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GUIDE TO THE

he 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 271 separate articles on
the entire range of entomological study. Articles in the Ency-
clopedia fall within twelve 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 alphabeti-
cal Table of Contents by itself to locate a topic. Or you can first
identify the topic in the Contents by Subject Area (p. xiii) and
then go to the alphabetical Table to find the page location.

So that they can be more easily identified, article titles begin
with the key word or phrase indicating the topic, with any
descriptive terms following this. For example, “Temperature,
Effects on Development and Growth” is the title assigned to
this article, rather than “Effects of Temperature on Develop-
ment and Growth,” because the specific term Temperature is
the key word.

ARTICLE FORMAT

Each article in the Encyclopedia begins with an introductory
paragraph that defines the topic being discussed and indicates
its significance. 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
movements are attached to the exoskeleton.

Major headings highlight important subtopics that are dis-
cussed in the article. For example, the article “Flight” includes
these topics: “Evolution of Flight”; “Aerodynamics”; “Neural

»

Control”; “Energetics”; “Ecology and Diversity.”

xxiii



XXiv Giude to the Encyclopedia

CROSS-REFERENCES

The Encyclopedia of Insects has an extensive system of cross-
referencing. References to other articles may appear either as
marginal 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
following marginal entry appears in the A-Z article list between
the entries “Beeswax” and “Biodiversity”:

Beetle sce Coleaptera

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 o Integrated Pest Management o Pollution

This reference indicates that these three related articles all
provide 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 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 or authors in preparing the article. The Biblio-
graphy 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 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 7,000 entries. Within the entry for a given topic, refer-
ences 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.

ENCYCLOPEDIA WEB SITE

The Encyclopedia of Insects maintains its own editorial Web page
on the Internet at:

http://www.apnet.com/insects/

This site gives information about the Encyclopedia project
and features links to related sites that provide information
about the articles of the Encyclopedia. The site will continue
to evolve as more information becomes available.



would say that creating an encyclopedia of insects was a

herculean 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 different species and many, many more stories
to tell. Twelve years from now, there will likely be even more.
Why, then, would anyone undertake the seemingly impos-
sible 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 different places in the world than virtually
any other organism. There are insects in habitats ranging
from the high Arctic to tropical rainforests to petroleum
pools to glaciers to mines a mile below the surface 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 dollars in losses to staple crops, fruit
crops, truck crops, greenhouse and nursery products, forest
products, livestock, stored grain and packaged 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 transmission 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 annually, and insect
products, including honey, wax, lacquer, silk, and so 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
reason 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
weighing 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.
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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 phys-
ical 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 stymie) 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 theyre profoundly different from humans and other
big animals, 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 entomological. Even writing a foreword for
such a wide-ranging volume 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
activities than perhaps any other class of organisms, to be the
ultimate authority on insects also means mastering the minu-
tiae of history, economics, art, literature, politics, and even
popular culture. Nobody can master all of that information—
and that’s why this encyclopedia is such a welcome volume.

—May R. Berenbaum



 PREFACE

I nsects are ever present in human lives. They are at once awe
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
remembered 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 world’s
first encyclopedia. It took over 20 years to finish 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
convey the exciting, dynamic story of what entomology is
today. It is intended to be a concise, integrated summary of
current knowledge and historical background on each of the
nearly 300 entries presented. Our intention has been to make
the encyclopedia scientifically uncompromising; it is to be
comprehensive but not exhaustive. 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 intentional, 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

entomology. 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 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 entomology is interdisciplinary, we enlisted
experts ranging from arachnologists to specialists in zoonotic
diseases. Given that the two of us have spent over 25 com-
bined 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 entomological 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.

xxvii
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We thank the staff of Academic Press for their encour-
agement and assistance on this project. Chuck Crumly had
the original concept 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 valuable sug-

gestions. Julie Todd of Iowa State University provided a crucial
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
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Accessory Glands

Diana E. Wheeler

University of Arizona

he accessory glands of reproductive systems in both female

and male insects produce secretions that function in sperm
maintenance, 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 ovaries 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
processes, including liberation of sperm from a sperma-
tophore, 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
important in sperm management. First, digestive breakdown

of the spermatophore can free encapsulated sperm for fertil-
ization and storage. Second, male contributions can provide
an important nutritional benefit to their mates. Female secre-
tions 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 cover-
ings that inhibit fertilization.

Transfer of sperm to and from the spermatheca is generally
accomplished by a combination of chemical signals and mus-
cular contractions. Secretions of female accessory glands in some
species increase sperm motility or appear to attract sperm
toward the spermathecae. 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 sperma-
thecae, 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 chemical 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
secretions of the spermathecal gland, which presumably activate
quiescent 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 hormone-
like substances that modulate 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 surrounding their eggs. Interestingly, the left
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and right glands are anatomically 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 nourish-
ment directly to developing offspring. Tsetse flies and sheep
keds are dipterans that retain single larvae within their repro-
ductive 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
functions 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

FIGURE 1 Male reproductive system of 7. molitor, showing testes (T),
¢jaculatory 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 Zenebrio molitor. V1.
A congruent map of cells and their secretions in the layered elastic product of
the male bean-shaped accessory gland. /. Morphol. 166, 289-322. Reprinted
by permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.]

in a protective packet. Accessory glands secrete the structural
proteins necessary 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 in 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 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 many novel
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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

Transgenic .

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 secretions. In transgenic males, accessory glands
are small and translationally inert. [From Kalb, J. M., DiBenedetto, A. J., and
Wolfner, M. E (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.]



proteins. The gene products or their derivatives have diverse
functions, including an increased egg-laying rate, a reduced
inclination of females to mate again, increased effectiveness
of sperm transfer to a female’s spermatheca, and various toxic
effects most likely involved in the competition of sperm from
different males. A side effect of this toxicity is a shortened life
span for females. Other portions of the reproductive tract
contribute secretions 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.

See Also the Following Articles
Egg Coverings o Spermatheca o Spermatophore
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Aestivation

Sinzo Masaki
Hirosaki University

A 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
drought. Diapause for aestivation, or summer diapause, serves

Aestivation 3

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 favorable 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 quiescence. 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, resulting in an outburst of
hopper populations. The above-mentioned examples are
dramatic, but available data are so scanty that it is difficult 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, butter-
flies, beetles, and hemipterans. In southeastern Australia, the
adults of the Bogong moth, Agrotis infisa, emerge in late spring
to migrate from the plains to the mountains, where they aes-
tivate, forming huge aggregations 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 tem-
perature. 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
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FIGURE 1 Bogong moths, Agrotis infusa, aestivating in aggregation on the
roof of a cave at Mt Gingera, A. C. T., Australia. [Photograph from Common,
1. (1954). Aust. J. Zool. 2, 223-263, courtesy of CSIRO Publishing.]

seasonal cues; a high temperature and a long daylength (short
nightlength) decelerate, and a short daylength (long night-
length) 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
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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, reproduced with permission.]

physiogenesis clearly distinguish summer diapause from winter
diapause, suggesting that despite the superficial similarity in
their dormancy syndromes, the two types of diapause involve
basically different physiological processes.

See Also the Following Articles
Cold/Heat Protection o Diapause » Dormancy » Migration

Further Reading

Common, I. E. B. (1954). A study of the biology of the adult Bogong moth,
Agrotis infusa (Boisd.) (Lepidopera: Noctuidae), with special reference to its
behaviour during migration and aestivation. Austral. J. Zool. 2, 223-263.

Furunishi, S., Masaki, S., Hashimoto, Y., and Suzuki, M. (1982). Diapause
response to photoperiod and night interruption in Mamestra brassicae
(Lepidoptera: Noctuidae). Appl. Entomol. Zool. 17, 398-409.

Hinton, H. E. (1960). Cryptobiosis in the larva of Polypedilum vanderplaniki
Hint. (Chironomidae). /. Insect Physiol. 5, 286-300.

Masaki, S. (1980). Summer diapause. Annu. Rev. Entomol. 25, 1-25.

Matthée, J. J. (1951). The structure and physiology of the egg of Locustana
pardalina (Walk.). Union S. Afr. Dept. Agric. Sci. Bull. 316, 1-83.

Tauber, M. J., Tauber, C. A., and Masaki, S. (1986). “Seasonal Adaptations
of Insects.” Oxford University Press, New York.

Africanized Bees

see Neotropical African Bees

Agricultural Entomology

Marcos Kogan

Oregon State University

Ronald Prokopy

University of Massachusetts

he study of all economically important insects is the

object of the subdiscipline “economic 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);
help produce a commodity (e.g., honey, silk, lacquer); cause
injury leading to economic 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 fundamental 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
foundation for the design and implementation of integrated
pest management (IPM) programs (Fig. 1).
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FIGURE 1 A bridge metaphor: agricultural entomology is conceived as one of the main pillars, together with plant pathology and weed science, of supporting

the “integrated pest management bridge.” The bridge connects two-way “traffic” between crop production and crop protection. The other pillar is provided
by the social sciences of economics and sociology. The main tension cables, which are system integration and information systems, hold the vertical lines that
together give stability to the bridge; these are the tactical components of IPM. Under the bridge runs the “river” of ever shifting societal needs and demands.

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 of
aggregate losses caused by insects as vectors of pathogens and
parasites of humans and domestic animals, as agents causing
direct damage to dwellings and other human-made structures,
and as pests of crop plants and farm animals, but the amounts
run to probably hundreds of billions of dollars annually. Losses
caused by insects and vertebrate pests worldwide in the pro-
duction 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 economic 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 entomology, forest entomology,

urban entomology, and medical and veterinary 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 infor-
mation 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 ascer-
tained for each individual species, biosystematics offers a blue-
print to follow when dealing with a new pest. For example,
the genus Cerotoma (Coleoptera: Chrysomelidae) contains 10
to 12 species distributed from southern Brazil to the north-
eastern 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
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TABLEI 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 the vedalia beetle 112 1888
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. . 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 in

the silkworm moth 45 1959
First edition of Rachel Carlson’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 ez al. (2003).

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
leguminous 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

Cerctoma lrifurcata

Cerotoma arcuata

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 distinguishable by morphological
characters, but they have similar life histories and behaviors. (From
unpublished drawings by J. Sherrod, Illinois Natural History Survey.)

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 DeBach, one of the leading biological control
specialists of the twentieth century. The California red scale,
Aonidella aurantii, is a serious pest of citrus in California and
other citrus-producing areas of the world. Biological control
of the red scale in California had a long history of confusion
and missed opportunities because of misidentification of its
parasitoids. The red scale parasitoid Aphytis chysomphali had
been known to occur in California and was not considered to
be a very effective control agent. When entomologists dis-
covered parasitized scales during foreign exploration, the
parasitoids were misidentified as A. chrysomphali and there-
fore were not imported into California. It was later
discovered that the parasitoids were in fact two different
species, Aphytis lingnanensis and A. melinus, both more
efficient natural enemies of the California red scale than A.
chrysomphali. Now A. lignanensis 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 acci-
dentally established in California, is in fact a complex
including at least seven species having different biological
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 important phase in agricultural entomology is, there-
fore, 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 possible 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 potential 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).

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 computing the
economic injury level for the pest. The economic injury level
is a fundamental concept in IPM.

4 Yield type Defining factors: CO,
radiation
temperature
crop genetics
-crop physiology
-crop phenology
-canopy architecture

1 | potential

Limiting factors: water
nutrients
-nitrogen
-phosphorus
-potassium

2 | attainable

Yield-increasing
measures

‘ Reducing factors: insect pests
3 |actual vertebrates
1 . A > pathogens
Yield-protecting weeds
measures pollutants

1500 " 5000 " 10,000 ' 20,000 Production level (kg ha)

FIGURE 3 Factors impacting the yield potential of a generic crop. (Adapted
from information on a Web site originated at IMI/University of Miami,
Summer Institute.)
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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 im-
portant life history traits include information on develop-
mental 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 involves 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 abun-
dance or in mating disruption, both valuable components of
IPM systems for many crops. The study of host selection
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 uni-
voltine species has one generation per year; a multivoltine
species may have many generations per year. The range of
variation in the Insecta is evident when one considers that the
17-year periodical cicada has one generation 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
conditions they frequently overlap. The definition of temporal
periodicity in an organism’s developmental cycle is called
phenology. The relationship between the phenology of the
crop and the phenologies of its various pests is of interest in
agricultural entomology. Figure 4 shows an example of such a
relationship for soybean grown under conditions 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 geographical 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
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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. #rifurcata (Coleoptera: Chrysomelidae); the green stink bug, Acrosternum hilare (Hemiptera: Pentatomidae); and

the green cloverworm, Hypena scabra (Lepidoptera: Noctuidae).

example, produces 100 viable eggs, half of which yield
females that in turn will lay 100 eggs and so on for 25
possible generations in one year; by the end of the year, the
25th generation would contain 1.192 X 104" flies, which, if
packed tightly together, 60,000 to a liter, would form a ball
of flies 155 million km 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 physical (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 com-
munity. 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 com-
munity maintain dynamic trophic relationships: some feed
on living plants, others on the decaying plants, and still others
on animals. Those that feed on the plants are the herbivores,
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 com-

munity are interconnected by “food webs.” An understanding
of food webs and trophic interactions in crop communities is
important because it provides a basis for interpreting 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 integrated pest management 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
strategies. For example, there is growing interest in methods
of enhancing biological control through habitat manage-
ment. The technique requires information on source-sink
relationships among pests and natural enemies across crop
plants, neighboring crops, natural vegetation, 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 experi-
ments 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 entomology, are only a few of the many com-
ponents 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 opportunity 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 htep://www.orst.edu/Dept/IPPC/
wea/ and htep://www.ipm.ucdavis.edu/PHENOLOGY/
models.html.

Entomologists in the late 1800s and early 1900s studied
the biology of insect pests in great detail. Articles and
monographs published 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 organosynthetic
insecticides in the mid-1940s created the illusion that pest
problems now could be solved forever. Many entomologists
redirected their efforts to testing new chemicals and neglected
basic insect biology studies. The failure of insecticides to
eradicate pests and the environmental problems engendered
by the misuse of these chemicals 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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mber is a fossilized resin ranging from several million to

300 million years of age. This material is a gold mine for
the entomologist because it contains a variety of insects
preserved in pristine, three-dimensional condition. Fossils in
amber provide evidence of lineages dating back millions of
years (Table I). External features are preserved so well that
taxonomists can make detailed comparisons with living taxa
to follow evolutionary development of genera and even
species. Amber has a melting point between 200 and 380°C,
a hardness of 2 to 3 on the Moh’s scale, and a surface that is
insoluble to organic solvents. Aside from providing direct
evidence of an insect taxon at a particular time and place,
amber insects give clues to past distributions and phylogeny,
as well as indirect evidence of plants and vertebrates and the
establishment of symbiotic associations, and clues for
reconstructing ancient landscapes.

TABLEI Significant Amber Deposits in the World

Approximate age

Deposit Location (million years)
Baltic Northern Europe 40
Burmese Burma (Myanmar) 100
Canadian Alberta, Manitoba 70-80
Chinese Fushun Province 40-53
Dominican Dominican Republic 1545
Hat Creek British Columbia, Canada 50-55
Lebanese 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
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FIGURE 1 Origins of the honey bee lineage are provided by this primitive
bee, which possesses characters of both modern Apis and extinct apids. Its

presence in Baltic amber suggests a European origin of Apis, thus challenging
the current view that honey bees originated in Asia.

USE OF AMBER IN TRACING INSECT LINEAGES

As a result of the excellent preservation of amber insects,
specific genera (the majority, if not all, amber insects are
extinct at the species level) can be recognized and compared
with modern ones. In this way, lineages can be traced back
tens of millions of years. An example is a small parasitic
wasp of the genus Aphelopus (Hymenoptera: Dryinidae)
trapped in Lebanese amber. This genus is still extant, and
the fossil demonstrates a lineage that has survived for 130 to
135 million years.

The origin of genera can also be obtained from amber insects
owing to their high degree of preservation. A recent example
from Baltic amber, which contains a variety of bees, deals with
the origin of the common honey bee. This fossil contains basic
features characteristic of the genus Apis as we know it today,
including pollen-collecting apparati on the hind legs and a
barbed stinger (Fig. 1). This appears to be one of the most
primitive Apis ever discovered, thus indicating a time (40 mya)
and place (northern Europe) for the origin of the honey bee.

PROVIDING INDIRECT EVIDENCE
OF OTHER ORGANISMS

There are size and habitat limitations to the types of organism
that can be trapped in amber. For example, many plants would
not normally leave flowers or leaves in the resin, and when they
did, the remains would likely be difficult to identify. Vertebrates
might leave hairs, feathers, or scales but these structures would
also be difficult to identify. However, arthropods that are spe-
cific to certain hosts (e.g., ticks and mammals) can provide
clues to other organisms 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.

FIGURE 2 The unique morphological features (smooth, flattened body) of
this fossil palm bug (Paleodoris lattini) in Dominican amber not only

characterize it systematically but also provide clues to its lifestyle of living in
confined spaces between the unopened fronds of pinnately leafed palms.

Many insects form specific associations with plants. Such
associations can often be deduced by the morphological features
of the insect (functional morphology). One extremely flattened
hemipteran in Dominican amber (Fig. 2) that was identified as
a palm bug displayed characters similar to those of an existing
species in the same subfamily. The extant species lives between
the closed leaves of royal palms (Roystonea spp.) in Cuba. This
fossil provided indirect evidence that pinnately leafed palms,
quite likely an extinct species of Roystonea, existed in the origi-
nal amber forest. Other plant-specific insects, such as fig wasps
and palm bruchids, provide evidence of figs and palms in the
original ecosystem.

Insects that require a blood meal to complete their develop-
ment can also be used as indirect evidence of a vertebrate group.
Evidence of birds in the original Dominican amber forest is
implied by the presence of a female Anopheles mosquito in
amber because extant species of this subgenus normally attack
birds. The presence of other vertebrate groups is implied by
fleas (Siphonaptera), horseflies (Diptera: Tabanidae), biting
midges (Diptera: Ceratopogonidae), and other bloodsucking
arthropods such as ticks.

PROVIDING INDIRECT EVIDENCE
OF SPECIFIC HABITATS

Amber insects can provide evidence of specific habitats. Diving
beetles (Coleoptera: Dytiscidae), caddisflies (Trichoptera), and
damsel flies (Odonata) all provide evidence of aquatic habitats.
The Anopheles mosquito belongs to a group that normally
oviposits in ground pools. Other insects can 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



FIGURE 3 Documentation of paleophoresis is provided by a pseudoscorpion
grasping the tip of the abdomen of a platypodid beetle in Dominican amber.

Similar rider—carrier associations occur today, suggesting that this behavior
is mandatory for survival of the pseudoscorpion.

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
organism) is probably the most typical type of paleocom-
mensalism in amber. This usually involves mites and pseu-
doscorpions being carried by insects. The arachnid benefits
by being conveyed to a new environment, 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. An example of this category in Dominican amber
consists of pseudoscorpions being carried by platypodid
beetles (Coleoptera: Platypodidae) (Fig. 3). The method of
attachment of the pseudoscorpion to the beetle was the same
then as it is today. In fact, these ancient records lead scientists
to believe that such behavior is mandatory for the survival of
the pseudoscorpions that live in beetle tunnels and require
effective dispersal mechanisms for survival.

In paleomutualism, both organisms benefit and neither is
harmed. Amber bees carrying pollen provide evidence of
insect—plant mutualism in which the bee obtains a food supply
and the plant is pollinated. An example of insect—insect mutu-
alism 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 papillae in the neck area, and
tentacle nectary organ openings on the eighth abdominal
tergite. Extant caterpillars in this genus have similar features
and are associated with ants. The tentacle nectary organs pro-
vide 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
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FIGURE 4 Paleocctoparasitism is shown by two thrombidid mites attached
to the mouthparts of a long-legged fly (Diptera: Dolichopodidae) in Baltic
amber.

invertebrate predator or parasite. This fascinating association
between butterfly larvae and ants was established at least 20 mya.

Paleoparasitism 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.

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 parasitic
mites, such as the larvae of Thrombididae attached to the
mouthparts of a fly in Baltic amber (Fig. 4). These larval mites
were feeding on the host’s hemolymph, and their mouthparts
are still in place. After molting to the nymphal stage, the para-
sites would leave the fly and become free-living predators.
Large infestations could kill the host. These mites are not to be
confused with phoretic ones, which are simply carried around
by insects.

Paleoendoparasitism is extremely difficult to verify because
internal parasites are rarely preserved as fossils. However, some
parasites attempt to leave their hosts when they encounter
resin. Mermithid nematodes (Mermithidae: Nematoda) and
hairworms (Nematomorpha) that have nearly completed
their development and are almost ready to emerge from their
host will often reveal their presence (Fig. 5). Under normal
conditions, they would enter soil or water and initiate a free-
living existence.

BIOGEOGRAPHICAL STUDIES

In many instances amber insects provide evidence of a more
extensive distribution in the past for various insect genera and
families as well as indicating a warmer climatic regime in many
parts of the world. Perhaps the most spectacular examples of
this phenomenon are insects discovered in amber sites located
far from their descendants’ current habitat. Examples from
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FIGURE 5 Paleoendoparasitism in amber is exemplified by a mermithid
nematode (Nematoda: Mermithidae) emerging from the body of a

planthopper (Homoptera: Fulgoroidea) in Baltic amber. Such records set
minimum dates for the establishment of host—parasite associations.

Dominican amber include Mastotermes termites (Isoptera:
Mastotermitidae) and Leptomyrmex ants (Hymenoptera:
Formicidae) that obviously 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 a
single relict species in the North and East Australian Region.

A North American example is the presence of the tropical
arboreal ants of the genus Zechnomyrmex in Hat Creek amber
in British Columbia, Canada, living 50 mya, hundreds of
kilometers north of their present-day range. These tropical
ants in Eocene Hat Creek amber provide evidence that the
climate in that region of the world shifted from tropical to
temperate. Other examples of past distributions involve the
palm bug shown in Fig. 2, which has no present-day
descendants in the Dominican Republic, with only a single
living Cuban species in the subfamily. Similarly, there are no
members of the genus 7heope in the Dominican Republic or
the Greater Antilles today, all living representatives being
restricted to Mexico, and Central and South America.
Further evidence of climatic shifts over time are clear with
many of the Baltic amber insects, many of whose descendants
occur in the Old World tropics today. The primitive honey
bee shown in Fig. 1 evolved under subtropical conditions that
characterized most of northern Europe in the Eocene. Thus,
it is not surprising that most of the species and varieties of the
genus Apis live only under tropical conditions 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 regarding the original environment. There
will always be gaps in the puzzle 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, soil-loving,
bark inhabitants, or parasites, and identifying the associated
predators, vertebrates, and special habitats.
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Anatomy: Head, Thorax,
Abdomen, and Genitalia

David H. Headrick
California Polytechnic State University

Gordon Gordh
U.S. Department of Agriculture

A 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
concerned with the form and function of anatomical struc-
ture; because anatomy is an expression of organic evolution,
morphology secks 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
much about insect anatomy remains to be revealed, described,
and understood. This article focuses on the anatomical struc-
tures of the three major tagmata of the insect body: head, thorax,
and abdomen, and on the external genitalia. A hypothetical
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 anatomical struc-
ture because relative position is one of the three basic tenets of
homology, including size and 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 material 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 that defines body shape, size, and color. The ultra-
structure of the integument is composed of living cells and the
secretory products of those cells. Each layer is of a different
thickness and chemical composition, and each displays
physical properties different from those of the surrounding

FIGURE 1 Fossil insects are easily recognizable today, indicating an early

establishment of a successful design. Left to right: Heplagenes (Late Jurassic
150 mya, Liaoning, China); cricket (Eocene, 50 mya, Green River
formation, Utah); fulgorid (Eocene, 50 mya, Green River formation, Utah).
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layers. Perhaps more importantly, the integument also is the
organ with the greatest diversity of structure and function.

There are two common misconceptions about the integu-
ment. First, some believe chitin is responsible for integument
hardness. Actually, there is proportionally more chitin found
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 molting; 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 modifications. Among
these shapes are “cursorial,” “gressorial,” “raptorial,” “fosso-
rial,” and “scansorial.” Again, these modifications of shape
reflect the function of structure. Finally, wing shapes are highly
variable 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 reproduc-
tion. But even casual observations reveal further divisions of
these body regions.

Segmentation of Tagmata

Two types of segmentation are evident among arthropods,
primary 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 margin 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 struc-
tural modifications. Secondary segmentation is characteristic
of hard-bodied arthropods, including adult and nymphal

insects. Secondary body segmentation is an evolutionarily
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FIGURE 2 Secondary segmentation. Top: diagram of sagittal section of dorsal sclerites of thorax. Bottom: ventral view of abdominal sternites showing overlap

due to secondary segmentation (Coleoptera: Scarabacidae).

derived anatomical feature. The musculature we see in
secondary segmentation is intersegmental, or between
segments (Fig. 2). The acquisition of secondary segmentation
represents a major evolutionary step in the development of
the Arthropoda. The soft-bodied arthropod has primary
segmentation and muscles that are /ntrasegmental, 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 hardened, 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 positioned
between inflexible (hardened) body parts. Exceptions may be
seen in the indirect flight mechanism of pterygote insects.

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 apparent 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 sclerotization. Sclerites, also called “plates,”
are variable in size and shape. Sclerites do not define anatomi-
cal areas and do not reflect a common 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
internal 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 types. First, sutures (Latin, sutura
= seam), in the traditional sense of vertebrate anatomists,
provide seams that are produced by the union of adjacent
sclerotized parts of the body wall. On the insect body, sutures
appear as etchings on the surface of the body and form lines of
contact between sclerites. Second, sulci (Latin, sulcus = furrow)
represent any externally visible line formed by the inflection
of cuticle. Biomechanically, a sulcus forms a strengthening
ridge. In contrast, lines of weakness are cuticular features that
are used at molting. Lines of weakness are frequently named
as if they were sutures, but they should not be viewed as such.
For instance, the ecdysial cleavage line is a line of weakness
that is sometimes considered to be synonymous with the
epicranial suture. The two features are similar in position and
appearance, but structurally they may have been derived
from different conditions. Finally, apodemes (Greek, apo =
away; demas = body) are hardened cuticular inflections of the
body wall that are usually marked externally by a groove or
pit. Structures called apophyses (Greek, apo = away; phyein =
to bring forth) are armlike apodemes. Apodemes have been
defined as a hollow invagination or inflection of the cuticle
and an apophysis as a solid invagination. Functionally,
apodemes strengthen the body wall and serve as a surface for
muscle attachment.
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FIGURE 3 (A) Anterior view of the head of a grasshopper (Orthoptera: Acrididae). (B) Larval pterygote head showing epicranial and frontal sutures

(Lepidoptera: Noctuidae). (C) Posterior aspect of the head (Orthoptera: Stenopelmatidae).

Sclerites receive different names depending upon the region
of the body they are located. Tergites (Latin, tergum = back)
are sclerites that form a subdivision of the dorsal part of the
body wall (tergum). Latrotergites are sclerites that form as a
subdivision of the lateral portion of the tergum. Sternites
(Latin, sternum = breast bone) are sclerites that form as a
subdivision of the ventral part of the body wall (sternum), or
any of the sclerotic components of the definitive sternum.
Pleurites (Greek, pleura = side) are sclerites in the pleural
region of the body wall that are derived from limb bases.

HEAD

The head is a controversial area for anatomical nomenclature,
but it provides some of the best examples of evolutionary
trends in anatomy. Most insect morphologists believe that
the head of modern insects represents the fusion of several
segments that were present in an ancestral condition. However,
the number of segments included in the ground plan of the

insect head has been a contentious issue among morphologists
for more than a century. Any argument that attempts to explain
head segmentation must take into account comparative
anatomical, embryological, and paleontological evidence, and
must examine modern forms of ancestral insects.

Ground Plan of the Pterygote Head

Given the difficulty in homologizing anatomical features of
the head, we describe regions associated with landmarks of a
ground plan or an idealized hypognathous insect head. In
terms of modern insects, the Orthoptera probably come
closest to displaying all the important landmark sutures and
sclerites that form the head (Fig. 3A).

The vertex (Latin, vertex = top; pl., vertices) is the apex or
dorsal region of the head between the compound eyes for
insects with a hypognathous or opisthognathous head. This
definition does not apply to prognathous heads because the
primary axis of the head has rotated 90° to become parallel
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to the primary axis of the body. The vertex is the area in
which ocelli are usually located. In some insects this region
has become modified or assumes different names.

The ecdysial suture (coronal suture + frontal suture, epicra-
nial suture, ecdysial line, cleavage line) is variably developed
among insects. The suture is longitudinal on the vertex and
separates epicranial halves of the head (Fig. 3B). Depending
on the insect, the ecdysial suture may be shaped likeaY, a U,
or a V. The arms of the ecdysial suture that diverge anteroven-
trally, called the frontal sutures (frontogenal sutures), are not
present in all insects (Fig. 3B). Some of these complexes of
sutures are used by insects to emerge from the old integu-
ment during molting.

The frons is that part of the head immediately ventrad of
the vertex (Fig. 3A). The frons varies in size, and its borders
are sometimes difficult to establish. In most insects the frons
is limited ventrally by the frontoclypeal suture (epistomal
suture), a transverse suture located below the antennal
sockets. As its name implies, the suture separates the dorsal
frons from the ventral clypeus (Fig. 3A).

The face is a generalized term used to describe the antero-
medial portion of the head bounded dorsally by the insertion
of the antennae, laterally by the medial margins of the com-
pound eyes, and ventrally by the frontoclypeal suture. In some
insects the area termed the face is coincident with some,
most, or all of the frons.

The clypeus (Latin, shield) is a sclerite between the face
and labrum (Fig. 3A). Dorsally, the clypeus is separated from
the face or frons by the frontoclypeal suture in primitive
insects. Laterally, the clypeogenal suture demarcates the
clypeus. Ventrally, the clypeus is separated from the labrum
by the clypeolabral suture (Fig. 3A). The clypeus is highly
variable in size and shape. Among insects with sucking
mouthparts the clypeus is large.

The gena (Latin, cheek; pl., genae) forms the cheek or scle-
rotized area on each side of the head below the compound eye
and extending to the gular suture (Fig. 3). The size of the gena
varies considerably, and its boundaries also often are difficult to
establish. In Odonata the gena is the area between compound
eye, clypeus, and mouthparts. The postgena (Latin, post = after;
gena = cheek; pl., postgenae) is the portion of the head imme-
diately posteriad of the gena of pterygote insects and forms the
lateral and ventral parts of the occipital arch (sensz Snodgrass)
(Fig. 3). The subgenual area is usually narrow, located above
the gnathal appendages (mandible and maxillae), and includes
the hypostoma (Figs. 3 and 4) and the pleurostoma. The pleu-
rostoma is the sclerotized area between the anterior attachment
of the mandible and the ventral portion of the compound eye.
The hypostoma is posteriad of the pleurostoma between the
posterior attachment of the mandible and the occipital
foramen. The subgenal suture forms a lateral, submarginal
groove or sulcus on the head, just above the bases of the
gnathal appendages (Fig. 4). The subgenal suture is continuous
anteriorly with the frontoclypeal suture in the generalized ptery-
gote head. Internally, the subgenal suture forms a subgenal
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FIGURE 4 Generalized view of an insect head. [This and other line
drawings after Snodgrass, R. E. (1935). “Principles of Insect Morphology,”
McGraw-Hill Co.].

ridge that presumably provides structural support for the head
above the mandible and maxillae. In some instances, the sub-
genal suture is descriptively divided in two. The part of the
suture that borders the proximal attachment of the mandible to
the head (Fig. 4) is called the pleurostomal suture (the ventral
border of the pleurostoma). The posterior part of the subgenal
suture from the mandible to the occipital foramen is called the
hypostomal suture (the ventral border of the hypostoma).

Head Size and Shape
The size and shape of the head and its appendages reflect

functional adaptations that can be used to explain biological
details of the insect—the realm of morphology as opposed to
anatomy.

SIZE Upon casual observation, the size of any given
insect’s head appears to be in proportion to the size of its
body. A head that is disproportionately small or large relative
to body size suggests that some adaptation has taken place
that serves a functional need. Proportional head size varies
considerably in the Insecta. Some fly families have very tiny
heads in relation to their body size (e.g., Diptera:
Acroceridae). Among Orthoptera, grass-feeding species
typically have larger heads than herbaceous-feeding species.
The large head is filled with powerful adductor muscles
because grasses (monocots) are more difficult to chew than
dicotyledonous plants. Furthermore, the postseedling stages
of grasses are nutrient poor, meaning that more grass must be
bitten, chopped, or ground to provide adequate nutrition.

SHAPE Head shape varies considerably among insects.
Many unusual shapes seem to be influenced by behavior and
may be used to illustrate examples of structural form and
function. The functional importance of head shape may be
difficult to determine in preserved specimens. A few hours of
observation with living insects can provide considerable
insight into the importance of shape. Globular heads are seen
in some insects, including the burrowing crickets (e.g.,



stenopelmatines and gryllids). This form of head is adapted
for pushing soil. Hypercephalic heads are seen in the males of
some Diptera (Sepsidae, Diopsidae, Drosophilidae, and
Tephritoidea) (Pteromalidae and
Eurytomidae); the broad heads of the males are featured in

and Hymenoptera

various aspects of courtship behaviors.

Topographical Features of the Head

Morphologists experience considerable difficulty in defining
regions and determining homologies of structure on the insect
head. We cannot unambiguously characterize topographical
features of the insect head because more than a million species
are involved in the definition, and they show incredible
diversity in head anatomy. Shape alone is not adequate or
suitable because there are many head shapes, and often a
head shape can be derived independently in several unrelated
lineages. Some head shapes are influenced by behavior.

AXTAL POSITION = The posture or orientation of the head
in its resting position relative to the long axis of the body can
be important in providing definitions of the anatomical fea-
tures of the head. Axial position in insects typically falls into
three basic categories: hypognathous, prognathous, and
opisthognathous.

In general zoological usage, the word “hypognathous”
(Greek, hypo = under; gnathos = jaw) serves to designate
animals whose lower jaw is slightly longer than the upper jaw.
In entomological usage, “hypognathous” refers to insects with
the head vertically oriented and the mouth directed ventrad.
Most insects with a hypognathous condition display an occip-
ital foramen near the center of the posterior surface of the
head. The hypognathous condition is considered by most insect
morphologists to represent the primitive or generalized condi-
tion. The hypognathous position is evident in most major
groups of insects and can be seen in the grasshopper, house
fly, and honey bee. Other conditions are probably derived from
ancestors with a hypognathous head.

In general zoological usage “prognathous” (Greek, pro =
forward; gnathos = jaw) refers to animals with prominent or
projecting jaws. In entomological usage, the prognathous con-
dition is characterized by an occipital foramen near the vertexal
margin with mandibles directed anteriad and positioned at the
anterior margin of the head. When viewed in lateral aspect, the
primary axis of the head is horizontal. Some predaceous insects,
such as carabid beetles and earwigs, display the prognathous
condition. In other insects, such as cucujid beetles and
bethylid wasps, the prognathous position may reveal a solution
to problems associated with living in concealed situations such
as between bark and wood or similar confined habitats.

In general zoological usage, “opisthognathous” (Greek,
opisthos = behind; gnathos = jaw) refers to animals with
retreating jaws. In entomological usage, the opisthognathous
condition is characterized by posteroventral position of the
mouthparts resulting from a deflection of the facial region.
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The opisthognathous condition is displayed in many fluid-
feeding Homoptera, including leathoppers, whiteflies, and
aphids.

SUTURES OF THE HEAD Head sutures are sometimes
used to delimit specific areas of the head, but there are
problems. Establishing homology of sutures between families
and orders is difficult. From a practical viewpoint, standards
have not been developed for naming sutures among insect
groups. Some names are based on the areas delimited (e.g.,
frontoclypeal suture); other sutures are named for the areas in
which the suture is found (e.g., coronal suture). Sutures
frequently have more than one name (e.g., frontoclypeal
suture and epistomal suture are synonymous).

The compound eye is an important landmark on the insect
head. An ocular suture surrounds the compound eye and
forms an inflection or an internal ridge of the integument
(Figs. 3, 4). The ocular suture is not present in all insects and
is difficult to see in some insects unless the head is chemically
processed for microscopic examination. When present, the
ocular suture probably provides strength and prevents
deformation of the compound eye.

A subocular suture extends from the lower margin of the
compound eye toward the subgenal suture. In some species
the subocular suture (Fig. 4). may extend to the subgenal
suture; in other species it may terminate before reaching
another landmark. This suture is straight and commonly
found in the Hymenoptera, where it may provide additional
strength for the head.

POSTERIOR ASPECT OF THE HEAD The entire poste-
rior surface of the head is termed the postcranium (Fig. 3).
The surface may be flat, concave, or convex, depending on
the group of insects. The occiput (Latin, back of head) of
pterygote insects is the posterior portion of the head between
the vertex and cervix (Latin, neck). The occiput is rarely present
as a distinct sclerite or clearly demarcated by “benchmark”
sutures. When present, the occiput signifies a primitive head
segment. In some Diptera the occiput forms the entire
posterior surface of the head. In other insects it forms a
narrow, horseshoe-shaped sclerite.

The occipital suture (hypostomal suture sezsz MacGillivray)
is well developed in orthopteroids, but it is not present in
many other groups of pterygote insects (Fig. 3C). When pre-
sent, the occipital suture forms an arched, horseshoe-shaped
groove on the back of the head that ends ventrally, anterior to
the posterior articulation of each mandible. Internally, the occip-
ital suture develops into a ridge, providing strength for the head.

The postoccipital suture is a landmark on the posterior
surface of the head and is typically near the occipital foramen
(Fig. 3C). The postoccipital suture forms a posterior
submarginal groove of the head with posterior tentorial pits
marking its lower ends on either side of the head. Some
morphologists regard this suture as an intersegmental
boundary (labium) between the first and second maxillae.
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FIGURE 5 Occipital closures (diagrammatic): (A) hypostomal bridge, (B) postgenal bridge, (C) gula and (D) ventral view of gula of adult ground beetle

(Coleoptera: Carabidae).

Internally, the postoccipital suture forms the postoccipital
ridge that serves as an attachment for the dorsal prothoracic
and cervical muscles of the head. The absence of the post-
occipital suture in pterygote insects is a derived condition.

The postocciput of pterygotes forms the extreme posterior,
often U-shaped sclerite that forms the rim of the head behind
the postoccipital suture. The postocciput is interpreted as a
sclerotic remnant of the labial somite in ancestral insects.

In pterygotes such as Orthoptera the occipital foramen
and the mouth are not separated. More highly evolved insects
have developed sclerotized separations between the
mouthparts and the occipital foramen. At least three types of
closure have been identified (Fig. 5): the hypostomal bridge,
the postgenal bridge, and the gula. An understanding of
these structures provides insight into the operation of the
head and suggests evolutionary trends in feeding strategies.

The hypostomal bridge is usually developed in adult heads
displaying a hypognathous axial orientation. The bridge is
formed by medial extension and fusion of hypostomal lobes
(hypostoma) (Fig. 5A). The hypostomal bridge is the ground
plan condition of closure for the posterior aspect of the head,
but it is not restricted to primitive insects. The hypostomal
bridge is found in highly developed members of the

Heteroptera, Diptera, and Hymenoptera. In Diptera the
hypostomal bridge also has been called the pseudogula.

The postgenal bridge is a derived condition from the
hypostomal ground plan and is developed in adults of higher
Diptera and aculeate Hymenoptera. The bridge is character-
ized by medial extension and fusion of the postgenae, follow-
ing a union of the hypostoma (Fig. 5B). The posterior tentorial
pits retain their placement in the postoccipital suture.

The gula (Latin, gullet; pl., gulae) is developed in some
Coleoptera, Neuroptera, and Isoptera. Typically, the gula is
developed in heads displaying a prognathous axial orientation
and in which posterior tentorial pits are located anteriad of the
occipital foramen. (Fig. 5C, D). The median sclerite (the gula)
on the ventral part of a prognathous head apparently forms
de novo in the membranous neck region between the lateral
extensions of the postocciput. The gula is a derived condition
that is found in some but not all prognathous heads.

Endoskeletal Head Framework

Although the hardened integument of the head forms a
structurally rigid capsule, this design is insufficient to solve
the problems associated with muscle attachment and



maintaining structural integrity during chewing. Thus,
insects have evolved a tentorium (Latin, tent; pl., tentoria): a
complex network of internal, hardened, cuticular struts that
serve to reinforce the head. The tentorium forms as an
invagination of four apodemal arms from the integument in
most pterygote insects. The tentorium strengthens the head
for chewing, provides attachment points for muscles, and
also supports and protects the brain and foregut.

Anatomically, the tentorium consists of anterior and
posterior arms. In most insects, the anterior arms arise from
facial inflections located just above the anterior articulations
of the mandibles. Externally, the arms are marked by anterior
tentorial pits positioned on the frontoclypeal or subgenal
(pleurostomal) suture (Fig. 4). Internally, the anterior region
may form a frontal plate. Posterior arms originate at the
ventral ends of the postoccipital inflection. They are marked
externally by posterior tentorial pits (Fig. 4). The posterior
arms usually unite to form a transverse bridge or corpus
tentorii (internally) across the back of the head. Dorsal arms
(rami), found in many insects, arise from the anterior arms.
They attach to the inner wall of the head near antennal
sockets. The dorsal arms are apparently not an invagination
of cuticle, because pits do not mark them externally.

Mandible Articulation and Musculature

The hypothetical ancestor of insects is thought to possess a
mandible with one point of articulation. Later, insects
acquired a second point of articulation. The basis of this
assumption comes from a survey of the Hexapoda in that the
modern Apterygota have a monocondylic mandible and the
Pterygota have a dicondylic mandible.

The term condyle (Greek, kondylos = knuckle) refers
specifically to a knoblike process. For the mandible, the
condyle is the point of articulation with the head. On the
head itself is an acetabulum (Latin, acetabulum = vinegar
cup), a concave surface or cavity for the reception and articu-
lation of the condyle (Fig. 6).

The dicondylic mandible is the derived condition and is
found in the Lepismatidae and Pterygota. The dicondylic
mandible has secondarily acquired an articulation point ante-
rior to the first point in the monocondylic mandible. These
attachments form a plane of attachment. In the monocondylic
mandible there is no plane of attachment, and the mandibles
move forward or rearward when the muscles contract. The
two points of articulation create a plane of movement that
restricts the direction of mandible movement.

THORAX

The thorax represents the second tagma of the insect body.
The thorax evolved early in the phylogenetic history of
insects. In most Paleozoic insects the thorax is well developed
and differentiated from the head and abdomen, and the three
distinct tagmata probably developed during the Devonian.
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(Orthoptera: Stenoplematidae).

In terms of insect phylogeny, the thorax of Apterygota is
strikingly different in shape compared with the head or
abdomen. Of modern apterygotes only the Collembola display
taxa in which thoracic tagmatization and segmentation are
not obvious.

Apparently, the primary, functional role of the thorax has
always been locomotion, since the primary modifications of
the thorax have been for locomotion (first walking, and then
flight). Modification for locomotion probably developed
before other morphological adaptations, such as metamor-
phosis. Diverse independent and interdependent mechanisms
for locomotion have evolved throughout the Insecta, includ-
ing walking, flight, and jumping. Active participation in flight
by insects is unique among invertebrates.

Anatomy of the Thorax

The cervix is the connection between the head (occipital
foramen) and the anteriormost part of the thorax
(pronotum) (Fig. 2). Typically, the area between the head and
pronotum is membranous. The ground plan for the insect
cervix contains two cervical sclerites on each side of the head
that articulate with an occipital condyle of the head and the
prothoracic episternum. Musculature attached to these
sclerites increases or decreases the angle between the sclerites,
and creates limited mobility of the head.

The thorax of modern insects consists of three segments
termed the prothorax, mesothorax, and metathorax. The last
two collectively are called the pterothorax (Greek, ptero = wing
or feather) because extant insects bear wings on these segments
only. The individual dorsal sclerites or terga of the thoracic
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segments are also known as nota (Greek, notos = back; sing,
notum). The nota of Apterygota and many immature insects
are similar to the terga of the abdomen with typical secondary
segmentation. The nota of each thoracic segment are serially
distinguished as the pronotum, mesonotum, and metanotum.

The size and shape of the prothorax are highly variable. The
prothorax may be a large plate as in Orthoptera, Hemiptera,
and Coleoptera, or reduced in size forming a narrow band
between the head and mesothorax as in Hymenoptera. The
prothorax is usually separated or free from the mesothorax.
The sclerites are separated by a membrane that may be large
and conspicuous in more primitive holometabolous insects
such as Neuroptera and Coleoptera, or reduced in size in
more highly evolved holometabolous insects such as Diptera
and Hymenoptera.

The pterothorax includes the thoracic segments immediately
posteriad of the prothorax. In winged insects the relationship
between thoracic segments involved in flight can be complicat-
ed. In contrast, the thorax of larval insects and most wingless
insects is relatively simple. The mesothorax and metathorax of
these insects are separated by membrane. Adult winged insects
show a mesothorax and metathorax that are consolidated (i.e.,
more or less united) to form a functional unit modified for
flight.

The development of the pterothoracic segments varies
among winged insects. When both pairs of wings participate
equally in flight, the two thoracic segments are about the same
size. This condition is seen in Odonata, some Lepidoptera, and
some Neuroptera. When one pair of wings is dominant in
flight, the corresponding thoracic segment is commensurately
larger and modified for flight, whereas the other thoracic
segment is reduced in size. This condition is seen in Diptera
and Hymenoptera, where the forewing is large and dominant
in flight. The reverse condition is seen in the Coleoptera,
where the hind wing is large and dominant in flight.

In more closely related insect groups, such as families
within an order, that are primitively wingless or in which wings
have been secondarily lost in modern or extant species, many
modifications to the thorax occur. Many wingless forms can be
attributed to environmental factors that promote or maintain
flightlessness. For instance, island-dwelling insects are
commonly short winged (brachypterous), or wingless,
whereas their continental relatives are winged, presumably
because for island species, flight increases the likelihood of
being carried aloft, moved out to sea, and subsequently lost
to the reproductive effort of the population. The anatomical
consequences of flightlessness can be predictable; in the
Hymenoptera, short wings bring a disproportionate
enlargement of the pronotum and reduction in size of the
mesonotum and metanotum.

Sutures and Sclerites of Wing-Bearing Segments

The wing-bearing segments of the thorax are subdivided into
a myriad of sclerites that are bounded by sutures and
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FIGURE 7 Diagram of the pterygote pterothorax.

membranous areas. These sutures and sclerites are the
product of repeated modification of the thorax in response to
various demands placed on the insect body by the
environment. Similar modifications have occurred
independently in many groups of insects; some modifications
are unique. Generalizations are difficult to make, given the
large number of sutures and sclerites, coupled with the

number of insects that there are to consider.

Dorsal Aspect

The nota of the pterothorax are further subdivided into the
prescutum, scutum, and scutellum; again, serially distinguished
as mesoscutum and mesoscutellum, and metascutum and
metascutellum (Fig. 7). Additionally, there are sclerites anterior
and posterior to the notum, as discussed shortly.

The prescutum is the anterior portion of the scutum,
laterally bearing prealar bridges separated by the prescutal
suture from the mesoscutum. The scutum is the largest dorsal
sclerite of the notum and is bounded posteriorly by the
scutoscutellar suture, which divides the notum into the
scutum and scutellum. The scutellum is generally smaller
than the scutum. In Heteroptera it is a small triangular
sclerite between the bases of the hemelytra. In Coleoptera the
scutellum is the small triangular sclerite between the bases of
the elytra. In Diptera and Hymenoptera the scutellum is
relatively large, forming a subhemispherical sclerite, sometimes
projecting posteriad. The posteriormost sclerite of the notum
is the postnotum, separated from the notum by secondary
segmentation. In some insects there is a postscutellum
(metanotal acrotergite) that forms the posteriormost thoracic
sclerite of the metanotum, or the posteriormost sclerite of the
thorax. In Diptera the postscutellum appears as a transverse
bulge below the scutellum.

The acrotergite and postnotum deserve further
explanation. Again, the anteriormost sclerite is an acrotergite,
the anterior precostal part of the notal plate. The postnotum
is an intersegmental sclerite associated with the notum of the
preceding segment. The postnotum bears the antecosta, a
marginal ridge on the inner surface of the notal sclerite



corresponding to the primary intersegmental fold. The
postnotum also usually bears a pair of internal projecting
phragmata. The antecostal suture divides the acrotergite from
the antecosta, the internal ridge marking the original
intersegmental boundary. Thus, when the antecosta and
acrotergite are developed into larger plates and are associated
with the notum anterior to them, they are referred to as a
postnotum. The final structure associated with the dorsal
aspect of the pterothorax is the alinotum (Greek, a/z = wing;
notos = back; pl., alinota). The alinotum is the wing-bearing
sclerite of the pterothorax.

Wing Articulation

The thoracic components necessary for wing movement
include the prealar bridge, anterior notal wing process, and
posterior notal wing process. The components of the wing
itself that articulate with the thoracic components are the
humeral and axillary sclerites; they form the part of the wing
closest to the body and are not treated in this article.

The prealar bridge is a heavily sclerotized and rigid
supporting sclerite between the unsclerotized membrane of
the pterothorax and the pleuron; it supports the notum
above the thoracic pleura. The prealar bridge is comprosed of
cuticular extensions from the anterior part of the prescutum
and antecosta. The anterior notal wing process is the anterior
lobe of the lateral margin of the alinotum supporting the first
axillary sclerite (Fig. 7). The posterior notal wing process is
a posterior lobe of the lateral margin of the alinotum that
supports the third axillary sclerite of the wing base (Fig. 7).

Lateral Aspect

The pleuron (Greek = side; pl., pleura) is a general term
associated with the lateral aspect of the thorax. Adults,
nymphs, and active larvae all display extensive sclerotization
of the pleural area. Sclerites forming this part of the body
wall are derived from the precoxa, subscoxa, or supracoxal
arch of the subcoxa.

PLEURAL REGIONS OF THE THORAX

Apterygota and Immature Plecoptera The anapleurite
is the sclerotized area above the coxa (supracoxal area) (Fig. 8).
The coxopleurite is a sclerotized plate situated between the coxa
and the anapleurite (Fig. 8). It bears the dorsal coxal articu-
lation, the anterior part of which becomes the definitive
trochantin. The sternopleurite, or coxosternite, is the
definitive sternal sclerite that includes the areas of the limb
bases and is situated beneath the coxa (Fig. 8).

Pterygota The basalare is a sclerite near the base of the
wing and anterior to the pleural wing process (Fig. 9). The
basalare serves as a place of insertion for the anterior pleural
muscle of the wing. The subalare is posterior to the basalare
and the pleural wing process (Fig. 9). It too serves as a place
for insertion of the wing’s posterior pleural muscle. The tegula
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FIGURE 8 Pleural aspect of the apterygote thorax: diagrammatic.

is the anterior most independent sclerite associated with the
wing base. The tegula is typically scalelike, articulates with
the humeral sclerite, and protects the wing base from
physical damage. The tegula is absent from Coleoptera and
from the metathorax of most orders. The pleural wing
process is located at the dorsal end of the pleural ridge and
serves as a fulcrum for the movement of the wing (Fig. 9).
The parapteron is a small sclerite, articulated on the dorsal
extremity of the episternum just below the wings (Fig. 7).

The pleural suture is an easily visible landmark on the
pterothoracic pleura (Fig. 9). It extends from the base of the
wing to the base of the coxa. The pleural ridge is formed inter-
nally by the pleural suture and braces the pleuron above the leg.
The episternum is a pleural sclerite anterior to the pleural suture
and sometimes adjacent to the coxa (Fig. 9); the episternum is
typically the largest lateral thoracic sclerite between the
sternum and the notum. The epimeron is the posterior
division of a thoracic pleuron adjacent to the coxa and
posterior to the pleural suture (Fig. 9); it is typically smaller
than the episternum and narrow or triangular. The episternum
and the epimeron of many insects have become subdivided
into several secondary sclerites bounded by sutures. The
simplest condition shows the episternum divided into a dorsal
anepisternum and a ventral katepisternum (Fig. 9). Similarly,
the epimeron is divided into an anepimeron and katepimeron.
The trochantin is a small sclerite at the base of the insect leg of
some insects (Figs. 7, 9). Some workers theorize that the
trochantin may have developed into the pleural wall. The
trochantin is often fused to the episternum or absent.

The precoxal bridge is anterior to the trochantin, usually
continuous with the episternum, frequently united with the
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FIGURE 9 Lateral aspect of the pterygote thorax (Orthoptera: Acrididae).
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basisternum, but also occurs as a distinct sclerite (Fig. 9). The
postcoxal bridge is the postcoxal part of the pleuron, often
united with the sternum behind the coxa (Fig. 9). The
sclerite extends behind the coxa and connects the epimeron
with the furcasternum. The meron is a lateral, postarticular
basal area of the coxa and is sometimes found disassociated
from the coxa and incorporated into the pleuron. The meron
is typically large and conspicuous in panorpid and
neuropteran insects. In Diptera the meron forms a separate
sclerite in the thoracic pleuron.

Ventral Aspect

The ground plan of the sternum (Greek, sternon = chest; pl.,
sterna) consists of four sclerites, including an intersternite
(spinasternite), two laterosternites (coxosternites), and a
mediosternite (Fig. 10). The mediosternite and the lateros-
ternite meet and join, and the line of union is called the
laterosternal sulcus (pleurosternal suture) (Fig. 10).

Paired furcal pits are found in the laterosternal sulcus
(Fig. 10). A transverse sternacostal sulcus bisects the ventral
plate and thereby forms an anterior basisternite and posterior
furcasternite (Fig. 10). The basisternite (basisternum) is the
primary sclerite of the sternum (Fig. 10). It is positioned
anterior to the sternal apophyses or sternacostal suture and
laterally connected with the pleural region of the precoxal
bridge. The furcasternite (furcasternum) is a distinct part of
the sternum in some insects bearing the furca (Fig. 10). The
spinasternum is a “spine-bearing” intersegmental sclerite of
the thoracic venter, associated or united with the preceding
sternum. The spinasternum may become part of the
definitive prosternum or mesosternum, but not of the
metasternum. The sternellum is the second sclerite of the
ventral part of each thoracic segment, frequently divided into
longitudinal parts that may be widely separated (Figs. 7, 10).

ABDOMEN

The abdomen is more conspicuously segmented than either
the head or the thorax. Superficially, the abdomen is the least
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FIGURE 10 Ventral aspect of the thorax (Orthoptera: Acrididae).

specialized of the body tagma, but there are notable exceptions
such as the scale insects. The abdomen characteristically lacks
appendages except cerci, reproductive organs, and pregenital
appendages in adult Apterygota and larval Prerygorta.

Ground Plan of the Abdomen

The ground plan abdomen of an adult insect typically consists
of 11 to 12 segments and is less strongly sclerotized than the
head or thorax (Fig. 11). Each segment of the abdomen is rep-
resented by a sclerotized tergum, sternum, and perhaps a pleu-
rite. Terga are separated from each other and from the adjacent
sterna or pleura by a membrane. Spiracles are located in the
pleural area. Modification of this ground plan includes the
fusion of terga or terga and sterna to form continuous dorsal or
ventral shields or a conical tube. Some insects bear a sclerite in
the pleural area called a laterotergite. Ventral sclerites are some-
times called laterosternites. The spiracles are often situated in
the definitive tergum, sternum, laterotergite, or laterosternite.

During the embryonic stage of many insects and the
postembryonic stage of primitive insects, 11 abdominal
segments are present. In modern insects there is a tendency
toward reduction in the number of the abdominal segments,
but the primitive number of 11 is maintained during
embryogenesis. Variation in abdominal segment number is
considerable. If the Apterygota are considered to be
indicative of the ground plan for pterygotes, confusion
reigns: adult Protura have 12 segments, Collembola have six.
The orthopteran family Acrididae has 11 segments, and a
fossil specimen of Zoraptera has a 10-segmented abdomen.

Anamorphosis is present among some primitive ancestral
hexapods such as the Protura—they emerge from the egg
with eight abdominal segments and a terminal telson.
Subsequently, three segments are added between the telson
and the last abdominal segment with each molt. In contrast,
most insects undergo epimorphosis in which the definitive
number of segments is present at eclosion. Given the extent
of variation in abdominal segmentation, morphologists
conventionally discuss the abdomen in terms of pregenital,
genital, and postgenital segmentation.

Abdominal Anatomy

Typically, the abdominal terga show secondary segmentation
with the posterior part of a segment overlapping the anterior
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FIGURE 11 Insect abdomen (Orthoptera: Acrididae).



part of the segment behind it (Fig. 11). Such overlap prevents
damage or injury to the animal while it moves through the
environment, particularly in confined spaces.

The pregenital segments in male insects are numbered 1
through 8; the pregenital segments in female insects are
numbered 1 through 7 (Fig. 11). Among the Apterygota,
male genitalia in Collembola are positioned between
segments 5 and 6 and in Protura between segments 11 and
the paraproct. Genital segments of Pterygota include
segment 9 in males and segments 8 and 9 in females.
Postgenital segments of pterygote insects are 10 and 11 in
females and 9 and 10 in males.

In general there is little modification of the pregenital
sclerites. A notable exception is found in the Odonata. Male
Odonata do not have an intromittent organ on segment 9.
Instead, the male moves the abdominal apex forward and
deposits sperm in a reservoir along the anterior margin of the
third abdominal sternum. Other modifications of the
pregenital sclerites are not related to sexual behavior. Some of
these modifications are glandular.

Modification of the genital sclerites from the ground plan
is frequently observed among insects. Adult Prerygota are
characterized by a well-developed reproductive system,
including organs of copulation and oviposition. This duality
of function has resulted in considerable differentiation of
associated segments and contributed to difference of opinion
regarding homology of genitalic parts. Among pterygote
insects the male genitalia are generally positioned on segment
9. The ninth sternum is called a hypandrium (Greek, Aypo =
beneath; aner = male; Latin, -ium = diminutive) in many
insects, including Psocoptera. In Ephemeroptera, the tenth
sternum is called a hypandrium. Fusion of segments 9 and 10
in Psocoptera results in a structure called the clunium (Latin,
clunais = buttock).

The gonopore (Greek, gone = seed; poros = channel) of the
female reproductive system serves as the aperture through
which the egg passes during oviposition. The gonopore
usually is located on segment 8 or 9. Enlargement of sternum
8 in some female insects is called a subgenital plate.

Modification of postgenital sclerites is frequently observed
and seems to be a functional response to adaptations associated
with copulation and oviposition. Some modifications include
fusion of the tergum, pleuron, and sternum to form a
continuous sclerotized ring. The phenomenon is notable in
apterygota and pterygote insects.

The eleventh abdominal segment forms the last true
somite of the insect body. Frequently, this segment is found in
embryonic stages of primitive insects even when it cannot be
observed in postemergent stages. When the eleventh segment
is present, it forms a conical endpiece that bears an anus at the
apex, flanked laterally by cerci (Greek, kerkos = tail) (Fig. 12).
The dorsal surface of the eleventh segment is called an epiproct
(Greek, epi = upon; proktos = anus); the ventrolateral surface
is called a paraproct (Greek, para = beside; proktos = anus)
(Fig. 12). A longitudinal, medial, membranous area connects
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FIGURE 12 Abdominal segmentation: diagrammatic.

the paraprocts ventrally. Primitive groups of extant insects such
as Thysanura and Ephemeroptera, and some fossil groups such
as Paleodictyoptera, display a conspicuous, long, median
filament that apparently projects from the apex of the
epiproct. This is called the appendix dorsalis or caudal style.
The appendage appears annulated and similar in shape to the
lateral cerci, but the function of the appendix is unknown.
The twelfth abdominal segment is called the periproct in
Crustacea, and it forms a telson in some embryonic insects.
The periproct appears in adult Protura and naiadal Odonata.

Abdominal Appendages

Presumably, the hypothetical ancestor of the Insecta was a
myriapod with one pair of appendages for each body
segment. Among contemporary insects the head appendages
are represented by the antennae, mandibles, and the first and
second maxillae. Thorax appendages are represented by legs,
whereas the wings are considered to be secondary in origin.
In most Apterygota, paired abdominal appendages are
apparent. In most true insects embryological appendages are
formed and lost before eclosion. The appendages found in
embryos apparently represent ancestral conditions that are
not expressed in postembryonic stages of modern insects. In
modern insects, most pairs of appendages have been lost, and
the irregular distribution of the remaining appendages makes
a summary evaluation difficult. Abdominal appendages do
not resemble the structure of thoracic legs of any insect.

Appendages are common among some entognathous
hexapods, and some ancestral forms display unique
abdominal appendages. Collembola are highly specialized
entognathous Hexapoda. The abdomen of Collembola bear
saltatorial appendages, which gives the group its common
name of springtail, and a ventral tube, the collophore, which
is the basis of the ordinal name.

The collophore (Greek, kolla = glue; pherein = to bear) is
found on the first abdominal segment of Collembola. The
collophore forms a ventromedial tube that is eversible with
hydrostatic pressure and is drawn inward with retractor
muscles. Some morphologists believe the collophore
represents the fusion of paired, lateral appendages of an
ancestor. An early explanation of the collophore function
noted it was an organ of adhesion. The collophore also is used
as a grooming organ in some Collembola. The collophore is
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connected to secretory glands in the head, and the median
longitudinal channel on the venter of the thorax extends
from the head to the base of the collophore.

OTHER APPENDAGES  Protura maintain short, cylindrical
appendages on each of the first three abdominal segments.
Each of these arises from membranous areas between the
posterolateral angles of the terga and sterna. The position
suggests a pleural origin.

APPENDAGES OF PTERYGOTA  The aquatic neuropteran
larva Sialis has long, tapering, six-segmented appendages on
each of the first seven body segments. These appendages
articulate to pleural coxopodites. Similar appendages are
found on the abdomen of some aquatic coleopteran larvae.

The tenth abdominal segment is present in most larval and
adult Holometabola. As noted earlier, it is sometimes fused
with segment 11. Segment 10 displays paired appendicular
processes called pygopodia in Trichoptera, Coleoptera, and
Lepidoptera. Pygopods form terminal eversible appendages in
some beetle larvae. Pygopodia are bilaterally symmetrical, with
eight podia, or feet, per side. Control of the podia is apparent
because they are not always everted or inverted. Podia are
withdrawn into the segment and have a common or median
stalk. Each podium has several rows of equally spaced acanthae
that apparently serve as holdfasts. Functionally, the acanthae
enable the larvae to attach to and move on different substrates.
When the larva walks on a flat substrate, the pygopodia are
retracted into the body. When the larva walks on the edge of
a leaf, the pygopodia are everted and used as holdfasts.

The larval prolegs of terrestrial Lepidoptera and
Symphyta are not well developed, but they are adapted to
grasping substrates. These structures are considered to be
serially homologous with legs, but they also are referred to by
some as adaptive structures with no relation to legs.

The adult pterygote abdomen has appendages that are not
generally observed. These appendages are grouped for discus-
sion based on the segments of the abdomen on which they
are found.

Pregenital appendages are rare among insects. Adult white-
flies have a curious structure on sternum 8 that propels honey-
dew away from the body. Genitalia are segmental appendages
and are treated in the next section. Postgenital appendages
include cerci (Latin, circle), which are thought to represent
primitive appendages because they are found in the Apterygota
(except Protura) and many Pterygota. Cerci originate on
abdominal segment 11 in a membranous area between the
epiproct and the paraproct (Fig. 12). In insects that have lost
segment 11, the cerci appear to originate on segment 10.
Cerci occur in all orders among the Hemimetabola except for
hemipteroids; among the Holometabola, they are found only
in the Mecoptera and Symphyta.

Cerci are highly variable in size and shape and function.
They are longer than the body in Thysanura, and in some
Orthoptera cerci may be indistinct. Cerci resemble forceps in

Japygidae and are annulated in Dictyoptera. In Dictyoptera
they detect air currents, are sensitive to sound, and may be
chemoreceptive. Some Ephemeroptera use cerci to propel
themselves through water. Japygidae and Dermaptera
probably use cerci to subdue prey. In some groups such as
Embioptera and Orthoptera, cerci are sexually dimorphic
and may serve a role in copulation.

There are some features on the insect body that appear as
appendages but are not. Urogomphi (Greek, oura = tail;
gomphos = nail; sing., urogomphus) are fixed or mobile
cuticular processes on the apical abdominal segment of some
coleopteran larvae. They may or may not be homologous
with cerci, or other true appendages.

GENITALIA

The examination of the reproductive anatomy of different
insect orders helps to develop an appreciation for the
evolutionary trends in the formation of the external genitalia.
The male genitalia are derived from the ninth abdominal
segment. The female genitalia are derived from the eighth and
ninth abdominal segments. In the female, the aperture through
which the egg passes is called a gonopore. The gonopore serves
as a boundary between the external and internal genitalia and
is usually independent of the anus. Exceptions include some
flies, such as the Tephritidae, where a common lumen termed
a cloaca serves for excretion, copulation, and oviposition.
There is usually a single, medially located gonopore. The
Dermaptera and Ephemeroptera are ancient groups of
hemimetabolous insects. Both orders display a condition in
which the lateral oviducts do not combine to form a median
oviduct. Instead, the lateral oviducts independently connect
with paired gonopores on the conjuctival membrane along
the posterior margin of the seventh abdominal segment.
Many female insects with a genitalic opening on the
posterior margin of the eighth abdominal segment display an
appendicular ovipositor (Fig. 13). The ovipositor is a
develops

appendages or segments. It functions in the precise

structure that from modified abdominal

placement of eggs. It is commonly assumed that insects that
do not show an ovipositor have ancestors that had an
ovipositor. Thus, the structure has been lost during the
course of evolutionary adaptation to a particular lifestyle.
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FIGURE 13 Appendicular ovipositor (Orthoptera: Tettigoniidae).



Female insects with a genitalic opening on the posterior
margin of the ninth abdominal segment typically display a
rudimentary or suppressed appendicular ovipositor. These
insects lack special provisions for egg placement, but
sometimes they reveal other abdominal modifications
intended to facilitate oviposition.

Female Genitalia

Morphologists often use the Thysanura as a starting point for
developing a generalized model to explain the evolution of
the external reproductive system of pterygote insects. The
thysanuran abdomen has basal sclerotized plates called
coxopodites on which styli are attached. These plates are
serially homologous along the abdomen, and the pregenital
plates are regarded as identical with the genital plates. The
plates located on segments 8 and 9 are considered to be
genital plates. The styli associated with these segments are
called gonapophyses. There are four gonapophyses on
segments 8 and 9 (i.e., a pair of styli on each segment). The
gonapophyses are medially concave and directed rearward.
The basal sclerite is called a gonocoxa, and in some
Thysanura it may be fused with the style.

The primitive pterygote with a gonopore on segment 8 has
an appendicular ovipositor that consists of three components.
A basal apparatus corresponds to the basal plate or primitive
gonocoxite of the thysanuran abdominal appendage. The
second part is the first valvifers (on the eighth sternum), and
second valvifers (on the ninth sternum) are responsible for
providing support and points of articulation for the tube
through which the egg passes (Fig. 14). Interpolated between
the first and second valvifers is a small sclerite called a
gonangulum, which articulates with the second gonocoxite
and tergum 9. The gonangulum is present in Odonata and
Grylloblatoidea. It apparently is fused with the first valvifer
in Dictyoptera and Orthoptera. In the remaining orders
these structures are highly variable.

The shaft of the ovipositor consists of two pairs of
elongate, closely appressed sclerites called the first and second
valvulae (Fig. 14). The first pair of valvulae is positioned on
the eighth abdominal sternum. The second pair of valvulae is
located on the ninth abdominal sternum and is dorsal in
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FIGURE 14 Female genitalia (diagrammatic), based on orthopteran female.

Anatomy 25

position. Third valvulae are positioned on the posterior end
of the second valvifers. These valvulae usually serve as a
sheath for the shaft of the ovipositor (Figs. 13, 14).

Male Genitalia

The primary function of the male genitalia in insects is
insemination of the female. Methods of achieving
insemination that involve special functions of the external
genitalia include clasping and holding the female, retaining
the connection with the female gonopore, the construction
of spermatophores, and the deposition of spermatophores or
semen into the female genital tract; in some insects the
injection of semen takes place directly into the female body
(traumatic insemination of some Hemiptera). Other
functions of the male genitalia include excretion and various
sensory functions.

The genitalia of male insects exhibit such an enormous
variety of shapes and constituent parts, often further
complicated by structural rotation or inversion of all or some
of the parts, that determination of a ground plan is virtually
impossible. Examination of ancient orders shows highly
variable and specialized conditions. In general, the coxites of
the eighth segment in most apterygotes are reduced and
without gonapophyses, and they are absent altogether in the
Pterygota. Thus, the male external genitalia are derived from
the ninth abdominal coxites.

Again, the Thysanura have genitalia that closely resemble
that of the pterygote orders: a median intromittent organ or
phallus, and paired lateral accessories (the periphallus of
Snodgrass). The phallus is a conical, tubular structure of
variable complexity (Fig. 15). Primitive insects may not
display differentiated parts, and the entire structure may be
long, sclerotized, and tapering apicad. In a ground plan
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FIGURE 15 Male genitalia (diagrammatic).
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condition for pterygote insects, there is a sclerotized basal
portion termed the phallobase and a distal sclerotized portion
called the aedeagus (Fig. 15). The phallobase in insects is
characterized by highly variable development: sometimes
sclerotized and supporting the aedeagus, sometimes forming
a sheath for the aedeagus. The phallobase often contains an
apodeme, which may provide support or a point for muscle
attachment. The phallobase and aedeagus are joined by a
membranous phallotheca (Fig. 15). The external walls of the
phallobase and aedeagus are called the ectophallus (Fig. 15).
The gonopore is positioned at the apex of the ejaculatory
duct and is concealed within the phallobase. The gonopore is
connected to the apex of the aedeagus via a membranous
tube called the endophallus (Fig. 15). In some insects the
endophallus may be everted through the aedeagus. The
circular aperture at the apex of the aedeagus is called the
phallotreme (Fig. 15). In some insects the endophallus and
the gonopore may be everted through the phallotreme and
into the female’s bursa copulatrix. Genital lobes referred to as
phallomeres form at the sides of the gonopore in the
ontogeny of some insects. Usually the phallomeres unite to

form the phallus.
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A ntennae are segmented appendages that function primar-
ily as chemosensory and mechanosensory structures. An
insect typically has a single pair of antennae located on its
head. Antennae in juvenile insects are often very different in
morphology from antennae in adult insects, typically being
larger or more elaborate in the adult stage. Adult antennae
may be sexually dimorphic, appearing very different in the
males and females. Antennae are absent in the wingless
insects belonging to the order Protura and may be extremely
reduced in size in some holometabolous larvae.

STRUCTURE

The overall shape of most insect antennae is elongate and
cylindrical (Fig. 1, top), although elaborations into plumose,
lamellate, or pectinate forms have arisen many times in
different insect lineages (Fig. 1, bottom). An elongate,
cylindrical morphology, probably the ancestral condition for
insect antennae, is found in fossil insects and many other
arthropods. There are three parts to an insect antenna: the
scape, the pedicel, and the flagellum. The scape is the first
segment (most proximal) of the antenna, and it is attached to
the head by a rim of flexible, intersegmental cuticle. Thus,
the scape (and the rest of the antenna) can move with respect
to the head. All the antennal segments are similarly joined to
each other by thin, flexible cuticle.

