mere occurrence of an insect species in association with a
crop or a farm animal does not necessarily mean that the species is
a pest of that crop or animal. To be a pest it must cause economic
losses. The assessment of economic losses from pests is the subject
of studies conducted under conditions that match as closely as pos-
sible the conditions under which the crop is grown commercially
or the animals are raised. Much of the methodology used in crop
loss assessment has been established under the sponsorship of the
Food and Agriculture Organization (FAO) of the United Nations as
a means of prioritizing budget allocations and research efforts. Key
data for these studies relate to the determination of the yield poten-
tial of a crop. The genetic makeup of a crop variety determines its
maximum yield in the absence of adverse environmental factors.
This is known as the attainable yield. To determine the attainable
yield, the crop is grown under nearly ideal conditions; the actual
yield is what occurs when the crop is grown under normal farming
conditions. The difference between attainable and actual yields is a
measure of crop loss (Fig. 3).
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FIGURE 3 Factors impacting the yield potential of a generic
crop. (Adapted from information on a Web site originated at IM1/
University of Miami, Summer Institute.)

To assess crop losses and attribute the losses to a specific cause
(e.g., the attack of a pest) requires setting up experiments to isolate
the effect of the pest from all other constraints. Methodologies vary
with pest category—whether the pests are insects, vertebrates, plant
pathogens, or weeds, for example. The quantitative relationship
between crop losses and pest population levels is the basis for com-
puting the economic injury level for the pest. The economic injury
level is a fundamental concept in IPM.

LIFE HISTORY AND HABITS

Once the identity and pest status of a species have been well
established, it becomes essential to extend the informational base
on the life history and habits of the species to the conditions under
which the crop is grown. Economically important life history traits
include information on developmental threshold temperatures and
temperature-dependent developmental rates. These data are used in
modeling the phenology of the pest. Other essential studies include
the orientation, feeding, host selection, and sexual behavior of the
species. Many of these studies provide the foundation for strategic
planning in IPM and for the development of target-specific control
tactics. For example, the study of sexual behavior can involve the
definition of the role of pheromones in mating and the identification
of those pheromones. These, in turn, may be used for monitoring
pest incidence and abundance or in mating disruption, both valuable
components of IPM systems for many crops. The study of host selec-
tion behavior often leads to the identification of kairomones, equally
important in IPM development.

PHENOLOGY

The life cycle of different insect species varies greatly, although
all insects undergo the basic stages of development from egg to
reproductive adult (or imago). Depending on the length of the life
cycle, there is considerable variation in the number of generations
per year, a phenomenon called voltinism. A univoltine species has
one generation per year; a multivoltine species may have many gen-
erations per year. The range of variation in the Insecta is evident
when one considers that the 17-year periodical cicada has one gener-
ation every 17 years, whereas whiteflies or mosquitoes may complete
a generation in about 21 days. Under temperate climate conditions,
generations often are discrete, but under warmer subtropical condi-
tions, they frequently overlap. The definition of temporal periodicity
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in an organism’s developmental cycle is called phenology. The rela-
tionship between the phenology of the crop and the phenologies of
its various pests is of interest in agricultural entomology. Fig. 4 shows
an example of such a relationship for soybean grown under condi-
tions typical for the midwestern United States.

POPULATION AND COMMUNITY ECOLOGY

Population and community level studies are within the scope of
insect ecology. Although the species is the focal biological entity for
agricultural entomology, for management purposes it is essential to
understand population and community level processes. Populations
are assemblages of conspecific individuals within a defined geograph-
ical area (e.g., a crop field, a river valley, a mountain chain). Many
insects have a large reproductive capacity. As calculated by Borror,
Triplehorn, and Johnson, a pair of fruit flies (Drosophila), for exam-
ple, produces 100 viable eggs, half of which yield females that in
turn will lay 100 eggs and so on for 25 possible generations in 1 year;
by the end of the year, the twenty-fifth generation would contain
1.192 X 10* flies, which, if packed tightly together, 60,000 to a liter,
would form a ball of flies 155 million kilometer in diameter or a ball
extending approximately from the earth to the sun. Obviously, such
unlimited population growth does not occur in nature. Normally,
populations are regulated by the combined actions of both physi-
cal (or abiotic) and biological (or biotic) factors of the environment.
An understanding of the mortality factors that help regulate insect
populations is one of the most active areas of research in agricultural
entomology.

