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PREFACE TO THE
THIRD EDITION

Since writing the earlier editions of this textbook, we
have relocated from Canberra, Australia, to Davis,
California, where we teach many aspects of entomo-
logy to a new cohort of undergraduate and graduate
students. We have come to appreciate some differences
which may be evident in this edition. We have retained
the regional balance of case studies for an international
audience. With globalization has come unwanted, per-
haps unforeseen, consequences, including the poten-
tial worldwide dissemination of pest insects and plants.
A modern entomologist must be aware of the global
status of pest control efforts. These range from insect
pests of specific origin, such as many vectors of disease
of humans, animals, and plants, to noxious plants, for
which insect natural enemies need to be sought. The
quarantine entomologist must know, or have access
to, global databases of pests of commerce. Successful
strategies in insect conservation, an issue we cover for
the first time in this edition, are found worldwide,
although often they are biased towards Lepidoptera.
Furthermore, all conservationists need to recognize the
threats to natural ecosystems posed by introduced
insects such as crazy, big-headed, and fire ants. Like-
wise, systematists studying the evolutionary relation-
ships of insects cannot restrict their studies to a
regional subset, but also need a global view.

Perhaps the most publicized entomological event
since the previous edition of our text was the “discovery”
ofanew order of insects —named as Mantophasmatodea
— based on specimens from 4 5-million-year-old amber
and from museums, and then found living in Namibia
(south-west Africa), and now known to be quite wide-
spread in southern Africa. This finding of the first new
order of insects described for many decades exemplifies
several aspects of modern entomological research.
First, existing collections from which mantophasmatid
specimens initially were discovered remain important
research resources; second, fossil specimens have sig-

nificance in evolutionary studies; third, detailed com-
parative anatomical studies retain a fundamental im-
portance in establishing relationships, even at ordinal
level; fourth, molecular phylogenetics usually can pro-
vide unambiguous resolution where there is doubt
about relationships based on traditional evidence.

The use of molecular data in entomology, notably
(but not only) in systematic studies, has grown apace
since our last edition. The genome provides a wealth of
characters to complement and extend those obtained
from traditional sources such as anatomy. Although
analysis is not as unproblematic as was initially sug-
gested, clearly we have developed an ever-improving
understanding of the internal relationships of the
insects as well as their relationships to other inver-
tebrates. For this reason we have introduced a new
chapter (Chapter 7) describing methods and results of
studies of insect phylogeny, and portraying our current
understanding of relationships. Chapter 8, also new,
concerns our ideas on insect evolution and biogeo-
graphy. The use of robust phylogenies to infer past
evolutionary events, such as origins of flight, sociality,
parasitic and plant-feeding modes of life, and bio-
geographic history, is one of the most exciting areas in
comparative biology.

Another growth area, providing ever-more chal-
lenging ideas, is the field of molecular evolutionary
development in which broad-scale resemblances (and
unexpected differences) in genetic control of develop-
mental processes are being uncovered. Notable studies
provide evidence for identity of control for development
of gills, wings, and other appendages across phyla.
However, details of this field are beyond the scope of this
textbook.

We retain the popular idea of presenting some
tangential information in boxes, and have introduced
seven new boxes: Box 1.1 Collected to extinction?; Box
1.2 Tramp ants and biodiversity; Box 1.3 Sustainable



use of mopane worms; Box 4.3 Reception of com-
munication molecules; Box 5.5 Egg-tending fathers —
the giant water bugs; Box 7.1 Relationships of the
Hexapoda to other Arthropoda; Box 14.2 Backpack
bugs — dressed to kill?, plus a taxonomic box (Box 13.3)
concerning the Mantophasmatodea (heel walkers).

We have incorporated some other boxes into the
text, and lost some. The latter include what appeared to
be a very neat example of natural selection in action,
the peppered moth Biston betularia, whose melanic car-
bonaria form purportedly gained advantage in a sooty
industrial landscape through its better crypsis from
bird predation. This interpretation has been challenged
lately, and we have reinterpreted it in Box 14.1 within
an assessment of birds as predators of insects.

Our recent travels have taken us to countries in
which insects form an important part of the human
diet. In southern Africa we have seen and eaten
mopane, and have introduced a box to this text con-
cerning the sustainable utilization of this resource.
Although we have tried several of the insect food items
that we mention in the opening chapter, and encour-
age others to do so, we make no claims for tastefulness.
We also have visited New Caledonia, where introduced
ants are threatening the native fauna. Our concern
for the consequences of such worldwide ant invasives,
that are particularly serious on islands, is reflected in
Box 1.2.

Once again we have benefited from the willingness of
colleagues to provide us with up-to-date information
and to review our attempts at synthesizing their

Preface to the third edition xiii

research. We are grateful to Mike Picker for helping us
with Mantophasmatodea and to Lynn Riddiford for
assisting with the complex new ideas concerning the
evolution of holometabolous development. Matthew
Terry and Mike Whiting showed us their unpublished
phylogeny of the Polyneoptera, from which we derived
part of Fig. 7.2. Bryan Danforth, Doug Emlen, Conrad
Labandeira, Walter Leal, Brett Melbourne, Vince Smith,
and Phil Ward enlightened us or checked our inter-
pretations of their research speciality, and Chris Reid,
as always, helped us with matters coleopterological
and linguistic. We were fortunate that our updating of
this textbook coincided with the issue of a compendious
resource for all entomologists: Encyclopedia of Insects,
edited by Vince Resh and Ring Cardé for Academic
Press. The wide range of contributors assisted our task
immensely: we cite their work under one header in the
“Further reading” following the appropriate chapters
in this book.

We thank all those who have allowed their publica-
tions, photographs, and drawings to be used as sources
for Karina McInnes' continuing artistic endeavors.
Tom Zavortink kindly pointed out several errors in the
second edition. Inevitably, some errors of fact and inter-
pretation remain, and we would be grateful to have
them pointed out to us.

This edition would not have been possible without
the excellent work of Katrina Rainey, who was respons-
ible for editing the text, and the staff at Blackwell
Publishing, especially Sarah Shannon, Cee Pike, and
Rosie Hayden.



PREFACE TO THE
SECOND EDITION

Since writing the first edition of this textbook, we have
been pleasantly surprised to find that what we con-
sider interesting in entomology has found a resonance
amongst both teachers and students from a variety of
countries. When invited to write a second edition we
consulted our colleagues for a wish list, and have tried
to meet the variety of suggestions made. Foremost we
have retained the chapter sequence and internal
arrangement of the book to assist those that follow its
structure in their lecturing. However, we have added a
new final (16th) chapter covering methods in entomo-
logy, particularly preparing and conserving a collec-
tion. Chapter 1 has been radically reorganized to
emphasize the significance of insects, their immense
diversity and their patterns of distribution. By popular
request, the summary table of diagnostic features of the
insect orders has been moved from Chapter 1 to the end
pages, for easier reference. We have expanded insect
physiology sections with new sections on tolerance
of environmental extremes, thermoregulation, control
of development and changes to our ideas on vision.
Discussion of insect behaviour has been enhanced
with more information on insect—plant interactions,
migration, diapause, hearing and predator avoidance,
“puddling” and sodium gifts. In the ecological area, we
have considered functional feeding groups in aquatic
insects, and enlarged the section concerning insect—
plant interactions. Throughout the text we have incor-
porated new interpretations and ideas, corrected some
errors and added extra terms to the glossary.

The illustrations by Karina McInnes that proved so
popular with reviewers of the first edition have been
retained and supplemented, especially with some novel
chapter vignettes and additional figures for the taxo-
nomic and collection sections. In addition, 41 colour
photographs of colourful and cryptic insects going
about their lives have been chosen to enhance the text.

The well-received boxes that cover self-contained

themes tangential to the flow of the text are retained.
With the assistance of our new publishers, we have
more clearly delimited the boxes from the text. New
boxes in this edition cover two resurging pests (the
phylloxera aphid and Bemisia whitefly), the origins of
the aquatic lifestyle, parasitoid host-detection by hear-
ing, the molecular basis of development, chemically
protected eggs, and the genitalia-inflating phalloblaster.

We haveresisted some invitations to elaborate on the
many physiological and genetic studies using insects —
we accept a reductionist view of the world appeals to
some, but we believe that it is the integrated whole
insect that interacts with its environment and is subject
to natural selection. Breakthroughs in entomological
understanding will come from comparisons made within
an evolutionary framework, not from the technique-
driven insertion of genes into insect and/or host.

We acknowledge all those who assisted us with
many aspects of the first edition (see Preface for first
edition following) and it is with some regret that we
admit that such a breadth of expertise is no longer
available for consultation in one of our erstwhile
research institutions. This is compensated for by the
following friends and colleagues who reviewed new
sections, provided us with advice, and corrected some
of our errors. Entomology is a science in which collab-
oration remains the norm — long may it continue. We
are constantly surprised at the rapidity of freely given
advice, even to electronic demands: we hope we haven't
abused the rapidity of communication. Thanks to, in
alphabetical order: Denis Anderson — varroa mites;
Andy Austin — wasps and polydnaviruses; Jeff Bale
— cold tolerance; Eldon Ball — segment development;
Paul Cooper — physiological updates; Paul De Barro —
Bemisia; Hugh Dingle — migration; Penny Greenslade —
collembola facts; Conrad Labandeira — fossil insects;
Lisa Nagy — molecular basis for limb development;
Rolf Oberprieler — edible insects; Chris Reid — reviewing
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Chapter 1 and coleopteran factoids; Murray Upton
— reviewing collecting methods; Lars-Ove Wikars —
mycangia information and illustration; Jochen Zeil
— vision. Dave Rentz supplied many excellent colour
photographs, which we supplemented with some
photos by Denis Anderson, Janice Edgerly-Rooks, Tom
Eisner, Peter Menzel, Rod Peakall, Dick Vane-Wright,
Peter Ward, Phil Ward and the late Tony Watson. Lyn
Cook and Ben Gunn provided help with computer gra-
phics. Many people assisted by supplying current names
or identifications for particular insects, including from
photographs. Special thanks to John Brackenbury,
whose photograph of a soldier beetle in preparation for
flight (from Brackenbury, 1990) provided the inspira-
tion for the cover centerpiece.

When we needed a break from our respective offices
in order to read and write, two Dons, Edward and
Bradshaw, provided us with some laboratory space
in the Department of Zoology, University of Western
Australia, which proved to be rather too close to surf,
wineries and wildflower sites —thank you anyway.

It is appropriate to thank Ward Cooper of the late
Chapman & Hall for all that he did to make the first
edition the success that it was. Finally, and surely not
least, we must acknowledge that there would not have
been a second edition without the helping hand put out
by Blackwell Science, notably Ian Sherman and David
Frost, following one of the periodic spasms in scientific
publishing when authors (and editors) realize their
minor significance in the “commercial” world.



PREFACE AND
ACKNOWLEDGMENTS
FOR FIRST EDITION

Insects are extremely successful animals and they
affect many aspects of our lives, despite their small
size. All kinds of natural and modified, terrestrial and
aquatic, ecosystems support communities of insects
that present a bewildering variety of life-styles, forms
and functions. Entomology covers not only the classi-
fication, evolutionary relationships and natural history
of insects, but also how they interact with each other
and the environment. The effects of insects on us, our
crops and domestic stock, and how insect activities
(both deleterious and beneficial) might be modified or
controlled, are amongst the concerns of entomologists.

The recent high profile of biodiversity as a scientific
issue is leading to increasing interest in insects because
of their astonishingly high diversity. Some calculations
suggest that the species richness of insects is so great
that, to a near approximation, all organisms can be
considered to be insects. Students of biodiversity need
to be versed in entomology.

We, the authors, are systematic entomologists
teaching and researching insect identification, distribu-
tion, evolution and ecology. Our study insects belong to
two groups — scale insects and midges — and we make
no apologies for using these, our favourite organisms,
to illustrate some points in this book.

This book isnot an identification guide, but addresses
entomological issues of a more general nature. We
commence with the significance of insects, their inter-
nal and external structure, and how they sense their
environment, followed by their modes of reproduction
and development. Succeeding chapters are based on
major themes in insect biology, namely the ecology of
ground-dwelling, aquatic and plant-feeding insects,
and the behaviours of sociality, predation and para-
sitism, and defence. Finally, aspects of medical and

veterinary entomology and the management of insect
pests are considered.

Those to whom this book is addressed, namely stu-
dents contemplating entomology as a career, or study-
ing insects as a subsidiary to specialized disciplines such
as agricultural science, forestry, medicine or veterinary
science, ought to know something about insect system-
atics — this is the framework for scientific observations.
However, we depart from the traditional order-by-order
systematic arrangement seen in many entomological
textbooks. The systematics of each insect order are pre-
sented in a separate section following the ecological—
behavioural chapter appropriate to the predominant
biology of the order. We have attempted to keep a
phylogenetic perspective throughout, and one com-
plete chapter is devoted to insect phylogeny, including
examination of the evolution of several key features.

We believe that a picture is worth a thousand
words. All illustrations were drawn by Karina Hansen
McInnes, who holds an Honours degree in Zoology
from the Australian National University, Canberra. We
are delighted with her artwork and are grateful for her
hours of effort, attention to detail and skill in depicting
the essence of the many subjects that are figured in the
following pages. Thank you Karina.

This book would still be on the computer without the
efforts of John Trueman, who job-shared with Penny
in second semester 1992. John delivered invertebrate
zoology lectures and ran lab classes while Penny rev-
elled in valuable writing time, free from undergraduate
teaching. Aimorn Stewart also assisted Penny by
keeping her research activities alive during book pre-
paration and by helping with labelling of figures. Eva
Bugledich acted as a library courier and brewed
hundreds of cups of coffee.



The following people generously reviewed one or
more chapters for us: Andy Austin, Tom Bellas, Keith
Binnington, Ian Clark, Geoff Clarke, Paul Cooper, Kendi
Davies, Don Edward, Penny Greenslade, Terry Hillman,
Dave McCorquodale, Rod Mahon, Dick Norris, Chris
Reid, Steve Shattuck, John Trueman and Phil Weinstein.
We also enjoyed many discussions on hymenopteran
phylogeny and biology with Andy. Tom sorted out
our chemistry and Keith gave expert advice on insect
cuticle. Paul’s broad knowledge of insect physiology
was absolutely invaluable. Penny put us straight with
springtail facts. Chris’ entomological knowledge, espe-
cially on beetles, was a constant source of information.
Steve patiently answered our endless questions on ants.
Numerous other people read and commented on sec-
tions of chapters or provided advice or helpful discus-
sion on particular entomological topics. These people
included John Balderson, Mary Carver, Lyn Cook,
Jane Elek, Adrian Gibbs, Ken Hill, John Lawrence, Chris
Lyal, Patrice Morrow, Dave Rentz, Eric Rumbo,
Vivienne Turner, John Vranjic and Tony Watson. Mike
Crisp assisted with checking on current host-plant
names. Sandra McDougall inspired part of Chapter 15.
Thank you everyone for your many comments which
we have endeavoured to incorporate as far as possible,
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for your criticisms which we hope we have answered,
and for your encouragement.

We benefited from discussions concerning published
and unpublished views on insect phylogeny (and fos-
sils), particularly with Jim Carpenter, Mary Carver, Niels
Kristensen, Jarmila Kukalova-Peck and John Trueman.
Our views are summarized in the phylogenies shown in
this book and do not necessarily reflect a consensus of
our discussants’ views (this was unattainable).

Our writing was assisted by Commonwealth Scient-
ific and Industrial Research Organization (CSIRO) pro-
viding somewhere for both of us to work during the many
weekdays, nights and weekends during which this book
was prepared. In particular, Penny managed to escape
from the distractions of her university position by work-
ing in CSIRO. Eventually, however, everyone discovered
her whereabouts. The Division of Entomology of the
CSIRO provided generous support: Carl Davies gave us
driving lessons on the machine that produced reduc-
tions of the figures, and Sandy Smith advised us on
labelling. The Division of Botany and Zoology of the
Australian National University also provided assistance
in aspects of the book production: Aimorn Stewart
prepared the SEMs from which Fig. 4.7 was drawn, and
Judy Robson typed the labels for some of the figures.






Chapter 1

THE IMPORTANCE,
DIVERSITY, AND
CONSERVATION
OF INSECTS

Charles Darwin inspecting beetles collected during the voyage of the Beagle. (After various sources, especially Huxley & Kettlewell
1965 and Futuyma 1986.)



2 The importance, diversity, and conservation of insects

Curiosity alone concerning the identities and lifestyles
of the fellow inhabitants of our planet justifies the study
of insects. Some of us have used insects as totems and
symbols in spiritual life, and we portray them in art and
music. If we consider economic factors, the effects of
insects are enormous. Few human societies lack honey,
provided by bees (or specialized ants). Insects pollinate
our crops. Many insects share our houses, agriculture,
and food stores. Others live on us, our domestic pets, or
our livestock, and yet more visit to feed on us where
they may transmit disease. Clearly, we should under-
stand these pervasive animals.

Although there are millions of kinds of insects, we do
not know exactly (or even approximately) how many.
This ignorance of how many organisms we share our
planet with is remarkable considering that astronomers
have listed, mapped, and uniquely identified a com-
parable diversity of galactic objects. Some estimates,
which we discuss in detail below, imply that the species
richness of insects is so great that, to a near approxima-
tion, all organisms can be considered to be insects.
Although dominant on land and in freshwater, few
insects are found beyond the tidal limit of oceans.

In this opening chapter, we outline the significance
of insects and discuss their diversity and classification
and their roles in our economic and wider lives. First,
we outline the field of entomology and the role of ento-
mologists, and then introduce the ecological functions
of insects. Next, we explore insect diversity, and then
discuss how we name and classify this immense divers-
ity. Sections follow in which we consider past and some
continuing cultural and economic aspects of insects,
their aesthetic and tourism appeal, and their import-
ance as foods for humans and animals. We conclude
with a review of the conservation significance of insects.

1.1 WHAT IS ENTOMOLOGY?

Entomology is the study of insects. Entomologists, the
people who study insects, observe, collect, rear, and
experiment with insects. Research undertaken by ento-
mologists covers the total range of biological discip-
lines, including evolution, ecology, behavior, anatomy,
physiology, biochemistry, and genetics. The unifying
feature is that the study organisms are insects. Biolo-
gists work with insects for many reasons: ease of cul-
turing in a laboratory, rapid population turnover, and
availability of many individuals are important factors.
The minimal ethical concerns regarding responsible

experimental use of insects, as compared with verteb-
rates, are a significant consideration.

Modern entomological study commenced in the
early 18th century when a combination of rediscovery
of the classical literature, the spread of rationalism, and
availability of ground-glass optics made the study of
insects acceptable for the thoughtful privately wealthy.
Although people working with insects hold profes-
sional positions, many aspects of the study of insects
remain suitable for the hobbyist. Charles Darwin’s
initial enthusiasm in natural history was as a collector
of beetles (as shown in the vignette for this chapter).
All his life he continued to study insect evolution and
communicate with amateur entomologists through-
out the world. Much of our present understanding of
worldwide insect diversity derives from studies of non-
professionals. Many such contributions come from
collectors of attractive insects such as butterflies and
beetles, but others with patience and ingenuity con-
tinue the tradition of Henri Fabre in observing close-up
activities of insects. We can discover much of scientific
interest at little expense concerning the natural history
of even “well known” insects. The variety of size, struc-
ture, and color in insects (see Plates 1.1-1.3, facing
p. 14) is striking, whether depicted in drawing, photo-
graphy, or film.

A popular misperception is that professional ento-
mologists emphasize killing or at least controlling
insects, but in fact entomology includes many positive
aspects of insects because their benefits to the environ-
ment outweigh their harm.

1.2 THE IMPORTANCE OF INSECTS

We should study insects for many reasons. Their eco-
logies are incredibly variable. Insects may dominate
food chains and food webs in both volume and num-
bers. Feeding specializations of different insect groups
include ingestion of detritus, rotting materials, living
and dead wood, and fungus (Chapter 9), aquatic filter
feeding and grazing (Chapter 10), herbivory (= phyto-
phagy), including sap feeding (Chapter 11), and pre-
dation and parasitism (Chapter 13). Insects may live in
water, on land, or in soil, during part or all of their lives.
Their lifestyles may be solitary, gregarious, subsocial,
or highly social (Chapter 12). They may be conspicu-
ous, mimics of other objects, or concealed (Chapter 14),
and may be active by day or by night. Insect life cycles
(Chapter 6) allow survival under a wide range of condi-



tions, such as extremes of heat and cold, wet and dry,
and unpredictable climates.

Insects are essential to the following ecosystem
functions:

* nutrient recycling, via leaf-litter and wood degrada-
tion, dispersal of fungi, disposal of carrion and dung,
and soil turnover;

e plant propagation, including pollination and seed
dispersal;

¢ maintenance of plant community composition and
structure, via phytophagy, including seed feeding;

e food for insectivorous vertebrates, such as many
birds, mammals, reptiles, and fish;

* maintenance of animal community structure,
through transmission of diseases of large animals, and
predation and parasitism of smaller ones.

Each insect species is part of a greater assemblage and
its loss affects the complexities and abundance of other
organisms. Some insects are considered “keystones”
because loss of their critical ecological functions could
collapse the wider ecosystem. For example, termites
convert cellulose in tropical soils (section 9.1), suggest-
ing that they are keystones in tropical soil structuring.
In aquatic ecosystems, a comparable service is provided
by the guild of mostly larval insects that breaks down
and releases the nutrients from wood and leaves derived
from the surrounding terrestrial environment.

Insects are associated intimately with our survival,
in that certain insects damage our health and that of
our domestic animals (Chapter 15) and others adversely
affect our agriculture and horticulture (Chapter 16).
Certain insects greatly benefit human society, either by
providing us with food directly or by contributing to
our food or materials that we use. For example, honey
bees provide us with honey but are also valuable agri-
cultural pollinators worth an estimated several billion
US$ annually in the USA. Estimates of the value of non-
honey-bee pollination in the USA could be as much as
$5-6 billion per year. The total value of pollination
services rendered by all insects globally has been es-
timated to be in excess of $100 billion annually (2003
valuation). Furthermore, valuable services, such as
those provided by predatory beetles and bugs or para-
sitic wasps that control pests, often go unrecognized,
especially by city-dwellers.

Insects contain a vast array of chemical compounds,
some of which can be collected, extracted, or synthes-
ized for our use. Chitin, a component of insect cuticle,
and its derivatives act as anticoagulants, enhance
wound and burn healing, reduce serum cholesterol,
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serve as non-allergenic drug carriers, provide strong
biodegradable plastics, and enhance removal of pol-
lutants from waste water, to mention just a few devel-
oping applications. Silk from the cocoons of silkworm
moths, Bombyx mori, and related species has been used
for fabric for centuries, and two endemic South African
species may be increasing in local value. The red dye
cochineal is obtained commercially from scale insects
of Dactylopius coccus cultured on Opuntia cacti. Another
scale insect, the lac insect Kerria lacca, is a source of a
commercial varnish called shellac. Given this range of
insect-produced chemicals, and accepting our ignor-
ance of most insects, there is a high likelihood of finding
novel chemicals.

Insects provide more than economic or environmen-
tal benefits; characteristics of certain insects make
them useful models for understanding general biolo-
gical processes. For instance, the short generation time,
high fecundity, and ease of laboratory rearing and
manipulation of the vinegar fly, Drosophila melanogaster,
have made it a model research organism. Studies of
D. melanogaster have provided the foundations for our
understanding of genetics and cytology, and these flies
continue to provide the experimental materials for
advances in molecular biology, embryology, and devel-
opment. Outside the laboratories of geneticists, studies
of social insects, notably hymenopterans such as ants
and bees, have allowed us to understand the evolution
and maintenance of social behaviors such as altruism
(section 12.4.1). The field of sociobiology owes its exist-
ence to entomologists’ studies of social insects. Several
theoretical ideas in ecology have derived from the study
of insects. For example, our ability to manipulate the
food supply (grains) and number of individuals of flour
beetles (Tribolium spp.) in culture, combined with their
short life history (compared to mammals, for example),
gave insights into mechanisms regulating populations.
Some early holistic concepts in ecology, for example
ecosystem and niche, came from scientists studying
freshwater systems where insects dominate. Alfred
Wallace (depicted in the vignette of Chapter 17), the
independent and contemporaneous discoverer with
Charles Darwin of the theory of evolution by natural
selection, based his ideas on observations of tropical
insects. Theories concerning the many forms of mimicry
and sexual selection have been derived from observa-
tions of insect behavior, which continue to be investig-
ated by entomologists.

Lastly, the sheer numbers of insects means that their
impact upon the environment, and hence our lives, is
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highly significant. Insects are the major component of
macroscopic biodiversity and, for this reason alone, we
should try to understand them better.

1.3 INSECT BIODIVERSITY

1.3.1 The described taxonomic richness
of insects

Probably slightly over one million species of insects have
been described, that is, have been recorded in a taxono-
mic publication as “new” (to science that is), accompan-
ied by description and often with illustrations or some
other means of recognizing the particular insect species
(section 1.4). Since some insect species have been des-
cribed as new more than once, due to failure to recog-
nize variation or through ignorance of previous studies,
the actual number of described species is uncertain.
The described species of insects are distributed un-
evenly amongst the higher taxonomic groupings called
orders (section 1.4). Five “major” orders stand out for
their high species richness, the beetles (Coleoptera),
flies (Diptera), wasps, ants, and bees (Hymenoptera),
butterflies and moths (Lepidoptera), and the true bugs
(Hemiptera). J.B.S. Haldane's jest — that “God” (evolu-
tion) shows an inordinate “fondness” for beetles —
appears to be confirmed since they comprise almost
40% of described insects (more than 350,000 species).
The Hymenoptera have nearly 250,000 described spe-
cies, with the Diptera and Lepidoptera having between
125,000 and 150,000 species, and Hemiptera ap-
proaching 95,000. Of the remaining orders of living
insects, none exceed the 20,000 described species of
the Orthoptera (grasshoppers, locusts, crickets, and
katydids). Most of the “minor” orders have from some
hundreds to a few thousands of described species.
Although an order may be described as “minor”, this
does not mean that it is insignificant — the familiar
earwig belongs to an order (Dermaptera) with less than
2000 described species and the ubiquitous cockroaches
belong to an order (Blattodea) with only 4000 species.
Nonetheless, there are only twice as many species des-
cribed in Aves (birds) as in the “small” order Blattodea.

1.3.2 The estimated taxonomic richness
of insects

Surprisingly, the figures given above, which represent

the cumulative effort by many insect taxonomists from
all parts of the world over some 250 years, appear to
represent something less than the true species richness
of the insects. Just how far short is the subject of con-
tinuing speculation. Given the very high numbers and
the patchy distributions of many insects in time and
space, it is impossible in our time-scales to inventory
(count and document) all species even for a small area.
Extrapolations are required to estimate total species
richness, which range from some three million to as
many as 80 million species. These various calculations
either extrapolate ratios for richness in one taxonomic
group (or area) to another unrelated group (or area), or
use a hierarchical scaling ratio, extrapolated from a
subgroup (or subordinate area) to a more inclusive
group (or wider area).

Generally, ratios derived from temperate : tropical
species numbers for well-known groups such as ver-
tebrates provide rather conservatively low estimates
if used to extrapolate from temperate insect taxa to
essentially unknown tropical insect faunas. The most
controversial estimation, based on hierarchical scaling
and providing the highest estimated total species
numbers, was an extrapolation from samples from a
single tree species to global rainforest insect species
richness. Sampling used insecticidal fog to assess the
little-known fauna of the upper layers (the canopy) of
neotropical rainforest. Much of this estimated increase
in species richness was derived from arboreal beetles
(Coleoptera), but several other canopy-dwelling groups
were much more numerous than believed previously.
Key factors in calculating tropical diversity included
identification of the number of beetle species found,
estimation of the proportion of novel (previously
unseen) groups, allocation to feeding groups, estima-
tion of the degree of host-specificity to the surveyed tree
species, and the ratio of beetles to other arthropods.
Certain assumptions have been tested and found to be
suspect: notably, host-plant specificity of herbivorous
insects, at least in Papua New Guinean tropical forest,
seems very much less than estimated early in this
debate.

Estimates of global insect diversity calculated from
experts’ assessments of the proportion of undescribed
versus described species amongst their study insects
tend to be comparatively low. Belief in lower numbers
of species comes from our general inability to confirm
the prediction, which is a logical consequence of the
high species-richness estimates, that insect samples
ought to contain very high proportions of previously



unrecognized and/or undescribed (“novel”) taxa.
Obviously any expectation of an even spread of novel
species is unrealistic, since some groups and regions
of the world are poorly known compared to others.
However, amongst the minor (less species-rich) orders
there is little or no scope for dramatically increased,
unrecognized species richness. Very high levels of nov-
elty, if they exist, realistically could only be amongst the
Coleoptera, drab-colored Lepidoptera, phytophagous
Diptera, and parasitic Hymenoptera.

Some (but not all) recent re-analyses tend towards
lower estimates derived from taxonomists’ calcula-
tions and extrapolations from regional sampling rather
than those derived from ecological scaling: a figure of
between four and six million species of insects appears
realistic.

1.3.3 The location of insect species richness

The regions in which additional undescribed insect
species might occur (i.e. up to an order of magnitude
greater number of novel species than described) cannot
be in the northern hemisphere, where such hidden
diversity in the well-studied faunas is unlikely. For
example, the British Isles inventory of about 22,500
species of insects is likely to be within 5% of being com-
plete and the 30,000 or so described from Canada must
represent over half of the total species. Any hidden
diversity is not in the Arctic, with some 3000 species
present in the American Arctic, nor in Antarctica, the
southern polar mass, which supports a bare handful
of insects. Evidently, just as species-richness patterns
are uneven across groups, so too is their geographic
distribution.

Despite the lack of necessary local species inventories
to prove it, tropical species richness appears to be much
higher than that of temperate areas. For example, a
single tree surveyed in Peru produced 26 genera and
43 species of ants: a tally that equals the total ant
diversity from all habitats in Britain. Our inability to be
certain about finer details of geographical patterns
stems in part from the inverse relationship between the
distribution of entomologists interested in biodiversity
issues (the temperate northern hemisphere) and the
centers of richness of the insects themselves (the tropics
and southern hemisphere).

Studies in tropical American rainforests suggest
much undescribed novelty in insects comes from the
beetles, which provided the basis for the original high
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richness estimate. Although beetle dominance may be
true in places such as the Neotropics, this might be an
artifact of the collection and research biases of ento-
mologists. In some well-studied temperate regions such
as Britain and Canada, species of true flies (Diptera)
appear to outnumber beetles. Studies of canopy insects
of the tropical island of Borneo have shown that both
Hymenoptera and Diptera can be more species rich at
particular sites than the Coleoptera. Comprehensive
regional inventories or credible estimates of insect
faunal diversity may eventually tell us which order of
insects is globally most diverse.

Whether we estimate 30—80 million species or an
order of magnitude less, insects constitute at least half
of global species diversity (Fig. 1.1). If we consider only
life on land, insects comprise an even greater propor-
tion of extant species, since the radiation of insects is a
predominantly terrestrial phenomenon. The relative
contribution of insects to global diversity will be some-
what lessened if marine diversity, to which insects
make a negligible contribution, actually is higher than
currently understood.

1.3.4 Some reasons for insect
species richness

Whatever the global estimate is, insects surely are re-
markably speciose. This high species richness has been
attributed to several factors. The small size of insects,
a limitation imposed by their method of gas exchange
via tracheae, is an important determinant. Many more
niches exist in any given environment for small organ-
isms than for large organisms. Thus, a single acacia
tree, that provides one meal to a giraffe, may support
the complete life cycle of dozens of insect species; a
lycaenid butterfly larva chews the leaves, a bug sucks
the stem sap, a longicorn beetle bores into the wood, a
midge galls the flower buds, a bruchid beetle destroys
the seeds, a mealybug sucks the root sap, and several
wasp species parasitize each host-specific phytophage.
An adjacent acacia of a different species feeds the same
giraffe but may have a very different suite of phyto-
phagous insects. The environment can be said to be
more fine-grained from an insect perspective compared
to that of a mammal or bird.

Small size alone is insufficient to allow exploitation of
this environmental heterogeneity, since organisms
must be capable of recognizing and responding to envir-
onmental differences. Insects have highly organized



6 The importance, diversity, and conservation of insects

1
13
f 4
4
2
11““’%,/1 §
17 16 " e
Heso e = w1
Ty E g bat g
@ 127 ™6
1 Prokaryotes
2 Fungi
3 Algae

4 Plantae (multicellular plants)

o NG

9
10
11
12
13
14
15
16
17
18
19

Protozoa

Porifera (sponges)

Cnidaria (jellyfish, corals, etc.)
Platyhelminthes (flatworms)
Nematoda (roundworms)

Annelida (earthworms, leeches, etc.)
Mollusca (snails, bivalves, octopus, etc.)
Echinodermata (starfish, sea urchins, etc.)
Insecta

Non-insect Arthropoda

Pisces (fish)

Amphibia (frogs, salamanders, etc.)
Reptilia (snakes, lizards, turtles)
Aves (birds)

Mammalia (mammals)

Fig. 1.1 Speciescape, in which the size of individual organisms is approximately proportional to the number of described species

in the higher taxon that it represents. (After Wheeler 1990.)

sensory and neuro-motor systems more comparable to
those of vertebrate animals than other invertebrates.
However, insects differ from vertebrates both in size
and in how they respond to environmental change.
Generally, vertebrate animals are longer lived than
insects and individuals can adapt to change by some
degree of learning. Insects, on the other hand, normally

respond to, or cope with, altered conditions (e.g. the
application of insecticides to their host plant) by genetic
change between generations (e.g. leading to insecticide-
resistant insects). High genetic heterogeneity or elastic-
ity within insect species allows persistence in the face
of environmental change. Persistence exposes species
to processes that promote speciation, predominantly



involving phases of range expansion and/or subsequent
fragmentation. Stochastic processes (genetic drift)
and/or selection pressures provide the genetic altera-
tions that may become fixed in spatially or temporally
isolated populations.

Insects possess characteristics that expose them to
other potential diversifying influences that enhance
their species richness. Interactions between certain
groups of insects and other organisms, such as plants in
the case of herbivorous insects, or hosts for parasitic
insects, may promote the genetic diversification of eater
and eaten. These interactions are often called coevolu-
tionary and are discussed in more detail in Chapters
11 and 13. The reciprocal nature of such interactions
may speed up evolutionary change in one or both part-
ners or sets of partners, perhaps even leading to major
radiations in certain groups. Such a scenario involves
increasing specialization of insects at least on plant
hosts. Evidence from phylogenetic studies suggests that
this has happened — but also that generalists may arise
from within a specialist radiation, perhaps after some
plant chemical barrier has been overcome. Waves of
specialization followed by breakthrough and radiation
must have been a major factor in promoting the high
species richness of phytophagous insects.

Another explanation for the high species numbers of
insects is the role of sexual selection in the diversifica-
tion of many insects. The propensity of insects to
become isolated in small populations (because of the
fine scale of their activities) in combination with sexual
selection (section 5.3) may lead to rapid alteration in
intra-specific communication. When (or if ) the isolated
population rejoins the larger parental population,
altered sexual signaling deters hybridization and the
identity of each population (incipient species) is main-
tained in sympatry. This mechanism is seen to be much
more rapid than genetic drift or other forms of selection,
and need involve little if any differentiation in terms of
ecology or non-sexual morphology and behavior.

Comparisons amongst and between insects and their
close relatives suggest reasons for insect diversity. We
can ask what are the shared characteristics of the most
speciose insect orders, the Coleoptera, Hymenoptera,
Diptera, and Lepidoptera? Which features of insects do
other arthropods, such as arachnids (spiders, mites,
scorpions, and their allies) lack? No simple explanation
emerges from such comparisons; probably design fea-
tures, flexible life-cycle patterns and feeding habits play
a part (some of these factors are explored in Chapter 8).
In contrast to the most speciose insect groups, arach-
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nids lack winged flight, complete transformation of
body form during development (metamorphosis) and
dependence on specific food organisms, and are not
phytophagous. Exceptionally, mites, the most diverse
and abundant of arachnids, have many very specific
associations with other living organisms.

High persistence of species or lineages or the numer-
ical abundance of individual species are considered as
indicators of insect success. However, insects differ
from vertebrates by at least one popular measure of
success: body size. Miniaturization is the insect success
story: most insects have body lengths of 1-10 mm,
with a body length around 0.3 mm of mymarid wasps
(parasitic on eggs of insects) being unexceptional. At
the other extreme, the greatest wingspan of a living
insect belongs to the tropical American owlet moth,
Thysania agrippina (Noctuidae), with a span of up to
30 cm, although fossils show that some insects were
appreciably larger than their extant relatives. For
example, an Upper Carboniferous silverfish, Ramsdelepi-
dion schusteri (Zygentoma), had a body length of 6 cm
compared to a modern maximum of less than 2 cm.
The wingspans of many Carboniferous insects exceeded
45 cm, and a Permian dragonfly, Meganeuropsis amer-
icana (Protodonata), had a wingspan of 71 cm. Notably
amongst these large insects, the great size comes pre-
dominantly with a narrow, elongate body, although
one of the heaviest extant insects, the 16 cm long
hercules beetle Dynastes hercules (Scarabaeidae), is an
exception in having a bulky body.

Barriers to large size include the inability of the
tracheal system to diffuse gases across extended dis-
tances from active muscles to and from the external
environment (Box 3.2). Further elaborations of the
tracheal system would jeopardize water balance in a
large insect. Most large insects are narrow and have
not greatly extended the maximum distance between
the external oxygen source and the muscular site
of gaseous exchange, compared with smaller insects.
A possible explanation for the gigantism of some
Palaeozoic insects is considered in section 8.2.1.

In summary, many insect radiations probably
depended upon (a) the small size of individuals, com-
bined with (b) short generation time, (c) sensory and
neuro-motor sophistication, (d) evolutionary inter-
actions with plants and other organisms, (e) metamor-
phosis, and (f) mobile winged adults. The substantial
time since the origin of each major insect group has
allowed many opportunities for lineage diversification
(Chapter 8). Present-day species diversity results from
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either higher rates of speciation (for which there is
limited evidence) and/or lower rates of species extinc-
tion (higher persistence) than other organisms. The
high species richness seen in some (but not all) groups
in the tropics may result from the combination of
higher rates of species formation with high accumula-
tion in equable climates.

1.4 NAMING AND CLASSIFICATION
OF INSECTS

The formal naming of insects follows the rules of
nomenclature developed for all animals (plants have a
slightly different system). Formal scientific names are
required for unambiguous communication between all
scientists, no matter what their native language.
Vernacular (common) names do not fulfill this need:
the same insects even may have different vernacular
names amongst peoples that speak the same language.
For instance, the British refer to “ladybirds”, whereas
the same coccinellid beetles are “ladybugs” to many
people in the USA. Many insects have no vernacular
name, or one common name is given to many species as
if only one is involved. These difficulties are addressed
by the Linnaean system, which provides every described
species with two given names (a binomen). The first is
the generic (genus) name, used for a usually broader
grouping than the second name, which is the specific
(species) name. These latinized names are always used
together and are italicized, as in this book. The com-
bination of generic and specific names provides each
organism with a unique name. Thus, the name Aedes
aegypti is recognized by any medical entomologist, any-
where, whatever the local name (and there are many)
for this disease-transmitting mosquito. Ideally, all taxa
should have such a latinized binomen, but in practice
some alternatives may be used prior to naming form-
ally (section 17.3.2).

In scientific publications, the species name often is
followed by the name of the original describer of the
species and perhaps the year in which the name first
was published legally. In this textbook, we do not follow
this practice but, in discussion of particular insects,
we give the order and family names to which the spe-
cies belongs. In publications, after the first citation
of the combination of generic and species names in the
text, it is common practice in subsequent citations
to abbreviate the genus to the initial letter only (e.g.
A. aegypti). However, where this might be ambiguous,

Table 1.1 Taxonomic categories (obligatory
categories are shown in bold).

Standard
Taxon category suffix Example
Order Hymenoptera
Suborder Apocrita
Superfamily -oidea Apoidea
Family -idae Apidae
Subfamily -inae Apinae
Tribe -ini Apini
Genus Apis
Subgenus
Species A. mellifera
Subspecies A. m. mellifera

such as for the two mosquito genera Aedes and
Anopheles, the initial two letters Ae. and An. are used, as
in Chapter 15.

Various taxonomically defined groups, also called
taxa (singular taxon), are recognized amongst the
insects. As for all other organisms, the basic biological
taxon, lying above the individual and population, is the
species, which is both the fundamental nomenclatural
unit in taxonomy and, arguably, a unit of evolution.
Multi-species studies allow recognition of genera, which
are discrete higher groups. In a similar manner, genera
can be grouped into tribes, tribes into subfamilies, and
subfamilies into families. The families of insects are
placed in relatively large but easily recognized groups
called orders. This hierarchy of ranks (or categories)
thus extends from the species level through a series of
“higher” levels of greater and greater inclusivity until
all true insects are included in one class, the Insecta.
There are standard suffixes for certain ranks in the
taxonomic hierarchy, so that the rank of some group
names can be recognized by inspection of the ending
(Table 1.1).

Depending on the classification system used, some
30 orders of Insecta are recognized. Differences arise
principally because there are no fixed rules for deciding
the taxonomic ranks referred to above — only general
agreement that groups should be monophyletic, com-
prising all the descendants of a common ancestor
(Chapter 7). Orders have been recognized rather arbit-
rarily in the past two centuries, and the most that can
be said is that presently constituted orders contain



similar insects differentiated from other insect groups.
Over time, a relatively stable classification system has
developed but differences of opinion remain as to the
boundaries around groups, with “splitters” recognizing
a greater number of groups and “lumpers” favoring
broader categories. For example, some North American
taxonomists group (“lump”) the alderflies, dobsonflies,
snakeflies, and lacewings into one order, the Neurop-
tera, whereas others, including ourselves, “split” the
group and recognize three separate (but clearly closely
related) orders, Megaloptera, Raphidioptera, and a
more narrowly defined Neuroptera (Fig. 7.2). The order
Hemiptera sometimes was divided into two orders,
Homoptera and Heteroptera, but the homopteran
grouping is invalid (non-monophyletic) and we advoc-
ate a different classification for these bugs shown styl-
ized on our cover and in detail in Fig. 7.5 and Box 11.8.

In this book we recognize 30 orders for which the
physical characteristics and biologies of their con-
stituent taxa are described, and their relationships
considered (Chapter 7). Amongst these orders, we dis-
tinguish “major” orders, based upon the numbers of
species being much higher in Coleoptera, Diptera,
Lepidoptera, Hymenoptera, and Hemiptera than in the
remaining “minor” orders. Minor orders often have
quite homogeneous ecologies which can be summar-
ized conveniently in single descriptive/ecological boxes
following the appropriate ecologically based chapter
(Chapters 9-15). The major orders are summarized
ecologically less readily and information may appear in
two chapters. A summary of the diagnostic features of
all 30 orders and cross references to fuller identificatory
and ecological information appears in tabular form in
the Appendix.

1.5 INSECTS IN POPULAR CULTURE
AND COMMERCE

People have been attracted to the beauty or mystique of
certain insects throughout time. We know the import-
ance of scarab beetles to the Egyptians as religious
items, but earlier shamanistic cultures elsewhere in the
0Old World made ornaments that represent scarabs and
other beetles including buprestids (jewel beetles). In
Old Egypt the scarab, which shapes dung into balls, is
identified as a potter; similar insect symbolism extends
also further east. Egyptians, and subsequently the
Greeks, made ornamental scarabs from many materi-
als including lapis lazuli, basalt, limestone, turquoise,
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ivory, resins, and even valuable gold and silver. Such
adulation may have been the pinnacle that an insect
lacking economic importance ever gained in popular
and religious culture, although many human societies
recognized insects in their ceremonial lives. Cicadas
were regarded by the ancient Chinese as symbolizing
rebirth or immortality. In Mesopotamian literature the
Poem of Gilgamesh alludes to odonates (dragonflies/
damselflies) as signifying the impossibility of immortal-
ity. For the San (“bushmen”) of the Kalahari, the pray-
ing mantis carries much cultural symbolism, including
creation and patience in zen-like waiting. Amongst
the personal or clan totems of Aboriginal Australians
of the Arrernte language groups are yarumpa (honey
ants) and udnirringitta (witchety grubs). Although
these insects are important as food in the arid central
Australian environment (see section 1.6.1), they were
not to be eaten by clan members belonging to that
particular totem.

Totemic and food insects are represented in many
Aboriginal artworks in which they are associated with
cultural ceremonies and depiction of important loca-
tions. Insects have had a place in many societies for
their symbolism — such as ants and bees representing
hard workers throughout the Middle Ages of Europe,
where they even entered heraldry. Crickets, grass-
hoppers, cicadas, and scarab and lucanid beetles have
long been valued as caged pets in Japan. Ancient
Mexicans observed butterflies in detail, and lepidopter-
ans were well represented in mythology, including in
poem and song. Amber has a long history as jewellery,
and the inclusion of insects can enhance the value of
the piece.

Urbanized humans have lost much of this contact
with insects, excepting those that share our domicile,
such as cockroaches, tramp ants, and hearth crickets
which generally arouse antipathy. Nonetheless, spe-
cialized exhibits of insects notably in butterfly farms
and insect zoos are very popular, with millions of
people per year visiting such attractions throughout
the world. Natural occurrences of certain insects attract
ecotourism, including aggregations of overwintering
monarch butterflies in coastal central California (see
Plate 3.5) and Mexico, the famous glow worm caves
of Waitomo, New Zealand, and Costa Rican loca-
tions such as Selva Verde representing tropical insect
biodiversity.

Although insect ecotourism may be in its infancy,
other economic benefits are associated with interest
in insects. This is especially so amongst children in
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Japan, where native rhinoceros beetles (Scarabaeidae,
Allomyrina dichotoma) sell for US$3-7 each, and
longer-lived common stag beetles for some US$10, and
may be purchased from automatic vending machines.
Adults collect too with a passion: a 7.5 cm example of
the largest Japanese stag beetles (Lucanidae, Dorcus
curvidens, called o-kuwagata) may sell for between
40,000 and 150,000 yen (US$300 and US$1250),
depending on whether captive reared or taken from the
wild. Largest specimens, even if reared, have fetched
several million yen (>US$10,000) at the height of the
craze. Such enthusiasm by Japanese collectors can lead
to a valuable market for insects from outside Japan.
According to official statistics, in 2002 some 680,000
beetles, including over 300,000 each of rhinoceros and
stag beetles, were imported, predominantly originating
from south and south-east Asia. Enthusiasm for valu-
able specimens extends outside Coleoptera: Japanese
and German tourists are reported to buy rare butterflies
in Vietnam for US$1000-2000, which is a huge sum
of money for the generally poor local people.

Entomological revenue can enter local communities
and assist in natural habitat conservation when trop-
ical species are reared for living butterfly exhibits in the
affluent world. An estimated 4000 species of butterflies
have been reared in the tropics and exhibited live in
butterfly houses in North America, Europe, Malaysia,
and Australia. Farming butterflies for export is a suc-
cessful economic activity in Costa Rica, Kenya, and
Papua New Guinea. Eggs or wild-caught larvae are
reared on appropriate host plants, grown until pupation,
and freighted by air to butterfly farms. Papilionidae,
including the well-known swallowtails, graphiums, and
birdwings, are most popular, but research into breed-
ing requirements allows an expanded range of poten-
tial exhibits to be located, reared, and shipped. In East
Africa, the National Museums of Kenya has combined
with local people of the Arabuko-Sukoke forest in the
Kipepeo Project to export harvested butterflies for live
overseas exhibit, thereby providing a cash income for
these otherwise impoverished people.

In Asia, particularly in Malaysia, there is interest
in rearing, exhibiting, and trading in mantises
(Mantodea), including orchid mantises (Hymenopus
species; see pp. 329 and 358) and stick-insects
(Phasmatodea). Hissing cockroaches from Madagascar
and burrowing cockroaches from tropical Australia
are reared readily in captivity and can be kept as
domestic pets as well as being displayed in insect zoos in
which handling the exhibits is encouraged.

Questions remain concerning whether wild insect
collection, either for personal interest or commercial
trade and display, is sustainable. Much butterfly,
dragonfly, stick-insect, and beetle trade relies more on
collections from the wild than rearing programs,
although this is changing as regulations increase and
research into rearing techniques continues. In the
Kenyan Kipepeo Project, although specimens of pre-
ferred lepidopteran species originate from the wild as
eggs or early larvae, walk-through visual assessment of
adult butterflies in flight suggested that the relative
abundance rankings of species was unaffected regard-
less of many years of selective harvest for export.
Furthermore, local appreciation has increased for
intact forest as a valuable resource rather than viewing
it as “wasted” land to clear for subsistence agriculture.
In Japan, although expertise in captive rearing has
increased and thus undermined the very high prices
paid for certain wild-caught beetles, wild harvesting
continues over an ever-increasing region. The possibil-
ity of over-collection for trade is discussed in section
1.7, together with other conservation issues.

1.6 INSECTS AS FOOD
1.6.1 Insects as human food: entomophagy

In this section we review the increasingly popular
study of insects as human food. Probably 1000 or more
species of insects in more than 370 genera and 90
families are or have been used for food somewhere in
the world, especially in central and southern Africa,
Asia, Australia, and Latin America. Food insects gen-
erally feed on either living or dead plant matter, and
chemically protected species are avoided. Termites,
crickets, grasshoppers, locusts, beetles, ants, bee brood,
and moth larvae are frequently consumed insects.
Although insects are high in protein, energy, and vari-
ous vitamins and minerals, and can form 5-10% of the
annual animal protein consumed by certain indigen-
ous peoples, western society essentially overlooks
entomological cuisine.

Typical “western” repugnance of entomophagy is
cultural rather than scientific or rational. After all,
other invertebrates such as certain crustaceans and
mollusks are favored culinary items. Objections to
eating insects cannot be justified on the grounds of taste
or food value. Many have a nutty flavor and studies
report favorably on the nutritional content of insects,
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Table 1.2 Proximate, mineral, and vitamin analyses of four edible Angolan insects (percentages of daily human dietary
requirements/100 g of insects consumed). (After Santos Oliviera et al. 1976, as adapted by DeFoliart 1989.)

Requirement Macrotermes Usta Rhynchophorus
per capita subhyalinus Imbrasia ertli  terpsichore phoenicus
Nutrient (reference person) (Termitidae) (Saturniidae) (Saturniidae) (Curculionidae)
Energy 2850 kcal 21.5% 13.2% 13.0% 19.7%
Protein 379 38.4 26.3 76.3 18.1
Calcium 19 4.0 5.0 B515 18.6
Phosphorus 1g 43.8 54.6 69.5 31.4
Magnesium 400 mg 104.2 57.8 13.5 7.5
Iron 18 mg 41.7 10.6 197.2 72.8
Copper 2 mg 680.0 70.0 120.0 70.0
Zinc 15 mg = = 153.3 158.0
Thiamine 1.5 mg 8.7 - 244.7 201.3
Riboflavin 1.7 mg 67.4 - 112.2 131.7
Niacin 20 mg 47.7 = 26.0 38.9

although their amino acid composition needs to be bal-
anced with suitable plant protein. Nutritional values
obtained from analyses conducted on samples of four
species of insects cooked according to traditional meth-
ods in central Angola, Africa are shown in Table 1.2.
The insects concerned are: reproductive individuals
of a termite, Macrotermes subhyalinus (Isoptera: Ter-
mitidae), which are de-winged and fried in palm oil; the
large caterpillars of two species of moth, Imbrasia ertli
and Usta terpsichore (Lepidoptera: Saturniidae), which
are de-gutted and either cooked in water, roasted, or
sun-dried; and the larvae of the palm weevil, Rhyncho-
phorus phoenicis (Coleoptera: Curculionidae), which are
slit open and then fried whole in oil.

Mature larvae of Rhynchophorus species have been
appreciated by people in tropical areas of Africa, Asia,
and the Neotropics for centuries. These fat, legless
grubs (Fig. 1.2), often called palmworms, provide one
of the richest sources of animal fat, with substantial
amounts of riboflavin, thiamine, zinc, and iron (Table
1.2). Primitive cultivation systems, involving the cut-
ting down of palm trees to provide suitable food for the
weevils, are known from Brazil, Colombia, Paraguay,
and Venezuela. In plantations, however, palmworms
are regarded as pests because of the damage they can
inflict on coconut and oil palm trees.

In central Africa, the people of southern Zaire (pres-
ently Democratic Republic of Congo) eat caterpillars
belonging to 20—30 species. The calorific value of these

Fig. 1.2 A mature larva of the palm weevil, Rhynchophorus
phoenicis (Coleoptera: Curculionidae) — a traditional food item
in central Angola, Africa. (Larva after Santos Oliveira et al.
1976.)

caterpillars is high, with their protein content ranging
from 45 to 80%, and they are a rich source of iron. For
instance, caterpillars are the most important source of
animal protein in some areas of the Northern Province
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of Zambia. The edible caterpillars of species of Imbrasia
(Saturniidae), an emperor moth, locally called mumpa,
provide a valuable market. The caterpillars contain
60-70% protein on a dry-matter basis and offset mal-
nutrition caused by protein deficiency. Mumpa are fried
fresh or boiled and sun-dried prior to storage. Further
south in Africa, Imbrasia belina moth (see Plate 1.4)
caterpillars (see Plate 1.5), called mopane, mopanie,
mophane, or phane, are utilized widely. Caterpillars
usually are de-gutted, boiled, sometimes salted, and
dried. After processing they contain about 50% protein
and 15% fat — approximately twice the values for
cooked beef. Concerns that harvest of mopane may be
unsustainable and over-exploited are discussed under
conservation in Box 1.3.

In the Philippines, June beetles (melolonthine
scarabs), weaver ants (Oecophylla smaragdina), mole
crickets, and locusts are eaten in some regions. Locusts
form an important dietary supplement during out-
breaks, which apparently have become less common
since the widespread use of insecticides. Various species
of grasshoppers and locusts were eaten commonly
by native tribes in western North America prior to
the arrival of Europeans. The number and identity of
species used have been poorly documented, but species
of Melanoplus were consumed. Harvesting involved
driving grasshoppers into a pit in the ground by fire or
advancing people, or herding them into a bed of coals.
Today people in central America, especially Mexico,
harvest, sell, cook, and consume grasshoppers.

Australian Aborigines use (or once used) a wide
range of insect foods, especially moth larvae. The cater-
pillars of wood or ghost moths (Cossidae and Hepialidae)
(Fig. 1.3) are called witchety grubs from an Aboriginal
word “witjuti” for the Acacia species (wattles) on the
roots and stems of which the grubs feed. Witchety
grubs, which are regarded as a delicacy, contain 7-9%
protein, 14—-38% fat, 7-16% sugars as well as being
good sources of iron and calcium. Adults of the bogong
moth, Agrotis infusa (Noctuidae), formed another
important Aboriginal food, once collected in their mil-
lions from estivating sites in narrow caves and crevices
on mountain summits in south-eastern Australia.
Moths cooked in hot ashes provided a rich source of
dietary fat.

Aboriginal people living in central and northern
Australia eat the contents of the apple-sized galls of
Cystococcus pomiformis (Hemiptera: Eriococcidae),
commonly called bush coconuts or bloodwood apples
(see Plate 2.3). These galls occur only on bloodwood

Fig. 1.3 A delicacy of the Australian Aborigines—a witchety
(or witjuti) grub, a caterpillar of a wood moth (Lepidoptera:
Cossidae) that feeds on the roots and stems of witjuti bushes
(certain Acacia species). (After Cherikoff & Isaacs 1989.)

eucalypts (Corymbia species) and can be very abundant
after a favorable growing season. Each mature gall con-
tains a single adult female, up to 4 cm long, which
is attached by her mouth area to the base of the inner
gall and has her abdomen plugging a hole in the gall
apex. The inner wall of the gall is lined with white edible
flesh, about 1 cm thick, which serves as the feeding site
for the male offspring of the female (see Plate 2.4).
Aborigines relish the watery female insect and her
nutty-flavored nymphs, then scrape out and consume
the white coconut-like flesh of the inner gall.

A favorite source of sugar for Australian Aboriginals
living in arid regions comes from species of Melophorus
and Camponotus (Formicidae), popularly known as
honeypot ants. Specialized workers (called repletes)
store nectar, fed to them by other workers, in their
huge distended crops (Fig. 2.4). Repletes serve as food
reservoirs for the ant colony and regurgitate part of
their crop contents when solicited by another ant.
Aborigines dig repletes from their underground nests,
an activity most frequently undertaken by women,
who may excavate pits to a depth of a meter or more in
search of these sweet rewards. Individual nests rarely
supply more than 100 g of a honey that is essentially
similar in composition to commercial honey. Honeypot
ants in the western USA and Mexico belong to a dif-



ferent genus, Myrmecocystus. The repletes, a highly
valued food, are collected by the rural people of Mexico,
a difficult process in the hard soil of the stony ridges
where the ants nest.

Perhaps the general western rejection of ento-
mophagy is only an issue of marketing to counter a
popular conception that insect food is for the poor and
protein-deprived of the developing world. In reality,
certain sub-Saharan Africans apparently prefer cater-
pillars to beef. Ant grubs (so called “ant eggs”) and eggs
of water boatmen (Corixidae) and backswimmers
(Notonectidae) are much sought after in Mexican gas-
tronomy as “caviar”. In parts of Asia, a diverse range of
insects can be purchased (see Plate 2.1). Traditionally
desirable water beetles for human consumption are
valuable enough to be farmed in Guangdong. The culin-
ary culmination may be the meat of the giant water
bug Lethocerus indicus (see Plate 1.6) or the Thai and
Laotian mangda sauces made with the flavors extracted
from the male abdominal glands, for which high prices
are paid. Even in the urban USA some insects may yet
become popular as a food novelty. The millions of 17-
year cicadas that periodically plague cities like Chicago
are edible. Newly hatched cicadas, called tenerals, are
best for eating because their soft body cuticle means
that they can be consumed without first removing the
legs and wings. These tasty morsels can be marinated
or dipped in batter and then deep-fried, boiled and
spiced, roasted and ground, or stir-fried with favorite
seasonings.

Large-scale harvest or mass production of insects
for human consumption brings some practical and
other problems. The small size of most insects presents
difficulties in collection or rearing and in processing for
sale. The unpredictability of many wild populations
needs to be overcome by the development of culture
techniques, especially as over-harvesting from the wild
could threaten the viability of some insect populations.
Another problem is that not all insect species are safe
to eat. Warningly colored insects are often distasteful
or toxic (Chapter 14) and some people can develop
allergies to insect material (section 15.2.3). However,
several advantages derive from eating insects. The
encouragement of entomophagy in many rural societ-
ies, particularly those with a history of insect use, may
help diversify peoples’ diets. By incorporating mass har-
vesting of pest insects into control programs, the use
of pesticides can be reduced. Furthermore, if carefully
regulated, cultivating insects for protein should be
less environmentally damaging than cattle ranching,
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which devastates forests and native grasslands. Insect
farming (the rearing of mini-livestock) is compatible
with low input, sustainable agriculture and most
insects have a high food conversion efficiency com-
pared with conventional meat animals.

1.6.2 Insects as feed for
domesticated animals

If you do not relish the prospect of eating insects your-
self, then perhaps the concept of insects as a protein
source for domesticated animals is more acceptable.
The nutritive significance of insects as feed for fish,
poultry, pigs, and farm-grown mink certainly is recog-
nized in China, where feeding trials have shown that
insect-derived diets can be cost-effective alternatives to
more conventional fish meal diets. The insects involved
are primarily the pupae of silkworms (Bombyx mori)
(see Plate 2.1), the larvae and pupae of house flies
(Musca domestica), and the larvae of mealworms
(Tenebrio molitor). The same or related insects are being
used or investigated elsewhere, particularly as poultry
or fish feedstock. Silkworm pupae, a by-product of the
silk industry, can be used as a high-protein supplement
for chickens. In India, poultry are fed the meal that
remains after the oil has been extracted from the pupae.
Fly larvae fed to chickens can recycle animal manure
and the development of a range of insect recycling sys-
tems for converting organic wastes into feed supple-
ments is inevitable, given that most organic substances
are fed on by one or more insect species.

Clearly, insects can form part of the nutritional base
of people and their domesticated animals. Further
research is needed and a database with accurate identi-
fications is required to handle biological information.
We must know which species we are dealing with in
order to make use of information gathered elsewhere
on the same or related insects. Data on the nutritional
value, seasonal occurrence, host plants, or other diet-
ary needs, and rearing or collecting methods must be
collated for all actual or potential food insects. Oppor-
tunities for insect food enterprises are numerous, given
the immense diversity of insects.

1.7 INSECT CONSERVATION

Biological conservation typically involves either setting
aside large tracts of land for “nature”, or addressing
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and remediating specific processes that threaten large
and charismatic vertebrates, such as endangered
mammals and birds, or plant species or communities.
The concept of conserving habitat for insects, or species
thereof, seems of low priority on a threatened planet.
Nevertheless, land is reserved and plans exist specific-
ally to conserve certain insects. Such conservation
efforts often are associated with human aesthetics, and
many (but not all) involve the “charismatic megafauna”
ofentomology —the butterflies and large, showy beetles.
Such charismatic insects can act as “flagship” species
to enhance wider public awareness and engender fin-
ancial support for conservation efforts. Single-species
conservation, not necessarily of an insect, is argued
to preserve many other species by default, in what
is known as the “umbrella effect”. Somewhat com-
plementary to this is advocacy of a habitat-based
approach, which increases the number and size of
areas to conserve many insects, which are not (and
arguably “do not need to be”) understood on a species-
by-species approach. No doubt efforts to conserve hab-
itats of native fish globally will preserve, as a spin-off, the
much more diverse aquatic insect fauna that depends
also upon waters being maintained in natural con-
dition. Equally, preservation of old-growth forests to
protect tree-hole nesting birds such as owls or parrots
also will conserve habitat for wood-mining insects
that use timber across a complete range of wood species
and states of decomposition. Habitat-based conserva-
tionists accept that single-species oriented conserva-
tion is important but argue that it may be of limited
value for insects because there are so many species.
Furthermore, rarity of insect species may be due to popu-
lations being localized in just one or a few places, or in
contrast, widely dispersed but with low density over a
wide area. Clearly, different conservation strategies are
required for each case.

Migratory species, such as the monarch butterfly
(Danaus plexippus), require special conservation. Mon-
archs from east of the Rockies overwinter in Mexico
and migrate northwards as far as Canada throughout
the summer (section 6.7). Critical to the conservation
of these monarchs is the safeguarding of the over-
wintering habitat at Sierra Chincua in Mexico. A most
significant insect conservation measure implemented
in recent years is the decision of the Mexican govern-
ment to support the Monarch Butterfly Biosphere
Reserve established to protect the phenomenon.
Although the monarch butterfly is an excellent flagship

insect, the preservation of western overwintering popu-
lations in coastal California (see Plate 3.5) protects no
other native species. The reason for this is that the
major resting sites are in groves of large introduced
eucalypt trees, especially blue gums, which are faunist-
ically depauperate in their non-native habitat.

A successful example of single-species conservation
involves the El Segundo blue, Euphilotes battoides ssp.
allyni, whose principal colony in sand dunes near Los
Angeles airport was threatened by urban sprawl and
golf course development. Protracted negotiations with
many interests resulted in designation of 80 hectares as
a reserve, sympathetic management of the golf course
“rough” for the larval food plant Erigonum parvifolium
(buckwheat), and control of alien plants plus limitation
on human disturbance. Southern Californian coastal
dune systems are seriously endangered habitats, and
management of this reserve for the El Segundo blue
conserves other threatened species.

Land conservation for butterflies is not an indul-
gence of affluent southern Californians: the world’s
largest butterfly, the Queen Alexandra’s birdwing
(Ornithoptera alexandrae), of Papua New Guinea (PNG)
is a success story from the developing world. This
spectacular species, whose caterpillars feed only on
Aristolochia dielsiana vines, is limited to a small area of
lowland rainforest in northern PNG and has been listed
as endangered. Under PNG law, this birdwing species
has been protected since 1966, and international com-
mercial trade was banned by listing on Appendix I of
the Convention on International Trade in Endangered
Species of Wild Fauna and Flora (CITES). Dead speci-
mens in good condition command a high price, which
can be more than US$2000. In 1978, the PNG govern-
mental Insect Farming and Trading Agency (IFTA), in
Bulolo, Morobe Province, was established to control
conservation and exploitation and act as a clearing-
house for trade in Queen Alexandra’s birdwings and
other valuable butterflies. Local cultivators, number-
ing some 450 village farmers associated with IFTA,
“ranch” their butterflies. In contrast to the Kenyan sys-
tem described in section 1.5, farmers plant appropriate
host vines, often on land already cleared for vegetable
gardens at the forest edge, thereby providing food
plants for a chosen local species of butterfly. Wild adult
butterflies emerge from the forest to feed and lay their
eggs; hatched larvae feed on the vines until pupation
when they are collected and protected in hatching
cages. According to species, the purpose for which they



are being raised, and conservation legislation, butterflies
can be exported live as pupae, or dead as high-quality
collector specimens. IFTA, a non-profit organization,
sells some $400,000 worth of PNG insects yearly to
collectors, scientists, and artists around the world, gen-
erating an income for a society that struggles for cash.
As in Kenya, local people recognize the importance of
maintaining intact forests as the source of the parental
wild-flying butterflies of their ranched stock. In this
system, the Queen Alexandra’s birdwing butterfly has
acted as a flagship species for conservation in PNG and
the success story attracts external funding for surveys
and reserve establishment. In addition, conserving
PNG forests for this and related birdwings undoubtedly
results in conservation of much diversity under the
umbrella effect.

The Kenyan and New Guinean insect conservation
efforts have a commercial incentive, providing im-
poverished people with some recompense for protect-
ing natural environments. Commerce need not be the
sole motivation: the aesthetic appeal of having native
birdwing butterflies flying wild in local neighbor-
hoods, combined with local education programs in
schools and communities, has saved the subtropical
Australian Richmond birdwing butterfly (Troides
or Ornithoptera richmondia) (see Plate 2.2). Larval Rich-
mond birdwings eat Pararistolochia or Aristolochia vines,
choosing from three native species to complete their
development. However, much coastal rainforest hab-
itat supporting native vines has been lost, and the
alien South American Aristolochia elegans (“Dutch-
man’s pipe”), introduced as an ornamental plant and
escaped from gardens, has been luring females to
lay eggs on it as a prospective host. This oviposition
mistake is deadly since toxins of this plant kill young
caterpillars. The answer to this conservation problem
has been an education program to encourage the
removal of Dutchman's pipe vines from native vegeta-
tion, from sale in nurseries, and from gardens and
yards. Replacement with native Pararistolochia was
encouraged after a massive effort to propagate the
vines. Community action throughout the native range
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of the Richmond birdwing appears to have reversed its
decline, without any requirement to designate land as
areserve.

Evidently, butterflies are flagships for invertebrate
conservation — they are familiar insects with a non-
threatening lifestyle. However, certain orthopterans,
including New Zealand wetas, have been afforded pro-
tection, and we are aware also of conservation plans for
dragonflies and other freshwater insects in the context
of conservation and management of aquatic environ-
ments, and of plans for firefly (beetle) and glow worm
(fungus gnat) habitats. Agencies in certain countries
have recognized the importance of retention of fallen
dead wood as insect habitat, particularly for long-lived
wood-feeding beetles.

Designation of reserves for conservation, seen by
some as the answer to threat, rarely is successful with-
out understanding species requirements and responses
to management. The butterfly family Lycaenidae
(blues, coppers, and hairstreaks) includes perhaps
50% of the butterfly diversity of some 6000 species.
Many have relationships with ants (myrmecophily; see
section 12.3), some being obliged to pass some or all
of their immature development inside ant nests, others
are tended on their preferred host plant by ants, yet oth-
ers are predators on ants and scale insects, while tended
by ants. These relationships can be very complex, and
may be rather easily disrupted by environmental
changes, leading to endangerment of the butterfly.
Certainly in western Europe, species of Lycaenidae
figure prominently on lists of threatened insect taxa.
Notoriously, the decline of the large blue butterfly
Maculinea arion in England was blamed upon over-
collection and certainly some species have been sought
after by collectors (but see Box 1.1). Action plans in
Europe for the reintroduction of this and related spe-
cies and appropriate conservation management of
other Maculinea species have been put in place: these
depend vitally upon a species-based approach. Only
with understanding of general and specific ecological
requirements of conservation targets can appropriate
management of habitat be implemented.
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Box 1.1 Collected to extinction?

The large blue butterfly (Maculinea arion) was reported
to be in serious decline in southern England in the late
19th century, a phenomenon ascribed then to poor
weather. By the mid-20th century this attractive species
was restricted to some 30 colonies in south-western
England. Only one or two colonies remained by 1974
and the estimated adult population had declined from
about 100,000 in 1950 to 250 in some 20 years. Final
extinction of the species in England in 1979 followed
two successive hot, dry breeding seasons. Since the
butterfly is beautiful and sought by collectors, excess-
ive collecting was presumed to have caused at least
the long-term decline that made the species vulnerable
to deteriorating climate. This decline occurred even
though a reserve was established in the 1930s to
exclude both collectors and domestic livestock in an
attempt to protect the butterfly and its habitat.
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Evidently, habitat had changed through time, includ-
ing a reduction of wild thyme (Thymus praecox), which
provides the food for early instars of the large blue’s
caterpillar. Shrubbier vegetation replaced short-turf
grassland because of loss of grazing rabbits (through
disease) and exclusion of grazing cattle and sheep from
the reserved habitat. Thyme survived, however, but the
butterflies continued to decline to extinction in Britain.

A more complex story has been revealed by research
associated with reintroduction of the large blue to
England from continental Europe. The larva of the large
blue butterfly in England and on the European continent
is an obligate predator in colonies of red ants belonging
to species of Myrmica. Larval large blues must enter a
Myrmica nest, in which they feed on larval ants. Similar
predatory behavior, and/or tricking ants into feeding
them as if they were the ants’ own brood, are features




in the natural history of many Lycaenidae (blues and
coppers) worldwide (see p. 15). After hatching from
an egg laid on the larval food plant, the large blue’s
caterpillar feeds on thyme flowers until the molt into the
final (fourth) larval instar, around August. At dusk, the
caterpillar drops to the ground from the natal plant,
where it waits inert until a Myrmica ant finds it. The
worker ant attends the larva for an extended period,
perhaps more than an hour, during which it feeds from a
sugar gift secreted from the caterpillar’s dorsal nectary
organ. At some stage the caterpillar becomes turgid
and adopts a posture that seems to convince the tend-
ing ant that it is dealing with an escaped ant brood, and
it is carried into the nest. Until this stage, immature
growth has been modest, but in the ant nest the cater-
pillar becomes predatory on ant brood and grows for
9 months until it pupates in early summer of the follow-
ing year. The caterpillar requires an average 230 immat-
ure ants for successful pupation. The adult butterfly
emerges from the pupal cuticle in summer and departs
rapidly from the nest before the ants identify it as an
intruder.

Adoption and incorporation into the ant colony
turns out to be the critical stage in the life history. The
complex system involves the “correct” ant, Myrmica
sabuleti, being present, and this in turn depends on the
appropriate microclimate associated with short-turf
grassland. Longer grass causes cooler near-soil micro-
climate favoring other Myrmica species, including M.
scabrinodes that may displace M. sabuleti. Although
caterpillars associate apparently indiscriminately with
any Myrmica species, survivorship differs dramatically:

Tramp ants and biodiversity

with M. sabuleti approximately 15% survive, but an
unsustainable reduction to <2% survivorship occurs
with M. scabrinodes. Successful maintenance of large
blue populations requires that >50% of the adoption by
ants must be by M. sabuleti.

Other factors affecting survivorship include the
requirements for the ant colony to have no alate
(winged) queens and at least 400 well-fed workers
to provide enough larvae for the caterpillar’s feeding
needs, and to lie within 2 m of the host thyme plant.
Such nests are associated with newly burnt grasslands,
which are rapidly colonized by M. sabuleti. Nests
should not be so old as to have developed more than
the founding queen: the problem here being that the
caterpillar becomes imbued with the chemical odors of
queen larvae while feeding and, with numerous alate
queens in the nest, can be mistaken for a queen and
attacked and eaten by nurse ants.

Now that we understand the intricacies of the rela-
tionship, we can see that the well-meaning creation of
reserves that lacked rabbits and excluded other grazers
created vegetational and microhabitat changes that
altered the dominance of ant species, to the detriment
of the butterfly’s complex relationships. Over-collecting
is not implicated, although climate change on a broader
scale must play a role. Now five populations originating
from Sweden have been reintroduced to habitat and
conditions appropriate for M. sabuleti, thus leading to
thriving populations of the large blue butterfly. Interest-
ingly, other rare species of insects in the same habitat
have responded positively to this informed management,
suggesting an umbrella role for the butterfly species.
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Box 1.2 Tramp ants and biodiversity

No ants are native to Hawai’i yet there are more than 40
species on the island - all have been brought from else-
where within the last century. In fact all social insects
(honey bees, yellowjackets, paper wasps, termites, and
ants) on Hawai’i arrived with human commerce. Almost
150 species of ants have hitchhiked with us on our
global travels and managed to establish themselves
outside their native ranges. The invaders of Hawai’i
belong to the same suite of ants that have invaded the
rest of the world, or seem likely to do so in the near
future. From a conservation perspective one particular
behavioral subset is very important, the so-called invas-
ive “tramp” ants. They rank amongst the world’s most
serious pest species, and local, national, and inter-
national agencies are concerned with their surveillance
and control. The big-headed ant (Pheidole megaceph-

ala), the long legged or yellow crazy ant (Anoplolepis
longipes), the Argentine ant (Linepithema humile), the
“electric” or little fire ant (Wasmannia auropunctata),
and tropical fire ants (Solenopsis species) are con-
sidered the most serious of these ant pests.