The movements of an antenna are controlled in part by
one or two pairs of muscles that attach inside the head (such

FIGURE 1 Insect antennae exhibit a variety of shapes including elongate
morphologies (top) and those with lateral elaborations (bottom). [After
Romoser, W. S., and Stoffolano, J. G., Jr. (1998). “The Science of
Entomology,” WCB/McGraw-Hill, Boston, and Loudon, C., ez al. (1994).
J. Exp. Biol. 193, 233-254, published by McGraw-Hill, with permission of
the McGraw-Hill Companies.]



as on the tentorium) with the other end attached inside the
scape. An additional pair of muscles runs from the scape to
the next segment of the antenna, the pedicel. The combined
action of these two sets of muscles is capable of moving an
antenna in almost any direction. The final (most distal)
segment of the antenna, the flagellum, is the most variable in
morphology among insects. The only insects that have
intrinsic muscles in the flagellum (joining adjacent segments)
are members of the wingless orders Collembola and Diplura.
In all other insects (the majority), there are no muscles in the
flagellum. Many specialists prefer “annulus” or “subsegment”
to “segment” for an individual part of a flagellum in this latter
group of insects, because “segment” is reserved for parts with
their own musculature. Movements of an annulated flagellum
without intrinsic musculature may still occur, such as the
spreading and closing of the lamellae or lateral extensions in
an antenna (Fig. 1, bottom), but these movements are driven
by changes in the pressure of the hemolymph (blood) inside
the antenna and thus are hydraulic rather than muscular.

In most insects, circulation of hemolymph through an
antenna is facilitated by muscular pumping by an accessory
heart located in the head near the base of the antenna. This
antennal heart pumps the hemolymph into a blood vessel that
discharges the hemolymph at the distal end of the antenna.
The return flow of the hemolymph back to the head (and the
general open circulatory system of the insect) is not inside a
blood vessel. The lumen of an antenna also contains tracheae
and nerves, which branch into any lateral extensions of the
flagellum. Sensory neurons that send action potentials in
response to chemical or physical stimuli sensed by the anten-
nae terminate in the deutocerebrum of the brain. The deuto-
cerebrum is also the site of origin for the motor neurons that
stimulate the muscles associated with the antennae.

GROWTH AND DEVELOPMENT

Antennal growth and development in holometabolous
insects (those that undergo complete metamorphosis) differs
greatly from that in other insects. In holometabolous insects,
adult antennae form from imaginal disks, which are clumps
of undifferentiated cells that will develop into adult structures.
The antennal imaginal disks may appear in the embryonic (fly)
or late larval (moth) stage of the immature insect. Properties
of the antennal imaginal disks determine to a large extent the
chemical stimuli to which an adult will respond, as is seen
from experiments in which antennal imaginal disks were cross-
transplanted between larvae, which were then reared to adult-
hood and assayed.

In hemimetabolous and apterygote (wingless) insects, the
nymphs are very similar in overall form and habit to the
adults, and their antennae resemble smaller, shorter versions
of the adult antennae. As with all external structures that are
replaced at each molt, a new antenna is formed inside the old
antenna. The primary morphological change that occurs at
each molt is that the flagellum lengthens with the addition of
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more segments or annuli, either at the distal end (orders
Collembola and Diplura), the proximal end (most other
insects), or along the length of the flagellum (some members
of the orders Orthoptera and Odonata).

Antennae are serially homologous to mouthparts and legs,
reflecting the ancestral condition of a single pair of
appendages per body segment shared by arthropods and
related groups. Common developmental features between
legs and antennae can be seen, for example, in the action of
the homeotic gene called Antennapedia, which results in the
substitution of leglike appendages for antennae on the head
when expressed ectopically in mutant Drosophila. Leglike
appendages appearing in the antennal location in adult
insects have also been observed after regeneration of
antennae following injury during the larval stage (Fig. 2).

FUNCTION

The primary function of antennae is the assessment of the
chemical and physical characteristics of the environment.
Detection is made with innervated chemosensory and
mechanosensory organs that are arrayed on the antennae. A
single antenna usually has sensory organs of several types, with
different properties. Most of the chemosensory organs are
located on the flagellum and often take the form of micro-
scopic chemosensory hairs (sensilla) each only 1 or 2 um in
diameter. Some antennae, such as the feathery pectinate
antennae of silkworms (Bombyx mori), have tens of thousands
of sensilla, which are capable of very thoroughly sampling the
air that passes in the small spaces between them. A cockroach
antenna may have hundreds of thousands of sensilla. The
chemicals that may be detected by chemoreceptors on the

FIGURE 2 Left: head of an adult Indian stick insect (Carausius morosus) with
a normal antenna on the left and a regenerated antenna with leglike mor-
phology on the right. Right: head of adult C. morosus with two regenerated
antennae with leglike morphology. [After Fig. 78 in Wigglesworth, V. B.
(1971). “The Principles of Insect Physiology.” Chapman & Hall, London,

with the kind permission of Kluwer Academic Publishers.]
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antennae are usually biological in origin and airborne
(volatiles), although (depending on the insect species) the
sampled chemical compounds are sometimes in a liquid or
associated with a solid surface. The chemicals intercepted by
antennae may alert the insect to the presence of prospective
mates, food, suitable places to lay eggs, or predators.

The physical stimuli detected by mechanoreceptors on the
antennae may be used by the insect to indicate air speed
during flight, to detect vibrations of the air, or to detect solid
boundaries in its environment by touch. While a single
mechanosensory hair will send information to the brain
about the local physical conditions existing at its microscopic
location, an antenna also has mechanosensory organs that
evaluate the physical forces acting on the antenna as a whole.
These mechanosensory organs, located near the base of the
antenna, include Johnston’s organ, Bshm bristles, hair plates
(groups of mechanosensory hairs), and campaniform sensilla
(thin flexible patches of cuticle that are innervated).
Johnston’s organ is located in the pedicel and responds to
changes of location or vibrations of the whole antenna. In
contrast, the Bshm bristles, located near the scape—pedicel
boundary, send information to the brain about the antennal
position, rather than its movements. The variety of
mechanosensory organs associated with the first two
segments of the antennae are believed to act together to
inform a flying insect about its air speed, because greater

FIGURE 3 A worker ant (Formica polyctena) cleans one of its antennae by
dragging it across the specialized comb of right foreleg. (Reprinted by per-
mission of the publisher from THE INSECT SOCIETIES by Edward O.
Wilson, Cambridge, MA.: The Belknap Press of Harvard University Press,
Copyright 1971 by the President and Fellows of Harvard College. Original
drawing by Turid Hélldobler.)

flying speed will cause greater deflection of the antennae by
the air rushing past. Contact chemosensory hairs, so called
because the chemical compounds are usually detected when
the insect is touching a liquid or solid surface with the
antennae, often have mechanosensory capabilities as well and
are usually located near the distal ends of antennae.

The function of the antennal sensory organs will be
affected by their arrangement on the antennae. For example,
sensory organs on the distal tip of a very long antenna will
permit chemical or physical sampling of the environment far
from the body of the insect. Close packing of sensory hairs
will decrease the airflow in their vicinity, and hence will modify
both the chemical and physical sampling of the environment
by those hairs. The function of the antennae will also be
dependent on the behaviors of the insect that will affect the
airflow around the antennae, such as flying, wing fanning,
postural changes, or oscillating the antennae. A structure
projecting into the environment is liable to collect debris that
might interfere with its sensory function; both antennal
grooming behaviors and modifications of leg parts against
which an antenna is scraped are common in insects (Fig. 3).
In some insects, antennae are modified for nonsensory func-
tions such as clasping mates during copulation (fleas and
collembolans), holding prey items (beetle larvae), or forming
a temporary physical connection between an underwater air
reservoir and the atmosphere (aquatic beetles).
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he ants comprise a single family, the Formicidae, within

the superfamily Vespoidea and the order Hymenoptera.
There are 16 extant subfamilies of ants with a total of 296
extant genera. Some 9000 to 10,000 species of ants have been
described, and it is estimated that there may be 15,000 species
of ants alive in the world today. The earliest known fossil ants
are from the Cretaceous (ca 105-110 mya), but ants probably
did not become common until the Eocene (ca 45 mya).

EVOLUTION AND ECOLOGICAL SUCCESS

Ants are now extremely successful ecologically. There may
even be an equal biomass of ants and humanity in the world
today. They dominate, at their size scale, many terrestrial
ecosystems from latitudes north of the boreal tree line to such
southern climes as Tierra del Fuego, Chile. In certain tropical
forests the contribution of ants to the biomass is spectacular.
In Brazilian rain forests, for example, the biomass of ants has
been estimated as approximately four times greater than the
biomass of all of the vertebrates combined.

One of the reasons ants are so successful is that their
colonies have extremely efficient divisions of labor: they
evolved factories millions of years before we reinvented them.
Another reason is that they can modify their immediate
environment to suit themselves, much as we do. Leafcutter
ants (Arta), for example, evolved agriculture tens of millions
of years before humanity developed agronomy. Furthermore,
leafcutter ants also use antibiotics and symbiotic bacteria to
protect the crop of fungi they grow on the leaves they collect.
By contrast, weaver ants (Oecophylla) fashion homes from
living leaves by sowing them into envelopes, using their
larvae as living shuttles and the silken thread they produce as
glue. Ants can also dominate areas by mobilizing large
numbers of well coordinated foragers; indeed, an ant colony’s
foragers can be so numerous and well organized that they
give the impression of being everywhere at once.

Ants can also be important as seed distributors and as seed
harvesters, in the turnover of soils, and in the regulation of
aphid numbers and the minimization of outbreaks of defoli-
ating insects. Economically important pest species include
the imported fire ant (Solenopsis invicta) in North America
and leafcutter ants (such as A#ta) in the neotropics. There are
also many ecologically destructive “tramp” ants or invasive
species that have been distributed to alien habitats by human
commerce.

Ants and plants often have closely coupled ecological rela-
tionships. Certain plants even encourage ants by producing
rewards such as energy-rich elaiosomes on their seeds to
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encourage seed dispersal, nutritious Beltian bodies and extraflo-
ral nectaries to entice ants to visit their leaves and shoots
(hence to remove the plant’s natural enemies while there), or
even by supplying preformed homes (domatia) to invite ants
directly to inhabit and thus better protect them. Although
many ants are hunter-gatherers, very many species tend
aphids for the excess honeydew they excrete. By “milking”
aphids in this way, ants can in effect become primary con-
sumers of plant products and by thus operating at a lower
trophic level they can build up a larger biomass than obligate
carnivores would be able to do. Yet most ants mix their diet
by also consuming animal protein; for example, they will
devour their own aphid milk cows if the latter become suffi-
ciently abundant.

Arguably, the best evidence of the ecological success of
ants is that their worst enemies are other ants.

EUSOCIALITY, SOCIAL ORGANIZATION, AND
SOCIAL DIVERSITY

Except for a few species that have secondarily lost the worker
caste, all ants are eusocial: they have an overlap of adult
generations, cooperative brood care, and reproduction
dominated by a minority of the colony’s members. Typically,
an established ant colony consists of one or more queens
(each of which may have mated with one or more winged
males on a nuptial flight), an all-female set of wingless
workers, and the colony’s brood of eggs, larvae, and pupae.
The majority of queens mate only before they establish a
colony. Thereafter, they store the sperm they have received.
All ants have haplodiploid sex determination. This property
probably had a major role in the evolution of their eusociality
through kin selection. Males are haploid, having only a single
set of chromosomes, and thus the sperm that individual males
produce is genetically homogeneous. Hence, the (diploid)
daughters of the same mother and father are unusually closely
related to one another, a circumstance likely to have favored
the evolution of female workers. Nevertheless, there can be
continuing conflicts within colonies between the workers
and the queen (or queens) over the sex ratios they produce
and which colony members produce the males. Queens can
choose to produce either unfertilized (haploid) eggs destined
to become males or fertilized (diploid) eggs. The latter may
develop into workers or potential new queens (gynes) generally
depending on how much food they receive as larvae. The
workers may or may not be sterile. Fertile workers produce
viable (unfertilized) haploid eggs that can develop into males.
Hence, there can be conflict both among the workers and
between the workers and the queen over whose sons the
colony produces. Indeed, in many species of ants with only
small numbers of workers in their mature colonies, there are
dominance hierarchies among the workers, who fight one
another over egg production. Sometimes the queen moves
with active aggression against the most dominant worker to
curtail its production of sons in favor of her own. In addition,
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even when workers are sterile and serve one, singly mated
queen, they may prefer to raise more of the queen’s daughters,
to whom they are more closely related, than the queen’s sons.
For all these reasons, the study of ants has had a major impact
in recent pioneering evolutionary biology because these
insects provide test cases by which the evolutionary
resolution of the tension between cooperation and conflict
can be explored. It is clear, though, that the apparent social
cohesion of ant colonies is often partly an illusion.

Among ants, there is a diversity of mating systems and
social organizations. So even though it is tempting to think
of the typical ant colony as having a single, singly mated
queen and occupying a single nest site, the diversity of social
systems among the ants is in fact huge. For example, many
ant species consist of facultatively multiqueened (polygynous)
colonies. Indeed, roughly half of European ant species exhibit
polygyny, and there seems to be no reason to regard this as an
unusual proportion. Some ant colonies are founded by solitary
queens; some by groups of unrelated queens that may later
fight over who will be the one to succeed. Other colonies
simultaneously occupy multiple nests (polydomy), a habit
often associated with polygyny, while others exhibit colony
fission, with both daughter colonies usually being monogy-
nous. Most persistent polygyny is associated with the secondary
adoption of queens. Unusual social systems include queenless
ants, workerless ants (inquilines), and slave-making ants. In
certain queenless species, the workerlike females produce
other diploid females through a parthenogenetic process
called thelytoky. By contrast, certain inquilines have dispensed
with the worker caste, and queens infiltrate and exploit
established colonies of other species. Slave making may occur
both intraspecifically and interspecifically. Interspecific slave
making is also associated with nonindependent colony foun-
dation in which slave-maker queens infiltrate established
colonies of their host species, kill the host queen or queens, and
produce workers that are reared by currently available host
workers. The slave-maker workers raid other neighboring
host colonies to capture large larvae and pupae. Such raids
thus replenish the stocks of slave workers, which do all the
foraging and brood rearing for the slave makers. There are
also ant species in which there are polymorphic queens,
others in which there are polymorphic males, and many in
which there are polymorphic workers.

One of the outcomes of eusociality is that established
colonies can be well defended by the workers against enemies.
Thus, ant colonies are relatively K-selected; that is, they are
selected to hold onto resources and to persist for long periods
rather than being ephemeral, here-today-gone-tomorrow, r-
strategists. Associated with this trait is the extreme longevity
of ant queens. It is estimated that they can live 100 times
longer than other solitary insects of a similar size. Worker
populations in mature, well-established monogynous
colonies range from a few tens of millions to 20 million, and
certain so-called supercolonies consist of a huge network of
linked nests each with many queens. One supercolony of

Formica yessensis in Japan may have as many as 300 million
workers. Given such longevities and densities, it is clear that
ants may also prove to be important model systems for
understanding the spread of disease or the evolution of
mechanisms to minimize the spread of disease among viscous
populations of close kin. It is even possible that polygyny and
multiple mating (polyandry) have evolved, at least in part, to
promote genetic heterogeneity within colonies and thus help
to minimize disease risks.

DIVISION OF LABOR

The relatively large biomass of ants in many ecosystems can
be attributed not just to the way in which the ants interact
with other organisms but to the way in which they interact
with their nestmates in general and, in particular, to
efficiencies that accrue from divisions of labor. One of the
most dramatic traits associated with the division of labor
among the workers is physical polymorphism, which is the
presence of different physical worker forms within the same
colony. In the African army ant, Dorylus wilverthi, for
example, the smallest workers at 0.12 mg dry weight are only
1% of the dry weight of the largest workers (soldiers), and this
relatively great size range is exceeded in certain other species
(e.g., in Pheidologeton diversus, the smallest workers have a dry
weight that is about 0.2% that of the largest majors). It is not
just the size range that is impressive in such species but also the
degree of polymorphism among the workers. Darwin, writing
in The Origin of Species, seemed well aware not only of the
phenomenon but also of its implications. Indeed, one of
Darwin’s most penetrating insights in his 1859 masterpiece
was his suggestion that sterile forms evolved in social insects
because they are “profitable to the community” and that
“selection may be applied to the family, as well as to the
individual.” He further suggested that once such colony-level
selection had begun, the sterile forms could be molded into
distinct castes “Thus in [the army ant] Eciton, there are
working and soldier neuters, with jaws and instincts
extraordinarily different” (Fig. 1a, b).

Such worker polymorphism is now known to be associated
with the differential growth rates of different putative tissues
and body parts during the preadult stages. Indeed, the study
of ants made a major contribution to the development of the
concept of allometric growth (Fig. 1¢, d). Notably polymorphic
genera include the army ants Eciton and Dorylus, leafcutter
ants (Atta), carpenter ants (Camponotus), and members of the
genera Pheidole and Pheidologeton. Indeed, Camponotus and
Pheidole are the two most species-rich ant genera.

However, genera with polymorphic workers are in the
minority. Approximately 80% of ant genera consist entirely
of species with monomorphic workers, most of the
remaining genera consist of species in which there are at most
only two easily recognizable worker morphs, and only about
1% of genera have species in which three or more worker
morphs can be relatively easily recognized within colonies.
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FIGURE 1 The army ant, Eciton burchelli. (a) Head of major worker. (b)
Head of minor worker. (¢) Head width vs ponotum width allometry for
workers. (d) Frequency—dry weight histogram for a large sample of workers.
The allometrical relationship has a slope greater than 1, so larger workers
(such as majors) have disproportionately large heads. The size frequency
distribution is skewed to the right so relatively few of these very large majors
are produced. (Drawings © Nigel R. Franks.)

Polymorphism among the workers is mostly associated with
extreme physical specialization. Thus, Eciton majors have ice-
tong-like mandibles and are specialist defenders of the colony
against would-be vertebrate predators or thieves (Fig. 1a). It
has been shown that colonies of Pheidole pallidula can produce
more defensive majors in response to stresses induced by
conspecific competitors. Majors are not always for defense:
large-headed majors in Pheidole and Messor serve as specialist
grinders of harvested seeds. Even among such polymorphic
species, however, the majority of workers belong to castes of
generalists, which give their colonies an ability to respond
rapidly to changes in the environment. Such generalists show
behavioral flexibility not possible with the extreme morpho-
logical specialization of certain physical castes. Nevertheless,
divisions of labor also occur within the majority generalist
caste. Such workers typically specialize in different tasks at
different times during their lives. This is known as temporal
polyethism, in contrast to physical polyethism.

The sophisticated divisions of labor in monomorphic ants
are being investigated. In Leptothorax albipennis, the workers
show very little size variation, and colonies consist of, at
most, a few hundred such workers living in flat crevices
between rocks. Such crevices can be only 2 or 3 cm wide and
deep and may have an internal cavity height of only 1 or 2
mm. Individual workers could easily roam all around such
nests within a minute, but instead they have spatial fidelity
zones; that is, they remain faithful to certain parts of the nest
and the segregated tasks within such areas for months on
end. The workers can even reconstruct their own spatial
fidelity zones relative to one another if, and when, their
colony is forced to emigrate to a new nest site because of the
destruction of the old site. In this (and many if not all) ant
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species, younger workers tend to work deep within the nest
at its safe center, tending the queen and the eggs. As they get
older, workers tend to move progressively out from the center
of the nest, and toward the end of their lives they eventually
engage in the most dangerous task of foraging in the outside
world, where they are likely to meet predators and other
hazards. However, the correlation between age and task is
often very weak, and in an increasing number of species it has
been shown that the division of labor among monomorphic
workers is extremely flexible. Workers can respond to the
removal of other workers by reverting to tasks that they did
earlier in their lives or, if need be, they may begin foraging
even when they are very young. Thus, though age may
influence what workers do, it is unlikely to be the organizing
principle of the division of labor in many species. Rather, it
seems that workers are continuously monitoring their
workloads and the delays they experience while waiting to
interact with their nestmates and will flexibly change their
tasks accordingly to maximize their productivity.

COMMUNICATION AND PHEROMONES

Ants have diverse systems of communication, but by far the
most important medium for signaling involves the chemicals
known as pheromones. Ants can deposit chemical trails to
recruit nestmates to discoveries of food. Many ants can also
produce highly volatile chemicals to signal alarm when they
encounter dangerous predators or other hazands. Different ants
in different subfamilies use a remarkable diversity of glandular
structures even just to produce recruitment pheromones. These
may be produced from cloacal glands, Dufour’s glands, the
hindgut, poison glands, pygidial glands, rectal glands, sternal
glands, or even tibial glands on the back legs. Furthermore,
many pheromones appear to be complex mixtures of many
chemical compounds.

Pheromones can be effective in minute quantities; it has
been estimated that one milligram of the trail substance of
the leafcutting ant, Atta texana, if laid out with maximum
efficiency, would be sufficient to lead a colony three times
around the world.

Nestmate recognition is another important aspect of com-
munication in ants. A pleasing metaphor for the ant colony
is a factory inside a fortress. Ant colonies are dedicated to the
production of more ants; but workers need to “know” that
they are working for their natal colony, and colonies also need
to be well defended against other ants and against infiltration
by other arthropods, which might tap into their resources. Ant
colonies employ colony-specific recognition cues as one of
their defense systems. These are often in the form of cuticular
hydrocarbons that can be spread throughout the colony both
by grooming and trophallaxis (the latter is usually associated
with liquid food exchange). Slave-making ants circumvent the
recognition cues of their slaves by capturing them as larvae
and pupae—these captives are not yet imprinted on their natal
colony odor but later become imprinted on the odor of the
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FIGURE 2 Scanning electron micrograph of a worker of Lasius flavus with a

kleptoparasitic mite, Antennophorus grandis, gripping on its head. The mite
steals food when two workers exchange nutritious liquids during trophallaxis.

(Photomicrograph © Nigel R. Franks.)

colony that kidnapped them after they have metamorphosed
into adult workers. Sometimes colony-specific odors also can be
influenced by chemicals picked up from the colony’s environ-
ment. Nevertheless, countless species of arthropods from mites
to beetles have infiltrated ant colonies. For example, more than
200 species of rove beetle (Staphilinidae) are associated with
New World army ants alone, and other groups such as mites
are probably even more species rich. Often these infiltrators are
called “guests” simply because their relationships with their
host ant colony and to its resources are unknown (Fig. 2).

SELF-ORGANIZATION, COLLECTIVE
INTELLIGENCE, AND DECISION MAKING

A rapidly developing approach to the study of ants and other
social insects is the application of self-organization theories.
Here self-organization can be defined as a mechanism for
building spatial structures and temporal patterns of activity
at a global (collective or colony) level by means of multiple
interactions among components at the individual (e.g.,
worker) level. The components interact through local, often
simple, rules that do not directly or explicitly code for the
global structures. The importance of studies of such self-
organization is that they can show how very sophisticated
structures can be produced at the colony level with a fully
decentralized system of control in which the workers have no
overview of the problems they are working to solve.

A simple and very intuitive example of how ants use self-
organization is found in their ability to select short cuts.
Certain ants can select the shortest paths to food sources.
Indeed, where there is a short and a long path to the same food
source, the decision-making mechanism can be surprisingly
simple. The ants that happen to take the shorter path get there

and back more quickly than the ants that happen to take the
longer path. All the ants lay attractive trail pheromones, and
such pheromones are reinforced more rapidly on the shorter
path simply because that path is shorter and quicker. In such
cases, individual ants do not directly compare the lengths of
the two paths, but the colony is able to choose the shorter
one. Sometimes the shorter path is used exclusively, while at
other times a small amount of traffic may continue to use the
longer path. Having some traffic that continues to use the
longer path is likely to be costly in the short term, but it may
represent a beneficial insurance policy if the shorter path
becomes blocked or dangerous. Self-organization also has a
major role in such phenomena as brood sorting, rthythms of
activity within nests, and building behaviors. This new
approach may help to answer, at least in part, the age-old
challenge of how ant colonies are organized.
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Aphids

John T. Sorensen
California Department of Food and Agriculture

phids are remarkable, evolutionarily exquisite creatures,
and among the most successful insects. Aphid evolution



has been shaped through nutrient-driven selection and by the
host plants on which they feed, and aphids have responded by
developing intricate life cycles and complex polymorphisms.
These sap-feeding hemipterans have coped with a hostile
world through developing an exceptionally high reproductive
rate and passive wind-borne dispersal, a strategy in which
individuals are quite expendable, but survival and prosperity
of their genes are guaranteed. Because of their intriguing
evolutionary adaptations, aphids were among our most
worthy competitors as humans entered the agricultural era.

MAJOR GROUPS AND HOST AFFILIATIONS

Aphids, as the superfamily Aphidoidea, belong to the
Sternorrhyncha within the Hemiptera, a group they share with
Aleyrodoidea (whiteflies), Psylloidea (jumping plant lice),
and Coccoidea (scale insects and mealybugs). Aphidoidea has
three families: Adelgidae (adelgids), Phylloxoridae (phyllox-
orids), and Aphididae (aphids), although some workers place
the Adelgidae and Phylloxoridae in a separate superfamily,
Phylloxoroidea. Adelgids and phylloxorids are primitive
“aphids” and older groups, each with about 50 species. They
differ from Aphididae by having an ovipositor and by
reproducing by means of ovipary. Adelgids are restricted to
conifers (Pinaceae), and some form characteristic galls (e.g.,
Adelges piceae, balsam woolly adelgid). Phylloxorids, which
may also form galls, occur on plants of the Salicaceae (willow
family), Fagaceae (oak family), Juglandaceae (walnut family),
and Rosaceae (rose family). An exceptional species,
Daktulosphaira vitifolae, grape phylloxera, feeds on grapes
(Vitaceae), damaging European grape cultivars unless they
are grafted to resistant rootstocks developed from American
grape species.

Aphids originally evolved on woody plants in the
Northern Hemisphere and are functionally replaced by
whiteflies and psyllids in the Southern Hemisphere. As a
group, they evolved and began their diversification with
angiosperms, over 140 mya during the lower Cretaceous.
While most fossil aphid groups became extinct during the
Cretaceous—Tertiary boundary, most modern aphid groups
radiated during the Miocene. Aphids have siphunculi, which
vary by group from being mere pores on the abdominal
surface to being very elongate tubes. They also have a cauda,
which varies by group from rounded and hardly noticeable to
knobbed or long and fingerlike. Aphids lack an ovipositor
and are viviparous, bearing young parthenogenetically.

Aphid taxonomy is difficult; their subfamily classification
has been argued and confused with nearly as many
classifications as aphid taxonomists. Remaudiere and
Remaudiere’s 1997 classification, followed here, recognizes
about 25 aphid subfamilies, with tribal groupings for about
600 genera and 4700 species of aphids. Many aphid lineages
coevolved with, and radiated among, their host plant groups.
Often during their phylogenetic history, however, aphid
groups opportunistically switched to radically unrelated host
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groupings, driven by developmental requirements but tempered
by evolutionary constraints.

Many aphid subfamilies are small, but several are larger and
important: Chaitophorinae (e.g., Sipha flava, yellow sugarcane
aphid), on Salicaceae and Gramineae (grass family); the closely
related Myzocallidinae (e.g., Therioaphis trifolii f. maculata,
spotted alfalfa aphid), Drepanosiphinae (e.g., Drepanaphis
acerifoliae, painted maple aphid), and Phyllaphidinae (e.g.,
Phyllaphis fagii, beech aphid), often considered to be one
subfamily and usually on dicotygledonous trees, but also
Fabaceae (legume family) and bamboo; Lachninae (e.g.,
Essigella californica, Monterey pine aphid), mostly on Pinaceae,
but also Fagaceae, Rosaceae, and Asteraceae (composite family)
roots; and Pemphiginae (e.g., Pemphigus bursarius, lettuce
root aphid), often on roots and host alternating to dicoty-
ledonous trees forming galls. Other noteworthy subfamilies
include Pterocommatinae, on Salicaceae; Greenideinae, on
Fagaceae; Mindarinae, on Pinaceae; and the host-alternating
Anoeciinae and Hormaphidinae, the latter causing galls.

The largest and most evolutionarily recent subfamily,
Aphidinae, has two large, diverse, and agriculturally impor-
tant tribes. The first tribe, Macrosiphini (e.g., Aulacorthum
solani, foxglove aphid), is diverse in genera, which often lack
attendance by ants but may alternate hosts. The second tribe,
Aphidini, is diverse in species but less so in genera; these are
often attended by ants. Tribe Aphidini has two important
subtribes. Subtribe Rhopalosiphina (e.g., Rhopalosiphum padi,
bird cherry—oat aphid) host alternates between Rosaceae to
Gramineae or Cyperaceae (reed family). Subtribe Aphidina
(e.g., Aphis fabae, bean aphid) host alternates mostly among
Rosidae and Asteridae and is home to genus Aphis, which
alone contains well over 1000 species.

NUTRITION-DRIVEN EVOLUTION: LIFE CYCLES
AND POLYMORPHISM

Aphid life cycles are complex and may be either monoecious
or dioecious, involving holocycly or anholocycly. Because of
this, aphids have evolved many specialized morphs; a
multitude of confusing, often synonymous names have risen
among aphid biologists, but these are minimized here.

In the simple and generalized monoecious holocyclic
aphid life cycle (Fig. 1A), a single host plant species is used
throughout the year and sexual morphs are produced in the
fall, usually in response to decreasing daylength. The males
and oviparae mate, producing genetically recombinant eggs
that overwinter on the host plant and often experience high
mortality. In the spring, the fundatrix emerges from the egg,
matures parthenogenetically, and gives live birth to nymphs
that become viviparae and continue in that reproductive
mode through the summer. If the aphid group produces
plant galls, the fundatrix is responsible for their production.

The viviparae may be apterae or alatae (Fig. 2), but in
some groups (e.g., Drepanosiphini, some Myzocallidinae) all
viviparae are alatae. The parthenogenetic reproduction of
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FIGURE 1 Evolutionary development of generalized aphid life cycles. Initially,
aphids developed monoecious holocycly (A) on an ancestral woody primary
host, where aestivation occurred because sap amino acids were unavailable
during summer growth cessation. Next, multiple subfamilies independently
evolved dioecious holocycly (B), where viviparae moved to summer-growing
herbaceous secondary hosts but returned to their ancestral host in autumn.
In some aphids, secondarily monoecious holocycly (C) developed on the
secondary host when the primary host was lost. Often in warm areas, where
selection for an overwintering egg is not imposed, some populations of
dioecious and secondarily monoecious holocyclic aphids may lapse into
facultative anholocycly (D) on their secondary hosts; this condition may
become obligate anholocycly if the ability to produce sexuals is lost.

viviparae allows very rapid buildup of numbers and collapse
of generation time. When a viviparous nymph is born, it has
the embryos of both its daughters and granddaughters within
it, creating a “telescoping” of generations. Apterae have lost
their wings and associated musculature to optimize repro-
duction. They produce more offspring per female than do
alatae, which must invest resources in their flight apparatus.
However, alatae produce progeny eatlier in life than do
apterae, giving their relatively reduced number of offspring a
better generational turnaround time than apterae mothers
can. Apterae are selectively produced when the host plant is
a good source of nutrients. Once an aphid population has
built, either inducing a crowding effect among apterae or
stressing its host to the level of impacting nutrient levels, the
population usually switches to produce alatae, which migrate
to better situations. However, the risks of successful migration

FIGURE 2 Aptera (top) and alata (bottom) viviparae of M. persicae. Shown
in split images with ventral (upper half) and dorsal (lower half) aspects with
heads to the right. [Drawings by Tokuwo Kono, modified from Kono, T.,
and Papp, C. S. (1977). “Handbook of Agricultural Pests, Aphids, Thrips,
Mites, Snails, and Slugs.” California Department of Food and Agriculture,
Sacramento.]

are great, especially for monophagous aphids that feed on
uncommon hosts, because the flight of alatae is wind-borne
and relatively passive. Alatae can be blown over 1600 km,
often across an ocean, and survive the trip. Upon successfully
alighting on their proper host and feeding for a short time,
alatae begin autolysis of their flight musculature, precluding
further flight but self-cannibalistically providing nutrients for
their offspring. The production of viviparae continues until
fall conditions trigger production of the sexuals.

A second, more complicated dioecious life cycle (Fig. 1B)
has independently evolved among several different aphid
groups that show seasonal alternation between differing
hosts. This dioecious cycle probably evolved in response to
the seasonally inadequate supply of nitrogen-based nutrients,
especially amino acids, on their primary host. The phloem
sap that aphids feed on has limited nitrogen availability, and
nitrogen is the limiting nutrient in aphid development.
Woody deciduous plants normally translocate amino acids in
quantity only during the spring, when they are foliating, and
in the fall, when leaf senescence breaks down leaf protein and
nitrogen is translocated to the roots for overwinter storage.
Aphids groups evolving on and restricted to such plants face



a nitrogen deficit during the summer, when active plant growth
ceases and phloem sap is low or devoid of nitrogen. Such
groups (e.g., Periphyllus spp.) may develop an aestivating
nymph that halts growth until fall. Other aphid groups (e.g.,
Aphidinae) whose ancestors originated on deciduous woody
plants, have evolved to leave those primary hosts during the
late spring, after the nitrogen flush associated with foliation
has ceased. In doing so, their spring alatae, as emigrants,
migrate to herbaceous secondary hosts that actively grow and
transport nitrogen during the summer. In the fall, however,
as their secondary hosts die back, the aphids return to their
woody primary host by producing migrating males and
gynoparae. There, the aphid’s sexuals, its males and oviparae,
capture that host’s fall nitrogen flush and mate to lay their
overwintering eggs in anticipation of the spring nitrogen flush.
Depending on the aphid or its group, the secondary hosts may
vary from quite specific to a broad number of botanical groups;
but the primary hosts are often specific to a plant genus. Most
aphid lineages have adapted specific types of secondary hosts,
such as grasses (e.g., Metopolophium dirhodum, rose-grain
aphid), roots (e.g., Smynthurodes betae, bean root aphid),
other woody plants (e.g., Hormaphis hamamelidus), or herbs
(e.g., Macrosiphum rosae, rose aphid). Some aphids specialize
on secondary hosts of a particular environmental ecotype; for
example, Rhopalosiphum nymphae, waterlily aphid, uses
aquatic plants in many plant families.

Some aphid lineages (e.g., Schizaphis graminum, greenbug)
have evolved beyond dioecious holocycly, entirely leaving
their primary host to remain on their secondary host, in
secondarily monoecious holocycly (Fig. 1C). However, an
important form of year-round residence on the secondary
host occurs in warmer climates, where populations do not
require an egg for overwintering survival. Under such
conditions, otherwise holocyclic dioecious or monoecious
populations may lapse facultatively into anholocycly on their
secondary hosts (Fig. 1D). If such populations remain
anholocyclic long enough, they may eventually evolve into
obligate anholocycly by losing the ability to produce sexual
morphs, despite undergoing environmental conditions that
normally trigger their production. Depending on the aphid
lineage and its adaptation to its host(s) or their alternation,
nearly all aphid morphs may be winged or wingless, but the
morph’s wing condition is specific to the aphid group.

APHID BEHAVIOR

Aphids feed by inserting their rostrum-borne stylets into a
plant and ratcheting them between plant cells, seldom
penetrating any until they enter the phloem sieve tubes and
extract sap. Stylet advancement is lubricated by saliva
containing a pectinase that loosens the bonding between
plant cells. The saliva forms a stylet sheath that is left in the
plant when the stylets are withdrawn. To cope with a sap diet,
aphid guts have specialized groups of cells, mycetomes,
containing rickettsia-like symbiotic bacteria, mycetocytes,
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which aid in synthesis of nutrients. These bacteria, which are
passed from mother to embryonic daughter, have coevolved
with aphid lineages, differing among them.

Whereas aphids largely rely on a high reproductive rate
and great dispersive ability to maximize survival in a hostile
environment, morph-specific behaviors exist to promote
genetic survival of the individual or its clone. Behavior of
alatae optimizes dispersion and finding a successful host.
When alatae initially take to flight, they are attracted to the
short wavelengths of light that predominate in a clear or cloudy
sky, and fly up toward them. After flying a while, however,
they come to prefer the longer light wavelengths reflected
from plants, and they descend, moving to them. In some
species, alatae have shown a preference for colors characteristic
of their host plants leaves. Generally alatae are attracted to
yellow, a predominant hue in growing or senescent plants,
which are better nitrogen sources. Upon alighting on a plant,
they briefly probe below the epidermis with the rostrum to
locate specialized secondary plant compounds that are of no
nutritional value but are specific to the aphids’ given host. If
these feeding triggers are not found, the alatae move on.

In contrast, apterae usually move only when necessary to
procure a better feeding site or if a predator or parasite molests
them. Ants tend apterae in many aphid groups in a form of
facultative mutualism; in some relationships, ants actively
“farm” their aphid “cattle” by moving them among locations.
Generally, however, aphid groups with elongate siphunculi
are less likely to be tended by ants. In exchange for the
aphid’s sugary honeydew waste, the ants protect them from
predators, such as coccinellid, lacewing, and syrphid fly
larvae, or specialized aphid parasites, such as chalcidoid and
braconid wasps. When stroked by the ant’s antennae, the
aphid will raise the tip of its abdomen, extruding a honeydew
drop, which may be retracted if not accepted by the ant. If an
ant does not accept honeydew after a while, the aphid will
revert to its normal behavior of flicking the honeydew drop
away with its hind leg or cauda, to prevent an accumulation of
honeydew from fouling the aphid colony.

Aphids communicate by chemicals and sound. Parasites
and predators are often foiled by the use of an aphid alarm
pheromone, such as #rans-B-farnesene. When molested,
aphids exude microdroplets of alarm pheromone from their
siphuncular pores, and in response adjacent aphids quickly
withdraw their stylets from their host and drop to the ground.
Shortly thereafter, the fallen aphids visually orient to vertical
lines or structures and move toward them in an attempt to
climb the plant stem. Aphid sexual pheromones are also used
as male attractants by oviparae, being released from specialized
pores on their hind tibiae. Sound communication is used by
Toxoptera spp., which have a stridulatory mechanism con-
sisting of a row of short pegs on the legs, which are rubbed
against filelike ridges on the lower epidermis of the abdomen,
just below the siphunculi. When disturbed, colonies of T
aurantii emit an audible high piercing stridulatory sound, to
which their apterae respond.
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Fundatrices of gall-forming species use species-specific
patterns of feeding or probing behavior to induce charac-
teristically shaped galls on their specialized hosts, in which
their progeny can safely develop. The fundatrix of P bursarius
climbs the developing leaf petiole on Populus nigra about
halfway and probes its rostrum around the petiole to create
an array of punctures oriented perpendicularly to the petiole
shaft. This induces a swollen globular gall with a slit oriented
perpendicularly to the petiole shaft. In contrast, on the same
host, a Pemphigus spyrothecae fundatrix probes the petiole
shaft in an upward spiral array of punctures, yielding a cork-
screw-shaped petiole gall. Not only do plant galls provide a
protective encasement for aphid development, but aphids of
even nongalling species do better on galled tissue, probably
because of a local increase in plant nutrients in that tissue.

Many aphid species have some lower degree of sociality,
especially among apterae, which is expressed as a gregarious-
ness within colonies and probably confers better protection
or response to attacks by natural enemies. Alatae of
Drepanosiphum platanoides, sycamore aphid, are more likely
to be distributed in a clustered manner among sycamore
leaves, in groups in which the tips of their antennae and legs
touch among the aphids. Some aphids have evolved a higher
degree of sociality, however. The tribe Cerataphidini of the
Hormaphidinae has genera in which species produce a soldier
morph with enlarged forelegs, which defend their relative
clones differentially. Soldiers discriminate between soldiers
and nonsoldiers but do not attack soldiers of their own
species. The investment in soldier production by the colony
is related to areas needing defense, such as a gall’s surface.

AGRICULTURAL IMPORTANCE

While aphids are among the most serious agricultural problem
insects, only about 250 species are considered to be agricultural
pests. Pest aphids may affect only a very specific host (e.g.,
Brachycorynella asparagi, asparagus aphid), or group of related
hosts, such as crucifers (Brassicaceae) (e.g., Brevicoryne brassicae,
cabbage aphid). Some, however, are quite polyphagous (e.g.,
Aphis gossypii, cotron aphid; Myzus persicae, green peach aphid),
with an extremely wide host range. Some common polyphagous
pest aphids represent sibling species complexes that are mor-
phologically identical but differ in karyotype. They comprise
anholocyclic clones, or biotypes, that differ in host prefer-
ences, ability to transmit diseases, or resistance to pesticides.

Aphids cause damage in several ways. They can build to high
population densities and damage plants directly, by removing
enough sap to cause withering and eventual plant death. If
not washed off, aphid excrement, or honeydew, can build up
enough on plants to serve as a medium for the growth of sooty
molds, impairing photosynthesis and plant development, and
eventually promoting other fungal diseases. Salivary secretions
of some aphids are phytotoxic, causing stunting, leaf defor-
mation, and gall formation. Even if the feeding effects of
aphids are not apparent, they may affect plant hormone

balances, changing host metabolism to their advantage, thus
essentially hijacking the plant’s physiological functions.

The aphid vectoring of stylet-borne and circulative plant
viruses is the most serious problem to agriculture posed by
aphids. Stylet-borne viruses occur on the aphid’s epidermis and
are not aphid specific. These viruses are acquired quickly and
transmitted during the aphid’s probing of the plant’s epidermis.
They are nonpersistent, however, and the aphid’s infectiousness
is lost upon molting. Circulative viruses, in contrast, live inter-
nally in the aphid’s gut. The aphid must feed for a while to
acquire these viruses, which require an incubation period before
they can be successfully transmitted. They are persistent,
however, and once infected, the aphid remains a vector
throughout its life. The virus—aphid—plant linkage is fairly
specific for circulative viruses, and a given virus is transmitted
by only one or few aphid species. Virus-infected plants often
show an aphid-attractive yellowing and have increased free
amino acids, so aphids benefit by virus transmission.

APHID CONTROL IN AGRICULTURAL CROPS AND
HOME GARDENS

Agricultural control of aphids best uses an integrated pest
management (IPM) strategy, where species are identified and
tactics reflect the allowable tolerance level on a crop. Within
fields, aphids may be monitored by means of yellow water
pans or sticky traps, which attract them. In some agricultural
regions, especially seed-growing areas with plant virus sensi-
tivities (e.g., the Netherlands, Idaho), specialized agencies run
aerial trapping networks in which large suction traps are used
to detect alates and forecast population levels. Proper aphid
IPM emphasizes sustainable control, maximizing organically
compatible methods to minimize effects on nontarget species,
such as biological control agents, or vertebrates. IPM tactics
include cultural control methods, such as minimizing weed or
ant populations that promote aphids, using ultraviolet-light-
reflecting or colored films near plants to repel alates, or inter-
planting pollen and nectar plants among crop rows to promote
aphid natural enemies. Biological control agents include small
wasps (e.g., Aphidius sp.) that parasitize aphids and disperse
well within populations. Predators, which as immatures
voraciously consume aphids, can be released. These include
lacewings (e.g., Chrysopa spp.), aphid midges (e.g., Aphidoletes
spp.), and ladybird beetle larvae (e.g., Hippodamia convergens).
Predators may, however, disseminate when released as adults.
One can apply entomopathic fungi (e.g., Beauveria bassiana),
whose spores attach to the aphid’s exoskeleton, penetrate it,
and kill the aphid. Insect growth regulators applied by spray
act through various means to prevent maturation of aphids.
These may act in conjunction with biological control agents
if the latter fail to provide adequate control. Use of chemical
poisons in aphid IPM should be minimized because of the
effect on nontarget species. While poison use may sometimes
be necessary, heavy usage promotes insecticidal resistance in
aphids, as well as secondary resurgence of aphid populations,



once biological control agents have been hampered. Chemical
poisons range from less toxic pyrethroids to more toxic
organophosphates. They may be applied directly as contact
insecticidal sprays or dusts, or indirectly as plant systemic
insecticides that are ingested with the plant’s sap. Cultivation
of aphid-resistant crop varieties is also important.

In home gardens and yards, nontoxic controls should be
emphasized. Aphid detection involves inspection of buds,
stems, fruits, and the underside of leaves, where the insects are
most likely to congregate. Effective control can simply involve
frequently hosing aphids off plants with water, being careful to
hit the leaf undersides. Spray applications of a mixture of garlic
and water may repel aphids. Sprays of cuticle-disrupting
insecticidal soaps, which cause fatal desiccation, often give
control. Under overhanging trees, problems from aphid sooty
molds on driveways, patios, and walkways are best controlled
by hosing the surfaces. Control for aphid galls or leaf distortion
on deciduous trees can be problematic, sometimes requiring
the winter application of a dormant oil to kill overwintering
eggs. Ultimately, elimination of the tree to may be required
to solve problem, so tree species in yards should be carefully
selected and placed, in view of their potential aphid pests.
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Apis Species
(Honey Bees)

Eva Crane

International Bee Research Association

oney bees (genus Apis) are social insects in the family
Apidae, order Hymenoptera; they are among the
Aculeata (i.e., those having stingers). They evolved after the

Apis Species 37

separation of the Americas and Australia from Eurasia/Africa
and are native only in the Old World. The genus Apis
probably first appeared in the Eocene, about 55 mya.
Tropical species A. dorsata and A. florea existed by the end of
the Oligocene 25 mya, and cavity-nesting A. mellifera and A.
cerana, which can also live outside the tropics, were separate
species by the end of the Pliocene about 2 mya. Therefore,
the highly advanced cavity-nesting species have existed only
perhaps a tenth as long as the open-nesting species, which
were confined to the warmer tropics. The most important
species to humans is A. mellifera, which has been introduced
all over the world for use in beekeeping.

THE GENUS APIS
Known Species

The genus Apis contains 11 known species. A. mellifera (Fig. 1)
is the source of most of the world’s honey. It is native
throughout Africa, the Middle East, and Europe except for
the far north regions. All other Apis species are native to Asia.
A. cerana, which is kept in hives in the temperate zone as well
as the tropics, is smaller than A. mellifera, and it makes
smaller colonies. Other Asian species that build a multiple-
comb nest in a cavity are A. koschevnikovi and A. nuluensis
reported in Borneo, and A. nigrocincta in Sulawesi.

Other Apis species native in parts of the Asian tropics
build a single-comb nest in the open. The most important to
humans is A. dorsata, a bee much larger than A. cerana. A.
laboriosa, which is even larger, lives in parts of the Himalayas
too high for A. dorsata. Much smaller than A. cerana, A.
florea is widespread below around 500 m and can live in drier
areas than A. dorsata.

Mating, and How Reproductive Isolation Is Achieved

Honey bees mate in flight; the process has been studied in
detail in A. mellifera, and involves three stages. A queen flies
out when only a few days old, and drones that are flying in
the area, attracted by the pheromones she produces, follow
her. If a drone succeeds in clasping the queen with his legs,

FIGURE 1 Worker honey bees (Apis mellifera) on honeycomb. (Photograph
courtesy of P. Kirk Visscher.)
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his endophallus is everted and mating occurs. When they
separate, part of his genitalia remains in the queen, and he
falls away and dies. She may mate more than once (usually
on the same flight), and the semen she receives is stored in
her spermatheca for use throughout her egg-laying life.

The main component of the pheromone attracting drones
to the queen seems to be the same for all Apis species (9-oxo-
trans-decenoic acid). In an area with more than one species,
reproductive isolation can be achieved if the drones of different
species fly at different times of day.

APIS MELLIFERA
Colony Life

The reproduction of individual bees takes place in the colony,
and each colony normally contains a single mated female (the
queen), many nonreproductive females (workers) and, during
the reproductive season, a smaller number of reproductive
males (drones). Colonies reproduce by swarming during a
season when much food is available. The workers rear several
young queens, each in a special queen cell. The old queen
and perhaps half the workers of the colony leave as a swarm,
which finds a new nest site. One of the young queens mates
and heads the parent colony; the others are killed.

Many aspects of the beekeeping cycle and social behavior
of honey bee colonies have been studied in detail (see Further
Reading).

In the tropics, temperatures are never too low for plants to
flower or for bees to fly, and colony activity is governed by
rainfall rather than temperature. There are two seasonal
cycles in the year, so colonies do not grow as large, or store as
much honey, as they do in temperate zones. If the stores of a
colony of A. mellifera become low in a dearth period, the
colony may leave its hive and fly to a nearby area where
plants are starting to bloom, rebuilding its combs in a nest
site there. Such movements are referred to as absconding or
migration, and preventing them is an important part of
beekeeping in tropical Africa.

Subspecies and Their Distribution

During the Ice Ages, geographical features in Europe such as
mountains confined A. mellifera to several separate areas, where
they diversified into a number of subspecies or races. The most
important in world beekeeping, and their native areas, are A.
mellifera ligustica (Italian) in northwestern Italy south of the
Alps, A. mellifera carnica (Carnolian) in the eastern Alps and
parts of the Balkans, A. mellifera caucasica (Caucasian) in Georgia
and the Caucasus mountains between the Black Sea and the
Caspian Sea, and also A. mellifera mellifera north of the Alps.
The first introductions of A. mellifera from Europe to new
continents, after 1600, enabled future beckeeping industries
to build up and flourish in many countries. Some of the sub-
sequent introductions of A. mellifera carried diseases or parasites

not previously present, and these caused much damage. From
the late 1800s, after the movable-frame hive was devised,
there was great interest in breeding more productive honey
bees, and colonies of many races were transported from the
Old World to other continents. Italian bees, especially, could
store much honey in warm regions with consistently good
nectar flows. During the 1900s, scientists introduced exotic
species and races of honey bees into Europe for experimental
purposes, but none is known to have survived in the wild.

Moving honey bees to new areas in tropical or subtropical
environments can have wide-reaching effects. In 1956 a
number of honey bee queens were transported from southern
Africa to Brazil in an attempt to improve the beekeeping in
that South American country, where bees of European origin
performed poorly. Through an accident, a few of the African
queens escaped with swarms, and this led to hydridization
with bees of European origin. The consequent “Africanized”
bees had characteristics that enabled them to become
dominant over the “European” bees already in the American
tropics, and they spread rapidly, reaching the Amazon by
1971, the north coast by 1977, Mexico by 1986, and then
several southern U.S. states.

In warm regions, many native plants may be pollinated by
small bees (Apoidea) whose populations are reduced if
colonies of the larger A. mellifera are introduced, which in
turn can endanger the reproduction of such native plants.
This problem has been reported in Australia and Brazil.

A. mellifera is now used in beekeeping in almost every
country in the world.

APIS CERANA AND RELATED SPECIES

Of the subspecies of A. cerana, the Asian hive bee, A. cerana
indica is present from Yunnan in China through India to the
Philippines. A. cerana cerana is in much of China, also the
Himalayas, Afghanistan, and the Russian Far East, and A.
cerana japonica in Tsushima Island and Japan.

After A. mellifera was introduced in eastern Asia, A. cerana
became restricted to areas with native flora. Then in 1985-1986
colonies of A. cerana were taken from one of the Indonesian
islands to Irian Jaya, also Indonesian but part of New Guinea.
The bees reached Papua New Guinea by 1987 and islands in
the Torres Strait by 1993. By 2000 they were found (and
killed) in Brisbane, Australia, and strenuous efforts are being
taken to prevent any further entry and spread of this bee in
Australia because it would probably carry the varroa mite, a
pest that is of serious economic importance to beekeepers.

APIS DORSATA AND RELATED SPECIES

The large single-comb nests of the giant honey bee, A
dorsata, built in the open, are still the most important source
of honey in India and some other tropical Asian countries. A.
dorsata is present in most of the Indo-Malayan region, from
the Indus River in the west to the eastern end of the



Indonesian chain of islands, and from the Himalayas to Java
in the south. A. breviligula is in the Philippines, and A.
binghami in the Celebes. In the high Himalayas, A.
laboriosa—a species even larger than A. dorsata—nests up to
3000 m, whereas A. dorsata rarely nests above 1250 m.

APIS FLOREA AND RELATED SPECIES

The area of the smaller A. florea extends as far northwest as
Iran. It has also been reported around the Persian Gulf in
Iran and Iraq, and in the Arabian peninsula. It reached parts
of this last area, and also Sudan, by the aid of humans, and
people may also have facilitated its spread along the coast
west of the Indus Valley. It is characteristically found in hot
dry areas at altitudes below 500 m; in some localities it is the
only honey bee that could survive. Its eastern range does not
extend as far as that of A. dorsata, possibly because A. florea
could not cross wide sea channels.

A. andreniformis, rather similar to A. florea, occurs in
southern China, Myanmar (Burma), Palawan in the
Philippines, Thailand, Indonesia, Laos, and Vietnam. It is
likely that some early statements about A. florea in these areas
refer instead to A. andreniformis.

See Also the Following Articles
Beckeeping o Caste o« Hymenaoptera o Neotropical African Bees o
Pollination and Pollinators
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Aposematic Coloration

Mathieu Joron
Leiden University

nsects attract collectors’ attention because they are extremely
diverse and often bear spectacular colors. To biologists,
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FIGURE 1 Pseudosphinx tetrio hawk moth caterpillar from the Peruvian
Amazon, showing a combination of red and black, classical colors used by

aposematic insects. These larvae feed on toxic latex-sapped trees in the

Apocynaceae. Length 14 cm. (Photograph © M. Joron, 1999.)

however, bright coloration has been a constantly renewed
puzzle because it makes an insect a highly conspicuous prey
to prospective predators. Charles Darwin understood that
bright colors or exaggerated morphologies could evolve via
sexual selection. However, he felt sexual selection could not
account for the conspicuous color pattern of nonreproduc-
tive larvae in, for example, Pseudosphinx hawk moth caterpillars
(Fig. 1). In a reply to Darwin about this puzzle, Alfred R.
Wallace proposed that bright colors could advertise the
unpalatability of the caterpillars to experienced predators.
Indeed, prey that are not edible to predators are predicted to
gain by exhibiting conspicuous and very recognizable colors;
experienced predators can then correctly identify and
subsequently avoid attacking such prey. E. B. Poulton later
developed this idea, expanded it to other warning signals (i.e.,
sounds or smells), and coined the term “aposematism” to
describe this phenomenon (from the Greek “away” and “sign”).

Aposematic color patterns are found everywhere through-
out the insects, from black- and yellow-striped stinging wasps
to black and red, bitter-tasting lady beetles, or brightly colored,
poisonous tropical butterflies. Although warning coloration
has involved fascination, empirical and theoretical studies for
some time, the puzzle of aposematism still motivates much
debate today. First, although there is little doubt that bright
coloration is often an antipredatory strategy, how aposematism
evolves is far from clear. This is because brightly colored
mutants in a population of cryptic (camouflaged) prey are
more exposed to predators. How can a warning coloration
evolve in a prey if the very first mutants exhibiting such
coloration in the population are selected against? Second, the
reasons for the brightness and conspicuousness of warning
colors are not always clear and may be multiple. Are apose-
matic colors “road signs” that help predators learn better to
differentiate inedible from edible prey, or are bright colors
more easily memorized and associated to bad taste by
predators? Did yellow and red colors, often borne by
poisonous insects, evolve because of innate biases against
these colors in the predators’ brains, or are more complex
cognitive, behavioral, frequency-dependent, or coevolutionary
mechanisms involved in the evolution of warning patterns?
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Finally, why are warning patterns highly diverse in the insect
world, whereas all toxic prey would gain by bearing the same
color, thus reducing the probability of being sampled by a
naive predator?

WHAT TO ADVERTISE

“Aposematism is quite simply the correlation between conspic-
uous signals, such as bright coloration, and prey unprofitabil-
ity,” Candy Rowe wrote in 2001. But why should some prey
become unprofitable in the first place, while others do not?

Unprofitability is difficult to define, and even more difficult
to measure. It is certainly contextually defined, because the
propensity of an animal to eat something is highly dependent
on its level of hunger and its ability to use the prey for energy
once eaten. Palatability (i.e., the predator’s perception of prey
profitability) greatly determines whether the predator will or
will not eat the prey. Predator—prey coevolution led predators
in part to rely on proximal perception to gauge the prey prof-
itability. In particular, taste sensitivity may well have evolved
in predators as an assessment of food toxicity: indeed, predators
usually consider toxic chemicals to be distasteful. Some insects
have external defenses such as horns, or spines, many of which
cause irritation. Such physical defenses may be coupled to
venom, as with the irritant hairs of many caterpillars or
hymenopteran stingers. These insects may be otherwise
perfectly profitable, and some predators evolve ways around
the physical defenses, such as bee-eaters that are able to remove
a bee’s stinger and venom sac. Other insects have passive chemi-
cal defenses that predators discover upon consumption, such as
chemicals in the hemolymph or sequestration glands of lubber
grasshoppers or monarch butterflies. Such insects usually
develop extra signals such as powerful smells, at least when
handled, to advertise their toxicity before being consumed.

Toxicity is not the only way an insect can be unprofitable
to predators. Difficulty in capturing prey (due to fast escape,
erratic flight, breakable wings, etc.), or difficulty in handling
prey (due to toughness or a hard cuticle) are other ways that
insects can bring no net reward to the predators that spend
energy chasing them, even if the chase results in the prey
being seized. However, multiple unprofitability traits might
be important in the evolution of warning signals.

Predators can have three kinds of response to a prey depend-
ing on their perception of prey profitability. If consuming a
prey leads the predator to be more likely to attack similar prey
in the future, perhaps even using the prey’s appearance as a
search image, the prey is called palatable. In feeding experi-
ments, this usually leads birds to attack nearly 100% of the
palatable prey offered. Of course, the predator may satiate after
consuming a number of prey, and consequently the propensity
to attack may decrease at high prey densities. In contrast, if
experienced predators are less likely to attack similar prey, the
prey is called unpalatable. Of course, predators’ memorizing
capacity, and the strength of the prey unpalatability, may all
influence how fast information regarding prey is acquired

and how long it is retained. However, a distasteful prey will
inevitably lower the predators’ instantaneous propensity to
attack this prey further, an effect analogous to an immediate
satiation. Finally, eating the prey may have no effect on the
predator’s subsequent behavior, which means that the prey is
effectively neutral. This category is mainly derived from
theory; there is little evidence that it exists in nature.

Variations in unpalatability among prey species, along
what is called the “(un)palatability spectrum,” affect the rate
at which predators modify their behavior with experience.
Predator’s perceived toxicity is likely to be a sigmoid function
of actual toxin concentration per unit prey mass, meaning
that little of the palatability spectrum may fall into interme-
diate perceptions between “unpalatable” and “fully palatable.”
Although how predators learn is still under debate, experi-
ments and theory suggest that they respond to a large extent
to the (perceived) concentration of nasty chemicals they can
tolerate per unit time.

The distastefulness of insects is generally linked to the host
plants they utilize. Indeed, many distasteful or defended insects
are herbivorous; most defended nonherbivorous insects are
Hymenoptera. Some plant families, like the Solanaceae and the
Passifloraceae, which are hosts to many chemically defended
insects, contain alkaloids and cyanogens, respectively, as
secondary metabolites. Some insects, like monarch butterflies
(Danaus plexippus) that feed on Asclepias plants (milkweeds,
Asclepiadaceae), sequester the compounds of such plants and
store them; these insects thus avoid the toxic effects of the
toxic compounds altogether. In soft-bodied insects (e.g.,
larvae), toxins are usually stored near the teguments or in
special glands, ready to release their contents upon handling.
The toxicity of insects that extract and sequester plant chem-
ical compounds is dependent on the concentration of these
compounds in the host plant. Sawfly larvae (Hymenoptera:
Tenthredinidae), for example, reflex-bleed drops of hemolymph
when touched; the unpalatability of such larvae is shown to
be directly dependent on the glucosinolate concentration of
their crucifer host plant over 24 h before “bleeding.”

Other insects, however, synthesize their toxins de novo, like
many chrysomelid beetles; they probably use the same enzy-
matic machinery that serves (or has served, in their ancestors)
to detoxify the plant’s secondary compounds. Although many
of these species still use precursors derived from their food
plant, these insects are usually less dependent on the plants
toxicity to develop their own noxious compounds. Some
groups like ithomiine or heliconiine butterflies also get toxin
precursors in their adult diet.

Whatever route to distastefulness is taken, we observe a
general correlation between clades of distasteful insects and
toxicity in host plant families. In butterflies, the distasteful
Troidinae (Papilionidae) tend to feed on Aristolochiaceae,
monarchs (Nymphalidae: Danainae) usually feed on milkweeds
(Asclepiadaceae), longwing butterflies (Nymphalidae: Heli-
coniinae) feed on Passifloraceae, and clearwings (Nymphal-
idae: Ithomiinae) mainly on Solanaceae and Apocynaceae. In



contrast, butterfly clades feeding on chemical-free mono-
cotyledonous plants, like browns (Nymphalidae: Satyrinae)
on grasses, or owl-butterflies (Nymphalidae: Brassolinae) on
palms or Marantaceae, did not evolve distastefulness. Thus
toxicity in insects may frequently have evolved as a mere by-
product of adaptation to utilize new kinds of food, particularly
toxic plants. The costs of detoxification or toxin production
could be covered by the benefits of invading competition-free
hosts, perhaps assisted by the increased survival afforded by
chemical protection.

DISGUSTING, BRIGHT, SIMPLE, AND
CONTRASTED: WHY AND HOW TO ADVERTISE

Why should unprofitable prey advertise? Instead of parading
with gaudy colors, why should all prey not try to escape preda-
tors’ detection altogether through camouflage? Although the
initial steps to aposematism are not obvious, the advantage of
aposematic signals once established is clear. Indeed, numer-
ous studies have shown that most predators are able to learn
and recognize, and subsequently avoid, prey they associate
with a bad experience.

Some distasteful prey, such as the transparent ithomiine
butterflies found in the forest understory in tropical America,
are not particularly conspicuous. The rampant mimicry found
in this group of inconspicuous butterflies demonstrates that
predators are able to learn and avoid such prey (although
other stimuli, e.g., motion, might also be important). Still,
most distasteful insects are brightly colored. Why should
aposematic signals usually be conspicuous, and use simple
color patterns of red, yellow, or black? Most of the answer is
likely to be found in the cognitive behavior of the predators
that selected for such colors. Several hypotheses have been
put forward to explain the correlation between bright colors
and unprofitability in insects. Bright contrasted colors are
thought to be (1) easier to learn, (2) more difficult to forget,
and (3) as different as possible from edible prey, thereby
facilitating the avoidance of recognition errors. All these
mechanisms are supported by experimental data to some
extent (e.g., Fig. 2). Because both predators and aposematic
prey benefit from correct identification, aposematic colors
are believed to take advantage of any bias in the predator’s
cognition system. Likewise, predators in turn gain in being
biased in the same direction as that taken by the prey.
Therefore, prey signaling and predators’ cognition are likely
to have coevolved, which, incidentally, makes experimental
evidence for any of the foregoing hypotheses generally hard
to establish independently. Hypothesis 3 is the most likely to
involve interactions between perception and cognition in the
predators, leading to fast evolution of the prey’s signals.

Many aposematic insects simultaneously send signals of dif-
ferent kinds, and some argue that such “multimodal” warn-
ing signals may reveal unconditioned biases that are absent
when each sensory modality is examined alone. Assuming that
predators would rely solely on color and not behavior, motion,
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FIGURE 2 Schematic outline of the “novel world” experimental design
developed by R. Alatalo and J. Mappes (University of Jyviskyld, Finland) to
study the mechanisms of predator’s selection on conspicuous prey. Great tits,
Parus major, are trained to forage in a room covered with small black symbols
(e.g., crosses) on a white background, some of which are actual prey. Almond
crumbs are placed between two 1-cm? pieces of paper glued together that bear
a symbol on the outside. Black-squared prey items stand out conspicuously on
the black-crossed background and represent potential warning signals, whereas
black-crossed prey items are cryptic. The novelty of all symbols ensures that
innate or previously learned prey recognition does not interfere with the
predator’s response during the experiment. This setup also partly resolves one
drawback of garden experiments, where the local food abundance for
predators is artificially increased, making the searching costs, search images,
and other predatory behavior unrealistic. By playing on the palatability of
the prey items, it is possible to monitor how the birds learn to avoid the
conspicuous signal. Mimics can also be incorporated in the environment at
varying frequencies to study the dynamics of Batesian mimicry.

or sounds is perhaps simplistic, and it is sometimes argued that
multiple signals could even be a prerequisite for the evolution
of warning coloration. In fact, the reason for the apparent
importance of multimodality probably lies again in the coevo-
lutionary history of predators and their prey, which shapes
innate biases. Predators are generally good entomologists for
the potential prey they encounter often, and predators integrate
various sensory modalities to make decisions regarding a par-
ticular action. Most aposematic insects are mimicked by edible
species (Batesian mimics) that parasitize the warning function
of the signal. The presence of these Batesian mimics reduces
the reliability of the warning signal and means lost prey for the
predators. Model species may therefore escape being mimicked
by evolving new dimensions for signaling, in addition to the
established one (i.e., in different sensory dimensions).

Many warningly colored insects live in groups, which
enhances the warning function of their signal for three reasons
(Fig. 3). First, predators tend to associate and retain noxiousness
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FIGURE 3 Examples of gregarious warningly colored insects. (A) Gregarious
Chromacris lubber grasshoppers nymphs (Orthoptera: Romaleidae) feeding on

a toxic Solanum mite. Although it is not a bright color, black is often used as
a warning color by insects, presumably because it increases conspicuousness by
contrast against green foliage. (B) Gregarious Morpho sp. caterpillars spending
the day in a dense cluster. They disperse at night for feeding. Clusters of
aposematic prey often create an emergent, enhanced pattern presumably
perceived as a supernormal stimulus by the predators and therefore better
memorized. Caterpillars about 10 cm long. (Photographs from the Peruvian

Amazon, © M. Joron, 1997.)

and a warning signal more quickly when presented with
multiple copies of the same signal. Second, all unpalatable
prey get an individual advantage in living in groups by the
immediate avoidance, similar to the immediate satiation
discussed earlier, caused in the individual predator that
avoids the group altogether. Third, at the population level,
clustering spatially also reduces the number of individual
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FIGURE 4 Peak shift mechanism applied to prey conspicuousness. The
curve describes a fitness function that relates pattern conspicuousness to the
probability of suffering predation. Predators are assumed to have knowledge
of prey ranging from crypsis (open square: zero conspicuousness, tastefulness,
high probability of predation) to aposematism (solid circle: high conspic-
uousness, A'; distastefulness, low probability of predation, p'). From this
knowledge, predators extrapolate the palatability of prey with higher con-
spicuousness they have not yet experienced, hence the curve beyond the solid
circle. In particular, slightly more conspicuous prey (open circle) elicit a
stronger rejection response than the known aposematic prey (solid circle), and
therefore suffer an even lower probability of predation, pz. Consequently,
selection should cause the conspicuousness of the distasteful prey to shift
gradually from A' to A% In contrast, cryptic distasteful prey cannot drift away
from crypsis (open square) toward higher levels of conspicuousness because
they are more likely to be preyed upon when they become more conspicuous.
An initial phenotypic jump is necessary to get to levels of conspicuousness
where birds can categorize the prey as warningly colored, avoiding confusion
with the normal staple of cryptic tasteful prey.

predators the population of prey is exposed to and has to
educate, which again enhances the benefit of signaling. In
short, it pays to be sitting right next to the toxic individual
that is being sampled by a predator, because this is where the
probability of predation is lowest, hence the advantage to
living in groups. However, many solitary prey also exhibit
warning coloration, and gregariousness does not necessarily
evolve prior to aposematism.

One common mechanism leading to fast divergence in
signals throughout the animals, known as peak shift, hinges
here on the coupling of prey coloration, predator experience,
and predator innate aversion. Prey can be placed on a
conspicuousness axis (Fig. 4), with cryptic edible prey at one
end (close to 0 conspicuousness) and incipient aposematic
prey or new color pattern mutants at some distance down the
axis. More conspicuous prey usually elicit stronger aversion in
educated predators, which extrapolate the idea that stronger
conspicuousness should mean stronger noxiousness. Therefore,
stronger signals (away from edible prey appearance) lead to a
supernormal response in the predators that thereby select for
increased conspicuousness in the prey. This mechanism is a
special case of a runaway process and could be an important
route to the evolution of aposematic prey that are bright and



contrasted. It is thought that the coupling of such cognitive
biases with the ability to learn leads to the selection of more
strongly exaggerated warning colors and patterns in noxious
prey than is expected in purely nonlearning predators.

EVOLUTIONARY ROUTES TO
APOSEMATIC COLORATION

The Problems

There are obvious benefits to bearing warning colors in a pop-
ulation of warning-colored prey. As noted by early naturalists
like A. R. Wallace and later E. B. Poulton, experienced preda-
tors avoid warningly colored prey, and presumably the number
of prey killed during the predators’ education is lower than in
the absence of signaling. These benefits are clear at the group
level but are not so clear at the individual level, because the
first warningly colored individuals in a population of cryptic
(and noxious) prey suffer strongly increased predation. Indeed,
novel warningly colored prey not only suffer increased detec-
tion by prospective predators, but also elicit 70 avoidance in
the predators. Consequently, there is strong positive frequency
dependence, putting novel rare warning signals at a dispro-
portionate disadvantage against an established strategy (crypsis,
or another already established warning signal).

How could warning signals evolve at all if the first mutants
using this strategy are killed? Laboratory experiments using the
“novel world” design (Fig. 2) show rather unequivocally that
aposematic patterns cannot evolve gradually in unpalatable prey.
Indeed, small increases in visibility in cryptic prey increased
attack rates without enhancing learning. Similarly, deviant
phenotypes in established warning patterns suffered stronger
predation. Finally, rare conspicuous prey suffered dispropor-
tionate predation, even when presented in groups. Therefore,
a gradual increase in conspicuousness towards aposematism
seems unlikely. This means that the evolving population must
undergo a sudden jump, both in phenotype (to get a pattern
that predators categorize as a different item) and in numbers
beyond a threshold frequency (to allow the local predators to
learn about the new pattern). Once the new pattern has
achieved the minimum frequency and phenotypic thresholds,
positive frequency dependence helps the new mutant to spread
in the population. Peak shift or other processes can then occur,
increasing the conspicuousness or adding other components
to the signal. How can these evolutionary leaps be achieved—
or circumvented—Dby an incipient aposematic prey?

Deterministic Evolution via Immediate Benefits

NEOPHOBIA A new aposematic form could in theory
escape the disadvantage of being rare and novel by causing
immediate avoidance without having to be tasted at all by the
predator. Indeed, predators are somewhat reluctant to sample
novel-looking prey, particularly if novelty is associated with
bright colors. This phenomenon is called “neophobia,” a kind
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of diet conservatism in predators. Neophobia could arise from
various foraging biases, such as the formation of search images
in the brains of predators as they search for edible-looking
prey and ignore other prey, or via cultural inheritance, as with
nestlings that tend to prey upon what they were fed by their
parents. Neophobia is sometimes presented as a potential
route toward aposematism. However, it does not really resolve
the frequency dependence problem, because it is essentially a
transient phenomenon involving no information acquisition
by predators. Therefore as soon as numbers grow, however
slightly, neophobia tends to vanish. Neophobia should best be
classified as a predator’s bias, like other innate biases against
colors, smells, or sound, evolved by predators in response to
their prey environment. Such biases are likely to channel the
ultimate form taken by the aposematic signal (to the benefit
of both preys and predators), but it is unlikely that they cause
its evolution in the first place.

INDIVIDUAL ADVANTAGE One obvious way around
initial obstacles is not to be killed by predators’ attacks. Then,
prey could both educate the predators and be avoided in
subsequent encounters. Indeed, most birds taste-test their
prey before ingesting them, and many aposematic prey have
noxious compounds in their outer parts, making it possible
to be tasted but not injured by predators. For instance, ithomi-
ine and danaine butterflies concentrate alkaloid in their wings.
Day-flying pericopine moths let a voluminous and bitter
hemolymph froth out of their body, likely tasted (or smelled)
by a predator before it has profoundly injured the moth.
Moreover, most unpalatable butterflies have very elastic bodies,
which resist crushing. Strong smells that predators take as a
warning for bad taste or toxicity, like those of stinkbugs, are
another way by which prey can gain immediate advantage
without having to be effectively tasted by the predators.