The set of species coexisting in an area and interacting to varying
degrees form what is known as an ecological community. In a crop
community, the crop plants and the weeds that persist within the
crop field or grow along the borders are the primary producers. The
animals within the crop community maintain dynamic trophic rela-
tionships: some feed on living plants, others on the decaying plants,
and still others on animals. Those that feed on the plants are the her-
bivores, or primary consumers. Pests are primary consumers on the
crop plants. Parasitoids and predators are the secondary consumers.
Those that feed on the pests are beneficial natural enemies. Finally,
decomposers and detritivores feed on decaying organic matter. All
biotic components of the community are interconnected by “food
webs.” An understanding of food webs and trophic interactions in
crop communities is important because it provides a basis for inter-
preting the nature of disturbances in crop ecosystems. Disturbances
in trophic relations may lead to outbreaks of pest organisms and the
need for control actions.

LINKS TO IPM SYSTEMS DEVELOPMENT

With the advent of IPM and its success in the last third of the
twentieth century, it has become difficult to separate agricultural
entomology from IPM. In entomology, the two fields of endeavor
are inextricably interconnected. A reliable database of biological
information provides the means to design and develop IPM strate-
gies. For example, there is growing interest in methods of enhanc-
ing biological control through habitat management. The technique
requires information on source-sink relationships among pests and
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FIGURE 4 Crop phenology and pest phenology: relationship between the phenology of soybean in the midwestern United States and
three of its most common insect pests, the bean leaf beetle, C. trifurcata (Coleoptera: Chrysomelidae); the green stink bug, Acrosternum
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natural enemies across crop plants, neighboring crops, natural vege-
tation, and especially managed vegetation in the form of cover crops
and field hedges. Theoretically, diversification of the crop ecosystem
leads to an increase in natural enemies and to greater stability of the
system. The complexity of interactions, however, makes it difficult to
interpret conflicting results of experiments designed to test working
hypotheses. The analysis of within-field and interfield movement,
the host selection behavior of phytophagous and entomophagous
insects, multitrophic interactions among community members, and
the dynamics of populations, all under the scope of agricultural ento-
mology, are only a few of the many components of the knowledge
base necessary to develop advanced IPM systems.

The advent of the World Wide Web has had a major influence on
accessibility to basic information on agricultural entomology. Most
major agricultural research centers have developed Web pages that
organize information and make it available to students worldwide.
More importantly, the dynamic nature of the Web offers the oppor-
tunity to provide weather-driven modeling capabilities that greatly
increase the scope and applicability of studies about the phenology
and population dynamics of major pest organisms. Two sites that
offer such capabilities are http:/pnwpest.org/wea/ and http:/www.
ipm.ucdavis.edw/PHENOLOGY/models.html.

Entomologists in the late 1800s and early 1900s studied the biol-
ogy of insect pests in great detail. Articles and monographs pub-
lished during that period remain valuable sources of information.
These early entomologists recognized that deep knowledge of the
life history of an insect and its habits could provide insights useful
for the control of agricultural and other pests. The advent of organo-
synthetic insecticides in the mid-1940s created the illusion that pest
problems could be solved forever. Many entomologists redirected
their efforts to testing new chemicals and neglected basic insect biol-
ogy studies. The failure of insecticides to eradicate pests and the
environmental problems engendered by the misuse of these chemi-
cals led to the advent of IPM. For IPM to succeed, entomologists
have had to return to the basics and again refocus their efforts on the
study of insect biology. Agricultural entomology has come full circle
as new generations of entomologists endeavor to refine knowledge of
the group of animals that remain humans’ most serious competitors.
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million years of age. It has a melting point between 200°C and

