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2
Structure and 
Function

Insects display an unparalleled evolutionary success in terms 

of their diversity of species. Like all arthropods, their forms 

and functions are derived by a body of repetitive segments, 

jointed appendages, and hardened exoskeleton. This 

deceptively simple body plan masks a daunting complexity  

of tissues and organ systems that yield beautiful shapes, 

hallucinogenic colors, spectacular structures, and marvelous 

functions. While the functions performed by insects—

feeding, digestion, locomotion, reproduction, respiration,  

and circulation—are familiar to all life, the ways these are 

accomplished are often curious and quite unlike vertebrates. 

What is perhaps more remarkable are the myriad examples 

of convergent evolution—unrelated lineages developing 

similar features. From single cells to whole organism, the  

wild diversity of insect form is truly unparalleled.

Chapter

← Insects can have bizarre body 
modifications. Flies in the family 
Celyphidae have converged on  
a beetle-like appearance because  
of a hardened shell covering the 
abdomen and wings. 
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Insect Body Plan

Due to the constraint of having an external skeleton, the insect body is composed of a series of  

repeated units or segments called metameres. Although each metamere can potentially be unique  

and vary from another, they have become organized into three main functional groups, or tagmata:  

the head, thorax, and abdomen.

The Generalized Form
Each tagma performs a different task and, for the most 
part, in each insect is formed from the same number  
of segments. The head is composed of six segments,  
the thorax of three (this becomes modified in some 
Hymenoptera), and the abdomen of eleven (although  
the eleventh is lost in most insects that have complete 
metamorphosis). Metameres often bear a pair of 
appendages and fuse within tagma for basic functions, 
such as the fused segments in the head bearing 
mouthparts for feeding, the fused segments in the thorax 
bearing legs and wings for walking and flying, and the 
apical segments in the abdomen bearing modified genital 
appendages for reproduction and egg laying. Great 
versatility is afforded because tagmata are comprised of 
several segments. Consequently, aside from participating in 
these basic functions, each segment may derive additional 
features, yielding astounding variation in both structure 
and function.

Hox Genes
How does an organism made up of repeated units diversify 
to such fantastic forms? The answer lies partially in the role 
homeobox (Hox) genes play in the development of the 
segments. These genes are master regulators, specifying 
the identity of a segment and its appendages. Ancestrally 
there are 10 Hox genes organized into a single complex in 
which the chromosomal order of the genes reflects their 
spatial arrangement along the length of the body. However, 
the organization of Hox genes has been disrupted in several 
insect groups. For example, they are organized into two 
clusters in the fruit fly Drosophila melanogaster, namely 
the Antennapedia and Bithorax complexes.

Head

Thorax

Abdomen
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The remainder of the answer lies in the downstream 
targets that Hox genes regulate, various appendage 
patterning genes, and other signaling proteins that  
interact in complex networks. These signaling pathways  
are genetic cascades that  
pattern the complex features  
of the insect body. Changes  
that occur in any step of the  
pathway or network lead to the staggering  
arrays of colors, textures, and forms that  
are visible in the insect radiation.

↑ The insect body plan is fairly conserved in 
having three body regions, yet a bewildering 
diversity of forms have evolved.

→ Although the fruit fly, Drosophila 
melanogaster, is itself fairly derived 
from the basic insect body plan, 
research on this species has led 
profound insight into the genetics of 
insect and animal development alike.

Earwig
(Dermaptera)

Webspinner
(Isoptera)

House cricket
(Orthoptera)

Fly
(Diptera)

Female Scale
(Hemiptera)

Walkingstick
(Phasmatodea)

Ant
(Hymenoptera) Sucking louse

(Psocodea) Jumping plant louse
(Hemiptera)

Mosquito
(Diptera)

Cat flea
(Siphonaptera)

Thrips
(Thysanoptera)

Stink bug
(Hemiptera)

Scarab beetle
(Coleoptera)

African monarch
(Lepidoptera)
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Modifications of Form
While insects share a basic body plan of segmented  
regions with appendages, the segments and their 
associated appendages are modified in ways that reflect 
evolution as well as function. Because they descend from  
a common ancestor, silverfish (Zygentoma) resemble one 
another more than they do insects in other orders, as is the 
case for cockroaches (Blattodea). Despite being unrelated 
orders, silverfish and cockroaches actually have somewhat 

↑→ Both silverfish and cockroaches have fairly 
generalized and flattened bodies modified for scurrying 
quickly across the ground and fitting into tight spaces.

←↑ Wood wasps have stout bodies for 
ovipositing into plants, whereas parasitoid 
wasps have slender, flexible bodies for 
ovipositing into mostly other insects.

similar body types (flattened). Primitive wood wasps and 
parasitoid wasps are more closely related (as they both 
belong to the Hymenoptera), yet their bodies are quite 
different. While segments and body features change 
substantially in such cases, it is not too challenging to 
identify features shared due to common ancestry among 
the groups.
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Extremes
In other cases, modifications can become so extreme  
that recognizing the shared body plan becomes difficult. 
Several evolutionary pressures may produce wildly derived 
forms, including sexual selection, mimicry, and modes of 
life history. Sexual selection can produce exaggerated 
phenotypes, such as modified appendages, horns, and 
color patterns. Mimicry produces surprising color forms 
and striking body-plan modifications in unrelated groups. 
Insect inquilines (species living with ants and termites) 
often have strangely adapted features for avoiding 
detection and feeding in ant and termite colonies, perhaps 
the best example involving host mimicry syndromes in rove 
beetles. Plant mimicry is also common, in which parts of 
the body come to resemble colors, textures, and shapes  
of stems, flowers, bark, and green or dead leaves. Lastly, 
the same life history can produce the same bizarre body 
forms but in unrelated taxa, such as enlarged pretarsal 
claws, reduced head appendages, loss of wings, and stiff 
bristles along the body, a phenotypic syndrome that 
develops repeatedly among insects that are ectoparasites 
of birds and mammals. 

← The evolutionary modification  
of insect body shape and color has 
led to stunning forms of crypsis and 
plant mimicry, as demonstrated by 
this well-camouflaged katydid.

↑ Sexual selection in insects has led 
to bizarre forms, such as in stalk-eyed 
flies. While females may have short 
eye stalks, those of males in some 
species can reach absurd proportions, 
about as long as their bodies. 



46 STRUCTURE AND FUNCTION

Developmental Changes in Form
The development of an insect from egg to adult proceeds 
in several steps, but interestingly these steps are not 
equivalent in all insect groups. 

Ametabolous Orders
The most primitive orders, the bristletails (Archaeognatha) 
and silverfish (Zygentoma), are ametabolous—there is no 
metamorphosis. The immature stage (nymph) hatches  
from the egg as a miniature version of the adult. With the 
exception of possessing functional genitalia, the immature 
stages are all similar and experience minimal tissue change, 
only increasing in size through successive molts. 

↑→ Ametabolous insects, including 
the most basal orders Archaeognatha 
and Zygentoma, undergo few 
developmental changes from 
immature stages to adult. As 
highlighted by the tracheal system  
in the immature (right) and adult  
(far right) silverfish shown here,  
there are essentially no changes in its 
architecture from immature to adult. 
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↑→ Hemimetabolous insects, 
including many orders such as 
Odonata, Blattodea, and Orthoptera, 
undergo a range of developmental 
changes from immature stages  
to adult, although the immature 
(nymphal) stages typically resemble 
the adult. Most changes seen in these 
insects involve appendage growth 
(for example, in the wings, legs, and 
genitalia). As highlighted by the 
tracheal system in the house cricket 
shown here, the immature (right)  
is similar but shows some changes  
to that of the adult (far right), 
particularly in the thorax where  
the wings develop incrementally  
in the immature stages. 

Hemimetabolous Orders 
Within the Pterygota (winged insects) the  
hemimetabolous orders undergo incomplete 
metamorphosis. This includes all orders between the 
ametabolous groups and Hymenoptera. In these groups, 
immature stages bear some resemblance to the adult but 
lack functional genitalia and wings. Adult features grow 
incrementally through successive molts. Developing wings 
occur as immobile wing pads and parts of terminalia, such 
as ovipositors, begin as short projections that increase in 
length. Aside from the slow growth of such adult features, 
little tissue change occurs between stages.

Early-stage  
wing development

Late-stage  
wing development
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Holometabolous Orders 
Insects that undergo complete metamorphosis—the 
holometabolous orders—include the remaining pterygotes, 
from Hymenoptera to Lepidoptera. An insect hatches  
as a larva, an immature stage distinct from the adult and 
bearing no resemblance. Transformation to the adult  
stage proceeds after several larval instars into a unique 
transitional stage, the pupa. Pupae range in degrees of 
motility but all have in common a remarkable and often 
rapid progression of tissue remodeling and growth in which 
the larval epidermis, including many other tissues and 
organs, transition to, and are replaced by, adult tissues.  
The amount of tissue turnover depends on the insect 
lineage, but the precursor cells of these imaginal tissues  
(in small sacs called imaginal discs, for some groups) were 
all determined early in the embryo. 

The regulation and evolution of such different 
developmental modes is covered in more detail in  
Chapter 4, but the vivid contrasts in tissue remodeling  
that occur in these three developmental categories need  
to be highlighted. Through visualization of the respiratory 
system in different developmental stages, we can begin to 
appreciate the dramatic variation of changes in form that 
take place in the various insect lineages.

↖ Following pupation, the adult 
holometabolous insect that emerges is often 
strikingly different from its former immature 
stages. Immense tissue remodeling, involving 
both cell growth and death, is responsible for 
this remarkable transformation.

← In contrast to ametabolous and most 
groups of hemimetabolous insects, in which 
the immature stages resemble the adult, the 
immature stages of holometabolous insects, 
such as this butterfly larva, bear little 
resemblance to their adult stage.

→ Holometabolous insects, including Diptera, 
Lepidoptera, Coleoptera, and Hymenoptera, 
undergo drastic developmental changes 
during metamorphosis from immature 
(larval) stages to adult. For example, the 
tracheal system of this weevil larva (top) 
significantly contrasts to that of the adult 
(bottom), while its transitional stage, the 
pupa (middle), shows some changes distinct 
from the larva. Nearly all regions of the head, 
body, and abdomen, show striking changes in 
tracheal architecture from larva to adult.
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Pupa

Larva

Adult
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Appendages
We tend to think of appendages as those that allow for 
common movements, such as walking, running, swimming, 
and, in most cases, flying. Indeed, the appendages  
of insects and other arthropods perform these, and  
many other functions, through a broad range of forms. 
Ancestrally in hexapods, these appendages were largely 
composed of repetitive segments. Across orders and 

families, the appendages change in quality by modification 
of the existing segments and the number of segments. 
Insect appendage types include those on the head 
(antennae and mouthparts), the thorax (wings and legs), 
and abdomen (terminalia and sometimes leg remnants).  
In many cases, appendages exhibit specialized forms that 
are suggestive of function, examples of which follow. 

Antennae

Hindleg

Antennae

ForelegMidleg

Hindlegs

Midleg

Foreleg

Mouthparts

Mouthparts

Wings

Wings

Ovipositor
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Gills
While the general appendage descriptions hold 

true to some degree for immature and adult stages 

of ametabolous and hemimetabolous insects, there 

are exceptions in groups of the latter, such as 

Odonata and Ephemeroptera. In these groups 

immatures have developed modified appendages  

in the form of gills for aquatic respiration. 

On the head: Antennae may be short and spindly as  
in Hemiptera and brachyceran flies; or long, bead- or 
threadlike, to sawlike and highly branched and strongly 
sexually dimorphic as in many Lepidoptera and some 
beetles and parasitoid wasps. Mouthparts can vary from 
the more common and robust chewing type to those of 
mopping, piercing, and delicate, elongated sucking forms 
as in Hemiptera, various dipteran groups, and Lepidoptera. 
Both antennae and mouthparts are discussed in greater 
detail on pages 54–57.

On the thorax: The three ventral, or lower, appendages 
(legs) are mainly used for walking/running, swimming, 
digging, or predatory/other behavioral functions and are 
often adapted for such purposes. The dorsal, or upper, 
thoracic appendages are the wings. Although their primary 
function is for flight, they have been reduced and modified 
in numerous ways, often relating to differences in life 
histories. See page 58 for a wider discussion of ventral  
and dorsal appendages.

On the abdomen: The terminal segments have 
appendages involved in reproduction (the terminalia), 
including structures used for transfer of sperm in the  
male and eggs in the female, termed genitalia. Forms  
of terminalia can vary wildly and possess an array of 
extensions, spines, and cuticular projections. While  
the majority of adult insects do not have abdominal 
appendages aside from the terminalia, the most basal 
insect orders (Archaeognatha and Zygentoma) possess 
ventral appendage remnants in the form of styli and 
eversible sacs/vesicles. Abdominal appendages are 
discussed in greater on page 59.

↑ Appendages are wildly different among orders 
of insects. The antennae, mouthparts, wings, 
and legs, and even the genitalia exhibit 
bewildering differences.

Antennae

Foreleg

Hindleg

Wings

Male genitalia
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Enlarged, horn-like mandibles are well-known 

features in some groups of insects, most notably in 

male stag beetles (Lucanidae) and the dobsonfly 

family (Corydalidae). These enormous mandibles 

are a sexually dimorphic pair of appendages that 

males use for combat. Interestingly a very similar 

pair of appendages has converged on the mandible 

form in a different order of insects but at the 

opposite end of the body, the abdominal apex. 

Earwigs (Dermaptera) have an enlarged pair of 

modified cerci, which are filamentous and 

multisegmented in many insects, but in earwigs 

they resemble various types of mandibular horns 

in lucanids, even bearing different-sized teeth. 

Extinct earwigs retained elongated, filamentous, 

and multisegmented cerci, but extant ones only 

have these stout cerci, modified into forceps  

and used for prey capture, defense, and mating.  