Invasive ant behavior threatens biodiversity, espe-
cially on islands such as Hawai’i, the Galapagos and
other Pacific Islands (see section 8.7). Interactions with
other insects include the protection and tending of
aphids and scale insects for their carbohydrate-rich
honeydew secretions. This boosts densities of these
insects, which include invasive agricultural pests.
Interactions with other arthropods are predominantly
negative, resulting in aggressive displacement and/or
predation on other species, even other tramp ant spe-
cies encountered. Initial founding is often associated
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with unstable environments, including those created by
human activity. Tramp ants’ tendency to be small and
short-lived is compensated by year-round increase and
rapid production of new queens. Nestmate queens
show no hostility to each other. Colonies reproduce by
the mated queen and workers relocating only a short
distance from the original nest — a process known as
budding. When combined with the absence of intra-
specific antagonism between newly founded and natal
nests, colony budding ensures the gradual spreading of
a “supercolony” across the ground.

Although initial nest foundation is associated with
human- or naturally disturbed environments, most
invasive tramp species can move into more natural
habitats and displace the native biota. Ground-dwelling
insects, including many native ants, do not survive the
encroachment, and arboreal species may follow into
local extinction. Surviving insect communities tend to
be skewed towards subterranean species and those
with especially thick cuticle such as carabid beetles and
cockroaches, which also are chemically defended.
Such an impact can be seen from the effects of big-
headed ants during the monitoring of rehabilitated sand
mining sites, using ants as indicators (section 9.7). Six
years into rehabilitation, as seen in the graph (from
Majer 1985), ant diversity neared that found in unim-
pacted control sites, but the arrival of P. megacephala
dramatically restructured the system, seriously reduc-
ing diversity relative to controls. Even large animals can
be threatened by ants —land crabs on Christmas Island,
horned lizards in southern California, hatchling turtles in
south-eastern USA, and ground-nesting birds every-
where. Invasion by Argentine ants of fynbos, a mega-
diverse South African plant assemblage, eliminates
ants that specialize in carrying and burying large seeds,
but not those which carry smaller seeds (see section
11.3.2). Since the vegetation originates by germination
after periodic fires, the shortage of buried large seeds is
predicted to cause dramatic change to vegetation
structure.
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Introduced ants are very difficult to eradicate: all
attempts to eliminate fire ants in the USA have failed.
We will see if an A$123 million ($US50 million), five-year
campaign to rid Australia of Solenopsis invicta will
prevent it from establishing as an “invasive” species.
The first fire ant sites were found around Brisbane
in February 2001, and two years later the peri-urban
area under surveillance for fire ants extended to some
47,000 ha. Potential economic damage in excess of
A$100 billion over the next 30 years is estimated if
control fails, with inestimable damage to native biodivers-
ity continent-wide. Although intensive searching and
destruction of nests appears to be successful, all must
be eradicated to prevent resurgence. Undoubtedly the
best strategy for control of invasive ants is quarantine
diligence to prevent their entry, and public awareness
to detect accidental entry.




Sustainable use of mopane worms

Box 1.3 Sustainable use of mopane worms

An important economic insect in Africa is the larva
(caterpillar) of emperor moths, especially Imbrasia
belina (see Plates 1.4 & 1.5, facing p. 14), which is
harvested for food across much of southern Africa,
including Angola, Namibia, Zimbabwe, Botswana, and
Northern Province of South Africa. The distribution
coincides with that of mopane (Colophospermum
mopane), a leguminous tree which is the preferred host
plant of the caterpillar and dominates the “mopane
woodland” landscape.

Early-instar larvae are gregarious and forage in
aggregations of up to 200 individuals: individual trees
may be defoliated by large numbers of caterpillars, but
regain their foliage if seasonal rains are timely.
Throughout their range, and especially during the first
larval flush in December, mopane worms are a valued
protein source to frequently protein-deprived rural pop-
ulations. A second cohort may appear some 3-4
months later if conditions for mopane trees are suitable.
It is the final-instar larva that is harvested, usually by
shaking the tree or by direct collecting from foliage.
Preparation is by degutting and drying, and the product
may be canned and stored, or transported for sale to a
developing gastronomic market in South African towns.
Harvesting mopane produces a cash input into rural
economies — a calculation in the mid-1990s suggested
that a month of harvesting mopane generated the
equivalent to the remainder of the year’s income to a
South African laborer. Not surprisingly, large-scale
organized harvesting has entered the scene accompa-
nied by claims of reduction in harvest through unsus-
tainable over-collection. Closure of at least one canning
plant was blamed on shortfall of mopane worms.

Decline in the abundance of caterpillars is said
to result from both increasing exploitation and reduc-
tion in mopane woodlands. In parts of Botswana, heavy
commercial harvesting is claimed to have reduced
moth numbers. Threats to mopane worm abundance
include deforestation of mopane woodland and felling
or branch-lopping to enable caterpillars in the canopy
to be brought within reach. Inaccessible parts of the

tallest trees, where mopane worm density may be
highest, undoubtedly act as refuges from harvest and
provide the breeding stock for the next season, but
mopane trees are felled for their mopane crop. How-
ever, since mopane trees dominate huge areas, for
example over 80% of the trees in Etosha National Park
are mopane, the trees themselves are not endangered.

The problem with blaming the more intensive har-
vesting for reduction in yield for local people is that the
species is patchy in distribution and highly eruptive. The
years of reduced mopane harvest seem to be asso-
ciated with climate-induced drought (the El Nifio effect)
throughout much of the mopane woodlands. Even in
Northern Province of South Africa, long considered
to be over-harvested, the resumption of seasonal,
drought-breaking rains can induce large mopane worm
outbreaks. This is not to deny the importance of
research into potential over-harvesting of mopane, but
evidently further study and careful data interpretation
are needed.

Research already undertaken has provided some
fascinating insights. Mopane woodlands are prime ele-
phant habitat, and by all understanding these megaher-
bivores that uproot and feed on complete mopane trees
are keystone species in this system. However, calcula-
tions of the impact of mopane worms as herbivores
showed that in their six week larval cycle the caterpillars
could consume 10 times more mopane leaf material per
unit area than could elephants over 12 months. Further-
more, in the same period 3.8 times more fecal matter
was produced by mopane worms than by elephants.

Elephants notoriously damage trees, but this benefits
certain insects: the heartwood of a damaged tree is
exposed as food for termites providing eventually a liv-
ing but hollow tree. Native bees use the resin that flows
from elephant-damaged bark for their nests. Ants nest
in these hollow trees and may protect the tree from
herbivores, both animal and mopane worm. Elephant
populations and mopane worm outbreaks vary in space
and time, depending on many interacting biotic and
abiotic factors, of which harvest by humans is but one.
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EXTERNAL ANATOMY
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“Feet” of leaf beetle (left) and bush fly (right). (From scanning electron micrographs by C.A.M. Reid & A.C. Stewart.)
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Insects are segmented invertebrates that possess the
articulated external skeleton (exoskeleton) character-
istic of all arthropods. Groups are differentiated by
various modifications of the exoskeleton and the
appendages — for example, the Hexapoda to which the
Insecta belong (section 7.2) is characterized by having
six-legged adults. Many anatomical features of the
appendages, especially of the mouthparts, legs, wings,
and abdominal apex, are important in recognizing the
higher groups within the hexapods, including insect
orders, families, and genera. Differences between
species frequently are indicated by less obvious ana-
tomical differences. Furthermore, the biomechanical
analysis of morphology (e.g. studying how insects fly or
feed) depends on a thorough knowledge of structural
features. Clearly, an understanding of external anatomy
is necessary to interpret and appreciate the functions
of the various insect designs and to allow identification
of insects and their hexapod relatives. In this chapter
we describe and discuss the cuticle, body segmentation,
and the structure of the head, thorax, and abdomen
and their appendages.

First some basic classification and terminology needs
to be explained. Adult insects normally have wings
(most of the Pterygota), the structure of which may
diagnose orders, but there is a group of primitively
wingless insects (the “apterygotes”) (see section 7.4.1
and Box 9.3 for defining features). Within the Insecta,
three major patterns of development can be recognized
(section 6.2). Apterygotes (and non-insect hexapods)
develop to adulthood with little change in body form
(ametaboly), except for sexual maturation through
development of gonads and genitalia. All other insects
either have a gradual change in body form (hemime-
taboly) with external wing buds getting larger at each
molt, or an abrupt change from a wingless immature
insect to winged adult stage via a pupal stage (holome-
taboly). Immature stages of hemimetabolous insects
are generally called nymphs, whereas those of holome-
tabolous insects are referred to as larvae.

Anatomical structures of different taxa are homo-
logous if they share an evolutionary origin, i.e. if the
genetic basis is inherited from an ancestor common to
them both. For instance, the wings of all insects are
believed to be homologous; this means that wings (but
not necessarily flight; see section 8.4) originated once.
Homology of structures generally is inferred by com-
parison of similarity in ontogeny (development from
egg to adult), composition (size and detailed appear-
ance), and position (on the same segment and same

relative location on that segment). The homology of
insect wings is demonstrated by similarities in venation
and articulation — the wings of all insects can be derived
from the same basic pattern or groundplan (as explained
in section 2.4.2). Sometimes association with other
structures of known homologies is helpful in establish-
ing the homology of a structure of uncertain origin.
Another sort of homology, called serial homology,
refers to corresponding structures on different seg-
ments of an individual insect. Thus, the appendages of
each body segment are serially homologous, although
in living insects those on the head (antennae and
mouthparts) are very different in appearance from
those on the thorax (walking legs) and abdomen (geni-
talia and cerci). The way in which molecular develop-
mental studies are confirming these serial homologies
isdescribed in Box 6.1.

2.1 THE CUTICLE

The cuticle is a key contributor to the success of the
Insecta. This inert layer provides the strong exoskel-
eton of body and limbs, the apodemes (internal sup-
ports and muscle attachments), and wings, and acts as
a barrier between living tissues and the environment.
Internally, cuticle lines the tracheal tubes (section 3.5),
some gland ducts and the foregut and midgut of the
digestive tract. Cuticle may range from rigid and
armor-like, as in most adult beetles, to thin and flexible,
as in many larvae. Restriction of water loss is a critical
function of cuticle vital to the success of insects on
land.

The cuticle is thin but its structure is complex and
still the subject of some controversy. A single layer
of cells, the epidermis, lies beneath and secretes the
cuticle, which consists of a thicker procuticle overlaid
with thin epicuticle (Fig. 2.1). The epidermis and cut-
icle together form an integument — the outer covering
of the living tissues of an insect.

The epicuticle ranges from 3 pm down to 0.1 um in
thickness, and usually consists of three layers: an inner
epicuticle, an outer epicuticle, and a superficial
layer. The superficial layer (probably a glycoprotein) in
many insects is covered by a lipid or wax layer, some-
times called a free-wax layer, with a variably discrete
cement layer external to this. The chemistry of the
epicuticle and its outer layers is vital in preventing
dehydration, a function derived from water-repelling
(hydrophobic) lipids, especially hydrocarbons. These
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compounds include free and protein-bound lipids, and packed, regular or irregular tubercles, ridges, or tiny

the outermost waxy coatings give a bloom to the exter- hairs. Lipid composition can vary and waxiness can
nal surface of some insects. Other cuticular patterns, increase seasonally or under dry conditions. Besides
such as light reflectivity, are produced by various kinds being water retentive, surface waxes may deter preda-

of epicuticular surface microsculpturing, such as close- tion, provide patterns for mimicry or camouflage, repel
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Fig. 2.2 Structure of part of a chitin chain, showing two
linked units of N-acetyl-p-glucosamine. (After Cohen 1991.)

excess rainwater, reflect solar and ultraviolet radiation,
or give species-specific olfactory cues.

The epicuticle is inextensible and unsupportive.
Instead, support is given by the underlying chitinous
cuticle known as procuticle when it is first secreted.
This differentiates into a thicker endocuticle covered
by a thinner exocuticle, due to sclerotization of the
latter. The procuticle is from 10 um to 0.5 mm thick
and consists primarily of chitin complexed with pro-
tein. This contrasts with the overlying epicuticle which
lacks chitin.

Chitin is found as a supporting element in fungal cell
walls and arthropod exoskeletons, and is especially
important in insect extracellular structures. It is an
unbranched polymer of high molecular weight — an
amino-sugar polysaccharide predominantly composed
of B-(1-4)-linked units of N-acetyl-p-glucosamine
(Fig. 2.2).

Chitin molecules are grouped into bundles and
assembled into flexible microfibrils that are embedded
in, and intimately linked to, a protein matrix, giving
great tensile strength. The commonest arrangement of
chitin microfibrils is in a sheet, in which the microfibrils
are in parallel. In the exocuticle, each successive sheet
lies in the same plane but may be orientated at a slight
angle relative to the previous sheet, such that a thick-
ness of many sheets produces a helicoid arrangement,
which in sectioned cuticle appears as alternating light
and dark bands (lamellae). Thus the parabolic patterns
and lamellar arrangement, visible so clearly in sec-
tioned cuticle, represent an optical artifact resulting
from microfibrillar orientation (Fig. 2.3). In the endo-
cuticle, alternate stacked or helicoid arrangements
of microfibrillar sheets may occur, often giving rise to

Fig. 2.3 The ultrastructure of cuticle (from a transmission
electron micrograph). (a) The arrangement of chitin
microfibrils in a helicoidal array produces characteristic
(though artifactual) parabolic patterns. (b) Diagram of how
the rotation of microfibrils produces a lamellar effect owing to
microfibrils being either aligned or non-aligned to the plane of
sectioning. (After Filshie 1982.)

thicker lamellae than in the exocuticle. Different
arrangements may be laid down during darkness com-
pared with daylight, allowing precise age determina-
tion in many adult insects.

Much of the strength of cuticle comes from extensive
hydrogen bonding of adjacent chitin chains. Additional
stiffening comes from sclerotization, an irreversible
process that darkens the exocuticle and results in the
proteins becoming water-insoluble. Sclerotization may
result from linkages of adjacent protein chains by
phenolic bridges (quinone tanning), or from controlled
dehydration of the chains, or both. Only exocuticle
becomes sclerotized. The deposition of pigment in the
cuticle, including deposition of melanin, may be asso-
ciated with quinones, but is additional to sclerotization
and not necessarily associated with it.

In contrast to the solid cuticle typical of sclerites and
mouthparts such as mandibles, softer, plastic, highly
flexible or truly elastic cuticles occur in insects in vary-
ing locations and proportions. Where elastic or spring-
like movement occurs, such as in wing ligaments or for
the jump of a flea, resilin — a “rubber-like” protein — is
present. The coiled polypeptide chains of this protein
function as a mechanical spring under tension or com-
pression, or in bending.
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Fig. 2.4 A specialized worker, or replete, of the honeypot
ant, Camponotus inflatus (Hymenoptera: Formicidae), which
holds honey in its distensible abdomen and acts as a food store
for the colony. The arthrodial membrane between tergal
plates is depicted to the right in its unfolded and folded
conditions. (After Hadley 1986; Devitt 1989.)

In soft-bodied larvae and in the membranes between
segments, the cuticle must be tough, but also flexible
and capable of extension. This “soft” cuticle, sometimes
termed arthrodial membrane, is evident in gravid
females, for example in the ovipositing migratory
locust, Locusta migratoria (Orthoptera: Acrididae), in
which intersegmental membranes may be expanded
up to 20-fold for oviposition. Similarly, the gross
abdominal dilation of gravid queen bees, termites, and
ants is possible through expansion of the unsclerotized
cuticle. In these insects, the overlying unstretchable
epicuticle expands by unfolding from an originally
highly folded state, and some new epicuticle is formed.
An extreme example of the distensibility of arthrodial
membrane is seen in honeypot ants (Fig. 2.4; see also
section 12.2.3). In Rhodnius nymphs (Hemiptera:
Reduviidae), changes in molecular structure of the
cuticle allow actual stretching of the abdominal mem-
brane to occur in response to intake of a large fluid
volume during feeding.

Cuticular structural components, waxes, cements,
pheromones (Chapter 4), and defensive and other com-
pounds are products of the epidermis, which is a near-
continuous, single-celled layer beneath the cuticle.
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Many of these compounds are secreted to the outside
of the insect epicuticle. Numerous fine pore canals
traverse the procuticle and then branch into numerous
finer wax canals (containing wax filaments) within
the epicuticle (enlargement in Fig. 2.1); this system
transports lipids (waxes) from the epidermis to the
epicuticular surface. The wax canals may also have a
structural role within the epicuticle. Dermal glands,
part of the epidermis, produce cement and/or wax,
which is transported via larger ducts to the cuticular
surface. Wax-secreting glands are particularly well
developed in mealybugs and other scale insects
(Fig. 2.5). The epidermis is closely associated with
molting — the events and processes leading up to and
including ecdysis (eclosion), i.e. the shedding of the old
cuticle (section 6.3).

Insects are well endowed with cuticular extensions,
varying from fine and hair-like to robust and spine-like.
Four basic types of protuberance (Fig. 2.6), all with
sclerotized cuticle, can be recognized on morpholo-
gical, functional, and developmental grounds:

1 spines are multicellular with undifferentiated
epidermal cells;

2 setae, also called hairs, macrotrichia, or trichoid
sensilla, are multicellular with specialized cells;

3 acanthae are unicellular in origin;

4 microtrichia are subcellular, with several to many
extensions per cell.

Setae sense much of the insect’s tactile environment.
Large setae may be called bristles or chaetae, with the
most modified being scales, the flattened setae found
on butterflies and moths (Lepidoptera) and sporadically
elsewhere. Three separate cells form each seta, one for
hair formation (trichogen cell), one for socket forma-
tion (tormogen cell), and one sensory cell (Fig. 4.1).

There is no such cellular differentiation in multicel-
lular spines, unicellular acanthae, and subcellular micro-
trichia. The functions of these types of protuberances
are diverse and sometimes debatable, but their sensory
function appears limited. The production of pattern,
including color, may be significant for some of the micro-
scopic projections. Spines are immovable, but if they
are articulated, then they are called spurs. Both spines
and spurs may bear unicellular or subcellular processes.

2.1.1 Color production

The diverse colors of insects are produced by the inter-
action of light with cuticle and/or underlying cells or
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Fig. 2.6 The four basic types of cuticular
protuberances: (a) a multicellular spine;

epidermal
cells
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tormogen cell sensory cell

trichogen cell

(b) a seta, or trichoid sensillum; (c)
acanthae; and (d) microtrichia. (After
Richards & Richards 1979.) (c)

fluid by two different mechanisms. Physical (structural)
colors result from light scattering, interference, and
diffraction, whereas pigmentary colors are due to the
absorption of visible light by a range of chemicals. Often
both mechanisms occur together to produce a color
different from either alone.

All physical colors derive from the cuticle and its
protuberances. Interference colors, such as irides-
cence and ultraviolet, are produced by refraction from
varyingly spaced, close reflective layers produced by
microfibrillar orientation within the exocuticle, or, in
some beetles, the epicuticle, and by diffraction from
regularly textured surfaces such as on many scales.
Colors produced by light scattering depend on the size
of surface irregularities relative to the wavelength of

Fig. 2.5 (opposite) The cuticular pores and ducts on

the venter of an adult female of the citrus mealybug,
Planococcus citri (Hemiptera: Pseudococcidae). Enlargements
depict the ultrastructure of the wax glands and the various
wax secretions (arrowed) associated with three types of
cuticular structure: (a) a trilocular pore; (b) a tubular duct;
and (c) a multilocular pore. Curled filaments of wax from the
trilocular pores form a protective body-covering and prevent
contamination with their own sugary excreta, or honeydew;
long, hollow, and shorter curled filaments from the tubular
ducts and multilocular pores, respectively, form the ovisac.
(After Foldi 1983; Cox 1987.)

o[e[o]o]o]o] o]

(d)

light. Thus, whites are produced by structures larger
than the wavelength of light, such that all light is
reflected, whereas blues are produced by irregularities
that reflect only short wavelengths.

Insect pigments are produced in three ways:

1 by the insect’s own metabolism;

2 by sequestering from a plant source;

3 rarely, by microbial endosymbionts.

Pigments may be located in the cuticle, epidermis,
hemolymph, or fat body. Cuticular darkening is the
most ubiquitous insect color. This may be due to
either sclerotization (unrelated to pigmentation) or the
exocuticular deposition of melanins, a heterogeneous
group of polymers that may give a black, brown,
yellow, or red color. Carotenoids, ommochromes,
papiliochromes, and pteridines (pterins) mostly pro-
duce yellows to reds, flavonoids give yellow, and tetra-
pyrroles (including breakdown products of porphyrins
such as chlorophyll and hemoglobin) create reds,
blues, and greens. Quinone pigments occur in scale
insects as red and yellow anthraquinones (e.g. carmine
from cochineal insects), and in aphids as yellow to red
to dark blue—green aphins.

Colors have an array of functions in addition to the
obvious roles of color patterns in sexual and defensive
display. For example, the ommochromes are the main
visual pigments of insect eyes, whereas black melanin,
an effective screen for possibly harmful light rays, can



28 External anatomy

convert light energy into heat, and may act as a sink for
free radicals that could otherwise damage cells. The red
hemoglobins which are widespread respiratory pig-
ments in vertebrates occur in a few insects, notably in
some midge larvae and a few aquatic bugs, in which
they have a similar respiratory function.

2.2 SEGMENTATION AND TAGMOSIS

Metameric segmentation, so distinctive in annelids,
is visible only in some unsclerotized larvae (Fig. 2.7a).
The segmentation seen in the sclerotized adult or
nymphal insect is not directly homologous with that
of larval insects, as sclerotization extends beyond each
primary segment (Fig. 2.7b,c). Each apparent segment
represents an area of sclerotization that commences in
front of the fold that demarcates the primary segment
and extends almost to the rear of that segment, leaving
an unsclerotized area of the primary segment, the con-
junctival or intersegmental membrane. This sec-
ondary segmentation means that the muscles, which
are always inserted on the folds, are attached to solid
rather than to soft cuticle. The apparent segments
of adult insects, such as on the abdomen, are secondary
in origin, but we refer to them simply as segments
throughout this text.

In adult and nymphal insects, and hexapods in gen-
eral, one of the most striking external features is
the amalgamation of segments into functional units.
This process of tagmosis has given rise to the familiar
tagmata (regions) of head, thorax, and abdomen.
In this process the 20 original segments have been di-
vided into an embryologically detectable six-segmented
head, three-segmented thorax, and 11-segmented
abdomen (plus primitively the telson), although vary-
ing degrees of fusion mean that the full complement is
never visible.

Before discussing the external morphology in more
detail, some indication of orientation is required. The
bilaterally symmetrical body may be described accord-
ing to three axes:

1 longitudinal, or anterior to posterior, also termed
cephalic (head) to caudal (tail);

2 dorsoventral, or dorsal (upper) to ventral (lower);
3 transverse, or lateral (outer) through the longit-
udinal axis to the opposite lateral (Fig. 2.8).

For appendages, such as legs or wings, proximal or
basal refers to near the body, whereas distal or apical
means distant from the body. In addition, structures
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Fig. 2.7 Types of body segmentation. (a) Primary
segmentation, as seen in soft-bodied larvae of some insects.
(b) Simple secondary segmentation. (c) More derived
secondary segmentation. (d) Longitudinal section of dorsum
of the thorax of winged insects, in which the acrotergites of
the second and third segments have enlarged to become the
postnota. (After Snodgrass 1935.)

are mesal, or medial, if they are nearer to the midline
(median line), or lateral if closer to the body margin,
relative to other structures.

Four principal regions of the body surface can be
recognized: the dorsum or upper surface; the venter
or lower surface; and the two lateral pleura (singular:
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Fig. 2.8 The major body axes and the relationship of parts of the appendages to the body, shown for a sepsid fly.
(After McAlpine 1987.)

pleuron), separating the dorsum from the venter and
bearing limb bases, if these are present. Sclerotization
that takes place in defined areas gives rise to plates
called sclerites. The major segmental sclerites are the
tergum (the dorsal plate; plural: terga), the sternum
(the ventral plate; plural: sterna), and the pleuron (the
side plate). If a sclerite is a subdivision of the tergum,
sternum, or pleuron, the diminutive terms tergite,
sternite, and pleurite may be applied.

The abdominal pleura are often at least partly mem-

branous, but on the thorax they are sclerotized and
usually linked to the tergum and sternum of each seg-
ment. This fusion forms a box, which contains the leg
muscle insertions and, in winged insects, the flight
muscles. With the exception of some larvae, the head
sclerites are fused into a rigid capsule. In larvae (but
not nymphs) the thorax and abdomen may remain
membranous and tagmosis may be less apparent (such
as in most wasp larvae and fly maggots) and the terga,
sterna, and pleura are rarely distinct.
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Fig. 2.9 Lateral view of the head of a generalized pterygote insect. (After Snodgrass 1935.)

2.3 THE HEAD

Therigid cranial capsule has two openings, one posteri-
orly through the occipital foramen to the prothorax,
the other to the mouthparts. Typically the mouthparts
are directed ventrally (hypognathous), although some-
times anteriorly (prognathous) as in many beetles,
or posteriorly (opisthognathous) as in, for example,
aphids, cicadas, and leafhoppers. Several regions can be
recognized on the head (Fig. 2.9): the posterior horse-
shoe-shaped posterior cranium (dorsally the occiput)
contacts the vertex dorsally and the genae (singular:
gena) laterally; the vertex abuts the frons anteriorly
and more anteriorly lies the clypeus, both of which may
be fused into a frontoclypeus. In adult and nymphal

insects, paired compound eyes lie more or less dor-
solaterally between the vertex and genae, with a pair
of sensory antennae placed more medially. In many
insects, three light-sensitive “simple” eyes, or ocelli,
are situated on the anterior vertex, typically arranged
in a triangle, and many larvae have stemmatal eyes.
The head regions are often somewhat weakly
delimited, with some indications of their extent coming
from sutures (external grooves or lines on the head).
Three sorts may be recognized:
1 remnants of original segmentation, generally
restricted to the postoccipital suture;
2 ecdysial lines of weakness where the head capsule
of the immature insect splits at molting (section 6.3),
including an often prominent inverted “Y”, or epi-



cranial suture, on the vertex (Fig. 2.10); the frons is
delimited by the arms (also called frontal sutures) of
this “Y";

3 grooves that reflect the underlying internal skeletal
ridges, such as the frontoclypeal or epistomal suture,
which often delimits the frons from the more anterior
clypeus.

The head endoskeleton consists of several invaginated
ridges and arms (apophyses, or elongate apodemes),
the most important of which are the two pairs of tento-
rial arms, one pair being posterior, the other anterior,
sometimes with an additional dorsal component. Some
of these arms may be absent or, in pterygotes, fused
to form the tentorium, an endoskeletal strut. Pits are
discernible on the surface of the cranium at the points
where the tentorial arms invaginate. These pits and the
sutures may provide prominent landmarks on the head
but usually they bear little or no association with the
segments.

The segmental origin of the head is most clearly
demonstrated by the mouthparts (section 2.3.1). From
anterior to posterior, there are six fused head segments:
1 labral;

2 antennal, with each antenna equivalent to an entire
leg;

3 postantennal, fused with the antennal segment;

4 mandibular;

5 maxillary;

6 labial.

The neck is mainly derived from the first part of the
thorax and is not a segment.

2.3.1 Mouthparts

The mouthparts are formed from appendages of all
head segments except the second. In omnivorous
insects, such as cockroaches, crickets, and earwigs,
the mouthparts are of a biting and chewing type
(mandibulate) and resemble the probable basic design
of ancestral pterygote insects more closely than the
mouthparts of the majority of modern insects. Extreme
modifications of basic mouthpart structure, correlated
with feeding specializations, occur in most Lepidoptera,
Diptera, Hymenoptera, Hemiptera, and a number of the
smaller orders. Here we first discuss basic mandibulate
mouthparts, as exemplified by the European earwig,
Forficula auricularia (Dermaptera: Forficulidae) (Fig.
2.10), and then describe some of the more common
modifications associated with more specialized diets.
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There are five basic components of the mouthparts:

1 labrum, or “upper lip”, with a ventral surface called
the epipharynx;

2 hypopharynx, a tongue-like structure;

3 mandibles, orjaws;

4 maxillae (singular: maxilla);

5 labium, or “lowerlip” (Fig. 2.10).

The labrum forms the roof of the preoral cavity
and mouth (Fig. 3.14) and covers the base of the
mandibles; it may be formed from fusion of parts of a
pair of ancestral appendages. Projecting forwards from
the back of the preoral cavity is the hypopharynx,
a lobe of probable composite origin; in apterygotes,
earwigs, and nymphal mayflies the hypopharynx bears
a pair of lateral lobes, the superlinguae (singular:
superlingua) (Fig. 2.10). It divides the cavity into a
dorsal food pouch, or cibarium, and a ventral salivar-
ium into which the salivary duct opens (Fig. 3.14). The
mandibles, maxillae, and labium are the paired ap-
pendages of segments 4—6 and are highly variable in
structure among insect orders; their serial homology
with walking legs is more apparent than for the labrum
and hypopharynx.

The mandibles cut and crush food and may be used
for defense; generally they have an apical cutting edge
and the more basal molar area grinds the food. They
can be extremely hard (approximately 3 on Moh’s scale
of mineral hardness, or an indentation hardness
of about 30 kg mm™) and thus many termites and
beetles have no physical difficulty in boring through
foils made from such common metals as copper, lead,
tin, and zinc. Behind the mandibles lie the maxillae,
each consisting of a basal part composed of the prox-
imal cardo and the more distal stipes and, attached to
the stipes, two lobes — the mesal lacinia and the lateral
galea — and a lateral, segmented maxillary palp,
or palpus (plural: palps or palpi). Functionally, the
maxillae assist the mandibles in processing food; the
pointed and sclerotized lacinae hold and macerate
the food, whereas the galeae and palps bear sensory
setae (mechanoreceptors) and chemoreceptors which
sample items before ingestion. The appendages of the
sixth segment of the head are fused with the sternum
to form the labium, which is believed to be homologous
to the second maxillae of Crustacea. In prognathous
insects, such as the earwig, the labium attaches to the
ventral surface of the head via a ventromedial sclerot-
ized plate called the gula (Fig. 2.10). There are two
main parts to the labium: the proximal postmentum,
closely connected to the posteroventral surface of the
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head and sometimes subdivided into a submentum and
mentum; and the free distal prementum, typically
bearing a pair of labial palps lateral to two pairs
of lobes, the mesal glossae (singular: glossa) and
the more lateral paraglossae (singular: paraglossa).
The glossae and paraglossae, including sometimes the
distal part of the prementum to which they attach, are
known collectively as the ligula; the lobes may be
variously fused or reduced as in Forficula (Fig. 2.10), in
which the glossae are absent. The prementum with its
lobes forms the floor of the preoral cavity (functionally
a “lower lip”), whereas the labial palps have a sensory
function, similar to that of the maxillary palps.

During insect evolution, an array of different mouth-
part types have been derived from the basic design
described above. Often feeding structures are char-
acteristic of all members of a genus, family, or order
of insects, so that knowledge of mouthparts is useful for
both taxonomic classification and identification, and
for ecological generalization (see section 10.6). Mouth-
part structure is categorized generally according to
feeding method, but mandibles and other components
may function in defensive combat or even male—male
sexual contests, as in the enlarged mandibles on cer-
tain male beetles (Lucanidae). Insect mouthparts have
diversified in different orders, with feeding methods
that include lapping, suctorial feeding, biting, or pier-
cing combined with sucking, and filter feeding, in addi-
tion to the basic chewing mode.

The mouthparts of bees are of a chewing and lapping
type. Lapping is a mode of feeding in which liquid or
semi-liquid food adhering to a protrusible organ, or
“tongue”, is transferred from substrate to mouth. In the
honey bee, Apis mellifera (Hymenoptera: Apidae), the
elongate and fused labial glossae form a hairy tongue,
which is surrounded by the maxillary galeae and the
labial palps to form a tubular proboscis containing a
food canal (Fig. 2.11). In feeding, the tongue is dipped
into the nectar or honey, which adheres to the hairs,
and then is retracted so that adhering liquid is carried
into the space between the galeae and labial palps. This
back-and-forth glossal movement occurs repeatedly.
Movement of liquid to the mouth apparently results
from the action of the cibarial pump, facilitated by each

Fig. 2.10 (opposite) Frontal view of the head and dissected
mouthparts of an adult of the European earwig, Forficula
auricularia (Dermaptera: Forficulidae). Note that the head is
prognathous and thus a gular plate, or gula, occurs in the
ventral neck region.
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Fig. 2.11 Frontal view of the head of a worker honey bee,
Apis mellifera (Hymenoptera: Apidae), with transverse section
of proboscis showing how the “tongue” (fused labial glossae)
is enclosed within the sucking tube formed from the maxillary
galae and labial palps. (Inset after Wigglesworth 1964.)

retraction of the tongue pushing liquid up the food
canal. The maxillary laciniae and palps are rudimentary
and the paraglossae embrace the base of the tongue,
directing saliva from the dorsal salivary orifice around
into a ventral channel from whence it is transported
to the flabellum, a small lobe at the glossal tip; saliva
may dissolve solid or semi-solid sugar. The sclerotized,
spoon-shaped mandibles lie at the base of the proboscis
and have a variety of functions, including the mani-
pulation of wax and plant resins for nest construction,
the feeding of larvae and the queen, grooming, fighting,
and the removal of nest debris including dead bees.
Most adult Lepidoptera and some adult flies obtain
their food solely by sucking up liquids using suctorial
(haustellate) mouthparts that form a proboscis or ros-
trum (Box 15.5). Pumping of the liquid food is achieved
by muscles of the cibarium and/or pharynx. The pro-
boscis of moths and butterflies, formed from the greatly
elongated maxillary galeae, is extended (Fig. 2.12a) by
increases in hemolymph (“blood”) pressure. It is loosely
coiled by the inherent elasticity of the cuticle, but tight
coiling requires contraction of intrinsic muscles
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Fig. 2.12 Mouthparts of the cabbage white or cabbage butterfly, Pieris rapae (Lepidoptera: Pieridae). (a) Positions of the
proboscis showing, from left to right, at rest, with proximal region uncoiling, with distal region uncoiling, and fully extended
with tip in two of many possible different positions due to flexing at “knee bend”. (b) Lateral view of proboscis musculature.
(c) Transverse section of the proboscis in the proximal region. (After Eastham & Eassa 1955.)

(Fig. 2.12b). A cross-section of the proboscis (Fig. 2.12c¢)
shows how the food canal, which opens basally into the
cibarial pump, is formed by apposition and interlocking
of the two galeae. The proboscis of some male hawk-
moths (Sphingidae), such as that of Xanthopan morgani,
can attain great length (Fig. 11.8).

A few moths and many flies combine sucking with
piercing or biting. For example, moths that pierce fruit
and exceptionally suck blood (species of Noctuidae)
have spines and hooks at the tip of their proboscis
which are rasped against the skins of either ungulate
mammals or fruit. For at least some moths, penetration
is effected by the alternate protraction and retraction
of the two galeae that slide along each other. Blood-
feeding flies have a variety of skin-penetration and
feeding mechanisms. In the “lower” flies such as
mosquitoes and black flies, and the Tabanidae (horse
flies, Brachycera), the labium of the adult fly forms a
non-piercing sheath for the other mouthparts, which
together contribute to the piercing structure. In con-
trast, the biting calyptrate dipterans (Brachycera:
Calyptratae, e.g. stable flies and tsetse flies) lack

mandibles and maxillae and the principal piercing
organ is the highly modified labium. Mouthparts of
adult Diptera are described in Box 15.5.

Other mouthpart modifications for piercing and
sucking are seen in the true bugs (Hemiptera), thrips
(Thysanoptera), fleas (Siphonaptera), and sucking lice
(Phthiraptera: Anoplura). In each order different
mouthpart components form needle-like stylets cap-
able of piercing the plant or animal tissues upon which
the insect feeds. Bugs have extremely long, thin paired
mandibular and maxillary stylets, which fit together to
form a flexible stylet-bundle containing a food canal
and a salivary canal (Box 11.8). Thrips have three
stylets — paired maxillary stylets (laciniae) plus the
left mandibular one (Fig. 2.13). Sucking lice have three
stylets — the hypopharyngeal (dorsal), the salivary
(median), and the labial (ventral) — lying in a ventral
sac of the head and opening at a small eversible pro-
boscis armed with internal teeth that grip the host
during blood-feeding (Fig. 2.14). Fleas possess a single
stylet derived from the epipharynx, and the laciniae
of the maxillae form two long cutting blades that are
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Fig. 2.13 Head and mouthparts of a thrips, Thrips australis
(Thysanoptera: Thripidae). (a) Dorsal view of head showing
mouthparts through prothorax. (b) Transverse section
through proboscis. The plane of the transverse section is
indicated by the dashed line in (a). (After Matsuda 1965;
CSIRO 1970.)

ensheathed by the labial palps (Fig. 2.15). The
Hemiptera and the Thysanoptera are sister groups and
belong to the same assemblage as the Phthiraptera
(Fig. 7.2), but the lice at least had a psocopteroid-like
ancestor, presumably with mouthparts of a more
generalized, mandibulate type. The Siphonaptera are
distant relatives of the other three taxa; thus similarit-
ies in mouthpart structure among these orders result
largely from parallel or, in the case of fleas, convergent
evolution.

cibarial

pharynx oesophagus

proboscis
armed
with teeth

stylets muscles stylet sac
0.2 mm
hypopharyngeal

(dorsal) stylet

salivary
(median) stylet

25 um

food canal labial (ventral) stylet

Fig. 2.14 Head and mouthparts of a sucking louse,
Pediculus (Phthiraptera: Anoplura: Pediculidae). (a)
Longitudinal section of head (nervous system omitted). (b)
Transverse section through eversible proboscis. The plane of
the transverse section is indicated by the dashed line in (a).
(After Snodgrass 1935.)

Slightly different piercing mouthparts are found in
antlions and the predatory larvae of other lacewings
(Neuroptera). The stylet-like mandible and maxilla
on each side of the head fit together to form a sucking
tube (Fig. 13.2¢), and in some families (Chrysopidae,
Myrmeleontidae, and Osmylidae) there is also a narrow
poison channel. Generally, labial palps are present,
macxillary palps are absent, and the labrum is reduced.
Prey is seized by the pointed mandibles and maxillae,
which are inserted into the victim; its body contents are
digested extra-orally and sucked up by pumping of the
cibarium.

A unique modification of the labium for prey capture
occurs in nymphal damselflies and dragonflies (Odonata
These predators catch other aquatic organisms by
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Fig. 2.15 Head and mouthparts of a human flea, Pulex
irritans (Siphonaptera: Pulicidae): (a) lateral view of head;
(b) transverse section through mouthparts. The plane of
the transverse section is indicated by the dashed line in (a).
(After Snodgrass 1946; Herms & James 1961.)

extending their folded labium (or “mask”) rapidly and
seizing mobile prey using prehensile apical hooks on
modified labial palps (Fig. 13.4). The labium is hinged
between the prementum and postmentum and, when
folded, covers most of the underside of the head. Labial
extension involves the sudden release of energy, pro-
duced by increases in blood pressure brought about by
the contraction of thoracic and abdominal muscles,
and stored elastically in a cuticular click mechanism at
the prementum—postmentum joint. As the click mech-
anism is disengaged, the elevated hydraulic pressure

shoots the labium rapidly forwards. Labial retraction
then brings the captured prey to the other mouthparts
for maceration.

Filter feeding in aquatic insects has been studied best
in larval mosquitoes (Diptera: Culicidae), black flies
(Diptera: Simuliidae), and net-spinning caddisflies
(Trichoptera: many Hydropsychoidea and Philopo-
tamoidea), which obtain their food by filtering particles
(including bacteria, microscopic algae, and detritus)
from the water in which they live. The mouthparts of
the dipteran larvae have an array of setal “brushes”
and/or “fans”, which generate feeding currents or trap
particulate matter and then move it to the mouth. In
contrast, the caddisflies spin silk nets that filter par-
ticulate matter from flowing water and then use their
mouthpart brushes to remove particles from the nets.
Thus insect mouthparts are modified for filter feeding
chiefly by the elaboration of setae. In mosquito larvae
the lateral palatal brushes on the labrum generate the
feeding currents (Fig. 2.16); they beat actively, causing
particle-rich surface water to flow towards the mouth-
parts, where setae on the mandibles and maxillae help
to move particles into the pharynx, where food boluses
form at intervals.

In some adult insects, such as mayflies (Ephe-
meroptera), some Diptera (warble flies), a few moths
(Lepidoptera), and male scale insects (Hemiptera:
Coccoidea), mouthparts are greatly reduced and non-
functional. Atrophied mouthparts correlate with short
adult lifespan.

2.3.2 Cephalic sensory structures

The most obvious sensory structures of insects are on
the head. Most adults and many nymphs have com-
pound eyes dorsolaterally on head segment 4 and three
ocelli on the vertex of the head. The median, or ante-
rior, ocellus lies on segment 1 and is formed from a
fused pair; the two lateral ocelli are on segment 3. The
only visual structures of larval insects are stemmata,
or simple eyes, positioned laterally on the head, either
singly or in clusters. The structure and functioning of
these three types of visual organs are described in detail
in section 4.4.

Antennae are mobile, segmented, paired appendages.
Primitively, they appear to be eight-segmented in
nymphs and adults, but often there are numerous sub-
divisions, sometimes called antennomeres. The entire
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Fig. 2.16 The mouthparts and feeding currents of a mosquito larva of Anopheles quadrimaculatus (Diptera: Culicidae). (a) The
larva floating just below the water surface, with head rotated through 180° relative to its body (which is dorsum-up so that the
spiracular plate near the abdominal apex is in direct contact with the air). (b) Viewed from above showing the venter of the head
and the feeding current generated by setal brushes on the labrum (direction of water movement and paths taken by surface
particles are indicated by arrows and dotted lines, respectively). (c) Lateral view showing the particle-rich water being drawn into
the preoral cavity between the mandibles and maxillae and its downward expulsion as the outward current. ((b,c) After Merritt
etal.1992.)
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antenna typically has three main divisions (Fig. 2.17a):
the first segment, or scape, generally is larger than
the other segments and is the basal stalk; the second
segment, or pedicel, nearly always contains a sensory
organ known as Johnston’s organ, which responds
to movement of the distal part of the antenna relative
to the pedicel; the remainder of the antenna, called the
flagellum, is often filamentous and multisegmented
(with many flagellomeres), but may be reduced or
variously modified (Fig. 2.17b—i). The antennae are
reduced or almost absent in some larval insects.

Numerous sensory organs, or sensilla (singular:
sensillum), in the form of hairs, pegs, pits, or cones,
occur on antennae and function as chemoreceptors,
mechanoreceptors, thermoreceptors, and hygrorecep-
tors (Chapter 4). Antennae of male insects may be more
elaborate than those of the corresponding females,
increasing the surface area available for detecting
female sex pheromones (section 4.3.2).

The mouthparts, other than the mandibles, are well
endowed with chemoreceptors and tactile setae. These
sensilla are described in detail in Chapter 4.

2.4 THE THORAX

The thorax is composed of three segments: the first
or prothorax, the second or mesothorax, and the
third or metathorax. Primitively, and in apterygotes
(bristletails and silverfish) and immature insects, these
segments are similar in size and structural complexity.
In most winged insects the mesothorax and metatho-
rax are enlarged relative to the prothorax and form a
pterothorax, bearing the wings and associated mus-
culature. Wings occur only on the second and third
segments in extant insects although some fossils have
prothoracic winglets (Fig. 8.2) and homeotic mutants
may develop prothoracic wings or wing buds. Almost
all nymphal and adult insects have three pairs of
thoracic legs — one pair per segment. Typically the legs
are used for walking, although various other functions
and associated modifications occur (section 2.4.1).
Openings (spiracles) of the gas-exchange, or tracheal,
system (section 3.5) are present laterally on the second
and third thoracic segments at most with one pair
per segment. However, a secondary condition in some
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Fig. 2.18 Diagrammatic lateral view of a wing-bearing thoracic segment, showing the typical sclerites and their subdivisions.

(After Snodgrass 1935.)

insects is for the mesothoracic spiracles to open on the
prothorax.

The tergal plates of the thorax are simple structures
in apterygotes and in many immature insects, but are
variously modified in winged adults. Thoracic terga are
called nota (singular: notum), to distinguish them
from the abdominal terga. The pronotum of the pro-
thorax may be simple in structure and small in compar-
ison with the other nota, but in beetles, mantids, many

bugs, and some Orthoptera the pronotum is expanded
and in cockroaches it forms a shield that covers part of
the head and mesothorax. The pterothoracic nota each
have two main divisions — the anterior wing-bearing
alinotum and the posterior phragma-bearing postno-
tum (Fig. 2.18). Phragmata (singular: phragma) are
plate-like apodemes that extend inwards below the
antecostal sutures, marking the primary interseg-
mental folds between segments; phragmata provide
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Fig. 2.19 The hind leg of a cockroach, Periplaneta americana (Blattodea: Blattidae), with enlargement of ventral surface of
pretarsus and last tarsomere. (After Cornwell 1968; enlargement after Snodgrass 1935.)

attachment for the longitudinal flight muscles (Fig.
2.7d). Each alinotum (sometimes confusingly referred
to asa “notum”) may be traversed by sutures that mark
the position of internal strengthening ridges and com-
monly divide the plate into three areas — the anterior
prescutum, the scutum, and the smaller posterior
scutellum.

The lateral pleural sclerites are believed to be derived
from the subcoxal segment of the ancestral insect
leg (Fig. 8.4a). These sclerites may be separate, as in
silverfish, or fused into an almost continuous sclerotic
area, as in most winged insects. In the pterothorax, the
pleuron is divided into two main areas — the anterior
episternum and the posterior epimeron — by an
internal pleural ridge, which is visible externally as
the pleural suture (Fig. 2.18); the ridge runs from
the pleural coxal process (which articulates with the
coxa) to the pleural wing process (which articulates
with the wing), providing reinforcement for these arti-
culation points. The epipleurites are small sclerites
beneath the wing and consist of the basalaria anterior
to the pleural wing process and the posterior sub-
alaria, but often reduced to just one basalare and one
subalare, which are attachment points for some direct
flight muscles. The trochantin is the small sclerite
anterior to the coxa.

The degree of ventral sclerotization on the thorax
varies greatly in different insects. Sternal plates, if pre-

sent, are typically two per segment: the eusternum
and the following intersegmental sclerite or interster-
nite (Fig. 2.7c), commonly called the spinasternum
(Fig. 2.18) because it usually has an internal apodeme
called the spina (except for the metasternum which
never has a spinasternum). The eusterna of the pro-
thorax and mesothorax may fuse with the spinasterna
of their segment. Each eusternum may be simple or
divided into separate sclerites — typically the prester-
num, basisternum, and sternellum. The eusternum
may be fused laterally with one of the pleural sclerites
and is then called the laterosternite. Fusion of the
sternal and pleural plates may form precoxal and
postcoxal bridges (Fig. 2.18).

2.4.1 Legs

In most adult and nymphal insects, segmented fore,
mid, and hind legs occur on the prothorax, mesotho-
rax, and metathorax, respectively. Typically, each leg
has six segments (Fig. 2.19) and these are, from prox-
imal to distal: coxa, trochanter, femur, tibia, tarsus,
and pretarsus (or more correctly post-tarsus) with
claws. Additional segments —the prefemur, patella, and
basitarsus (Fig. 8.4a) — are recognized in some fossil
insects and other arthropods, such as arachnids, and
one or more of these segments are evident in some



Ephemeroptera and Odonata. Primitively, two further
segments lie proximal to the coxa and in extant insects
one of these, the epicoxa, is associated with the wing
articulation, or tergum, and the other, the subcoxa,
with the pleuron (Fig. 8.4a).

The tarsus is subdivided into five or fewer compon-
ents, giving the impression of segmentation; but,
because there is only one tarsal muscle, tarsomere is
a more appropriate term for each “pseudosegment”.
The first tarsomere sometimes is called the basitarsus,
but should not be confused with the segment called
the basitarsus in certain fossil insects. The underside of
the tarsomeres may have ventral pads, pulvilli, also
called euplantulae, which assist in adhesion to sur-
faces. Terminally on the leg, the small pretarsus
(enlargement in Fig. 2.19) bears a pair of lateral claws
(also called ungues) and usually a median lobe, the
arolium. In Diptera there may be a central spine-like
or pad-like empodium (plural: empodia) which is
not the same as the arolium, and a pair of lateral pulvilli
(as shown for the bush fly, Musca vetustissima, depicted
on the right side of the vignette of this chapter). These
structures allow flies to walk on walls and ceilings.
The pretarsus of Hemiptera may bear a variety of struc-
tures, some of which appear to be pulvilli, whereas
others have been called empodia or arolia, but the
homologies are uncertain. In some beetles, such as
Coccinellidae, Chrysomelidae, and Curculionidae, the
ventral surface of some tarsomeres is clothed with
adhesive setae that facilitate climbing. The left side of
the vignette for this chapter shows the underside of the
tarsus of the leaf beetle Rhyparida (Chrysomelidae).

Generally the femur and tibia are the longest leg
segments but variations in the lengths and robustness
of each segment relate to their functions. For example,
walking (gressorial) and running (cursorial) insects
usually have well-developed femora and tibiae on
all legs, whereas jumping (saltatorial) insects such as
grasshoppers have disproportionately developed hind
femora and tibiae. In aquatic beetles (Coleoptera) and
bugs (Hemiptera), the tibiae and/or tarsi of one or
more pairs of legs usually are modified for swimming
(natatorial) with fringes of long, slender hairs. Many
ground-dwelling insects, such as mole crickets (Ortho-
ptera: Gryllotalpidae), nymphal cicadas (Hemiptera:
Cicadidae), and scarab beetles (Scarabaeidae), have
the tibiae of the fore legs enlarged and modified for
digging (fossorial) (Fig. 9.2), whereas the fore legs
of some predatory insects, such as mantispid lacewings
(Neuroptera) and mantids (Mantodea), are specialized
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for seizing prey (raptorial) (Fig. 13.3). The tibia and
basal tarsomere of each hind leg of honey bees are modi-
fied for the collection and carriage of pollen (Fig. 12.4).

These “typical” thoracic legs are a distinctive feature
of insects, whereas abdominal legs are confined to the
immature stages of holometabolous insects. There
have been conlflicting views on whether (i) the legs on
the immature thorax of the Holometabola are develop-
mentally identical (serially homologous) to those of the
abdomen, and/or (ii) the thoracic legs of the holome-
tabolous immature stages are homologous with those
of the adult. Detailed study of musculature and inner-
vation shows similarity of development of thoracic legs
throughout all stages of insects with ametaboly (with-
out metamorphosis, as in silverfish) and hemimetaboly
(partial metamorphosis and no pupal stage) and in
adult Holometabola, having identical innervation
through the lateral nerves. Moreover, the oldest known
larva (from the Upper Carboniferous) has thoracic and
abdominal legs/leglets each with a pair of claws, as in
the legs of nymphs and adults. Although larval legs
appear similar to those of adults and nymphs, the term
prolegs is used for the larval leg. Prolegs on the
abdomen, especially on caterpillars, usually are lobe-
like and each bears an apical circle or band of small
sclerotized hooks, or crochets. The thoracic prolegs
may possess the same number of segments as the adult
leg, but the number is more often reduced, apparently
through fusion. In other cases, the thoracic prolegs, like
those of the abdomen, are unsegmented outgrowths of
the body wall, often bearing apical hooks.

2.4.2 Wings

Wings are developed fully only in the adult, or excep-
tionally in the subimago, the penultimate stage of
Ephemeroptera. Typically, functional wings are flap-
like cuticular projections supported by tubular, scler-
otized veins. The major veins are longitudinal, running
from the wing base towards the tip, and are more
concentrated at the anterior margin. Additional sup-
porting cross-veins are transverse struts, which join
the longitudinal veins to give a more complex struc-
ture. The major veins usually contain tracheae, blood
vessels, and nerve fibers, with the intervening mem-
branous areas comprising the closely appressed dorsal
and ventral cuticular surfaces. Generally, the major
veins are alternately “convex” and “concave” in rela-
tion to the surface plane of the wing, especially near the
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wing attachment; this configuration is described by
plus (+) and minus (-) signs. Most veins lie in an anter-
ior area of the wing called the remigium (Fig. 2.20),
which, powered by the thoracic flight muscles, is
responsible for most of the movements of flight. The
area of wing posterior to the remigium sometimes
is called the clavus; but more often two areas are
recognized: an anterior anal area (or vannus) and a
posterior jugal area. Wing areas are delimited and
subdivided by fold-lines, along which the wing can
be folded; and flexion-lines, at which the wing flexes
during flight. The fundamental distinction between
these two types of lines is often blurred, as fold-lines
may permit some flexion and vice versa. The claval
furrow (a flexion-line) and the jugal fold (or fold-line)
are nearly constant in position in different insect
groups, but the median flexion-line and the anal
(or vannal) fold (or fold-line) form variable and un-
satisfactory area boundaries. Wing folding may be very
complicated; transverse folding occurs in the hind
wings of Coleoptera and Dermaptera, and in some
insects the enlarged anal area may be folded like a fan.
The fore and hind wings of insects in many orders are
coupled together, which improves the aerodynamic
efficiency of flight. The commonest coupling mechan-
ism (seen clearly in Hymenoptera and some Trichoptera)
is a row of small hooks, or hamuli, along the anterior
margin of the hind wing that engages a fold along the
posterior margin of the fore wing (hamulate coupling).

In some other insects (e.g. Mecoptera, Lepidoptera,
and some Trichoptera), a jugal lobe of the fore wing
overlaps the anterior hind wing (jugate coupling),
or the margins of the fore and hind wing overlap
broadly (amplexiform coupling), or one or more hind-
wing bristles (the frenulum) hook under a retaining
structure (the retinaculum) on the fore wing (frenate
coupling). The mechanics of flight are described in
section 3.1.4 and the evolution of wings is covered in
section 8.4.

All winged insects share the same basic wing vena-
tion comprising eight veins, named from anterior to
posterior of the wing as: precosta (PC), costa (C),
subcosta (Sc), radius (R), media (M), cubitus (Cu),
anal (A), and jugal (J). Primitively, each vein has
an anterior convex (+) sector (a branch with all of its
subdivisions) and a posterior concave (—) sector. In
almost all extant insects, the precosta is fused with the
costa and the jugal vein is rarely apparent. The wing
nomenclatural system presented in Fig. 2.21 is that of
Kukalova-Peck and is based on detailed comparative
studies of fossil and living insects. This system can be
applied to the venation of all insect orders, although as
yet it has not been widely applied because the various
schemes devised for each insect order have a long his-
tory of use and there is a reluctance to discard familiar
systems. Thus in most textbooks, the same vein may be
referred to by different names in different insect orders
because the structural homologies were not recognized
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Fig. 2.21 A generalized wing of a neopteran insect (any living winged insect other than Ephemeroptera and Odonata), showing
the articulation and the Kukalova-Peck nomenclatural scheme of wing venation. Notation as follows: AA, anal anterior; AP, anal
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(After CSIRO 1991.)

correctly in early studies. For example, until 1991, the
venational scheme for Coleoptera labeled the radius
posterior (RP) as the media (M) and the media posterior
(MP) as the cubitus (Cu). Correct interpretation of
venational homologies is essential for phylogenetic
studies and the establishment of a single, universally
applied scheme is essential.

Cells are areas of the wing delimited by veins and
may be open (extending to the wing margin) or closed
(surrounded by veins). They are named usually accord-
ing to the longitudinal veins or vein branches that
they lie behind, except that certain cells are known by
special names, such as the discal cell in Lepidoptera
(Fig. 2.22a) and the triangle in Odonata (Fig. 2.22b).
The pterostigma is an opaque or pigmented spot anter-
iorly near the apex of the wing (Figs. 2.20 & 2.22b).

Wing venation patterns are consistent within groups
(especially families and orders) but often differ between
groups and, together with folds or pleats, provide major

features used in insect classification and identification.
Relative to the basic scheme outlined above, venation
may be greatly reduced by loss or postulated fusion of
veins, or increased in complexity by numerous cross-
veins or substantial terminal branching. Other features
that may be diagnostic of the wings of different insect
groups are pigment patterns and colors, hairs, and
scales. Scales occur on the wings of Lepidoptera, many
Trichoptera, and a few psocids (Psocoptera) and flies.
Hairs consist of small microtrichia, either scattered or
grouped, and larger macrotrichia, typically on the veins.

Usually two pairs of functional wings lie dorsolater-
ally as fore wings on the mesothorax and as hind
wings on the metathorax; typically the wings are
membranous and transparent. However, from this
basic pattern are derived many other conditions, often
involving variation in the relative size, shape, and
degree of sclerotization of the fore and hind wings.
Examples of fore-wing modification include the
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Fig. 2.22 The left wings of a range of insects showing some of the major wing modifications: (a) fore wing of a butterfly of Danaus
(Lepidoptera: Nymphalidae); (b) fore wing of a dragonfly of Urothemis (Odonata: Anisoptera: Libellulidae); (c) fore wing or tegmen
of a cockroach of Periplaneta (Blattodea: Blattidae); (d) fore wing or elytron of a beetle of Anomala (Coleoptera: Scarabaeidae); (e)
fore wing or hemelytron of a mirid bug (Hemiptera: Heteroptera: Miridae) showing three wing areas—the membrane, corium,
and clavus; (f') fore wing and haltere of a fly of Bibio (Diptera: Bibionidae). Nomenclatural scheme of venation consistent with that
depicted in Fig. 2.21; that of (b) after ]. W.H. Trueman, unpublished. ((a—d) After Youdeowei 1977; () after McAlpine 1981.)

thickened, leathery fore wings of Blattodea, Dermaptera,
and Orthoptera, which are called tegmina (singular:
tegmen; Fig. 2.22c¢), the hardened fore wings of
Coleoptera that form protective wing cases or elytra
(singular: elytron; Fig. 2.22d & Plate 1.2), and the
hemelytra (singular: hemelytron) of heteropteran
Hemiptera with the basal part thickened and the apical

part membranous (Fig. 2.22e). Typically, the hetero-
pteran hemelytron is divided into three wing areas: the
membrane, corium, and clavus. Sometimes the
corium is divided further, with the embolium anterior
to R + M, and the cuneus distal to a costal fracture.
In Diptera the hind wings are modified as stabilizers
(halteres) (Fig. 2.22f) and do not function as wings,
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whereas in male Strepsiptera the fore wings form hal-
teres and the hind wings are used in flight (Box 13.6).
In male scale insects (see Plate 2.5, facing p. 14) the fore
wings have highly reduced venation and the hind
wings form hamulohalteres (different in structure to
the halteres) or are lost completely.

Small insects confront different aerodynamic chal-
lenges compared with larger insects and their wing
area often is expanded to aid wind dispersal. Thrips
(Thysanoptera), for example, have very slender wings
but have a fringe of long setae or cilia to extend the
wing area (Box 11.7). In termites (Isoptera) and ants
(Hymenoptera: Formicidae) the winged reproductives,
or alates, have large deciduous wings that are shed
after the nuptial flight. Some insects are wingless, or
apterous, either primitively as in silverfish (Zygentoma)
and bristletails (Archaeognatha), which diverged from
other insect lineages prior to the origin of wings, or
secondarily as in all lice (Phthiraptera) and fleas
(Siphonaptera), which evolved from winged ancestors.
Secondary partial wing reduction occurs in a number
of short-winged, or brachypterous, insects.

In all winged insects (Pterygota), a triangular area at
the wing base, the axillary area (Fig. 2.20), contains
the movable articular sclerites via which the wing
articulates on the thorax. These sclerites are derived, by
reduction and fusion, from a band of articular sclerites
in the ancestral wing. Three different types of wing
articulation among living Pterygota result from unique
patterns of fusion and reduction of the articular scler-
ites. In Neoptera (all living winged insects except the
Ephemeroptera and Odonata), the articular sclerites
consist of the humeral plate, the tegula, and usually
three, rarely four, axillary sclerites (1Ax, 2Ax, 3AXx,
and 4Ax) (Fig. 2.21). The Ephemeroptera and Odonata
each has a different configuration of these sclerites
compared with the Neoptera (literally meaning “new
wing”). Odonate and ephemeropteran adults cannot
fold their wings back along the abdomen as can
neopterans. In Neoptera, the wing articulates via the
articular sclerites with the anterior and posterior
wing processes dorsally, and ventrally with the pleu-
ral wing processes and two small pleural sclerites
(the basalare and subalare) (Fig. 2.18).

2.5 THE ABDOMEN

Primitively, the insect abdomen is 11-segmented
although segment 1 may be reduced or incorporated

into the thorax (as in many Hymenoptera) and the
terminal segments usually are variously modified and/
or diminished (Fig. 2.23a). Generally, at least the first
seven abdominal segments of adults (the pregenital
segments) are similar in structure and lack append-
ages. However, apterygotes (bristletails and silverfish)
and many immature aquatic insects have abdominal
appendages. Apterygotes possess a pair of styles —
rudimentary appendages that are serially homologous
with the distal part of the thoracic legs — and, mesally,
one or two pairs of protrusible (or exsertile) vesicles
on at least some abdominal segments. These vesicles
are derived from the coxal and trochanteral endites
(inner annulated lobes) of the ancestral abdominal
appendages (Fig. 8.4b). Aquatic larvae and nymphs
may have gills laterally on some to most abdominal
segments (Chapter 10). Some of these may be serially
homologous with thoracic wings (e.g. the plate gills of
mayfly nymphs) or with other leg derivatives. Spiracles
typically are present on segments 1-8, but reductions
in number occur frequently in association with modi-
fications of the tracheal system (section 3.5), especially
in immature insects, and with specializations of the
terminal segments in adults.

2.5.1 Terminalia

The anal-genital part of the abdomen, known as the
terminalia, consists generally of segments 8 or 9 to the
abdominal apex. Segments 8 and 9 bear the genitalia;
segment 10 is visible as a complete segment in many
“lower” insects but always lacks appendages; and the
small segment 11 is represented by a dorsal epiproct
and pair of ventral paraprocts derived from the sternum
(Fig. 2.23b). A pair of appendages, the cerci, articu-
lates laterally on segment 11; typically these are annu-
lated and filamentous but have been modified (e.g. the
forceps of earwigs) or reduced in different insect orders.
An annulated caudal filament, the median appendix
dorsalis, arises from the tip of the epiproct in aptery-
gotes, most mayflies (Ephemeroptera), and a few fossil
insects. A similar structure in nymphal stoneflies
(Plecoptera) is of uncertain homology. These terminal
abdominal segments have excretory and sensory func-
tions in all insects, but in adults there is an additional
reproductive function.

The organs concerned specifically with mating and
the deposition of eggs are known collectively as the
external genitalia, although they may be largely



46 External anatomy

spiracles

(a)

S RES NN

gonopore

common gonocoxite 9

oviduct

(b)

gonocoxite 8

copulatory opening

%

gonapophysis 9
(second valve)
gonapophysis 8
(first valve)

apodemes

ovipore

gonostyle
%" (third valve)
gonapophysis 9
(second valve)

egg canal

gonapophysis 8
(first valve)

(c)

Fig. 2.23 The female abdomen and ovipositor: (a) lateral view of the abdomen of an adult tussock moth (Lepidoptera:
Lymantriidae) showing the substitutional ovipositor formed from the extensible terminal segments; (b) lateral view of a
generalized orthopteroid ovipositor composed of appendages of segments 8 and 9; (c) transverse section through the ovipositor
of a katydid (Orthoptera: Tettigoniidae). T, ~T} . terga of first to tenth segments; S,~Sg, sterna of second to eighth segments.
((a) After Eidmann 1929; (b) after Snodgrass 1935; (c) after Richards & Davies 1959.)

internal. The components of the external genitalia of
insects are very diverse in form and often have consid-
erable taxonomic value, particularly amongst species
that appear structurally similar in other respects. The
male external genitalia have been used widely to aid in
distinguishing species, whereas the female external
genitalia may be simpler and less varied. The diversity
and species-specificity of genitalic structures are dis-
cussed in section 5.5.

The terminalia of adult female insects include inter-
nal structures for receiving the male copulatory organ

and his spermatozoa (sections 5.4 and 5.6) and exter-
nal structures used for oviposition (egg-laying; section
5.8). Most female insects have an egg-laying tube, or
ovipositor; it is absent in Isoptera, Phthiraptera, many
Plecoptera, and most Ephemeroptera. Ovipositors take
two forms:
1 true, or appendicular, formed from appendages of
abdominal segments 8 and 9 (Fig. 2.23b);
2 substitutional, composed of extensible posterior
abdominal segments (Fig. 2.23a).

Substitutional ovipositors include a variable number
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of the terminal segments and clearly have been derived
convergently several times, even within some orders.
They occur in many insects, including most Lepido-
ptera, Coleoptera, and Diptera. In these insects, the ter-
minalia are telescopic and can be extended as a slender
tube, manipulated by muscles attached to apodemes of
the modified terga (Fig. 2.23a) and/or sterna.

Appendicular ovipositors represent the primitive
condition for female insects and are present in Archae-
ognatha, Zygentoma, many Odonata, Orthoptera, some
Hemiptera, some Thysanoptera, and Hymenoptera.
In some Hymenoptera, the ovipositor is modified as
a poison-injecting sting (Fig. 14.11) and the eggs are
ejected at the base of the sting. In all other cases, the
eggs pass down a canal in the shaft of the ovipositor
(section 5.8). The shaft is composed of three pairs of
valves (Fig. 2.23b,c) supported on two pairs of val-
vifers — the coxae + trochanters, or gonocoxites, of
segments 8 and 9 (Fig. 2.23b). The gonocoxites of seg-
ment 8 have a pair of trochanteral endites (inner lobe
from each trochanter), or gonapophyses, which form
the first valves, whereas the gonocoxites of segment
9 have a pair of gonapophyses (the second valves) plus
a pair of gonostyles (the third valves) derived from the
distal part of the appendages of segment 9 (and homo-
logous with the styles of the apterygotes mentioned
above). In each half of the ovipositor, the second valve
slides in a tongue-and-groove fashion against the first
valve (Fig. 2.23c), whereas the third valve generally
forms a sheath for the other valves.

The external genitalia of male insects include an
organ for transferring the spermatozoa (either pack-
aged in a spermatophore, or free in fluid) to the
female and often involve structures that grasp and
hold the partner during mating. Numerous terms are
applied to the various components in different insect
groups and homologies are difficult to establish. Males
of Archaeognatha, Zygentoma, and Ephemeroptera
have relatively simple genitalia consisting of gonocox-
ites, gonostyles, and sometimes gonapophyses on seg-
ment 9 (and also on segment 8 in Archaeognatha), as
in the female, except with a median penis (phallus) or,
if paired or bilobed, penes, on segment 9 (Fig. 2.24a).
The penis (or penes) is believed to be derived from the

Fig. 2.24 (left) Male external genitalia. (a) Abdominal
segment 9 of the bristletail Machilis variabilis
(Archaeognatha: Machilidae). (b) Aedeagus of a click beetle
(Coleoptera: Elateridae). ((a) After Snodgrass 1957.)
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fused inner lobes (endites) of either the ancestral coxae
or trochanters of segment 9. In the orthopteroid orders,
the gonocoxites are reduced or absent, although
gonostyles may be present (called styles), and there is a
median penis with a lobe called a phallomere on each
side of it. The evolutionary fate of the gonapophyses
and the origin of the phallomeres are uncertain. In the
“higher” insects — the hemipteroids and the holome-
tabolous orders — the homologies and terminology
of the male structures are even more confusing if one
tries to compare the terminalia of different orders. The
whole copulatory organ of higher insects generally is
known as the aedeagus (edeagus) and, in addition
to insemination, it may clasp and provide sensory
stimulation to the female. Typically, there is a median
tubular penis (although sometimes the term “aedea-
gus” is restricted to this lobe), which often has an inner
tube, the endophallus, that is everted during insemi-
nation (Fig. 5.4b). The ejaculatory duct opens at the
gonopore, either at the tip of the penis or the endophal-
lus. Lateral to the penis is a pair of lobes or parameres,
which may have a clasping and/or sensory function.
Their origin is uncertain; they may be homologous
with the gonocoxites and gonostyles of lower insects,
with the phallomeres of orthopteroid insects, or be
derived de novo, perhaps even from segment 10. This
trilobed type of aedeagus is well exemplified in many
beetles (Fig. 2.24b), but modifications are too numer-
ous to describe here.

Much variation in male external genitalia correlates
with mating position, which is very variable between
and sometimes within orders. Mating positions include
end-to-end, side-by-side, male below with his dor-
sum up, male on top with female dorsum up, and even
venter-to-venter. In some insects, torsion of the ter-

minal segments may take place post-metamorphosis
or just prior to or during copulation, and asymmetries
of male clasping structures occur in many insects.
Copulation and associated behaviors are discussed in
more detail in Chapter 5.
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Chapter 3

INTERNAL ANATOMY
AND PHYSIOLOGY

Internal structures of a locust. (After Uvarov 1966.)
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What you see if you dissect open the body of an insect
is a complex and compact masterpiece of functional
design. Figure 3.1 shows the “insides” of two omnivor-
ous insects, a cockroach and a cricket, which have
relatively unspecialized digestive and reproductive
systems. The digestive system, which includes salivary
glands as well as an elongate gut, consists of three
main sections. These function in storage, biochemical
breakdown, absorption, and excretion. Each gut sec-
tion has more than one physiological role and this
may be reflected in local structural modifications,
such as thickening of the gut wall or diverticula (exten-
sions) from the main lumen. The reproductive systems
depicted in Fig. 3.1 exemplify the female and male
organs of many insects. These may be dominated in
males by very visible accessory glands, especially as
the testes of many adult insects are degenerate or
absent. This is because the spermatozoa are produced
in the pupal or penultimate stage and stored. In gravid
female insects, the body cavity may be filled with eggs
at various stages of development, thereby obscuring
other internal organs. Likewise, the internal structures
(except the gut) of a well-fed, late-stage caterpillar may
be hidden within the mass of fat body tissue.

The insect body cavity, called the hemocoel
(haemocoel) and filled with fluid hemolymph (haemo-
lymph), is lined with endoderm and ectoderm. It is not
a true coelom, which is defined as a mesoderm-lined
cavity. Hemolymph (so-called because it combines
many roles of vertebrate blood (hem/haem) and lymph)
bathes all internal organs, delivers nutrients, removes
metabolites, and performs immune functions. Unlike
vertebrate blood, hemolymph rarely has respiratory
pigments and therefore has little or no role in gaseous
exchange. In insects this function is performed by
the tracheal system, a ramification of air-filled tubes
(tracheae), which sends fine branches throughout the
body. Gas entry to and exit from tracheae is controlled
by sphincter-like structures called spiracles that open
through the body wall. Non-gaseous wastes are filtered
from the hemolymph by filamentous Malpighian
tubules (named after their discoverer), which have
free ends distributed through the hemocoel. Their con-
tents are emptied into the gut from which, after further
modification, wastes are eliminated eventually via the
anus.

All motor, sensory, and physiological processes in
insects are controlled by the nervous system in con-
junction with hormones (chemical messengers). The
brain and ventral nerve cord are readily visible in

dissected insects, but most endocrine centers, neuro-
secretion sites, numerous nerve fibers, muscles, and
other tissues cannot be seen by the unaided eye.

This chapter describes insect internal structures
and their functions. Topics covered are the muscles
and locomotion (walking, swimming, and flight), the
nervous system and co-ordination, endocrine centers
and hormones, the hemolymph and its circulation, the
tracheal system and gas exchange, the gut and diges-
tion, the fat body, nutrition and microorganisms, the
excretory system and waste disposal, and lastly the
reproductive organs and gametogenesis. A full account
of insect physiology cannot be provided in one chapter,
and we direct readers to Chapman (1998) for a com-
prehensive treatment, and to relevant chapters in the
Encyclopedia of Insects (Resh & Cardé 2003).

3.1 MUSCLES AND LOCOMOTION

As stated in section 1.3.4, much of the success of insects
relates to their ability to sense, interpret, and move
around their environment. Although the origin of
flight at least 340 million years ago was a major
innovation, terrestrial and aquatic locomotion also is
well developed. Power for movement originates from
muscles operating against a skeletal system, either the
rigid cuticular exoskeleton or, in soft-bodied larvae, a
hydrostatic skeleton.

