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Preface

The strongly favorable reception accorded previous versions of this book, together with the
not infrequent urgings of colleagues and students, encouraged me to take on the task of
preparing a third edition of Entomology. My early retirement, in 1999, freed up the time
necessary for a project of this size, and for the past 2 years my effort has been almost entirely
focused in this direction. Obviously, all chapters have been updated; this includes not only
the addition of new information and concepts (some of which are highlighted below), but
also the reduction or exclusion of material no longer considered ‘mainstream’ so as to keep
the book at a reasonable size.

My strong belief that an introductory entomology course should present a balanced
treatment of the subject still holds and is reflected in the retention of the format of earlier
editions, namely, arrangement of the book into four sections: Evolution and Diversity,
Anatomy and Physiology, Reproduction and Development, and Ecology.

Section I (Evolution and Diversity) has again undergone a great reworking, mainly
because the last decade has seen the uncovering of significant new fossil evidence, and
the application of molecular and cladistic analyses to extant groups. As a result, ideas
both on the relationships of insects to other arthropods and on the higher classification of
many orders have changed drastically. However, as in previous editions, I have stressed
that most phylogenies are not ‘embedded in stone’ but represent the consensus based on
existing information; thus, they are liable to refinement as additional data are forthcoming.
Chapter 1 discusses the evolution of Insecta in relation to other arthropods, emphasizing
the ageless debate on whether arthropods form a monophyletic or polyphyletic group,
and the relationship of insects to other hexapodous arthropods. Evolutionary relationships
within the Insecta are considered in Chapter 2, together with discussion of the factors that
contributed to the overwhelming success of the group. Chapter 3 serves two purposes:
It provides a description of external structure, which remains the principal basis on which
insects can be classified and identified, while stressing diversity with reference to mouthpart
and appendage modifications. In Chapter 4 the principles of classification and identification
are outlined, and a key to the orders of insects is provided. Diversity of form and habits is
again emphasized in Chapters 5 to 10, which deal with the orders of insects, including the
Mantophasmatodea, established only in 2002. For many orders, new proposed phylogenies
are presented, and the text has undergone significant rearrangement to reflect modern ideas
on the classification of these taxa.
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The chapters in Section II (Anatomy and Physiology) deal with the homeostatic systems
of insects; that is, those systems that keep insects ‘in tune’ with their environment, enabling
them to develop and reproduce optimally. The section begins with a discussion of the in-
tegument (Chapter 11), as this has had such a profound influence on the success of insects.
Chapter 12 examines sensory systems, whose form and function are greatly influenced by
the cuticular nature of the integument. In Chapter 13, where neural and chemical integration
are discussed, new sections on kairomones and allomones have been included. Chapter 14
considers muscle structure and function, including locomotion. In this chapter the section
on flight has been significantly revised, especially with respect to recent proposals for the
generation of lift using non-steady-state aerodynamics. Chapter 15 reveals the remarkable
efficiency of the tracheal system in gaseous exchange, and Chapter 16 deals with the ac-
quisition and utilization of food. Chapter 17 describes the structure and functions of the
circulatory system, including the immune response of insects about which much has been
learned in the past decade. New to this chapter is a section on how parasites and parasitoids
are able to defend themselves against the host insect’s immune system. Chapter 18 concludes
this section with a discussion of nitrogenous waste removal and salt/water balance.

In Section III reproduction (Chapter 19), embryonic development (Chapter 20), and
postembryonic development (Chapter 21) are discussed. Chapter 19 includes additional
information on behavioral aspects of reproduction (courtship, mate guarding and sexual
selection), as well as sperm precedence. Chapter 21 has been revised to provide an updated
account of the endocrine regulation of development and molting.

Section I'V (Ecology) examines those factors that affect the distribution and abundance
of insects. In Chapter 22 abiotic (physical) factors in an insect’s environment are considered.
Chapter 23 deals with the biotic factors that influence insect populations and serves as a
basis for the final chapter, in which the specific interactions of insects and humans are
discussed. Of all of the chapters, Chapter 24 has received the most drastic overhaul; such
has been the ‘progress’ (and the costs of such progress) in the battle against insect pests.

As may be inferred from the opening paragraph of this Preface, the book is intended as a
text for senior undergraduates taking their first course in entomology. Such students probably
will have an elementary knowledge of insects acquired from an earlier course in general
zoology, as well as a basic understanding of animal physiology and ecological principles.
With such a background, students should have no difficulty understanding the text.

Preparation of the third edition has benefited, not only from both published and un-
solicited reviews of previous editions, but also from my solicitation of comments on the
content of specific chapters from experts in those areas. Of course, any errors that remain,
and I hope these are extremely few, are my responsibility. I have enjoyed preparing this
third edition, for it has given me, once again, the opportunity to delve into aspects of ento-
mology that are well outside the range of an ‘insect sexologist’. For example, I never cease
to be impressed by the remarkable discoveries and insights of those entomologists who deal
with fossil insects, by those who develop integrated strategies for the management of insect
pest populations, and by the patience and dedication (and imagination—see Chapter 4,
Section 2) of insect taxonomists. Hopefully, readers of the new edition will receive the
same enjoyment.

Cedric Gillott
Professor Emeritus
University of Saskatchewan,
Saskatoon, Saskatchewan, Canada
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Arthropod Evolution

1. Introduction

Despite their remarkable diversity of form and habits, insects possess several common
features by which the group as a whole can be distinguished. They are generally small
arthropods whose bodies are divisible into cephalic, thoracic, and abdominal regions. The
head carries one pair of antennae, one pair of mandibles, and two pairs of maxillae (the
hind pair fused to form the labium). Each of three thoracic segments bears a pair of legs
and, in the adult, the meso- and/or metathoracic segments usually have a pair of wings.
Abdominal appendages, when present, generally do not have a locomotory function. The
genital aperture is located posteriorly on the abdomen. With few exceptions eggs are laid,
and the young form may be quite different from the adult; most insects undergo some degree
of metamorphosis.

Although these may seem initially to be an inauspicious set of characters, when they
are examined in relation to the environment it can be seen quite readily why the Insecta
have become the most successful group of living organisms. This aspect will be discussed
in Chapter 2.

In the present chapter we shall examine the possible origins of the Insecta, that is, the
evolutionary relationships of this group with other arthropods. In order to do this mean-
ingfully it is useful first to review the features of the other groups of arthropods. As will
become apparent below, the question of arthropod phylogeny is controversial, and various
theories have been proposed.

2. Arthropod Diversity

Arthropods share certain features with which they can be defined. These features are:
segmented body covered with a chitinous exoskeleton that may be locally hardened and
is periodically shed, tagmosis (the grouping of segments into functional units, for exam-
ple, head, thorax, and abdomen in insects), presence of preoral segments, paired jointed
appendages on a varied number of segments, hemocoelic body cavity containing ostiate
heart enclosed within a pericardium, nervous system comprising dorsal brain and ventral
ganglionated nerve cord, muscles almost always striated, and epithelial tissue almost always
non-ciliated.
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Though the “true” arthropods fit readily within this definition, three small groups,
the Onychophora, Tardigrada, and Pentastoma, whose members are soft-bodied, wormlike
animals with unjointed appendages, are less obviously arthropodan and each is usually
given separate phylum status.

2.1. Onychophora, Tardigrada, and Pentastoma

The approximately 200 extant species of Onychophora (Figure 1.1A) are terrestrial
animals living on land masses derived from the Gondwanan supercontinent: Africa, Cen-
tral and South America, and Australasia (Tait, 2001). They are generally confined to moist
habitats and are found beneath stones in rotting logs and leaf mold, etc. They possess a com-
bination of annelidan and arthropodan characters and, as a result, are always prominent in
discussions of arthropod evolution. Although covered by a thin arthropodlike cuticle (com-
prising procuticle and epicuticle, but no outer wax layer—see Chapter 11), the body wall is
annelidan, as are the method of locomotion, unjointed legs, the excretory system, and the
nervous system. Their arthropodan features include a hemocoelic body cavity, the develop-
ment and structure of the jaws, the possession of salivary glands, an open circulatory system,
a tracheal respiratory system, and claws at the tips of the legs. Among living arthropods,
myriapods resemble the Onychophora most closely: their body form is similar, tagmosis is
restricted to the three-segmented head, exsertile vesicles are present in Diplopoda and Sym-
phyla as well as in some onychophorans, a digestive gland is absent, the midgut is similar,
the genital tracts of Onychophora resemble those of myriapods, the gonopore is subtermi-
nal, and certain features of embryonic development are common to both groups (Tiegs and
Manton, 1958). However, this resemblance is superficial. Recent onychophorans are but the
remnants of a more widespread fauna (fossils from the Carboniferous are very similar to
modern forms) that may have evolved from marine lobopods in the Cambrian period.

Tardigrades are mostly very small (<0.5 mm long) animals, commonly known as water
bears (Figure 1.1B). The majority of the 800 extant species are found in the temporary water
films that coat mosses and lichens. A few live in permanent aquatic habitats, either marine
or freshwater, or in water films in soil and forest litter (Kinchin, 1994; Nelson, 2001).
Their body is covered with a chitinized cuticle and bears four pairs of unjointed legs, each

FIGURE 1.1. (A) Peripatopsis sp. (Onychophora); (B) Pseudechiniscus suillus (Tardigrada); and (C)
Cephalobaena tetrapoda (Pentastomida). [A, from A. Sedgewick, 1909, A Student’s Textbook of Zoology, Vol.
III, Swan, Sonnenhein and Co., Ltd. B, C, from P.-P. Grassé, 1968, Traité de Zoologie, Vol. 6. By permission of
Masson et Cie.]



pair being innervated from a segmental ganglion in the ventral nerve cord. The fluid-filled,
hemocoelic body cavity serves as a hydrostatic skeleton. The affinities of the tardigrades
remain unclear. They were traditionally aligned with pseudocoelomates. However, they
have a number of onychophoran and arthropodan structural features, and the modern view
is that they are closely related to these groups. Recent molecular evidence supports this
proposal.

Pentastomids (tongue worms) (Figure LIC), of which about 100 species are known,
are parasitic in the nasal and pulmonary cavities of vertebrates, principally reptiles but
including birds and mammals. The body of these worms, which range from 2 to 13 cm
long, is covered with a cuticle and has two pairs of anterior unjointed legs. Internally, there
is a fluid-filled cavity (debatably either a hemocoel or a pseudocoelom) containing a paired
ventral nerve cord with segmental ganglia innervating each leg. Larval development occurs
in the tissues of an intermediate host, which may be an omnivorous or herbivorous insect,
fish, or mammal. Though pentastomids are highly modified as a result of their parasitic life,
they are undoubtedly arthropods. Their exact position remains controversial, relationships
with Acarina, myriapods, and branchiuran crustaceans having been suggested.

2.2. Trilobita

The trilobites (Figure 1.2), of which almost 4000 species have been described, are
marine fossils that reached their peak diversity in the Cambrian and Ordovician peri-
ods (500-600 million years ago) (Whittington, 1992). Despite their antiquity they were,
however, not primitive but highly specialized arthropods. In contrast to modern arthropods
the trilobites as a whole show a remarkable uniformity of body structure. The body, usually

FIGURE 1.2. Triarthrus eatoni (Trilobita). (A) Dorsal view; and (B) ventral view. [From R. D. Barnes, 1968,
Invertebrate Zoology, 2nd ed. By permission of the W. B. Saunders Co., Philadelphia.]
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oval and dorsoventrally flattened, is divided transversely into three tagmata (head, thorax,
and pygidium) and longitudinally into three lobes (two lateral pleura and a median axis).
The head, which bears a pair of antennae, compound eyes, and four pairs of biramous ap-
pendages, is covered by a carapace. A pair of identical biramous appendages is found on
each thoracic segment. The basal segment of each limb bears a small, inwardly projecting
endite that is used to direct food toward the mouth.

Much about the habits of trilobites can be surmised from examination of their remains
and the deposits in which these are found. Most trilobites lived near or on the sea floor.
While some species preyed upon small, soft-bodied animals, the majority were scavengers.
However, like earthworms, a few smaller trilobites took in mud and digested the organic
matter from it. On the basis of X-ray studies of pyritized trilobite specimens, which show
that trilobites possess a combination of chelicerate and crustacean characteristics, Cisne
(1974) concluded that the Trilobita, Chelicerata, and Crustacea form a natural group with a
common ancestry. Their ancestor would have a body form similar to that of trilobites. Most
authors dispute the proposed trilobite-crustacean link, and some even reject the association
between trilobites and chelicerates. Indeed, there are those who suggest that the trilobites
themselves are polyphyletic (Willmer, 1990).

Although the decline of trilobites (and their replacement by the crustaceans as the
dominant aquatic arthropods) is a matter solely for speculation, Tiegs and Manton (1958)
suggested that their basic, rather cuambersome body plan may have prohibited the evolution
of fast movement at a time when highly motile predators such as fish and cephalopods
were becoming common. In addition, the many identical limbs presumably moved in a
metachronal manner, which is a rather inefficient method in large organisms.

2.3. The Chelicerate Arthropods

The next four groups are often placed together under the general heading of Chelicerata
because their members possess a body that is divisible into cephalothorax and abdomen,
the former usually bearing a pair of chelicerae (but lacking antennae), a pair of pedipalps,
and four pairs of walking legs. Although there is little doubt of the close relationship
between the Xiphosura, Eurypterida, and Arachnida, the position of the Pycnogonida is
uncertain. Though they are usually included as a class of chelicerates, their affinities with
other members of this group remain unclear, and there are some authors who consider they
deserve more separated status (see King, 1973; Manton, 1978; Edgecombe, 1998; Fortey
and Thomas, 1998).

Xiphosura. Limulus polyphemus, the king or horseshoe crab (Figure 1.3), is one
of four surviving species of a class of arthropods that flourished in the Ordovician-Upper
Devonian periods. King crabs occur in shallow water along the eastern coasts of North and
Central America. Three species of Tachypleus and Carcinoscorpius occur along the coasts
of China, Japan, and the East Indies. Like trilobites they are bottom feeders, stirring up the
substrate and extracting the organic material from it. In Limulus the cephalothorax is covered
with a horseshoe-shaped carapace. The abdomen articulates freely with the cephalothorax
and at its posterior end carries a long telson. On the ventral side of the cephalothorax are
six pairs of limbs. The most anterior pair are the chelicerae, and these are followed by five
pairs of legs. Each leg has a large gnathobase, which serves to break up food and pass it
forward to the mouth. Six pairs of appendages are found on the abdomen. The first pair
fuse medially to form the operculum. This protects the remaining pairs, which bear gills on
their posterior surface.