It would not be too surprising if similar 

developmental modes are responsible for the 

formation of these two similar yet very different 

forms of appendicular horns.

The Convergence of Horn-Like Appendages

Stag beetle

Earwig
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Appendage-Like Extensions
There are many kinds of cuticular extensions, projections, 
and expansions, so it can be confusing to distinguish  
these from true appendages. One key difference is that 
appendages are segmented and/or jointed, and moveable. 
Just the way appendages can be extremely modified, the 
same is true for appendage-like features. Non-appendicular 
horns and large outgrowths without any articulations can 
form on any part of the body. These outgrowths not only 
take the form of giant horns, but may also appear as tusks, 
antlers, eye stalks, expanded winglike extensions, and 
thoracic and abdominal paranotal lobes. The latter are 
striking in many recent insect forms and could be very 
elaborate in extinct lineages such as the beaked, 
Palaeodictyopterida. These so-called winglets may be 
serially homologous to the two pairs of functional thoracic 
wings but were not jointed or movable and therefore 
cannot be considered true appendages. Appendage-like 
projections can also form from true appendages 
themselves, such as from wings and legs. While not 
segmented or jointed, it is fascinating that these 
appendage-like extensions likely form by co-opting  
or integrating parts of appendage-patterning genetic 
pathways. It has been demonstrated that this is true in  
a few of the above examples and it likely is true to some 
degree in the others.

↑ Although not true, jointed 
appendages, the spines and horns 
present on many beetles, such as  
this leaf-rolling weevil, and other 
insects share some developmental 
aspects to appendages.

→ Spines can be present on nearly 
every segment and body region,  
such as on the thoracic segments  
in this ant.
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The Insect Head
The head is the anterior-most tagma of all insects. It is 
formed of six segments, four of these bearing appendages, 
and includes: the ocular, antennal, intercalary, mandibular, 
maxillary, and labial segments. The ocular segment bears 
the compound eyes and up to three simple eyes (ocelli), 
although neither of these are appendages. The eyes and 
antennae serve sensory functions and may have fantastic 
modifications to serve such purposes. Compound eyes  
are present in immature and adult stages of ametabolous 
and hemimetabolous insects and the adult stage of 
holometabolous insects (larvae bear another form  
of simple eye, stemmata). One exception to this is in 
scorpionflies, in which the larvae possess compound eyes 
that are more representative of larval eyes of primitive 
holometabolans. While ocelli generally have poor visual 
acuity, sensing mostly differences in light intensity, larval 
eyes are quite different and vary in their visual acuity.

Altogether, changes in individual head segments 
produce extraordinary variation in head shape and 
structure. Even among unrelated lineages that appear  
to have similar head shapes, the same shape or form can 
be produced in nearly unlimited ways because any of the 
six segments can change. 

↑ The heads of flies often bear robust 
bristles and large compound eyes, but 
the appendages can differ drastically. 
Some flies have long, filamentous 
antennae, while others very short  
and knob-like. Mouthparts can be 
modified for piercing various tissues 
and sucking, others for essentially 
mopping liquids, as in this fruit fly.

↑↑ Insect heads, reminiscent of those 
of their crustacean relatives, are like 
Swiss Army knife toolkits, equipped 
with several sets of appendages 
modified for diverse functions. The 
large scissor-like mandibles of this 
tiger beetle head illustrate a few 
features typical of active predators. 
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Insect Heads and Mouthparts

Sub-mentum

Labium

Hymenoptera

Orthoptera

Diptera (fly)Diptera (mosquito)

Hemiptera

Lepidoptera  

Maxilla

Mentum

Tentorium

Retractor muscle
Dorsal elevator 
muscle

Elevator muscle 
of proboscis

Galea base

Primary 
oblique 
muscles

Cardo

Stipes

Maxillary  
palpus

Maxillary  
palpus

Maxilla (galea)

Maxilla

Mandible

Hypopharynx

Galea

Glossa

Pre-mentum

Compound eyes

Ocelli

Frons

Gena

Clypeus

Clypeus

Clypeus

Mandible

Mandible

Labrum

Labrum

Labrum

Labrum

Clypeus

Mandible

Labrum

Maxillary palpus

Maxillary palpus

Maxillary palpus

Labial  
palpus

Labellum

Antenna

Compound eye

Labrum

Labium

Labium

Plane of  
transverse  
section below

Stylets protruding 
from proboscis

Maxillary 
stylet

Food canal

Salivary canal Mandibular 
stylet

Labellum

Pseudotracheae

Labial palpus

Labial  
palpus

Variation in insect head shape and structure is vast 
such that it can be quite staggering to know they are 

produced from a homologous set of six segments 
and their associated appendages (when present). 



56 STRUCTURE AND FUNCTION

Antennae
This pair of appendages ranges from being barely 
noticeable to several times the length of the body.  
They may be simple and filamentous or highly branched 
and feathery, the differences sometimes being attributable 
to sexual dimorphism. Antennae also have various sorts  
of sensilla (sense organs) to detect things from surface  
and airborne pheromones and other molecules to ones  
in food, but also humidity and vibrational movement.

Mouthparts
The mandibles, maxillae, and labium may serve multiple 
functions, including sensory, chewing and ingestion of 
food, application of silk, grooming, fighting and defense, 
and carrying objects to organize and build domiciles, 
cocoons, and pupation chambers. Related to such 
adaptations, the mouthparts have evolved myriad forms, 
but as with so many hexapod features, convergence is a 
major theme. For example, while several groups of insects 
use elongated, tubelike mouthparts to ingest fluids (such  
as water, nectar, and blood), many of these forms have 
evolved independently and their unique structural 
variations reveal such differences in evolutionary history.

↖ Adult antlions, within the order 
Neuroptera, have antennae that 
often are held erect and can have  
a small bulb at their apices. 

↑↑ The antennae of ground beetles  
in the subfamily Paussinae have 
expanded segments packed with 
glands, the secretions of which allow 
the beetles to interact with ants.

↑↑↑ Longhorn beetles have antennae 
that often surpass the length of the 
body. Such long antennae are 
common in nocturnal insects, those 
that are active primarily at night.

↑ In Lepidoptera, although mandibles 
are still present in a few of the most 
basal families, the vast majority 
possess an elongated proboscis 
formed by just a subsection of the 
maxillary appendage.
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Among the many fascinating anatomical features in 

insects that have evolved convergently is something 

best-known in the weevils—the snout, or rostrum—an 

elongation of the head where the mouthparts, typically 

unmodified, are situated at its apex. The rostrum in 

weevils (superfamily Curculionoidea) is formed by a 

number of head segments and can be several times 

longer than the body, with tiny chewing mouthparts  

at the tip, which can be nearly absent. They can project 

from the head at various angles and be adorned with  

all sorts of projections, setae, and scales.

Although weevils have capitalized the most on 

rostrum form, they are not the only insects to do so. 

Other beetle lineages, both extant and extinct, have 

members with rostra, including the families 

Salpingidae, Staphylinidae, Laemophloeidae, and 

Lycidae. These rostra are all present in the adult  

stage; however, one taxon possesses a rostrum in the 

larva—Metaxyphloeus (Laemophloeidae). 

Furthermore, other insects aside from beetles have 

evolved rostrate taxa, including scorpionflies 

Insect Rostra: The Convergence of Snouts

Nut weevil

(Mecoptera, see page 62) and a unique genus of sweat 

bees, Chlerogella. While all of these rostrate insect 

groups look superficially similar, they independently 

evolved such structures by modifying the head 

segments in different ways and for various functions, 

most related to feeding.

← A rostrum is formed by  
an elongation of the head in 
which the mouthparts, at the  
tip, remain relatively unmodified. 
In a weevil head, for example,  
the internal tissues (muscles, 
tendons, nerves, pharynx, and  
so on) become elongated and 
extend the length of the rostrum.

Brain

Pharynx

Mandibular muscles 
and tendons
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The Thorax
The thorax—a powerhouse for locomotion—is a tagma 
composed of three segments. These subdivisions are  
easily discernable in primitive insects such as silverfish 
(Zygentoma), but become more obscure and modified  
in the winged insects, the Pterygota. The thorax can 
become so modified in form that sometimes the best way 
to delineate its segments is by examining the attachment 
of its appendages, the wings and legs. 

The additional modification in the thorax of winged 
insects seems due to how the wings evolved and the 
formation of the pleuron or the side wall of the thorax. 

These two events likely occurred together, as at least the 
base of the wing (the joint or hinge region) and the  
pleuron appear to be formed from an ancestral proximal 
leg segment. This hardened pleuron, between the dorsal 
tergum and ventral sternum, paved the way for other 
thoracic modifications. For example, in beetles the pleuron 
of the first thoracic segment (prothorax) becomes largely 
fused with the sternum and tergum to form a fortified 
segment. In a subset of Hymenoptera (Apocrita), while  
the thorax appears relatively normal, its last segment is 
actually the first abdominal segment that is fused to the 
metathorax (the third thoracic segment). 

Aside from changes in shape and structure, additional 
thoracic modifications can take the form of thoracic 
hearing organs (tympana), as in some moths, or sound-
producing stridulatory or amplificatory structures, as  
in some extinct and extant grasshoppers and locusts.

↑ In flies, hindwings have become 
reduced to small knob-like structures 
called halteres. Many large bristles, all 
mechanoreceptors, also project from 
the fly thorax.  
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The Abdomen
Despite being a rather basic tagma with repetitive 
segments, the abdomen bears much of the visceral  
organ volume and is crucial to digestion, excretion, 
and reproduction. Excepting the basal two insect orders 
Archaeognatha and Zygentoma, all other orders generally 
lack appendages along the adult abdominal segments 
preceding the genitalia. Surprisingly, novel appendage-
derived features occur in the adults of a few other insects, 
such as in Cixiidae planthoppers and Sepsidae flies. 
Abdominal appendages are also present in the immature 
stages of many orders, such as the abdominal gills of 
mayflies (Ephemeroptera), lacewings (Neuroptera), 
dobsonflies (Megaloptera), and some beetles  
(Coleoptera), as well as the abdominal appendages 
(prolegs) of Lepidoptera, scorpionflies (Mecoptera),  
and some Hymenoptera.

↖ Silverfish, along with jumping 
bristletails, are the most basal two 
insect orders and the only to bear 
remnants of abdominal appendages. 
Various types of abdominal 
appendages have subsequently 
evolved in many insect groups.

← Appendage-like feet have evolved 
on the abdomen of immature stages 
of various insects, such as in 
Lepidoptera, Mecoptera, and  
some Hymenoptera. Other 
abdominal extensions may also  
be present, such as the whiplike 
abdominal filaments in this puss  
moth larva, Cerura vinula.
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In all insects, the abdominal segments bearing  

the genitals, namely eight and nine, have ventral 

appendages that have been modified for copulation 

and oviposition. These structures are fairly simple  

in the apterygotes and become heavily modified in 

pterygote orders to the extent they are unrecognizable 

as appendages. Generally, the female appendages are 

present in the form of two pairs that fit together as an 

egg-laying structure enclosing the central egg canal, or 

as a single pair in which the second pair is reduced or 

lost. The male appendages generally form a clasping 

device for maneuvering and holding onto the female 

for sperm transfer. Again, excepting the apterygotes, 

copulation is largely a mechanical process that  

occurs via a lock-and-key mechanism. Accordingly, 

structural changes in the copulatory organs of one  

sex of a species usually reflect analogous changes in 

the other. That said, the extraordinary complexity of 

male genitalia in most insects leads us to wonder how 

closely these copulatory features fit together and in 

what fashion. This complexity is routinely used by 

entomologists to separate and define closely related 

species of insects.

Insect Genitalia

Male genitalia Female genitalia

→ Pterygote insect orders show an 
amazing diversity of genitalic forms. 
For example, scorpionfly males  
bear enlarged, bulbous genitalia 
(resembling a scorpion sting) that are 
fit with clasping devices to maneuver 
the female copulatory organs.

Segment 9

Cercus
Gonapophysis

Epiproct

Penis

Gonocoxite

Paraproct

Ovipositor

Gonapophyses

Gonocoxite (segment 9)

Gonocoxite (segment 8)

Gonostyle
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The modificatiOn of insect appendages into stylet-like 

structures has not only occurred independently 

numerous times, it has done so on both the head and 

the abdomen. Stylet-like mouthparts have evolved in 

the adults of Thysanoptera, Hemiptera, Psocodea, 

Lepidoptera, Mecoptera (extinct families), 

Siphonaptera (extant and extinct families),  

and Diptera, as well as the extinct superorder 

Palaeodictyopterida. They are used to draw up  

liquid foods by piercing a variety of plant and  

animal tissues, including those of other insects. 

Needles for Appendages: The Convergence of Stylets

Mouthparts: Stylets can be produced from any  

of the mouthpart appendages (labium, maxilla,  

mandible, or labrum) and collectively may be referred 

to as a proboscis or haustellum (a sucking proboscis). 

Some groups possess relatively rigid stylets, such as in 

many Hemiptera and the dipteran families Tabanidae 

and Culicidae, while others have more flexible stylets, 

such as Thysanoptera and most Lepidoptera. A variety 

of proboscides have evolved that incorporate these 

pairs of mouthpart appendages in different 

combinations and to varying degrees. Some bear long 

stylets from all sets of mouthparts as in mosquitoes 

(Culicidae), some with stylets from the maxillae and 

labium as in the extinct scorpionfly lineage 

Pseudopolycentropodidae, others with stylets from the 

maxillae and mandibles as in Hemiptera and thrips 

(Thysanoptera), and still others with just one pair of 

stylets from the maxillae as in most Lepidoptera. 

Although thrips have stylets from both the maxillae 

and mandibles, the mandibular stylets are not paired 

(one side having been lost).