3.1.1 Muscles

Vertebrates and many non-insect invertebrates have
striated and smooth muscles, but insects have only
striated muscles, so-called because of overlapping
thicker myosin and thinner actin filaments giving a
microscopic appearance of cross-banding. Each striated
muscle fiber comprises many cells, with a common
plasma membrane and sarcolemma, or outer sheath.
The sarcolemma is invaginated, but not broken, where
an oxygen-supplying tracheole (section 3.5, Fig. 3.10b)
contacts the muscle fiber. Contractile myofibrils run
the length of the fiber, arranged in sheets or cylinders.
When viewed under high magnification, a myofibril
comprises a thin actin filament sandwiched between
a pair of thicker myosin filaments. Muscle contrac-
tion involves the sliding of filaments past each other,
stimulated by nerve impulses. Innervation comes from
one to three motor axons per bundle of fibers, each
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Fig. 3.2 Muscle attachments to body wall: (a) tonofibrillae traversing the epidermis from the muscle to the cuticle; (b) a muscle
attachment in an adult beetle of Chrysobothrus femorata (Coleoptera: Buprestidae); (c) a multicellular apodeme with a muscle
attached to one of its thread-like, cuticular “tendons” or apophyses. (After Snodgrass 1935.)

separately tracheated and referred to as one muscle
unit, with several units grouped in a functional
muscle.

There are several different muscle types. The most
important division is between those that respond syn-
chronously, with a contraction cycle once per impulse,
and fibrillar muscles that contract asynchronously,
with multiple contractions per impulse. Examples of
the latter include some flight muscles (see below) and
the tymbal muscle of cicadas (section 4.1.4).

There is no inherent difference in action between
muscles of insects and vertebrates, although insects
can produce prodigious muscular feats, such as the
leap of a flea or the repetitive stridulation of the cicada
tympanum. Reduced body size benefits insects because
of the relationship between (i) power, which is pro-
portional to muscle cross-section and decreases with
reduction in size by the square root, and (ii) the body
mass, which decreases with reduction in size by the
cube root. Thus the power : mass ratio increases as
body size decreases.

3.1.2 Muscle attachments

Vertebrates’ muscles work against an internal skeleton,

but the muscles of insects must attach to the inner
surface of an external skeleton. As musculature is
mesodermal and the exoskeleton is of ectodermal ori-
gin, fusion must take place. This occurs by the growth
of tonofibrillae, fine connecting fibrils that link the
epidermal end of the muscle to the epidermal layer
(Fig. 3.2a,b). At each molt tonofibrillae are discarded
along with the cuticle and therefore must be regrown.

At the site of tonofibrillar attachment, the inner cut-
icle often is strengthened through ridges or apodemes,
which, when elongated into arms, are termed apophy-
ses (Fig. 3.2c). These muscle attachment sites, particu-
larly the long, slender apodemes for individual muscle
attachments, often include resilin to give an elasticity
that resembles that of vertebrate tendons.

Some insects, including soft-bodied larvae, have
mainly thin, flexible cuticle without the rigidity to
anchor muscles unless given additional strength. The
body contents form a hydrostatic skeleton, with tur-
gidity maintained by criss-crossed body wall “turgor”
muscles that continuously contract against the incom-
pressible fluid of the hemocoel, giving a strengthened
foundation for other muscles. If the larval body wall
is perforated, the fluid leaks, the hemocoel becomes
compressible and the turgor muscles cause the larva
to become flaccid.



3.1.3 Crawling, wriggling, swimming,
and walking

Soft-bodied larvae with hydrostatic skeletons move
by crawling. Muscular contraction in one part of the
body gives equivalent extension in a relaxed part else-
where on the body. In apodous (legless) larvae, such as
dipteran “maggots”, waves of contractions and relaxa-
tion run from head to tail. Bands of adhesive hooks
or tubercles successively grip and detach from the
substrate to provide a forward motion, aided in some
maggots by use of their mouth hooks to grip the sub-
strate. In water, lateral waves of contraction against
the hydrostatic skeleton can give a sinuous, snake-like,
swimming motion, with anterior-to-posterior waves
giving an undulating motion.

Larvae with thoracic legs and abdominal prolegs,
like caterpillars, develop posterior-to-anterior waves of
turgor muscle contraction, with as many as three waves
visible simultaneously. Locomotor muscles operate in
cycles of successive detachment of the thoracic legs,
reaching forwards and grasping the substrate. These
cycles occur in concert with inflation, deflation, and
forward movement of the posterior prolegs.

Insects with hard exoskeletons can contract and
relax pairs of agonistic and antagonistic muscles that
attach to the cuticle. Compared to crustaceans and
myriapods, insects have fewer (six) legs that are located
more ventrally and brought close together on the
thorax, allowing concentration of locomotor muscles
(both flying and walking) into the thorax, and pro-
viding more control and greater efficiency. Motion with
six legs at low to moderate speed allows continuous
contact with the ground by a tripod of fore and hind
legs on one side and mid leg of the opposite side thrust-
ing rearwards (retraction), whilst each opposite leg is
moved forwards (protraction) (Fig. 3.3). The center of
gravity of the slow-moving insect always lies within
this tripod, giving great stability. Motion is imparted
through thoracic muscles acting on the leg bases, with
transmission via internal leg muscles through the leg
to extend or flex the leg. Anchorage to the substrate,

Fig. 3.3 (right) A ground beetle (Coleoptera: Carabidae:
Carabus) walking in the direction of the broken line. The
three blackened legs are those in contact with the ground
in the two positions illustrated — (a) is followed by (b).
(After Wigglesworth 1972.)

Muscles and locomotion
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needed to provide a lever to propel the body, is through
pointed claws and adhesive pads (the arolium or, in
flies and some beetles, pulvilli). Claws such as those
illustrated in the vignette to Chapter 2 can obtain pur-
chase on the slightest roughness in a surface, and the
pads of some insects can adhere to perfectly smooth
surfaces through the application of lubricants to the
tips of numerous fine hairs and the action of close-
range molecular forces between the hairs and the
substrate.

When faster motion is required there are several
alternatives —increasing the frequency of the leg move-
ment by shortening the retraction period; increasing
the stride length; altering the triangulation basis of
support to adopt quadrupedy (use of four legs); or even
hind-leg bipedality with the other legs held above
the substrate. At high speeds even those insects that
maintain triangulation are very unstable and may
have no legs in contact with the substrate at intervals.
This instability at speed seems to cause no difficulty for
cockroaches, which when filmed with high-speed video
cameras have been shown to maintain speeds of up to
1 ms! whilst twisting and turning up to 25 times
per second. This motion was maintained by sensory
information received from one antenna whose tip
maintained contact with an experimentally provided
wall, even when it had a zig-zagging surface.

Many insects jump, some prodigiously, usually
using modified hind legs. In orthopterans, flea beetles
(Alticinae), and a range of weevils, an enlarged hind
(meta-) femur contains large muscles whose slow con-
traction produces energy stored by either distortion of
the femoro-tibial joint or in some spring-like sclerotiza-
tion, for example the meta-tibial extension tendon. In
fleas, the energy is produced by the trochanter levator
muscle raising the femur and is stored by compression
of an elastic resilin pad in the coxa. In all these jumpers,
release of tension is sudden, resulting in propulsion
of the insect into the air — usually in an uncontrolled
manner, but fleas can attain their hosts with some con-
trol over the leap. It has been suggested that the main
benefit for flighted jumpers is to get into the air and
allow the wings to be opened without damage from the
surrounding substrate.

In swimming, contact with the water is maintained
during protraction, so it is necessary for the insect to
impart more thrust to the rowing motion than to the
recovery stroke to progress. This is achieved by expand-
ing the effective leg area during retraction by extending
fringes of hairs and spines (Fig. 10.8). These collapse

onto the folded leg during the recovery stroke. We have
seen already how some insect larvae swim using con-
tractions against their hydrostatic skeleton. Others,
including many nymphs and the larvae of caddisflies,
can walk underwater and, particularly in running
waters, do not swim routinely.

The surface film of water can support some specialist
insects, most of which have hydrofuge (water-repelling)
cuticles or hair fringes and some, such as gerrid water-
striders (Fig. 5.7), move by rowing with hair-fringed
legs.

3.1.4 Flight

The development of flight allowed insects much greater
mobility, which helped in food and mate location and
gave much improved powers of dispersal. Importantly,
flight opened up many new environments for exploita-
tion. Plant microhabitats such as flowers and foliage
are more accessible to winged insects than to those
without flight.

Fully developed, functional, flying wings occur only
in adult insects, although in nymphs the developing
wings are visible as wing buds in all but the earliest
instars. Usually two pairs of functional wings arise
dorsolaterally, as fore wings on the second and hind
wings on the third thoracic segment. Some of the many
derived variations are described in section 2.4.2.

To fly, the forces of weight (gravity) and drag (air
resistance to movement) must be overcome. In gliding
flight, in which the wings are held rigidly outstretched,
these forces are overcome through the use of passive air
movements — known as the relative wind. The insect
attains lift by adjusting the angle of the leading edge
of the wing when orientated into the wind. As this
angle (the attack angle) increases, so lift increases until
stalling occurs, i.e. when lift is catastrophically lost. In
contrast to aircraft, nearly all of which stall at around
20°, the attack angle of insects can be raised to more
than 30°, even as high as 50°, giving great maneu-
verability. Aerodynamic effects such as enhanced
lift and reduced drag can come from wing scales and
hairs, which affect the boundary layer across the wing
surface.

Most insects glide a little, and dragonflies (Odonata)
and some grasshoppers (Orthoptera), notably locusts,
glide extensively. However, most winged insects fly
by beating their wings. Examination of wing beat is
difficult because the frequency of even a large slow-



flying butterfly may be five times a second (5 Hz), a bee
may beat its wings at 180 Hz, and some midges emit an
audible buzz with their wing-beat frequency of greater
than 1000 Hz. However, through the use of slowed-
down, high-speed cine film, the insect wing beat can be
slowed from faster than the eye can see until a single
beat can be analyzed. This reveals that a single beat
comprises three interlinked movements. First is a cycle
of downward, forward motion followed by an upward
and backward motion. Second, during the cycle each
wing is rotated around its base. The third component
occurs as various parts of the wing flex in response to
local variations in air pressure. Unlike gliding, in which
the relative wind derives from passive air movement, in
true flight the relative wind is produced by the moving
wings. The flying insect makes constant adjustments,
so that during a wing beat, the air ahead of the insect is
thrown backwards and downwards, impelling the
insect upwards (lift) and forwards (thrust). In climbing,
the emergent air is directed more downwards, reducing
thrust but increasing lift. In turning, the wing on the
inside of the turn is reduced in power by decrease in the
amplitude of the beat.

Despite the elegance and intricacy of detail of insect
flight, the mechanisms responsible for beating the
wings are not excessively complicated. The thorax of
the wing-bearing segments can be envisaged as a box
with the sides (pleura) and base (sternum) rigidly fused,
and the wings connected where the rigid tergum is
attached to the pleura by flexible membranes. This
membranous attachment and the wing hinge are com-
posed of resilin (section 2.1), which gives crucial elas-
ticity to the thoracic box. Flying insects have one of two
kinds of arrangements of muscles powering their flight:
1 direct flight muscles connected to the wings;

2 anindirect system in which there is no muscle-to-
wing connection, but rather muscle action deforms the
thoracic box to move the wing.

A few old groups such as Odonata and Blattodea
appear to use direct flight muscles to varying degrees,
although at least some recovery muscles may be indir-
ect. More advanced insects use indirect muscles for
flight, with direct muscles providing wing orientation
rather than power production.

Direct flight muscles produce the upward stroke by
contraction of muscles attached to the wing base inside
the pivotal point (Fig. 3.4a). The downward wing
stroke is produced through contraction of muscles that
extend from the sternum to the wing base outside the
pivot point (Fig. 3.4b). In contrast, indirect flight mus-
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cles are attached to the tergum and sternum. Contrac-
tion causes the tergum, and with it the very base of the
wing, to be pulled down. This movement levers the
outer, main part of the wing in an upward stroke
(Fig. 3.4c¢). The down beat is powered by contraction of
the second set of muscles, which run from front to back
of the thorax, thereby deforming the box and lifting the
tergum (Fig. 3.4d). At each stage in the cycle, when
the flight muscles relax, energy is conserved because
the elasticity of the thorax restores its shape.

Primitively, the four wings may be controlled inde-
pendently with small variation in timing and rate
allowing alteration in direction of flight. However,
excessive variation impedes controlled flight and the
beat of all wings is usually harmonized, as in butterflies,
bugs, and bees, for example, by locking the fore and
hind wings together, and also by neural control. For
insects with slower wing-beat frequencies (<100 Hz),
such as dragonflies, one nerve impulse for each beat
can be maintained by synchronous muscles. How-
ever, in faster-beating wings, which may attain a fre-
quency of 100 to over 1000 Hz, one impulse per beat is
impossible and asynchronous muscles are required.
In these insects, the wing is constructed such that
only two wing positions are stable — fully up and fully
down. As the wing moves from one extreme to the
alternate one, it passes through an intermediate un-
stable position. As it passes this unstable (“click”) point,
thoracic elasticity snaps the wing through to the altern-
ate stable position. Insects with this asynchronous
mechanism have peculiar fibrillar flight muscles with
the property that, on sudden release of muscle tension,
as at the click point, the next muscle contraction is
induced. Thus muscles can oscillate, contracting at a
much higher frequency than the nerve impulses,
which need be only periodic to maintain the insect in
flight. Harmonization of the wing beat on each side is
maintained through the rigidity of the thorax — as the
tergum is depressed or relaxed, what happens to one
wing must happen identically to the other. However,
insects with indirect flight muscles retain direct mus-
cles that are used in making fine adjustments in wing
orientation during flight.

Direction and any deviations from course, perhaps
caused by air movements, are sensed by insects pre-
dominantly through their eyes and antennae. However,
the true flies (Diptera) have extremely sophisticated
sensory equipment, with their hind wings modified as
balancing organs. These halteres, which each comprise
a base, stem, and apical knob (Fig. 2.22f), beat in time
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Fig. 3.4 Direct flight mechanisms: thorax during (a) upstroke and (b) downstroke of the wings. Indirect flight mechanisms:
thorax during (c) upstroke and (d) downstroke of the wings. Stippled muscles are those contracting in each illustration.
(After Blaney 1976.)

but out of phase with the fore wings. The knob, which
is heavier than the rest of the organ, tends to keep
the halteres beating in one plane. When the fly alters
direction, whether voluntarily or otherwise, the haltere
is twisted. The stem, which is richly endowed with
sensilla, detects this movement, and the fly can respond
accordingly.

Initiation of flight, for any reason, may involve the
legs springing the insect into the air. Loss of tarsal con-
tact with the ground causes neural firing of the direct
flight muscles. In flies, flight activity originates in con-
traction of a mid-leg muscle, which both propels the leg
downwards (and the fly upwards) and simultaneously
pulls the tergum downwards to inaugurate flight. The
legs are also important when landing because there is
no gradual braking by running forwards — all the shock
is taken on the outstretched legs, endowed with pads,
spines, and claws for adhesion.

3.2 THE NERVOUS SYSTEM AND
CO-ORDINATION

The complex nervous system of insects integrates a
diverse array of external sensory and internal physio-
logical information and generates some of the beha-
viors discussed in Chapter 4. In common with other
animals, the basic component is the nerve cell, or
neuron (neurone), composed of a cell body with two
projections (fibers) — the dendrite, which receives
stimuli; and the axon, which transmits information,
either to another neuron or to an effector organ such
as a muscle. Insect neurons release a variety of chem-
icals at synapses to either stimulate or inhibit effector
neurons or muscles. In common with vertebrates,
particularly important neurotransmitters include
acetylcholine and catecholamines such as dopamine.
Neurons (Fig. 3.5) are of at least four types:
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Fig. 3.5 Diagram of a simple reflex mechanism of an insect. The arrows show the paths of nerve impulses along nerve fibers
(axons and dendrites). The ganglion, with its outer cortex and inner neuropile, is shown on the right. (After various sources.)

1 sensory neurons receive stimuli from the insect’s
environment and transmit them to the central nervous
system (see below);

2 interneurons (or association neurons) receive
information from and transmit it to other neurons;

3 motor neurons receive information from inter-
neurons and transmit it to muscles;

4 neuroendocrine cells (section 3.3.1).

The cell bodies of interneurons and motor neurons
are aggregated with the fibers interconnecting all types
of nerve cells to form nerve centers called ganglia.
Simple reflex behavior has been well studied in insects
(described further in section 4.5), but insect behavior
can be complex, involving integration of neural infor-
mation within the ganglia.

The central nervous system (CNS) (Fig. 3.6) is the
principal division of the nervous system and consists of
series of ganglia joined by paired longitudinal nerve
cords called connectives. Primitively there are a pair
of ganglia per body segment but usually the two
ganglia of each thoracic and abdominal segment are
fused into a single structure and the ganglia of all head
segments are coalesced to form two ganglionic centers
—the brain and the suboesophageal (subesophageal)
ganglion (seen in Fig. 3.7). The chain of thoracic and
abdominal ganglia found on the floor of the body cavity
is called the ventral nerve cord. The brain, or the

dorsal ganglionic center of the head, is composed of
three pairs of fused ganglia (from the first three head
segments):

1 protocerebrum, associated with the eyes and thus
bearing the optic lobes;

2 deutocerebrum, innervating the antennae;

3 tritocerebrum, concerned with handling the sig-
nals that arrive from the body.

Coalesced ganglia of the three mouthpart-bearing seg-
ments form the suboesophageal ganglion, with nerves
emerging that innervate the mouthparts.

The visceral (or sympathetic) nervous system
consists of three subsystems — the stomodeal (or sto-
matogastric) (which includes the frontal ganglion); the
ventral visceral; and the caudal visceral. Together
the nerves and ganglia of these subsystems innervate
the anterior and posterior gut, several endocrine organs
(corpora cardiaca and corpora allata), the reproductive
organs, and the tracheal system including the spiracles.

The peripheral nervous system consists of all of
the motor neuron axons that radiate to the muscles
from the ganglia of the CNS and stomodeal nervous
system plus the sensory neurons of the cuticular
sensory structures (the sense organs) that receive
mechanical, chemical, thermal, or visual stimuli from
an insect’s environment. Insect sensory systems are
discussed in detail in Chapter 4.
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Fig. 3.6 The central nervous system of various insects showing the diversity of arrangement of ganglia in the ventral nerve cord.
Varying degrees of fusion of ganglia occur from the least to the most specialized: (a) three separate thoracic and eight abdominal
ganglia, as in Dictyopterus (Coleoptera: Lycidae) and Pulex (Siphonaptera: Pulicidae); (b) three thoracic and six abdominal, asin
Blatta (Blattodea: Blattidae) and Chironomus (Diptera: Chironomidae); (c) two thoracic and considerable abdominal fusion of
ganglia, as in Crabro and Eucera (Hymenoptera: Crabronidae and Anthophoridae); (d) highly fused with one thoracic and no
abdominal ganglia, as in Musca, Calliphora, and Lucilia (Diptera: Muscidae and Calliphoridae); (e) extreme fusion with no separate
suboesophageal ganglion, as in Hydrometra (Hemiptera: Hydrometridae) and Rhizotrogus (Scarabaeidae). (After Horridge 1965.)
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Fig. 3.7 Mediolongitudinal section of an immature cockroach of Periplaneta americana (Blattodea: Blattidae) showing internal
organs and tissues.



3.3 THE ENDOCRINE SYSTEM AND
THE FUNCTION OF HORMONES

Hormones are chemicals produced within an organ-
ism’s body and transported, generally in body fluids,
away from their point of synthesis to sites where they
influence a remarkable variety of physiological pro-
cesses, even though present in extremely small quant-
ities. Insect hormones have been studied in detail in
only a handful of species but similar patterns of pro-
duction and function are likely to apply to all insects.
The actions and interrelationships of these chemical
messengers are varied and complex but the role of
hormones in the molting process is of overwhelming
importance and will be discussed more fully in this con-
text in section 6.3. Here we provide a general picture
of the endocrine centers and the hormones that they
export.

Historically, the implication of hormones in the
processes of molting and metamorphosis resulted
from simple but elegant experiments. These utilized
techniques that removed the influence of the brain
(decapitation), isolated the hemolymph of different
parts of the body (ligation), or artificially connected
the hemolymph of two or more insects by joining their
bodies. Ligation and decapitation of insects enabled
researchers to localize the sites of control of develop-
mental and reproductive processes and to show that
substances are released that affect tissues at sites
distant from the point of release. In addition, critical
developmental periods for the action of these con-
trolling substances have been identified. The blood-
sucking bug Rhodnius prolixus (Hemiptera: Reduviidae)
and various moths and flies were the principal experi-
mental insects. More refined technologies allowed
microsurgical removal or transplant of various tissues,
hemolymph transfusion, hormone extraction and puri-
fication, and radioactive labeling of hormone extracts.
Today, molecular biological (Box 3.1) and advanced
chemical analytical techniques allow hormone isola-
tion, characterization, and manipulation.

3.3.1 Endocrine centers

The hormones of the insect body are produced by neu-
ronal, neuroglandular, or glandular centers (Fig. 3.8).
Hormonal production by some organs, such as the
ovaries, is secondary to their main function, but several
tissues and organs are specialized for an endocrine role.
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Neurosecretory cells

Neurosecretory cells (NSC) (also called neuroendocrine
cells) are modified neurons found throughout the nerv-
ous system (within the CNS, peripheral nervous sys-
tem, and the stomodeal nervous system), but they
occur in major groups in the brain. These cells produce
most of the known insect hormones, the notable excep-
tions being the production by non-neural tissues of
ecdysteroids and juvenile hormones. However, the syn-
thesis and release of the latter hormones are regulated
by neurohormones from NSC.

Corpora cardiaca

The corpora cardiaca (singular: corpus cardiacum)
are a pair of neuroglandular bodies located on either
side of the aorta and behind the brain. As well as
producing their own neurohormones, they store and
release neurohormones, including prothoracicotropic
hormone (PTTH, formerly called brain hormone or
ecdysiotropin), originating from the NSC of the brain.
PTTH stimulates the secretory activity of the prothor-
acic glands.

Prothoracic glands

The prothoracic glands are diffuse, paired glands gener-
ally located in the thorax or the back of the head. In
cyclorrhaphous Diptera they are part of the ring gland,
which also contains the corpora cardiaca and corpora
allata. The prothoracic glands secrete an ecdysteroid,
usually ecdysone (sometimes called molting hormone),
which, after hydroxylation, elicits the molting process
of the epidermis (section 6.3).

Corpora allata

The corpora allata (singular: corpus allatum) are small,
discrete, paired glandular bodies derived from the epi-
thelium and located on either side of the foregut. In some
insects they fuse to form a single gland. Their function
is to secrete juvenile hormone (JH), which has regu-
latory roles in both metamorphosis and reproduction.

3.3.2 Hormones

Three hormones or hormone types are integral to the
growth and reproductive functions in insects. These
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neuropeptide research*

Molecular biology is essentially a set of techniques for
the isolation, analysis, and manipulation of DNA and
its RNA and protein products. Molecular genetics is
concerned primarily with the nucleic acids, whereas
research on the proteins and their constituent amino
acids involves chemistry. Thus, genetics and chemistry
are integral to molecular biology. Molecular biological
tools provide:

e ameans of cutting DNA at specific sites using restric-
tion enzymes and of rejoining naked ends of cut frag-
ments with ligase enzymes;

e techniques, such as the polymerase chain reaction
(PCR), that produce numerous identical copies by
repeated cycles of amplification of a segment of DNA;

e methods for rapid sequencing of nucleotides of DNA
or RNA, and amino acids of proteins;

e the ability to synthesize short sequences of DNA or
proteins;

e DNA-DNA affinity hybridization to compare the match
of the synthesized DNA with the original sequence;

e the ability to search a genome for a specific nucleo-
tide sequence using oligonucleotide probes, which are
defined nucleic acid segments that are complementary
to the sequence being sought;

e site-directed mutation of specific DNA segments in
vitro;

e genetic engineering — the isolation and transfer of
intact genes into other organisms, with subsequent
stable transmission and gene expression;

e cytochemical techniques to identify how, when, and
where genes are actually transcribed;

e immunochemical and histochemical techniques to

Box 3.1 Molecular genetic techniques and their application to

identify how, when, and where a specific gene product
functions.

Insect peptide hormones have been difficult to study
because of the minute quantities produced by individual
insects and their structural complexity and occasional
instability. Currently, neuropeptides are the subject of
an explosion of studies because of the realization that
these proteins play crucial roles in most aspects of
insect physiology (see Table 3.1), and the availability of
appropriate technologies in chemistry (e.g. gas-phase
sequencing of amino acids in proteins) and genetics.
Knowledge of neuropeptide amino acid sequences
provides a means of using the powerful capabilities of
molecular genetics. Nucleotide sequences deduced
from primary protein structures allow construction of
oligonucleotide probes for searching out peptide genes
in other parts of the genome or, more importantly, in
other organisms, especially pests. Methods such as
PCR and its variants facilitate the production of probes
from partial amino acid sequences and trace amounts
of DNA. Genetic amplification methods, such as PCR,
allow the production of large quantities of DNA and thus
allow easier sequencing of genes. Of course, these
uses of molecular genetic methods depend on the initial
chemical characterization of the neuropeptides. Fur-
thermore, appropriate bioassays are essential for
assessing the authenticity of any product of molecular
biology. The possible application of neuropeptide
research to control of insect pests is discussed in sec-
tion 16.4.3.

*After Altstein 2003; Hoy 2008.

are the ecdysteroids, the juvenile hormones, and the
neurohormones (also called neuropeptides).
Ecdysteroid is a general term applied to any steroid
with molt-promoting activity. All ecdysteroids are
derived from sterols, such as cholesterol, which insects
cannot synthesize de novo and must obtain from their
diet. Ecdysteroids occur in all insects and form a large
group of compounds, of which ecdysone and 20-
hydroxyecdysone are the most common members.
Ecdysone (also called a-ecdysone) is released from the
prothoracic glands into the hemolymph and usually
is converted to the more active hormone 20-
hydroxyecdysone in several peripheral tissues. The
20-hydroxyecdysone (often referred to as ecdysterone

or B-ecdysone in older literature) is the most wide-
spread and physiologically important ecdysteroid in
insects. The action of ecdysteroids in eliciting molting
has been studied extensively and has the same function
in different insects. Ecdysteroids also are produced by
the ovary of the adult female insect and may be
involved in ovarian maturation (e.g. yolk deposition) or
be packaged in the eggs to be metabolized during the
formation of embryonic cuticle.

Juvenile hormones form a family of related sesquiter-
penoid compounds, so that the symbol JH may denote
one or a mixture of hormones, including JH-I, JH-II, JH-
IIT, and JH-0. The occurrence of mixed-JH-producing
insects (such as the tobacco hornworm, Manduca sexta)
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Fig. 3.8 The main endocrine centers in a generalized insect.
(After Novak 1975.)

adds to the complexity of unraveling the functions of
the homologous JHs. These hormones have two major
roles — the control of metamorphosis and regulation
of reproductive development. Larval characteristics
are maintained and metamorphosis is inhibited by JH;
adult development requires a molt in the absence of JH
(see section 6.3 for details). Thus JH controls the degree
and direction of differentiation at each molt. In the
adult female insect, JH stimulates the deposition of yolk
in the eggs and affects accessory gland activity and
pheromone production (section 5.11).
Neurohormones constitute the third and largest
class of insect hormones. They are generally peptides
(small proteins) and hence have the alternative name
neuropeptides. These protein messengers are the
master regulators of many aspects of insect devel-
opment, homeostasis, metabolism, and reproduction,
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including the secretion of the JHs and ecdysteroids.
Nearly 150 neuropeptides have been recognized, and
some (perhaps many) exist in multiple forms encoded
by the same gene following gene duplication events.
From this diversity, Table 3.1 summarizes a represent-
ative range of physiological processes reportedly affected
by neurohormones in various insects. The diversity
and vital co-ordinating roles of these small molecules
continue to be revealed thanks to technological devel-
opments in peptide molecular chemistry (Box 3.1)
allowing characterization and functional interpreta-
tion. Structural diversity among peptides of equivalent
or related biological activity is a consequence of synthe-
sis from large precursors that are cleaved and modified
to form the active peptides. Neuropeptides either reach
terminal effector sites directly along nerve axons or
via the hemolymph, or indirectly exert control via their
action on other endocrine glands (corpora allata and
prothoracic glands). Both inhibitory and stimulatory
signals are involved in neurohormone regulation. The
effectiveness of regulatory neuropeptides depends on
stereospecific high-affinity binding sites located in the
plasma membrane of the target cells.

Hormones reach their target tissues by transport
(even over short distances) by the body fluid or hemo-
lymph. Hormones are often water-soluble but some
may be transported bound to proteins in the hemo-
lymph; for example, ecdysteroid-binding proteins and
JH-binding proteins are known in a number of insects.
These hemolymph-binding proteins may contribute to
the regulation of hormone levels by facilitating uptake
by target tissues, reducing non-specific binding, or pro-
tecting from degradation or excretion.

3.4 THE CIRCULATORY SYSTEM

Hemolymph, the insect body fluid (with properties
and functions as described in section 3.4.1), circulates
freely around the internal organs. The pattern of flow
is regular between compartments and appendages,
assisted by muscular contractions of parts of the
body, especially the peristaltic contractions of a lon-
gitudinal dorsal vessel, part of which is sometimes
called the heart. Hemolymph does not directly contact
the cells because the internal organs and the epidermis
are covered in a basement membrane, which may
regulate the exchange of materials. This open circulat-
ory system has only a few vessels and compartments
to direct hemolymph movement, in contrast to the
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Table 3.1 Examples of some important insect physiological processes mediated by neuropeptides. (After Keeley & Hayes

1987; Holman et al. 1990; Gédde et al. 1997; Altstein 2003.)

Neuropeptide

Action

Growth and development
Allatostatins and allatotropins

Bursicon

Crustacean cardioactive peptide (CCAP)
Diapause hormone (DH)

Pre-ecdysis triggering hormone (PETH)
Ecdysis triggering hormone (ETH)
Eclosion hormone (EH)

JH esterase inducing factor
Prothoracicotropic hormone (PTTH)
Puparium tanning factor

Reproduction

Antigonadotropin (e.g. oostatic hormone, OH)

Ovarian ecdysteroidogenic hormone (OEH = EDNH)

Ovary maturing peptide (OMP)

Oviposition peptides

Prothoracicotropic hormone (PTTH)

Pheromone biosynthesis activating neuropeptide
(PBAN)

Homeostasis

Metabolic peptides (= AKH/RPCH family)
Adipokinetic hormone (AKH)
Hyperglycemic hormone
Hypoglycemic hormone
Protein synthesis factors

Diuretic and antidiuretic peptides
Antidiuretic peptide (ADP)
Diuretic peptide (DP)
Chloride-transport stimulating hormone
lon-transport peptide (ITP)

Myotropic peptides

Cardiopeptides

Kinin family (e.g. leukokinins and myosuppressins)
Proctolin

Chromatotropic peptides

Melanization and reddish coloration hormone (MRCH)
Pigment-dispersing hormone (PDH)

Corazonin

Induce/regulate juvenile hormone (JH) production
Controls cuticular sclerotization

Switches on ecdysis behavior

Causes dormancy in silkworm eggs

Stimulates pre-ecdysis behavior

Initiates events at ecdysis

Controls events at ecdysis

Stimulates JH degradative enzyme

Induces ecdysteroid secretion from prothoracic gland
Accelerates fly puparium tanning

Suppresses oocyte development
Stimulates ovarian ecdysteroid production
Stimulates egg development

Stimulate egg deposition

Affects egg development

Regulates pheromone production

Releases lipid from fat body
Releases carbohydrate from fat body
Enhances carbohydrate uptake
Enhance fat body protein synthesis

Suppresses water excretion
Enhances water excretion
Stimulates CI~ absorption (rectum)
Stimulates CI~ absorption (ileum)

Increase heartbeat rate
Regulate gut contraction
Modifies excitation response of some muscles

Induces darkening
Disperses pigment
Darkens pigment




closed network of blood-conducting vessels seen in
vertebrates.

3.4.1 Hemolymph

The volume of the hemolymph may be substantial
(20—40% of body weight) in soft-bodied larvae, which
use the body fluid as a hydrostatic skeleton, but is less
than 20% of body weight in most nymphs and adults.
Hemolymph is a watery fluid containing ions, mole-
cules, and cells. It is often clear and colorless but may be
variously pigmented yellow, green, or blue, or rarely, in
the immature stages of a few aquatic and endoparasitic
flies, red owing to the presence of hemoglobin. All
chemical exchanges between insect tissues are medi-
ated via the hemolymph — hormones are transported,
nutrients are distributed from the gut, and wastes are
removed to the excretory organs. However, insect
hemolymph only rarely contains respiratory pigments
and hence has a very low oxygen-carrying capacity.
Local changes in hemolymph pressure are important
in ventilation of the tracheal system (section 3.5.1), in
thermoregulation (section 4.2.2), and at molting to aid
splitting of the old and expansion of the new cuticle.
The hemolymph serves also as a water reserve, as its
main constituent, plasma, is an aqueous solution of
inorganic ions, lipids, sugars (mainly trehalose), amino
acids, proteins, organic acids, and other compounds.
High concentrations of amino acids and organic phos-
phates characterize insect hemolymph, which also is
the site of deposition of molecules associated with cold
protection (section 6.6.1). Hemolymph proteins include
those that act in storage (hexamerins) and those that
transport lipids (lipophorin) or complex with iron (fer-
ritin) or juvenile hormone (JH-binding protein).

The blood cells, or hemocytes (haemocytes), are
of several types (mainly plasmatocytes, granulocytes,
and prohemocytes) and all are nucleate. They have
four basic functions:

1 phagocytosis — the ingestion of small particles and
substances such as metabolites;

2 encapsulation of parasites and other large foreign
materials;

3 hemolymph coagulation;

4 storage and distribution of nutrients.

The hemocoel contains two additional types of cells.
Nephrocytes (sometimes called pericardial cells) gen-
erally occur near the dorsal vessel and appear to func-
tion as ductless glands by sieving the hemolymph of
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certain substances and metabolizing them for use or
excretion elsewhere. Oenocytes may occur in the
hemocoel, fat body, or epidermis and, although their
functions are unclear in most insects, they appear to
have arole in cuticle lipid (hydrocarbon) synthesis and,
in some chironomids, they produce hemoglobins.

3.4.2 Circulation

Circulation in insects is maintained mostly by a system
of muscular pumps moving hemolymph through com-
partments separated by fibromuscular septa or mem-
branes. The main pump is the pulsatile dorsal vessel.
The anterior part may be called the aorta and the poster-
ior part may be called the heart, but the two terms
are inconsistently applied. The dorsal vessel is a simple
tube, generally composed of one layer of myocardial
cells and with segmentally arranged openings, or ostia.
The lateral ostia typically permit the one-way flow of
hemolymph into the dorsal vessel as a result of valves
that prevent backflow. In many insects there also are
more ventral ostia that permit hemolymph to flow out
of the dorsal vessel, probably to supply adjacent active
muscles. There may be up to three pairs of thoracic
ostia and nine pairs of abdominal ostia, although there
is an evolutionary tendency towards reduction in num-
ber of ostia. The dorsal vessel lies in a compartment,
the pericardial sinus, above a dorsal diaphragm
(a fibromuscular septum — a separating membrane)
formed of connective tissue and segmental pairs of
alary muscles. The alary muscles support the dorsal
vessel but their contractions do not affect heartbeat.
Hemolymph enters the pericardial sinus via segmental
openings in the diaphragm and/or at the posterior
border and then moves into the dorsal vessel via the
ostia during a muscular relaxation phase. Waves of
contraction, which normally start at the posterior end
of the body, pump the hemolymph forwards in the
dorsal vessel and out via the aorta into the head. Next,
the appendages of the head and thorax are supplied
with hemolymph as it circulates posteroventrally and
eventually returns to the pericardial sinus and the
dorsal vessel. A generalized pattern of hemolymph cir-
culation in the body is shown in Fig. 3.9a; however, in
adult insects there also may be a periodic reversal of
hemolymph flow in the dorsal vessel (from thorax
posteriorly) as part of normal circulatory regulation.
Another important component of the circulation of
many insects is the ventral diaphragm (Fig. 3.9b) —a
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Fig. 3.9 Schematic diagram of a well-developed circulatory system: (a) longitudinal section through body; (b) transverse section
of the abdomen; (c) transverse section of the thorax. Arrows indicate directions of hemolymph flow. (After Wigglesworth 1972.)

fibromuscular septum that lies in the floor of the
body cavity and is associated with the ventral nerve
cord. Circulation of the hemolymph is aided by active
peristaltic contractions of the ventral diaphragm,
which direct the hemolymph backwards and laterally
in the perineural sinus below the diaphragm.
Hemolymph flow from the thorax to the abdomen also
may be dependent, at least partially, on expansion of
the abdomen, thus “sucking” hemolymph posteriorly.
Hemolymph movements are especially important in
insects that use the circulation in thermoregulation
(some Odonata, Diptera, Lepidoptera, and Hymenoptera).
Another function of the diaphragm may be to facilitate

rapid exchange of chemicals between the ventral nerve
cord and the hemolymph by either actively moving the
hemolymph and/or moving the cord itself.
Hemolymph generally is circulated to appendages
unidirectionally by various tubes, septa, valves, and
pumps (Fig. 3.9¢). The muscular pumps are termed
accessory pulsatile organs and occur at the base
of the antennae, at the base of the wings, and some-
times in the legs. Furthermore, the antennal pulsatile
organs may release neurohormones that are carried to
the antennal lumen to influence the sensory neurons.
Wings have a definite but variable circulation, although
it may be apparent only in the young adult. At least in



some Lepidoptera, circulation in the wing occurs by the
reciprocal movement of hemolymph (in the wing vein
sinuses) and air (within the elastic wing tracheae) into
and from the wing, brought about by pulsatile organ
activity, reversals of heartbeat, and tracheal volume
changes.

The insect circulatory system displays an impressive
degree of synchronization between the activities of the
dorsal vessel, fibromuscular diaphragms, and accessory
pumps, mediated by both nervous and neurohormonal
regulation. The physiological regulation of many body
functions by the neurosecretory system occurs via
neurohormones transported in the hemolymph.

3.4.3 Protection and defense by
the hemolymph

Hemolymph provides various kinds of protection and
defense from (i) physical injury; (ii) the entry of disease
organisms, parasites, or other foreign substances; and
sometimes (iii) the actions of predators. In some insects
the hemolymph contains malodorous or distasteful
chemicals, which are deterrent to predators (Chapter
14). Injury to the integument elicits a wound-healing
process that involves hemocytes and plasma coagula-
tion. A hemolymph clot is formed to seal the wound and
reduce further hemolymph loss and bacterial entry. If
disease organisms or particles enter an insect’s body,
then immune responses are invoked. These include the
cellular defense mechanisms of phagocytosis, encap-
sulation, and nodule formation mediated by the hemo-
cytes, as well as the actions of humoral factors such as
enzymes or other proteins (e.g. lysozymes, propheno-
loxidase, lectins, and peptides).

The immune system of insects bears little resem-
blance to the complex immunoglobulin-based ver-
tebrate system. However, insects sublethally infected
with bacteria can rapidly develop greatly increased
resistance to subsequent infection. Hemocytes are
involved in phagocytosing bacteria but, in addition,
immunity proteins with antibacterial activity appear in
the hemolymph after a primary infection. For example,
Iytic peptides called cecropins, which disrupt the cell
membranes of bacteria and other pathogens, have been
isolated from certain moths. Furthermore, some neuro-
peptides may participate in cell-mediated immune
responses by exchanging signals between the neuro-
endocrine system and the immune system, as well as
influencing the behavior of cells involved in immune
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reactions. The insect immune system is much more
complicated than once thought.

3.5 THE TRACHEAL SYSTEM AND
GAS EXCHANGE

In common with all aerobic animals, insects must
obtain oxygen from their environment and eliminate
carbon dioxide respired by their cells. This is gas
exchange, distinguished from respiration, which
strictly refers to oxygen-consuming, cellular metabolic
processes. In almost all insects, gas exchange occurs
by means of internal air-filled tracheae. These tubes
branch and ramify through the body (Fig. 3.10). The
finest branches contact all internal organs and tissues,
and are especially numerous in tissues with high
oxygen requirements. Air usually enters the tracheae
via spiracular openings that are positioned laterally on
the body, primitively with one pair per post-cephalic
segment. No extant insect has more than 10 pairs (two
thoracic and eight abdominal) (Fig. 3.11a), most have
eight or nine, and some have one (Fig. 3.11c¢), two, or
none (Fig. 3.11d-f). Typically, spiracles (Fig. 3.10a)
have a chamber, or atrium, with an opening-and-
closing mechanism, or valve, either projecting extern-
ally or at the inner end of the atrium. In the latter type,
a filter apparatus sometimes protects the outer open-
ing. Each spiracle may be set in a sclerotized cuticular
plate called a peritreme.

The tracheae are invaginations of the epidermis and
thus their lining is continuous with the body cuticle.
The characteristic ringed appearance of the tracheae
seen in tissue sections (as in Fig. 3.7) is due to the spiral
ridges or thickenings of the cuticular lining, the taeni-
dia, which allow the tracheae to be flexible but resist
compression (analogous to the function of the ringed
hose of a vacuum cleaner). The cuticular linings of the
tracheae are shed with the rest of the exoskeleton when
the insect molts. Usually even the linings of the finest
branches of the tracheal system are shed at ecdysis but
linings of the fluid-filled blind endings, the tracheoles,
may or may not be shed. Tracheoles are less than 1 um
in diameter and closely contact the respiring tissues
(Fig. 3.10b), sometimes indenting into the cells that
they supply. However, the tracheae that supply oxygen
to the ovaries of many insects have very few tracheoles,
the taenidia are weak or absent, and the tracheal sur-
face is evaginated as tubular spirals projecting into the
hemolymph. These aptly named aeriferous tracheae
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Fig. 3.10 Schematic diagram of a generalized tracheal system seen in a transverse section of the body at the level of a pair of
abdominal spiracles. Enlargements show: (a) an atriate spiracle with closing valve at inner end of atrium; (b) tracheoles running
to amuscle fiber. (After Snodgrass 1935.)

have a highly permeable surface that allows direct open to the exterior via the spiracles (an open tracheal
aeration of the surrounding hemolymph from tracheae system) (Fig. 3.11a—c). In contrast, in some aquatic
that may exceed 50 pm in diameter. and many endoparasitic larvae spiracles are absent (a

In terrestrial and many aquatic insects the tracheae closed tracheal system) and the tracheae divide



Fig. 3.11 Some basic variations in the
open (a—c) and closed (d—f) tracheal
systems of insects. (a) Simple tracheae
with valved spiracles, as in cockroaches.
(b) Tracheae with mechanically
ventilated air sacs, as in honey bees. (c)
Metapneustic system with only terminal
spiracles functional, as in mosquito
larvae. (d) Entirely closed tracheal system
with cutaneous gas exchange, as in most
endoparasitic larvae. (e) Closed tracheal
system with abdominal tracheal gills, as
in mayfly nymphs. (f) Closed tracheal
system with rectal tracheal gills, as in
dragonfly nymphs. (After Wigglesworth
1972; details in (a) after Richards &
Davies 1977, (b) after Snodgrass 1956,
(c) after Snodgrass 1935, (d) after
Wigglesworth 1972.)

peripherally to form a network. This covers the general
body surface (allowing cutaneous gas exchange) (Fig.
3.11d) or lies within specialized filaments or lamellae
(tracheal gills) (Fig. 3.11e.f). Some aquatic insects with
an open tracheal system carry gas gills with them (e.g.
bubbles of air); these may be temporary or permanent
(section 10.3.4).

The volume of the tracheal system ranges between
5% and 50% of the body volume depending on species
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and stage of development. The more active the insect,
the more extensive is the tracheal system. In many
insects, parts of tracheae are dilated or enlarged to
increase the reservoir of air, and in some species the
dilations form air sacs (Fig. 3.11b), which collapse
readily because the taenidia of the cuticular lining are
reduced or absent. Sometimes the tracheal volume
may decrease within a developmental stage as air sacs
are occluded by growing tissues. Air sacs reach their
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greatest development in very active flying insects, such
as bees and cyclorrhaphous Diptera. They may assist
flight by increasing buoyancy, but their main function
isin ventilation of the tracheal system.

3.5.1 Diffusion and ventilation

Oxygen enters the spiracle, passes through the length
of the tracheae to the tracheoles and into the target
cells by a combination of ventilation and diffusion
along a concentration gradient, from high in the exter-
nal air to low in the tissue. Whereas the net movement
of oxygen molecules in the tracheal system is inward,
the net movement of carbon dioxide and (in terrestrial
insects) water vapor molecules is outward. Hence gas
exchange in most terrestrial insects is a compromise
between securing sufficient oxygen and reducing water
loss via the spiracles. During periods of inactivity, the
spiracles in many insects are kept closed most of the
time, opening only periodically. In insects of xeric envir-
onments, the spiracles may be small with deep atria or
have a mesh of cuticular projections in the orifice.

In insects without air sacs, such as most holome-
tabolous larvae, diffusion appears to be the primary
mechanism for the movement of gases in the tracheae
and is always the sole mode of gas exchange at the
tissues. The efficiency of diffusion is related to the dis-
tance of diffusion and perhaps to the diameter of the
tracheae (Box 3.2). Recently, rapid cycles of tracheal
compression and expansion have been observed in the
head and thorax of some insects using X-ray videoing.
Movements of the hemolymph and body could not
explain these cycles, which appear to be a new mech-
anism of gas exchange in insects. In addition, large or
dilated tracheae may serve as an oxygen reserve when
the spiracles are closed. In very active insects, espe-
cially large ones, active pumping movements of the
thorax and/or abdomen ventilate (pump air through)
the outer parts of the tracheal system and so the
diffusion pathway to the tissues is reduced. Rhythmic
thoracic movements and/or dorsoventral flattening or
telescoping of the abdomen expels air, via the spiracles,
from extensible or some partially compressible tracheae
or from air sacs. Co-ordinated opening and closing of
the spiracles usually accompanies ventilatory move-
ments and provides the basis for the unidirectional air
flow that occurs in the main tracheae of larger insects.
Anterior spiracles open during inspiration and poster-
ior ones open during expiration. The presence of air

sacs, especially if large or extensive, facilitates ventila-
tion by increasing the volume of tidal air that can be
changed as a result of ventilatory movements. If the
main tracheal branches are strongly ventilated, diffu-
sion appears sufficient to oxygenate even the most
actively respiring tissues, such as flight muscles. How-
ever, the design of the gas-exchange system of insects
places an upper limit on size because, if oxygen has to
diffuse over a considerable distance, the requirements
of a very large and active insect either could not be met,
even with ventilatory movements and compression
and expansion of tracheae, or would result in substan-
tial loss of water through the spiracles. Interestingly,
many large insects are long and thin, thereby minimiz-
ing the diffusion distance from the spiracle along the
trachea to any internal organ.

3.6 THE GUT, DIGESTION, AND
NUTRITION

Insects of different groups consume an astonishing
variety of foods, including watery xylem sap (e.g.
nymphs of spittle bugs and cicadas), vertebrate blood
(e.g. bed bugs and female mosquitoes), dry wood (e.g.
some termites), bacteria and algae (e.g. black fly and
many caddisfly larvae), and the internal tissues of other
insects (e.g. endoparasitic wasp larvae). The diverse
range of mouthpart types (section 2.3.1) correlates
with the diets of different insects, but gut structure and
function also reflect the mechanical properties and the
nutrient composition of the food eaten. Four major
feeding specializations can be identified depending on
whether the food is solid or liquid or of plant or animal
origin (Fig. 3.12). Some insect species clearly fall into a
single category, but others with generalized diets may
fall between two or more of them, and most endoptery-
gotes will occupy different categories at different stages
of their life (e.g. moths and butterflies switch from solid-
plant as larvae to liquid-plant as adults). Gut morpho-
logy and physiology relate to these dietary differences in
the following ways. Insects that take solid food typically
have a wide, straight, short gut with strong musculat-
ure and obvious protection from abrasion (especially
in the midgut, which has no cuticular lining). These
features are most obvious in solid-feeders with rapid
throughput of food as in plant-feeding caterpillars. In
contrast, insects feeding on blood, sap, or nectar usu-
ally have long, narrow, convoluted guts to allow max-
imal contact with the liquid food; here, protection from



Box 3.2 Tracheal hypertrophy in mealworms at low oxygen concentrations

Resistance to diffusion of gases in insect tracheal sys-
tems arises from the spiracular valves when they are
partially or fully closed, the tracheae, and the cytoplasm
supplied by the tracheoles at the end of the tracheae.
Air-filled tracheae will have a much lower resistance per
unit length than the watery cytoplasm because oxygen
diffuses several orders of magnitude faster in air than in
cytoplasm for the same gradient of oxygen partial pres-
sure. Until recently, the tracheal system was believed
to provide more than sufficient oxygen (at least in
non-flying insects that lack air sacs), with the tracheae
offering trivial resistance to the passage of oxygen.
Experiments on mealworm larvae, Tenebrio molitor
(Coleoptera: Tenebrionidae), that were reared in differ-
ent levels of oxygen (all at the same total gas pressure)
showed that the main tracheae that supply oxygen to
the tissues in the larvae hypertrophy (increase in size)
at lower oxygen levels. The dorsal (D), ventral (V), and
visceral (or gut, G) tracheae were affected but not the
lateral longitudinal tracheae that interconnect the spir-
acles (the four tracheal categories are illustrated in an
inset on the graph). The dorsal tracheae supply the
dorsal vessel and dorsal musculature, the ventral tra-

cheae supply the nerve cord and ventral musculature,
whereas the visceral tracheae supply the gut, fat body,
and gonads. The graph shows that the cross-sectional
areas of the dorsal, ventral, and visceral tracheae were
greater when the larvae were reared in 10.5% oxygen
(@) than when they were reared in 21% oxygen (as
in normal air) (O) (after Loudon 1989). Each point on
the graph is for a single larva and is the average of
the summed areas of the dorsal, ventral, and visceral
tracheae for six pairs of abdominal spiracles. This
hypertrophy appears to be inconsistent with the widely
accepted hypothesis that tracheae contribute an insig-
nificant resistance to net oxygen movement in insect
tracheal systems. Alternatively, hypertrophy may simply
increase the amount of air (and thus oxygen) that can be
stored in the tracheal system, rather than reduce resist-
ance to air flow. This might be particularly important for
mealworms because they normally live in a dry environ-
ment and may minimize the opening of their spiracles.
Whatever the explanation, the observations suggest
that some adjustment can be made to the size of the
tracheae in mealworms (and perhaps other insects) to
match the requirements of the respiring tissues.
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Fig. 3.12 The four major categories of insect feeding specialization. Many insects are typical of one category, but others cross
two categories (or more, as in generalist cockroaches). (After Dow 1986.)

abrasion is unnecessary. The most obvious gut special-
ization of liquid-feeders is a mechanism for removing
excess water to concentrate nutrient substances prior
to digestion, as seen in hemipterans (Box 3.3). From a
nutritional viewpoint, most plant-feeding insects need
to process large amounts of food because nutrient levels
in leaves and stems are often low. The gut is usually
short and without storage areas, as food is available
continuously. By comparison, a diet of animal tissue is
nutrient-rich and, at least for predators, well balanced.
However, the food may be available only intermittently
(such as when a predator captures prey or a blood meal
is obtained) and the gut normally has large storage
capacity.

3.6.1 Structure of the gut

There are three main regions to the insect gut (or
alimentary canal), with sphincters (valves) controlling
food—fluid movement between regions (Fig. 3.13). The
foregut (stomodeum) is concerned with ingestion,
storage, grinding, and transport of food to the next
region, the midgut (mesenteron). Here digestive
enzymes are produced and secreted and absorption of
the products of digestion occurs. The material remain-
ing in the gut lumen together with urine from the
Malpighian tubules then enters the hindgut (proc-
todeum), where absorption of water, salts, and other
valuable molecules occurs prior to elimination of the
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Box 3.3 The filter chamber of Hemiptera

midgut

gall cut open
on one side to reveal @

Most Hemiptera have an unusual arrangement of the
midgut which is related to their habit of feeding on plant
fluids. An anterior and a posterior part of the gut (typ-
ically involving the midgut) are in intimate contact to
allow concentration of the liquid food. This filter cham-
ber allows excess water and relatively small molecules,
such as simple sugars, to be passed quickly and
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directly from the anterior gut to the hindgut, thereby
short-circuiting the main absorptive portion of the mid-
gut. Thus, the digestive region is not diluted by water
nor congested by superabundant food molecules. Well-
developed filter chambers are characteristic of cicadas
and spittle bugs, which feed on xylem (sap that is rich in
ions, low in organic compounds, and with low osmotic
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pressure), and leafhoppers and coccoids, which feed
on phloem (sap that is rich in nutrients, especially sug-
ars, and with high osmotic pressure). The gut physi-
ology of such sap-suckers has been rather poorly studied
because accurate recording of gut fluid composition
and osmotic pressure depends on the technically dif-
ficult task of taking readings from an intact gut.

Adult female coccoids of gall-inducing Apiomorpha
species (Eriococcidae) (section 11.2.4) tap the vascular
tissue of the gall wall to obtain phloem sap. Some
species have a highly developed filter chamber formed
from loops of the anterior midgut and anterior hindgut
enclosed within the membranous rectum. Depicted
here is the gut of an adult female of A. munita viewed
from the ventral side of the body. The thread-like suck-
ing mouthparts (Fig. 11.4c) in series with the cibarial
pump connect to a short oesophagus, which can be
seen here in both the main drawing and the enlarged
lateral view of the filter chamber. The oesophagus
terminates at the anterior midgut, which coils upon itself
as three loops of the filter chamber. It emerges ventrally
and forms a large midgut loop lying free in the hemo-
lymph. Absorption of nutrients occurs in this free loop.

The Malpighian tubules enter the gut at the commence-
ment of the ileum, before the ileum enters the filter
chamber where it is closely apposed to the much nar-
rower anterior midgut. Within the irregular spiral of the
filter chamber, the fluids in the two tubes move in oppos-
ite directions (as indicated by the arrows).

The filter chamber of these coccoids apparently
transports sugar (perhaps by active pumps) and water
(passively) from the anterior midgut to the ileum and
then via the narrow colo-rectum to the rectum, from
which it is eliminated as honeydew. In A. munita, other
than water, the honeydew is mostly sugar (accounting
for 80% of the total osmotic pressure of about
550 mOsm kg~'*). Remarkably, the osmotic pressure of
the hemolymph (about 300 mOsm kg~') is much lower
than that within the filter chamber (about 450 mOsm
kg™") and rectum. Maintenance of this large osmotic
difference may be facilitated by the impermeability of
the rectal wall.

*Osmolarity values are from the unpublished data of P.D.
Cooper & A.T. Marshall.
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Fig. 3.13 Generalized insect alimentary canal showing division into three regions. The cuticular lining of the foregut and

hindgut are indicated by thicker black lines. (After Dow 1986.)

feces through the anus. The gut epithelium is one cell
layer thick throughout the length of the canal and rests
on a basement membrane surrounded by a variably
developed muscle layer. Both the foregut and hind-

gut have a cuticular lining, whereas the midgut does

not.

Each region of the gut displays several local special-
izations, which are variously developed in different
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Fig. 3.14 Preoral and anterior foregut morphology in (a) a generalized orthopteroid insect and (b) a xylem-feeding cicada.
Musculature of the mouthparts and the (a) pharyngeal or (b) cibarial pump are indicated but not fully labeled. Contraction of
the respective dilator muscles causes dilation of the pharynx or cibarium and fluid is drawn into the pump chamber. Relaxation
of these muscles results in elastic return of the pharynx or cibarial walls and expels food upwards into the oesophagus.

(After Snodgrass 1935.)

insects, depending on diet. Typically the foregut is sub-
divided into a pharynx, an oesophagus (esophagus),
and a crop (food storage area), and in insects that ingest
solid food there is often a grinding organ, the proven-
triculus (or gizzard). The proventriculus is especially
well developed in orthopteroid insects, such as cock-
roaches, crickets, and termites, in which the epithelium
is folded longitudinally to form ridges on which the
cuticle is armed with spines or teeth. At the anterior
end of the foregut the mouth opens into a preoral cavity
bounded by the bases of the mouthparts and often divided
into an upper area, or cibarium, and a lower part, or
salivarium (Fig. 3.14a). The paired labial or salivary
glands vary in size and arrangement from simple elon-
gated tubes to complex branched or lobed structures.
Complicated glands occur in many Hemiptera that
produce two types of saliva (see section 3.6.2). In
Lepidoptera, the labial glands produce silk, whereas
mandibular glands secrete the saliva. Several types of
secretory cell may occur in the salivary glands of one
insect. The secretions from these cells are transported
along cuticular ducts and emptied into the ventral part
of the preoral cavity. In insects that store meals in their
foregut, the crop may take up the greater portion of the

food and often is capable of extreme distension, with a
posterior sphincter controlling food retention. The crop
may be an enlargement of part of the tubular gut
(Fig. 3.7) or a lateral diverticulum.

The generalized midgut has two main areas — the
tubular ventriculus and blind-ending lateral diver-
ticula called caeca (ceca). Most cells of the midgut are
structurally similar, being columnar with microvilli
(finger-like protrusions) covering the inner surface. The
distinction between the almost indiscernible foregut
epithelium and the thickened epithelium of the midgut
usually is visible in histological sections (Fig. 3.15). The
midgut epithelium mostly is separated from the food
by a thin sheath called the peritrophic membrane,
consisting of a network of chitin fibrils in a protein—
glycoprotein matrix. These proteins, called peritro-
phins, may have evolved from gastrointestinal mucus
proteins by acquiring the ability to bind chitin. The
peritrophic membrane either is delaminated from the
whole midgut or produced by cells in the anterior
region of the midgut. Exceptionally Hemiptera and
Thysanoptera lack a peritrophic membrane, as do just
the adults of several other orders.

Typically, the beginning of the hindgut is defined by
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Fig. 3.15 Longitudinal section through the anterior body of a caterpillar of the cabbage white butterfly, Pieris rapae
(Lepidoptera: Pieridae). Note the thickened epidermal layer lining the midgut.

the entry point of the Malpighian tubules, often into a
distinct pylorus forming a muscular pyloric sphincter,
followed by the ileum, colon, and rectum. The main
functions of the hindgut are the absorption of water,
salts, and other useful substances from the feces and
urine; a detailed discussion of structure and function is
presented in section 3.7.1.

3.6.2 Saliva and food ingestion

Salivary secretions dilute the ingested food and adjust
its pH and ionic content. The saliva often contains
digestive enzymes and, in blood-feeding insects, anti-
coagulants and thinning agents are present. In insects
with extra-intestinal digestion, such as predatory
Hemiptera, digestive enzymes are exported into the
food and the resulting liquid is ingested. Most
Hemiptera produce an alkaline watery saliva that is a
vehicle for enzymes (either digestive or lytic), and
a proteinaceous solidifying saliva that either forms
a complete sheath around the mouthparts (stylets) as

they pierce and penetrate the food or just a securing
flange at the point of entry (section 11.2.3, Fig. 11.4c).
Stylet-sheath feeding is characteristic of phloem- and
xylem-feeding Hemiptera, such as aphids, scale insects
(coccoids), and spittle bugs, which leave visible tracks
formed of exuded solidifying saliva in the plant tissue
on which they have fed. The sheath may function to
guide the stylets, prevent loss of fluid from damaged
cells, and/or absorb necrosis-inducing compounds to
reduce defensive reaction by the plant. By comparison,
amacerate-and-flush strategy is typical of Heteroptera,
such as mirids and coreids. These insects disrupt the tis-
sues of plants or other insects by thrusting of the stylets
and/or by addition of salivary enzymes. The macer-
ated and/or partly digested food is “flushed out” with
saliva and ingested by sucking.

In fluid-feeding insects, prominent dilator muscles
attach to the walls of the pharynx and/or the preoral
cavity (cibarium) to form a pump (Fig. 3.14Db),
although most other insects have some sort of pharyn-
geal pump (Fig. 3.14a) for drinking and air intake to
facilitate cuticle expansion during a molt.
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3.6.3 Digestion of food

Most digestion occurs in the midgut, where the epithe-
lial cells produce and secrete digestive enzymes and also
absorb the resultant food breakdown products. Insect
food consists principally of polymers of carbohydrates
and proteins, which are digested by enzymatically
breaking these large molecules into small monomers.
The midgut pH usually is 6-7.5, although very alkaline
values (pH 9-12) occur in many plant-feeding insects
that extract hemicelluloses from plant cell walls, and
very low pH values occur in many Diptera. High pH
may prevent or reduce the binding of dietary tannins
to food proteins, thereby increasing the digestibility of
ingested plants, although the significance of this mech-
anism in vivo is unclear. In some insects, gut lumenal
surfactants (detergents) may have an important role in
preventing the formation of tannin—protein complexes,
particularly in insects with near neutral gut pH.

In most insects, the midgut epithelium is separated
from the food bolus by the peritrophic membrane,
which constitutes a very efficient high-flux sieve. It
is perforated by pores, which allow passage of small
molecules while restricting large molecules, bacteria,
and food particles from directly accessing the midgut
cells. The peritrophic membrane also may protect
herbivorous insects from ingested allelochemicals such
as tannins (section 11.2). In some insects, all or most
midgut digestion occurs inside the peritrophic mem-
brane in the endoperitrophic space. In others, only

initial digestion occurs there and smaller food mole-
cules then diffuse out into the ectoperitrophic space,
where further digestion takes place (Fig. 3.16). A final
phase of digestion usually occurs on the surface of the
midgut microvilli, where certain enzymes are either
trapped in a mucopolysaccharide coating or bound to
the cell membrane. Thus the peritrophic membrane
forms a permeability barrier and helps to compart-
mentalize the phases of digestion, in addition to provid-
ing mechanical protection of the midgut cells, which
was once believed to be its principal function. Fluid con-
taining partially digested food molecules and digestive
enzymes is thought to circulate through the midgut in
a posterior direction in the endoperitrophic space and
forwards in the ectoperitrophic space, as indicated in
Fig. 3.16. This endo—ectoperitrophic circulation may
facilitate digestion by moving food molecules to sites
of final digestion and absorption and/or by conserving
digestive enzymes, which are removed from the food
bolus before it passes to the hindgut.

3.6.4 The fat body

In many insects, especially the larvae of holometabol-
ous groups, fat body tissue is a conspicuous component
of the internal anatomy (Figs. 3.7 & 3.15). Typically, it
forms a white or yellow tissue formed of loose sheets,
ribbons, or lobes of cells lying in the hemocoel. The
structure of this organ is ill-defined and taxonomically
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variable, but often caterpillars and other larvae have
a peripheral layer of fat body beneath the cuticle and
a central layer around the gut. The fat body is an organ
of multiple metabolic functions, including: the meta-
bolism of carbohydrates, lipids, and nitrogenous com-
pounds; the storage of glycogen, fat, and protein; the
synthesis and regulation of blood sugar; and the syn-
thesis of major hemolymph proteins (such as hemo-
globins, vitellogenins for yolk formation, and storage
proteins). Fat body cells can switch their activities in
response to nutritional and hormonal signals to supply
the requirements of insect growth, metamorphosis,
and reproduction. For example, specific storage pro-
teins are synthesized by the fat body during the final
larval instar of holometabolous insects and accumulate
in the hemolymph to be used during metamorphosis
as a source of amino acids for the synthesis of proteins
during pupation. Calliphorin, a hemolymph storage
protein synthesized in the fat body of larval blow flies
(Diptera: Calliphoridae: Calliphora), may form about
75% of the hemolymph protein of a late-instar maggot,
or about 7 mg; the amount of calliphorin falls to
around 3 mg at the time of pupariation and to 0.03 mg
after emergence of the adult fly. The production and
deposition of proteins specifically for amino acid stor-
age is a feature that insects share with seed plants
but not with vertebrates. Humans, for example, excrete
any dietary amino acids that are in excess of immediate
needs.

The principal cell type found in the fat body is the
trophocyte (or adipocyte), which is responsible for
most of the above metabolic and storage functions.
Visible differences in the extent of the fat body in dif-
ferent individuals of the same insect species reflect the
amount of material stored in the trophocytes; little
body fat indicates either active tissue construction or
starvation. Two other cell types —urocytes and myceto-
cytes (also called bacteriocytes) — may occur in the
fat body of some insect groups. Urocytes temporarily
store spherules of urates, including uric acid, one of
the nitrogenous wastes of insects. Amongst studied
cockroaches, rather than being permanent stores of
excreted waste uric acid (storage excretion), urocytes
recycle urate nitrogen, perhaps with assistance of
mycetocyte bacteria. Mycetocytes (bacteriocytes)
contain symbiotic microorganisms and are scattered
through the fat body of cockroaches or contained
within special organs, sometimes surrounded by fat
body. These bacteria-like symbionts appear important
in insect nutrition.

3.6.5 Nutrition and microorganisms

Broadly defined, nutrition concerns the nature and
processing of foods needed to meet the requirements for
growth and development, involving feeding behavior
(Chapter 2) and digestion. Insects often have unusual
or restricted diets. Sometimes, although only one or a
few foods are eaten, the diet provides a complete range
of the chemicals essential to metabolism. In these cases,
monophagy is a specialization without nutritional limi-
tations. In others, a restricted diet may require utiliza-
tion of microorganisms in digesting or supplementing
the directly available nutrients. In particular, insects
cannot synthesize sterols (required for molting hor-
mone) and carotenoids (used in visual pigments), which
must come from the diet or microorganisms.

Insects may harbor extracellular or intracellular
microorganisms, referred to as symbionts because
they are dependent on their insect hosts. These micro-
organisms contribute to the nutrition of their hosts by
functioning in sterol, vitamin, carbohydrate, or amino
acid synthesis and/or metabolism. Symbiotic micro-
organisms may be bacteria or bacteroids, yeasts or other
unicellular fungi, or protists. Studies on their function
historically were hampered by difficulties in removing
them (e.g. with antibiotics, to produce aposymbionts)
without harming the host insect, and also in culturing
the microorganisms outside the host. The diets of their
hosts provided some clues as to the functions of these
microorganisms. Insect hosts include many sap-sucking
hemipterans (such as aphids, psyllids, whiteflies, scale
insects, leathoppers, and cicadas) and sap- and blood-
sucking heteropterans (Hemiptera), lice (Phthiraptera),
some wood-feeding insects (such as termites and some
longicorn beetles and weevils), many seed- or grain-
feeding insects (certain beetles), and some omnivorous
insects (such as cockroaches, some termites, and some
ants). Predatory insects never seem to contain such
symbionts. That microorganisms are required by insects
on suboptimal diets has been confirmed by modern
studies showing, for example, that critical dietary
shortfall in certain essential amino acids in aposym-
biotic aphids is compensated for by production by
Buchnera symbionts. An important role for bacteria is
verified in acetogenesis and nitrogen fixation. Although
insects were presumed to lack cellulases, they are pre-
sent at least in termite guts, yet their role in cellulose
digestion relative to that of symbionts is unclear.

Extracellular symbionts may be free in the gut lumen
or housed in diverticula or pockets of the midgut or



hindgut. For example, termite hindguts contain a ver-
itable fermenter comprising many bacteria, fungi, and
protists, including flagellates, which assist in the degra-
dation of the otherwise refractory dietary lignocel-
lulose, and in the fixation of atmospheric nitrogen. The
process involves generation of methane, and calcula-
tions suggest that tropical termites’ symbiont-assisted
cellulose digestion produces a significant proportion of
the world’s methane (a greenhouse gas) production.

Transmission of extracellular symbionts from an
individual insect to another involves one of two main
methods, depending upon where the symbionts are
located within the insect. The first mode of trans-
mission, by oral uptake by the offspring, is appropriate
for insects with gut symbionts. Microorganisms may
be acquired from the anus or the excreta of other indi-
viduals or eaten at a specific time, as in some bugs, in
which the newly hatched young eat the contents of
special symbiont-containing capsules deposited with
the eggs.

Intracellular symbionts (endosymbionts) may
occur in as many as 70% of all insect species. Endosym-
bionts probably mostly have a mutualistic association
with their host insect, but some are best referred to
as “guest microbes” because they appear parasitic on
their host. Examples of the latter include Wolbachia
(section 5.10.4), Spiroplasma, and microsporidia. Endo-
symbionts may be housed in the gut epithelium, as in
lygaeid bugs and some weevils; however, most insects
with intracellular microorganisms house them in sym-
biont-containing cells called mycetocytes or bacteri-
ocytes, according to the identity of the symbiont.
These cells are in the body cavity, usually associated
with the fat body or the gonads, and often in special
aggregations of mycetocytes, forming an organ called
a mycetome or bacteriome. In such insects, the
symbionts are transferred to the ovary and then to the
eggs or embryos prior to oviposition or parturition — a
process referred to as vertical or transovarial trans-
mission. Lacking evidence for lateral transfer (to an
unrelated host), this method of transmission found
in many Hemiptera and cockroaches indicates a very
close association or coevolution of the insects and their
microorganisms. Actual evidence of benefits of endo-
symbionts to hosts is limited, but the provision of the
otherwise dietarily scarce essential amino acids to
aphids by their bacteriocyte-associated Buchnera sym-
biont is well substantiated. Of interest for further
research is the suggestion that aphid biotypes with
Buchnerabacteriocytes show enhanced ability to trans-
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mit certain plant viruses of the genus Luteovirus relat-
ive to antibiotic-treated, symbiont-free individuals.
The relationship between bacteriocyte endosymbionts
and their phloem-feeding host insects is a very tight
phylogenetic association (cf. Wolbachia infections, sec-
tion 5.10.4), suggesting a very old association with
co-diversification.

Some insects that maintain fungi essential to their
diet cultivate them external to their body as a means
of converting woody substances to an assimilable
form. Examples are the fungus gardens of some ants
(Formicidae) and termites (Termitidae) (sections 9.5.2
& 9.5.3) and the fungi transmitted by certain timber
pests, namely, wood wasps (Hymenoptera: Siricidae)
and ambrosia beetles (Coleoptera: Scolytinae).

3.7 THE EXCRETORY SYSTEM AND
WASTE DISPOSAL

Excretion — the removal from the body of waste prod-
ucts of metabolism, especially nitrogenous compounds
—is essential. It differs from defecation in that excretory
wastes have been metabolized in cells of the body rather
than simply passing directly from the mouth to the
anus (sometimes essentially unchanged chemically).
Of course, insect feces, either in liquid form or packaged
in pellets and known as frass, contain both undigested
food and metabolic excretions. Aquatic insects excrete
dilute wastes from their anus directly into water, and
so their fecal material is flushed away. In comparison,
terrestrial insects generally must conserve water. This
requires efficient waste disposal in a concentrated or
even dry form while simultaneously avoiding the
potentially toxic effects of nitrogen. Furthermore, both
terrestrial and aquatic insects must conserve ions, such
as sodium (Na*), potassium (K*), and chloride (CI),
that may be limiting in their food or, in aquatic insects,
lost into the water by diffusion. Production of insect
urine or frass therefore results from two intimately
related processes: excretion and osmoregulation —
the maintenance of a favorable body fluid composition
(osmotic and ionic homeostasis). The system respons-
ible for excretion and osmoregulation is referred to
loosely as the excretory system, and its activities are
performed largely by the Malpighian tubules and hind-
gut as outlined below. However, in freshwater insects,
hemolymph composition must be regulated in response
to constant loss of salts (as ions) to the surrounding
water, and ionic regulation involves both the typical
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excretory system and special cells, called chloride
cells, which usually are associated with the hindgut.
Chloride cells are capable of absorbing inorganic ions
from very dilute solutions and are best studied in larval
dragonflies and damselflies.

3.7.1 The Malpighian tubules and rectum

The main organs of excretion and osmoregulation in
insects are the Malpighian tubules acting in concert
with the rectum and/or ileum (Fig. 3.17). Malpighian
tubules are outgrowths of the alimentary canal and
consist of long thin tubules (Fig. 3.1) formed of a single
layer of cells surrounding a blind-ending lumen. They
range in number from as few as two in most scale
insects (coccoids) to over 200 in large locusts. Gen-
erally they are free, waving around in the hemolymph,
where they filter out solutes. Only aphids lack

l

Malpighian tubules. The vignette for this chapter
shows the gut of Locusta, but with only a few of the
many Malpighian tubules depicted. Similar structures
are believed to have arisen convergently in different
arthropod groups, such as myriapods and arachnids,
in response to the physiological stresses of life on
dry land. Traditionally, insect Malpighian tubules are
considered to belong to the hindgut and be ectodermal
in origin. Their position marks the junction of the
midgut and the cuticle-lined hindgut.

The anterior hindgut is called the ileum, the gener-
ally narrower middle portion is the colon, and the
expanded posterior section is the rectum (Fig. 3.13).
In many terrestrial insects the rectum is the only site
of water and solute resorption from the excreta, but in
other insects, for example the desert locust Schistocerca
gregaria (Orthoptera: Acrididae), the ileum makes some
contribution to osmoregulation. In a few insects, such
as the cockroach Periplaneta americana (Blattodea:

l l

nitrogenous wastes, water, amino acids, sugars, salts
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resorption of water, amino acids, sugars, salts
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Fig. 3.17 Schematic diagram of a generalized excretory system showing the path of elimination of wastes.