FIGURE 1.3. The horseshoe crab, Limulus polyphemus. (A) Dorsal view and (B) ventral view. [From
R. D. Barnes, 1968, Invertebrate Zoology, 2nd ed. By permission of the W. B. Saunders Co., Philadelphia.]

Eurypterida. The Eurypterida (giant water scorpions) (Figure 1.4A) were formerly
included with the Xiphosura in the class Merostomata. However, most recent studies have
concluded that the two are not sister groups and that the Merostomata is a paraphyletic
assemblage (authors in Edgecombe, 1998). More than 300 species of this entirely fossil
group of predatory arthropods, which existed from the Ordovician to the Permian periods,
are known. Because of their sometimes large size (up to 2.5 m) they are also known as
Gigantostraca. They are believed to have been important predators of early fish, providing
selection pressure for the evolution of dermal bone in the Agnatha. In body plan they were
rather similar to the xiphosurids. Six pairs of limbs occur on the cephalothorax, but, in
contrast to those of king crabs, the second pair is often greatly enlarged and chelate forming
pedipalps, which presumably served in defense and to capture and tear up prey. The trunk
of eurypterids can be divided into an anterior preabdomen on which appendages (concealed
gills) are retained and a narrow taillike postabdomen from which appendages have been lost.
Though the early eurypterids were marine, adaptive radiation into freshwater and perhaps
even terrestrial habitats occurred. Indeed, it was from freshwater forms that arachnids are
believed to have evolved.

Arachnida. Scorpions, spiders, ticks, and mites belong to the class Arachnida whose
approximately 62,000 species are more easily recognized than defined. Living members of
the group are terrestrial (although a few mites are secondarily aquatic) and have respiratory
organs in the form of lung books or tracheae. In contrast to the two aquatic chelicerate groups
described earlier, most arachnids take only liquid food, extracted from their prey by means
of a pharyngeal sucking pump, often after extraoral digestion. Scorpions, of which there
are about 1500 living species, are the oldest arachnids with fossils known from the Silurian.
Some of these fossils were aquatic (Polis, 1990). With about 35,000 species, spiders form
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FIGURE 14. (A) Eurypterid and (B) Nymphon rubrum (Pycnogonida). [A, from D. T. Anderson (ed.), 2001,
Invertebrate Zoology, 2nd ed. By permission of Oxford University Press. B, from R. D. Barnes. 1968, Invertebrate
Zoology, 2nd ed. By permission of the W. B. Saunders Co., Philadelphia.]

an extremely diverse group. The earliest spider fossils are from the Devonian, and by the
Tertiary the spider fauna was very similar to that seen today (Foelix, 1997).

Pycnogonida. The approximately 1000 species of living Pycnogonida (Pantopoda)
are the remnants of a group that originated in the Devonian. They are commonly known
as sea spiders because of their superficial similarity to these arachnids (Figure 1.4B). They
are found at varying depths in all oceans of the world, but are particularly common in the
shallower waters of the Arctic and Antarctic Oceans. They live on the sea floor and feed on
coelenterates, bryozoans, and sponges. On the cephalothorax is a large proboscis, a raised
tubercle bearing four simple eyes, a pair of chelicerae and an associated pair of palps, and
five pairs of legs. The legs of the first pair differ from the rest in that they are small and
positioned ventrally. These ovigerous legs are used in the male for carrying the eggs. The
abdomen is very small and lacks appendages.

As noted above, the precise relationships of the pycnogonids to other arthropods remain
controversial. Although the presence of chelicerae, the structure of the brain, and the nature
of the sense organs are chelicerate characters, the structure and innervation of the proboscis,
the similarity between the intestinal diverticula and those of annelids, the multiple paired
gonopores, and the suggestion that the pycnogonids have a true coelom show that they must
have left the main line of arthropod evolution at a very early date (Sharov, 1966). Other
non-chelicerate features that they possess are (1) the partial segmentation of the leg-bearing
part of the body, (2) the reduction of the opisthosoma to a small abdominal component, and
(3) the presence, in the male, of ovigerous legs.

2.4. The Mandibulate Arthropods

The remaining groups of arthropods (crustaceans, myriapods and hexapods) were orig-
inally grouped together as the Mandibulata by Snodgrass (1938) because their members



possess a pair of mandibles as the primary masticatory organs. Though this view became
widely accepted, some later authors, notably Manton, argued forcefully that the mandible of
the crustaceans is not homologous with that of the myriapods and insects. That is, the term
Mandibulata should not be used to imply a phylogenetic relationship but only a common
level of advancement reached by several groups independently (Tiegs and Manton, 1958;
Manton, 1977). The debate over whether the Mandibulata constitute a monophyletic group
continues to be vigorous (see chapters in Edgecombe, 1998; Fortey and Thomas, 1998;
also Section 3.3.1), and the conclusion reached typically hinges on the type of evidence
presented. Evidence from comparative morphology, biochemistry, and molecular biology
of living species tends to support monophyly, whereas data from fossils generally align
the Crustacea with the Chelicerata. With their two pairs of antennae, the Crustacea would
appear very distinct from the other two groups. Myriapods and hexapods have a single pair
of antennae, a feature that led Sharov (1966) to unite these groups in the Atelocerata. Tiegs
and Manton (1958) and Manton (1977) went a step further, placing the two groups with
the Onychophora in the Uniramia. However, looks can be deceiving, and many modern
phylogeneticists cannot accept the Atelocerata (see Section 3.3.1) and the Uniramia (see
Sections 3.2.2 and 3.3) as monophyletic taxa.

Crustacea. To the Crustacea belong the crabs, lobsters, shrimps, prawns, barnacles,
and woodlice. The Crustacea are a successful group of arthropods: some 40,000 living
species have been described and there is an abundant fossil record. They are primarily
aquatic, and few have managed to successfully conquer terrestrial habitats. They exhibit
a remarkable diversity of form; indeed, many of the parasitic forms are unrecognizable in
the adult stage. Typical Crustacea, however, usually possess the following features: body
divided into cephalothorax and abdomen; cephalothorax with two pairs of antennae, three
pairs of mouthparts (mandibles and first and second maxillae), and at least five pairs of legs;
biramous appendages.

The reason for the success of Crustacea (and perhaps the reason why they replaced
trilobites as the dominant aquatic arthropods) is their adaptability. Like their terrestrial
counterparts, the insects, crustaceans have exploited to the full the advantages conferred
by possession of a segmented body and jointed limbs. Primitive crustaceans, for example,
the fairy shrimp (Figure 1.5), have a body that shows little sign of tagmosis and limb
specialization. In contrast, in a highly organized crustacean such as the crayfish (Figure 1.6)
the appendages have become specialized so that each performs only one or two functions,
and the body is clearly divided into tagmata. In the larger (bottom-dwelling) Crustacea
specialized defensive weapons have evolved (e.g., chelae, the ability to change color in
relation to the environment, and the ability to move at high speed over short distances by
snapping the flexible abdomen under the thorax). By contrast, smaller, planktonic Crustacea
are often transparent and have evolved high reproductive capacities and short life cycles to
facilitate survival.

Myriapoda. The members of four groups of mandibulate arthropods (Chilopoda,
Diplopoda, Pauropoda, and Symphyla) share the following features: five- or six-segmented
head, unique mandibular biting mechanism, single pair of antennae, absence of compound

FIGURE 1.5. Branchinecta sp., a fairy shrimp. H o ==
[From R. D. Barnes, 1968, Invertebrate Zoology, i £ : L2800 ER T, ¥
2nd ed. By permission of the W. B. Saunders Co., “RRRE -

Philadelphia.]
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FIGURE 1.6. Crayfish. Ventral view of one side to show differentiation of appendages.

eyes, elongate trunk that bears many pairs of legs, articulation of the coxa with the sternum
(rather than the pleuron as in hexapods), tracheal respiratory system, Malpighian tubules
for excretion, absence of mesenteric ceca, and distinctive mechanism by which the animal
exits the old cuticle during ecdysis. Further, they are found in similar habitats (e.g., leaf
mold, loose soil, rotting logs).

For these reasons, they were traditionally placed in a single large taxon, the Myriapoda.
The monophyletic nature of the myriapods has been supported by some, but not all, cladistic
analyses of large data sets with a combination of morphological and molecular characters
of living species (Wheeler et al., 1993; authors in Fortey and Thomas, 1998). Yet other
morphological and molecular studies indicate that the myriapods constitute a paraphyletic
or even polyphyletic group. Determination of the relationships within the Myriapoda has
proved difficult because potentially homologous characters are shared by different pairs of
groups. For example, Diplopoda and Pauropoda have the same number of head segments
and one pair of maxillae; Diplopoda and Chilopoda have segmental tracheae; and Symphyla



FIGURE 1.7. Mpyriapoda. (A) Lithobius sp. (centipede), (B) Julus terrestris (millipede), (C) Pauropus silvaticus
(pauropod), and (D) Scutigerella immaculata (symphylan). [From R. D. Barnes, 1968, Invertebrate Zoology, 2nd
ed. By permission of the W. B. Saunders Co., Philadelphia.]

and Pauropoda develop embryonic ventral organs that become eversible vesicles, as well
as contributing to the ventral ganglia. Boudreaux’s (1979) overall conclusion was that the
Pauropoda-Diplopoda and Chilopoda-Symphyla are the two sister groups within the taxon
(Figure 1.8). An alternative view, based on cladistic analysis of morphological characters of
living forms (Kraus, in Fortey and Thomas, 1998), is that the myriapods are paraphyletic:
the Chilopoda is the sister group to the other three. Unfortunately, though there is a rich
fossil record of myriapods extending back to the Upper Silurian, insufficient study has been
done to clarify the monophyletic nature or otherwise of this group (see Shear, in Fortey and
Thomas, 1998).

Some 3000 species of chilopods (centipedes) (Figure 1.7A) have been described (Lewis,
1981). They are typically active, nocturnal predators whose bodies are flattened dorsoven-
trally. The first pair of trunk appendages (maxillipeds) are modified into poison claws that
are used to catch prey. In most centipedes the legs increase in length from the anterior to the
posterior of the animal to facilitate rapid movement. The earliest known fossil centipedes,
from the Upper Silurian, are remarkably similar to some extant species, suggesting that the
group may be considerably more ancient.

In contrast to the centipedes, the diplopods (millipedes) (Figure 1.7B) are slow-moving
herbivorous animals. The distinguishing feature of the almost 10,000 species in the class
is the presence of diplosegments, each bearing two pairs of legs, formed by fusion of two
originally separate somites. It is believed that the diplosegmental condition enables the
animal to exert a strong pushing force with its legs while retaining rigidity of the trunk
region. As they cannot escape from would-be predators by speed, many millipedes have
evolved such protective mechanisms as the ability to roll into a ball and the secretion of
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FIGURE 1.8. Schemes for the possible monophyletic origin of the arthropods as proposed by Snodgrass (1938),
Sharov (1966), and Boudreaux (1979). Note also the differing relationships of the Annelida, Onychophora, and
Arthropoda.

defensive chemicals (Hopkins and Read, 1992). Fossil millipedes are known from the Lower
Devonian.

Pauropoda (500 species) are minute arthropods (0.5-2 mm long) that live in soil and
leaf mold. Superficially they resemble centipedes, but detailed examination reveals that
they are likely the sister group to the millipedes. This affinity is confirmed by such common
features as the position of the gonopore, the number of head segments, and the absence of
appendages on the first trunk segment (Sharov, 1966). A characteristic feature are the large



tergal plates on the trunk, which overlap adjacent segments (Figure 1.7C). It is believed that
these large structures prevent lateral undulations during locomotion.

Symphylans (Figure 1.7D) are small arthropods that differ from other myriapods in the
possession of a labium (the fused second maxillae) and the position of the gonopore (on the
11th body segment). Although forming only a very small class of arthropods (160 species),
the Symphyla have stimulated special interest among entomologists because of the several
features they share with insects, leading to the suggestion that the two groups may have
had a common ancestry. The symphylan and insectan heads have an identical number of
segments and, according to some zoologists, the mouthparts of symphylans are insectan
in character. At the base of the legs of symphylans are eversible vesicles and coxal styli.
Similar structures are found in some apterygote insects.

Hexapoda. Five groups of six-legged arthropods (hexapods) are recognized: the
wingless Collembola, Protura, Diplura, and thysanurans, and the winged insects (Pterygota).
All the wingless forms were traditionally included in the subclass Apterygota (Ametabola)
within the class Insecta (= Hexapoda). Although most recent studies indicate that the
hexapods are monophyletic, the nature of the relationships of the constituent groups has
proved controversial, with perhaps only the thysanurans (now arranged in two orders Mi-
crocoryphia and Zygentoma) having a close affinity with the Pterygota.

The Collembola, Protura, and Diplura are often placed in the taxon Entognatha(ta)
principally because of the unique arrangement of their mouthparts enclosed within the ven-
trolateral extensions of the head. Other possible synapomorphies of the entognathans include
protrusible mandibles, reduced Malpighian tubules, and reduced or absent compound eyes.
However, Bitsch and Bitsch (2000) argue strongly that most of these similarities are due to
convergence; that is, the Entognatha is not a monophyletic group. Some classifications unite
the Collembola and Protura as sister groups within the Ellipura(ta) based on the following
synapomorphies: small body size (8 mm or less), absence of cerci, antennae with four or
fewer segments, maxillary palps with three or fewer segments, one-segmented labial palps,
and possibly the coiled immotile sperm and absence of abdominal spiracles (Boudreaux,
1979; Kristensen, 1991). Despite these similarities, the Collembola and Protura are quite
distinct both from each other and from other hexapods. Collembola have a six-segmented
abdomen bearing specialized appendages (see Chapter 5, Section 2), total cleavage in the
egg, along (composite tibiotarsal?) penultimate segment in the legs, and spiracles that either
open in the neck region or are absent. Protura lack a tentorium, eyes, and antennae, have 11
abdominal segments (3 of which are added by anamorphosis, and have vestigial appendages
on the first three abdominal segments. Indeed, the extensive cladistic analysis of Bitsch and
Bitsch (2000) rejects the monophyly of the Ellipura. The position of the Diplura is ques-
tionable, and the group is probably not monophyletic (Bitsch and Bitsch, 2000). Some early
authors included them in the same order as the thysanurans; Kukalova-Peck (1991) argued
that the Diplura are Insecta, forming the sister group to the thysanurans + pterygotes; and
many other authors, have placed them in their own class.