PREY ALREADY CONSPICUOUS  Another way by which
prey can overcome the difficulty of evolving conspicuous
color is not to suffer any cost (i.e., avoid the necessity of a
phenotypic leap) as a result of increased conspicuousness.
Indeed, most flying insects are rather conspicuous in flight
and rely on their difficulty of capture to escape predation.
They may not suffer any cost to bearing conspicuous colors,
and indeed many butterflies, if not most, irrespective of their
palatability, display bright patches of colors on the upper side
of their wings, visible in flight, while having cryptic
underwings making them inconspicuous when sitting. Such
bright dorsal colors might initially evolve as sexual signals in
male—male or male—female interactions long before unpalat-
ability evolves. Once noxiousness has evolved, predators can
learn an already conspicuous pattern without making
recognition errors because of the resemblance to the palatable
prey they have as search images. In a way, conspicuous flying
insects can be said to be “preadapted” to evolve warning colors.
But such patterns can then also change or drift according to
predators’ biases. In particular, already bright color patterns
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can be enhanced toward brighter coloration through processes
like peak shift, as described earlier. According to James Mallet,
examples of this mechanism are the unpalatable Zzenaris and
Hpyantis (Nymphalidae: Morphinae), which have evolved
strikingly conspicuous warning spots via the enhancement of
some of the less conspicuous eyespots that are still found on
the undersides of their palatable relatives, the well-known blue
Morpho butterflies.

MULLERIAN MIMICRY  The easiest way to avoid the cost
of rarity and conspicuousness altogether is to jump to an apose-
matic pattern already present in the habitat and known by
the local predators. The shared appearance between several
defended prey is called Miillerian mimicry, and it is likely
that most aposematic species evolved via this route. Indeed,
mimicry rings usually include a large number of Miillerian
species (all of which are noxious). Of these, only one evolved
the pattern first, followed by the other species that colonized
an already protected pattern. This pattern of evolution is
detectable by examining the biogeography and phylogeny of
the species in question. For example, Heliconius erato and H.
melpomene are Miillerian mimics throughout their distribution
range. However, the H. melpomene was shown to have much
younger color pattern races, with a clearly distinct genealogy,
than H. erato, suggesting that H. melpomene is a Miillerian
mimic that adopted the established color patterns of H. erato.

Population Processes: Kin Selection, Drift, and
Shifting Balance

Because many unpalatable prey are indeed gregarious, it is
easy to conclude that gregariousness allows the evolution of
aposematism. The evolution of aposematism through
gregariousness relies on the predator rejecting the whole
group after sampling only one or few individuals. This
extrapolation from one prey to the whole group is analogous
to a superfast learning in the predator, which can be enhanced
by conspicuousness. However, it also pays for aposematic
preys to live in groups, thereby increasing their apparent
density to the local predators. It is therefore not clear whether
gregariousness or aposematism should evolve first to trigger
the evolution of the other. Groups of gregarious larvae (Fig. 3)
are usually family groups, suggesting that kinship might allow
a new mutation quickly to get to a locally high frequency in
such little-dispersing insects through kin selection. However,
one should be aware that relatedness per se is not what favors
the local rise in frequency of the gene here, but simply the
local founding event by one or few family groups.

In fact, many adult aposematic adult insects are either not
gregarious at all or do not aggregate in family groups. Besides,
some of the most gregarious insect larvae come from the joint
oviposition of several unrelated females. Although these exam-
ples could have arisen after the initial evolution of warning
color through kin selection, it is more parsimonious to infer
that non-kin-selection arguments can also explain the evolution

of aposematism. Drift alone, particularly, followed by positive
frequency dependence, is a good candidate mechanism (and in
fact kin founding is only a special case of genetic drift). Indeed,
when the ratio of predators to prey decreases in a locality,
selection for antipredatory strategies is greatly diminished,
allowing the exploration of other color pattern possibilities
by the local population. Using release—recapture techniques
of different warningly colored forms of H. cydno in Ecuador,
D. Kapan showed that selection was relaxed when the butter-
flies were released in larger numbers. Therefore, the prey popu-
lation could move via genetic drift above the required threshold,
after which the new warning color invades the population.
Positive frequency dependence has the interesting property
that although it hinders the initial evolution of new patterns,
it hinders the removal of any pattern once it has been estab-
lished. If genetic drift in prey populations matches the fluc-
tuations of selection pressures in time and space, new local
aposematic patterns can be established frequently in different
locations. These are essentially the first and second steps of
the shifting balance theory of S. Wright. Competition between
geographically adjacent warning color types then allows one
pattern to spread to neighboring populations, like the
traveling waves of color races documented in South America
for H. erato or H. melpomene.

CONCLUSIONS

Despite the advantages of bearing a warning coloration
established in the locality, the evolution of aposematism is
not straightforward because proximal mechanisms seem to
represent obstacles to its initial evolution. However,
aposematic patterns are extremely diverse at all geographical
and taxonomic levels, and this major discrepancy between
theory and nature clearly suggests that positive frequency-
dependent arguments are not as restrictive against the rise of
novel warning colors. Similarly, predator generalization,
which should not allow gradual shift of cryptic prey toward
bright warning colors, does not seem to be efficient in
restricting the rise of new conspicuous patterns.

In fact, both population dynamics and psychological argu-
ments might well explain such spectacular diversification. First,
positive frequency dependence would allow new local forms to
be established through drift, relayed by other processes involving
predator’s cognitive biases. Second, the initial steps toward
warning color are determined largely by which cognitive biases
in the predators are exploited. That is, the initial pathway
taken toward the evolution of warning coloration probably
profoundly affects the aposematic phenotype that eventually
evolves. Similarly, positive frequency dependence prevents
deviations from the evolutionary pathway that is taken. In
short, although aposematism is not expected predictably to
evolve via Fisherian selection, it is such a powerful strategy
once evolved that it is possibly inevitable in a contingent and
varying world, where the nature and the height of the initial
obstacles to its evolution fluctuate. It may thus follow a



ratchetlike pattern of evolution, where more routes may lead
toward aposematism than routes away from it.
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Apterygota

pterygota is a subclass of the class Insecta in the phylum
Arthropoda. It contains two orders, the Archacognatha
and the Thysanura.

Aquatic Habitats

Richard W. Merritt
Michigan State University

J. Bruce Wallace
University of Georgia

ess than 3% of the world’s total water occurs on land, and
most of this is frozen in polar ice caps. Streams and rivers
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are one of the more conspicuous features of the landscape;
however, their total area is about 0.1% of the land surface,
whereas lakes represent about 1.8% of total land surface.
Some authors have questioned whether insects have been
successful in water because aquatic species represent only a
small portion of the total hexapod fauna. However, 13 orders
of insects contain species with aquatic or semiaquatic stages,
and in five of these (Ephemeroptera, Odonata, Plecoptera,
Megaloptera, and Trichoptera) all species are aquatic with
few exceptions (Table I). Few aquatic insects spend all of
their life in water; generally any insect that lives in water
during a portion of its development is considered to be
“aquatic.” Usually, but not always, for most “aquatic” species,
it is the larval stage that develops in aquatic habitats, and the
adults are terrestrial (Table I). The pupae of some taxa
undergoing complete metamorphosis (i.e., holometabolous)
remain within the aquatic habitat; in others the last larval
instar moves onto land to pupate, providing the transition
stage from the aquatic larva to the terrestrial adult.

The success of insects in freshwater environments is
demonstrated by their diversity and abundance, broad
distribution, and their ability to exploit most types of aquatic
habitat. Some species have adapted to very restricted habitats
and often have life cycles, morphological, and physiological
adaptations that allow them to cope with the challenges pre-
sented by aquatic habitats. One aquatic environment in
which insects have not been very successful is saltwater
habitats, although some 14 orders and 1400 species of insects
occur in brackish and marine habitats; only one group occurs
in the open ocean. One of the most widely accepted attempts
to explain why more insects do not live in marine environ-
ments is that successful resident marine invertebrates evolved
long before aquatic insects and occupy many of the same
niches inhabited by freshwater insects. Thus, marine inverte-
brates, such as crustaceans, have barred many insects from

TABLEI Occurrence of Life Stages in Major Habitat Types
for Aquatic and Semiaquatic Representatives of Insect Orders
(A, adult; L, larvae; P, pupae)

Order Terrestrial Freshwater
Collembola AL AL
Ephemeroptera A L
Odonata A L
Heteroptera A AL
Orthoptera AL AL
Plecoptera A L
Coleoptera AL P AL
Diptera AP L P
Hymenoptera A A LD
Lepidoptera A L P
Megaloptera AP L
Neuroptera AP L
Trichoptera A L P

Modified from Ward, J. V. (1992). “Aquatic Insect Ecology,” Vol. 1,
“Biology and Habitat.” Wiley, New York.
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marine habitats by competitive exclusion. Problems with
osmoregulation have been given as another reason for the
paucity of saltwater species; however, one of the two
multicellular animals found in the Great Salt Lake is a
member of the order Diptera (see later: Unusual Habitats),
providing evidence that some insects display a strong ability
to osmoregulate.

The first aquatic insects are believed to have inhabited
flowing water as early as the Permian and Triassic. It was not
until the late Triassic and early Jurassic that evidence of
abundant lentic, or still-water, fauna arose, accompanied by
rapid diversification of water beetles, aquatic bugs
(Heteroptera), and primitive Diptera. On the basis of several
lines of evidence including osmoregulation, fossil evidence,
secondary invasions to water of many taxa, and great
variation in gill structure among and within orders, some
authors have suggested that the first insects may have lived in
water rather than in terrestrial habitats. However, the general
consensus is that an aquatic origin for insects seems unlikely
and that aquatic insects may not have shown up until 60 to
70 million years later than their terrestrial counterparts.

Freshwater systems are often divided into standing (lentic)
and flowing (lotic) waters. Although such a division is useful
for indicating physical and biological differences, habitat
diversity can vary tremendously within these two broad cat-
egories, and some of the same taxa may be found in both
lentic and lotic habitats, depending on the physiological
constraints of a given habit. Many factors influence
successful colonization of aquatic insects to a given habitat;
however, most of these would fall under four broad categories:
(1) physiological constraints (e.g., oxygen demands, respira-
tion, osmoregulation, temperature effects), (2) trophic consi-
derations (e.g., food acquisition), (3) physical constraints
(e.g., coping with harsh habitats), and (4) biotic interactions
(e.g., predation, competition). However, these categories are
so interrelated that detailed analysis of each factor separately
is very difficult.

HABITAT, HABIT, AND TROPHIC
CLASSIFICATION SYSTEM

The classification system used here for lotic and lentic
habitats stresses the basic distinction between flowing water
(i.e., streams, rivers) and standing water (i.e., ponds, lakes,
swamps, marshes) habitats (Table II). This separation is
generally useful in describing the specific microhabitats (e.g.,
sediments, vascular hydrophytes, detritus) in which aquatic
insects may be found. Both stream/river currents and lake
shoreline waves often create erosional (riffle-type) habitats
and may resemble each other in their physical characteristics,
whereas river floodplain pools and stream/river backwaters
create depositional (pool-type) habitats that may resemble
lake habitats as well (Table II). Within a given habitat, the
modes by which individuals maintain their location (e.g.,
clingers on surfaces in fast-flowing water, sprawlers on sand

or on surfaces of floating leaves, climbers on stem-type
surfaces, burrowers in soft sediments) or move about (e.g.,
swimmers, divers, surface skaters) have been categorized
(Table III). The distribution pattern resulting from habitat
selection by a given aquatic insect species reflects the optimal
overlap between habit and physical environmental
conditions that comprise the habitat, such as bottom type,
flow, and turbulence. Because food in aquatic habitats is
almost always distributed in a patchy fashion, the match
between habitat and habit is maximized in certain locations.
This combination will often result in the maximum
occurrence of a particular species.

In view of the complex physical environment of streams,
it is not surprising that benthic invertebrates have evolved a
diverse array of morphological adaptations and behavioral
mechanisms for exploiting foods. Throughout this article we
will follow the functional classification system originally
described by K. W. Cummins in 1973, which is based on the
mechanisms used by invertebrates to acquire foods (Table IV).
These functional groups are as follows:

o Shredders, which are insects and other animals that feed
directly on large pieces of organic matter (e.g., decomposing
leaves and fragments of wood >1 mm in size) and their
associated fungi and bacteria, and convert them into fine
particulate organic matter (FPOM) through maceration,
defecation, and physical degradation;

o Collector-filterers, which have specialized anatomical
structures (e.g., setae, mouth brushes, fans, etc.) or silk and
silklike secretions that act as sieves to remove fine particulate
matter less than 1 mm in diameter from the water column;

o Collector-gatherers, which gather food, primarily
FPOM, that is deposited within streams or lakes;

o Scrapers, which have mouthparts adapted to graze or
scrape materials (e.g., periphyton, or attached algae, and the
associated microbes) from rock surfaces and organic substrates;

o Predators, which feed primarily on other animals by
either engulfing their prey or piercing prey and sucking body
contents.

These functional feeding groups refer primarily to modes of
feeding or the means by which the food is acquired, and the
food type per se (Table IV). For example, shredders may select
leaves that have been colonized by fungi and bacteria;
however, they also ingest attached algal cells, protozoans, and
various other components of the fauna along with the leaves.

LOTIC HABITATS

Streams vary greatly in gradient, current velocity, width, depth,
flow, sinuosity, cross-sectional area, and substrate type, depend-
ing on their position in the landscape with respect to geology,
climate, and the basin area they drain. Anyone who has spent
much time around or wading in streams is aware that these
can be extremely diverse habitats, often manifesting great



TABLEII Aquatic Habitat Classification System
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General category

Specific category

Description

Lotic—erosional (running-water riffles)

Lotic—depositional (running-water

pools and margins)

Lentic-limnetic (standing water)

Lentic-littoral (standing water,

shallow-water area)

Lentic—profundal (standing water, basin)

Beach zone

Sediments

Vascular hydrophytes

Detritus

Sediments
Vascular hydrophytes

Detritus
Open water

Erosional

Vascular hydrophytes
Emergent zone
Floating zone

Submerged zone
Sediments

Sediments

Freshwater lakes

Marine intertidal

Coarse sediments (cobbles, pebbles, gravel) typical of stream riffles.

Vascular plants growing on (e.g., moss, Fontipalis) or among (e.g., pondweed,
Potamogeton pectinatus) coarse sediments in riffles.

Leaf packs (accumulations of leaf litter and other coarse particulate detritus at leading
edge or behind obstructions such as logs or large cobbles and boulders) and debris
(e.g., logs, branches) in riffles.

Fine sediments (sand and silt) typical of stream pools and margins.

Vascular plants growing in fine sediments (e.g., Elodea, broad-leaved species of
Potamegeton, Ranunculus).

Leaf litter and other particulate detritus in pools and alcoves (backwaters).
On the surface or in the water column of lakes, bogs, ponds.

Wave-swept shore area of coarse (cobbles, pebbles, gravel) sediments.

Rooted or floating (e.g., duckweed, Lemna) aquatic vascular plants (usually with
associated macroscopic filamentous algac).

Plants of the immediate shore area (e.g., Tjpha, cattail), with most of the leaves above
water.

Rooted plants with large floating leaves (e.g., Nymphaea, pond lily), and nonrooted
plants (e.g., Lemna).

Rooted plants with most leaves beneath the surface.
Fine sediments (sand and silt) of the vascular plant beds.

Fine sediments (fine sand, silt, and clay) mixed with organic matter of the deeper
basins of lakes. (This is the only category of “lentic—profundal.”)

Moist sand beach areas of large lakes.

Rocks, sand, and mud flats of the intertidal zone.

After Merritt, R. W., and Cummins, K. W. (1996). “An Introduction to the Aquatic Insects of North America.” Kendall/Hunt, Dubuque, IA.

TABLE III  Categorization of Aquatic Insect Habits: That Is, Mode of Existence

Category Description

Skaters Adapted for “skating” on the surface where they feed as scavengers on organisms trapped in the surface film (e.g., Heteroptera: Gerridae,
water striders).

Planktonic Inhabiting the open-water limnetic zone of standing waters (lentic; lakes, bogs, ponds). Representatives may float and swim about in the
open water but usually exhibit a diurnal vertical migration pattern (e.g., Diptera: Chaoboridae, phantom midges) or float at the
surface to obtain oxygen and food, diving when alarmed (e.g., Diptera: Culicidae, mosquitoes).

Divers Adapted for swimming by “rowing” with the hind legs in lentic habitats and lotic pools. Representatives come to the surface to obtain
oxygen, dive and swim when feeding or alarmed; may cling to or crawl on submerged objects such as vascular plants (e.g.,
Heteroptera: Corixidae, water boatman; Coleoptera: adult Dytiscidae, predaceous diving beetles).

Swimmers Adapted for “fishlike” swimming in lotic or lentic habitats. Individuals usually cling to submerged objects, such as rocks (lotic riffles) or
vascular plants (lentic) between short bursts of swimming (e.g., Ephemeroptera: Siphlonuridae, Leptophlebiidae).

Clingers Representatives have behavioral (e.g., fixed retreat construction) and morphological (e.g., long, curved tarsal claws, dorsoventral
flattening, ventral gills arranged as a sucker) adaptations for attachment to surfaces in stream riffles and wave-swept rocky littoral
zones of lakes (e.g., Ephemeroptera: Heptageniidae; Trichoptera: Hydropsychidae; Diptera: Blephariceridae).

Sprawlers Inhabiting the surface of floating leaves of vascular hydrophytes or fine sediments, usually with modifications for staying on top of the
substrate and maintaining the respiratory surfaces free of silt (e.g., Ephemeroptera: Caenidae; Odonata: Libellulidae).

Climbers Adapted for living on vascular hydrophytes or detrital debris (e.g., overhanging branches, roots and vegetation along streams, submerged
brush in lakes) with modifications for moving vertically on stem-type surfaces (e.g., Odonata: Aeshnidae).

Burrowers Inhabiting the fine sediments of streams (pools) and lakes. Some construct discrete burrows that may have sand grain tubes extending
above the surface of the substrate or the individuals may ingest their way through the sediments (e.g., Ephemeroptera: Ephemeridae,
burrowing mayflies; Diptera: most Chironominae, Chironomini, bloodworm midges). Some burrow (tunnel) into plants stems,
leaves, or roots (miners).

After Merritt, R. W, and Cummins, K. W. (1996). “An Introduction to the Aquatic Insects of North America.” Kendall/Hunt, Dubuque, IA.
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TABLEIV  General Classification Systems for Aquatic Insect Trophic Relations

Subdivision of function group

Functional

group” Dominant food

Feeding mechanism

General particle size

Examples of taxa range of food (im)

Shredders Living vascular hydrophyte

plant tissue

Decomposing vascular plant tissue
and wood—coarse particular
organic matter (CPOM)

Collectors

suspension feeders

Decomposing fine particular
organic matter (FPOM)

Detritivores—gatherers or
deposit (sediment) feeders
(includes surface film feeders)

Scrapers Periphyton—attached algae

and associated material

Predators Living animal tissue

(engulfers)

Living animal tissue

animals (or parts)

Herbivores—chewers
and miners of live
macrophytes

Detritivores—filterers or

Herbivores—grazing scrapers or
mineral and organic surfaces

Carnivores—attack prey, pierce
tissues and cells, suck fluids

Carnivores—ingest whole

Trichoptera:
Phyrganeidae, > 10°
Leptoceridae

Trichoptera:
Limnephilidae

Plecoptera:
Pteronarcyidae,
Nemouridae

Diptera:
Tipulidae,
Chironomidae

Trichoptera:
Hydropsychidae

Diptera: <10°
Simuliidae

Ephemeroptera:
Ephemeridae,
Bactidae,
Ephemerellidae

Diptera:
Chironomidae

Trichoptera:
Glossomatidae

Coleoptera: <10°
Psephenidae

Ephemeroptera:
Heprageniidae

Heteroptera:
Belostomatidae, > 10°
Odonata,

Plecoptera: > 10°
Perlidae,
Perlodidae
Coleoptera:
Dytiscidae,
Megaloptera
Trichoptera:
Rhyacophilidae

After Merritt, R. W., and Cummins, K. W. (1996). “An Introduction to the Aquatic Insects of North America.” Kendall/Hunt, Dubuque, IA.

“General category based on feeding mechanism.

differences over short distances. In the upper reaches of a
catchment or drainage basin, small streams often display a
range of habitats characterized by areas that are shallow, with
fast flow over pebbles, cobbles, and boulders. There are also
areas with steep gradients, cascades, or waterfalls when the
underlying substrate is bedrock. There also may be areas of
slow velocity in pools of deeper water.

In many streams draining forested watersheds, pools are
found. Pools are depositional areas during normal flow as
organic and inorganic particles settle to the substrate, and a
similar settling process often occurs in side channels or back-
water areas of streams. Pools are also created upstream of large
instream pieces of wood, which may form obstructions known

as debris dams. Because pools are generally characterized by
reduced water velocity, many of the small particles normally
suspended in fast flows settle to the bottom. In many low-
gradient streams, including large rivers, bottom substrate often
consists of silt, sand, and gravel-sized particles that are
frequently moved by the force of the flowing water. In such
systems, large pieces of woody debris entering the river from
bank erosion or from adjacent floodplain or upstream areas
may represent an important habitat for invertebrate
colonization.

Substratum characteristics are often perceived as a major
contributor to the distribution of many invertebrates;
however, many other factors, including water velocity, food,



feeding habits, refuge, and respiratory requirements, can be
associated with specific substrates. Substratum particle size is
influenced by several items, including geology, physical
characteristics of the rock, past and present geomorphic
processes (flowing water, glaciation, slope, etc.), climate and
precipitation, and length of time over which the processes
occur. These in turn influence landform, which exerts a major
influence on various hydrological characteristics of aquatic
habitats. Unlike many lentic environments, in lotic systems
the velocity of moving water is sufficient to pass the water
around the body of an insect and turbulence provides
reaeration; thus, dissolved oxygen is rarely limiting to stream
inhabitants. Local transport and storage of inorganic and
organic materials by the current may be either detrimental
(e.g., scouring action) or beneficial (as a food source). For
example, most aquatic insects in flowing waters are passive
filter feeders and depend on the water current for delivery of
their food. Scouring flows may therefore remove from the
streambed large organic particles (e.g., leaves) as well as
smaller ones, creating temporary reductions in food supplies.
In contrast, moderately rapid flows may facilitate feeding of
some scraper or grazer insects by preventing excessive
sedimentation buildup on the surfaces on which they feed.

Some Insects and Their Adaptations
to Erosional Habitats

Adaptations of aquatic insects to torrential or “rapid flow”
habitats include the dorsoventral flattening of the body, which
serves two purposes: it increases the organism’s area of contact
with the surface substratum, and it offers a mechanism by
which animals can remain in the boundary layer when water
velocity diminishes, thereby reducing drag under subsequent
exposure to high velocities. However, this second idea may be
an oversimplification. Indeed, some authors have suggested
that the dorsoventrally flattened shape may actually generate
lift in the insect. Examples of animals inhabiting stones in
habitats
(Ephemeroptera) belonging to the families Heptageniidae

torrential include a number of mayflies
(Fig. 1A) and Ephemerellidae; some Plecoptera, such as
Perlidae (Fig. 1G); some Megaloptera (i.e., Corydalidac)
(Fig. 1D); and caddisflies (Trichoptera), such as Leptoceridae
(Ceraclea).

In addition to body shape, many mayflies and stoneflies
have legs that project laterally from the body, thereby
reducing drag and simultaneously increasing friction with the
substrate. Most of these taxa are ecither scrapers or gatherers
on surfaces of stones or predators on other aquatic insects.
Undoubtedly, the diverse physical forces encountered in
aquatic environments, especially streams, influence the array
of morphologies found among aquatic insects.

In some caddisflies (e.g., Glossosomatidae), the shape of
the case rather than the insect is modified. The larvae of
Glossosomatidae in their tortoiselike cases are frequently seen

grazing on the upper surfaces of stones in riffle areas. Another
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FIGURE 1 Typical insects inhabiting lotic environments. (A) Ephemeroptera:
Heptageniidae (Rhithrogena). (Photograph by H. V. Daly.) (B) Diptera:
Simuliidae (Simulium), (C) Trichoptera: Limnephilidae (Dicosmoecus), (D)
Megaloptera: Corydalidae (Corydalus), (E) Diptera: Tipulidae (7ipula), (F)
Plecoptera: Pteronarcyidae (Preronarcys), (G) Plecoptera: Perlidae, (H)

Coleoptera: Psephenidae (Psephenus).

curious caddisfly grazer on stone surfaces is Helicopsyche,
whose larvae construct coiled cases of sand grains shaped like
snail shells. Both glossosomatids and helicopsychids reach
their greatest abundances in sunny cobble riffles, where they
feed on attached periphyton or algae. Another lotic insect
that relies on a rather streamlined case is the limnephilid
caddisfly Dicosmoecus (Fig. 1C).

Larvae of the dipteran family Blephariceridae are unusual
in that they possess hydraulic suckers. A V-shaped notch at
the anterior edge of each of the six ventral suckers works as a
valve out of which water is forced when the sucker is pressed
to the substrate. The sucker operates as a piston with the aid
of specialized muscles. In addition, a series of small hooks and
glands that secrete a sticky substance aid sucker attachment
as the larvae move in a zigzag fashion, releasing the anterior
three suckers, lifting the front portion of the body to a new
position, and then reattaching the anterior suckers before
releasing and moving the posterior ones to a new position.
These larvae are commonly found on smooth stones in very
rapid velocities and are usually absent from stones covered
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with moss and from roughened stones that interfere with
normal sucker function. Several other aquatic insects have
structures that simulate the action of suckers. The enlarged
gills of some mayflies (e.g., Epeorus sp. and Rhithrogena sp.:
Fig. 1A) function as a friction pad, and Drunella doddsi has a
specialized abdominal structure for the same purpose. Some
chironomids have “pushing prolegs” represented by circlet of
small spines that function as a false sucker when pressed to
the substrate. Mountain midge larvae (Deuterophlebiidae)
possibly use a similar mechanism to attach their suckerlike
prolegs. Most of these animals are primarily grazers on thin
films of epilithon (algae, associated fine organic matter, and
microbes) found on the surface of stones.

Flowing water usually carries many organic (and inorganic)
particles and a number of insects exploit these suspended
particles. Filter-feeding collectors (Table IV) exploit the
current for gathering food with minimal energy expenditure.
For example, certain filtering collectors exploit locations where
flows converge over and around substrates, thus allowing the
animals to occupy sites of greater food delivery. Examples
include caddisfly larvae belonging to the families Hydro-
psychidae and Brachycentridae. Silk is used for attachment
by a number of caddisflies (e.g., Hydropsychidae, Philopota-
midae, and Psychomyiidae), which build fixed nets and retreats
(Fig. 2A). Although the Philopotamidae are found in riffle
habitats, their fine-meshed, tubelike nets are usually found in
crevices or undersides of stones in low velocity microhabitats
(Fig. 2C). The nets of the caddisfly, Neureclipsis, are limited
to moderately slow (< 25 cm s7) velocities and the large (up
to 20 cm long), trumpet-shaped nets (Fig. 2D) are used to
capture small animals drifting downstream. Neureclipsis
larvae are often very abundant in some lake outflow streams
where drifting zooplankton are abundant.

Some case-making caddisflies (e.g., Brachycentrus sp.) also
use silk for attaching their cases to the substrate in regions of
moderately rapid flow. Many chironomid larvae construct
fixed silken retreats for attachment or silken tubes that house
the larvae, with a conical catchnet spun across the lumen of
the tube. Periodically, the larva devours its catchnet with
adhering debris that has been swept into the burrow by the
water currents. Meanwhile, other chironomid larvae such as
Rheotanytarsus spp. construct small silk cases that are
attached to the stream substratum with extended hydralike
arms. The arms project up in the current and are smeared
with a silklike secretion to capture particles.

Larval blackflies (Simuliidae, Fig. 1B) use a combination
of hooks and silk for attachment. The thoracic proleg
resembles that of chironomids and deuterophlebiids,
described earlier, and the last abdominal segment bears a
circlet of hooks, which it uses to anchor itself to substrates.
The larva moves forward, inchwormlike, spins silk over the
substrate, and attaches the proleg and then the posterior
circlet of hooks to the silken web. Most blackfly larvae
possess well-developed cephalic fans, which are used to filter
small particles from suspension. These attached larvae twist

FIGURE 2 Representative lotic insects in their environment: (A) Caddisfly

larva (Macrostenum) in its retreat grazing on materials trapped on its capture
net, (B) mayfly larva of Hexagenia (Ephemeridae) in its U-shaped burrow,
(C) tubelike nets of philopotamid caddisfly larvae (Philotamidae) on the
lower surface of a stone, (D) the caddisfly larva and cornucopia-shaped net of
Neureclipsis (Polycentropodidae). [Habitat drawings modified and taken from
Wallace, J. B., and Merritt, R. W. (1980). Filter-feeding ecology of aquatic
insects. Annu. Rev. Entomol. 25, 103-132, (B); Merritt, R. W., and Wallace,
J. B. (1981). Filter-feeding insects. Sci. Am. 244, 131-144 (A, C, D).]

their bodies longitudinally from 90° to 180° with the ventral
surface of the head and fans facing into the current. The
fusiform body shape of blackfly larvae reduces turbulence
and drag around their bodies, which are often located in
regions of relatively rapid flow. Blackfly pupae are housed in
silken cases that are attached to the substrate.

Although unidirectional current is the basic feature of
streams, most lotic insects have not adapted to strong currents,
but instead have developed behavior patterns to avoid
current. Very few lotic insects are strong swimmers, probably
because of the energy expenditure required to swim against a
current. Downstream transport or drift requires only a move-
ment off the substrate to enter the current. Streamlined forms,
such as the mayflies Baetis spp., Centroptilum, Isonychia spp.,
and Ameletus spp., are capable of short rapid bursts of
swimming, but most lotic insects move by crawling or passive
displacement. One characteristic of these latter mayflies is the
possession of a fusiform, or streamlined, body shape: examples
include several Ephemeroptera such as Baetis, Centroptilum,
and Lonychia, as well as a number of beetle (Coleoptera)
larvae. A fusiform body shape reduces resistance in fluids,



and within the mayflies the shape is often associated with
excellent swimming abilities.

The benthic fauna in streams often can be found in cracks
and crevices, between or under rocks and gravel, within the
boundary layer on surfaces, or in other slack-water regions.
Another method of avoiding fast currents is living in debris
accumulations consisting of leaf packs and small woody
debris. This debris offers both a food resource and a refuge
for insects and contains a diverse array of aquatic insects
including stoneflies such as Peltoperlidae and Pteronarcyidae
(Fig. 1F), caddisflies such as Lepidostomatidae and some
Limnephilidae, as well as dipterans such as chironomids and
tipulid crane flies (Fig. 1E).

In some streams with unstable sandy or silt substrates,
woody debris can represent a “hot spot” of invertebrate
activity. Wood debris provides a significant portion of the
stable habitat for insects in streams when the power of the
flowing water is insufficient to transport the wood out of
the channel. In addition to the insect component using wood
primarily as a substrate, there is often a characteristic
xylophilous fauna associated with particular stages of wood
degradation. These include chironomid midges and scraping
mayflies (Cinygma spp. and Ironodes spp.) as early colonizers,
and larvae and adults of elmid beetles. In western North
America, an elmid (Lara avara) and a caddisfly (Heteroplectron)
are gougers of firm waterlogged wood, chironomids are
tunnelers, and the tipulids, Lipsothrix spp., are found in
wood in the latest stages of decomposition. Woody debris is
most abundant in small, forested watersheds, but it is also an
important habitat in larger streams with unstable beds. In the
southeastern coastal plain of the United States and in low
gradient mid- and southwestern streams and rivers with
unstable bottom substrate, woody debris or “snags” often
represent the major habitat for aquatic insect abundance and
biomass. High populations and biomass of filter-feeding
animals such as net-spinning caddisflies (Hydropsyche spp.,
Cheumatopsyche spp., and Macrostenum) (Fig. 2A), and
blackflies occur in these streams and rivers. In addition to filter
feeders, other groups such as odonates, mayflies, stoneflies,
elmid beetles, nonfiltering caddisflies, and dipteran larvae
can be locally abundant on large pieces of woody debris.
Invertebrate shredders and scrapers promote decomposition
of outer wood surfaces by scraping, gouging, and tunneling
through wood. In fact, wood gouging habits of some net-
spinning caddisflies have been blamed for the failure of
submerged timber pilings that had been supporting a bridge!

Sand and silt substrates of rivers and streams are generally
considered to be poor habitats because the shifting streambed
affords unsuitable attachment sites and poor food conditions.
An extreme example of this instability is the Amazon River,
where strong currents move the bedload downstream, resulting
in dunes of coarse sand up to 8 m in height and 180 m in
length, thus largely preventing the establishment of a riverbed
fauna. However, sandy substrates do not always result in poor
habitat for all aquatic insects: some sandy streams are quite
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productive. Blackwater (i.e., high tannic acid concentrations
from leaf decomposition) streams of the southeastern United
States have extensive areas of sand, with some of insects, such
as small Chironomidae (< 3 mm in length), exceeding
18,000/m™ in abundance. Their food is derived from fine
organic matter, microbes, and algae trapped in the sandy
substrate. Numerically, the inhabitants of sandy or silty areas
are mostly sprawlers or burrowers, with morphological
adaptations to maintain position and to keep respiratory
surfaces in contact with oxygenated water. At least one insect,
the mayfly Ametropus, is adapted for filter feeding in sand
and silt substrates of large rivers. Ametropus uses the head,
mouthparts, and forelegs to create a shallow pit in the
substrate, which initiates a unique vortex (flow field in which
fluid particles move in concentric paths) in front of the head
and results in resuspension of fine organic matter as well as
occasional sand grains. Some of these resuspended fine
particles are then trapped by fine setae on the mouthparts and
forelegs. Many predaceous gomphid (Odonata) larvae actually
burrow into the sediments by using the flattened, wedge-
shaped head and fossorial (adapted for digging) legs. The
predaceous mayflies Pseudiron spp. and Analetris spp. have
long, posterior-projecting legs and claws that aid in anchoring
the larvae as they face upstream. Some mayflies (e.g., Caenidae
and Baetiscidae) have various structures for covering and
protecting gills, and others (e.g., Ephemeridae, Behningiidae)
have legs and mouthparts adapted for digging. The predaceous
mayfly Dolania spp. burrow rapidly in sandy substrates and
have dense setae located at the anterior—lateral corners of the
body as well as several other locations. The larva uses its hairy
body and legs to form a cavity underneath the body where the
ventral abdominal gills are in contact with oxygenated water.

Dense setae also are found in burrowing mayflies belonging
to the family Ephemeridae that are common inhabitants of
sand and silt substrates. They construct shallow U-shaped
burrows and use their dorsal gills to generate water currents
through the burrow (Fig. 2B), while using their hairy
mouthparts and legs to filter particles from the moving water.
Hairy bodies seem to be a characteristic of many animals
dwelling on silt substrates, which include other collector
mayflies such as Caenis, Anepeorus, and some Ephemerellidae.

Many dragonflies (e.g., Cordulegaster spp., Hagenius spp.,
and Macromiidae) have flattened bodies and long legs for
sprawling on sandy and silty substrates. Some caddisflies,
such as Molanna, have elongate slender bodies but have
adapted to sand and silt substrates by constructing a flanged,
flat case. They are camouflaged by dull color patterns and
hairy integuments that accumulate a coating of silt. The eyes,
which cap the anterolateral corners of the head, are elevated
over the surrounding debris. The genus Aphylla (Gomphidae)
is somewhat unusual in that the last abdominal segment is
upturned and elongate, allowing the larvae to respire through
rectal gills while buried fairly deep in mucky substrate. Some
insects burrow within the upper few centimeters of the
substratum in depositional areas of streams. This practice is
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found among some dragonflies and a number of caddisflies,
including Molanna, and various genera of the families
Sericostomatidae and Odontoceridae.

Specialized Flowing Water Habitats

The hyporheic region is the area below the bed of a stream
where interstitial water moves by percolation. In gravelly
substrates or glacial outwash areas, it may also extend
laterally from the banks. In some situations an extensive
fauna occurs down to one meter in such substrates. Most
orders are represented, especially taxa with slender flexible
bodies or small organisms with hard protective exoskeletons.
Some stoneflies in the Flathead River of Montana spend
most of their larval period in this extensive subterranean
region of flow adjacent to the river. Stonefly larvae have been
collected in wells over 4 m deep, located many meters from
the river. Rivers draining glaciated regions where there are
large boulders and cobble appear to have an exceptionally
well-developed hyphoreic fauna.

Other specialized flowing water habitats include the
madicolous (or hygropetric) habitats, which are areas in
which thin sheets of water flow over rock. These often
approach vertical conditions (e.g., in waterfalls) and have a
characteristic fauna. Among common animals in these
habitats are caddisflies, including several microcaddisflies
(Hydroptilidae), beetles

Psephenidae, and a number of Diptera larvae belonging to

Lepidostomatidae, such as
the Chironomidae, Ceratopogoniidae, Thaumaleidae,
Tipulidae, Psychodidae, and some Stratiomyiidae.

Thermal (hot) springs often have a characteristic fauna,
which is fueled by algae and bacteria adapted to high
temperatures. The common inhabitants include a number of
dipteran families such as Chironomidae, Stratiomyiidae,
Dolochopodidae, and Ephydridae, as well as some coleopter-
ans. A number of these survive within rather narrow zones
between the thermal spring and cooler downstream areas.

LENTIC HABITATS

Lentic or standing-water habitats range from temporary pools
to large deep lakes and include marshes and swamps, as well
as natural (i.e., tree holes, pitcher plants) and artificial (i.e.,
old tires, rain barrels) containers. The available habitats and
communities for insects in a pond or lake were defined in
Table II. These habitats include the littoral zone, which
comprises the shallow areas along the shore with light
penetration to the bottom and normally contains macrophytes
(rooted vascular plants). The limnetic zone is the open-water
area devoid of rooted plants, whereas the deeper profundal
zone is the area below which light penetration is inadequate
for plant growth, water movement is minimal, and
temperature may vary only slightly between summer and
winter. The aquatic and semiaquatic insect communities
inhabiting these zones are known as the pleuston (organisms

associated with the surface film), plankton and nekton
(organisms that reside in the open water), and benthos
(organisms associated with the bottom, or solid-water
interface). Nektonic forms are distinguished from plankton
by their directional mobility, and the latter are poorly
represented in lentic waters by insects; the majority of insects
found in standing-water habitats belong to the benthos.
Their composition and relative abundance is dependent on a
variety of factors, some of which are integrated along depth
profiles. The overall taxonomic richness of benthic insect
communities generally declines with increasing depth.

Among the aquatic communities of lentic habitats, the
following orders of aquatic and semiaquatic insects are
commonly found within the littoral, limnetic, and profundal
zones: the springtails (Collembola), mayflies (Ephemeroptera),
true bugs (Heteroptera), caddisflies (Trichoptera), dragonflies
(Anisoptera) and damselflies (Zygoptera), true flies (flies, gnats,
mosquitoes, and midges) (Diptera), moths (Lepidoptera),
alderflies (Megaloptera), and beetles (Coleoptera). Not all
these groups occur in lakes, and many are associated with
ponds or marshes; examples of typical lentic insects are
shown in Figs. 3 and 4.

The Pleuston Community

The unique properties of the water surface or air—water
interface constitute the environment of the pleuston
community. The Collembola, or springtails, are small in size,
have a springing organ (furcula), and a water-repelling cuticle
that enables them to be supported by and move across water
surfaces. Among the true bugs, the Gerridae (water striders)
and related families, the Veliidae (broad-shouldered water
striders) and Hydrometridae (water measurers), are able to
skate across the water. Adaptations for this habit include
retractable preapical claws to assist in swimming, elongate legs

FIGURE 3 Typical insects inhabiting lentic environments. (A) Diptera:
Chaoboridae (Chaoborus), (B) Trichoptera: Limnephilidae (Limnephilus),
(C) Coleoptera: Dytiscidae (Agabus), (D) Coleoptera: Dytiscidae. (Photo-
graphs in A, B, and C by M. Higgins.)



FIGURE 4 Typical insects inhabiting lentic environments (A) Coleoptera:
Hydrophilidae (Hydrochara). (Photograph by M. Higgins.) (B) Diptera:
Chironomidae (Chironomus), (C) Odonata: Libellulidae (Pantala).
(Photograph by M. Higgins.)

and body to distribute the insect’s weight over a large area of
the surface film, and hydrofuge (nonwettable) hairpiles for
support on the surface. Some gerrids also are capable of
detecting surface vibrations caused by potential prey. Adult
whirligig beetles (Gyrinidae) live half in and half out of water
with each eye divided into upper and lower halves, permitting
vision simultaneously in both the air and the water; glands
keep the upper portion of the body greased to repel water. The
middle and hind legs of adult gyrinids are paddle shaped,
enabling them to be one of the most effective swimming
invertebrates. Among the Diptera, only the mosquitoes
(Culicidae) may be considered to be permanent members of
the pleuston of lentic waters. The larvae and pupae of most
species use the underside of the surface film for support. Larval
Anopheles lie horizontally immediately beneath the air—water
interface, supported by tufts of float hairs on each. Larvae of
most other genera (Aedes, Culex, Culiseta) hang upside down,
with an elongated terminal respiratory siphon penetrating
the surface film. Feeding adaptations associated with
pleuston specialization include predation by the Hemiptera
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and Coleoptera, to practically all functional feeding modes
by different mosquito larvae, including collecting-filtering

and gathering, scraping, and shredding (Table IV).

The Nekton and Plankton Communities

The nekton are swimmers able to navigate at will (e.g.,
Coleopera, Hemiptera, some Ephemeroptera), whereas plank-
ton are floating organisms whose horizontal movements are
largely dependent on water currents. The phantom midge
Chaoborus sp. (Chaoboridae) (Fig. 3A) is normally regarded as
the only planktonic insect and is abundant in many eutrophic
(nutrient-rich) ponds and lakes. The tracheal system in these
larvae is reduced to kidney-shaped air sacs that function
solely as hydrostatic organs, and the larvae slowly descend or
rise by adjusting the volume of the air sacs. Chaoborus remains
in benthic regions during the day but moves vertically into
the water column at night. These journeys are dependent on
light and oxygen concentrations of the water. The larvae
avoid predation by being almost transparent, and they have
prehensile antennae that are used as accessory mouthparts to
impale zooplankton (Fig. 3A). The only other group of
insects that may be considered to be planktonic are the early
chironmid instars, which have been reported in the open
water column.

Among the Heteroptera, nektonic species are in the
Notonectidae (back swimmers), Corixidae (water boatman),
and Belostomatidae (giant water bugs), all of which are strong
swimmers. Many of these rise to the water surface unless
continously swimming or clinging to underwater plants.
Notonectids have backs formed like the bottom of a boat and
navigate upside down. They hang head downward from the
surface or dive swiftly, using their long hind legs as oars. On
the underside of the body, they carry a silvery film of air,
which can be renewed at regular intervals, for breathing while
submerged. Two genera of backswimmers (Anisops and
Buenoa) use hemoglobin for buoyancy control, and this
adaptation has enabled these insects to exploit the limnetic
zone of fishless lentic waters, where they prey on small
arthropods. They have been considered for use as biological
control agents for mosquito larvae in some areas of North
America. In contrast to notonectids, corixids always swim
with the back up, using their elongate, flattened oarlike legs.
Although some water boatmen are predators, they are the
only group of semiaquatic Heteroptera that have members
that are collectors, feeding on detritus and associated small
plant material. The Belostomatidae are strong swimmers, but
probably spend most of their time clinging to vegetation
while awaiting prey, rather than actively pursuing their food
in the open water. They are masters of their environment and
capture and feed on a variety of insects, tadpoles, fish, and
even small birds. The eggs of many belostomatids are glued
to the backs of the males by the females and carried in this
position until nymphs emerge, a remarkable adaptation for
protection of the eggs.
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Although most aquatic beetles (Coleoptera) are associated
with the substrate, members of the Dytiscidae (predaceous
diving beetles) and the Hydrophilidae (water scavenger
beetles) are often found swimming in the water column and
together constitute the majority of all species of water beetles.
The dytiscids are mainly predators in both the adult and
larval stage (Fig. 3C, D), while adult hydrophilids are
omnivorous, consuming both living and dead materials. The
larvae of hydrophilids are predaceous. (Fig. 4A). To respire,
hydrophilid adults, having their largest spiracles on the
thorax, break the surface film with their antennae; dytiscids,
having their largest spiracles on the abdomen, come up tail-
end first, as do the larvae of both families. Overall, there are
actually few truly nektonic insects, and most of them pass
through the limnetic zone when surfacing for emergence.
This may be, partly, because with no resting supports in the
limnetic zone, maintaining position requires continuous
swimming or neutral buoyancy. The vast majority of lentic
insects occur in shallow water with emergent plants and are
considered to be part of the benthos.

The Benthos Community

Benthos, derived from the Greek word for bottom, refers to the
fauna associated with the solid—water interface and includes
insects residing on the bottom or associated with plant sur-
faces, logs, rocks, and other solid substrates. In lentic habitats,
many insects fall into this category as mentioned earlier, par-
ticularly the Chironomidae, which often represent over 90%
of the fauna in the profundal (deep-water) zone of lakes and
ponds. These inhabitants are mostly burrowers that feed on
suspended or sedimented organic materials and are capable of
tolerating low dissolved oxygen or even anaerobic conditions.
Chironomid larvae build U- or J-shaped tubes with both
openings at the mud-water interface. Body undulations cause
a current of water, providing conditions under which oxygen
and particulate food can be drawn through the tube. Some
midge larvae found in sediments (mainly Chironomus sp.) are
bright red and are known as bloodworms (Fig. 4B). The red
color is caused by the respiratory pigment hemoglobin,
which enables a larva to recover rapidly from anaerobic
periods because the pigment takes up oxygen and passes it to
the tissues more quickly than is possible by diffusion alone.
Other members of the benthos of deeper waters include
the mayfly, Hexagenia (Ephemeridae), which inhabits the silt
and mud of nearshore lake bottoms and has legs modified for
digging to construct U-shaped burrows (Fig. 2B). Mayfly
numbers have been increasing because of improved water
quality standards for lakes and streams. Exceptions to the
main constituents of the profundal zone are some immature
mayflies, stoneflies, and caddisflies that have been collected at
depths from 30 to 100 m in Lake Superior, Michigan. Also,
a stonefly, Utacapnia lacustra (Capniidae), occurs at depths of
80 m in Lake Tahoe, Calfornia—Nevada, and completes its
entire life cycle at this depth, never needing to surface.

Several orders of aquatic insects reach their greatest
abundance and diversity in the shallow littoral zone of ponds
and lakes as benthos typically associated with macrophytes
(macroalgae and rooted vascular plants). The occupants are
burrowers, climbers, sprawlers, clingers, swimmers, and divers
(Table III) and include the Ephemeroptera, Heteroptera,
Odonata, Trichoptera, Megaloptera, Lepidoptera, Coleoptera,
and Diptera. The same groups occupy marshes and some
swamps, which generally tend to be shallow, with an associated
plant zone across the entire surface. Mayflies belonging to the
families Baetidae and Siphlonuridae are generally swimmers,
clingers, and climbers in vegetated ponds and marshes and
mainly feed by means of collecting-filterering or -gatherering
(Table IV). Heteroptera include the water scorpions
(Nepidae), which have long slender respiratory filaments and
are well concealed by detritus and tangled plant growth
because of their sticklike appearance. These sit-and-wait
predators capture organisms that frequent their place of
concealment. Other families of Heteroptera adapted for
moving through vegetation in ponds are the Pleidae or pygmy
back-swimmers and creeping water bugs, the Naucoridae.

The Odonata, particularly the Gomphidae, are all predators
and usually conceal themselves by either burrowing in sub-
strate, sprawling among fine sediment and detritus, or climbing
on vascular plants. Sprawlers are more active hunters and
include the Libellulidae (Fig. 4C) and Corduliidae. Numerous
setae give them a hairy appearance to help camouflage the
larvae, and color is protective in patterns of mottled greens
and browns. Most Zygoptera (damselflies) and the dragonfly
(Anisoptera) family Aeshnidae are mainly climbers or clingers,
lurking in vegetation or resting on stems of aquatic plants.
The larvae stalk their prey, and both dragonfly and damselfly
larvae have a unique lower lip (the labium) armed with hooks,
spines, teeth, and raptorial setae that can extend to seize prey
and then bring it back into the mouth, holding the food
while it is being eaten. The food of larval odonates consists of
other aquatic insects such as midges, semiaquatic bugs, and
beetles, as well as small fish. Predators of larval odonates
include aquatic birds, fish, and large predaceous insects.

In the order Megaloptera, which includes the hellgram-
mites or dobsonfly larvae of streams, only the predaceous
larvae of the alderfly (Sialis) is common in ponds and lakes.
They are generally found in sand or mud along the margins,
but occasionally in deeper water, and they prey on insect
larvae and other small animals. The only aquatic family in
the related order Neuroptera is the Sisyridae (the spongilla
flies), and these are found feeding on freshwater sponges that
occur in some streams and the littoral zones of lakes and
ponds. The larvae, which occur on the surface or in the
cavities of the host, pierce the sponge cells and suck the fluids
with their elongated mouthparts.

Although most caddisflies are observed living in lotic
waters, several families of caddisflies are either associated with
temporary ponds in the spring, aquatic vegetation in perma-
nent ponds, lakes and marshes, or wave-swept shore lines of



lakes. The Hydropsychidae (net spinners), Helicopsychidae
(snail case makers), Molannidae, and Leptoceridae are often
found along wave-swept shorelines of lakes, and their feeding
habits range from those of scrapers and collector-filterers to
predators. The Phryganeidae and several genera within the
Limnephilidae are climbers, clingers, and/or sprawlers among
vegetation in temporary and permanent ponds and marshes;
generally, they are shredders of vascular hydrophytes and other
decaying plants. The cases of lentic caddisfly families vary with
the environment they are found in. Some cases consist of narrow
strips of leaves put together in spiral form around a cylinder
(Phryganaeidae: Phryganea sp.), others consist of plant materials
such as leaves and bark arranged transversely to produce a bulky
cyclindrical case (Limnephilidae: Limnephilus) (Fig. 3B).

Both aquatic and semiaquatic moths (Lepidoptera) occur
in lentic habitats, and several genera form close associations
with vascular hydrophytes. Larvae of the family Pyralidae
(Parapoynx sp.) spend the first two instars on the bottom and
feed on submerged leaves of water lilies, whereas older larvae
generally become surface feeders. Silk spun by the caterpillars
is often used to build protective retreats, and pupation usually
takes place in silken cocoons or silk-lined retreats. Larval
habits of aquatic and semiaquatic moths include leaf mining,
stem or root boring, foliage feeding, and feeding on flower or
seed structures. One semiaquatic lepidopteran called the
yellow water lily borer (the noctuid Bellura gortynoides),
mines the leaves as a young caterpillar and then bores into the
petioles of lilies as an older caterpillar. Within the petiole,
larvae are submerged in water and must periodically back out
to expose the posterior spiracles to the air before submerging
again. The larvae swim to shore by undulating their bodies
and overwinter under leaf litter in protected areas.

In addition to the water scavenger and predaceous diving
beetles that may occur as nekton swimming through the water
column, larvae and adults of other beetles are considered to be
part of the benthos of ponds and marshes. These include the
Haliplidae (crawling water beetles), which are clingers and
climbers in vegetation, and the Staphylinidae (rove beetles),
which are generally found along shorelines and beaches, as
well as in the marine intertidal zone. The Scirtidae (marsh
beetles) are generally found associated with vascular
hydrophytes but also are a prominent inhabitant of tree holes.
The aquatic Chrysomelidae (leaf beetles) occur commonly
on emergent vegetation in ponds, especially floating water
lily leaves. The larvae of one genus, Donacia, obtain air from
their host plant by inserting the sharp terminal modified
spiracles into the plant tissue at the base of the plant. Water
lilies can be heavily consumed by larvae and adults of the
chrysomelid beetle, Galerucella sp., and some of the aquatic
herbivorous beetles belonging to the family Curculionidae
(weevils) include pests of economic importance such as the
rice water weevil (the curculionid Lissorhoptrus).

The Diptera is clearly one of the most diverse aquatic insect
orders, inhabiting nearly all lentic habitats and representing
all functional feeding groups and modes of existence. Although
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the benthic Chironomidae may reach their highest densities
in the profundal zone of eutrophic lakes and ponds, they also
are largely represented in the littoral zone associated with
submergent and emergent plants, where they often graze on
the algae attached to leaf surfaces or are vascular plant miners.
Other dipteran families that occur in the littoral or limnetic
zone, along with their specific habitat, habit (mode of locomo-
tion, attachment, or concealment), and functional feeding
mode are summarized in Table V. Among these, a few are of
particular interest because of their high diversity and/or
abundance in these habitats, namely the crane flies
(Tipulidae), the shore and brine flies (Ephydridae), and the
marsh flies (Sciomyzidae). The Tipulidae, the largest family
of Diptera, are found along the margins of ponds and lakes,
freshwater and brackish marshes, and standing waters in tree
holes. A few littoral species inhabit the marine intertidal
zone. To these are added the large numbers of species that are
semiaquatic, spending their larval life in saturated plant
debris, mud, or sand near the water’s edge or in wet to
saturated mosses and submerged, decayed wood. Ephydridae
larvae have aquatic and semiaquatic members and occupy
several different lentic habitats ranging from salt water or
alkaline pools, springs, and lakes to burrowers and miners of
a variety of aquatic plants in the littoral margins of these
freshwater lentic habitats. All larvae utilize a variety of food,
but algae and diatoms are of particular importance in their
diet. The Sciomyzidae share some of the same habitat with
the shore and brine flies, particularly fresh- and salewater
marshes, and along margins of ponds and lakes among
vegetation and debris. The unique aspect of their larval life is
that they are predators on snails, snail eggs, slugs, and
fingernail clams. The aquatic predators float below the
surface film and maintain buoyancy by frequently surfacing
and swallowing an air bubble. Prey may be killed
immediately or over a few days.

MARINE HABITATS

As noted earlier, insects have been largely unsuccessful in
colonizing the open ocean, except for some members of the
heteropteran family Gerridae. Most marine insects live in the
intertidal zone (i.e., between high and low tide marks),
especially on rocky shores or associated with decaying seaweed
on sandy beaches (Table I). Although several orders have rep-
resentatives in the intertidal zone, only a few orders, notably
the Diptera, Coleoptera, and Collembola, have colonized these
habitats in any numbers. The harsh physical environment of
this area has forced these groups to occur buried in sand or
mud and to hide in rock crevices or under seaweed.

UNUSUAL HABITATS

Because of adaptive radiation over evolutionary time, insects
have colonized virtually every aquatic habitat on earth.
Therefore, it is not surprising that these organisms are found
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TABLEV Summary of Ecological Data for Benthic Aquatic and Semiaquatic Diptera Larvae Inhabiting Lentic Habitats

Family Habitat

Habitat Functional feeding mode

Ceratopogonidae (biting midges, Littoral zone (including tree holes
and small temporary ponds

and pools)

« »
no-see-ums”)

Chironomidae (nonbiting midges) All lentic habitats including marine,

springs, tree holes

Corethrellidae
Psychodidae (moth flies)

Limnetic and littoral margins

Littoral detritus (including
tree holes)

Ptycopteridae (phantom crane flies) ~ Vascular hydrophytes (emergent

zone), bogs

Tipulidae (crane flies) Littoral margins, floodplains

(organic sediment)

Dolichopodidae

Littoral margins, estuaries,
beach zones

Stratiomyidae (soldier flies) Littoral vascular hydrophytes;

beaches (saline pools, margins)

Tabanidae (horseflies, deerflies) Littoral (margins, sediments and
detritus); beaches, marine
and estuary

Canacidae (beach flies)

Ephydridae (shore and brine flies)

Beaches—marine intertidal

Littoral (margins and vascular

hydrophytes)
Muscidae Littoral
Scathophagidae (dung flies) Vascular hydrophytes

(emergent zone)

Sciomyzidae (marsh flies) Littoral—vascular hydrophytes

(emergent zone)
Littoral (sediments and detritus),

Syrphidae (flower flies)

tree holes

Generally sprawlers, burrowers or  Generally predators some

planktonic (swimmers) collector-gatherers

Generally burrowers, sprawlers Generally collector-gatherers,

(most are tube builders); some collector-filterers; some shredders

climber-clingers and scrapers

Sprawlers Predators
Burrowers Collector-gatherers
Burrowers Collector-gatherers

Burrowers and sprawlers Generally shredders, collector-gatherers

Sprawlers, burrowers Predators

Sprawlers Collector-gatherers
Sprawlers, burrowers Predators
Burrowers Scrapers

Burrowers, sprawlers Collector-gatherers, shredders,

herbivores (miners), scrapers,

predators
Sprawlers Predators
Burrower-miners (in plant stems),  Shredders

sprawlers

Burrowers, inside snails Predators or parasites

Burrowers Collector-gatherers

in the most unusual of aquatic habitats. The title of most ver-
satile aquatic insect must be shared among members of the
dipteran family Ephydridae, or shore flies. Shore flies can breed
in pools of crude petroleum and waste oil, where the larva
feed on insects that become trapped on the surface film.
Other species of this family (Ephydra cinera), known as brine
flies, occur in the Great Salt Lake, Utah, which has a salinity
six times greater than that of seawater. Larva maintain water
and salt balance by drinking the saline medium and excreting
rectal fluid that is more than 20% salt. Another related family
of flies, the Syrphidae, or “rat-tailed maggots,” occur in sewage
treatment lagoons and on moist substrates of trickling filter
treatment facilities. Both families have larvae with breathing
tubes on the terminal end, which permits the larvae to
maintain contact with the air while in their environment.
Some Stratiomyiidae, or soldier flies, live in the thermal hot
springs of Yellowstone National Park with temperatures as
high as 47°C! Other members of this family inhabit the
semiaquatic medium of cow dung and dead corpses. A few
species of insects have invaded caves and associated subter-
ranean habitats, as mentioned earlier (see Lotic Habitats).

Another unsual aquatic habitat that several insect orders
occupy is referred to phytotelmata or natural container
habitats and include tree holes, pitcher plants, bromeliads,
inflorescences, and bamboo stems. Synthetic container
habitats, such as old tires, cemetery urns, rain gutters, and
similar natural habitats such as hoofprints also harbor similar
insects. Some of these habitats are extremely small and hold
water only temporarily, but nevertheless can be quite diverse.
The most common order found in these habitats is the
Diptera with more than 20 families reported. Over 400
species of mosquitoes in 15 genera alone inhabit these bodies
of water and some of these species are important vectors of
disease agents.

Insect communities inhabiting pitcher plants (Sarracenia
purpurea) in North America are exemplified by a sarcophagid
or flesh fly (Blaesoxipha fletcheri), a mosquito (Wyeomyia
smithii), and a midge (Metriocnemus knabi). The relative
abundance of these pitcher plant inhabitants is related to the
age, inasmuch as each of the three species consumes insect
remains that are in different stages of decomposition.

Specifically, the larvae of the flesh fly feed on freshly caught



prey floating on the pitcher fluid surface. The mosquito
larvae filter feed on the decomposed material in the water
column, and the midge larvae feed on the remains that
collect on the bottom of the pitcher chamber. Temporary
habitats are important because they are populated by a
variety of species, often with unique morphological,
behavioral, and physiological properties.

See Also the Following Articles
Cave Insects « Marine Insects o Mosquitoes o Soil Habitats o
Swimming
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Arachnida

see Scorpions; Spiders

Archaeognatha

(Bristletails)

Helmut Sturm
University Hildesheim, Germany

he Archaeognatha (Microcoryphia; part of the subdivided
order Thysanura) are apterygote insects with a body size
between 6 and 25 mm and a cylindrical shape (Fig. 1). The
eyes are large and contiguous, and there are two lateral and
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FIGURE 1 A male archacognathan (Machilis germanica), body length ca.
12 mm, lateral view; for details see Fig. 2.

one median ocelli (small single eyes with a single beadlike
lens). The flagellate (whiplike) antennae extend one-half to
three times the length of the body. The mouthparts are
ectognathous (freely visible) and the mandibles are linked
with the head by a monocondylic joint (i.e., one point of
attachment). Some authors believe that this feature
distinguishes the Archaecognatha from all other ectognathous
Insecta. The seven-segmented maxillary palps are longer than
the legs. The thoracic tergites II + III are in lateral view
strongly arched, and the two or three tarsal segments of the
legs are rigidly united. Some taxa have additional scopulae
(dense brushes of specialized hairs) on the distal end of the
third tarsal segment. There are mostly pairs or double pairs of
eversible vesicles on the coxites of the abdomen (Fig. 3). On
each of the abdominal coxites II to IX, styli (pointed,
nonarticulated processes) are present (Fig. 3).

Females have two long gonapophyses on each of the
abdominal segments VIII + IX, forming the ovipositor. The
penis of the males on abdominal segment IX varies in length,
and in Machilidae it is ficted with paired parameres on
abdominal segments IX or VIII + IX. The three filiform and
scaled caudal appendages (one long filum terminale and two
laterally inserted cerci) are directed backward. Tergites, cerci,
and coxites are always scaled. The molts continue in adult
stages. Many species are petrophilous (living on and under
stones). The order comprises about 500 species in two
families (Machilidae and Meinertellidae).

thoracic terga
4 ]

_ — abdominal terga ~ -
lateral ocelli
N

!
terminal
filament

FIGURE 2 General structure of Archaeognatha, semidiagrammatic. (a) Lateral
view. (b) Dorsal view, color pattern of dorsal scales intimated. (Reprinted
from Deutsche Entomologische Zeirschrifi 48, p. 4, © 2001 by Wiley-VCH,

with permission.)
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FIGURE 3 Abdominal coxites III of M. germanica, ventral view. The eversible
vesicles can be exserted by increasing the inner pressure and retracted by muscles.

FOSSIL RECORD, SYSTEMATICS,
AND BIOGEOGRAPHY

The fossil record of Paleozoic and Mesozoic apterygotes is
poor, and many of the fossils of ectognathous representatives
cannot be clearly assigned to extant orders. From the
Mesozoic, the only archacognathan fossil is Cretaccomachilis
libanensis from the lower Cretaceous of Lebanon. For the
Cenozoic period, there are many fossils of Archacognatha,
most being amber inclusions. For example, from Baltic amber
(ca. 35 mya) seven species of Machilidae are known. All extant
forms and the fossils from the Cretaceous and the Tertiary can
be included in the superfamily Machiloidea. This group includes
two families, the more primitive Machilidae (46 genera and
some 325 species), with three subfamilies (Machilinae, Petro-
biinae, Petrobiellinae), and the more derived Meinertellidae
(19 genera and some 170 species).

The Machiloidea are distributed worldwide. Only the
Meinertellidae occur in South America, the Caribbean,
South Africa, Australia, and Melanesia. Both Machilidae and
Meinertellidae occur in the United States.

BEHAVIOR AND ECOLOGY

The mating behavior of archacognathans is unique. There are
three different modes of sperm transfer. In the most wide-
spread and unique mating behavior, a carrier thread is used.
In Machilis germanica, for example, the male approaches the
female and drums on her with his long maxillary palps. The
female shows “willingness” to mate by moving toward the
male and bending up the tip of her abdomen. The male then
attaches a secreted thread to the ground with his parameres.
While the thread is being drawn out, the male secretes three to
five sperm droplets onto the thread (Fig. 4). The male curves
simultaneously around the female, preventing her from
moving forward. Finally, the male places the sperm droplets
onto the ovipositor of the female. The indirect transmission
of sperm droplets, which are deposited on a thread stretched
between parameres and the ground, is unique within the

FIGURE 4 Mating position of M. germanica, dorsal view. The male has

drawn out a secreted thread, deposited three sperm droplets on the thread,
and taken up a U form. The ovipositor of the female is touching one of the
sperm droplets.

animal kingdom. At least two other possibilities of indirect
sperm transfer are known. In Petrobius (Machilidae), the sperm
are moved directly from the penis onto the ovipositor of the
female and in all Meinertellidae sperm are transferred by
stalked spermatophores deposited on the ground.

Archacognatha are found in habitats with very different
climates. Representatives of the genus Allopsontus (Machilidae)
are found up to 5000 m in the Himalayan region. In contrast,
two meinertellid species live in the Amazonian forest. Some
genera (e.g., Petrobius) are found near the seacoast. In tropical
forests, meinertellid genera are found on the leaves of bushes
and trees. Most Archaeognatha feed on green algae, lichens,
and dead leaves. Several species of spiders probably are their
principal predators.

Their protection against enemies is probably provided by
three main factors: (1) the presence of long appendages with
sensilla (filum terminale, cerci, antennae); (2) a dense scale
cover on the relatively thin and flexible tergites and coxites;
and (3) their ability to jump, which is fully developed in all
free-living stages and in all recent representatives, and
probably is their most effective defense.

PHYSIOLOGY

The cuticle of the Archacognatha is generally thin and flexible
and bears a multitude of sensory setae and other sensory
organs. The hypopharynx (a mouthpart between maxillae and
labium) is well developed. The coxal vesicles absorb fluids;
their number varies from none to two within a coxite. In all
machilid males, coxite IX bears the penis (length from % of
the coxite to 1% in Machilidae, in Meinertellidae ca. ]7 of the
coxite length). In females, the paired gonapophyses on coxites
VIII and IX form the ovipositor. It is of different length and
has generally a specific chaetotaxy in each species.

DEVELOPMENT

The eggs (diameter 0.7-1.3 mm) are deposited into crevices of
rocks or bark, and this stage lasts 60 to 380 days. Developmental



stage I (first free-living larva) has a distinct prognathy, a
strong forward projection of parts of the maxillae (laciniae),
which aids in emergence from the egg, and rod-like setae on
the head and the terga. These features disappear after the first
molt. From developmental stage Il onward, a scale cover is
present in all terga and on abdominal coxites and caudal
appendages. The molts continue during adult life.

See Also the Following Article
Zygentoma
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Arthropoda and Related
Groups

James H. Thorp
University of Kansas

ore than 75% of all described species in terrestrial,

freshwater, and marine ecosystems are in the phylum
Arthropoda. No other invertebrate phylum, with the possible
exception of the nematodes, approaches their economic and
ecological importance. This article briefly reviews all sub-
phyla and classes of Arthropoda, with its nearly one million
described species, and provides more details about major
arthropod taxa not covered in other entries in the
Encyclopedia. Aspects of arthropod evolutionary relationships,
diversity, anatomy, physiology, and ecology are discussed.

OVERVIEW OF THE PHYLUM ARTHROPODA

The Arthropoda is a phylum more diverse than any other
living or extinct animal taxon. Counted among this immense
assemblage are beetles, butterflies, silverfish, centipedes, scor-
pions, mites, sea spiders, crabs, sow bugs, and barnacles, and
many other common names too numerous to mention. Arthro-
pods are the numerically dominant metazoan on land and
rank among the most prominent benthic (bottom-dwelling)

Arthropoda and Related Groups 59

and planktonic members of freshwater and marine ecosystems.
They colonize virtually every conceivable habitat—from the
equator to the poles, from high mountains to deep ocean
trenches, and from rain forests to deserts and hot springs—and
fill all trophic niches above the level of primary producer.
Parasitism, especially ectoparasitism, is common in some
groups, but most species are free-living. They range in size from
tiny gall mites (80 Wm) to Japanese spider crabs with leg spans
of 3.6 m. While some arthropods are vectors for human disease-
causing organisms and others are major agricultural competitors
with humans, they are also vital to the functioning of most
ecosystems and a boon to humans in many ways. In addition
to deriving nutrition from some arthropods (e.g., directly or
indirectly from bees, crabs, lobsters, and shrimp), humans
probably could not survive without arthropods.

The name “Arthropoda” is from the Greek, meaning “jointed
foot.” The presence of jointed appendages is the primary feature
distinguishing arthropods from other phyla. Advantages pro-
vided by these appendages, a metameric or segmented body, and
a hard skeleton are the three most important reasons for the
phylum’s success. Arthropods are segmented like annelid worms,
but the evolutionary trend has been to fuse several metameres
into body regions (tagmata) with specialized functions. Spiders
have two tagmata, insects have three, and many crustaceans
have two; however myriapods (millipedes and centipedes) lack
tagmata. Arthropods have chitinous and proteinaceous exoskele-
tons that are frequently strengthened with calcium salts. A
modest, nonchitinized endoskeleton of inwardly projecting
apodemes aids muscular attachment. To allow for continued
somatic growth, the exoskeleton is shed periodically during
ecdysis, a relatively strenuous and often dangerous process.
Modifications of the exoskeleton have permitted arthropods
to fly, swim, run, and burrow effectively.

Except for the molluscan cephalopods (e.g., the octopus),
arthropods surpass all invertebrates in internal organ complexity.
Although they are a phylum with a coelom, this structure no
longer serves as a hydrostatic skeleton (as in annelids) but persists
only as a cavity surrounding reproductive and/or excretory
organs. The principal body cavity is instead the hemocoel, which
is derived from the circulatory system. The open circulatory
system consists of a dorsal heart, blood sinuses, and one or more
discrete vessels. Hemocyanin and hemoglobin are the principal
oxygen-carrying blood pigments. Respiration is achieved
through the skin surface in some small species, but with gills
in most aquatic organisms and tracheae and/or book lungs in
terrestrial species. Excretory and osmoregulatory organs vary in
type in accordance with the typical environmental moisture and
salt content, as do the primary excretory products (ammonia in
water and usually either uric acid or guanine on land). Cilia are
absent externally and internally. The neural system is highly
developed, with brain centers and complex sensory organs;
indeed, next to vertebrates and cephalopods, the arthropod
brain is the most complex on earth.

Most species reproduce sexually and are primarily dioecious
(i.e., with an individual being a single gender), although
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parthenogenesis occurs in many taxa. Courtship and brood
care are uncommon but are found in some members of all
subphyla. Rather than possessing the spiral cleavage typical of
many other protostomates, arthropods usually develop by
superficial cleavage of a cytoplasmic layer above a yolky
sphere. Larvae or discrete juvenile stages are common in
terrestrial and aquatic taxa, but aquatic larvae never resemble
the trochophore larvae that characterize related phyla.

EVOLUTIONARY RELATIONSHIPS
WITH OTHER PHYLA

Arthropods were traditionally linked with the phylum Annelida
in the phylogenetic clade Articulata because both are metameric
phyla, but more recent molecular analyses provide no support
for a particularly close relationship. Instead, arthropods seem
to be linked with other phyla that must shed their cuticle
during ecdysis to grow. This clade of “Ecdysozoa” also includes
the phyla Tardigrada, Onychophora, Nematoda, and Nemato-
morpha, along with the more distantly related Priapulida and
Kinorhyncha. At a greater phylogenetic distance from
Ecdysozoa is the other major protostomate clade consisting of
the phyla Rotifera, Annelida, Mollusca, Bryozoa (Ectoprocta),
Brachiopoda, and Phoronida. Pentastomida is listed by some
authors as a separate phylum with links to Arthropoda through
the clade Ecdysozoa, but here it is included as a class within
the arthropod subphylum Crustacea.

Within Ecdysozoa, the three closest phyla are Arthropoda,
Tardigrada, and Onychophora. This conclusion is based in part
on molecular studies using 185 rRNA. Fossil evidence from the
mid-Cambrian (~520 mya) suggests that onychophoran-like
limbs developed in aquatic invertebrates and may have served
as a preadaptation for terrestrial life. Similarities in morphology
and physiology also seem to link these phyla. For example, tardi-
grades possess striated muscles, paired ventral nerve cords, and
a large hemocoel. In addition to these characteristics, ony-
chophorans have the following arthropod-like features: a tra-
cheal respiratory system, mandible-like mouth appendages,
cardiac ostia, an excretory system comparable to the green gland
of crustaceans, one pair of antennae, and similar defensive secre-
tions produced by repugnatorial glands. Both Onychophora and
Tardigrada, however, have some decidedly non-arthropod-like
characteristics (e.g., nonjointed legs). Onychophora, Myri-
apoda, and Hexapoda are grouped by some systematists into
Uniramia, a single phylum of arthropod-like animals having a
single branch (ramus) of body appendages. According to this
theory Uniramia is phylogenetically isolated from Crustacea
and Chelicerata, but all are in the superphylum Arthropoda.