(After Daly etal. 1978.)
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Box 3.4 Cryptonephric systems*

Many larval and adult Coleoptera, larval Lepidoptera,
and some larval Symphyta have a modified arrange-
ment of the excretory system that is concerned either
with efficient dehydration of feces before their elimina-
tion (in beetles) or ionic regulation (in plant-feeding
caterpillars). These insects have a cryptonephric sys-
tem in which the distal ends of the Malpighian tubules
are held in contact with the rectal wall by the peri-
nephric membrane. Such an arrangement allows some
beetles that live on a very dry diet, such as stored grain
or dry carcasses, to be extraordinarily efficient in their
conservation of water. Water even may be extracted

agkg perinephric
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from the humid air in the rectum. In the cryptonephric
system of the mealworm, Tenebrio molitor (Coleoptera:
Tenebrionidae), shown here, ions (principally potassium
chloride, KCI) are transported into and concentrated in
the six Malpighian tubules, creating an osmotic gradi-
ent that draws water from the surrounding perirectal
space and the rectal lumen. The tubule fluid is then
transported forwards to the free portion of each tubule,
from which it is passed to the hemolymph or recycled in
the rectum.

*After Grimstone et al. 1968; Bradley 1985.

Blattidae), even the colon may be a potential site of
some fluid absorption. The resorptive role of the rectum
(and sometimes the anterior hindgut) is indicated by
its anatomy. In most insects, specific parts of the rectal
epithelium are thickened to form rectal pads or
papillae composed of aggregations of columnar cells;
typically there are six pads arranged longitudinally, but
there may be fewer pads or many papillate ones.

The general picture of insect excretory processes
outlined here is applicable to most freshwater species
and to the adults of many terrestrial species. The Malpi-

ghian tubules produce a filtrate (the primary urine)
which is isosmotic but ionically dissimilar to the hemo-
lymph, and then the hindgut, especially the rectum,
selectively reabsorbs water and certain solutes but
eliminates others (Fig. 3.17). Details of Malpighian
tubule and rectal structure and of filtration and absorp-
tion mechanisms differ between taxa, in relation to
both taxonomic position and dietary composition (Box
3.4 gives an example of one type of specialization —
cryptonephric systems), but the excretory system of
the desert locust S. gregaria (Fig. 3.18) exemplifies the
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Fig. 3.18 Schematic diagram of the organs in the excretory system of the desert locust Schistocerca gregaria (Orthoptera:
Acrididae). Only a few of the >100 Malpighian tubules are drawn. (a) Transverse section of one Malpighian tubule showing
probable transport of ions, water, and other substances between the surrounding hemolymph and the tubule lumen; active
processes are indicated by solid arrows and passive processes by dashed arrows. (b) Diagram illustrating the movements of solutes
and water in the rectal pad cells during fluid resorption from the rectal lumen. Pathways of water movement are represented by
open arrows and solute movements by black arrows. Ions are actively transported from the rectal lumen (compartment 1) to the
adjacent cell cytoplasm (compartment 2) and then to the intercellular spaces (compartment 3). Mitochondria are positioned to
provide the energy for this active ion transport. Fluid in the spaces is hyperosmotic (higher ion concentration) to the rectal lumen
and draws water by osmosis from the lumen via the septate junctions between the cells. Water thus moves from compartment 1 to
3 to 4 and finally to 5, the hemolymph in the hemocoel. (After Bradley 1985.)

general structure and principles of insect excretion.
The Malpighian tubules of the locust produce an isos-
motic filtrate of the hemolymph, which is high in K*,
low in Na™, and has CI~ as the major anion. The active
transport of ions, especially K*, into the tubule lumen
generates an osmotic pressure gradient so that water
passively follows (Fig. 3.18a). Sugars and most amino
acids also are filtered passively from the hemolymph
(probably via junctions between the tubule cells),

whereas the amino acid proline (later used as an energy
source by the rectal cells) and non-metabolizable and
toxic organic compounds are transported actively into
the tubule lumen. Sugars, such as sucrose and tre-
halose, are resorbed from the lumen and returned to
the hemolymph. The continuous secretory activity of
each Malpighian tubule leads to a flow of primary urine
from its lumen towards and into the gut. In the rectum,
the urine is modified by removal of solutes and water to
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maintain fluid and ionic homeostasis of the locust’s
body (Fig. 3.18b). Specialized cells in the rectal pads
carry out active recovery of CI~ under hormonal stimu-
lation. This pumping of Cl~ generates electrical and
osmotic gradients that lead to some resorption of other
ions, water, amino acids, and acetate.

3.7.2 Nitrogen excretion

Many predatory, blood-feeding and even plant-feeding
insects ingest nitrogen, particularly certain amino
acids, far in excess of requirements. Most insects
excrete nitrogenous metabolic wastes at some or all
stages of their life, although some nitrogen is stored in
the fat body or as proteins in the hemolymph in some
insects. Many aquatic insects and some flesh-feeding
flies excrete large amounts of ammonia, whereas in
terrestrial insects wastes generally consist of uric acid
and/or certain of its salts (urates), often in combina-
tion with urea, pteridines, certain amino acids, and/or
relatives of uric acid, such as hypoxanthine, allantoin,
and allantoic acid. Amongst these waste compounds,
ammonia is relatively toxic and usually must be
excreted as a dilute solution, or else rapidly volatilized
from the cuticle or feces (as in cockroaches). Urea is less
toxic but more soluble, requiring much water for its
elimination. Uric acid and urates require less water for
synthesis than either ammonia or urea (Fig. 3.19), are
non-toxic and, having low solubility in water (at least
in acidic conditions), can be excreted essentially dry,
without causing osmotic problems. Waste dilution can
be achieved easily by aquatic insects, but water conser-

vation is essential for terrestrial insects and uric acid
excretion (uricotelism) is highly advantageous.

Deposition of urates in specific cells of the fat body
(section 3.6.4) was viewed as “excretion” by storage
of uric acid. However, it might constitute a metabolic
store for recycling by the insect, perhaps with the assist-
ance of symbiotic microorganisms, as in cockroaches
that house bacteria in their fat body. These cock-
roaches, including P. americana, do not excrete uric
acid in the feces even if fed a high-nitrogen diet but do
produce large quantities of internally stored urates.

By-products of feeding and metabolism need not be
excreted as waste — for example, the antifeedant defens-
ive compounds of plants may be sequestered directly
or may form the biochemical base for synthesis of
chemicals used in communication (Chapter 4) includ-
ing warning and defense. White-pigmented uric acid
derivatives color the epidermis of some insects and pro-
vide the white in the wing scales of certain butterflies
(Lepidoptera: Pieridae).

3.8 REPRODUCTIVE ORGANS

The reproductive organs of insects exhibit an incredible
variety of forms, but there is a basic design and function
to each component so that even the most aberrant
reproductive system can be understood in terms of a
generalized plan. Individual components of the repro-
ductive system can vary in shape (e.g. of gonads and
accessory glands), position (e.g. of the attachment of
accessory glands), and number (e.g. of ovarian or
testicular tubes, or sperm storage organs) between
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Fig. 3.20 Comparison of generalized (a) female and (b) male reproductive systems. (After Snodgrass 1935.)

different insect groups, and sometimes even between
different species in a genus. Knowledge of the homo-
logy of the components assists in interpreting structure
and function in different insects. Generalized male and
female systems are depicted in Fig. 3.20, and a com-
parison of the corresponding reproductive structures of
male and female insects is provided in Table 3.2. Many
other aspects of reproduction, including copulation
and regulation of physiological processes, are discussed
in detail in Chapter 5.

3.8.1 The female system

The main functions of the female reproductive sys-
tem are egg production, including the provision of a
protective coating in many insects, and the storage of
the male’s spermatozoa until the eggs are ready to be
fertilized. Transport of the spermatozoa to the female’s
storage organ and their subsequent controlled release
requires movement of the spermatozoa, which in some

species is known to be mediated by muscular contrac-
tions of parts of the female reproductive tract.

The basic components of the female system (Fig.
3.20a) are paired ovaries, which empty their mature
oocytes (eggs) via the calyces (singular: calyx) into
the lateral oviducts, which unite to form the com-
mon (or median) oviduct. The gonopore (opening)
of the common oviduct usually is concealed in an
inflection of the body wall that typically forms a cavity,
the genital chamber. This chamber serves as a copu-
latory pouch during mating and thus often is known
as the bursa copulatrix. Its external opening is the
vulva. In many insects the vulva is narrow and the
genital chamber becomes an enclosed pouch or tube,
referred to as the vagina. Two sorts of ectodermal
glands open into the genital chamber. The first is the
spermatheca, which stores spermatozoa until needed
for egg fertilization. Typically, the spermatheca is
single, generally sac-like with a slender duct and often
has a diverticulum that forms a tubular spermathecal
gland. The gland or glandular cells within the storage
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Table 3.2 The corresponding female and male reproductive organs of insects.

Female reproductive organs

Male reproductive organs

Paired ovaries composed of ovarioles (ovarian tubes)
Paired oviducts (ducts leading from ovaries)
Egg calyces (if present, reception of eggs)
Common (median) oviduct and vagina
Accessory glands (ectodermal origin:
colleterial or cement glands)

Bursa copulatrix (copulatory pouch)
and spermatheca (sperm storage)
Ovipositor (if present)

Paired testes composed of follicles (testicular tubes)
Paired vasa deferentia (ducts leading from testes)
Seminal vesicles (sperm storage)

Median ejaculatory duct

Accessory glands (two types):

83

(i) ectodermal origin
(i) mesodermal origin

No equivalent

Genitalia (if present): aedeagus and associated structures

part of the spermatheca provide nourishment to the
contained spermatozoa. The second type of ectodermal
gland, known collectively as accessory glands, opens
more posteriorly in the genital chamber and has a
variety of functions depending on the species (see sec-
tion 5.8).

Each ovary is composed of a cluster of ovarian or
egg tubes, the ovarioles, each consisting of a terminal
filament, a germarium (in which mitosis gives rise
to primary oocytes), a vitellarium (in which oocytes
grow by deposition of yolk in a process known as vitel-
logenesis; section 5.11.1), and a pedicel (or stalk). An
ovariole contains a series of developing oocytes, each
surrounded by a layer of follicle cells forming an epithe-
lium (the oocyte and its epithelium is termed a follicle);
the youngest oocytes occur near the apical germarium
and the most mature near the pedicel. Three different
types of ovariole are recognized based on the manner in
which the oocytes are nourished. A panoistic ovari-
ole lacks specialized nutritive cells so that it contains
only a string of follicles, with the oocytes obtaining
nutrients from the hemolymph via the follicular epithe-
lium. Ovarioles of the other two types contain tropho-
cytes (nurse cells) that contribute to the nutrition of the
developing oocytes. In a telotrophic (or acrotrophic)
ovariole the trophocytes are confined to the germarium
and remain connected to the oocytes by cytoplasmic
strands as the oocytes move down the ovariole. In a
polytrophic ovariole a number of trophocytes are
connected to each oocyte and move down the ovariole
with it, providing nutrients until depleted; thus indi-
vidual oocytes alternate with groups of successively
smaller trophocytes. Different suborders or orders of

insects usually have only one of these three ovariole
types.

Accessory glands of the female reproductive tract
often are referred to as colleterial or cement glands
because in most insect orders their secretions surround
and protect the eggs or cement them to the substrate
(section 5.8). In other insects the accessory glands may
function as poison glands (as in many Hymenoptera)
or as “milk” glands in the few insects (e.g. tsetse
flies, Glossina spp.) that exhibit adenotrophic viviparity
(section 5.9). Accessory glands of a variety of forms and
functions appear to have been derived independently in
different orders and even may be non-homologous
within an order, as in Coleoptera.

3.8.2 The male system

The main functions of the male reproductive system are
the production and storage of spermatozoa and their
transport in a viable state to the reproductive tract
of the female. Morphologically, the male tract consists
of paired testes each containing a series of testicular
tubes or follicles (in which spermatozoa are produced),
which open separately into the mesodermally derived
sperm duct or vas deferens, which usually expands
posteriorly to form a sperm storage organ, or seminal
vesicle (Fig. 3.20b). Typically, tubular, paired acces-
sory glands are formed as diverticula of the vasa defer-
entia, but sometimes the vasa deferentia themselves are
glandular and fulfill the functions of accessory glands
(see below). The paired vasa deferentia unite where
they lead into the ectodermally derived ejaculatory
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duct — the tube that transports the semen or the sperm
package to the gonopore. In a few insects, particularly
certain flies, the accessory glands consist of an enlarged
glandular part of the ejaculatory duct.

Thus, the accessory glands of male insects can be
classified into two types according to their mesodermal
or ectodermal derivation. Almost all are mesodermal in
origin and those apparently ectodermal ones have been
poorly studied. Furthermore, the mesodermal struc-
tures of the male tract frequently differ morphologically
from the basic paired sacs or tubes described above.
For example, in male cockroaches and many other
orthopteroids the seminal vesicles and the numerous
accessory gland tubules (Fig. 3.1) are clustered into a
single median structure called the mushroom body.
Secretions of the male accessory glands form the sper-
matophore (the package that surrounds the sperma-
tozoa of many insects), contribute to the seminal fluid
which nourishes the spermatozoa during transport
to the female, are involved in activation (induction
of motility) of the spermatozoa, and may alter female
behavior (induce non-receptivity to further males
and/or stimulate oviposition; see sections 5.4 & 5.11,
and Box 5.4).
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In the opening chapter of this book we suggested that
the success of insects derives at least in part from their
ability to sense and interpret their surroundings and to
discriminate on a fine scale. Insects can identify and
respond selectively to cues from a heterogeneous envir-
onment. They can differentiate between hosts, both
plant and animal, and distinguish among many micro-
climatic factors, such as variations in humidity, tem-
perature, and air flow.

Sensory complexity allows both simple and complex
behaviors of insects. For example, to control flight, the
aerial environment must be sensed and appropriate
responses made. Because much insect activity is noc-
turnal, orientation and navigation cannot rely solely
on the conventional visual cues, and in many night-
active species odors and sounds play a major role in
communication. The range of sensory information
used by insects differs from that of humans. We rely
heavily on visual information and although many
insects have well-developed vision, most insects make
greater use of olfaction and hearing than humans do.

The insect is isolated from its external surroundings
by a relatively inflexible, insensitive, and impermeable
cuticular barrier. The answer to the enigma of how this
armored insect can perceive its immediate environ-
ment lies in frequent and abundant cuticular modifica-
tions that detect external stimuli. Sensory organs
(sensilla, singular: sensillum) protrude from the cut-
icle, or sometimes lie within or beneath it. Specialized
cells detect stimuli that may be categorized as mech-
anical, thermal, chemical, and visual. Other cells (the
neurons) transmit messages to the central nervous
system (section 3.2), where they are integrated. The
nervous system instigates and controls appropriate
behaviors, such as posture, movement, feeding, and
behaviors associated with mating and oviposition.

This chapter surveys sensory systems and presents
selected behaviors that are elicited or modified by envir-
onmental stimuli. The means of detection and, where
relevant, the production of these stimuli are treated
in the following sequence: touch, position, sound, tem-
perature, chemicals (with particular emphasis on com-
munication chemicals called pheromones), and light.
The chapter concludes with a section that relates some
aspects of insect behavior to the preceding discussion
on stimuli.

4.1 MECHANICAL STIMULI

The stimuli grouped here are those associated with

distortion caused by mechanical movement as a result
of the environment itself, the insect in relation to the en-
vironment, or internal forces derived from the muscles.
The mechanical stimuli sensed include touch, body
stretching and stress, position, pressure, gravity, and
vibrations, including pressure changes of the air and
substrate involved in sound transmission and hearing.

4.1.1 Tactile mechanoreception

The bodies of insects are clothed with cuticular pro-
jections. These are called microtrichia if many arise
from one cell, or hairs, bristles, setae, or macrotrichia
if they are of multicellular origin. Most flexible projec-
tions arise from an innervated socket. These are sen-
silla, termed trichoid sensilla (literally hair-like little
sense organs), and develop from epidermal cells that
switch from cuticle production. Three cells are involved
(Fig. 4.1):

1 trichogen cell, which grows the conical hair;

2 tormogen cell, which grows the socket;

3 sensory neuron, or nerve cell, which grows a den-
drite into the hair and an axon that winds inwards to
link with other axons to form a nerve connected to the
central nervous system.

Fully developed trichoid sensilla fulfill tactile func-
tions. As touch sensilla they respond to the movement
of the hair by firing impulses from the dendrite at a
frequency related to the extent of the deflection. Touch
sensilla are stimulated only during actual movement of
the hair. The sensitivity of each hair varies, with some
being so sensitive that they respond to vibrations of air
particles caused by noise (section 4.1.3).

4.1.2 Position mechanoreception
(proprioceptors)

Insects require continuous knowledge of the relative
position of their body parts such as limbs or head, and
need to detect how the orientation of the body relates to
gravity. This information is conveyed by propriocep-
tors (self-perception receptors), of which three types
are described here. One type of trichoid sensillum gives
a continuous sensory output at a frequency that varies
with the position of the hair. Sensilla often form a bed of
grouped small hairs, a hair plate, at joints or at the
neck, in contact with the cuticle of an adjacent body
part (Fig. 4.2a). The degree of flexion of the joint gives
a variable stimulus to the sensilla, thereby allowing
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Fig. 4.1 Longitudinal section of a trichoid sensillum
showing the arrangement of the three associated cells.
(After Chapman 1991.)

monitoring of the relative positions of different parts of
the body.

The second type, stretch receptors, comprise internal
proprioceptors associated with muscles such as those of
the abdominal and gut walls. Alteration of the length of
the muscle fiber is detected by multiple-inserted neuron
endings, producing variation in the rate of firing of the
nerve cell. Stretch receptors monitor body functions
such as abdominal or gut distension, or ventilation rate.

The third type are stress detectors on the cuticle via
stress receptors called campaniform sensilla. Each
sensillum comprises a central cap or peg surrounded
by a raised circle of cuticle and with a single neuron
per sensillum (Fig. 4.2b). These sensilla are located on
joints, such as those of legs and wings, and other places
liable to distortion. Locations include the haltere (the
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knob-like modified hind wing of Diptera), at the base of
which there are dorsal and ventral groups of campani-
form sensilla that respond to distortions created during
flight.

4.1.3 Sound reception

Sound is a pressure fluctuation transmitted in a wave
form via movement of the air or the substrate, includ-
ing water. Sound and hearing are terms often applied
to the quite limited range of frequencies of airborne
vibration that humans perceive with their ears, usually
in adults from 20 to 20,000 Hz (1 hertz (Hz) is a fre-
quency of one cycle per second). Such a definition of
sound is restrictive, particularly as amongst insects
some receive vibrations ranging from as low as 1-2 Hz
to ultrasound frequencies perhaps as high as 100 kHz.
Specialized emission and reception across this range of
frequencies of vibration are considered here. The recep-
tion of these frequencies involves a variety of organs,
none of which resemble the ears of mammals.

An important role of insect sound is in intraspecific
acoustic communication. For example, courtship in
most orthopterans is acoustic, with males producing
species-specific sounds (“songs”) that the predomin-
antly non-singing females detect and upon which they
base their choice of mate. Hearing also allows detection
of predators, such as insectivorous bats, which use
ultrasound in hunting. Probably each species of insect
detects sound within one or two relatively narrow
ranges of frequencies that relate to these functions.

The insect mechanoreceptive communication sys-
tem can be viewed as a continuum from substrate
vibration reception, grading through the reception of
only very near airborne vibration to hearing of even
quite distant sound using thin cuticular membranes
called tympani (singular: tympanum; adjective: tym-
panal). Substrate signaling probably appeared first in
insect evolution; the sensory organs used to detect sub-
strate vibrations appear to have been co-opted and
modified many times in different insect groups to allow
reception of airborne sound at considerable distance
and a range of frequencies.

Non-tympanal vibration reception

Two types of vibration or sound reception that do
not involve tympani (see p. 90) are the detection
of substrate-borne signals and the ability to perceive
the relatively large translational movements of the
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Fig. 4.2 Proprioceptors: (a) sensilla of a hair plate located at a joint, showing how the hairs are stimulated by contacting
adjacent cuticle; (b) campaniform sensillum on the haltere of a fly. ((a) After Chapman 1982; (b) after Snodgrass 1935;

Mclver 1985.)

surrounding medium (air or water) that occur very
close to a sound. The latter, referred to as near-field
sound, is detected by either sensory hairs or specialized
sensory organs.

A simple form of sound reception occurs in species
that have very sensitive, elongate, trichoid sensilla that
respond to vibrations produced by a near-field sound.
For example, caterpillars of the noctuid moth Barathra
brassicae have thoracic hairs about 0.5 mm long that
respond optimally to vibrations of 150 Hz. Although
in air this system is effective only for locally produced
sounds, caterpillars can respond to the vibrations
caused by audible approach of parasitic wasps.

The cerci of many insects, especially crickets, are
clothed in long, fine trichoid sensilla (filiform setae
or hairs) that are sensitive to air currents, which can
convey information about the approach of predatory or
parasitic insects or a potential mate. The direction of
approach of another animal is indicated by which hairs
are deflected; the sensory neuron of each hair is tuned
to respond to movement in a particular direction. The
dynamics (the time-varying pattern) of air movement
gives information on the nature of the stimulus (and
thus on what type of animal is approaching) and is indic-
ated by the properties of the mechanosensory hairs.
The length of each hair determines the response of its

sensory neuron to the stimulus: neurons that innervate
short hairs are most sensitive to high-intensity, high-
frequency stimuli, whereas long hairs are more sensitive
to low-intensity, low-frequency stimuli. The responses
of many sensory neurons innervating different hairs on
the cerci are integrated in the central nervous system to
allow the insect to make a behaviorally appropriate
response to detected air movement.

For low-frequency sounds in water (a medium more
viscous than air), longer distance transmission is pos-
sible. Currently, however, rather few aquatic insects
have been shown to communicate through under-
water sounds. Notable examples are the “drumming”
sounds that some aquatic larvae produce to assert ter-
ritory, and the noises produced by underwater diving
hemipterans such as corixids and nepids.

Many insects can detect vibrations transmitted
through a substrate at a solid—air or solid-water
boundary or along a water—air surface. The perception
of substrate vibrations is particularly important for
ground-dwelling insects, especially nocturnal species,
and social insects living in dark nests. Some insects living
on plant surfaces, such as sawflies (Hymenoptera:
Pergidae), communicate with each other by tapping
the stem. Various plant-feeding bugs (Hemiptera), such
as leathoppers, planthoppers, and pentatomids, pro-



duce vibratory signals that are transmitted through the
host plant. Water-striders (Hemiptera: Gerridae), which
live on the aquatic surface film, send pulsed waves
across the water surface to communicate in courtship
and aggression. Moreover, they can detect the vibra-
tions produced by the struggles of prey that fall onto the
water surface. Whirligig beetles (Gyrinidae; Fig. 10.8)
can navigate using a form of echolocation: waves that
move on the water surface ahead of them and are
reflected from obstacles are sensed by their antennae in
time to take evasive action.

The specialized sensory organs that receive vibra-
tions are subcuticular mechanoreceptors called chor-
dotonal organs. An organ consists of one to many
scolopidia, each of which consists of three linearly
arranged cells: a sub-tympanal cap cell placed on top
of a sheath cell (scolopale cell), which envelops the
end of a nerve cell dendrite (Fig. 4.3). All adult insects
and many larvae have a particular chordotonal organ,
Johnston’s organ, lying within the pedicel, the sec-
ond antennal segment. The primary function is to
sense movements of the antennal flagellum relative
to the rest of the body, as in detection of flight speed by
air movement. Additionally, it functions in hearing
in some insects. In male mosquitoes (Culicidae) and
midges (Chironomidae), many scolopidia are contained
in the swollen pedicel. These scolopidia are attached at
one end to the pedicel wall and at the other, sensory end
to the base of the third antennal segment. This greatly
modified Johnston’s organ is the male receptor for the
female wing tone (see section 4.1.4), as shown when
males are rendered unreceptive to the sound of the
female by amputation of the terminal flagellum or
arista of the antenna.

Detection of substrate vibration involves the sub-
genual organ, a chordotonal organ located in the
proximal tibia of each leg. Subgenual organs are found
in most insects except the Coleoptera and Diptera. The
organ consists of a semi-circle of many sensory cells
lying in the hemocoel, connected at one end to the
inner cuticle of the tibia, and at the other to the trachea.
There are subgenual organs within all legs: the organs
of each pair of legs may respond specifically to sub-
strate-borne sounds of differing frequencies. Vibration
reception may involve either direct transfer of low-
frequency substrate vibrations to the legs, or there may

Fig. 4.3 (right) Longitudinal section of a scolopidium, the
basic unit of a chordotonal organ. (After Gray 1960.)
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be more complex amplification and transfer. Airborne
vibrations can be detected if they cause vibration of the
substrate and hence of the legs.

Tympanal reception

The most elaborate sound reception system in insects
involves a specific receptor structure, the tympanum.
This membrane responds to distant sounds transmitted
by airborne vibration. Tympanal membranes are linked
to chordotonal organs and are associated with air-filled
sacs, such asmodifications of the trachea, that enhance
sound reception. Tympanal organs are located on the:

e ventral thorax between the metathoracic legs of
mantids;

¢ metathorax of many noctuid moths;

« prothoracic legs of many orthopterans;

¢ abdomen of other orthopterans, cicadas, and some
moths and beetles;

¢ wing bases of certain moths and lacewings;

¢ prosternum of some flies (Box 4.1);

 cervical membranes of a few scarab beetles.

The differing location of these organs and their
occurrence in distantly related insect groups indic-
ates that tympanal hearing evolved several times in
insects. Neuroanatomical studies suggest that all insect
tympanal organs evolved from proprioceptors, and the
wide distribution of proprioceptors throughout the
insect cuticle must account for the variety of positions
of tympanal organs.

Tympanal sound reception is particularly well
developed in orthopterans, notably in the crickets and
katydids. In most of these ensiferan Orthoptera the
tympanal organs are on the tibia of each fore leg
(Figs. 4.4 & 9.2a). Behind the paired tympanal mem-
branes lies an acoustic trachea that runs from a pro-
thoracic spiracle down each leg to the tympanal organ
(Fig. 4.4a).

Crickets and katydids have similar hearing systems.
The system in crickets appears to be less specialized
because their acoustic tracheae remain connected to
the ventilatory spiracles of the prothorax. The acoustic
tracheae of katydids form a system completely isolated
from the ventilatory tracheae, opening via a separate
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Fig. 4.4 Tympanal organs of a katydid, Decticus (Orthoptera: Tettigoniidae): (a) transverse section through the fore legs and
prothorax to show the acoustic spiracles and tracheae; (b) transverse section through the base of the fore tibia; (c) longitudinal
breakaway view of the fore tibia. (After Schwabe 1906; in Michelsen & Larsen 1985.)



Box 4.1 Aural location of host by a parasitoid fly
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Parasitoid insects track down hosts, upon which their
immature development depends, using predominantly
chemical and visual cues (section 13.1). Locating a host
from afar by orientation towards a sound that is specific for
that host is rather unusual behavior. Although close-up
low-frequency air movements produced by prospective
hosts can be detected, for example by fleas and some
blood-feeding flies (section 4.1.3), host location by distant
sound is developed best in flies of the tribe Ormiini (Diptera:
Tachinidae). The hosts are male crickets, for example of the
genus Gryllus, and katydids, whose mate-attracting songs
(chirps) range in frequency from 2 to 7 kHz. Under the cover
of darkness, the female Ormia locates the calling host
insect, on or near which she deposits first-instar larvae
(larviposits). The larvae burrow into the host, in which they
develop by eating selected tissues for 7-10 days, after
which the third-instar larvae emerge from the dying host
and pupariate in the ground.

Location of a calling host is a complex matter compared
with simply detecting its presence by hearing the call, as
will be understood by anyone who has tried to trace a call-
ing cricket or katydid. Directional hearing is a prerequisite
to orientate towards and localize the source of the sound. In
most animals with directional hearing, the two receptors
(“ears”) are separated by a distance greater than the
wavelength of the sound, such that the differences (e.g. in
intensity and timing) between the sounds received by each
“ear” are large enough to be detected and converted by the
receptor and nervous system. However, in small animals,
such as the house fly-sized ormiine female, with a hearing
system spanning less than 1.5 mm, the “ears” are too close
together to create interaural differences in intensity and
timing. A very different approach to sound detection is
required.

As in other hearing insects, the reception system con-
tains a flexible tympanal membrane, an air sac apposed to
the tympanum, and a chordotonal organ linked to the tym-
panum (section 4.1.3). Uniquely amongst hearing insects,
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the ormiine paired tympanal membranes are located on the
prosternum, ventral to the neck (cervix), facing forwards
and somewhat obscured by the head (as illustrated here in
the side view of a female fly of Ormia). On the inner surface
of these thin (1 um) membranes are attached a pair of audit-
ory sense organs, the bulbae acusticae (BA) — chordotonal
organs comprising many scolopidia (section 4.1.3). The
bulbae are located within an unpartitioned prosternal
chamber, which is enlarged by relocation of the anterior
musculature and connected to the external environment by
tracheae. A sagittal view of this hearing organ is shown
above to the right of the fly (after Robert et al. 1994). The
structures are sexually dimorphic, with strongest develop-
ment in the host-seeking female.

What is anatomically unigue amongst hearing animals,
including all other insects studied, is that there is no sep-
aration of the “ears” — the auditory chamber that contains
the sensory organs is undivided. Furthermore, the tympani
virtually abut, such that the difference in arrival time of
sound at each ear is <1 to 2 microseconds. The answer to
the physical dilemma is revealed by close examination,
which shows that the two tympani actually are joined by a
cuticular structure that functions to connect the ears. This
mechanical intra-aural coupling involves the connecting
cuticle acting as a flexible lever that pivots about a fulcrum
and functions to increase the time lag between the nearer-
to-noise (ipsilateral) tympanum and the further-from-noise
(contralateral) tympanum by about 20-fold. The ipsilateral
tympanic membrane is first to be excited to vibrate by
incoming sound, slightly before the contralateral one, with
the connecting cuticle then commencing to vibrate. In a
complex manner involving some damping and cancellation
of vibrations, the ipsilateral tympanum produces most
vibrations.

This magnification of interaural differences allows very
sensitive directionality in sound reception. Such a novel
design discovered in ormiine hearing suggests applications
in human hearing-aid technology.
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pair of acoustic spiracles. In many katydids, the tibial
base has two separated longitudinal slits each of which
leads into a tympanic chamber (Fig. 4.4b). The acoustic
trachea, which lies centrally in the leg, is divided in half
at this point by a membrane, such that one half closely
connects with the anterior and the other half with
the posterior tympanal membrane. The primary route
of sound to the tympanal organ is usually from the
acoustic spiracle and along the acoustic trachea to
the tibia. The change in cross-sectional area from the
enlargement of the trachea behind each spiracle (some-
times called a tracheal vesicle) to the tympanal organ
in the tibia approximates the function of a horn and
amplifies the sound. Although the slits of the tympanic
chambers do allow the entry of sound, their exact func-
tion is debatable. They may allow directional hearing,
because very small differences in the time of arrival
of sound waves at the tympanum can be detected by
pressure differences across the membrane.

Whatever the major route of sound entry to the tym-
panal organs, air- and substrate-borne acoustic signals
cause the tympanal membranes to vibrate. Vibrations
are sensed by three chordotonal organs: the subgen-
ual organ, the intermediate organ, and the crista
acustica (Fig. 4.4c). The subgenual organs, which
have a form and function like those of non-orthopteroid
insects, are present on all legs but the crista acustica
and intermediate organs are found only on the fore legs
in conjunction with the tympana. This implies that the
tibial hearing organ is a serial homologue of the pro-
prioceptor units of the mid and hind legs.

The crista acustica consists of a row of up to 60
scolopidial cells attached to the acoustic trachea and
is the main sensory organ for airborne sound in the 5—
50 kHz range. The intermediate organ, which consists
of 10-20 scolopidial cells, is posterior to the subgenual
organ and virtually continuous with the crista acus-
tica. The role of the intermediate organ is uncertain but
it may respond to airborne sound of frequencies from
2 to 14 kHz. Each of the three chordotonal organs is
innervated separately, but the neuronal connections
between the three imply that signals from the different
receptors are integrated.

Hearing insects can identify the direction of a point
source of sound, but exactly how they do so varies
between taxa. Localization of sound directionality
clearly depends upon detection of differences in the
sound received by one tympanum relative to another,
or in some orthopterans by a tympanum within a single
leg. Sound reception varies with the orientation of the

body relative to the sound source, allowing some pre-
cision in locating the source. The unusual means of
sound reception and sensitivity of detection of direction
of sound source shown by ormiine flies is discussed in
Box 4.1.

Night activity is common, as shown by the abund-
ance and diversity of insects attracted to artificial light,
especially at the ultraviolet end of the spectrum, and
on moonless nights. Night flight allows avoidance
of visual-hunting predators, but exposes the insect to
specialist nocturnal predators — the insectivorous bats
(Microchiroptera). These bats employ a biological
sonar system using ultrasonic frequencies that range
(according to species) from 20 to 200 kHz for navigat-
ing and for detecting and locating prey, predominantly
flying insects.

Although bat predation on insects occurs in the
darkness of night and high above a human observer, it
is evident that a range of insect taxa can detect bat
ultrasounds and take appropriate evasive action. The
behavioral response to ultrasound, called the acoustic
startle response, involves very rapid and co-ordinated
muscle contractions. This leads to reactions such as
“freezing”, unpredictable deviation in flight, or rapid
cessation of flight and plummeting towards the ground.
Instigation of these reactions, which assist in escape
from predation, obviously requires that the insect hears
the ultrasound produced by the bat. Physiological
experiments show that within a few milliseconds of the
emission of such a sound the response takes place,
which would precede the detection of the prey by a bat.

To date, insects belonging to five orders have been
shown to be able to detect and respond to ultrasound:
lacewings (Neuroptera), beetles (Coleoptera), praying
mantids (Mantodea), moths (Lepidoptera), and locusts,
katydids, and crickets (Orthoptera). Tympanal organs
occur in different sites amongst these insects, showing
that ultrasound reception has several independent
origins amongst these insects. As seen earlier in this
chapter (p. 90), the Orthoptera are major acoustic
communicators that use sound in intraspecific sexual
signaling. Evidently, hearing ability arose early in
orthopteran evolution, probably at least some 200 mya,
long before bats evolved (perhaps a little before the
Eocene (50 mya) from which the oldest fossil comes).
Thus, orthopteran ability to hear bat ultrasounds
can be seen as an exaptation — a morphological—
physiological predisposition that has been modified to
add sensitivity to ultrasound. The crickets, bush-
crickets, and acridid grasshoppers that communicate



intraspecifically and also hear ultrasound have sensit-
ivity to high- and low-frequency sound — and perhaps
limit their discrimination to only two discrete frequen-
cies. The ultrasound elicits aversion; the other (under
suitable conditions) elicits attraction.

In contrast, the tympanal hearing that has arisen
independently in several other insects appears to be
receptive specifically to ultrasound. The two receptors
of a “hearing” noctuoid moth, though differing in
threshold, are tuned to the same ultrasonic frequency,
and it has been demonstrated experimentally that the
moths show behavioral (startle) and physiological
(neural) response to bat sonic frequencies. In the para-
sitic tachinid fly Ormia (Box 4.1), in which the female
fly locates its orthopteran host by tracking its mating
calls, the structure and function of the “ear” is sexually
dimorphic. The tympanic area of the female fly is larger,
and is sensitive to the 5 kHz frequency of the cricket
host and also to the 20-60 kHz ultrasounds made
by insectivorous bats, whereas the smaller tympanic
area of the male fly responds only to the ultrasound.
This suggests that the acoustic response originally was
present in both sexes and was used to detect and avoid
bats, with sensitivity to cricket calls a later modification
in the female sex alone.

At least in these cases, and probably in other groups
in which tympanal hearing is limited in taxonomic
range and complexity, ultrasound reception appears to
have coevolved with the sonic production of the bats
that seek to eat them.

4.1.4 Sound production

The commonest method of sound production by insects
is by stridulation, in which one specialized body part,
the scraper, is rubbed against another, the file. The
file is a series of teeth, ridges, or pegs, which vibrate
through contact with a ridged or plectrum-like scraper.
The file itself makes little noise, and so has to be ampli-
fied to generate airborne sound. The horn-shaped bur-
row of the mole cricket is an excellent sound enhancer
(Fig. 4.5). Other insects produce many modifications
of the body, particularly of wings and internal air sacs
of the tracheal system, to produce amplification and
resonance.

Sound production by stridulation occurs in some
species of many orders of insects, but the Orthoptera
show most elaboration and diversity. All stridulating
orthopterans enhance their sounds using the tegmina
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Fig. 4.5 The singing burrow of a mole cricket, Scapteriscus
acletus (Orthoptera: Gryllotalpidae), in which the singing
male sits with his head in the bulb and tegmina raised across
the throat of the horn. (After Bennet-Clark 1989.)

(the modified fore wings). The file of katydids and cric-
kets is formed from a basal vein of one or both tegmina,
and rasps against a scraper on the other wing. Grass-
hoppers and locusts (Acrididae) rasp a file on the fore
femora against a similar scraper on the tegmen.

Many insects lack the body size, power, or sophistica-
tion to produce high-frequency airborne sounds, but
they can produce and transmit low-frequency sound by
vibration of the substrate (such as wood, soil, or a host
plant), which is a denser medium. Substrate vibrations
are also a by-product of airborne sound production as
in acoustic signaling insects, such as some katydids,
whose whole body vibrates whilst producing audible
airborne stridulatory sounds. Body vibrations, which
are transferred through the legs to the substrate (plant
or ground), are of low frequencies of 1-5000 Hz. Sub-
strate vibrations can be detected by the female and
appear to be used in closer range localization of the call-
ing male, in contrast to the airborne signal used at
greater distance.

A second means of sound production involves altern-
ate muscular distortion and relaxation of a specialized
area of elastic cuticle, the tymbal, to give individual
clicks or variably modulated pulses of sound. Tymbal
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sound production is most audible to the human ear
from cicadas, but many other hemipterans and some
moths produce sounds from a tymbal. In the cicadas,
only the males have these paired tymbals, which are
located dorsolaterally, one on each side, on the first
abdominal segment. The tymbal membrane is sup-
ported by a variable number of ribs. A strong tymbal
muscle distorts the membrane and ribs to produce a
sound; on relaxation, the elastic tymbal returns to
rest. To produce sounds of high frequency, the tymbal
muscle contracts asynchronously, with many con-
tractions per nerve impulse (section 3.1.1). A group
of chordonotal sensilla is present and a smaller tensor
muscle controls the shape of the tymbal, thereby allow-
ing alteration of the acoustic property. The noise of
one or more clicks is emitted as the tymbal distorts,
and further sounds may be produced during the
elastic return on relaxation. The first abdominal seg-
ment contains air sacs — modified tracheae — tuned to
resonate at or close to the natural frequency of tymbal
vibration.

The calls of cicadas generally are in the range of
4-7 kHz, usually of high intensity, carrying as far
as 1 km, even in thick forest. Sound is received by
both sexes via tympanic membranes that lie ventral to
the position of the male tymbal on the first abdominal
segment. Cicada calls are species-specific — studies in
New Zealand and North America show specificity of
duration and cadence of introductory cueing phases
inducing timed responses from a prospective mate.
Interestingly however, song structures are very homo-
plasious, with similar songs found in distantly related
taxa, but closely related taxa differing markedly in their
song.

In other sound-producing hemipterans, both sexes
may possess tymbals but because they lack abdominal
air sacs, the sound is very damped compared with that
of cicadas. The sounds produced by Nilaparvata lugens
(the brown planthopper; Delphacidae), and probably
other non-cicadan hemipterans, are transmitted by
vibration of the substrate, and are specifically associated
with mating.

Certain moths can hear the ultrasound produced by
predatory bats, and moths themselves can produce
sound using metepisternal tymbals. The high-frequency
clicking sounds that arctiid moths produce can cause
bats to veer away from attack, and may have the fol-
lowing (not mutually exclusive) roles:

* interspecific communication between moths;
« interference with bat sonar systems;

e aural mimicry of a bat to delude the predator about
the presence of a prey item;

* warning of distastefulness (aposematism; see section
14.4).

The humming or buzzing sound characteristic of
swarming mosquitoes, gnats, and midges is a flight
tone produced by the frequency of wing beat. This tone,
which can be virtually species-specific, differs between
the sexes: the male produces a higher tone than the
female. The tone also varies with age and ambient tem-
perature for both sexes. Male insects that form nuptial
(mating) swarms recognize the swarm site by species-
specific environmental markers rather than audible
cues (section 5.1); they are insensitive to the wing tone
of males of their species. Neither can the male detect the
wing tone of immature females — the Johnson's organ
in his antenna responds only to the wing tone of physio-
logically receptive females.

4.2 THERMAL STIMULI
4.2.1 Thermoreception

Insects evidently detect variation in temperature, as
seen by their behavior (section 4.2.2), yet the function
and location of receptors is poorly known. Most studied
insects have antennal sensing of temperature — those
with amputated antennae respond differently from
insects with intact antennae. Antennal temperature
receptors are few in number (presumably ambient
temperature is much the same at all points along the
antenna), are exposed or concealed in pits, and are
associated with humidity receptors in the same sen-
sillum. In the cockroach Periplaneta americana, the
arolium and pulvilli of the tarsi bear temperature
receptors, and thermoreceptors have been found on
the legs of certain other insects. Central temperature
sensors must exist to detect internal temperature, but
the only experimental evidence is from a large moth
in which thoracic neural ganglia were found to have
a role in instigating temperature-dependent flight
muscle activity.

An extreme form of temperature detection is illus-
trated in jewel beetles (Buprestidae) belonging to the
largely Holarctic genus Melanophila and also Merimna
atrata (from Australia). These beetles can detect and
orientate towards large-scale forest fires, where they
oviposit in still-smoldering pine trunks. Adults of
Melanophila eat insects killed by fire, and their larvae



develop as pioneering colonists boring into fire-killed
trees. Detection and orientation in Melanophila to dis-
tant fires is achieved by detection of infrared radiation
(in the wavelength range 3.6—4.1 um) by pit organs
next to the coxal cavities of the mesothoracic legs
that are exposed when the beetle is in flight. Within the
pits some of the 50-100 small sensillae can respond
with heat-induced nanometer-scale deformation, con-
verted to mechanoreceptor signal. The receptor organs
in Merimna lie on the posterolateral abdomen. These pit
organ receptors allow a flying adult buprestid to locate
the source of infrared perhaps as far distant as 12 km —
a feat of some interest to the US military.

4.2.2 Thermoregulation

Insects are poikilothermic, that is they lack the means
to maintain homeothermy — a constant temperature
independent of fluctuations in ambient (surrounding)
conditions. Although the temperature of an inactive
insect tends to track the ambient temperature, many
insects can alter their temperature, both upwards and
downwards, even if only for a short time. The temper-
ature of an insect can be varied from ambient either
behaviorally using external heat (ectothermy) or by
physiological mechanisms (endothermy). Endothermy
relies on internally generated heat, predominantly
from metabolism associated with flight. As some 94%
of flight energy is generated as heat (only 6% directed
to mechanical force on the wings), flight is not only
very energetically demanding but also produces much
heat.

Understanding thermoregulation requires some
appreciation of the relationship between heat and mass
(or volume). The small size of insects in general means
any heat generated is rapidly dissipated. In an environ-
ment at 10°C a 100 g bumble bee with a body tem-
perature of 40°C experiences a temperature drop of 1°C
per second, in the absence of any further heat genera-
tion. The larger the body the slower is this heat loss
— which is one factor enabling larger organisms to be
homeothermic, with the greater mass buffering against
heat loss. However, a consequence of the mass—heat
relationship is that a small insect can warm up quickly
from an external heat source, even one asrestricted as a
light fleck. Clearly, with insects showing a 500,000-
fold variation in mass and 1000-fold variation in
metabolic rate, there is scope for a range of variants
on thermoregulatory physiologies and behaviors. We
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review the conventional range of thermoregulatory
strategies below, but refer elsewhere to tolerance of
extreme temperature (section 6.6.2).

Behavioral thermoregulation (ectothermy)

The extent to which radiant energy (either solar or
substrate) influences body temperature is related to
the aspect that a diurnal insect adopts. Basking, by
which many insects maximize heat uptake, involves
both posture and orientation relative to the source of
heat. The setae of some “furry” caterpillars, such as
gypsy moth larvae (Lymantriidae), serve to insulate the
body against convective heat loss while not impairing
radiant heat uptake. Wing position and orientation
may enhance heat absorption or, alternatively, provide
shading from excessive solar radiation. Cooling may
include shade-seeking behavior, such as seeking cooler
environmental microhabitats or altered orientation
on plants. Many desert insects avoid temperature
extremes by burrowing. Some insects living in exposed
places may avoid excessive heating by “stilting”; that is
raising themselves on extended legs to elevate most
of the body out of the narrow boundary layer close to
the ground. Conduction of heat from the substrate is
reduced, and convection is enhanced in the cooler
moving air above the boundary layer.

There is a complex (and disputed) relationship
between temperature regulation and insect color and
surface sculpturing. Amongst some desert beetles
(Tenebrionidae), black species become active earlier
in the day at lower ambient temperatures than do pale
ones, which in turn can remain active longer during
hotter times. The application of white paint to black
tenebrionid beetles results in substantial body tem-
perature changes: black beetles warm up more rapidly
at a given ambient temperature and overheat more
quickly compared with white ones, which have greater
reflectivity to heat. These physiological differences
correlate with certain observed differences in thermal
ecology between dark and pale species. Further evid-
ence of the role of color comes from a beclouded cicada
(Hemiptera: Cacama valvata) in which basking involves
directing the dark dorsal surface towards the sun, in
contrast to cooling, when the pale ventral surface only
is exposed.

For aquatic insects, in which body temperature must
follow water temperature, there is little or no ability to
regulate body temperature beyond seeking micro-
climatic differences within a water body.
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Physiological thermoregulation (endothermy)

Some insects can be endothermic because the thoracic
flight muscles have a very high metabolic rate and
produce much heat. The thorax can be maintained at a
relatively constant high temperature during flight.
Temperature regulation may involve clothing the tho-
rax with insulating scales or hairs, but insulation must
be balanced with the need to dissipate any excess heat
generated during flight. Some butterflies and locusts
alternate heat-producing flight with gliding, which
allows cooling, but many insects must fly continuously
and cannot glide. Bees and many moths prevent
thoracic overheating in flight by increasing the heart
rate and circulating hemolymph from the thorax to
the poorly insulated abdomen where radiation and
convection dissipate heat. At least in some bumble
bees (Bombus) and carpenter bees (Xylocopa) a counter-
current system that normally prevents heat loss is
bypassed during flight to augment abdominal heat loss.

The insects that produce elevated temperatures
during flight often require a warm thorax before they
can take off. When ambient temperatures are low,
these insects use the flight muscles to generate heat
prior to switching them for use in flight. Mechanisms
differ according to whether the flight muscles are syn-
chronous or asynchronous (section 3.1.4). Insects
with synchronous flight muscles warm up by contract-
ing antagonistic muscle pairs synchronously and/or
synergistic muscles alternately. This activity generally
produces some wing vibration, as seen for example
in odonates. Asynchronous flight muscles are warmed
by operating the flight muscles whilst the wings are
uncoupled, or the thoracic box is held rigid by access-
ory muscles to prevent wing movement. Usually no
wing movement is seen, though ventilatory pumping
movements of the abdomen may be visible. When the
thorax is warm but the insect is sedentary (e.g. whilst
feeding), many insects maintain temperature by shiv-
ering, which may be prolonged. In contrast, foraging
honey bees may cool off during rest, and must then
warm up before take-off.

4.3 CHEMICAL STIMULI

In comparison with vertebrates, insects show a more
profound use of chemicals in communication, particu-
larly with other individuals of their own species. Insects
produce chemicals for many purposes. Their percep-

tion in the external environment is through specific
chemoreceptors.

4.3.1 Chemoreception

The chemical senses may be divided into taste, for
detection of aqueous chemicals, and smell, for air-
borne ones — but the distinction is relative. Alternative
terms are contact (taste, gustatory) and distant (smell,
olfactory) chemoreception. For aquatic insects, all
chemicals sensed are in aqueous solution, and strictly
all chemoreception should be termed “taste”. However,
if an aquatic insect has a chemoreceptor that is struc-
turally and functionally equivalent to one in a terrest-
rial insect that is olfactory, then the aquatic insect is
said to “smell” the chemical.

Chemosensors trap chemical molecules, which are
transferred to a site for recognition, where they spe-
cifically depolarize a membrane and stimulate a nerve
impulse. Effective trapping involves localization of the
chemoreceptors. Thus, many contact (taste) receptors
occur on the mouthparts, such as the labella of higher
Diptera (Box 15.5) where salt and sugar receptors
occur, and on the ovipositor, to assist with identifica-
tion of suitable oviposition sites. The antennae, which
often are forward-directed and prominent, are first to
encounter sensory stimuli and are endowed with many
distant chemoreceptors, some contact chemoreceptors,
and many mechanoreceptors. The legs, particularly
the tarsi which are in contact with the substrate, also
have many chemoreceptors. In butterflies, stimulation
of the tarsi by sugar solutions evokes an automatic
extension of the proboscis. In blow flies, a complex
sequence of stereotyped feeding behaviors is induced
when a tarsal chemoreceptor is stimulated with
sucrose. The proboscis starts to extend and, follow-
ing sucrose stimulation of the chemoreceptors on
the labellum, further proboscis extension occurs and
the labellar lobes open. With more sugar stimulus, the
source is sucked until stimulation of the mouthparts
ceases. When this happens, a predictable pattern of
search for further food follows.

Insect chemoreceptors are sensilla with one or more
pores (holes). Two classes of sensilla can be defined
based on their ultrastructure: uniporous, with one
pore, and multiporous, with several to many pores.
Uniporous sensilla range in appearance from hairs
to pegs, plates, or simply pores in a cuticular depres-
sion, but all have relatively thick walls and a simple
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permeable pore, which may be apical or central. The
hair or peg contains a chamber, which is in basal con-
tact with a dendritic chamber that lies beneath the
cuticle. The outer chamber may extrude a viscous
liquid, presumed to assist in the entrapment and trans-

fer of chemicals to the dendrites. It is assumed that
these uniporous chemoreceptors predominantly detect
chemicals by contact, although there is evidence for
some olfactory function. Gustatory (contact) neurons
are classified best according to their function and thus,
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Electrophysiology is the study of the electrical proper-
ties of biological material, such as all types of nerve
cells, including the peripheral sensory receptors of
insects. Insect antennae bear a large number of sensilla
and are the major site of olfaction in most insects.
Electrical recordings can be made from either individual
sensilla on the antenna (single cell recordings) or from
the whole antenna (electroantennogram) (as explained
by Rumbo 1989). The electroantennogram (EAG) tech-
nique measures the total response of insect antennal
receptor cells to particular stimuli. Recordings can be
made using the antenna either excised, or attached to
an isolated head or to the whole insect. In the illustrated
example, the effects of a particular biologically active
compound (a pheromone) blown across the isolated
antenna of a male moth are being assessed. The
recording electrode, connected to the apex of the
antenna, detects the electrical response, which is
amplified and visualized as a trace as in the EAG set-up
illustrated in the upper drawing. Antennal receptors are
very sensitive and specifically perceive particular odors,
such as the sex pheromone of potential conspecific
partners or volatile chemicals released by the insect’s
host. Different compounds usually elicit different EAG
responses from the same antenna, as depicted in the
two traces on the lower right.

This elegant and simple technique has been used
extensively in pheromone identification studies as a
quick method of bioassaying compounds for activity.
For example, the antennal responses of a male moth to
the natural sex pheromone obtained from conspecific
female moths are compared with responses to syn-
thetic pheromone components or mixtures. Clean air is
blown continuously over the antenna at a constant rate
and the samples to be tested are introduced into the air
stream, and the EAG response is observed. The same
samples can be passed through a gas chromatograph
(GC) (which can be interfaced with a mass spectrome-
ter to determine molecular structure of the compounds
being tested). Thus, the biological response from the
antenna can be related directly to the chemical separa-
tion (seen as peaks in the GC trace), as illustrated here
in the graph on the lower left (after Struble & Arn
1984).

In addition to lepidopteran species, EAG data have
been collected for cockroaches, beetles, flies, bees,
and other insects, to measure antennal responses to a
range of volatile chemicals affecting host attraction,
mating, oviposition, and other behaviors. EAG informa-
tion is of greatest utility when interpreted in conjunction
with behavioral studies.

in relation to feeding, there are cells whose activity in
response to chemical stimulation either is to enhance
or reduce feeding. These receptors are called phago-
stimulatory or deterrent.

The major olfactory role comes from multiporous
sensilla, which are hair- or peg-like setae, with many
round pores or slits in the thin walls, leading into a
chamber known as the pore kettle. This is richly
endowed with pore tubules, which run inwards to meet
multibranched dendrites (Box 4.3). Development of an
electroantennogram (Box 4.2) allowed revelation of
the specificity of chemoreception by the antenna. Used
in conjunction with the scanning electron microscope,
micro-electrophysiology and modern molecular tech-
niques have extended our understanding of the ability
of insects to detect and respond to very weak chemical
signals (Box 4.3). Great sensitivity is achieved by
spreading very many receptors over as great an area as
possible, and allowing the maximum volume of air to
flow across the receptors. Thus, the antennae of many
male moths are large and frequently the surface area is
enlarged by pectinations that form a sieve-like basket
(Fig. 4.6). Each antenna of the male silkworm moth
(Bombycidae: Bombyx mori) has some 17,000 sensilla

of different sizes and several ultrastructural morpho-
logies. Sensilla respond specifically to sex-signaling
chemicals produced by the female (sex pheromones; see
below). As each sensillum has up to 3000 pores, each
10-15 nm in diameter, there are some 45 million
pores per moth. Calculations concerning the silkworm
moth suggest that just a few molecules could stimulate
a nerve impulse above the background rate, and beha-
vioral change may be elicited by less than a hundred
molecules.

4.3.2 Semiochemicals: pheromones

Many insect behaviors rely on the sense of smell. Chem-
ical odors, termed semiochemicals (from semion —
signal), are especially important in both interspecific
and intraspecific communication. The latter is particu-
larly highly developed in insects, and involves the use of
chemicals called pheromones. When recognized first
in the 1950s, pheromones were defined as: substances
that are secreted to the outside by one individual and
received by a second individual of the same species in
which they release a specific reaction, for example a
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Pheromones, and indeed all signaling chemicals (semio-
chemicals), must be detectable in the smallest quantit-
ies. For example, the moth approaching a pheromone
source portrayed in Fig. 4.7, must detect an initially
weak signal, and then respond appropriately by orient-
ating towards it, distinguishing abrupt changes in con-
centration ranging from zero to short-lived concentrated
puffs. This involves a physiological ability to monitor
continuously and respond to aerial pheromone levels in
a process involving extra- and intracellular events.
Ultrastructural studies of Drosophila melanogaster
and several species of moth allow identification of

several types of chemoreceptive (olfactory) sensilla:
namely sensilla basiconica, sensilla trichodea, and sen-
silla coeloconica. These sensillar types are widely dis-
tributed across insect taxa and structures but most
often are concentrated on the antenna. Each sensilla
has from two to multiple subtypes which differ in their
sensitivity and tuning to different communication chem-
icals. The structure of a generalized multiporous olfac-
tory sensillum in the accompanying illustration follows
Birch and Haynes (1982) and Zacharuk (1985).

To be detected, first the chemical must arrive at a
pore of an olfactory sensillum. In a multiporous sensil-
lum, it enters a pore kettle and contacts and crosses the
cuticular lining of a pore tubule. Because pheromones
(and other semiochemicals) largely are hydrophobic
(lipophilic) compounds they must be made soluble to
reach the receptors. This role falls to odorant-binding
proteins (OBP) produced in the tormogen and trichogen
cells (Fig. 4.1), from which they are secreted into the
sensillum-lymph cavity that surrounds the dendrite of
the receptor. Specific OBPs bind the semiochemical
into a soluble ligand (OBP-pheromone complex) which
is protected as it diffuses through the lymph to the den-
drite surface. Here, interaction with negatively charged
sites transforms the complex, releasing the pheromone
to the binding site of the appropriate olfactory receptors
located on the dendrite of the neuron, triggering a cas-
cade of neural activity leading to appropriate behavior.

Much research has involved detection of pheromones
because of their use in pest management (see section
16.9), but the principles revealed apparently apply to
semiochemical reception across a range of organs and
taxa. Thus, experiments with the electroantennogram
(Box 4.2) using a single sensillum show highly spe-
cific responses to particular semiochemicals, and fail-
ure to respond even to “trivially” modified compounds.
Studied OBPs appear to be one-to-one matched with
each semiochemical, but insects apparently respond to
more chemical cues than there are OBPs yet revealed.
Additionally, olfactory receptors on the dendrite sur-
face seemingly may be less specific, being triggered by
a range of unrelated ligands. Furthermore, the model
above does not address the frequently observed syner-
gistic effects, in which a cocktail of chemicals provokes
a stronger response than any component alone. It
remains an open question as to exactly how insects are
so spectacularly sensitive to so many specific chem-
icals, alone or in combination. This is an active research
area, with microphysiology and molecular tools pro-
viding many new insights.
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definite behavior or developmental process. This defini-
tion remains valid today, despite the discovery of a
hidden complexity of pheromone cocktails.

Pheromones are predominantly volatile but some-
times are liquid contact chemicals. All are produced
by exocrine glands (those that secrete to the outside of
the body) derived from epidermal cells. The scent
organs may be located almost anywhere on the body.
Thus, sexual scent glands on female Lepidoptera lie in
eversible sacs or pouches between the eighth and ninth
abdominal segments; the organs are mandibular in the
female honey bee, but are located on the swollen hind
tibiae of female aphids, and within the midgut and
genitalia in cockroaches.

Classification of pheromones by chemical structure
reveals that many naturally occurring compounds
(such as host odors) and pre-existing metabolites (such
as cuticular waxes) have been co-opted by insects to
serve in the biochemical synthesis of a wide variety of
compounds that function in communication. Chemical
classification, although of interest, is of less value
for many entomologists than the behaviors that the
chemicals elicit. Very many behaviors of insects are
governed by chemicals; nevertheless, we can distin-
guish pheromones that release specific behaviors from
those that prime long-term, irreversible physiological
changes. Thus, the stereotyped sexual behavior of a

Fig. 4.6 The antennae of a male moth
of Trictena atripalpis (Lepidoptera:
Hepialidae): (a) anterior view of head
showing tripectinate antennae of this
species; (b) cross-section through the
antenna showing the three branches; (c)
enlargement of tip of outer branch of one
pectination showing olfactory sensilla.

male moth is released by the female-emitted sex phero-
mone, whereas the crowding pheromone of locusts will
prime maturation of gregarious phase individuals (sec-
tion 6.10.5). Here, further classification of pheromones
is based on five categories of behavior associated with
sex, aggregation, spacing, trail forming, and alarm.

Sex pheromones

Male and female conspecific insects often communicate
with chemical sex pheromones. Mate location and
courtship may involve chemicals in two stages, with
sex attraction pheromones acting at a distance, fol-
lowed by close-up courtship pheromones employed
prior to mating. The sex pheromones involved in
attraction often differ from those used in courtship.
Production and release of sex attractant pheromones
tends to be restricted to the female, although there are
lepidopterans and scorpionflies in which males are the
releasers of distance attractants that lure females. The
producer releases volatile pheromones that stimulate
characteristic behavior in those members of the oppos-
ite sex within range of the odorous plume. An aroused
recipient raises the antennae, orientates towards the
source and walks or flies upwind to the source, often
in a zig-zag track (Fig. 4.7) based on ability to respond
rapidly to minor changes in pheromone concentration
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Fig. 4.7 Location of pheromone-emitting female by male moth tacking upwind. The pheromone trail forms a somewhat
discontinuous plume because of turbulence, intermittent release, and other factors. (After Haynes & Birch 1985.)

by direction change (Box 4.3). Each successive action
appears to depend upon an increase in concentration of
this airborne pheromone. As the insect approaches the
source, cues such as sound and vision may be involved
in close-up courtship behavior.

Courtship (section 5.2), which involves co-ordination
of the two sexes, may require close-up chemical stimu-
lation of the partner with a courtship pheromone. This
pheromone may be simply a high concentration of the
attractant pheromone, but “aphrodisiac” chemicals
do exist, as seen in the queen butterfly (Nymphalidae:
Danaus gilippus). The males of this species, as with sev-
eral other lepidopterans, have extrusible abdominal
hairpencils (brushes), which produce a pheromone
that is dusted directly onto the antennae of the female,
whilst both are in flight (Fig. 4.8). The effect of this
pheromone is to placate a natural escape reaction of
the female, who alights, folds her wings and allows co-
pulation. In D. gilippus, this male courtship pheromone,
a pyrrolixidine alkaloid called danaidone, is essential
to successful courtship. However, the butterfly cannot
synthesize it without acquiring the chemical precursor
by feeding on selected plants as an adult. In the arctiid
moth, Creatonotus gangis, the precursor of the male
courtship pheromone likewise cannot be synthesized
by the moth, but is sequestered by the larva in the form
of a toxic alkaloid from the host plant. The larva uses
the chemical in its defense and at metamorphosis the
toxins are transferred to the adult. Both sexes use them
as defensive compounds, with the male additionally

Fig. 4.8 A pair of queen butterflies, Danaus gilippus
(Lepidoptera: Nymphalidae: Danainae), showing aerial
“hairpencilling” by the male. The male (above) has splayed
hairpencils (at his abdominal apex) and is applying
pheromone to the female (below). (After Broweretal. 1965.)
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converting them to his pheromone. This he emits from
inflatable abdominal tubes, called coremata, whose
development is regulated by the alkaloid pheromone
precursor.

A spectacular example of deceitful sexual signaling
occurs in bolas spiders, which do not build a web, but
whirl a single thread terminating in a sticky globule
towards their moth prey (like gauchos using a bolas to
hobble cattle). The spiders lure male moths to within
reach of the bolas using synthetic lures of sex-attractant
pheromone cocktails. The proportions of the compon-
ents vary according to the abundance of particular
moth species available as prey. Similar principles are
applied by humans to control pest insects using lures
containing synthetic sex pheromones or other attract-
ants (section 16.9). Certain chemical compounds (e.g.
methyl eugenol), that either occur naturally in plants
or can be synthesized in the laboratory, are used to lure
male fruit flies (Tephritidae) for pest management pur-
poses. These male lures are sometimes called para-
pheromones, probably because the compounds may
be used by the flies as a component in the synthesis of
their sex pheromones and have been shown to improve
mating success, perhaps by enhancing the male’s
sexual signals.

Sex pheromones once were thought to be unique,
species-specific chemicals, but in reality often they are
chemical blends. The same chemical (e.g. a particular
14-carbon chain alcohol) may be present in a range
of related and unrelated species, but it occurs in a blend
of different proportions with several other chemicals.
An individual component may elicit only one part of
the sex attraction behavior, or a partial or complete
mixture may be required. Often the blend produces a
greater response than any individual component, a
synergism that is widespread in insects that produce
pheromone mixtures. Chemical structural similarity
of pheromones may indicate systematic relationship
amongst the producers. However, obvious anomalies
arise when identical or very similar pheromones are
synthesized from chemicals derived from identical diets
by unrelated insects.

Even if individual components are shared by
many species, the mixture of pheromones is very often
species-specific. It is evident that pheromones, and
the stereotyped behaviors that they evoke, are highly
significant in maintenance of reproductive isolation
between species. The species-specificity of sex phero-
mones avoids cross-species mating before males and
females come into contact.

Aggregation pheromones

The release of an aggregation pheromone causes
conspecific insects of both sexes to crowd around the
source of the pheromone. Aggregation may lead to
increased likelihood of mating but, in contrast to many
sex pheromones, both sexes may produce and respond
to aggregation pheromones. The potential benefits
provided by the response include security from preda-
tion, maximum utilization of a scarce food resource,
overcoming of host resistance, or cohesion of social
insects, as well as the chance to mate.

Aggregation pheromones are known in six insect
orders, including cockroaches, but their presence and
mode of action has been studied in most detail in
Coleoptera, particularly in economically damaging
species such as stored-grain beetles (from several
families) and timber and bark beetles (Curculionidae:
Scolytinae). A well-researched example of a complex
suite of aggregation pheromones is provided by the
Californian western pine beetle, Dendroctonus brevi-
comis (Scolytinae), which attacks ponderosa pine (Pinus
ponderosa). On arrival at a new tree, colonizing females
release the pheromone exo-brevicomin augmented by
myrcene, a terpene originating from the damaged pine
tree. Both sexes of western pine beetle are attracted
by this mixture, and newly arrived males then add to
the chemical mix by releasing another pheromone,
frontalin. The cumulative lure of frontalin, exo-brevi-
comin, and myrcene is synergistic, i.e. greater than any
one of these chemicals alone. The aggregation of many
pine beetles overwhelms the tree’s defensive secretion
of resins.

Spacing pheromones

There is a limit to the number of western pine beetles
(D. brevicomis; see above) that attack a single tree.
Cessation is assisted by reduction in the attractant
aggregation pheromones, but deterrent chemicals also
are produced. After the beetles mate on the tree, both
sexes produce “anti-aggregation” pheromones called
verbenone and trans-verbenone, and males also emit
ipsdienol. These deter further beetles from landing close
by, encouraging spacing out of new colonists. When
the resource is saturated, further arrivals are repelled.
Such semiochemicals, called spacing, epideictic,
or dispersion pheromones, may effect appropriate
spacing on food resources, as with some phytophagous
insects. Several species of tephritid flies lay eggs singly



in fruit where the solitary larva is to develop. Spacing
occurs because the ovipositing female deposits an
oviposition-deterrent pheromone on the fruit on which
she has laid an egg, thereby deterring subsequent
oviposition. Social insects, which by definition are
aggregated, utilize pheromones to regulate many as-
pects of their behavior, including the spacing between
colonies. Spacer pheromones of colony-specific odors
may be used to ensure an even dispersal of colonies of
conspecifics, as in African weaver ants (Formicidae:
Oecophylla longinoda).

Trail-marking pheromones

Many social insects use pheromones to mark their
trails, particularly to food and the nest. Trail-marking
pheromones are volatile and short-lived chemicals
that evaporate within days unless reinforced (perhaps
as a response to a food resource that is longer lasting
than usual). Trail pheromones in ants are commonly
metabolic waste products excreted by the poison gland.
These need not be species-specific for several species
share some common chemicals. Dufour’s gland secre-
tions of some ant species may be more species-specific
chemical mixtures associated with marking of territory
and pioneering trails. Ant trails appear to be non-polar,
i.e. the direction to nest or food resource cannot be
determined by the trail odor.

In contrast to trails laid on the ground, an airborne
trail — an odor plume — has directionality because
of increasing concentration of the odor towards the
source. An insect may rely upon angling the flight
path relative to the direction of the wind that brings
the odor, resulting in a zig-zag upwind flight towards
the source. Each directional shift is produced where the
odor diminishes at the edge of the plume (Fig. 4.7).

Alarm pheromones

Nearly two centuries ago it was recognized that
workers of honey bees (Apis mellifera) were alarmed
by a freshly extracted sting. In the intervening years
many aggregating insects have been found to pro-
duce chemical releasers of alarm behavior — alarm
pheromones — that characterize most social insects
(termites and eusocial hymenopterans). In addition,
alarm pheromones are known in several hemipterans,
including subsocial treehoppers (Membracidae), aphids
(Aphididae), and some other true bugs. Alarm phero-
mones are volatile, non-persistent compounds that are
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readily dispersed throughout the aggregation. Alarm
is provoked by the presence of a predator, or in many
social insects, a threat to the nest. The behavior elicited
may be rapid dispersal, such as in hemipterans that
drop from the host plant; or escape from an unwinnable
conflict with a large predator, as in poorly defended
ants living in small colonies. The alarm behavior of
many eusocial insects is most familiar to us when dis-
turbance of a nest induces many ants, bees, or wasps
to an aggressive defense. Alarm pheromones attract
aggressive workers and these recruits attack the cause
of the disturbance by biting, stinging, or firing repel-
lent chemicals. Emission of more alarm pheromone
mobilizes further defenders. Alarm pheromone may
be daubed over an intruder to aid in directing the
attack.

Alarm pheromones may have been derived over
evolutionary time from chemicals used as general anti-
predator devices (allomones; see below), utilizing
glands co-opted from many different parts of the body
to produce the substances. For example, hymenop-
terans commonly produce alarm pheromones from
mandibular glands and also from poison glands, meta-
pleural glands, the sting shaft, and even the anal area.
All these glands also may be production sites for
defensive chemicals.

4.3.3 Semiochemicals: kairomones,
allomones, and synomones

Communication chemicals (semiochemicals) may
function between individuals of the same species
(pheromones) or between different species (allelo-
chemicals). Interspecific semiochemicals may be
grouped according to the benefits they provide to the
producer and receiver. Those that benefit the receiver
but disadvantage the producer are kairomones.
Allomones benefit the producer by modifying the
behavior of the receiver although having a neutral
effect on the receiver. Synomones benefit both the
producer and the receiver. This terminology has to be
applied in the context of the specific behavior induced
in the recipient, as seen in the examples discussed
below. A particular chemical can act as an intraspecific
pheromone and may also fulfill all three categories of
interspecific communication, depending on circum-
stances. The use of the same chemical for two or more
functions in different contexts is referred to as semio-
chemical parsimony.
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Kairomones

Myrcene, the terpene produced by a ponderosa pine
when it is damaged by the western pine beetle (see
above), acts as a synergist with aggregation phero-
mones that act to lure more beetles. Thus, myrcene and
other terpenes produced by damaged conifers can be
kairomones, disadvantaging the producer by luring
damaging timber beetles. A kairomone need not be a
product of insect attack: elm bark beetles (Curculionidae:
Scolytinae: Scolytus spp.) respond to o-cubebene, a
product of the Dutch elm disease fungus Ceratocystis
ulmi that indicates a weakened or dead elm tree
(Ulmus). Elm beetles themselves inoculate previously
healthy elms with the fungus, but pheromone-induced
aggregations of beetles form only when the kairomone
(fungal o-cubenene) indicates suitability for coloniza-
tion. Host-plant detection by phytophagous insects also
involves reception of plant chemicals, which therefore
are acting as kairomones.

Insects produce many communication chemicals,
with clear benefits. However, these semiochemicals
also may act as kairomones if other insects recog-
nize them. In “hijacking” the chemical messenger for
their own use, specialist parasitoids (Chapter 13) use
chemicals emitted by the host, or plants attacked by
the host, to locate a suitable host for development of
its offspring.

Allomones

Allomones are chemicals that benefit the producer
but have neutral effects on the recipient. For example,
defensive and/or repellent chemicals are allomones
that advertise distastefulness and protect the producer
from lethal experiment by prospective predators. The
effect on a potential predator is considered to be
neutral, as it is warned from wasting energy in seeking
a distasteful meal.

The worldwide beetle family Lycidae has many
distasteful and warning-colored (aposematic) members
(see Plate 6.5, facing p. 14), including species of Metrio-
rrhynchus that are protected by odorous alkylpyrazine
allomones. In Australia, several distantly related beetle
families include many mimics that are modeled visu-
ally on Metriorrhynchus. Some mimics are remarkably
convergent in color and distasteful chemicals, and pos-
sess nearly identical alkylpyrazines. Others share the
allomones but differ in distasteful chemicals, whereas

some have the warning chemical but appear to lack dis-
tastefulness. Other insect mimicry complexes involve
allomones. Mimicry and insect defenses in general are
considered further in Chapter 14.

Some defensive allomones can have a dual function
as sex pheromones. Examples include chemicals from
the defensive glands of various bugs (Heteroptera),
grasshoppers (Acrididae), and beetles (Staphylinidae),
as well as plant-derived toxins used by some Lepidoptera
(section 4.3.2). Many female ants, bees, and wasps
have exploited the secretions of the glands associated
with their sting — the poison (or venom) gland and
Dufour’s gland — as male attractants and releasers of
male sexual activity.

A novel use of allomones occurs in certain orchids,
whose flowers produce similar odors to female sex
pheromone of the wasp or bee species that acts as their
specific pollinator. Male wasps or bees are deceived by
this chemical mimicry and also by the color and shape
of the flower (see Plates 4.4 & 4.5), with which they
attempt to copulate (section 11.3.1). Thus the orchid’s
odor acts as an allomone beneficial to the plant by
attracting its specific pollinator, whereas the effect on
the male insects is near neutral — at most they waste
time and effort.

Synomones

The terpenes produced by damaged pines are kairo-
mones for pest beetles, but if identical chemicals are
used by beneficial parasitoids to locate and attack the
bark beetles, the terpenes are acting as synomones (by
benefiting both the producer and the receiver). Thus
o-pinene and myrcene produced by damaged pines are
kairomones for species of Dendroctonus but synomones
for pteromalid hymenopterans that parasitize these
timber beetles. In like manner, a-cubebene produced
by Dutch elm fungus is a synomone for the braconid
hymenopteran parasitoids of elm bark beetles (for
which it is a kairomone).