It will be readily apparent that a variety of schemes have been devised to show the
possible relationships of the hexapod groups (Figure 1.9). The “lumpers” (e.g., Boudreaux)
use the terms Hexapoda and Insecta synonymously, so that the Collembola, Protura,
and Diplura are considered orders of insects. The “splitters” (e.g., Kristensen), on the
other hand, assign each of these groups the rank of class, on a par therefore with the
Insecta. As their taxonomic status is controversial, the Protura, Collembola, and Diplura
have been included with the thysanurans in Chapter 5 where details of their biology are
presented.
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FIGURE 1.9. Schemes for the possible relationships of the hexapod groups as envisaged by Boudreaux (1979),

Kristensen (1991), and Kukalova-Peck (1991).

3. Evolutionary Relationships of Arthropods

3.1. The Problem

In determining the evolutionary relationships of animals zoologists use evidence from
a variety of sources. The comparative morphology, embryology, physiology, biochemistry



and, increasingly, molecular biology of living members of a group provide clues about the
evolutionary trends that have occurred within that group. It is, however, only the fossil
record that can provide the direct evidence for such processes. Unfortunately, in the case of
arthropods the early fossil record is poor. By the time the earth’s crust became suitable for
preservation of dead organisms, in the Cambrian period (about 600 million years ago), the
arthropods had already undergone a wide adaptive radiation. Trilobites, crustaceans, and
eurypterids were abundant at this time. Even after this time the fossil record is incomplete
mainly because conditions were unsuitable for preserving rather delicate organisms such as
myriapods and insects. The remains of such organisms are only preserved satisfactorily in
media that have a fine texture, for example, mud, volcanic ash, fine humus, and resins (Ross,
1965). Therefore, arthropod phylogeneticists have had to rely almost entirely on compar-
ative studies. Their problem then becomes one of determining the relative importance of
similarities and differences that exist between organisms and whether apparently identical,
shared characters are homologous (synapomorphic) or analogous (see Chapter 4, Section 3).
Evolution is a process of divergence, and yet, paradoxically, organisms may evolve toward
a similar way of life (and hence develop similar structures). A distinction must therefore
be made between parallel and convergent evolution. As we shall see below, the difficulty
in making this distinction led to the development of very different theories for the origin of
and relationship between various arthropod groups.

3.2. Theories of Arthropod Evolution

As Manton (1973, p. 111) noted, “it has been a zoological pastime for a century or more
to speculate about the origin, evolution, and relationships of Arthropoda, both living and
fossil.” Many zoologists have expounded their views on this subject. Not surprisingly, for the
reasons noted above, these views have been widely divergent. Some authors have suggested
that the arthropods are monophyletic, that is, have a common ancestor; others have proposed
that the group is diphyletic (two major subgroups evolved from a common ancestor), and yet
others believe that each major subgroup evolved independently of the others (a polyphyletic
origin). Within the last 50 years, much evidence has been accumulated in the areas of
functional morphology and comparative embryology but especially in paleontology and
molecular biology, which has been brought to bear on the matter of arthropod phylogeny.
This does not mean, however, that the problem has been solved! On the contrary, vigorous
debate continues, with the proponents of each viewpoint pressing their claims, typically by
using a particular methodology or a specific kind of evidence (for examples, see authors
in Gupta, 1979; Edgecombe, 1998; Fortey and Thomas, 1998; also Emerson and Schram,
1990; Kukalova-Peck, 1992). Only rarely have authors attempted to marshall all of the
evidence in order to arrive at an overall conclusion. Even then, there may be no agreement!
For example, the analyses of Boudreaux (1979) and Wheeler et al. (1993) led them to favor a
monophyletic origin whereas Willmer (1990) concluded that, for the present, a polyphyletic
origin for the arthropods is more likely. In outlining the pros and cons of these theories it
is useful to separate the mono- and diphyletic theories from the polyphyletic theory and to
present them in a historical context showing the gradual development of evidence in support
of one view or the other.

3.2.1. Mono- and Diphyletic Theories

In a nutshell, proponents of the monophyletic theory simply point to the abundance
of features common to arthropods (Section 2) and argue that so many similarities could
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FIGURE 1.10. Aysheaia pedunculata.

not have been achieved other than through a common origin. However, their argument
goes beyond simply noting the presence of these features; rather, as a result of improved
technology and knowledge, the monophyleticists can now point to the highly conserved
nature of key arthropod structures and the processes by which they are formed, for example,
cuticle chemistry and molting, the development and fine structure of compound eyes, and
embryonic head development (see Gupta, 1979). To this can be added ever-increasing
evidence from molecular biology, most (but not all) of which supports monophyly. This
should not be interpreted to mean that there is agreement among the monophyleticists as to
a general scheme for arthropod evolution. On the contrary, there are quite divergent views
with respect to the relationships of the various arthropod groups (Figure 1.8).

Space does not permit a detailed account of the early history of monophyletic proposals
and readers interested in this should consult Tiegs and Manton (1958). Nevertheless, a few
very early schemes should be noted to show how ideas changed as new information became
available. The first monophyletic scheme for arthropod evolution was devised by Haeckel
(1866)." Though believing that arthropods had evolved from a common ancestor, he divided
them into the Carides (Crustacea, which included Xiphosura, Eurypterida, and Trilobita)
and the Tracheata (Myriapoda, Insecta, and Arachnida). After recognizing that Peripatus
(Onychophora) had a number of arthropodan features (including a tracheal system), Moseley
(1894) envisaged it as being the ancestor of the Tracheata, with the Crustacea having evolved
independently. Here, then, was the first diphyletic theory for the origin of arthropods.

At about the same time, after the realization that Limulus is an aquatic arachnid, not
a crustacean, it was proposed that the aquatic Eurypterida were the ancestors of all ter-
restrial arachnids. As a result the eurypterid-xiphosuran-arachnid group emerged as an
evolutionary line entirely separate from the myriapod-insect line and having perhaps only
very slight affinities with the crustaceans. Thus emerged the first example of convergence
in the Arthropoda, namely, a twofold origin of the tracheal system.

Handlirsch (1908, 1925, 1937)* saw the Trilobita as the group from which all other
arthropod classes arose separately. Peripatus was placed in the Annelida, its several
arthropod features presumed to be the result of convergence. The greatest difficulty with
Handlirsch’s scheme is the idea that the pleura of trilobites became the wings of insects.
This means that the apterygote insects must have evolved from winged forms, which is
contrary to all available evidence.

It was at about this time that the Cambrian lobopod fossil Aysheaia pedunculata
(Figure 1.10) was discovered. This Peripatus-like creature had a number of primitive fea-
tures (six claws at the tip of each leg, a terminal mouth, first appendages postoral, second
and third appendages are legs). The associated fauna suggested that this creature was from
a marine or amphibious habitat. This and other discoveries led Snodgrass (1938) to sug-
gest another monophyletic scheme of arthropod evolution (Figure 1.8). In this scheme
the hypothetical ancestral group were the lobopods (so-called because of the lobelike

* Cited from Tiegs and Manton (1958).



outgrowths of the body wall that served as legs). After chitinization of the cuticle and
loss of all except one pair of tentacles (which formed the antennae), the lobopods gave
rise to the Protonychophora. From the protonychophorans developed, on the one hand, the
Onychophora and, on the other, the Protarthropoda in which the cuticle became sclero-
tized and thickened. Such organisms lived in shallow water near the shore or in the littoral
zone. The Protarthropoda gave rise to the Protrilobita (from which the trilobite—chelicerate
line developed) and the Protomandibulata (Crustacea and Protomyriapoda). From the pro-
tomyriapods arose the myriapods and hexapods. In other words, two essential features of
Snodgrass’ scheme are that the Onychophora play no part in arthropod evolution and that the
mandibulate arthropods (Crustacea, Myriapoda, and Hexapoda) form a natural group, the
Mandibulata.

Originally, the major drawback to the scheme was a lack of supporting evidence,
especially from the fossil record. Specifically, there were no protomandibulate fossils in
the Cambrian period. A second difficulty is that all mandibulate arthropods are united on
the basis of a single character. Manton (see Section 3.2.2), especially, argued strongly
that the mandible has evolved convergently in Crustacea and the Myriapoda-Hexapoda
line. The monophyleticists, on the other hand, believe that the mandibles of crustaceans,
myriapods, and hexapods are homologous. Indeed, Kukalova-Peck (1992) insisted that the
jaws of all arthropod groups are homologous, being formed from the same five original
segments. A third difficulty of the Snodgrass scheme is the implied homology of the seven-
to nine-segmented biramous appendage of Crustacea with the five-segmented, uniramous
appendage of Insecta. Supporters of the Mandibulata concept, for example, Matsuda (1970),
derived the insect leg from the ancestral crustacean type by proposing that the extra segments
were incorporated into the thorax as subcoxal components. This proposal may be somewhat
close to reality as there is now fossil evidence that early insects had appendages with side
branches, comparable to those crustaceans, and further, the ancestral insect leg included 11
segments (Kukalova-Peck, 1992, and in Edgecombe, 1998).

Over the 75 years since it was proposed, the merits or otherwise of Snodgrass’ scheme
have been debated vigorously, and there is still no consensus. Broadly speaking, evi-
dence from morphological, biochemical, and molecular biological studies tend to sup-
port the scheme (e.g., Boudreaux, 1979; Wigele, 1993; Wheeler et al., 1993; Wheeler,
in Edgecombe, 1998; Bitsch, 2001a,b). For example, Wheeler and coworkers compared
more than 100 morphological characters and the 18S rDNA, 28S rDNA and polyubiquitin
sequences for almost 30 taxa of arthropods, onychophorans, annelids, and a tardigrade.
They reached the unequivocal conclusion that the arthropods are monophyletic, and that
the concept of the Uniramia (see below) is no longer tenable. Indeed, their results support
Snodgrass’ (1938) scheme in every way except that their data indicate the monophyletic
nature of the Myriapoda (Snodgrass believed the myriapods to be paraphyletic—see Figure
1.8). By contrast, the Mandibulata concept is rejected by those who examine the fossil
evidence (see authors in Edgecombe, 1998, and Fortey and Thomas, 1998). Rather, these
workers favor a close relationship between Crustacea and Chelicerata.

3.2.2. The Polyphyletic Theory

Proponents of a polyphyletic origin of arthropods, who share the view that the members
of different groups are simply too different to have had acommon ancestor, must above all be
prepared to make the case that the many similarities in body plan noted in the opening para-
graph of Section 2 are the result of convergence. Polyphyleticists point out that convergence
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is a fairly common phenomenon in evolution and, on theoretical grounds alone, it could be
expected that two unrelated groups of animals would evolve toward the same highly desir-
able situation and, as a result, develop almost identical structures serving the same purpose.
(Even the monophyleticists have to accept some degree of convergence, for example, among
the tracheae of insects and those of some arachnids and crustaceans.) Polyphyleticists argue
that the similar features of arthropods are interrelated and interdependent; that is, they all
result from the evolution of a rigid exoskeleton. Thus, in order to grow, arthropods must
periodically molt; to move around, they must have articulated limbs and body; tagmosis is
a logical consequence of segmentation and results in changes to the nervous and muscular
systems; the presence of the cuticle demands changes in the gas exchange, sensory, and
excretory systems; and the open circulatory system (hemocoel) is the result of an organism
no longer requiring a body cavity with hydrostatic functions. In a sense, then, all the poly-
phyleticists need to demonstrate is the polyphyletic nature of the cuticular exoskeleton. As
noted in Section 2.1, the onychophorans, tardigrades, and pentastomids have such an outer
covering (and some other arthropod features) yet are generally considered distinct from true
arthropods (their very existence tends to make life “uncomfortable” for the members of the
monophyletic camp).

The second approach taken by the polyphyletic supporters is to criticize the evidence
or the methodology used by those who favor monophyly. For example, they argue that the
processes of cuticular hardening used by the three major arthropod groups are quite distinct;
quinone-tanning in insects, disulfide bridges in arachnids, and impregnation with organic
salts in crustaceans. Likewise, they claim that there are great differences in the structure of
the compound eyes among the major arthropod groups. However, they also point out that the
ommatidium (the eye’s functional unit—see Chapter 12, Section 7.1) of some polychaete
worms and bivalve mollusks is highly similar to its counterpart in arthropods, emphasizing
the ease with which convergence occurs. Ironically, even the monophyleticists disagree over
the number and homologies of the segments that make up the arthropod head.

The early polyphyleticists, including Tiegs and Manton (1958), Anderson (1973), and
Manton (1973, 1977), also presented direct evidence to support their theory, largely from
comparative embryology and functional morphology. More recently, proponents of poly-
phyly have added information from paleontology (see authors in Gupta, 1979, and Fortey
and Thomas, 1998). According to these authors, the evidence weighs heavily in support
of the division of the arthropods into at least three natural groups, each with the rank
of phylum (Figure 1.11). The phyla are the Chelicerata, the Crustacea, and the Uniramia
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(Onychophora-Myriapoda-Hexapoda). In some schemes the Trilobita are included as a sis-
ter group of the Chelicerata in the phylum Arachnomorpha; in others they are ranked as an
independent phylum.

Manton, especially, argued that there are fundamental differences in the structure of
the limbs in members of each phylum, related to the manner in which the animals move.
In Crustacea the limb is biramous, bearing a branch (exopodite) on its second segment
(basipodite); in Uniramia there is an unbranched limb; and in almost all Chelicerata there
is a uniramous (unbranched) limb. However, in Limulus (and, incidentally, trilobites) the
limb is biramous, though the branch originates on the first leg segment (the coxopodite),
suggesting that chelicerates may have been initially biramous, losing the branch when the
group became terrestrial. This view has been strongly disputed by Kukalova-Peck (1992,
and in Fortey and Thomas, 1998) who sees the ancestral leg of all arthropods as being
biramous and points out that many fossil insects have legs with several branches (i.e.,
they are “polyramous Uniramia”!). She has urged that the term Uniramia be abandoned.
Manton (1973, 1977) made a strong case that the mandibles of the three major groups are
not homologous. Based on their structure and mechanism of action, she suggested that the
jaws of crustaceans and chelicerates are formed from the basal segment of the ancestral
appendage (gnathobasic jaw), though in each group the mechanism of action is different. In
Uniramia, however, Manton claimed that the mandible was formed from the entire ancestral
appendage, and that members of this group bite with the tip of the limb. Manton pointed out
that a segmented mandible is still evident in some myriapods, though the mandible of insects
and onychophorans appears unsegmented. Again, this proposal has been severely criticized
by Kukalova-Peck (1992, and in Fortey and Thomas, 1998) whose paleoentomological
studies suggest the ancestral limb of all arthropods included 11 segments, 5 of which make
up the jaw seen in extant species.