TAXONOMIC DIVERSITY AND
INTRAPHYLETIC AFFILIATIONS

Arthropoda is treated here as a monophyletic clade of geneti-
cally diverse but evolutionarily linked species. Some zoologists,
however, maintain that this alleged phylum is actually an

artificial, polyphyletic grouping of similar taxa evolving
multiple times from different prearthropod ancestors. Much
of this debate has centered on evolutionary relationships
between the phyla Arthropoda and Onychophora. Classified
within Arthropoda are one extinct subphylum (sometimes
called super class), the Trilobitomorpha (trilobites), and four
living subphyla: Chelicerata (spiders, mites, horseshoe crabs,
and sea spiders), Myriapoda (millipedes and centipedes),
Hexapoda (springtails, bristletails, beetles, flies, true bugs,
etc.), and Crustacea (crayfish, barnacles, water fleas, pill
bugs, etc.). Sometimes the number of extant subphyla is
reduced to three (Chelicerata, Uniramia, and Crustacea) or
even two groups (Chelicerata and Mandibulata).

Molecular studies of arthropod phylogeny present a
reasonably clear picture of relationships among three of the
four living subphyla. Chelicerates are evolutionarily distinct
from insects and crustaceans, and they differ from all other
living arthropods in lacking a tagma for either a “head and
trunk” or a “head, thorax, and abdomen.” Instead, they
possess an anterior prosoma without a distinct head and a
posterior opisthosoma. Another major clade evident from
gene sequences is Mandibulata, composed of the other three
extant subphyla. Morphological observations of appendages
would seem then to link Myriapoda and Hexapoda into a
group (Uniramia) of taxa with only one branch to each
appendage and distinct from the biramous Crustacea, but
molecular evidence is inconclusive on this point. In some
gene sequence trees, myriapods are tightly linked with insects,
while other molecular analyses show the millipedes and
centipedes as deeply entangled within other genetic branches.

Accurate estimates of both relative and absolute diversities
of arthropods are often problematic because of the enormous
species richness, large number of unexplored habitats, greater
emphasis on studies of economically important taxa, and
increasingly serious lack of qualified taxonomists. For those
reasons, the literature is replete with divergent estimates of
the total number of species in most groups, especially the
insects and mites. Table I lists the classes of Arthropoda and
includes estimates of taxonomic diversity.

SUBPHYLUM TRILOBITOMORPHA

Trilobites probably played a crucial role in the evolution of living
arthropods. Members of the now extinct subphylum Trilobit-
omorpha began roaming primeval seas in the Precambrian,
reached their zenith in the late Cambrian with 4000—10,000
species, and then slowly went extinct around 230 to 275 mya.
They were flattened, bilaterally symmetrical arthropods with
bodies divided by longitudinal and transverse grooves unlike
living arthropods (Fig. 1). Most adults were 2 to 7 cm in length,
but giants of 50 cm are known. Their organ systems probably
resembled those in modern arthropods. Smaller species were
probably planktonic suspension feeders, whereas most species
and all larger species were probably benthic deposit feeders or
facultative predators. Unlike most other arthropods, trilobites
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TABLEI Estimates of Arthropod Diversity, with Comments on Certain Arthropod Taxa and Two Related Phyla”

Estimated number of

Taxon species (families) Biological features
Phylum Arthropoda 1-5 million

Subphylum Trilobitomorpha 4,000-10,000 Extinct marine trilobites

Subphylum Chelicerata 77,000-1 million Originally marine, but subsequent evolution has primarily been in terrestrial mites
Class Merostomata 5 Marine horseshoe crabs and extinct sea scorpions
Class Arachnida ~76,000 (550) Spiders, scorpions, and mites
Class Pycnogonida 1,000 (8+) Sea spiders

Subphylum Myriapoda 13,000 (140+) Terrestrial millipedes, centipedes, and others
Class Chilopoda 3,000 (20) Predaceous centipedes
Class Symphyla 160 (2) Small (1-8 mm), mostly herbivorous; live in forest litter
Class Diplopoda 10,000 (120) Millipedes
Class Pauropoda 500 (5) Minute (< 1.5 mm) dwellers in forest litter

Subphylum Hexapoda 1-4 million Insects, springtails, bristletails, etc.
Class Ellipura 6,000+ Wingless, entognathous (orders Protura and Collembola, or springtails)
Class Diplura 800 (9) Blind, wingless inhabitants of forest litter; entognaths
Class Insecta 1-4 million species Winged and wingless insects; all adults with six pairs of legs
Subclass Apterygota 600 (5) Primitive, wingless insects (order Thysanura with bristletails and silverfish)

Subclass Pterygota
Subphylum Crustacea
Class Cephalocarida
Class Malacostraca
Class Branchiopoda
Class Ostracoda
Class Mystacocarida
Class Copepoda
Class Branchiura
Class Pentastomida
Class Tantulocarida
Class Remipedia

Class Cirripedia
Phylum Onychophora
Phylum Tardigrada

~1 million+ (906)
~50,000
9(2)

29,000 (103)
1,000 (29)
6,650 (46+)
11

8,000 (97)
125 (1)

100 (7)

10+ (9)

9+

1,000 (20)
70 (2)
800 (17)

Mostly winged insects (grasshoppers, true bugs, beetles, flies, butterflies, ants, etc.)

Shrimp, crabs, waterfleas, barnacles, copepods, etc.

Primitive; live in soft marine sediments

Crabs, water scuds, isopods, mantis shrimp, etc.

(= Phyllopoda) water fleas and brine, clam, pea, and tadpole shrimp

Seed shrimp enclosed in a bivalved chitinous carapace

Interstitial species living in shallow water or intertidally

Dominant crustaceans in zooplankton; a few parasites of marine fish and invertebrates

Fish lice (ectoparasites)

Highly modified parasites of tetrapod vertebrates

Deep-water parasites of crustaceans; some sources estimate diversity up to 1200 species

Ancient, vermiform crustaceans found in marine caves; some estimate diversity as high
1200 species

True barnacles and small groups of parasitic taxa

Velvet worms; most confined to tropical habitats

Wiater bears in aquatic and moist terrestrial habitats

“Estimates of species richness are for living taxa only, except for the subphylum Trilobitomorpha. The reliability of these estimates varies widely among taxa.

proceeded gradually through a life with three larval stages, 14
or more juvenile steps in the first year of life, and multiple adult
stages lasting a maximum of 3 more years.

SUBPHYLUM CHELICERATA

Few invertebrates on land or sea are so often miscast in a
sinister role as the spider, which along with mites, sea spiders,
and horseshoe crabs comprises the 77,000 described species in
the subphylum Chelicerata. Indeed, most arachnids and all
other chelicerates either are harmless to humans or are actually
quite helpful in their roles as predators and parasites of insects
or as decomposers of terrestrial litter. Although the subphylum
evolved in the sea, the ocean now supports only the five
species of horseshoe crabs (class Merostomata), a thousand or
so species of sea spiders (class Pycnogonida), and a few mites.

Class Merostomata: Horseshoe Crabs

FIGURE 1 Asaphiscus wheeleri, an extinct trilobite in the subphylum
Trilobitomorpha. (Photograph courtesy of Sam M. Gon, IIIL.)

During the full or new moons of late spring and early summer
when tides are the highest, vast numbers of horseshoe crabs
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FIGURE 2 Representative of the subphylum Chelicerata: ventral view of an
adult horseshoe crab, Limulus polyphemus (class Merostomata).

(all Limulus polyphemus; Fig. 2) come ashore in eastern North
America to breed in bays and estuaries. The five Asian and
North American species of this class are remnants of this
strictly marine class. Although formidable looking and up to
60 cm in length, horseshoe crabs are harmless to humans.
When not breeding, these chelicerates reside on or in soft
bottoms in shallow water. They are scavengers and predators
on clams and worms. Although they can swim weakly by
flapping their book gills (modified abdominal appendages),
their primary locomotion is walking. Extinct merostomates
(order Eurypterida) may have been the largest arthropods ever
to have evolved (nearly 3 m long) and seem to have given rise
to terrestrial arachnids. Despite their name, horseshoe crabs
are not closely related to true crabs (subphylum Crustacea).

Class Arachnida

During the middle Paleozoic, chelicerates made the rigorous
transition from water to land; only later did over 5000
species of arachnid mites adopt a secondary aquatic existence.
Arachnids then rapidly radiated in form and species richness
in association with their predaceous and parasitic
exploitation of insects. One crucial factor in this success has
been the diverse uses of silk by spiders, pseudoscorpions, and
some mites. Although some degree of “arachnophobia”
afflicts many people, relatively few of the 76,000 described
species are directly harmful to humans because of their
venom, link with diseases and allergies, or competition for
plant resources. More than balancing their negative attributes
is the substantial role in biocontrol of insect pests.

SCORPIONS, SPIDERS, AND HARVESTMEN
The 1500 to 2000 species of true scor-
pions (order Scorpiones) are elders of the arachnid clan (Fig. 3).

True Scorpions

In addition to the true scorpions, several other arachnid orders
are called “scorpions”: false scorpions (Pseudoscorpiones with
2000 species), wind scorpions (Solifugae with 900 species),
whip scorpions (Uropygi with 85 species), and tailless whip
scorpions (Amblypygi with 70 species). All are much smaller
than true scorpions, but are also typically carnivorous.

FIGURE 3 Desert hair scorpion, Hadrurus arizonensis. (Photograph by Jim
Kalisch, courtesy of University of Nebraska Department of Entomology.)

True Spiders (Order Araneae) Most arachnids lack
biting mouthparts and must, therefore, partially digest prey
tissue before sucking it into their bodies. Prey are subdued
with poison injected by fangs present on each chelicera.
Arachnids reproduce with indirect fertilization (without a
penis), often after elaborate courtship rituals. Their leglike
pedipalps are used by males to transfer spermatophores. Eggs
are wrapped in a protective silken cocoon, and brood care is
common. Silk is produced normally by caudal spinnerets and
by a small platelike organ (cribellum) in cribellate spiders
only. Uses for this silk include cocoons, egg sacs, linings of
retreats, and capture webs. Locomotion is typically by
walking or jumping, but aerial dispersal through the process
of “ballooning” with long silken threads is common in most
spiderlings and adults of some smaller taxa. Most spiders are
terrestrial and are found anywhere insects are located. All are
carnivorous, and ecological divergence in prey type and
capture method has led to the wide evolutionary radiation. In
addition to insects, spiders attack other spiders, small arachnids,
and a few other prey taxa including small vertebrates. Several
spiders are poisonous to humans, such as the black widow
and the brown recluse.

The order Opiliones includes arachnids
known as “daddy longlegs,” a name reflecting its enormously

Harvestmen

long walking legs. They are also called “harvestmen” because
some species undergo a seasonal population explosion each
autumn around the farm harvest. They have “repugnatorial
glands” that produce an acrid secretion to repel predators.
The 5000 species are more closely related to mites than to
true spiders. Most are tropical, but taxa are known from
colder subarctic and alpine zones. Opilionids frequent humid
forest floors, being less arboreal than true spiders. Although
carnivory on small arthropods and worms is common,
harvestmen are notable as the only arachnids other than
mites that consume vegetation.

MITES AND TICKS At least 30,000 species of arachnid
mites and ticks have been described in the order (or subclass)
Acari. The major habitat of mites is on land, where they are



either free-living or parasites of plants and animals, but lakes,
streams, and even hot springs support 5000 taxa, with the
marine fauna being less diverse.

Many acarines are ectoparasitic in larval and/or adult stages.
Animal parasites attack mammals (including humans and
domestic animals), birds, reptiles, amphibians, fish, aquatic
and terrestrial insects, other arachnids, and some other inver-
tebrates, including echinoderms, mollusks, and crustaceans.
They are vectors for several human diseases, and some (e.g.,
chiggers) have annoying bites. Many people develop allergies
to mites living on household dust. On the other hand, micro-
scopic mites commonly consume dead tissue and oily secre-
tions on human faces, and they are used to control harmful
insects and mites. Their feeding habits and role in spreading
viruses make them severe pests of natural and agricultural
plants. A great diversity of mites, however, are free-living,
mostly in forest and grassland litter, where they feed directly on
litter or on microorganisms decomposing detritus. Many
mites prey on other mites, nematodes, and small insects.

Class Pycnogonida: Sea Spiders

The body shape and gangling legs of sea spiders call to mind
their terrestrial namesakes. Most of the thousand species live in
shallow benthic zones at higher latitudes. They are predomi-
nantly predators of hydroids, bryozoans, and polychaetes, but
some consume microorganisms, algae, and even detritus. Food
is either macerated with chelae or externally predigested and
then sucked into the digestive tract with a proboscis.

Sea spiders have a barely perceptible head and a body
comprising four pairs of long legs joined by a narrow, seg-
mented trunk. Most are small (1-10 mm), but some deep-
water behemoths reach 6 cm in body length with a 75-cm leg
span. Their eyes are mounted on an tubercle to give them a
360° arc of vision.

SUBPHYLUM MYRIAPODA

Mpyriapoda (“many feet”) is a subphylum of elongate arthro-
pods with bodies divided into a head and trunk with numer-
ous segments, most of which have uniramous appendages; no
pronounced tagmatization is evident. Myriapods range in
length from 0.5 to 300 mm and are primarily terrestrial. Most
live in humid environments, commonly in caves. Some have
invaded arid habitats, but few are aquatic. Four classes are
recognized: Diplopoda (millipedes), Chilopoda (centipedes),
Pauropoda, and Symphyla, with 10,000, 3000, 500, and 160
species, respectively. The last two are minute dwellers of the
forest floor that consume living or decaying vegetation.
Symphylans look somewhat like centipedes but the adults
have 14 trunk segments and 12 pairs of limbs; the posterior
end of the trunk has two conical cerci and spinning glands.
Members of the class Pauropoda are soft-bodied, blind
myriapods with 9 to 11 leg-bearing trunk segments and
branched antennae.
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Class Chilopoda: Centipedes

Centipedes are dorsoventrally flattened with 15 to 173
segments, each with one pair of legs (Fig. 4A). Poisonous
forcipules (fangs) enable centipedes to kill and consume
insects, other centipedes, annelids, mollusks, and sometimes
small vertebrates; under most circumstances, the poison is
not lethal to people. The body is partially hung beneath the
legs to increase stability and to allow hind legs to step over
front ones, which allows the insects to run swiftly in search
of prey or to escape predators. Centipedes are found in most
terrestrial environments including the desert fringe; the latter
is surprising given their chitinous, noncalcified exoskeleton,
which is relatively permeable to water.

Class Diplopoda: Millipedes

Millipedes have a somewhat cylindrical body with 11 to 90
segments (which are really fused “diplosegments”) and two
pairs of legs per segment. Segmental plates are constructed to
prevent “telescoping” as the body bulldozes through forest
licter, while still allowing the animal to roll up or coil when
threatened (Fig. 4B). Millipedes are slow moving and
herbivorous by nature, eating decaying leaves and wood.
They lack poisonous fangs and instead repel predators with
volatile poison produced by repugnatorial glands. Millipedes
are relatively long-lived, with some surviving 7 years.

SUBPHYLUM HEXAPODA

Hexapoda (“six feet”) includes a tremendous diversity of
winged insects (class Insecta, subclass Pterygota) and many
fewer wingless insect (subclass Apterygota) and noninsect
classes (Diplura and Ellipura, orders Collembola and Protura).

FIGURE 4 Members of the subphylum Myriapoda. (A) Centipede (class
Chilopoda). (Photograph by Jim Kalisch, courtesy of University of Nebraska
Department of Entomology.) (B) Millipede (class Diplopoda), coiled in a
defensive posture. (Photograph by D. R. Parks.)
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Hexapods have three major body regions (head, thorax,
abdomen) and six thoracic legs.

Entognathous Hexapods: Collembola, Protura,
and Diplura

Entognathous hexapods include two small taxa (class Diplura
and Ellipura, order Protura) living in moist forest litter and a
large group of springtails (class Ellipura, order Collembola)
with at least 4000 species in terrestrial and semiaquatic envi-
ronments. Most springtails live in moist terrestrial environ-
ments, but some colonize the surface film of quiet fresh and
marine waters. They occur at densities much higher than
almost any other invertebrate in soil litter. Unlike insects,
springtails have only six abdominal segments, and cleavage of
their eggs is total. Their name is derived from their ability to
spring forward several centimeters when a forked structure (the
furcula) flexed under the abdomen is rapidly uncocked. They
have indirect fertilization, the young closely resemble adult
Collembola, and adults continue molting throughout their
lives (2-50+ molts). Springtails feed on decomposing organic
matter or on microorganisms at the water surface. Proturans
are completely terrestrial, their antennae have nearly atrophied
away, and their front legs function somewhat like antennae.
Diplurans are primitive hexapods whose ancestors may have
given rise to both Protura and Collembola, and they are more
closely related to insects than are ellipurans. Diplurans are
blind and have two prominent abdominal cerci.

Class Insecta: Winged and Wingless Insects

The million or so species in the subclass Pterygota include all
winged invertebrates and some insect species that have
secondarily lost wings during evolution. They include two
orders of ancient winged insects (Ephemeroptera and
Odonata) and some 25 to 30 (depending on the classification
system) orders of modern folding-wing insects. Most have 11
abdominal segments. The head features two antennae and
compound eyes. Respiration is generally with internal tra-
cheae, but aquatic species may use external, tracheate gills or
other means to obtain sufficient oxygen. Fertilization is usually
direct, distinct developmental stages are common, and molting
generally stops with attainment of reproductive maturity.
Their most prominent features are two pairs of wings, but a
great many insects (e.g., fleas) lack wings or have dispensed
with either the hind (e.g., flies) or fore pair (beetles). Among
their beneficial attributes are pollination of most flowering
plants, production of honey and silk, predation on harmful
insects, decomposition of animal wastes and carcasses, and
facilitation of ecological processes at all trophic levels above
primary producer. Negative attributes include transmission
of diseases, annoying bites, and damage to crops, stored food,
ornamental plants, forests, and wooden structures.

All insect species that did not evolve from a winged
hexapod and whose adults all lack wings are in the subclass

Apterygota, order Thysanura. This small group of 600 or so
primitive species includes bristletails, silverfish, and rock
jumpers. These are small to medium-sized insects (5-25 mm)
without compound eyes. They have an 11-segmented
abdomen with a prominent caudal filament between two
terminal cerci. Fertilization is indirect, and molting
continues after the reproductive state has been reached
(unlike insects). No pronounced metamorphosis is evident
from subadult to adult stages. Thysanurans are swift, agile
runners (probably to avoid predators) and are omnivorous
scavengers of animal and plant matter. Most live in litter of
forests and grasslands, but silverfish also infest houses, where
they can extensively damage clothing and books.

SUBPHYLUM CRUSTACEA

Crustaceans surpass all other invertebrates in their direct
contribution to human diets (from crabs, shrimp, lobsters,
and crayfish) and are vitally important to many ecosystems,
especially planktonic food webs. Unfortunately, they also
foul boat hulls (barnacles) and destroy wooden piers in
coastal waters (burrowing isopods).

Distinguishing characteristics of adults include the follow-
ing: five-pairs of cephalic appendages (two mandibles, four
maxillae, and two antennae), two to three tagmata, a chitinous
cuticle often elaborated as a shieldlike carapace, more than
11 abdominal segments, and jointed, biramous appendages.
Evolutionary trends involved specialization of mouthparts,
body segments, and appendages for locomotion, sensory recep-
tion, and reproduction. Respiration is typically with gills, and
hemocyanin is the principal respiratory pigment. Excretion of
ammonia generally occurs through modified nephridia. Sexes
are mostly separate, but hermaphroditism is common. Develop-
ment always includes triangular nauplius larvae (with six appen-
dages and a median eye), which are commonly planktonic.
Many crustaceans have a relatively sophisticated behavioral
repertoire and communicate visually, tactilely, and chemically.

Most of the roughly 50,000 species are marine, but crus-
taceans are ubiquitous in freshwater habitats and a few species
have colonized saline lakes and terrestrial environments. Crus-
taceans are most often scavenging predators or have a generally
omnivorous diet. They range in length from minute to truly
gigantic (0.25 mm to 360 cm).

Class Malacostraca: Shrimp, Crayfish, and Others

About 60% of crustacean species are malacostracans, including
all species consumed by humans (mostly decapods) and many
important benthic crustaceans in marine and freshwater
ecosystems (e.g., amphipods and isopods).

Most orders and the 29,000 species in this class are domi-
nated by crustaceans that live near the bottom. Ecologically
important exceptions include planktonic krill (order Euphau-
siacea), a vital prey of baleen whales. Parasitism is relatively rare
and is confined mostly to ectoparasites of fish, crustaceans



(both mostly in the large order Isopoda), and marine mammals
(small component of the large order Amphipoda).

Class Branchiopoda: Water Fleas, Brine Shrimp,
and Others

Nearly 25% of all freshwater crustaceans are branchiopods
(“gill feet”), and almost all crustaceans in saline lakes are in
this class; only 3% of the species occur in oceans. The class
contains about 800 species of water fleas (in four orders of
cladocera), 200 species of fairy and brine shrimp (order
Anostraca), and a few taxa of clam (order Spinicaudata), pea
(Laevicaudata), and tadpole shrimp (Notostraca). Most taxa
other than cladocerans are restricted to ephemeral pools, and
most branchiopods are suspension feeders. Branchiopods are
noted for producing dormant embryos resistant to adverse
environments.

Class Ostracoda: Seed Shrimp

The 6650 species of seed or mussel shrimp are minute
crustaceans characterized by a protective, dorsal, bivalved
carapace of chitin heavily impregnated with calcium
carbonate. Freshwater species rarely exceed 3 mm in length,
but marine taxa can reach 30 mm. Ostracodes are especially
prevalent in freshwater habitats (particularly benthic areas)
but are common in marine environments. A few genera have
adapted to damp humus habitats of the forest floor.
Ostracods are typically suspension feeders on benthic and
pelagic detritus, and almost all are free-living.

Class Copepoda

In relatively permanent freshwater and marine environments,
the 8000 species of copepods are the most important plank-
tonic crustaceans, and other species contribute to the benthic
fauna. Herbivory on microalgae prevails, but raptorial feeding
on other zooplankton is common. Although freeliving cope-
pods predominate, bizarre forms, barely recognizable as
copepods, have evolved as parasites of fish and invertebrates.

Class Cirripedia: Barnacles

The name “barnacle” evokes a rugged image of the sea in the
minds of many people, but few recognize this taxon’s kinship
with familiar crustaceans like shrimp and crabs because the
barnacle’s body is hidden inside calcareous plates and free-
living species are sedentary. The 1000 species in the class
Cirripedia include free-living species that live directly on a
hard surface or are raised on a stalk (peduncle). This surface
may be an inanimate object (e.g., rocks, floating refuse, ship
hulls) or the outer layer of a living whale, turtle, invertebrate,
or other larger organism. Barnacles usually cement the head
to hard surfaces and employ setose legs to capture plankton.
Other species, barely recognizable as barnacles, are ecto- and
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endoparasites of echinoderms, corals, and other crustaceans,
especially crabs.

Pentastomida and Other Crustaceans

The remaining 264 to 1500 species of crustaceans are divided
among six classes. Of these, only the ectoparasitic fish lice
(class Branchiura), with 125 species, were recognized more
than a few decades ago. Three classes closely resemble
copepods—Cephalocarida, Mystacocarida, Tantulocarida—
with the first two living in marine sediments and the last
being ectoparasites of deep-water crustaceans. The class
Tantulocarida is usually listed with 10 to 20 species, but
some scientists believe that the true diversity is greater than
1000. Members of the class Remipedia are presently
restricted to tropical underwater caves. Their long bodies
with abundant lateral appendages call to mind segmented
polychaete worms.

CLOSELY RELATED PHYLA: TARDIGRADA
AND ONYCHOPHORA

Tardigrada: Water Bears

Tardigrades are called “water bears” because of their slow
lumbering gait and relatively massive claws on lobopodous
legs. The permeability of the cuticle limits tardigrades to
aquatic habitats (often interstitial), the surface film of terres-
trial mosses, and damp soil. About 800 species have been
described, but many more undoubtedly exist in unexplored
habitats. Faced with inhospitable microhabitats from envi-
ronmental changes, both terrestrial and aquatic species may
undergo cryptobiosis, where the body becomes dehydrated
and metabolism is greatly reduced until favorable conditions
return. Some water bears have been “resuscitated” from this
state after decades! These normally dioecious organisms can
also reproduce by parthenogenesis. Tardigrades typically feed
on plants cells pierced by a pair of mouth stylets and sucked
into the gut, but a few species are carnivorous.

Onychophora: Velvet Worms

Velvet worms are giants compared with tardigrades, for some
individuals reach a length of 15 c¢m, but they share many
characteristics with this sister phylum of Arthropoda. They
are generally nocturnal and move by extending their legs,
with hydrostatic pressure generated by muscular contraction
within the legs.

Though most are herbivores or omnivores, many species
consume small arthropods in a rather unique manner. They
attack their prey and also defend themselves from predators
by expelling a sticky, proteinaceous substance that entangles
the target. This glue is produced by slime glands within oral
papillae. The onychophoran then bites and secretes toxins to
kill and partially liquefy the victim.
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Auchenorthyncha

(Cicadas, Spittlebugs,
Leathoppers, Treehoppers,
and Planthoppers)

C. H. Dietrich
llinois Natural History Survey

he hemipteran suborder Auchenorrhyncha is the group of
sapsucking insects comprising the modern superfamilies,
Cercopoidea (spittlebugs, Fig. 1), Cicadoidea (cicadas, Fig. 2),
Membracoidea (leathoppers and trechoppers, Fig. 3), and
Fulgoroidea (Fig. 4) Together, these groups include over
40,000 described species. Morphologically, Auchenorrhyncha

differ from other Hemiptera in having the antennal flagellum
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FIGURE 1 Cercopoidea: spittlebugs and froghoppers: (1) Zomaspis sp.
(Cercopidae), Mexico, (2) Machaerota sp. (Machaerotidae), Vietnam, (3)
Paraphilaenus parallelus (Aphrophoridae), Kyrgyzstan, (4) Clastoptera obtusa
(Clastopteridae), Illinois, U.S.A., (5) spittle mass of P spumarius nymph,
Illinois, U.S.A.

FIGURE 2 Cicadoidea: cicadas: (6) a hairy cicada, Zettigarcta crinita
(Tettigarctidae), Australia, (7) Melampsalta calliope (Cicadidae), Illinois,
U.S.A., (8) a periodical cicada, Magicicada cassini, with a 13-year life cycle,
Ilinois, U.S.A., (9) a dog day cicada, Tibicen sp., molting into the adult
stage, Illinois, U.S.A.

hairlike (aristoid), the rostrum (modified, beaklike labium)
arising from the posteroventral surface of the head, a complex
sound-producing tymbal apparatus, and the wing-coupling
apparatus consisting of a long, downturned fold on the
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FIGURE 3 Membracoidea: leathoppers and treehoppers: (10) a brachypterous,
grass-feeding leathopper, Doraturopsis heros, Kyrgyzstan, (11) Pagaronia triunata
(Cicadellidae), California, U.S.A., (12) Eurymeloides sp. (Cicadellidae),
Australia, (13) fifth instar of Neotartessus flavipes (Cicadellidae), Australia,
(14) female Aezalion reticulatum (Aetalionidae) guarding egg mass, Peru, (15)
ant-attended aggregation of trechopper adults and nymphs (Membracidae:
Notogonia sp.), Guyana.



FIGURE 4 Fulgoroidea: planthoppers: (16) female Stenocranus sp.
(Delphacidae) covering oviposition site with wax, Illinois, U.S.A., (17)
Chanithus scolopax (Dictyopharidae), Kyrgyzstan, (18) Mercalfa pruinosa
(Flatidae), Maryland, U.S.A., (19) Biolleyana sp. (Nogodinidae), Mexico,
(20) Zettigometra sp. (Tettigometridae) nymphs tended by ants, Greece, (21)
unidentified planthopper nymph completely covered with wax filaments,

Guyana.

forewing and a short, upturned lobe on the hind wing.
Auchenorrhyncha are abundant and ubiquitous insects,
distributed worldwide in nearly all terrestrial habitats that
support their host plants, but they are particularly diverse and
speciose in the tropics. Some are important agricultural pests,
injuring plants either directly through feeding and oviposition,
or indirectly through the transmission of plant pathogens.

PHYLOGENY AND CLASSIFICATION
Nomenclature

The monophyly of the four existing superfamilies of
Auchenorrhyncha has long been accepted, but controversy
persists regarding the relationships of these lineages to each
other and to various other fossil and extant hemipteran line-
ages. Consequently, no single classification scheme has gained
universal acceptance, and the nomenclature of the various
groups is presently unstable. Traditionally, Auchenorrhyncha
were treated as one of three suborders of the order Homoptera.
Fossil evidence, as well as phylogenetic analyses based on DNA
sequences of extant taxa, suggest that Heteroptera (true bugs;
Hemiptera, sensu stricto) arose from within Homoptera and,
possibly, from within Auchenorrhyncha. Thus, many recent
workers have combined Homoptera and Heteroptera into a
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TABLE1 Classification of the Hemipteran Suborder
Auchenorrhyncha (synonyms and common names in
parentheses) Excluding Extinct Taxa

Auchenorrhyncha (Cicadinea)
Infraorder Cicadomorpha (Clypeorrhyncha, Clypeata)

Superfamily Cercopoidea (spittlebugs, froghoppers)
Aphrophoridae
Cercopidae
Clastopteridae
Machaerotidae

Superfamily Cicadoidea (cicadas)
Cicadidae (Platypediidae, Plautillidae, Tettigadidae, Tibicinidae)
Tettigarctidae (hairy cicadas)

Superfamily Membracoidea (Cicadelloidea)
Aetalionidae (Biturritiidae)
Cicadellidae (Eurymelidae, Hylicidae, Ledridae, Ulopidae,

leathoppers)
Melizoderidae
Membracidae (Nicomiidae, trechoppers)
Myerslopiidae (Cicadellidae, in part)
Infraorder Fulgoromorpha (Archaeorrhyncha, planthoppers)

Superfamily Fulgoroidea
Acanaloniidae
Achilidae
Achilixiidae
Cixiidae
Delphacidae
Derbidae
Dictyopharidae
Eurybrachidae
Flatidae
Fulgoridae (lanternflies)
Gengidae
Hypochthonellidae
Issidae
Kinnaridae
Lophopidae
Meenoplidae
Nogodinidae
Ricaniidae
Tettigometridae
Tropiduchidae

single order. This order is usually referred to as Hemiptera
(sensu lato), but some entomologists advocate using the ordinal
name Rhynchota to avoid confusion with the more restricted
definition of Hemiptera (Heteroptera) widely used in the lit-
erature. Some recent workers have further proposed dividing
the Auchenorrhyncha into two suborders: Clypeorrhyncha
for the lineage comprising Cicadoidea, Cercopoidea, and
Membracoidea, and Archaeorrhyncha for Fulgoroidea. The
older names Cicadomorpha and Fulgoromorpha, respectively
(usually treated as infraorders within suborder Auchenor-
rhyncha), are more commonly used for these two groups. For
convenience, and because the phylogenetic status of the
group has not been elucidated satisfactorily, Auchenorrhyncha
is retained here as the subordinal name with the caveat that
this group may represent a paraphyletic assemblage rather
than a monophyletic group. The current classification of
families is presented in Table I.
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Fossil Record

Auchenorrhyncha arose in the Paleozoic, first appearing in the
fossil record in the Lower Permian (280 mya) and, judging
from the abundance of forms described from Permian strata,
they diversified explosively. These early auchenorrhynchans
had adults with well-developed jumping abilities and some-
what resembled modern leathoppers and spittlebugs, but
nymphs (juveniles) associated with these insects were bizarrely
flattened or biscuitlike, with short legs, foliaceous lobes on the
head, thorax, and abdomen (similar to those of some modern
DPsyllidae) and elongate mouthparts, suggesting a sessile,
cryptic lifestyle. The fulgoromorphan and cicadomorphan
lineages (Table I) apparently diverged by the middle Permian.
By the late Permian, Fulgoroidea appeared and Cicadomorpha
(sensu lato) had diverged into the Pereboreoidea, comprising
three extinct families of large cicada-like insects, and the
smaller Prosboloidea, from which the three modern
cicadomorphan superfamilies apparently arose. Cicadomor-
phans with a greatly inflated frontoclypeus (Clypeata in the
paleontological literature = Clypeorrhyncha) did not appear
until the Mesozoic. Prior to that, the head of Cicadomorpha
resembled that of modern Psyllidae in having the frontover-
tex extended ventrad on the face to the antennal ledges and
the lateral ocelli situated close to the eyes. This change in
head structure is thought to have been associated with a shift
from phloem to xylem feeding. Xylem feeding was apparently
the predominant feeding strategy of the group throughout
the Mesozoic, but in the late Cretaceous or early Tertiary the
major lineages of phloem-feeding leathoppers and trechoppers,
which predominate in the recent fauna, arose. In these insects,
the frontoclypeus became more flattened, probably because
of the reduction in size of the cibarial dilator muscles. This
was presumably in response to a shift from feeding on xylem,
which is under negative pressure, to phloem, which is under
positive pressure. Cicadoidea and Cercopoidea first appeared
in the Triassic, and Membracoidea in the Jurassic. With the
exception of Tettigarctidae, which arose in the late Triassic
and is now confined to Australia, extant families of these
groups do not appear in the fossil record until the Cretaceous
or early Tertiary. Most Auchenorrhyncha from Baltic and
Dominican amber of the Tertiary age are virtually
indistinguishable from modern forms.

LIFE HISTORY
Courtship

Adult male and female Auchenorrhyncha locate each other
by means of species-specific acoustic courtship signals. These
signals are produced by specialized organs at the base of the
abdomen called tymbals, present in both sexes (except female
cicadas). A few cicadas and planthoppers are also able to use
the stridulatory surfaces of their wings to produce sound. The
loud, sometimes deafening, calls of many male cicadas are
well known. In noncicadoids, the courtship calls are usually

inaudible, being transmitted through the substrate, and dis-
tinct tympana are absent. The calls of some leafhoppers and
planthoppers, audible only with special amplifying equipment,
are among the most complex and beautiful of any produced by
insects. Males move from plant to plant, signaling until they
receive a response from a female. In addition to intensification
of the vibrational signals, precopulatory behavior in some
species may involve the male buzzing or flapping the wings,
tapping the female with the legs, or repeatedly walking
around or over the female. Copulation involves insertion of
the male aedeagus into the female vulva at the base of the
ovipositor and may last from a second or less to several hours,
depending on the species. Females of most species seem to
mate only once, while males often mate several times.

Oviposition and Nymphal Development

Females lay eggs singly or in batches, usually either by insert-
ing them into plant tissue or by depositing them on plant
surfaces [Figs. 3(14), 3(15), and 4(16)]. In some groups, eggs
are deposited in the soil or in litter. Egg batches may be covered
with plant debris, wax filaments, or secretions produced by
various internal glands. Eggs may or may not undergo dia-
pause depending on the species and climate. After hatching,
the juveniles [nymphs, Figs. 2(9), 3(13), 3(15), 4(20), and
4(21)] undergo five molts prior to reaching the adult stage.
In most species the nymphs feed on aboveground parts of host
plant, but in cicadas, Cercopidae, a few fulgoroid families,
and a few leathopper genera, the nymphs are subterranean
root feeders. Formation of galls, common among aphids and
psyllids, is known in only one Auchenorrhyncha species (a
leathopper). Nymphal development requires from a few
weeks to several years (in cicadas), depending on the species.
Some species exhibit parental care behavior (see later).

BEHAVIOR AND ECOLOGY
Feeding and Digestion

Adult and nymphal Auchenorrhyncha feed by inserting the
two pairs of feeding stylets (modified mandibles and
maxillae) into the host plant tissue, injecting saliva, and
ingesting fluid. Unlike Sternorrhyncha, in which the stylets
pass between the cells of the host tissue (intercellular
feeding), Auchenorrhyncha stylets usually pierce the cells
(intracellular feeding). After selecting an appropriate feeding
site based on visual and chemical cues, the insect presses the
tip of the labium onto the plant surface and inserts the
feeding stylets. Just prior to, and during probing of the plant
tissue with the stylets, the insect secretes sheath saliva that
hardens on contact with air or fluid to form an impervious
salivary sheath surrounding the stylets. The sheath forms an
airtight seal that prevents leakage of air or fluid during
feeding. Stylet probing continues until a suitable tissue is
found (xylem, phloem, or mesophyll, depending on the



species), after which feeding can commence. During feeding,
watery saliva is injected into the plant to aid digestion and to
prevent clogging of the stylet opening. This is also the
mechanism by which the insect may infect the plant with
pathogens (see later). Feeding may last from a few seconds to
many hours at a time, depending on the auchenorrhynchan
species and the quality of the plant tissue. During feeding,
droplets of liquid excretion are ¢jected from the anus, several
droplets per second in some xylem feeders.

Plant sap is a nutritionally imbalanced food source; phloem
is high in sugar and xylem is, in general, nutrient poor and
extremely dilute. Auchenorrhyncha have acquired various
adaptations that enable them to convert the contents of plant
sap into usable nutrients. Most Cicadomorpha have part of
the midgut modified into a filter chamber that facilitates
rapid removal of excess water. Fulgoroidea lack a distinct filter
chamber but have the midgut tightly coiled and partially or
completely enclosed in a sheath of specialized cells that
apparently absorb solutes from the gut contents. A broad
array of transovarially transmitted (i.e., from the mother
through her eggs to her offspring) prokaryotic endosymbionts
have also been identified in various Auchenorrhyncha
species. The roles of these endosymbionts have not been fully
elucidated, but presumably they function in the conversion
of the nutritionally poor plant sap on which the insects feed
into essential vitamins, amino acids, and sterols. The sym-
bionts are housed either intracellularly in specialized fat body
cells called mycetocytes, intracellularly in the fat body, or in
the gut epithelium. Several distinct mycetomes, consisting of
groups of mycetocytes, are often present. In Cicadomorpha,
each mycetome may house up to six different kinds of endo-
symbiont. In Fulgoroidea, only a single kind of endosymbiont
is housed in each mycetome.

Host Associations

Nearly all Auchenorrhyncha are plant feeders; the few known
exceptions (e.g., Fulgoroidea: Achilidae and Derbidae) feed
on fungi as nymphs. Auchenorrhynchans use a wide variety
of plants including mosses, horsetails, ferns, cycads, conifers,
and angiosperms, but the vast majority of species feed on
flowering plants. Most species appear to be restricted to a
single genus or species of plants. Many species, particularly
among the xylem-feeding groups, normally use a few or a
single plant species but are capable of feeding and developing
on a variety of alternate hosts if the preferred host is not
available. A few xylem-feeding species have extremely broad
host ranges. For example, the meadow spittlebug, Philaenus
spumarius, with over 500 documented food plants, has the
broadest known host range of any herbivorous insect.
Phloem- and mesophyll-feeding species, comprising the
majority of Auchenorrhyncha, tend to have narrower host
ranges than xylem feeders, and many species appear to use a
single plant family, genus, or species. Host associations
appear to be conservative in some auchenorrhynchan
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lineages. Delphacidae and Cicadellidae (Deltocephalinac)
include large numbers of grass- and sedge-specialist species
and are among the dominant herbivores in grasslands. Most
of the major lineages of Auchenorrhyncha do not exhibit a
distinct preference for any particular plant taxon and usually
include both host-generalist and host-specialist species. Some
species alternate hosts during different stages in the life cycle
or in different seasons. For example, nymphs of many
leathoppers and trechoppers develop on herbs, but the adult

females oviposit on a woody host.

Migration

Most species of Auchenorrhyncha are relatively sedentary,
completing their life cycle within a small area. Although most
species have well-developed wings and are strong fliers, few
seem to move more than a kilometer from their birthplace.
Many species, particularly those inhabiting grasslands and
deserts, are submacropterous or brachypterous [short
winged, Fig. 3(10)] and, thus, incapable of sustained flight.
Some of these species occasionally produce macropterous
(long-winged) females that move to new patches of suitable
habitat. Other species produce both short- and long-winged
forms either simultaneously or in alternate generations. The
proportion of macropterous to brachypterous forms often
varies in response to population density. Some Auchenor-
rhyncha species undergo annual migrations that may cover
hundreds of kilometers. Not coincidentally, many of these
accomplished migrants are important agricultural pests.
Among the best studied of these are the brown planthopper
(Nilaparvata lugens) and the potato leathopper (Empoasca
fabae). Neither of these species can normally overwinter in
high laticudes. Populations build up in the tropical or
subtropical parts of their range and migrate to higher laticudes
each spring. They are assisted in their migratory flights by
convection and favorable winds, and the initiation of migra-
tory behavior is apparently triggered by favorable atmo-
spheric conditions. Sporadic incidents of very-long-range
migrations have also been documented. In one such incident
in 1976, swarms of Balclutha pauxilla (Cicadellidae),
probably originating from a source population in Angola,
descended on Ascension Island, 2700 km away in the mid-
Atlantic.

Thermoregulation

Most Auchenorrhyncha species appear to regulate their body
temperature behaviorally, by seeking out microhabitats in
which the ambient temperature remains within a narrow
range and moving among alternate microhabitats as condi-
tions change. In some cicadas, physiological mechanisms are
also involved. Some species are facultatively endothermic,
producing metabolic heat to facilitate calling, courtship, and
other activities. This is usually accomplished by vibrating the
flight or tymbal muscles until the body temperature rises to
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an optimal level. Some desert cicadas cool themselves by
evaporation of excess water released through pores on the
thorax and abdomen. In this way they are able to remain
active at ambient temperatures that would kill other insects.

Defense and Escape

Because they are among the most abundant phytophagous
insects in many habitats, Auchenorrhyncha are an important
food source for numerous vertebrate and invertebrate pred-
ators (see next section: Natural Enemies). Species of
Auchenorrhyncha exhibit myriad strategies for avoiding
predation. These range from relatively simple behaviors, such
as dodging around to the opposite side of a leaf or branch as a
predator approaches, or hiding under a leaf sheath, to complex
mutualistic associations and mimicry. Adults of many species
are strong flyers and nearly all (except cicadas) are also excellent
jumpers. Juvenile (nymphal) cicadas, spittlebugs, trechoppers,
and some planthoppers are incapable of jumping and have
adopted other strategies for avoiding predators. All cicada
nymphs and many spittlebug and planthopper nymphs are
subterranean; thus, their exposure to most predators is
minimal. Spittlebug nymphs live within masses of froth and
machaerotid nymphs live in calcareous tubes cemented to the
host plant. The free-living nymphs of most other auchen-
orthynchans appear to rely on cryptic coloration and body
forms to escape detection by visual predators such as birds. For
example, many trechopper nymphs are strongly flatctened with
the ventral surfaces of the body concave, enabling them to lie
flat against the bark or leaf surfaces of their host plant. Others
resemble plant parts such as bud scales or leaflets. Many plan-
thopper nymphs secrete copious quantities of wax [Fig. 4(21)],
with which they coat themselves and, often, surrounding parts
of their host plants. The wax may prevent parasites and preda-
tors from grasping the nymphs, allowing them to leap away.
Adults of some species mimic various venomous arthropods
such as ants, wasps, robber flies, assassin bugs, and spiders.
Some bear horns or spines on the pronotum [Membracidae,
Fig. 3(15)] or scutellum [Machaerotidae, Fig. 1(2)] that make
them physically difficult for some vertebrate predators to
swallow. Many adult cercopids and membracids have con-
spicuous (aposematic) color patterns, presumably indicating
that they are unpalatable. Others have the forewing apices
marked with false eyespots, and a few (e.g., Fulgoroidea:
Eurybrachidae) have prolongations resembling antennae; the
head and thorax of such species often bear transverse lines
resembling abdominal segmentation. Adults of various
planthopper species mimic lizards, flowers, and lichens.
Another strategy involves complex mutualistic associations
with ants and other social hymenopterans. Ant mutualism has
been documented in numerous lineages of Fulgoroidea and
Membracoidea and occurs universally in some groups [e.g.,
tettigometrid planthoppers Fig. 4(20) and eurymeline
leathoppers]. In such groups, the nymphs usually form
aggregations that are tended by ants. The aggressive worker

ants drive off predators and receive gifts of honeydew, a sugary
excretion, from the nymphs. Ant mutualism may have
facilitated the development of subsocial behavior in some
groups (see Membracoidea section under Diversity).

Natural Enemies

Auchenorrhyncha are preyed upon by insectivorous
vertebrates such as birds and lizards, as well as by invertebrate
predators such as spiders, ants, assassin bugs, wasps, and
robber flies. Auchenorrhyncha are also attacked by various
parasitoids such as dryinid and chalcidoid wasps, epipyropid
moths, pipunculid flies, strepsipterans, and nematodes.
Because they feed on plant sap, cicadomorphans are not
usually susceptible to infection by viral, bacterial, or
protozoan pathogens. Thus, entomopathogenic fungi, which
do not need to be ingested to infect insects, are the most
important pathogens of Auchenorrhyncha.

Economic Importance

Although the vast majority of species of Auchenorrhyncha are
benign, the group contains some of the most destructive pests
of agriculture. Among the most important are the brown
planthopper, sugarcane planthopper (Perkinsiella saccharicida),
corn planthopper (Peregrinus maidis), meadow spittlebug,
beet leathopper (Neoaliturus tenellus), potato leathopper, corn
leathopper (Dalbulus spp.), African maize leathopper
(Cicadulina spp.), green rice leathopper (Nephotettix spp.), and
various grape leathoppers (Arboridia and Erythroneura spp.).
Auchenorrhyncha injure plants directly through feeding or
oviposition or, more often, indirectly through the transmission
of plant pathogens. Economic injury to plants involving
cicadas, which occurs rarely, is mainly due to oviposition,
although some species occasionally inflict feeding damage
(e.g., on sugarcane). Spittlebugs injure plants primarily through
feeding and through transmission of xylem-limited bacterial
pathogens. Species of Cercopidae are the most significant
pests of forage grasses in pastures in Latin America and are also
destructive of sugarcane. Interestingly, much if not most of the
economic damage done by spittlebugs is due to native spittle-
bug species colonizing nonnative hosts (e.g., introduced forage
grasses, clovers, etc.). Presumably, such plants lack natural
resistance to spittlebugs and are more susceptible to injury.
Leathoppers and planthoppers are among the most
significant groups of vectors of plant pathogens, transmitting
viruses, bacteria, and mycoplasma-like organisms. Over 150
species are known vectors of economically important plant
pathogens. The insects usually acquire the pathogen by feed-
ing on an infected plant, but some pathogens may be trans-
mitted transovarially from mother to offspring. Phloem-
limited viral and mycoplasma-like pathogens typically
multiply within the vector and enter the plant when the insect
injects saliva during feeding. Some xylem-limited bacterial
pathogens (e.g., Xylella) are apparently unable to travel from



the gut to the salivary glands and require regurgitation from
the foregut during vector feeding to infect the plant. Annual
losses to maize, rice, and sugarcane attributed to pathogens
spread by leathoppers and planthoppers are estimated in the
hundreds of millions of dollars. Xylem-feeding cicadelline
leathoppers are also the main vectors of Xylella fastidiosa,
which causes X diseases of stone fruits (Prunus spp.), Pierce’s
disease of grape, citrus variegated chlorosis, and alfalfa dwarf.

Some Auchenorrhyncha species are considered to be
beneficial. Cicadas are used as food by several human cul-
tures. The use of Auchenorrhyncha in biocontrol of weeds has
also begun to be explored. For example, a Neotropical tree-
hopper species (Aconophora compressa) has been introduced
into Australia for control of Lantana (Verbenaceae).

Control

Control of auchenorrhynchan pests has traditionally involved
the use of conventional contact insecticides, but overuse of
chemical insecticides has led to the development of resistance
in many pest species and has suppressed populations of their
natural enemies. Modern integrated pest management has
promoted greater use of resistant plant varieties, cultural
control (e.g., removal of litter to reduce numbers of overwin-
tering individuals), and biological control by means of para-
sitoids and pathogens, as well as more judicious use of pesticides.

CAPTURE AND PRESERVATION

Auchenorrhyncha are most commonly collected by sweeping
vegetation with a heavy canvas net. Many species are also
attracted to lights. Vacuum collecting is effective for
collecting from dense grassy vegetation where many species
reside. A gasoline-powered leaf blower fitted with a vacuum
attachment can be used to suck the insects from dense
vegetation. A fine-mesh insect net bag taped to the end of the
intake nozzle will capture the specimens. Other effective
collecting methods include Malaise trapping and insecticidal
fogging of forest canopy. Auchenorrhycha may be killed in a
standard insect killing jar containing potassium cyanide or
ethyl acetate, or by freezing.

Specimens for morphological study are usually mounted
dry on pins or point mounts. Point mounts should be glued
to the right side of the thorax. To identify the species of a
specimen, it is often necessary to examine the male genitalia.
To do this, the abdomen is removed and soaked in 10%
potassium hydroxide solution for several hours (or boiled in
the same solution for a few minutes) to clear the pigment.
The abdomen is then rinsed in clean water containing a small
amount of glacial acetic acid, rinsed again in pure water, and
immersed in glycerine. After examination, the cleared
abdomen is stored in a glass or plastic microvial pinned
beneath the rest of the specimen. Auchenorrhyncha may also
be preserved indefinitely in 80 to 95% ethanol, but this
causes some green pigments to fade to yellow.
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DIVERSITY
Cercopoidea

Cercopoidea (froghoppers and spittlebugs, Fig. 1) are charac-
terized by the following combination of morphological char-
acters: head with frontoclypeus inflated; median ocellus absent;
ocelli on crown distant from margin; pronotum extended to
scutellar suture; body clothed with fine setae; hind coxae
conical, tibia without rows of setae but often with one or more
conspicuous spines; male subgenital plate present. The super-
family comprises four families Aphrophoridae, Cercopidae,
Clastopteridae, and Macherotidae. The first Cercopoidea
(Procercopidae) appear in the fossil record during the Lower
Jurassic. These insects retained a median ocellus and apparently
lacked the dense setal covering of modern cercopoids.
Aphrophoridae and Cercopidae did not appear until the
middle Cretaceous; Clastopteridae and Machaerotidae
apparently arose during the Tertiary.

Approximately 2500 species and 330 genera of
Cercopoidea have been described. The classification has not
been revised in over 50 years, and the phylogenetic status of
most cercopoid genera and higher taxa remains unknown.
Cercopidae [Fig. 1(1)], the largest family, differs from
Aphrophoridae [Fig. 1(3)], the next largest, in having the
eyes slightly longer than wide and the posterior margin of the
pronotum straight (instead of emarginate). The small
families Machaerotidae and Clastopteridae differ from other
Cercopoidea in having a well-developed appendix (distal
membrane) on the forewing. Machaerotidae [Fig. 1(2)] differ
from Clastopteridae [Fig. 1(4)] in having two or more r-m
crossveins in the forewing and in lacking an outer fork on the
radial vein of the hind wing.

Production of “spittle” is a unique characteristic of
Cercopoidea [Fig. 1(5)]. Nymphs of Machaerotidae produce
the froth during molts, while in other families nymphs live
permanently surrounded by the froth. The lateral parts of
nymphal abdominal segments are extended ventrally into
lobes, which form an open or closed (in machaerotids)
ventral cavity, filled with air. The nymphs introduce bubbles
of air into their liquid excretion by bellowslike contractions
of this device; periodically the tip of the abdomen is extended
through the surface of spittle mass to channel air into the
cavity. The same air supply is used for breathing via spiracles
that open into the ventral cavity. The froth is stabilized by the
action of the secretory products manufactured in the highly
specialized Malpighian tubules of the nymphs and mixed
into the main watery excreta. Wax secreted by plates of
epidermal glands on the sixth through eighth abdominal
terga (Batelli glands) may also help stabilize the froth.

The function of the spittle mass is not completely
understood. It is usually assumed that it protects the insect
from predators and desiccation. Cercopoid nymphs are
sessile and live within the spittle mass (or, in Machaerotidae,
inside fluid-filled tubes). In some species, nymphs tend to
aggregate, forming large spittle masses containing hundreds
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of individual nymphs. Nymphs of Cercopidae apparently
feed on roots, whereas aphrophorid and clastopterid nymphs
occur on aboveground parts of their host plants. Nymphs of
the Machaerotidae live immersed in liquid inside tubes
cemented to the twigs of their host plants. The tubes are
constructed from calcium carbonate and other salts secreted
by the midgut and an organic matrix secreted by the
Malpighian tubules. Adult cercopoids do not produce spittle
and are free living. They cannot run, and often use only the
front and middle legs to walk, dragging the extended hind
legs. Consequently, they rely mostly on their strong jumping
and flying abilities for movement.

Species of Cercopoidea are often restricted to particular
habitats, but many if not most seem to be capable of utilizing
a variety of host plants. Many species seem to prefer actinor-
rhizal and other nitrogen-fixing hosts, presumably because
the xylem sap of such plants contains more amino acids and
is more nutritious. Cercopoidea is a predominantly tropical
group, occurring mostly in wet and mesic habitats. Neverthe-
less, the genus Clastoptera, has radiated extensively in north
temperate North America, and Aphrophora comprises
numerous arboreal species throughout the Holarctic. Cerco-
pidae are primarily grassland insects, feeding on grasses and
other herbs. The family Aphrophoridae includes both grass-
feeding and arboreal species. Machaerotidae and Clastop-
teridae are primarily arboreal.

Members of the superfamily Cercopoidea occur world-
wide. Cercopidae and Aphrophoridae are pantropical in dis-
tribution, with relatively depauperate faunas in the Holarctic.
Machaerotidae are restricted to the Oriental and Australian
regions. Clastopteridae are mostly New World animals, but
one small genus, possibly misclassified, occurs in the oriental
region. Most tribes are restricted to either the New or the
Old World, and phyletic diversity seems to be highest in the
oriental region. A few genera (e.g., Philaenus and Aphrophora)
are widespread, partly as a result of human activities, but
most are restricted to a single biogeographic realm.

Cicadoidea

Cicadoidea (cicadas, Fig. 2) are distinguished from other
extant Auchenorrhyncha in having fossorial front legs (in
nymphs) and three ocelli grouped in a triangle on the crown
of the head; in addition they lack the ability to jump. They
are conspicuous insects because of their large size (1.5-11 cm)
and the loud courtship calls of the males. Most authorities
recognize two families: Cicadidae and Tettigarctidae.
Tettigarctidae [Cicadoprosbolidae in the paleontological
literature, Fig. 2(6)], which differ from Cicadidae in having
the pronotum extended to the scutellum and lacking distinct
tympana, are a relict group with two extant species in
southern Australia and Tasmania and several fossil taxa
dating to the Lower Jurassic. Cicadidae [Fig. 2(7-9)], which
do not appear in the fossil record until the Paleocene, comprise
two main (possibly polyphyletic) groups, those with the

tymbals (sound-producing organs) concealed and those with
exposed tymbals. These two groups are sometimes given
status as separate families, Cicadidae (sensu stricto) and
Tibicinidae, respectively. Together these groups comprise
approximately 1300 extant species. Phylogenetic analyses of
the major lineages are in progress and it is likely that the
classification of the superfamily will be substantially revised
in the near future.

Although cicadas almost always lay eggs on aboveground
parts of their host plant, the nymphs drop to the ground
soon after hatching and use modified (fossorial) front legs to
burrow into the soil, excavating a subterranean feeding
chamber adjacent to a root. They feed on the xylem of the
roots of perennial plants, coating themselves and lining their
burrows with “anal liquid” that appears to be similar to that
produced by cercopoid nymphs. Development in most
species requires from 2 to 6 years (13 or 17 years in the
periodical cicadas of temperate North America). Larger
nymphs of some species inhabiting wet habitats construct
towers of mud that facilitate aeration of the burrow. Mature
nymphs emerge from the ground and climb onto a vertical
surface prior to molting into the adult stage [Fig. 2(9)]. As far
as is known, all cicadas feed on xylem sap; hence the
frontoclypeus is strongly inflated owing to the presence of
strong cibarial dilator muscles. Like the Cercopoidea, cicadas
do not walk or run well; instead they rely on flight to move
over distances greater than a few centimeters. In some cicada
species, males are sedentary, often forming aggregations and
calling loudly in choruses to attract females. In others, the
male calls are less audible, and males fly frequently from
place to place in search of females. Male and female cicadas
have auditory organs (tympana) at the base of the abdomen.
Unlike other Auchenorrhyncha, female cicadas (except
Tettigarcta) do not produce acoustic signals. Tettigarctidae
differ from other cicadas in producing only substrate-borne
signals (in males and females).

Cicadoidea are the most ecologically uniform of the
Auchenorrhyncha superfamilies. Nymphs of all species are
subterranean root feeders, and adults feed on the aboveground
parts of their host plants. Most cicada species tend to be
associated with particular habitats, and many seem to be host
plant specific. Sympatric species often call at different times
of day or mature during different seasons, thus temporally
partitioning their habitat. The cicada faunas of deserts and
savannas are particularly rich in genera and species, but
tropical rain forests also harbor a great diversity of species.

Cicadoidea occur worldwide but, like the other two
cicadomorphan superfamilies, are largely a tropical group. A
few genera (e.g., Cicada, Cicadetta), occur on several
continents, but most are restricted to a single biogeographic
realm. Most species appear to have fairly narrow geographic
ranges. The high degree of endemism in many groups has
proven useful in studies of biogeography, particularly in the
geologically complex island areas of the oriental and
Australian regions.



Membracoidea

Membracoidea (leathoppers and treechoppers, Fig. 3), by far
the most speciose of the auchenorrhynchan superfamilies, are
characterized morphologically by the narrow costal space of
the forewing, the large, transversely articulated metathoracic
coxae, the elongate hind femora, the longitudinal rows of
enlarged setac on the hind tibiae, and the presence of
scutellar apodemes. The superfamily includes Cicadellidae
(leathoppers), a paraphyletic taxon that apparently gave rise
to a lineage comprising the three currently recognized
families of trechoppers (Melizoderidae, Aetalionidae, and
Membracidae). A fifth family, Myerslopiidae, consists of two
genera of small, flightless, litter-dwelling insects found only
in New Zealand and Chile and thought to represent a
distinct, relatively primitive lineage. Together, these groups
comprise nearly 25,000 described species, currently grouped
into about 3500 genera.

Membracoidea first appeared in the Jurassic, represented
by the extinct family Karajassidae. These early membracoids
were leathopperlike insects with inflated faces (indicative of
xylem feeding), and they retained a median ocellus and more
primitive wing venation (forewing with CuA, free distally),
but nevertheless had acquired the rows of enlarged setae on
the hind tibia characteristic of modern leathoppers. The first
Cicadellidae appeared in the Lower Cretaceous. Treehoppers
(Aetalionidae and Membracidae) make their first appearance
in Tertiary age Mexican and Dominican amber.

The largest family, Cicadellidae [Fig. 3(10-13)], is
characterized by the presence of four rows of enlarged, spine-
like setae on the hind tibia, a peg-and-socket joint between
the hind coxae, and the production of brochosomes.
Membracidae [Fig. 3(15)], the next largest family, differ from
Cicadellidae in having three or fewer rows of enlarged setae
on the hind tibia, the male genital capsule with a lateral plate,
and the pronotum enlarged, usually extended posteriorly
over the scutellum and frequently bearing spines, horns, or
other ornamentation. Like Membracidae, Aectalionidae [Fig.
3(14)]. have three or fewer setal rows on the hind tibia but
differ in having the front femur fused to the trochanter, in
having the scutellum completely exposed, and in having
digitiform processes on the female genital capsule.
Melizoderidae also resemble Membracidae but differ in
having parapsidal clefts on the mesonotum. Myerslopiidae,
thought to be the most primitive membracoid family, are
bizarre, flightless insects with elytra-like forewings, vestigial
ocelli, and a triangular mesocoxal meron resembling that of
Cercopoidea. The phylogenetic status and relationships
among the major lineages are only beginning to be
understood.

Cicadellidae are unique among insects in producing bro-
chosomes, which are minute proteinaceous granules synthe-
sized in a specialized segment of the Malpighian tubules.
After each molt, leathoppers spread brochosomes over
external surfaces of the body in an act known as anointing.
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Rows of modified setae on the legs of leathoppers are used to
distribute the brochosomes during anointing and subsequent
acts of grooming. The brochosome coating of nymphal and
adult leathoppers makes the integument extremely
hydrophobic and protects leathoppers from becoming
entrapped in drops of water and their own often copious
excreta.

Ant mutualism and parental care behavior are widespread
among trechoppers [Membracidae and Aetalionidae, Fig. 3(15)].
Females of many species guard their eggs [Fig. 3(14)] and
sometimes remain with the nymphs throughout their
development. In the trechopper tribes Hoplophorionini and
Aconophorini, ant mutualism was lost but parental care was
retained. In these groups, females are often able to drive off
invertebrate predators by buzzing the wings and/or using the
hind legs to kick the intruder off the plant. Acoustic alarm
signals produced by the nymphs trigger the mother’s
defensive response. Female Aconophora coat the stem of the
host plant on cither side of their egg masses with a sticky
secretion that traps predators and parasitoids.

Most species of Membracoidea seem to have fairly narrow
host and habitat requirements, and this has probably con-
tributed to their remarkable diversity. Particularly notable are
the large leathopper faunas of temperate and tropical grass-
lands, where they are, by far, the most speciose component of
the grass-feeding herbivore fauna. Many leathopper species in
deserts and dry grasslands are flightless or only occasionally
produce winged individuals. This trait has presumably reduced
gene flow among populations and facilitated speciation in some
lineages. In temperate forests of the Northern Hemisphere,
the leathopper subfamily Typhlocybinae has diversified exten-
sively through specialization on individual tree genera and
species. In tropical forest canopies, the trechopper family
Membracidae and the leathopper subfamilies Idiocerinae and
Typhlocybinae are particularly diverse. In Australia, the
endemic fauna has radiated extensively on Eucalyptus. The
North American trechopper tribe Smiliini has radiated
extensively on oak (Quercus spp.).

Membracoidea are distributed worldwide. Among the five
currently recognized families, Cicadellidae and Membracidae
occur on all continents except Antarctica. Aetalionidae have
a disjunct neotropical/oriental distribution, Melizoderidae
are restricted to South America, and Myerslopiidae occur
only in New Zealand and Chile. Most species and genera are
restricted to a single continent; many tribes and subfamilies
are also restricted to particular continents.

Fulgoroidea
Fulgoroidea (planthoppers, Fig. 4) differ from other

Auchenorrhyncha in having the frons occupying most of the
facial part of the head and usually with distinct longitudinal
carinae, tegulae usually present at the base of the forewings,
the second segment (pedicel) of the antenna enlarged and
(usually) bearing conspicuous placoid sensilla, the forewing
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anal veins confluent basad of the claval margin, and
longitudinal carinae usually present on the head, pronotum,
scutellum, and legs. Most have two ocelli dorsolaterally on
the head, anterad of the compound eyes, but some Cixiidae
also have a medial ocellus on the face. Fulgoroidea first
appear in the fossil record in the middle Permian, and
Cixiidae appear in the Jurassic. Other modern fulgoroid
families apparently arose during the Cretaceous or early
Tertiary. Twenty families are currently recognized,
comprising approximately 1400 genera and 12,000 species.
Fulgoroid families are distinguished from each other based
mainly on the shape of the head, the spination of the hind
tarsi, and the venation of the forewing. Fulgoroidea are the
most morphologically variable of all auchenorrhynchan
superfamilies, ranging from 1 mm to over 9 cm in length and
exhibiting extensive variation in head shape, wing venation,
and genital morphology.

Unlike Cicadomorphans, nymphs of Fulgoroidea appar-
ently do not coat themselves with specialized Malpighian
tubule secretions. Instead, they produce wax from specialized
glands on the abdominal terga and other parts of the body.
The wax forms a hydrophobic coating and may conceal some
insects from predators. Adult females of many fulgoroid
families also produce wax, with which they coat their eggs
[Fig. 4(16)]. In certain tropical fulgoroid species, adults of
both sexes produce strands of wax up to 75 cm in length.
Aggregation behavior with or without ant mutualism has
been documented for nymphs and adults in a few fulgoroid
families, but egg guarding is known only in Tettigometridae.

In contrast to the ecologically similar Cicadoidea, the
Fulgoroidea are the most ecologically diverse superfamily of
Auchenorrhyncha. Nymphs of Derbidae and Achilidae live
under bark or in litter, feeding on fungi, while nymphs of
Cixiidae, Hypochthonellidae, and Kinnaridae are subterranean
root feeders. At least four families include cavernicolous
(cave-dwelling) species. Ant mutualism has been documented
in several fulgoroid families and seems to occur universally
among Tettigometridae [Fig. 4(20)], nymphs of which
usually inhabit ant nests. Nymphs of most remaining families
and nearly all adults feed on the aboveground parts of
vascular plants and most seem to be host specialists.
Planthopper species usually feed on woody dicotyledonous
plants, but most Delphacidae are grass or sedge specialists.
Several species of Delphacidae feed on emergent plants in
marshes and are capable of walking on the surface of the
water. Delphacidae primarily inhabit temperate and tropical
grasslands, and diverse faunas of Issidae, Dictyopharidae
(Orgeriinae), and Tettigometridae occur in deserts.

Fulgoroidea occur throughout the temperate and tropical
regions of the world but are most diverse in the tropics. The
Old World tropics harbor the greatest numbers of described
families, genera, and species, but the neotropical fauna is less
well studied and may be comparable in diversity. The holarctic
fauna is rich in Delphacidac and Issidae, but most other
families are poorly represented or absent. Tettigometridae,

Ricaniidae, Gengidae, Hypochthonellidae, and Meenoplidae
are apparently restricted to the Old World. Some genera, par-
ticularly in Cixiidae and Delphacidae, are also cosmopolitan
in distribution, but most appear to be restricted to a single
biogeographic realm.

See Also the Following Articles
Host Secking, for Plants e Phytophagous Insects o Phytotoxemia
o Plant Diseases and Insects o Prosorrhyncha o Sternorrhyncha
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Autohemorrhage

M any insects voluntarily discharge blood in response to a
threat. This behavior, autohemorrhaging, may serve as a
physical deterrent (e.g., by enveloping a potential predator or
by exposing the predator to noxious substances). Many bee-
tles in the Chrysomelidae, Meloidae, and Lampyridae are well
known for this behavior, which is also called reflex bleeding.
For example, the blood of blister (meloid) beetles exposes
potential predators to the noxious substance cantharidin.
Species apparently release blood through an increase in



hydrostatic pressure. When the hydrostatic pressure returns
to normal levels, much of this blood is withdrawn into the
insect’s hemocoel, and so little is actually lost from the insect.

Autotomy

Autotomy is a defensive response to attack involving the
amputation or active breaking of a body part along a
breakage plane and usually involves loss of a leg. Many inver-
tebrates (e.g., crayfish, daddy-long-legs), including insects such
as crickets, grasshoppers, and walkingsticks, and many verte-
brates (e.g., salamanders) exhibit this ability. For example, walk-
ingsticks (Phasmida) have weakened areas at the trochanter
that break under stress, such as when an appendage is grasped
by a predator. If the insect is not an adult, regeneration occurs
at the next molt. The amputated leg of the walkingstick twitches
after being detached, which may divert the predator’s atten-
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tion away from the attacked insect. A grasshopper, when held
by a hind leg, can voluntarily discard that limb by intense
muscular contraction and rupture it at the trochanter—femur
junction; autotomy can also be induced by mechanical
pressure or electrical shock. The individual may benefit from
the loss of limb by surviving the potential predator but loss
of balance, reduced ability to forage for food, and reduced
ability to escape from the next predator result as well.

Sting autotomy, the self-amputation of the stinger and its
glands, occurs in many social Hymenoptera as part of colony
defense, especially against vertebrates, and may occur because
of the size and shape of the sting barbs. Chemical cues
released by the detached venom apparatus may enable other
attacking individuals to orient themselves to the predator.

See Also the Following Article
Defensive Behavior
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B eckeeping is the establishment and tending of colonies of
social bees of any species, an activity from which the
beekeeper obtains a harvest or reward. This reward is usually
honey, but it may be some other bee product, or bees
themselves (e.g., queens, or colonies for pollination). In
beekeeping, each colony is usually in a hive, but some
beekeeping is done with honey bees that build their nests in
the open. Beekeeping is also done with certain nonsocial bees
that are reared for pollinating crops.

TECHNIQUES OF MODERN MOVABLE-FRAME
HIVE BEEKEEPING WITH APIS MELLIFERA

Most of the world’s beekeeping is done with A. mellifera. In
past centuries, these bees were kept primarily for the
production of honey and beeswax. Beekeeping is still done
mainly to produce honey, but there are also other specialized
types of operation. These include the rearing of queens or
package bees for other beekeepers who are producing honey.
Another type of beekeeping provides colonies of bees to
pollinate crops, since in many areas of large-scale agriculture
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the native pollinators have been destroyed. Since the 1950s
specialized beekeeping has also been developed for the pro-
duction of royal jelly, pollen, and bee venom.

Each type of beekeeping requires the management of
colonies to stimulate the bees to do what the beekeeper
wants—for instance, to rear more young house bees to
produce royal jelly, or more foragers to pollinate crops.
During the 1900s, effective methods were developed for
the commercial production of substances other than
honey: bee brood, bee venom, beeswax, pollen, propolis, and

royal jelly.

Honey Production

A colony of honey-storing bees collects nectar from which it
makes honey. Nectar is not available continuously, and to
store much honey a colony of bees needs many foraging bees
(over, say, 10 days old) whenever a nectar “flow” is available
within their flight range. Bees may fly 2 km if necessary, but
the greater the distance, the more energy they expend in
flight, and the more nectar or honey they consume. Thus, it
is often cost-effective for the beekeeper to move hives to
several nectar flows in turn during the active season.

Figure 1 shows a movable-frame hive with two “deep”
boxes. The hive in Fig. 2 also has two deep boxes for brood
(i.e., immature bees, eggs, larvae, and pupae), and a shallow
box for honey that is less heavy to lift. Any number of honey
boxes (also called supers) may be added to a hive, but these
are always separated from the brood boxes by a queen
excluder, to keep the honey free from brood. Some empty
combs in these supers may stimulate honey storage, but
supers are not added far in advance of their likely use by the
bees.

It is essential that hives and frames have standard
dimensions and that an accessory (spacer) be used to ensure
that frames are always exactly the correct distance apart.
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Queen Production

Large-scale operations are done in five steps, which provide
specific conditions for the successive developmental stages of
the immature bees that will develop into mated and laying
queens.

1. The larvae from which queens will be reared are taken
from worker cells of a colony that is headed by a breeder
queen selected for chosen genetic characters.

2. Very young larvae are transferred into cell cups
mounted mouth down on wooden bars in a “cell-starter
colony” that has been queenless for 2 to 4 h. This colony is
made up of many (young) nurse bees, and little or no other
brood for them to rear. Its bees build the cell cups further and
feed the young larvae, and the colony can “start” the rearing
of 45 to 90 queen larvae a day.

3. As the larvae grow larger, they receive more food and
are better cared for if the number of nurse bees per larva is
high. So it is usual to put about 15 cells in each of a number
of colonies, where they are separated from the colony’s queen
by a queen excluder.