An insect parasitoid may respond to host-plant odor
directly, like the phytophage it seeks to parasitize, but
this means of searching cannot guarantee the para-
sitoid that the phytophage host is actually present.
There is a greater chance of success for the parasitoid if
it can identify and respond to the specific plant chem-
ical defenses that the phytophage provokes. If an insect-
damaged host plant produced a repellent odor, such as
avolatile terpenoid, then the chemical could act as:



¢ an allomone that deters non-specialist phytophages;
* akairomone that attracts a specialist phytophage;

e a synomone that lures the parasitoid of the
phytophage.

Of course, phytophagous, parasitic, and predatory
insects rely on more than odors to locate potential hosts
or prey, and visual discrimination is implicated in
resource location.

4.4 INSECT VISION

Excepting a few blind subterranean and endoparasitic
species, most insects have some sight, and many pos-
sess highly developed visual systems. The basic com-
ponents needed for vision are a lens to focus light onto
photoreceptors — cells containing light-sensitive
molecules — and a nervous system complex enough to
process visual information. In insect eyes, the photore-
ceptive structure is the rhabdom, comprising several
adjacent retinula (or nerve) cells and consisting of
close-packed microvilli containing visual pigment.
Light falling onto the rhabdom changes the configura-
tion of the visual pigment, triggering a change of elec-
trical potential across the cell membrane. This signal is
then transmitted via chemical synapses to nerve cells in
the brain. Comparison of the visual systems of different
kinds of insect eyes involves two main considerations:
(i) their resolving power for images, i.e. the amount of
fine detail that can be resolved; and (ii) their light sens-
itivity, i.e. the minimum ambient light level at which
the insect can still see. Eyes of different kinds and in dif-
ferent insects vary widely in resolving power and light
sensitivity and thus in details of function.

The compound eyes are the most obvious and famil-
iar visual organs of insects but there are three other
means by which an insect may perceive light: dermal
detection, stemmata, and ocelli. The dragonfly head
depicted in the vignette of this chapter is dominated by
its huge compound eyes with the three ocelli and paired
antennae in the center.

4.4.1 Dermal detection

In insects able to detect light through their body
surface, there are sensory receptors below the body
cuticle but no optical system with focusing structures.
Evidence for this general responsivity to light comes
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from the persistence of photic responses after cover-
ing all visual organs, for example in cockroaches and
lepidopteran larvae. Some blind cave insects, with no
recognizable visual organs, respond to light, as do decap-
itated cockroaches. In most cases the sensitive cells and
their connection with the central nervous system have
yet to be discovered. However, within the brain itself,
aphids have light-sensitive cells that detect changes in
day length — an environmental cue that controls the
mode of reproduction (i.e. either sexual or partheno-
genetic). The setting of the biological clock (Box 4.4)
relies upon the ability to detect photoperiod.

4.4.2 Stemmata

The only visual organs of larval holometabolous
insects are stemmata, sometimes called larval ocelli
(Fig. 4.9a). These organs are located on the head, and
vary from a single pigmented spot on each side to six or
seven larger stemmata, each with numerous photo-
receptors and associated nerve cells. In the simplest
stemma, a cuticular lens overlies a crystalline body
secreted by several cells. Light is focused by the lens
onto a single rhabdom. Each stemma points in a differ-
ent direction so that the insect sees only a few points
in space according to the number of stemmata. Some
caterpillars increase the field of view and fill in the gaps
between the direction of view of adjacent stemmata by
scanning movements of the head. Other larvae, such
as those of sawflies and tiger beetles, possess more
sophisticated stemmata. They consist of a two-layered
lens that forms an image on an extended retina com-
posed of many rhabdoms, each receiving light from a
different part of the image. In general, stemmata seem
designed for high light sensitivity, with resolving power
relatively low.

4.4.3 Ocelli

Many adult insects, as well as some nymphs, have dor-
sal ocelli in addition to compound eyes. These ocelli are
unrelated embryologically to the stemmata. Typically,
three small ocelli lie in a triangle on top of the head. The
cuticle covering an ocellus is transparent and may be
curved as a lens. It overlies transparent epidermal cells,
so that light passes through to an extended retina made
up of many rhabdoms (Fig. 4.9b). Individual groups



Box 4.4 Biological clocks

Seasonal changes in environmental conditions allow
insects to adjust their life histories to optimize the use of
suitable conditions and minimize the impact of unsuit-
able ones (e.g. through diapause; section 6.5). Similar
physical fluctuations on a daily scale encourage a diur-
nal (daily) cycle of activity and quiescence. Nocturnal
insects are active at night, diurnal ones by day, and cre-
puscular insect activity occurs at dusk and dawn when
light intensities are transitional. The external physical
environment, such as light-dark or temperature, con-
trols some daily activity patterns, called exogenous
rhythms. However, many other periodic activities are
internally driven endogenous rhythms that have a
clock-like or calendar-like frequency irrespective of
external conditions. Endogenous periodicity is fre-
quently about 24 h (circadian), but lunar and tidal peri-
odicities govern the emergence of adult aquatic midges
from large lakes and the marine intertidal zones, res-
pectively. This unlearned, once-in-a-lifetime rhythm
which allows synchronization of eclosion demonstrates
the innate ability of insects to measure passing time.
Experimentation is required to discriminate between
exogenous and endogenous rhythms. This involves
observing what happens to rhythmic behavior when
external environmental cues are altered, removed, or
made invariate. Such experiments show that inception
(setting) of endogenous rhythms is found to be day
length, with the clock then free-running, without daily
reinforcement by the light-dark cycle, often for a con-
siderable period. Thus, if nocturnal cockroaches that
become active at dusk are kept at constant temper-
ature in constant light or dark, they will maintain the
dusk commencement of their activities at a circadian
rhythm of 23-25 h. Rhythmic activities of other insects
may require an occasional clock-setting (such as dark-
ness) to prevent the circadian rhythm drifting, either

Locality 1, Day 1, Afternoon

through adaptation to an exogenous rhythm or into
arrhythmy.

Biological clocks allow solar orientation — the use of
the sun’s elevation above the horizon as a compass -
provided that there is a means of assessing (and com-
pensating for) the passage of time. Some ants and
honey bees use a “light-compass”, finding direction
from the sun’s elevation and using the biological clock
to compensate for the sun’s movement across the sky.
Evidence came from an elegant experiment with honey
bees trained to forage in the late afternoon at a feeding
table (F) placed 180 m NW of their hive (H), as depicted
in the left figure (after Lindauer 1960). Overnight the hive
was moved to a new location to prevent use of familiar
landmarks in foraging, and a selection of four feeding
tables (F,_,) was provided at 180 m, NW, SW, SE, and
NE from the hive. In the morning, despite the sun being
at a very different angle to that during the afternoon
training, 15 of the 19 bees were able to locate the NW
table (as depicted in the figure on the right). The honey
bee “dance language” that communicates direction and
distance of food to other workers (Box 12.1) depends
upon the capacity to calculate direction from the sun.

The circadian pacemaker (oscillator) that controls
the rhythm is located in the brain; it is not an external
photoperiod receptor. Experimental evidence shows
that in cockroaches, beetles, and crickets a pacemaker
lies in the optic lobes, whereas in some silkworms it lies
in the cerebral lobes of the brain. In the well-studied
Drosophila, a major oscillator site appears to be located
between the lateral protocerebellum and the medulla of
the optic. However, visualization of the sites of period
gene activity is not localized, and there is increasing
evidence of multiple pacemaker centers located through-
out the tissues. Whether they communicate with each
other or run independently is not yet clear.

Locality 2, Day 2, Morning
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Fig. 4.9 Longitudinal sections through simple eyes: (a) a
simple stemma of a lepidopteran larva; (b) a light-adapted
median ocellus of a locust. ((a) After Snodgrass 1935; (b) after
Wilson 1978.)

of retinula cells that contribute to one rhabdom or the
complete retina are surrounded by pigment cells or by
a reflective layer. The focal plane of the ocellar lens
lies below the rhabdoms so that the retina receives a
blurred image. The axons of the ocellar retinula cells
converge onto only a few neurons that connect the
ocelli to the brain. In the ocellus of the dragonfly
Sympetrum, some 675 receptor cells converge onto one
large neuron, two medium-sized neurons, and a few
small ones in the ocellar nerve.

The ocelli thus integrate light over a large visual
field, both optically and neurally. They are very sensit-
ive to low light intensities and to subtle changes in
light, but they are not designed for high-resolution
vision. They appear to function as “horizon detectors”
for control of roll and pitch movements in flight and to
register cyclical changes in light intensity that corre-
late with diurnal behavioral rhythms.

4.4.4 Compound eyes

The most sophisticated insect visual organ is the com-
pound eye. Virtually all adult insects and nymphs have
a pair of large, prominent compound eyes, which often
cover nearly 360 degrees of visual space.

The compound eye is based on repetition of many
individual units called ommatidia (Fig. 4.10). Each
ommatidium resembles a simple stemma: it has a cuticu-
lar lens overlying a crystalline cone, which directs and
focuses light onto eight (or maybe 6-10) elongate
retinula cells (see transverse section in Fig. 4.10). The
retinula cells are clustered around the longitudinal axis
of each ommatidium and each contributes a rhab-
domere to the rhabdom at the center of the ommatid-
ium. Each cluster of retinula cells is surrounded by a
ring of light-absorbing pigment cells, which optically
isolates an ommatidium from its neighbors.

The corneal lens and crystalline cone of each omma-
tidium focus light onto the distal tip of the rhabdom
from a region about 2-5 degrees across. The field of
view of each ommatidium differs from that of its neigh-
bors and together the array of all ommatidia provides
the insect with a panoramic image of the world. Thus,
the actual image formed by the compound eye is of a
series of apposed points of light of different intensities,
hence the name apposition eye.

The light sensitivity of apposition eyes is limited
severely by the small diameter of facet lenses. Crepus-
cular and nocturnal insects, such as moths and some
beetles, overcome this limitation with a modified op-
tical design of compound eyes, called optical super-
position eyes. In these, ommatidia are not isolated
optically from each other by pigment cells. Instead, the
retina is separated by a wide clear zone from the corneal
facet lenses, and many lenses co-operate to focus light
on an individual rhabdom (light from many lenses
super-imposes on the retina). The light sensitivity of
these eyes is thus greatly enhanced. In some optical
superposition eyes screening pigment moves into the
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Fig. 4.10 Details of the compound eye: (a) a cutaway view
showing the arrangement of the ommatidia and the facets;
(b) a single ommatidium with an enlargement of a transverse
section. (After CSIRO 1970; Rossel 1989.)

clear zone during light adaptation and by this means
the ommatidia become isolated optically as in the appo-
sition eye. At low light levels, the screening pigment
moves again towards the outer surface of the eye to
open up the clear zone for optical superposition to
occur.

Because the light arriving at a rhabdom has passed
through many facet lenses, blurring is a problem in
optical superposition eyes and resolution generally is
not as good as in apposition eyes. However, high light
sensitivity is much more important than good resolv-
ing power in crepuscular and nocturnal insects whose
main concern is to see anything at all. In the eyes of
some insects, photon-capture is increased even further
by a mirror-like tapetum of small tracheae at the base
of the retinula cells; this reflects light that has passed
unabsorbed through a rhabdom, allowing it a second
pass. Light reflecting from the tapetum produces the
bright eye shine seen when an insect with an optical
superposition eye is illuminated in the flashlight or car
headlight beam at night.

In comparison with a vertebrate eye, the resolving
power of insect compound eyes is rather unimpressive.
However, for the purpose of flight control, navigation,
prey capture, predator avoidance, and mate-finding
they obviously do a splendid job. Bees can memorize
quite sophisticated shapes and patterns, and flies and
odonates hunt down prey insects or mates in extremely
fast, aerobatic flight. Insects in general are exquisitely
sensitive to image motion, which provides them with
useful cues for avoiding obstacles and landing, and for
distance judgment. Insects, however, cannot easily use
binocular vision for the perception of distance because
their eyes are so close together and their resolution
is quite poor. A notable exception is the praying man-
tid, which is the only insect known to make use of
binocular disparity to localize prey.

Within one ommatidium, most studied insects
possess several classes of retinula cells that differ in
their spectral sensitivities; this feature means that
each responds best to light of a different wavelength.
Variations in the molecular structure of visual pig-
ments are responsible for these differences in spectral
sensitivity and are a prerequisite for the color vision
of flower visitors such as bees and butterflies. Some
insects are pentachromats, with five classes of receptors
of differing spectral sensitivities, compared with human
di- or trichromats. Most insects can perceive ultraviolet
light (which is invisible to us) allowing them to see



distinctive alluring flower patterns visible only in the
ultraviolet.

Light emanating from the sky and reflected light
from water surfaces or shiny leaves is polarized, i.e. it
has greater vibration in some planes than in others.
Many insects can detect the plane of polarization of
light and utilize this in navigation, as a compass or as
an indicator of water surfaces. The pattern of polarized
skylight changes its position as the sun moves across
the sky, so that insects can use small patches of clear
sky to infer the position of the sun, even when it is not
visible. In like manner, an African dung beetle has
been shown to orientate using polarized moonlight in
the absence of direct sighting of the moon, perhaps
representing a more general ability amongst nocturnal
insects. The microvillar organization of the insect
rhabdomere makes insect photoreceptors inherently
sensitive to the plane of polarization of light, unless
precautions are taken to scramble the alignment of
microvilli. Insects with well-developed navigational
abilities often have a specialized region of retina in the
dorsal visual field, the dorsal rim, in which retinula cells
are highly sensitive to the plane of polarization of light.
Ocelli and stemmata also may be involved in the detec-
tion of polarized light.

4.4.5 Light production

The most spectacular visual displays of insects involve
light production, or bioluminescence. Some insects
co-opt symbiotic luminescent bacteria or fungi, but
self-luminescence is found in a few Collembola, one
hemipteran (the fulgorid lantern bug), a few dipteran
fungus gnats, and a diverse group amongst several
families of coleopterans. The beetles are members of the
Phengodidae, Drilidae, some lesser known families, and
notably the Lampyridae, and are commonly given col-
loquial names including fireflies, glow worms, and
lightning bugs. Any or all stages and sexes in the life
history may glow, using one to many luminescent
organs, which may be located nearly anywhere on the
body. Light emitted may be white, yellow, red, or green.

The light-emitting mechanism studied in the lampyrid
firefly Photinus pyralis may be typical of luminescent
Coleoptera. The enzyme luciferase oxidizes a sub-
strate, luciferin, in the presence of an energy source of
adenosine triphosphate (ATP) and oxygen, to produce
oxyluciferin, carbon dioxide, and light. Variation in
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ATP release controls the rate of flashing, and differ-
ences in pH may allow variation in the frequency
(color) of light emitted.

The principal role of light emission was argued to be
in courtship signaling. This involves species-specific
variation in the duration, number, and rate of flashes
in a pattern, and the frequency of repetition of the pat-
tern (Fig. 4.11). Generally, a mobile male advertises his
presence by instigating the signaling with one or more
flashes and a sedentary female indicates her location
with a flash in response. As with all communication
systems, there is scope for abuse, for example that
involving luring of prey by a carnivorous female
lampyrid of Photurus (section 13.1.2). Recent phylo-
genetic studies have suggested a rather different inter-
pretation of beetle bioluminescence, with it originating
only in larvae of a broadly defined lampyrid clade,
where it serves as a warning of distastefulness (section
14.4). From this origin in larvae, luminescence appears
to have been retained into the adults, serving dual
warning and sexual functions. The phylogeny suggests
that luminescence then was lost in lampyrid relatives
and regained subsequently in the Phengodidae, in
which it is present in larvae and adults and fulfills
a warning function. In this family it is possible that
light is used also in illuminating a landing or courtship
site, and perhaps red light serves for nocturnal prey
detection.

Bioluminescence is involved in both luring prey and
mate-finding in Australian and New Zealand cave-
dwelling Arachnocampa fungus gnats (Diptera: Myceto-
philidae). Their luminescent displays in the dark zone of
caves have become tourist attractions in some places.
All developmental stages of these flies use a reflector to
concentrate light that they produce from modified
Malpighian tubules. In the dark zone of a cave, the larval
light lures prey, particularly small flies, onto a sticky
thread suspended by the larva from the cave ceiling.
The flying adult male locates the luminescent female
while she is still in the pharate state and waits for the
opportunity to mate upon her emergence.

4.5 INSECT BEHAVIOR

Many of the insect behaviors mentioned in this chap-
ter appear very complex, but behaviorists attempt to
reduce them to simpler components. Thus, individual
reflexes (simple responses to simple stimuli) can be
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identified, such as the flight response when the legs
lose contact with the ground, and cessation of flight
when contact is regained. Some extremely rapid reflex
actions, such as the feeding lunge of odonate nymphs,
or some “escape reactions” of many insects, depend
upon a reflex involving giant axons that conduct
impulses rapidly from sense organs to the muscles. The
integration of multiple reflexes associated with move-
ment of the insect may be divisible into:

¢ kinesis (plural: kineses), in which unorientated
action varies according to stimulus intensity;

e taxis (plural: taxes), in which movement is directly
towards or away from the stimulus.

Kineses include akinesis, unstimulated lack of
movement, orthokinesis, in which speed depends
upon stimulus intensity, and klinokinesis, which is a
“random walk” with course changes (turns) being
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Fig. 4.11 The flash patterns of males
of a number of Photinus firefly species
(Coleoptera: Lampyridae), each of which
generates a distinctive pattern of signals
in order to elicit a response from their
conspecific females. (After Lloyd 1966.)
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made when unfavorable stimuli are perceived and with
the frequency of turns depending on the intensity of the
stimulus. Increased exposure to unfavorable stimuli
leads to increased tolerance (acclimation), so that
random walking and acclimation will lead the insect
to a favorable environment. The male response to the
plume of sex attractant (Fig. 4.7) is an example of klino-
kinesis to a chemical stimulus. Ortho- and klinokineses
are effective responses to diffuse stimuli, such as tem-
perature or humidity, but different, more efficient
responses are seen when an insect is confronted by less
diffuse, gradient or point-source stimuli.

Kineses and taxes can be defined with respect to the
type of stimulus eliciting a response. Appropriate pre-
fixes include: anemo- for air currents, astro- for solar,
lunar, or astral (including polarized light), chemo- for
taste and odor, geo- for gravity, hygro- for moisture,



phono- for sound, photo- for light, rheo- for water
current, and thermo- for temperature. Orientation
and movement may be positive or negative with respect
to the stimulus source so that, for example, resistance
to gravity is termed negative geotaxis, attraction to
light is positive phototaxis, repulsion from moisture is
negative hygrotaxis.

In klinotaxic behavior, an insect moves relative to a
gradient (or cline) of stimulus intensity, such as a light
source or a sound emission. The strength of the stimu-
lus is compared on each side of the body by moving the
receptors from side to side (as in head waving of ants
when they follow an odor trail), or by detection of dif-
ferences in stimulus intensity between the two sides of
the body using paired receptors. The tympanal organs
detect the direction of the sound source by differences
in intensity between the two organs. Orientation with
respect to a constant angle of light is termed meno-
taxis and includes the “light-compass” referred to in
Box 4.4. Visual fixation of an object, such as prey, is
termed telotaxis.

Often the relationship between stimulus and beha-
vioral response is complex, as a threshold intensity
may be required before an action ensues. A particular
stimulatory intensity is termed a releaser for a particu-
lar behavior. Furthermore, complex behavior elicited
by a single stimulus may comprise several sequential
steps, each of which may have a higher threshold,
requiring an increased stimulus. As described in sec-
tion 4.3.2, a male moth responds to a low-level sex
pheromone stimulus by raising the antennae; at higher
levels he orientates towards the source; and at an even
higher threshold, flight is initiated. Increasing con-
centration encourages continued flight and a second,
higher threshold may be required before courtship
ensues. In other behaviors, several different stimuli are
involved, such as for courtship through to mating.
This sequence can be seen as a long chain reaction of
stimulus, action, new stimulus, next action, and so on,
with each successive behavioral stage depending upon
the occurrence of an appropriate new stimulus. An
inappropriate stimulus during a chain reaction (such
as the presentation of food while courting) is not likely
to elicit the usual response.

Most insect behaviors are considered to be innate,
i.e. they are programmed genetically to arise stereotyp-
ically upon first exposure to the appropriate stimulus.
However, many behaviors are environmentally and
physiologically modified: for example, virgins and mated
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females respond in very different ways to identical stim-
uli, and immature insects often respond to different
stimuli compared with conspecific adults. Furthermore,
experimental evidence shows that learning can modify
innate behavior. By experimental teaching (using train-
ing and reward), bees and ants can learn to run a maze
and butterflies can be induced to alter their favorite
flower color. However, study of natural behavior
(ethology) is more relevant to understanding the role
played in the evolutionary success of insects’ beha-
vioral plasticity, including the ability to modify behavior
through learning. In pioneering ethological studies,
Niko Tinbergen showed that a digger wasp (Crabronidae:
Philanthus triangulum) can learn the location of its
chosen nest site by making a short flight to memorize
elements of the local terrain. Adjustment of prominent
landscape features around the nest misleads the hom-
ing wasp. However, as wasps identify landmark rela-
tionshipsrather than individual features, the confusion
may be only temporary. Closely related Bembix digger
wasps (Sphecidae) learn nest locations through more
distant and subtle markers, including the appearance
of the horizon, and are not tricked by investigator etho-
logists moving local small-scale landmarks.
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Chapter 5

REPRODUCTION

Two male stick-insects fighting over a female. (After Sivinski 1978.)
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Most insects are sexual and thus mature males and
females must be present at the same time and place for
reproduction to take place. As insects are generally
short-lived, their life history, behavior, and reproduct-
ive condition must be synchronized. This requires
finely tuned and complex physiological responses to
the external environment. Furthermore, reproduction
also depends on monitoring of internal physiological
stimuli, and the neuroendocrine system plays a key
regulatory role. Mating and egg production in many
flies is known to be controlled by a series of hormonal
and behavioral changes, yet there is much still to learn
about the control and regulation of insect reproduc-
tion, particularly if compared with our knowledge of
vertebrate reproduction.

These complex regulatory systems are highly suc-
cessful. For example, look at the rapidity with which
pest insect outbreaks occur. A combination of short
generation time, high fecundity, and population syn-
chronization to environmental cues allows many
insect populations to react extremely rapidly under
appropriate environmental conditions, such as a crop
monoculture, or release from a controlling predator.
In these situations, temporary or obligatory loss of
males (parthenogenesis) has proved to be another
effective means by which some insects rapidly exploit
temporarily (or seasonally) abundant resources.

This chapter examines the different mechanisms
associated with courtship and mating, avoidance of
interspecies mating, ensuring paternity, and deter-
mination of sex of offspring. Then we examine the elim-
ination of sex and show some extreme cases in which
the adult stage has been dispensed with altogether.
These observations relate to theories concerning sexual
selection, including those linked to why insects have
such remarkable diversity of genitalic structures. The
concluding summary of the physiological control of
reproduction emphasizes the extreme complexity and
sophistication of mating and oviposition in insects.

5.1 BRINGING THE SEXES TOGETHER

Insects often are at their most conspicuous when syn-
chronizing the time and place for mating. The flashing
lights of fireflies, the singing of crickets, and cacophony
of cicadas are spectacular examples. However, there is
a wealth of less ostentatious behavior, of equal signific-
ance in bringing the sexes together and signaling readi-
ness to mate to other members of the species. All signals

are species-specific, serving to attract members of the
opposite sex of the same species, but abuse of these com-
munication systems can take place, as when females
of one predatory species of firefly lure males of another
species to their death by emulating the flashing signal
of that species.

Swarming is a characteristic and perhaps funda-
mental behavior of insects, as it occurs amongst some
insects from ancient lineages, such as mayflies and
odonates, and also in many “higher” insects, such asflies
and butterflies. Swarming sites are identified by visual
markers (Fig. 5.1) and are usually species-specific,
although mixed-species swarms have been reported,
especially in the tropics or subtropics. Swarms are pre-
dominantly of the male sex only, though female-only
swarms do occur. Swarms are most evident when
many individuals are involved, such as when midge
swarms are so dense that they have been mistaken for
smoke from burning buildings, but small swarms may
be more significant in evolution. A single male insect
holding station over a spot is a swarm of one — he awaits
the arrival of a receptive female that has responded
identically to visual cues that identify the site. The pre-
cision of swarm sites allows more effective mate-finding
than searching, particularly when individuals are rare
or dispersed and at low density. The formation of a
swarm allows insects of differing genotypes to meet and
outbreed. This is of particular importance if larval
development sites are patchy and locally dispersed;
inbreeding would occur if adults did not disperse.

In addition to aerial aggregations, some male insects
form substrate-based aggregations where they may
defend a territory against conspecific males and/or
court arriving females. Species in which males hold
territories that contain no resources (e.g. oviposition
substrates) important to the females and exhibit male—
male aggression plus courtship of females are said to
have a lek mating system. Lek behavior is common in
fruit flies of the families Drosophilidae and Tephritidae.
Polyphagous fruit flies should be more likely to have a
lek mating system than monophagous species because,
in the latter, males can expect to encounter females at
the particular fruit that serves as the oviposition site.

Insects that form aerial or substrate-based mating
aggregations often do so on hilltops, although some
swarming insects aggregate above a water surface or
use landmarks such as bushes or cattle. Most species
probably use visual cues to locate an aggregation site,
except that uphill wind currents may guide insects to
hilltops.
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Fig. 5.1 Males of the Arctic fly Rhamphomyia nigrita (Diptera: Empididae) hunt for prey in swarms of Aedes mosquitoes (lower
mid-right of drawing) and carry the prey to a specific visual marker of the swarm site (left of drawing). Swarms of both the
empidids and the mosquitoes form near conspicuous landmarks, including refuse heaps or oil drums that are common in parts

of the tundra. Within the mating swarm (upper left), a male empidid rises towards a female hovering above, they pair, and the
prey is transferred to the female; the mating pair alights (lower far right) and the female feeds as they copulate. Females appear to
obtain food only via males and, as individual prey items are small, must mate repeatedly to obtain sufficient nutrients to develop a

batch of eggs. (After Downes 1970).

In other insects, the sexes may meet via attraction to
a common resource and the meeting site might not be
visually located. For species whose larval development
medium is discrete, such as rotting fruit, animal dung,
or a specific host plant or vertebrate host, where better
for the sexes to meet and court? The olfactory receptors
by which the female dung fly finds a fresh pile of dung
(the larval development site) can be employed by both
sexes to facilitate meeting.

Another odoriferous communication involves one or
both sexes producing and emitting a pheromone,
which is a chemical or mixture of chemicals percept-
ible to another member of the species (section 4.3.2).
Substances emitted with the intention of altering the
sexual behavior of the recipient are termed sex
pheromones. Generally, these are produced by the

female and announce her presence and sexual avail-
ability to conspecific males. Recipient males that detect
the odor plume become aroused and orientate from
downwind towards the source. More and more insects
investigated are found to have species-specific sex
pheromones, the diversity and specificity of which are
important in maintaining the reproductive isolation
of a species.

When the sexes are in proximity, mating in some
species takes place with little further ado. For example,
when a conspecific female arrives at a swarm of male
flies, a nearby male, recognizing her by the particu-
lar sound of her wingbeat frequency, immediately
copulates with her. However, more elaborate and spe-
cialized close-range behaviors, termed courtship, are
commonplace.
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Box 5.1 Courtship and mating in Mecoptera

Sexual behavior has been well studied in hangingflies
(Bittacidae) of the North American Hylobittacus (Bittacus)
apicalis and Bittacus species and the Australian Harpo-
bittacus species, and in the Mexican Panorpa scor-
pionflies (Panorpidae). Adult males hunt for arthropod
prey, such as caterpillars, bugs, flies, and katydids.
These same food items may be presented to a female
as a nuptial offering to be consumed during copulation.
Females are attracted by a sex pheromone emitted
from one or more eversible vesicles or pouches near the
end of the male’s abdomen as he hangs in the foliage
using prehensile fore tarsi.

Courting and mating in Mecoptera are exemplified
by the sexual interactions in Harpobittacus australis
(Bittacidae). The female closely approaches the “calling”
male; he then ends pheromone emission by retracting
the abdominal vesicles. Usually the female probes the
prey briefly, presumably testing its quality, while the
male touches or rubs her abdomen and seeks her geni-
talia with his own. If the female rejects the nuptial gift,
she refuses to copulate. However, if the prey is suitable,
the genitalia of the pair couple and the male temporarily
withdraws the prey with his hind legs. The female lowers
herself until she hangs head downwards, suspended by
her terminalia. The male then surrenders the nuptial
offering (in the illustration, a caterpillar) to the female,
which feeds as copulation proceeds. At this stage the
male frequently supports the female by holding either
her legs or the prey that she is feeding on. The deriva-
tion of the common name “hangingflies” is obvious!

Detailed field observations and manipulative experi-
ments have demonstrated female choice of male part-
ners in species of Bittacidae. Both sexes mate several
times per day with different partners. Females discrimin-
ate against males that provide small or unsuitable prey
either by rejection or by copulating only for a short time,
which is insufficient to pass the complete ejaculate.
Given an acceptable nuptial gift, the duration of copula-
tion correlates with the size of the offering. Each co-
pulation in field populations of Ha. australis lasts from
1 to a maximum of about 17 minutes for prey from 3 to
14 mm long. In the larger Hy. apicalis, copulations
involving prey of the size of houseflies or larger (19—
50 mm?) last from 20 to 29 minutes, resulting in maximal
sperm transfer, increased oviposition, and the induction
of a refractory period (female non-receptivity to other
males) of several hours. Copulations that last less than
20 minutes reduce or eliminate male fertilization suc-
cess. (Data after Thornhill 1976; Alcock 1979.)




5.2 COURTSHIP

Although the long-range attraction mechanisms dis-
cussed above reduce the number of species present at
a prospective mating site, generally there remains an
excess of potential partners. Further discrimination
among species and conspecific individuals usually
takes place. Courtship is the close-range, intersexual
behavior that induces sexual receptivity prior to (and
often during) mating and acts as a mechanism for
species recognition. During courtship, one or both
sexes seek to facilitate insemination and fertilization by
influencing the other’s behavior.

Courtship may include visual displays, predomin-
antly by males, including movements of adorned parts
of the body, such as antennae, eyestalks, and “picture”
wings, and ritualized movements (“dancing”). Tactile
stimulation such as rubbing and stroking often occurs
later in courtship, often immediately prior to mating,
and may continue during copulation. Antennae, palps,
head horns, external genitalia, and legs are used in
tactile stimulation.

Insects such as crickets, which use long-range call-
ing, may have different calls for use in close-range
courtship. Others, such as fruit flies (Drosophila), have
no long-distance call and sing (by wing vibration) only
in close-up courtship. In some predatory insects,
including empidid flies and mecopterans, the male
courts a prospective mate by offering a prey item as a
nuptial gift (Fig. 5.1; Box 5.1).

If the sequence of display proceeds correctly, court-
ship grades into mating. Sometimes the sequence need
not be completed before copulation commences. On other
occasions courtship must be prolonged and repeated. It
may be unsuccessful if one sex fails to respond or makes
inappropriate responses. Generally, members of differ-
ent species differ in some elements of their courtships
and interspecies matings do not occur. The great spe-
cificity and complexity of insect courtship behaviors can
be interpreted in terms of mate location, synchronization,
and species recognition, and viewed as having evolved
as a premating isolating mechanism. Important as this
view is, there is equally compelling evidence that court-
ship is an extension of a wider phenomenon of competit-
ive communication and involves sexual selection.

5.3 SEXUAL SELECTION

Many insects are sexually dimorphic, usually with the
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male adorned with secondary sexual characteristics,
some of which have been noted above in relation to
courtship display. In many insect mating systems
courtship can be viewed as intraspecific competition for
mates, with certain male behaviors inducing female
response in ways that can increase the mating success
of particular males. Because females differ in their
responsiveness to male stimuli, females can be said
to choose between mates, and courtship thus is com-
petitive. Female choice might involve no more than
selection of the winners of male-male interactions,
or may be as subtle as discrimination between the
sperm of different males (section 5.7). All elements of
communication associated with gaining fertilization of
the female, from long-distance sexual calling through
to insemination, are seen as competitive courtship
between males. By this reasoning, members of a species
avoid hybrid matings because of a specific-mate recog-
nition system that evolved under the direction of female
choice, rather than as a mechanism to promote species
cohesion.

Understanding sexual dimorphism in insects such
as staghorn beetles, song in orthopterans and cicadas,
and wing color in butterflies and odonates helped
Darwin to recognize the operation of sexual selection
— the elaboration of features associated with sexual
competition rather than directly with survival. Since
Darwin’s day, studies of sexual selection often have
featured insects because of their short generation time,
facility of manipulation in the laboratory, and relative
ease of observation in the field. For example, dung
beetles belonging to the large and diverse genus
Onthophagus may display elaborate horns that vary in
size between individuals and in position on the body
between species. Large horns are restricted nearly
exclusively to males, with only one species known in
which the female has better developed protuberances
than conspecific males. Studies show that females
preferentially select males with larger horns as mates.
Males size each other up and may fight, but there is
no lek. Benefits to the female come from long-horned
males’ better defensive capabilities against intruders
seeking to oust the resident from the resource-rich nest
site, provisioned with dung, his mate, and their young
(Fig. 9.5). However, the system is more complicated, at
least in the North American Onthophagus taurus. In this
dung beetle, male horn size is dimorphic, with insects
greater than a certain threshold size having large
horns, and those below a certain size having only min-
imal horns (Fig. 5.2). However, nimble small-horned
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Fig. 5.2 Relationship between length of horn and body
size (thorax width) of male scarabs of Onthophagus taurus.
(After Moczek & Emlen 2000; with beetle heads drawn by
S.L. Thrasher.)

males attain some mating success through sneakily
circumventing the large-horned but clumsy male
defending the tunnel entrance, either by evasion or by
digging a side tunnel to access the female.

Darwin could not understand why the size and loca-
tion of horns varied, but now elegant comparative
studies have shown that elaboration of large horns
bears a developmental cost. Organs located close to a
large horn are diminished in size — evidently resources
are reallocated during development so that either eyes,
antennae, or wings apparently “pay for” being close to
amale’s large horn. Regular-sized adjacent organs are
developed in females of the same species with smaller
horns and male conspecifics with weakly developed
horns. Exceptionally, the species with the female having
long horns on the head and thorax commensurately
has reduced adjacent organs, and a sex reversal in
defensive roles is assumed to have taken place. The dif-
ferent locations of the horns appear to be explained
by selective sacrifice of adjacent organs according to
species behavior. Thus, nocturnal species that require
good eyes have their horns located elsewhere than the
head; those requiring flight to locate dispersed dung
have horns on the head where they interfere with eye
or antennal size, but do not compromise the wings.
Presumably, the upper limit to horn elaboration either
is the burden of ever-increasing deleterious effects on
adjacent vital functions, or an upper limit on the vol-
ume of new cuticle that can develop sub-epidermally in

the pharate pupa within the final-instar larva, under
juvenile hormonal control.

Size alone may be important in female choice: in
some stick-insects (also called walking sticks) larger
males often monopolize females. Males fight over their
females by boxing at each other with their legs while
grasping the female’s abdomen with their claspers (as
shown for Diapheromera veliei in the vignette for this
chapter). Ornaments used in male-to-male combat
include the extraordinary “antlers” of Phytalmia
(Tephritidae) (Fig. 5.3) and the eyestalks of a few other
flies (such as Diopsidae), which are used in competition
for access to the oviposition site visited by females.
Furthermore, in studied species of diopsid (stalk-eyed
flies), female mate choice is based on eyestalk length up
to a dimension of eye separation that can surpass
the body length. Cases such as these provide evidence
for two apparently alternative but likely non-exclusive
explanations for male adornments: sexy sons or good
genes. If the female choice commences arbitrarily for
any particular adornment, their selection alone will
drive the increased frequency and development of the
elaboration in male offspring in ensuing generations
(the sexy sons) despite countervailing selection against
conventional unfitness. Alternatively, females may
choose mates that can demonstrate their fitness by
carrying around apparently deleterious elaborations
thereby indicating a superior genetic background
(good genes). Darwin'’s interpretation of the enigma of
female choice certainly is substantiated, not least by
studies of insects.

5.4 COPULATION

The evolution of male external genitalia made it pos-
sible for insects to transfer sperm directly from male to
female during copulation. All but the most primitive
insects were freed from reliance on indirect methods,
such as the male depositing a spermatophore (sperm
packet) for the female to pick up from the substrate,
as in Collembola, Diplura, and apterygote insects. In
pterygote insects, copulation (sometimes referred to as
mating) involves the physical apposition of male and
female genitalia, usually followed by insemination —
the transfer of sperm via the insertion of part of the
male’s aedeagus (edeagus), the penis, into the repro-
ductive tract of the female. In males of many species the
extrusion of the aedeagus during copulation is a two-
stage process. The complete aedeagus is extended from
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Fig. 5.3 Two males of Phytalmia mouldsi (Diptera: Tephritidae) fighting over access to the oviposition site at the larval substrate
visited by females. These tropical rainforest flies thus have a resource-defense mating system. (After Dodson 1989, 1997.)

the abdomen, then the intromittent organ is everted
or extended to produce an expanded, often elongate
structure (variably called the endophallus, flagellum,
or vesica) capable of depositing semen deep within the
female’s reproductive tract (Fig. 5.4). In many insects
the male terminalia have specially modified claspers,
which lock with specific parts of the female terminalia
to maintain the connection of their genitalia during
sperm transfer.

This mechanistic definition of copulation ignores the
sensory stimulation that is a vital part of the copulatory
act in insects, as it is in other animals. In over a third of
all insect species surveyed, the male indulges in copulat-

ory courtship — behavior that appears to stimulate the
female during mating. The male may stroke, tap, or bite
the body or legs of the female, wave antennae, produce
sounds, or thrust or vibrate parts of his genitalia.
Sperm are received by the female insect in a
copulatory pouch (genital chamber, vagina, or bursa
copulatrix) or directly into a spermatheca or its duct (as
in Oncopeltus; Fig. 5.4). A spermatophore is the means
of sperm transfer in most orders of insects; only some
Heteroptera, Coleoptera, Diptera, and Hymenoptera
deposit unpackaged sperm. Sperm transfer requires
lubrication, obtained from the seminal fluids, and, in
insects that use a spermatophore, packaging of sperm.
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Fig. 5.4 Posterior ends of a pair of copulating milkweed bugs, Oncopeltus fasciatus (Hemiptera: Lygaeidae). Mating commences
with the pair facing in the same direction, then the male rotates his eighth abdominal segment (90°) and genital capsule (180°),
erects the aedeagus and gains entry to the female’s genital chamber, before he swings around to face in the opposite direction.
The bugs may copulate for several hours, during which they walk around with the female leading and the male walking
backwards. (a) Lateral view of the terminal segments, showing the valves of the female’s ovipositor in the male genital chamber;
(b) longitudinal section showing internal structures of the reproductive system, with the tip of the male’s aedeagus in the female’s

spermatheca. (After Bonhag & Wick 1953.)

Secretions of the male accessory glands serve both of
these functions as well as sometimes facilitating the
final maturation of sperm, supplying energy for sperm
maintenance, regulating female physiology and, in a
few species, providing nourishment to the female

(Box 5.2). The male accessory secretions may elicit one
or two major responses in the female — induction of
oviposition (egg-laying) and/or repression of sexual
receptivity — by entering the female hemolymph and
acting on her nervous and/or endocrine system.
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Box 5.2 Nuptial feeding and other “gifts”

Feeding of the female by the male before, during, or
after copulation has evolved independently in several
different insect groups. From the female’s perspective,
feeding takes one of three forms:
1 receipt of nourishment from food collected, cap-
tured, or regurgitated by the male (Box 5.1); or
2 obtaining nourishment from a glandular product
(including the spermatophore) of the male; or
3 by cannibalization of males during or after copulation.
From the male’s perspective, nuptial feeding may
represent parental investment (provided that the male
can be sure of his paternity), as it may increase the
number or survival of the male’s offspring indirectly via
nutritional benefits to the female. Alternatively, court-
ship feeding may increase the male’s fertilization suc-
cess by preventing the female from interfering with
sperm transfer. These two hypotheses concerning the
function of nuptial feeding are not necessarily mutually
exclusive; their explanatory value appears to vary
between insect groups and may depend, at least partly,
on the nutritional status of the female at the time of
mating. Studies of mating in Mecoptera, Orthoptera,
and Mantodea exemplify the three nuptial feeding types
seen in insects, and continuing research on these
groups addresses the relative importance of the two
main competing hypotheses that seek to explain the
selective advantage of such feeding.

sperm cavity of ampulla
accessory reservoir of ampulla
spermatophylax

In some other insect orders, such as the Lepidoptera
and Coleoptera, the female sometimes acquires meta-
bolically essential substances or defensive chemicals
from the male during copulation, but oral uptake by the
female usually does not occur. The chemicals are trans-
ferred by the male with his ejaculate. Such nuptial gifts
may function solely as a form of parental investment
(as in puddling; see below) but may also be a form of
mating effort (Box 14.3).

Puddling and sodium gifts in Lepidoptera

Male butterflies and moths frequently drink at pools
of liquid, a behavior known as puddling. Anyone who
has visited a tropical rainforest will have seen drinking
clusters of perhaps hundreds of newly eclosed male
butterflies, attracted particularly to urine, feces, and
human sweat (see Plate 2.6, facing p. 14). It has long
been suggested that puddling - in which copious quant-
ities of liquid are ingested orally and expelled anally
— results in uptake of minerals, such as sodium, which
are deficient in the larval (caterpillar) folivore diet. The
sex bias in puddling occurs because the male uses the
sodium obtained by puddling as a nuptial gift for his
mate. In the moth Gluphisia septentrionis (Notodon-
tidae) the sodium gift amounts to more than half of the
puddler’s total body sodium and appears to be trans-
ferred to the female via his spermatophore (Smedley &
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Eisner 1996). The female then apportions much of
this sodium to her eggs, which contain several times
more sodium than eggs sired by males that have been
experimentally prevented from puddling. Such paternal
investment in the offspring is of obvious advantage to
them in supplying an ion important to body function.

In some other lepidopteran species, such “salted”
gifts may function to increase the male’s reproductive
fitness not only by improving the quality of his offspring
but also by increasing the total number of eggs that he
can fertilize, assuming that he remates. In the skipper
butterfly, Thymelicus lineola (Hesperiidae), females
usually mate only once and male-donated sodium
appears essential for both their fecundity and longevity
(Pivnick & McNeil 1987). These skipper males mate
many times and can produce spermatophores without
access to sodium from puddling but, after their first
mating, they father fewer viable eggs compared with
remating males that have been allowed to puddle. This
raises the question of whether females, which should
be selective in the choice of their sole partner, can dis-
criminate between males based on their sodium load. If
they can, then sexual selection via female choice also
may have selected for male puddling.

In other studies, copulating male lepidopterans have
been shown to donate a diversity of nutrients, includ-
ing zinc, phosphorus, lipids, and amino acids, to their
partners. Thus, paternal contribution of chemicals to
offspring may be widespread within the Lepidoptera.

Mating in katydids (Orthoptera: Tettigoniidae)
During copulation the males of many species of katy-
dids transfer elaborate spermatophores, which are
attached externally to the female’s genitalia (see Plate
3.1). Each spermatophore consists of a large, proteina-
ceous, sperm-free portion, the spermatophylax, which
is eaten by the female after mating, and a sperm
ampulla, eaten after the spermatophylax has been
consumed and the sperm have been transferred to the
female. The illustration (p. 121) shows a recently mated
female Mormon cricket, Anabrus simplex, with a sper-
matophore attached to her gonopore; in the illustra-
tion on the upper right, the female is consuming the
spermatophylax of the spermatophore (after Gwynne
1981). The schematic illustration underneath depicts
the posterior of a female Mormon cricket showing the
two parts of the spermatophore: the spermatophylax
(cross-hatched) and the sperm ampulla (stippled) (after
Gwynne 1990). During consumption of the spermato-
phylax, sperm are transferred from the ampulla along
with substances that “turn off” female receptivity to fur-
ther males. Insemination also stimulates oviposition by
the female, thereby increasing the probability that the
male supplying the spermatophore will fertilize the eggs.
There are two main hypotheses for the adaptive

significance of this form of nuptial feeding. The sper-
matophylax may serve as a sperm-protection device by
preventing the ampulla from being removed until after
the complete ejaculate has been transferred. Alternat-
ively, the spermatophylax may be a form of parental
investment in which nutrients from the male increase
the number or size of the eggs sired by that male. Of
course, the spermatophylax may serve both of these
purposes, and there is evidence from different species
to support each hypothesis. Experimental alteration
of the size of the spermatophylax has demonstrated
that females take longer to eat larger ones, but in some
katydid species the spermatophylax is larger than is
needed to allow complete insemination and, in this
case, the nutritional bonus to the female benefits the
male’s offspring. The function of the spermatophylax
apparently varies between genera, although phylogen-
etic analysis suggests that the ancestral condition
within the Tettigoniidae was to possess a small sper-
matophylax that protected the ejaculate.

Cannibalistic mating in mantids (Mantodea)

The sex life of mantids is the subject of some contro-
versy, partly as a consequence of behavioral observa-
tions made under unnatural conditions in the laboratory.
For example, there are many reports of the male being
eaten by the generally larger female before, during, or
after mating. Males decapitated by females are even
known to copulate more vigorously because of the loss
of the suboesophageal ganglion that normally inhibits
copulatory movements. Sexual cannibalism has been
attributed to food deprivation in confinement but female
mantids of at least some species may indeed eat their
partners in the wild.

Courtship displays may be complex or absent,
depending on species, but generally the female attracts
the male via sex pheromones and visual cues. Typically,
the male approaches the female cautiously, arresting
movement if she turns her head towards him, and then
he leaps onto her back from beyond her strike reach.
Once mounted, he crouches to elude his partner’s
grasp. Copulation usually lasts at least half an hour and
may continue for several hours, during which sperm are
transferred from the male to the female in a sper-
matophore. After mating, the male retreats hastily. If the
male were in no danger of becoming the female’s meal,
his distinctive behavior in the presence of the female
would be inexplicable. Furthermore, suggestions of
gains in reproductive fitness of the male via indirect
nutritional benefits to his offspring are negated by the
obvious unwillingness of the male to participate in the
ultimate nuptial sacrifice — his own life!

Whereas there is no evidence yet for an increase in
male reproductive success as a result of sexual canni-
balism, females that obtain an extra meal by eating their




mate may gain a selective advantage, especially if food
is limiting. This hypothesis is supported by experiments
with captive females of the Asian mantid Hierodula
membranacea that were fed different quantities of food.
The frequency of sexual cannibalism was higher for
females of poorer nutritional condition and, among the
females on the poorest diet, those that ate their mates
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produced significantly larger oothecae (egg packages)
and hence more offspring. The cannibalized males
would be making a parental investment only if their
sperm fertilize the eggs that they have nourished. The
crucial data on sperm competition in mantids are not
available and so currently the advantages of this form of
nuptial feeding are attributed entirely to the female.

5.5 DIVERSITY IN GENITALIC
MORPHOLOGY

The components of the terminalia of insects are very
diverse in structure and frequently exhibit species-
specific morphology (Fig. 5.5), even in otherwise
similar species. Variations in external features of the
male genitalia often allow differentiation of species,
whereas external structures in the female usually are
simpler and less varied. Conversely, the internal geni-
talia of female insects often show greater diagnostic
variability than the internal structures of the males.
However, recent development of techniques to evert
the endophallus of the male aedeagus allows increasing
demonstration of the species-specific shapes of these
male internal structures. In general, external genitalia
of both sexes are much more sclerotized than the inter-
nal genitalia, although parts of the reproductive tract
are lined with cuticle. Increasingly, characteristics
of insect internal genitalia and even soft tissues are
recognized as allowing species delineation and provid-
ing evidence of phylogenetic relationships.
Observations that genitalia frequently are complex

(b)

and species-specific in form, sometimes appearing to
correspond tightly between the sexes, led to formula-
tion of the “lock-and-key” hypothesis as an explanation
of this phenomenon. Species-specific male genitalia
(the “keys”) were believed to fit only the conspecific
female genitalia (the “locks”), thus preventing inter-
specific mating or fertilization. For example, in some
katydids interspecific copulations are unsuccessful in
transmitting spermatophores because the specific
structure of the male claspers (modified cerci) fails to fit
the subgenital plate of the “wrong” female. The lock-
and-key hypothesis was postulated first in 1844 and
has been the subject of controversy ever since. In many
(but not all) insects, mechanical exclusion of “incor-
rect” male genitalia by the female is seen as unlikely for
several reasons:

1 morphological correlation between conspecific male
and female parts may be poor;

2 interspecific, intergeneric, and even interfamilial
hybrids can be induced,;

3 amputation experiments have demonstrated that
male insects do not need all parts of the genitalia to
inseminate conspecific females successfully.

(c)

Fig. 5.5 Species-specificity in part of the male genitalia of three sibling species of Drosophila (Diptera: Drosophilidae).
The epandrial processes of tergite 9 in: (a) D. mauritiana; (b) D. simulans; (c) D. melanogaster. (After Coyne 1983.)
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Fig. 5.6 Spermatophores lying within the bursae of the female reproductive tracts of moth species from four different genera
(Lepidoptera: Noctuidae). The sperm leave via the narrow end of each spermatophore, which has been deposited so that its
opening lies opposite the “seminal duct” leading to the spermatheca (not drawn). The bursa on the far right contains two
spermatophores, indicating that the female has remated. (After Williams 194 1; Eberhard 1985.)

Some support for the lock-and-key hypothesis comes
from studies of certain noctuid moths in which struc-
tural correspondence in the internal genitalia of the
male and female is thought to indicate their function as
a postcopulatory but prezygotic isolating mechanism.
Laboratory experiments involving interspecific mat-
ings support a lock-and-key function for the internal
structures of other noctuid moths. Interspecific copula-
tion can occur, although without a precise fit of the
male’s vesica (the flexible tube everted from the aedea-
gus during insemination) into the female's bursa
(genital pouch); the sperm may be discharged from
the spermatophore to the cavity of the bursa, instead of
into the duct that leads to the spermatheca, resulting
in fertilization failure. In conspecific pairings, the sper-
matophore is positioned so that its opening lies opposite
that of the duct (Fig. 5.6).

In species of Japanese ground beetle of the genus
Carabus (subgenus Ohomopterus) (Carabidae), the male’s
copulatory piece (a part of the endophallus) is a precise
fit for the vaginal appendix of the conspecific female.
During copulation, the male everts his endophallus in
the female’s vagina and the copulatory piece is inserted
into the vaginal appendix. Closely related parapatric
species are of similar size and external appearance but

their copulatory piece and vaginal appendix are very
different in shape. Although hybrids occur in areas of
overlap of species, matings between different species of
beetles have been observed to result in broken copulat-
ory pieces and ruptured vaginal membranes, as well as
reduced fertilization rates compared with conspecific
pairings. Thus, the genital lock-and-key appears to
select strongly against hybrid matings.

Mechanical reproductive isolation is not the only
available explanation of species-specific genital mor-
phology. Five other hypotheses have been advanced:
pleiotropy, genitalic recognition, female choice, inter-
sexual conflict, and male-male competition. The first
two of these are further attempts to account for repro-
ductive isolation of different species, whereas the last
three are concerned with sexual selection, a topic that
is addressed in more detail in sections 5.3 and 5.7.

The pleiotropy hypothesis explains genitalic differ-
ences between species as chance effects of genes that
primarily code for other vital characteristics of the
organism. This idea fails to explain why genitalia
should be more affected than other parts of the body.
Nor can pleiotropy explain genital morphology in
groups (such as the Odonata) in which organs other
than the primary male genitalia have an intromittent
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Fig. 5.7 Males of three species of the water-strider genus Rheumatobates, showing species-specific antennal and leg modifications
(mostly flexible setae). These non-genitalic male structures are specialized for contact with the female during mating, when

the male rides on her back. Females of all species have a similar body form. (a) R. trulliger; (b) R. rileyi; (c) R. bergrothi.

(After Hungerford 1954.)

function (like those on the anterior abdomen in odon-
ates). Such secondary genitalia consistently become
subject to the postulated pleiotropic effects whereas
the primary genitalia do not, a result inexplicable by
the pleiotropy hypothesis.

The hypothesis of genitalic recognition involves
reproductive isolation of species via female sensory
discrimination between different males based upon
genitalic structures, both internal and external. The
female thus responds only to the appropriate genital
stimulation of a conspecific male and never to that of
any male of another species.

In contrast, the female-choice hypothesis involves
female sexual discrimination amongst conspecific
males based on qualities that can vary intraspecifically
and for which the female shows preference. This idea
has nothing to do with the origin of reproductive isola-
tion, although female choice may lead to reproductive
isolation or speciation as a by-product. The female-

choice hypothesis predicts diverse genitalic morpho-
logy in taxa with promiscuous females and uniform
genitalia in strictly monogamous taxa. This prediction
seems to be fulfilled in some insects. For example, in
neotropical butterflies of the genus Heliconius, species
in which females mate more than once are more likely
to have species-specific male genitalia than species in
which females mate only once. The greatest reduction in
external genitalia (to near absence) occurs in termites,
which, as might be predicted, form monogamous pairs.

Variation in genitalic and other body morphology
also may result from intersexual conflict over control
of fertilization. According to this hypothesis, females
evolve barriers to successful fertilization in order to
control mate choice, whereas males evolve mech-
anisms to overcome these barriers. For example, in
many species of water-striders (Gerridae) males possess
complex genital processes and modified appendages
(Fig. 5.7) for grasping females, which in turn exhibit



Reproduction

126

Box 5.3 Sperm precedence
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The penis or aedeagus of a male insect may be
modified to facilitate placement of his own sperm in a
strategic position within the spermatheca of the female
or even to remove a rival’s sperm. Sperm displacement
of the former type, called stratification, involves pushing
previously deposited sperm to the back of a spermath-
eca in systems in which a “last-in-first-out” principle
operates (i.e. the most recently deposited sperm are the
first to be used when the eggs are fertilized). Last-male
sperm precedence occurs in many insect species; in
others there is either first-male precedence or no preced-
ence (because of sperm mixing). In some dragonflies,
males appear to use inflatable lobes on the penis to
reposition rival sperm. Such sperm packing enables
the copulating male to place his sperm closest to the
oviduct. However, stratification of sperm from separate
inseminations may occur in the absence of any deliber-
ate repositioning, by virtue of the tubular design of the
storage organs.

A second strategy of sperm displacement is removal,
which can be achieved either by direct scooping out of
existing sperm prior to depositing an ejaculate or, indir-
ectly, by flushing out a previous ejaculate with a subse-
quent one. An unusually long penis that could reach
well into the spermathecal duct may facilitate flushing
of a rival’s sperm from the spermatheca. A number of
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structural and behavioral attributes of male insects can
be interpreted as devices to facilitate this form of sperm
precedence, but some of the best known examples
come from odonates.

Copulation in Odonata involves the female placing
the tip of her abdomen against the underside of the
anterior abdomen of the male, where his sperm are
stored in a reservoir of his secondary genitalia. In some
dragonflies and most damselflies, such as the pair of
copulating Calopteryx damselflies (Calopterygidae)
illustrated opposite in the wheel position (after Zanetti
1975), the male spends the greater proportion of the
copulation time physically removing the sperm of other
males from the female’s sperm storage organs (sper-
mathecae and bursa copulatrix). Only at the last minute
does he introduce his own. In these species, the male’s
penis is structurally complex, sometimes with an extens-
ible head used as a scraper and a flange to trap the
sperm plus lateral horns or hook-like distal appendages
with recurved spines to remove rival sperm (inset to
figure; after Waage 1986). A male’s ejaculate may be
lost if another male mates with the female before she
oviposits. Thus, it is not surprising that male odonates
guard their mates, which explains why they are so fre-
quently seen as pairs flying in tandem.

behaviors or morphological traits (e.g. abdominal
spines) for dislodging males.

Another example is the long spermathecal tube of
some female crickets (Gryllinae), fleas (Ceratophyllinae),
flies (e.g. Tephritidae), and beetles (e.g. Chrysomelidae),
which corresponds to a long spermatophore tube in
the male, suggesting an evolutionary contest over
control of sperm placement in the spermatheca. In the
seed beetle Callosobruchus maculatus (Chrysomelidae:
Bruchinae) spines on the male’s intromittent organ
wound the genital tract of the female during copulation
either to reduce remating and/or increase female
oviposition rate, both of which would increase his fer-
tilization success. The female responds by kicking to
dislodge the male, thus shortening copulation time,
reducing genital damage and presumably maintain-
ing some control over fertilization. It is also possible
that traumatic insemination (known in Cimicidae,
including bed bugs Cimex lectularius), in which the
male inseminates the female by piercing her body wall
with his aedeagus, evolved as a mechanism for the
male to short-circuit the normal insemination pathway
controlled by the female. Such examples of apparent

intersexual conflict could be viewed as male attempts to
circumvent female choice.

Another possibility is that species-specific elabora-
tions of male genitalia may result from interactions
between conspecific males vying for inseminations.
Selection may act on male genitalic clasping structures
to prevent usurpation of the female during copulation
or act on the intromittent organ itself to produce struc-
tures that can remove or displace the sperm of other
males (section 5.7). However, although sperm dis-
placement has been documented in a few insects, this
phenomenon is unlikely to be a general explanation
of male genitalic diversity because the penis of male
insects often cannot reach the sperm storage organ(s)
of the female or, if the spermathecal ducts are long and
narrow, sperm flushing should be impeded.

Functional generalizations about the species-specific
morphology ofinsect genitalia are controversial because
different explanations no doubt apply in different
groups. For example, male-male competition (via
sperm removal and displacement; see Box 5.3) may be
important in accounting for the shape of odonate
penes, but appears irrelevant as an explanation in
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noctuid moths. Female choice, intersexual conflict, and
male—male competition may have little selective effect
on genitalic structures of insect species in which the
female mates with only one male (as in termites). In
such species, sexual selection may affect features that
determine which male is chosen as a partner, but not
how the male’s genitalia are shaped. Furthermore,
both mechanical and sensory locks-and-keys will be
unnecessary if isolating mechanisms, such as court-
ship behavior or seasonal or ecological differences, are
well developed. So we might predict morphological
constancy (or a high level of similarity, allowing for
some pleiotropy) in genitalic structures among species
in a genus that has species-specific precopulatory dis-
plays involving non-genital structures followed by a
single insemination of each female.

5.6 SPERM STORAGE, FERTILIZATION,
AND SEX DETERMINATION

Many female insects store the sperm that they receive
from one or more males in their sperm storage organ,
or spermatheca. Females of most insect orders have a
single spermatheca but some flies are notable in having
more, often two or three. Sometimes sperm remain
viable in the spermatheca for a considerable time, even
three or more years in the case of honey bees. During
storage, secretions from the female's spermathecal
gland maintain the viability of sperm.

Eggs are fertilized as they pass down the median
oviduct and vagina. The sperm enter the egg via one or
more micropyles, which are narrow canals that pass
through the eggshell. The micropyle or micropylar area
is orientated towards the opening of the spermatheca
during egg passage, facilitating sperm entry. In many
insects, the release of sperm from the spermatheca
appears to be controlled very precisely in timing and
number. In queen honey bees as few as 20 sperm per
egg may be released, suggesting extraordinary eco-
nomy of use.

The fertilized eggs of most insects give rise to both
males and females, with the sex dependent upon spe-
cific determining mechanisms, which are predomin-
antly genetic. Most insects are diploid, i.e. having
one set of chromosomes from each parent. The most
common mechanism is for sex of the offspring to be
determined by the inheritance of sex chromosomes
(X-chromosomes; heterochromosomes), which are dif-
ferentiated from the remaining autosomes. Individuals

are thus allocated to sex according to the presence of
one (X0) or two (XX) sex chromosomes, but although
XX is usually female and X0 male, this allocation varies
within and between taxonomic groups. Mechanisms
involving multiple sex chromosomes also occur and
there are related observations of complex fusions
between sex chromosomes and autosomes. Frequently
we cannot recognize sex chromosomes, particularly as
sex is determined by single genes in certain insects,
such as some mosquitoes and midges. Additional com-
plications with the determination of sex arise with the
interaction of both the internal and external environ-
ment on the genome (epigenetic factors). Furthermore,
great variation is seen in sex ratios at birth; although
the ratio is often one male to one female, there are
many deviations ranging from 100% of one sex to
100% of the other.

In haplodiploidy (male haploidy) the male sex has
only one set of chromosomes. This arises either
through his development from an unfertilized egg (con-
taining half of the female chromosome complement fol-
lowing meiosis), called arrhenotoky (section 5.10.1),
or from a fertilized egg in which the paternal set of chro-
mosomes is inactivated and eliminated, called pater-
nal genome elimination (as in many male scale
insects). Arrhenotoky is exemplified by honey bees, in
which females (queens and workers) develop from
fertilized eggs whereas males (drones) come from unfer-
tilized eggs. However, sex is determined in at least some
Hymenoptera by a single gene (the complimentary
sex-determining locus, characterized recently in honey
bees) that is heterozygous in females and hemizygous
in (haploid) males. The female controls the sex of off-
spring through her ability to store sperm and control
fertilization of eggs. Evidence points to a precise control
of sperm release from storage, but very little is known
about this process in most insects. The presence of an
egg in the genital chamber may stimulate contractions
of the spermathecal walls, leading to sperm release.

5.7 SPERM COMPETITION

Multiple matings are common in many insect species.
The occurrence of remating under natural conditions
can be determined by observing the mating behavior
of individual females or by dissection to establish the
amount of ejaculate or the number of spermatophores
present in the female’s sperm storage organs. Some of
the best documentation of remating comes from studies



of many Lepidoptera, in which part of each spermato-
phore persists in the bursa copulatrix of the female
throughout her life (Fig. 5.6). These studies show
that remating occurs, to some extent, in almost all
species of Lepidoptera for which adequate field data
are available.

The combination of internal fertilization, sperm
storage, multiple mating by females, and the overlap
within a female of ejaculates from different males
leads to a phenomenon known as sperm competi-
tion. This occurs within the reproductive tract of the
female at the time of oviposition when sperm from two
or more males compete to fertilize the eggs. Both physi-
ological and behavioral mechanisms determine the
outcome of sperm competition. Thus, events inside the
female’s reproductive tract, combined with various
attributes of mating behavior, determine which sperm
will succeed in reaching the eggs. It is important to real-
ize that male reproductive fitness is measured in terms
of the number of eggs fertilized or offspring fathered
and not simply the number of copulations achieved,
although these measures sometimes are correlated.
Often there may be a trade-off between the number of
copulations that a male can secure and the number
of eggs that he will fertilize at each mating. A high
copulation frequency is generally associated with low
time or energy investment per copulation but also
with low certainty of paternity. At the other extreme,
males that exhibit substantial parental investment,
such as feeding their mates (Boxes 5.1 & 5.2), and other
adaptations that more directly increase certainty of
paternity, will inseminate fewer females over a given
period.

There are two main types of sexually selected adapta-
tions in males that increase certainty of paternity. The
first strategy involves mechanisms by which males can
ensure that females use their sperm preferentially.
Such sperm precedence is achieved usually by dis-
placing the ejaculate of males that have mated previ-
ously with the female (Box 5.3). The second strategy is
to reduce the effectiveness or occurrence of subsequent
inseminations by other males. Various mechanisms
appear to achieve this result, including mating plugs,
use of male-derived secretions that “switch off " female
receptivity (Box 5.4), prolonged copulation (Fig. 5.8),
guarding of females, and improved structures for
gripping the female during copulation to prevent “take-
over” by other males. A significant selective advantage
would accrue to any male that could both achieve
sperm precedence and prevent other males from suc-
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cessfully inseminating the female until his sperm had
fertilized at least some of her eggs.

The factors that determine the outcome of sperm
competition are not totally under male control. Female
choice is a complicating influence, as shown in the
above discussions on sexual selection and on morpho-
logy of genitalic structures. Female choice of sexual
partners may be two-fold. First, there is good evidence
that the females of many species choose among poten-
tial mating partners. For example, females of many
mecopteran species mate selectively with males that
provide food of a certain minimum size and quality
(Box 5.1). In some insects, such as a few beetles and
some moth and katydid species, females have been
shown to prefer larger males as mating partners.
Second, subsequent to copulation, the female might
discriminate between partners as to which sperm will
be used. One idea is that variation in the stimuli of the
male genitalia induces the female to use one male’s
sperm in preference to those of another, based upon an
“internal courtship”. Differential sperm use is possible
because females have control over sperm transport to
storage, maintenance, and use at oviposition.

5.8 OVIPARITY (EGG-LAYING)

The vast majority of female insects are oviparous, i.e.
they lay eggs. Generally, ovulation — expulsion of eggs
from the ovary into the oviducts —is followed rapidly by
fertilization and then oviposition. Ovulation is con-
trolled by hormones released from the brain, whereas
oviposition appears to be under both hormonal and
neural control. Oviposition, the process of the egg pass-
ing from the external genital opening or vulva to the
outside of the female (Fig. 5.9), is often associated with
behaviors such as digging or probing into an egg-
laying site, but often the eggs are simply dropped to the
ground or into water. Usually the eggs are deposited
on or near the food required by the offspring upon
hatching. Care of eggs after laying often is lacking or
minimal, but social insects (Chapter 12) have highly
developed care, and certain aquatic insects show very
unusual paternal care (Box 5.5).

An insect egg within the female’s ovary is com-
plete when an oocyte becomes covered with an outer
protective coating, the eggshell, formed of the vitelline
membrane and the chorion. The chorion may be
composed of any or all of the following layers: wax
layer, innermost chorion, endochorion, and exochorion
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The sheep blow fly, Lucilia cuprina (Diptera: Calliphori-
dae), costs the Australian sheep industry many millions
of dollars annually through losses caused by myiases or
“strikes”. This pestiferous fly may have been introduced
to Australia from Africa in the late 19th century. The
reproductive behavior of L. cuprina has been studied in
some detail because of its relevance to a control pro-
gram for this pest. Ovarian development and reproduct-
ive behavior of the adult female are highly stereotyped
and readily manipulated via precise feeding of protein.
Most females are anautogenous, i.e. they require a
protein meal in order to develop their eggs, and usually
mate after feeding and before their oocytes have
reached early vitellogenesis. After their first mating,
females reject further mating attempts for several days.
The “switch-off” is activated by a peptide produced in
the accessory glands of the male and transferred to the
female during mating. Mating also stimulates oviposi-
tion; virgin females rarely lay eggs, whereas mated
females readily do so. The eggs of each fly are laid in a
single mass of a few hundred (jllustration at top right)
and then a new ovarian cycle commences with another
batch of synchronously developing oocytes. Females
may lay one to four egg masses before remating.
Unreceptive females respond to male mating attempts
by curling their abdomen under their body (illustration
at top left), by kicking at the males (illustration at top
centre), or by actively avoiding them. Receptivity gradu-
ally returns to previously mated females, in contrast to
their gradually diminishing tendency to lay. If remated,
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such non-laying females resume laying. Neither the size
of the female’s sperm store nor the mechanical stimula-
tion of copulation can explain these changes in female
behavior. Experimentally, it has been demonstrated
that the female mating refractory period and readiness
to lay are related to the amount of male accessory gland
substance deposited in the female’s bursa copulatrix
during copulation. If a male repeatedly mates during
one day (a multiply-mated male), less gland material
is transferred at each successive copulation. Thus, if
one male is mated, during one day, to a succession
of females, which are later tested at intervals for their
receptivity and readiness to lay, then the proportion of
females either unreceptive or laying is inversely related
to the number of females with which the male had pre-
viously mated. The graph on the left shows the percent-
age of females unreceptive to further mating when
tested 1 day (o) or 8 days (e) after having mated with
multiply-mated males. The percentage unreceptive
values are based on 1-29 tests of different females. The
graph on the right shows the percentage of females that
laid eggs during 6 h of access to oviposition substrate
presented 1 day (o) or 8 days (e) after mating with multi-
ply-mated males. The percentage laid values are based
on tests of 1-15 females. These two plots represent
data from different groups of 30 males; samples of
female flies numbering less than five are represented
by smaller symbols. (After Bartell et al. 1969; Barton
Browne et al. 1990; Smith et al. 1990.)
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Fig. 5.8 A copulating pair of stink or shield bugs of the
genus Poecilometis (Hemiptera: Pentatomidae). Many
heteropteran bugs engage in prolonged copulation, which
prevents other males from inseminating the female until

either she becomes non-receptive to further males or she lays
the eggs fertilized by the “guarding” male.

(Fig. 5.10). Ovarian follicle cells produce the eggshell
and the surface sculpturing of the chorion usually
reflects the outline of these cells. Typically, the eggs are
yolk-rich and thus large relative to the size of the adult
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Fig. 5.9 Oviposition by a South African ladybird beetle,
Chilomenes lunulata (Coleoptera: Coccinellidae). The eggs
adhere to the leaf surface because of a sticky secretion applied
toeach egg. (After Blaney 1976.)

insect; egg cells range in length from 0.2 mm to about
13 mm. Embryonic development within the egg begins
after egg activation (section 6.2.1).

The eggshell has a number of important functions.
Its design allows selective entry of the sperm at the
time of fertilization (section 5.6). Its elasticity facilitates
oviposition, especially for species in which the eggs are
compressed during passage down a narrow egg-laying
tube, as described below. Its structure and composi-
tion afford the embryo protection from deleterious
conditions such as unfavorable humidity and temper-
ature, and microbial infection, while also allowing the
exchange of oxygen and carbon dioxide between the
inside and outside of the egg.

The differences seen in composition and complexity
of layering of the eggshell in different insect groups
generally are correlated with the environmental condi-
tions encountered at the site of oviposition. In parasitic
wasps the eggshell is usually thin and relatively homo-
geneous, allowing flexibility during passage down the
narrow ovipositor, but, because the embryo develops
within host tissues where desiccation is not a hazard,
the wax layer of the eggshell is absent. In contrast,
many insects lay their eggs in dry places and here the
problem of avoiding water loss while obtaining oxygen
is often acute because of the high surface area to
volume ratio of most eggs. The majority of terrestrial
eggs have a hydrofuge waxy chorion that contains a
meshwork holding a layer of gas in contact with the
outside atmosphere via narrow holes, or aeropyles.

The females of many insects (e.g. Zygentoma, many
Odonata, Orthoptera, some Hemiptera, some Thysano-
ptera, and Hymenoptera) have appendages of the
eighth and ninth abdominal segments modified to
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Box 5.5 Egg-tending fathers - the giant water bugs

Lethocerus

Rarnalma

Belostomatinae

Lethocerinae

Belostomatidae

Mepidae
L ]

Nepoidea

Care of eggs by adult insects is common in those
that show sociality (Chapter 12), but tending solely by
male insects is very unusual. This behavior is known
best in the giant water bugs, the Nepoidea, comprising
the families Belostomatidae and Nepidae whose com-
mon names — giant water bugs, water scorpions, toe
biters — reflect their size and behaviors. These are
predators, amongst which the largest species special-
ize in vertebrate prey such as tadpoles and small fish,
which they capture with raptorial forelegs and piercing
mouthparts. Evolutionary attainment of the large adult
body size necessary for feeding on these large items is
inhibited by the fixed number of five nymphal instars in
Heteroptera and the limited size increase at each molt
(Dyar’s rule; section 6.9.1). These phylogenetic (evolu-
tionarily inherited) constraints have been overcome in
intriguing ways — by the commencement of develop-

ment at a large size via oviposition of large eggs, and in
one family, with specialized paternal protection of the
eggs.

Egg tending in the subfamily Belostomatinae involves
the males “back-brooding” — carrying the eggs on their
backs, in a behavior shared by over a hundred spe-
cies in five genera. The male mates repeatedly with a
female, perhaps up to a hundred times, thus guarantee-
ing that the eggs she deposits on his back are his alone,
which encourages his subsequent tending behavior.
Active male-tending behavior, called “brood-pumping”,
involves underwater undulating “press-ups” by the
anchored male, creating water currents across the
eggs. This is an identical, but slowed-down, form of
the pumping display used in courtship. Males of other
taxa “surface-brood”, with the back (and thus eggs)
held horizontally at the water surface such that the
interstices of the eggs are wet and the apices aerial.
This position, which is unique to brooding males,
exposes the males to higher levels of predation. A third
behavior, “brood-stroking”, involves the submerged
male sweeping and circulating water over the egg pad.
Tending results in >95% successful emergence, in con-
trast to death of all eggs if removed from the male,
whether aerial or submerged.

Members of the Lethocerinae, sister group to the
Belostomatinae, show related behaviors that help us
to understand the origins of aspects of these paternal
egg defenses. Following courtship that involves dis-
play pumping as in Belostomatinae, the pair copulate
frequently between bouts of laying in which eggs are
placed on a stem or other projection above the surface
of a pond or lake. After completion of egg-laying, the
female leaves the male to attend the eggs and she
swims away and plays no further role. The “emergent
brooding” male tends the aerial eggs for the few days to
a week until they hatch. His roles include periodically
submerging himself to absorb and drink water that he
regurgitates over the eggs, shielding the eggs, and dis-
play posturing against airborne threats. Unattended
eggs die from desiccation; those immersed by rising
water are abandoned and drown.