Anderson (1973, and in Gupta, 1979) drew evidence from embryology in support of
the polyphyletic theory. He compared fate maps (figures indicating which embryonic cells
give rise to which organs and structures) among the various groups and concluded that
the pattern of development seen in Uniramia bears similarities to that in annelids, yet is
very different from that of crustaceans (chelicerates show no generalized pattern, leading
to speculation that they may themselves be polyphyletic). It should be noted that not all
embryologists agree with Anderson’s methods of analysis and, therefore, his conclusions
(e.g., Weygoldt, in Gupta, 1979).

When the Mantonian viewpoint was initially presented, there was little supporting ev-
idence from the arthropod fossil record. Within the last three decades, however, there has
been considerable activity both in analyzing new species and in reinterpreting some speci-
mens described earlier. Many of these fossils cannot be placed in extant arthropod groups
or even along evolutionary lines leading to these groups (Whittington, 1985), indicating
that arthropodization was experimented with many times and implying that arthropods had
multiple origins. Most of the groups to which these Cambrian fossils belong rapidly be-
came extinct. The arthropod groups seen today represent “successful attempts in applying
a continuous, partially stiffened cuticle to a soft-bodied worm” (Willmer, 1990, p. 290).

Willmer (1990) drew attention to the very different methodology used by polyphyletic
and monophyletic schools, by which they reach opposite conclusions regarding arthropod
evolution. The approach taken by Manton and her supporters has been to search for differ-
ences among groups in the belief that they provided evidence for polyphyly. On the other
hand, the modern monophyleticists, notably Boudreaux and Wheeler ef al., have attempted
to determine similarities and use these as proof of a common origin for all arthropods.
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The debate as to arthropod relationships and evolution continues to be vigorous (and
polarized!) (see Edgecombe, 1998; Fortey and Thomas, 1998). Overall, the balance currently
rests in favor of monophyly, with the major groups having had a common origin from a
primitive segmented wormlike animal.

3.3. The Uniramians

In agreement with the 19th century zoologists Haeckel and Moseley, Tiegs and Manton
(1958) and Manton (1973) made a forceful case for uniting the Onychophora, Myriapoda,
and Hexapoda in the arthropod group Uniramia. In their view the many structural similar-
ities between onychophorans and myriapods (see Section 2.1) indicated true affinity and
were not the result of convergence. This view received support from the fate map analyses
made by Anderson (1973, and in Gupta, 1979) showing the similarity of embryonic devel-
opment in the three groups. These authors envisaged the evolution of myriapods and insects
from onychophoranlike ancestors as a process of progressive cephalization. To the original
three-segmented head (seen in modern Onychophora) were added progressively mandibu-
lar, first maxillary, and second maxillary (labial) segments, giving rise to the so-called
monognathous, dignathous, and trignathous conditions, respectively. Of the monognathous
condition there has been found no trace. The dignathous condition occurs in the Pauropoda
and Diplopoda, and the trignathous condition is seen in the Chilopoda (in which the second
maxillae remain leglike) and the Symphyla and Hexapoda (in which the second maxillae
fuse to form the labium).

Few modern authors would support the idea of the onychophorans having common
ancestry with the myriapods and insects, preferring to believe that the similarities are due
to convergence. Indeed, some authors do not accept that the myriapods and hexapods are
sister groups. For example, Friedrich and Tautz (1995) concluded from their comparison of
ribosomal nuclear genes that the myriapods were the sister group to the chelicerates, while
the crustaceans were the sister group to the hexapods. Unfortunately, the term Uniramia
is still used in some texts (e.g., Barnes et al., 1993; Barnes,1994) to include only the
Myriapoda and Hexapoda (i.e., as a synonym of the Atelocerata). As noted earlier, Kukalova-
Peck (1992, and in Fortey and Thomas, 1998) has recommended that use of this word be
discontinued as the group includes organisms with polyramous legs.

3.3.1. Myriapoda-Hexapoda Relationships

The sharing of features such as one pair of antennae, Malpighian tubules (though
these may be secondarily reduced or lost in both groups), anterior tentorial arms, and
a tracheal system gave rise to the traditional view that the Myriapoda and Hexapoda are
sister groups, collectively forming the Atelocerata (Tracheata), with a common multilegged
ancestor (Sharov, 1966; Boudreaux, 1979). Indeed, the existence of several shared features in
Symphyla and Hexapoda (Section 2.4) led in the 1930s to the development of the Symphylan
Theory for the origin of the hexapods. Within the last decade, however, a major change in
opinion has occurred with respect to the relationship between myriapods and hexapods.
It is now believed that their common features are the result of convergence or, at best,
parallel evolution from a distant common ancestor. Much recent research, in molecular
biology, neurobiology, and comparative morphology, often combined in extensive cladistic
analyses, supports the hypothesis that hexapods are more closely related to crustaceans
than to myriapods. Equally, the data suggest that myriapods are allied with the chelicerates.



Comparisons of mitochondrial and nuclear gene sequences and large hemolymph proteins,
examination of eye and brain structure, and studies of nerve development have come out
strongly in favor of insects and modern crustaceans as sister groups (Dohle, in Fortey and
Thomas, 1998; Shultz and Regier, 2000; Giribet et al., 2001; Hwang et al., 2001; Cook
et al., 2001; Burmester, 2002). Some data even suggest that insects arose from the same
crustacean lineage as the Malacostraca (crabs, lobsters, etc.), an idea for which Sharov
(1966) had been criticized almost 40 years ago.

4. Summary

The arthropods are a very diverse group of organisms whose evolution and interrelation-
ships have been vigorously debated for more than a century. Supporters of a monophyletic
origin for the group rely heavily on the existence of numerous common features in the
arthropod body plan. Their opponents, who must account for the extraordinary degree of
convergent evolution inherent in any polyphyletic theory, argue that all of these features
are essentially the result of a single phenomenon, the evolution of a hard exoskeleton,
and that arthropodization could easily have been repeated several times among the various
ancestral groups. In the polyphyletic theory, therefore, the four dominant groups of arthro-
pods (Trilobita, Crustacea, Chelicerata, and Insecta), as well as several smaller groups both
fossil and extant, originated from distinct, unrelated ancestors. The proponents of poly-
phyly use evidence from comparative morphology (notably studies of limb and mandible
structure), comparative embryology (fate maps), and more recently the fossil record (which
shows an abundance of arthropod types not easily assignable to already known groups).
The monophyleticists claim, in turn, that these comparative embryological and morpho-
logical studies are of doubtful value because of the methodology employed and assump-
tions made. Overall, the current balance seems in favor of a monophyletic origin for the
arthropods.

The uniting of Onychophora, Myriapoda, and Hexapoda as the clade Uniramia is highly
questionable. Most modern authors agree that apparent similarities between onychophorans
and members of the other two groups are due to convergent evolution. The Myriapoda, al-
though including four rather distinct groups (Diplopoda, Chilopoda, Pauropoda, and Sym-
phyla), are widely thought to be monophyletic. For many years, myriapods were considered
the sister group to the Hexapoda. However, recent research indicates that myriapods may be
allied more closely to the chelicerates, and hexapods to crustaceans. Five distinct groups of
hexapods occur: collembolans, proturans, diplurans, thysanurans, and winged insects. On
the basis of their entognathous mouthparts and other synapomorphies the first three groups
are placed in the Entognatha and are distinct from the thysanurans and pterygotes which
form the true Insecta.

5. Literature

Numerous general textbooks on invertebrates, as well as specialized treatises provide
information on the biology of arthropods. Tiegs and Manton (1958) give a detailed historical
account of schemes for the evolutionary relationships of arthropods. Other major contrib-
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Insect Diversity

1. Introduction

In this chapter, we shall examine the evolutionary development of the tremendous variety
of insects that we see today. From the limited fossil record it would appear that the earliest
insects were wingless, thysanuranlike forms that abounded in the Silurian and Devonian pe-
riods. The major advance made by their descendants was the evolution of wings, facilitating
dispersal and, therefore, colonization of new habitats. During the Carboniferous and Per-
mian periods there was a massive adaptive radiation of winged forms, and it was at this time
that most of the modern orders had their beginnings. Although members of many of these
orders retained a life history similar to that of their wingless ancestors, in which the change
from juvenile to adult form was gradual (the hemimetabolous or exopterygote orders), in
other orders a life history evolved in which the juvenile and adult phases are separated by a
pupal stage (the holometabolous or endopterygote orders). The great advantage of having a
pupal stage (although this is neither its original nor its only significance) is that the juvenile
and adult stages can become very different from each other in their habits, thereby avoiding
competition for the same resources. The evolution of wings and development of a pupal
stage have had such a profound effect on the success of insects that they will be discussed
as separate topics in some detail below.

2. Primitive Wingless Insects

The earliest wingless insects to appear in the fossil record are Microcoryphia
(Archeognatha) (bristletails) from the Lower Devonian of Quebec (Labandeira et al., 1988)
and Middle Devonian of New York (Shear et al., 1984). These, together with fossil Monura
(Figure 2.1A) and Zygentoma (silverfish) (Figure 2.1B) from the Upper Carboniferous and
Permian periods, constitute a few remnants of an originally extensive apterygote fauna that
existed in the Silurian and Devonian periods. Primitive features of the microcoryphians
include the monocondylous mandibles which exhibit segmental sutures, fully segmented
(i.e., leglike) maxillary palps with two terminal claws, a distinct ringlike subcoxal segment
on the meso- and metathorax (in all remaining Insecta this becomes flattened and forms
part of the pleural wall), undivided cercal bases, and an ovipositor that has no gonangulum.
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thoracic
sidelobe )

FIGURE 2.1. Reconstructions of (A) Dasyleptus sp. (Monura); and (B) Rams-
delepidion schusteri (Zygentoma). [From J. Kukalova-Peck, 1987, New Car-
boniferous Diplura, Monura, and Thysanura, the hexapod ground plan, and the
role of thoracic side lobes in the origin of wings (Insecta), Can. J. Zool. 65:2327—
2345. By permission of the National Research Council of Canada and the author.]

The early bristletails, like their modern relatives, perhaps fed on algae, lichens, and debris.
They escaped from predators by running and jumping, the latter achieved by abrupt flexing
of the abdomen.

Monura are unique among Insecta in that they retain cercal legs (Kukalova-Peck,
1985). Other primitive features of this group are the segmented head, fully segmented
maxillary and labial palps, lack of differentiation of the thoracic segments, segmented
abdominal leglets, the long caudal filament, and the coating of sensory bristles over the body
(Kukalova-Peck, 1991). Features they share with the Zygentoma and Pterygota are dicondy-
lous mandibles, well-sclerotized thoracic pleura, and the gonangulum, leading Kukalova-
Peck (1987) to suggest that the Monura are the sister group of the Zygentoma + Pterygota.
Carpenter (1992), however, included the Monura as a suborder of the Microcoryphia. Shear
and Kukalova-Peck (1990) suggested, on the basis of their morphology, that monurans
probably lived in swamps, climbing on emergent vegetation, and feeding on soft mat-
ter. Escape from predators may have occurred, as in the Microcoryphia, by running and
jumping.

In contrast to their rapidly running, modern relatives, the early silverfish, for example,
the 6-cm-long. Ramsdelepidion schusteri (Figure 2.1B), with their weak legs, probably
avoided predators by generally remaining concealed. When exposed, however, the numer-
ous long bristles that covered the abdominal leglets, cerci, and median filament may have
provided a highly sensitive, early warning system. Of particular interest in any discussion
of apterygote relationships is the extant silverfish Tricholepidion gertschi, discovered in
California in 1961. The species is sufficiently different from other recent Zygentoma that
it is placed in a separate family Lepidotrichidae, to which some Oligocene fossils also
belong. Indeed, Tricholepidion possesses a number of features common to both Microco-
ryphia and Monura (see Chapter 5, Section 6), leading Sharov (1966) to suggest that the
family to which it belongs is closer than any other to the thysanuranlike ancestor of the
Pterygota.



3. Evolution of Winged Insects

3.1. Origin and Evolution of Wings

The origin of insect wings has been one of the most debated subjects in entomology for
close to two centuries, and even today the question remains far from being answered. Most
authors agree, in view of the basic similarity of structure of the wings of insects, both fossil
and extant, that wings are of monophyletic origin; that is, wings arose in a single group of
ancestral apterygotes. Where disagreement occurs is with respect to (1) whether the wing
precursors (pro-wings) were fused to the body or were articulated; (2) the position(s) on
the body at which pro-wings developed (and, related to this, how many pairs of pro-wings
originally existed); (3) the original functions of pro-wings; (4) the selection pressures that
led to the formation of wings from pro-wings; and (5) the nature of the ancestral insects;
that is, were they terrestrial or aquatic, were they larval or adult, and what was their size
(Wootton, 1986, 2001; Brodsky, 1994; Kingsolver and Koehl, 1994).

At the core of all theories on the origin of wings is the matter of whether the pro-
wings initially were outgrowths of the body wall (i.e., non-articulated structures) or were
hinged flaps. Although there have been several proposals for wing origin based on non-
articulated pro-wings (see Kukalova-Peck, 1978), undoubtedly the most popular of these
is the Paranotal Theory, suggested by Woodward (1876, cited in Hamilton, 1971), and sup-
ported by Sharov (1966), Hamilton (1971), Wootton (1976), Rasnitsyn (1981), and others.
The theory is based on three pieces of evidence: (1) the occurrence of rigid tergal outgrowths
(wing pads) on modern larval exopterygotes (ontogeny recapitulating phylogeny); (2) the
occurrence in fossil insects, both winged (Figure 2.5) and wingless (Figure 2.1B), of large
paranotal lobes with a venation similar to that of modern wings; and (3) the assumed homol-
ogy of wing pads and lateral abdominal expansions, both of which have rigid connections
with the terga and, internally, are in direct communication with the hemolymph.

Essentially the theory states that wings arose from rigid, lateral outgrowths (paranota)
of the thoracic terga that became enlarged and, eventually, articulated with the thorax. It
presumes that, whereas three pairs of paranotal lobes were ideal for attitudinal control (see
below), only two pairs of flapping wings were necessary to provide a mechanically efficient
system for flight. (Indeed, as insects have evolved there has been a trend toward the reduction
of the number of functional wings to one pair [see Chapter 3, Section 4.3.2]). This freed
the prothorax for other functions such as protection of the membranous neck and serving
as a base for attachment of the muscles that control head movement.