4. When the bees have finished feeding the larvae, they
seal each immature queen in her cell. The only requirements
of an immature queen during the next 7 days are appropriate
conditions of temperature and humidity, and these are
provided in an incubator. Each queen must emerge from her
cell as an adult in a separate cage, for protection from attacks
by other queens already emerged.

5. Finally each queen is placed in a “mating hive” con-
taining a few hundred or more workers but no other queen.
These hives are taken to a mating apiary, which contains a
few strong colonies that include many drones (i.e., males) of
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FIGURE 2 Top: exploded view of a movable-frame hive showing the
component parts. Bottom: empty hive box showing one of the frame
runners. [After Crane, E. (1990). “Bees and Beekeeping: Science, Practice
and World Resources.” Heinemann, London.]

a selected strain of honey bees. The apiary is located as far as
possible from hives that might contain other drones; a
distance of 15 km is likely to be safe, but it varies according
to the terrain. When the queen is a few days old, she flies out
and mates with drones, and a few days later starts to lay eggs.
This shows that she is ready to head a colony.
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Package Bee Production

The term “package bees” is used for a number of young
worker bees (usually approximately 1 kg) hived with a newly
reared and mated queen; these bees together have the
potential to develop into a honey-producing colony.

Package bees are normally produced at relatively low
latitudes where spring comes early, and are sold at higher
latitudes where it is difficult to keep colonies over the winter;
many northern beekeepers find it more cost-effective to kill
some or all of their colonies when they harvest the season’s
honey, and to buy package bees next spring. (If they overwinter
no colonies, they can follow another occupation for 6
months or more; at least one beekeeper spends the Canadian
winter beekeeping in New Zealand, where it is then
summer.) The site where the packages are produced should
be earlier weatherwise, by 2 months or more, than the site
where the bees are used. A package bee industry is most likely
to be viable where a single country stretches over a sufficient
north—south distance (at least 1000 km, and up to 2000 or
even 2500 km). But in New Zealand, package bees are
produced at the end of the bees’ active season and sent by air
to Canada, where the season is just starting.

Package bees are prepared as follows. First, all the bees are
shaken off the combs of three or four colonies into a specially
designed box, taking care that the queens are left behind. The
bees are then poured through the “spout” of the box into
package boxes, each standing on a weighing machine, until
their weight is either 1 or 1.5 kg, as required. Each box is
given a young mated queen in a cage, and a can of syrup with
feeding holes. (Enough bees are flying around to return to
their hives and keep the colonies functional.) For transport,
the package boxes are fixed by battens in groups of three or
four, slightly separated; they may travel 2400 km, and the
truck needs special ventilation. Air transport, though
possible, presents various difficulties.

Crop Pollination

Colonies taken to pollinate crops should be strong, with
many foraging bees, and also much unsealed brood (to
stimulate the bees to forage for pollen), and space for the
queen to lay more eggs. Hives should not be taken to the
crop before it comes into bloom, or the bees may start
foraging on other plants and continue to do so when the crop
flowers. If the hives are in a greenhouse, four to eight frames
of bees in each may be sufficient, but the beekeeper must
check regularly that the bees have enough food; alternatively,
each hive may be provided with two flight entrances, one
into the greenhouse and one outside. Beekeepers who hire
out hives of bees for crop pollination need to have a sound
legal contract with the crop grower; they should also be aware
of the risks of their bees being poisoned by insecticides.

In addition to honey bees, certain native bees are especially
efficient in pollinating one or more crop species, and several

species are managed commercially for pollination. The
following are quite widely used for the crops indicated:
Andrena spp. for sarson and berseem in Egypt and India;
Bombus spp. for tomato and red clover in Finland and
Poland; Megachile spp. for alfalfa in Chile, India, South
Africa, and the United States; Nomia melanderi for alfalfa in
the United States; Osmia spp. for alfalfa in France; and
Xenoglossa spp. for apple in Japan, Poland, and Spain, also
cotton and curcurbits in the United States.

Special Features of Beekeeping in the Subtropics
and Tropics

The subtropics (between 23.5° and 34°N, and 23.5° and
34°S) include some of the most valuable world regions for
honey production. Like the temperate zones, they have an
annual cycle with a distinct seasonal rhythm and a well-
marked summer and winter; however, the climate is warmer
and the winters are mild, so the bees can fly year-round. All
the major honey-exporting countries include a belt within
these subtropical latitudes: China, Mexico, Argentina, and
Australia.

Between the Tropics of Cancer and Capricorn (23.5°N
and S), the situation is different. The seasons (and honey bee
colonies) undergo two cycles in the year because the noonday
sun is overhead twice a year. So colonies do not generally
grow as large as at higher latitudes, nor do they store as much
honey. When forage becomes scarce, a colony may cease
brood rearing, then fly as a unit to a nearby area where plants
are coming into bloom; this flight is referred to as absconding
or migration. So one beekeeper may lose colonies, while bee-
keepers in the other area put out bait hives to receive the
swarms.

Beekeeping in the tropics using traditional hives has been
well studied, and many development programs have been
carried out to introduce more advanced methods. Francis
Smith pioneered successful movable-frame hive beekeeping
in tropical Africa.

In the tropics, bee diseases are of less importance than at
higher latitudes, but bees in torrid zones may be subject to
attack by more enemies, certain birds, mammals, and insects.
Tropical honey bees therefore defend their nests more
vigorously than temperate-zone honey bees. For instance,
tropical African honey bees (A. mellifera) are easily alerted to
sting and, as a result of rapid pheromone communication
between individuals, they may attack en masse. People in
tropical Africa have grown up with the bees and are accus-
tomed to them. But after 1957, when some escaped
following introduction to the South American tropics, they
spread into areas where the inhabitants had known only the
more gentle European bees, and those from tropical Africa
were given the name “killer bees.” But once beekeepers in
South America had learned how to handle the new bees, they
obtained much higher honey yields than from the European
bees used earlier.
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World Spread of A. mellifera

In the early 1600s the bees were taken by sailing ship across
the Adantic from England to North America. They would
have been in skeps (inverted baskets made of coiled straw),
which were then used as hives. The first hives were probably
landed in Virginia. The bees flourished and spread by
swarming, and other colonies were taken later. By 1800 there
were colonies in some 25 of the areas that are now U.S.
states, and by 1850 in a further 7. The bees were kept in
fixed-comb hives (skeps, logs, boxes).

The bees may possibly have been taken from Spain to
Mexico in the late 1500s, but they reached other countries
later: e.g., St. Kitts-Nevis in 1720, Canada in 1776, Australia
in 1822, and New Zealand and South America in 1839. They
were taken later to Hawaii (1857) and Greenland (1950).

In Asian countries where A. cerana was used for
beekeeping, A. mellifera was introduced at the same time as
movable-frame hives. Some probable dates of introduction
were 1875-1876 in Japan, 1880s in India, 1896 in China,
and 1908 in Vietnam.

Between 1850 and 1900 there was widespread activity
among beekeepers in testing the suitability of different races
of A. mellifera for hive beekeeping. The most favored race was
Italian (A. m. ligustica), named from Liguria on the west coast
of Italy, south of Genoa.

Origination and World Spread of
Movable-Frame Beekeeping

The production of a movable-frame hive divided the history
of hive beckeeping into two distinct phases. This new hive
type was invented in 1851 by Reverend Lorenzo Lorraine
Langstroth in Philadelphia. He was familiar with the Greek
movable-comb hive (discussed later under Traditional
Movable-Comb Hive Beckeeping) and with some rectangular
hives devised in Europe that contained wooden frames for
the bees to build their combs in. These hives, however, had
only a very small gap between the frames and the hive walls,
and the bees built wax to close it. In 1853 Langstroth
described how he had often pondered ways in which he
“could get rid of the disagreeable necessity of cutting the
attachments of the combs from the walls of the hives.” He
continued, “The almost self-evident idea of using the same
bee-space [as between the centerlines of combs in the frames]
in the shallow [honey] chambers came into my mind, and in
a moment the suspended movable frames, kept at a suitable
distance from each other and from the case containing them,
came into being” (author’s italics). Framed honey combs
were harvested from an upper box, and the brood was in the
box below. A queen excluder between the boxes prevented
the queen from laying eggs in the honey chamber.

The use of hives based on Langstroth’s design spread
rapidly around the world, dimensions often being somewhat
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smaller in countries where honey yields were low. Some dates
for their first known introduction are 1861, United
Kingdom; 1870, Australia; 1878, South Africa; 1880s, India;
and 1896, China.

Beekeeping with A. cerana in Movable-Frame Hives

Bees of most races of A. cerana are smaller than A. mellifera;
they also build smaller colonies and are less productive for
the beekeeper. Unlike A. mellifera, A. cerana does not collect
or use propolis. A. cerana was the only hive bee in Asia until
A. mellifera was introduced in the late 1800s; it had been
kept in traditional hives (logs, boxes, barrels, baskets,
pottery) since the first or second century A.D. in China and
probably from the 300s B.C. in the upper Indus basin, now
in Pakistan.

The movable-frame hives used for A. cerana are like a
scaled-down version of those for A. mellifera. Colony
management is similar, except that the beekeeper needs to
take steps to minimize absconding by the colonies. In India
30 to 75% of colonies may abscond each year. To prevent
this, a colony must always have sufficient stores of both
pollen and honey or syrup, and preferably a young queen.
Special care is needed to prevent robbing when syrup is fed.
Colonies must also be protected against ants and wasps.

The bees at higher latitudes are larger, and in Kashmir
(alticude 1500 m, and above) A. cerana is almost as large as
A. mellifera and fairly similar to it in other characteristics; for
instance, the colonies do not abscond.

Honey Bee Diseases, Parasites, Predators,
and Poisoning

The main brood diseases of A. mellifera, with their causative
organisms, are American foulbrood (AFB), Paenibacillus
larvae; European foulbrood (EFB), Melissococcus pluton;
sacbrood, sacbrood virus (Thai sacbrood virus in A. cerana);
and chalkbrood, Ascosphaera apis. Diseases of adult bees are
nosema disease, Nosema apis; amoeba disease, Malpighamoeba
mellificae; and virus diseases. Parasites are tracheal mite,
Acarapis woodi; varroa mites, Varroa jacobsoni, and V.
destructor; the mite Tropilaelaps clareae; bee louse (Diptera);
Braula spp.; and the small hive beetle, Aethina tumida.

Disease or parasitization debilitates the colonies, and
diagnosis and treatment require time, skill, and extra expense.
Most of the diseases and infestations just listed can be treated
if colonies are in movable-frame hives, and in many countries
bee disease inspectors provide help and advice. Colonies in
fixed-comb hives and wild colonies cannot be inspected in
the same way, and they can be a long-term focus of diseases.
But by far the most common source of contagion is the
transport into an area of bees from elsewhere.

The parasitic Varroa mite provides an example. It
parasitized A. cerana in Asia, where the mite and this bee
coexisted. In the Russian Far East, it transferred to
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introduced A. mellifera, whose developmental period is
slightly longer, allowing more mites to be reared. Because
colonies could then die from the infestation, the effects were
disastrous. In the mid-1900s, some infested A. mellifera
colonies were transported to Moscow; from there, mites were
unwittingly sent with bees to other parts of Europe, and they
have now reached most countries in the world.

Since the 1950s it has been increasingly easy to move
honey bees (queens with attendant workers, and then
packages of bees) from one country or continent to another.
One result has been that diseases and parasites of the bees
have been transmitted to a great many new areas, and to
species or races of honey bee that had little or no resistance
to them.

The development of large-scale agriculture has involved
the use of insecticides, many of which are toxic to bees and
can kill those taken to pollinate crops. In California alone,
insecticides killed 82,000 colonies in 1962; in 1973 the
number was reduced to 36,000, but in 1981 it had risen
again, to 56,000. More attention is now paid to the use of
practices that protect the bees, including selecting pesticides
less toxic to beneficial insects, using pesticides in the forms
least toxic to honey bees (e.g., granular instead of dust),
spraying at night when bees are not flying, spraying only
when the crop is not in flower, and using systemic
insecticides and biological pest control. Possible actions by
the beekeeper are less satisfactory: moving hives away from
areas to be treated, or confining the bees during spraying by
placing a protective cover over each hive and keeping it wet
to reduce the temperature.

By 1990, legislation designed to protect bees from
pesticide injury had been enacted in 38 countries, and a
further 7 had established a code of practice or similar
recommendations.

TRADITIONAL FIXED-COMB HIVE BEEKEEPING
A. mellifera in the Middle East, Europe, and Africa

Humans have obtained honey and wax from bees’ nests in
the Middle East, Europe, and Africa since very early times.
Beekeeping with A. mellifera was probably initiated in an area
when the human population increased so much that it
needed more honey or wax than was available at existing nest
sites, or when some change occurred that reduced the
number of nest sites—for instance, when trees were felled to
clear land for agriculture.

In the Middle East, population increase was linked with
the development of civilizations. The eatliest known hive
beekeeping was done in ancient Egypt, and similar
traditional beekeeping is still carried out in Egypt. In Abu
Ghorab, near Cairo, an Old Kingdom bas-relief from around
2400 B.C. shows a kneeling beekeeper working at one end of
hives built into a stack; smoke is used to pacify the bees, and
honey is being transferred into large storage pots. Over time,

the use of horizontal cylindrical hives spread throughout the
Mediterranean region and Middle East, and also to tropical
Africa, where hollow log hives were often fixed in trees, out
of reach of predators.

In the forests of northern Europe, where honey bees
nested in tree cavities, early humans obtained honey and
wax from the nests. When trees were felled to clear the land,
logs containing nests were stood upright on the ground as
hives. As a result, later traditional hives in northern Europe
were also set upright. In early types such as a log or skep, a
swarm of bees built its nest by attaching parallel beeswax
combs to the underside of the hive top. If the base of the
hive was open as in a skep, the beekeeper harvested honey
from it. Otherwise harvesting was done from the top if there
was a removable cover, or through a hole previously cut in
the side.

Skeps used in northwestern Europe were made small so
that colonies in them swarmed early in the active season; each
swarm was housed in another skep, and stored some honey.
At the end of the season, bees in some skeps were killed with
sulfur smoke and all their honey harvested; bees in the other
skeps were overwintered, and their honey was left as food
during the winter.

A. cerana in Asia

In eastern Asia the cavity-nesting honey bee was A. cerana,
and it was kept in logs and boxes of various kinds from A.D.
200 or earlier. But farther west in the upper Indus basin
horizontal hives rather similar to those of ancient Greece are
used, and it has been suggested that hive beekeeping was
started in the 300s B.C. by some of the soldiers of the army
of Alexander the Great, who settled there after having
invaded the area.

Stingless Bees (Meliponinae) in the Tropics

In the Old World tropics, much more honey could be
obtained from honey bees than from stingless bees, and the
latter were seldom used for beekeeping. But in the Americas,
where there were no honey bees, hive beekeeping was
developed especially with the stingless bee, Melipona beecheis,
a fairly large species well suited for the purpose. It builds a
horizontal nest with brood in the center and irregular cells at
the extremities, where honey and pollen are stored. The
Maya people in the Yucatan peninsula in Mexico still do
much beekeeping with this bee. The hive is made from a
hollowed wooden log, its ends being closed by a wooden or
stone disk. To harvest honey, one of the disks is removed to
provide access to honey cells; these are broken off with a
blunt object, and a basket is placed underneath the opening
to strain the honey into a receptacle below. Many similar
stone disks from the 300s B.C. and later were excavated from
Yucatan and from the island of Cozumel, suggesting that the
practice existed in Mexico at least from that time.



FIGURE 3 Sir George Wheler’s drawing of a Greek top-bar hive. [After
Wheler, G. (1682). “A Journey into Greece.” W. Cademan and others, London.]

Nogueira-Neto in Brazil developed a more rational form
of beekeeping with stingless bees. In Australia the native
peoples did not do hive beekeeping with stingless bees, but
this has recently been started.

TRADITIONAL MOVABLE-COMB
HIVE BEEKEEPING

Movable-comb hive beekeeping was a crucial intermediate
step between fixed-comb beekeeping, which had been done
in many parts of the Old World, and the movable-frame
beekeeping used today.

In a book published in 1682 in England, Sir George
Wheler recounted his journeys in Greece and provided
details of the hives he saw there (Fig. 3). He described the
wooden bars shown lying across the top of the hive as “broad,
flat sticks” and said that the bees built a comb down from
each top-bar, which “may be taken out whole, without the
So it
was a movable-comb hive. The Greek beekeepers must have

least bruising, and with the greatest ease imaginable.”

placed the bars at the bees’ natural spacing of their combs.
They made a new colony by putting half the bars and combs
from a hive into an empty one; the queen would be in one of
the hives, and the bees in the other would rear a new queen.

In the mountain range that separates Vietnam from
China, some of the native peoples use a movable-comb hive
for A. cerana; it is not known how old this method of
beekeeping is. The bars are fitted across the top of a log hive
at the correct spacing for A. cerana. This bee builds small
combs without attaching them to the hive sides, and the
combs can be lifted out by their bars. There seems to have
been no development of a movable-frame hive from this
movable-comb hive for A. cerana.
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TRADITIONAL BEEKEEPING WITHOUT HIVES
A. dorsata

In tropical Asia, a nest of the giant honey bee, A. dorsata,
which is migratory, can yield much more honey than a hive
of A. cerana. In a form of beckeeping with A. dorsata
practiced in a few areas, people use horizontal supports called
“rafters” instead of hives. (A “rafter” is a strong pole, secured
at a height convenient for the beekeeper by a wooden
support, or part of a tree, at each end.) At the appropriate
season, beekeepers erect rafters in a known nesting area for
migratory swarms of the bees. Sheltered sites with an open
space round one end are chosen, which the bees are likely to
accept for nesting. After swarms have arrived and built combs
from the rafters, the beekeeper harvests honey every few
weeks by cutting away part of the comb containing honey
but leaving the brood comb intact. When plants in the area
no longer produce nectar, brood rearing ceases and the bees
migrate to another site.

A. florea

The small honey bee, A. florea, builds a single brood comb
perhaps 20 cm high, supported from the thin branch of a tree
or bush. It constructs deeper cells round the supporting branch
and stores honey in them. The whole comb can easily be
removed by cutting through the branch at each side, and in
some regions combs are then taken to an apiary where the two
ends of each branch are supported on a pile of stones or some
other structure. This is done, for instance, in the Indus basin
near Peshawar in Pakistan, and on the north coast of Oman.

RESOURCES FOR BEEKEEPERS

There are various sources of information and help for
beekeepers. Many countries publish one or more beekeeping
journals, and have a beekeepers’ or apiculturists’ association
with regional and local branches. Apimondia in Rome, Italy
(htep://www.apimondia.org) is the international federation
of national beekeepers’ associations.

In many countries, the ministry of agriculture or a similar
body maintains a bee department that inspects colonies for
bee diseases and often also provides an advisory service for
beekeepers. Research on bees and/or beekeeping may be
carried out under this ministry or by other bodies.

The International Bee Research Association in Cardiff,
U.K. serves as a world center for scientific information on
bees and beckeeping, and publishes international journals,
including Apicultural Abstracts, which contains summaries of
recent publications worldwide. Information about access to
the Association’s data banks can be obtained from its Web
site (hetp://www.ibra.org.uk), which is linked to Ingenta.

See Also the Following Articles
Apis Species o« Honey ® Rearing of Insects o Royal Jelly



82 Bee Products

Further Reading

Connor, L. J., Rinderer, T., Sylvester, H. A., and Wongsiri, S. (1993). “Asian
Apiculture.” Wicwas Press, Cheshire, CT.

Crane, E., (ed.) (1976). “Apiculture in Tropical Climates.” International Bee
Research Association, London.

Crane, E. (1978). “Bibliography of Tropical Apiculture.” International Bee
Research Association, London.

Crane, E. (1990). “Bees and Beekeeping: Science, Practice and World
Resources.” Heinemann Newnes, Oxford, U.K.

Crane, E. (1999). “The World History of Beckeeping and Honey Hunting.”
Duckworth, London.

Crane, E., and Walker, P. (1983). “The Impact of Pest Management on Bees
and Pollination.” Tropical Development and Research Institute, London.

Crane, E., and Walker, P (1984). “Pollination Directory for World Crops.”
International Bee Research Association, London.

Delaplane, K. S., and Mayer, D. (2000). “Crop Pollination by Bees.” CAB
International, Wallingford, U.K.

FAO. (1986). “Tropical and Sub-tropical Apiculture.” Food and Agriculture
Organisation of the United Nations, Rome.

Graham, J. M. (ed.) (1992). “The Hive and the Honey Bee.” rev. ed. Dadant
and Sons, Hamilton, IL.

Langstroth, L. L. (1853). “Langstroth on the Hive and the Honey-bee, a
Beekeeper’s Manual.” Hopkins, Bridgeman, Northampton, MA.

McGregor, S. E. (1976). “Insect Pollination of Cultivated Crop Plants.” U.S.
Department of Agriculture, Washington, DC.

Morse, R. A., and Nowogrodzki, R. (1990). “Honey Bee Pests, Predators
and Diseases.” 2nd ed. Cornell University Press, Ithaca, NY.

Nogueira-Neto, P (1997). “Vida e Criagio de Abelhas Indigenas sem
Ferrdo.” Edigao Nogueirapis, Sao Paulo, Brazil.

Smith, E G. (1960). “Beckeeping in the Tropics.” Longmans, London.

Webster, T. C., and Delaplane, K. S. (2001). “Mites of the Honey Bee.”
Dadant & Sons, Hamilton, IL.

Bee Products
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oney and beeswax are the main bee products used by

humans. Bee brood has been eaten by humans since
ancient times in some Asian countries, but until the 1900s
only honey and beeswax were produced commercially. Then
in the 1950s the price of honey on the world market was
depressed by surplus production, and beckeepers in certain
technologically advanced countries, seeking ways of diversify-
ing the sources of income from their bees, explored the com-
mercialization of royal jelly, bee venom, pollen, and propolis.

BEE VENOM

Bee venom is a secretion from the venom glands of the
worker or queen of a species of honey bee (Apis); it is not
produced by stingless bees (Meliponinae). The main
components of commercial freeze-dried venom from A.
mellifera worker bees include 15 to 17% enzymes, including
phospholipase and hyaluronidase; 48 to 58% small proteins,

including especially mellitin; 3% physiologically active
amines, including histamine; 0.8 to 1.0% amino acids, and
numerous minor components. Queen venom differs
somewhat from worker venom in its composition and its
pattern of change with the age of the bee. A few studies have
been made on the venom of other Apis species; for instance,
toxicity has been reported to be similar in venoms from A.
mellifera and A. dorsata, less in A. florea venom but twice as
high in A. cerana venom.

Bee venom is by far the most pharmacologically active
product from honey bees. The general mechanism of its
action on humans who are not hypersensitive is as follows.
Hyaluronidase breaks down hyaluronic acid polymers that
serve as intercellular cement, and the venom spreads through
the tissue. (Protective antibodies that develop in the serum of
most beekeepers can effectively neutralize hyaluronidase, pre-
venting the spread of the venom.) A protease inhibitor prevents
enzymatic destruction of the hyaluronidase. Simultaneously,
the mast cell degranulating peptide penetrates the membrane
of the mast cells, creating pores. This releases histamine,
which (in combination with some small molecules of the
venom) contributes to the swelling and flare, and the local
itching and burning sensation. As venom penetrates blood
vessels and enters the circulatory system, phospholipase A
and mellitin (as a micelle, a colloidal-sized aggregate of
molecules) act synergistically to rupture blood cells.

When only a few stings are received, the action just
described is mostly localized, and actual toxic effects are
insignificant. After massive stinging (or injection of venom
directly into the circulatory system), the action may become
widespread and toxic effects severe, particularly when
significant amounts of venom enter the circulatory system.
Apamine acts as a poison to the central nervous system, and
both mellitin and phospholipase A are highly toxic. Large
concentrations of histamine are produced and contribute to
overall toxicity. The role of other components is unknown.

Only a very small number of people are allergic (hyper-
sensitive) to insect venom, between 0.35 and 0.40% of the
total population in one U.S. survey. In a person allergic to
bee venom, the hyaluronidase may participate immediately
in an antigen—antibody reaction, triggering an allergic
response; both mellitin and phospholipase A can also
produce allergic reactions. There may be antigen—antibody
reactions to any or all of the components mentioned. Severe
reactions can result in death from anaphylactic shock.

Antihistamines can give some protection to a moderately
hypersensitive person if taken before exposure to stings.
Systemic reactions following a sting should be treated imme-
diately with adrenaline; extremely prompt medical treatment
is essential for acute anaphylaxis.

Some allergy clinics provide carefully regulated courses of
venom injection, which can decrease sensitivity to the venom;
various types of immunotherapy (desensitization) have been
used, involving the application of a series of graded doses of
pure venom, and these can be effective in 95% of cases. If a



beekeeper or another member of the household develops
serious hypersensitivity to bee stings, an allergy specialist may
be able to recommend a course of desensitization that will
allow the beekeeper to continue.

Germany was probably the first country to produce bee
venom commercially. Between 1930 and 1937, girls stationed
in front of hives would pick up one worker bee at a time and
press it so that it stung into a fabric tissue that absorbed the
venom; the venom was extracted from the fabric with a
solvent (distilled water), which later was removed by freeze-
drying, leaving the venom as a crystalline powder.

A more recent method is to use a bare wire stretched to
and fro across a thin membrane mounted on a horizontal
frame placed directly in front of a hive entrance. When a low
voltage is applied to the ends of the wire, a few “guard” bees
are shocked; they sting into the membrane and also release
alarm pheromone that quickly alerts other bees to sting into
the membrane as well. The bees can withdraw their stings
and are unharmed, and the drops of venom released are
removed from the underside of the membrane; in hot
weather they dry and can be scraped off.

BEE BROOD

Bee brood (immature bees) was probably a useful source of
protein to hunter-gatherers in many parts of Asia and Africa,
and honey bee larvae have now produced commercially, and
marketed either raw or cooked. Mature A. mellifera larvae have
been found to contain about 60% as much protein as beef and
about 30% more fat (fresh weight). Pupae contain somewhat
more protein and less fat. Both larvae and pupae contain
vitamins A and D. Such bee brood is eaten in parts of Asia (e.g.,
Korea, China, Japan, Laos, Malaysia, Thailand, and Vietnam)
but not in India, Pakistan, or Bangladesh. Some eastern
Mediterranean religions forbade the eating of certain insects
because these were regarded as unclean. One of the Dead Sea
scrolls, from about 200 to 100 B.C., had the prohibition: “Let
no man defile his soul with any living being or creeping thing
by eating of them, from the larvae of bees [in honey] to all
the living things that creep in water.” (The digestive system
of any animal was considered to be unclean, and it was
impractical to remove these organs from individual bees.)

POLLEN

Protein is required by young adult honey bees, and it is an
important component of the food they give to larvae. It is
obtained from pollen (microspores of seed plants) that older
bees collect from flowers and store in the nest. In one study
on A. mellifera in the United States, bee-collected (air-dried)
pollens contained 7 to 30% crude protein and 19 to 41%
carbohydrates (mostly sugars from honey that bees mixed
with the pollen). Pollen also contains minerals (it has an ash
content of 1-6%), vitamins, enzymes, free amino acids,
organic acids, flavonoids, and growth regulators.
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When a worker honey bee moves past the anthers of
flowers, pollen becomes trapped by her body hairs. She leaves
the flowers and, with special movements of her legs, passes
the pollen backward to bristles on the tibiae of her hind legs.
She packs it into a “pollen load” on each of these legs,
moistening it with a little nectar or honey in the process. The
pollen loads carried by a foraging bee have a variety of colors,
which provide clues to the plant sources.

It is relatively easy for a beekeeper to collect the pollen
being brought into hives by bees: a pollen trap, fixed over the
hive entrance, incorporates a grid (or two grids) through
which incoming bees must push, and while they do this most
pollen loads are knocked from their hind legs and drop into
a tray below, although some bees get through the trap with
their pollen loads. The beekeeper needs to ensure that the
colony always has enough pollen to rear sufficient brood to
maintain its population. (A colony can be made to collect
more pollen by giving it extra combs of young brood to rear.)
In 1990 pollen was known to be produced commercially in
Europe (seven countries), the Americas (five), Asia (four),
and Africa (one), and also Australia, where Western Australia
alone produced 60 to 130 tonnes a year.

Pollen is used as a dietary supplement for humans and
domestic animals, as well as for feeding to a honey bee colony
to increase its brood production. Pollen from specific plant
species (or cultivars) is also used for fruit pollination, in plant
breeding programs, and in the study and treatment of allergic
conditions such as hay fever.

PROPOLIS

Propolis is the material that honey bees and some other bees
can collect from living plants, which they use alone or with
beeswax in the construction and adaptation of their nests.
Most of the plant sources are trees and bushes. The material
collected may be a wound exudate (resin and latex) or a
secretion (lipophilic substances, mucilage, and gum).
Propolis thus has a much more varied origin than any other
material collected by honey bees. Analyses of various samples
(mostly of unknown plant origin) have shown the presence
of over 100 compounds, including especially flavonoids.

A bee that collects propolis carries it back to the nest on
her hind legs. She goes to a place in the hive where propolis
is being used and remains there until her load is taken from
her by bees using it. The propolis is mainly collected in the
morning and used in the hive in the afternoon.

Where propolis is available, A. mellifera uses it for
stopping up cracks, restricting the dimensions of its flight
entrance, and other minor building works. Observations on
both tropical and temperate-zone A. cerana indicate that this
species does not collect or use propolis, even in a region
where A. mellifera does, but uses beeswax instead. Propolis is
sometimes used by A. dorsata to strengthen the attachment of
the comb to its supporting branch. It is probably essential to
A. florea for protecting its nest from ants. These bees build
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two rings of sticky propolis round the branch that supports
the nest, one at each end of the comb attachment, and may
“freshen” the propolis surface so that it remains sticky and
ants cannot cross it.

To collect propolis from a hive, the beckeeper inserts a
contrivance, such as a flat horizontal grid having slits 2-3 mm
wide that will stimulate the bees to close up the gaps with
propolis. On removal from the hive, the contrivance is cooled
in a freezer. The propolis then becomes brittle, and a sharp
blow fractures it off in pieces, which can be stored for up to
a year in a plastic bag.

The total commercial world production of propolis may
be between 100 and 200 tons a year. China produces more
propolis (from hives of introduced A. mellifera) than any
other country; some South American countries are next in
importance. Most importing countries are in Europe.

Propolis has various pharmacological properties, partly
from its flavonoid content. It is used in cosmetic and healing
creams, throat pastilles, and chewing gum. A few people (in
the United Kingdom about one beekeeper in 2000), are
allergic (hypersensitive) to propolis, and contact with it leads
to dermatitis.

Stingless bees mix much propolis with the wax they
secrete before they use it in nest construction; the mixture is
called cerumen.
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Beeswax is secreted by workers of most Apidae, which use
it to build combs of cells in their nests, for rearing brood,
and for storing food. Workers are female members of a
colony of bees, active in foraging or nesting, but laying no
eggs or only a few compared with a queen. The term “beeswax”
is commonly used for the wax from honey bees (Apis),

especially that from A. mellifera, which is the basis of the
world’s beeswax industry.

PRODUCTION, SECRETION, AND USE OF
BEESWAX BY A. MELLIFERA

Beeswax is secreted by four pairs of wax glands situated on
the anterior part of the workers last four normal sternal
plates (i.e., the ventral portion); the secreted wax hardens
into thin scales. In A. mellifera workers, the glands increase in
secretory activity during the first 9 days or so after the adult
bee has emerged from her cell. They usually start to regress at
17 days of age, but may be regenerated later if the colony
needs new comb. Honey bees construct their combs of
beeswax and also use this substance with propolis to seal
small cracks in their nest structure or hive. The requirements
of the colony largely determine the amount of wax secreted
by its bees. Calculations have shown that an A. mellifera
worker is likely to have the potential to secrete about half her
body weight in wax during her lifetime.

COMPOSITION AND PROPERTIES OF BEESWAX

The major components of A. mellifera beeswax include
monoesters, diesters, hydrocarbons, and free acids, which
together make up more than half the total weight. Over 200
minor components have also been identified. Of the physical
properties of beeswax, its thermal properties are of special
practical importance, particularly the wide temperature range
between its becoming plastic (32°C) and melting (61-66°C).
Its relative density at 15 to 25°C is 0.96 and its refractive
index at 75°C is 1.44.

Many pesticides used to control mites in the hive can
contaminate beeswax.

HARVESTING AND PROCESSING

In the hive, the purest beeswax is that which has recently
been secreted: in “cappings” with which cells have been
sealed, and in recently built comb. Wax scraped from hive
walls or frame bars may be mixed with propolis. Old, dark
combs in which brood has been reared are of least value.

When a beekeeper harvests combs of honey from the hives,
the honey is first extracted from the combs. Then the wax is
melted and the liquid wax separated from any contaminants.
On a small scale, clean wax from hives may be melted and
strained through cloth, or a “solar wax extractor” may be used,
in which the wax pieces are spread out on a sloping metal
base in a shallow container with a double glass top, to be
melted by radiation from the sun. The liquid wax flows into
a container; any contaminants settle at the bottom, and clear
wax flows out through an outlet near the top.

In some commercial wax extractors the wax is heated with
water, floats to the top, and flows out through an appro-
priately placed opening. More efficient devices use a steam



press. The percentage of beeswax extracted from the initial
material varies according to the source of the wax and the
method of extraction.

USES

Beeswax has a very rich history, with a far wider range of uses
than any other bee product. In the past, beeswax was
especially valued for candles, because it has a higher melting
point than many other waxes, and so the candles remain
upright in hot weather. Beeswax was also used for modeling
and for casting. Some of the world’s finest bronze statues and
gold ornaments have been made by the lost-wax process, in
which a beeswax model is made and encased in mud or
plaster that is allowed to dry; the whole is then heated, the
molten wax allowed to escape, and molten metal poured in.
The metal solidifies in the exact shape of the original beeswax
cast, and the casing material is then broken away.

In the batik method of dyeing cloth, and in etching on a
glass or metal surface, beeswax can be used as a “resist,”
applied to certain areas of a surface to protect them from
reaction during a subsequent process.

One of the most important current uses of beeswax is in
ointments, emollient skin creams, and lotions. It also is still
used in polishes and other protective coatings, and as a
lubricant in the armament and other industries. Its dielectric
properties have led to its use in electrical engineering.

WORLD PRODUCTION AND TRADE

Beckeeping with modern movable-frame hives aims to maxi-
mize honey production, and wax production is suppressed by
providing the bees with sheets of ready-built wax comb
foundation in frames. In experiments in Egypt, wax
production in modern hives was only 0.4 to 0.6% of honey
production, whereas in traditional hives it was 9 to 11%.

Bees secrete beeswax more readily in hot than in cold
climates, and most surplus beeswax is produced in those
tropical regions where traditional hives are still used.
According to export figures published in 1990, relating to the
preceding decade, the three regions producing most beeswax
annually were Asia, Central America, and Africa (15.9, 10.5,
and 8.7 X 10° tonnes, respectively). Major importing
countries (in 1984) were France, German Federal Republic,
United States, and Japan.

WAX FROM OTHER BEES

Because the waxes of different species of social bees differ
slightly, if A. mellifera wax is mixed with that of other bees,
its characteristics are altered. Melting points have been
reported as follows for wax from other species of honey bees:
A. dorsata, 60°C; A. florea, 63°C; A. cerana, 65°C; stingless
bees, Meliponinae: Trigona spp. (India), 66.5°C; T. beccarii
(Africa), 64.6°C; T denoiti (Africa), 64.4°C; and bumble
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bees, Bombus, 34-35°C. The temperature in a bumble bee
nest is much lower than that in a honey bee nest.
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Biodiversity
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B iodiversity is a term created in the mid-1980s to represent
the variety of life. It is a contraction of “biological
diversity” and came into common usage following the signi-
ng in 1992 of the Convention on Biological Diversity at the
United Nations Conference on Environment and Develop-
ment, in Rio de Janeiro. The convention defines biodiversity
as “the variability among living organisms from all sources
including terrestrial, marine and other aquatic ecosystems
and ecological complexes of which they are a part: this
includes diversity within species, between species and of
ecosystems.”

However, biodiversity encompasses not just hierarchies of
taxonomic and ecological scale but also other scales such as
temporal and geographical scales and scaling in the body size
of organisms. Biodiversity represents different things to
different people. To those working in museums and herbaria
it perhaps represents a new thrust for efforts to describe
Earth’s fauna and flora. To ecologists it may represent a
growing concern about the balance of nature and how well
ecosystems can function as biological diversity decreases. To
economists and politicians it may represent a new and largely
untapped source of needed income for developing nations.
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To entomologists biodiversity 7s insects because more than
half of all described species on Earth are insects.

Biodiversity is crucial to the planet’s survival because as a
result of it people have food, construction material, raw
material for industry, and medicine, as well as the basis for all
improvements to domesticated plants and animals. Biodiver-
sity helps maintain ecosystem functions and evolutionary
processes, and stores and cycles nutrients essential for life,
such as carbon, nitrogen, and oxygen. Biodiversity absorbs
and breaks down pollutants, including organic wastes,
pesticides, and heavy metals. It also recharges groundwater,
protects catchments, and buffers extreme water conditions.

The “ownership” of biodiversity and who should pay for
its conservation are emotive subjects particularly in
developing countries. These and other issues that relate to the
sustainable utilization of biological and nonbiological
resources and the maintenance of well-nurtured populations
of humans throughout the world, are extremely complex.

GENETIC DIVERSITY

The individuals that make up a population are rarely identical.
Such variation in the outward appearance of individuals (i.e.,
in their phenotype) results from the interaction of their
individual inherited genetic makeup (genotype) with their
surrounding environment. Most natural populations
maintain a high level of such genetic diversity. This inherited
genetic variation is the basis upon which evolution operates,
and without it adaptation and speciation cannot occur.
Genetic diversity fundamentally occurs in the form of
nucleotide variation within the genome, which originates by
mutation (changes in the nucleotide composition of genes, in
the position of genes on chromosomes, and in the chromo-
some complement of individuals) and is maintained both by
natural selection and by genetic drift. Other forms of genetic
diversity include the amount of DNA per cell and
chromosome structure and number. It is estimated that there
are 10° genes in the world, although some of the genes for
key processes vary little across organisms.

The long-term survival and success of a species depends to
a large extent upon the genetic diversity within species,
which makes possible both a degree of evolutionary flexibility
in response to long-term climatic and other environmental
change and a dynamic ecological community. The long-term
aim of any conservation effort must be to maintain a self-
sustaining dynamic ecological community, with the
minimum of human intervention. This objective cannot be
attained without recognition of the genetic diversity of the
member species of the community.

SPECIES DIVERSITY

In spite of immense efforts by 19th- and 20th-century
taxonomists to describe the world’s fauna and flora, the true

TABLEI Comparison of the Estimated Number of Species for
Vertebrates and the Four Most Species-Rich Orders of Insects,
Description Rates, and Publication Effort

Average
description
Described rate (species  Publication
Order species year™)* effort®

Invertebrates

Coleoptera 300,000-400,000 2308 0.01

Lepidoptera 110,000-120,000 642 0.03

Diptera 90,000-150,000 1048 0.04

Hymenoptera 100,000-125,000 1196 0.02
Vertebrates

Birds 9,000 5 1

Mammals 4,500 26 1.8

Amphibians and

reptiles 6,800 105 0.44
Fish 19,000 231 0.37

“Average for 1977-1988.
*Number of papers per number of species per year.

dimensions of species diversity remain uncertain. Understand-
ing is hampered by lack of a consensus about the total
number of species that have been named and described, with
estimates ranging from 1.4 to 1.8 million species. This
probably represents less than 20% of all species on Earth, and
with only about 20,000 new species of all organisms being
described each year, it seems that most species will remain
undescribed for many years unless there is a rapid increase in
species descriptions (but see http://www.all-species.org).

About 850,000 to 1,000,000 of all described species are
insects. Of the 30 or so orders of insects, four dominate in
terms of numbers of described species, with an estimated
600,000 to 795,000 species: Coleoptera, Diptera, Hymenop-
tera, and Lepidoptera (Table I). There are almost as many
named species of beetle as there are of all other insects added
together, or all other noninsects (plants and animals).

There is no complete catalog of names for all organisms,
and for many groups it is often difficult to know what has or
has not been named and described. It can sometimes be
difficult for taxonomists to determine whether a series of
individuals constitutes one or several species, or whether a
new individual is the same species as others that have been
described. On the other hand, a species may be described
more than once. A taxonomist in one part of the world may
not realize that a given species has already been described
from elsewhere. Some species are so variable that they are
described many times. For example, the ladybeetle, Adalia
decempunctata has more than 40 synonyms. This species has
many color morphs, and at various times during the last 200
years different taxonomists have given names to the color
morphs without realizing that they were all one species. The
level of such synonymy in some groups of organisms may be
extremely high: (e.g., 80 and 35% synonymy for Papilionidae
and Aphididae, respectively).



The question of how many species in total there are on
Earth, including undescribed species, also remains a mystery.
In 1833 the British natural historian John Westwood
estimated that there might be some 20,000 species of insects
worldwide. Today it is recognized that there are about this
number of insect species in Britain alone. Estimates for how
many species there are on Earth have continued to rise, and
still it seems that the answer cannot be provided to within a
factor of 100. Groups such as birds, large mammals, and some
woody plants are well known, and estimates of their global
numbers of species can be made with a fair degree of
confidence. However, the scientific rationale for almost all
estimates of global numbers of species for the remainder taxa,
including insects, is surprisingly thin. Although estimates for
global numbers of all species, from bacteria to vertebrates,
vary from as low as 2 million to more than 100 million,
much evidence seems to support estimates on the lower end
of this scale: 5 to 15 million species.

Much of the recent literature on global species estimates has
focused on insects and in particular on tropical forest insects.
Until the 1980s most entomologists thought that there might
be about 2 to 5 million insect species on Earth. However, Terry
Erwin of the Smithsonian Institution in 1982 calculated that
there are 30 million species of tropical arthropods alone, based
on his knockdown insecticide fogging samples of beetles from
the canopy of Central American tropical forests. He sampled
1200 species of beetles from the canopy of a single species of
tree in Panama and suggested that 13.5% of these (162) must
be specific to that tree. He arrived at his total of 30 million
by suggesting that (1) all 50,000 species of tropical tree had
the same level of insect host specificity, (2) beetles represented
40% of canopy arthropods, and (3) the canopy is twice as rich
in arthropods as the ground. Others have since criticized all
the steps in Erwin’s calculation, suggesting that he overesti-
mated the relative proportion of ground to canopy species, the
relative proportion of beetle species to other groups of insects
and, perhaps most important of all, the number of species that
are host specific to a given species of tree. Another argument
Stork and others have proposed is based on well-known insect
faunas such as those for Britain and for butterflies. There are
some 22,000 insect species in Britain and 67 of these are
butterflies. It is also estimated that there are 15,000 to
20,000 species of butterflies in the world. Therefore, if the
ratio found in Britain of butterfly species to all other insect
species is the same for the whole world, this would indicate
that there are 4.9 to 6.6 million species of insects on Earth.
These and other analyses indicate that lower estimates
(5-10 million insect species worldwide) may be realistic.

One of the reasons so few species have been described is
that there are few taxonomists, and most of these are in the
developed world. For example, 80% of insect taxonomists are
found in North America and Europe. Another critical factor
is that most of the type specimens on which species names
depend are found in European and (to a lesser extent) North
American museums.
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It may seem that a great deal is known about the biology,
distribution, and threatened or nonthreatened status of
insects. In practice, this is far from the truth. For well-known
insect faunas, such as those of Britain and other areas of
Europe, virtually all species (but, surprisingly, not all) have
been described. Even so, distribution maps for these species
are often extremely poor, and the data used are often based on
records more than 50 years old. For other parts of the world,
particularly tropical regions, knowledge of the biota is largely
nonexistent. Rarely are there even species lists for some of the
better known groups, let alone taxonomic keys and field
guides to identify these and other less well-known insects.

Much of the information on the distribution and biology
of species is housed in the museums, herbaria, and libraries
of developed countries. Some of this information is on index
cards. There is now a growing effort to place information
associated with specimens in the collection into electronic
databases and to make this information readily available.
Similarly, the biology and conservation status of the vast
majority of insect species remain unknown. For this reason
the International Union for the Conservation of Nature’s
(IUCN) Red Data Books on the threatened status of
organisms are mostly limited to groups of large vertebrates

and higher plants.

THE EVOLUTION AND EXTINCTION
OF BIODIVERSITY

Evolution, simply speaking, is change through time. In
genetic terms, evolution is an alteration in the frequency with
which different genes are represented in a population, and it
results primarily from the processes of natural selection and
random drift. Natural selection operates through differential
survival and reproductive success of individuals in a popula-
tion, which determines their contribution to the genetic
composition of the next generation. Natural selection acts on
individual phenotypes best suited to the environment.
There has been life on Earth for at least 3.5 billion of the
4.6 billion years that the planet has existed. Multicellular
plants and animals have evolved in just the last 1.4 billion
years. The earliest fossil insect, or insect relative, is a hexapod,
the collembollan Rhyniella praecursor, from the Lower Devonian
(about 380 mya) from Scotland. It is unlikely that insects
existed before the Devonian, and there was extensive radiation
during the Carboniferous. There are fossils from 300 mya of
several nonextinct groups, such as Paleodictyoptera,
Meganisoptera, Megasecoptera, and Diaphanopterodea. The
only extant orders represented by Carboniferous fossils are
Ephemeroptera, Blattodea, and Orthoptera. Orders of modern
insects, except Hymenoptera and Lepidoptera, appear to
have been established by the Triassic (225 mya), and some of
the early groups had disappeared by the late Permian. The
massive explosion of insect diversity appears to coincide with
that of the flowering plants (angiosperms) in the Cretaceous

(135-65 mya).
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Numerous studies have shown that there have been
periods of rapid evolution of biodiversity and even more
dramatic periods of extinction. Four of the five big episodes
of extinction in the last 500 million years of the fossil record
saw the removal of approximately 65 to 85% of the animal
species in the ocean that are preserved as fossils, and the fifth
resulted in the loss of 95% or more. In spite of these huge
losses, it is now estimated that through subsequent rapid
evolution, the present-day diversity of organisms, at both the
species level and higher taxonomic levels, is greater than at
any other time. Some suggest that present-day diversity may
represent roughly 1% of all the species that have ever existed.

There have been many attempts to estimate the life span
of species in the fossil record and these range from 0.5 to
13 million, although a few species present today appear to be
unchanged in the fossil record for up to 50 million. Some data
suggest that the average life span for species is 4 to 5 million.

The extinction of species, just like the evolution of species,
is a natural process, and thus the extinction of existing species
should occur at the same time as the evolution of new ones.
The current list of all plants and animals that are recognized
as having become extinct in the last few hundred years is
relatively short. In total this amounts to just 600 plant and
491 animal species, and of these only 72 are insects. It is not
surprising therefore that the fate of many thousands of
threatened species of insects, other invertebrates, and fungi is
almost completely overlooked. The death of the last passenger
pigeon, “Martha,” in 1914 is well known to many conser-
vation biologists, yet the coextinction of two species of lice
(Columbicola extinctus and Campanulotes defectus) that were
host specific to this bird went unheralded. Some estimated ex-
tinction rates would indicate that most insect species are more
likely to become extinct than to be named by taxonomists

Of the 72 species of insects listed on the IUCN’s Red
Data List as extinct, more than 40 are from Hawaii, and
many of the others are from other islands. Proving that a
species as small as an insect has become extinct can be very
difficult, and indeed one of the largest species of insects that
was thought to be extinct, the 15-cm-long Lord Howe Island
stick insect (Phasmatodea), was discovered surviving in a
remote part of this small island 80 years after its extinction
had been declared. Of the insect species that no longer exist,
most were driven to extinction by the introduction of other
animals such as rats or invasive insects, whereas the demise of
most extinct species of birds and mammals resulted from
overhunting or loss of habitat.

It seems that there is a genetic or population threshold
below which the survival of a species diminishes rapidly. For
some species this “minimum viable population” may be 10
individuals and for others, hundreds or thousands. Such
species with numbers of individuals below this threshold, the
“living dead,” although not presently extinct, appear to be
doomed to extinction in the near future. A critical factor in
the long-term survival of a single species or group of species
is the maintenance of the intricate web of interacting species

that are important in some way or other for each other’s
survival. For example, the Brazil nut tree, Bertholletia excelsa,
relies on euglossine bees for pollination and seed setting,
whereas the bees rely on the availability of other resources in
the forest to complete their life cycle. Loss of these resources
through forest fragmentation or disturbance could lead to the
loss of the bees. The Brazil nut tree, however, might survive
for many years before becoming extinct. This is just one
example from the continuum of cosurvival of species, from
those that are entirely dependent on the existence of one
other species to those that are only in part dependent on one
or a number of species. In this way, the survival or extinction
of species or groups of species is linked to the survival of
whole habitats or ecosystems.

THE DISTRIBUTION OF BIODIVERSITY

Life-forms of one kind or another are to be found in almost
all parts of the surface of Earth, and insects are known to
exist in most of these environments except the marine
ecosystem. Clearly there is a strong latitudinal gradient in
biodiversity, with few species occurring in higher latitudes
and most species occurring in the tropics, peaking in tropical
rain forests and coral reefs. Freshwater systems occupy a very
small part of Earth’s surface. Only 2.5% of all water on Earth
is nonmarine, and most of this is unavailable to life; 69% of
all fresh water exists as ice, principally in the polar regions,
and another 30% is present underground. Just 0.3% of
Earth’s fresh water is freely available in rivers, streams, lakes,
and freshwater wetlands, taking up only about 1% of the
planet’s surface! Although occupying a tiny percentage of
Earth’s surface, freshwater ecosystems support a rich and
varied insect fauna. For some groups, the number of
freshwater inhabitants is seemingly out of proportion to the
representation of existing freshwater systems.

Of the world’s open forest and shrubland, 75 and 42%,
respectively, lie within tropical boundaries. At least two-
thirds of all plant species are tropical, and thus, 6 to 7% of
Earth’s surface may contain 50 to 90% of all species of plants
and animals. The high species richness of tropical forests is
illustrated by La Selva forest of Costa Rica, 13.7 km?® of
which harbors 1500 species of plants, more than the total in
the 243,500 km? of Great Britain. This Central American
area also contains 388 species of birds, 63 of bats, and 42 of
fish, as well as 122 reptile species and 143 butterfly species.
A single site in southeastern Peru has yielded more than 1200
species of butterflies—almost a quarter of the 5000 species
thought to be found in South America.

Two strata in forests are particularly noteworthy, both for
their important roles in the functioning of animal and plant
communities and for their high insect species richness: the
canopy and the soil. The canopy of trees has been called by
some the “last biotic frontier” because of the immense
diversity of insects, plants, and fungi found there. Forest
canopies came to the attention of biologists largely through



the work of entomologists using knockdown insecticides to
collect insects from the tops of trees. In 1982 Stork used
knockdown insecticides released by a fogging machine
hoisted in to the canopy of a 75-m-high rain forest tree in
Borneo to collect canopy insects. When the collection had
been sorted by taxonomists at the Natural History Museum
in London, there were more than 1000 species, and yet the
area of collecting sheets on the ground was only 20 m?. In
total, 4000 to 5000 species of insects were collected and
sorted in a similar way from just 10 Bornean trees. For one
group, the Chalcidoidea wasps, 1455 individuals were
collected, but after sorting it was found that this represents
739 species. Because fewer than 100 chalcid species had been
recorded before from Borneo, this indicates how little is
known about the diversity of insects in some ecosystems.

Elsewhere, 43 species of ants were collected by canopy
fogging from a single tropical tree in Peru, a number
approximately equal to the ant fauna of the British isles.
Tropical forests may cover only a small percentage of Earth’s
surface, but they are vital for the global cycling of energy,
water, and nutrients. Most terrestrial life is found in
temperate and tropical forests and grasslands. Some other
vegetation types, such as the fynbos of South Africa, are also
extremely species rich. This system supports more plant
species per square meter than any other place on Earth, with
more than 8500 species in total, 68% of which are endemic.

Perhaps less attention has been paid to the diversity of life
in soils and associated leaf litter and dead wood. It is probable
that there are at least as many species of insects specific to the
soil as to the canopy. The diversity of soil organism
assemblages and their importance in ecosystem functioning
is just beginning to be understood. Relatively obscure groups
such as fungi, springtails (Collembola), mites, and
nematodes are all rich in species in the soil and are extremely
important in ensuring that organic material is broken down
and the resulting nutrients made available for the growth of
plants. Earthworms in temperate regions and termites in
tropical regions are critical for the production, turnover, and
enrichment of the soil. They also help to aerate the soil and
increase the through flow of water, hence reducing water
runoff and soil erosion.

THE ROLE OF SYSTEMATICS IN
BIODIVERSITY ASSESSMENT

Systematics is the part of comparative biology that tracks the
diversity of organisms with regard to specified relationships
among those organisms. It is the branch of biology
responsible for recognizing, comparing, classifying, and
naming the millions of different sorts of organism that exist.
Taxonomy is the theory and practice of describing the
diversity of organisms and the arrangement of these
organisms into classifications.

Widely accepted as the most basic of natural taxa is the
species. However, there is still some argument over what
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FIGURE 1 Insecticide fogging being released from a knockdown insecticide
fogging machine in a hardwood plantation in Cameroon. Note the circular

catchment trays suspended above the ground to catch the falling insects

released by the insecticide. (Photograph by N. Stork.)

exactly a species is. A major problem stems from variation
observed among individual organisms, and the species
question is largely one of how biologists attempt to classify
individual organisms, all of which differ to a greater or lesser
extent when compared with one another, into discrete groups
or taxa. There is a range of definitions that largely reflects the
various theories of the origin of diversity. When biological
classification was first developed, organisms were considered
each to have a fundamental design and the task of the
taxonomist was to discover the essential features of these
“types.” Even after the publication of Darwins theory of
biological evolution, this concept did not change.

It was only with the emergence of a reliable theory of
inheritance, and the development of the disciplines of genetics
and population biology, that biologists began to develop
rational explanations for the origin of diversity and then
apply this knowledge to the species concept. The initial step
forward was the recognition of geographical variation, first as
“varieties,” then as subspecies. This led to the concept of the
species as a group of populations that reflected both common
ancestry and adaptation to local conditions. In turn, this
view was developed into the biological species concept, which
defined the species as “groups of interbreeding natural pop-
ulations that are isolated from other such groups.” This
species concept is perhaps the most widely accepted today,
but it applies only to sexually reproducing species.
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After the recognition of species, the next step in taxonomy
is to classify the relationship of these species. A number of
methods have been developed by which phylogenetic
relationships can be estimated. Of these, cladistic analysis is
now widely acknowledged as the best. Cladistic analysis rests
upon three basic assumptions: features shared by organisms
(termed homologies or apomorphies) form a hierarchic
pattern; this pattern can be expressed as a branching diagram
(cladogram); and each branching point symbolizes the
features held in common by all the species arising from that
node. Cladograms are the most efficient method for
representing information about organisms, hence are the
most predictive of unknown properties of those organisms.

Once a cladogram of taxa has been established, the next
stage is to formally recognize and name the species and higher
taxa. Names are assigned to these taxa according to a system
based upon that first developed by the Swedish naturalist
Linnaeus in the mid-18th century. Species are grouped into
genera, and these in turn are grouped into families, orders,
classes, phyla, and kingdoms. The ultimate goal of this
nomenclature is to produce a universal system of unambigu-
ous names for all recognized taxa. Animals, plants, and
bacteria each have a separate set of rules or codes, which are
applied voluntarily by taxonomists and are designed to pro-
mote stability and consistency in taxonomic nomenclature,
and thus to biological science in general. Traditionally, life-
form have been grouped into two kingdoms, Animalia
(including the insects) and Plantae, but in the last few
decades this view has been questioned by experts, with other
kingdoms being recognized. Recent work using analyses of
ribosomal RNA sequences has shown that the total genetic
diversity of the traditionally well-known groups such as
fungi, plants, and animals is only a tiny proportion of the
genetic diversity shown by microorganisms. The term
“domain” has now replaced “kingdom,” with the higher
organisms (fungi, plants, and animals) being grouped in the
domain Eukarya and a variety of microorganisms being
included in two further domains, Archaea and Bacteria.

THE ECOLOGICAL CONTEXT

Ecology is the study of the relations between organisms and
the totality of the physical and biological factors affecting
them or influenced by them, or more simply, as the study of
patterns in nature. Ecologists investigate the biology of
organisms, looking for consistent patterns in their behavior,
structure, and organization. Although a relatively new field
in comparison to systematics, ecology has already provided
considerable insights into the organization of taxa.
Ecosystem function refers to the sum total of processes
operating at the ecosystem level, such as the cycling of matter,
energy, and nutrients. The species in a community influence
its productivity, nutrient cycling, and fluxes of carbon, water,
and energy. Ultimately, species may be responsible for such
factors as the maintenance of atmospheric composition, the

dispersal and breakdown of waste material, the amelioration of
weather patterns, the hydrological cycle, the development of
fertile soils, and even the protection of many coastal areas.

Biogeochemical cycling is the movement of materials
including carbon, nitrogen, phosphorus, and calcium
through an ecosystem as individuals of different trophic
levels are consumed by others at higher trophic levels. These
nutrients are returned eventually to the abiotic “nutrient
pool,” where they are again available to primary producers.

Some of the important roles played by different species in
biochemical cycling can be outlined briefly.

By their photosynthetic activity, plants play a funda-
mental role in the carbon cycle, introducing carbon into the
food web. Microorganisms are also crucial. It is estimated
that algae and cyanobacteria are responsible for 40% of the
carbon fixed by photosynthesis on Earth. At the other end of
the process, wood-decaying fungi release approximately 85
billion metric tons of carbon into the atmosphere each year
as carbon dioxide. Termites also play an important role in
global carbon cycling (hence, potentially, in global climate
change) through their production of methane. Earth’s
nitrogen cycle is dependent on bacteria for nitrogen fixation
and the release of nitrogen by denitrification. The microbial
community thus controls the amount of nitrogen available to
an ecosystem, determining ecosystem productivity in areas
where nitrogen is limiting. By absorbing water from soils or
other surrounding media, plants have a fundamental effect
on the water cycle.

There is an ongoing debate between those who believe
that all species in a given ecosystem are important and those
who say that some are “functionally redundant.” That is, if a
species is removed from an ecosystem, can other species fulfill
the same role? Two factors influence the importance of a
species in ecosystem functioning: the number of ecologically
similar species in the community and the extent to which a
species has qualitative or quantitative effects on the ecosystem.

SPECIES INTRODUCTIONS

The introduction of exotic species has been responsible for
great perturbations in many ecosystems. The arrival of
predators, competitors, pests, and pathogens has caused
decreases in populations of native species in many areas.
Native or endemic species often occupy narrow ranges, have
small population sizes, and lack defenses, all of which make
them vulnerable to species introductions. The arrival of alien
species is generally a more serious problem on islands,
especially remote islands than in continental areas. For
example, dramatic changes have occurred on the Hawaiian
islands as a result of species introductions since human
colonization. Although introductions may increase local
diversity, most colonizers are cosmopolitan and are not
endangered, whereas many endemic species are potentially
threatened. Ultimately, many local ecosystem types may be
lost worldwide, leading to a more homogenous global biota.
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B iogenic amines are important messenger substances and
regulators of cell functions. In insects, these small organic
compounds act as neurotransmitters, neuromodulators, and
neurohormones. Biogenic amines control endocrine and
exocrine secretion, the contraction properties of muscles, the
activity of neurons, and the generation of motor patterns. In
addition, certain biogenic amines are involved in learning
and the formation of memory. Biogenic amines mediate
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these diverse cellular and physiological effects by binding to
specific membrane proteins that primarily belong to the
superfamily of G-protein-coupled receptors.

Specialized Terms

Ca®* signaling Change in the intracellular Ca** con-
centration, through the release of Ca** ions from
intracellular stores by the opening of ligand-gated
ion channels or the entry of Ca’* ions into the cell
through different types of Ca**-selective channels
located in the plasma membrane, that plays a role in
the regulation of various cellular processes, including
cell metabolism, gene expression, cytoskeletal
dynamics, and neurotransmission.

cyclic AMP Cyclic derivative of adenosine mono-
phosphate that is synthesized from ATP by adenylyl
cyclase. Intracellular second messenger involved in
the regulation or modulation of ion channels, pro-
tein kinase activity, and gene expression.

G-protein-coupled receptors Integral membrane
proteins that constitute a large family of neuro-
transmitter, hormone, or olfactory receptors.
Characterized by seven transmembrane regions.
When agonists bind to these receptors trimeric
GTP-binding (G) proteins are activated that then
regulate the activity of intracellular secondary
effectors, which change intracellular concentra-
tions of second messengers or ion channel activity.

neurohormone Small organic or peptidergic sub-
stance that is produced in neurosecretory cells.
Released into the hemolymph at special regions
called neurohemal organs. Transported to target
tissues with the hemolymph.

neuromodulator Neuroactive substance that is
released by synaptic terminals. Simultaneously acts
on large numbers of cells in the proximity of the
releasing cell and modifies the properties of synaptic
transmission and the properties of target cells.

neurotransmitter Chemical substance that is released
from the presynaptic endings of a neuron. Transmits
information across the synaptic cleft to specific
receptors located on the surface of postsynaptic cells.

phosphorylation Transient, reversible posttransla-
tional modification of proteins in which the termi-
nal phosphate group of ATP is transferred to
specific residues of a polypeptide by kinases and
often alters the properties of the protein.

second messenger Intracellular substance, such as
Ca*, cyclic AMP, inositol-1,4,5-trisphosphate,
that modifies or modulates cellular responses.
Concentration changes in response to activation of
G-protein-coupled receptors.




92 Biogenic Amines

HO I@/ CH,CH,NH,

HO dopamine
/@/ CH,CH,NH,

HO tyramine

(I)H
@ CHCH,NH,
HO octopamine
HO \@j/ CH,CH,NH,
N serotonin
H

— CH:CHNH,

N -NH histamine

FIGURE 1 Biogenic amines of invertebrates. In insects five substances have
been identified as biogenic amines: dopamine, tyramine, octopamine,
serotonin, and histamine.

BIOSYNTHESIS OF BIOGENIC AMINES

Biogenic amines are involved in a variety of regulatory func-
tions. Five primary amines are considered biogenic amines in
invertebrates: histamine (HA), serotonin (5-HT), dopamine
(DA), tyramine (TA), and octopamine (OA) (see Fig. 1). These
small organic compounds are synthesized from three different
amino acids by single to multistep enzymatic reactions.

LOCALIZATION OF BIOGENIC AMINES

Aminergic systems in insects and vertebrates are quite
different. In insects, OA and TA are present in relatively high
concentrations, whereas they appear to have only minor
significance in vertebrates. In contrast, the catecholamines
norepinephrine and epinephrine are important chemical
messengers in vertebrates, whereas in the insect nervous
system they are detected only in very low concentrations if at
all. Several additional catecholamines are involved in the
process of cuticle tanning, hardening, and sclerotization in
insects. These catecholamines are cross-linking reagents for
cuticle proteins and chitin.

Considerable physiological, biochemical, and histochemi-
cal evidence suggests that HA, 5-HT, DA, OA, and TA act as
transmitters or modulators in the central and peripheral
nervous systems of insects. Antisera to HA, 5-HT, DA, and
OA often label interneurons that have wide branching
patterns within the central nervous system, sometimes
innervating neuropils bilaterally. The dorsal and ventral
unpaired median neurons, which can contain OA, are well-
known examples of such large-field cells. Amine-containing

extracellular

intracellular

FIGURE 2 Transmembrane topography of G-protein-coupled receptors. The
polypeptide spans the membrane seven times. The transmembrane regions
(TM 1-7) are depicted as cylinders. The N-terminus (NH,) is located
extracellularly and often contains glycosylated residues (o). The C-terminus
(COOH) is located intracellularly. The membrane-spanning regions are
linked by three extracellular loops (EL1-EL3) that alternate with three
intracellular loops (IL1-IL3). Posttranslational palmitoylation of cysteine
residues (C) in the cytoplasmic tail creates a fourth intracellular loop (IL4).

neurons with large arborizations are well suited to act on
large groups of other neurons simultaneously. In addition to
these large-field cells there are small-field aminergic neurons,
especially in the central complex and in the optic lobes. The
neuroanatomy of these cells suggests that they communicate
with a limited number of target cells.

BIOGENIC AMINE RECEPTORS

Biogenic amines bind to specific integral membrane receptors
belonging predominantly to the superfamily of G-protein-
coupled receptors. Physicochemical, biochemical, and
immunochemical investigations show that these polypeptides
share the common motif of seven transmembrane (TM)
segments (Fig. 2). The N-terminus is located extracellularly,
whereas the C-terminus is located intracellularly. The N-
terminus is the target of a common posttranslational modifi-
cation. In this part of the polypeptide consensus sequence
motifs are often glycosylated. The membrane-spanning
regions are linked by three extracellular loops (EL) that
alternate with three intracellular loops (IL). Cysteine residues
in the C-terminus of the polypeptides are the target of
posttranslational palmitoylation. This modification creates a
fourth intracellular loop.

A receptor is activated after binding of the specific
biogenic amine in a binding pocket formed by the TM
regions in the plane of the membrane. Individual residues in
TM3, TM5, and TM6 were shown to participate in ligand
binding. Once the ligand is bound, the receptor changes its
conformation. This structural alteration usually is registered
by intracellular trimeric GTP-binding proteins (G proteins).
Residues that reside in close proximity to the plasma
membrane in IL2, IL3, and IL4 of the receptor proteins
determine the specificity and efficacy of the interaction
between receptor and G protein.



GENERAL FUNCTIONS OF BIOGENIC AMINES

Biogenic amines have diverse functions controlling all phases
of the life cycle of an insect. They are important chemical
messengers during embryonic and larval development and
they participate in the synaptic organization of the brain in
the adult. As neuroactive substances they act on sensory
receptors, inter- and motoneurons, and muscles and other
peripheral organs (fat body, firefly lantern, salivary glands,
corpora allata and corpora cardiaca, oviduct, etc.). Biogenic
amines can initiate or modulate different types of behavior
and they are involved in learning and the formation of
memory in insects.

The effects of biogenic amines in the insect central nervous
system are studied with the techniques of electrophysiological
recordings, primary cell cultures, microinjections of amines
and receptor ligands, and behavioral assays. Often the
physiological responses to biogenic amines last for many
minutes, which suggests that they can also act as
neuromodulators. Biogenic amines modulate neuronal
activity and the efficacy of synaptic transmission in all parts
of the nervous system. The huge projection fields of many
aminergic neurons support the idea of parallel modulation of
entire neuronal circuits by just a few aminergic cells. In
addition to synaptic neurotransmission, some aminergic
neurons release the amine into the hemolymph. The
substances are transported throughout the body and may
thus have hormonal functions in specific target tissues.

The physiological role of OA at different levels of the
organism is well documented. As a stress hormone in the
periphery and in the central nervous system OA prepares the
animal for energy-demanding behaviors. This monoamine
stimulates glycogenolysis, modifies muscle contraction,
supports long-term flight, and regulates “arousal” in the central
nervous system. OA and OA agonists can enhance behavioral
responses, like escape or aggressive behavior in crickets and
sucrose responsiveness in honey bees. Injection of OA can elicit
flight motor behavior in locusts, even in isolated thoracic
ganglia. It is assumed that in insects OA has functions similar
to those of the adrenergic system in vertebrates.

Both OA and 5-HT can modulate sensory receptors and
receptor organs in insects. In many cases the sensitivities of
the receptors are enhanced. Different funcions of OA and
5-HT at the sensory periphery are not very well understood,
because the two amines often differ only in the degree of
modulation. The increased sensitivity of sensory receptors
due to the action of OA can modify behavior and is part of
the “fight or flight” function. Studies on the Drosophila
tyramine receptor mutant hono suggest that TA can also
modulate the sensitivity of olfactory receptor cells, thus
modulating behavioral responses to olfactory repellents.

The modulation of interneurons or effector neurons by
biogenic amines is another level of modifying signal
processing. OA and 5-HT can have functional antagonistic
effects in a number of different systems. In these systems OA
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usually enhances the sensitivity or activity of single neurons
and 5-HT usually has the opposite action. These effects,
which can be measured at both the behavioral and the single-
cell level, are dependent on the state of the insect. OA can
induce a state of “arousal” in inactive animals and has only
minor effects on very active animals, whereas 5-HT shows
the largest effects in active animals.

In addition to modulatory functions during the adult life
of an insect, DA and 5-HT have important functions during
development. In Drosophila, high DA concentrations
coincide with larval and pupal molts. Reduced levels of DA
during larval stages lead to developmental retardation and
decreased fertility in adults. 5-HT similarly acts as a chemical
signal during larval development in Drosophila. Impaired 5-
HT synthesis can lead to abnormal gastrulation movements,
cuticular defects, and even embryonic death.

The neurotransmitter HA is released from photoreceptors
in the compound eyes and ocelli in response to illumination.
HA has also been detected in mechanosensory cells in

Drosophila.

FUNCTIONS IN LEARNING AND MEMORY

Biogenic amines are involved in different forms of learning
and memory formation in Drosophila and honey bees.
However, it has not been unequivocally proven that the same
biogenic amines serve identical functions in both species.
Research on the neuronal and molecular bases of learning and
memory over the past two decades in insects has focused on
the mushroom bodies and antennal lobes of the brain. These
two structures are involved primarily in processing of
olfactory stimuli. Experimental evidence suggests that DA
signals the presence of reinforcers and modulates intrinsic
mushroom body neurons during conditioning in Drosophila.
Thus DA could trigger signaling cascades that affect the
storage of information about the conditioned stimulus.

In the honey bee, OA appears to be the modulatory trans-
mitter which conveys information about rewarding sucrose
stimuli and induces medium- to long-term modifications in
interneurons during associative olfactory learning. Electrical
stimulation of an identified octopaminergic cell, the ventral
unpaired median VUM,,; neuron, can substitute for the
sucrose reward during olfactory conditioning. This neuron
has extensive arborizations in different brain regions,
including the antennal lobes and the mushroom bodies.
Microinjections of OA into these two neuropiles of the bee
brain confirmed that OA in fact induces associative learning.

See Also the Following Articles
Brain and Optic Lobes o« Chemoreception o Learning
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Biogeographical Patterns

Peter Zwick
Masx-Planck-Institut fiir Limnologie

B iogeography, which deals with the description and
interpretation of plant and animal distributions, is linked
with other sciences, especially ecology and (paleo-) geography;
zoogeography is the branch addressing animal distribution.

Most animal species inhabit restricted ranges, and only
relatively few are cosmopolitan. A comparison of the areas
inhabited by different species reveals common distributional
patterns that are complex reflections of the ecology and of
active and passive animal dispersal, but also of the evolutionary
history of both the species and the earth’s surface. Zoogeo-
graphy was sometimes divided into different disciplines,
descriptive as opposed to causal zoogeography; the latter was
then subdivided into ecological and historical zoogeography.
Although studies may differ in their emphasis, the inter-
relations among these disciplines are too close for a formal
division. This article describes the major zoogeographical
patterns and uses selected examples from among the insects
to highlight the significance of some of the factors just
mentioned.

Insects are of great geological age, and most orders existed
and were diverse when familiar vertebrates were only begin-

ning to appear. Therefore, the distribution of most insect
orders dates back much further than the distributions of
many birds and mammals.

Insects are generally absent from some habitats. For
example, with the exception of a few littoral specialists for
unknown reasons, the only insects in the sea are some high
ocean surface skaters among the bugs. Therefore, marine
distribution patterns need not be considered here. The salt
content of seawater is not the cause of this absence; insects
are well represented in epicontinental waters of all kinds:
fresh, brackish, and even hypersaline. Aquatic insects played
an important role in the development of modern insect
zoogeography. Because of their specific habitat ties, aquatic
insects are easily collected, and the distributions of many are
exceptionally well documented. Their distributions resemble
those of terrestrial insects, in part because most aquatic
insects have terrestrial adults that disperse over land.