380°C, a hardness of 2-3 on the Moh’s scale, a specific gravity
between 1.04 and 1.10 and a surface that is insoluble to organic sol-
vents. Amber is a gold mine for the entomologist because it contains
a variety of insects preserved in pristine, three-dimensional condi-
tion. Fossils in amber provide evidence of lineages dating back mil-
lions of years (Table I). External features are so well preserved that
taxonomists can make detailed comparisons with living taxa to follow
evolutionary development of families, genera and species. Aside from
establishing direct evidence of an insect taxon at a particular time and
place, the presence of specific insects provides indirect evidence of
plants and vertebrates, establishes the time frame for symbiotic asso-
ciations, and provides clues for reconstructing ancient landscapes.

S mber is a fossilized resin ranging from several million to 300

TABLE 1

Significant Amber Deposits in the World

Deposit Location Approximate age
(million years)

Baltic Northern Europe 40

Burmese Burma (Myanmar) 97-105

Canadian Alberta, Manitoba 70-80

Chinese Fushun Province 40-53

Dominican Dominican Republic 1540

French Charente-Maritime 100-105

Hat Creek British Columbia, Canada 50-55

Lebanese, Jordanian Middle East 130-135

Mexican Chiapas 22-26

New Jersey Northeastern United States  65-95

Siberian (Taimyr) Russian arctic 78-115

Spanish Alava, Basque country; 100-115

San Just

Recent searches for new amber deposits resulted in the discov-
ery of Cretaceous deposits in France, Spain and Jordan as well as
Tertiary deposits in the Ukraine. An analysis of arthropods and plants
in amber deposits has allowed workers to profile the original Baltic,
Dominican, and Mexican amber forests.
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USE OF AMBER IN TRACING ARTHROPOD
LINEAGES

As a result of the excellent preservation of amber arthropods,
the ancestry of specific genera and families can be traced back tens
of millions of years. An example is the family Ixodidae, the earliest
members of which appear in Burmese amber, thus demonstrating a
lineage that has survived for 100 million years (Fig. 1).

FIGURE 1 The oldest known hard ticks of the family Ixodidae
are found in early Cretaceous Burmese amber. The one shown here,
described as Compluriscutula vetulum, has two more scutes than
found in extant ticks.

Discovering extinct generic and family lineages is also possible,
especially in Cretaceous amber. Many of these have characters link-
ing them to more than one extant group and some have morphologi-
cal features that no longer exist in extant insects. The early Cretaceous
solitary bee, Melittosphex burmensis, contains some wasp-like charac-
ters, which separate it from all extant families. Thus it was described
in the extinct family, Melittosphecidae (Fig. 2). Other unique extinct
lineages include the Burmese amber ant-like stone beetle, Hapsomela
burmitis (Hapsomelinae) which has forelegs with an extra segment, the
primitive crane fly, Dacochile microsoma, which has characters found
in two extant families of flies (Tanyderidae and Psychodidae), a family
of aphids (Parvaverrucosidae) with the hind wings reduced to hamulo-
halters characteristic of scale insects and the Burmese amber hard tick,
Cornupalpatum burmanicum, which has both mite and tick characters.

FIGURE 2 The primitive early Cretaceous solitary bee, Melittosphex
burmensis, in Burmese amber still retains some wasp characters.

PROVIDING INDIRECT EVIDENCE OF OTHER
ORGANISMS

There are size and habitat limitations to the types of organism
that were trapped in amber. For example, many plants would not
normally have left flowers or leaves in the resin, and when they did,
these remains alone would likely be difficult to identify. Vertebrates
might have left hairs, feathers, or scales but these structures would
also be difficult to identify. However, arthropods that are specific to
certain hosts (e.g., ticks and mammals) can provide clues to plants
and vertebrates that existed at that time. This use of fossils relies
heavily on the principle of behavioral fixity, which asserts that, at
least at the generic level, the behavior of a fossil organism would
have been similar to that of its present-day descendants.