Various suggestions have been made to account for development of the paranota. For
example, Alexander and Brown (1963) proposed that the lobes functioned originally as
organs of epigamic display or as covers for pheromone-producing glands. Whalley (1979)
and Douglas (1981) suggested a role in thermoregulation for the paranota, an idea that
has received support from the experiments of Kingsolver and Koehl (1985) using models.
Most authors, however, have traditionally believed that the paranota arose to protect the in-
sect, especially, perhaps, its legs or spiracles. Enlargement and articulation of the paranotal
lobes were associated with movement of the insect through the air. Packard (1898, cited in
Wigglesworth, 1973) suggested that wings arose in surface-dwelling, jumping insects and
served as gliding planes that would increase the length of the jump. However, the almost
synchronous evolution of insect wings and tall plants supports the idea that wings evolved
in insects living on plant foliage. Wigglesworth (1963a,b) proposed that wings arose in
small aerial insects where light cuticular expansions would facilitate takeoff and dispersal.
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The appearance later of muscles for moving these structures would help the insect to land
the right way up. Hinton (1963a), on the other hand, argued that they evolved in somewhat
larger insects and the original function of the paranota was to provide attitudinal control in
falling insects. There is an obvious selective advantage for insects that can land “on their
feet,” over those that cannot, in the escape from predators. As the paranota increased in
size, they would become secondarily important in enabling the insect to glide for a greater
distance. Flower’s (1964) theoretical study examined the hypotheses of both Wigglesworth
and Hinton. Flower’s calculations showed that small projections (rudimentary paranotal
lobes) would have no significant advantage for very small insects in terms of aerial dis-
persal. However, such structures would confer great advantages in attitudinal control and,
later, glide performance for insects 1-2 cm in length. Flower’s proposals have been ex-
amined experimentally through the use of models (Kingsolver and Koehl, 1985; Wootton
and Ellington, 1991; Ellington, 1991; Hasenfuss, 2002). These studies have served to em-
phasize the importance of the ancestral insect’s body size, as well as confirming that even
quite small projections could contribute to stability (a possible role for appendages such
as antennae, legs, and cerci should not be ignored, however). Another consideration is the
insect’s speed on landing (and whether the insect might be damaged). Ellington’s (1991)
analysis suggested that the winglets might have been important in reducing this terminal
velocity, and there would be strong selection pressure to increase their size as a means of
further reducing landing speed.

In the Paranotal Theory a critical step in the transition from gliding to flapping flight
would be the development of a hinge so that the winglets became articulated with the body.
Most supporters would suggest that this would occur simply to improve the insect’s control
of attitude or landing speed, though various non-aerodynamic functions may also have been
improved through the development of articulated winglets. For example, Kingsolver and
Koehl (1985) noted the potential for more efficient thermoregulation that would arise from
having movable winglets. Other authors have suggested that the hinge evolved initially in
order that the projections could be folded along the side of the body, thereby enabling the
insect to crawl into narrow spaces and thus avoid capture. Only later would the movements
become sufficiently strong as to make the insect more or less independent of air currents
for its distribution. In this hypothesis the earliest flying insects would rest with their wings
spread at right angles to the body, as do modern dragonflies and mayflies. The final major
step in wing evolution was the development of wing folding, that is, the ability to draw
the wings when at rest over the back. This ability would be strongly selected for, as it
would confer considerable advantage on insects that possessed it, enabling them to hide in
vegetation, in crevices, under stones, etc., thereby avoiding predators and desiccation. An
implicit part of the Paranotal Theory is that this ability evolved in the adult stage.

It was Oken (1811, cited in Wigglesworth, 1973) who made the first suggestion that
wings evolved from an already articulated structure, namely gills. Woodworth (1906, cited
in Wigglesworth, 1973), having noted that gills are soft, flexible structures perhaps not
easily converted (in an evolutionary sense) into rigid wings, modified the Gill Theory by
suggesting that wings were more likely formed from accessory gill structures, the movable
gill plates which protect the gills and cause water to circulate around them. The gill plates,
by their very functions, would already possess the necessary rigidity and strength. This
proposal receives support from embryology, which has shown abdominal segmental gills
of larval Ephemeroptera to be homologous with legs, not wings. Wigglesworth (1973,
1976) resurrected, and attempted to extend, the Gill Theory by proposing that in terrestrial
apterygotes the homologues of the gill plates are the coxal styli, and it was from the thoracic



coxal styli that wings evolved. Kukalova-Peck (1978) stated that the homology of the wings
and styli as proposed by Wigglesworth was not acceptable and pointed out that wings
are always located above the thoracic spiracles, whereas legs always articulate with the
thorax below the spiracles. In support of Wigglesworth’s proposal, it should be noted that
primitively wings are moved by muscles attached to the coxae (see Chapter 14, Section
3.3.3) and are tracheated by branches of the leg tracheae.

Gradually, the “articulated pro-wings” proposal has gained support, drawing on ev-
idence from paleontology, developmental biology, neurobiology, genetics, comparative
anatomy, and transplant experiments. Among its leading proponents is Kukalova-Peck
(1978, 1983, 1987) who not only presented a strong case for a wing origin from articulated
pro-wings, but simultaneously cast major doubt on the paranotal theory and the evidence for
it. She argued that the fossil record supports none of this evidence. Rather, it indicates just
the opposite sequence of events, namely, that the primitive arrangement was one of freely
movable pro-wings on all thoracic and abdominal segments of juvenile insects, and it was
from this arrangement that the fixed wing-pad condition of modern juvenile exopterygotes
evolved. According to Kukalova-Peck, numerous fossilized juvenile insects have been found
with articulated thoracic pro-wings. However, with few exceptions even in the earliest fossil
insects, both juvenile and adult, the abdominal pro-wings are already fused with the terga
and frequently reduced in size. Some juvenile Protorthoptera with articulated abdominal
pro-wings have been described, and in extant Ephemeroptera the abdominal pro-wings are
retained as movable gill plates.

In proposing her ideas for the origin and evolution of wings, Kukalova-Peck emphasized
that these events probably occurred in “semiaquatic” insects living in swampy areas and
feeding on primitive terrestrial plants, algae, rotting vegetation, or, in some instances, other
small animals. It was in such insects that pro-wings developed. The pro-wings developed on
all thoracic and abdominal segments (specifically from the epicoxal exite at the base of each
leg), were present in all instars, and at the outset were hinged to the pleura (not the terga).
With regard to the selection pressures that led to the origin of pro-wings, Kukalova-Peck
used ideas expressed by earlier authors. She suggested that pro-wings may have functioned
initially as spiracular flaps to prevent entry of water into the tracheal system when the insects
became submerged or to prevent loss of water via the tracheal system as the insects climbed
vegetation in search of food. Alternatively, they may have been plates that protected the
gills and/or created respiratory currents over them, or tactile organs comparable to (but not
homologous with) the coxal styli of thysanurans. Initially, the pro-wings were saclike and
internally confluent with the hemocoel. Improved mechanical strength and efficiency would
be gained, however, by flattening and by restricting hemolymph flow to specific channels
(vein formation). Kukalova-Peck speculated that eventually the pro-wings of the thorax
and abdomen became structurally and functionally distinct, with the former growing large
enough to assist in forward motion, probably in water. This new function of underwater
rowing would create selection pressure leading to increased size and strength of pro-wings,
improved muscular coordination, and better articulation of the pro-wings, making rotation
possible. These improvements would also improve attitudinal control, gliding ability, and
therefore survival and dispersal for the insects if they jumped or fell off vegetation when on
land. The final phase would be the development of pro-wings of sufficient size and mobility
that flight became possible.

A major difficulty in the theory that wings arose from articulated pro-wings in aquatic
or amphibious ancestors is to explain satisfactorily the nature of the intermediate stages.
That is, how could fliers evolve from swimmers? Marden and Kramer (1994) made the
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fascinating suggestion that surface skimming, as seen in some living stoneflies (Plecoptera)
and the subadult stage of some mayflies (Ephemeroptera), may represent this intermediate
phase. Essentially, surface skimming is running on the water surface, using the weak flapping
movements of the wings to generate propulsion. Because the water supports the weight of
the insect’s body, the muscular demands of skimming are far less than those required in
a fully airborne insect. Thus, stoneflies with quite small wings and weak flight muscles
can surface skim. Thomas et al. (2000) combined a molecular phylogenetic analysis of the
Plecoptera with an examination of locomotor behavior and wing structure in representatives
of families across the order. Their study showed that surface skimming, along with weak
flight, is a retained ancestral trait in stoneflies, supporting the hypothesis that the first
winged insects were surface skimmers. Marden and Thomas (2003) have provided further
support for Kukalova-Peck’s proposals by studying the Chilean stonefly Diamphipnopsis
samali. The weakly flying adults of D. samali use their forewings as oars to row across the
water surface. Further, they retain abdominal gills. The larval stage is amphibious, living
by day in fast-moving streams, but foraging at the water’s edge by night. Thus, D. samali
may represent a very early stage on the road to true flight: an amphibious lifestyle, the
co-occurrence of wings and gills, and the ability to row on the water surface.

In addition to her views on wing origin, Kukalova-Peck has also speculated on the
evolution of fused wing pads in juveniles and wing folding. Noting that the earliest flying
insects had wings that stuck out at right angles to the body, Kukalova-Peck pointed out that,
as they developed (in an ontogenetic sense), the insects would be subjected to two selection
pressures. One, exerted in the adult stage, would be toward improvement of flying ability; the
other, which acted on juvenile instars, would promote changes that enabled them to escape
or hide more easily under vegetation, etc. In other words, it would lead to a streamlining
of body shape in juveniles. In most Paleoptera streamlining was achieved through the
evolution of wings that in early instars were curved so that the tips were directed backward.
At each molt, the curvature of the wings became less until the “straight-out” position of
the fully developed wings was achieved. Two other groups of paleopteran insects became
more streamlined as juveniles through the evolution of a wing-folding mechanism, a feature
that was also advantageous to, and was therefore retained in, the adult stage. The first of
these groups, the fossil order Diaphanopterodea, remained primitive in other respects and is
included therefore in the infraclass Paleoptera (Table 2.1 and Figure 2.6). The second group,
whose wing-folding mechanism was different from that of Diaphanopterodea, contained
the ancestors of the Neoptera. The greatest selection pressure would be exerted on the older
juvenile instars, which could neither fly nor hide easily. In Kukalova-Peck’s scheme, the
older juvenile instars were eventually replaced by a single metamorphic instar in which the
increasing change of form between juvenile and adult could be accomplished. To further
aid streamlining and, in the final juvenile instar, to protect the increasingly more delicate
wings developing within, the wings of juveniles became firmly fused with the terga and
more sclerotized, that is, wing pads. This state is comparable to that in modern exopterygote
(hemimetabolous) insects. Further reduction of adult structures to the point at which they
exist until metamorphosis as undifferentiated embryonic tissues (imaginal discs) beneath
the juvenile integument led to the endopterygote (holometabolous) condition, that is, the
evolution of the pupal stage (Section 3.3).

Regardless of their origin, the wings of the earliest flying insects were presumably
well-sclerotized, heavy structures with numerous ill-defined veins. Slight traces of fluting
(the formation of alternating concave and convex longitudinal veins for added strength)
may have been apparent (Hamilton, 1971). The wings (and flight efficiency) were improved



TABLE 2.1. The Major Groups of Pterygota

Divisions within Neoptera

Infraclass Orders Martynov’s scheme Hamilton’s scheme
Paleodictyoptera®
Megasecoptera®
Diaphanopterodea®
Paleoptera Permothemistida®
Protodonata®

Odonata (dragonflies, damselflies)
Ephemeroptera (mayflies)

Protorthoptera®

Dictyoptera (cockroaches, mantids)
Isoptera (termites)

Orthoptera (grasshoppers, locusts, crickets)
Miomoptera®

Protelytroptera® Pliconeoptera
Dermaptera (earwigs)
Grylloblattodea (grylloblattids)
Mantophasmatodea Polyneoptera
Phasmida (stick and leaf insects)
Embioptera (web spinners)

Paraplecoptera®
Caloneurodea®
Protoperlaria®
Plecoptera (stoneflies)
Zoraptera (zorapterans)

Neoptera Glosselytrodea®
Psocoptera (booklice)
Phthiraptera (biting and sucking lice) Paraneoptera
Hemiptera (bugs)
Thysanoptera (thrips)

Megaloptera (dobsonflies, alderflies) Planoneoptera

Raphidioptera (snakeflies)

Neuroptera (lacewings, mantispids)

Mecoptera (scorpionflies)

Lepidoptera (butterflies, moths)

Trichoptera (caddis flies)

Diptera (true flies)

Siphonaptera (fleas)

Hymenoptera (bees, wasps, ants,
ichneumons)

Coleoptera (beetles)

Strepsiptera (stylopoids)

Oligoneoptera

“Entirely fossil orders.

by a reduction in sclerotization, as seen in Paleoptera. Only the articulating sclerites at the
base of the wing and the integument adjacent to the tracheae remained sclerotized, the latter
giving rise to the veins. Fluting was accentuated in the Paleoptera, and the distal area of the
wing was additionally strengthened by the formation of non-tracheated intercalary veins
and numerous crossveins (Hamilton, 1971, 1972).
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FIGURE 2.2. A proposed ground plan of wing articulation and wing venation. Abbreviations: A, anterior;
An, anal; C, costa; Cu, cubitus; J, jugal; M, media; P, posterior; PC, precosta; R, radius; Sc, subcosta. [After J.
Kukalova-Peck, 1983, Origin of the insect wing and wing articulation from the arthropodan leg, Can. J. Zool. 61:
1618-1669. By permission of the National Research Council of Canada and the author.]

Kukalova-Peck (1983) argued that the ground plan of wing articulation included eight
rows of four articulating sclerites (Figure 2.2). These sclerites were derived, in her view,
from the epicoxa of the primitive leg and, as a result, were moved by ancestral leg muscles.
Originating on the outer edge of each row was a wing vein. This articular arrangement, seen
only in Diaphanopterodea, allowed the sclerites to be crowded and slanted by contraction of
these muscles, so that a primitive form of wing folding could occur. In all other Paleoptera,
fossil and extant, fusion of sclerites occurred to form axillary plates that, in turn, became
united with some veins. Though the details of this process varied among the paleopteran
groups, the end result was that, while it undoubtedly strengthened the wing attachment, it
prevented wing folding. Essentially, in modern Paleoptera the base of each wing articulates
at three points with the tergum, the three axillary sclerites running in a straight line along
the body. In the evolution of Neoptera the axillary sclerites altered their alignment so that
each wing articulated with the tergum at only two points. This alteration of alignment made
wing folding possible.