Insect eggs have a well-developed chorion that
enables gas exchange between the external environ-
ment and the developing embryo (see section 5.8). The
problem with a large egg relative to a smaller one is that
the surface area increase of the sphere is much less
than the increase in volume. Because oxygen is scarce
in water and diffuses much more slowly than in air
(section 10.3) the increased sized egg hits a limit of the
ability for oxygen diffusion from water to egg. For such




an egg in a terrestrial environment gas exchange is
easy, but desiccation through loss of water becomes an
issue. Although terrestrial insects use waxes around the
chorion to avoid desiccation, the long aquatic history of
the Nepoidea means that any such a mechanism has
been lost and is unavailable, providing another example
of phylogenetic inertia.

In the phylogeny of Nepoidea (shown opposite in
reduced form from Smith 1997) a stepwise pattern of
acquisition of paternal care can be seen. In the sister
family to Belostomatidae, the Nepidae (the water-
scorpions), all eggs, including the largest, develop
immersed. Gas exchange is facilitated by expansion of
the chorion surface area into either a crown or two long
horns: the eggs never are brooded. No such chorionic
elaboration evolved in Belostomatidae: the requirement
by large eggs for oxygen with the need to avoid drown-
ing or desiccation could have been fulfilled by oviposi-
tion on a wave-swept rock - although this strategy is
unknown in any extant taxa. Two alternatives devel-
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oped - avoidance of submersion and drowning by
egg-laying on emergent structures (Lethocerinae), or,
perhaps in the absence of any other suitable substrate,
egg-laying onto the back of the attendant mate
(Belostomatinae). In Lethocerinae, watering behaviors
of the males counter the desiccation problems encoun-
tered during emergent brooding of aerial eggs; in
Belostomatinae, the pre-existing male courtship pump-
ing behavior is a pre-adaptation for the oxygenating
movements of the back-brooding male. Surface-
brooding and brood-stroking are seen as more derived
male-tending behaviors.

The traits of large eggs and male brooding behavior
appeared together, and the traits of large eggs and egg
respiratory horns also appeared together, because the
first was impossible without the second. Thus, large
body size in Nepoidea must have evolved twice.
Paternal care and egg respiratory horns are different
adaptations that facilitate gas exchange and thus sur-
vival of large eggs.

exochorionic jelly
(some species)
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Fig. 5.10 The generalized structure of a libelluloid dragonfly egg (Odonata: Corduliidae, Libellulidae). Libelluloid dragonflies
oviposit into freshwater but always exophytically (i.e. outside of plant tissues). The endochorionic and exochorionic layers of the
eggshell are separated by a distinct gap in some species. A gelatinous matrix may be present on the exochorion or as connecting
strands between eggs. (After Trueman 1991.)
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Fig. 5.11 Afemale of the parasitic wasp Megarhyssa nortoni
(Hymenoptera: Ichneumonidae) probing a pine log with her
very long ovipositor in search of a larva of the sirex wood
wasp, Sirex noctilio (Hymenoptera: Siricidae). If a larva is
located, she stings and paralyses it before laying an egg on it.

form an egg-laying organ or ovipositor (section 2.5.1).
In other insects (e.g. many Lepidoptera, Coleoptera,
and Diptera) it is the posterior segments rather than
appendages of the female’s abdomen that function as
an ovipositor (a “substitutional” ovipositor). Often
these segments can be protracted into a telescopic tube
in which the opening of the egg passage is close to the
distal end. The ovipositor or the modified end of the
abdomen enables the insect to insert its eggs into par-
ticular sites, such as into crevices, soil, plant tissues, or,
in the case of many parasitic species, into an arthropod
host. Other insects, such as Isoptera, Phthiraptera, and
many Plecoptera, lack an egg-laying organ and eggs
are deposited simply on a surface.

In certain Hymenoptera (some wasps, bees, and ants)
the ovipositor has lost its egg-laying function and is used
as a poison-injecting sting. The stinging Hymenoptera
eject the eggs from the opening of the genital chamber
at the base of the modified ovipositor. However, in most
wasps the eggs pass down the canal of the ovipositor
shaft, even if the shaft is very narrow (Fig. 5.11). In
some parasitic wasps with very slender ovipositors the
eggs are extremely compressed and stretched as they
move through the narrow canal of the shaft.

group of sensilla

row of
sensilla

Fig. 5.12 Tip of the ovipositor of a female of the black field
cricket, Teleogryllus commodus (Orthoptera: Gryllidae), split
open to reveal the inside surface of the two halves of the
ovipositor. Enlargements show: (a) posteriorly directed
ovipositor scales; (b) distal group of sensilla. (After Austin &
Browning 1981.)

The valves of an insect ovipositor usually are held
together by interlocking tongue-and-groove joints,
which prevent lateral movement but allow the valves
to slide back and forth on one another. Such move-
ment, and sometimes also the presence of serrations
on the tip of the ovipositor, is responsible for the pier-
cing action of the ovipositor into an egg-laying site.
Movement of eggs down the ovipositor tube is possible
because of many posteriorly directed “scales” (micro-
sculpturing) located on the inside surface of the valves.
Ovipositor scales vary in shape (from plate-like to spine-
like) and in arrangement among insect groups, and are
seen best under the scanning electron microscope.

The scales found in the conspicuous ovipositors
of crickets and katydids exemplify these variations
(Orthoptera: Gryllidae and Tettigoniidae). The ovipos-
itor of the field cricket Teleogryllus commodus (Fig. 5.12)
possesses overlapping plate-like scales and scattered,
short sensilla along the length of the egg canal. These
sensilla may provide information on the position of the
egg as it moves down the canal, whereas a group of
larger sensilla at the apex of each dorsal valve presum-
ably signals that the egg has been expelled. In addition,
in T. commodus and some other insects, there are scales
on the outer surface of the ovipositor tip, which are
orientated in the opposite direction to those on the



inner surface. These are thought to assist with penetra-
tion of the substrate and holding the ovipositor in
position during egg-laying.

In addition to the eggshell, many eggs are provided
with a proteinaceous secretion or cement which coats
and fastens them to a substrate, such as a vertebrate
hair in the case of sucking lice, or a plant surface in the
case of many beetles (Fig. 5.9). Colleterial glands,
accessory glands of the female reproductive tract,
produce such secretions. In other insects, groups of
thin-shelled eggs are enclosed in an ootheca, which
protects the developing embryos from desiccation. The
colleterial glands produce the tanned, purse-like ootheca
of cockroaches (Box 9.8) and the frothy ootheca of
mantids (see Plate 3.3, facing p. 14), whereas the foamy
ootheca that surrounds locust and other orthopteran
eggs in the soil is formed from the accessory glands
in conjunction with other parts of the reproductive
tract.

5.9 OVOVIVIPARITY AND VIVIPARITY

Most insects are oviparous, with the act of laying
involved in initiation of egg development. However,
some species are viviparous, with initiation of egg
development taking place within the mother. The life
cycle is shortened by retention of eggs and even of
developing young within the mother. Four main types
of viviparity are observed in different insect groups,
with many of the specializations prevalent in various
higher dipterans.

1 Ovoviviparity, in which fertilized eggs containing
yolk and enclosed in some form of eggshell are incub-
ated inside the reproductive tract of the female. This
occurs in some cockroaches (Blattidae), some aphids
and scale insects (Hemiptera), a few beetles (Coleoptera)
and thrips (Thysanoptera), and some flies (Muscidae,
Calliphoridae, and Tachinidae). The fully developed
eggs hatch immediately after being laid or just prior to
ejection from the female’s reproductive tract.

2 Pseudoplacental viviparity occurs when a yolk-
deficient egg develops in the genital tract of the female.
The mother provides a special placenta-like tissue,
through which nutrients are transferred to developing
embryos. There is no oral feeding and larvae are
laid upon hatching. This form of viviparity occurs in
many aphids (Hemiptera), some earwigs (Dermaptera),
a few psocids (Psocoptera), and in polyctenid bugs
(Hemiptera).
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3 Hemocoelous viviparity involves embryos devel-
oping free in the female’s hemolymph, with nutrients
taken up by osmosis. This form of internal parasitism
occurs only in Strepsiptera, in which the larvae exit
through a brood canal (Box 13.6), and in some gall
midges (Diptera: Cecidomyiidae), where the larvae may
consume the mother (as in pedogenetic development,
below).

4 Adenotrophic viviparity occurs when a poorly
developed larva hatches and feeds orally from access-
ory (“milk”) gland secretions within the “uterus” of the
mother’s reproductive system. The full-grown larva
is deposited and pupariates immediately. The dipteran
“pupiparan” families, namely the Glossinidae (tsetse
flies), Hippoboscidae (louse or wallaby flies, keds), and
Nycteribidae and Streblidae (bat flies), demonstrate
adenotrophic viviparity.

5.10 ATYPICAL MODES OF
REPRODUCTION

Sexual reproduction (amphimixis) with separate male
and female individuals (gonochorism) is the usual
mode of reproduction in insects, and diplodiploidy,
in which males as well as females are diploid, occurs as
the ancestral system in almost all insect orders. How-
ever, other modes are not uncommon. Various types
of asexual reproduction occur in many insect groups;
development from unfertilized eggs is a widespread
phenomenon, whereas the production of multiple
embryos from a single egg is rare. Some species exhibit
alternating sexual and asexual reproduction, depend-
ing on season or food availability. A few species possess
both male and female reproductive systems in one
individual (hermaphroditism) but self-fertilization
has been established for species in just one genus.

5.10.1 Parthenogenesis, pedogenesis
(paedogenesis), and neoteny

Some or a few representatives of virtually every insect
order have dispensed with mating, with females pro-
ducing viable eggs even though unfertilized. In other
groups, notably the Hymenoptera, mating occurs but
the sperm need not be used in fertilizing all the eggs.
Development from unfertilized eggs is called parthe-
nogenesis, which in some species may be obligatory,
but in many others is facultative. The female may
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produce parthenogenetically only female eggs (thely-
tokous parthenogenesis), only male eggs (arrhe-
notokous parthenogenesis), or eggs of both sexes
(amphitokous or deuterotokous parthenogen-
esis). The largest insect group showing arrhenotoky is
the Hymenoptera. Within the Hemiptera, aphids dis-
play thelytoky and most whiteflies are arrhenotokous.
Certain Diptera and a few Coleoptera are thelytokous,
and Thysanoptera display all three types of partheno-
genesis. Facultative parthenogenesis, and variation in
sex of egg produced, may be a response to fluctuations
in environmental conditions, as occurs in aphids that
vary the sex of their offspring and mix parthenogenetic
and sexual cycles according to season.

Some insects abbreviate their life cycles by loss of the
adult stage, or even both adult and pupal stages. In this
precocious stage, reproduction is almost exclusively by
parthenogenesis. Larval pedogenesis, the production
of young by the larval insect, has arisen at least three
times in the gall midges (Diptera: Cecidomyiidae) and
once in the Coleoptera (Macromalthus debilis). In some
gall midges, in an extreme case of hemocoelous vivipar-
ity, the precocially developed eggs hatch internally
and the larvae may consume the body of the mother-
larva before leaving to feed on the surrounding fungal
medium. In the well-studied gall midge Heteropeza
pygmaea, eggs develop into female larvae, which may
metamorphose to female adults or produce more larvae
pedogenetically. These larvae, in turn, may be males,
females, or a mixture of both sexes. Female larvae may
become adult females or repeat the larval pedogenetic
cycle, whereas male larvae must develop to adulthood.

In pupal pedogenesis, which sporadically occurs
in gall midges, embryos are formed in the hemocoel of
a pedogenetic mother-pupa, termed a hemipupa as it
differs morphologically from the “normal” pupa. This
production of live young in pupal pedogenetic insects
also destroys the mother-pupa from within, either by
larval perforation of the cuticle or by the eating of the
mother by the offspring. Pedogenesis appears to have
evolved to allow maximum use of locally abundant
but ephemeral larval habitats, such as a mushroom
fruiting body. When a gravid female detects an oviposi-
tion site, eggs are deposited, and the larval population
builds up rapidly through pedogenetic development.
Adults are developed only in response to conditions
adverse to larvae, such as food depletion and over-
crowding. Adults may be female only, or males may
occur in some species under specific conditions.

In true pedogenetic taxa there are no reproductive

adaptations beyond precocious egg development. In
contrast, in neoteny a non-terminal instar develops
reproductive features of the adult, including the ability
to locate a mate, copulate, and deposit eggs (or larvae)
in a conventional manner. For example, the scale
insects (Hemiptera: Coccoidea) appear to have neoten-
ous females. Whereas a molt to the winged adult male
follows the final immature instar, development of the
reproductive female involves omission of one or more
instars relative to the male. In appearance the female is
a sedentary nymph-like or larviform instar, resembling
a larger version of the previous (second or third) instar
in all but the presence of a vulva and developing eggs.
Neoteny also occurs in all members of the order
Strepsiptera; in these insects female development
ceases at the puparium stage. In some other insects
(e.g. marine midges; Chironomidae), the adult appears
larva-like, but this is evidently not due to neoteny
because complete metamorphic development is
retained, including a pupal instar. Their larviform
appearance therefore results from suppression of adult
features, rather than the pedogenetic acquisition of
reproductive ability in the larval stage.

5.10.2 Hermaphroditism

Several of the species of Icerya (Hemiptera: Margar-
odidae) that have been studied cytologically are
gynomonoecious hermaphrodites, as they are female-
like but possess an ovotestis (a gonad that is part testis,
part ovary). In these species, occasional males arise
from unfertilized eggs and are apparently functional,
but normally self-fertilization is assured by production
of male gametes prior to female gametes in the body of
one individual (protandry of the hermaphrodite).
Without doubt, hermaphroditism greatly assists the
spread of the pestiferous cottony-cushion scale, I
purchasi (Box 16.2), as single nymphs of this and
other hermaphroditic Icerya species can initiate new
infestations if dispersed or accidentally transported to
new plants. Furthermore, all iceryine margarodids are
arrhenotokous, with unfertilized eggs developing into
males and fertilized eggs into females.

5.10.3 Polyembryony

This form of asexual reproduction involves the pro-
duction of two or more embryos from one egg by



subdivision (fission). It is restricted predominantly to
parasitic insects; it occurs in at least one strepsipteran
and representatives of four wasp families, especially the
Encyrtidae. It appears to have arisen independently
within each wasp family. In these parasitic wasps, the
number of larvae produced from a single egg varies
in different genera but is influenced by the size of the
host, with from fewer than 10 to several hundred, and
in Copidosoma (Encyrtidae) up to 3000 embryos, aris-
ing from one small, yolkless egg. Nutrition for a large
number of developing embryos obviously cannot be
supplied by the original egg and is acquired from the
host’s hemolymph through a specialized enveloping
membrane called the trophamnion. Typically, the
embryos develop into larvae when the host molts to its
final instar, and these larvae consume the host insect
before pupating and emerging as adult wasps.

5.10.4 Reproductive effects of
endosymbionts

Wolbachia, an intracellular bacterium discovered first
infecting the ovaries of Culex pipiens mosquitoes, causes
some inter-populational (intraspecific) matings to pro-
duce inviable embryos. Such crosses, in which embryos
abort before hatching, could be returned to viability
after treatment of the parents with antibiotic — thus
implicating the microorganism with the sterility. This
phenomenon, termed cytoplasmic or reproductive
incompatibility, now has been demonstrated in a
very wide range of invertebrates that host many
“strains” of Wolbachia. Surveys have suggested that up
to 76% of insect species may be infected. Wolbachia is
transferred vertically (inherited by offspring from the
mother via the egg), and causes several different but
related effects. Specific effects include the following:

e Cytoplasmic (reproductive) incompatibility, with
directionality varying according to whether one, the
other, or both sexes of partners are infected, and with
which strain. Unidirectional incompatibility typically
involves an infected male and uninfected female, with
the reciprocal cross (uninfected male with infected
female) being compatible (producing viable offspring).
Bidirectional incompatibility usually involves both
partners being infected with different strains of Wol-
bachia and no viable offspring are produced from any
mating.

* Parthenogenesis, or sex ratio bias to the diploid sex
(usually female) in insects with haplodiploid genetic
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systems (sections 5.6, 12.2, & 12.4.1). In the parasitic
wasps (Trichogramma) studied this involves infected
females that produce only fertile female offspring. The
mechanism is usually gamete duplication, involving
disruption of meiotic chromosomal segregation such
that the nucleus of an unfertilized, Wolbachia-infected
egg contains two sets of identical chromosomes
(diploidy), producing a female. Normal sex ratios are
restored by treatment of parents with antibiotics, or
by development at elevated temperature, to which
Wolbachia is sensitive.

¢ Feminization, the conversion of genetic males into
functional females, perhaps caused by specific inhibi-
tions of male-determiner genes, thus far only observed
in terrestrial isopods and two Lepidoptera species, but
perhaps yet to be discovered in other arthropods.

The strategy of Wolbachia can be viewed as repro-
ductive parasitism (section 3.6.5), in which the
bacterium manipulates its host into producing an
imbalance of female offspring (this being the sex
responsible for the vertical transmission of the infec-
tion), compared with uninfected hosts. Only in a
very few cases have infections been shown to benefit
the insect host, primarily via enhanced fecundity.
Certainly, with evidence derived from phylogenies of
Wolbachia and their host, Wolbachia often has been
transferred horizontally between unrelated hosts, and
no coevolution is apparent.

Although Wolbachia is now the best studied system
of a sex-ratio modifying organism, there are other
somewhat similar cytoplasm-dwelling organisms,
with the most extreme sex-ratio distorters known
as male-killers. This phenomenon of male lethality
isknown across at least five orders of insects, associated
with a range of maternally inherited, symbiotic—
infectious causative organisms, from bacteria to
viruses, and microsporidia. Each acquisition seems to
be independent, and others are suspected to exist.
Certainly, if parthenogenesis often involves such asso-
ciations, many such interactions remain to be dis-
covered. Furthermore, much remains to be learned
about the effects of insect age, remating frequency,
and temperature on the expression and transmis-
sion of this bacterium. There is also an intriguing
case involving the parasitic wasp Asobara tabida
(Braconidae) in which the elimination of Wolbachia
by antibiotics causes the inhibition of egg production
rendering the wasps infertile. Such obligatory infec-
tion with Wolbachia also occurs in filarial nematodes
(section 15.5.5).
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5.11 PHYSIOLOGICAL CONTROL OF
REPRODUCTION

The initiation and termination of some reproductive
events often depend on environmental factors, such as
temperature, humidity, photoperiod, or availability of
food or a suitable egg-laying site. Additionally, these
external influences may be modified by internal factors
such as nutritional condition and the state of matura-
tion of the oocytes. Copulation also may trigger oocyte
development, oviposition, and inhibition of sexual
receptivity in the female via enzymes or peptides trans-
ferred to the female reproductive tract in male access-
ory gland secretions (Box 5.4). Fertilization following
mating normally triggers embryogenesis via egg ac-
tivation (Chapter 6). Regulation of reproduction is
complex and involves sensory receptors, neuronal
transmission, and integration of messages in the brain,
as well as chemical messengers (hormones) trans-
ported in the hemolymph or via the nerve axons to
target tissues or to other endocrine glands. Certain
parts of the nervous system, particularly neuro-
secretory cells in the brain, produce neurohormones
or neuropeptides (proteinaceous messengers) and also
control the synthesis of two groups of insect hormones
— the ecdysteroids and the juvenile hormones (JH).
More detailed discussions of the regulation and func-
tions of all of these hormones are provided in Chapters
3 and 6. Neuropeptides, steroid hormones, and JH all
play essential roles in the regulation of reproduction, as
summarized in Fig. 5.13.

Juvenile hormones and/or ecdysteroids are essential
to reproduction, with JH mostly triggering the func-
tioning of organs such as the ovary, accessory glands,
and fat body, whereas ecdysteroids influence morpho-
genesis as well as gonad functions. Neuropeptides play
various roles at different stages of reproduction, as they
regulate endocrine function (via the corpora allata and
prothoracic glands) and also directly influence repro-
ductive events, especially ovulation and oviposition or
larviposition.

The role of neuropeptides in control of reproduction
(Table 3.1) is an expanding area of research, made
possible by new technologies, especially in biochem-
istry and molecular biology. To date, most studies have
concentrated on the Diptera (especially Drosophila,
mosquitoes, and houseflies), the Lepidoptera (espe-
cially the tobacco hornworm, Manduca sexta), locusts,
and cockroaches.

5.11.1 Vitellogenesis and its regulation

In the ovary, both nurse cells (or trophocytes) and
ovarian follicle cells are associated with the oocytes
(section 3.8.1). These cells pass nutrients to the grow-
ing oocytes. The relatively slow period of oocyte growth
is followed by a period of rapid yolk deposition, or vitel-
logenesis, which mostly occurs in the terminal oocyte
of each ovariole and leads to the production of fully
developed eggs. Vitellogenesis involves the production
(mostly by the fat body) of specific female lipoglycopro-
teins called vitellogenins, followed by their passage
into the oocyte. Once inside the oocyte these proteins
are called vitellins and their chemical structure may
differ slightly from that of vitellogenins. Lipid bodies —
mostly triglycerides from the follicle cells, nurse cells, or
fat body —also are deposited in the growing oocyte.

Vitellogenesis has been a favored area of insect hor-
mone research because it is amenable to experimental
manipulation with artificially supplied hormones, and
analysis is facilitated by the large amounts of vitel-
logenins produced during egg growth. The regulation
of vitellogenesis varies among insect taxa, with JH from
the corpora allata, ecdysteroids from the prothoracic
glands or the ovary, and brain neurohormones (neuro-
peptides such as ovarian ecdysteroidogenic hormone,
OEH) considered to induce or stimulate vitellogenin
synthesis to varying degrees in different insect species
(Fig. 5.13).

Inhibition of egg development in ovarian follicles in
the previtellogenic stage is mediated by antigonado-
tropins. This inhibition ensures that only some of the
oocytes undergo vitellogenesis in each ovarian cycle.
The antigonadotropins responsible for this suppression
are peptides termed oostatic hormones. In most of
the insects studied, oostatic hormones are produced by
the ovary or neurosecretory tissue associated with the
ovary and, depending on species, may work in one of
three ways:

1 inhibit the release or synthesis of OEH (also called
egg development neurohormone, EDNH); or

2 affect ovarian development by inhibiting proteolytic
enzyme synthesis and blood digestion in the midgut, as
in mosquitoes; or

3 inhibit the action of JH on vitellogenic follicle cells
thus preventing the ovary from accumulating vitel-
logenin from the hemolymph, as in the blood-sucking
bug Rhodnius prolixus.

Originally, it was firmly believed that JH controlled
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Fig. 5.13 A schematic diagram of the
hormonal regulation of reproductive
events in insects. The transition from
ecdysterone production by the pre-adult
prothoracic gland to the adult ovary
varies between taxa. (After Raabe 1986.)

vitellogenesis in most insects. Then, in certain insects,
the importance of ecdysteroids was discovered. Now we
are becoming increasingly aware of the part played by
neuropeptides, a group of proteins for which reproduct-
ive regulation is but one of an array of functions in the
insect body (see Table 3.1).
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Life cycle of the monarch or wanderer butterfly, Danaus plexippus. (After photographs by P.J. Gullan.)
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In this chapter we discuss the pattern of growth from
egg to adult—the ontogeny —and life histories of insects.
The various growth phases from the egg, through
immature development, to the emergence of the adult
are dealt with. Also, we consider the significance of
different kinds of metamorphosis and suggest that com-
plete metamorphosis reduces competition between
conspecific juveniles and adults, by providing a clear
differentiation between immature and adult stages.
Amongst the different aspects of life histories covered
are voltinism, resting stages, the coexistence of differ-
ent forms within a single species, migration, age deter-
mination, allometry, and genetic and environmental
effects on development. The influence of environmen-
tal factors, namely temperature, photoperiod, humid-
ity, toxins, and biotic interactions, upon life-history
traits is vital to any applied entomological research.
Likewise, knowledge of the process and hormonal regu-
lation of molting is fundamental to insect control.

Insect life-history characteristics are very diverse,
and the variability and range of strategies seen in many
higher taxa imply that these traits are highly adaptive.
For example, diverse environmental factors trigger ter-
mination of egg dormancy in different species of Aedes
although the species in this genus are closely related.
However, phylogenetic constraint, such as the restrained
instar number of Nepoidea (Box 5.5), undoubtedly
plays arole in life-history evolution in insects.

We conclude the chapter by considering how the
potential distributions of insects can be modeled, using
data on insect growth and development to answer
questions in pest entomology, and bioclimatic data
associated with current-day distributions to predict
past and future patterns.

6.1 GROWTH

Insect growth is discontinuous, at least for the sclerot-
ized cuticular parts of the body, because the rigid cuticle
limits expansion. Size increase is by molting — periodic
formation of new cuticle of greater surface area and
shedding of the old cuticle. Thus, for sclerite-bearing
body segments and appendages, increases in body
dimensions are confined to the postmolt period imme-
diately after molting, before the cuticle stiffens and
hardens (section 2.1). Hence, the sclerotized head cap-
sule of a beetle or moth larva increases in dimensions
in a saltatory manner (in major increments) during
development, whereas the membranous nature of

body cuticle allows the larval body to grow more or
less continuously.

Studies concerning insect development involve two
components of growth. The first, the molt increment,
is the increment in size occurring between one instar
(growth stage, or the form of the insect between two
successive molts) and the next. Generally, increase in
size is measured as the increase in a single dimension
(Iength or width) of some sclerotized body part, rather
than a weight increment, which may be misleading
because of variability in food or water intake. The
second component of growth is the intermolt period
or interval, better known as the stadium or instar
duration, which is defined as the time between two
successive molts, or more precisely between successive
ecdyses (Fig. 6.1 and section 6.3). The magnitude of
both molt increments and intermolt periods may be
affected by food supply, temperature, larval density,
and physical damage (such as loss of appendages)
(section 6.10), and may differ between the sexes of a
species.

In collembolans, diplurans, and apterygote insects,
growth is indeterminate — the animals continue to
molt until they die. There is no definitive terminal molt
in such animals, but they do not continue to increase in
size throughout their adult life. In the vast majority of
insects, growth is determinate, as there is a distinctive
instar that marks the cessation of growth and molting.
Allinsects with determinate growth become reproduct-
ively mature in this final instar, called the adult or
imaginal instar. This reproductively mature individual
is called an adult or imago (plural: imagines or ima-
gos). In most insect orders it is fully winged, although
secondary wing loss has occurred independently in
the adults of a number of groups, such as lice, fleas, and
certain parasitic flies, and in the adult females of all
scale insects (Hemiptera: Coccoidea). In just one order
of insects, the Ephemeroptera or mayflies, a subimagi-
nal instar immediately precedes the final or imaginal
instar. This subimago, although capable of flight, only
rarely is reproductive; in the few mayfly groups in
which the female mates as a subimago she dies without
molting to an imago, so that the subimaginal instar
actually is the final growth stage.

In some pterygote taxa the total number of pre-adult
growth stages or instars may vary within a species
depending on environmental conditions, such as
developmental temperature, diet, and larval density.
In many other species, the total number of instars
(although not necessarily final adult size) is genetically
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Fig. 6.1 Schematic drawing of the life cycle of a non-biting midge (Diptera: Chironomidae, Chironomus) showing the various

events and stages of insect development.

determined and constant regardless of environmental
conditions.

6.2 LIFE-HISTORY PATTERNS AND
PHASES

Growth is an important part of an individual's onto-
geny, the developmental history of that organism
from egg to adult. Equally significant are the changes,
both subtle and dramatic, that take place in body
form as insects molt and grow larger. Changes in form
(morphology) during ontogeny affect both external
structures and internal organs, but only the external
changes are apparent at each molt. We recognize three
broad patterns of developmental morphological change
during ontogeny, based on the degree of external altera-
tion that occurs in the postembryonic phases of
development.

The primitive developmental pattern, ametaboly,
is for the hatchling to emerge from the egg in a form
essentially resembling a miniature adult, lacking only
genitalia. This pattern is retained by the primitively
wingless orders, the silverfish (Zygentoma) and bristle-
tails (Archaeognatha) (Box 9.3), whose adults con-
tinue to molt after sexual maturity. In contrast, all
pterygote insects undergo a more or less marked change
in form, a metamorphosis, between the immature
phase of development and the winged or secondarily

wingless (apterous) adult or imaginal phase. These
insects can be subdivided according to two broad
patterns of development, hemimetaboly (partial or
incomplete metamorphosis; Fig. 6.2) and holomet-
aboly (complete metamorphosis; Fig. 6.3 and the
vignette for this chapter, which shows the life cycle of
the monarch butterfly).

Developing wings are visible in external sheaths
on the dorsal surface of nymphs of hemimetabolous
insects except in the youngest immature instars. The
term exopterygote has been applied to this type of
“external” wing growth. In the past, insect orders with
hemimetabolous and exopterygote development were
grouped into “Hemimetabola” (also called Exoptery-
gota), but this group is recognized now as applying to a
grade of organization rather than to a monophyletic
phylogenetic unit (Chapter 7). In contrast, pterygote
orders displaying holometabolous development share
the unique evolutionary innovation of a resting stage
or pupal instar in which development of the major
structural differences between immature (larval) and
adult stages is concentrated. The orders that share
this unique, derived pattern of development represent
a clade called the Endopterygota or Holometabola.
In the early branching Holometabola, expression of
all adult features is retarded until the pupal stage;
however, in more derived taxa including Drosophila,
uniquely adult structures including wings may be pre-
sent internally in larvae as groups of undifferentiated
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Fig. 6.2 Thelife cycle of a hemimetabolous insect, the southern green stink bug or green vegetable bug, Nezara viridula

(Hemiptera: Pentatomidae), showing the eggs, nymphs of the five instars, and the adult bug on a tomato plant. This cosmopolitan

and polyphagous bug is an important world pest of food and fiber crops. (After Hely et al. 1982.)

cells called imaginal discs (or buds) (Fig. 6.4), although pockets of the integument and are everted only at the

they are scarcely visible until the pupal instar. Such larval-pupal molt.

wing development is called endopterygote because The evolution of holometaboly allows the immature
the wings develop from primordia in invaginated and adult stages of an insect to specialize in different
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Fig. 6.3 Life cycle of a holometabolous insect, a bark beetle,
Ips grandicollis, showing the egg, the three larval instars, the
pupa, and the adult beetle. (After Johnson & Lyon 1991.)

resources, contributing to the successful radiation of
the group (see section 8.5).

6.2.1 Embryonic phase

The egg stage begins as soon as the female deposits the
mature egg. For practical reasons, the age of an egg is
estimated from the time of its deposition even though
the egg existed before oviposition. The beginning of the
egg stage, however, need not mark the commencement
of an individual insect’s ontogeny, which actually
begins when embryonic development within the egg is
triggered by activation. This trigger usually results
from fertilization in sexually reproducing insects, but
in parthenogenetic species appears to be induced by
various events at oviposition, including the entry of
oxygen to the egg or mechanical distortion.

Following activation of the insect egg cell, the zygote
nucleus subdivides by mitotic division to produce
many daughter nuclei, giving rise to a syncytium.
These nuclei and their surrounding cytoplasm, called
cleavage energids, migrate to the egg periphery where
the membrane infolds leading to cellularization of the
superficial layer to form the one-cell thick blastoderm.
This distinctive superficial cleavage during early em-
bryogenesis in insects is the result of the large amount
of yolk in the egg. The blastoderm usually gives rise to
all the cells of the larval body, whereas the central yolky
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part of the egg provides the nutrition for the developing
embryo and will be used up by the time of eclosion, or
emergence from the egg.

Regional differentiation of the blastoderm leads
to the formation of the germ anlage or germ disc (Fig.
6.5a), which is the first sign of the developing embryo,
whereas the remainder of the blastoderm becomes a
thin membrane, the serosa, or embryonic cover. Next,
the germ anlage develops an infolding in a process
called gastrulation (Fig. 6.5b) and sinks into the yolk,
forming a two-layered embryo containing the amniotic
cavity (Fig. 6.5c). After gastrulation, the germ anlage
becomes the germ band, which externally is charac-
terized by segmental organization (commencing in
Fig. 6.5d with the formation of the protocephalon). The
germ band essentially forms the ventral regions of
the future body, which progressively differentiates with
the head, body segments, and appendages becoming
increasingly well defined (Fig. 6.5e—g). At this time the
embryo undergoes movement called katatrepsis
which brings it into its final position in the egg. Later,
near the end of embryogenesis (Fig. 6.5h,i), the edges of
the germ band grow over the remaining yolk and fuse
mid-dorsally to form the lateral and dorsal parts of the
insect —a process called dorsal closure.

In the well-studied Drosophila, the complete embryo
is large, and becomes segmented at the cellularization
stage, termed “long germ” (as in all studied Diptera,
Coleoptera, and Hymenoptera). In contrast, in “short-
germ” insects (phylogenetically earlier branching taxa,
including locusts) the embryo derives from only a small
region of the blastoderm and the posterior segments are
added post-cellularization, during subsequent growth.
In the developing long-germ embryo, the syncytial
phase is followed by cell membrane intrusion to form
the blastoderm phase.

Functional specialization of cells and tissues occurs
during the latter period of embryonic development,
so that by the time of hatching (Fig. 6.5j) the embryo
is a tiny proto-insect crammed into an eggshell. In
ametabolous and hemimetabolous insects, this stage
may be recognized as a pronymph —a special hatching
stage (section 8.5). Molecular developmental processes
involved in organizing the polarity and differentiation
of areas of the body, including segmentation, are
reviewed in Box 6.1.

6.2.2 Larval or nymphal phase

Hatching from the egg may be by a pronymph, nymph,
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Fig. 6.4 Stagesin the development of the wings of the cabbage white or cabbage butterfly, Pieris rapae (Lepidoptera: Pieridae).
A wing imaginal disc in an (a) first-instar larva, (b) second-instar larva, (c) third-instar larva, and (d) fourth-instar larva;
(e) the wing bud as it appears if dissected out of the wing pocket or (') cut in cross-section in a fifth-instar larva.

((a—e) After Mercer 1900.)

or larva: eclosion conventionally marks the beginning
of the first stadium, when the young insect is said to be
in its first instar (Fig. 6.1). This stage ends at the first
ecdysis when the old cuticle is cast to reveal the insect
in its second instar. Third and often subsequent instars
generally follow. Thus, the development of the immat-
ure insect is characterized by repeated molts separated
by periods of feeding, with hemimetabolous insects
generally undergoing more molts to reach adulthood
than holometabolous insects.

All immature holometabolous insects are called
larvae. Immature terrestrial insects with hemimeta-

bolous development such as cockroaches (Blattodea),
grasshoppers (Orthoptera), mantids (Mantodea), and
bugs (Hemiptera) always are called nymphs. How-
ever, immature individuals of aquatic hemimetabolous
insects (Odonata, Ephemeroptera, and Plecoptera),
although possessing external wing pads at least in later
instars, also are frequently, but incorrectly, referred
to as larvae (or sometimes naiads). True larvae look
very different from the final adult form in every instar,
whereas nymphs more closely approach the adult
appearance at each successive molt. Larval diets and
lifestyles are very different from those of their adults. In
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Fig. 6.5 Embryonic development of the scorpionfly Panorpodes paradoxa (Mecoptera: Panorpodidae): (a—c) schematic drawings
of egg halves from which yolk has been removed to show position of embryo; (d—j) gross morphology of developing embryos at
various ages. Age from oviposition: (a) 32 h; (b) 2 days; (c) 7 days; (d) 12 days; (e) 16 days; (f) 19 days; (g) 23 days; (h) 25 days;

(i) 25-26 days; (j) full grown at 32 days. (After Suzuki 1985.)

contrast, nymphs often eat the same food and coexist
with the adults of their species. Competition thus is rare
between larvae and their adults but is likely to be preval-
ent between nymphs and their adults.

The great variety of endopterygote larvae can be
classified into a few functional rather than phylogen-
etic types. Often the same larval type occurs conver-
gently in unrelated orders. The three commonest forms
are the polypod, oligopod, and apod larvae (Fig. 6.6).
Lepidopteran caterpillars (Fig. 6.6a,b) are character-
istic polypod larvae with cylindrical bodies with short

thoracic legs and abdominal prolegs (pseudopods).
Symphytan Hymenoptera (sawflies; Fig. 6.6¢) and
most Mecoptera also have polypod larvae. Such larvae
are rather inactive and are mostly phytophagous.
Oligopod larvae (Fig. 6.6d—f) lack abdominal prolegs
but have functional thoracic legs and frequently pro-
gnathous mouthparts. Many are active predators
but others are slow-moving detritivores living in soil or
are phytophages. This larval type occurs in at least
some members of most orders of insects but not in
the Lepidoptera, Mecoptera, Diptera, Siphonaptera, or
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The formation of segments in the early embryo of
Drosophila is understood better than almost any
other complex developmental process. Segmentation
is controlled by a hierarchy of proteins known as trans-
cription factors, which bind to DNA and act to enhance
or repress the production of specific messages. In the
absence of a message, the protein for which it codes
is not produced; thus ultimately transcription factors
act as molecular switches, turning on and off the pro-
duction of specific proteins. In addition to controlling
genes below them in the hierarchy, many transcription
factors also act on other genes at the same level, as well
as regulating their own concentrations. Mechanisms
and processes observed in Drosophila have much
wider relevance, including to vertebrate development,
and information obtained from Drosophila has provided
the key to cloning many human genes. However, we
know Drosophila to be a highly derived fly, and it may
not be a suitable model from which to derive gen-
eralities about insect development.

During oogenesis (section 6.2.1) in Drosophila, the
anterior—posterior and dorsal-ventral axes are estab-
lished by localization of maternal messenger RNAs
(mRNASs) or proteins at specific positions within the egg.
For example, the mRNAs from the bicoid (bcd) and
nanos genes become localized at anterior and poster-
ior ends of the egg, respectively. At oviposition, these
messages are translated and proteins are produced
that establish concentration gradients by diffusion from
each end of the egg. These protein gradients differ-
entially activate or inhibit zygotic genes lower in the
segmentation hierarchy — as in the upper figure (after
Nagy 1998), with zygotic gene hierarchy on the left
and representative genes on the right — as a result of
their differential thresholds of action. The first class of
zygotic genes to be activated is the gap genes, for
example Kruppel (Kr), which divide the embryo into
broad, slightly overlapping zones from anterior to
posterior. The maternal and gap proteins establish a
complex of overlapping protein gradients that provide
a chemical framework that controls the periodic (altern-
ate segmental) expression of the pair-rule genes. For
example, the pair-rule protein hairy is expressed in
seven stripes along the length of the embryo while it is
still in the syncytial stage. The pair-rule proteins, in
addition to the proteins produced by genes higher in the
hierarchy, then act to regulate the segment polarity
genes, which are expressed with segmental periodicity
and represent the final step in the determination of
segmentation. Because there are many members of the
various classes of segmentation genes, each row of

Box 6.1 Molecular insights into insect development
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cells in the anterior—posterior axis must contain a unique
combination and concentration of the transcription
factors that inform cells of their position along the
anterior—posterior axis.

Once the segmentation process is complete each
developing segment is given its unique identity by
the homeotic genes. Although these genes were first
discovered in Drosophila it has since been established
that they are very ancient, and a more or less complete




subset of them is found in all multicellular animals.
When this was realized it was agreed that this group of
genes would be called the Hox genes, although both
terms, homeotic and Hox, are still in use for the same
group of genes. In many organisms these genes form a
single cluster on one chromosome, although in Droso-
phila they are organized into two clusters, an anteriorly
expressed Antennapedia complex (Antp-C) and a
posteriorly expressed Bithorax complex (Bx-C). The
composition of these clusters in Drosophila is as follows
(from anterior to posterior): (Antp-C) - labial (lab),
proboscidea (pb), Deformed (Dfd), Sex combs reduced
(Scr), Antennapedia (Antp); (Bx-C) — Ultrabithorax (Ubx),
abdominal-A (abd-A), and Abdominal-B (Abd-B), as
illustrated in the lower figure of a Drosophila embryo
(after Carroll 1995; Purugganan 1998). The evolutionary
conservation of the Hox genes is remarkable for not
only are they conserved in their primary structure but
they follow the same order on the chromosome, and
their temporal order of expression and anterior border
of expression along the body correspond to their
chromosomal position. In the lower figure the anterior
zone of expression of each gene and the zone of
strongest expression is shown (for each gene there is a
zone of weaker expression posteriorly); as each gene
switches on, protein production from the gene anterior
to it is repressed.

The zone of expression of a particular Hox gene may
be morphologically very different in different organisms
so it is evident that Hox gene activities demarcate
relative positions but not particular morphological
structures. A single Hox gene may regulate directly
or indirectly many targets; for example, Ultrabithorax
regulates some 85-170 genes. These downstream
genes may operate at different times and also have
multiple effects (pleiotropy); for example, wingless in
Drosophila is involved successively in segmentation
(embryo), Malpighian tubule formation (larva), and leg
and wing development (larva-pupa).

Boundaries of transcription factor expression are
important locations for the development of distinct
morphological structures, such as limbs, tracheae, and
salivary glands. Studies of the development of legs and
wings have revealed something about the processes
involved. Limbs arise at the intersection between
expression of wingless, engrailed, and decapentaplegic
(dpp), a protein that helps to inform cells of their posi-
tion in the dorsal-ventral axis. Under the influence of
the unique mosaic of gradients created by these gene
products, limb primordial cells are stimulated to express
the gene distal-less (DIl) required for proximodistal limb
growth. As potential limb primordial cells (anlage) are
present on all segments, as are limb-inducing protein
gradients, prevention of limb growth on inappropriate
segments (i.e. the Drosophila abdomen) must involve

Molecular insights into insect development

repression of DIl expression on such segments. In
Lepidoptera, in which larval prolegs typically are found
on the third to sixth abdominal segments, homeotic
gene expression is fundamentally similar to that of
Drosophila. In the early lepidopteran embryo DIl and
Antp are expressed in the thorax, as in Drosophila, with
abd-A expression dominant in abdominal segments
including 3-6, which are prospective for proleg
development. Then a dramatic change occurs, with
abd-A protein repressed in the abdominal proleg cell
anlagen, followed by activation of DIl and up-regulation
of Antp expression as the anlagen enlarge. Two genes
of the Bithorax complex (Bx-C), Ubx and abd-A, repress
DIl expression (and hence prevent limb formation) in
the abdomen of Drosophila. Therefore, expression of
prolegs in the caterpillar abdomen results from repres-
sion of Bx-C proteins thus derepressing DIl and Antp
and thereby permitting their expression in selected
target cells with the result that prolegs develop.

A somewhat similar condition exists with respect to
wings, in that the default condition is presence on all
thoracic and abdominal segments with Hox gene repres-
sion reducing the number from this default condition. In
the prothorax, the homeotic gene Scr has been shown
to repress wing development. Other effects of Scr
expression in the posterior head, labial segment, and
prothorax appear homologous across many insects,
including ventral migration and fusion of the labial
lobes, specification of labial palps, and development of
sex combs on male prothoracic legs. Experimental
mutational damage to Scr expression leads, amongst
other deformities, to appearance of wing primordia
from a group of cells located just dorsal to the
prothoracic leg base. These mutant prothoracic wing
anlagen are situated very close to the site predicted by
Kukalova-Peck from paleontological evidence (section
8.4, Fig. 8.4b). Furthermore, the apparent default
condition (lack of repression of wing expression) would
produce an insect resembling the hypothesized “proto-
pterygote”, with winglets present on all segments.

Regarding the variations in wing expression seen
in the pterygotes, Ubx activity differs in Drosophila
between the meso- and metathoracic imaginal discs;
the anterior produces a wing, the posterior a haltere.
Ubx is unexpressed in the wing (mesothoracic) imaginal
disc but is strongly expressed in the metathoracic
disc, where its activity suppresses wing and enhances
haltere formation. However, in some studied non-
dipterans Ubx is expressed as in Drosophila — not in the
fore-wing but strongly in the hind-wing imaginal disc
— despite the elaboration of a complete hind wing as
in butterflies or beetles. Thus, very different wing
morphologies seem to result from variation in “down-
stream” response to wing-pattern genes regulated by
Ubx rather than from homeotic control.
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Clearly, much is yet to be learnt concerning the
multiplicity of morphological outcomes from the
interaction between Hox genes and their downstream
interactions with a wide range of genes. It is tempting to
relate major variation in Hox pathways with morpholo-
gical disparities associated with high-level taxonomic
rank (e.g. animal classes), more subtle changes in
Hox regulation with intermediate taxonomic levels
(e.g. orders/suborders), and changes in downstream

regulatory/functional genes perhaps with suborder/
family rank. Notwithstanding some progress in the case
of the Strepsiptera (g.v.), such simplistic relationships
between a few well-understood major developmental
features and taxonomic radiations may not lead to great
insight into insect macroevolution in the immediate
future. Estimated phylogenies from other sources of
data will be necessary to help interpret the evolutionary
significance of homeotic changes for some time to come.

POLYPOD LARVAE

OLIGOPOD LARVAE

APOD LARVAE

(i)

Fig. 6.6 Examples oflarval types. Polypod larvae: (a) Lepidoptera: Sphingidae; (b) Lepidoptera: Geometridae; (c) Hymenoptera:
Diprionidae. Oligopod larvae: (d) Neuroptera: Osmylidae; (e) Coleoptera: Carabidae; (f') Coleoptera: Scarabaeidae. Apod larvae:
(g) Coleoptera: Scolytidae; (h) Diptera: Calliphoridae; (i) Hymenoptera: Vespidae. ((a,e—g) After Chu 1949; (b,c) after Borror et al.

1989; (h) after Ferrar 1987; (i) after CSIRO 1970.)

Strepsiptera. Apod larvae (Fig. 6.6g—i) lack true legs
and are usually worm-like or maggot-like, living in soil,
mud, dung, decaying plant or animal matter, or within
the bodies of other organisms as parasitoids (Chapter
13). The Siphonaptera, aculeate Hymenoptera, nema-
toceran Diptera, and many Coleoptera typically have
apod larvae with a well-developed head, whereas in
the maggots of higher Diptera the mouth hooks may
be the only obvious evidence of the cephalic region.
The grub-like apod larvae of some parasitic and gall-
inducing wasps and flies are greatly reduced in external
structure and are difficult to identify to order level even

by a specialist entomologist. Furthermore, the early-
instar larvae of some parasitic wasps resemble a naked
embryo but change into typical apod larvae in later
instars.

A major change in form during the larval phase,
such as different larval types in different instars, is
called larval heteromorphosis (or hypermetamor-
phosis). In the Strepsiptera and certain beetles this
involves an active first-instar larva, or triungulin, fol-
lowed by several grub-like, inactive, sometimes legless,
later-instar larvae. This developmental phenomenon
occurs most commonly in parasitic insects in which a



mobile first instar is necessary for host location and
entry. Larval heteromorphosis and diverse larval types
are typical of many parasitic wasps, as mentioned
above.

6.2.3 Metamorphosis

All pterygote insects undergo varying degrees of trans-
formation from the immature to the adult phase of their
life history. Some exopterygotes, such as cockroaches,
show only slight morphological changes during post-
embryonic development, whereas the body is largely
reconstructed at metamorphosis in many endoptery-
gotes. Only the Holometabola (= Endopterygota) have
a metamorphosis involving a pupal stadium, during
which adult structures are elaborated from larval
structures. Alterations in body shape, which are the
essence of metamorphosis, are brought about by differ-
ential growth of various body parts. Organs that will
function in the adult but that were undeveloped in the
larva grow at a faster rate than the body average. The
accelerated growth of wing pads is the most obvious
example, but legs, genitalia, gonads, and other internal
organs may increase in size and complexity to a con-
siderable extent.

The onset of metamorphosis generally is associated
with the attainment of a certain body size, which is
thought to program the brain for metamorphosis,
resulting in altered hormone levels. Metamorphosis
in most studied beetles, however, shows considerable
independence from the influence of the brain, espe-
cially during the pupal instar. In most insects, a reduc-
tion in the amount of circulating juvenile hormone
(as a result of reduction of corpora allata activity)
is essential to the initiation of metamorphosis. (The
physiological events are described in section 6.3.)

The molt into the pupal instar is called pupation,
or the larval-pupal molt. Many insects survive condi-
tions unfavorable for development in the “resting”,
non-feeding pupal stage, but often what appears to be a
pupa is actually a fully developed adult within the
pupal cuticle, referred to as a pharate (cloaked) adult.
Typically, a protective cell or cocoon surrounds the
pupa and then, prior to emergence, the pharate adult;
only certain Coleoptera, Diptera, Lepidoptera, and
Hymenoptera have unprotected pupae.

Several pupal types (Fig. 6.7) are recognized and
these appear to have arisen convergently in different
orders. Most pupae are exarate (Fig. 6.7a—d) — their
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appendages (e.g. legs, wings, mouthparts, and anten-
nae) are not closely appressed to the body (see Plate 3.2,
facing p. 14); the remaining pupae are obtect (Fig.
6.7g—j) — their appendages are cemented to the body
and the cuticle is often heavily sclerotized (as in almost
all Lepidoptera). Exarate pupae can have articulated
mandibles (decticous), that the pharate adult uses
to cut through the cocoon, or the mandibles can be
non-articulated (adecticous), in which case the adult
usually first sheds the pupal cuticle and then uses its
mandibles and legs to escape the cocoon or cell. In some
cyclorrhaphous Diptera (the Schizophora) the adectic-
ous exarate pupa is enclosed in a puparium (Fig.
6.7¢,f) — the sclerotized cuticle of the last larval instar.
Escape from the puparium is facilitated by eversion of
a membranous sac on the head of the emerging adult,
the ptilinum. Insects with obtect pupae may lack a
cocoon, as in coccinellid beetles and most nemato-
cerous and orthorrhaphous Diptera. If a cocoon is
present, as in most Lepidoptera, emergence from the
cocoon is either by the pupa using backwardly directed
abdominal spines or a projection on the head, or an
adult emerges from the pupal cuticle before escaping
the cocoon, sometimes helped by a fluid that dissolves
the silk.

6.2.4 Imaginal or adult phase

Except for the mayflies, insects do not molt again once
the adult phase isreached. The adult, or imaginal, stage
has a reproductive role and is often the dispersive stage
in insects with relatively sedentary larvae. After the
imago emerges from the cuticle of the previous instar
(eclosion), it may be reproductively competent almost
immediately or there may be a period of maturation in
readiness for sperm transfer or oviposition. Depending
on species and food availability, there are from one to
several reproductive cycles in the adult stadium. The
adults of certain species, such as some mayflies, midges,
and male scale insects, are very short-lived. These
insects have reduced or no mouthparts and fly for only
a few hours or at the most a day or two — they simply
mate and die. Most adult insects live at least a few
weeks, often a few months and sometimes for several
years; termite reproductives and queen ants and bees
are particularly long-lived.

Adult life begins at eclosion from the pupal cuticle.
Metamorphosis, however, may have been complete for
some hours, days, or weeks previously and the pharate
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EXARATE
DECTICOUS

(b)

EXARATE ADECTICOUS

OBTECT ADECTICOUS

Fig. 6.7 Examples of pupal types. Exarate decticous pupae: (a) Megaloptera: Sialidae; (b) Mecoptera: Bittacidae. Exarate
adecticous pupae: (c) Coleoptera: Dermestidae; (d) Hymenoptera: Vespidae; (e,f) Diptera: Calliphoridae, puparium and pupa
within. Obtect adecticous pupae: (g) Lepidoptera: Cossidae; (h) Lepidoptera: Saturniidae; (i) Lepidoptera: Papilionidae, chrysalis;
(j) Coleoptera: Coccinellidae. ((a) After Evans 1978; (b,c,e,g) after CSIRO 1970; (d) after Chu 1949; (h) after Common 1990; (i)

after Common & Waterhouse 1972; (j) after Palmer 1914.)

adult may have rested in the pupal cuticle until the
appropriate environmental trigger for emergence.
Changes in temperature or light and perhaps chemical
signals may synchronize adult emergence in most
species.

Hormonal control of emergence has been studied
most comprehensively in Lepidoptera, especially in
the tobacco hornworm, Manduca sexta (Lepidoptera:
Sphingidae), notably by James Truman, Lynn Riddiford,
and colleagues. The description of the following events
at eclosion are based largely on M. sexta but are
believed to be similar in other insects and at other
molts. At least five hormones are involved in eclosion

(see also section 6.3). A few days prior to eclosion the
ecdysteroid level declines, and a series of physiological
and behavioral events are initiated in preparation for
ecdysis, including the release of two neuropeptides.
Ecdysis triggering hormone (ETH), from epitracheal
glands called Inka cells, and eclosion hormone (EH),
from neurosecretory cells in the brain, act in concert to
trigger pre-eclosion behavior, such as seeking a site
suitable for ecdysis and movements to aid later extrica-
tion from the old cuticle. ETH is released first and ETH
and EH stimulate each other’s release, forming a posit-
ive feedback loop. The build-up of EH also releases
crustacean cardioactive peptide (CCAP) from cells
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Fig. 6.8 The nymphal-imaginal molt of a male dragonfly of Aeshna cyanea (Odonata: Aeshnidae). The final-instar nymph climbs
out of the water prior to the shedding of its cuticle. The old cuticle splits mid-dorsally, the teneral adult frees itself, swallows air and
must wait many hours for its wings to expand and dry. (After Blaney 1976.)

in the ventral nerve cord. CCAP switches off pre-
eclosion behavior and switches on eclosion behavior,
such as abdominal contraction and wing-base move-
ments, and accelerates heartbeat. EH appears also to
permit the release of further neurohormones — bursi-
con and cardiopeptides — that are involved in wing
expansion after ecdysis. The cardiopeptides stimulate
the heart, facilitating movement of hemolymph into
the thorax and thus into the wings. Bursicon induces
a brief increase in cuticle plasticity to permit wing
expansion, followed by sclerotization of the cuticle in its
expanded form.

The newly emerged, or teneral, adult has soft
cuticle, which permits expansion of the body surface by
swallowing air, by taking air into the tracheal sacs, and
by locally increasing hemolymph pressure by muscular
activity. The wings normally hang down (Fig. 6.8; see
also Plate 3.4), which aids their inflation. Pigment
deposition in the cuticle and epidermal cells occurs just
before or after emergence and is either linked to, or
followed by, sclerotization of the body cuticle under the
influence of the neurohormone bursicon.

Following emergence from the pupal cuticle, many
holometabolous insects void a fecal fluid called the
meconium. This represents the metabolic wastes that
have accumulated during the pupal stadium. Some-
times the teneral adult retains the meconium in the
rectum until sclerotization is complete, thus aiding
increase in body size.

Reproduction is the main function of adult life and

the length of the imaginal stadium, at least in the
female, is related to the duration of egg production.
Reproduction is discussed in detail in Chapter 5. Sene-
scence correlates with termination of reproduction and
death may be predetermined in the ontogeny of an
insect. Females may die after egg deposition and males
may die after mating. An extended post-reproductive
life is important in distasteful, aposematic insects to
allow predators to learn the distastefulness of the prey
at a developmental period when prey individuals are
expendable (section 14.4).

6.3 PROCESS AND CONTROL OF
MOLTING

For practical reasons an instar is defined from ecdysis to
ecdysis (Fig. 6.1), but morphologically and physiolog-
ically a new instar comes into existence at the time of
apolysis when the epidermis separates from the cuticle
of the previous stage. Apolysis is difficult to detect in
most insects but knowledge of its occurrence may be
important because many insects spend a substantial
period in the pharate state (cloaked within the cuticle
of the previous instar) awaiting conditions favorable
for emergence as the next stage. Insects often survive
adverse conditions as pharate pupae or pharate adults
(e.g. some diapausing adult moths) because in this state
the double cuticular layer restricts water loss during
a developmental period during which metabolism is
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reduced and requirements for gaseous exchange are
minimal.

Molting is a complex process involving hormonal,
behavioral, epidermal, and cuticular changes that lead
up to the shedding of the old cuticle. The epidermal cells
are actively involved in molting — they are responsible
for partial breakdown of the old cuticle and formation
of the new cuticle. The molt commences with the
retraction of the epidermal cells from the inner sur-
face of the old cuticle, usually in an antero-posterior
direction. This separation is not total because muscles
and sensory nerves retain their connection with the old
cuticle. Apolysis is either correlated with or followed
by mitotic division of the epidermal cells leading to
increases in the volume and surface area of the epider-
mis. The subcuticular or apolysial space formed after
apolysis becomes filled with the secreted but inactive
molting fluid. The chitinolytic and proteolytic enzymes
of the molting fluid are not activated until the epider-
mal cells have laid down the protective outer layer of a
new cuticle. Then the inner part of the old cuticle (the
endocuticle) is lysed and presumably resorbed, while
the new pharate cuticle continues to be deposited as an
undifferentiated procuticle. Ecdysis commences with
the remnants of the old cuticle splitting along the dorsal
midline as a result of increase in hemolymph pressure.
The cast cuticle consists of the indigestible protein,
lipid, and chitin of the old epicuticle and exocuticle.
Once free of the constraints of this previous “skin”, the
newly ecdysed insect expands the new cuticle by swal-
lowing air or water and/or by increasing hemolymph
pressure in different body parts to smooth out the
wrinkled and folded epicuticle and stretch the procut-
icle. After cuticular expansion, some or much of the
body surface may become sclerotized by the chemical
stiffening and darkening of the procuticle to form exo-
cuticle (section 2.1). However, in larval insects most of
the body cuticle remains membranous and exocuticle is
confined to the head capsule. Following ecdysis, more
proteins and chitin are secreted from the epidermal
cells thus adding to the inner part of the procuticle, the
endocuticle, which may continue to be deposited well
into the intermolt period. Sometimes the endocuticle is
partially sclerotized during the stadium and frequently
the outer surface of the cuticle is covered in wax secre-
tions. Finally, the stadium draws to an end and apolysis
isinitiated once again.

The above events are effected by hormones acting on
the epidermal cells to control the cuticular changes and
also on the nervous system to co-ordinate the beha-

viors associated with ecdysis. Hormonal regulation
of molting has been studied most thoroughly at meta-
morphosis, when endocrine influences on molting per
se are difficult to separate from those involved in the
control of morphological change. The classical view of
the hormonal regulation of molting and metamorpho-
sis is presented schematically in Fig. 6.9; the endocrine
centers and their hormones are described in more detail
in Chapter 3. Three major types of hormones control
molting and metamorphosis:

1 neuropeptides, including prothoracicotropic hor-
mone (PTTH), ETH, and EH;

2 ecdysteroids;

3 juvenile hormone (JH), which may occur in several
different forms even in the same insect.

Neurosecretory cells in the brain secrete PTTH, which
passes down nerve axons to the corpora allata, a pair
of neuroglandular bodies that store and later release
PTTH into the hemolymph. The PTTH stimulates
ecdysteroid synthesis and secretion by the prothoracic
or molting glands. Ecdysteroid release then initiates the
changes in the epidermal cells that lead to the produc-
tion of new cuticle. The characteristics of the molt are
regulated by JH from the corpora allata; JH inhibits the
expression of adult features so that a high hemolymph
level (titer) of JH is associated with a larval-larval molt,
and a lower titer with a larval-pupal molt; JH is absent
at the pupal-adult molt.

Ecdysis is mediated by ETH and EH, and EH at least
appears to be important at every molt in the life history
of perhaps all insects. This neuropeptide acts on a
steroid-primed central nervous system to evoke the
co-ordinated motor activities associated with escape
from the old cuticle. Eclosion hormone derives its name
from the pupal-adult ecdysis, or eclosion, for which its
importance was first discovered and before its wider
role was realized. Indeed, the association of EH with
molting appears to be ancient, as other arthropods
(e.g. crustaceans) have EH homologues. In the well-
studied tobacco hornworm (section 6.2.4), the more
recently discovered ETH is as important to ecdysis as
EH, with ETH and EH stimulating each other’s release,
but the taxonomic distribution of ETH is not yet known.
In many insects, another neuropeptide, bursicon, con-
trols sclerotization of the exocuticle and postmolt
deposition of endocuticle.

The relationship between the hormonal environ-
ment and the epidermal activities that control molting
and cuticular deposition in a lepidopteran, the tobacco
hornworm Manduca sexta, are presented in Fig. 6.10.
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Fig. 6.9 Schematic diagram of the classical view of endocrine control of the epidermal processes that occur in molting and
metamorphosis in an endopterygote insect. This scheme simplifies the complexity of ecdysteroid and JH secretion and does not
indicate the influence of neuropeptides such as eclosion hormone. JH, juvenile hormone; PTTH, prothoracicotropic hormone.

(After Richards 1981.)

Only now are we beginning to understand how hor-
mones regulate molting and metamorphosis at the
cellular and molecular levels. However, detailed studies
on the tobacco hornworm clearly show the correlation
between the ecdysteroid and JH titers and the cuticular
changes that occur in the last two larval instars and in

prepupal development. During the molt at the end of
the fourth larval instar, the epidermis responds to the
surge of ecdysteroid by halting synthesis of endocuticle
and the blue pigment insecticyanin. A new epicuticle
is synthesized, much of the old cuticle is digested, and
resumption of endocuticle and insecticyanin production
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Fig. 6.10 Diagrammatic view of the changing activities of the epidermis during the fourth and fifth larval instars and prepupal
(=pharate pupal) development in the tobacco hornworm, Manduca sexta (Lepidoptera: Sphingidae) in relation to the hormonal
environment. The dots in the epidermal cells represent granules of the blue pigment insecticyanin. ETH, ecdysis triggering
hormone; EH, eclosion hormone; JH, juvenile hormone; EPI, EXO, ENDO, deposition of pupal epicuticle, exocuticle, and
endocuticle, respectively. The numbers on the x-axis represent days. (After Riddiford 1991.)

occurs by the time of ecdysis. In the final larval instar
the JH declines to undetectable levels, allowing small
rises in ecdysteroid that first stimulate the epidermis to
produce a stiffer cuticle with thinner lamellae and then
elicit wandering in the larva. When ecdysteroid initi-
ates the next molt, the epidermal cells produce pupal
cuticle as a result of the activation of many new genes.
The decline in ecdysteroid level towards the end of each
molt seems to be essential for, and may be the physio-
logical trigger causing, ecdysis to occur. It renders the
tissues sensitive to EH and permits the release of EH into
the hemolymph (see section 6.2.4 for further discus-
sion of the actions of eclosion hormone). Apolysis at
the end of the fifth larval instar marks the beginning of
a prepupal period when the developing pupa is pharate
within the larval cuticle. Differentiated exocuticle and
endocuticle appear at this larval-pupal molt. During
larval life, the epidermal cells covering most of the body
do not produce exocuticle, so the caterpillar’s cuticle is

soft and flexible allowing considerable growth within
an instar as a result of feeding.

6.4 VOLTINISM

Insects are short-lived creatures, whose lives can be
measured by their voltinism — the numbers of genera-
tions per year. Most insects take a year or less to develop,
with either one generation per year (univoltine
insects), or two (bivoltine insects), or more than two
(multivoltine, or polyvoltine, insects). Generation
times in excess of one year (semivoltine insects) are
found, for example, amongst some inhabitants of the
polar extremes, where suitable conditions for develop-
ment may exist for only a few weeks in each year. Large
insects that rely upon nutritionally poor diets also
develop slowly over many years. For example, periodic
cicadas feeding on sap from tree roots may take either



13 or 17 years to mature, and beetles that develop
within dead wood have been known to emerge after
more than 20 years’ development.

Most insects do not develop continuously through-
out the year, but arrest their development during un-
favorable times by quiescence or diapause (section 6.5).
Many univoltine and some bivoltine species enter
diapause at some stage, awaiting suitable conditions
before completing their life cycle. For some univoltine
insects, many social insects, and others that take longer
than a year to develop, adult longevity may extend to
several years. In contrast, the adult life of multivoltine
insects may be as little as a few hours at low tide for
marine midges such as Clunio (Diptera: Chironomidae),
or a single evening for many Ephemeroptera.

Multivoltine insects tend to be small and fast-
developing, using resources that are more evenly avail-
able throughout the year. Univoltinism is common
amongst temperate insects, particularly those that use
resources that are seasonally restricted. These might
include insects whose aquatic immature stages rely on
spring algal bloom, or phytophagous insects using
short-lived annual plants. Bivoltine insects include
those that develop slowly on evenly spread resources,
and those that track a bimodally distributed factor,
such as spring and fall temperature. Some species have
fixed voltinism patterns, whereas others may vary with
geography, particularly in insects with broad latitudi-
nal or elevational ranges.

6.5 DIAPAUSE

The developmental progression from egg to adult often
is interrupted by a period of dormancy. This occurs
particularly in temperate areas when environmental
conditions become unsuitable, such as in seasonal
extremes of high or low temperatures, or drought.
Dormancy may occur in summer (aestivation (estiva-
tion)) or in winter (hibernation), and may involve
either quiescence or diapause. Quiescence is a halted
or slowed development as a direct response to un-
favorable conditions, with development resuming
immediately favorable conditions return. In contrast,
diapause involves arrested development combined
with adaptive physiological changes, with development
recommencing not necessarily on return of suitable
conditions, but only following particular physiological
stimuli. Distinguishing between quiescence and dia-
pause requires detailed study.
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Diapause at a fixed time regardless of varied environ-
mental conditions is termed obligatory. Univoltine
insects (those with one generation per year) often have
obligatory diapause to extend an essentially short life
cycle to one full year. Diapause that is optional is
termed facultative, and this occurs widely in insects,
including many bi- or multivoltine insects in which
diapause occurs only in the generation that must sur-
vive the unfavorable conditions. Facultative diapause
can be food induced: thus when summer aphid prey
populations are low the ladybird beetles Hippodamia
convergens and Semidalia unidecimnotata aestivate, but if
aphidsremain in high densities, asin irrigated crops, the
predators will continue to develop without diapause.

Diapause can last from days to months or in rare
cases years, and can occur in any life-history stage from
egg to adult. The diapausing stage predominantly is
fixed within any species and can vary between close rel-
atives. Egg and/or pupal diapause is common, probably
because these stages are relatively closed systems, with
only gases being exchanged during embryogenesis
and metamorphosis, respectively, allowing better sur-
vival during environmental stress. In the adult stage,
reproductive diapause describes the cessation or
suspension of reproduction in mature insects. In this
state metabolism may be redirected to migratory flight
(section 6.7), production of cryoprotectants (section
6.6.1), or simply reduced during conditions inclement
for the survival of adult (and/or immature) stages.
Reproduction commences post-migration or when
conditions for successful oviposition and immature
stage development return.

Much research on diapause has been carried out
in Japan in relation to silk production from cultured
silkworms (Bombyx mori). Optimal silk production
comes from the generation with egg diapause, but this
conflicts with a commercial need for continuous pro-
duction, which comes from individuals reared from
non-diapausing eggs. The complex mechanisms that
promote and break diapause in this species are now
well understood. However, these mechanisms may
not apply generally, and as the example of Aedes below
indicates, several different mechanisms may be at play
in different, even closely related, insects, and much is
still to be discovered.

Major environmental cues that induce and/or
terminate diapause are photoperiod, temperature, food
quality, moisture, pH, and chemicals including oxygen,
urea, and plant secondary compounds. Identification of
the contribution of each may be difficult, as for example
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in species of the mosquito genus Aedes that lay diapaus-
ing eggs into seasonally dry pools or containers.
Flooding of the oviposition site at any time may termin-
ate embryonic diapause in some Aedes species. In other
species, many successive inundations may be required
to break diapause, with the cues apparently including
chemical changes such as lowering of pH by microbial
decomposition of pond detritus. Furthermore, one envir-
onmental cue may enhance or override a previous one.
For example, if an appropriate diapause-terminating
cue of inundation occurs while the photoperiod and/or
temperature is “wrong”, then diapause may not break,
or only a small proportion of eggs may hatch.

Photoperiod is significant in diapause because al-
teration in day length predicts much about future
seasonal environmental conditions, with photoperiod
increasing as summer heat approaches and diminish-
ing towards winter cold (section 6.10.2). Insects can
detect day-length or night-length changes (photo-
periodic stimuli), sometimes with extreme accuracy,
through brain photoreceptors rather than compound
eyes or ocelli. The insect brain also stores the “program-
ming” for diapause, such that transplant of a diapaus-
ing moth pupal brain into a non-diapausing pupa
will induce diapause in the recipient. The reciprocal
operation causes resumption of development in a dia-
pausing recipient. This programming may long pre-
cede the diapause and even span a generation, such
that maternal conditions can govern the diapause in
the developing stages of her offspring.

Many studies have shown endocrine control of dia-
pause, but substantial variation in mechanisms for the
regulation of diapause reflects the multiple independ-
ent evolution of this phenomenon. Generally in dia-
pausing larvae, the production of ecdysteroid molting
hormone from the prothoracic gland ceases, and JH
plays a role in termination of diapause. Resumption
of ecdysteroid secretion from the prothoracic glands
appears essential for the termination of pupal diapause.
JH is important in diapause regulation in adult insects
but, as with the immature stages, may not be the only
regulator. In larvae, pupae, and adults of Bombyx mori,
complex antagonistic interactions occur between a
diapause hormone, originating from paired neuro-
secretory cells in the suboesophageal ganglion, and
JH from the corpora allata. The adult female produces
diapause eggs when the ovariole is under the influence
of diapause hormone, whereas in the absence of this
hormone and in the presence of juvenile hormone,
non-diapause eggs are produced.

6.6 DEALING WITH ENVIRONMENTAL
EXTREMES

The most obvious environmental variables that con-
front an insect are seasonal fluctuations in temper-
ature and humidity. The extremes of temperatures
and humidities experienced by insects in their natural
environments span the range of conditions encoun-
tered by terrestrial organisms, with only the suite of
deep oceanic hydrothermic vent taxa encountering
higher temperatures. For reasons of human interest
in cryobiology (revivable preservation) the responses
to extremes of cold and desiccation have been better
studied than those to high temperatures alone.

The options available for avoidance of the extremes
are behavioral avoidance, such as by burrowing into
soil of a more equable temperature, migration (section
6.7), diapause (section 6.5), and in situ tolerance/
survival in a very altered physiological condition, the
topic of the following sections.

6.6.1 Cold

Biologists have long been interested in the occurrence
of insects at the extremes of the Earth, in surprising
diversity and sometimes in large numbers. Holometa-
bolous insects are abundant in refugial sites within 3°
of the North Pole, although fewer, notably a chirono-
mid midge and some penguin and seal lice, are found
on the Antarctic proper. Freezing, high elevations,
including glaciers, sustain resident insects, such as the
Himalayan Diamesa glacier midge (Diptera: Chirono-
midae), which sets a record for cold activity, being
active at an air temperature of —16°C. Snowfields also
support seasonally cold-active insects such as gryl-
loblattids, and Chionea (Diptera: Tipulidae) and Boreus
(Mecoptera), the snow “fleas”. Low-temperature envir-
onments pose physiological problems that resemble
dehydration in the reduction of available water, but
clearly also include the need to avoid freezing of body
fluids. Expansion and ice crystal formation typically
kill mammalian cells and tissues, but perhaps some
insect cells can tolerate freezing. Insects may possess
one or several of a suite of mechanisms — collectively
termed cryoprotection — that allows survival of cold
extremes. These mechanisms may apply in any life-
history stage, from resistant eggs to adults. Although
they form a continuum, the following categories can
aid understanding.



Freeze tolerance

Freeze-tolerant insects include some of the most cold-
hardy species, mainly occurring in Arctic, sub-Arctic,
and Antarctic locations that experience the most
extreme winter temperatures (e.g. —40 to —80°C). Pro-
tection is provided by seasonal production of ice-
nucleating agents (INA) under the induction of falling
temperatures and prior to onset of severe cold. These
proteins, lipoproteins, and/or endogenous crystalline
substances such as urates, act as sites where (safe)
freezing is encouraged outside cells, such as in the
hemolymph, gut, or Malpighian tubules. Controlled
and gentle extracellular ice formation acts also to gra-
dually dehydrate cell contents, in which state freezing
is avoided. In addition, substances such as glycerol
and/or related polyols, and sugars including sorbitol
and trehalose, allow supercooling (remaining liquid
at subzero temperature without ice formation) and also
protect tissues and cells prior to full INA activation and
after freezing. Antifreeze proteins may also be pro-
duced; these fulfill some of the same protective roles,
especially during freezing conditions in fall and during
the spring thaw, outside the core deep-winter freeze.
Onset of internal freezing often requires body contact
with external ice to trigger ice nucleation, and may
take place with little or no internal supercooling. Freeze
tolerance does not guarantee survival, which depends
not only on the actual minimum temperature experi-
enced but also upon acclimation before cold onset, the
rapidity of onset of extreme cold, and perhaps also the
range and fluctuation in temperatures experienced
during thawing. In the well-studied galling tephritid fly
Eurosta solidaginis, all these mechanisms have been
demonstrated, plus tolerance of cell freezing, at least in
fat body cells.