Many insects form specific associations with plants and their
presence indicates the occurrence of specific families and even gen-
era of plants in the environment. Thus certain types of palm bugs
in Dominican amber provide indirect evidence that pinnately leafed
palms existed in the original amber forest. Fig wasps in Dominican
amber provide evidence that figs grew in that ancient habitat. Palm
bruchids in Cretaceous Canadian amber provide indirect evidence
of Sabal palms in the original ecosystem. Orchid pollinia attached to
insects provide yet another way to determine the presence of plants
that would normally not be found in the fossil record.

PROVIDING INDIRECT EVIDENCE OF
SPECIFIC HABITATS

Amber insects can provide evidence of specific habitats. Diving
beetles (Coleoptera: Dytiscidae), caddisflies (Trichoptera), and dam-
selflies (Odonata) all provide evidence of aquatic habitats. The first
fossil anopheline mosquito from the New World, Anopheles domini-
canus, in Dominican amber, belongs to a group that normally ovipos-
its in ground pools. Other insects provide evidence of phytotelmata
(standing water in plant parts), wood, moss, bark, and detritus.

PALEOSYMBIOSIS

Because of the sudden death of captured organisms in amber,
symbiotic associations may be preserved in a manner unlikely to
occur with other types of preservation. Also, the fine details of
preservation may reveal morphological features characteristic of
symbiotic associations. Cases of paleosymbiosis in amber include
inquilinism, commensalism, mutualism, and parasitism.

Paleoinquilinism involves two or more extinct organisms living
in the same niche but neither benefiting nor harming each other.
Numerous insects form inquilinistic associations under tree bark, and
many pieces of amber contain flies and beetles common to this habitat.

Phoresis (one organism transported on the body of another organ-
ism) is probably the most typical type of paleocommensalism in
amber. This usually involves mites and pseudoscorpions being carried
by insects. The arachnid benefits by being conveyed to a new environ-
ment, where the food supply is likely to be better than the last one.
The carrier generally is not harmed and only serves as a transporting
agent.

In paleomutualism, both organisms benefit and neither is
harmed. Amber bees carrying pollen or pollinia provide evidence of
insect-plant mutualism in which the bee obtains a food supply and
the plant is pollinated. An example of insect-insect mutualism is
demonstrated by a rare fossil riodinid butterfly larva in Dominican
amber. Specialized morphological features of this Theope caterpillar
indicative of a symbiotic association are balloon setae and vibratory
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papillae in the neck area, and tentacle nectary organ openings on the
eighth abdominal tergite. Extant caterpillars in this genus have simi-
lar features and are associated with ants. The tentacle nectary organs
provide nourishment for the ants, whereas the vibratory papillae
(which beat against the head capsule and make an audible sound)
and balloon setae (which emit a chemical signal) are used to attract
ants when the caterpillar is threatened by an invertebrate predator
or parasite. This fascinating association between butterfly larvae and
ants was established at least 20 mya.

Paleoparasitism by insects is very difficult to verify in the fossil
record. There are many records of amber insects (especially wasps
and flies) whose descendants today are parasitic on a wide range
of organisms, but to discover an actual host-parasitic association
is quite rare. However, there are reported cases of braconid larvae
emerging from ants and adult trichopterans in Baltic amber.

Paleoectoparasitism is the most obvious of all parasitic associations
found in amber. The ectoparasite is often still attached to its host, and
systematic studies can be conducted on both organisms. In amber,
ectoparasites are usually the larvae of parasitic mites, such as the
larvae of Thrombididae or Erythraeidae attached to various insects.
These larval mites feed on the host’s hemolymph, then exit the insect
and molt to the nymphal and adult stages, when they become free-
living predators. Such parasitic mites are not to be confused with
phoretic ones, which are simply carried around by insects.