A second important consequence of the altered articulation of the wing was a further
improvement in flight efficiency. In Ephemeroptera and, presumably, most or all fossil
Paleoptera the wing beat is essentially a simple up-and-down motion; in Neoptera each
wing twists as it flaps and its tip traces a figure-eight path. In other words, the wing “rows”
through the air, pushing against the air with its undersurface during the downstroke yet
cutting through the air with its leading edge on the upstroke. To carry out this rowing
motion effectively necessitated the loss of most of the wing fluting. Only the costal area
(Figure 3.27) needs to be rigid as this leads the wing in its stroke, and fluting is retained
here (Hamilton, 1971).

Another evolutionary trend, again leading to improved flight, was a reduction in wing
weight, permitting both easier wing twisting and an increased rate of wing beating (see also
Chapter 14, Section 3.3.4). Concomitant with this reduction in weight was a fusion or loss
of some major veins and the loss of crossveins. The extent and nature of fusion or loss of
veins followed certain patterns that, together with other structural features, for example,



lines of flexion and lines of folding, are potentially important characters on which conclu-
sions about the evolutionary relationships of neopteran insects can be based. Unfortunately,
complicating this important tool has been a tendency for authors to use different terminolo-
gies when describing the veins and wing areas of different groups of insects, an aspect that
is dealt with more fully in Chapter 3 (Section 4.3.2).

3.2. Phylogenetic Relationships of the Pterygota

There are some 25-30 orders of living pterygote insects and about 10 containing only
fossil forms, the number varying according to the authority consulted. Clarification of the
relationships of these groups may utilize fossil evidence, comparisons of extant forms, or a
combination of both. Increasingly, morphological data and molecular information are being
combined in massive cladistical analyses in an effort to resolve some long-standing argu-
ments. For example, Wheeler et al. (2001) employed 275 morphological variables and 18S
and 28S rDNA sequences from more than 120 species of hexapods, plus 6 outgroup repre-
sentatives, to obtain a “best-fit” analysis of the relationships of the insect orders. Even so,
none of these approaches is entirely satisfactory. For example, in extant species secondary
modifications may mask the ancestral apomorphic characters. Equally, molecular studies
may give spurious results if the sample size is too small. Fossils, on the other hand, are rela-
tively scarce and often poorly or incompletely preserved,” especially from the Devonian and
Lower Carboniferous periods during which a great adaptive radiation of insects occurred.
By the Permian period, from which many more fossils are available, almost all of the modern
orders had been established. Misidentification of fossils and misinterpretation of structures
by early paleontologists led to incorrect conclusions about the phylogeny of certain groups
and the development of confusing nomenclature. For example, Fugereon, a Lower Permian
fossil with sucking mouthparts, was placed in the order Protohemiptera. It is now realised
that this insect is a member of the order Paleodictyoptera and is not related to the modern
order Hemiptera as was originally concluded. Likewise the Protohymenoptera, whose wing
venation superficially resembles that of Hymenoptera, were thought originally to be ances-
tral to the Hymenoptera. It is now appreciated that these fossils are paleopteran insects, most
of which belong to the order Megasecoptera (Hamilton, 1972). Carpenter (1992) published
an authoritative account of the fossil Insecta in which he recognized nine orders of fossil
pterygotes. With further work, some of these will undoubtedly require splitting (i.e., they
are polyphyletic groups), for example, the Protorthoptera [described by Kukalova-Peck and
Brauckmann (1992) as the “wastebasket taxon”!], and species now classified incertae sedis
(of unknown affinity) will be placed in their correct taxon (Wootton, 1981).

To aid subsequent discussion of the evolutionary relationships within the Pterygota,
the various orders referred to in the text are listed in Table 2.1.

It has generally been assumed that the Paleoptera and Neoptera had a common ancestor
[in the hypothetical order Protoptera (Sharov, 1966)] in the Middle Devonian, although there
is no fossil record of such an ancestor. Remarkably, a recent re-examination of a pair of
mandibles first described in 1928 as Rhyniognatha hirsti, from the same Lower Devonian
deposits as the collembolan Rhyniella praecursor (Chapter 5, Section 2), suggests that
winged insects may have had a much earlier origin than previously thought (Engel and

* Many fossil orders were established on the basis of limited fossil evidence (e.g., a single wing). Carpenter (1977)
recommended that at least the fore and hind wings, head, and mouthparts should be known before a specimen
is assigned to an order.
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Grimaldi, 2004). The mandibles are not only dicondylic (Chapter 3, Section 3.2.2) but
have other features that are characteristic of mandibles of Pterygota. In other words, flying
insects were already well established by the Lower Devonian, some 80 million years earlier
than previously assumed. This conclusion agrees with a molecular clock study indicating
that insects arose in the Early Silurian (about 430 million years ago), with neopteran forms
present by about 390 million years ago (Gaunt and Miles, 2002).

By the Upper Carboniferous period, when conditions became suitable for fossilization,
almost a dozen paleopteran and neopteran orders had evolved. Most authors, especially
paleontologists, consider the Paleoptera to be monophyletic and the sister group to the
Neoptera, and list a number of apomorphies in support of this view (Kukalova-Peck, 1991,
1998). Further, a recent study of 18S and 28S rDNA sequences from almost 30 species of
Odonata, Ephemeroptera, and neopterans has provided strong support for the monophyly
of the Paleoptera (Hovmdller et al., 2002). However, there are those, notably Boudreaux
(1979), Kristensen (1981, 1989, 1995) and Willmann (1998), who, having undertaken cladis-
tic analyses of the extant Ephemeroptera (mayflies) and Odonata (damselflies and dragon-
flies), believe the Paleoptera to be paraphyletic. In Boudreaux’s view the Ephemeroptera +
Neoptera form the sister group to the Odonata, while according to Kristensen the best
scenario has the Ephemeroptera as the sister group of the Odonata + Neoptera. This
view is supported by Wheeler ef al.’s (2001) analysis, though these authors examined only
three species each of Odonata and Ephemeroptera. According to Kukalova-Peck (1991),
within the Paleoptera, two major evolutionary lines appeared, one leading to the paleodicty-
opteroids (Paleodictyoptera, Diaphanopterodea, Megasecoptera, and Permothemistida), the
other to the odonatoids + Ephemeroptera. All paleodictyopteroids (Upper Carboniferous-
Permian) had a hypognathous head with piercing-sucking mouthparts (Figure 2.3). Adults
and large juveniles used these to suck the contents of cones while younger instars prob-
ably ingested only fluids (Shear and Kukalova-Peck, 1990). Prothoracic extensions were

FIGURE 2.3. Paleodictyopteroids. (A) Stenodictya sp. (Paleodictyoptera); and (B) Permothemis sp. (Permoth-
emistida). [A, from J. Kukalovd, 1970, Revisional study of the order Paleodictyoptera in the Upper Carboniferous
shales of Commentry, France. Part III, Psyche 77:1-44. B, from A. P. Rasnitsyn and D. L. J. Quicke (eds.),
2002, History of Insects. (©) Kluwer Academic Publishers, Dordrecht. With kind permission of Kluwer Academic
Publishers and the authors.]



prominent in some paleodictyopteroids (Figure 2.3A) and Kukalova-Peck (1983, 1985)
suggested that these were articulated. There was no metamorphic final instar as in modern
exopterygotes; that is, wing development was gradual and older juveniles could probably
fly. Their extinction at the end of the Permian may be correlated with the demise of the Paleo-
zoic flora (see Section 4.2). Paleodictyoptera formed the largest order of paleodictyopteroids
and included some very large species with wingspans up to 56 cm. As noted earlier, the
Diaphanopterodea, which may be the sister group of Paleodictyoptera, were unique among
Paleoptera in that they were able to fold their wings. Though most diaphanopterodeans were
plant-juice feeders, Kukalovd-Peck and Brauckmann (1990) observed that some Permian
species were remarkably mosquitolike and speculated that these may have fed on blood.
Megasecoptera had several features in common with Diaphanopterodea, though these were
likely the result of convergence. Contrary to earlier opinions, the Megasecoptera were not
carnivores but sucked plant material; a few may have caught other insects and sucked their
body fluids. The Permothemistida [formerly the Archodonata and included in the Paleodic-
tyoptera by Carpenter (1992)] were a small group, characterized by having greatly reduced
or no metathoracic wings, short mouthparts, and unique wing venation (Figure 2.3B).
Early members of the Ephemeroptera + odonatoid group had biting mouthparts and
aquatic juveniles with nine pairs of abdominal gill plates and leglets. Adults of early
Ephemeroptera (Upper Carboniferous-Recent) (including the Protoephemeroptera, for-
merly separated because of their two pairs of identical wings) differed from extant forms
in having functional mouthparts. Some very large forms evolved, for example, Bojophlebia
prokopi with a wingspan of 45 cm. The nature of their mouthparts suggests that nymphs
were probably predators, some perhaps feeding on amphibian tadpoles (Kukalova-Peck,
1985) (Figure 2.4A). The early odonatoids differed from Ephemeroptera in features of their
venation and in having nymphs that lacked abdominal gill plates, using instead the rec-
tal branchial chamber for gas exchange (Chapter 15, Section 4.1). The group includes two
orders Protodonata (Meganisoptera) (Upper Carboniferous-Triassic) and Odonata (Triassic-
Recent) that are evidently closely related, some authorities even including the former in
the latter order. However, Kukalova-Peck (1991) presented five wing features, and features
of the genitalia and cerci that justify their separation. The Protodonata were superb aerial
predators, catching prey in flight or from its perch using their long, strong legs (Figure 2.4B).
In this diverse and abundant group were the largest known insects (Meganeuridae), including

FIGURE 2.4. Early Paleoptera. (A) Juvenile of the Early Permian mayfly, Kukalovd americana; (B) Arctotypus
sp., a late Permian protodonatan; and (C) Early Jurassic dragonfly nymph, Samamura gigantea. Though the
nymph had large anal flaps, reminiscent of the caudal lamellae of damselflies, it used a branchial chamber for
gas exchange. [From A. P. Rasnitsyn and D. L. J. Quicke (eds.), 2002, History of Insects. (©) Kluwer Academic
Publishers, Dordrecht. With kind permission of Kluwer Academic Publishers and the authors.]
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Meganeuropsis permiana with a 71-cm wingspan. Only recently have protodonate juve-
niles been discovered (Kukalova-Peck, 1991); these had a mask similar to that of odonate
larvae (see Figures 2.4C and 6.8). Some also had prominent wings, leading to the possibility
that they could fly. A number of Permian fossils originally described as Odonata, specifi-
cally in the suborders Archizygoptera and Protanisoptera, have now been reassigned to the
Protodonata (Kukalova-Peck, 1991) so that true Odonata are not known before the Triassic.
These generally small predators already bore a strong resemblance to the extant Zygoptera
and Anisoptera both in form and habits (Figure 2.4C).

In contrast to the Paleoptera, which were inhabitants of open spaces, the Neoptera
evolved toward a life among overgrown vegetation where the ability to fold the wings over
the back when not in use would be greatly advantageous. The early fossil record for Neoptera
is poor, but from the great diversity of fossil forms discovered in Permian strata it appears
that the major evolutionary lines had become established by the Upper Carboniferous period.

Two major schools of thought exist with regard to the origin and relationships of these
evolutionary lines. The traditional view, proposed by Martynov (1938), is that, shortly af-
ter the separation of ancestral Neoptera from Paleoptera, three lines of Neoptera became
distinct from each other (Table 2.1 and Figure 2.5A). Based on his studies of fossil wing
venation Martynov arranged the Neoptera in three groups, Polyneoptera (plecopteroid, or-
thopteroid, and blattoid orders), Paraneoptera (hemipteroid orders), and Oligoneoptera (en-
dopterygotes). In a modification of this view Sharov (1966) proposed that the Neoptera and
Paleoptera had a common ancestor (i.e., the former did not arise from the latter) and, more
importantly, that the Neoptera may be a polyphyletic group. In his scheme (Figure 2.5B)
each of the three groups arose independently, a consequence of which must be the assump-
tion that wing folding arose on three separate occasions.

Ross (1955), from studies of body structure, and Hamilton (1972), who examined the
wing venation of a wide range of extant species as well as that of fossil forms, concluded
that there are two primary evolutionary lines within the Neoptera, the Pliconeoptera and
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FIGURE 2.5. Schemes for the origin and relationships of the major groups of Neoptera. (A) Martynov’s scheme;
(B) Sharov’s scheme; (C) Hamilton’s scheme; and (D) Kukalova-Peck’s scheme.
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optera; (2) Neoptera; (3) Plecopteroids; (4) Orthopteroids; (5) Blattoids; (6) Hemipteroids; (7) Endopterygotes;
(8) Neuropteroids-Coleoptera; (9) Panorpoids-Hymenoptera; (10) Panorpoids; (11) Antliophora; (12) Amphies-

menoptera.

the Planoneoptera (Figures 2.5C and 2.6). The Pliconeoptera corresponds approximately
to the Polyneoptera of Martynov but excludes the plecopteroids and the Zoraptera, and
a few fossil orders considered planoneopteran by Hamilton. The Planoneoptera includes
the Paraneoptera and Oligoneoptera of Martynov’s scheme, plus the plecopteroids and
Zoraptera. In other words, both schools agree that there are three major groups within the
Neoptera but differ with regard to the relationships among these groups.
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The monophyletic nature of the Planoneoptera is now widely supported [e.g., see
Boudreaux (1979), Hennig (1981), Kristensen (1981,1989), Kukalova-Peck (1991), and
Kukalova-Peck and Brauckmann (1992)]. However, there is still some argument as to
whether the Pliconeoptera constitutes its sister group (i.e., is monophyletic) or is a
polyphyletic assemblage. In Martynov’s view the features uniting the pliconeopteran orders
included chewing mouthparts, a large anal lobe in the hind wing that folds like a fan along
numerous anal veins, complex wing venation (typically including many crossveins) that
differs between fore and hind wings, presence of cerci, numerous Malpighian tubules, and
separate ganglia in the nerve cord. However, except for the first two, these features are
no longer considered to be synapomorphic. The proposed sister-group relationship of the
Paraneoptera and Oligoneoptera (i.e., the unity of the Pliconeoptera) has been given strong
support by the extensive analysis of Wheeler ef al. (2001). Kukalova-Peck (1991) and
Kukalové-Peck and Brauckmann (1992) presented a new scheme for relationships among
the Neoptera (Figure 2.5D), claiming several potential synapomorphic features of wing
venation between plecopteroids and orthopteroids (implying a sister-group relationship).
Yet, they found no apomorphies shared by orthopteroids and blattoids. Rather, the latter
have possible synapomorphies with the Paraneoptera; that is, the two may be sister groups.