Ovipositors: At the posterior end of female insects  

in several groups, stylet-like appendages also occur  

in the form of an egg-laying structure, the ovipositor. 

These stylets, termed gonapophyses, are modifications 

of ventral abdominal appendages from segments eight 

and nine. Ovipositors are present in many insect 

orders in some form, but stylet-like ones are less 

common. Ovipositors can be remarkably flexible and 

extremely different in length. Stylet-like ovipositors 

can be found in the orders Orthoptera, Hymenoptera, 

and Rhaphidioptera. In both Orthoptera and 

Hymenoptera, ovipositor stylets can reach lengths 

surpassing that of the body. While a stylet-like 

ovipositor typically is used to insert eggs into 

compacted soil or woody plant tissues, in the parasitic 

Hymenoptera it functions as a hypodermic needle to 

deliver eggs inside a host’s body. The hosts, however, 

can sometimes be deep within a plant or substrate. 

Some insect groups have solved such oviposition 

dilemmas without stylets by evolving elongated, 

telescoping genital segments. Ovipositor length 

roughly corresponds to the distance the eggs must 

travel from the insect to the host, penetrating the  

tissue or substrate in between.
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The integument, consisting of both the living epidermis and 
non-living cuticle, serves multiple functions. It supports the 
body and provides attachment sites for skeletal muscles—
that is, an exoskeleton. It also protects the body from 
physical harm, parasites, and reduces dehydration. 
Although the epidermis generally proliferates through 
developmental stages, from egg to adult, it also undergoes 
much reorganization and cell death. Particularly in the 
holometabolous orders, much of the larval epidermis is 
degraded and replaced by adult-specified epidermis from 
imaginal tissue or imaginal discs.

The Integument

Considering the near endless variation of shapes, colors, and sizes of insects, it is extraordinary to realize 

that the source of all of this diversity emanates from a simple, single-cell-layer-thick epithelium. This  

layer of epithelial cells is responsible for secretion (and digestion during molting) of the cuticle and its 

marvelous modifications. It not only forms the entire external surface of the insect from egg to adult, 

including the eyes and cuticular adornments such as horns, setae, and scales, but invaginates inward to 

form strengthening structures, tendons for muscle attachment, the entire respiratory system, as well as  

to line the fore- and hindguts.

↑→ Cuticular types may not change 
drastically between immature and 
adult stages of hemimetabolous 
insects, such as these treehoppers, 
but can be quite different among 
stages of holometabolous insects.
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The Cuticle
The cuticle is secreted by the epidermis as a fluid of 
complex composition that differs in its structure and 
components both spatially and temporally. It then goes 
through a process of polymerization with the addition 
essentially of chemical accelerants to form the exoskeleton. 
It is generally composed of three distinct layers: the 
innermost procuticle, the epicuticle, and the envelope.  
This last is the outermost, thinnest cuticular layer, 
composed of cuticulin. Slightly thicker is the epicuticle, 
composed of polyphenols. The procuticle is the thickest 
layer, except in tracheoles, the smallest diameter tracheae 
that lead to tissues, where it is absent. The procuticle is the 
only layer containing the polysaccharide chitin, and being 
the thickest, also bears distinct layers: the exo-, meso-,  
and endocuticle. 

Above the cuticle are wax and cement layers of varying 
thickness. Depending on the developmental stage and 
body location, these cuticular layers, in particular the 

Cuticle Structure

procuticle, can vary tremendously in thickness and 
composition. Segment regions (those bearing sclerites) 
generally have a thick cuticle, while a thinner cuticle 
(arthrodial membrane) exists between segments and 
sclerites to allow for movement. The procuticle is largely 
comprised of chitin and proteins, the latter of which more 
than 200 have been identified that are specific to the 
cuticle. Chitin is present in parallel fibers that are arranged 
in lamina within a matrix of proteins, inorganic elements, 
and water molecules (similar to reinforced concrete).  
The orientation of the fibers within each lamina changes, 
producing a helical pattern from the stacked layers of 
chitin and protein.

The exocuticle is heavily cross-linked and insoluble, 
while the meso- and endocuticles are reduced in such 
properties. Due to the degree of cross-linking, protein 
composition, and ratio of chitin to proteins, insect cuticle 
displays a fantastic range of hardness, flexibility, elasticity, 
and durability.
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Secretion and Molting
The process by which a single cell layer produces a 
compositionally and topologically complex suit of armor is 
fascinating. It is a well-orchestrated sequence of secretion 
events by the epidermis that is spatially and temporally 
regulated by individual cells. Depending on the 
developmental stage and region of the body, not all of the 
cuticular layers may be present. For example, the larval and 
pupal cuticles of holometabolous insects typically are much 
softer and elastic compared to that of the adult stage. 

Different suites of proteins may be secreted to form 
unique cuticles in egg, larva, pupa, and adult stages. And, 
as if the process of forming a suit of armor was not already 
amazing, insects must remove it and synthesize a new one 
several times during their lifetime to accommodate the 
development of organs and tissues and a general increase 
in body size. The process involving digestion of the old 
cuticle and preparation for secretion of a new one is  
that of molting. 

When the insect emerges from the old cuticle, its newly 
formed epi- and exocuticles are still soft and appear lighter 
colored. Various chemical agents (quinones) are then 
secreted into these newly formed layers to facilitate 
sclerotization. Following sclerotization, although the insect 
has completed the molting process, the remaining meso- 
and endocuticles continue to be secreted for variable 
periods of time depending on the type of insect and may 
not complete until shortly before the next molting cycle. 
As a reminder, in addition to the cuticle on the exterior of 
the body, the cuticle of the foregut, hindgut, and tracheal 
system must be shed as well. How is this accomplished?  
As the old cuticle is detached from the epidermis and the 
insect slowly wriggles out, it too pulls out the old internal 
cuticle linings. Although the smallest tracheal branches are 
not shed, the remaining tracheal branches are pulled out of 
the body, a truly amazing feat to undergo not just once but 
several times in the insect’s life. 
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Cuticle Control of Molting

1. Mature cuticle  The mature cuticle is composed of an 
epicuticle and a fully differentiated procuticle.

2. Apolysis  As the epidermal cells divide and proliferate, they 
change shape, causing the cuticle to detach and a space (the 
exuvial space) to open between it and the epidermis.

3. New cuticle produced  The epidermal cells secrete a new 
envelope and epicuticle, which quickly become cross-linked 
or sclerotized for protection from later digestion. A fluid 
containing enzymes (at first, inactive), such as chitinase  
and protease, is secreted into the exuvial space.

4. Endocuticle digested The so-called molting fluid then 
digests the old endocuticle (and mesocuticle if present), 
leaving the old exocuticle and epicuticle intact due to their 
sclerotization. At the same time begins secretion of the  
bulky procuticle, beginning with the outer exocuticle and 
followed by the meso- and endocuticles.

5. Molting fluid resorbed  The procuticle continues to be 
secreted, thickening, and the molting fluid and digested 
products are resorbed. Before shedding the remnants of the 
old cuticle, waxes are secreted to the surface of the outer 
epicuticle via ducts extending from the epidermal cells,  
called pore canals.

6 New cuticle after ecdysis (undifferentiated)  The old cuticle 
then breaks along weakened points on the body as the insect 
goes through a period of peristaltic muscular contraction and 
the swallowing of air to increase body volume and escape the 
cuticle. To reach a mature, differentiated cuticle, the 
procuticle later undergoes sclerotization, although the 
basal-most layers may continue to be secreted for variable 
durations in the intermolt period.
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Cuticular Modifications
The diversity of insect cuticular modifications and 
microsculpturing has no match, not even in the plumage  
of birds. Not only do cuticle forms contrast widely among 
the adults of different groups, they often uniquely vary 
among developmental stages, from egg to adult.

Egg Cuticle
Referred to as the chorion, the egg cuticle has loosely 
comparable layers to that in adults but is different in 
organization and composition. While generally fairly thin, 
the egg chorion can be thicker than the adult cuticle in 
some insects. It is secreted by the follicular epithelium in 
the ovaries, also a single cell layer, except with the apical 
surface directed inward to the developing egg cell, or 
oocyte. As such, the cuticle is secreted inward instead  
of outward (as it occurs in all other developmental stages), 
much like that of the tracheae, except the follicular 
epithelium degenerates following secretion. The first layer 
to be secreted around the oocyte is the vitelline envelope, 
followed sometimes by a wax layer and then the chorion 
layers, which are akin to a procuticle. Within the layers of 
the chorion, the endochorion and exochorion are typically 
structured with labyrinth meshworks, canals, and chambers 
that function with systems of aeropyles, or pores, that 
function as a respiratory system for the egg, allowing for 
more efficient ventilation. Sometimes these aeropyles 
extend through elaborate arrangements of respiratory 

horns that function as snorkels for eggs laid in moist 
environments or partially immersed in wet substrates.  
Eggs that are laid in aquatic habitats typically have extra 
cuticular meshworks (termed a plastron) in the exochorion 
that facilitate gas diffusion between the air-liquid interface. 
After the chorion forms, the follicular epithelium 
degenerates. Once fertilization occurs and following 
oviposition, yet another cuticle is secreted between the 
developing embryo and the chorion from the extra-
embryonic epithelium (the serosa).

↑ Lacewing eggs are positioned at  
the tips of silk stalks and have a  
rough microsculpturing to their  
outer cuticle (scale 40 μm).
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Immature and Adult Cuticles
Immature cuticles can highly resemble adult cuticles in 
ametabolous and hemimetabolous insects. They differ 
much more in holometabolans and a larva often has a  
very different cuticle to that of the adult. In these groups, 
larvae typically have soft and elastic cuticles, except for 
perhaps the heads, legs, and sometimes body sclerites. 
These more pliable cuticles have thin exocuticles and are 
mostly composed of a less sclerotized endocuticle with 
larger amounts of elastic proteins such as resilin. Adult 
cuticles range in thickness and composition depending on 
the body region and insect lineage. Some insects have very 
thin cuticles, composed of few layers and lamellae, which 
afford the insect much agility. Others have thick, robust 
cuticles that are rigid and render the insect a small tank. 
Regardless of cuticle thickness, the exo- and epicuticles  
can be fashioned with incredible assortments of spines, 
processes (such as hair-like microtrichia), textures, and 
microsculpturing. This structural diversity applies to  
cuticles of any developmental stage, egg to adult.

↑ Adult cuticles display an incredible 
range in form and material properties, 
from thin to thick, elastic to rigid, and 
smooth to sculptured. Adult weevil cuticle 
often is quite rigid and although it looks 
smooth to the unaided eye, it can be 
bizarrely microsculptured as shown in  
this scanning electron micrograph  
(scale 100 μm). 

↑ Immature insects often have quite 
different cuticles from their adult 
stage, particularly in holometabolous 
insects in which the immature stages 
drastically contrast with the adult. 
Although mosquito adults are 
terrestrial and fly, the immature 
larvae are aquatic and legless. Their 
ability to swim is facilitated by various 
setae and cuticular features along the 
body, as shown here (scale 30 μm).

→ Similar to mosquitoes, the 
immature stages of mayflies are 
aquatic and the adult is terrestrial 
with wings. Immature mayflies, 
however, have legs and some are 
adept swimmers, their agility arising 
from a combination of cuticular 
structure and sensilla, as shown  
here (scale 40 μm). 
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Bristles and Scales
In addition to the vast range of surface extensions  
and textural modifications, the cuticular landscape is 
complemented by another swath of exoskeletal structures, 
a subset of sensory structures, or sensilla, termed 
macrochaetae (bristles and scales) and including hair 
sensilla. These are long cuticularized processes formed  
by specialized epithelial cells. They serve a basic function  
of mechanoreception, but fulfill an extensive list of roles, 
such as insulation and temperature regulation, chemical 
dispersal, sound absorption (important for bat or nocturnal 
predator avoidance), waterproofing, and various aspects 
related to flight (see Chapter 4). They can be colorful and 
therefore function in warning coloration, camouflage/
mimicry patterns, and species recognition. Scales that 
detach easily from the body, as in Lepidoptera, can also 
help as escape mechanisms, such as from spider webs. 
Scales are actually modified (flattened) bristles with 
distinct ventral and dorsal surfaces. 

Macrochaetae are produced by a single epithelial cell, 
anchored in a socket such that the shaft can pass through 
the cuticle, and associated with several other cells for 
stabilization and sensory purposes of the structure. In 
development, the bristle or scale cell extends its body via 
the elaboration of cytoskeletal elements (actin bundles and 
microtubules) to produce a framework for its final shape. 
As in other epithelial cells, the cell then secretes layers  
of cuticle that sclerotize, after which the cell recedes/
degrades—a trait only shared with egg follicular 
epithelium—leaving the hardened external structure.  
Aside from scales and various types of bristles, other types 

of sensilla, including hair sensilla, retain 
living cell matter in the sclerotized 

shaft. If present in multiple 
developmental stages, the 

bristles and scales must 
reform at each molting 

period along with the 
secretion of the rest 
of the insect cuticle.

↑↗→ An astounding array of cuticular 
macrochaetae, setae, bristles, and 
scales adorn the exoskeleton of 
insects. These structures are formed 
by single epithelial cells (scale from 
top to bottom: 5, 10, and 200 μm).
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Scales are modified macrosetae that are flattened  

and have distinct surface polarity. The ventral 

surfaces have smooth cuticle and the dorsal surfaces 

have textured cuticle. Scale morphology varies 

tremendously in insects. Scales may not only be 

diverse within families or orders of insects, but a 

species may bear several distinct types of scales on  

a single individual. Their shapes vary from round, 

rectangular, and shingle-like to somewhat amorphous, 

porous, frilly, and anemone-like. Scales can be 

relatively hollow, have internal cuticular structures,  

or secrete viscous liquids such as waxes or chemical 

volatiles. Just as in other macrochaetae, scales form  

a single epithelial cell via extension of the cell body. 