Paleoendoparasitism is extremely difficult to verify because inter-
nal parasites are rarely preserved as fossils. However, some parasites
attempt to leave their hosts when they encounter resin. Mermithid
nematodes (members of the genera Heydenius and Cretacimermis)
and hairworms (Nematomorpha) of the genera Palaeochordodes that
have nearly completed their development often reveal their pres-
ence when they attempt to leave the host and become trapped in the
resin. Under normal conditions, they would enter soil or water and
initiate a free-living existence.

Tracing the history of insect pathogens and parasites is also
possible using amber. Insect diseases involving protozoa, viruses,
nematodes, and fungi have been discovered in both Tertiary and
Cretaceous amber (Fig. 3). Indirect evidence of vertebrate parasitism
can be obtained by a microscopic examination of vectors in amber.
Not only can the types of vertebrate pathogens be determined, but
also what vertebrate groups were being attacked. A hematopha-
gous bug (Tritoma dominicana) in Dominican amber was associ-
ated with a trypanosomatid (Trypanosoma antiquus) resembling the

FIGURE 3 Evidence of paleoparasitism is shown by a superficial
fungal infection caused by a member of the entomophthorales on
the thorax of a mycetophilid fly in Dominican amber.

one that causes Chagas disease today (Fig. 4). The presence of a bat
hair adjacent to the triatomid indicates the likely vertebrate host. A
Dominican amber mosquito infected with Plasmodium dominicana
shows that at least one lineage of Plasmodium was already estab-
lished in the New World long before humans arrived on the scene.

FIGURE 4 The first vertebrate-parasitic hemipteran, Triatoma
dominicana, in Dominican amber was a vector of Trypanosoma
antiquus, closely related to the causal agent of Chagas disease.

A Cretaceous sand fly (Palacomyia burmitis) with the remains of
a blood meal containing trypanosomatids in its midgut and infected
reptilian cells in its foregut indicated that it was feeding on a reptile
infected with the Leishmania-like flagellate, Paleoleishmania proterus
(Fig. 5). A Burmese amber biting midge (Diptera: Ceratopogonidae)
infected with a primitive type of malaria (Paleohaemoproteus burmacis)
had characteristics indicating that it fed on large, cold-blooded ver-
tebrates. The presence of these diseases in the Cretaceous certainly
meant that dinosaurs were also infected and widespread epidem-
ics could have contributed to the debilitation and demise of these
behemoths.

FIGURE 5 The Burmese amber sand fly, Palacomyia burmitis,
contains various stages of the trypanosomatid, Paleoleishmania pro-
terus, in its midgut and infected reptilian blood cells in its foregut.
This not only shows that vectors of vertebrate diseases were present
100 million years ago but also provokes the question as to how dino-
saurs would have dealt with such emerging pathogens.
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BIOGEOGRAPHICAL STUDIES

Amber insects can provide evidence of past distributions as well
as clues to climatic regimes that occurred at the original sites. There
are many examples of amber insects at sites that are located far from
their descendants’ current habitat. Examples from Dominican amber
include Mastotermes termites (Isoptera: Mastotermitidae) and
Leptomyrmex ants (Hymenoptera: Formicidae) that were part of the
insect fauna some millions of years ago in the Caribbean but occur
nowhere in the New World today. Both genera are represented today
by single relict species in the Australian region.

A North American example is the presence of tropical arboreal
ants of the genus Technomyrmex (Hymenoptera: Formicidae) in
Eocene Hat Creek amber in British Columbia, Canada, hundreds of
kilometers north of their present-day range. These ants provide evi-
dence that the climate in that region of the world was tropical to sub-
tropical in the Eocene. Other examples of past distributions involve
the mosquito, Toxorhynchites mexicanus, in Mexican amber, which
belongs to a subgenus that today is restricted to the Old World.
There are many examples of insect genera in Dominican amber that
no longer occur in the Dominican Republic or the Greater Antilles
today, but still have living representatives in Mexico, and Central
and South America. Some examples are members of the butter-
fly genus Theope (Lepidoptera: Riodinidae) and the stingless bee
genus Proplebeia (Hyemnoptera: Apidae). Further evidence of cli-
matic shifts over time is clear with many Baltic amber insects whose
descendants occur in the Old World tropics today.