Generally included in the plecopteroids are the fossil orders Protoperlaria (Upper
Carboniferous-Permian) and Paraplecoptera (Upper Carboniferous-Jurassic) [both of which
are considered to be Protorthoptera by Carpenter (1992)], and the extant order Plecoptera
(Permian-Recent). However, members of the two fossil orders are included in the
Grylloblattodea by Storozhenko (1997) (and see below). The Protoperlaria may have been
the ancestors of the Plecoptera. Early plecopteroids had well formed prothoracic winglets,
chewing mouthparts, and long cerci. In some species there was no metamorphic final juve-
nile instar. In some species the young nymphs were semiaquatic, with articulated thoracic
winglets and nine pairs of abdominal gills (Figure 2.7A). Older juveniles may have been
terrestrial and able to fly. The Plecoptera (stoneflies) appear to have separated from the

FIGURE 2.7. (A) Early Permian plecopteroid nymph, Gurianovaella silphidoides; and (B) The most primitive
hemipteran, a member of the Archescytinidae, feeding on a cone of an Early Permian gymnosperm. [From A. P.
Rasnitsyn and D. L. J. Quicke (eds.), 2002, History of Insects. (©) Kluwer Academic Publishers, Dordrecht. With
kind permission of Kluwer Academic Publishers and the authors.]



remaining plecopteroids early and even by the time at which fossil stoneflies appear, some
of these are assignable to extant families (Wootton, 1981).

Asnoted earlier, the Protorthoptera (Upper Carboniferous-Permian) is a “mixed bag” of
fossils, almost certainly a polyphyletic group. Not surprisingly, it has often been suggested
as the group from which the remaining orthopteroid orders evolved. The major difficulty in
clarifying relationships within the group is that some 80% of Carboniferous protorthopter-
ans are known only from fore wings or wing fragments. Permian forms are generally more
completely preserved and superficially may resemble other groups (e.g., Plecoptera and
Dictyoptera), though are obviously “too late” to be their ancestors (Wootton, 1981). A
recent re-examination of the Protorthoptera by Kukalova-Peck and Brauckmann (1992) in-
dicated that the majority of protorthopterans are primitive hemipteroids, though the group
also includes plecopteroids, orthopteroids, blattoids, and even endopterygotes! The order
Miomoptera (Upper Carboniferous-Permian) was erected to include a group of small, chew-
ing insects with homonomous wings, simple venation, and short, distinct cerci, that were
originally included in the Protorthoptera. The position of this order remains debatable;
some authors (e.g., Carpenter, 1992) suggested that miomopterans may be hemipteroid,
perhaps close to the Psocoptera, while others (e.g., Kukalova-Peck, 1991) believe that
they may be endopterygotes, possibly close to the panorpoid-Hymenoptera stem group.
Unfortunately, the immature stages are unknown. Another Upper Carboniferous-Permian
group, the Caloneurodea, is also problematical. The chewing mouthparts seen in some
fossils, short cerci, and wing venation led Carpenter (1977, 1992) to place them close to
the Protorthoptera. Shear and Kukalova-Peck (1990) and Kukalova-Peck (1991), on the
basis of the inflated clypeus (housing the sucking apparatus) and the chisellike laciniae,
consider them hemipteroids, while some Russian paleontologists have suggested they are
plecopteroids or even endopterygotes, perhaps close to the base of the neuropteroids and
Coleoptera (Storozhenko, 1997).

The orthopteroid orders include the Orthoptera, Phasmida, Dermaptera, Gryll-
oblattodea, probably the Mantophasmatodea, and possibly the Embioptera and Zoraptera.
Orthoptera were widespread by the Upper Carboniferous, being easily recognizable by
their modified hindlegs and particular wing venation. Early in the evolution of this order a
split occurred, one line leading to the Ensifera (long-horned grasshoppers and crickets), the
other to the Caelifera (short-horned grasshoppers and locusts). Indeed, Kevan (1986) and
others have strongly urged that the two groups each be given ordinal status, an arrangement
supported by those who claim, on the basis of dubious paleontological evidence, that the
Caelifera and Phasmida (stick insects) may be sister groups. However, in addition to the
two features already noted, the laterally extended pronotum covering the pleuron, the hori-
zontally divided prothoracic spiracle, and the hind tibia with two rows of teeth appear to be
synapomorphies confirming the unity of the Orthoptera. The fossil record of the Phasmida
is poor, though specimens are known from the Upper Permian onward. Kamp’s (1973)
phenetic analysis of extant forms indicated that the phasmids are closest to the Dermaptera
and Grylloblattodea, the three orders forming a natural group. Boudreaux (1979), on the
other hand, listed a number of possible synapomorphies that would render the Phasmida and
Orthoptera sister groups, (a view supported by Wheeler et al.’s (2001) study). Authorities
still disagree on the affinities of the Dermaptera (earwigs), which do not appear in the fossil
record until the Lower Jurassic. Some have placed them close to the Plecoptera, Orthoptera,
Embioptera, and even the endopterygote Coleoptera, while others considered them to be
only distantly related to any of the extant orthopteroid groups. Giles’ (1963) comparative
morphological study and the combined morphological-molecular analysis by Wheeler et al.

39

INSECT DIVERSITY



40

CHAPTER 2

(2001) suggest that they are the sister group to the Grylloblattodea. In contrast, Boudreaux
(1979) and Kukalova-Peck (1991) included the order in the blattoid group, though accord-
ing to Kristensen (1981) the presumed synapomorphies are weak. Grylloblattodea (rock
crawlers) show an interesting mixture of orthopteran, phasmid, dermapteran, and dicty-
opteran features, which led to an early suggestion that they are remnants of a primitive stock
from which both orthopteroids and blattoids evolved. According to Storozhenko (1997),
grylloblattid fossils are known from the Middle Carboniferous onward, and these insects
were among the most abundant insects in the Permian. He believes that the group included
the ancestors of Plecoptera, Embioptera and Dermaptera. As noted above, Kamp’s analysis
showed that considerable similarity exists between the grylloblattids and dermapterans,
which supports the conclusion reached by Giles (1963) and Wheeler et al. (2001) that the
two may be sister groups.

The fossil record of the Embioptera (web spinners) extends back to the Lower Permian,
though even by this stage the wing venation was reduced and the asymmetric genitalia
of males was evident. Web spinners share features with the Plecoptera, Dermaptera, and
Zoraptera], though it is unclear whether these are primitive or derived. Wheeler er al.
(2001) place them as the sister group to Plecoptera based on examination of two species.
The phylogenetic position of the Zoraptera (zorapterans) is also uncertain. The order is
not encountered in the fossil record until the Upper Eocene/Lower Miocene. As noted,
zorapterans share features with the web spinners, earwigs, and stoneflies; however, the few
Malpighian tubules, composite abdominal ganglia, and two-segmented tarsi are features
that could align them with the hemipteroids. Wheeler et al.’s (2001) analysis suggests a
sister-group relationship with the Dictyoptera + Isoptera.

Included in the blattoid group of orders are the Protelytroptera (Permian-Lower Cre-
taceous), Dictyoptera (Upper Carboniferous-Recent), and Isoptera (Lower Cretaceous-
Recent). Protelytropterans were apparently an abundant group judging by the amount of
fossil material discovered, though this may be somewhat artifactual because their highly
sclerotized, elytralike fore wings were readily preserved. The latter are remarkably similar
to the elytra of some early Coleoptera, and often it is only when other evidence is avail-
able (e.g., the hind wing) that the correct identification can be made (Wootton, 1981). The
Protelytroptera appear to be an early branch off the line leading to the Dictyoptera, and in
Kukalova-Peck’s (1991) view were probably ancestral to the Dermaptera. The Dictyoptera
(cockroaches and mantids) and Isoptera (termites) are clearly monophyletic, and some au-
thors (e.g., Kristensen, 1981, 1991) see little point in giving each of these ordinal status.
Cockroaches underwent a massive radiation in the Upper Carboniferous (often referred to as
the Age of Cockroaches in view of the commonness of their remains) and the order remains
extensive today. Female Paleozoic cockroaches had a long, well-developed ovipositor, and
the evolution of the short, internal structure seen in modern forms apparently did not occur
until the end of the Mesozoic. Reports of fossilized oothecae from the Upper Carbonifer-
ous are, according to Carpenter (1992), “not very convincing.” Within the Dictyoptera two
trends can be seen. The cockroaches became omnivorous, saprophagous, nocturnal, often
secondarily wingless insects, whereas the mantids (not known as fossils until the Eocene)
remained predaceous and diurnal. Although termites are known as fossils only from the
Cretaceous onward, comparison of their structure and certain features of their biology with
those of cockroaches (some of which are subsocial) indicates that they are derived from
blattoidlike ancestors (Weesner, 1960). Indeed, certain venational features and the method
of wing folding in the primitive termite Mastotermes resemble those of fossil rather than
extant cockroaches.



The relationships of the recently erected order Mantophasmatodea remain unclear.
Though unquestionably orthopteroid, members of this order possess a blend of features that
suggests their closest relatives may be Grylloblattodea or Phasmida (Klass et al., 2002).

The Paraneoptera (hemipteroid orders) share a number of features. They possess
suctorial mouthparts, and the clypeal region of the head is enlarged to accommodate the
cibarial sucking pump (see Figure 3.17). Their tarsi have three or fewer segments, the
ganglia in the nerve cord are fused, there are six or fewer Malpighian tubules, and cerci are
absent (at least in extant species). The anal lobe of the hind wing is reduced, never having
more than five veins, and when the hind wing is drawn over the abdomen, it folds once
along the anal or jugal fold, not between the anal veins as in the pliconeopterans. The wing
venation of hemipteroids is much reduced as a result of fusion of primary veins and almost
complete loss of crossveins and, when both fore and hind wings are present, is basically
similar in each. Included in the hemipteroid assemblage are four extant orders and a few
entirely fossil groups, though the number of these will surely increase as the Protorthoptera
are reworked. As noted earlier, the Miomoptera and Caloneurodea are considered
hemipteroid by some authors, but are included in the endopterygote or pliconeopteran
groups by others. The Glosselytrodea (Permian-Jurassic) are considered hemipteroid
by Hamilton (1972) and Kukalova-Peck (1991) on the basis of limited wing-venational
features, though most authorities consider them endopterygotes close to the neuropteroids
(Carpenter, 1977, 1992), based on different interpretation of the homologies of the wing
venation. Unfortunately, the mouthparts and immature stages are not known. Hemiptera
(true bugs) (Figure 2.7B), Psocoptera (psocids), and Thysanoptera (thrips) are known from
as early as the Lower Permian period. The rich fossil record of the hemipterans indicates
that the three major groups (Sternorrhyncha, Auchenorrhyncha, and Heteroptera) were
already separated in the Permian (Wootton, 1981; Kukalova-Peck, 1991). Psocopterans
may be the closest to the hemipteroid stem group, though their simplified wing venation and
stubby, triangular mouthparts are derived features. The thrips are poorly represented in the
Paleozoic fossil record, though interestingly the earliest specimens still have symmetrical
mouthparts, unlike the extant forms in which the right mandible has been lost. Phthiraptera
(chewing and sucking lice) are barely known as fossils; Saurodectes, a chewing louse from
the Lower Cretaceous, may have parasitized pterosaurs. However, the many similarities
between them and Psocoptera, notably the specialized preoral water-uptake mechanism,
ovipositor structure, polytrophic ovarioles, hypopharynx (in primitive chewing lice), and
nuclear rDNA sequences, suggest that the two are sister groups (Wheeler et al., 2001).
Indeed, some authorities include them in a single order Psocodea.

The main feature that unites members of the Oligoneoptera (endopterygotes) is the pres-
ence of the pupal stage between the larval and adult stages in the life history. Other probable
synapomorphies include the absence of compound eyes in the immature stages (instead,
stemmata occur), development of the wing rudiments in pouches beneath the larval integu-
ment, and the absence of external genitalia in immature stages. Despite these features, early
investigators experienced some difficulty in deciding whether the group had a monophyletic
or polyphyletic origin. The difficulty arose because, whereas the orders Mecoptera, Lepi-
doptera, Trichoptera, Diptera, and Siphonaptera show obvious affinities with each other and
form the so-called panorpoid complex (Hinton, 1958), the remaining groups (neuropteroids,
Coleoptera, Hymenoptera, and Strepsiptera) appear quite distinct, each apparently bearing
little similarity to any other endopterygote group. The modern consensus, supported by both
morphological and molecular data, is that the Oligoneoptera is a monophyletic taxon with
the major subgroups forming at a very early date. However, opinions differ with respect
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to the constituent sister groups [see Boudreaux (1979), Kristensen (1981, 1989, 1995),
Kukalova-Peck (1991, 1998), Wheeler et al. (2001), Kukalova-Peck and Lawrence (2004)].
Currently, the most favored view is that the two primary sister groups are the neuropteroids +
Coleoptera and the panorpoids + Hymenoptera (temporarily setting aside the status of the
Strepsiptera), but it must be emphasized that the supporting evidence is not strong. Putative
synapomorphies of the former group include the absence of cruciate ventral neck mus-
cles, prognathous head with a gula, female genitalia, and campodeiform larva; those of the
panorpoids + Hymenoptera are orthognathous head without a gula, eruciform larva with
single-clawed legs, and ability to produce silk from labial glands. The majority of molecular
phylogenetic analyses support this arrangement (see Wheeler, 1989; Wheeler et al., 2001).

The neuropteroid group includes three quite homogeneous orders—Neuroptera
(lacewings), Megaloptera (alderflies and dobsonflies), and Raphidioptera (snakeflies)—
which are sometimes included in a single order primarily on the basis of their very similar
ovipositor (and the difficulty in determining good apomorphic characters for each). Neu-
roptera and Megaloptera were already well established in the Permian and probably reached
their peak diversity in the Triassic/Jurassic. Fossil Raphidioptera are not known until the
Jurassic [reports suggesting their earlier existence are dubious according to Kukalova-Peck
(1991)] and never reached the abundance of the other neuropteroids.