After a framework of the scale shape has been formed 

by cytoskeletal elements, the cuticle is secreted, it 

becomes sclerotized, and the scale cell recedes or 

degrades. Formation of surface features and textures 

(such as longitudinal ribs/ridges, windows, and 

projections) are a result of the interaction of these 

cytoskeletal elements and various binding proteins  

with the cell membrane before cuticular secretion. 

Internal structures, such as three-dimensional 

photonic crystals, are formed by the convolution of  

the smooth endoplasmic reticulum, also in association 

with various binding proteins, with the plasma 

membrane. After secretion of the cuticle into this 

convoluted framework, the cell degrades and the 

lattice structure remains.

Despite the already many examples of  

evolutionary convergence in insects, it may still be 

surprising that scale structures have convergently 

evolved in multiple lineages. Not only do scales in  

these different groups converge on general external 

appearance, they develop similar internal structures 

that disperse light in similar fashion, such as through 

photonic crystals. Scales have evolved independently 

in at least the orders Collembola, Archaeognatha, 

Zygentoma, Orthoptera, Hemiptera, Psocoptera, 

Hymenoptera, Coleoptera, and Diptera, but are  

best known in the Lepidoptera. They also appear 

independently within most orders. 

Scale Diversity and Convergence
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Coloration Beyond Belief 
Insect coloration is generally produced in two ways—
through pigmentation or physical interference (structural 
coloration). Either way, perceived colors are a result of the 
absorption, reflection, and transmission of the wavelengths 
in white light. If all wavelengths are reflected equally,  
the appearance is white, and if all are absorbed, the 
appearance is black. While very white and black coloration 
occurs in some insect groups, most appear with various 
amounts of other colors. Coloration can be relatively 
uniform along the body or appear in a wild assortment of 
patterns. In some cases, the structure of cuticular layers is 
organized is such a way as to reflect certain wavelengths 
while others are transmitted. In other cases, pigments are 
present, which may also reflect certain layers and absorb 
others. In other cases still, both structural and pigmentary 
colors may be present.

↑ Insect coloration can be formed  
by various chemical compounds/
pigments or cuticular structural 
features; sometimes both are 
involved. Many fulgorids have vivid 
color patterns attributed to different 
pigments deposited in the cuticle.
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Numbers in bold refer to main entries 
and their illustrations; italic numbers 
refer to illustrations or their captions.

A
abdomen   14, 15, 42, 42, 50, 51, 

59–61, 118, 189
movement   76
nymphs   204
ruddering   160

Abedus indentatus   263
Acalyptratae   318
accessory glands   78, 79, 298
Acropyga   281
Aculeata   31
adaptation   212–13, 226–7

plant–insect interactions   294, 
308–9, 314–15, 318

adults See imagoes
Aedes   324–6, 326, 337, 345, 350
Aenictus   281
aeropyles   66, 193, 193
Agaonidae   307, 307
alarm signals   112, 112, 268–9
alary muscles   101, 101
alimentary canal   78, 79, 104
allantoic acid   108
allelochemicals   112–13
altricial species   276, 276
amber   24, 24
ametabolous orders   46, 67, 97, 97, 

197, 198
ammonia   108
amplificatory structures   58
Andrena   256
Anopheles   328–9, 329, 345
Anoplura   15
antennae   14, 15, 18, 21, 50–1, 50, 51, 

54, 56, 56
chemoreceptors   88
heart   101, 101
imaginal discs   222, 223
Johnston’s organ   90, 91
mechanosensors   154, 154
metamorphosis   199
mosquitoes   154, 154
moths   182
nerves   81
olfaction   80, 88, 182

antennal segment   54
Antennapedia complex   42, 189
Anthonomus grandis   323
Anthophila   284
Anthophora plumipes   285
antlions   23, 31, 56, 176, 241, 241, 318
ants   15, 23, 24–5, 31, 43, 126,  

141, 195
See also Hymenoptera
aphid- and scale-tending   281, 281, 
299
army   281, 321
bullet   331

communication   268–9, 279
dracula   281
ecological significance   262, 
290–1
exaggerated traits   224, 224
excavators, as   319, 319
fungus gardens   280, 281
haplodiploidy   178, 281, 347
inquiline species   45
leaf-cutter   228, 279, 281
myrmecomorphs   321
myrmecophiles   320
myrmecophytes   320
queen   272–3, 279, 281, 346
silk glands   117
sociality   262, 268, 268, 272–3, 
279–81, 321, 346, 347
socially parasitic   281
soldiers   224, 224, 279, 279
stings   331
trail pheromones   112, 268, 268
trap-jaw   280, 281
velvet   331
weaver   352–3
workers   279, 346

anus   106, 106, 117
aorta   101
Aphelinidae   333
aphids   23, 31, 110, 112, 181, 241, 245, 

245, 323
 aphid-tending ants   281, 299
 biological control   333
 eusocial   286, 288–9
 gall-inducing   288, 288
 honeydew   299
 reproduction   148, 181, 181, 192
 wings   148, 149
Apis mellifera   287, 287, 338–9
apneustic species   94
Apocrita   58
apodeme   76, 123
aposematism   342
appendages   14, 15, 20, 41, 42–3, 

44, 50–3, 54
abdomen   59–61, 59
appendage-like extensions   53, 
53, 59
circulatory system   100
exaggerated   224–5
head   55, 56, 56
hornlike   52, 52
mouthparts   14, 18, 42, 50–1, 50, 
56, 56, 61
movement   76
ovipositor   11, 14, 18, 19, 50, 61
sexually dimorphic   51, 52
thorax   58

apterous species   132, 134
Apterygota   19, 60, 197
aquatic species   89, 95, 95, 229–39

evolution   232, 238
respiratory system   95, 97

Arachnida   14, 21, 96, 96, 230
Archaeognatha   18, 23, 26, 46, 46, 

51, 59, 69, 97, 97, 145, 197, 198
Arixenia esau   190, 257, 257
Arixeniidae   257, 257
arrhenotoky   180–1
arthrodial membrane   63
Arthropoda   14, 21
Asbolus verrucosus   128–9
assassin bugs   92, 113, 246, 246, 

292–3, 318, 324, 329, 329
Athericidae   236
Atta laevigata   280
Auchenorrhyncha   31
Austroplatypus incompertus   289, 

289
autosomes   177
autotomy   245
axon   87
Azteca   272–3, 281

B
bed bugs   120, 184, 249, 249, 254, 

324, 325
bees   22, 23, 31, 55, 72, 138,  

184, 185
See also Hymenoptera
allodapine   284
bumble   148, 284, 286, 312
carpenter   284
cleptoparasitic   256, 256, 284
communication   268, 270, 347
cuckoo   256, 256
haplodiploidy   178, 178, 281, 347
honey See honey bees
orchid   309, 312, 320
pollinating   305, 305, 309,  
312, 320
sex determination   347
silk glands   117
sociality   268, 270–1, 284–7, 
347, 347
solitary   284, 285
squash   312
stingless   284, 286–7, 312
stings   331
sweat   57, 264, 265, 284
wax glands   116
wings   139, 164, 165

beetles   15, 23, 32, 51, 59, 113,  
138, 318
bark   32, 336, 337
biological control   333
blister   202, 202, 311
burying   158
carrion   140, 263
checkered   311
Colorado potato   322–3, 322
cucumber   314
diving   89, 235, 235, 239
dung   214, 214

elytra   32, 92, 92, 126, 142–3, 
147, 158–9, 164
eusocial   289, 289
flour   143, 221, 221, 339
goliath   125, 125
ground   32, 56
hercules   125, 126
iridescence   74–5
ironclad   128–9, 158, 158
Japanese   35
jewel   311
lady   351
leaf   32, 318, 322
longhorn   32, 56, 311, 311, 318, 
331, 350
metamorphosis   110, 196, 199
migration   148
nocturnal species   85
ovaries   185
parasitic species   32
parasitoid species   260, 260
pleuron   58
pollinating   311
pupa   199
rhinoceros   225, 225
rove   45, 290, 290–1
sap   311
silk glands   117
soldier   311
stag   32, 52, 52, 224
stridulation   92
titan   125
tortoise   72, 72
tumbling flower   311
water   235, 235, 263
wedge-shaped   260
whirligig   235
wingless   140, 159, 159

behavioral features   22
bicoid gene   188
Bicyrtes quadrifasciatus   282
biocides   349, 351
biological pest control   333
bioluminescence   98–9, 108,  

108–9, 242
firefly courtship   182, 182

biomedical research   338–41
Biston betularia   345, 345
Bithorax complex   42, 189
Bittacidae   246–7
Blaberus giganteus   340
blastoderm   188, 189
Blattella germanica   221, 221, 340
Blattodea   23, 30, 44, 44, 47, 174, 

177, 186, 189, 197
bloodworms   340
body size   125–6, 125, 126

critical size   222, 223
determination   222
growth   222–3
nutrition and   214, 222
terminal growth period   222, 223
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body structure and function   14, 15, 
41–3
appendages See appendages
cuticle See cuticle
developmental changes   46–9
exaggerated traits   224–5
exoskeleton See exoskeleton
integument   62–72
metamorphosis See 
metamorphosis
modifications   44–5
muscles See muscles
pupal stage   199
segmentation   14, 15, 60, 63, 135, 
142, 188–9, 189, 204

Boganiidae   308
Bolboleaus hiaticollis   195
Bombyliidae   311, 318
Bombyx mori   338–9
boring insects   32, 289, 297, 297
Braconidae   140, 164, 255
brain   80, 168, 218
Branchiopoda   21
Braulidae   162
breathing   94
bristles   45, 54, 58, 68, 86

See also hairs; setae
bristletails   18, 19, 23, 26, 26, 46, 59, 

97, 97, 132, 145, 198, 200
brood balls   214, 214
bugs   23, 31, 158, 185, 221
Buprestidae   311
butterflies   15, 18, 23, 33, 33

See also caterpillars; chrysalises; 
Lepidoptera
brush-footed   313
Cairns birdwing   73
camouflage   155
coloration   73, 133, 152, 152
diet   203
flight   144, 145, 148
Imperial hairstreak   194
life cycle   173
metamorphosis   48, 196, 199
migration   148–9, 150–1
mimicry in   133, 156, 342–3
monarch See monarch butterfly
ovaries   185
owl   133, 156
parasitic   257, 257
pollinating   305, 312–13
scales   68–9, 72
skipper   313
swallowtail   108, 112–13, 196, 196

C
caddisflies   23, 33, 33, 244, 261

aquatic stage   95, 206, 232,  
236, 237

Calliphora   340
Calliphoridae   310, 331
Calyptratae   165, 324, 325, 325
calyx   122
camouflage   29, 30, 68, 74–5, 108, 

108, 130, 154–7, 158, 244, 244
predatory species   241, 241, 244, 
292–3

campaniform sensilla   86, 86, 88, 
160–1, 162–3, 164

Cantharidae   311

capitula   195
Carabidae   113, 318
carbon dioxide   94, 148
cardiomyocytes   78
cardo   55
caterpillars   33, 108, 112–13, 173, 199, 

206, 206, 319, 322
See also larvae; pupae
biological control   333
chrysalises   33, 170, 173, 199
diapause   226
diet   33, 203, 295, 296
metamorphosis   170
overwintering   103
pupae See pupae
silk glands   117
stemmata   82, 84
subsocial   265
tent   265, 318, 318
tracheal system   98, 98
urticating setae   113
venomous   331, 331, 342
woolly bear   103, 127, 226

caudal gene   188
Cecidomyiidae   114
cecidozoans   299
Cecropia   281
cell division   174–5, 186, 188
cellularization   188
Celyphidae   40
centromere   174, 174
Cephalocarida   20, 21
Cerambycidae   311, 311
Ceratopogonidae   236, 324
cerci   14, 15, 27, 52, 59

heart   101
cerebrum   80
Chagas disease   216
Chaoboridae   236
chelicerae   21, 96
chelicerates   230
chemical dispersal   68
chemoreceptors   86, 88, 89, 160
Chironomidae   227, 227, 236
Chironomus tentans   340
chitin   63, 123
chitinase   65
Chlerogella   57
chordotonal organ   90–1, 161
Choreutidae   156
chorion   64, 66, 122, 185, 193
chromatids   174–5
chromosome   188
chromosomes   172, 174–5

autosomes   177
diploidy   178
haplodiploidy   178, 178
heteromorphic   177
holocentric   174–5, 174
paternal genome elimination    
179, 179
paternal-sex-ratio (PSR)   179, 179
sex determination   176–9

chrysalises   33, 170, 173, 199
See also pupae
mimicry in   199

Chrysocoris stollii   37
Chrysomelidae   113, 318, 322
Chrysomya bezziana   331
Chrysopidae   241, 241, 333

cibarium   27, 78
cicadas   23, 31, 90, 98, 147

life span   125
metamorphosis   199, 218
nymphs   204, 204
tymbals   92, 93, 182

cilium   87
Cimicidae   249, 325
circadian rhythm maintenance   84
circulatory system   100–3

dorsal pericardial sinus   100
hemolymph   100–3
medial perivisceral sinus   100
muscles   100, 100, 101
ventral perineural   100
visceral muscles   78, 79

circumoesophageal vessel ring   101
Cirripedia   21
Cixiidae   59
cladistics   347
claws   14, 21, 45

imaginal discs   222
cleptoparasitism   256, 256, 284
Cleridae   311
climate change   227, 350
clypeus   27, 55
coarctate   202
Coccinelidae   158
Coccinella novemnotata   351
Coccinellidae   333, 333
Cochliomyia   337