Freeze avoidance

Freeze avoidance describes both a survival strategy and
a species’ physiological ability to survive low tem-
peratures without internal freezing. In this definition,
insects that avoid freezing by supercooling can survive
extended periods in the supercooled state and show
high mortality below the supercooling point, but little
above it, and are freeze avoiders. Mechanisms for
encouraging supercooling include evacuation of the
digestive system to remove the promoters of ice nucle-
ation, plus pre-winter synthesis of polyols and anti-
freeze agents. In these insects cold hardiness (potential
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to survive cold) can be calculated readily by com-
parison of the supercooling point (below which death
occurs) and the lowest temperature the insect experi-
ences. Freeze avoidance has been studied in the autum-
nal moth, Epirrita autumnata, and goldenrod gall moth,
Epiblema scudderiana.

Chill tolerance

Chill-tolerant species occur mainly from temperate areas
polewards, where insects survive frequent encounters
with subzero temperatures. This category contains
species with extensive supercooling ability (see above)
and cold tolerance, but is distinguished from these
by mortality that is dependent on duration of cold ex-
posure and low temperature (above the supercooling
point), i.e. the longer and the colder the freezing spell,
the more deaths are attributable to freezing-induced
cellular and tissue damage. A notable ecological group-
ing that demonstrates high chill tolerance are species
that survive extreme cold (lower than supercooling
point) by relying on snow cover, which provides
“milder” conditions where chill tolerance permits sur-
vival. Examples of studied chill-tolerant species include
the beech weevil, Rhynchaenus fagi, in Britain, and the
bertha armyworm, Mamestra configurata, in Canada.

Chill susceptibility

Chill-susceptible species lack cold hardiness, and
although they may supercool, death is rapid on expos-
ure to subzero temperatures. Such temperate insects
tend to vary in summer abundances according to the
severity of the preceding winter. Thus, several studied
European pest aphids (Myzus persicae, Sitobion avenae,
and Rhopalosiphum padi) can supercool to —24°C
(adults) or —27°C (nymphs) yet show high mortality
when held at subzero temperatures for just a minute or
two. Eggs show much greater cold hardiness than
nymphs or adults. As overwintering eggs are produced
only by sexual (holocyclic) species or clones, aphids
with this life cycle predominate at increasingly high
latitudes in comparison with those in which over-
wintering is in a nymphal or adult stage (anholocyclic
species or clones).

Opportunistic survival

Opportunistic survival is observed in insects living in
stable, warm climates in which cold hardiness is little
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developed. Even though supercooling is possible, in
species that lack avoidance of cold through diapause or
quiescence (section 6.5), mortality occurs when an
irreversible lower threshold for metabolism is reached.
Survival of predictable or sporadic cold episodes for
these species depends upon exploitation of favorable
sites, for example by migration (section 6.7) or by local
opportunistic selection of appropriate microhabitats.

Clearly, low-temperature tolerance is acquired con-
vergently, with a range of different mechanisms and
chemistries involved. A unifying feature may be that
the mechanisms for cryoprotection are rather similar
to those shown for avoidance of dehydration which
may be preadaptive for cold tolerance. Although each
of the above categories contains a few unrelated
species, amongst the terrestrial bembidiine Carabidae
(Coleoptera) the Arctic and sub-Arctic regions contain
a radiation of cold-tolerant species. A preadaptation to
aptery (wing loss) has been suggested for these beetles,
asitistoo cold to warm flight muscles. Nonetheless, the
summer Arctic is plagued by actively flying, biting
dipterans that warm themselves by their resting ori-
entation towards the sun.

6.6.2 Heat

The hottest inhabited places on Earth occur in the
ocean, where suboceanic thermal vents support a
unique assemblage of organisms based on thermo-
philous bacteria, and insects are absent. In contrast, in
a terrestrial equivalent, vents in thermally active areas
support a few specialist insects. The hottest waters in
thermal springs of Yellowstone National Park are too
hot to touch, but by selection of slightly cooler micro-
habitats amongst the cyanobacteria/blue-green algal
mats, a brine fly, Ephydra bruesi (Ephydridae), can sur-
vive at 43°C. At least some other species of ephydrids,
stratiomyiids, and chironomid larvae (all Diptera) tol-
erate nearly 50°C in Iceland, New Zealand, South
America, and perhaps other sites where volcanism
provides hot-water springs. The other aquatic temper-
ature-tolerant taxa are found principally amongst the
Odonata and Coleoptera.

High temperatures tend to Kkill cells by denaturing
proteins, altering membrane and enzyme structures
and properties, and by loss of water (dehydration).
Inherently, the stability of non-covalent bonds that
determine the complex structure of proteins determines
the upper limits, but below this threshold there are

many different but interrelated temperature-dependent
biochemical reactions. Exactly how insects tolerant of
high temperature cope biochemically is little known.
Acclimation, in which a gradual exposure to increas-
ing (or decreasing) temperatures takes place, certainly
provides a greater disposition to survival at extreme
temperatures compared with instantaneous exposure.
When comparisons of effects of temperature are made,
acclimation conditioning should be considered.
Options of dealing with high air temperatures include
behaviors such as use of a burrow during the hottest
times. This activity takes advantage of the buffering
of soils, including desert sands, against temperature
extremes so that near-stable temperatures occur within
a few centimeters of the fluctuations of the exposed
surface. Overwintering pupation of temperate insects
frequently takes place in a burrow made by a late-instar
larva, and in hot, arid areas night-active insects such
as predatory carabid beetles may pass the extremes of
the day in burrows. Arid-zone ants, including Saharan
Cataglyphis, Australian Melophorus, and Namibian
Ocymyrmex, show several behavioral features to max-
imize their ability to use some of the hottest places on
Earth. Long legs hold the body in cooler air above the
substrate, they can run as fast as 1 m s}, and are good
navigators to allow rapid return to the burrow. Toler-
ance of high temperature is an advantage to Cataglyphis
because they scavenge upon insects that have died from
heat stress. However, Cataglyphis bombycina suffers pre-
dation from a lizard that also has a high temperature
tolerance, and predator avoidance restricts the above-
ground activity of Cataglyphis to a very narrow temper-
ature band, between that at which the lizard ceases
activity and its own upper lethal thermal threshold.
Cataglyphis minimizes exposure to high temperatures
using the strategies outlined above, and adds thermal
respite activity — climbing and pausing on grass stems
above the desert substrate, which may exceed 46°C.
Physiologically, Cataglyphis may be amongst the most
thermally tolerant land animals because they can
accumulate high levels of “heat-shock proteins” in
advance of their departure to forage from their (cool)
burrow to the ambient external heat. The few minutes
duration of the foraging frenzy is too short for synthesis
of these protective proteins after exposure to the heat.
The proteins once termed “heat-shock proteins”
(abbreviated as “hsp”) may be best termed stress-
induced proteins when involved in temperature-related
activities, as at least some of the suite can be induced
also by desiccation and cold. Their function at higher



temperatures appears to be to act as molecular chaper-
ones assisting in protein folding. In cold conditions,
protein folding is not the problem, but rather it is loss of
membrane fluidity, which can be restored by fatty acid
changes and by denaturing of membrane phospholipids,
perhaps also under some control of stress proteins.

The most remarkable specialization involves a larval
chironomid midge, Polypedilum vanderplanki, which
lives in West Africa on granite outcrops in temporary
pools, such as those that form in depressions made by
native people when grinding grain. The larvae do not
form cocoons when the pools dry, but their bodies lose
water until they are almost completely dehydrated. In
this condition of cryptobiosis (alive but with all
metabolism ceased), the larvae can tolerate temperat-
ure extremes, including artificially imposed temperat-
ures in dry air from more than 100°C down to —27°C.
On wetting, the larvae revive rapidly, feed and continue
development until the onset of another cycle of desicca-
tion or until pupation and emergence.

6.6.3 Aridity

In terrestrial environments, temperature and humidity
are intimately linked, and responses to high temperat-
ures are inseparable from concomitant water stress.
Although free water may be unavailable in the arid
tropics for long periods, many insects are active year-
round in places such as the Namib Desert, an essentially
rain-free desert in southwestern Africa. This desert has
provided a research environment for the study of water
relations in arid-zone insects ever since the discovery of
“fog basking” amongst some tenebrionid beetles. The
cold oceanic current that abuts the hot Namib Desert
produces daily fog that sweeps inland. This provides a
source of aerial moisture that can be precipitated onto
the bodies of beetles that present a head-down stance
on the slip face of sand dunes, facing the fog-laden
wind. The precipitated moisture then runs to the
mouth of the beetle. Such atmospheric water gathering
is just one from a range of insect behaviors and mor-
phologies that allow survival under these stressful con-
ditions. Two different strategies exemplified by different
beetles can be compared and contrasted: detritivorous
tenebrionids and predaceous carabids, both of which
have many aridity-tolerant species.

The greatest water loss by most insects occurs
via evaporation from the cuticle, with lesser amounts
lost through respiratory gas exchange at the spiracles
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and through excretion. Some arid-zone beetles have
reduced their water loss 100-fold by one or more
strategies including extreme reduction in evaporative
water loss through the cuticle (section 2.1), reduction
in spiracular water loss, reduction in metabolism, and
extreme reduction of excretory loss. In the studied arid-
zone species of tenebrionids and carabids, cuticular
water permeability is reduced to almost zero such that
water loss is virtually a function of metabolic rate alone
—i.e. loss is by the respiratory pathway, predominantly
related to variation in the local humidity around the
spiracles. Enclosure of the spiracles in a humid sub-
elytral space is an important mechanism for reduction
of such losses. Observation of unusually low levels
of sodium in the hemolymph of studied tenebrionids
compared with levels in arid-zone carabids (and most
other insects) implies reduced sodium pump activity,
reduced sodium gradient across cell membranes, a con-
comitantly inferred reduction in metabolic rate, and
reduced respiratory water loss. Uric acid precipitation
when water is reabsorbed from the rectum allows the
excretion of virtually dry urine (section 3.7.2), which,
with retention of free amino acids, minimizes loss of
everything except the nitrogenous wastes. All these
mechanisms allow the survival of a tenebrionid beetle
in an arid environment with seasonal food and water
shortage. In contrast, desert carabids include species
that maintain a high sodium pump activity and sodium
gradient across cell membranes, implying a high meta-
bolic rate. They also excrete more dilute urine, and
appear less able to conserve free amino acids. Behav-
iorally, carabids are active predators, needing a high
metabolic rate for pursuit, which would incur greater
rates of water loss. This may be compensated for by the
higher water content of their prey, compared with the
desiccated detritus that forms the tenebrionid diet.

To test if these distinctions are different “adaptive”
strategies, or if tenebrionids differ more generally from
carabids in their physiology, irrespective of any arid tol-
erance, will require wider sampling of taxa, and some
appropriate tests to determine whether the observed
physiological differences are correlated with taxo-
nomic relationships (i.e. are preadaptive for life in low-
humidity environments) or ecology of the species. Such
tests have not been undertaken.

6.7 MIGRATION

Diapause, as described above, allows an insect to track
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its resources in time — when conditions become incle-
ment, development ceases until diapause breaks. An
alternative to shutdown is to track resources in space
by directed movement. The term migration was
formerly restricted to the to-and-fro major movements
of vertebrates, such as wildebeest, salmonid fish, and
migratory birds including swallows, shorebirds, and
maritime terns. However, there are good reasons to
expand this to include organisms that fulfill some or all
of the following criteria, in and around specific phases
of movement:

¢ persistent movement away from an original home
range;

« relatively straight movement in comparison with
station-tending or zig-zagging within a home range;

¢ undistracted by (unresponsive to) stimuli from home
range;

« distinctive pre- and post-movement behaviors;

« reallocation of energy within the body.

All migrations in this wider sense are attempts to
provide a homogeneous suitable environment despite
temporal fluctuations in a single home range. Criteria
such as length of distance traveled, geographical area
in which migration occurs, and whether or not the
outward-bound individual undertakes a return are un-
important to this definition. Furthermore, thinning out
of a population (dispersal) or advance across a similar
habitat (range extension) are not migrations. Accord-
ing to this definition, seasonal movements from the
upper mountain slopes of the Sierra Nevada to the
Central Valley by the convergent ladybird beetle
(Hippodamia convergens) is as much a migratory activity
as is a transcontinental movement of a monarch but-
terfly (Danaus plexippus). Pre-migration behaviors in
insects include redirecting metabolism to energy stor-
age, cessation of reproduction, and production of wings
in polymorphic species in which winged and wingless
forms coexist (polyphenism; section 6.8.2). Feeding
and reproduction are resumed post-migration. Some
responses are under hormonal control, whereas others
are environmentally induced. Evidently, pre-migration
changes must anticipate the altered environmental
conditions that migration has evolved to avoid. As with
induction of diapause (above), principal amongst these
cues is change in day length (photoperiod). A strong
linkage exists between the several cues for onset and
termination of reproductive diapause and induction
and cessation of migratory response in studied species,
including monarch butterflies and milkweed bugs
(Oncopeltus fasciatus). From their extensive range asso-

ciated with North American host milkweed plants
(Asclepiadaceae), individuals of both species migrate
south. At least in this migrant generation of monarchs,
a magnetic compass complements solar navigation
in deriving the bearings towards the overwintering
site. Shortening day length induces a reproductive dia-
pause in which flight inhibition is removed and energy
is transferred to flight instead of reproduction. The
overwintering generation of both species (monarch
butterflies at their winter roost are shown in Plate 3.5)
is in diapause, which ends with a two- (or more) stage
migration from south to north that essentially tracks
the sequential development of subtropical to temperate
annual milkweeds as far as southern Canada. The first
flight in early spring from the overwintering area is
short, with both reproduction and flight effort occur-
ring during days of short length, but the next genera-
tion extends far northwards in longer days, either as
individuals or by consecutive generations. Few if any of
the returning individuals are the original outward
migrants. In the milkweed bugs there is a circadian
rhythm (Box 4.4) with oviposition and migration tem-
porally segregated in the middle of the day, and mating
and feeding concentrated at the end of the daylight
period. As both milkweed bugs and monarch butterflies
have non-migratory multivoltine relatives that remain
in the tropics, it seems that the ability to diapause and
thus escape in the fall has allowed just these two species
to invade summer milkweed stands of the temperate
region. In contrast, amongst noctuid moths of the
genus Spodoptera (armyworms) a number of species
show a diapause-related migration and others a vari-
able pre-reproductive period.

It is a common observation that insects living in
“temporary” habitats of limited duration have a higher
proportion of flighted species, and within polymorphic
taxa, a higher proportion of flighted individuals. In
longer-lasting habitats loss of flightedness, either per-
manently or temporarily, is more common. Thus,
amongst European water-striders (Hemiptera: Gerridae)
species associated with small ephemeral water bodies
are winged and regularly migrate to seek new water
bodies; those associated with large lakes tend to wing-
lessness and sedentary life histories. Evidently, flighted-
ness relates to the tendency (and ability) to migrate
in locusts, as exemplified in Chortoicetes terminifera
(the Australian migratory locust) and Locusta migrato-
ria which demonstrate adaptive migration to exploit
ephemerally available favorable conditions in arid
regions (see section 6.10.5 for L. migratoria behavior).



Although the massed movements described above
are very conspicuous, even the “passive dispersal” of
small and lightweight insects can fulfill many of the
criteria of migration. Thus, even reliance upon wind (or
water) currents for movement may involve the insect
being capable of any or all of the following:
¢ changing behavior to embark, such as young scale
insects crawling to a leaf apex and adopting a posture
there to enhance the chances of extended aerial
movement;

e being in appropriate physiological and develop-
mental condition for the journey, as in the flighted
stage of otherwise apterous aphids;

* sensing appropriate environmental cues to depart,
such as seasonal failure of the host plant of many
aphids;

* recognizing environmental cues on arrival, such as
odors or colors of a new host plant, and making con-
trolled departure from the current.

Naturally, embarkation on such journeys does not
always bring success and there are many strandings
of migratory insects in unsuitable habitat, such as ice-
fields and in open oceans. Nonetheless, it is clear that
some fecund insects that can make use of predictable
meteorological conditions can make long journeys in a
consistent direction, depart from the air current and
establish in a suitable, novel habitat. Aphids are a
prime example, but certain thrips and scale insects and
other agriculturally damaging pests are capable of
locating new host plants by this means.

6.8 POLYMORPHISM AND
POLYPHENISM

The existence of several generations per year often is
associated with morphological change between gen-
erations. Similar variation may occur contemporane-
ously within a population, such as the existence
simultaneously of both winged and flightless forms
(“morphs”). Sexual differences between males and
females and the existence of strong differentiation in
social insects such as ants and bees are further obvious
examples of the phenomenon. The term polymor-
phism encompasses all such discontinuities, which
occur in the same life-history phase at a frequency
greater than might be expected from repeated muta-
tion alone. It is defined as the simultaneous or recur-
rent occurrence of distinct morphological differences,
reflecting and often including physiological, behavi-
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oral, and/or ecological differences among conspecific
individuals.

6.8.1 Genetic polymorphism

The distinction between the sexes is an example of a
particular polymorphism, namely sexual dimorphism,
which in insects is almost totally under genetic deter-
mination. Environmental factors may affect sexual
expression, as in castes of some social insects or in
feminization of genetically male insects by mermithid
nematode infections. Aside from the dimorphism of the
sexes, different genotypes may co-occur within a single
species, maintained by natural selection at specific fre-
quencies that vary from place to place and time to time
throughout the range. For example, adults of some ger-
rid bugs are fully winged and capable of flight, whereas
other coexisting individuals of the same species are
brachypterous and cannot fly. Intermediates are at a
selective disadvantage and the two genetically deter-
mined morphs coexist in a balanced polymorphism.
Some of the most complex, genetically based, poly-
morphisms have been discovered in butterflies that
mimic chemically protected butterflies of another spe-
cies (the model) for purposes of defense from predators
(section 14.5). Some butterfly species may mimic more
than one model and, in these species, the accuracy of
the several distinct mimicry patterns is maintained
because inappropriate intermediates are not recog-
nized by predators as being distasteful and are eaten.
Mimetic polymorphism predominantly is restricted to
the females, with the males generally monomorphic
and non-mimetic. The basis for the switching between
the different mimetic morphs is relatively simple
Mendelian genetics, which may involve relatively few
genes or supergenes.

It is a common observation that some individual
species with a wide range of latitudinal distributions
show different life-history strategies according to loca-
tion. For example, populations living at high latitudes
(nearer the pole) or high elevation may be univoltine,
with a long dormant period, whereas populations
nearer the equator or lower in elevation may be multi-
voltine, and develop continuously without dormancy.
Dormancy is environmentally induced (sections 6.5 &
6.10.2), but the ability of the insect to recognize and
respond to these cues is programmed genetically. In
addition, at least some geographical variation in life
histories results from genetic polymorphism.
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6.8.2 Environmental polymorphism,
or polyphenism

A phenotypic difference between generations that
lacks a genetic basis and is determined entirely by
the environment often is termed polyphenism. An
example is the temperate to tropical Old World pierid
butterfly Eurema hecabe, which shows a seasonal change
in wing color between summer and fall morphs. Photo-
period induces morph change, with a dark-winged
summer morph induced by a long day of greater than
13 h. A short day of less than 12 h induces the paler-
winged fall morph, particularly at temperatures of
under 20°C, with temperature affecting males more
than females.

Amongst the most complex polyphenisms are those
seen in the aphids. Within parthenogenetic lineages
(i.e. in which there is absolute genetic identity) the
females may show up to eight distinct phenotypes,
in addition to polymorphisms in sexual forms. These
female aphids may vary in morphology, physiology,
fecundity, offspring timing and size, development time,
longevity, and host-plant choice and utilization. Envir-
onmental cues responsible for alternative morphs are
similar to those that govern diapause and migration
in many insects (sections 6.5 & 6.7), including photo-
period, temperature, and maternal effects, such as
elapsed time (rather than number of generations) since
the winged founding mother. Overcrowding triggers
many aphid species to produce a winged dispersive
phase. Crowding also is responsible for one of the most
dramatic examples of polyphenism, the phase trans-
formation from the solitary young locusts (hoppers) to
the gregarious phase (section 6.10.5). Studies on the
physiological mechanisms that link environmental
cues to these phenotype changes have implicated JH in
many aphid morph shifts.

If aphids show the greatest number of polyphenisms,
the social insects come a close second, and undoubtedly
have a greater degree of morphological differentiation
between morphs, termed castes. This is discussed in
more detail in Chapter 12; suffice it to say that mainten-
ance of the phenotypic differences between castes as
different as queens, workers, and soldiers includes
physiological mechanisms such as pheromones trans-
ferred with food, olfactory and tactile stimuli, and
endocrine control including JH and ecdysone. Super-
imposed on these polyphenisms are the dimorphic dif-
ferences between the sexes, which impose some limits
on variation.

6.9 AGE-GRADING

Identification of the growth stages or ages of insects in a
population is important in ecological or applied ento-
mology. Information on the proportion of a population
in different developmental stages and the proportion
of the adult population at reproductive maturity can be
used to construct time-specific life-tables or budgets to
determine factors that cause and regulate fluctuations
in population size and dispersal rate, and to monitor
fecundity and mortality factors in the population. Such
data are integral to predictions of pest outbreaks as
a result of climate and to the construction of models
of population response to the introduction of a control
program.

Many different techniques have been proposed for
estimating either the growth stage or the age of insects.
Some provide an estimate of chronological (calendar)
age within a stadium, whereas most estimate either
instar number or relative age within a stadium, in
which case the term age-grading is used in place of
age determination.

6.9.1 Age-grading of immature insects

For many population studies it isimportant to know the
number of larval or nymphal instars in a species and
to be able to recognize the instar to which any immat-
ure individual belongs. Generally, such information
is available or its acquisition is feasible for species with
a constant and relatively small number of immature
instars, especially those with a lifespan of a few months
or less. However, it is logistically difficult to obtain such
data for species with either many or a variable number
of instars, or with overlapping generations. The latter
situation may occur in species with many asynchron-
ous generations per year or in species with a life cycle of
longer than one year. In some species there are readily
discernible qualitative (e.g. color) or meristic (e.g.
antennal segment number) differences between con-
secutive immature instars. More frequently, the only
obvious difference between successive larval or
nymphal instars is the increase in size that occurs after
each molt (the molt increment). Thus, it should be pos-
sible to determine the actual number of instars in the
life history of a species from a frequency histogram of
measurements of a sclerotized body part (Fig. 6.11).
Entomologists have sought to quantify this size
progression for a range of insects. One of the earliest
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Fig. 6.11 Growth and development in a marine midge, Telmatogeton (Diptera: Chironomidae), showing increases in: (a) head
capsule length; (b) mandible length; and (c) body length between the four larval instars (I-IV). The dots and horizontal lines above
each histogram represent the means and standard deviations of measurements for each instar. Note that the lengths of the
sclerotized head and mandible fall into discrete size classes representing each instar, whereas body length is an unreliable
indicator of instar number, especially for separating the third- and fourth-instar larvae.

attempts was that of H.G. Dyar, who in 1890 estab-
lished a “rule” from observations on the caterpillars
of 28 species of Lepidoptera. Dyar’s measurements
showed that the width of the head capsule increased in
a regular linear progression in successive instars by a
ratio (range 1.3-1.7) that was constant for a given
species. Dyar’s rule states that:

postmolt size/premolt size (or molt increment)
=constant

Thus, if logarithms of measurements of some sclerot-
ized body part in different instars are plotted against
the instar number, a straight line should result; any
deviation from a straight line indicates a missing instar.
In practice, however, there are many departures from
Dyar’s rule, as the progression factor is not always con-

stant, especially in field populations subject to variable
conditions of food and temperature during growth.

A related empirical “law” of growth is Przibram'’s
rule, which states that an insect’s weight is doubled
during each instar and at each molt all linear dimen-
sions are increased by a ratio of 1.26. The growth of
most insects shows no general agreement with this
rule, which assumes that the dimensions of a part of the
insect body should increase at each molt by the same
ratio as the body as a whole. In reality, growth in most
insects is allometric, i.e. the parts grow at rates peculiar
to themselves, and often very different from the growth
rate of the body as a whole. The horned adornments on
the head and thorax of Onthophagus dung beetles dis-
cussed in section 5.3 exemplify the trade-offs associated
with allometric growth.
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6.9.2 Age-grading of adult insects

The age of an adult insect is not determined easily.
However, adult age is of great significance, particularly
in the insect vectors of disease. For instance, it is crucial
to epidemiology that the age (longevity) of an adult
female mosquito be known, as this relates to the num-
ber of blood meals taken and therefore the number
of opportunities for pathogen transmission. Most tech-
niques for assessing the age of adult insects estimate
relative (not chronological) age and hence age-grading
is the appropriate term.

Three general categories of age assessment have
been proposed, relating to:

1 age-related changes in physiology and morphology
of the reproductive system;

2 changes in somatic structures;

3 external wear and tear.

The latter approach has proved unreliable but the other
methods have wide applicability.

In the first method, age is graded according to repro-
ductive physiology in a technique applicable only to
females. Examination of an ovary of a parous insect
(one that has laid at least one egg) shows that evidence
remains after each egg is laid (or even resorbed) in the
form of a follicular relic that denotes an irreversible
change in the epithelium. The deposition of each egg,
together with contraction of the previously distended
membrane, leaves one follicular relic per egg. The actual
shape and form of the follicular relic varies between
species, but one or more residual dilations of the lumen,
with or without pigment or granules, is common in the
Diptera. Females that have no follicular relic have not
developed an egg and are termed nulliparous.

Counting follicular relics can give a comparative
measure of the physiological age of a female insect,
for example allowing discrimination of parous from
nulliparous individuals, and often allowing further
segregation within parous individuals according to the
number of ovipositions. The chronological age can be
calculated if the time between successive ovipositions
(the ovarian cycle) is known. However, if there is one
ovarian cycle per blood meal, as in many medically
significant flies, it is the physiological age (number of
cycles) that is of greater significance than the precise
chronological age.

The second generally applicable method of age deter-
mination has a more direct relationship with chrono-
logy, and most of the somatic features that allow age
estimation are present in both sexes. Estimates of age

can be made from measures of cuticle growth, fluores-
cent pigments, fat body size, cuticular hardness and, in
females only, color and/or patterning of the abdomen.
Cuticular growth estimates of age rely upon there being
a daily rhythm of deposition of the endocuticle. In exo-
pterygotes, cuticular layers are more reliable, whereas
in endopterygotes, the apodemes (internal skeletal pro-
jections upon which muscles attach) are more depend-
able. The daily layers are most distinctive when the
temperature for cuticle formation is not attained for
part of each day. This use of growth rings is confounded
by development temperatures too cold for deposition,
or too high for the daily cycle of deposition and cessa-
tion. A further drawback to the technique is that depo-
sition ceases after a certain age is attained, perhaps
only 10-15 days after eclosion. Physiological age can
be determined by measuring the pigments that accu-
mulate in the aging cells of many animals, including
insects. These pigments fluoresce and can be studied by
fluorescence microscopy. Lipofuscin from postmitotic
cells in most body tissues, and pteridine eye pigments
have been measured in this way, especially in flies.

6.10 ENVIRONMENTAL EFFECTS ON
DEVELOPMENT

The rate or manner of insect development or growth
may depend upon a number of factors. These include
the type and amount of food, the amount of moisture
(for terrestrial species) and heat (measured as temper-
ature), or the presence of environmental signals (e.g.
photoperiod), mutagens and toxins, or other organ-
isms, either predators or competitors. Two or more of
these factors may interact to complicate interpretation
of growth characteristics and patterns.

6.10.1 Temperature

Most insects are poikilothermic, that is with body tem-
perature more or less directly varying with environ-
mental temperature, thus heat is the force driving
the rate of growth and development when food is
unlimited. A rise in temperature, within a favorable
range, will speed up the metabolism of an insect and
consequently increase its rate of development. Each
species and each stage in the life history may develop at
its own rate in relation to temperature. Thus, physio-
logical time, a measure of the amount of heat required
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Fig. 6.12 Age-specific oviposition rates of three predators of cotton pests, Chrysopa sp. (Neuroptera: Chrysopidae), Micromus
tasmaniae (Neuroptera: Hemerobiidae), and Nabis kinbergii (Hemiptera: Nabidae), based on physiological time above respective

development thresholds of 10.5°C, —2.9°C, and 11.3°C. (After Samson & Blood 1979.)

over time for an insect to complete development or
a stage of development, is more meaningful as a meas-
ure of development time than age in calendar time.
Knowledge of temperature—development relationships
and the use of physiological time allow comparison of
the life cycles and/or fecundity of pest species in the
same system (Fig. 6.12), and prediction of the larval
feeding periods, generation length, and time of adult
emergence under variable temperature conditions that
exist in the field. Such predictions are especially import-
ant for pest insects, as control measures must be timed
carefully to be effective.

Physiological time is the cumulative product of total
development time (in hours or days) multiplied by the
temperature (in degrees) above the developmental
(or growth) threshold, or the temperature below
which no development occurs. Thus, physiological time
is commonly expressed as day-degrees (D°) or hour-
degrees (h°). Normally, physiological time is estimated

for a species by rearing a number of individuals of the

life-history stage(s) of interest under different constant

temperatures in several identical growth cabinets. The
developmental threshold is estimated by the linear
regression x-axis method, as outlined in Box 6.2,
although more accurate threshold estimates can be
obtained by more time-consuming methods.

In practice, the application of laboratory-estimated
physiological time to natural populations may be com-
plicated by several factors. Under fluctuating temper-
atures, especially if the insects experience extremes,
growth may be retarded or accelerated compared
with the same number of day-degrees under constant
temperatures. Furthermore, the temperatures actually

experienced by the insects, in their often sheltered
microhabitats on plants or in soil or litter, may be sev-
eral degrees different from the temperatures recorded at

a meteorological station even just a few meters away.

Insects may select microhabitats that ameliorate cold
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Box 6.2 Calculation of day-degrees
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An outline of a simple method to estimate day-degrees
(after Daly et al. 1978) is exemplified by data on the rela-
tionship between temperature and development in the
yellow-fever mosquito, Aedes aegypti (Diptera: Culi-
cidae) (after Bar-Zeev 1958).

1 In the laboratory, establish the average time required
for each stage to develop at different constant temper-
atures. The graph on the left shows the time in hours (H)
for newly hatched larvae of Ae. aegypti to reach success-
ive stages of development when incubated at various
temperatures.

2 Plot the reciprocal of development time (1/H), the
development rate, against temperature to obtain a sig-
moid curve with the middle part of the curve approx-
imately linear. The graph on the right shows the linear
part of this relationship for the total development of Ae.
aegypti from the newly hatched larva to the adult stage.
A straight line would not be obtained if extreme devel-
opment temperatures (e.g. higher than 32°C or lower
than 16°C) had been included.

3 Fit a linear regression line to the points and calculate
the slope of this line. The slope represents the amount
in hours by which development rates are increased for
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each 1 degree of increased temperature. Hence, the
reciprocal of the slope gives the number of hour-degrees,
above threshold, required to complete development.

4 To estimate the developmental threshold, the regres-
sion line is projected to the x-axis (abscissa) to give the
developmental zero, which in the case of Ae. aegypti is
13.3°C. This zero value may differ slightly from the
actual developmental threshold determined experi-
mentally, probably because at low (or high) temper-
atures the temperature—development relationship is
rarely linear. For Ae. aegypti, the developmental thresh-
old actually lies between 9 and 10°C.

5 The equation of the regression line is 1/H = k(T° — T*),
where H = development period, T° = temperature,
Tt = development threshold temperature, and k = slope
of line.

Thus, the physiological time for development is
H(T° - TY =1/k hour-degrees, or H(T°-TY?24 =1/k
= K day-degrees, with K = thermal constant, or K-value.

By inserting the values of H, T°, and T* for the data
from Ae. aegypti in the equation given above, the value
of K can be calculated for each of the experimental tem-
peratures from 14 to 36°C:

Temperature (°C) 14 16
K 1008 2211

20
2834

2921

24 28

2866

30
2755

32
2861

34
3415

36
3882

Thus, the K-value for Ae. aegypti is approximately inde-
pendent of temperature, except at extremes (14 and

34-36°C), and averages about 2740 hour-degrees or
114 day-degrees between 16 and 32°C.




night conditions or reduce or increase daytime heat.
Thus, predictions of insect life-cycle events based on
extrapolation from laboratory to field temperature
records may be inaccurate. For these reasons, the labor-
atory estimates of physiological time should be corrob-
orated by calculating the hour-degrees or day-degrees
required for development under more natural condi-
tions, but using the laboratory-estimated develop-
mental threshold, as follows.

1 Place newly laid eggs or newly hatched larvae in
their appropriate field habitat and record temperature
each hour (or calculate a daily average —a less accurate
method).

2 Estimate the time for completion of each instar by
discarding all temperature readings below the develop-
mental threshold of the instar and subtracting the
developmental threshold from all other readings to
determine the effective temperature for each hour (or
simply subtract the development threshold temper-
ature from the daily average temperature). Sum the
degrees of effective temperature for each hour from the
beginning to the end of the stadium. This procedure is
called thermal summation.

3 Compare the field-estimated number of hour-degrees
(or day-degrees) for each instar with that predicted
from the laboratory data. If there are discrepancies,
then microhabitat and/or fluctuating temperatures
may be influencing insect development or the develop-
mental zero read from the graph may be a poor estimate
of the developmental threshold.

Another problem with laboratory estimation of
physiological time is that insect populations main-
tained for lengthy periods under laboratory conditions
frequently undergo acclimation to constant conditions
or even genetic change in response to the altered
environment or as a result of population reductions
that produce genetic “bottle-necks”. Therefore, insects
maintained in rearing cages may exhibit different
temperature—development relationships from indi-
viduals of the same species in wild populations.

For all of the above reasons any formula or model
that purports to predict insect response to environ-
mental conditions must be tested carefully for its fit
with natural population responses.

6.10.2 Photoperiod

Many insects, perhaps most, do not develop continu-
ously all year round, but avoid some seasonally adverse
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conditions by a resting period (section 6.5) or migra-
tion (section 6.7). Summer dormancy (aestivation) and
winter dormancy (hibernation) provide two examples
of avoidance of seasonal extremes. The most pre-
dictable environmental indicator of changing seasons
is photoperiod — the length of the daily light phase or,
more simply, day length. Near the equator, although
sunrise to sunset of the longest day may be only a few
minutes longer than on the shortest day, if the period of
twilight is included then total day length shows more
marked seasonal change. The photoperiod response is
to duration rather than intensity and there is a critical
threshold intensity of light below which the insect does
not respond; this threshold is often as dim as twilight,
but rarely as low as bright moonlight. Many insects
appear to measure the duration of the light phase in the
24 h period, and some have been shown experiment-
ally to measure the duration of dark. Others recognize
long days by light falling within the “dark” half of the
day.

Most insects can be described as “long-day” species,
with growth and reproduction in summer and with
dormancy commencing with decreasing day length.
Others show the reverse pattern, with “short-day”
(often fall and spring) activity and summer aestivation.
In some species the life-history stage in which photo-
period is assessed is in advance of the stage that reacts,
as is the case when the photoperiodic response of the
maternal generation of silkworms affects the eggs of the
next generation.

The ability of insects to recognize seasonal photo-
period and other environmental cues requires some
means of measuring time between the cue and the
subsequent onset or cessation of diapause. This is
achieved through a “biological clock” (Box 4.4), which
may be driven by internal (endogenous) or external
(exogenous) daily cycles, called circadian rhythms.
Interactions between the short time periodicity of circa-
dian rhythms and longer-term seasonal rhythms, such
as photoperiod recognition, are complex and diverse,
and have probably evolved many times within the
insects.

6.10.3 Humidity

The high surface area : volume ratio of insects means
thatloss of body wateris a serious hazard in a terrestrial
environment, especially a dry one. Low moisture con-
tent of the air can affect the physiology and thus the
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development, longevity, and oviposition of many insects.
Air holds more water vapor at high than at low temper-
atures. The relative humidity (RH) at a particular tem-
perature is the ratio of actual water vapor present to
that necessary for saturation of the air at that temper-
ature. At low relative humidities, development may be
retarded, for example in many pests of stored pro-
ducts; but at high relative humidities or in saturated
air (100% RH), insects or their eggs may drown or be
infected more readily by pathogens. The fact that stadia
may be greatly lengthened by unfavorable humidity
has serious implications for estimates of development
times, whether calendar or physiological time is used.
The complicating effects of low, and sometimes even
high, air moisture levels should be taken into account
when gathering such data.

6.10.4 Mutagens and toxins

Stressful conditions induced by toxic or mutagenic
chemicals may affect insect growth and form to vary-
ing degrees, ranging from death at one extreme to
slight phenotypic modifications at the other end of the
spectrum. Some life-history stages may be more sensit-
ive to mutagens or toxins than others, and sometimes
the phenotypic effects may not be easily measured by
crude estimates of stress, such as percentage survival.
One sensitive and efficient measure of the amount of
genetic or environmental stress experienced by insects
during development is the incidence of fluctuating
asymmetry, or the quantitative differences between
the left and right sides of each individual in a sample
of the population. Insects are usually bilaterally sym-
metrical if grown under ideal conditions, so the left and
right halves of their bodies are mirror images (except
for obvious differences in structures such as the geni-
talia of some male insects). If grown under stressful
conditions, however, the degree of asymmetry tends to
increase.

The measurement of fluctuating asymmetry has
many potential uses in theoretical and economic ento-
mology and in assessment of environmental quality.
For example, it can be used as an indicator of develop-
mental stability to determine the effect on non-target
organisms of exposure to insecticides or vermicides,
such as avermectins. Bush flies (Musca vetustissima)
breeding in the dung of cattle treated for nematode
control with Avermectin B, are significantly more
asymmetric for two morphometric wing characters

than flies breeding in the dung of untreated cattle.
Fluctuating asymmetry has been used as a measure of
environmental quality. For example, water quality has
been assessed by comparing the amount of asymmetry
in aquatic insects reared in polluted and clean water. In
industrially polluted waters, particular bloodworms
(larvae of chironomid midges) may survive but often
exhibit gross developmental abnormalities. However,
at lower levels of pollutants, more subtle effects may be
detected as deviations from symmetry compared with
clean-water controls. In addition, measures of develop-
mental effects on non-target insects have been used to
assess the specificity of biocides prior to marketing.
The technique is not completely reliable, with doubts
having been raised about interpretation (variation in
response between different organ systems measured)
and concerning the underlying mechanism causing
any responses measured.

6.10.5 Biotic effects

In most insect orders, adult size has a strong genetic
component and growth is strongly determinate. In
many Lepidoptera, for example, final adult size is
relatively constant within a species; reduction in food
quality or availability delays caterpillar growth rather
than causing reduced final adult size, although there
are exceptions. In contrast, in flies that have limited
or ephemeral larval resources, such as a dung pat or
temporary pool, cessation of larval growth would result
in death as the habitat shrinks. Thus larval crowd-
ing and/or limitation of food supply tend to shorten
development time and reduce final adult size. In some
mosquitoes and midges, success in short-lived pool
habitats is attained by a small proportion of the larval
population developing with extreme rapidity relative
to their slower siblings. In pedogenetic gall midges
(section 5.10.1), crowding with reduced food supply
terminates larva-only reproductive cycles and induces
the production of adults, allowing dispersal to more
favorable habitats.

Food quality appears important in all these cases,
but there may be related effects, for example as a result
of crowding. Clearly, it can be difficult to segregate out
food effects from other potentially limiting factors. In
the California red scale, Aonidiella aurantii (Hemiptera:
Diaspididae), development and reproduction on orange
trees is fastest on fruit, intermediate on twigs, and slow-
est on leaves. Although these differences may reflect
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Fig. 6.13 Solitary and gregarious females of the migratory
locust, Locusta migratoria (Orthoptera: Acrididae). The
solitaria adults have a pronounced pronotal crest and the
femora are larger relative to the body and wing than in the
gregaria adults. Intermediate morphologies occur in the
transiens (transient stage) during the transformation from
solitaria to gregaria or the reverse.

differing nutritional status, a microclimatic explana-
tion cannot be excluded, as fruit may retain heat longer
than the relatively smaller-volumed stems and leaves,
and such slight temperature differences might affect
the development of the insects.

The effects of crowding on development are well
understood in some insects, as in locusts in which
two extreme phases, termed solitary and gregarious
(Fig. 6.13), differ in morphometrics, color, and beha-
vior. At low densities locusts develop into the solitary
phase, with a characteristic uniform-colored “hopper”
(nymph), and large-sized adult with large hind femora.
As densities increase, induced in nature by high sur-
vivorship of eggs and young nymphs under favor-
able climatic conditions, graded changes occur and a
darker-striped nymph develops to a smaller locust with
shorter hind femora. The most conspicuous difference
is behavioral, with more solitary individuals shunning
each other’s company but making concerted nocturnal
migratory movements that result eventually in aggre-
gations in one or a few places of gregarious individuals,
which tend to form enormous and mobile swarms.
The behavioral shift is induced by crowding, as can be
shown by splitting a single locust egg pod into two:
rearing the offspring at low densities induces solitary
locusts, whereas their siblings reared under crowded
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conditions develop into gregarious locusts. The response
to high population density results from the integration
of several cues, including the sight, touch, and some-
times the odor (pheromone) of conspecifics, which lead
to endocrine and neuroendocrine (ecdysteroid) changes
associated with developmental transformation.

Under certain circumstances biotic effects can over-
ride growth factors. Across much of the eastern USA,
13- and 17-year periodic cicadas (Magicicada spp.)
emerge highly synchronously. At any given time,
nymphal cicadas are of various sizes and in different
instars according to the nutrition they have obtained
from feeding on the phloem from roots of a variety of
trees. Whatever their growth condition, after the elapse
of 13 or 17 years since the previous emergence and
egg-laying, the final molt of all nymphs prepares them
for synchronous emergence as adults. In a very clever
experiment host plants were induced to flush twice
in one year, inducing adult cicada emergence one
year early compared to controls on the roots of single-
flushing trees. This implies that synchronized timing
for cicadas depends on an ability to “count off” annual
events — the predictable flush of sap with the passing of
each spring once a year (except when experimenters
manipulate it!).

6.11 CLIMATE AND INSECT
DISTRIBUTIONS

Earlier in this chapter we saw how environmental
factors may affect insect development. Here we exam-
ine some predictive models of how insect abundance
and distribution change with abiotic factors. These
models have application to past climate reconstruction,
and increasingly are tested for veracity against range
changes modulated by present, on-going climate
change.

6.11.1 Modeling climatic effects on
insect distributions

The abundance of any poikilothermic species is
determined largely by proximate ecological factors
including the population densities of predators and
competitors (section 13.4) and interactions with hab-
itat, food availability, and climate. Although the distri-
butions of insect species result from these ecological
factors, there is also a historical component. Ecology
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Fig. 6.14 Flow diagram depicting the
Dry Wet derivation of the “ecoclimatic index”
Stress | NN AR Stress (EI) as the product of population growth
index and four stress indices. The EI
value describes the climatic favorability
T T of a given location for a given species.
Comparison of EI values allows different
Low MOISTURE High locations to be assessed for their relative
(Limiting) (Optimal) (Limiting) suitability to a particular species. (After
Sutherst & Maywald 1985.)

determines whether a species can continue to live in
an area; history determines whether it does, or ever
had the chance to live there. This difference relates to
timing; given enough time, an ecological factor becomes
a historical factor. In the context of present-day studies
of where invasive insects occur and what the limits
of their spread might be, history may account for the
original or native distribution of a pest. However,
knowledge of ecology may allow prediction of potential
or future distributions under changed environmental
conditions (e.g. as a result of the “greenhouse effect”;
see section 6.11.2) or as a result of accidental (or inten-
tional) dispersal by humans. Thus, ecological know-
ledge of insect pests and their natural enemies,
especially information on how climate influences their
development, is vital for the prediction of pest out-
breaks and for successful pest management.

There are many models pertaining to the population
biology of economic insects, especially those affecting
major crop systems in western countries. One example
of a climatic model of arthropod distribution and abund-
ance is the computer-based system called CLIMEX
(developed by R.W. Sutherst and G.F. Maywald), which
allows the prediction of an insect’s potential relative
abundance and distribution around the world, using
ecophysiological data and the known geographical
distribution. An annual “ecoclimatic index” (EI), des-
cribing the climatic favorability of a given location for
permanent colonization of an insect species, is derived

from a climatic database combined with estimates of
the response of the organisms to temperature, mois-
ture, and day length. The EI is calculated as follows
(Fig. 6.14). First, a population growth index (GI) is
determined from weekly values averaged over a year to
obtain a measure of the potential for population
increase of the species. The GI is estimated from data
on the seasonal incidence and relative abundance in
different parts of the species’ range. Second, the GI is
reduced by incorporation of four stress indices, which
are measures of the deleterious effects of cold, heat, dry,
and wet.

Commonly, the existing geographical distribution
and seasonal incidence of a pest species are known but
biological data pertaining to climatic effects on develop-
ment are scanty. Fortunately, the limiting effects of
climate on a species usually can be estimated reliably
from observations on the geographical distribution.
The climatic tolerances of the species are inferred from
the climate of the sites where the species is known
to occur and are described by the stress indices of
the CLIMEX model. The values of the stress indices are
progressively adjusted until the CLIMEX predictions
agree with the observed distribution of the species.
Naturally, other information on the climatic tolerances
of the species should be incorporated where possible
because the above procedure assumes that the present
distribution is climate limited, which might be an
oversimplification.



Such climatic modeling based on world data has
been carried out for tick species and for insects such as
the Russian wheat aphid, the Colorado potato beetle,
screw-worm flies, biting flies of Haematobia species,
dung beetles, and fruit flies (Box 6.3). The output has
great utility in applied entomology, namely in epide-
miology, quarantine, management of insect pests, and
entomological management of weeds and animal pests
(including other insects).

Inreality, detailed information on ecological perform-
ances may never be attained for many taxa, although
such data are essential for the autecological-based
distribution models described above. Nonetheless,
there are demands for models of distribution in the
absence of ecological performance data. Given these
practical constraints, a class of modeling has been
developed that accepts distribution point data as
surrogates for “performance (process) characteristics”
of organisms. These points are defined bioclimatically,
and potential distributions can be modeled using some
flexible procedures. Analyses assume that current
species distributions are restricted (constrained) by
bioclimatic factors. A suite of models developed in
Australia (e.g. BIOCLIM, developed by Henry Nix and
colleagues) allow estimation of potential constraints on
species distribution in a stepwise process. First, the sites
at which a species occurs are recorded and the climate
estimated for each data point, using a set of bioclimatic
measures based on the existing irregular network of
weather stations across the region under considera-
tion. Factors such as annual precipitation, seasonality
of precipitation, precipitation of the driest quarter,
minimum temperature of the coldest period, maximum
temperature of the warmest period, and elevation
appear to be particularly influential and are likely to
have wide significance in determining the distribution
of poikilothermic organisms. From this information a
bioclimatic profile is developed from the pooled climate
per site estimates, providing a profile of the range of
climatic conditions at all sites for the species. Next, the
bioclimatic profiles so produced are matched with clim-
ate estimates at other mapped sites across a regional
grid to identify all other locations with similar climates.
Specialized software then can be used to measure
similarity of sites, with comparison being made via a
digital elevation model with fine resolution. All loca-
tions within the grid with similar climates to the
species-profile form a predicted bioclimatic domain.
This is represented spatially (mapped) as a “predicted
potential distribution” for the taxon under considera-
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tion, in which isobars (or colors) represent different
degrees of confidence in the prediction of presence.

The estimated potential distribution of the chirono-
mid midge genus Austrochlus (Diptera) based on data
points in south-western Australia is shown in Fig. 6.15.
Based on climatic (predominantly seasonal rainfall)
parameters, dark locations show high probability of
occurrence and light grey show less likelihood. The
model, based on two well-surveyed, partially sympatric
species from south-western Australia, predicts the
occurrence of an ecologically related taxon in central
Australia, which has been since discovered within
the predicted range. The effectiveness of bioclimatic
modeling in predicting distributions of sister taxa, as
shown here and in other studies, implies that much
speciation has been by vicariance, with little or no
ecological divergence (section 8.6).

6.11.2 Climatic change and
insect distributions

The modeling techniques above lend themselves to
back-tracking, allowing reconstruction of past species
distributions based on models of previous climate and/
or reconstruction of past climates based on postglacial
fossil remains representing past distributional informa-
tion. Such studies were based originally on pollen
remains (palynology) from lake benthic cores, in which
rather broad groups of pollens, with occasional indica-
tive species, were used to track vegetational changes
through time, across landscapes, and even associated
with previous climates. More refined data came from
preserved ostracods, beetles (especially their elytra),
and the head capsules of larval chironomids. These
remnants of previous inhabitants derive from short-
lived organisms that appear to respond rapidly to
climatic events. Extrapolation from inferred bioclimatic
controls governing the present-day distributional range
of insect species and their assemblages to those same
taxa preserved at time of deposition allows recon-
structions of previous climates. For example, major
features from the late Quaternary period include a
rapid recovery from extreme conditions at the peak of
last glaciation (14,500 years ago), with intermittent
reversal to colder periods in a general warming trend.
Verification for such insect-based reconstructions has
come from independent chemical signals and con-
gruence with a Younger Dryas cold period (11,400—
10,500 years ago), and documented records in human
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Box 6.3 Climatic modeling for fruit flies

The Queensland fruit fly, Bactrocera tryoni, is a pest
of most commercial fruits. The females oviposit into
the fruit and larval feeding followed by rotting quickly
destroys it. Even if damage in an orchard is insignific-
ant, any infestation is serious because of restrictions on
interstate and overseas marketing of fruit-fly-infested fruit.

CLIMEX has been used by R.W. Sutherst and G.F.
Maywald to describe the response of B. tryoni to
Australia’s climate. The growth and stress indices of
CLIMEX were estimated by inference from maps of the
geographical distribution and from estimates of the rel-
ative abundance of this fly in different parts of its range
in Australia. The map of Australia depicts the ecoclim-
atic indices (El) describing the favorableness of each
site for permanent colonization by B. tryoni. The area
of each circle is proportional to its El. Crosses indicate
that the fly could not permanently colonize the site.

The potential survival of B. tryoni as an immigrant
pest in North America can be predicted using CLIMEX
by climate-matching with the fly’s native range.
Accidental transport of this fly could lead to its estab-
lishment at the point of entry or it might be taken
to other areas with climates more favorable to its
persistence. Should B. tryoni become established in
North America, the eastern seaboard from New York to
Florida and west to Kansas, Oklahoma, and Texas in
the USA, and much of Mexico are most at risk. Canada
and most of the central and western USA are unlikely to
support permanent colonization. Thus, only certain
regions of the continent are at high risk of infestation by
B. tryoni and quarantine authorities in those places
should maintain appropriate vigilance. (After Sutherst &
Maywald 1991.)

history such as a medieval 12th century warm event Confirmation of past temperature-associated biotic
and the 17th century Little Ice Age when “Ice Fairs” changes leads to the advocacy of such models to pre-
were held on the frozen River Thames. Inferred changes dict future range changes. For example, estimates for

in temperatures range from 1 to 6°C, sometimes over disease-transmitting mosquitoes and biting midges
just a few decades. under different climate-change scenarios have ranged



Fig. 6.15 Modeled distribution

for Austrochlus species (Diptera:
Chironomidae) based on presence data.
Black, predicted presence within 98%
confidence limits; pale grey, within 95%
confidence. (After Cranston et al. 2002.)

from naive estimates of increased range of disease vec-
tors into populated areas currently disease-free (where
vectors actually already exist in the absence of the
virus) to sophisticated models accounting for altered
development rates for vector and arbovirus, and altered
environments for larval development. Future levels
of predicted climate change remain unclear, allowing
certain policy makers to deny its existence or its biotic
significance. However, by the turn of the millennium
Europe had warmed 0.8°C in the 20th century and
realistic expectations are for a further increase of
between 2.1 and 4.6°C mean global change in this
century, along with commensurate variation in other
climatic factors such as seasonality and rainfall. That
predicted changes in distributions of insects are occur-
ring is evident from studies of individual species, but
the generality of these examples has been unclear.
However, a study of species of western European
butterflies (limited to non-migrants and excluding
monophagous and/or geographically restricted taxa)
is quite conclusive. Significant northward extension
of ranges is demonstrated for many taxa (65% of 52
species), with some stasis (34%), and retraction south
from an earlier northern limit for only one species. Data
for the southern boundary, limited to 40 species,
revealed retraction northward for 22%, stasis for 72%,
and southward extension for only one species. The sub-
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set of the data for which sufficient historical detail was
known for both northern and southern boundaries
comprised 35 species: of these 63% shifted northward,
29% were stable at both boundaries, 6% shifted south-
wards, and one species extended both boundaries.
For the many species whose boundaries moved, an
observed range shift of from 35 to 240 km in the
past 30—100 years coincides quite closely with the
(north) polewards movement of the isotherms over
the period. That such range changes have been
induced by a modest temperature increase of <1°C
surely is a warning of the dramatic effects of the ongo-
ing “global warming” over the next century.
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Because there are so many guides to the identity and
classification of birds, mammals, and flowers, it is
tempting to think that every organism in the living
world is known. However, if we compared different
books, treatments will vary, perhaps concerning the
taxonomic status of a geographical race of bird, or of
the family to which a species of flowering plant belongs.
Scientists do not change and confuse such matters per-
versely. Differences can reflect uncertainty concerning
relationships and the most appropriate classification
may be elusive. Changes may arise from continuing
acquisition of knowledge concerning relationships,
perhaps through the addition of molecular data to pre-
vious anatomical studies. For insects, taxonomy — the
basic work of recognizing, describing, naming, and
classification —is incomplete because there are so many
species, with much variation.

The study of the kinds and diversity of organisms
and their inter-relationships — systematics — has been
portrayed sometimes as dull and routine. Certainly,
taxonomy involves time-consuming activities, includ-
ing exhaustive library searches and specimen study,
curation of collections, measurements of features from
specimens, and sorting of perhaps thousands of indi-
viduals into morphologically distinctive and coherent
groups (which are first approximations to species), and
perhaps hundreds of species into higher groupings.
These essential tasks require considerable skill and are
fundamental to the wider science of systematics, which
involves the investigation of the origin, diversification,
and distribution, both historical and current, of organ-
isms. Modern systematics has become an exciting and
controversial field of research, due largely to the accu-
mulation of increasing amounts of nucleotide sequence
data and the application of explicit analytical methods
to both morphological and DNA data, and partly to
increasing interest in the documentation and preserva-
tion of biological diversity.

Taxonomy provides the database for systematics.
The collection of these data and their interpretation
once was seen as a matter of personal taste, but recently
has been the subject of challenging debate. Entomolo-
gical systematists have featured as prominent parti-
cipants in this vital biological enterprise. In this chapter
the methods of interpreting relationships are reviewed
briefly, followed by details of the current ideas on a
classification based on the postulated evolutionary
relationships within the Hexapoda, of which the Insecta
forms the largest of four classes.

7.1 PHYLOGENETICS

The unraveling of evolutionary history, phylogenet-
ics, is a stimulating and contentious area of biology,
particularly for the insects. Although the various groups
(taxa), especially the orders, are fairly well defined,
the phylogenetic relationships among insect taxa are a
matter of much conjecture, even at the level of orders.
For example, the order Strepsiptera is a discrete group
that is recognized easily by having the fore wings
modified as balancing organs, yet the identity of its
close relatives is not obvious. Stoneflies (Plecoptera)
and mayflies (Ephemeroptera) somewhat resemble
each other, but this resemblance is superficial and mis-
leading as an indication of relationship. The stoneflies
are more closely related to the orthopteroids (cock-
roaches, termites, mantids, earwigs, grasshoppers,
crickets, and their allies) than to mayflies. Resemblance
may not indicate evolutionary relationships. Similarity
may derive from being related, but equally it can arise
through homoplasy, meaning convergent or parallel
evolution of structures either by chance or by selection
for similar functions. Only similarity as a result of
common ancestry (homology) provides information
regarding phylogeny. Two criteria for homology are:

1 similarity in outward appearance, development,
composition, and position of features (characters);

2 conjunction —two homologous features (characters)
cannot occur simultaneously in the same organism.

A test for homology is congruence (correspondence)
with other homologies.

In segmented organisms such as insects (section
2.2), features may be repeated on successive segments,
for example each thoracic segment has a pair of legs,
and the abdominal segments each have a pair of spir-
acles. Serial homology refers to the correspondence of
an identically derived feature of one segment with the
feature on another segment (Chapter 2).

Traditionally, morphology (external anatomy) pro-
vided most data upon which insect relationships were
reconstructed. Some of the ambiguity and lack of clar-
ity regarding insect phylogeny was blamed on inherent
deficiencies in the phylogenetic information provided
by these morphological characters. After investigations
of the utility of chromosomes and then differences in
electrophoretic mobility of proteins, molecular sequence
data from the mitochondrial and the nuclear genomes
have become the most prevalent tools used to solve
many unanswered questions, including those con-
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Fig. 7.1 A cladogram showing the relationships of four species, A, B, C, and D, and examples of (a) the three monophyletic
groups, (b) two of the four possible (ABC, ABD, ACD, BCD) paraphyletic groups, and (c) one of the four possible (AC, AD, BC, and
BD) polyphyletic groups that could be recognized based on this cladogram.

cerning higher relationships among insects. However,
molecular data are not foolproof; as with all data
sources the signal can be obscured by homoplasy.
Nevertheless, with appropriate choice of taxa and
genes, molecules do help resolve certain phylogenetic
questions that morphology has been unable to answer.
Another source of useful data for inferring the phylo-
genies of some insect groups derives from the DNA of
their bacterial symbionts. For example, the primary
endosymbionts (but not the secondary endosymbionts)
of aphids, mealybugs, and psyllids co-speciate with their
hosts, and bacterial relationships can be used (with
caution) to estimate host relationships. Evidently, the
preferred approach to estimating phylogenies is a holis-
tic one, using data from as many sources as possible
and retaining an awareness that not all similarities are
equally informative in revealing phylogenetic pattern.

7.1.1 Systematic methods

The various methods that attempt to recover the pat-
tern produced by evolutionary history rely on observa-
tions on living and fossil organisms. As a simplification,
three differing methods can be identified: phenetics,
cladistics, and evolutionary systematics.

The phenetic method (phenetics) relies on estimates
of overall similarity, usually derived from morphology,
but sometimes from behavior and other traits, and
increasingly from molecular evidence. Many of those
who have applied phenetics have claimed that evolu-
tion is unknowable and the best that we can hope for
are patterns of resemblance; however, other scientists

believe that the phenetic pattern revealed is as good an
estimate of evolutionary history as can be obtained.
Alternative methods to phenetics are based on the pre-
mise that the pattern produced by evolutionary pro-
cesses can be estimated, and, furthermore, ought to
be reflected in the classification. Overall similarity, the
criterion of phenetics, may not recover this pattern of
evolution and phenetic classifications are therefore
artificial.

The cladistic method (cladistics) seeks patterns of
special similarity based only on shared, evolutionarily
novel features (synapomorphies). Synapomorphies
are contrasted with shared ancestral features (ple-
siomorphies or symplesiomorphies), which do not
indicate closeness of relationship. Furthermore, fea-
tures that are unique to a particular group (auta-
pomorphies) but unknown outside the group do not
indicate inter-group relationships, although they are
very useful for diagnosing the group. Construction of a
cladogram (Fig. 7.1), a treelike diagram portraying
the phylogenetic branching pattern, is fundamental
to cladistics. From this tree, monophyletic groups, or
clades, their relationships to each other, and a classifi-
cation, can be inferred directly. Sister groups are taxa
that are each other’s closest relatives. A monophyletic
group contains a hypothetical ancestor and all of its
descendants.

Further groupings can be identified from Fig. 7.1:
paraphyletic groups lack one clade from amongst the
descendants of a common ancestor, and often are cre-
ated by the recognition (and removal) of a derived sub-
group; polyphyletic groups fail to include two or more
clades from amongst the descendants of a common
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ancestor (e.g. A and D in Fig. 7.1c). Thus, when we
recognize the monophyletic Pterygota (winged or sec-
ondarily apterous insects), a grouping of the remainder
of the Insecta, the non-monophyletic “apterygotes”,
is rendered paraphyletic. If we were to recognize a
group of flying insects with wings restricted to the
mesothorax (dipterans, male coccoids, and a few
ephemeropterans), this would be a polyphyletic group-
ing. Paraphyletic groups should be avoided if possible
because their only defining features are ancestral ones
shared with other indirect relatives. Thus, the absence
of wings in the paraphyletic apterygotes is an ancestral
feature shared by many other invertebrates. The mixed
ancestry of polyphyletic groups means that they are
biologically uninformative and such artificial taxa
should never be included in any classification.

Evolutionary systematics also uses estimates of
derived similarity but, in contrast to cladistics, estim-
ates of the amount of evolutionary change are included
with the branching pattern in order to produce a
classification. Thus, an evolutionary approach emphas-
izes distinctness, granting higher taxonomic status
to taxa separated by “gaps”. These gaps may be created
by accelerated morphological innovation in a lineage,
and/or by extinction of intermediate, linking forms.
Thus, ants once were given superfamily rank (the
Formicoidea) within the Hymenoptera because ants
are highly specialized with many unique features that
make them look very different from their nearest relat-
ives. However, phylogenetic studies show ants belong
in the superfamily Vespoidea, and are given the rank of
family, the Formicidae (Fig. 12.2).

Current classifications of insects mix all three
practices, with most orders being based on groups
(taxa) with distinctive morphology. It does not follow
that these groups are monophyletic, for instance
Blattodea, Psocoptera, and Mecoptera almost certainly
are each paraphyletic (see below). However, it is
unlikely that any higher-level groups are polyphyletic.
In many cases, the present groupings coincide with
the earliest colloquial observations on insects, for
example the term “beetles” for Coleoptera. However, in
other cases, such old colloquial names cover disparate
modern groupings, as with the old term “flies”, now
seen to encompass unrelated orders from mayflies
(Ephemeroptera) to true flies (Diptera). Refinements
continue as classification is found to be out of step with
our developing understanding of the phylogeny. Thus,
current classifications increasingly combine traditional
views with recent ideas on phylogeny.

7.1.2 Taxonomy and classification

Difficulties with attaining a comprehensive, coherent
classification of the insects arise when phylogeny is
obscured by complex evolutionary diversifications.
These include radiations associated with adoption of
specialized plant or animal feeding (phytophagy and
parasitism; section 8.6) and radiations from a single
founder on isolated islands (section 8.7). Difficulties
arise also because of conflicting evidence from immat-
ure and adult insects, but, above all, they derive from
the immense number of species (section 1.3.2).

Scientists who study the taxonomy of insects — i.e.
describe, name, and classify them — face a daunting
task. Virtually all the world’s vertebrates are described,
their past and present distributions verified and their
behaviors and ecologies studied at some level. In con-
trast, perhaps only 5-20% of the estimated number
of insect species have been described formally, let alone
studied biologically. The disproportionate allocation of
taxonomic resources is exemplified by Q.D. Wheeler’s
report for the USA of seven described mammal species
per mammal taxonomist in contrast to 425 described
insects per insect taxonomist. These ratios, which prob-
ably have worldwide application, become even more
alarming if we include estimates of undescribed species.
There are very few unnamed mammals, but estimates
of global insect diversity may involve millions of unde-
scribed species.

Despite these problems, we are moving towards a
consensus view on many of the internal relationships of
Insecta and their wider grouping, the Hexapoda. These
are discussed below.

7.2 THE EXTANT HEXAPODA

The Hexapoda (usually given the rank of superclass)
contains all six-legged arthropods. Traditionally, the
closest relatives of hexapods have been considered to be
the myriapods (centipedes, millipedes, and their allies).
However, as shown in Box 7.1, molecular sequence
and developmental data plus some morphology (espe-
cially of the compound eye and nervous system) sug-
gest a more recent shared ancestry for hexapods and
crustaceans than for hexapods and myriapods.
Diagnostic features of the Hexapoda include the
possession of a unique tagmosis (section 2.2), which is
the specialization of successive body segments that
more or less unite to form sections or tagmata, namely
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Box 7.1 Relationships of the Hexapoda to other Arthropoda

The immense phylum Arthropoda, the joint-legged
animals, includes several major lineages: the myriapods
(centipedes, millipedes, and their relatives), the che-
licerates (horseshoe crabs and arachnids), the crus-
taceans (crabs, shrimps, and relatives), and the
hexapods (the six-legged arthropods - the Insecta and
their relatives). The onychophorans (velvet worms,
lobopods) have been included in the Arthropoda, but
are considered now to lie outside, amongst probable
sister groups. Traditionally, each major arthropod lin-
eage has been considered monophyletic, but at least
some investigations have revealed non-monophyly of
one or more groups. Analyses of molecular data (some
of which were naive in sampling and analytical methods)
suggested paraphyly, possibly of myriapods and/or
crustaceans. Even accepting monophyly of arthropods,
estimation of inter-relationships has been contentious
with almost every possible relationship proposed by
someone. A once-influential view of the late Sidnie
Manton proposed three groups of arthropods, namely
the Uniramia (lobopods, myriapods, and insects,
united by having single-branched legs), Crustacea, and
Chelicerata, each derived independently from a differ-
ent (but unspecified) non-arthropod group. More recent
morphological and molecular studies reject this hypo-
thesis, asserting monophyly of arthropodization,
although proposed internal relationships cover a range
of possibilities. Part of Manton’s Uniramia group - the
Atelocerata (also known as Tracheata) comprising
myriapods plus hexapods - is supported by some
morphology. These features include the presence (in
at least some groups) of a tracheal system, Malpighian
tubules, unbranched limbs, eversible coxal vesicles,
postantennal organs, and anterior tentorial arms. Fur-
thermore, there is no second antenna (or homolog)
as seen in crustaceans. Proponents of this myriapod
plus hexapod relationship saw Crustacea either group-
ing with the chelicerates and the extinct trilobites, dis-
tinct from the Atelocerata, or forming its sister group in
a clade termed the Mandibulata. In all these schemes,
the closest relatives of the Hexapoda always were the
Myriapoda or a subordinate group within Myriapoda.

In contrast, certain shared morphological features,
including ultrastructure of the nervous system (e.g.
brain structure, neuroblast formation, and axon devel-
opment), the visual system (e.g. fine structure of the
ommatidia, optic nerves), and developmental pro-
cesses, especially segmentation, argued for a closer
relationship of Hexapoda to Crustacea. Such a group-
ing, termed the Pancrustacea, excludes myriapods.
Molecular sequence data alone, or combined with
morphology, tend to support Pancrustacea over
Atelocerata. However, not all analyses actually recover

Pancrustacea and certain genes evidently fail to retain
phylogenetic signal from what was clearly a very
ancient divergence.

If the Pancrustacea hypothesis of relationship is
correct, then features understood previously to support
the monophyly of Atelocerata need re-consideration.
Postantennal organs occur only in Collembola and
Protura in Hexapoda, and may be convergent with
similar organs in Myriapoda or homologous with the
second antenna of Crustacea. The shared absence of
features such as the second antenna provides poor
evidence of relationship. Malpighian tubules of hexapods
must exist convergently in arachnids and evidence for
homology between their structure and development
in hexapods and myriapods remains inadequately
studied. Coxal vesicles are not always developed and
may not be homologous in the Myriapoda and those
Hexapoda (apterygotes) possessing these structures.
Thus, morphological characters supporting Atelocerata
may be non-homologous and may have been conver-
gently acquired in association with the adoption of a
terrestrial mode of life.

A major finding from molecular embryology is that the
developmental expression of the homeotic (develop-
mental regulatory) gene DIl (Distal-less) in the mandible
of studied insects resembled that observed in sampled
crustaceans. This finding refutes Manton’s argument
for arthropod polyphyly and the claim that hexapod
mandibles were derived independently from those of
crustaceans. Data derived from the neural, visual, and
developmental systems, although sampled across
few taxa, may reflect more accurately the phylogeny
than did many earlier-studied morphological features.
Whether the Crustacea in totality or a component
thereof constitute the sister group to the Hexapoda is
still debatable. Morphology generally supports a mono-
phyletic Crustacea, but inferences from some mole-
cular data imply paraphyly, including a suggestion that
Malacostraca alone form the sister taxon to Hexapoda.
Given that analysis of combined morphological and
molecular data supports monophyly of Crustacea and
Pancrustacea, a single origin of Crustacea seems most
favored. Nonetheless, some data imply a quite radically
different relationship of Collembola to Crustacea,
implying a polyphyletic Hexapoda. In this view, aberrant
collembolan morphology (entognathy, unusual abdom-
inal segmentation, lack of Malpighian tubules, single
claw, unique furcula, unique embryology) derives from
an early-branching pancrustacean ancestry, with ter-
restriality acquired independently of Hexapoda. Such a
view deserves further study - evidently there remain
many questions in the unraveling of the evolution of the
Hexapoda and Insecta.
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Fig. 7.2 Cladogram of postulated relationships of extant hexapods, based on combined morphological and nucleotide sequence
data. Italicized names indicate paraphyletic taxa. Broken lines indicate uncertain relationships. Thysanura sensu lato refers to
Thysanura in the broad sense. (Data from several sources.)
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the head, thorax, and abdomen. The head is composed
of a pregnathal region (usually considered to be three
segments) and three gnathal segments bearing mand-
ibles, maxillae, and labium, respectively; the eyes are
variously developed, and may be lacking. The thorax
comprises three segments, each of which bears one pair
of legs, and each thoracic leg has a maximum of six
segments in extant forms, but was primitively 11-
segmented with up to five exites (outer appendages of
the leg), a coxal endite (an inner appendage of the leg)
and two terminal claws. The abdomen originally had
11 segments plus a telson or some homologous struc-
ture; if abdominal limbs are present, they are smaller
and weaker than those on the thorax, and primitively
were present on all except the tenth segment.

The earliest branches in the hexapod phylogeny
undoubtedly involve organisms whose ancestors were
terrestrial (non-aquatic) and wingless. However, any
combined grouping of these taxa is not monophyletic,
being based on evident symplesiomorphies or other-
wise doubtfully derived characters. Included orders
are Protura, Collembola, Diplura, Archaeognatha, and
Zygentoma (= Thysanura). The Insecta proper com-
prise Archaeognatha, Zygentoma, and the huge radi-
ation of Pterygota (the primarily winged hexapods). As
a consequence of the Insecta being ranked as a class,
the successively more distant sister groups Diplura,
Collembola, and Protura, which are considered to be of
equal rank, are treated as classes.

Some relationships among the component taxa
of Hexapoda are uncertain, although the cladograms
shown in Figs. 7.2 and 7.3, and the classification pres-
ented in the following sections reflect our current syn-
thetic view. Previously, Collembola, Protura, and Diplura
were grouped as “Entognatha”, based on resemblance
in mouthpart morphology. Entognathan mouthparts
are enclosed in folds of the head, in contrast to mouth-
parts of the Insecta (Archaeognatha + Zygentoma +
Pterygota) which are exposed (ectognathous). However,
two different types of entognathy have been recog-
nized, one type apparently shared by Collembola and
Protura, and the second seemingly unique to Diplura.
Other morphological evidence and some molecular
data analyses indicate that Diplura may be closer to
Insecta than to the other entognathans, rendering
Entognatha paraphyletic (as indicated by broken lines
in Fig. 7.3). Some highly controversial studies indic-
ate derivation of Collembola (and perhaps Protura)
from within the Crustacea, independently from other
hexapods.

7.3 PROTURA (PROTURANS),
COLLEMBOLA (SPRINGTAILS),
AND DIPLURA (DIPLURANS)

7.3.1 Class and order Protura (proturans)
(see also Box 9.2)

Proturans are small, delicate, elongate, mostly un-
pigmented hexapods, lacking eyes and antennae, with
entognathous mouthparts consisting of slender mand-
ibles and maxillae that slightly protrude from the mouth
cavity. Maxillary and labial palps are present. The
thorax is poorly differentiated from the 12-segmented
abdomen. Legs are five-segmented. A gonopore lies
between segments 11 and 12, and the anus is terminal.
Cerci are absent. Larval development is anamorphic,
that is with segments added posteriorly during develop-
ment. Protura either is sister to Collembola, forming
Ellipura in a weakly supported relationship based on
entognathy and lack of cerci, or is sister to all remain-
ing Hexapoda.

7.3.2 Class and order Collembola
(springtails) (see also Box 9.2)

Collembolans are minute to small and soft bodied, often
with rudimentary eyes or ocelli. The antennae are four-
to six-segmented. The mouthparts are entognathous,
consisting predominantly of elongate maxillae and
mandibles enclosed by lateral folds of head, and lacking
maxillary and labial palps. The legs are four-segmented.
The abdomen is six-segmented with a sucker-like vent-
ral tube or collophore, a retaining hook and a furcula
(forked jumping organ) on segments 1, 3, and 4, respect-
ively. A gonopore is present on segment 5, the anus on
segment 6. Cerci are absent. Larval development is epi-
morphic, that is with segment number constant through
development. Certain controversial studies suggest
that Collembola may have a different evolutionary
origin to the rest of the Hexapoda (see Box 7.1). If
Collembola do belong to the Hexapoda, then they form
either the sister group to Protura comprising the clade
Ellipura or alone form the sister to Diplura + Insecta.