RECONSTRUCTING ANCIENT LANDSCAPES

Every amber fossil tells a story and is a piece of a jigsaw puzzle
that can be used to reconstruct the natural environment at the time
the amber was being produced. The challenges are to identify the
inclusions, determine their biology and ecology by researching the
habits of their extant descendants, and then make inferences regard-
ing the original environment. There will always be gaps in the puz-
zle because there are many life-forms that are too large to become
entrapped in amber or have a lifestyle that does not normally bring
them into contact with the sticky resin. However, the habitat that
existed in that ancient world can, in large part, be reconstructed by
studying select insects that can be typified as phytophagous, detriti-
vores, bark inhabitants, or parasites. As pointed out earlier, plants,
insect prey, and vertebrate hosts can often be identified indirectly by
discovering fossils which are dependent upon them today.
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natomy is a subdiscipline of morphology concerned with

naming and describing the structure of organisms based on

gross observation, dissection, and microscopical examination.
Morphology and anatomy are not synonyms. Morphology is con-
cerned with the form and function of anatomical structure; because
anatomy is an expression of organic evolution, morphology seeks to
investigate possible explanations for organic diversification observed
in nature. Before 1940, insect morphology focused on naming and
describing anatomical structure. The need for this activity has not
diminished, as there is much about insect anatomy remains to be
revealed, described, and understood. This article focuses on the
anatomical structures of the three major tagmata of the insect body:
head, thorax, and abdomen, and on the external genitalia. A hypo-
thetical ground plan for major structures is given, followed by themes
in anatomical variation based on adaptation observed in the Insecta.

CONTEXT OF ANATOMICAL STUDY
Terms of Orientation and Conventions

Terms to describe orientation are not intuitive for insects. Most
orientation terms are derived from the study of the human body—a
body that stands upright—and their application to insects causes
confusion. Some standard terms used with insects include anterior
(in front), posterior (behind), dorsal (above), ventral (below), medial
(middle), and lateral (side). Anatomical description usually follows in
the same order; hence, we begin our discussion with the head, move
on to the thorax and then the abdomen, and finish with the genitalia.
Description of the relative placement of anatomical features can be
cumbersome, but they are critical elements in the study of anatomi-
cal structure because relative position is one of the three basic tenets
of homology, including size, shape, and embryology.

Measures of Success

The design of the insect body can be described as successful for
many reasons: there are millions of species, they range in size over
four orders of magnitude, their extensiveness of terrestrial and
aquatic habitat exploitation (the diversity of resources), and once a
successful form has been developed, there appears to be relatively
little change over evolutionary time (Fig. 1). The basic insect design
allows for adaptation to a variety of environmental requirements.
The success of the design is rooted in the nature of the main mate-
rial used for its construction.

The Building Material

When we look at an insect, it is the integument that we see.
Structurally, the integument is a multiple-layered, composite organ
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FIGURE 1 Fossil insects are easily recognizable today, indicating
an early establishment of a successful design. Left to right: Heplagenes
(Late Jurassic 150mya, Liaoning, China); cricket (Eocene, 50mya,
Green River formation, Utah); fulgorid (Eocene, 50 mya, Green River
formation, Utah).

that defines body shape, size, and color. The ultrastructure of the
integument is composed of living cells and the secretory products of
those cells. Each layer is of a different thickness and chemical com-
position, and each displays physical properties different from those
of the surrounding layers. Perhaps more importantly, the integument
is also the organ with the greatest diversity of structure and function.