C. hominivorax   331
cockroaches   30, 30, 44, 44, 106, 

108, 122, 185, 190
chromosomes   177
life span   125
model experimental organisms, as   
340
nymphs   204, 205

cocoons   33, 56, 117, 135, 136, 137, 
201, 319
See also pupae

Coleoptera   15, 23, 32, 43, 59, 69, 
114, 174, 182, 197, 206, 299, 301
body undulation   77
chromosomes   177
diapause   227
elytra   32, 92, 92, 126, 142–3, 
147, 158–9, 164
exaggerated traits   224
larvae   206, 207
metamorphosis   48, 202

Colias UV patterns   152, 152
Collembola   16, 17, 23, 69, 184, 230, 

231
colleterial glands   117
colon   106
coloration   62, 68, 70–5

butterflies   73, 133, 152, 152
camouflage See camouflage
chemical compounds/pigments   
70, 70, 71, 73
color changes   72
courtship displays   152–4
crypsis   154–7, 244, 244
developmental plasticity   212–13
diet and   71
eye pigment cells   82–4, 82, 83, 
84, 85
iridescence   72, 74–5

metallic   72
mimicry See mimicry
photonic crystals   69, 72
scales   69, 71, 72
structural   70, 72
UV patterns   152, 152
warning   68, 73, 113, 158, 159, 
330, 342

columnar (principal) cells   105, 106
commercial harvesting   348, 350
communication

alarm signals   112, 112, 268–9
chemical   112–13, 268, 268, 269, 
270, 279
recognition signals   269
social species   112, 268–73, 347
stridulation   28, 58, 90, 92, 92, 
147, 182, 269
waggle dance   270

competition
metamorphosis and   203

compound eyes See eyes
condyles   26
Condylognatha   197
Copepoda   21
Coptotermes   276
copulation   120–1
corbicula   284, 284, 312
coremata   113
cornicles   112, 245
corpora allata   81, 218
corpora cardiaca   81, 93, 117
corpora pedunculata   80
Corydalidae   52
Cossidae   123
courtship   152–4, 168–9, 182

nuptual gifts   182, 183, 183, 
246–7

coxa   14, 222
Crabronidae   282, 282
crane flies   236
Crataerina hirundinis   252
crickets   18, 23, 28, 43, 90

chromosomes   177
courtship songs   168, 169
house   43, 47
legs   224
mole   28
stridulation   92
two spotted   194
wingless   140

crop   78, 104, 105, 312
crustaceans   20, 21, 230
cryoprotectants   127
crypsis   14, 45, 116, 154–7, 244–6

parasitic species   251
cryptobiosis   127
Cryptomyzus galeopsidis   181
cryptonephridial system   106–7
cuckoos   256, 256
Culex   236, 239, 326, 329
Culicidae   61, 236, 324
Curculionidae   318, 322, 337
Curculionoidea   57, 57
Cuterebrinae   331
cuticle   38, 62, 63–8, 126

adult   67
cement layer   63, 63
chorion   64, 66, 122, 185, 193
color See coloration
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development   117
digestion during molting   62, 
64–5
ecdysial lines   65
endocuticle   63–5, 63, 67
envelope   63, 65
epicuticle   63–5, 63
exocuticle   63–5, 63, 67
exoskeleton   63
extensions and modifications   53, 
53, 62, 66–8
gills   238, 238
growth and   196
gut   105
hardening   137
larval   64, 65
macrochaetae See bristles; scales
mesocuticle   63–5, 63
molting See molting
muscle attachments   76, 78
pleuron   58, 135–6, 136, 141
polymerization   63
pore canals   63, 65
procuticle   63, 63
proteins   63
pupa   64
respiratory system   94–5
sclerotization   64, 65, 67, 68, 69
secretion   62, 63, 64, 66, 68, 69
sensilla   67, 68, 86–9
taenidia   94
tracheal system   94–5
wax filaments and layer   63, 63, 
65, 116
weevils   67, 110

cuticulin   63
cutworms   322
Cyrtobagous salviniae   333

D
daddy longlegs   96
damselflies   23, 27, 82, 219, 318

aquatic stage   95, 232–3
copulation   183, 183

Danaus plexippus   351, 351
Decticus albifrons   190
defenses   56, 112

See also camouflage; crypsis
alarm signals   112, 112, 268–9
aposematism   342
autotomy   245
chemical   113, 245, 278
concealment   244
iridescence   74–5
mimicry   108, 108, 133, 342–3
natural selection   345, 347
parental care   263, 264
pheromones   112
phragmotic species   279
physical   245
plant defenses against insects   
302–4, 315
recognition signals   268
sociality as   264, 268, 276, 278, 
279, 286
stings   18, 31, 113–15, 113, 115, 
282–3, 318, 331, 342
stink glands   113, 113
toxins See toxic species
warning coloration   68, 73, 113, 

158, 159, 330, 342
wax glands   116

dehydration   62
Dennyus hirundinis   253
density

polyphenism   212
Derbidae   156
Dermaptera   23, 27, 43, 52, 52, 190, 

197, 300
Dermatobia hominis   331
detritivores   20, 33
developmental changes   46–7

See also growth; metamorphosis
postembryonic   172, 196, 198–9, 
213, 217, 219, 220, 222

developmental plasticity   212–15
castes   210, 211, 215

diapause   38, 117, 202, 226–7
facultative   227
obligatory   226, 227

Diaphorina citri   322
diaphragms   101, 101
Diapriidae   237, 237
Dicondylia   26
Dictyoptera   27, 30, 300
diet and nutrition   104, 105, 112

coloration and   71
decomposers   319
detritivores   20, 33
developmental and adult stages   
203, 204
digestive system See digestive 
system
fluid-feeders   78, 298–9, 300, 
325, 326
hematophagy (blood-feeding)    
88, 248–53, 324–6
monophagy   295
oligophagy   295, 309
phytophagy (herbivory)   139, 
294–305, 318, 320, 322–3
plant–insect interactions   
292–305, 318
predators See predators
scavengers   20, 27
size and nutrition   214, 222, 225
sucking insects   298–9
symbionts   110
termites   274, 276–7, 319

digestive system   104–11, 298–9
abdomen   59
digestive fluids   112
muscles   105, 109
peritrophic matrix   105
stomatogastric nervous system   
81, 93
symbionts   106, 108, 110–11
visceral muscles   78, 79

Diplolepis rosae   299
Diploptera punctata   190
Diplura   16–17, 18, 20, 23, 197
Diptera   15, 23, 33, 43, 48, 51, 109, 

114, 186, 189, 197, 299, 311, 318, 
347
See also flies
chromosomes   174, 175, 177
diapause   227
disease vectors   324–5
exaggerated traits   224
flight muscles   145

halteres   33, 58, 88, 108, 143, 
145, 162–5
hypermetamorphosis   202
larvae   207
mouthparts   61
scales   69

disease vectors   216–17, 249, 324–9
Ditrysia   312
diuresis   117
dobsonflies   31, 52, 59

aquatic stage   95, 232
Dolichopodidae   152, 153, 236
domatia   281
dorsal appendages   51
Dorylus   281
dragonflies   15, 23, 27, 27, 82, 134, 

138, 232–3
copulation   183
larva   107, 107, 241
migration   148
Paleozoic   148
predation by   138, 147, 241, 243, 
243, 318
wing sensors   161
wings and flight   146, 147, 166–7

Drosophila   344, 345
See also fruit flies
D. melanogaster   221, 317,  
338, 344
D. pseudoobscura   344
growth   222
larvae   222

Drosophilidae   38, 38, 143, 146,  
152, 184
See also fruit flies

Dytiscidae   89, 235, 235

E
earwigs   23, 27, 27, 43, 52, 52, 140, 

190, 191, 219, 257, 257, 262
ecdysial lines   65
ecdysone   217–21, 222
ecdysteroids   117
Eciton burchellii   321
ecological niches

adaptation to   172
metamorphosis and   203

ecological significance of insects   
262, 262, 290–1, 317–21

ectoderm   86, 222
eggs   46, 60, 79, 122–3, 171

See also gametes; reproduction
aeropyles   66, 193, 193
atrial opening   193
brood balls   214, 214
chorion (cuticle)   64, 66, 122, 185, 
193
development   172, 173
diapause   227
ectoparasitoids   251
egg cases   123
embryo   189, 193
endochorion   193, 193
exochorion   193, 193
fertilization   123, 180, 185, 186, 
188, 190
follicular epithelium   68
gas exchange   193
hatching   198–9
holometabolous species   199

laying   172, 173, 190–2, 193
micropylar atrium   193
micropyle   123, 188
mimicry in   195, 195
ootheca   122, 192
ovipositor See ovipositor
ovisac   192, 192
oxygenation   193
parasitic species   61, 251, 254, 
255, 318
parasitoid species   237, 237, 251, 
255, 318
parental care   262–3, 264
periplasm   193
plastron   66, 95
structure, size, and shape   193–5
vitelline membrane   193, 193

ejaculatory duct   118–19
elytra   32, 92, 92, 126, 142–3, 147, 

158–9, 164
Embioptera   23, 29, 117, 197
embryo   172

de-embryonization hypothesis   
203
diapause   227
embryogenesis   179, 180, 188–9, 
222
segmentation   188–9, 189

Empididae   236, 247, 318
Empis snoddyi   183, 183
Encyrtidae   333
endangered species   245, 317, 

350–1
endochorion   193, 193
endocrine system   81, 93, 105, 117

endocrine glands   112, 117, 218–19
endoparasitoid’s host   255
growth control   222
metamorphosis, regulation   
216–21
secretory neurons   93

Endopterygota   197
endosymbionts   179
Entognatha   16, 18, 197, 230
environmental conditions

adaptation to   212–13, 226–7
climate change   227, 350

enzymes   65, 102, 105
Ephemeroptera   23, 26, 27, 51, 59, 

174, 186, 197, 198, 200, 232, 234
Ephydridae   236, 237
epidermis   62, 63, 87

color   72
cuticle secretion and molting   62, 
63, 64–5
larval   62

epithelium   62, 105, 112, 116
bristles and scales   68–9
coloration   62, 71
imaginal discs   48, 62, 172, 199, 
203, 222–3
sensilla   68
tracheal system   94

epitracheal (peritracheal) glands   117
Erebidae   127
Eristalis brousii   351
escape mechanisms   68
esophageal nerves   93
esophagus   104
Eudryas   155
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Eurema mandarina   179
Eurydema ornate   36
Eurypterida   21
eusocial species See sociality
eversible vesicles   14, 51
evolution   13, 14, 19–25, 38–9

adaptation   212–13, 226–7
aquatic species   232, 238
body modifications   44–5
coevolution   144, 342
convergent   41, 56, 61, 69, 96, 
114, 164
exaggerated traits   224–5
genetic variation   344, 344
hematophages   248–9, 253, 324
metamorphosis and   196–7, 196, 
203
natural selection   342, 345, 347
New Synthesis   344
plant–insect interactions   294, 
308–9, 314–15, 318
radiations   344
sociality   274, 278, 281, 284, 290, 
347
speciation   305, 314
study of   342–7
systematics   22, 347
tracheal system   96
transition to land   230
wings   58, 132–43

exaggerated traits   224–5
excretion and waste   59, 71, 78, 93, 

104–9
exochorion   193, 193
exocrine glands   112–13, 115, 116–17, 

119
exoskeleton   14, 21, 41, 62

body size and   126
cuticle See cuticle
formation   63
growth and   196, 222
macrochaetae See bristles; scales
molting See molting
skeletal muscles   76–7

extinction rates   38, 39
eyes

apposition   85, 85
central nervous system   80
compound   14, 18, 54, 54, 55, 80, 
82, 84, 148
imaginal discs   222, 223
integument   62
larval   54, 82, 84
ommatidia   82, 85
optic nerves   81
pigment cells   82–4, 82, 84, 85
rhabdomeres/rhabdom   82, 82, 
84, 85
simple   82, 83–4
stalked   45, 53, 224
stemmata   54, 82, 84
superposition   85, 85

eyespots   133, 156, 156

F
female reproductive system   122–3
femur   14
fermentation chamber   106
fighting   52, 56, 224
fireflies   32, 78, 79

bioluminescence   98, 99, 108, 
108–9, 242, 242
courtship light patterns   182, 182, 
242
heart   100

fleas   15, 23, 32, 32, 117, 251–3, 324, 
327, 327

flies   18, 23, 33, 33, 40, 43, 134, 137, 
185
See also Diptera
alderflies   232
aquatic   236, 236, 239
balloon   247
bee   311, 318
black   33, 248, 250, 324, 329, 
333
blow   165, 166, 310, 331, 340–1
bot   254, 254, 331
brachyceran   51
bristles   45, 54, 58
compound eyes   54
courtship displays   152, 153, 154, 
154, 168–9
cyclorrhaphan   207
dance   183, 183, 236, 236
disease vectors   248, 248, 250, 
324–31
drone   351
flesh   165, 190
fruit See fruit flies
halteres   33, 58, 88, 108, 143, 
145, 162–5, 223
Hawaiian   194
head   54, 55
hematophages   248, 248, 250, 
324–6
horse   33, 324
ibis   236
labial palps   33
louse   190, 252
maggots   199, 207, 207, 331
mantis   202
metamorphosis   196, 199
migration   148
moth   236
mouthparts   54
nitrogen fixation   110
owlflies   240
parasitic   33, 162, 324–5
parasitoid   260, 260, 318, 333
pollinating   305, 310–11
predatory   246–7
robber   12, 120, 138, 318
sand   324, 326, 327, 329
scorpionflies   23, 32, 32, 54, 57, 
59, 61, 61, 183, 246–7, 253
scuttle   318
sewer   236
shore   236, 237
snakeflies   23, 31, 199
soldier   97
spongillaflies   232, 257
stable   236, 324
stalk-eyed   45
stoneflies   23, 28, 92, 232, 234
thistle gall   153
tsetse   33, 190, 324, 337
water snipe   236

flight   68, 144–9
See also wings
advantages   138–40
control   80
energy use   148
evolution   230, 230
gliding   144, 145
halteres   88, 108, 143, 145, 162–5
hovering   144
migration   148–9
muscles   76, 77, 98, 98, 100, 
144–7, 161, 166
optomotor response   166–7
ruddering abdomen   160
stability   162–5
steering   146, 166–7

fluid-feeders   78, 298–9, 300, 325, 
326

food source, insects as   348
Formicidae   279
fossils   24–5, 39, 203, 230, 230, 