The early explorers were struck by overall differences
between the faunas of the lands they visited. The recognition
of distinct faunal regions on a global scale thus has a long
tradition and is briefly presented as an introduction. In
addition to landmass topography, ecological conditions
provide the basic setting for animal distributions; a brief
outline of the major bioregions with similar overall ecology is
therefore also presented.

Reproductively isolated species are the only naturally
defined animal taxa; subspecific taxa can interbreed, whereas
supraspecific taxa such as genera or families are human
abstractions that change with conventions. It is convenient to
use extant species to explain some concepts related to ranges
and to discuss insect dispersal. Next, distribution patterns
shaped by Pleistocene events are used to illustrate the impor-
tance of ecological change. The final focus is on disjunct
(discontinuous, divided) distributions of monophyletic taxa
that can best be explained by much older events, particularly
continental drift.

ZOOGEOGRAPHICAL REGIONS

The major faunal regions (or realms) of the world only partly
coincide with major landmasses (Fig. 1). Each region has a
characteristic fauna distinguished by the particular
combination of endemic taxa that exist in only this one
region and those occurring also elsewhere. This early
descriptive approach has long dominated zoogeography.
The Holarctic region is the largest region and is composed
of the Palearctic and Nearctic regions, with many animals
distributed over all the entire Holarctic region. Although a
narrow land bridge (i.e., Central America) connects the
Nearctic with the Neotropical region, the faunal change is
pronounced. This land bridge is recent and was available only
intermittently in the past. The Sahara Desert separates the
Palearctic region from the Ethiopian (or Afrotropical) region,
which includes the Arabian peninsula; Madagascar is now
recognized as a distinct subregion. In Southeast Asia, climatic
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FIGURE 1 Terrestrial zoogeographical regions. [Modified from DeLattin,
G. (1967). “Grundriss der Zoogeographie.” Gustav Fischer Verlag ©
Spektrum Akademischer Verlag, Heidelberg.]

and other ecological differences cause a rather abrupt change
of the biota south of the Himalayas, where the Palearctic and
Oriental regions meet. In the southeast, the Oriental region
is in contact with the Australian region, which includes New
Guinea, New Zealand, New Caledonia, and the Oceanic
subregion. The Australian region is most distinct, but the
change toward the Oriental region is nevertheless not abrupt.
Depending on the animal group studied, different variants of
a border line (named Wallace’s line after Alfred Russel
Wallace, the earliest observer) were proposed in the past. The
Oriental-Australian transition zone is sometimes called
Wallacea.

There are puzzling resemblances among the faunas of
different zoogeographical regions that are not in physical
contact, and related animals may live on widely separate
continents. Examples are provided by similarities between
the faunas of eastern South America and West Central Africa,
between Madagascar and India, or between Andean South
America and the Australian region. Also, the fauna of eastern
North America has resemblances to the European fauna, and
the Far East Asian fauna to that of northern and western
North America, despite the intervening oceans. On the other
hand, insects in western North America are more distinct
from those in the east, and those in Europe differ more from
those in Asia, than one would expect in view of the
continuous landmasses. These inconsistencies cannot be
explained from present geography or ecology but reflect
histories of ancient landmasses.

BIOREGIONS OR BIOMES

Seashores, glaciers, high mountains, and deserts pose obvious
physical limits to animal distribution. Even in the absence of
physical barriers, however, most species inhabit only part of
a major landmass, because of ecological constraints. It is rare
that a single ecological factor, or a precise combination of
factors, limits an insect’s distribution. However, most ranges
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can readily be assigned to a particular biome or bioregion,
that is, a large landscape with characteristic overall ecological
conditions. Biomes can conveniently be described by general
landscape physiognomy, mainly by reference to plant cover,
which, among other things, determines the microclimate the
insects experience. Biomes do not coincide with zoogeographic
regions and each biome comprises separate areas on different
continents. A particular biome may harbor animals that look
similar or behave similarly but are not necessarily closely
related. Instead, they may be characteristic life-forms exhibit-
ing certain traits evolved independently, in response to similar
ecological conditions; desert beetles offer examples. Authors
differentiate and subdivide biomes to different degrees; some
clearly distinct and almost universally recognized biomes are
briefly discussed here (Fig. 2).

Arboreal Bioregions

The arboreal biome includes the areas supporting forests, as
opposed to only individual trees. Patches of meadows, rocky
outcrops, or swamps may occur because of local ecological
conditions, and although they are mostly treeless, they still
form part of the arboreal biome. Temperature and humidity
mainly determine the type of forest occuring in an area. Only
the large zonal types are briefly characterized; most are more
or less disjunct today.

HYLAEA A name orginally proposed for the Amazonian
rain forest, Hylaea is now widely used to designate all tropical
evergreen rain forests—dense, multi-storied forests, with
little light reaching the forest floor. Animals and plants are
adapted to favorable conditions such as temperatures,
precipitation, and air humidity that are continuously high.
Biodiversity is very high, probably partly because of the
presumedly continuous existence of tropical rain forests over
exceptionally long periods of time. Processing of shed plant
material is fast, and little detritus accumulates on the forest
floor. Recent studies using fumigation techniques have
shown that most insects inhabit the tree crowns. From an
amazingly large number of undescribed species discovered by
this method, the total number of existing insect species
would be 35 million; more broadly based estimates range
from 10 to 30 million species of insects.

The climate supporting the Hylaca is basically
nonseasonal. However, seasonal snowmelt in the Andean
headwaters of the Amazon results in a seasonal discharge
regime that leads to months-long seasonal flooding of vast
rain forest areas and drastic seasonal changes of conditions
for all life. Similar situations may occur elsewhere. Evergreen
tropical rain forests exist in parts of South America, in
Central America, in a discontinuous belt across equatorial
Africa, and in parts of Southeast Asia, from whence they
extend into tropical northeastern Australia, where only small
remnants remain.
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SILVAEA The term “Silvaea” refers to summer green
deciduous broad-leafed forests, which, like the Hylaea, were
much more widespread in the Tertiary than they are today.
They occur in oceanic-to-suboceanic subtropical-to-temperate
areas, mainly in eastern North America, in central Europe
and the northern portion of southern Europe and Asia Minor,
and in eastern China, Korea, and Japan. Adequate humidity
is permanently available, and the species-rich vegetation
offers protection against wind and radiation. During the
vegetation period, the biota experiences favorable tempera-
tures. In autumn, insects withdraw and most are inactive
during winter, which may be frosty, although the soil does
not freeze to a great depth. Strictly seasonal leaf shedding
provides enormous amounts of dead plant material. Because
low temperatures reduce production less than decomposi-
tion, much detritus accumulates, which provides habitat and
food for many specialists among the diverse arthropod and
insect fauna.

The evergreen temperate rain forests are located in
restricted areas of the Southern Hemisphere, especially in
Patagonia, southeastern Australia (including Tasmania), and
New Zealand. They are in many ways similar to the two
previously mentioned types but geographically disjunct,
except along the Australian east coast where tropical and
temperate rain forests meet and intergrade. Large tropical
and subtropical areas with monsoon climate support forests
that are only seasonally green (Fig. 2).

SCLERAFA Hard-leafed trees and shrubs dominate in
the Scleraea in subtropical areas with rainy, mild winters and
hot, dry summers. This evergreen forest type occurs not only
along the western borders of the large landmasses, mainly in
California and the European Mediterranean region, but also
in middle Chile, the southwestern Cape of Africa, and south-
western Australia. Thick bark, as well as hard, reflectant, and
often wax-covered leaf surfaces, or feltlike, often rolled-in leaf
undersides and other modifications protect the deeply rooted
plants against summer heat and dryness; winters tend to be
wet and cool, but frost is rare. Life cycles are fitted to this
pronouncedly seasonal regime, and some specialized insects
also move to protected underground habitats where there are
minute, blind, soil-inhabiting ground beetles and rove
beetles (Carabidae and Staphylinidae). Plant cover is diverse
and sufficiently dense to provide food and protection so that
overall conditions for insect life are good; insect diversity is
therefore very high.

TAIGA A small number of conifer species form a belt of
northern evergreen forests known as taiga. The taiga ranges
from North America through northern Asia to Scandinavia.
Summer temperatures during the short vegetation period
may be high, but the duration and severity of winters, and
also the relative monotony of vegetation, limit the number of
insect taxa. During the Pleistocene, the taiga was displaced
southward; the more southern montane conifer forests in the



Northern Hemisphere date back to this period. Biodiversity
in the taiga is generally low; a few species dominate and may
inhabit vast areas.

Eremial Bioregions

The large generally treeless arid areas on earth, mainly
steppes, semideserts, and deserts, are collectively called
“eremial.” An almost continuous belt extends through North
Africa and Asia, from Mauretania to eastern Mongolia. The
western portion, including the Indian Thar Desert, is hot
and dry; the more northeasterly areas experience extreme
winter cold. The Ethiopian eremial center and the Kalahari
were originally separate but became more or less connected
to Arabia and the northern Palearctic eremial belt via dry
savannas in central and East Africa, after the Pleistocene.
This permitted some exchange of eremial fauna, but the
eremial centers on other continents remain isolated from
each other. Therefore, the faunas are phylogenetically
different, but all must be tolerant of lack of cover, as well as
dryness, strong solar irradiation, extreme diel temperature
changes, and often strong winds. Compared with other
biomes, insect biodiversity is low, but even the most extreme,
vegetation-free types of desert are not totally void of insects;
several darkling beetles (Tenebrionidae), for example, survive
on wind-transported organic material.

Oreal and Tundral Bioregions

High mountains above the tree line constitute the oreal biome,
and treeless areas close to the poles form the tundral biome.
The oreal and the tundral biomes are ecologically similar and
often are considered together as oreotundral. This
classification is particularly justified in view of contacts
between the two realms during the Pleistocene. Treelessness
is caused by cold temperatures and the short vegetation
period, and sometimes also by exposure to wind. The Arctic
tundral is a large zonal biome, and large areas have
permafrost soil. During the short summer, the deeper soil
never thaws; thus meltwater remains on the surface, leading
to the establishment of extensive swamps and bogs. Low
temperatures impede the rotting of dead plants, which are
largely mosses, and peat formation is therefore common.
Tundral areas in the Southern Hemisphere have no permafrost
soil; they are highly fragmented and essentially restricted to
the subantarctic islands. Insect biodiversity is low, especially
in the tundral, and less so in the oreal.

Dinodal Bioregions

The overall agreement of the distribution of freshwater
insects with terrestrial fauna is in line with the universal
experience that freshwater bodies in many ways mirror the
conditions in their catchments. This applies particularly to
running waters that are largely allotrophic (i.e., depend on
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inputs of organic material from the environment), most
obviously in that members of the shredder functional feeding
group depend on dead leaves and other coarse organic
material that only terrestrial inputs make available in streams.
However, not all trophic groups are equally dependent on the
terrestrial environment. Based on the presence of several
endemic stream caddisflies in formerly glaciated or severely
impacted areas in central Europe, swiftly and vehemently
flowing streams (usually assigned to the arboreal biome) are
believed to constitute a separate new biome, the dinodal,
which would be largely independent of the biome in the
catchment. (See work by Malicky, 1983.)

INSECT RANGES

The geographical area in which a species regularly occurs and
maintains itself through natural reproduction is called its
distribution area or range. Species ranges differ in size from
individual small islands (or some other island habitats, like
an isolated mountaintop, a particular lake, or some indi-
vidual cave) to entire continents to the entire Northern or
Southern Hemisphere or even to almost global distributions.
The term “range” is also used to describe the distribution of
geographical races (subspecies) and supraspecific taxa, such as
genera and families.

Within their ranges, insects are not randomly or evenly
distributed. Specimens are usually clumped and restricted to
habitats fulfilling the species’ particular ecological require-
ments. Abiotic factors, or the presence of particular food or
host plants, but also the absence of predators, parasites,
competitors, and others, may be important in determining
their occurrence. Where suitable habitats are at some distance,
more or less isolated subpopulations, which only occasionally
interbreed, result. However, as long as gene flow is not com-
pletely disrupted there is a single, continuous range. Within-
range aspects, such as fine-scale patterns of distribution and
clinal or discrete variation in morphology, physiology, or
other characters across ranges, occur but are not considered
here. Similarly, seasonal or diurnal differences of specimen
distribution, habitat changes between different life stages,
and other intrinsic details occur but are not dealt with here.

Species that occur in several spatially separate,
reproductively isolated populations are called disjunct.
Disjunctions arise because ranges experience extensions and
restrictions that are often induced by a combination of
factors. Active and passive animal dispersal, changing
ecological conditions, and changes of the earth’s surface—for
example, by sea transgressions (e.g., level changes),
orogenesis (e.g., mountain building), or continental drift—
may be involved. Because of this complexity, size and shape
of ranges are not generally related to insect size and mobility.
To provide some examples from butterflies that are strong
flyers, the birdwing, Ornithoptera aesacus, is endemic to small
Obi Island in the Maluku Islands, whereas the peacock,
Inachis io, is endemic to Eurasia.
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Dispersal

ACTIVE DISPERSAL Random movement of individuals
in a growing population leads by itself to some peripheral
range extension until eventually the entire inhabitable space
is occupied. Small-scale ecological change and normal insect
activity lead to range extensions, or to restrictions, if condi-
tions deteriorate. Although some active dispersal is involved in
all range extensions, the term is most often applied to long-
distance movements. These are often observed in migratory
species, but only the area in which a species regularly repro-
duces is called its range. The area in which it appears only
during migration is separately recorded. Long-distance migra-
tions may be by single specimens or by large numbers and
may or may not lead to temporary or lasting range extensions.

Under favorable conditions, the population density of
some insects such as in the notorious migratory locusts, can
become high enough to induce emigration of large numbers.
Similar situations occur in dragonflies, for example, the
European fourspotted chaser (Libellula quadrimaculata), and
in other species. However, migrants usually move within the
general range of the species, attaining only temporary and
marginal range extensions. In Europe, some butterflies—for
example, the painted lady and the red admiral (Vanessa
cardui and V. atalanta)—regularly migrate to north of the
Alps, and some Mediterranean moths (e.g., the death’s head
hawk moth, Acherontia atropos, the convolvulus hawk moth,
Agrius convolvuli, and Daphnis nerii) do the same in warm
summers. However, photoperiodic cues or winter tempera-
tures do not permit lasting establishment in central Europe.
Seasonal mass migrations are performed by the monarch
butterfly, Danaus plexippus, and long-distance dispersal of
individual butterflies is often observed. Danaus established
itself in New Zealand, Australia, and elsewhere but only after
humans introduced milkweeds, the food plants that had
originally been absent from these areas.

Active dispersal is most easily noticed in spectacular forms
such as those mentioned earlier. In most insects, the numbers
moving and the distances traveled remain unknown but may
be important. For example, many insects, such as hoverflies
(Diptera: Syrphidae) and moths (Noctuidae) but also large
numbers of dragonflies, were observed migrating across some
high alpine passes in Switzerland. On most days, thousands
were trapped in malaise traps or light traps.

PASSIVE DISPERSAL Passive dispersal or transport of
insects occurred naturally long before the involvement of
human traffic. For range extensions, passive dispersal may be
equally or more important than active movements. Transport
in the pelt or plumage of larger animals occasionally occurs
and may be important for the colonization of, for example,
isolated ponds. Flooding streams and rivers move huge
amounts of riparian organic debris plus the associated fauna
downstream, sometimes over large distances. In large,
tropical rivers, floating trees with a diverse fauna or entire

vegetation islands have been observed traveling substantial
distances, eventually also over sea. There is now also wide-
spread agreement that the post-Pleistocene (re)colonization
of parts of Scandinavia, Iceland, and Greenland was through
drifting ice carrying soil and associated biota from refugial
areas in western Europe.

Species with limited flight capacity and strong flyers alike
are exposed to air transport. Collections made on ships
stationed on the open sea or from airplanes or the outfall on
high mountains show that amazingly large numbers of insects
and spiders travel as aerial plankton. These air-transported
species are mainly small organisms and not only those
spending part of their life in some resistant inactive state,
such as rotifers and tardigrades. Apparently through passive
aerial dispersal, some of the smallest animals have some of
the largest ranges, and some very small species are even of
global distribution. Air transport (“ballooning”) may form
part of distributional strategies, for example, in spiders and
also some first-instar Lepidoptera that produce silk strands,
facilitating being caught and carried by moving air. Examples
can be found in the arrival and party the subsequent
establishment of a number of butterflies and probably also
other insects in New Zealand during the last 150 years.

However, the importance of passive transport has
sometimes been overestimated. For example, at a time when
no other explanations seemed to exist, transport by westerly
storms encircling the southern end of the world in the
“Roaring Forties” latitudes was thought to have caused
continental disjunctions that can today more convincingly be
explained by continental drift.

Various quarantine measures are presently taken against
unintended human transport of insects, but the problem is
an old one. For example, when the Vikings came to North
America, they contracted human fleas. Preserved fleas were
found in Viking settlements on Greenland whence they were
apparently carried to Europe, where human fleas first appeared
around the year 1000. Several soil-dwelling beetles were
introduced to North America with ship ballast collected in
Europe at sites where the particular beetles abound. Their
survival today indicates suitable ecological conditions in
America, but only some of the beetles dispersed widely. Others
spread easily, such as the Colorado potato beetle (Leptinotarsa
decemlineata), which expanded its restricted natural range
over much of North America and over Europe, where it was
also introduced. As with the monarch butterfly, the intentional
introduction of the food plant had prepared its way.

LARGE-SCALE ECOLOGICAL CHANGE: EFFECTS
OF THE PLEISTOCENE

The ecological relations of extant (i.e., existing) insects are
assumed to have been the same in the past as they are now; if
different assumptions are made, they must be explained. The
drastic climatic changes since the end of the Tertiary and
especially during Pleistocene glaciations profoundly
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FIGURE 3 Transberingian and arctoalpine disjunctions in circumpolar Noctuidae of the genus Xeszia; the Old World X. speciosa is represented in western
North America by the subspecies aklavicensis; the origin of the eastern North American X. mixta is thought to predate the Wisconsin glaciation. [From Mikkola,
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impacted insect distributions. The north polar ice expanded
south, leading to a southward displacement of zonal biomes
in the Holarctic. The tops of major mountains further south
also acquired ice caps. The Silvaea and its fauna were driven
into southern refugia, whereas cold-adapted oreotundral
insects became established in their former place. The process
was reversed when the ice began to retreat. The zonal biomes
and their associated biota then shifted again northward; they
probably continue to do so today.

The essentially north—south orientation of major mountain
ranges in North America facilitated the displacements. In
Europe, where major mountains run mainly from east to west,
there remained an ice-free corridor between the polar ice front
and the glaciated Alps, inhabited by a mixed fauna of north-
ern and alpine origin, respectively. Many animals were driven
further southwest, toward the Pyrenees, or southeast into the
mountains of the Balkan peninsula. About 18,000 years ago,
the ice began to retreat and cold-adapted insects followed it.
There was a partial faunal exchange, and a number of fractur-
ing of ranges, or disjunctions, resulted. Today, representatives
of several insect orders exhibit boreoalpine or boreomontane
(or arctoalpine and arctomontane, respectively) disjunctions
(Fig. 3), but only rarely has this led to perceptibly divergent
evolution, or even speciation.

Because of European topography, Pleistocene refugia of the
south-retreating Silvaea and its fauna were mainly on the three
large Mediterranean peninsulas. Many of the present central
European species can clearly be assigned to one particular
refugium because their ranges tend to coincide and occupy all
of the former refugium, even though postglacial climate change
and human impact strongly fragmented the Mediterranean
deciduous forests. In contrast, at the northern range limits
the individual species returned, variably far into once devas-
tated areas. Postglacial recolonization by European insects was
apparently fast because not all insects were affected by barriers
like the English Channel, which formed about 8000 years ago,
or the Baltic Sea straits separating Jutland from Scandinavia,
which definitely formed some 6400 years before the present.
The foregoing scenarios, initially inferred from distribution
patterns, were later backed up by fossils, especially well-
sclerotized and easily preserved beetles. Today, molecular
genetic studies in a new line of research, phylogeography,
provide support to these historical reconstructions.

The binding of much water as ice during the glacial
periods lowered the sea level by about 100 meters during the
last glacial period, which made important land bridges
available. Tasmania was connected to Australia, which in
turn established contact with New Guinea, which itself had
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ties with the Oriental region. The latter included a large
continuous landmass, the Sunda plate, where numerous
separate islands remain today. Japan was connected to the
Asian, and England to the European mainland.

The Bering bridge connected East Asia and western Alaska,
which were covered by tundra. Thus, there is a fair number
of shared species or pairs of sibling species in East Asia and
northern North America, mainly among tundral insects.
Numbers of terrestrial as well as aquatic insect species are of
circumpolar distribution (Fig. 3). Ecological demands seem to
mostly prevent a southward spread of these northern species.

ANCIENT DISTRIBUTION PATTERNS AND
CHANGING EARTH SURFACE

Changing Concepts

Widely disjunct distributions of older origin than discussed
so far are revealed when taxa of higher rank, for example,
families, are considered. Mainly in the Southern Hemisphere,
ranges of close relatives may be separated by wide oceans.
Explanations proposed for these patterns changed in accor-
dance with the developing understanding of animal evolution
and of changes occurring on the surface of the earth.

First, scientists proposed the former existence of numerous
land bridges in early times to explain disjunctions. Most of
the proposed land bridges never existed, but a few indeed did
occur beyond those entirely caused by Pleistocene sea level
fluctuations. Greenland, for example, was long connected
with North America; the so-called DeGeer route connected
northern Greenland with the extreme northwest of the then
larger European continent. To the south, the Thule bridge
connected Iceland, the British Isles, and the rest of Europe.

Later, and for as long as continents were believed to have
been stable, insect dispersal was the favorite explanation for
disjunctions. Routes and corridors along which animals might
have moved, and bottlenecks or filters allowing only the
passage of selected taxa, were discussed. Dispersal over long
distances and across major hazardous obstacles along so-called
sweepstake routes, where only few taxa would succeed, and
largely by chance, also was considered. Actually, some
dispersal can never be excluded, but the phenomenon is by
itself insufficient to explain many insect distributions. This is
also obvious from the studies of L. Croizat in 1958, who
developed a method that he called pan-biogeography. Croizat
connected ranges of related animals by lines (or tracks) and
observed similar patterns in quite different groups of
animals, suggesting the existence of “generalized tracks.”
Some of these tracks connected landmasses across oceans that
all the many taxa with different dispersal capacities could not
possibly have crossed; however, no general explanation of
wide transoceanic disjunctions was offered.

Major advances in both animal systematics and in the earth
sciences profoundly changed the situation, and this occurred
only a few decades ago. On the zoological side, the work of
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FIGURE 4 Midoceanic ridges and continental plates: A, Arabic plate; Ca,
Caribic plate; Co, Cocos plate; S, Somalian plate. Arrows indicate directions
of plate movements. Double lines represent midoceanic ridges; transverse
lines across them are faults. Subduction and compression zones are mainly
along deep-sea rift valleys (dotted lines) or mountain chains (crosses).
Figures and stippling identify million years of seafloor spreading. [Modified
after Thenius, E. (1979). “Die Evolution der Siugetiere.” UTB 865. Gustav
Fischer Verlag © Spektrum Akademischer Verlag, Heidelberg. ]

Willi Hennig was instrumental in the development of modern
zoogeography. Henning showed how the degree of phyloge-
netic relationship, or closeness of common ancestry (as
opposed to some vague relatedness) between taxa can be rec-
ognized and reflected in the animal system. He also explained
that postulating former land connections is logically justified
only if sets of phylogenetically related taxa (i.e., branched
sections from the hierarchical animal cladogram) exhibit
similar disjunctions. Otherwise, relic distribution from once
wider ranges or, alternatively, chance dispersals, are no less
probable, even among widely disjunct individual sister taxa.

In the earth sciences, Alfred Wegener in 1912 suggested
that continent positions are not stable but change over time.
Evidence presented in support of continental displacements
included the good fit of continental shelf lines, as well as
observations of areas with particular deposits or minerals,
traces of paleozoic glaciations, and particular mountain chains
on separate continents. However, as long as no mechanism
providing the power for movements of continents could be
identified, this evidence remained unconvincing.

The situation changed a few decades ago when midoceanic
ridges on the seafloors (Fig. 4) were recognized as sources of
magma from the fluid interior of the earth; ridges form a
network delimiting the continental plates. As magma appears
at the surface, it pushes sideward, and the seafloor is spreading.
Magnetic particles in the magma become uniformly oriented
in the global magnetic field. This orientation is preserved
when the magma cools and hardens. Bands of seafloor
differing in magnetic orientation (or in paleomagnetism)
extend parallel to the midoceanic ridges; evidently, the global
magnetic pattern is at times reversed. Several centimeters of
new seafloor is produced per year. In combination with
measurements of paleomagnetism, the age of seafloors was
estimated and found to increase with distance from
midoceanic ridges, from contemporary at the ridge to only



about 65 mya at the distant sites. Seafloors are generally
young, the most ancient ones are only about 200 mya old.
Seafloor spreading provides the power that shifts the
continental plates, which because of overall differences in
elemental composition, are of lower specific weight than
seafloor. Therefore, most of the continental material remains
afloat while essentially excess seafloor is subducted back into
the fluid center of the earth. Such subduction zones occur in
deep-sea valleys, mostly along continental edges. Subduction
zones coincide with arcs of major vulcanism and earthquake
activities. Floating continents may slide past each other along
friction zones, continents may collide and cause upfolding of
mountains, or they may merge or break up.

Overview of Continental Drift Pattern

Once the mechanism driving continental movements had
been recognized, continental drift was widely accepted.
Continental plates are moving, merging, and breaking up
since their formation. Using all available evidence,
paleogeography can describe past changes of the earth’s
surface in fair detail (Fig. 5). The origin of life in general and

FIGURE 5 Pictorial summary of continental drift, from approximately 330
mya to present times: (A) 330 mya, (B) 300 mya, (C) a single landmass,
Pangaea, 280-200 mya, (D) separation of Gondwanaland and Laurasia (180
mya), (E) 40 mya, (F) the Americas reunited, 25 mya. [From Vickery, V. R.
(1989). The biogeography of Canadian Grylloptera and Orthoptera. Can.
Entomol. 121, 389-424.]
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also of several insect orders dates back farther than the
formation of a single supercontinent, Pangaea, but the
methods of zoogeography cannot provide insight into earlier
events. Zoogeography deals mainly with subsequent changes,
in particular, the breakup of Pangaea into the northern and
southern continents, Laurasia and Gondwanaland, respec-
tively, and their further fates.

Consequences for Biogeography

Knowledge of seafloor spreading, plate tectonics, and conti-
nental drift has profoundly affected zoogeography and
increased the relative importance of its alternative approaches.
The so-called vicariance approach, based on evolutionary
theory and on phylogenetic systematics in combination with
information on continental drift, gained great explanatory
power. Closely related taxa inhabiting separate ranges are
called vicariant. Splitting up of populations with disruption
of gene flow, which are called vicariance events, becomes the
starting point of divergent evolution, eventually leading to
differences in species. Over geological time, different
vicariant sister clades may evolve from the ancestral species.
Today, one can understand how the breakup of super-
continents led to wide disjunctions and induced separate
evolution of related taxa, on separate continents. Continental
drift actually provided for means of transport, and insects can
now be seen rafting on drifting continents instead of
dispersing between them, across wide oceans. Vicariance
biogeography seeks for congruences between the evolution of
landmasses and the evolution of animals living on them and
envisions the first process driving the second. There are now
elaborate methodological considerations as well and they are
described in works by Humphries and Parenti, and Wiley.

Ancient Disjunctions in Northern Hemisphere

Intra-American faunal differences provide evidence that
contemporary insect distributions are almost always the
result of a variety of causes that were effective at different
times. Most disjunctions between related groups inside
North America occur along a line that runs through the
central plains, from northwest to southeast. This separation
line results from present ecological differences between the
mountains that support mainly the arboreal biome and the
essentially eremial plains, from the past existence of a
midcontinental seaway in the area of the present plains, and
from past affiliations of the mountainous eastern and western
halves of North America with other continents.

The areas adjacent to the present Bering Strait support
tundras, and so did the ice-free areas on and around the former
Bering bridge, but forest-dwelling insects had no access to this
land bridge. Nevertheless, among the more southern arboreal
insects, genera are often shared between eastern Asia and
North America; species tend to differ between continents
(Fig. 6). These disjunctions date back much further than the
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Pleistocene. Because the Angara shield was separated from
the Canadian shield only about 2 mya, by the opening of the
northern Pacific Ocean, range disjunctions at the specific or
generic levels between the Asian Far East and western North
America are observed in many orders.

The northern continents formed through fusion of the
ancient Canadian (or Laurentian), Fennoscandian (or Baltic),
and Angara continental shields that were subsequently again
divided and reunited, until the present pattern appeared.
North America and Europe were connected until the open-
ing of the Adantic Ocean, through seafloor spreading, about
70 mya ago. Close phylogenetic relations between various
insect groups in eastern North America and Europe are
evidence of the past unity (Fig. 7). Europe was to the east
long separated from Siberia by the Turgai Strait east of the
Ural Mountains, which explains differences in the European
and Asian faunas, despite the present continuity of land

(Fig. 6).

Southern Hemisphere Case Study

The stepwise disintegration of Gondwanaland caused
some of the most striking disjunctions and long unexplained
“transantarctic” or “amphinotic” relations between animals
living in Andean South America, Australia, and New
Zealand. These landmasses are now known to have long
remained connected with, or closely adjacent to, the then
forested and inhabitable Antarctic continent.

The fundamental change in views, from dispersalism to
continental drift, is recent; the Plecoptera (or stoneflies)
provide an example. In 1961 stonefly evolution was still
explained entirely by long-distance dispersal involving trans-
gressions of the equator, two in each of the two then recog-
nized suborders. An initial movement of primitive taxa from
south to north was assumed, followed by the return of evolu-
tionarily advanced forms to the Southern Hemisphere. In
1965 elements of cladistics and continental drift were added
to this scenario. A few years later, a cladistic approach to

FIGURE 6 America—Asian relations, and the distinctness of the European
fauna: distribution of the genera of Chloroperlinae (Plecoptera:
Chloroperlidae). The ranges of five genera (Alloperla, Haploperla, Plumiperia,
Suwallia, and Sweltsa) indicated by 5 in northeastern Asia and northwestern
America, largely overlap. Numbers of genera of this group decline east- and
westward; figures in italics are numbers present in the respective areas. The
other genera are A, Alaskaperla; B, Bisancora; C, Chloroperla; I, Isoptena; P,
Pontoperla; R, Rasvena; S, Siphonoperla; T, Triznaka; X, Xanthoperla.

Plecoptera systematics led to a widely accepted revised system,
suggesting that continental drift steered stonefly evolution.
The breakup of Pangaea into Laurasia and Gondwanaland
seems to have caused the separation into distinct Southern
and Northern Hemisphere suborders, the Antarctoperlaria
and Arctoperlaria, respectively. When Gondwanaland fell
apart, the ranges of the suborder Antarctoperlaria and its
families became disjunct, distinct representatives that evolved
on each of the distant landmasses (Fig. 8).

However, continental drift alone can probably not explain
all of the present Plecoptera distribution. Ecology and also
dispersal remain important. Antarctoperlaria must have been
present on Gondwanaland before Africa and India broke away
from it. Ecological change, perhaps past dryness, is thought
to have caused their disappearance from these lands. More
difficult are two arctoperlarian families of which subordinate
endemic groups are present also in the Southern Hemisphere.
Contrary to widespread belief, not all Plecoptera are cool
adapted. The Australian Gripopterygidae, Eustheniidae, the
arctoperlarian Leuctridae, and the Nemouridae include
many tropical species; they are most numerous in the large
family Perlidae. The many Neoperla in the Ethiopian region
are clearly of northern origin, but the origin of the diverse
South American Perlidae is uncertain. Most problematic,
however, is the so-called family Notonemouridae. Its mono-
phyly is doubtful; it may represent independent early
branches of the Nemouridae. Nevertheless, all notonemourids
live in temperate parts of South America, Australia, New
Zealand, South Africa, and Madagascar, but not in India.
Dispersal seems to have contributed to these distributions
that, admittedly, remain essentially unexplained. A practical
test using the methodological refinements of vicariance
biogeography proposed by Humphries and Parenti would
require a better understanding of phylogenetic relationships
among Plecoptera than is presently available.

\

FIGURE 7 American—European disjunctions. Solid lines: range of the
stonefly genus Leuctra (Plecoptera: Leuctridae); bold figures are total

—

numbers of species per continent, figures in italics are regional numbers of
species. A single species, L. fusca, occurs all over Europe and extends through
Siberia to the southern portion of the Russian Far East. Broken lines: ranges
of the extant ants Ponera pennsylvanica (America) and P coarcrata (Europe);
P atavia (black square) is an amber fossil (Hymenoptera: Formicidae).
[Range information after Noonan, G. R. (1988). Faunal relationships
between Eastern North America and Europe as shown by insects. Mem.

Entomol. Soc. Can. 144, 39-53.]
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FIGURE 8 Phylogenetic system and distribution of the Plecoptera. The
range of the family Gripopterygidae is shown on a map of Gondwanaland at
the end of the Cretaceous, with dates of last possible faunal exchange (mya).
Different shading indicates that each of the disjunct areas has an endemic
fauna; no genus is shared. The Eustheniidae and Austroperlidae are
distributed in the same way but have narrower ranges, the five species of the
Diamphipnoidae are all South American. [Map based on Crosskey, R.W.
(1990). “The Natural History of Blackflies,” copyright The Natural History
Museum, London.]

It is not common for the first step in the breakup of
Pangaea to be clearly reflected in the phylogenetic system;
otherwise, however, the Plecoptera have many parallels among
other insects. Southern Hemisphere disjunctions suggesting
a Gondwanian origin are widespread among aquatic (e.g.,
Ephemeroptera, Odonata, various dipteran midges) and
terrestrial insects, for example, in the Hemiptera, Neuroptera,
Mecoptera, and Coleoptera, to name a few. Some of these
disjunct groups also comprise African representatives. The
phylogenetic relationships within several of these groups of
insects appear to reflect the proposed sequence of the dis-
integration of Gondwanaland. The breakup provided series

of vicariance events enabling phylogenetic divergence.
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B iological control is a form of pest control that uses living
organisms to suppress pest densities to lower levels. It is a
form of ecologically based pest management that uses one
kind of organism (the “natural enemies”) to control another
(the pest species). Types of natural enemies vary with the type
of pest. For example, populations of pest insects such as scales
are often suppressed by manipulating populations of
parasitoids, which are insects that develop in or on the pest
insects they attack and kill. Populations of plant-feeding
mites, such as the common twospotted spider mite
(Zetranychus urticae) are often limited by predators, especially
mites in the family Phytoseiidae. Populations of weeds can be
suppressed by specialized herbivorous insects that feed on
them. Finally, many insect populations have pathogens (e.g.,
bacteria, viruses, or fungi) that infect them. Such pathogens,
whether they occur naturally or are applied artificially as
microbial pesticides, can locally and temporarily suppress a
pest’s numbers.
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Biological control is thus about the relative numbers of
pests and their natural enemies. Predators (or pathogens,
parasitoids, herbivorous insects) increase in number over time
and feed on the pest, whose population then declines, because
of higher mortality or lower birthrates caused by predation by
natural enemies. Biological control agents are living organ-
isms that increase in number through reproduction in response
to pests that are used for nutrition. Biological control, at least
in some of its forms, has the potential to be permanent in its
action, through the reproduction and spread of the natural
enemies as they track target pest populations.

There are four broad ways in which people have
manipulated natural enemies to enhance their action: natural
enemy importation, augmentation, conservation, and
application of microbial pesticides. Each of these approaches
has its own rationale, history, and level of past successful use.
Biological control has important advantages compared with
other methods of pest control. Moreover, because pest
control is relatively permanent and requires no further capital
input, biological control through self-sustaining forms
(natural enemy importation and conservation) is often
cheaper than use of pesticides. Although there may be
significant initial costs (especially for projects that import
new species of natural enemies from the pest’s country of
origin), costs drop to low or even zero levels in later years,
whereas the benefits of the pest control achieved continue to
accrue for years. For other forms of biological control
(natural enemy augmentation and use of microbial
pesticides), control is not permanent and costs recur
annually, as with pesticides. For the latter two approaches,
biological control may be either more or less expensive than
other approaches depending on details such as the cost of
natural enemy production by commercial insectaries that sell
beneficial organisms, and the efficacy of other control tactics.
In all four forms, biological control has the advantage of
being virtually harmless to people and vertebrates, whereas
pesticides must be actively managed for safe use to mitigate
harm to humans and other nontarget organisms.

Biological control as a scientific endeavor has a history of
about 125 years of effective use (beginning in the 1880s),
over which time new information, techniques, and tech-
nologies have increased humankind’s ability to use biological
control agents with increasingly greater understanding and
effectiveness. Before this period of active use, there were
several centuries during which ideas about predators,
parasitoids, pathogens, and their links to pest populations
evolved. These ideas had to be developed before biological
control as an applied pest management activity could be
conceptualized.

HISTORICAL DEVELOPMENT

Biological control is the deliberate attempt by people to make
practical use of the capacity of predation, parasitism,
herbivory, and disease to restrain the growth of plant and

animal populations. The ability to make practical use of these
processes depends on an understanding of how pest pop-
ulation densities are controlled by natural enemies. Biological
control also requires detailed knowledge of the biology of
pests and their key natural enemies, because such knowledge
often provides the means for their practical manipulation.

Predation

Predation by vertebrates on other vertebrates has long been
part of human knowledge. Predation as a force affecting pest
insects was recognized when people first saw individual acts
of predation taking place on their crops. A close observer of
an aphid colony, for example, cannot help but see the
predatory action of ladybird beetles and cecidomyiid midge
larvae as they devour their aphid prey. The predaceous effect
of some species of ants on pest insects associated with citrus
was recognized thousands of years ago by farmers in Yemen
and China, who used the knowledge to suppress these pests
by moving ant colonies into new orchards. In Europe during
the Renaissance, the emergence of natural history as a subject
worthy of observation and thought led keen-eyed naturalists
to arrive at similar findings. The father of the classification of
plants and animals, Caralus Linnaeus, observed in 1752 that
“Every insect has its predator which follows and destroys it.
Such predatory insects should be caught and used for
disinfesting crop-plants.” By the early 1800s, such observa-
tions led naturalists such as Erasmus Darwin and American
entomologists such as Asa Fitch to suggest that predaceous
insects should be used to suppress pest insects by making
releases of the predators in places where they were lacking.
These suggestions formed the fundamental basis for the
modern use of augmentative biological control in green-
houses, vegetable production, and various outdoor crops.

Parasitism

The action of insect parasitoids on their hosts has no direct
analogue among animals that people could easily observe
before the invention of magnifying lenses. Consequently, the
concept of parasitism took longer to become recognized.
Because many parasitoids feed inside their hosts, their
presence was not easily recognized, and the detection of
parasitoids required that insects be either reared or dissected.
By the 1600s, European naturalists were noticing the
occurrence of parasitoids. Aldrovandi, for example, in 1602,
reared tiny parasitoid wasps from the pupae of a nymphalid
butterfly and recorded what he saw in woodcut print.
Because he misunderstood the process, however, he wrongly
concluded that the tiny wasps were an alternate adult form to
the usual butterfly. The first person to publish a correct
interpretation of insect parasitism was the English physician
Martin Lister, who in 1685 noted that the ichneumon wasps
seen emerging from a caterpillar were a distinct kind of insect
that originated from eggs inserted into the caterpillars. No



one thought of any way to make practical use of such
parasitoids, however, until 1855 when Asa Fitch proposed
the importation of parasitoids from Europe to America to
help suppress a nonnative invasive pest of wheat, the wheat
midge Sitodiplosis mosellana. Fitchs ideas provided a clear
plan for the modern practice of biological control through
natural enemy importation, but they were not acted on for
nearly 30 years. The first importations of exotic species of
parasitoids between continents occurred in the 1880s, when
Cotesia glomerata was brought to the United States from
Europe to suppress Pieris rapae, a European pest of cabbage
that had invaded North America in 1860.

Insect Diseases

The study of the diseases of insects started not for purposes
of killing pest insects, but rather for protecting economically
important species such as silkworms and honey bees. In the
mid- to late nineteenth century, microscopes made it possible
to observe bacteria and microscopic fungi, and the study of
these organisms as pathogens of domesticated insects
initiated insect pathology. The infectious nature of insect
diseases was first demonstrated by Agostino Bassi of Italy,
who in 1835 studied a fungal disease of silkworm larvae
caused by the fungus Beauveria bassiana. Louis Pasteur
continued work on silkworm diseases in France in the 1860s.
The first attempt to use pathogens to destroy pest insects was
made in 1884 by the Russian entomologist Elie Metchnikoff,
who reared Metarhizium anisopliae, a fungal pathogen, and
attempted to suppress the sugar beet curculio, Cleonus
punctiventris, with application of the fungal spores. In 1911
the German scientist Berliner observed a bacterial disease of
larvae of the flour moth, Anagasta kuehniella, and by 1938
this bacterium, Bacillus thuringiensis, was being marketed as
a microbial pesticide for control of some species of cater-
pillars. These early efforts established the concepts that insects
were subject to infectious diseases and that the causative
agents could be reared in quantity artificially. Technical
methods to use reared pathogens to reliably infect insects in
crops, hence to achieve biological control, came later.

Use of Insects to Suppress Weedy Plants

Although humans have known for millennia that insects
damage and even kill plants, the idea that specialized herbiv-
orous insects could be manipulated to suppress plants con-
sidered to be weeds is a relatively new concept. The first
person to suggest such use was Asa Fitch. In 1855, Fitch
noted that some European plants that had invaded North
America, such as toadflax (Linaria vulgaris), had no American
insects that fed on them. He suggested that importation of
insects from Europe might help suppress these invasive
plants. In 1863 this concept was implemented when a scale
insect was moved from northern to southern India for the
purpose of damaging an invasive nonnative species of cactus
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(Opuntia vulgaris). Two related cacti, O. stricta and O. inermis,
were introduced as ornamentals to Australia and became
highly invasive and damaging. By 1925, these plants occurred
in dense stands over approximately 20 million hectares of
land. The Australian government began a survey of South
America (the home of these cacti) looking for specialized
insects attacking the ornamentals and a moth, Cacroblastis
cactorum, was released into Australia in 1926. By 1932, the
cacti were killed over most of the infested area and native
vegetation and crops were able to reclaim the cleared ground.

These early suggestions and projects laid out the concepts
that many plants are limited in number by specialized insects
and that plants moved to new regions often become separated
from these specialized insects because they are not moved
along with the seed or nursery stock used to import the plant.

IMPLEMENTATION METHODS

The observation that nonnative insects and plants could be
suppressed by importing missing specialized natural enemies
from their homelands led to the first successful method for
practical use of biological control. This approach is called
classical biological control (because it was the first deliberate,
successful application of biological control as a technology),
or importation biological control, or simply natural enemy
introduction.

After World War II, the chemical industry began the rapid
development and marketing of chemicals to control pest
insects by poisoning them. Pesticides became very popular and
were used on a large scale in the second half of the twentieth
century, such that the frequent application of insect-killing
poisons to crops became routine. Widespread pesticide use
led to a substantial reduction in the level of natural control
provided by predators and parasitoids of pest insects,
necessitating the further use of pesticides to suppress pest
insect populations. However, many pests became resistant to
one or more pesticides. This resistance sparked an interest in
restoring natural control by reducing the use of insecticides
in crops and making their use less damaging to natural enemies
by manipulating their timing, placement, or formulation.
The effort to restore natural control while making judicious
use of pesticides formed the basis of the integrated pest
management (IPM) movement in the late 1950s. Efforts to
restore and protect natural controls by removing damaging
influences such as pesticides are referred to as conservation
biological control. A more recent, and less successful, mode
of conservation biological control has been the attempt to
increase natural enemy numbers by actively providing them
with better food sources or habitats. Ideas that have been
investigated include a variety of vegetation manipulations in
or near crop fields, including ground covers between crop
rows and unmowed field borders, where flowering plants
provide nectar and pollen for natural enemies.

In the 1970s farmers in Europe producing vegetables in
greenhouses were also interested in enhancing natural control
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of pests such as whiteflies in tomato and cucumber crops,
because frequent development of pesticide resistance had
rendered pesticides alone unreliable. The desire to reduce or
even completely avoid the use of insecticides in tomato and
cucumber crops was further stimulated in the 1980s when
growers began the practice of placing colonies of bumble bees
inside their greenhouses for crop pollination. Inside
greenhouses, however, there were very few natural enemies
because natural enemy immigration from outdoors is
difficult in the indoor, sealed crop environment. Placing
whitefly parasitoids, such as Encaria formosa, or predatory
mites, such as Phytoseiulus persimilis, in the crop shortly
after planting allowed natural control to develop and act on
incipient pest populations. Once there was demand by growers
for natural enemies, it became possible for specialized
businesses (insectaries) to rear and sell natural enemies. This
kind of pest management is called augmentative biological
control, because the goal is to augment or initiate a natural
enemy population.

In some crops, pests that feed directly on the edible part
of the plant may not be adequately controlled by natural
enemies before damage occurs. For example, cabbageworm
larvae feed on cabbage heads and codling moth (Cydia
pomonella) larvae burrow into apples. A faster acting form of
biological control that can be applied when and where needed
may be necessary in these situations. Microbial pesticides can
be used in this way and were developed to meet immediate
needs without resorting to disruptive chemical pesticides.
The most successful of these products are those containing B.
thuringiensis, a bacterium that produces toxic proteins that
kill insects within a few days of ingestion. There are many
subspecies of this bacterium that can be used to control the
larvae of some moths, butterflies, beetles, and flies.

CLASSICAL BIOLOGICAL CONTROL
Ecological Justification

People routinely move species such as crop plants and
ornamentals across natural barriers such as mountain ranges
or oceans that would otherwise limit their spread. These
plants may carry with them small, unrecognized infestations
of pest insects. In some cases, the plants themselves may
spread and become damaging. Both invasive plants and
insects often escape their specialized natural enemies when
they cross geographic barriers and establish in new locations.
This allows these species to reach abnormally high densities
and become damaging pests. Classical or importation
biological control is based on the premise that the pest was
originally limited to lower densities in its area of origin by
specialized natural enemies, that these control agents are
missing in the invaded area, and that densities of the pest in
the invaded area can be reduced by importing the missing
specialized natural enemies. Two recent biological control
success stories from Africa, the control of cassava mealybug

(Phenacoccus manihoti) and water hyacinth (Eichhornia
crassipes) illustrate these processes.

CASSAVA MEALYBUG Cassava (Manihot esculenta) is a
tropical shrub that produces starchy tubers used much like
potatoes, as a staple food source. The crop is a native of the
Americas, but it is now a basic crop in all tropical countries,
from Asia to Africa. In the 1970s, an unknown species of
mealybug appeared on cassava in West Africa and spread
rapidly throughout the cassava belt of tropical Africa. In this
region, cassava was a basic food for some 200 million people.
Within a few years, cassava crops began to fail as plants
suffered extreme damage from high-density mealybug
populations. Because the pest was clearly an exotic invader in
Africa, importation biological control was seen as a means to
suppress it. Furthermore, this method was chosen because it
offered the possibility of providing permanent control that
would not require the region’s cash-poor farmers to
repeatedly buy expensive pesticides and application
equipment.

Cassava mealybug was believed to be from the Americas,
the area of origin of the crop plant. The pest, however, was
initially an unknown species. Therefore, no one knew where
it could be found in South or Central America. With
international funding, a cassava mealybug control project
was organized. Crop protection laboratories in Africa (the
International Institute of Tropical Agriculture in Benin) and
South America (Centro International de Agricultura, in
Colombia) worked with the Commonwealth Institute of
Biological Control in Trinidad (now CABI-Bioscience, a
private biological control organization in the United
Kingdom) to find the pest, locate specialized natural enemies
attacking it, import natural enemies to quarantine
laboratories in the United Kingdom, and ship pure cultures
of natural enemies on to Africa for release and evaluation in
the effort to control the cassava mealybug.

Initial efforts were frustrated by an inability to find the
pest in the Americas. Eventually, cassava mealybug and its
parasitoid, the encyrtid wasp Epidinocarsis lopezi, were found
in Paraguay. Upon release of this parasitoid, control was
rapidly achieved. The parasitoid has spread (both naturally
and from releases made by entomologists) throughout the
cassava region, covering more than 26 countries. In 95% of
the region, this single parasitoid has achieved stable,
permanent control of this pest.

The net result of this project has been to increase food
security in a region that frequently experiences food
shortages. A pest has been controlled permanently (for nearly
20 years now in some areas), at no recurring cost, with no use
of contaminating pesticides, and no damage to native plants
or wildlife.

WATER HYACINTH  E. crassipes is both a plant used in
ornamental fish ponds and the world’s worst aquatic weed.
Its beautiful lavender flowers have led people to take it far



from its native range in the Amazon basin of South America.
Wherever water hyacinth has been introduced into
subtropical or tropical climates, it has escaped into the wild,
forming gigantic mats that clog rivers and cover over bays
and ponds. Among the many places invaded by water
hyacinth is Lake Victoria in East Africa. The pest was first
recorded there in 1980 and by the mid-1990s some 12,000
ha of weed mats had clogged bays and inlets around the lake.
Economic losses resulted for fisheries (the mats impede the
launching of boats and the use of nets) and for waterworks
and hydroelectric power plants. Ecologically, the weed
threatened one of evolution’s greatest products—the
radiation of cichlid fishes in the lake, some 200 to 400
species of endemic fish that have evolved in the lake. These
fish, often separated by mating habits based on bright colors,
were threatened by hybridization among species induced by
low light under weed mats, where color-based visual
recognition mating systems could not be sustained.

Controls efforts recommended to the governments of the
affected countries (Uganda, Kenya, and Tanzania) included
applying herbicide to the mats, using harvester boats to cut
the mats, and releasing specialized herbivorous insects. Two
weevils, Neochetina eichhorniae and N. bruchi, known to be
specialists on water hyacinth from earlier work in Florida,
were chosen for release. In 1995 Uganda was first to release
biological control insects against the weed, followed by the
other two countries in 1997. On the Ugandan shore, weed
mats began to show damage and disappear by late 1998. By
1999 some 75% of the mats had died and sunk into the lake.
Neochetina weevils also produced dramatic results on a water
hyacinth infestation in Kenya in only a few months in 1999
(Figs. 1 and 2).

FIGURE 1 Water hyacinth infestation at a yacht club in Kisumu, Kenya,
May 6, 1999. (Photograph courtesy of Mic Julien.)
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Description of the Process

The following steps are typical of importation biological
control projects.

1. Choice of the target pest. There should be broad
social agreement that the species chosen as targets of
importation biological control are pests and need to be
reduced in density. Targets should be species that are strongly
regulated by natural enemies in their native ranges, and these
species should be missing in the areas invaded by the pest.

2. Pest identification and taxonomy. Correct identifica-
tion of the target pest is essential. Mistakes at this stage cause
project delays or failure. If the pest is an unknown species, its
nearest relatives need to be identified, for this information
can provide clues to the pest’s likely native range.

3. Identification of the native range. The region in
which the pest evolved needs to be identified to facilitate the
search for specialized natural enemies that evolved with the
pest. Several criteria can be used, including the center of the
geographic range of the pest, the area where the principal
host plant of the pest evolved, regions where the pest is
recorded to occur but remains at low densities, and regions
with the largest numbers of species closely related to the pest.

4. Surveys to collect natural enemies. Natural enemy
collection, or foreign exploration, needs to be done
extensively over the range of locations and habitats where the
pest is found naturally, and in the proper seasons. Surveys of
natural enemies in the invaded area are unlikely to locate
effective natural enemies but are needed to identify any
natural enemies that may already be present because of their

own natural invasion of the region.

FIGURE 2 Reduction of the water hyacinth infestation by Neochetina

weevils at the yacht club in Kisumu, Kenya, December 16, 1999.
(Photograph courtesy of Mic Julien.)
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5. Importation to quarantine. Promising natural
enemies collected in surveys need to be shipped to
quarantine laboratories, where they can be colonized and
maintained on the pest for further study.

6. Host specificity and biology studies. To promote
selection of safe species for importation, the biology and
degree of host specificity of each candidate biological control
agent must be determined through a mixture of field
observations in the area of origin and laboratory studies in
quarantine before release into a new area is approved.

7. Release and colonization in the field. Releases need
to be made at numerous locations where the target pest is
present, and over extended periods, until efficient means to
establish the natural enemies in the invaded area have been
discovered or until it is clear that the agents are unable to
establish. Once established, natural enemies are further
redistributed throughout the range of the pest.

8. Evaluation of efficacy. Field experiments in the
invaded area comparing pest density in plots having and
lacking the introduced natural enemy are needed to measure
the degree to which the natural enemy is able to reduce the
density of the pest.

9. Documentation of benefits.
ecological consequences of the project need to be recorded

and published.

Economic and

Extent of Successful Use

Following introductions of natural enemies, pest densities
may be reduced, sometimes by 90 to 99% or more. This has
been achieved for a variety of kinds of pest insects, including
caterpillars, sawflies, aphids, scales, whiteflies, and mealybugs.
Over the past 125 years, some 1200 projects of insect
biological control have been attempted. Of these, 60% have
resulted in a reduction of the pests density. In 17% of
projects, no further controls were needed and control was
complete. Introductions of specialized herbivores have been
attempted against about 133 species of invasive plants and, of
these, 41 species (31%) have been completely controlled.

Economics

Importation biological control is an activity conducted by
governments for the benefit of society. Funds for such work
are typically provided by governments but may come from
grower organizations representing particular crops in a
region. Costs of projects are concentrated at the beginning of
the work, as costs to search for and study new candidate
natural enemies are high. Use of biological control agents of
proven value in new locations (where need arises because of
the continued spread of the pest into new regions) is cheaper,
as much of the initial work need not be repeated and known
natural enemies can quickly be introduced. Benefits of
successful projects accrue indefinitely into the future, and
benefit-to-cost ratios of past projects have averaged 17:1,

with some projects reaching as high as 200:1. In successful
programs, control is permanent and does not require
continued annual investments to sustain the benefits, in
contrast to other forms of pest control (e.g., pesticide
applications). This makes the method particularly attractive
for the protection of natural areas and of crops in countries
with resource-poor farmers. Biological control also promotes
good environmental stewardship of farmlands in developed
countries.

Safety of Natural Enemy Importations

Insects may be released as natural enemies of either invasive
plants or invasive insects. Both biological weed control and
biological insect control show a very high level of safety to
human health and to the health of all other vertebrates.
There are three safety issues when insects (herbivores,
predators, or parasitoids) are imported to a new region:
identification of unwanted contaminants, recognition of
organisms damaging to other biological control agents, and
potential damage to nontarget species (e.g., native insects or
plants) in the area of release by natural enemies with broad
host ranges.

The first two safety concerns are addressed by the use of
quarantine facilities, which are designed to prevent the
unintentional release of new species into the environment
following importation. In quarantine, desired natural
enemies are separated from miscellaneous insects that might
have been accidentally included in the package by the
collector, as well as from extraneous plant materials and soil
inadvertently sent along.

A taxonomist then confirms the species identification of
the organism and ensures that all individuals collected are the
same species. Voucher specimens are deposited with an
entomological museum for possible future reference. Natural
enemy identification indicates either the name of the
organism or, sometimes, that it is a species new to science
and has not yet been described. New species can usually be
placed in a known genus, for which some biological
information may exist. A sample of the natural enemies is
also submitted to a pathologist to determine whether they
carry any microbial or nematode infections. If they do, they
are either destroyed or, if possible, treated with antibiotics to
cure the infection. This group of field-collected, healthy
individuals is then bred in the laboratory on the target host.
This series of steps eliminates any undesirable parasitoids (for
herbivores attacking weeds) or hyperparasitoids (for insect
agents) that might exist in the collected material and, if
established, could damage the biological control project by
reducing the efficacy of imported natural enemies. For insect
parasitoids, rearing for one generation on the target host
excludes the possibility that a hyperparasitoid has been
obtained by mistake, since such agents typically do not breed
on the host itself because they use the natural enemy as
nutrient source.



The third safety concern—potential attack on nontarget
species after release—requires that scientists estimate the host
range of the natural enemy proposed for release and that this
information be carefully evaluated as part of the decision
whether to release the species from quarantine. For both
weed and insect biological control agents, estimation of an
agent’s host range is based on several sources of information,
including the hosts known to be attacked by the agent in the
region from which it is collected, any species of interest that
occur with the agent in its home range but are not attacked,
and data from laboratory tests. For herbivorous insects
released for weed biological control, these laboratory tests
include studies of the adult’s preference for where it lays its
eggs, the immature feeding stages’ preferences to eat various
plants, and the ability of these plants to sustain normal
growth of the agent’s larvae to maturity. Similar tests can be
applied to the study of parasitioids (i.e., both oviposition
preferences and survival of the immature stages on a given
host). For predators, oviposition preferences may sometimes
exist; feeding preferences of both adults and larvae must be
measured.

Estimation of host ranges of herbivorous insects used
against weeds began in the 1920s, evolving from initial
testing of local crops only to a phylogenetically based attempt
to define the limits of the host range by testing first plants in
the same genus as the target weed, then plants in the same
tribe, and finally plants in the same or other families. This
process has been highly successful in avoiding the
introduction of insects whose host ranges are wider than
initially thought. Attacks of introduced herbivores on
nontarget plants have largely been limited to other species in
the same genus. Also, some attacks were forecast by
quarantine studies and judged acceptable by agencies
granting permission for release, rather than being unforeseen
attacks. Of 117 species introduced into North America,
Hawaii, or the Caribbean for biological weed control, only
one species (the lacebug Zeleonemia scrupulosa, introduced
into Hawaii in 1902 against the shrub Lantana camara) has
attacked nontarget plants that were neither in the same genus
as the target weed, nor a very closely related genus (for the
lacebug, the native shrub Myoporum sandwicense).

Estimation of host ranges of parasitoids and predators
introduced for biological control of insects began in the
1990s, in response to changing views on the ecological and
conservation value of native nontarget insects. Techniques for
making estimates of arthropod natural enemy safety are less
well developed than those for herbivorous biological control
agents. A few examples of harm from parasitoids or
predaceous insects to nontarget insects have been reported.
Importation of generalist species that have broad host ranges
should be avoided because of such potential to harm native
insects.

Laws governing biological control importations exist
principally in New Zealand and Australia. Laws in the
United States regulate importation of herbivorous insects
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used against weeds but do not currently regulate importation
of parasitoids or predators.

NATURAL ENEMY CONSERVATION
Concept of Natural Control

All insects and plants, to various degrees, are attacked by
natural enemies independent of any deliberate manipulations
by people. Such natural control is rarely sufficient to suppress
an invasive species: the local natural enemies lack specialized
relationships to the invader, since by definition, the new pest
is outside the evolutionary experience of the prey species. For
native species, however, natural control may suppress plants
and insects below pest levels. Also, for invasive species against
which specialized natural enemies have been imported and
established, the latter become part of the fauna, providing
naturally occurring control. Thus, for all species, apart from
invaders not yet subject to natural enemy importations,
natural control exists and may be sufficient to suppress such
pests adequately for human needs. However, in crops and
other artificial landscapes, people can disrupt natural control,
particularly with the application of pesticides that kill,
sterilize, or repel important natural enemies. Conservation as
a form of biological control aims to avoid this loss of natural
control either from the use of pesticides or habitat
simplification. Sometimes active intervention on behalf of
natural enemies to provide them with key missing foods or
hosts is necessary.

Effects of Pesticides on Natural Enemies

Before 1947, few synthetic pesticides were used in crops.
Most available materials were stomach poisons based on heavy
metals such as lead and arsenic, which kill only if eaten. Some
botanical extracts, such as rotenone and pyrethrum, both of
which quickly degrade in the environment, were also used.
After World War II, a business revolution occurred when it
became recognized that a variety of compounds that could be
artificially synthesized in laboratories were highly effective in
killing insects by mere physical contact. Beginning with DDT
in 1947, many types of chemicals were marketed to kill
insects. One of the undesirable consequences of this change
in farming practice was the mass destruction of beneficial
insects in crops, resulting in a substantial decrease in natural
control. Indeed, insecticides often killed natural enemies
more efficiently than they killed the target pest. This unin-
tended consequence was due to the smaller body size, greater
relative surface area, and lower levels of detoxification enzymes
possessed by parasitic Hymenoptera and other natural
enemies, compared with herbivorous pests.

PEST RESURGENCE Occasionally, farmers found that
pests for which they applied pesticides were, within a few
months, more numerous than they had been before the



110 Biological Control of Insect Pests

application of insecticide. This population rebound has been
termed pest resurgence. The steps in resurgence are as
follows:

1. The pest population is reduced by the insecticide.

2. The same insecticide application destroys most of the
natural enemies that were partially suppressing the pest
before the application.

3. Natural enemies are slower to increase in number than
the pest after the pesticide residue from the application has
degraded to levels unable to kill insects.

4. In the absence of the pesticide and with few remaining
natural enemies, the survival and reproductive rates of the
pest population increase, leading to higher densities.

In rice crops in Asia, outbreaks of a sucking insect called
rice brown planthopper (Nilaparvata lugens) were rare before
the 1960s. In the 1970s, outbreaks occurred with greater
frequency and intensity, as insecticide use increased to control
this pest. Research conducted at the International Rice
Research Institute in the Philippines demonstrated that this
was a classic example of pest resurgence and that pesticide
applications were destroying spiders and other generalist
predators that were otherwise usually able to suppress rice
brown planthopper. As farmers used pesticides more often,
outbreaks became larger and more frequent. This
phenomenon led to a pesticide treadmill for rice brown
planthopper control. A program of grower education was
supported by the Food and Agriculture Organization of the
United Nations to help rice farmers to understand pest
resurgence, natural enemy recognition, and the beneficial
role of natural enemies in rice paddies. This outreach
program successfully reduced pesticide use on rice crops in
Asia, ending a cycle of damaging pesticide use and crop loss.

SECONDARY PEST OUTBREAK A related population pro-
cess occurs when insecticides applied to suppress a primary pest
induce a different species, formerly not damaging, to become
a pest. This is called a secondary pest outbreak. In apple crops
in the eastern United States, growers must control two serious
direct pests of the fruit, apple maggot (Rbagoletis pomonella)
and plum curculio (Conotrachelus nenuphar). These species
are most often controlled by repeated application of insec-
ticides to foliage with chemicals that have long periods of
residual activity. These applications destroy the parasitoids of
leafminers and predators associated with spider mites.
Outbreaks of these two foliar pests later in the summer are a
direct consequence of grower efforts to control these two key
fruit pests.

SEEKING PESTICIDES COMPATIBLE WITH NATURAL
ENEMIES To reduce the destruction of natural enemy
populations caused by insecticides, there are two potential
solutions: using pesticides that have intrinsically selective
action or using application systems that are ecologically
selective.

Three kinds of insecticide have
shown the greatest compatibility with natural enemies:

Selective Pesticides

stomach poisons, systemic pesticides, and insect growth
regulators. Stomach poisons are materials that must be
ingested to kill. Materials such as the microbial pesticide. B.
thuringiensis and some mineral compounds such as kryolite
are examples. Pests eating foliage with residues of these
materials are killed, but natural enemies walking on treated
foliage are not affected.

Systemic pesticides are materials that enter plant tissues
and are translocated through the plant. These compounds
may be applied to soil and absorbed by roots, or they may
move translaminarly into leaves after application to the
foliage. Because residues are available only to insects that feed
on the crops’ tissue or sap, natural enemies resting or walking
on plants are not affected.

Insect growth regulators are chemicals that mimic or
disrupt insect hormones, preventing normal molting. These
compounds kill only when the insect tries to molt. Such
materials can be selective if only the pest is likely to be
exposed in a susceptible stage. In principle, screening
programs could identify specific insecticide—natural enemy
combinations in which any contact pesticide might turn out
to be selective relative to some particular natural enemy.
However, because such materials tend to be rare and screening
trials to discover them are costly, only a few are available.

Ecologically Selective Methods of Pesticide Use
Manipulation of a pesticide’s formulation, timing, or method
of application is another method for achieving selectivity in
control. Granular formulations of pesticides that fall to the
soil, for example, are unlikely to damage natural enemies that
forage for hosts or prey on the foliage. Thus, a granular
material may be applied at transplant into a cabbage field to
protect the roots of young plants from feeding in the soil by
larvae of cabbage maggot (Delia radicum) without injuring
the braconid parasitoids that search the leaves to find and
parasitize cabbage aphids (Brevicoryne brassicae). More
complex methods of separating the pesticide from the natural
enemies exist, such as monitoring the emergence of key
natural enemies and applying pesticides either earlier or later
than the peak activity period of the natural enemy. However,
methods that require effort on the part of growers, or are at
all complex, tend not to be used.

Loss of Natural Control through Simplification of
Crop Fields

Natural control of pest insects and mites in crops has also
been reduced by habitat simplification and physical changes
in crop plants used in commercial, large-scale agriculture. To
sustain their populations, parasitoids need hosts, carbohy-
drates, and secure places to live that are not subject to
insecticide application or physical destruction by plowing,
flooding, or fire. Predators need prey and can benefit from or
even subsist on alternative nonprey foods such as pollen.



Natural control in crops can be maintained or improved by
considering the degree to which these basic necessities of
natural enemies are provided within or adjacent to the crop.
A few examples illustrate the process.

ADDING POLLEN TO ENHANCE PREDATOR MITES
Phytoseiid predatory mites are often important in control of
pest spider mites. In some crops, numbers of such
phytoseiids may be too low to provide effective control. One
approach to increasing phytoseiid numbers is to provide
pollen as an alternative food, especially for periods when
spider mite densities are low. Levels of pollen on foliage of
citrus and other orchard crops may be increased by use of
species of trees in windbreaks around orchards or species of
grasses as ground covers within orchards that are prolific
pollen producers. Effective use of this approach has been
made in South African citrus orchards for control of citrus
thrips (Scirtothrips aurantii) with the phytoseiid Euseius
addoensis addoensis.

KEEPING USEFUL STRUCTURES ON PLANTS Many
plants, such as cotton, have sugar-secreting glands called
nectaries both inside and outside of flowers. Many species of
natural enemies feed on these sugars. Plant breeding has made
it possible to eliminate such nectaries in some crops, and this
is sometimes done to deny pests access to the carbohydrate
resources. The decision to eliminate or retain necataries needs
to be based on studies of the net benefit to pest control of
these structures. Plants (e.g., grapes) also often have on their
leaves pits or pockets, called domatia, that provide physical
refuges for phytoseiid mites. Varieties with domatia often
have higher phytoseiid densities and fewer pest mites.
Retention of such structures in new crop varieties may be
important and should be an explicit part of plant breeding.

ENHANCING SPACES BETWEEN CROP ROWS OR
AROUND CROP FIELDS AS REFUGES Natural enemies of
some species remain tightly linked to the plant and are little
affected by the larger environment. Parasitoids of scales on
citrus trees, for example, have all their needs met on citrus
trees, provided insecticides are not used and some scales are
present year-round for parasitism, host feeding (feeding on
host body fluids), or production of honeydew (a sticky
carbohydrate waste product produced by homopterans that
parasitoids use for food). Other species of natural enemies
move about more, passing through the spaces between crops
rows, or moving back and forth between crops and noncrop
vegetation in uncultivated borders. Species such as spiders
and carabid beetles are generalist predators of value in
vegetable plantings. However, bare or plowed soil between
rows often becomes too dry and hot to favor these predators.
Reduced tillage, through greater use of herbicides, or use of
cover crops between rows, can enhance populations of these
predators. Plants between crop rows, however, must not
compete with the cash crop for water or nutrients, or crop
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yield may be reduced. In cereal crops in the United Kingdom,
populations of ground beetles, generalist predators that eat
cereal aphids, can be increased by leaving low dikes through
fields that are not plowed. These dikes produce perennial grass
and herb communities that act as refuges for carabid beetles,
which then forage in the cereal plots and consume aphids.
Also, in crops that are sometimes treated with pesticides,
nontreated patches of noncrop vegetation along crop borders
can act to reinoculate crops with natural enemies.

Extent of Successful Use of Natural
Enemy Conservation

Natural control is ubiquitous and contributes extensively to
pest control in most settings. Conservation of natural enemies
through reduction of conflicts with pesticides is a major
focus of integrated pest management (IPM) philosophy and
practice, and many studies have been conducted that have
led to better conservation of natural enemies in crops such as
citrus, avocados, apples, and greenhouse tomatoes. Because it
is often associated with reductions in out-of-pocket costs,
this form of conservation is particularly acceptable to
growers, who often are asked to reduce or stop altogether a
costly practice (such as applying a pesticide). In contrast,
practices that require positive action, such as providing a
resource or manipulating vegetation in or near the crop, have
been adopted much less often. To be valued by growers, such
measures must clearly produce pest control benefits that
significantly exceed the costs of undertaking them. Practical
use of these ideas presently is limited to organic growers and
others who wish to produce crops with little or no use of
synthetic pesticides.

Safety

Conservation biological control is universally considered to
be a very safe activity. Measures to reduce insecticide use, or
to convert to selective or compatible materials, both reduce
risks to people working on or living near farms and minimize
environmental contamination.

BIOLOGICAL CONTROL THROUGH
AUGMENTATION

Pros and Cons of Augmenting Natural Enemies

Entomologists and farmers, working together, have developed
methods to rear some species of predators and parasitoids
that attack pest insects. This approach of deliberately rearing
natural enemies and releasing them against target pests has
been applied against insects and mites of both greenhouse
and outdoor crops.

The use of this practice in greenhouse-grown tomatoes
was begun in the 1920s with the rearing by English growers
of Encarsia formosa, a parasitoid of the greenhouse whitefly
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(Trialeurodes vaporariorum). This control program died out
because of grower use of pesticides. Biological control was
revived in the 1970s by Dutch greenhouse tomato growers
because whiteflies had developed resistance to pesticides. In
greenhouses that are closed up against the cold early in the
crop cycle, natural enemies may be scarce or absent.
Augmentative biological control was seen as a way of
correcting this natural enemy absence. Natural enemy
rearing for the greenhouse industry started when one grower
began producing natural enemies for his own use, but soon
he was selling surplus parasitoids or predators to other
growers, and the operation became a separate business (an
insectary). From 1970 to 2000, the number of commercial
insectaries grew from just a few to several dozen firms, which
collectively produce about 100 species of natural enemies for
sale. A few species (mainly the parasitoid E. formosa and the
predatory mite Phytoseiulus persimilis), however, make up
most of the sales. Today, a variety of natural enemies are used
in indoor settings that include greenhouses, plant conserva-
tories, mushroom houses, and animal holding buildings such
as dairies, hog-rearing facilities, poultry barns, and zoos.

Outdoor releases of several species of predators and para-
sitoids are regularly made by growers in various countries.
Egg parasitoids in the genus Trichogramma (Hymenoptera:
Trichogrammatidae) have been used extensively throughout
the twentieth century to suppress pest weevils and caterpillars
in cotton, corn, and sugarcane, especially in China, Russia,
and tropical sugar-producing countries. Predators of
mealybugs for release on citrus crops in parts of California
have been reared by a growers’ cooperative since 1926. One
of the more common current uses of augmentative biological
control on outdoor crops is the release of various species of
predatory phytoseiid mites for control of pest spider mites,
an approach that has been used most often with strawberries
and with foliage plants grown outdoors in shade houses.