There are two common misconceptions about the integument.
First, some believe chitin is responsible for integument in the soft
and flexible membranous parts of the integument than in the hard,
sclerotized plates. Integument hardness is attributed to an increased
number of cross-linkages between protein chains contained in the
integument layers. Second, some believe that the integument is rigid
and that growth is incremental and limited to expansion during mol-
ting; yet, some endopterygote insects are able to grow continuously
between molts.

The integument determines the shape of the insect body and
its appendages. One of the most captivating features of insects is
their seemingly infinite variation in body shapes—everything from
a simple bag (Hymenoptera grub) to a mimic of orchid flowers
(Mantidae). Similarly, appendage shape is exceedingly plastic. Terms
such as “pectinate,” “flabbate,” and “filiform” are among more than
30 terms taxonomists have proposed to describe antennal shapes.
Leg shapes are similarly highly variable and express functional modi-
fications. Among these shapes are “cursorial,” “gressorial,” “rapto-
rial,” “fossorial,” and “scansorial.” Again, these modifications of shape
reflect the function of structure. Finally, wing shapes are highly vari-
able among insects and are determined by body size and shape as
well as by aerodynamic considerations.

Tagmata
Most people recognize the three tagmata—head, thorax, and
abdomen—as characteristic of insects. The way they appear is rooted
in a division of responsibilities. The head is for orientation, ingestion,
and cognitive process; the thorax for locomotion; and the abdomen
for digestion and reproduction. But even casual observations reveal
further divisions of these body regions.

Segmentation of the Tagmata

Two types of segmentation are evident among arthropods, pri-
mary and secondary. Primary segmentation is characteristic of soft-
bodied organisms such as larval holometabolans. The body wall in
these organisms is punctuated by grooves or rings that surround the

anterior and posterior margins of each somite. These rings represent
intersegmental lines of the body wall and define the limits of each
somite. Internally, the grooves coincide with the lines of attachment
of the primary longitudinal muscles. From a functional standpoint,
this intrasegmental, longitudinal musculature permits flexibility and
enables the body to move from side to side.

More complex plans of body organization exhibit structural modi-
fications. Secondary segmentation is characteristic of hard-bodied
arthropods, including adult and nymphal insects. Secondary body
segmentation is an evolutionarily derived anatomical feature. The
musculature we see in secondary segmentation is intersegmental, or
between segments (Fig. 2). The acquisition of secondary segmen-
tation represents a major evolutionary step in the development of
the Arthropoda. The soft-bodied arthropod has primary segmenta-
tion and muscles that are intrasegmental, or within each segment.
Movement of the body and its parts is relatively simple because the
body wall is flexible. However, when the body wall becomes hard-
ened, flexibility is restricted to the articulation between hardened
parts or the extension provided by intersegmental membranes. The
arthropod is, in a metaphorical sense, clad in a suit of armor; most
movement is possible only if soft and flexible membranes are posi-
tioned between inflexible (hardened) body parts. Exceptions may be
seen in the indirect flight mechanism of pterygote insects.
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Head
Postnotum
Intersegmental
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FIGURE 2 Secondary segmentation. Diagram of sagittal section
of dorsal sclerites of thorax.

In all probability secondary segmentation evolved many times,
and it probably continues to evolve in response to specific problems
confronting insects today. Secondary segmentation is most evident
and most readily appreciated in the insect abdomen. It is less appar-
ent in the thorax and almost totally obscured in the head.

Sclerites

The hardening of the body wall contributes significantly to the
external features observed in insects. Sclerites are hardened areas of
the insect body wall that are consequences of the process of sclero-
tization. Sclerites, also called plates, are variable in size and shape.
Sclerites do not define anatomical areas and do not reflect a com-
mon plan of segmentation. Sclerites develop as de novo hardening
of membranous areas of the body wall, as de novo separations from
larger sclerotized areas of the body, and in other ways.

The hardened insect body displays many superficial and inter-
nal features that are a consequence of hardening. Understanding
the distinction between these conditions and the terms applied to
them is critical in understanding insect anatomy and its application
in taxonomic identification. These features are of three 