231, 300–1, 308–9, 318
frass   109, 109
frons   55
fruit flies   38, 38, 42, 43, 54, 143, 

146, 184, 344, 345
brain   80
courtship signals   154, 154, 168–9
eggs   190
embryogenesis   188, 188
flight   166
genetic model, as   221, 317, 338
growth   222–3
Hawaiian   344, 345
imaginal discs   223
larva   87, 88, 222, 223
metamorphosis   217, 221, 221
mimicry by   156–7, 157
model experimental organism, as   
338, 344
ovaries   185
pest control   337
sensory hairs   160
sex determination   178
sperm   187, 187

fulgorids   72
furcula   16

G
galea   55
gall-inducing insects   114–15, 288, 

288, 299
gall wasps   114, 115, 295, 299, 299

gametes   174–7, 180, 185–6, 305, 
318
See also eggs; sperm
haploid   175
heterogamety   176, 177
pollen See pollinators

ganglia   77, 80–1, 93, 168, 218
thoracic   80, 168

gas exchange   94, 148
aquatic species   238, 239
eggs   193

Gasterophilinae   331
gastrulation   188
gena   55
genetic manipulation and engineering   

333, 337, 338
genetics   338

genetic variation   344
genitalia   47, 51, 51, 60, 79, 118–23, 

183
imaginal discs   222, 223

Geometridae   313
German cockroach   221, 221, 340
germarium   122, 122, 185, 186
gills   51, 59, 95, 233, 238, 238

rectal   106–7, 107, 238
glands   112–17

eversible   112–13
prothoracic   218
pygidial   113
silk glands   117
stink glands   113, 113
wax glands   116

glassworms   236
glial cells   90
Glossinidae   324
goblet cells   105
gonapophysis   60, 61
gonocoxite   60
gonopore   122
gonostyle   60
grasshoppers   19, 23, 28, 28, 58, 

348
camouflage   155
chromosomes   177
legs   224, 225
ovaries   185
romaleid   113
stridulation   92, 182

grooming   56, 263, 265, 271
growth   172, 222–3

critical size   222, 223
endocrine control   222
exaggerated traits   224–5
molting and   196, 222
nutrition influencing   214, 222, 
225
terminal growth period   222, 223

grubs   206, 206
Grylloblattodea   23, 28, 197
gustatory sensilla   88, 89
gut   104–11

cuticle, molting   64
lining   62
symbionts   106, 108, 110–11
visceral muscles   78

Gynaephora groelandica   226
Gyrinidae   235

H
habitat loss   349, 349, 351
Haidomyrmecinae   24
hairs

See also bristles; setae
scales See scales
sensory   68, 86, 87, 160–1
stinging   113
wings, on   30, 33, 160–1

Halictinae   284
Halobates   20
halteres   33, 58, 88, 108, 143, 145, 

162–5
imaginal discs   223

haplodiploidy   178–9, 178, 180
social insects   281, 347

harlequin bug   213, 213
harvestmen   96
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haustellum   33, 61
head   15, 42, 42, 50–1, 54–7, 189

cibarium   27, 78
eyes See eyes
nervous system   80, 81
nymphs   204
oversized   224, 224

hearing   58, 86, 90–1, 98, 99, 161, 
242

heart   78, 93, 100–3
accessory hearts   101, 101
muscles   100, 100, 101

heartbeat   100
Heliconius   152, 184, 342–3
Helicoverpa armigera   323
hematophagy   88, 248–53, 324–6
Hemimeridae   257
hemimetaboly See metamorphosis
Hemiptera   23, 31, 43, 51, 61, 69, 

104, 109, 114, 158, 179, 182, 186, 
189, 197, 249, 298, 299, 301, 322, 
324
chromosomes   174, 175
diapause   227
eggs   190, 227
exaggerated traits   224
head   55
mouthparts   61
stridulation   92

hemocytes   100, 102
hemolymph   72, 93, 98, 100–3, 105, 

113, 117, 120, 148
delivery of hormones   216–18, 
220
osmoregulation   105, 106

hermaphrodism   181
Hesperiidae   313
heterogamety   176, 177
heteromorphic chromosomes   177
Heteroptera   31
Heterotermes   276
Hexapoda   14, 18, 21, 230

noninsect   16
Hippoboscidae   324
Hodotermopsis sjostedti   215
Holometabola   27, 31, 48–9, 54, 97
holometaboly See metamorphosis
homeobox (Hox) genes   42–3, 142–3
homeotic genes   188, 189
homologs   175
Homoptera   43
honey bees   139, 284–7, 312, 338–9

communication   268, 270, 347
model experimental organism, as   
338–9
nurses   266
queen   266, 267, 268
spermatheca   180
waggle dance   270
workers   267, 268, 270–1, 287

honeydew   299
Hormaphidinae   288
hormones   93, 112, 117, 137

bursicon   137
delivery   216–18, 220
ecdysone   217–21, 222
juvenile hormone   215, 217–21, 
225, 255, 333
metamorphosis, regulation   
216–21

molting hormone   218–19
prothoracicotropic   117, 218
sesquiterpenoid   218
trehalose   148

hornets   282, 283
horns   52–3, 52, 62, 126, 214, 

224–5, 224
hover flies   22, 138, 148, 311

larva   207
hunchback gene   188
Hydriella   237, 237
hydrofuge setae   95, 238
hygroreceptors   86, 88
Hyles lineata   313
Hymenopodidae   241
Hymenoptera   15, 23, 30, 31, 42, 43, 

44, 44, 47, 58, 59, 61, 69, 186, 
189, 197, 260, 279, 284, 299, 301
See also ants; bees; sawflies; wasps
arrhenotokous parthenogenesis   
180–1
body undulation   77
chromosomes   174, 178, 178
diapause   227
exaggerated traits   224, 224
haplodiploidy   347
larvae   104, 207
metamorphosis   48, 202
sociality See sociality
stings   18, 31, 113, 114, 115, 282–3, 
318, 331, 342
wings   145

hypermetamorphosis   202
hyperplasia   299
hypertrophy   299
Hypothenemus hampei   323

I
ice crawler   23, 28
Icerya purchasi   181, 181
Ichneumonidae   11, 190, 191, 255, 

255, 256, 313, 313
Idiomyia picticornis   38
ileum   106, 106
imaginal discs   48, 62, 172, 199, 203, 

222–3
imagoes   27, 171, 196, 198–9, 218, 

219
immune system   102

hosts, of   115, 254, 255
inchworms   313
inclusive fitness   281, 347
inquilines   45, 290
insecticides   221, 332, 339, 349

resistance to   345
insulation   68
insulin pathway   222, 225
integument   62–72

basement membrane   63
cuticle See cuticle
epidermis   62, 63
epithelium   62
larval   62

intercalary segment   54
intestine   104
intromittent organ   119
invasive species   287, 322, 337, 351
iridescence   72, 74–5
Isoptera   30, 43, 174, 197
Ixodes   327

J
japygids   16
jewel bug   37
Johnston’s organ   90, 91
juvenile hormone   215, 217–21, 225, 

255, 333
juvenoids   333

juvenile-like insects   210–11
juvenile stages   172, 203, 204–9, 

218–19
See also larvae; nymphs
castes   215
growth   221, 222–3
holometabolous species   207

K
Kallima inachus   130
karyotypes   175, 176
katydids   18, 23, 28, 90

camouflage   155, 244
hearing   99
reproduction   181
stridulation   92

keratin   117
kinetochores   174
kissing bugs   216–17, 249, 249

L
labellum   33, 55
labial glands   117
labial palpus   55
labial segment   54
labium   55, 56, 61
labrum   55, 61
lacewings   23, 31, 31, 59, 232, 318

biological control, use as   333
eggs   66
larvae   77, 206, 241, 241, 246, 
247, 257, 318
metamorphosis   136
osmylid   232, 232
parasitoid   261, 261
percussive sounds   92
silk glands   117

ladybugs   32, 147, 158, 159
biological control, use as   333, 333
Laemophloeidae   57
larvae   27, 38, 48, 48, 172, 198–9, 

206–7
See also caterpillars
aquatic   207–9, 236–7, 237
camouflage   240, 241, 241, 244
campodeiform   206
critical size   222, 223
cuticle   64, 67
diapause   226–7
diet   33, 203, 295, 296
elateriform   206, 206
epidermis   62
eruciform   206, 206
growth   222
hypermetamorphosis   202
imaginal discs   222–3
integument   62
lacewings   77, 206, 241, 241, 246, 
318
Lepidoptera   59, 59
locomotion   102
metamorphosis   106, 198–9, 203
mimicry   199, 241

molting   199
ocelli   148
parasitic species   253, 254, 257
parasitoid species   251, 254, 255, 
261, 261
parental care   262–3
predatory   148, 206, 240
scarabeiform   206, 206
stemmata   54, 82, 84
vermiform   207, 207

larviparity   123, 190
leaf-footed bug   224, 224
leafhoppers   179
leaf insects   23, 245
leg remnants   50
legs   14, 15, 42, 50, 50, 51, 51, 58

autotomy   245
exaggerated traits   224
imaginal discs   222, 223
metamorphosis   199
nymphs   204
soldier caste   278

Lepidoptera   15, 23, 33, 43, 48, 48, 
51, 114, 121, 186, 189, 197, 299, 
301, 312–13, 318, 322
See also butterflies; moths
aposematism   342, 343
biological control   333
body undulation   77
camouflage   155
chromosomes   174, 175, 177
chrysalises See chrysalises
coloration   68, 69, 71, 73
diapause   226, 227
larva   59, 59
life cycle   173
metamorphosis   48
proboscis   55, 56, 61
prolegs   59, 59
scales   33, 68–9, 71

Lepisma saccharina   198
Leptinotarsa decemlineata   322–3, 

322
Leptocentrus   175
lice   15, 23, 30–1, 31, 43, 252–3, 

324, 324, 326
bark   30, 31, 253
book   30–1
coevolution   342–3
head   204, 324
jumping plant   43

life cycle   170–3
See also metamorphosis
diapause   38, 117, 202, 226–7

life span   124, 125
Liposcelis   31
lobula plate tangential cells   167
locomotion   14, 58, 83, 100, 102

See also movement; muscles
locusts   58, 148, 148, 294, 334–5

polyphenism   212
Lonomia   331
lorum   55
Lucanidae   52, 52
luciferin   182
Lucilia   340
Lycidae   57
Lygaeidae   340
Lygaeus equestris   184, 184
Lymantria dispar   336, 337
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M
macrochaetae See bristles; scales
Macrodontia cervicornis   350, 350
Macrotermes falciger   318
Maculinea arion   257, 257
maggots   199, 207, 207, 331
Malacosoma americanum   318
Malacostraca   21
male reproductive system   118–19
malillary palpus   55
Malpighian tubules   78, 104, 106–7, 

106, 107, 117
mandibles   14, 18, 19, 21, 26, 55, 56, 

61, 297
hornlike   52, 52
skeletal muscles   77

mandibular segment   54
Manduca sexta   164
mantises   23, 27, 30, 30, 72, 122, 

123, 246, 318
camouflage   155, 246
praying   30, 30, 224, 225, 225

Mantispa styriaca   136
Mantispinae   261, 261
Mantodea   23, 30, 197, 246
Mantophasmatodea   23, 29, 197
marine insects   20
maternal effect genes   188
maxilla   55, 56, 61
maxillary segment   54
mayflies   19, 23, 26, 27, 59

aquatic stage   95, 95, 232, 234, 
238
cuticle   67
life span   124, 125
prometaboly   198, 200

mealybugs   116, 179, 190, 281, 281
mechanoreceptors   58, 68, 86–7, 

90
mechanosensors   154, 160
Mecoptera   23, 32, 57, 59, 61, 84, 

84, 197, 253
median caudal filament   19
Megaloptera   31, 59, 197
Meganeuropsis   126
Megarhyssa macrurus   190, 191
meiosis   174, 175, 186, 188

inverted   175
melanization   102, 102, 213
Meloidae   311
memory   80
mentum   55
meroistic ovaries   185, 185
mesoderm   188
mesothorax   14, 135
metameres   42
metamorphosis   117, 170–3, 

196–203
ametabolous   46, 67, 97, 97, 197, 
198
antennae   199
competition and   203
critical size   222, 223
cuticle   137
development   203
ecological niches and   203
endocrine regulation   93, 216–21
evolution and   196–7, 196, 203
growth regulators   221

hemimetaboly (incomplete)   47, 
54, 62, 67, 97, 197, 198, 199, 203, 
220
holometaboly (complete)   13, 27, 
42, 48–9, 62, 62, 67, 94, 97, 97, 
135, 196, 197, 198–9, 203, 204, 
206–7, 220, 222
hypermetamorphosis   202
imaginal discs   48, 62, 172, 199, 
203, 222–3
imago   198–9
juvenile stages   172, 203, 204–9, 
222
larval stage   106, 198–9, 203, 
204, 207–9
legs   199
molting and   171, 172, 196, 198–9, 
218–21
neometaboly   201
nymphs   198–201, 203, 204–5, 
207
prometaboly   198, 200
pupal stage   106, 198–9, 203
tracheal system   94, 97
wings   136–7, 136, 171, 196, 
198–9, 203, 204

metathorax   14, 58, 113, 113, 135, 143
Metaxyphloeus   57
Metoecus paradoxus   260
Metriocnemus knabi   304
micropyle   123, 188
Microstigmus   282, 282
microtrichia   67
midges   114, 236, 304, 340

wingless   140
migration   117, 148–9
milkweed bug   98, 194261, 194, 340
mimicry   33, 45, 45, 68, 108, 108, 