7.3.3 Class and order Diplura (diplurans)
(see also Box 9.2)

Diplurans are small to medium sized, mostly



184 Insect systematics

- {;..!} ;-:‘.._.':T = Protura

ek ﬂfm Collembola
el _ j%ﬂ(:-_(: Diplura

@ Zygentoma

Wi Ptarygota

—=

unpigmented, possess long, moniliform antennae (like
a string of beads), but lack eyes. The mouthparts are
entognathous, with tips of well-developed mandibles
and maxillae protruding from the mouth cavity,
and maxillary and labial palps reduced. The thorax is
poorly differentiated from the 10-segmented abdomen.
The legs are five-segmented and some abdominal
segments have small styles and protrusible vesicles. A
gonopore lies between segments 8 and 9, the anus
is terminal. Cerci are slender to forceps-shaped. The
tracheal system is relatively well developed, whereas
it is absent or poorly developed in other entognath
groups. Larval development is epimorphic, with seg-
ment number constant through development. Diplura
undoubtedly forms the sister group to Insecta.

7.4 CLASS INSECTA (TRUE INSECTS)

Insects range from minute to large (0.2 mm to 30 cm
long) with very variable appearance. Adult insects
typically have ocelli and compound eyes, and the
mouthparts are exposed (ectognathous) with the max-
illary and labial palps usually well developed. The
thorax may be weakly developed in immature stages
but is distinct in flighted adult stages, associated with
development of wings and the required musculature;
it is weakly developed in wingless taxa. Thoracic
legs have more than five segments. The abdomen is
primitively 11-segmented with the gonopore nearly
always on segment 8 in the female and segment 9 in
the male. Cerci are primitively present. Gas exchange
is predominantly tracheal with spiracles present on
both the thorax and abdomen, but may be variably
reduced or absent as in some immature stages.
Larval/nymphal development is epimorphic, that is,
with the number of body segments constant during
development.
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The 30 orders of insects traditionally have been
divided into two groups. Monocondylia is represented
by just one small order, Archaeognatha, in which each
mandible has a single posterior articulation with the
head. Dicondylia (Fig. 7.3), which contains all of the
other orders and the overwhelming majority of species,
has mandibles characterized by a secondary anterior
articulation in addition to the primary posterior one.
The traditional group Apterygota for the primitively
wingless taxa Archaeognatha + Zygentoma appears
paraphyletic on most (but not all) modern analyses
(Figs. 7.2 & 7.3).

7.4.1 Archaeognatha and Zygentoma
(Thysanura sensu lato)

Order Archaeognatha (archaeognathans,
bristletails) (see also Box 9.3)

Archaeognathans are medium sized, elongate-
cylindrical, and primitively wingless (“apterygotes”).
The head bears three ocelli and large compound eyes
that are in contact medially. The antennae are multi-
segmented. The mouthparts project ventrally, can be
partially retracted into the head, and include elongate
mandibles with two neighboring condyles each and
elongate seven-segmented maxillary palps. Often a
coxal style occurs on coxae of legs 2 and 3, or 3 alone.
Tarsi are two- or three-segmented. The abdomen con-
tinues in an even contour from the humped thorax,
and bears ventral muscle-containing styles (represent-
ing reduced limbs) on segments 2—9, and generally one
or two pairs of eversible vesicles medial to the styles on
segments 1-7. Cerci are multisegmented and shorter
than the median caudal appendage. Development
occurs without change in body form.

The fossil taxon Monura belongs in Thysanura



sensu lato. The two families of recent Archaeognatha,
Machilidae and Meinertellidae, form an undoubted
monophyletic group. The order probably is placed as
the earliest branch of the Insecta, and as sister group
to Zygentoma + Pterygota (Fig. 7.3). Alternatively, a
potentially influential recent molecular analysis revived
the concept of Archaeognatha as sister to Zygentoma,
in a grouping that should be called Thysanura (sensu
lato — meaning in the broad sense in which the name
was first used for apterous insects with “bristle tails”).

Order Zygentoma (Thysanura, silverfish)
(see also Box 9.3)

Zygentomans (thysanurans) are medium sized, dorso-
ventrally flattened, and primitively wingless (“aptery-
gotes”). Eyes and ocelli are present, reduced or absent,
the antennae are multisegmented. The mouthparts
are ventrally to slightly forward projecting and include
a special form of double-articulated (dicondylous)
mandibles, and five-segmented maxillary palps. The
abdomen continues the even contour of the thorax,
and includes ventral muscle-containing styles (repres-
enting reduced limbs) on at least segments 7-9, some-
times on 2-9, and with eversible vesicles medial to
the styles on some segments. Cerci are multisegmented
and subequal to the length of the median caudal
appendage. Development occurs without change in
body form.

There are four extant families. Zygentoma is the
sister group of the Pterygota (Fig. 7.3) alone, or perhaps
with Archaeognatha in Thysanura sensu lato (see
above under Archaeognatha).

7.4.2 Pterygota

Pterygota, treated as an infraclass, are the winged or
secondarily wingless (apterous) insects, with thoracic
segments of adults usually large and with the meso-
and metathorax variably united to form a pterothorax.
The lateral regions of the thorax are well developed.
Abdominal segments number 11 or fewer, and lack
styles and vesicular appendages like those of aptery-
gotes. Most Ephemeroptera have a median terminal
filament. The spiracles primarily have a muscular
closing apparatus. Mating is by copulation. Metamor-
phosis is hemi- to holometabolous, with no adult
ecdysis, except for the subimago (subadult) stage in
Ephemeroptera.
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Informal grouping “Palaeoptera”

Insect wings that cannot be folded against the body at
rest, because articulation is via axillary plates that
are fused with veins, have been termed “palaeopteran”
(old wings). Living orders with such wings typically
have triadic veins (paired main veins with intercalated
longitudinal veins of opposite convexity/concavity to
the adjacent main veins) and a network of cross-veins
(figured in Boxes 10.1 and 10.2). This wing venation
and articulation, together with paleontological studies
of similar features, was taken to imply that Odonata
and Ephemeroptera form a monophyletic group,
termed Palaeoptera. The group was argued to be sister
to Neoptera which comprises all remaining extant and
primarily winged orders. However, reassessment of
morphology of extant early-branching lineages and
recent nucleotide sequence evidence fails to provide
strong support for monophyly of Palaeoptera. Here we
treat Ephemeroptera as sister group to Odonata +
Neoptera, giving a higher classification of Pterygota
into three divisions.

Division (and order) Ephemeroptera (mayflies)

(see alsoBox 10.1)

Ephemeroptera has a fossil record dating back to
the Carboniferous and is represented today by a few
thousand species. In addition to their “palaeopteran”
wing features mayflies display a number of unique
characteristics including the non-functional, strongly
reduced adult mouthparts, the presence of just one
axillary plate in the wing articulation, a hypertrophied
costal brace, and male fore legs modified for grasping
the female during copulatory flight. Retention of a
subimago (subadult stage) is unique. Nymphs (larvae)
are aquatic and the mandible articulation, which is
intermediate between monocondyly and the dicondy-
lous ball-and-socket joint of all higher Insecta, may
be diagnostic. Historic contraction of ephemeropteran
diversity and remnant high levels of homoplasy render
phylogenetic reconstruction difficult. Ephemeroptera
traditionally has been divided into two suborders:
Schistonota (with nymphal fore-wing pads separate
from each other for over half their length) containing
superfamilies Baetoidea, Heptagenioidea, Leptophle-
bioidea, and Ephemeroidea, and Pannota (“fused back”
—with more extensively fused fore-wing pads) contain-
ing Ephemerelloidea and Caenoidea. Recent studies
suggest this concept of Schistonota is paraphyletic, but
no robust alternative scheme has been proposed.
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Division (and order) Odonata (dragonflies and damselflies)
(see alsoBox 10.2)
Odonates have “palaeopteran” wings as well as many
additional unique features, including the presence of
two axillary plates (humeral and posterior axillary) in
the wing articulation and many features associated
with specialized copulatory behavior, including posses-
sion of secondary copulatory apparatus on ventral seg-
ments 2—3 of the male and the formation of a tandem
wheel during copulation (Box 5.3). The immature
stages are aquatic and possess a highly modified pre-
hensile labium for catching prey (Fig. 13.4).
Odonatologists (those that study odonates) tradi-
tionally recognized three groups generally ranked as
suborders: Zygoptera (damselflies), Anisozygoptera
and Anisoptera (dragonflies). Anisozygoptera is minor,
containing fossil taxa but only one extant genus with
two species. Assessment of the monophyly or paraphyly
of each suborder has relied very much on interpreta-
tion of the very complex wing venation. Interpretation
of wing venation within the odonates and between
them and other insects has been prejudiced by prior
ideas about relationships. Thus the Comstock and
Needham naming system for wing veins implies that
the common ancestor of modern Odonata was anisop-
teran, and the venation of zygopterans is reduced. In
contrast, the Tillyard-named venational system implies
that Zygoptera is a grade (is paraphyletic) to Aniso-
zygoptera, which itself is a grade on the way to a
monophyletic Anisoptera. A well-supported view,
incorporating information from the substantial fossil
record, has Zygoptera probably paraphyletic, Anisozy-
goptera undoubtedly paraphyletic, and Anisoptera as
monophyletic sister to some extinct anisozygopterans.
Zygoptera contains three broad superfamilial group-
ings, the Coenagrionoidea, Lestoidea, and Caloptery-
goidea. Amongst Anisoptera four major lineages can be
recognized, but their relationships to each other are
obscure.

Division Neoptera
Neopteran (“new wing”) insects diagnostically have
wings capable of being folded back against their
abdomen when at rest, with wing articulation that
derives from separate movable sclerites in the wing
base, and wing venation with none to few triadic veins
and mostly lacking anastomosing (joining) cross-veins
(Fig. 2.21).

The phylogeny (and hence classification) of the
neopteran orders remains subject to debate, mainly

concerning (a) the placement of many extinct orders
described only from fossils of variably adequate pre-
servation, (b) the relationships among the Polyneop-
tera (orthopteroid plus plecopteroid orders), and (c) the
relationships of the highly derived Strepsiptera.

Here we summarize the most recent research
findings, based on both morphology and molecules. No
single or combined data set provides unambiguous
resolution of insect order-level phylogeny and there
are several areas of controversy. Some questions arise
from inadequate data (insufficient or inappropriate
taxon sampling) and character conflict within existing
data (support for more than one relationship). In the
absence of a robust phylogeny, ranking is somewhat
subjective and “informal” ranks abound.

A group of 11 orders is termed the Polyneoptera
(if monophyletic and considered to be sister to the
remaining Neoptera) or Orthopteroid—Plecopteroid
assemblage (if monophyly is uncertain). The remain-
ing neopterans can be divided readily into two mono-
phyletic groups, namely Paraneoptera (hemipteroid
assemblage) and Endopterygota (= Holometabola).
These three clades may be given the rank of subdivi-
sion. Polyneoptera and Paraneoptera both have ple-
siomorphic hemimetabolous development in contrast
to the complete metamorphosis of Endopterygota.

Subdivision Polyneoptera (or Orthopteroid-
Plecopteroid assemblage)

This grouping comprises the orders Plecoptera, Man-
todea, Blattodea, Isoptera, Grylloblattodea, Manto-
phasmatodea, Orthoptera, Phasmatodea, Embiidina,
Dermaptera, and Zoraptera.

Some early-branching events amongst the neo-
pteran orders are becoming better understood, but
some relationships remain poorly resolved, and often
contradictory between those suggested by morphology
and those from molecular data. The 11 included orders
may form a monophyletic Polyneoptera based on
the shared presence of tarsal plantulae (lacking only
in Zoraptera) and certain analyses of nucleotide
sequences. Within Polyneoptera, the grouping com-
prising Blattodea (cockroaches), Isoptera (termites),
and Mantodea (mantids) — the Dictyoptera (Fig. 7.4) —
is robust. All three orders within Dictyoptera share
distinctive features of the head skeleton (perforated
tentorium), mouthparts (paraglossal musculature),
digestive system (toothed proventriculus), and female
genitalia (shortened ovipositor above a large subgen-
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Fig. 7.4 Cladogram of postulated E
relationships within Dictyoptera, based

on combined morphological and

nucleotide sequence data. The broken
line indicates a paraphyletic taxon.
(Data from several sources.)

ital plate) which demonstrate monophyly substantiated
by nearly all analyses based on nucleotide sequences.
Dermaptera (the earwigs) and Zoraptera (zorapterans)
form an unexpected higher clade based on recent
nucleotide sequence data: some analyses place this
group outside the Polyneoptera as sister to the remain-
ing Neoptera, but the position is best represented as
unresolved at the base of the assemblage (Fig. 7.2). The
Grylloblattodea (the ice crawlers or rock crawlers;
now apterous, but with winged fossils) forms a well-
supported clade with the newly established order
Mantophasmatodea.

Some data suggested that Orthoptera (crickets, katy-
dids, grasshoppers, locusts, etc.), Phasmatodea (stick-
insects or phasmids), and Embiidina (webspinners)
may be closely related in a grouping called Orthop-
teroidea, although recent investigations suggest an
earlier-branching position for Orthoptera. The rela-
tionships of Plecoptera (stoneflies) to other groupings
are poorly understood.

Order Plecoptera (stoneflies) (see also Box 10.3)
Plecoptera are mandibulate in the adult, with filiform
antennae, bulging compound eyes, two to three ocelli
and subequal thoracic segments. The fore and hind
wings are membranous and similar except that the
hind wings are broader; aptery and brachyptery are fre-
quent. The abdomen is 10-segmented, with remnants
of segments 11 and 12 present, including cerci.
Nymphs are aquatic.

Monophyly of the order is supported by few mor-
phological characters, including in the adult the
looping and partial fusion of gonads and male seminal
vesicles, and the absence of an ovipositor. In nymphs
the presence of strong, oblique, ventro-longitudinal
muscles running intersegmentally allowing lateral
undulating swimming, and the probably widespread
“cercus heart”, an accessory circulatory organ asso-
ciated with posterior abdominal gills, support the mono-
phyly of the order. Nymphal plecopteran gills may
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occur on almost any part of the body, or may be absent.
This varied distribution causes problems of homo-
logy of gills between families, and between those of
Plecoptera and other orders. Whether Plecoptera are
ancestrally aquatic or terrestrial is debatable. The phy-
logenetic position of Plecoptera is certainly amongst
“lower Neoptera”, early in the diversification of the
assemblage, possibly as sister group to the remainder
of Polyneoptera, but portrayed here as unresolved
(Fig. 7.2).

Internal relationships have been proposed as two
predominantly vicariant suborders, the austral (south-
ern hemisphere) Antarctoperlaria and northern
Arctoperlaria. The monophyly of Antarctoperlaria is
argued based on the unique sternal depressor muscle of
the fore trochanter, lack of the usual tergal depressor,
and presence of floriform chloride cells which may
have a sensory function. Some included taxa are the
large-sized Eustheniidae and Diamphipnoidae, the
Gripopterygidae, and Austroperlidae — all southern
hemisphere families. Some nucleotide sequence studies
support this clade.

The sister group Arctoperlaria lacks defining mor-
phology, but is united by a variety of mechanisms asso-
ciated with drumming (sound production) associated
with mate-finding. Component families Scopuridae,
Taeniopterygidae, Capniidae, Leuctridae, and Nemo-
uridae (including Notonemouridae) are essentially
northern hemisphere with a lesser radiation of Noto-
nemouridae into the southern hemisphere. Some
nucleotide sequence analyses suggest paraphyly of
Arctoperlaria, with most elements of Notonemouridae
forming the sister group to the remainder of the fami-
lies. Relationships amongst extant Plecoptera have
been used in hypothesizing origins of wings from “tho-
racic gills”, and in tracing the possible development of
aerial flight from surface flapping with legs trailing on
the water surface, and forms of gliding. Current views
of the phylogeny suggest these traits are secondary and
reductional.



188 Insect systematics

Order Isoptera (termites, white ants) (see also Box 12.3)
Isoptera forms a small order of eusocial insects with a
polymorphic caste system of reproductives, workers,
and soldiers. Mouthparts are blattoid and mandibulate.
Antennae are long and multisegmented. The fore and
hind wings generally are similar, membranous, and
with restricted venation; but Mastotermes (Mastoter-
mitidae) with complex wing venation and a broad
hind-wing anal lobe is exceptional. The male external
genitalia are weakly developed and symmetrical, in
contrast to the complex, asymmetrical genitalia of
Blattodea and Mantodea. Female Mastotermes have a
reduced blattoid-type ovipositor.

The Isoptera has always been considered to belong in
Dictyoptera close to Blattodea, but precise relationships
have been uncertain. A long-held view that Mastoter-
mitidae is the earliest extant branch in the Isoptera
is upheld by all studies — the distinctive features men-
tioned above evidently are plesiomorphies. Recent
studies that included structure of the proventriculus
and nucleotide sequence data suggest that termites
arose from within the cockroaches, thereby rendering
Blattodea paraphyletic (Fig. 7.4). Under this scenario,
the (wingless) woodroaches of North America and
eastern Asia (genus Cryptocercus) are sister group to
Isoptera. Alternative suggestions of the independent
origin (hence convergence) of the semisociality (par-
ental care and transfer of symbiotic gut flagellates
between generations) of Cryptocercus and the sociality
of termites (section 12.4.2) no longer seem likely.

Order Blattodea (cockroaches) (see also Box 9.8)
Cockroaches are dorsoventrally flattened insects with
filiform, multisegmented antennae and mandibulate,
ventrally projecting mouthparts. The prothorax has an
enlarged, shield-like pronotum, that often covers the
head; the meso- and metathorax are rectangular and
subequal. The fore wings are sclerotized tegmina pro-
tecting membranous hind wings folded fan-like beneath.
Hind wings often may be reduced or absent, and if pre-
sent characteristically have many vein branches and a
large anal lobe. The legs may be spiny and the tarsi are
five-segmented. The abdomen has 10 visible segments,
with a subgenital plate (sternum 9), bearing in the male
well-developed asymmetrical genitalia, with one or two
styles, and concealing the reduced 11th segment. Cerci
have one or usually many segments; the female ovipos-
itor valves are small, concealed beneath tergum 10.
Although long considered an order (and hence
monophyletic) convincing evidence shows the termites

arose from within the cockroaches, and the “order”
thus is rendered paraphyletic. The sister group of the
Isoptera appears to be Cryptocercus, undoubtedly a
cockroach (Fig. 7.4). Other internal relationships of
the Blattodea are not well understood, with apparent
conflict between morphology and limited molecular
data. Usually from five to eight families are recog-
nized. Blatellidae and Blaberidae (the largest families)
are thought to be sister groups. The many early fossils
allocated to Blattodea that possess a well-developed
ovipositor are considered best as belonging to a blattoid
stemgroup, that is, from prior to the ordinal diversifica-
tion of the Dictyoptera.

Order Mantodea (mantids) (see also Box 13.2)

Mantodea are predatory, with males generally smaller
than females. The small, triangular head is mobile, with
slender antennae, large, widely separated eyes and
mandibulate mouthparts. The prothorax is narrow
and elongate, with the meso- and metathorax shorter.
The fore wings form leathery tegmina with a reduced
anal area; the hind wings are broad and membranous,
with long unbranched veins and many cross-veins, but
often are reduced or absent. The fore legs are raptorial,
whereas the mid and hind legs are elongate for walk-
ing. The abdomen has a visible 10th segment, bearing
variably segmented cerci. The ovipositor predomin-
antly is internal and the external male genitalia are
asymmetrical.

Mantodea forms the sister group to Blattodea +
Isoptera (Fig. 7.4), and shares many features with
Blattodea such as strong direct flight muscles and weak
indirect (longitudinal) flight muscles, asymmetrical
male genitalia and multisegmented cerci. Derived
features of Mantodea relative to Blattodea involve
modifications associated with predation, including leg
morphology, an elongate prothorax, and features asso-
ciated with visual predation, namely the mobile head
with large, separated eyes. Internal relationships of
the eight families of Mantodea are uncertain and little
studied.

Order Grylloblattodea (= Grylloblattaria, Notoptera)
(grylloblattids, ice crawlers or rock crawlers)

(see also Box 9.4)

Grylloblattids are moderate-sized, soft-bodied insects
with anteriorly projecting mandibulate mouthparts
and the compound eyes are either reduced or absent.
The antennae are multisegmented and the mouthparts
mandibulate. The quadrate prothorax is larger than



the meso- or metathorax, and wings are absent. The
legs have large coxae and five-segmented tarsi. Ten
abdominal segments are visible with rudiments of seg-
ment 11, including five- to nine-segmented cerci. The
female has a short ovipositor, and the male genitalia
are asymmetrical.

Several ordinal names have been used for these
insects but Grylloblattodea is preferred because this
name has the widest usage in published work and its
ending matches the names of some related orders.
Most of the rules of nomenclature do not apply to
names above the family group and thus there is no
name priority at ordinal level. The phylogenetic place-
ment of Grylloblattodea also has been controversial,
generally being argued to be relictual, either “bridging
the cockroaches and orthopterans”, or “primitive
amongst orthopteroids”. The antennal musculature
resembles that of mantids and embiids, mandibular
musculature resembles Dictyoptera, and the maxillary
muscles those of Dermaptera. Embryologically gryl-
loblattids are confirmed as orthopteroids. Molecular
phylogenetic study emphasizing grylloblattids strongly
supports a sister-group relationship to the newly dis-
covered Mantophasmatodea, and these combined are
sister to Dictyoptera.

Order Mantophasmatodea (see also Box 13.3)

Mantophasmatodea is the most recently recognized
order, comprising three families from Africa, and Baltic
amber specimens. Mantophasmatodeans all are apter-
ous, without even wing rudiments. The head is hypo-
gnathous with generalized mouthparts and long,
slender, multisegmented antennae. Coxae are not
enlarged, the fore and mid femora are broadened and
have bristles or spines ventrally; hind legs are elongate;
tarsi are five-segmented, with euplanulae on the basal
four; the ariolum is very large and the distal tarsomere
is held off the substrate. Male cerci are prominent,
clasping and not differentially articulated with tergite
10; female cerci are short and one-segmented. A dis-
tinct short ovipositor projects beyond a short subgen-
ital lobe, lacking any protective operculum (plate below
ovipositor) as seen in phasmids. Based on morphology,
placement of the new order was difficult, but rela-
tionships with phasmids (Phasmatodea) and/or ice
crawlers (Grylloblattodea) were suggested. Nucleotide
sequencing data have justified the rank of order, and
strongly confirmed a sister-group relationship to
Grylloblattodea. This grouping may be the extant
remnants of radiation in the distant geological past
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represented by fossil taxa such as Titanoptera, Calo-
neuridea, and Cnemidolestodea (perhaps an earlier
name for Mantophasmatodea).

Order Orthoptera (grasshoppers, locusts, katydids,
crickets) (see also Box 11.5)

Orthopterans are medium-sized to large insects with
hind legs enlarged for jumping (saltation). The com-
pound eyes are well developed, the antennae are elon-
gate and multisegmented, and the prothorax is large
with a shield-like pronotum curving downwards later-
ally. The fore wings form narrow, leathery tegmina,
and the hind wings are broad, with numerous longit-
udinal and cross-veins, folded beneath the tegmina
by pleating; aptery and brachyptery are frequent. The
abdomen has eight or nine annular visible segments,
with the two or three terminal segments reduced, and
one-segmented cerci. The ovipositor is well developed,
formed from highly modified abdominal appendages.

Virtually all morphological evidence and some mole-
cular data suggested that the Orthoptera were closely
related to Phasmatodea, to the extent that some ento-
mologists united the orders. However, different wing
bud development, egg morphology, and lack of audi-
tory organs in phasmatids suggest distinction. Recent
intensive molecular data place the Orthoptera as an
early branch in the assemblage as shown in Fig. 7.2,
but this requires further study.

The division of Orthoptera into two monophyletic
suborders, Caelifera (grasshoppers and locusts — pre-
dominantly day-active, fast-moving, visually acute,
terrestrial herbivores) and Ensifera (katydids and crick-
ets — often night-active, camouflaged or mimetic,
predators, omnivores, or phytophages), is supported
on morphological and molecular evidence. Grylloidea
probably form the sister group to all other ensiferan
taxa but they are highly divergent. On grounds of some
molecular and morphological data, Tettigoniidae and
Haglidae form a monophyletic group, sister to
Stenopelmatidae and relatives (Mormon crickets,
wetas, Cooloola monsters, and the like), but alternative
analyses suggest different or unresolved relationships.
For Caelifera a well-supported recent proposal for four
superfamilies, namely (Tridactyloidea (Tetragoidea
(Eumastacoidea + “higher Caelifera”))) reconciles
molecular evidence with certain earlier suggestions
from morphology. The major grouping of acridoid
grasshoppers (Acridoidea) lies in the unnamed clade
“higher Caelifera”, which contains also several less-
speciose superfamilies.
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Order Phasmatodea (phasmatids, phasmids, stick-insects
or walking sticks) (see alsoBox 11.6)

Phasmatodea exhibit body shapes that are variations
on elongate cylindrical and stick-like or flattened,
or often leaf-like. The mouthparts are mandibulate.
The compound eyes are relatively small and placed
anterolaterally, with ocelli only in winged species, and
often only in males. The wings, if present, are func-
tional in males, but often reduced in females, and many
species are apterous in both sexes. Fore wings form
short leathery tegmina, whereas the hind wings are
broad with a network of numerous cross-veins and
with the anterior margin toughened to protect the
folded wing. The legs are elongate, slender, and adapted
for walking, with five-segmented tarsi. The abdomen
is 11-segmented, with segment 11 often forming a
concealed supra-anal plate in males or a more obvious
segment in females.

Phasmatodea have long been considered as sister to
Orthoptera within the orthopteroid assemblage. Recent
evidence from morphology in support of this grouping
comes from neurophysiological studies, namely the
dorsal position of the cell body of salivary neuron 1 in
the suboesophageal ganglion and presence of serotonin
in salivary neuron 2. Phasmatodea are distinguished
from the Orthoptera by their body shape, asymmetrical
male genitalia, proventricular structure, and lack of
rotation of nymphal wing pads during development.
Recent evidence for a sister-group relationship to
Embiidina (as in Fig. 7.2) comes from combined mor-
phological and nucleotide sequence data from several
genes. Phasmatodea conventionally have been classi-
fied in three families (although some workers raise
many subfamilies to family rank). The only certainty in
internal relationships is that plesiomorphic western
North American Timema is sister to the remaining
extant members of the order (termed Euphasmida). An
interpretation of recent nucleotide sequence data sug-
gests that Phasmatodea ancestrally were wingless and
flightedness may have re-evolved several to many
times in the radiation of the order.

Order Embiidina (= Embioptera) (embiids, webspinners)
(see also Box 9.5)

Embiidina have an elongate, cylindrical body, some-
what flattened in the male. The head has kidney-
shaped compound eyes that are larger in males than
females, and lacks ocelli. The antennae are multi-
segmented and the mandibulate mouthparts project
forwards (prognathy). All females and some males are

apterous; but if present, the wings are characterist-
ically soft and flexible, with blood sinus veins stiffened
for flight by blood pressure. The legs are short, with
three-segmented tarsi, and the basal segment of each
fore tarsus is swollen because it contains silk glands.
The hind femora are swollen by strong tibial muscles.
The abdomen is 10-segmented with rudiments of seg-
ment 11 and with two-segmented cerci. The female
external genitalia are simple (no ovipositor), and those
of males are complex and asymmetrical.

Embiids are undoubtedly monophyletic based above
all on the ability to produce silk from unicellular glands
in the anterior basal tarsus. A general morphological
resemblance to Plecoptera based on reduced phallo-
meres, a trochantin-episternal sulcus, and separate
coxopleuron and premental lobes is not supported by
nucleotide sequences that instead imply a sister-group
relationship with Phasmatodea. Internal relationships
amongst the described higher taxa of Embiidina sug-
gest that the prevailing classification into eight families
includes many non-monophyletic groups. Evidently,
much further study is needed to understand relation-
ships within Embiidina, and among it and other
neopterans.

Order Dermaptera (earwigs) (see also Box 9.7)

Adult earwigs are elongate and dorsoventrally flattened
with mandibulate, forward-projecting mouthparts,
compound eyes ranging from large to absent, no ocelli,
and short annulate antennae. The tarsi are three-
segmented with a short second tarsomere. Many species
are apterous or, if winged, the fore wings are small,
leathery, and smooth, forming unveined tegmina, and
the hind wings are large, membranous, semi-circular,
and dominated by an anal fan of radiating vein
branches connected by cross-veins.

The five species commensal or ectoparasitic on bats
in south-east Asia were placed in suborder Arixeniina.
A few species semi-parasitic on African rodents were
placed in suborder Hemimerina. Earwigs in both of
these groups are blind, apterous, and exhibit pseudo-
placental viviparity. Recent morphological study
of Hemimerina suggests derivation from within
Forficulina, rendering that suborder paraphyletic. The
relationships of Arixeniina to more “typical” earwigs
(Forficulina) are uninvestigated. Within Forficulina,
only four (Karshiellidae, Apachyidae, Chelisochidae,
and Forficulidae) of eight or nine families proposed
appear to be supported by synapomorphies. Other
families may not be monophyletic, as much weight



has been placed on plesiomorphies, especially of
the penis specifically and genitalia more generally, or
homoplasies (convergences) in furcula form and wing
reduction.

Asister-group relationship to Dictyoptera that is well
supported on morphology, including many features
of the wing venation, is not supported by nucleotide
sequences that demonstrate an earlier-branching sister-
group relationship to Zoraptera (Fig. 7.2). Whether
the pair of orders is considered part of Polyneoptera or
sister to the remainder of Neoptera is as yet unclear,
and the relationship is best shown as unresolved.

Order Zoraptera (zorapterans) (see also Box 9.6)
Zoraptera is one of the smallest and probably the least
known pterygote order. Zorapterans are small, rather
termite-like insects, with simple morphology. They
have biting, generalized mouthparts, including five-
segmented maxillary palps and three-segmented labial
palps. Sometimes both sexes are apterous, and in alate
forms the hind wings are smaller than the fore wings;
the wings are shed as in ants and termites. Wing vena-
tion is highly specialized and reduced.

Traditionally the order contained only one family
(Zorotypidae) and one genus (Zorotypus), but has been
divided into several genera of uncertain monophyly,
delimited predominantly on wing venation. The phylo-
genetic position of Zoraptera based on morphology
has been controversial, ranging through membership
of the hemipteroid orders, sister to Isoptera, an ortho-
pteroid, or a blattoid. Wing shape and venation resem-
bles that of narrow-winged Isoptera, and analysis of
major wing structures and musculature imply Zoraptera
belong in a wide “blattoid” lineage. Hind-leg muscu-
lature revealed a derived condition shared only by
Embiidina. Cephalic, abdominal, and nucleotide char-
acters indicate an early divergence, perhaps as sister
to Dermaptera, originating before the origin of the
Dictyoptera clade.

Subdivision Paraneoptera (Acercaria, or
Hemipteroid assemblage)

This subdivision comprises the orders Psocoptera,
Phthiraptera, Thysanoptera, and Hemiptera. This group
is defined by derived features of the mouthparts, includ-
ing the slender, elongate maxillary lacinia separated
from the stipes and a swollen postclypeus containing
an enlarged cibarium (sucking pump), and the reduc-
tion in tarsomere number to three or less.
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Within Paraneoptera, the monophyletic superorder
Psocodea contains Phthiraptera (parasitic lice) and
Psocoptera (booklice). Phthiraptera is monophyletic,
but the clade arose from within Psocoptera, rendering
that group paraphyletic. Although sperm morpho-
logy and some molecular sequence data imply that
Hemiptera is sister to Psocodea + Thysanoptera, a
grouping of Thysanoptera + Hemiptera (called super-
order Condylognatha) is supported by derived head and
mouthparts including the stylet mouthparts, features
of the wing base, and the presence of a sclerotized ring
between antennal flagellomeres. Condylognatha thus
forms the sister group to Psocodea.

Order Psocoptera (psocids, barklice, booklice)
(seealsoBox 11.9)

Psocoptera is a worldwide order of cryptic small insects,
with a large, mobile head, bulbous postclypeus, and
membranous wings held roof-like over the abdomen.
Evidently, Psocoptera belong with Phthiraptera in a
monophyletic clade Psocodea. However, Psocoptera
is rendered paraphyletic by a postulated relationship
of Phthiraptera to the psocopteran family Liposcelidae.
Internal relationships of the more than 30 families of
psocids are poorly known and of the three suborders,
Troctomorpha, Trogiomorpha, and Psocomorpha, there
is support only for the monophyly of Psocomorpha.

Order Phthiraptera (parasitic lice) (see also Box 15.3)

Phthirapterans are wingless obligate ectoparasites of
birds and mammals. Monophyly of, and relationships
among, traditional suborders Anoplura, Amblycera,
Ischnocera, and Rhyncophthirina are poorly under-
stood and nearly all possible arrangements have been
proposed. The latter three suborders have been treated
as a monophyletic Mallophaga (biting and chewing
lice) based on their feeding mode and morphology, in
contrast to the piercing and blood-feeding Anoplura.
Cladistic analysis of morphology has disputed mal-
lophagan monophyly, suggesting the relationship
Amblycera (Ischnocera (Anoplura + Rhyncophthirina)).
Ignorance of robust estimates of relationship restricts
estimation of evolutionary interactions, such as co-spe-
ciation, between lice and their bird and mammal hosts.

Order Thysanoptera (thrips) (see alsoBox 11.7)

The development of Thysanoptera is intermediate
between hemi- and holometabolous. Their head is
elongate and the mouthparts are unique in that the
maxillary laciniae form grooved stylets, the right
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mandible is atrophied, but the left mandible forms a
stylet; all three stylets together form the feeding ap-
paratus. The tarsi are one- or two-segmented, and
the pretarsus has an apical protrusible adhesive ario-
lum (bladder or vesicle). Reproduction in thrips is
haplodiploid.

Limited molecular evidence supports a traditional
morphological division of the Thysanoptera into
two suborders, Tubulifera containing a sole, speciose,
family Phlaeothripidae, and Terebrantia. Terebrantia
includes one speciose family, Thripidae, and seven
smaller families. Relationships among families in
Terebrantia are poorly resolved, although phylogenies
are being generated at lower levels concerning aspects
of the evolution of sociality, especially the origins
of gall-inducing thrips, and of “soldier” castes in
Australian gall-inducing Thripidae.

Order Hemiptera (bugs, cicadas, leafhoppers, planthoppers,
spittle bugs, aphids, jumping plant lice, scale insects,

whiteflies, moss bugs) (see also Boxes 10.6 & 11.8)

Hemiptera, the largest non-endopterygote order, has
diagnostic mouthparts, with mandibles and maxillae
modified as needle-like stylets, lying in a beak-like,
grooved labium, collectively forming a rostrum or
proboscis. Within this, the stylet bundle contains two
canals, one delivering saliva and the other uptaking
fluid. Hemiptera lack maxillary and labial palps. The
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prothorax and mesothorax usually are large and the
metathorax small. Venation of both pairs of wings can
be reduced; some species are apterous, and male scale
insects have only one pair of wings. Legs often have
complex pretarsal adhesive structures. Cerci are lacking.

Hemiptera and Thysanoptera are sister groups
within Paraneoptera. Hemiptera once was divided into
two groups, Heteroptera (true bugs) and “Homoptera”
(cicadas, leafhoppers, planthoppers, spittle bugs,
aphids, psylloids, scale insects, and whiteflies), treated
as either suborders or as orders. All “homopterans” are
terrestrial plant feeders and many share a common
biology of producing honeydew and being ant-
attended. Although sharing defining features, such as
wings held roof-like over the abdomen, fore wings
either membranous or in the form of tegmina of uni-
form texture, and with the rostrum arising ventrally
close to the anterior of the thorax, “Homoptera” repres-
ents a paraphyletic grade rather than a clade (Fig. 7.5).
This view finds support in re-interpreted morphological
data and from analyses of nucleotide sequences, which
also suggest more complicated relationships among the
higher groups of hemipterans (Fig. 7.5).

The rank of hemipteran clades has been much dis-
puted. We follow a system of five suborders recognized
on phylogenetic grounds. Fulgoromorpha, Cicado-
morpha, Coleorrhyncha, and Heteroptera (collectively
termed the Euhemiptera) form the sister group to

"Homoptera®

"Auchenorrhyncha”

L

Fig. 7.5 Cladogram of postulated
relationships within Hemiptera, based on
combined morphological and nucleotide
sequence data. Broken lines indicate
paraphyletic taxa, with names italicized.
(After Bourgoin & Campbell 2002.)



suborder Sternorrhyncha. The latter contains the
aphids (Aphidoidea), jumping plant lice (Psylloidea),
scale insects (Coccoidea), and whiteflies (Aleyrodoidea),
which are characterized principally by their possession
of a particular kind of gut filter chamber, a rostrum that
appears to arise between the bases of their front legs
and, if winged, by absence of the vannus and vannal
fold in the hind wings. Some relationships among
Euhemiptera are unsettled. A traditional grouping
called the Auchenorrhyncha, morphologically defined
by their possession of a tymbal acoustic system, an
aristate antennal flagellum, and reduction of the prox-
imal median plate in the wing base, contains the
Fulgoromorpha (planthoppers) and Cicadomorpha
(cicadas, leafhoppers, and spittle bugs). Paleontological
data combined with nucleotide sequences suggest that
Cicadomorpha is sister to Coleorrhyncha + Heteroptera
(sometimes called Prosorrhyncha), which would ren-
der Auchenorrhyncha paraphyletic. However, rela-
tionships among Cicadomorpha, Fulgoromorpha, and
Coleorrhyncha + Heteroptera are still disputed and
thus are portrayed here as an unresolved trichotomy
(Fig. 7.5).

Heteroptera (true bugs, including assassin bugs, back-
swimmers, lace bugs, stink bugs, waterstriders, and
others) has as its sister group the Coleorrhyncha, con-
taining only one family, Peloridiidae or moss bugs.
Although small, cryptic and rarely collected, moss bugs
have generated considerable phylogenetic interest
due to their combination of ancestral and derived
hemipteran features, and their exclusively “relictual”
Gondwanan distribution. Heteropteran diversity is
distributed amongst about 80 families, forming the
largest hemipteran clade. Heteroptera is diagnosed
most easily by the presence of metapleural scent glands,
and monophyly is undisputed.

Subdivision Endopterygota (=Holometabola)

Endopterygota comprise insects with holometabolous
development in which immature (larval) instars are
very different from their respective adults. The adult
wings and genitalia are internalized in their pre-adult
expression, developing in imaginal discs that are evagin-
ated at the penultimate molt. Larvae lack true ocelli.
The “resting stage” or pupa is non-feeding, and precedes
an often active pharate (“cloaked” in pupal cuticle)
adult. Unique derived features are less evident in adults
than in earlier developmental stages, but the clade is
recovered consistently from all phylogenetic analyses.
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Fig. 7.6 Cladogram of postulated relationships of
Antliophora, based on a combination of morphological
and nucleotide sequence data. The broken lines indicate a
paraphyletic taxon, with its name italicized; s. str. refers to
the restricted sense. (After Whiting 2002.)

Two or three groups currently are proposed amongst
the endopterygotes, of which one of the strongest is a
sister-group relationship termed Amphiesmenoptera
between the Trichoptera (caddisflies) and Lepidoptera
(butterflies and moths). A plausible scenario of an
ancestral amphiesmenopteran taxon envisages a larva
living in damp soil amongst liverworts and mosses
followed by radiation into water (Trichoptera) or into
terrestrial plant-feeding (Lepidoptera).

A second strongly supported relationship is between
three orders: Neuroptera, Megaloptera, and Raphi-
dioptera, called Neuropterida and sometimes treated as
a group of ordinal rank, which shows a sister-group
relationship to Coleoptera.

A third, postulated relationship — Antliophora —
unites Diptera (true flies), Siphonaptera (fleas), and
Mecoptera (scorpionflies and hangingflies). Their rela-
tionships, particularly concerning Siphonaptera, have
been debated. Fleas were considered as sister group
to Diptera, but anatomical and nucleotide sequence
evidence increasingly points to a relationship with the
curious-looking mecopterans, the snow fleas of the
family Boreidae (Fig. 7.6).

Strepsiptera is phylogenetically enigmatic, but
resemblance of their first-instar larvae (called triun-
gulins) to those of certain Coleoptera, notably parasitic
Rhipiphoridae, and some wing-base features have been
cited as indicative of a close relationship. This sug-
gested placement is becoming less likely, as molecular
evidence (and haltere development) suggests alternat-
ives, either with Diptera or distant from either Diptera
or Coleoptera. Strepsiptera has undergone much mor-
phological and molecular evolution, and is highly
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derived with few features shared with any other taxon.
Such long-isolated evolution of the genome can create
a problem known as “long-branch attraction”, in
which nucleotide sequences may converge by chance
mutations alone with those of an unrelated taxon with
a similarly long independent evolution, for the strep-
sipteran notably with Diptera. The issue of relationship
remains unresolved, although morphological study
of wing-base morphology suggests that proximity to
neither Diptera nor Coleoptera is likely.

The relationships of two major orders of endoptery-
gotes, Coleoptera and Hymenoptera, remain to be
considered. Several positions have been proposed for
Coleoptera but current evidence derived from female
genitalia and ambivalent evidence from eye structure
supports a sister-group relationship to Neuropterida.
This group is sister to the remaining Endopterygota
in many analyses. Hymenoptera may be the sister to
Antliophora + Amphiesmenoptera, but the many
highly derived features of adults and reductions in lar-
vae limit morphological justification for this position.

Within the limits of uncertainty, the relationships
within Endopterygota are summarized in Fig. 7.2, in
which uncertain or ambiguous associations are shown
by interrupted lines and suspect paraphyletic taxon
names are italicized.

Order Coleoptera (beetles) (see also Boxes 10.6 & 11.10)
Coleoptera undoubtedly lie amongst early branches of
the Endopterygota. The major shared derived feature
of Coleoptera is the development of the fore wings as
sclerotized rigid elytra, which extend to cover some or
many of the abdominal segments, and beneath which
the propulsive hind wings are elaborately folded when
at rest. Some molecular studies show Coleoptera poly-
phyletic or paraphyletic with respect to some or all of
Neuropterida. However, this is impossible to reconcile
with the morphological support for coleopteran mono-
phyly, and we accept that a sister-group relationship to
Neuropterida is most probable.

Within Coleoptera, four modern lineages (treated as
suborders) are recognized: Archostemata, Adephaga,
Polyphaga, and Myxophaga. Archostemata includes
only the small families Ommatidae, Crowsoniellidae,
Cupedidae, and Micromalthidae, and probably forms
the sister group to the remaining extant Coleoptera.
The few known larvae are wood-miners with a scler-
otized ligula and a large mola on each mandible.
Adults have movable hind coxae with usually visible
trochantins, and five (not six) ventral abdominal plates

(ventrites), but share with Myxophaga and Adephaga
wing folding features, lack of any cervical sclerites,
and an external prothoracic pleuron. In contrast to
Myxophaga, the pretarsus and tarsus are unfused.

Adephaga is diverse, second in size only to Polyphaga,
and includes ground beetles, tiger beetles, whirligigs,
predaceous diving beetles, and wrinkled bark beetles,
amongst others. Larval mouthparts are adapted for
liquid-feeding, with a fused labrum and no mandibular
mola. Adults have the notopleural sutures visible on
the prothorax and have six visible abdominal sterna
with the first three fused into a single ventrite which is
divided by the hind coxae. Pygidial defense glands
are widespread in adults. The most speciose included
family is Carabidae, or ground beetles, with a predom-
inantly predaceous feeding habit, but Adephaga also
includes the aquatic families, Dytiscidae, Gyrinidae,
Haliplidae and Noteridae, and the mycophagous
Rhysodidae, or wrinkled bark beetles. Morphology sug-
gests that Adephaga is sister group to the combined
Myxophaga and Polyphaga, although some nucleotide
sequences suggest Adephaga as sister to Polyphaga,
with Myxophaga sister to the two combined.

Myxophaga is a clade of small, primarily riparian
aquatic beetles, comprising families Lepiceridae,
Torridincolidae, Hydroscaphidae, and Microsporidae,
united by the synapomorphic fusion of the pretarsus
and tarsus. The three-segmented larval antenna, five-
segmented larval legs with a single pretarsal claw,
fusion of trochantin with the pleuron, and ventrite
structure support a sister-group relationship of Myxo-
phaga with the Polyphaga. This has been challenged
by some workers, notably because some interpreta-
tions of wing venation and folding support Polyphaga
(Archostemata (Myxophaga + Adephaga)).

Polyphaga contains the majority (>90% of species) of
beetle diversity, with about 300,000 described species.
The suborder includes rove beetles (Staphylinoidea),
scarabs and stag beetles (Scarabaeoidea), metallic
wood-boring beetles (Buprestoidea), click beetles and
fireflies (Elateroidea), as well as the diverse Cucujiformia,
including fungus beetles, grain beetles, ladybird bee-
tles, darkling beetles, blister beetles, longhorn beetles,
leaf beetles, and weevils. The prothoracic pleuron is not
visible externally, but is fused with the trochantin and
remnant internally as a “cryptopleuron”. Thus, one
suture between the notum and the sternum is visible
in the prothorax in polyphagans, whereas two sutures
(the sternopleural and notopleural) often are visible
externally in other suborders (unless secondary fusion



between the sclerites obscures the sutures, as in
Micromalthus). The transverse fold of the hind wing
never crosses the media posterior (MP) vein, cervical
sclerites are present, and hind coxae are mobile and do
not divide the first ventrite. Female polyphagan beetles
have telotrophic ovarioles, which is a derived condition
within beetles.

The internal classification of Polyphaga involves
several superfamilies or series, whose constituents are
relatively stable, although some smaller families
(whose rank even is disputed) are allocated to different
clades by different authors. Large superfamilies in-
clude Hydrophiloidea, Staphylinoidea, Scarabaeoidea,
Buprestoidea, Byrrhoidea, Elateroidea, Bostrichoidea,
and the grouping Cucujiformia. This latter includes the
vast majority of phytophagous (plant-eating) beetles,
united by cryptonephric Malpighian tubules of the
normal type, the eye with a cone ommatidium with
open rhabdom, and lack of functional spiracles on the
eighth abdominal segment. Constituent superfamilies
of Cucujiformia are Cleroidea, Cucujoidea, Tenebrion-
oidea, Chrysomeloidea, and Curculionoidea. Evidently,
adoption of a phytophagous lifestyle correlates with
speciosity in beetles, with Cucujiformia, especially
weevils (Curculionoidea), forming a major radiation
(see section 8.6).

Neuropterida, or neuropteroid orders

Orders Megaloptera (alderflies, dobsonflies, fishflies),
Raphidioptera (snakeflies), and Neuroptera (lacewings,
antlions, owlflies) (see also Boxes 10.6 & 13.4)
Neuropterida comprise three minor (species-poor)
orders, whose adults have multisegmented antennae,
large, separated eyes, and mandibulate mouthparts.
The prothorax may be larger than either the meso- or
metathorax, which are about equal in size. Legs some-
times are modified for predation. The fore and hind
wings are quite similar in shape and venation, with
folded wings often extending beyond the abdomen. The
abdomen lacks cerci.

Megalopterans are predatory only in the aquatic
larval stage; although adults have strong mandibles,
they are not used in feeding. Adults closely resemble
neuropterans, except for the presence of an anal fold in
the hind wing. Raphidiopterans are terrestrial pred-
ators as adults and larvae. The adult is mantid-like,
with an elongate prothorax, and the head is mobile and
used to strike, snake-like, at prey. The larval head is
large and forwardly directed. Many adult neuropterans
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are predators, and have wings typically characterized
by numerous cross-veins and “twigging” at the ends of
veins. Neuropteran larvae usually are active predators
with slender, elongate mandibles and maxillae com-
bined to form piercing and sucking mouthparts.

Megaloptera, Raphidioptera, and Neuroptera may
be treated as separate orders, united in Neuropterida,
or Raphidioptera may be included in Megaloptera.
Neuropterida undoubtedly is monophyletic with new
support from morphology of the wing-base sclerites.
This latter feature also supports the long-held view that
Neuropterida forms a sister group to Coleoptera. Each
component appears monophyletic, although a doubt
remains concerning megalopteran monophyly. There
remains uncertainty about internal relationships,
which traditionally have Megaloptera and Raphidio-
ptera as sister groups. Recent reanalyses with some
new character suites propose Megaloptera as sister to
Neuroptera with a novel scenario of ancestral aquatic
larvae (as seen in Sisyridae within Neuroptera, and in
all Megaloptera) in Neuropterida.

Order Strepsiptera (see also Box 13.6)

Strepsiptera form an enigmatic order showing extreme
sexual dimorphism. The male’s head has bulging eyes
comprising few large facets and lacks ocelli; the anten-
nae are flabellate or branched, with four to seven
segments. The fore wings are stubby and lack veins,
whereas the hind wings are broadly fan-shaped, with
few radiating veins; the legs lack trochanters and often
also claws. Females are either coccoid-like or larviform,
wingless, and usually retained in a pharate (cloaked)
state, protruding from the host. The first-instar larva
is a triungulin, without antennae and mandibles, but
with three pairs of thoracic legs; subsequent instars are
maggot-like, lacking mouthparts or appendages. The
pupa, which has immovable mandibles but appendages
free from its body, develops within a puparium formed
from the last larval instar.

The phylogenetic position of Strepsiptera has been
subject to much speculation because modifications
associated with their endoparasitic lifestyle mean that
few characteristics are shared with possible relatives.
In having posteromotor flight (using only metathoracic
wings) they resemble Coleoptera, but other putative
synapomorphies with Coleoptera appear suspect or
mistaken. The fore-wing-derived halteres of strep-
sipterans are gyroscopic organs of equilibrium with the
same functional role as the halteres of Diptera (although
the latter are derived from the hind wing). Nucleotide
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sequence studies indicate that Strepsiptera might be
a sister group to Diptera, which is one relationship
indicated on Fig. 7.2 by the broken line.

Order Mecoptera (scorpionflies, hangingflies)
(see alsoBox 13.5)
Mecopteran adults have an elongate, ventrally project-
ing rostrum, containing elongate, slender mandibles
and maxillae, and an elongate labium. The eyes are
large and separated, the antennae filiform and multi-
segmented. The fore and hind wings are narrow, sim-
ilar in size, shape, and venation, but often are reduced
or absent. The legs may be modified for predation.
Larvae have a heavily sclerotized head capsule, are
mandibulate, and may have compound eyes compris-
ing three to 30 ocelli (absent in Panorpidae, indistinct
in Nannochoristidae). The thoracic segments are about
equal, and have short thoracic legs with fused tibia and
tarsus and a single claw. Prolegs usually are present on
abdominal segments 1-8, and the terminal segment
(10) has either paired hooks or a suction disk. The pupa
isimmobile, mandibulate, and with appendages free.
Although some adult Mecoptera resemble neuro-
pterans, strong evidence supports a relationship to
Diptera. Intriguing recent morphological studies, plus
robust evidence from molecular sequences, suggest
that Siphonaptera arose from within Mecoptera, as a
sister group to the “snow fleas” (Boreidae) (Fig. 7.6). The
phylogenetic position of Nannochoristidae, a southern
hemisphere mecopteran taxon currently treated as
being of subfamily rank, has a significant bearing on
internal relationships within Antliophora. Nucleotide
sequence data suggest that it is sister to Boreidae
+ Siphonaptera, and therefore is of equivalent rank to
the boreids, fleas, and the residue of Mecoptera (sensu
stricto) —and logically each should be treated as orders,
or Siphonaptera reduced in rank within Mecoptera.

Order Siphonaptera (fleas) (see also Box 15.4)

Siphonaptera are bilaterally compressed, apterous
ectoparasites, with mouthparts specialized for piercing
and sucking, lacking mandibles but with an unpaired
labral stylet and two elongate serrate, lacinial stylets
that together lie within a maxillary sheath. A salivary
pump injects saliva into the wound, and cibarial and
pharyngeal pumps suck up the blood meal. Fleas lack
compound eyes and the antennae lie in deep lateral
grooves. The body is armed with many posteriorly
directed setae and spines, some of which form combs,
especially on the head and anterior thorax. The meta-

thorax houses very large muscles associated with the
long and strong hind legs, which power the prodigious
leaps made by these insects.

After early suggestions that the fleas arose from a
mecopteran, the weight of evidence suggested they
formed the sister group to Diptera. However, increasing
molecular and novel morphological evidence now
points to a sister-group relationship to only part of
Mecoptera, specifically the Boreidae (snow fleas) (Fig.
7.6). Internal relationships of the fleas are under study
and preliminary results imply that monophyly of many
families is uncertain.

Order Diptera (trueflies)

(see also Boxes 5.4, 10.5,& 15.5)

Diptera are readily recognized by the development of
hind (metathoracic) wings as balancers, or halteres
(halters), and in the larval stages by a lack of true
legs and the often maggot-like appearance. Venation
of the fore (mesothoracic), flying wings ranges from
complex to extremely simple. Mouthparts range from
biting-and-sucking (e.g. biting midges and mosquitoes)
to “lapping”-type with a pair of pseudotracheate labella
functioning as a sponge (e.g. house flies). Dipteran
larvae lack true legs, although various kinds of locomot-
ory apparatus range from unsegmented pseudolegs to
creeping welts on maggots. The larval head capsule
may be complete, partially undeveloped, or completely
absent in a maggot head that consists only of the
internal sclerotized mandibles (“mouth hooks”) and
supporting structures.

Traditionally, Diptera had two suborders, Nema-
tocera (crane flies, midges, mosquitoes, and gnats) with
a slender, multisegmented antennal flagellum, and
heavier-built Brachycera (“higher flies” including
hover flies, blow flies, and dung flies) with a shorter,
stouter, and fewer-segmented antenna. However,
Brachycera is sister to only part of “Nematocera”, and
thus Nematocera is paraphyletic.

Internal relationships amongst Diptera are becom-
ing better understood, although with some notable
exceptions. Ideas concerning early branches in dipteran
phylogeny are inconsistent. Traditionally, Tipulidae
(or Tipulomorpha) is a first-branching clade on evid-
ence from the wing and other morphology. Such an
arrangement is difficult to reconcile with the much
more derived larva, in which the head capsule is vari-
ably reduced. Furthermore, some molecular evidence
casts doubt on this position for the crane flies, but as yet
does not produce a robust estimate for any alternative



early-branching pattern. Alternative views based on
morphology have suggested that the relictual family
Tanyderidae, with complex (“primitive”) wing vena-
tion, arose early in the diversification of the order.
Support comes also from the tanyderid larval morpho-
logy, and putative placement in Psychodomorpha,
considered a probable early-branching clade.

There is strong support for a grouping called
Culicomorpha, comprising mosquitoes (Culicidae) and
their relatives (Corethrellidae, Chaoboridae, Dixidae)
and their sister group the black flies, midges, and re-
latives (Simuliidae, Thaumaleidae, Ceratopogonidae,
Chironomidae), and for Bibionomorpha, comprising
the fungus gnats (Mycetophilidae, Bibionidae, Aniso-
podidae, and possibly Cecidomyiidae (gall midges)).

Monophyly of Brachycera, comprising “higher flies”,
is established by features including the larva having a
posterior elongate head contained within the protho-
rax, a divided mandible and loss of premandible, and in
the adult by eight or fewer antennal flagellomeres, two
or fewer palp segments, and separation of the male gen-
italia into two parts (epandrium and hypandrium). All
relationships of Brachycera are to a subgroup within
“Nematocera”, perhaps as sister to Psychodomorpha
or even to Culicomorpha (molecular data only), but
strong support is provided for a sister relationship to the
Bibionomorpha, or to a group within the Anisopodidae.
Brachycera contains four equivalent groups with
internally unresolved relationships: Tabanomorpha
(with a brush on the larval mandible and the larval
head retractile); Stratiomyomorpha (with larval cuticle
calcified and pupation in last-larval instar exuviae);
Xylophagomorpha (with a distinctive elongate, conical,
strongly sclerotized larval head capsule, and abdomen
posteriorly ending in a sclerotized plate with terminal
hooks); and Muscomorpha (adults with tibial spurs
absent, flagellum with no more than four flagellomeres,
and female cercus single-segmented). This latter spe-
ciose group contains Asiloidea (robber flies, bee flies,
and relatives) and Eremoneura (Empidoidea and Cyclo-
rrhapha). Eremoneura is a strongly supported clade
based on wing venation (loss or fusion of vein M, and
closure of anal cell before margin), presence of ocellar
setae, unitary palp and genitalic features, plus larval
stage with only three instars and maxillary reduction.
Cyclorrhaphans, united by metamorphosis in a pupar-
ium formed by the last instar larval skin, include a
heterogeneous group including Syrphidae (hover flies)
and the Schizophora defined by the presence of a bal-
loon-like ptilinum that everts from the frons to assist
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the adult escape the puparium. Within Schizophora,
the “higher” cyclorrhaphans include the ecologically
very diverse acalypterates, and the blow flies and relat-
ives (Calypteratae).

Order Hymenoptera (ants, bees, wasps, sawflies, and

wood wasps) (see also Box 12.2)

The mouthparts of adults are directed ventrally to for-
ward projecting, ranging from generalized mandibul-
ate to sucking and chewing, with mandibles often used
for killing and handling prey, defense, and nest build-
ing. The compound eyes often are large; the antennae
are long, multisegmented, and often prominently held
forwardly or recurved dorsally. “Symphyta” (wood
wasps and sawflies) has a conventional three-segmented
thorax, but in Apocrita (ants, bees, and wasps) the
propodeum (abdominal segment 1) is included with the
thorax to form a mesosoma. The wing venation is
relatively complete in large sawflies, and reduced in
Apocrita in correlation with body size, such that very
small species of 1-2 mm have only one divided vein,
or none. In Apocrita, the second abdominal segment
(and sometimes also the third) forms a constriction,
or petiole (Box 12.2). Female genitalia include an
ovipositor, comprising three valves and two major
basal sclerites, which in aculeate Hymenoptera is
modified as a sting associated with a venom apparatus.

Symphytan larvae are eruciform (caterpillar-like),
with three pairs of thoracic legs bearing apical claws
and with some abdominal legs. Apocritan larvae are
apodous, with the head capsule frequently reduced but
with prominent strong mandibles.

Hymenoptera forms the sister group to Amphies-
menoptera (= Trichoptera + Lepidoptera) + Antliophora
(= Diptera + Mecoptera/Siphonaptera) (Fig. 7.2),
although an earlier-branching position in the Holome-
tabola has been advocated. Hymenoptera often are
treated as containing two suborders, Symphyta (wood
wasps and sawflies) and Apocrita (wasps, bees, and
ants). However, Apocrita appears to be sister to one
family of symphytan only, the Orussidae, and thus
“symphytans” form a paraphyletic group.

Within Apocrita, aculeate (Aculeata) and parasitic
(Parasitica or terebrant) wasp groups were considered
each to be monophyletic, but aculeates evidently origin-
ated from within a paraphyletic Parasitica. Internal
relationships of aculeates, including vespids (paper
wasps, yellow jackets, etc.), formicids (ants), and apids
(bees), and the monophyly of subordinate groups are
under scrutiny. Apidae evidently arose as sister to, or
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from within, Sphecidae (digger wasps), but the precise
relationships of another significant group of aculeates,
Formicidae (ants), within Vespoidea are less certain
(Fig. 12.2).

Order Trichoptera (caddisflies) (see also Box 10.4)

The moth-like adult trichopteran has reduced mouth-
parts lacking any proboscis, but with three- to five-
segmented maxillary palps and three-segmented labial
palps. The antennae are multisegmented and filiform
and often as long as the wings. The compound eyes are
large, and there are two to three ocelli. The wings are
haired or less often scaled, and differentiated from all
but the most basal Lepidoptera by the looped anal veins
in the fore wing, and absence of a discal cell. The larva is
aquatic, has fully developed mouthparts, three pairs of
thoracic legs (each with at least five segments), and
lacks the ventral prolegs characteristic of lepidopteran
larvae. The abdomen terminates in hook-bearing pro-
legs. The tracheal system is closed, and associated with
tracheal gills on most abdominal segments. The pupa
also is aquatic, enclosed in a retreat often made of silk,
with functional mandibles that aid in emergence from
the sealed case.

Amphiesmenoptera (Trichoptera + Lepidoptera) is
now unchallenged, despite earlier suggestions that
Trichoptera may have originated within Lepidoptera.
Proposed internal relationships within the Trichoptera
range from stable and well supported, to unstable and
anecdotal. Monophyly of suborder Annulipalpia (com-
prising families Hydropsychidae, Polycentropodidae,
Philopotamidae, and some close relatives) is well sup-
ported by larval and adult morphology — including
presence of an annulate apical segment of both adult
maxillary and larval palp, absence of male phallic
parameres, presence of papillae lateral to the female
cerci, and in the larva by the presence of elongate anal
hooks and reduced abdominal tergite 10.

The monophyly of the case-making suborder Integ-
ripalpia (comprising families Phryganeidae, Limne-
philidae, Leptoceridae, Sericostomatidae, and relatives)
is supported by the absence of the m cross-vein, hind
wings broader than fore wings especially in the anal
area, female lacking both segment 11 and cerci, and
larval character states including usually complete
sclerotization of the mesonotum, hind legs with lateral
projection, lateral and mid-dorsal humps on abdominal
segment 1, and short and stout anal hooks.

Monophyly of a third putative suborder, Spicipalpia,
is more contentious. Defined for a grouping of families

Glossosomatidae, Hydroptilidae, and Rhyacophilidae
(and perhaps the Hydrobiosidae), uniting features are
the spiculate apex of the adult maxillary and labial
palps, the ovoid second segment of the maxillary palp,
and an eversible oviscapt (egg-laying appendage).
Morphological and molecular evidence fail to confirm
Spicipalpia monophyly, unless at least Hydroptilidae is
removed.

All possible relationships between Annulipalpia,
Integripalpia, and Spicipalpia have been proposed,
sometimes associated with scenarios concerning the
evolution of case-making. An early idea that Annuli-
palpia are sister to a paraphyletic Spicipalpia + mono-
phyletic Integripalpia finds support from some morpho-
logical and molecular data.

Order Lepidoptera (moths and butterflies)
(seealsoBox 11.11)
Adult heads bear a long, coiled proboscis formed from
greatly elongated maxillary galeae; large labial palps
usually are present, but other mouthparts are absent,
except that mandibles are present primitively in some
groups. The compound eyes are large, and ocelli usu-
ally are present. The multisegmented antennae often
are pectinate in moths and knobbed or clubbed in
butterflies. The wings are covered completely with a
double layer of scales (flattened modified macrotrichia),
and the hind and fore wings are linked by either a
frenulum, a jugum, or simple overlap. Lepidopteran
larvae have a sclerotized head capsule with mandib-
ulate mouthparts, usually six lateral ocelli, and short
three-segmented antennae. The thoracic legs are five-
segmented with single claws, and the abdomen has
10 segments with short prolegs on some segments. Silk
gland products are extruded from a characteristic
spinneret at the median apex of the labial prementum.
The pupa usually is contained within a silken cocoon.
The early-branching events in the radiation of
this large order is considered well-enough resolved to
serve as a test for the ability of particular nucleotide
sequences to recover the expected phylogeny.
Although more than 98% of the species of Lepidoptera
belong in Ditrysia, the morphological diversity is
concentrated in a small non-ditrysian grade. Three of
the four suborders are species-poor early branches,
each with just a single family (Micropterigidae, Agathi-
phagidae, Heterobathmiidae); these lack the synapo-
morphy of the mega-diverse fourth suborder Glossata,
namely the characteristically developed coiled pro-
boscis formed from the fused galea (Fig. 2.12). The
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Micropterigoidea

Agathiphagoidea

Heterobathmioidea

Hepialoidea/Nepticuloidea ]

Fig. 7.7 Cladogram of postulated
relationships of selected lepidopteran
higher taxa, based on morphological
data. (After Kristensen & Skalski 1999.)

highly speciose Glossata contains a comb-like branch-
ing pattern of many species-poor taxa, plus a species-
rich grouping united by the larva (caterpillar) having
abdominal prolegs with muscles and apical crochets
(hooklets). This latter group contains the diverse
Ditrysia, defined by the unique two genital openings
in the female, one the ostium bursae on sternite 8,
the other the genitalia proper on sternites 9 and 10.
Additionally, the wing coupling is always frenulate or
amplexiform and not jugate, and the wing venation
tends to be heteroneuran (with venation dissimilar
between fore and hind wings). Trends in the evolution
of Ditrysia include elaboration of the proboscis and the
reduction to loss of maxillary palpi. One of the best-
supported relationships in Ditrysia is the grouping of
Hesperioidea (skippers) and Papilionoidea (butterflies),
united by their clubbed, dilate antennae, lack of frenu-
lum in the wing and large humeral lobe on the hind
wing. To this the neotropical Hedyloidea has been
added to form the clade known as the butterflies
(Fig. 7.7).
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Reconstructions of giant Carboniferous insects. (Inspired by a drawing by Mary Parrish in Labandeira 1998.)
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Theinsects have had along history since the divergence
of the Hexapoda from the Crustacea many millions of
years ago. In this time the Earth has undergone much
evolution itself, from droughts to floods, fromice ages to
arid heat. Extra-terrestrial objects have collided with
the Earth, and major extinction events have occurred
periodically. Through this long time insects have
changed theirranges, and evolved to display the enorm-
ous modern diversity outlined in our opening chapter.

In this chapter we review patterns and causes for the
distribution of insects on the planet — their biogeo-
graphy — then introduce fossil and contemporary evid-
ence for their age. We ask what evidence there is for
aquatic or terrestrial origins of the group, then address
in detail some aspects of insect evolution that have
been proposed to explain their success — the origin of
wings (and hence flight) and of metamorphosis. We
summarize explanations for their diversification and
conclude with a review of insects on Pacific islands,
highlighting the role of patterns seen there as a more
general explanation of insect radiations.

8.1 INSECT BIOGEOGRAPHY

Viewers of television nature documentaries, biologi-
cally alert visitors to zoos or botanic gardens, and
global travelers will be aware that different plants and
animals live in different parts of the world. This is more
than a matter of differing climate and ecology. Thus,
Australia has suitable trees but no woodpeckers, trop-
ical rainforests but no monkeys, and prairie grasslands
without native ungulates. American deserts have cacti,
but arid regions elsewhere have a range of ecological
analogs including succulent euphorbs, but no native
cacti. The study of the distributions and the past his-
torical and current ecological explanations for these
distributions is the discipline of biogeography. Insects,
no less than plants and vertebrates, show patterns
of restriction to one geographic area (endemism) and
entomologists have been, and remain, amongst the
most prominent biogeographers. Our ideas on the
biological relationships between the size of an area,
the number of species that the area can support, and
changes in species (turnover) in ecological time — called
island biogeography — have come from the study of
island insects (see section 8.7). Researchers note that
islands can be not only oceanic but also habitats
isolated in metaphorical “oceans” of unsuitable habitat
— such as mountain tops in lowlands, or isolated forest
remnants in agro-landscapes.

Entomologists have been prominent amongst those
who have studied dispersal between areas, across land
bridges, and along corridors, with ground beetle spe-
cialists being especially prominent. Since the 1950s the
paradigm of a static-continent Earth has shifted to one
of dynamic movement powered by plate tectonics.
Much of the evidence for faunas drifting along with
their continents came from entomologists studying the
distribution and evolutionary relationships of taxa
shared exclusively between the modern disparate
remnants of the once-united southern continental land
mass (Gondwana). Amongst this cohort, those study-
ing aquatic insects were especially prominent, perhaps
because the adult stages are ephemeral and the immat-
ure stages so tied to freshwater habitats, that long-
distance trans-oceanic dispersal seemed an unlikely
explanation for the many observed disjunct distribu-
tions. Stoneflies, mayflies, dragonflies, and aquatic flies
including midges (Diptera: Chironomidae) show south-
ern hemisphere disjunct associations, even at low
taxonomic levels (species groups, genera). Current dis-
tributions imply that their direct ancestors must have
been around and subjected to Earth history events in
the Upper Jurassic and Cretaceous. Such findings imply
that a great many groups must have been around for
at least 130 million years. Such time-scales appear to
be confirmed by increasing amounts of fossil material,
and by some estimations of the purported clock-like
acquisition of mutations in molecules.

On the finer scale, insect studies have played a major
role in understanding the role of geography in pro-
cesses of species formation and maintenance of local
differentiation. Naturally, the genus Drosophila figures
prominently with its Hawai'ian radiation having pro-
vided valuable data. Studies of parapatric speciation
— divergence of spatially separated populations that
share a boundary — have involved detailed understand-
ing of orthopteran, especially grasshopper, genetics
and micro-distributions. Experimental evidence for
sympatric speciation has been derived from research
on tephritid fruit flies. The range modeling analyses
outlined in section 6.11.1 exemplify some potential
applications of ecological biogeographic rationales to
relatively recent historical, environmental, and clim-
atic events that influence distributions. Entomologists
using these tools to interpret recent fossil material from
lake sediments have played a vital role in recognizing
how insect distributions have tracked past environ-
mental change, and allowed estimation of past climate
fluctuations.

Strong biogeographic patterns in the modern fauna



are becoming more difficult to recognize and interpret
since humans have been responsible for the expansion
of ranges of certain species and the loss of much
endemism, such that many of our most familiar insects
are cosmopolitan (that is, virtually worldwide) in dis-
tribution. There are at least five explanations for this
expansion of so many insects of previously restricted
distribution.
1 Human-loving (anthropophilic) insects such as
many cockroaches, silverfish, and house flies accom-
pany humans virtually everywhere.
2 Humans create disturbed habitats wherever they
live and some synanthropic (human-associated) insects
actrather like weedy plants and are able to take advant-
age of disturbed conditions better than native species
can. Synanthropy is a weaker association with humans
than anthropophily.
3 Insect (and other arthropod) external parasites
(ectoparasites) and internal parasites (endoparasites)
of humans and domesticated animals are often
cosmopolitan.
4 Humansrely on agriculture and horticulture, with a
few food crops cultivated very widely. Plant-feeding
(phytophagous) insects associated with plant species
that were once localized but now disseminated by
humans can follow the introduced plants and may
cause damage wherever the host plants grow. Many
insects have been distributed in this way.
5 Insects have expanded their ranges by deliberate
anthropogenic (aided by humans) introduction of
selected species as biological control agents to control
pest plants and animals, including other insects.
Attempts are made to restrict the shipment of agri-
cultural, horticultural, forestry, and veterinary pests
through quarantine regulations, but much of the mix-
ing of insect faunas took place before effective measures
were implemented. Thus, pest insects tend to be iden-
tical throughout climatically similar parts of the world
meaning that applied entomologists must take a world-
wide perspective in their studies.

8.2 THE ANTIQUITY OF INSECTS
8.2.1 The insect fossil record

Until recently, the oldest fossil hexapods were
Collembola, including Rhyniella praecursor, known
from about 400 mya (million years ago) in the Lower
Devonian of Rhynie, Scotland, and slightly younger
archaeognathans from North America (Fig. 8.1). Re-
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interpretation of another Rhynie fossil, Rhyniognatha
hirsti, known only from its mouthparts, suggests that it
is the oldest “ectognathous” insect. Tantalizing evid-
ence from Lower Devonian fossil plants shows damage
resembling that caused by the piercing-and-sucking
mouthparts of insects or mites. Any earlier fossil evid-
ence for Insecta or their relatives will be difficult to find
because appropriate freshwater fossiliferous deposits
are scarce prior to the Devonian.

In the Carboniferous, an extensive radiation is
evidenced by substantial Upper Carboniferous fossils.
Lower Carboniferous fossils are unknown, again because
oflack of freshwater deposits. By some 300 mya a prob-
ably monophyletic grouping of Palaeodictyopteroidea
comprising three now-extinct ordinal groups, the
Megasecoptera, Palaeodictyoptera (Fig. 8.2), and Dia-
phanopterodea, was diverse. Palaeodictyopteroideans
varied in size (with wingspans up to 56 cm), diversity
(over 70 genera in 21 families are known), and in mor-
phology, notably in mouthparts and wing articulation
and venation. An apparently paraphyletic “Proto-
donata”, perhaps a stemgroup of Odonata, had
prothorax winglets as did Palaeodictyopteroidea, and
included Permian insects with the largest wingspans
ever recorded. Extant orders represented unambigu-
ously by Carboniferous fossils are limited to the Ortho-
ptera; putative Ephemeroptera, fossil hemipteroids,
and blattoids are treated best as paraphyletic groups
lacking the defining features of any extant clade. The
beak-like, piercing mouthparts and expanded clypeus
of some Carboniferous insects indicate an early origin
of plant-feeding, although it was not until the Permian
that gymnosperms (conifers and allies) became abund-
ant in the previously fern-dominated flora. Con-
currently, a dramatic increase took place in ordinal
diversity, with some 30 orders known from the Per-
mian. The evolution of the plant-sucking Hemiptera
may have been associated with the newly available
plants with thin cortex and sub-cortical phloem. Other
Permian insects included those that fed on pollen,
another resource of previously restricted supply.

Certain Carboniferous and Permian insects were
very large, exemplified by the giant Bolsover dragonfly
and palaeodictyopteran on a Psaronius tree fern,
depicted in the vignette for this chapter. Fossils of some
Ephemeroptera and dragonfly-like Protodonata had
wingspans of up to 45 cm and 71 cm respectively.
A plausible explanation for this gigantism is that the
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