There are two different approaches to augmentative
biological control. Most indoor releases of natural enemies
intend only to seed the crop with a founding population of
the natural enemy, which then reproduces and eventually
suppresses the pest after its numbers have increased naturally
in the crop. This approach is called inoculative biological
control. Cost of this approach is minimized because smaller
numbers of the natural enemy are needed. In contrast, with
inundative biological control, an attempt is made to release
enough natural enemies to control the pest immediately.
Because much higher numbers are released, this approach is
economical only against natural enemies with very low
production costs, and use has been most successful on crops
with a high cash value per hectare.

How Insectaries Turn Natural Enemies into Mass

Market Products

To profitably market a natural enemy, an insectary must
succeed in a series of activities.

1. Find a suitable natural enemy. Commercial augmen-
tative biological control starts with the discovery of a natural
enemy that research suggests may be effective. The natural
enemy must attack an important pest efficiently, be able to be
reared under mass production conditions, be easily harvested
and able to survive transit stress, and be competitive in price
with other forms of pest control available to growers.

2. Develop a mass rearing system. To commercially
produce a natural enemy, insectaries must be able to make a
financial profit on the species. Successful production systems
vary. For some species, such as whitefly parasitoids,
production can use natural hosts on their favored plants. £.
formosa, for example, is reared in greenhouse whitefly
produced on tobacco plants. Similarly, the important
predatory mite. P persimilis is grown on the spider mite
Tetranychus pacificus on bean plants in greenhouses. In other
examples, costs of production or the scale of production are
improved by rearing species other than the target pest. Most
Trichogramma wasp species are grown on the eggs of moths
that feed on stored grain, rather than on eggs of the target
moths themselves, because colonies of grain-feeding moths
can be reared much more cheaply, allowing the production of
Trichogramma in huge numbers at low cost.

3. Develop harvest, storage, and shipping methods to
get the product to customers. Most predators and
parasitoids must be used within a few days or weeks of
production. For some species, induction of an arrested state
called diapause can be used to store immature parasitoids
inside parasitized hosts for months. Shipping to customers
must use rapid transport (1-3 days) and avoid delays at
international borders. Longer delays invariably result in the
deaths of natural enemies due to heat, desiccation, continued
development, or starvation.

4. Provide clear instructions on effective release
methods and rates for customers. The final step in the
effective use of natural enemies reared in insectaries is their
release by the farmer at the right rate and in the correct
manner. Effective rates are discovered by controlled trials in
universities and government laboratories, and by ascertaining
the experience of growers who have used products in
accordance with advice from producers.

Extent of Successful Use

INDOOR CROPS The use of augmentative biological
control has become widespread in greenhouses in northern
Europe and Canada that produce vegetables, with over 5000
ha using E. formosa for whitefly control and over 2800 ha
using P persimilis for spider mite control. These amounts,
however, still represent only a small percentage of the world’s
protected culture because these biological control agents are
used much less often in southern Europe and Japan, areas
with extensive greenhouse vegetable production but with
differences in temperatures and open rather than closed
greenhouses. Similarly, use of biological control is very



limited in greenhouses producing bedding plants or floral
crops, the major focus of greenhouse production in the
United States.

OUTDOOR CROPS The scientific use of augmentative
natural enemy releases in outdoor crops is best established in
northern Europe for control of European corn borer
(Ostrinia nubilalis) in corn. Use is greatest in Germany and
France, where over 3200 ha is protected annually with
Trichogramma releases. This fraction is, however, small
compared with the total corn acreage in Europe, and use of
biological control is concentrated principally where pesticide
use is not allowed because of concern for health of people
living near cornfields. Natural enemy releases for mite
control have been successful in strawberries in California,
Florida, and the northeastern United States, and in outdoor
shade houses used for production of foliage plants in Florida.
In Mexico, Russia, China, and other countries, large-scale
releases of Trichogramma spp. have been made for a variety of
moth and beetle pests of corn, sorghum, and cotton, but the
efficacy of these releases has not been well demonstrated.
Some of these activities have been state supported, and their
actual economic value for pest control is not clear.

Safety

Release of parasitoids and predators replaces pesticide
application and thus enhances human safety. For workers in
insectaries, handling of large quantities of insects or mites
constitutes an allergy risk. Where problems arise, risk can be
reduced through air exchange or filtration to reduce
concentrations of airborne particles and through use of
gloves and long-sleeved shirts to reduce skin contact with
arthropod body fragments. Risk to native species posed by
releases of nonnative natural enemies can be of concern, as
well. Generalist, nonnative species released in large numbers
may establish outdoors and attack or suppress populations of
native species, or they may reduce densities of native natural
enemies through competition for resources. Consequently,
some governments, such as those of Hawaii, Australia, and
New Zealand, restrict importation of natural enemies used in
augmentative biological control. For example, importation of
North American green lacewing species (Neuroptera:
Chrysopidae, Chrysopa spp.), used in greenhouses as
predators of aphids, might lead to establishment of such
species in the wild, increasing competition with the endemic
native lacewings in Hawaii, which have conservation value as
unique native wildlife.

MICROBIAL PESTICIDES
Using Microbes as Tools

Insects suffer from diseases caused by pathogens of several
kinds, including bacteria, viruses, fungi, nematodes, and
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protozoa. Sometimes natural outbreaks of disease occur that
locally and temporarily influence the density of pest
populations. Microbial control seeks to use pathogens as
tools to suppress pest insects. This process involves finding
pathogens able to kill pest species of concern, followed by
development of methods to rear pathogens economically.
Methods must be developed to store the pathogen’s infective
stages without loss of viability and to apply the pathogen to
the target in ways that result in high rates of infection and
thus control. Details of the biology of each pathogen and the
effects of environmental conditions on infectivity after
application are crucial in determining whether any given
pathogen can be used effectively as a microbial pesticide.

Bacteria

Many of the bacteria that infect insects are lethal only in
stressed insects because the bacteria, lacking effective means
of escaping from the host’s gut after ingestion, are unable
to enter its body cavity. Species in the genera Bacillus (B.
thuringiensis, B. sphaericus, and B. popililae) and Serratia (S.
entomophila) are the main bacteria that have been used as
microbial pesticides. Of these, only B. thuringiensis has been
widely successful. This species produces toxic crystalline pro-
teins inside its spores. Crystals from different strains of this
bacterium vary in their ability to bind to the gut membranes
of different species, thus shaping the host ranges of each
subspecies of the pathogen. If crystals are able to bind to the
gut membranes, these tissues are degraded, allowing bacteria
to penetrate the body cavity and kill the host.

Strains discovered in the 1920s infected only some species
of caterpillars. Later, new strains were discovered that were
able to infect mosquito larvae, chrysomelid beetle larvae
(such as the Colorado potato beetle, L. decemlineata), and
scarabs (such as the Japanese beetle, Popillia japonica).
Commercial use of this pathogen is possible because it can be
successfully mass-reared in fermentation media without any
use of living hosts. This makes its production inexpensive.
Applications of B. thuringiensis have advantages for use in
forests, where residues of conventional pesticides are
objectionable because of potential harm to native wildlife,
and in IPM programs in crops where conservation of natural
enemies is desired. B. thuringiensis is compatible with most
natural enemies because it must be ingested to have any effect
and because its toxic proteins are selective in their gut
binding properties. Genes from B. thuringiensis that code for
toxic proteins have been isolated and inserted into plants
where they are expressed and produce insecticidal proteins in
plant tissue and pollen. Transgenic varieties of such major
crops as corn, soybeans, and cotton exist and are widely
planted in the United States.

Other species of bacteria have had limited commercial
use. B. sphaericus is formulated for use against some species
of mosquito larvae. B. popilliae was once commercially pro-
duced for use against larvae of Japanese beetle (an important
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pest of turf), but this bacterium must be reared in living host
larvae, which has made its production uneconomical. In New
Zealand, S. entomophila causes an infection known as amber
disease in a native turf grub (Costelytra zealandica), and its
commercial use is being promoted. As with B. thuringiensis,
the ability of S. entomophila to be reared in fermentation
media apart from living hosts has been a key feature in
promoting its commercial use.

Fungi

Species of Deuteromycotina fungi in several genera, including
Beauveria, Metarhizium, Verticillium, and Hirsutella, infect
insects and can be grown on fermentation media in solid
culture. The spores of these species, when applied, adhere to
the bodies of insects, and special hyphae from the spores use
enzymes and mechanical pressure to penetrate through the
insect’s cuticle to cause infection. Infection requires spore
germination, a process that is sensitive to environmental
conditions. In general, many fungal strains or species require
a minimum number of hours (often 12-24) of high relative
humidity (often above 80%) to germinate. However, these
requirements vary within species and among isolates from
different locations and hosts. Spore germination require-
ments, if not met, can lead to control failures. Successful
commercial use of entomopathogenic fungi has focused on
ways to either meet these requirements by manipulating the
formulations of the product applied (e.g., adding oils when
used in arid climates), using these products in inherently
favorable climates (e.g., greenhouses), using them in favorable
habitats (e.g., soil), or finding strains or species with less
stringent environmental requirements for spore germination.
Commercial use of these fungi is also affected, but not pre-
vented, by the inability of most species of fungi to produce
spores under water. This prevents the use of liquid culture
methods, requiring the use of solid media (like boiled rice) or
a diphasic system in which mycelial growth takes place in
liquid culture, followed by plating out of fungi on solid
media for spore production as a second production step.
Successful use of microbial pesticides based on fungi has
been achieved by an international consortium (LUBILOSA)
in Africa, which has developed the fungus Metarhizium
anisopliae var. acridum (Green Muscle) for control of locusts
in Africa. This locust control project is highly beneficial to
the environment because this selective, naturally occurring
fungus replaces the use of highly toxic, often persistent,
pesticides such as dieldrin. Field trials in a number of African
countries have demonstrated both high levels of efficacy and
costs competitive with the use of conventional pesticides
(about U.S. $12 ha™). Success in this effort involved
screening over 160 isolates of fungi to find the best fungus
and the development of formulations for both storage
(without refrigeration in hot climates) and application. Field
trials demonstrated high initial levels of mortality and
pathogen recycling, leading to persistence of suppression.

Similar success of fungal pesticides in general agriculture has
not yet occurred. In the United States, for example, only one
species, Beauveria bassiana, is commercially available, and its
use is extremely limited.

Nematodes

Nematodes are multicellular organisms as opposed to uni-
cellular microbes, but they are formulated and applied like
microbial pesticides. Nematodes in more than 10 families
infect insects, but only those in the families Steinernematidae
and Heterorhabditidae have been commercially employed for
insect control. These species, unlike those in other families,
can be reared in fermentation media apart from living hosts.
Techniques for large-scale production in liquid broths
containing ingredients from dog food can be used to rear
about six species in these families. Entomophagous nematodes
actively penetrate insect hosts through the insect integument
or natural body openings (spiracles, mouth, anus). Once inside
the insect body cavity, the nematode defecates specialized
bacteria that it carries symbiotically. These bacteria (in the
genera Xenorbabdus and Photorhabdus) quickly kill the host
with toxins. Nematodes then reproduce as saprophytes in the
decaying host tissues. Entomopathogenic nematodes are
sensitive to desiccation, which has limited their use in pest
control. Applications made to dry foliage are ineffective
because nematodes usually die before encountering hosts.
Successful use of these nematodes has been limited to control
of pests in moist habitats, such as fungus gnats and scarab
grubs in soil, and lepidopteran borers in plant stems.

Viruses

Insects are subject to infections by viruses in a number of
families. However, only those in the highly specialized
Baculoviridae have been considered for use as microbial
pesticides. Viruses in this family infect only insects and are very
safe to people and wildlife. However, all viruses are obligate
parasites of living cells, and none can be grown in fermenta-
tion media. Currently, they are produced in live host insects,
which themselves must be mass-reared. This makes viral pro-
ducts relatively expensive, although the governments of some
countries, notably Brazil, have promoted their use. A further
aspect of the biology of viruses is their high level of host
specificity. Extreme specificity of viruses reduces the economic
value of products because they kill very few species of pests.
Because of these economic factors, no virus products have
been economically successful in the United States or Europe,
although a few have been developed and briefly marketed.

Safety of Microbial Pesticides

In the United States and many other countries, microbial
preparations (but not nematodes) sold for pest control are
considered to be pesticides that require government approval
and product registration before sale. Requirements for



registration have been modified to reflect differences between
chemical and microbial pesticides. Manufacturers are
required to specify the exact identity of the microbe in their
products, the production process, including controls to
prevent contamination, and safety data on infection and
allergenic properties of the pathogen and the product as a
whole. The safety record to date suggests that risks from such
products are either nonexistent or too low to detect.

Degree of Use

Except for genetically transformed plants that express the B.
thuringiensis toxin (which are not microbial pesticides, but a
related development), microbial pesticides are niche
products. In no control programs have microbial pesticides
widely displaced synthetic pesticides from pest control
markets. B. thuringiensis is the most widely used organism,
but B. thuringiensis products represent 1 to 2% of the pes-
ticide market. These products do, however, have important
value as pesticides because they are more readily incorporated
into IPM programs that include natural enemies.

FUTURE USE OF BIOLOGICAL CONTROL

Biological control can be implemented through four different
approaches: conservation of existing natural enemies, impor-
tation of new species for permanent establishment, temporary
natural enemy augmentation, and use of microbial pesticides.
The first two methods are most widely applicable and have
produced the greatest benefits. Conservation biological control
is the foundation of all insect control. Importation biological
control is the method that is appropriate to combat exotic
invasive pests (whose numbers are large and increasing).
Augmentative biological control is limited by cost factors and
largely restricted to high-value crops in greenhouses. Microbial
pesticides are niche market tools useful in IPM programs but
are limited by high production costs or the narrow host ranges
of the pathogens. Biological control’s greatest strengths are in
public sector applications (conservation, importation) rather
than private sector approaches (augmentative, microbial
pesticides). Expanded use of biological control will require
increased commitment of public resources and recognition
that publicly supported programs are more effective for
biological control implementation.
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Bioluminescence

James E. Lloyd and Erin C. Gentry
University of Florida

L ight that is produced in a chemical reaction by an organ-
ism is called bioluminescence. This “living light” is most
commonly produced in tissues or organs within and shines
out of the emitters body, but luminous secretions are
produced by some organisms and oozed or squirted out, even
smeared on attackers. Chemiluminescence is but one of
several forms of light emission collectively known as
luminescence, which occurs when atoms of a substance emit
photons (packets of light energy) as their electrons return to
their stable state after being lifted to a higher and unstable
energy level by input energy.

The best-known insect bioluminescence is that of beetles
of the family Lampyridae. They are known as fireflies,
lightningbugs, blinkies, and many other local and colloquial
names around the world.

TAXONOMIC OCCURRENCE (PHOTIC
BIODIVERSITY)

Bioluminescence occurs “everywhere” among organisms,

with self-lighting species appearing in all kingdoms of a
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four-kingdom classification—Monera, Fungi, Plantae, and
Animalia—in 11 of 29 phyla. In the phylum Arthropoda,
luminescent forms also are found among the sea spiders,
crustaceans, millipedes, and centipedes. Self-luminescent
insects occur in the families Poduridae and Onychiuridae
(Collembola), Mycetophilidae (Diptera), and coleopterans
Lampyridae, Phengodidae, Elateridae, and Staphylinidae
and, possibly, the Telegeusidae.

CHEMISTRY AND EVOLUTIONARY ORIGIN

Bioluminescence chemistry varies widely among organisms.
Bacteria use riboflavin phosphate, the sea pansy uses
diphosphoadenosine, and fireflies use adenosine triphosphate
(ATP) in the oxidative decarboxylation of substrates
generically known as luciferins, with enzymes termed
luciferases. The present, cautious conclusion would be that
bioluminescence has evolved from many separate biochemical
origins.

Molecular structures and their alterations along light-
producing pathways of some systems are illustrated in general
references, but many systems have not been investigated.
Many use oxidative mechanisms that involve two major
stages: the first creates an energy-rich molecule (“large energy
quantum”) by combining molecules, the second then excites
a luminescent molecule that unloads this energy as a photon
of light when it returns to its stable state. Among insects,
photons range in color from an unbelievable bright, ruby red
in the headlight of the railroadworm (Phrixothrix tiemanni,
Phengodidae, Coleoptera) to the demure blue of glowing
Appalachian glowworm larvae (Orfelia fultoni, Mycetophi-
lidae, Diptera). In twilight-active fireflies, longer wavelengths
(orange-yellow), with appropriate filters in the eyes, may be
connected with enhancing signal reception against (noisy)
backgrounds of green foliage. The different colors are caused
by alterations in the amino acid composition of the luciferase
that shift the emission peaks.

ANATOMY OF EMISSION

The ultrastructure of the flashing lantern was first seen in the
1960s, when the electron microscope revealed that a
miniature and new type of structure, the tracheal end organ,
occurred throughout the flashing lantern, and that each
microunit was obviously involved in controlling the
photocytes associated with it. The light-emitting layer of a
flashing lantern is organized into a sheet of rosettes, each
with a central channel (cylinder), through which air-supply
tubes and nerve trunks pass, and surrounding photocyrtes,
which abut the photocytes of neighboring rosettes (Fig. 1).
The flashing lantern of adult fireflies does not develop
(ontogenetically) from the glowing lantern of juveniles. The
difference in the light output of these two lantern types is
remarkable. On the one hand, larval lanterns require perhaps a
full second to reach their full but much lesser intensity, and in

FIGURE 1 Diagram of part of a single rosette (“unit”) in the flashing

lantern. The central channel (cylinder) is ringed by photocytes, which are
differentiated into inner and outer regions. Within the cylinder are two
tracheal trunks and two tracheal end organs, one cut longitudinally, one
transversely. Note within the end organ the intimate contact of the air
supply, nerve ending (arrows), tracheal end cell, and tracheolar cell (the last
two indicated by lightly and densely stippled structures, respectively).
Original “magnification” approximately 1800x. (Reproduced, with
permission, from H. Ghiradella, 1983, Permeable sites in the firefly lantern
tracheal system: Use of osmium tetroxide vapor as a tracer. /. Morphol. 177,
145-156. See Ghiradella 1998.)

an array of lantern types their behavior is little removed from
the granules in subdermal fat cells or excretory tubules that
glow continuously or in a simple circadian (daily) rhythm
(Keroplatus, Orfelia), which is perhaps controlled by changes in
hormone level. On the other hand, a flashing lantern is capable
of photic finesse that can be appreciated only with electronic
detector systems—the flashes of male fireflies of some species
have very sharp on transients, and field recordings of flying
males reveal that a flash can reach its bright peak in 20 ms
(Figs. 2A and 2B), the flicker signal of a Florida Photuris
species is modulated up to 45 Hz (Fig. 2C), and the four
subliminal peaks of what appears to the eye to be a single flash
of an Andean Mountain Photinus occur at 25 Hz (Fig. 2D).

The triggering of such light emission is currently thought
to be connected with the release or gating of oxygen into the
photocytes. This occurs in response to patterned volleys from
the central nervous system, delivered by neurons that
connect to or are closely associated with other key elements
within the tracheal end organ (Fig. 1). A recent study
suggests that nitric oxide gas plays a key role in the release of
oxygen into the photocytes.

DESCRIBING/QUANTIFYING EMISSIONS

Humans have observed and written about light-emitting
insects for more than 2 millennia, but early in the 20th
century they began to give careful scientific attention to
different colors and forms of firefly emissions, noting glows,
flashes, flickers, tremulations, scintillations, and so on, and
they borrowed descriptive terms from other senses, such as
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FIGURE 2 Flash patterns of fireflies as displayed for examination and
measurement from electronic (frequency-modulated) field recordings, as
described in the text, with standard display convention: horizontal axis,
time; vertical axis, relative intensity (not total photon flux, which would be
virtually impossible to measure from the entire surface of a flying light
organ, but intensity change through time as detected from a single position
in space, as visible to another firefly). Bars show time scale in seconds;
horizonal grid in A, 0.02 s. (A) Nearly symmetrical flash of Photuris salina,
photographed from the CRT screen of a storage oscilloscope. (B) Same flash
scanned from ink tracing of a chart recorder. (C) Crescendo flash of Phozuris
unnamed species “D”, with subliminal (to human eyes) modulations at the
light organ. (D) Flash pattern of a Colombian Photinus, with subliminal
modulations. (E) Crescendo flash of Photuris cinctipennis. (F) Visibly
flickering flash pattern of a New Guinea Luciola species.

“crescendo” and “ramp” (Fig. 2E)—both describing a flash
that begins dimly and gradually rises in intensity.

The simplest form of light emission is a glow of
indeterminate length, as produced by fungus gnats, some
Collembola, beetle larvae, adult fire beetles (elaters),
phengodid beetle larvae and adult females, and lampyrid
glowworm firefly females. A useful description of glows
requires only a statement of apparent brightness (distance
visible) and, cautiously, apparent color. In contrast, an
adequate description of many adult lightningbug emissions
often requires a chart, such as first published by Frank
McDermott in 1914, with relative-intensity/time on the axes
and notes of variations among flash patterns, from pattern to
pattern, and at different ambient temperatures.

In the 1930s electronic technology, with photocells, string
galvanometers, and ocillographs, made it possible to
electronically chart firefly flashes in the laboratory. A
generation later photomultiplier-tube systems permitted
recording of the flashes of fireflies flying in the field. With
today’s miniaturized solid-state, digital circuits, detectors,
and tape recorders flash detecting/recording systems can be
hand-held. The flash patterns shown in Fig. 2 were all
recorded in flight in the field, with a photomultiplier tube as
detector, whose output was frequency modulated (fm) to
encode intensity information; the fm conversions were
recorded on magnetic tape. In the laboratory the recorded fm
patterns were demodulated and fed into an oscilloscope (Fig.
2A) and chart recorder (Figs. 2B to 2F), for display and
measurement. Video cameras add yet another dimension to
observation and flashing behavior analyses.

There is no evidence that bioluminescent insects make use
of color discrimination—it should be noted that the color a
human observer perceives in the field often errs because of
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the intensity of the luminescence, its background (sky, street)
lighting, and the degree of dark adaptation of the viewer’s
eyes. For example, dim green light may appear white because
color vision apparatus (cone vision) is not stimulated, and
the yellow flashes of roadside Photinus pyralis may appear
green when under a sodium-vapor streetlight.

BEHAVIORAL ECOLOGY

Behavioral ecology is the analysis of behavioral features of the
phenotype as ecological and reproductive adaptations. Insect
bioluminescence offers remarkable opportunities for
applying the “adaptationist’s program” of behavioral ecology,
observation, speculation, systematic observation, and experi-
mentation, in the laboratory and field. The experimenter can
enter these informational transactions with a penlight or
computer-driven light-emitting diodes. Further, interactions
often occur quickly and can be photographed, videotaped,
and electronically recorded for precise analysis.

The mating signals of lightningbug fireflies are the most
commonly seen example of insect luminescence, but others
are easily found if sought in their habitat: prey-attracting
glows of larval Appalachian glowworm flies (O. fultoni) in
beds of impatiens at roadside springs and under overhanging
mossy banks of streams along dark mountain roads; glowing
Arachnocampa luminosa larvae hanging from ceilings of New
Zealand caves, attracting midges from streams below and
tourists from around the world; and prey-attracting glows of
larval termitophageous click beetles (Pyrearinus termitillum-
inans), which make termite mounds look like high-rise
buildings of a metropolis seen from the air, in the dry-scrub
region (open-formation cerrado) of northeastern Brazil.

The significance of many luminosities remains problematic:
why do sparkling, galaxy-like arrays of flashing Collembola
result when rotting forest litter under damp logs is scratched
with a hand cultivator? Is each individual, when stimulated
by our invasive touch, warning relatives, or a predator, say, a
firefly larva? Several firefly knowns and unknowns are
illustrated in Fig. 3, in which black circles, teardrops, stripes,
and beads represent emissions of different forms. Coordinates
on the axes guide attention to specific locations in the
scene—near 3M an armadillo views a flashing firefly under
its nose, perhaps retrieving memory data that flashing lights
taste terrible or, previously when eaten, vomiting followed.
The blood of some fireflies has been found to have cardio-
glycosides that can be deadly for some animals. (Recently, to
the regret of pet owners, several exotic lizards died after
eating North American fireflies.) This fact makes a warning
(aposematic) function of luminosity a testable explanation.

The most often seen and best understood bioluminescent
emissions are the mating flashes of lightningbug fireflies.
Nearly all flying emissions seen afield are the mating signals
of males, signaling over and over, advertising, with their
species’ sexual-recognition flash patterns. The male flash
patterns of many species are distinctive and diagnostic in a
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FIGURE 3 A graphic scene of firefly emissions, with alphanumeric coordinates to index text discussion. The diagram illustrates flash patterns, response flashes,
a warning flash (3N), an attack flash (7E), illumination flashes, a flash pattern default (9D), some (probably?) meaningless flashes of “stressed” fireflies (6],

7N, 9F), and a Photuris larval glow (8L—10L).

given location. In Fig. 3 several examples are illustrated. A
male Photinus macdermotti flies from 2E to 7E, repeating his
two-flash pattern every few seconds; a Photinus collustrans
presents several of his low arcing flash patterns behind the
fence 9F-12F; Photuris frontalis males fly low in the woods
beyond the fence at 3E-7D; a Photinus pyralis repeats his J-
stroked flash pattern diagonally across the view between 1F
and 11K, and three or possibly four Photuris species cruise
over the forest canopy where high-flying one-short-flash
patterns are often difficult to identify without attracting the
emitters to view them in the hand, but the crescendo flash at
3B-9A is that of Photuris lucicrescens. Low in the woods at
the upper right (10E-12D) two glowing males of the
glowworm firefly Phausis reticulata cruise low over the
ground emitting their green light continuously.

In the signal system used by most North American
lightningbugs, perched females flash responses to the flash
patterns of males of their own species. The response signals
of females are single flashes in most cases, emitted after a
slight delay (<1 s) and, after a brief dialogue of flash patterns
and responses, males reach and mount answering females.
However, the female delay in the common Photinus pyralis is
distinctive and varies between 2 and 4 s, depending upon
temperature. A female Photinus pyralis is answering her male
from a perch up a spike of grass near 12L.

After mating, males return to mate searching and females
turn to ovipositing and/or hunting (Photuris); this explains
why males nearly always greatly outnumber females during

their mating-time window, although the sex ratio at egg laying
and at adult eclosion is expected to be 1:1. The operational sex
ratio is reversed in some species toward the end of the season.
Under such circumstances males theoretically are expected to
become the more discriminating (i.e., the choosier) of a court-
ing pair. Individuals may receive information that influences
their flashing and mating behavior from the number of other
flash patterns they observe around them.

Among the dangers that flying, signaling males encounter
in the dark are the predaceous firefly females of the genus
Photuris. These versatile femmes fatales mimic the flash
responses of females of other species, attract males, and eat
them (Fig. 4; termed variously aggressive, Batesian—Wallacian,

FIGURE 4 A predatory female of the genus Photuris (Florida member of the
Photur. versicolor complex) devouring a male Photinus tanytoxus she has
attracted with false mating signals. When hunting females of this species are

presented with simulated “hovering” male flash patterns they sometimes
launch aerial attacks.



or Peckhammian mimicry); they also launch aerial attacks on
flying, flashing males, aiming at their luminescent emissions.
In Fig. 3, the flash pattern of the Photinus macdermotti male
is answered (GF) but he flies on, then is attacked in the air
(7E) by the Photuris female. Such predators may be expected
to have had a strong evolutionary impact on both the signal
coding (countermeasure trickery) of prey species and the
flight paths and bioluminescent signals of mate-secking
males. Predaceous females obtain the defensive steroidal
pyrones called lucibufagens from some firefly prey, which
they incorporate into their own and their eggs’ defenses.

The hawking Photuris female (7E) flashes just as she
reaches the male, and they fall glowing into the shrub;
possibly illuminating her attack so she could seize him.
Photuris females use what appear to be illumination flashes in
other situations: as they approach the ground or vegetation
for landing (2J-6L); as they climb vegetation and take flight,
when their flashes gradually become less frequent, then stop
altogether as the females disappear into the night (7L-6I);
and as they walk around in tangles of vegetation on the
ground (5SM-6M, 9L), perhaps secking oviposition sites.
Other flashes of unlikely if any behavioral-ecological
significance are those emitted by fireflies in spider webs (6]),
water puddles (7N), and tangles of Spanish moss (9F).

Males of many Photuris species use two or more flash
patterns during mate search. Several species in one species
group use a flicker with modulations timed exactly like those
in the flash pattern of Pyractomena angulata (similar to the
flicker shown in Fig. 1F), in addition to their species’ own
identification flash pattern. For example, Photuris tremulans
males usually emit a single short flash every 2 s (20°C; Fig. 3,
2C-3C), but occasionally several or all males in a local popu-
lation will emit the described Py angulata flicker pattern
(except it is green, not amber). When a short-flashing
Photuris tremulans male is answered with a short flash, he
approaches the respondent (female or penlight), maintaining
a dialogue, and lands near; but, when a flickering male is
answered, he switches (defaults) to his short flash pattern and
then approaches as described (11C-9D).

When males of a related Photuris species receive an answer
to their Py angulata flicker (supernumerary) pattern, they
default to their species’ identification pattern, which is a
pulsed pattern like the one seen above the trees at 2B—4B, or
a variation of it. This firefly demonstrates another twist in the
use of supernumerary flash patterns that will be important
for understanding bioluminescent communication. For a few
minutes at the onset of evening activity all males begin with
the pulsing pattern but soon some, then more and more of
them use their Py. angulata flicker pattern, until in an hour
or so a peak of 50 to 80% flickering is reached; then, the
proportion of males using the flicker pattern gradually
decreases across the midnight hour.

Contrasting behavior of Photuris lucicrescens may be
helpful for understanding signals of other Photuris species.
They also use two flash patterns, a short flash and a crescendo
flash (5B-7B), but they apparently do not switch patterns
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FIGURE 5 Male fireflies of two Photuris species flashing over an oldfield in
Connecticut seeking mates. One species is responsible for nearly all of the

patterns seen here.

(default) during approach, and a nocturnal changeover has
not yet been recognized. There is much to be learned about
the behavioral ecology of Photuris fireflies and, in particular,
the sexual selection aspects of their bioluminescent signals
(Fig. 5). Note that the supernumerary patterns of several
Photuris species are copies of flash patterns of known prey of
the males’ own females. In other words, pattern-copying
Photuris males use a signal that hunting conspecific females
will answer. This suggests a possible evolutionary origin of
these prey-mimicking mate search patterns. Without this
information the behavioral ecologist cannot understand
selection pressures that have influenced the evolution of the
bioluminescent signals we see today.

HUMAN APPLICATIONS OF FIREFLY CHEMISTRY

Bioluminescent insects are choice subjects for behavioral
studies, but of equal or greater significance is the human-
serving use that molecular and cellular biology and medicine
have made of firefly bioluminescence chemistry. As one of the
few known instances in which ATP is involved in light pro-
duction, firefly light has been used as a research tool for
understanding the machinery of cellular energy conversion
and a variety of other applications, including medical diagnoses.
ATP, the energy currency of life, is produced, stored, and used
by living cells, and each photon of firefly light requires the
energy released “from” (the terminal phosphate of) one ATP
molecule. Light is easily quantified in the laboratory at
extremely low levels by photo detectors (luminometers) and
recorders that do not intrude into an ongoing living or
chemical systems. Thus, photon monitoring (of ATP) in real
time can reveal even subtle variations in reaction rates and
enzyme kinetics under different experimental conditions.

Glow intensity of an extract or culture will vary directly as
ATP is produced or used (“up”) by a cellular reaction and can
reveal the diurnal rhythmicity, quiescence or torpor, and
health and vigor of living tissue, the last being of particular
interest when exploring a bacterial culture’s sensitivity to
antibiotic substances. Firefly genes whose products are
involved in this reaction have been put into the genomes of
bacteria, mammals, and plants.
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CULTURE AND LITERATURE

The Aztecs combined science and humanities with a firefly:
“A firefly in the night' the Nahuas called their songs: a tiny
light in a great darkness, a little truth within the ignorance
surrounding them.” It is a culturally impoverished American
who has not heard of Wah-wah-taysee, the firefly in a
memorized passage from Longfellow’s Song of Hiawatha or
does not know where to find reference to a glowworm in
Hamlet, or what Robert Frost said about fireflies, or what a
glowworm did for the Mills Brothers. There are firefly books
in English for children, but nothing to compare with the
literature available in Japan, especially in connection with the
Yokosuka City Museum and their dynamic firefly program.
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Biotechnology and Insects

Bryony C. Bonning

lowa State University

B iotechnology can be broadly defined to include all practical
uses of living organisms. As such, biotechnology has been
practiced since the beginning of recorded history through
endeavors such as fermentation of microorganisms for
production of beer, selective breeding of crops, beekeeping

for the production of honey, and maintenance of silkworms
for the production of silk. Laboratory techniques developed
within the last 20 years that enable transfer of genes from one
organism to another have resulted in tremendous scientific
and commercial interest and investment in biotechnology.
The word “biotechnology” is now commonly used to refer to
manipulation of organisms at the molecular level. This article
reviews insect-derived tools used for biotechnological
research and the use of recombinant DNA technology for
management of insect pests and insect-borne disease.

INSECT-DERIVED TOOLS USED FOR
BIOTECHNOLOGICAL RESEARCH

Expression of Foreign Proteins in Insect Cells

Production of large amounts of a particular protein is
extremely valuable for both research and industrial purposes.
Baculoviruses, which are double-stranded DNA viruses that
infect mainly insects, have been developed as baculovirus
expression vectors (BEVs) by genetic modification to include
a gene of interest. BEVs can replicate in lepidopteran cells
and larvae, thereby efficiently transferring foreign genes into
eukaryotic cells. The foreign gene is usually under
transcriptional control of a viral promoter so that the gene is
transcribed by the virus, but translated by the host cell
biosynthetic machinery. The BEV system is one of the best
tools for recombinant protein expression in a eukaryotic host
and has been used for the production of many different
proteins for research purposes. The BEV system also has
potential industrial application for the production of
proteins used in vaccines, therapeutic agents, and diagnostic
reagents. Advantages of this protein production system
include production of large quantities of foreign protein, and
eukaryotic protein processing allowing production of more
authentic eukaryotic proteins. The BEV expression system is
only transient, however, because the baculovirus ultimately
kills the host cells. Baculoviruses do not infect vertebrates
and therefore provide relative safety for laboratory
manipulation. The use of a baculovirus for production of a
foreign protein was first demonstrated by expression of
human B-interferon and Escherichia coli B-galactosidase.

Insect cells can also be engineered directly to express the
recombinant protein, without the baculovirus expression
vector intermediate. Such insect cells are stably transformed
to constitutively express a foreign gene. Expression levels are
usually lower than for the BEV system, but stably transformed
cells produce recombinant proteins continuously and process
them more efficiently than infected cells.

Insect-Derived Genes Used in Biotechnology

Reporter enzymes allow monitoring of gene expression in
living tissues and cells. The gene encoding the reporter enzyme
is typically inserted under control of the promoter of the gene



of interest, and production of the enzyme is monitored by
means of an enzyme assay. Luciferases belong to a unique
group of enzymes that produce light as an end product of
catalysis. The luciferases derived from the North American
firefly Photinus pyralis (Coleoptera) and the Jamaican click
beetle Pyrophorus plagiophthalamus (Coleoptera) have been
used as genetic reporter enzymes in virtually every experi-
mental biological system, including prokaryotic and eukary-
otic cell cultures, transgenic plants and animals, and cell-free
expression systems. These luciferases, which evolved for the
nocturnal mating behavior of the beetles, use AT, oxygen, and
D-luciferin as substrates in the catalysis of a light-producing
reaction. The ease and reliability with which luciferase can be
assayed, combined with the sensitivity of the technique, has
made this enzyme a highly valuable research tool.

USE OF BIOTECHNOLOGY FOR MANAGEMENT
OF INSECT PESTS IN AGRICULTURE

The ability to move genes from one organism to another has
enabled scientists to develop insect-resistant transgenic crops
and insect pathogens with enhanced insecticidal properties.
The technology also has the potential to protect beneficial
insects from chemical pesticides.

Insect-Resistant Transgenic Plants

Despite the progress made in recent years, a significant
proportion of the world’s food supply is lost to the activities
of insect pests. The deleterious impact of chemical pesticides
on the environment, combined with the emergence of
technologies enabling plants to be transformed with foreign
genes, has driven the seed industry to develop transgenic
plants as novel, environmentally benign means of pest
control. Insect-protected crops were among the first products
of biotechnology to have a significant impact on crop
protection, and at times their use has resulted in decreased
application of classical chemical pesticides.

The bacterium Bacillus thuringiensis (Bt) kurstaki has
served as a microbial insecticide for many years, but wide-
spread use was limited by its instability when exposed to
ultraviolet light and its poor retention on plant surfaces in wet
weather. The high toxicity of the Bt toxins to a variety of insect
pests, and the ease with which the gene could be isolated from
bacterial plasmids, made it an obvious choice for development
of the first insect-resistant transgenic plants. The active Bt
toxin binds to a receptor in cells lining the insect gut and
creates a channel allowing free passage of ions. The cells
lining the gut die, and very soon, the insect dies, too.
Different strains of Bt contain plasmids encoding different
toxins with different specificities of action against insects. A
particular toxin is generally effective against only a limited
range of closely related species. Bt toxins are used in a variety
of transgenic crops in the United States, including cotton, for
protection against various lepidopteran pests, corn (maize),
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for protection against the European corn borer Ostrinia
nubilalis (Lepidoptera), and potatoes, for protection against
the Colorado potato beetle Leptinotarsa decemlineata.

Industry has expended enormous effort to identify new
isolates of Bt. with different specificities and increased
virulence for development of insect-resistant crops. Other
bacteria also provide a resource for identification of insect-
specific toxin genes such as those derived from Bacillus cereus
and the entomopathogenic nematode-associated bacterium
Photorhabdus luminscens.

Plants have a variety of strategies to avoid or survive attack
by insects, and genes encoding endogenous plant defensive
compounds are also candidates for enhancing the resistance
of crops to insect pests. Such factors include inhibitors of
digestive proteinases that disrupt digestion by phytophagous
insects. However, expression of serine protease inhibitors
rarely results in high mortality of the insect pest, and the
levels of mortality achieved were below what is required for
commercial viability. A variety of lectins that bind specifically
to carbohydrate residues have also been expressed in
transgenic plants for protection against insects. A gene
encoding the snowdrop lectin has been engineered into
transgenic plants, and it confers protection against a variety
of pests, including aphids and planthoppers. As with
proteinase inhibitors, the levels of protection conferred by
the foreign lectins are not sufficient for commercial viability.

Transgenic Arthropod Natural Enemies

Recombinant DNA methods may be applied to produce
improved strains of natural enemies such as predatory
arthropods and parasitoids, but techniques are in the early
stages of development. For example, the western predatory
mite, Metaseiulus occidentalis (Acari), is among a group of
mites that are mass-reared for the control of spider mites.
However, pesticides applied for control of other pest species
often wipe out the predatory mites. Engineering beneficial
insects such as the western predatory mite with insecticide
resistance genes would in theory provide protection from
chemical sprays applied for control of insect pest species.

Engineered Insect Pathogens for Pest Control

Insect pathogenic bacteria, viruses, fungi, and nematodes
have been used for the management of insect pests in various
niche markets. However, each agent suffers from at least one
major limitation, such as susceptibility to environmental
stresses, temperature extremes, desiccation, or solar radiation.
Most work has been done on the genetic enhancement of
bacteria and viruses, in part because of the relative ease of
genetic manipulation of these organisms. Genetic engineering
to enhance the insecticidal properties of entomopathogenic
nematodes and fungi is in its infancy.

Genetic engineering has been used to enhance the insecti-
cidal efficacy of various strains of Bt. by increasing virulence,
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extending host range, and increasing field stability, and by
introducing alternative toxins to facilitate resistance manage-
ment. Techniques have been developed for production by
genetic means of new strains of Bt. with new combinations
of toxin genes.

Considerable progress has been made toward optimization
of entomopathogenic viruses at the genetic level. The
baculoviruses are arthropod-specific viruses that have been
studied extensively both as protein expression vectors and as
insect pest control agents. These viruses have been genetically
engineered with genes encoding insect-specific toxins that are
active within the hemocoel of the insect. Upon infection of
the insect host, the toxin is produced as the virus replicates,
and the infected insect dies from the effects of the toxin
delivered by the virus. Baculoviruses have been engineered
with genes encoding a variety of insecticidal proteins and
peptides. The most effective enhancement of insecticidal
properties of the virus was achieved by introduction of genes
into the virus genome that encode insect-specific neurotoxins
derived from scorpion venom. Recombinant baculovirus
insecticides have been developed that now approach the
efficacy of the classical chemical insecticides.

USE OF BIOTECHNOLOGY FOR MANAGEMENT
OF INSECT PESTS AND INSECT-BORNE DISEASE

Transgenic Insects

Transposable elements are mobile segments of DNA that
can move from site to site within a genome and can be used
for delivery of foreign DNA into the genomes of insects.
Although the vinegar fly Drosophila melanogaster (Diptera)
was, in 1982, the first organism to be transformed, leading to
tremendous advancements in genetics research, the applica-
tion of this technology to other insects has been slow. Recent
successes however indicate that stable transformation of
insects may become more routine in the foreseeable future.
Transformation using transposable elements has been
achieved for relatively few species, mostly within the
Lepidoptera and Diptera (Table I). Other gene transfer

systems using viruses or gene expression from transformed
bacterial endosymbionts (so-called paratransgenesis) have
been used for some species that are not amenable to direct
transformation. The genomes of bacteria and viruses are also
significantly easier to engineer than eukaryotic genomes.
Bacteria and viruses have been used as vectors for both
transient and stable foreign gene expression in insects. For
example, the bacterial symbionts of the kissing bug, Rhodnius
prolixis, were successfully engineered to reduce the quantity
of Trypanosoma cruzi, the parasitic protozoan that causes
Chagas disease and is carried by this vector. The bacterial
endosymbionts were engineered to express an antimicrobial
peptide or antibodies that specifically target the parasite.
Similar methods are being developed to prevent transmission
of the malaria parasite Plasmodium by its mosquito vectors.

GENETIC APPROACHES FOR MANAGEMENT OF
INSECT PEST POPULATIONS

The sterile insect technique (SIT) relies on release of large
numbers of sterile male insects that mate with wild females,
thereby reducing reproductive potential or, if sufficient
numbers of males are released over time, resulting in
eradication of the pest population in a given area. Successful
SIT programs have been conducted against the screwworm,
Cochliomyia hominivorax, the Mediterranean fruit fly,
Ceratitis capitata, and the tsetse fly, Glossina spp. One of the
problems associated with SIT is that laboratory rearing and
sterilization of males results in reduced fitness of the insects.

Alternative genetic control systems include use of natural
sterility such as cytoplasmic incompatibility induced by
infection with the bacterium Walbachia, and conditional
lethal traits. For a conditional lethal release, insects are
engineered to carry a lethal trait that is active only under
certain conditions, such as certain temperatures, or at
diapause. Since the trait is not lethal immediately, it can
spread in a population. Genetic techniques have also been
developed that allow induction of female-specific lethality.
These autocidal control strategies have been demonstrated
only in the model organism Drosophila thus far. The ability

TABLEI Genetic Transformation of Nondrosophilid Insects
Order Species transformed Common name Pest status
Diptera Anopheles stephensi Disease vectors
A. albimanus
Aedes aegypti Yellow fever mosquito
Culex quinguefasciatus Southern house mosquito
Musca domestica House fly
Stomoxys calcitrans Stable fly
Ceratitis capitata Mediterranean fruit fly Horticultural pests
Bactrocera tryoni Queensland frui fly
B. dorsalis Oriental fruit fly
Anastrepha suspensa Caribbean fruit fly
Coleoptera Tribolium castaneum Red flour beetle Stored-product pest
Lepidoptera Bombyx mori Silkworm None

Pectinophora gossypiella

Pink bollworm Cotton pest




to insert the desired genes into insect genomes will be critical
to the success of these genetic approaches for management of
insect pests in the future.
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Blattodea
(Cockroaches)

Donald G. Cochran

Virginia Polytechnic Institute and State University

C ockroaches are an ancient and highly successful form of
insect life. They were among the groups of insects that

Blattodea 123

evolved during the first great radiation of insects and have been
in existence for at least 350 million years, or since early
Carboniferous times. They seem to have achieved an optimum
body form and other features early in their evolutionary
history. Fossil specimens are relatively abundant; some that are
at least 250 million years old are easily recognizable as cock-
roaches and could pass for modern species. Among the features
that allowed them to escape the extinction that claimed many
of the earlier insect groups was the ability to fold their wings
over the body. This allowed them to more easily hide from
predators and escape other dangers. They also evolved early
in their existence an ootheca that could be hidden, hence
offering some measure of protection for their eggs.

Cockroaches are referred to as generalized orthopteroid
insects, which classifies them with the true Orthoptera
(crickets, katydids, grasshoppers, locusts), Phasmatodea
(walkingsticks), Mantodea (praying mantids), Plecoptera
(stoneflies), Dermaptera (earwigs), Isoptera (termites), and a
few other minor groups. The phylogenetic relationships
among all these groups are not firmly established, although
several theories exist. The closest relatives of cockroaches are
believed to be the mantids, and some modern taxonomists
prefer to place these two groups, as well as termites, in the
order Dictyoptera. Indications are that termites evolved out
of the cockroach stem or that cockroaches and termites both
evolved from a common ancestor. One family of cockroaches
(Cryptocercidae) and one extant relic species of termite
(Mastotermes darwiniensis) have certain characteristics in
common. Among them are the segmental origin of specific
structures in the female reproductive system and that both
deposit their eggs in similar blattarian-type oothecae. They
also share a system of fat body endosymbiotic bacteria that is
common to all cockroaches but is unique to Mastotermes
among the termites.

THE SPECIES OF COCKROACHES

Between 3500 and 4000 species of cockroaches have been
identified, with one relatively simple classification scheme
dividing this group into five families as follows:

o Cryptocercidae is the most primitive family and consists
of one genus with fewer than 10 species. These cockroaches
live as isolated family groups in decaying logs and occur in
the United States, Korea, China, and Russia. They are large,
reddish brown insects that are wingless at adults.

o Blattidae is a diverse family with many genera and
hundreds of species. Those classified as Periplaneta and Blatta
are widely distributed, while other genera are more regional.
They are large insects that tend to live outdoors. Several
species are referred to locally as palmetto bugs.

o Blattellidae is also a diverse family with many genera
and around 1000 species. These cockroaches are widely
distributed in the world but are concentrated in the tropics
and subtropics. Blattellids are mostly small outdoor
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cockroaches, including those called wood cockroaches. The
genus Blattella contains the German cockroach.

o Blaberidae is the largest family of cockroaches, with
dozens of genera and more than 2000 species. These insects
are widely distributed outdoors in tropical and subtropical
regions. Some members of the genus Blaberus are extremely
large, reaching more than 80 mm in length. These are the
most highly evolved cockroaches, having developed the
ability to incubate their eggs internally and, in some species,
to nourish them.

o Polyphagidae is a small family with only a few
described genera and 100 to 200 species. Females of most
species are wingless. These cockroaches are widely distributed
in harsh environments, such as deserts and other arid
climates. Some members of the genus Arenivaga have evolved
structures that can absorb moisture from humid air.

Other, more complex, classification schemes for cock-
roaches also exist, indicating that the subject is not entirely
settled. In addition, insect collections from formerly
unexplored locations often include many undescribed
cockroach species. Thus, it is likely that the total number of
extant species is much higher than the figures just given.
Indeed, the vast majority of cockroaches live in the tropical
regions of the world, many of which have not been
adequately assessed to establish the diversity of insect life,
including cockroaches, occurring there.

Cockroaches, being hemimetabolous insects, have egg,
nymph, and adult stages and grow through a series of molts.
They vary greatly in size, ranging from a few millimeters to
over 100 mm in length. Many cockroaches are dark brown,
but some are black or tan, and others show a surprising
amount of color variation and cuticular color patterns. Most
species have four wings as adults, and some are capable of
rapid, sustained flight; others are wingless or have wings that
are variously reduced in size. The majority of species are
either nocturnal (or are hidden from view because of where
they live), but some are diurnal. Cockroaches occupy diverse
habitats, such as among or under dead or decaying leaves,
under stones or rubbish, under the bark of trees, under drift
materials near beaches, on flowers, leaves, grass, or brush, in
the canopy of tall trees, in caves or burrows, in the nests of
ants, wasps, or termites, in semiaquatic environments, and
burrowing in wood. Thus, the common view of cockroaches
as pests is not representative of the group as a whole.

COCKROACHES AS PESTS

The most important of the several reasons for considering
some cockroaches to be pests is based on the species that
invade people’s homes and other buildings and become very
numerous. Most people find such infestations to be
objectionable, in part because the important pest species also
have an unpleasant odor and soil foods, fabrics, and surfaces
over which they crawl. However, on a worldwide basis less

FIGURE 1 German cockroach. From left: adult male, adult female, nymph,
ootheca.

than 1% of all known cockroach species interact with
humans sufficiently to be considered pests. The actual
number varies depending on location, because some pest
species are greatly restricted in their global distribution. It is
also true that more pest species are encountered in tropical
locations than in the colder parts of the world. Of the 25 to
30 species that can be a problem, more than half are only
occasionally of importance and should be rated as minor or
even incidental pests. Of the remaining species, only four or
five are of global importance as pests, with the other nine or
ten species having regional significance only.

The most important pest species is the German cockroach,
Blattella germanica (Blattellidae) (Fig. 1). It has a worldwide
distribution and can survive well in association with any
human habitation that provides warmth, moisture, and food.
It is small, measuring 10 to 15 mm in length. Adults are
yellowish-tan but nymphs are black, with a light-colored
stripe up the mid-dorsum. There are two longitudinal, black,
parallel bands on the promotum of both nymphs and adults.
The wings cover most of the body in adults of both sexes.
This is a nocturnal species that lives mainly in kitchen and
bathroom areas. When a person enters the kitchen of an
infested house at night and turns on a light, the cockroaches
scurry out of sight—a startling experience that adds to the
desire to eliminate them. There are three or four generations
per year. Each egg mass (ootheca) contains from 30 to 50 eggs,
and each female can produce three to six oothecae. The
potential for rapid population expansion is obvious.

The oriental cockroach, Blatta orientalis (Blattidae) (Fig. 2),
the next most important pest species, is restricted to the more
temperate regions of the world. It is large, measuring 20 to
27 mm in length. All stages are dark brown to black. Females
are essentially wingless, but in males the wings cover about
two-thirds of the abdomen. This cockroach frequents base-
ments and crawlspaces under buildings, where temperatures
are cooler, and often lives outdoors. It is a long-lived insect
and may require 1 to 2 years to complete its life cycle. The
ootheca contains 16 eggs, and one female may produce eight



FIGURE 2 Oriental cockroach. From left: adult male, adult female, nymph,
ootheca.

or more oothecae. Under favorable conditions B. orientalis
can become very numerous.

There are five or six species belonging to the genus
Periplaneta (Blattidae) (Fig. 3) that are important pests. The
American cockroach, P americana, is the most notorious. It
measures 35 to 40 mm in length and is a chocolate-brown
color in all stages. Adults of both sexes are fully winged and
may undertake a weak flight. 2 americana is widely distributed
around the world but does not extend into the temperate zones
as far as does the German cockroach. It requires 6 to 9 months
to complete its life cycle. Among other Periplaneta species of
importance are the Australian cockroach, P australasiae, the
smoky-brown cockroach, P filiginosa, and the Japanese cock-
roach, P japonica. Each has a more restricted distribution,
with P japonica, for example, being found in Japan and
China. They are all large cockroaches with a long life cycle but
can become numerous under certain conditions. Although
tending to be outdoor cockroaches, they often occupy build-
ings in which food is stored, prepared, or served.

The brown-banded cockroach, Supella longipalpa
(Blattellidae) (Fig. 4), is a nearly cosmopolitan pest. It is small,

FIGURE 3 American cockroach. From left: adult male, adult female,
nymph, ootheca.
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FIGURE 4 Brown-banded cockroach. From left: adult male, adult female,
nymph, ootheca.

measuring 10 to 14 mm in length. As its common name
indicates, there are two dark, transverse stripes or bands on
the dorsum. The pronotum lacks the two black bands found
on the German cockroach. Nymphs are light colored. Females
produce numerous oothecae and glue them in inconspicuous
places. Each one has about 16 eggs. The life cycle requires
approximately 3 months to complete. This cockroach
occupies homes and other buildings but unlike the German
cockroach is not restricted to the kitchen and bathroom.

Other pest species include the Turkistan cockroach, Blatta
lateralis (Blattidae), two species in the genus Polyphaga
(Polyphagidae), the Madeira cockroach, Rhyparobia maderae
(Blaberidae), the lobster cockroach, Nauphoeta cinerea
(Blaberidae), the Suriname cockroach, Pycnoscelus surinamensis
(Blaberidae), the Asian cockroach, Blattella asahinai
(Blattellidae), the harlequin cockroach, Neostylopyga
rhombifolia (Blattidae), and the Florida cockroach, Eurycotis
floridana (Blattidae). Most of these species are of regional
concern as pests.

COCKROACHES AND HUMAN HEALTH

Cockroaches harbor many species of pathogenic bacteria and
other types of harmful organism on or inside their bodies,
but they do not transmit human diseases in the same manner
as do mosquitoes. They acquire the harmful organisms because
of their habit of feeding on almost any type of organic matter,
including human and animal wastes. These cockroach-borne
organisms can remain viable for a considerable period of
time. If the cockroach next visits and soils food intended for
human consumption, it is likely that harmful organisms will
be deposited on the food. Consuming such food can lead to
gastroenteritis, diarrhea, and intestinal infections and
pathogenic conditions of other types.

Cockroaches have been shown to harbor pathogenic
bacteria belonging to the genera Mycobacterium, Shigella,
Staphylococcus, Salmonella, Escherichia, Streptococcus, and
Clostridium. They also harbor pathogenic protozoa in the
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genera Balantidium, Entamoeba, Giardia, and Toxoplasma, and
parasites in the genera Schistosoma, Taenia, Ascaris, Anclyostoma,
and Necator. From these lists of organisms it is clear that
cockroaches are important as potential disease vectors.
Cockroaches are also important because people can
become allergic to them, especially under conditions of
constant exposure. These reactions usually involve the skin
and/or respiratory system. Studies have shown that people
who exhibit skin or bronchial responses to cockroaches have
elevated levels of cockroach-specific antibodies. These
responses can be severe and may require treatment. The
species most commonly involved in producing allergic
reactions are the German and American cockroaches.

COCKROACH CONTROL

There are several considerations that come into play in any
discussion of cockroach control. The first is understanding
how infestations arise. The usual modes of entry for German
and brown-banded cockroaches are through infested parcels
containing food or other materials, and by movement from
abutting dwellings. Most of the other, larger pest species tend
to live outdoors and can move from one building to another.
They can also be introduced in parcels. Thus, the next
consideration is prevention of entry. All entering parcels
should be inspected to be sure they do not contain cock-
roaches, and dwelling defects should be corrected to exclude
invaders. Finally, human living space should be kept free of
clutter, which can act as hiding places for cockroaches, and
food left on dishes, in sinks, or on floors, which can feed a
population of cockroaches, should be disposed of properly.

When infestations occur, there are two main methods of
control. Nonchemical methods include trapping and vacu-
uming cockroaches, both of which can significantly reduce
the size of an infestation. In addition, freezing, overheating, or
flooding structures with a nontoxic gas can be used to kill the
pests. Some of the latter procedures require specialized equip-
ment and are best done by professional pest control operators.

The most common method of control is the use of
chemical poisons. A large variety of insecticides exist that will
kill cockroaches. Some of them are contact poisons that are
absorbed as cockroaches walk over treated surfaces. The most
common of these belong to the chemical classes called
pyrethroids, organophosphates, and carbamates. They kill by
disrupting the insect’s nervous system, each in a specific
manner. Other insecticides are administered in bait
formulations that must be eaten by the cockroach. Among
them are avermectin and fipronil, which also attack the
nervous system, hydramethylnon, which disrupts cellular
respiration, and boric acid, which destroys the cells lining the
insect gut wall. Each of these materials, as well as others not
mentioned, has its own chemical characteristics and must be
used in accordance with label instructions.

New insecticides are regularly being introduced that can kill

cockroaches, and older ones are being phased out. A critical
goal is to develop safer chemicals and safer methods of apply-
ing them. For example, the older practice of applying insecti-
cides to surfaces over which cockroaches are expected to crawl
is being used less frequently and, as a consequence, the
organophosphate and carbamate insecticides especially are
being phased out. The practice of dispensing chemicals as baits
has largely replaced the surface application method. With baits,
the insecticide is more confined and the safety (of humans
and pets) is thereby enhanced. The use of baits has become
practical in recent years because some of the newer chemicals
are highly palatable for cockroaches in bait formulations.

Cockroach control in the future will likely depend on the
availability of new insecticides as well as the development of
better methods of applying them. Among the approaches
that are possible is searching for chemicals that act on sites
not previously exploited. For example, a combination of two
chemicals is known that prevents cockroaches from
producing uric acid. Previous research has shown that storing
and recycling the chemical constituents in uric acid is critical
to the survival of cockroaches. The functioning of this system
is dependent on the fat body endosymbiotic bacteria,
mentioned earlier. Other points of metabolic vulnerability
will also probably be found in the future.

Another reason for the need for new chemical approaches
is that the most important cockroach pest, B. germanica, has
become resistant to many of the older insecticides. When this
occurs, either the effectiveness of those chemicals is greatly
reduced or they become useless against resistant populations.
With continued use of the newer chemicals, resistance to
some of them will probably develop. A steady supply of new
chemicals with new modes of action will greatly alleviate this
problem and facilitate continued control.

See Also the Following Articles
Isoptera o Medical Entomology * Orthoptera o Phasmida o
Urban Habitats
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f the 1 million described insect species, only 300 to 400

species feed on blood. The best known groups of blood-
sucking insects are the lice, fleas, mosquitoes, sand flies, black
flies, and bugs. But there are also several lesser known groups
such as the nycteribiids and streblids, two families of cyclor-
rhaphous flies found exclusively on bats; the Rhagionidae or
snipe flies, a little-studied group of brachyceran flies; some
lepidopterans (e.g., Calpe eustrigata); and even some coleop-
terans (e.g., Platypsyllus castoris) that appear to have started
on the evolutionary road to hematophagy.

Blood-sucking insects are of immense importance to
humans, primarily because of the diseases they transmit. They
also cause huge losses in animal husbandry because of disease
transmission and because of direct losses linked to the pain and
irritation they cause to animals. The most spectacular example
of this agricultural loss is the prevention of the development of
a cattle industry worth billions of dollars a year through much
of sub-Saharan Africa because of tsetse fly-transmitted try-
panosomiasis, although some argue that this has been Africa’s
savior because it has preserved wildlife and prevented deser-
tification. Blood-sucking insects also cause serious losses in the
tourist industry in areas as diparate as the French Camargue,
the Scottish Highlands, and the state of Florida. We cannot
ignore the sheer annoyance they can cause to us all.

EVOLUTION OF THE BLOOD-SUCKING HABIT

Although blood-sucking insects are poorly represented in the
fossil record, it seems probable that they emerged along with
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the first nesting or communal dwelling vertebrates (reptiles)
in the Mesozoic era (65-225 mya). Evolution of the blood-
sucking habit probably occurred in two main ways. The first
route involved the attraction of insects to vertebrates, with the
attraction being either to the protection of the nest environ-
ment or for the utilization of vertebrate-associated resources
such as dung. The second route involved morphological
preadaptations that permitted the rapid adoption of the
blood-sucking habit.

Many insects would have been drawn to vertebrate nests
because of the protected environment and abundance of food
there. Gradually, some would have progressed to feeding on
cast skin or feathers. Phoresy also would have permitted easy
travel from one nest to another. Once phoresy was adopted,
the insects may have begun to feed directly on the host animal
and thus established an even more permanent association
with the host; mallophagan lice make a good example of this
type of association. Regular accidental encounters with blood
may then have led rapidly to the evolution of the blood-
sucking habit because of the highly nutritious nature of
blood compared to skin, fur, and feather.

Other insects are attracted to vertebrates outside the nest
situation to utilize other vertebrate-associated resources, notably
dung. Dung is used by a wide variety of organisms and there
is strong competition to be the first to lay eggs in it. So, for
example, the female horn fly Haematobia irritans lays its eggs in
dung within 15 s of its deposition. To do this, the insect must
remain permanently with the vertebrate; to do that, it must
feed on the vertebrate. The high nutritional content of blood
will then make hematophagy a favored evolutionary route.

Some insects also had morphological preadaptations for
piercing surfaces, facilitating the relatively easy switch to
blood feeding. Entomophagous insects (those that feed on
other insects) and plant-feeding insects are prime candidates.
For example, the Boreidae are a group of small apterous
scorpion flies who are capable of jumping. They live in moss
and feed on other insects by piercing them with their
mouthparts. They are commonly found in nests because of
the moss content and abundance of insects found there. It is
easy to imagine such a lineage developing into fleas.

Insects that feed on plants may also have switched to the
blood-feeding habit. An unusual example is a blood-feeding
moth, C. eustrigata. This moth belongs to a group of noctuids
having a proboscis that is hardened and modified to allow
them to penetrate fruit rinds. C. eustrigata has used the mor-
phological preadaptation to feed on vertebrate blood.

HOST CHOICE

The question of host choice is an extremely important one
because it defines patterns of disease transmission and
economic damage caused by blood-sucking insects. Blood-
sucking insects in general feed on a range of different hosts,
including birds, reptiles, mammals, and amphibians. Even
invertebrates such as annelids, arachnids, and other insects
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are sometimes included in the diet. But any particular blood-
sucking insect generally feeds only from a small segment of
the available hosts. This segment of choice is preferred but it
is not immutable. This can be clearly seen around zoos where
the exotic animals are quickly incorporated into the diet of
the local blood-sucking insects.

The determinants of host choice are complex, but probably
one of the most important factors is simply host availability.
Changes in host availability because of more intensive animal
husbandry, coupled with decreasing rural populations of
humans and improved, mosquito-free housing, were a major
factor in the disappearance of autochthonous malaria from
Northern Europe in the past century. Despite our poor unders-
tanding of the factors determining host choice, there is a direct
relationship between the number of hosts that blood-sucking
insects utilize and the insects’ locomotory abilities (which is
often reflected in the amount of time they spend with the host).
Thus, ectoparasites (which have poor locomotory abilities and
usually remain permanently on hosts) are often restricted to a
single host species. A good example is the louse Haematomyzus
elephantis, which is restricted to elephants. At the other extreme,
those flying blood-sucking insects such as mosquitoes that
make contact with the host only long enough to take a blood
meal often display a very catholic host choice. For example, a
sample population of the mosquito Culex salinarius was shown
to take 45% of its blood meals from birds, 17% from equines,
and 15% from canines; moreover, 13% of the meals was a
mixture of blood from more than one host!

In general terms, the most common hosts chosen are large
herbivores. Large, social herbivores present an abundant,
easily visible food source that is reliable and predictable from
season to season. Carnivores in comparison are fewer in
number, often solitary, and range unpredictably over wide
areas. Another reason large herbivores are chosen is that they
are poor at defending themselves from attack compared to
small, agile animals that will often kill and/or eat attacking
blood-sucking insects.

HOST LOCATION

For lice and other blood-sucking insects that are permanently
present on the host, finding a new host is simply a matter of
moving from one to the other when the hosts are in bodily
contact. For blood-sucking insects that are only in temporary
contact with the host, finding a host is a more difficult
proposition. The following host-seeking behaviors are not
rigidly patterned but they probably typically follow one
another in a loose sequence. For most blood-sucking insects,
olfactory stimuli are the first host-related signals perceived,
and visual signals from the host probably are apt to become
important at a later stage in host location. Blood-sucking
insects make use of this predictability by permitting the
current behavioral response to lower the threshold required
for the next host signal to elicit the next behavioral response
in the host location sequence. The increasing strength and

diversity of host-derived signals that the blood-sucking insect
receives as it moves closer to the host are thereby enhanced.

Host location is usually restricted to particular times of the
day for each species of blood-sucking insect. Thus, tsetse flies
tend to be crepuscular, Anopheles gambiae (the most important
vector of malaria) is a night feeder, and the stable fly Stomoxys
calcitrans bites during the day. As hunger increases, bouts of
host location behavior intensify. For many blood-sucking
insects such as the tsetse, the first behavior is often to choose
a resting site where they have a good chance of encountering
a host-derived signal and once there to remain motionless
and wait for a host-derived signal. This strategy combines
minimal energy usage with a good chance of encountering a
host. Other blood-sucking insects use more active strategies.
If a gentle wind is blowing from one direction the optimum
strategy can be to fly across the wind so that the probability
of contact with a host odor plume is enhanced.

Host-derived olfactory clues used include carbon dioxide,
lactic acid, acetone, octenol, butanone, and phenolic
compounds found in urine. These are probably used in
combination by each insects sensitivity to different com-
binations of smells. For example, we can look at the power of
phenolic components found in bovine urine to draw tsetse
flies to a bait. Used singly, 3-7-propylphenol draws roughly
equal numbers of Glossina pallidipes and G. m. morsitans. In
contrast, when 3-n-propylphenol is used in combination
with 4-methylphenol catches of G. pallidipes increase 400%,
whereas catches of G. m. morsitans decrease. The explanation
for this may be that first, mixtures of odors are a stronger
guide to the presence of a host than a single odor alone and
so will minimize energy consumption from chasing false
trails. Second, mixtures may help in host choice by guiding
blood-sucking insects to particular host species.

Tracking the source of an odor plume while in flight is a
major task. It is believed that many blood-sucking insects
achieve this by using upwind optomotor anemotaxis. During
flight, insects will be blown off course by any wind that is
blowing. They can use this fact to determine wind direction.
To do this, they observe the perceived movements of fixed
objects on the ground and by comparing this to the direction
in which they are trying to fly determine wind direction. The
suggestion is that the insect flies across wind until an odor
plume is encountered, when it turns upwind. If the odor
plume is lost, it recommences flying across wind until it
refinds the odor and turns upwind once more. This proceeds
until the insect comes into the immediate vicinity of the
host. It is believed that hosts can be detected by odor at about
90 m by tsetse flies and at 15 to 80 m by some mosquitoes.

Vision is also used in host location by the majority of blood-
sucking insects and is used most extensively by day-feeding
insects in open habitats. In general, blood-sucking insects can
detect and discriminate between objects on the basis of color
contrast, relative brightness (intensity contrast), movement,
and shape. Insects are quite sensitive to movement and their
color vision stretches up into the UV but not down to the red.



Night-feeding blood-sucking insects have relatively better
intensity contrast than color contrast, whereas for day-biting
blood-sucking insects movement perception and color contrast
may be particularly important. Large individual herbivores (as
opposed to herds) are thought to be detected by vision at about
50 m by tsetse flies and at 5 to 20 m by some mosquitoes.

Once the blood-sucking insect is in proximity to the host,
heat and humidity become important factors in location in
addition to the continuing importance of vision and odor.
Temperature is probably a useful guide from about 5 cm to a
meter or so from the host depending on insect species. Even
when they have contacted a host, blood-sucking insects will
imbibe a blood meal only if it provides the correct
biochemical characteristics (i.e., taste).

THE BLOOD MFAL

Blood-sucking insects take huge meals. Temporary ectopar-
asites such as the tsetse fly typically ingest more than their
own unfed body weight in blood. The reasons are twofold.
First, taking a blood meal is a very dangerous activity and
taking huge blood meals minimizes the number of times an
insect must associate with the host. Second, locating the host
is often difficult and huge blood meals are a way of making
the most of each encounter. Mouthparts are adapted to the
blood-feeding habit. Typically, they are either of the piercing
kind seen in mosquitoes, bugs, lice, and fleas or the cutting
kind seen in tabanids, black flies, and biting flies.

The host usually responds to feeding activity, particularly
the injection of saliva, by mounting an immune response that
includes pruritis (itching). Typically this begins to occur
about 3 min after feeding commences. Thus, there is a
selective advantage in completing the blood meal within this
3-min “safety period” after which the host will be alerted to
the presence of the insect. To help achieve this, blood-
sucking insects have produced a range of antihemostatic
molecules in the saliva, one of the major functions of which
is to minimize host contact time.

Antihemostatic molecules produced by the blood-sucking
insect include anticoagulant molecules working variously, for
example, on thrombin or factors VIII and X. However, platelet
plugging of small wounds is probably of more importance to
blood-sucking insects than blood coagulation. Consequently,
they also produce anti-platelet aggregating factors such as
apyrase. These are used to impede the plugging of the
penetration wound in capillaries and to prevent clogging of
the insect mouthparts. The insect saliva also contains
powerful vasodilatory substances to increase blood flow to the
wound and anti-histamines that will minimize inflammation
and itching, possibly extending the “safe period.” Salivary
components are also important as they can facilitate the
transmission of arthropod-borne pathogens. For example,
the production of Leishmania-enhancing factor in the saliva
of the sand fly Lutzomyia longipalpis enhances the establish-
ment of the parasite Leishmania major in the vertebrate host.
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It has also been shown that such effects may be limited to
naive hosts, suggesting that the history of exposure to vector
saliva may influence the outcome of potentially infectious
inoculations. Parasites can also manipulate the salivary glands
to their own advantage. Thus, malaria sporozoites damage
the salivary glands of mosquitoes, reducing antihemostatic
effectiveness, and thus extend probing time and increase the
chances they will be transmitted to a new host.

Some blood-sucking insects feed only on blood during
their entire life. Examples include the tsetse flies, streblids,
hippoboscids and nycteribiids, triatomine and cimicid bugs,
and lice. Blood is deficient in certain nutrients such as the B-
group vitamins and pantothenic acid, and the insect cannot
make these itself. To make up for this deficiency, these obligate
hematophages harbor symbiotic microorganisms that produce
these extra nutrients. These symbionts are often housed in a
specialized body compartment, traditionally called a mycetome
or, more recently, a bacteriome. For example, the tsetse fly
Glossina harbors three symbiotic microorganisms, including
Wigglesworthia glossinia, which is from the y-subdivision of
the Proteobacteria, in the bacteriome of the anterior gut.

HOST-INSECT INTERACTIONS

There are several evident morphological adaptations for a
blood-sucking life. Piercing or cutting mouthparts are the
clearest example. In addition, many periodic and permanent
ectoparasites such as fleas and lice are laterally or dorsoventrally
flattened and are wingless, which are adaptations allowing them
to move easily through the pelage or feathers and to avoid being
groomed by permitting them to flatten themselves against the
skin. Most of these ectoparasites also have cuticular extensions
in the form of spines and combs. These are longer and spinier
in bird-infesting forms than in those found on mammals. The
combs in particular are found covering weak spots in the body
such as the articulations between body segments. The spacing
of the tips of the combs correlates well with the diameter of the
hairs on the body of the host. This suggests that these combs
have a dual function: protecting the body from abrasion and
acting as an anchoring device for the ectoparasite.

The host regulates the numbers of permanent ectoparasites
by grooming, usually with both the toes and the teeth. This
often limits ectoparasite distribution on the host to those
areas the host can groom least efficiently, such as the head and
neck. The immune response mounted against these blood-
sucking insects is often very localized. It makes feeding on
these protected areas of the skin difficult, with the result that
the insects feed less well or move to less affected areas of the
body where they are more easily groomed. The result is that
the host regulates ectoparasite numbers.

The host also shows behavioral defenses to temporary
ectoparasites such as mosquitoes. The level of defensive
behavior is usually density dependent and thus can have
important consequences for disease transmission. For
example, the arbovirus eastern equine Encephalitis (EEE),
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which is naturally found in birds, is transmitted in the United
States by the mosquito Culiseta melanura. During spring and
early summer, these mosquitoes feed almost exclusively on
passerine birds, transmitting the virus among them. Later in
the season, as mosquito numbers increase, bird defensive
behavior increases and mosquitoes are more willing to feed
on other vertebrate hosts. This is when EEE is transmitted to
other vertebrates including horses and humans.
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Body Size

Christer Bjorkman and Mats W. Pettersson
Swedish University of Agricultural Sciences

B ecause of its structure, the environment offers many more
niches for small organisms than for large ones. The
relatively small size of insects, which is one of the reasons for
their success, has therefore made them very diverse, a
characteristic that has resulted in a high number of species.
In spite of their generally small size, limited by their method
of gas exchange, insects show as large a range in size as other
groups of organisms.