130, 133, 154–7, 311, 342–3
aggressive   155, 241–2, 241, 242, 
246, 246
Batesian   342
crypsis   14, 45, 116, 154–7, 244, 
244
eggs, in   195, 195
endoparasitoids, by   255, 261
larval stage, in   199, 241, 241
Müllerian   342–3
myrmecomorphs   321
natural selection   342, 345, 347
parasites, by   257

mites   96, 114
mitochondria   186, 187
mitosis   174, 186
model experimental organisms   221, 

317, 338–41, 344
molting   19, 27, 46, 47, 62, 64–5, 

68, 97, 117, 171
digestion of cuticle   62, 64–5
ecdysone   217–21, 222
growth and   196, 222
gut cuticle   105
hemolymph   102
hormonal regulation   217–21, 222
hypermetamorphosis   202
larvae   199
metamorphosis and   171, 172, 196, 
198–9
molting fluid   65
neometaboly   201

nymphs   216–17
prometaboly   200
pseudergates   215, 215
wings and   134, 144, 171, 172

monarch butterfly   43, 144, 145, 
295, 304, 313, 351, 351
life cycle   173
migration   149–51

monocentric chromosomes   174–5, 
174

Mordellidae   311
morphological diversity   13, 22, 171, 

196, 199
mosquitoes   15, 33, 43, 55, 61, 184, 

236, 238, 239, 250, 250, 304, 
324–6, 328–9, 329, 331
antennae   154, 154
carbon dioxide receptors   88
climate change and   350
cuticle   67
insecticide resistance   345
larvae   207–9
saglin, secrete   249
Sterile Insect Technique control   
337

moths   18, 23, 33, 55, 58, 59, 85
See also caterpillars; chrysalises; 
Lepidoptera
Ailanthus silkmoth   176
antenna   182
atlas   125
camouflage   155
carpenter   119, 123
cinnabar   226
diamondback   333, 345
flight   148
hawk   164, 292–3, 296, 313
larva   84
metalmark   156
mimicry   156, 156
owl   313
peppered   345, 345
percussive sounds   92
pollinating   305, 312–13
puss   59
silkworm   338–9
sphinx   313
spongy   295, 295, 336, 337
tiger   113, 121
tymbals   92, 93
tympanal organs   91
wings   152, 164
wing sensors   160, 160
yucca   309, 313, 315, 315

mouth   104
mouthparts   14, 18, 42, 50–1, 50, 

56, 56, 61, 104, 105, 297
fluid-feeders   298–9, 325

movement   14, 76
mRNA   188
Murgantia histrionica   213, 213
Muscidae   236, 324
muscles   76–9

asynchronous (fibrillar)   76–7, 
147, 161
attachment   14, 62, 76, 76, 77, 78
body undulation   77
digestive system   93, 105, 109
flight muscles   76, 77, 98, 98, 100, 
144–7, 161, 166

heart and circulatory system   100, 
100, 101
nerve impulses   76, 77, 86
sarcomeres   76, 78
skeletal   62, 76–7, 79, 100
synchronous   76–7
visceral   76, 78–9

mutation   38, 141, 143, 314, 327, 
329, 332, 345

Mutillidae   331
mutualism   305–7

fungus gardens   280, 281, 289
pollinators   32, 144, 148, 241, 
284, 292–3, 305–13

Mymaridae   125, 318
Myriapoda   20, 21, 96, 96, 230
myrmecomorphs   321
Myrmica sabuleti   257, 257

N
naiads   27, 233, 234, 241
nanos gene   188
Nasonia vitripennis   179, 179
natural selection   342, 345, 347
Naupheta cinerea   340
nematodes   114
neo-chromosomes   176
neometaboly   201
Neoptera   27
neotenics   210–11
nervous system

asynchronous muscles   77
automatic   93
body segmentation and   14
brain/cerebrum   80, 168
central   80–5, 86, 93
chemoreceptors   86, 86, 88, 89, 
160
dendrites   87
ganglia   77, 80, 80, 81, 93, 168
hearing and sound production   
90–1
interneurons   80, 80, 166
lobula plate tangential cells   167
mechanoreceptors   58, 68, 86–7, 
90, 160
motor neurons   76, 80, 80, 86, 
147, 166
optomotor response   166–7
peripheral (sensory)   80, 86–93
photoreception See eyes; ocelli
secretory neurons   117
sensilla/sensory neurons   56, 67, 
68, 86–91, 160–7
steering in flight   166–7
stomatogastric   81, 93
synchronous muscles   76
thoracic ganglion   80, 168
ventral nerve cord   80
visceral   80, 93
wings   137, 160–9

nests
silk   117
social species   262, 264–5, 267, 
269, 271, 271, 275, 284, 290

neuropil   80
Neuroptera   31, 56, 59, 104, 176, 

177, 197, 202, 206, 232
diapause   227
Neuropterida   23, 31, 318
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Nicrophorous   158
Nitidulidae   311
nitrogen fixation   110, 110, 111, 318
Noctuidae   313, 322
nocturnal species   56, 68, 85
nodulation   102, 102
Nomada goodeniana   256, 256
nonwinged insects   14, 19, 26, 198

parasitic species   251
no-see-ums   33, 324
notum   135–6, 136
nuptual gifts   182, 183, 183, 246–7
nurse (trophic) cells   185, 185
nutrition See diet and nutrition
Nycteribiidae   324
Nymphalidae   313
nymphs   27, 46, 172, 198, 199, 203, 

204–5
aquatic   207, 232–3
diet   204
eyes   83, 83, 84
legs   204
molting hormones   216–17
neometaboly   201
prometaboly   198, 200
soldiers   215

O
oak apple   115
ocelli   14, 18, 54, 55, 80, 82, 83, 148

ocellar nerves   61
pigment cells   83, 83

ocular segment   54
Odonata   15, 23, 27, 47, 51, 97, 120, 

197, 232–3
chromosomes   174
flight muscles   144
wings and flight   146, 147

olfaction   56, 80, 86, 88, 160, 182, 
242, 270
See also pheromones

Oligotoma nigra   265
ommatidia   82, 85
Oncopeltus fasciatus   340
Onthophagus   214, 214
Onychocerus albitaris   331
Onychophora   21, 96
oocytes   66, 122, 122, 180–1, 186, 

188, 190
oogenesis   185, 193
oogonia   185
oothecae   27, 66, 122, 192
Orthezia urticae   192
Orthoptera   23, 28, 43, 47, 55, 61, 

69, 90, 92, 118, 174, 182, 189, 197, 
300–1
chromosomes   177
diapause   227

Orthotrichia muscari   261
Orussidae   158
osmeterium   112–13
osmoregulation   105, 106
ostia   101, 101
Ostracoda   21
Ostrinia   323
ovaries   122, 185, 185
ovarioles   122, 122, 185, 185
oviduct   122, 122, 185, 188, 190
oviparity   123, 190

ovipositor   11, 14, 18, 19, 50, 61, 122, 
123, 190, 190, 191, 300, 320
appendicular   122
heart   101
parasitoids   155, 158–9, 190–1, 
318
venom, delivery by   331

ovisac   192, 192
ovitestis   181
ovoviviparity   123
oxygen and oxygenation   94, 98–9

aquatic species   238, 239
eggs   193
flying insects   148

Oxytrigona   287

P
Pachyrhynchus   158
pads   14
Palaeodictyoptera   232, 301
Palaeodictyopterida   53, 61, 126, 

298, 300–1
Paleoptera   27, 197
Palpares   176
palpus   55
Pancrustacea   20, 21
panoistic ovaries   185, 185
Panorpidae   32
Papilio machaon   196, 196
Papilionidae   313
Paradoxidae   311
Paraneoptera   27
Paraponera   331
parasitic species   248–57

beetles   32
biological control, use as   333
cleptoparasitism   256, 256, 284
crypsis by   251
ectoparasites   27, 45, 251–3, 257, 
257
eggs   61, 251, 254, 255, 318
endoparasites   254
fleas   15, 23, 32, 32, 117, 251–3, 
324, 327, 327
flies   33, 162, 324–5
hematophages   88, 248–53, 
324–6
host’s immune system   102, 254, 
255
larvae   253, 254, 257
Lepidoptera   33
lice   15, 23, 30–1, 31, 43, 252–3, 
324, 324, 326
mimicry by   257, 261
obligate endoparasites   211, 211
protection from   62, 102
scale insects   210
specialization   253
superparasites   254
twisted-wing insects   32, 32, 140, 
163, 164, 211
vectors   216–17, 249, 324–9
wingless   140, 140

parasitoids   31, 32, 248, 258–61, 
302, 318
beetles   260, 260
ectoparasitoids   251, 260
eggs   237, 237, 251, 255, 318
encapsulation   255
endoparasitoids   33, 254, 255

flies   260, 260, 318, 333
host conformers   255
host regulators   255
host’s immune system   102
hyperparasitoids   254
juvenile hormone, secretion by   
255
larvae   251, 254, 255, 261, 261
manipulation of hosts by   256
mimicry of host’s tissues   255
wasps See wasps

parental care   262–3, 264, 276, 276
parsimony   22
parthenogenesis   148, 172, 180–1, 

191, 192, 288
paternal genome elimination    

179, 179
pauropods   20
Paussinae   56
pedicel   122
Pediculus   326–7
Pelecotominae   260
Pemphiginae   288
Pemphigus spyrothecae   289
penis   60
Pentatomidae   36–7, 38
Pepsidae   330, 331
percussive sounds   92
perilrophic membrane   104
Periplaneta americana   340
peritrophic matrix   105
phagocytosis   102, 102, 255
pharynx   78, 104, 105
Phasmatodea   23, 29, 43, 141, 175, 

197, 244
phenoloxidases   102
pheromones   56, 112–13, 116, 182, 

242
alarm   112, 112, 268–9
pest control using   337
recognition signals   268
trail   112, 268, 268

Phlebotominae   324
Phloeodes   158, 158
Phobaeticus serratipes   141
Phoridae   318
Photuris   242, 242
Phthirus   326–7
phylogenetic systematics   22, 347
phylogeny   21–2
phytohormones   114
phytophagy (herbivory)   139, 

294–305, 318, 320, 322–3
planthoppers   31, 59, 156
nymphs   205
plant–insect interactions   293–305, 

318, 320, 320
plasmatocytes   102, 102
plastron   66, 95, 238
Platycnemis   183
Platygaster vernalis   195
Plecoptera   23, 28, 197, 232, 234
pleuron   58, 135–6, 136, 141
Plutella xylostella   333
Poduromorpha   230
Pogonomyrmex   318
Polistes metricus   136
Polistinae   282

pollinators   32, 144, 148, 241, 284, 
284, 292–3, 305–13, 316, 317, 
318, 319, 320, 320, 351
bees   305, 305, 309, 312, 320
beetles   311
butterflies   305, 312–13
flies   305, 310–11
moths   305, 312–13
predators of   155
wasps   305, 307, 313, 320, 320

polydnaviruses   115, 255
polyethism   271
Polyneoptera   27, 197
Polypedilum vanderplanki   227, 227
polyphenism   117, 212, 219
polyphenols   63
Pontomyia   20
population declines   317, 349–51
predators   20, 240–8, 318

active hunting   242, 242, 243
aggressive mimicry   155, 241–2, 
241, 242, 246, 246
ambush predators   240, 241,  
246, 246
assassin bugs   113, 292–3
avoiding   132, 138, 145, 148, 
155–7, 195
biological control, use as   333
bioluminescence   242, 242
camouflage   241, 241, 244, 292–3
defenses against See defenses
dragonflies   138, 147, 241, 243, 
243
exaggerated traits   225, 225
intimidation of   133, 156–7, 156, 
157
mimicry of   156–7, 157, 199
predatory larvae   148, 206, 235, 
235, 241, 241, 246, 247
trap-jaw ants   280, 281

pre-mentum   55
pretarsus   14
proboscis   55, 56, 61, 246

gustatory sensilla   89
haustellum   33, 61

projapygids   16
prolegs   59, 59, 206
prometaboly   198, 200
pronotum   136, 142, 142
proprioceptors   86, 91, 161
protease   65
prothoracicotropic hormone   117, 

218
prothorax   14, 58
Protodonata   126
Protura   16, 17, 23, 186, 197
proventriculus   78, 104, 105
pseudergates   215, 215, 276
Pseudococcus longispinus   179
pseudocopulation   305
Pseudopolycentropodidae   61
pseudotracheae   55
Psocodea   23, 30–1, 31, 43, 61, 197, 

253
Psocoptera   69
Psocopterans   117
Psychodidae   236, 324
Pterygota   18, 27, 48, 58, 60, 60
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pupae   27, 48, 49, 135, 173, 198–9
See also caterpillars; chrysalises; 
cocoons
aquatic species   236
cuticle   64
diapause   226–7
growth before   222
hypermetamorphosis   202
imaginal discs   222
metamorphosis   106, 199, 203

pupation chamber   56
Pycnogonida   21
pyloric valve   78, 104, 106
Pyralidae   322
Pyriproxyfen   221
Pyrrhocoris apterus   221

Q
quinones   64

R
Raphidioptera   31, 199
rectum   78, 79, 104, 106–7, 109

rectal gills   106–7, 107, 238
rectal pads   106, 106, 109

Reduviidae   113, 246, 249
Remipedia   20, 21
reproduction   171, 172

abdomen   59
accessory glands   78, 79
arrhenotoky   180–1
asexual   172, 180–1
copulation   60, 78, 79, 120–1, 
180, 182, 183–4
courtship   152–4, 168–9, 182–3
eggs See eggs
embryogenesis   179, 180, 188–9, 
222
eusocial societies   266–7, 276, 
281, 282, 347
female reproductive system   
122–3
fertilization   180, 182, 185, 186, 
188, 190
genitalia   47, 51, 51, 60, 79, 
118–23, 183
hermaphrodism   181
inclusive fitness   281, 347
male reproductive system   118–19
mating   152–5, 168–9, 182–3
neotenics   210–11
oogenesis   185–7
parthenogenesis   148, 172, 180–1, 
192, 288
pheromones   112, 113
post-copulation   182, 184–5, 184
reproductive appendages   42, 51
sexual   118–23, 172, 180–7
spermatogenesis   179, 185–7
thelytoky   181
visceral muscles   78, 79, 79

resilin   67
respiratory system   14, 62, 94–9

aquatic species   95, 97, 238, 239
bioluminescence   98, 99
flying insects   148
spiracles   94–7
tracheal   94–9, 238
tracheal tufts   98

Reticulitermes   276

rhabdomeres/rhabdom   82, 82,  
84, 85

Rhaphidioptera   61, 197
Rhodnius   329, 329

R. prolixus   216–17
Ripiphoridae   260
roaches   23, 27, 30, 30, 260, 262

See also cockroaches
rock crawler   23, 29, 29
Rodolia cardinalis   333, 333
rostrum   57, 57, 76
Rutpela maculata   311

S
salivary glands   104, 105, 114–15, 117, 

298, 299
Salpingidae   57
Samia cynthia   176
sarcomeres   76, 78
Sarcophagidae   190
sawflies   31, 114, 116

See also Hymenoptera
scale insects   31, 43, 116, 179, 181, 181, 

192, 210, 317, 323
ant farms   281
biological control   333, 333
cottony cushion   181, 333, 333
ensign   192, 192
honeydew   299
iceryine   116
mealybugs   116, 179, 190, 281, 281
neometaboly   201
parasites, as   210
paternal genome elimination   179

scales   62, 68–9, 152
See also bristles
coloration   71
photonic crystals   69, 72

Scaptotrigona xanthotricha   286
Scarabaeidae   32, 43, 106, 313, 318
Scarabeoidea   206, 206
scavengers   20, 27
scent marking   112, 245, 245

trail pheromones   112, 268, 268
Schistocerca   212, 212, 294
Schwann cells   87
sclerites   14, 27, 63, 67, 146
sclerotization   64, 65, 67, 68, 69
scolopale   87
scolopidium   90–1
Scolytinae   336, 337
Screwworms   331, 337
seed bugs   340
segmentation genes   188–9, 189
seminal vesicles   119
senses   80
sensilla   56, 67, 68, 86–91

wings   160–7
Sepsidae   59, 152
serosa   66
setae   62, 67, 68, 69, 86, 87, 89

See also hairs; bristles
hydrofuge   95, 238
urticating   113

sex determination   172, 176–9, 188
bees   347
endosymbionts   179
social Hymenoptera   281

sexual dimorphism   51, 52, 140, 225
sexual selection   45, 45, 119, 172, 

224
shield bugs   36, 260
silk   29, 29, 33, 56, 112, 117
silk button gall   114
silverfish   18, 19, 19, 23, 26, 26, 44, 

44, 46, 46, 58, 59, 132, 134, 198, 
200
nymphs   204

Simuliidae   248, 324
Simulium   329
Siphonaptera   15, 23, 32, 61, 197, 

253
siphons   238, 239
Sisyra fuscata   257
Sisyridae   257
snout   57, 57
sociality   30, 31, 80, 228, 262–91, 

321
ants   262, 268, 268, 272–3, 
279–81, 347
aphids   286, 288–9
bees   264, 265, 266, 267, 268, 
270–1, 284–7, 347, 347
beetles   289, 289
castes   210, 211, 215, 271, 276–9, 
282, 286–7, 288
communication   112, 112, 268–73, 
279, 347
defense, as   112, 112, 264, 268, 
269, 276, 278, 279, 286
ecological significance   262, 262, 
290
eusociality   267, 347
evolution   274, 281, 284, 290, 
347
exaggerated traits   124, 124, 125
grooming   263, 265, 271
haplodiploidy   281, 347
inclusive fitness   281, 347
king   267
nesting   262, 264–5, 267, 269, 
271, 271, 275, 284, 290, 319, 321
nurse bees   266
parental care   262–3, 264, 276, 
276
polyethism   271
pseudergates   276
quasisocial societies   267, 284
queen   266, 267, 268, 272–3, 
276, 279, 286, 346
reproductive division of labour   
266–7, 276, 281, 282, 347
semisocial societies   267, 284
socially parasitic species   281
sociobiology   347
soldiers   113, 215, 224–5, 224, 
276–7, 278–9, 287, 288
subsocial societies   264, 265, 
265, 284
super-organisms   347
termites   113, 210–11, 215, 224, 
225, 262, 267, 268, 274–8, 319, 
321
thrips   286
trail pheromones   112, 268, 268
wasps   268, 279, 282–3
wingless   141
workers   266, 267, 268, 270–1, 
276, 286–7, 346

sociobiology   347

soil health   318
somata   80
sound production   90, 92–3, 98, 147

courtship songs   168, 182
speciation   305, 314
species   22–3

naming   11
number of   38
preserving specimens   22, 34–5

sperm   79, 118–19, 123, 179, 180, 
186–7
See also gametes; reproduction

spermatogenesis   179, 186–7
spermatophore   118, 119, 180, 181, 

184
spermatophylax   181
spermatozoa   180, 185, 187, 188
Sphingidae   313
spines   53, 53
spiracles   94–7, 98, 117, 238
springtails   14, 16, 17, 23, 184
evolution   230, 231
Staphylinidae   57, 318
stemmata   54, 82, 84
Stenocara   159, 159
Sterile Insect Technique (SIT)   337
Sternorrhyncha   31, 201, 323, 333
stick insects   23, 29, 29, 125, 141, 

141, 175, 244–5, 245
camouflage   155, 195, 244
Lord Howe Island   245, 245
nymphs   205

stinging insects   18, 31, 113, 114, 115, 
282–3, 318, 331, 342

stink bug   31, 43, 263
stink glands   113
stipes   55
stomodal valve   104
Stratiomyidae   97
Streblidae   162, 324
Strepsiptera   23, 32, 140, 163, 164, 

177, 197, 202, 211, 256
stridulation   28, 58, 90, 92, 92, 147, 

182, 269
Stripsiptera   163
stylets   55, 61, 61
styli   14, 51
subgenual organs   91, 98
subimago (dun)   27, 200
sub-mentum   55
super-organisms   347
supraesophageal ganglion   80, 81, 93
symbionts   19, 106, 108, 110–11, 114

Austroplatypus incompertus   289
endosymbionts   179
fungus gardens   280, 281, 289

Symphrasinae   261
symphylans   20
Syrphidae   311
systematics   22, 347

T
Tabanidae   61, 82, 324
Tachinidae   260, 260, 318
tagma   42, 54, 58
tagmata   42
Tardigrada   21
tarsomeres   18
tarsus   14, 18
temperature regulation   68
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temperature tolerance   103, 103, 
126–7, 127, 128–9, 159, 172, 212
developmental plasticity   213
diapause   226–7, 227

tendons   62, 76, 76
Tephritidae   152, 153, 156–7,  

157, 337
tergum   58, 141, 145
terminal growth period   222, 223
terminalia   50, 51
termites   23, 27, 30, 30, 43, 106, 141

alarm signals   268
alloparental care   276, 276
castes   210, 211, 215, 276–8
chemical defences   278
diet   274, 276–7, 319
ecological significance   262,  
262, 290
evolution   274, 278
exaggerated traits   224
inquiline species   45
life span   125
neotenics   210–11
nests   267, 275, 290, 319, 321
nitrogen fixation   110, 111
queen   276
skeletal muscles   77
sociality   113, 210–11, 215, 224, 
225, 262, 267, 268, 274–8,  
319, 321
soldiers   113, 215, 224, 225, 
276–7, 278
symbionts   110
trail pheromones   268

testes   118–19, 186, 186
Tettigoniidae   181
thecogen   86
thelytoky   181
Theretra oldenlandiae   296
thermoreceptors   86, 88
thorax   14, 15, 42, 42, 50, 51,  

58, 189
appendages   58, 142, 142
notum   135–6, 136
nymphs   204
pleuron   58, 135–6, 136, 141
pronotum   136, 142, 142
tergum   58, 141, 145
thoracic ganglion   80, 168
wings See flight; wings

thrips   23, 30, 30, 43, 61, 178,  
299, 305, 313
eusocial   286
neometaboly   201

Thysanoptera   23, 30, 43, 61, 114, 
117, 174, 197, 201
haplodiploidy   178–9

tibia   14
ticks   251, 327
Tipulidae   236
tormogen   86
toxic species

aculeate wasps   18, 31, 113, 115, 
282–3, 318, 331
mimicry of   33, 342
plants   302–4, 320
sequestration   342, 343
study of   342
termites   278

venoms   79, 112, 113, 115, 331
warning coloration   113, 330,  
331, 342

tracheal system   94–9
bioluminescence   98, 99
cuticle, molting   64
evolution   96
flying insects   148
metamorphosis   94, 97
respiration   94–7, 148, 238
specialized modifications   98–9
spiracles   94–7
tracheal tufts   98
wings   137

tracheoles   63, 148
trail pheromones   112, 268, 268
treehoppers   62, 142, 142, 244

horned   175
trehalose   148
Triatoma   324, 329, 329
Triatominae   249
Tribolium castaneum   143, 221, 221, 

339
trichobothria   86
trichogen   86, 87
Trichogrammatidae   318
Trichopria columbiana   237, 237
Trichoptera   23, 33, 174, 177, 186, 

197, 206, 236
Trilobites   21
Trilobium   158, 338
triungulin   202, 202, 260
trochanter   14
Tubulifera   288–9
twisted-wing insects   23, 32, 32, 140, 

163, 164, 202, 211
tymbals   92, 93, 182
tympanal organs   91
tympanum   58, 91, 93, 98, 99
Tyria jacobaeae   226
tyrosine   110

U
Ulidiidae   152, 153
ultrabithorax   142–3
uric acid   71, 107, 108, 108–9
Urophora cardui   153

V
vas deferens   119
vectors   216–17, 248, 249, 324–9
velvet worms   96
venoms   79, 112, 113, 115
ventral appendages   51
ventral nerve cord   80
ventriculus   104
Vespidae   279, 282, 347
Vespinae   282
Vespula pensylvanica   351
visceral tissues   76, 78–9
vision   80, 81, 82–3, 86, 182

See also eyes; ocelli
light reception   88
optic flow   166–7, 167
optomotor response   166–7

vitellarium   122, 122, 185
vitelline envelope   66
viviparity   123, 181, 190

W
waggle dance   270
walkingstick   43
warning coloration   68, 73, 113, 158, 

159, 330, 342
wasps   23, 30, 31, 138, 185

See also Hymenoptera
aculeate (stinging)   18, 31, 113, 115, 
282–3, 318, 331
biological control, use as   333
fairy   125
fig   307, 309, 320
haplodiploidy   178–9, 179, 347
horntail   190
jewel   72, 179, 179
metamorphosis   196
paper   136, 282, 283
parasitoid   11, 18, 44, 44, 51,  
115, 190, 191, 195, 232, 237, 237, 
255, 255, 258–9, 313, 313, 318, 
319, 333
pollinating   305, 307, 313,  
320, 320
predatory   247, 247
scorpionwasps   255, 255
silk glands   117
sociality   268, 279, 282–3, 347
spider   247, 247
spider hawk   330
wings   164, 165
wood   18, 44, 44, 158

water loss   159
eggs   193
Polypedilum vanderplanki    
227, 227

waterproofing   68
wax

cuticle   63, 63, 65, 192
glands   112, 116

webspinners   23, 29, 29, 117, 262, 
265

weevils   32, 53, 57, 57, 158, 318, 
322–3
bean   297
biological control, use as   333
boll   323
burying   158
clown   72
cuticle   67, 110
ganglia   80
larvae   49
leaf-rolling   53
nut   57
proventriculus   105, 105
respiratory system   94
rostrum   57, 57, 76
stridulation   92
symbionts   110

wetas   28, 125
whiteflies   323
Wigglesworth experiment   216–17, 

340
winged insects   18, 19, 27, 38, 39, 47
wingless insects   139–41, 145
winglets   53, 132
wings   42, 50, 50, 51, 51, 58, 131

See also flight
advantages of flight   138–40
camouflage, crypsis, and mimicry   
133, 154–7, 158

chordotonal organ   90–1, 161
coupling   145
courtship displays and signalling   
152–4, 168–9
disadvantages   140–1
elytra   32, 92, 92, 126, 142–3, 
158–9, 164
evolution and structure   58, 
132–43, 230, 230
expansion   137
fossilized   24, 24
imaginal discs   222, 223
losing and re-evolution   138–43
metamorphosis   136–7, 136, 171, 
196, 198–9, 203, 204
modifications   142–3
molting and   134, 144, 171, 172
nervous system   137, 160–9
scales   152
sensory hairs   30, 33, 160–1
sensory structures, as   160–5
sexual dimorphism   140
sound frequencies created by   91
steering   166–7
tracheae   137
veins   137, 137
vertebrates   134
weight   77

Wolbachia   179
wound healing   102
Wyeomyia   304, 304

X
Xenopsylla   327, 327
Xiphosura   21

Y
yellow jackets   282, 351

Z
Zoraptera   23, 28, 197, 262, 263, 

265
zorspermatheca   122, 122, 180, 181
Zygentoma   18, 23, 26, 44, 44, 46, 

46, 51, 58, 59, 69, 197, 198
Zyginidia pullula   179
zygote   188