SIZE VARIATION

Size varies tremendously among and within orders, families,
and species of insects. The smallest extant insects known are
about 0.2 mm in length and can be found among beetles of
the family Priliidae and wasps of the family Mymaridae,
which are egg parasitoids. Insects of this minute size are
smaller than the largest one-celled protozoans. The largest
extant insects are phasmid (walkingstick) species (up to 30
cm long), sphingid moths (wingspan of up to 30 cm), and
some beetles of the genera Megasoma, Dynastes, or Goliathus
(up to 100 gr). The high number of possible runners-up for
the title “largest insect on earth” highlights another difficulty
when dealing with size: What measure should be used?

Although insects are not as large as some other organisms,
the range in size among insects is almost as large. For example,
the difference in volume between the largest mammal (the blue
whale) and the smallest (a minute shrew) is about 1:2 x 10%.
This is comparable to 1:1.5 X 10® for the two extremes
among insects (ptiliid beetle and Goliath beetle).

HOW TO MEASURE INSECTS

Body length (measured from tip of head to tip of abdomen)
is probably the most often used measure of size and the easiest
to comprehend. Weight (or biomass) is a measure of size that
interests many ecologists because it often correlates well with
fecundity. Fecundity, in turn, is often a major fitness compo-
nent and may be a key feature in population dynamics. For
practical reasons, traits that are correlated with weight are
used instead, such as hind tibia length, front wing length,
elytra length, head capsule width, or body volume. The ratios
between these and other morphological traits are often used
in taxonomic descriptions of insect species. These ratios give
descriptions of shape. The main objective in describing size is
to identify traits that are easy to measure (e.g., does not have
a curved shape) and are stable on prepared specimens.

SOME EXPLANATIONS FOR VARIATIONS IN SIZE

The size of an insect individual is determined by its genes
and by the environment in which it grows. Temperature,
crowding, food quantity, and food quality are examples of
environmental factors that affect size, but insects may make
up for such effects by compensatory feeding.

The size of female insects often determines their
fecundity, which may be manifested in giving birth to many
small offspring or a smaller number of large ones. To be able
to produce many large offspring, which may be adaptive for
survival in a harsh environment, the female herself must be
large. The importance of size for female fecundity can often
be seen in the sexual dimorphism of insect species, in which
males typically are much smaller than females.

Although the primary role of male insects is to fertilize the
eggs, males may benefit from being large because they



contribute to the realized fecundity of females by providing
resources through their ejaculate or in competing with other
males to obtain mates. An example of the latter characteristic
is provided by some species of digger wasps (Sphecidae), in
which males compete intensely with each other for females
only half their size.

Sometimes, adult or larval foods come in packages or
shapes that allow only very small insects to use them. Such
foods include very small items like seeds and insect eggs, or
very thin items like pores of fungi. Many insect families that
use these foods [e.g., bruchid beetles, mymarid parasitic
wasps, and nanosellin (Ptiliidae) beetles, respectively] have
been adapted to and have radiated into several species under
such living conditions.

Insects smaller than 1 mm operate in a world where
gravity and molecular forces are in the same order of
magnitude. This can be advantageous when, for example,
insects find it easier to climb vertical surfaces. However, it
can also lead to problems when, for example, an insect is
trapped in a drop of water by the water’s surface tension.

FACTORS THAT LIMIT SIZE

The smallest insects will have difficulty making room for the
internal organs that are necessary for their existence. For exam-
ple, some ptiliid beetles can lay only one egg at the time because
their eggs may be up to 0.7 times the size of the whole insect.

The largest size an insect can reach is limited by the tracheal
system. In insects, gas exchange with air is mediated directly to
the tissues by a highly branched system of chitin-lined tubes
called tracheae. No cells in the insect body are more than 2
to 3 wm from a tracheole. Diffusion along a concentration
gradient can supply enough oxygen for small insects, but forms
that weigh more than about a gram, or are highly active,
require some degree of ventilation. Most insects have venti-
lating mechanisms to move air in and out through the tra-
cheal system, but the need to allow enough oxygen to reach
the tissue by diffusion imposes limits on tracheal length. Most
large insects present today have long slender bodies, a trait that
also limits tracheal length. Furthermore, elaborations of the
tracheal system could not be made without destroying the
water balance in large insects. However, there are exceptions:
some of the heaviest extant beetles have bulky bodies, but these
insects are not (or do not have to be) very quick and do not fly.

CHANGE OVER TIME

It has been suggested that organisms increase in size over an
evolutionary time scale. However, there is no evidence to
support this suggestion, and perhaps natural selection acts on
correlated traits that constrain the evolution of increased size.
In fact, fossils reveal that some insects in the past were much
larger than their extant relatives. For example, many winged
Carboniferous and Permian insects, existing about 300 mya,
had wingspans exceeding 45 cm; the largest was the Permian
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dragonfly Meganeuropsis schusters, which had a wingspan of
71 cm. These insects certainly also had long, narrow bodies,
to reduce the length of the trachea. During these prehistoric
times, the atmospheric oxygen concentration was much higher
(up to about 35%) than the present level (20.9%), which may
have allowed sufficient oxygen to reach the innermost tissues
of very large insects. However, such an oxygen-rich atmosphere
also would have augmented aerodynamic properties in early
flying insects. It has been suggested that later appearing
insects could not evolve to a large size because of competition
for niches with birds and other later appearing animals.

OTHER RELATIONSHIPS

Ectotherms, including insects, in contrast to endotherms,
seem to follow the converse of Bergmann’s rule: that is, they
are smaller toward higher latitudes and altitudes. A high
degree of genetic determinism seems to underlie this pattern.
A possible reason could be an evolved response to geographic
patterns in season length.
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FIGURE 1 Relationship between insect size (body volume) and (A) species
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diversity, abundance, and body size relationships. Nature 380, 704-706,
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Insect assemblages are thought to be structured by
competition, with most of the insects found in medium-sized
classes. Thus, the size of a particular insect is governed by its
living habits and its feeding guild, in which competition with
similar insects has forced some to evolve a larger or smaller
body size. Empirical data show that species diversity in any
taxonomic group of insects peaks at some intermediate body
size (Fig. 1). For some authors, this implies that there may be
fewer undescribed small insect species than previously
suggested, which in turn, suggests that global biodiversity
probably is lower than the highest estimates (3050 million
species). However, it is not clear whether such a pattern
results from biological processes or from statistical or
sampling properties. The size distribution of cars parked at
Heathrow Airport also shows a peak in diversity at an
intermediate size. Nevertheless, more knowledge about the
causes behind size distribution patterns among insects and
other organisms may provide key information in the effort to
preserve biodiversity.
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Boll Weevil

R. Nelson Foster
United States Department of Agriculture

he boll weevil, Authonomus grandis grandis, is a beetle

belonging to the family Curculionidae. A native of Mexico
or Central America, it was first described in 1843 by the
Swedish entomologist Boheman. Boll weevil is a new world
pest of cultivated cotton and occurs in all Central America
countries where cotton is cultivated, Mexico, the United
States, Cuba, Hispaniola, Colombia, Venezuela, Brazil, and
Peru. Where established, it is probably the most serious pest

of cotton. Since its arrival in the United States, it is estimated
that actual damage loss combined with control costs attributed
to boll weevil exceed $16 billion (consumer-price-index-
adjusted value of $91 billion). The boll weevil is important to
examine in detail because of its destructive impact in cultivated
cotton, use of aggregation pheromone, overwintering
diapause, existence as three different but difficult-to-
distinguish forms of the species, and status as the target of
successful, area-wide eradication efforts in the United States.

MIGRATION AND DISPERSAL IN THE
UNITED STATES

Boll weevil is a migratory pest, and its movement is largely
dependent on wind direction and speed. It has been known to
travel as far as 272 km and can hitchhike on cars, trucks, and
trains. Boll weevil was first reported in the United States in
the fall of 1894 from Brownsville, Texas, and may have been
established as early as 1892. By 1895, the weevil had spread
north to San Antonio and eastward to Wharton, Texas. The
weevil reached Louisiana in 1903, Mississippi in 1907, and
Georgia by 1916; by the 1920s it had infested cotton
throughout the Mississippi Delta and the southeastern
United States, and by 1922 had become established almost to
the northern limits of cotton production. Northern and
western portions of Texas became infested as a result of a
sequence of expansions of the pest range between 1953 and
1966. Arizona was plagued with problems from the boll
weevil beginning in the late 1970s, and in 1982 the weevil
was detected in the southern desert valleys of California. The
weevil became established in New Mexico in the early 1990s.

DESCRIPTION

Eggs of the boll weevil are pearly white, usually elliptical, and
approximately 0.8 mm long by 0.5 mm wide. Legless white
grubs hatch from eggs; they have light brown heads
approximately 1 mm long. The larva, as it feeds and grows
for 7 to 14 days, exhibits a ventrally curved, crescent form,
with the dorsum strongly wrinkled and the venter smooth.
The pupa is white at first but turns brown as it develops for
3 to 5 days. The adults are initially light in color but darken
with age to colors from reddish brown to gray; depending on
abundance and nature of food, they range in size from about
2.5 to 7 mm. The dark snout of this weevil is about half as
long as the body (Fig. 1). Three forms (Mexican boll weevil,
southeastern boll weevil, and thurberia weevil) have been
separated by using characters ranging from morphological
profemoral width/length ratios and spermatheca shapes to
analysis systems relying on molecular biology.

LIFE HISTORY

The boll weevil belongs to a family of insects that is strictly
phytophagous. This group is highly host specific and



FIGURE 1 Boll weevil on cotton leaf.

generally prefers flower buds for feeding. Cotton (Gossypinm
spp.) is the principal host plant of boll weevil, but it also
develops on certain species of the related genera Thespesia,
Cienfuegosia, and Hampea. The boll weevil passes the winter
in diapause in the adult stage sheathed beneath brush and
ground litter and in other protected locations in or around
cotton fields. In arid areas, overwintering sites may be
associated with increased moisture habitats such as near
irrigation canals and rivers. Winter survivors emerge from
overwintering sites in the spring and begin feeding on the
tips of cotton seedlings and squares (i.e., the cotton flower
buds). Weevils that emerge before cotton plants have begun
to form squares, feed on leaf buds and growing terminals,
and live for only a week or two; those that emerge later
produce eggs for 3 to 6 weeks. Later generations survive the
winter in a diapause state. The female deposits eggs singly in
the bottom of punctures she makes in the cotton squares and
later in the season in bolls. Overwintered females produce
fewer than 100 eggs, but later generations produce 300 or
more eggs. The average female’s rate of reproduction is 5 or
6 eggs a day. Depending on the temperature, larvae hatch in
3 to 4 days. Larvae feed for 7 to 14 days and pupate. Adults
emerge 3 to 6 days later.

A sex pheromone facilitates mating, after which the
females begin laying eggs in 3 to 5 days. Two to seven
generations can occur in a season. However, as many as 10
generations may develop under favorable conditions. Late in
the season as cotton ceases to produce fruit, boll weevils
move in large numbers from cotton fields to overwintering
sites. Only 1 to 20% of weevils survive the winter. Reduced
survival is seen after unusually cold winters, and unusually
dry summers also cause some mortality through loss of
moisture in overwintering sites.

CONTROL AND ERADICATION

Sound cultural practices combined with chemical control
relying on numerous compounds has been the traditional
practice for combating boll weevil. Coordinated eradication
efforts in the United States have been quite effective. The
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eradication effort in the United States is based on three major
activities: mapping all cotton fields, evaluating weevil presence
in each field with pheromone traps, and applying control
treatments. The program consists of a series of sequential
expansions and usually lasts 3 to 5 years in any particular area.
The program relies on intensive, carefully coordinated, ground
and aerial treatments of ultra low volume malathion (almost
exclusively), concentrated over one to three seasons, in response
to predetermined numbers of weevils caught in pheromone
traps. The program started in 1983 in the Carolinas and has
expanded to parts of all of the cotton-growing states in the
country. Active eradication has been completed in Virginia,
North Carolina, South Carolina, Georgia, Florida, Alabama,
Arizona, California, and in some parts of the other cotton-
growing states. It is projected to be completed in 2005. In the
southeastern states, where active eradication has been
completed, a remarkable increase in cotton production has
occurred. When completed, nationwide eradication will
result in substantial economic and environmental benefits
throughout the areas once plagued by the boll weevil.
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Bombyx mori

Satoshi Takeda

National Institute of Agrobiological Sciences, Japan

he silkworm, Bombyx mori, is used for sericulture and is

one of the most economically important insects in the
world (Fig. 1). The species of silkworm usually raised by
sericulturists is B. mori (Lepidoptera: Bombycidae). A closely
allied species is the mulberry wild silkworm, B. mandarina.
Its morphology does not differ markedly that of from B.
mori, and hybrids are highly fertile.

Along with Drosophila melanogaster, B. mori larvae have
been used as a model for various biological studies for many
years. These two insect species have greatly contributed to the
progress of research in several scientific fields.
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FIGURE 1 Larva of the silkworm, B. mori. Larva at 4 days of fifth instar.

LIFE CYCLE OF B. MORI

Silkworms undergo complete metamorphosis (Fig. 2). Larvae
feed on the leaves of the mulberry (family Moraceae, genus
Morus); they will consume other genera in this family, but
growth rate is reduced. At 23 to 25°C the five instars require
25 to 30 days to hatch. Toward the end of fifth instar, B.
mori spin a cocoon over a 3-day period and pupate within
that cocoon; the pupal stage lasts for about 10 days. After
molting to the adult has occurred inside the cocoon, the moth
emerges. The moth softens the cocoon by orally excreting a
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FIGURE 2 Life cycle of B. mori reared at 23 to 25°C. [From Mori, T.
(1970). Life cycle of Bombyx mori. In “The Silkworm—New Experimental
Tool in Biology” (T. Mori, ed.), p. 17. Sanseido Press, Tokyo.]

special enzyme, cocoonase, and then emerges from the end of
the cocoon. The female moth mates the same day as
emergence and begins egg deposition. One generation of B.
mori spans 40 to 45 days.

Voltinism (i.e., the number of generations occurring in a
single year) has a genetic basis, but it is also strongly affected
by environmental factors. Some races are univoltine (only
one generation a year); others are bivoltine (two generations
a year) or polyvoltine (three or more generations a year, as
seen in tropical silkworms that do not undergo diapause).
Voltinism is closely tied to the geographic distribution of
silkworms, which are divided into Japanese, Chinese,
European, and tropical races. Typically, the silkworms
distributed in the cold regions are univoltine, those
distributed and adapted to warm regions are bivoltine, and
those in tropical regions are polyvoltine.

EMBRYONIC DIAPAUSE OF B. MORI

Silkworms undergo diapause, during which the embryo within
the egg stops growing. In the B. mori embryo, diapause is
primarily determined by the temperature, light, nutrition,
and other conditions of the lifetime of silkworms. Of the
various factors, temperature and light during the egg (embryo)
stage have the greatest influence. When the eggs of bivoltine
silkworms were incubated at relatively high temperatures
(25°C) with long days (> 13 h of light), all silkworms that
grew from these eggs laid diapausing eggs. When the eggs were
incubated at 15°C with short days (< 13 h of light), adults of
all these silkworms subsequently laid nondiapausing eggs.
The subesophageal ganglion, located just below the brain,
secretes a peptide hormone that induces the embryonic
diapause of B. mori. In 1951, K. Hasegawa and S. Fukuda, in
separate studies, demonstrated that the subesophageal ganglion
plays role in induction of diapause. The diapause hormone is
composed of 24 amino acids and is produced and secreted by
six pairs of neurosecretory cells of the subesophageal ganglion.

SILK PRODUCTION BY B. MORI

B. mori larvae have a unique metabolic system for producing
a large amount of cocoon protein and efficiently using
dietary nitrogen. Both male and female silkworms digest and
absorb about two-thirds of the nitrogen in the mulberry
leaves they consume, and high percentages of the digested
and absorbed nitrogen (66% in females and 70% in males)
are utilized in the production of cocoon protein.

During the last larval stage (fifth instar), the silk gland
produces the silk for the cocoon from a pair of curved glands
found on the ventral side of the digestive tube. The weight of
this organ accounts for about 25% of the weight of larvae in
the late fifth instar.

The silk gland can produce massive amounts of fibroin
and sericin, the proteins constituting silk. Sericin surrounds
a fibroin core. The ratio of fibroin to sericin is approximately



3:1. Fibroin is rich in four amino acids: glycine (Gly), alanine
(Ala), serine (Ser), and tyrosine (Tyr). The fibroin molecule
contains repeats of a section composed of a regular arrange-
ment of three amino acids, Gly, Ala, and Ser. Major amino
acids constituting sericin are Ser, aspartic acid, glutamic acid,
and glycine. A characteristic of sericin is that, unlike fibroin,
it is soluble in hot water. Therefore, when cocoon threads are
reeled, most of the sericin is removed, and the remaining raw
silk is composed of fibroin alone.

Studies on B. mori greatly contributed to early discoveries
in insect endocrinology and to the isolation and analysis of
insect peptide hormones in 1980s and 1990s. The large size
of these insects made experimental morphological studies
easier, and because of the importance of this species to the
sericultural industry, large quantities of materials for
hormone extracts were made available.

In silkworms, larval ecdysis is induced by a molting
hormone secreted by the prothoracic gland, which is located
inside the first thoracic spiracle. The role of the prothoracic
gland in ecdysis was discovered in 1944, and the molting
hormone, ecdysone, was structurally determined in 1954 in
studies that used large amounts of silkworm pupae as
material. Ecdysone was the first hormone to be isolated from
an insect species. In addition, the function of the corpora
allata in Lepidoptera was also first discovered in silkworms in
1942. The corpora allata, which are small organs located
adjacent to the brain, secrete juvenile hormone, which
controls silkworm development together with molting
hormone. Among the peptide hormones, the molecular
structures of prothoracicotropic hormone (initially named
“brain hormone”), which controls the secretion of molting
hormone, and the diapause hormone, which induces
silkworm egg diapause, were elucidated by using silkworms.

TRANSGENIC SILKWORMS AND
INSECT FACTORIES

The National Institute of Sericultural and Entomological
Science in Japan created transgenic silkworms with a jellyfish
fluorescent protein gene as a marker. Prior to this, there were
only a few transgenic insects in the Diptera (e.g., Drosophila,
Aedes). This success resulted from development of a microin-
jector to introduce DNA into silkworm eggs, and the use of
an effective transposon vector. The transgenic silkworms are
expected to provide new opportunities for silk production.

A promising use of silkworms outside the clothing industry
is in so-called insect factories, where silkworms are used for
biological production of peptides or proteins useful for
humans. Silkworms are infected with nuclear polyhedrosis
virus (one species of baculovirus) to enable them to produce
useful substances on a large scale.
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Borers

Timothy D. Paine
University of California, Riverside

I nsects that are borers belong to a wide range of taxonomic
groups, but they all share a common life history trait: they
spend all or part of their larval life feeding within the tissues
of their host plant. Some borer species deposit eggs within
host plant tissues, whereas other species oviposit on the
external surface and the larvae bore into the plant. Although
there may be some feeding activity within the phloem and
cambial tissues the larvae typically excavate feeding galleries
within the woody tissues of perennial plants, within the
stems of annual plants, and within the stalks or stems of
grasses. Adult borers are free-living outside the host plant.

TAXONOMIC AFFILIATIONS

Insect orders that include species commonly referred to as
borers include Lepidoptera, Coleoptera, Hymenoptera, and
Diptera. The most varied and numerous representatives are
among the moths and the beetles. The primitive wasps, which
include the horntails (Siricidae), wood wasps (Xiphydriidae
and Syntexidae), and sawflies (Tenthredinidae and Cephidae),
are the only representatives of the Hymenoptera. The
horntails and wood wasps prefer to colonize weakened hosts
and the larvae construct feeding galleries in the wood. Larvae
of boring sawfly species often feed within the center of tender
shoots, twigs, and stems of their host plants. There are a small
number of fly species in the family Agromyzidae with life
history strategies that leave injury patterns that could be
characterized as boring, but the larvae actually mine the
cambial tissue, and the trees overgrow the galleries and the
mine remains in the wood.
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There are many moth families in the Lepidoptera that
include species of larval borers. Among the most important
families comprising only species that have a boring life
history or having large numbers of boring species are the
Hepialidae (ghost moths or swifts), the Sesiidae (clearwing
moths), the Cossidae (carpenterworm and leopard moths),
and the Tortricidae (leafroller and olethreutine). Larvae of
the Hepialidae and the Cossidae tunnel extensively into the
wood of their host plants and can cause substantial damage.
Larvae of many species of Tortricidae bore through the twigs
and tender terminals of vigorous trees and shrubs, whereas the
life histories of species of Sesiidae can be highly variable and
may include boring in bark, cambium, wood, roots, or gall
tissues. Other families of Lepidoptera with at least some species
that can be characterized as borers include the Agonoxenidae,
Argyresthiidae, Gelechiidae, Momphidae, Nepticulidae,
Noctuidae, Pterophoridae, Pyralidae, and Thyrididae. Larvae
of one important agricultural pest, the European corn borer,
Ostrinia nubialis (Lepidoptera: Crambidae), bore into the
stems of woody host seedlings as well as the stems of grasses,
grains, and herbaceous host plants.

The Coleoptera include a large number families composed
exclusively of species with larvae that are boring or having
very few representatives that have evolved alternative life
history strategies. Although not an entirely comprehensive
list, the families include Anobiidae (deathwatch and
drugstore beetles), Bostrichidae (false powderpost beetles),
Brentidae (brentid beetles), Buprestidae (metallic or
flatheaded wood borers), Cerambycidae (longhorned or
roundheaded wood borers), Lyctidae (powderpost beetles),
Lymexylidae (timber beetles), Platypodidae (ambrosia
beetles), and Scolytidae (bark beetles). The Curculionidae
(snout beetles or weevils) is a very diverse family that includes
a number of species with larvae that bore into plant tissues.

FEEDING STRATEGIES

Many different plant parts serve as sites of insect feeding
activity. In general terms, borers can be distinguished from
miners. Typically, larvae of miners feed within plant foliage,
whereas larval borers may feed within other plant tissues,
including roots, stems and twigs, meristems, fruit,
conductive tissues, galls, and bark. The variety of plant
tissues that are used by borers also spans an array of plant
groups that range from the ferns and gymnosperms to the
grasses and dicotyledonous angiosperms.

All plant tissues may be subject to borer colonization.
Larvac of a number of families (e.g., Cerambycidae and
Hepialidae) may construct feeding tunnels, or galleries,
within the large roots of broadleaf trees and conifers, which
may weaken the trees directly or provide entry points for
invasion by pathogenic fungi. At the other extreme, there are
many species of insects that colonize the meristematic tissues
at branch terminals, tips, twigs, and canes. Some of these
insects feed in the phloem tissues girdling the twigs, whereas

FIGURE 1 Adult pairs of the European elm bark beetle S. multistriatus
excavate parental galleries in the cambium and phloem of host elm trees.

Larvae eclose from eggs laid in niches cut into the margins of the parental
galleries and construct feeding galleries that extend laterally into the same
host tissues.

larvae of other species burrow through the growing tips and
into the elongating stems. These types of larval feeding can
reduce plant growth, apical dominance, and plant form.

Between the twigs or apical tips and the roots is the main
stem or trunk of the tree. The woody xylem tissues, cambial
layers, phloem tissues, and bark may all have different groups
of specialist borers. For example, larvae of a few species of
clearwing moths feed within the bark of their host plant.
Scribble-barked gums are species of Eucalyptus in Australia
that derive their common name from the twisting galleries
constructed in the outer bark by lepidopteran larvae. In
different feeding strategies, bark beetle larvae feed within the
cambial and phloem tissues of their hosts (Fig. 1), whereas
larvae of many species of longhorned and flatheaded borers
feed in the outer layers of phloem and cambium but then
bore deep into the wood to pupate. Alternatively, many other
cerambycid and buprestid species feed almost entirely within
the wood of their host trees. Larvae of cossid moths also feed
entirely within woody tissues and may take several years to
complete their larval development. Woody plant tissues are
not as rich in nutrients as the cambial tissues and the quality
deteriorates as the tissues age. Consequently, many wood
borers may have prolonged larval development and long
generation times.

Not only the larvae bore into woody tissues but also the
adults in a number of species within a variety of families (e.g.,
some species of Scolytidae and Platypodidae) bore into the
plant. The larvae of ambrosia beetles are found in galleries
excavated within the wood, but they feed on a fungus inoc-



ulated into the tissue by the parental adults rather than on the
plant itself. The fungi acquire nutrients from a large volume
of plant tissue as the hyphae ramify throughout the wood.

PLANT CONDITION

Plants in a wide range of physiological conditions may be
subject to colonization by borers. Although some species of
borers use healthy hosts or healthy host tissues, plants that are
suffering from some type of stressful condition either attract
or inhibit further dispersal behavior by many other borer
species. Insects that bore into tender tips and stems frequently
colonize young and vigorously growing plants. Consequently,
younger plants may suffer more damage than mature plants.
Open wounds or stressed, damaged, or weakened plant
tissues may be subject to invasion. Weakened or stressed host
plants may result from chronic growing conditions (poor-
quality site) or from acute detrimental changes (e.g., fire,
flood, drought, lightning strikes). Infections by pathogens,
particularly plant pathogenic fungi, nematodes, and parasitic
plants, weaken host plants and increase their susceptibility to
subsequent borer infestations. In addition, previous infestation
by other insect herbivores may weaken the host plant and
increase susceptibility to subsequent borer colonization.
Recently killed and dying trees are particularly suitable for
colonization by a range of borers. For example, there are
several species of wood wasps and flatheaded wood borers
that are attracted to trees that have been recently killed by
fires. A wide range of borers have developed complex
relationships with tree-killing pathogens and are responsible
for transmitting the pathogens into the host trees. Scolytid
bark beetles transmit species of pathogenic Ophiostoma and
Ceratocystis fungi into a variety of hosts (e.g., Scolytus scolytus,
S. multistriatus, and Hylurgopinus rufipes transmit Ophiostoma
ulmi, the causal agent of Dutch elm disease). Cerambycids in
the genus Monochamus are responsible for transmitting the
nematode, Bursaphelenchus xylophilus, the pathogen causing
pine wilt disease, into susceptible host pines. Females of the
European woodwasp, Sirex noctilio, inject a phytotoxin and
spores of the pathogenic fungus Amylostereum areolatum into
susceptible host trees during oviposition. Borers that are
adapted to colonize the woody tissues of dead or dying plants
may also colonize trees that have been cut during commercial
logging or even timber that has been milled into lumber. It is
not unusual for adult borers to emerge from products or
materials constructed from infested wood that has not been
kiln dried or otherwise treated to kill the infesting insects.

See Also the Following Articles
Forest Habitats o Integrated Pest Management o Plant Diseases
and Insects
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Brain and Optic Lobes

Nicholas J. Strausfeld
University of Arizona

Authors variously use the term brain either to include all
neuropils located within the head capsule or, restrictively,
to refer to only those neuropils (called preoral neuropils) that
lie dorsal to the esophagus. These are considered to lie anterior
to the mouth. Preoral neuropils are also known as the supra-
esophageal ganglion, which comprises three fused ganglia:
the protocerebrum, deutocerebrum, and tritocerebrum. The
preoral brain of the larger Hymenoptera, such as the
predatory wasp Pepsis thisbe, can contain well over a million
neurons, with more than a third of a million neurons in each
mushroom body. The extreme density of neurons packed
into a small volume, and the likelihood that single nerve cells
can be functionally divided into several discrete elements,
suggests that the largest insect brains have impressive
computational power.

The first definition of the brain includes neuropils of the
subesophageal ganglion, which is composed of the fused
ganglia from three postoral segmental neuromeres. These are
located ventrally with respect to the digestive tract, as are
ganglia of the thorax and abdomen. In most hemimetabolous
insects, and in many paleopterans, the subesophageal ganglion
is connected by paired circumesophageal commissures to the
supraesophageal ganglion. In many crown taxa (those
representing more recent evolved lineages) the subesophageal
and supraesophageal ganglia are fused, as is the case in honey
bees or the fruit fly Drosophila melanogaster, which is the
taxon here used to summarize the major divisions of the
brain (Figs. 1-6). A consequence of fusion is that tracts of
axons that would otherwise form the circumesophageal
commissures are embedded within a contiguous neuropil.

In insect embryos, the three preoral segmental neuromeres
providing the proto-, deuto-, and tritocerebrum are contiguous
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FIGURES 1-6 Summary diagrams of the brain of the fruit fly D. melanogaster. The reader is referred to these searchable figures in the atlas of the Drosophila
brain at htep://www.flybrain.org/Flybrain/html/atlas/schematic/index.html. The higher centers of the mushroom bodies and central complex are shown in reds
and oranges. Optic lobe regions are yellow. Antennal lobes are light green and their axon projections are dark green. The median bundle is shown in light blue.
Other neuropil areas are gray/pink. (1) Posterior aspect, vertical section. According to the neuraxis (see Fig. 7), up is rostral in Figs. 1-3. (2) Middle aspect,
vertical section, at the level of the central body and associated regions. (3) Frontal aspect, vertical section, at the level of the antennal lobes (green) and
mushroom body lobes (red). Dark green profiles in Figs. 1-3 are the antennocerebral tracts. (4) Top-down view, looking onto the mushroom bodies and central
complex. One mushroom body only is shown to the left, with the antennocerebral tracts from the antennal lobes to the lateral protocerebrum shown to the
right. The front of the brain is down, the rear of the brain is up. (5) Top-down view of the deutocerebrum/tritocerebrum and the root of the ventral nerve
cord. (6) Side-on view of the brain, emphasizing the ascending tracts (blue) from the subesophageal ganglion to the rostral protocerebrum via the medial
bundle. Note the disposition of the mushroom body and central complex. Abbreviations used: @, o, o, (B, B,Bc, V) lobes, subdivisions of the mushroom
body medial (B, B’,Bc, y) and vertical (., o', 0«c) lobes; ant n, antennal nerve; ant lob, antennal lobe; a op tu, anterior optic tubercle (optic glomerulus); asc
t vng, ascending tracts of ventral nerve cord; ca, calyx of mushroom body; deu asc neu, deutocerebral neuropil receiving ascending terminals; d m pr, dorsal
median protocerebrum; e b, ellipsoid body of the central complex; fb, fan-shaped body of the central complex; g d n, giant descending neuron (typifies
descending pathways); inf1 deu, inferior lateral deutocerebrum; i act, inner antennocerebral tract; int act, intermediate antennocerebral tract; 11ob i pr, lateral
lobe of the inferior protocerebrum; lat deu fasc, lateral deutocerebral fascicle; lab lob, labral lobe; lab com, labral commissure; lo, lobula; lo p, lobula plate;
1 ho, lateral horn; max su oes ¢, maxillary subesophageal connective; me, medulla; mech sens 1 deu, mechanosensory neuropil of the lateral deutocerebrum;
mech sens, mechanosensory strand and neuropil supplied by the antennal nerve; m bdl, median bundle; no, noduli of the central complex; op lo eff; optic
lobe efferents; ocl n, ocellar nerve; o act, outer antennocerebral tract; pr br, protocerebral bridge of the central complex; p 1 fasc, posterior lateral fascicle; p
op fo, posterior optic focus (glomerulus); r act, root of antennocerebral tract; s a, superior arch of the central complex; s o g, subesophageal ganglion; s 1 pr,
superior lateral protocerebrum; s m pr, superior median protocerebrum; s o g nerves, nerve bundles of subesophageal neuromeres; spur, spur of mushroom
body; trito, tritocerebrum; tr str m bdl, tritocerebral strand of the median bundle; trito r m bdl, tritocerebral root of the median bundle; VS, HS, axons of
giant vertical and horizontal cells (movement sensitive neurons); vs ax, visual interneuron axons; v bo, ventral body (also known as lateral accessory lobes); v
sat MB, d sat MB, ventral and dorsal satellite neuropils of the mushroom bodies.



with the three postoral neuromeres that will give rise to the
subesophageal ganglion. These neuromeres are, in turn,
contiguous with fused neuromeres of the thorax and
abdomen. In many species of hemimetabolous insects, such as
locusts and cockroaches, the sub- and supraesophageal ganglia
separate postembryonically and are connected by paired tracts.
In cockroaches, each segmental ganglion is separate from the
next, except for the last three abdominal ganglia, which are
specialized to serve receptors of the cerci and contain the
dendrites of giant ascending neurons and local networks of
interneurons that mediate escape reactions. However, in
many holometabolous insects there are various degrees of
ganglion fusion, one of the most extreme being in certain
Heteroptera such as the water strider Gerris sp. In Gerris, the
supraesophageal, subesophageal, and thoracic-abdominal
ganglia comprise a contiguous mass perforated by the gut. This
arrangement is reminiscent of the nervous systems of another
group of arthropods, the chelicerates. In adult cyclorrhaphan
flies the three thoracic ganglia and all abdominal ganglia are
fused into a single mass connected to the sub- and supra-
esophageal ganglion by long neck connectives (this has also
been achieved in the nervous systems of crabs).

The subesophageal ganglion, which comprises the
mandibular, maxillary, and labial neuromeres, has a ground
pattern organization comparable to that of the thoracic and
abdominal ganglia. The roots of motor neurons (the exit
point of motor neuron axons) are generally dorsal with
respect to incoming sensory axons. This arrangement is the
opposite of that in the vertebrate spinal cord.

The names of the subesophageal ganglia reflect the
appendages that their motor neurons control and from which
they receive sensory supply. However, this relationship is not
a strict one. For example, in flies mechanosensory neuropil
extending into the subesophageal ganglion also receive
afferents from mechanosensilla on the head, including
between facets of the compound eyes, around the margin of
the eyes, the frons, between and flanking the ocelli, and at
various positions on the rear of the head capsule. As on the
thorax and abdomen, or on the limbs, wings, and halteres
(modified wings in Diptera that are organs of balance),
sensilla on the head provide receptor neuron axons to defined
locations in their target ganglia. Principles underlying the
development and organization of the central representation
of sensilla are best known from Walthall and Murphey’s 1988
studies of cricket cerci or studies on the central projections of
receptors to discrete regions of the thoracic ganglia of
dipterans, also by Murphey and colleagues in 1989. In flies,
groups of receptors encoding different modalities at a segment
supply axons to modality-specific regions within the ganglion.
In such regions, the peripheral locations of receptors within
a sensory field can be represented as a map of axon terminals
onto the dendritic trees of postsynaptic neurons. Burrows
and Newland have shown that such maps play important
roles in the activation of the postsynaptic elements that
participate in circuits controlling limb actions and position.
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THE PREORAL BRAIN

Although there has been in the past endless debate about how
many segments contribute to the head and to the brain,
expression of homeobox genes now confirms three embryonic
brain segments only. The main issue of contention focused
on the neuromeric identity of the optic lobes, which were
claimed by some to have a distinct segmental origin. Devel-
opmental studies, which are summarized by Meinertzhagen
and Hanson’s 1993 review, showed that the inner optic lobe
neuropils in the adult insect brain develop from a lateral
outgrowth of the protocerebrum. George Boyan and his
colleagues at the University of Munich have provided crucial
evidence supporting a three-neuromere origin of the
supracsophageal ganglion from studies of the segment
polarity gene engrailed, which is expressed in cells (including
neuroblasts) in the posterior compartment of each segment.
The expression of engrailed in the first wave of neuroblast
generation shows the delineation of the tritocerebrum from
the first (maxillary) subesophageal neuromere, as well as the
delineation between the tritocerebrum and the deuto-
cerebrum and the delineation between the deutocerebrum
and the protocerebrum, the last being the most rostral seg-
mental neuromere. Crucially, the expression of engrailed shows
the latter to be segmentally indistinct from the developing
optic lobes.

THE PROTOCEREBRUM

The ground structure of the protocerebrum suggests its
ancestral affinities with segmental ganglia. In the
protocerebrum, as in postoral ganglia, ascending sensory
interneuron tracts enter it ventrally, whereas premotor
interganglionic interneurons exit dorsally. Afferents (here the
optic lobe output neurons; see later) distribute to local
interneurons in a manner reminiscent of sensory afferents
within postoral ganglia.

Despite its basic similarities with segmental ganglia, the
protocerebrum contains neuropils that are not normally
found in other segments and appear to have no counterparts
in other ganglia, unless generated ectopically by genetic
manipulation. Unique protocerebral neuropils comprise: (1)
the central complex and (2) the mushroom bodies and some
satellite neuropils belonging to both of these. A midline
indentation between the two protocerebral lobes, called the
pars intercerebralis, with its accompanying populations of
neuromodulatory neurons, may also be unique to the
protocerebrum. But without the relevant developmental
studies on thoracic ganglia, it is not clear whether any of the
unique clusters of neurons at their dorsal midlines are
segmental counterparts of neurons at the pars intercerebralis.

The structure of the protocerebrum is best approached by
understanding the basic organization of major axon tracts
that extend between its two halves. Studies of Drosophila
embryos show that major cerebral tracts appear early in
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development and pioneer the trajectories of interneurons
linking later developing neuropil regions. Again, research by
Boyan and colleagues on the development of locust embryos
provides important insights into early brain development
and demonstrates that neurons developmentally ascribed to
the protocerebrum can actually end up distant from it in the
adult. For example, studies of engrailed expression show that
in locusts the first episode of neuroblast generation in the
protocerebrum includes three neuroblasts that migrate
caudally to lie beside the glomerular antennal lobes, which
are structures usually ascribed to the deutocerebrum. The
segmental origin of these three neuroblasts, which contribute
neurons to the antennal lobe system, cautions against
uncritically ascribing segmental identities to neurons in the
adult brain.

Nevertheless, many of the tracts and neuropils described
from the adult have been both ascribed to one of its segments
and named, even though only a few are yet understood at a
functional and developmental level. The reader is referred to
two brain atlases, one by Strausfeld and the other an
electronic publication, FLYBRAIN (www.flybrain.org), both
of which focus on the adult structure of dipteran brains (the
housefly Musca domestica and the fruit fly D. melanogaster).
The basic divisions of the Drosophila brain are shown in Figs.
1-6. The following neuropils, or neuropil groups, comprise
the salient regions of the adult protocerebrum.

The Central Complex

Insect and crustacean protocerebra contain unique midline
neuropils and, in more advanced taxa, satellite neuropils
associated with them. These structures and their inter-
relationships have been described by several authors, one
cardinal study being by L. Williams in 1975. This and other
studies summarized here are described in some detail in a
recent article by Strausfeld published in 1999.

The midline component of the central complex, called the
central body, is similar to a unique midline neuropil in the
brains of chilopods, branchiopod crustaceans, and archacog-
nathan insects. Comparative studies suggest that these
neuropils have become elaborated through time. In the
flightless Zygentoma (e.g., “silverfish”) as well as in the
Palacoptera (e.g., mayflies and dragonflies), several paired
satellite neuropils are reciprocally connected to two midline
neuropils: the columnar ellipsoid body and, above it with
respect to the brain’s neuraxis, the fan-shaped body, which is
usually recognized by its scalloped profile. Further
elaboration has occurred in the Neoptera, in which a distinct
stratum called the superior arch is attached to the fan-shaped
body anteriorly. A bridge of neuropils, called the
protocerebral bridge, connects the two protocerebral lobes
and provides axons that extend into the fan-shaped body and
to the ellipsoid body behind it. In many taxa (e.g., locusts,
flies, wasps) the protocerebral bridge is divided into 16
discrete modules, 8 each side of the midline. These connect

to the 16 modules of the fan-shaped body and ellipsoid body.
The most lateral module on one side of the bridge is linked
to the most medial module of the other side. The next most
lateral module is linked to the next most medial one, and so
on. These connections provide an elaborate pattern of
chiasmata between the bridge and the fan-shaped and
ellipsoid bodies. Some of these neurons also extend to a pair
of ball-like structures, called the noduli, situated caudally
with respect to the fan-shaped and ellipsoid bodies. Two
synaptic zones in the noduli, a core and an outer layer, receive
connections from the fan-shaped body such that one-half is
represented in the core of the contralateral nodulus, whereas
the other half is represented in the outer layer of the
ipsilateral nodulus. A recent account by Renn and colleagues
(see FLYBRAIN database) uses genetic markers to dissect
these various components and trace their development.

The protocerebral bridge receives a system of elongated
fibers from the medial protocerebrum, which is itself supplied
by terminals of ascending interganglionic interneurons that
originate in thoracic ganglia. These elongated protocerebral
fibers extend through dendritic trees that contribute to the
modules across the bridge and are assumed to provide inputs
to their dendrites, although this awaits confirmation.

The superior arch appears to be distinct from protocerebral
bridge inputs and is connected heterolaterally to neuropils of
the protocerebral lobes, themselves receiving terminals from
the median bundle, a midline tract originating from the
subesophageal ganglion and ventral cord and ascending along
the midline of the ventral surface of the protocerebrum. The
superior arch shares local interneurons with the fan-shaped
body and ellipsoid body.

The fan-shaped body and ellipsoid body each receive fan-
like terminals from axons that originate at dendritic trees in
various lateral neuropils of the protocerebrum. Both the
ellipsoid and the fan-shaped bodies supply outputs that
extend to lateral protocerebral neuropils, particularly a
ventrocaudal region called the ventral bodies, known also as
the lateral accessory lobes. These lobes are invaded by the
dendritic collaterals of many of the descending neurons
leaving the brain for thoracic and abdominal ganglia.

The central complex is strictly a higher center that is
distant from sensory inputs. Dye fills fail to demonstrate any
sensory interneuron inputs to central complex neuropils nor
do the antennal lobes or optic lobes provide direct
connections to the central complex. The central complex has
no direct connections with the mushroom bodies. Instead,
various regions of the protocerebrum that are connected to
the central complex are also connected to the mushroom
bodies and to higher level sensory neuropils, such as the
lobula of the optic lobes and antennal and vertical lobes of
the deutocerebrum (see later).

As described in Nissel's 1993 review, the central complex
is richly supplied by peptidergic neurons that originate from
the pars intercerebralis. The pars also provides a wealth of
peptidergic neurons whose axons leave the brain for the retro-



cerebral complex (the corpora allata and corpora cardiaca) via
the corpora cardiaca nerve NCC1. Other neurosecretory cells
sending axons out of the brain lie lateral and rostral with
respect to the protocerebrum (NCC2) and in the lateral
tritocerebrum (NCC3). An exquisitely detailed enhancer trap
analysis of these systems has been published by Siegmund
and Korbe. The central complex is implicated in the control
of motor actions, although exactly what it controls is not yet
known. Studies of motor-coordination-defective Drosophila
show that certain behavioral mutants have midline lesions of
their protocerebral bridge or the fan-shaped bodies. Roland
Strauss, at the University of Wiirzburg, has shown that these
mutant flies are incapable of adjusting step length during
turning. A similar disruption across the midline occurs in
nature: certain rowing Heteroptera, such as the water strider
Gerris, have split protocerebral bridges, minute noduli, and
reduced modules in their fan-shaped and ellipsoid bodies. In
contrast, insects that show sophisticated asymmetric but
highly coordinated limb actions, such as are employed in
grooming, object manipulation, or cell construction, possess
elaborately modular central complexes and complete
protocerebral bridges.

Prominent connections between the fan-shaped and the
ellipsoid bodies with the lateral accessory lobes of the
protocerebrum are of functional interest. The lateral
accessory lobes are visited by dendritic collaterals from many
of the interganglionic descending interneurons that send
axons from lateral protocerebral regions to neuropils of the
thoracic and abdominal ganglia. One interpretation of this
organization is that the central complex plays a role in gating
outgoing information from the brain.

The central complex is richly supplied from protocerebral
regions involved in sensory discrimination. This organization,
with the elaborate arrangement of repeat units (modules and
chiasmata) within and between the protocerebral bridge and
midline neuropils, might suggest that the central complex
assesses the context and occurrence of sensory stimuli around
the animal and that this plays a crucial role in modifying
descending information to motor circuits.

Mushroom Bodies

The mushroom bodies, discovered by Félix Dujardin in 1850,
were the first brain centers to be recognized as distinct entities.
Dujardins suggestion that mushroom bodies supported
intelligent actions was with reference to social insects, in which
mushroom bodies are largest and most elaborate. Since his
1850 paper, the mushroom bodies have been considered to
be centers crucial to learning and memory.

The mushroom bodies are paired lobed neuropils.
Comparative studies by Strausfeld, Ito, and others have
identified mushroom bodies in all groups of insects except
the archaeognathan. In zygentoman and palaeopteran insects,
mushroom bodies comprise two sets of lobes, one set
extending medially toward the midline (medial lobes), the
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FIGURE 7 Neuraxis. Many descriptions in the literature rarely make the
point that the brain’s orientation is not that of the body. During
postembryonic development, the brain undergoes morphogenic movements,
tilting upward and back. This brings the dorsal surface of the brain to face
caudally with respect to the body’s axis. The front of the brain is its ventral
side according to the neuraxis. The top part of the brain is rostral. Likewise,
the antennal lobes are ventral, not frontal.

other extending ventrally, with respect to the neuraxis.
However, because most brains are tilted upward (Fig. 7),
these lobes can point forward or even upward. They are thus
collectively referred to as the vertical lobes.

The mushroom body lobes comprise many thousands of
approximately parallel-running processes. These originate
from clusters of minute globuli cells situated dorsorostrally in
the protocerebrum’s cell body rind. In neopteran insects, these
neurons have distal dendritic trees that contribute to rostral
neuropils called the calyces. Each mushroom body has a pair
of calyces, each of which is divided into two halves. A crucial
study by Kei Ito and colleagues demonstrated that each half is
generated by one of a quartet of embryonic neuroblasts. The
four half-calyces are supplied by four lineages of globuli cells,
all of which provide dendrites in the calyces and long axon-
like processes in the lobes. These “intrinsic neurons” of the
mushroom bodies are known as Kenyon cells, named after
their discoverer. Lineage analysis of the Drosophila mushroom
bodies has shown that each of the four neuroblasts generates
the same sequence of Kenyon cells, certain types of which
differentiate before others. Different types of Kenyon cells
contribute to different and discrete subdivisions of the lobes.
Farris’s studies on the mushroom bodies of the cockroach
Periplaneta americana and the worker honey bee Apis
mellifera have shown that the sequence of Kenyon cell
production and segregation to subdivisions is similar to that
in Drosophila described by Lee et al. in 2001.

Observations of the cockroach and honey bee calyces
show these neuropils as organized into nested zones, each of

which is defined by the types of afferents supplying it. The
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most up-to-date study on the honey bee demonstrates that
an outer region called the lip comprises three zones, each of
which receives axon collaterals from neurons that project
from glomeruli of the antennal lobes (see later) to regions of
the lateral protocerebrum. A second region of the calyx,
which comprises the collar, is further divided into discrete
zones, each of which is defined by visual and other afferent
endings, such as from gustatory neuropils of the subeso-
phageal ganglion. However, in many other insect orders, the
calyces receive sparse inputs, if any, from the visual system. A
central region of the calyx called the basal ring is similarly
divided into modality-specific zones.

Kenyon cells having dendrites in one of these zones send
their axon-like processes into a specific stratum that extends all
the way through the vertical and medial lobes. Each stratum
thus represents a zone of the calyces. However, a special class
of Kenyon cells that is generated earliest in development
supplies axon-like processes to a separate division of the
mushroom bodies, called the gamma lobe. Depending on the
taxon, this lobe lies parallel to the medial (flies), vertical
(honey bees), or both (cockroach) lobes. Important studies
by Zars and Heisenberg on gene expression in different parts
of the mushroom body of Drosophila have implicated the
gamma lobe in supporting short-term memory.

One pervasive misconception is that the calyces are the
“input region” of the mushroom bodies, whereas their lobes
are their output regions. This view of the mushroom body
does much to confuse and mislead theoretical considerations
about how the mushroom bodies might work. Palacopteran
insects lack calyces supplied by sensory interneurons, yet
their lobes both receive afferent endings from other
protocerebral neuropils and provide efferents that extend
back to protocerebral neuropils. In neopteran insects, the
lobes likewise receive inputs and provide outputs, with the
axon-like processes of Kenyon cells providing local circuits
between them. However, in neopterans, Kenyon cells also
supply calyces with dendrites that are visited by sensory
interneurons. The role of the calyces is not fully understood.
Possibly, afferents ending on Kenyon cell dendrites serve to
modify the activity of local circuits in the lobes that are
supplied by the processes of Kenyon cells, thereby providing
sensory context dependence to computations that occur via
Kenyon cell processes between inputs and outputs at the
mushroom body lobes. It is also possible that inputs to the
calyces provide persisting memory-like alterations of groups
of Kenyon cells. Peptidergic and other modulatory neurons
(e.g., octopaminergic, dopaminergic) associated with the
mushroom bodies have been implicated in memory
formation, and genetic disruption of vesicle recycling in a
modulatory neuron of the Drosophila mushroom body
shortens memory. It is still somewhat of a mystery why there
are two sets of lobes, with most Kenyon cell processes
dividing into each of them. However, as shown by Pascual
and Préat, working at the CNRS in France, if the vertical
lobes are absent, as in one type of Drosophila mutant, then

long-term memory cannot be established. A role for the
mushroom bodies in learning and memory has also been
suggested by chemical ablation of the mushroom body
neuroblasts, and a consequent lack of the mushroom body
abolishes olfactory associative learning by the adult fly.
However, such ablations also remove a set of local circuit
lobes, complicating the
interpretation of such experiments. A further complication

neurons in the antennal
in interpreting the mushroom body’s role in memory
acquisition is Dubnau’s recent finding that synaptic
transmission by mushroom body neurons is necessary only
for memory retrieval and not for memory formation.

The Rostral Lateral Protocerebrum and Lateral Horn

The protocerebrum is composed of many discrete centers,
most of which do not have obvious order and neat
geometries, as in the mushroom bodies and central complex.
Nevertheless, each protocerebral center is a unique entity and
specific centers can be identified across different species. It is
likely that studies of enhancer trap lines, as well as genetic
labeling of clonally related neurons, developed by Liqun Luo
and his colleagues, will in the near future reveal many new
features of the cellular organization of the protocerebrum.
Bug, so far, few studies have been done on these neuropils
even though they together impart great complexity to the
brain. This section focuses on just two neighboring regions,
the lateral protocerebrum and lateral horn, which are now
known to be second-order olfactory neuropils.

Antennal lobe projection neurons relay information from
olfactory glomeruli to various areas of the brain, via three
axon bundles called the inner, intermediate, and outer
antennocerebral tracts. Axons of the inner antennocerebral
tract provide axon collaterals to the mushroom body calyces.
However, olfactory projection neurons providing input to
the calyces do not terminate there but end in a region of the
protocerebrum called the lateral horn and, caudally adjacent
to it, the lateral protocerebrum. Axons of the intermediate
and outer antennocerebral tracts also invade these neuropils,
which therefore must be considered second-order olfactory
processing centers of the brain. In honey bees, certain axons
of the intermediate tract also target some neuropils that lie in
front of and beneath the calyces as well as neuropils
enwrapping the vertical lobes. Studies from Liqun Luo’s
laboratory at Stanford University have now shown that
discrete fields of endings in the lateral horn and lateral
protocerebral areas lying immediately caudal to it are
supplied by specific groups of antennal lobe glomeruli, thus
showing that the olfactory map that occurs among antennal
lobe glomeruli is partially maintained within this lateral
protocerebral area. With the exception of the calyces,
neuropils targeted by antennal lobe projection neurons are
second-order olfactory centers. These neuropils are not,
however, unimodal olfactory centers as they also receive
inputs from the optic lobes via large ascending fascicles.



The lateral horn and lateral protocerebrum give rise to sys-
tems of local interneurons as well as long-axoned interneurons,
certain of which terminate in the mushroom body lobes.
However, the relationship of the lateral protocerebrum with
descending pathways is not yet known. A further area of
ignorance s its relationship with the central complex.

OPTIC LOBES

Studies on the fly visual system dominate the literature on
insect vision, and descriptions of visual regions have been
mainly from dipteran insects, whose structure and physiology
have been described in great detail in numerous papers.

Retinotopic Organization

The optic lobes of palacopteran and neopteran insects consist
of three retinotopic neuropils. These are the lamina, medulla,
and lobula complex. In certain orders of insects (e.g., Diptera
Lepidoptera, Coleoptera) the lobula complex is divided into
two separate neuropils: a lenticular lobula that is mainly
composed of columnar neurons and a tectum-like lobula
plate that is hallmarked by wide-field tangential neurons.
However, in insects with an undivided lobula, deeper layers
comprise tangential neurons that probably have the same
functions as tangential neurons in the lobula plate.
Connections between the medulla and the lobula plate in
Diptera are homologous to connections between the medulla
and the deep lobula layers in honey bees. The lobula plate or
its equivalent supports achromatic motion vision, whereas
the lobula is thought to support object and color vision. The
lobula plate sends axons to dorsal neuropil of the lateral and
medial protocerebrum from which descending neurons
supply neuropils belonging to the neck and flight motor
systems. The lobula supplies bundles of axons to discrete
glomerular-like neuropils of the ventrolateral protocerebrum,
certain of which retain retinotopic organization. These optic
glomeruli (also called optic foci) are invaded by processes of
local interneurons and relay neurons.

The Lamina

The lamina is the first neuropil of the optic lobes and the best
known with respect to its cellular organization, synaptology,
and development. It consists of relatively few types of
neurons whose relationships achieve surprising complexity.
These have been reviewed by several authors, including
Nissel and Strausfeld and Meinertzhagen and Sorra. The
following summary focuses on the fly’s visual system because
of its preeminence in vision research.

Each ommatidium of the compound eye contains eight
(in honey bees nine) receptor cells. As summarized in
Hardie’s 1986 review, the axons (called short visual fibers) of
six blue-green sensitive photoreceptors (termed R1-R6) end
in the lamina, whereas the axons (long visual fibers, termed
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R7 and R8) of the other two photoreceptors (blue and UV
sensitive) terminate in the medulla. In insects equipped with
apposition eyes or neural superposition eyes, a set of six short
visual fibers terminate at each columnar subunit of the
lamina, called an optic cartridge. The six endings belong to
six photoreceptors that share the same optical alignment and
thus “look” at the same restricted area of visual space even
though, in neural superposition eyes, the optically coherent
photoreceptors are distributed among six ommatidia, a
discovery made by Kuno Kirschfeld in 1967 and elegantly
explained from a developmental view point by Meinertzhagen
in his 2000 review article. Nicholas Franceschini has termed
an optically coherent set of receptors a visual sampling unit
or VSU.

Each VSU is associated with several classes of interneurons,
the most prominent of which are cells known as large
monopolar cells or LMCs. In Diptera, LMCs include the
pair of radial monopolar cells (also called L1 and L2) that are
postsynaptic to all six terminals of a VSU. A third monopolar
cell (the brush or unilateral monopolar cells, also called L3)
is postsynaptic to all six receptors of a VSU but has about
two-thirds fewer dendrites than either L1 or L2. This triplet
of neurons sends axons to the medulla, alongside the axons
of the R7 and R8 receptor neurons that originate from the
optically relevant ommatidium. In insects with superposition
eyes, the lamina is not obviously divided into cartridges and
the dendrites of second-order neurons (monopolar cells)
extend across many photoreceptor terminals.

In addition to the L1-L3 monopolar cells, the lamina
contains two types of amacrine neurons whose processes
provide local interactions between receptor terminals of
several cartridges and the dendrites of other efferent neurons
that leave each cartridge. These are the types L4 and L5
monopolar cells and the basket cell, referred to as the T1
efferent neuron. Amacrine cells, which are local interneurons
that lack axons and provide local circuits, are postsynaptic to
receptors from many VSUs and are presynaptic onto the
dendritic trees of T1 and dendrites of L4 neurons. Each L4
neuron contributes axon collaterals to a rectilinear network
of connections beneath the lamina. These collaterals are
presynaptic to the axons of L1 and L2 and reciprocally pre-
and postsynaptic to the L4 neuron collaterals of neighboring
cartridges. A fifth species of efferent neuron, called the
midget monopolar cell, or L5, has one or two minute tufts of
dendrites that are visited by a second species of amacrine cell.
A comprehensive review by Strausfeld and Nissel
demonstrates that similar types of neurons have been
identified in crustaceans and in honey bees.

Four distinctive types of centrifugal cells visit the lamina.
Two are associated with each cartridge. One is the type C2
centrifugal cell, which is presynaptic onto the L1 and L2
monopolars at a level above their dendrites. The second is the
type C3 centrifugal cell, which is presynaptic to the L1 and L2
monopolar cells at the level of their dendrites. Both C2 and
C3 are GABAergic and both have dendrites at various levels
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in the outer and inner medulla. Two wide-field centrifugal
cells, called the types 1 and 2 lamina tangential cells, have
bistratified and concentric dendritic fields in the medulla and
send axons back out to the lamina, where their terminals
provide isomorphic plexi of presynaptic endings.

The Optic Chiasmata

Axons originating from the front of the lamina end in the
back of the medulla; axons from the back of the lamina end
in the front of the medulla, so reversing the horizontal order
of vertical rows of VSUs. The order is rereversed in the lobula
by a second chiasma beneath the medulla.

THE MEDULLA The arrangement of retinotopic
columns in the medulla is defined by pairs of long visual fiber
endings, each pair accompanied by the sextet of endings of
neurons leaving the optically corresponding optic cartridge
(L1-L5, T1). These endings terminate at specific levels of the
medulla where they coincide with the processes of amacrine
cells, the dendrites of relay neurons, and dendrites and
terminals of tangential neurons. The medulla is immensely
complicated. Each column may contain as many as 40 relay
neurons and many strata of amacrine cells intersect these.
Thus, the medulla has one of the highest densities of nerve
cells outside the mushroom bodies.

A broad layer of incoming and outgoing axons belonging
to tangential neurons separates the outer two-thirds of the
medulla from its inner third. Tangential cells have dendritic
trees or terminal fields that extend across many retinotopic
columns. Axons of centripetal tangential cells project
centrally via the posterior optic tract, to reach ipsi- and or
contralateral regions of the dorsal protocerebrum. Some
tangentials connect the medullae of the two lobes. Tangential
endings in the medulla derive from dendrites within the
medial protocerebrum. These neurons carry processed
information about motion stimuli back out to peripheral
layers of the visual system.

Retinotopic columns may each consist of as many as 40
different morphological types of axonal neurons. These
neurons have dendrites at characteristic levels, spreading
through defined fields of neighboring columns. Each
morphological cell type sends its axon to a characteristic
deeper level of the optic lobe. The class of neurons called
transmedullary cells (Tm cells) sends its axons to various
depths of the lobula. A subset of transmedullary cells, whose
dendrites are restricted to within a retinotopic column,
supplies a special sheet of synaptic neuropil over the surface
of the lobula where they end among quartets of bush-like
dendritic trees called T5 cells. These neurons were shown by
J. K. Douglass to be the first in the system to exhibit
directional- and orientation-selective responses to moving
visual stimuli. Their axon terminals segregate to four levels in
the lobula plate where they end on layered systems of
tangential neurons. Pioneering studies by Klaus Hausen, at

the Max Planck Institute in Tiibingen, demonstrated that
these large-field neurons respond selectively to wide-field
directional motion across the retina, relaying this
information to the midbrain and to the contralateral optic
lobes so that signals from both eyes can be integrated.

A second class of transmedullary cells (called intrinsic
transmedullary neurons) serves to link the outer layer of the
medulla with its inner layer. A third class of transmedullary
cells, called Tm Y cells, consists of neurons whose axons
branch, one tributary reaching the lobula plate and the other
reaching the lobula. Retinotopic neurons also originate from
the inner layer of the medulla. These must derive their inputs
from other transmedullary cells because their dendrites lie
beneath afferents from the lamina. Neurons from the inner
medulla send axons to the lobula or provide bifurcating
axons to the lobula plate and lobula.

The lobula contains ensembles of tree-like neurons
organized retinotopically. The spacing of their axons coarsens
the original retinotopic mosaic so that an oval ensemble of
retinotopic inputs from the medulla visits the dendritic tree
of a single lobula neuron. The size of the dendritic fields of
these columnar neurons varies, however, depending on the
cell type. The smallest lobula neuron has a dendritic field
equivalent to an approximately oval array of nine VSUs.
However, it cannot be assumed that such fields are the
physiologically receptive fields because the functional
organization among their inputs is not known.

Columnar neurons in the lobula are likely to be tuned to
highly specific visual features although few recordings have
been made from medulla neurons supplying the lobula.
Those that have been recorded suggest that the lobula
receives information about orientation but not about wide-
field motion. However, the presence in the lobulas of male
flies of sex-specific neurons that respond to movement of
small objects in the visual field must imply that a class of
directionally selective neurons from the medulla supplies at
least a part if not all of the lobula.

Each ensemble of identically shaped columnar neurons
provides a coherent bundle of axons that targets a circum-
scribed region of neuropil in the lateral protocerebrum. Such
neuropils are called optic foci and are reminiscent of and may
be functionally equivalent to olfactory glomeruli of the
antennal lobe.

OUTPUTS FROM THE OPTIC LOBES The now classic
studies by Walter Gehring and his colleagues on the ectopic
expression of compound eyes in Drosophila by genes
controlling eye formation have demonstrated that super-
numerary eyes are formed on limbs. If the ancestral origin of
the compound eye was a limb, it would follow that the
arrangements of sensory neurons leading centrally from the
compound eye neuropils (comprising the optic lobe) should
reflect arrangements of sensory neurons and interneurons that,
in other ganglia, serve the appendages. Cell tracer studies
indeed suggest that central projections from the optic lobes



are reminiscent of sensory-interneuron arrangements in
thoracic ganglia. Afferents from the optic lobes do not appear
to terminate directly onto descending neurons, as was once
assumed. Rather, optic lobe outputs end on systems of local
interneurons and some appear to map the retinotopic mosaic
into optic glomeruli, suggesting further high-order visual
reconstruction. Certain local interneurons connect optic
glomeruli. Others have long axons that connect glomeruli on
both sides of the brain. Yet others project anteriorly, via a thick
fascicle of axons, to end rostrally in the lateral protocerebrum
where they meet the terminals of olfactory projection neurons.

Optic glomeruli are also associated with neurons that
reach the fan-shaped and ellipsoid bodies of the central
complex or extend to the mushroom body lobes. Thus, optic
lobes supply protocerebral centers from which interneurons
extend to higher centers. Descending neurons mainly receive
their optic lobe inputs via intermediate local interneurons.
Thus, organization in the protocerebrum between sensory
inputs (that is, lobula and lobula plate outputs) and interneu-
rons is reminiscent of sensory-to-interneuron arrangements
in a segmental ganglion.

Exceptions to this general arrangement include the giant
vertical motion-sensitive neurons of the lobula plate, which,
with neurons from the ocelli, establish mixed electrical and
chemical synapses onto descending neurons that are involved
in the stabilization of roll and pitch during flight and the
control of visually induced head movements.

ACCESSORY MEDULLA AND CIRCADIAN RHYTHM
The optic lobes also support pathways involved in circadian
thythms. The most important of these, described from
Drosophila and the locust by Helfrich-Forster and others,
involve systems of neurosecretory pacemaker cells associated
with a small satellite neuropil in the optic lobes, called the
accessory medulla.

DESCENDING OUTPUTS FROM THE BRAIN Dye fills
into the ventral nerve cord of flies reveal large numbers (>200)
of cell bodies on each side of the brain. These belong to
descending neurons that carry information from the brain to
thoracic ganglia circuits that control flight, walking, and other
motor actions. Descending neurons that have their dendrites
in dorsal neuropils of protocerebrum and receive inputs from
the lobula plate terminate dorsally in thoracic ganglia where
they contribute to the visual and mechanosensory stabilization
of flight. Descending neurons with dendrites in more ventral
protocerebral neuropils terminate in ventral thoracic and
abdominal regions.

Electrophysiological recordings from locusts, dragonflies,
and flies have all shown that descending neurons are
multimodal, carrying integrated information about visual,
olfactory, mechanosensory, and acoustic stimuli. Descending
neurons are activated by correlative information from
different modalities. Thus, descending neurons involved in
controlling the direction of flight, and which respond
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selectively to panoramic movement around the vertical axis
of the body (yaw motion), also relay information about the
corresponding displacement of head hairs that occurs when
the body undergoes a yaw displacement.

Among descending neurons are systems of axons that
provide extremely fast motor actions in response to defined
visual stimuli. These comprise the class of “escape circuits,” the
best known of which is the lateral giant motion detector and
descending contralateral motion detector system of the locust
and the Col A-giant descending neuron system in flies. In both
locusts and flies optic lobe neurons (LGMD, Col A) provide
mixed chemical and electrical synapses onto large axon diameter
descending neurons (DCMD, GDN). In flies the paired
GDN are electrically coupled and are electrically contiguous
with the tergotrochanteral motor neurons that provide sudden
midleg extension. At the same time, the direct (power) muscles
of the wings are activated by electrically coupled local inter-
neurons relaying signals from the GDN terminal to axons of
motor neurons supplying the longitudinal flight muscles. A
comparable connection between the DCMD and the hind-
leg extensor muscles is found in locusts.

ASCENDING SUPPLY TO THE BRAIN  Sensory afferents
supplying segmental ganglia distribute outputs to intergan-
glionic interneurons. Many of these interneurons extend only
locally, between neighboring or next-to-neighbor ganglia,
and serve functions in regulating leg movements and posture.
However, a large number of ascending neurons have axons
that ascend through ganglia to reach the brain via ventrally
disposed tracts of axons. Dye filling these axons demonstrates
their terminals in ventrolateral and ventromedial protocere-
bral neuropils and in neuropils of the deutocerebrum,
tritocerebrum, and subesophageal ganglion. Ascending axons
do not, however, terminate in any of the mushroom body
neuropils nor in neuropils of the central complex.

Functional studies of ascending pathways, exemplified by
the recent studies of Nebeling, have mainly focused on
ascending acoustic interneurons in crickets, which terminate
in specific caudolateral and caudomedial protocerebral neu-
ropils. However, the distribution of terminals in many proto-
cerebral neuropils, including those receiving inputs from the
optic lobes and antennal lobes, adds weight to the idea thata
large volume of the protocerebrum is involved in multimodal
integration. That such areas provide inputs to, and receive
outputs from, the mushroom bodies adds credence to these
paired centers being higher integration neuropils. Likewise,
the relationship of the fan-shaped and ellipsoid bodies with
protocerebral neuropils also suggests their crucial role as a
higher integrator for the control of motor actions.

THE DEUTOCEREBRUM

The second preoral neuromere is called the deutocerebrum.
It consists of sensory and motor neuropils and is constructed
along the ground pattern typical of postoral ganglia.
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Ventrally its neuropils comprise two paired sensory centers:
the antennal lobe and, caudal to it, the vertical lobe. Three
recent reviews by Vosshall, Hildebrand, and Hansson provide
useful summaries of how olfactory receptors wire into the
antennal lobes, how the lobes themselves are structured, and
how these structures relate to the rest of the brain. Antennal
lobe neuropils consist of discrete islets, called glomeruli.
Most of these receive mainly olfactory receptor endings from
the antenna’s funiculus, although certain glomeruli receive
inputs from the maxillary palps. Studies on Drosophila and
the moth Manduca sexta, which are reviewed, have
demonstrated that as a rule glomeruli have unique identities
and positions in the antennal lobe.

The vertical lobes receive mainly mechanosensory
terminals from the scapus and pedicellus. Some glomeruli
situated caudally in the antennal lobe, bordering the dorsal
lobe, receive inputs from antennal thermoreceptors, receptors
responding to water vapor, and some mechanoreceptors.
Motor neurons controlling antennal musculature originate
lateral to and dorsal to these sensory regions. However, there
is little information about the arrangements of interneurons
and relay neurons supplying antennal lobe motor neurons.

Glomerular antennal lobes appear to be typical of
neopteran insects. The antennae of primary apterygotes and
palacopterans supply columnar and layered neuropils of the
vertical lobes, as do mechanosensory axons from the first two
antennal segments (scapus and pedicellus) in neopterans.

Cellular arrangements in the antennal lobes are reminiscent
of arrangements in malacostracan crustaceans and in vertebrates.
Whether these similarities are a consequence of convergent
evolution is debatable. However, in both phyla olfactory
receptor neurons tuned to a specific odor molecule converge
to the same address (glomerulus) in the antennal lobe. These
addresses are then represented as a coarser map in the neuropils
of the lateral protocerebrum by the axons of projection
neurons originating in glomeruli. Antennal lobes also integrate
olfactory information by virtue of complex connections
provided by local inhibitory local interneurons. Sexual
dimorphism also occurs in the antennal lobes, particularly in
the Lepidoptera, in which receptors encoding components of
the female pheromone blend send their axons to discrete
glomeruli of the male-specific macroglomerular complex.

THE TRITOCEREBRUM

The tritocerebrum is the third and structurally the most
discrete of the three preoral neuromeres, with sensory motor
connections with the third metamere of the head. An analysis
using expression of the segmentation border gene engrailed
has demonstrated the appendage-type identity of the labrum,
which supplies a major input into the tritocerebral ganglion,
thus establishing its sensory supply and metameric
relationships. The tritocerebrum also supplies motor neurons
to labral muscles. The tritocerebrum receives a substantial
supply of terminals from interganglionic interneurons with

dendrites in the anterior medial protocerebrum (according to
the neuraxis), which itself receives inputs from the median
bundle originating in the subesophageal ganglion with some
additional elements recruited from the thoracic ganglia. The
tritocerebrum gives rise to descending neurons to the
thoracic and abdominal ganglia, as does the deutocerebrum.
However, even though Rajashekhar and Singh have described
its general architecture and relationships with the protocere-
brum, relatively little is known of the tritocerebrum’s
relationships to other brain regions or about its intrinsic
connections. In all neopteran insects it is the protocerebrum
that shows the greatest elaboration.

THE POSTORAL BRAIN (SUBESOPHAGEAL
GANGLION)

Various functions have been ascribed to the subesophageal
ganglion, including arousal prior to motor actions and sensory
convergence from the brain. Generally, the three neuromeres of
the subesophageal ganglion relate to the metameric identity of
the mouthparts. Edgecomb and Murdock describe from flies
that the labial neuromere of the subesophageal ganglion receives
sensory axons from the dorsal cibarial organ, labellar sensilla,
and labral sense organs and possibly some intersegmental inputs
arrive from the tarsi. Stocker and Schorderet have supplied
evidence from Drosophila that mechanosensory and gustatory
chemo- (taste) receptors segregate out in the labral neuromere
into discrete modality-specific zones. In honey bees, inputs from
the mandibles invade the mandibular neuromere, which has
been suggested to be absent in flies. However, it is unlikely that
an entire neuromere has been eliminated and anatomical
evidence for it is indeed present. In 1992 Shanbhag and Singh
made the attractive suggestion that taste receptors segregate
into chemospecific zones, because horseradish peroxidase
uptake by the tips of functional species of receptors identified
seven arborization areas in the subesophageal ganglion.
Shanbhag and Singh suggested that these areas correspond to
seven types of gustatory sensilla. These findings have not been
contradicted and in larvae such receptor-specific zones appear
to be substantiated by genetic markers of specific chemosen-
sory axons to target neuropils. What is uncontroversial is that,
at any neuromere of the subesophageal ganglion, neuropils are
divided into a number of discrete synaptic regions. Some of
these clearly belong to interneuron—motor neuron assemblages.
In flies, local interneurons responding to sucrose reflect the
discrete partitioning of lateral subesophageal neuropils.
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Eyes and Vision
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