Remains of genuine Coleoptera (beetles) are known from the Upper Permian period.
Somewhat earlier elytralike remains, originally thought to be from beetles, are now known
to belong to the Protelytroptera (see above). Though some early paleontologists suggested
that the Coleoptera had protorthopteran ancestors, implying at least a diphyletic origin for
the endopterygotes, Crowson (1960, 1981) and Kukalova-Peck (1991), among others, made
a case for common ancestry with the neuropteroids. According to Crowson, this proposal
is substantiated by the Lower Permian fossil Tshekardocoleus, which is intermediate in
form between Coleoptera and Megaloptera. Crowson (1975) included Tshekardocoleus in
the suborder Protocoleoptera, within the Coleoptera. Kukalova-Peck (1991), however, pre-
ferred to place it (and other beetlelike insects known from elytra in the same period) in a
separate, probably paraphyletic order. The Coleoptera-neuropteroid sister-group relation-
ship is strongly supported by the extensive analysis of Wheeler ef al. (2001).

The position of the Strepsiptera (stylopoids), highly modified endoparasitic insects,
remains controversial. The earliest fossils, from the Lower Cretaceous, are assignable to
the extant family Elenchidae, so that speculation on their origin is based on comparative
morphology. Kristensen (1981, 1989, 1991) has repeatedly noted that, based on the occur-
rence of instars with external wing buds and the carryover of larval eyes to the adult instar,
the stylopoids could be considered exopterygotes. However, on the basis of many other
features, they are unquestionably endopterygotes and on different occasions they have been
allied with the panorpoids, Hymenoptera, and Coleoptera. Many authorities agree that the
latter is the most likely arrangement, though opinions differ as to whether, for example,
they are highly modified beetles [Crowson (1981) includes them as a family, Stylopidae, of
Coleoptera] or are the sister order of the Coleoptera (Boudreaux, 1979; Kristensen, 1981;
Kukalova-Peck, 1991, 1998; Kukalova-Peck and Lawrence, 1993, 2004). In support of the
latter view the use of the hind wings only in flight and features of the hind wing venation
are cited as synapomorphies. Other features taken to indicate a close association between
the two groups are the extensive sclerotization of the sternum (rather than the tergum), the
resemblance between the first instar larva of Strepsiptera and the triungulin larva of the
beetle families Meloidae and Rhipiphoridae, and the similarity between the habits of en-
doparasitic forms of Rhipiphoridae and those of Strepsiptera. By contrast, a number of



molecular or combined morphological/molecular analyses have come out strongly in sup-
port of a Strepsiptera-Diptera sister-group relationship (see references in Whiting, 1998 and
Wheeler et al., 2001).

Synapomorphic features of the orders that make up the panorpoid complex are
“admittedly inconspicuous” according to Kristensen (1991). They include the vestigial
or lost ovipositor, insertion of the pleural muscle on the first axillary plate, transversely di-
vided larval stipes, and loss or addition of various muscles in the larval labium and maxilla.
Within the panorpoid complex two well-substantiated sister groups (sometimes designated
superorders) Antliophora (Mecoptera, Diptera, and Siphonaptera) and Amphiesmenoptera
(Trichoptera and Lepidoptera) are recognized. An abundance of mecopteralike fossil wings
have been recovered from Paleozoic strata, but it frequently has been difficult to determine
whether these belong to Mecoptera, Diptera, or the stem group ancestral to both of these
orders. Nevertheless, genuine Mecoptera (scorpionflies) are known from Upper Permian
deposits and may have been the first endopterygotes to diversify widely. The close link
between Diptera (true flies) and Mecoptera implied above, that is, by the inability to distin-
guish between fossil wings of the two groups, is supported by the existence of four-winged
fossil “flies” (Permotanyderus and Choristotanyderus) in the Upper Permian. These may
not be true Diptera but just off the main evolutionary line in a separate group Protodiptera.
Interestingly, the only direct evidence for the existence of Paleozoic Diptera (a single wing
of Permotipula patricia, collected from Upper Permian deposits in Australia during the
1920s) was lost for more than 50 years, only to be rediscovered in the British Museum
(London) and redescribed in the late 1980s (Willmann, 1989). Though they may have orig-
inated from the mecopteroid stem group during the Carboniferous (Kukalova-Peck, 1991),
the Siphonaptera (fleas) do not appear in the fossil record until the Lower Cretaceous. As
their names indicate, some of these (Saurophthirus and Saurophthiroides) are thought to
have possibly been parasites of flying reptiles. Because they are so highly modified for their
ectoparasitic mode of life, comparative studies of living fleas must be interpreted cautiously.
With their apodous larvae and adecticous pupae, fleas resemble Diptera, suggesting the two
may be sister groups. However, most authors, noting similarities in sperm ultrastructure,
thoracic skeleton, nervous system, foregut, and molecular genetic sequences believe that
these indicate a sister-group relationship between the Mecoptera and Siphonaptera.

The monophyletic nature of the Amphiesmenoptera is unquestioned with more than 20
synapomorphies common to the Trichoptera (caddisflies) and Lepidoptera (butterflies and
moths) (Kristensen, 1984). It is presumed that these orders had their origin in the Paleozoic
from mecopteralike ancestors, though there is little in the fossil record to substantiate this
claim. Microptysmella and related fossils from the Lower Permian may be members of
the stem group from which the two orders are derived. From his comparison of primitive
members of both orders, Ross (1967) suggested that the common ancestor was in the adult
stage trichopteran and in the larval stage lepidopteran in character. In the evolution of
Trichoptera the larva became specialized for an aquatic existence, but the adult remained
primitive. Along the line leading to Lepidoptera the larva retained its primitive features, but
the adult became specialized, especially in the development of the suctorial proboscis. The
earliest genuine caddis fly fossils are from the Triassic and some of these are assignable
to extant families. Most extant families probably originated in the Jurassic (Hennig, 1981),
and caddis fly cases have been found in Lower Cretaceous deposits. Fossil Lepidoptera are
known with certainty only from the Lower Jurassic onward, earlier specimens from the
Triassic being more likely Trichoptera or Mecoptera. Like those of extant Micropterigidae,
adults of the earliest Lepidoptera probably had chewing mouthparts and were pollen feeders;
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the larvae probably fed on liverworts and mosses. The great adaptive radiation of the order
probably came at the end of the Cretaceous period and beyond and was correlated with the
evolution of the flowering plants.

Though generally aligned with the panorpoids, the Hymenoptera (bees, wasps, ants,
sawflies) are quite distinct from all other endopterygotes. Indeed, the recent study by
Kukalova-Peck and Lawrence (2004) has the Hymenoptera as the sister group to all other
endopterygotes. Fossils are known from the Triassic period, but these were already quite
specialized, clearly recognizable as belonging to the extant symphytan family Xyelidae.
Members of the suborder Apocrita, which contains the parasitic and stinging forms, are not
known as fossils until the Jurassic and Cretaceous periods. The great adaptive radiation of
this suborder was, like that of the Lepidoptera, clearly associated with the evolution of the
angiosperms (see Section 4.1).

The foregoing discussion of the evolutionary relationships within the Insecta is sum-
marized in Figure 2.6.

3.3. Origin and Functions of the Pupa

As noted in the previous section the Oligoneoptera (endopterygote orders) are charac-
terized by the presence of a pupal stage between the juvenile and adult phases in the life
history. The development of this stage, which serves various functions, is a major reason
for the success (i.e., diversity) of endopterygotes. Given the importance of the pupal stage,
it is not surprising that several theories have been proposed for its origin (Figure 2.8).
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FIGURE 2.8. Theories for the origin of the pupal stage. Abbreviations: A, adult; E, egg; L, larva; N, nymph; P,
pupa. [Partly after H. E. Hinton, 1963b, The origin and function of the pupal stage, Proc. R. Entomol. Soc. Lond.
Ser. A 38:77-85. By permission of the Royal Entomological Society.]



Among the earliest proposals was that of Berlese (1913, cited in Hinton, 1963b) who
used the principle of “ontogeny recapitulates phylogeny” to develop his ideas. During its
development an insect embryo passes through three distinct stages. In the first (protopod)
stage no appendages are visible; this is followed by the polypod stage (in which appendages
are present on most segments); and finally the oligopod stage (when the appendages on
the abdomen have been resorbed) (see Chapter 20, Section 7.1). Berlese suggested that
the eggs of exopterygotes, by virtue of their greater yolk reserves, hatch in a postoligopod
stage of development, whereas the eggs of endopterygotes, which have less yolk, hatch
in the polypod or oligopod stages. According to Berlese, the larvae of endopterygotes
correspond to free-living embryonic stages, while the pupa represents the compression
of the exopterygote nymphal stages into a single instar. The major fault of Berlese’s idea
is the absence of evidence that the eggs of exopterygotes have a better supply of yolk
than those of endopterygotes (Hinton 1963b). Further, the theory implies that abdominal
prolegs (see Chapter 3, Section 5.2) are homologous with thoracic legs. Hinton (1963b)
argued that prolegs are secondary larval structures, though this claim is not justified given
the multilegged nature of the ancestors of insects (Heslop-Harrison, 1958; Kukalova-Peck,
1991). Truman and Riddiford (1999, 2002) have resurrected interest in Berlese’s proposal
following their detailed studies of the endocrine control of embryonic development.
Truman and Riddiford compared the subtle shifts in the timing of juvenile hormone activity
in embryos of hemimetabolous and holometabolous insects. As well, they examined the
effects of treating embryos with extra juvenile hormone or precocene (which destroys
the corpora allata) at various stages of development. Truman and Riddiford argued that
in ancestral hemimetabolous insects there were three postembryonic stages: pronymph,
nymph and adult. These correspond to the larval, pupal, and adult stages, respectively, of
holometabous forms. In modern hemimetabolous forms the pronymph has been retained
as a short-lived, non-feeding stage, which typically is spent within the egg. By contrast,
in holometabolous insects with earlier secretion of juvenile hormone the pronymph
took on increasing importance, becoming a long-lived, multi-instar feeding stage while
the nymphal instars, as proposed by Berlese, would be reduced to the single (pupal)
stage.

Poyarkoft’s (1914) theory (cited in Hinton, 1963b) offers a major advantage over
Berlese’s, namely, that it provides a causal explanation for the origin and function of the
pupal stage. According to this theory, the eggs of both endopterygotes and exopterygotes
hatch at a similar stage of development. The adult stage in the exopterygote ancestors of
the endopterygotes became divided into two instars, the pupa and the imago. Poyarkoff
suggested that the subimago of Ephemeroptera (see Chapter 6, Section 2) and the “pupal”
stage of some exopterygotes (see Chapter 8, Sections 4 and 5) are equivalent to the en-
dopterygote pupal stage. Further, the pupa (especially that of primitive endopterygotes such
as Neuroptera) resembles the adult rather than the larva. In his view the pupal stage evolved
in response to the need for a mold in which the adult systems, especially flight musculature,
could be constructed. The second (pupal-imaginal) molt was then necessary in order that
the new muscles could become attached to the exoskeleton. In Poyarkoff’s theory there is
no difference between the endopterygote larva and the exoptergote nymph.*

* Because they were considered originally to be quite distinct, the juvenile stages of exopterygotes and en-
dopterygotes were referred to as “nymph” and “larva,” respectively. The modern view (see Hinton’s theory) is
that nymphal and larval stages are homologous, and that pterygote juvenile stages should be called larvae. For
clarity of discussion, however, in this chapter only, the traditional distinction has been retained.
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Though it received support from some quarters, Poyarkoff’s theory was strongly crit-
icized by Heslop-Harrison (1958) and Hinton (1963b). Heslop-Harrison claimed that the
explanation given for the origin of the pupal stage is teleological; in other words, Poyarkoftf’s
explanation is that the pupal stage arose in fulfillment of a “need.” Hinton stated that there
is direct evidence against Poyarkoft’s idea concerning the function of the pupal stage. First,
it has been shown that tonofibrillae (microtubules within epidermal cells which attach mus-
cles to the exoskeleton) (see Figure 14.1) can be formed long after the pupal-adult molt
has occurred. Second, even in highly advanced endopterygotes the fiber rudiments of the
wing muscles are present at the time of hatching. These develop in the larva in precisely the
same way as the flight muscles of many primitive exopterygotes. In other words, no molt
is required.

Implicit in the theories of Berlese, Poyarkoff, and Hinton (1963b) is the evolution of
endopterygotes from exopterygote ancestors. Heslop-Harrison (1958) suggested, however,
that the earliest forms of both groups were present at the same time and evolved from
a common ancestor. This ancestor had a life history similar to that of modern Isoptera
and Thysanoptera, namely, EGG — LARVAL INSTARS (showing no sign of wings) —
NYMPHAL INSTARS (having external wing buds) — ADULT (see Chapter 7, Section 5;
Chapter 8, Section 5; and Figure 21.15). Heslop-Harrison proposed that in the evolution of
exopterygotes the larval instars were suppressed, and the modern free-living juvenile stages
correspond to the nymphal instars of the ancestors. In endopterygote evolution the nymphal
stages were compressed into the prepupal and pupal stages of modern forms. (The prepupal
stage is a period of quiescence in the last larval instar prior to the molt to the pupa. It is not
a distinct instar.) Thus, Berlese’s original concept that the pupa comprised the ontogenetic
counterparts of nymphal instars was supported by Heslop-Harrison. The basis of Heslop-
Harrison’s theory was his comparative study of the life history of various homopterans in
which the last nymphal instar is divided into two phases. In the most primitive condition
the first of these phases is an active one where the insect feeds and/or prepares its “pupal”
chamber. In the most advanced condition both phases are inactive, and there are, for all
intents and purposes, distinct prepupal and pupal stages, as in true endopterygotes.

The main general criticism of Heslop-Harrison’s theory is that it lacks supporting evi-
dence. More specific criticisms are that (1) the majority of early pterygote fossils (i.e., from
the Carboniferous period) belong to exopterygote groups, endopterygotes mostly appear-
ing for the first time in the Permian, leading most authorities to believe that endopterygotes
came from exopterygote ancestors; (2) the Isoptera and Thysanoptera on which Heslop-
Harrison’s “primitive life history” was based are two highly specialized exopterygote orders;
and (3) the implied homology of the endopterygote pupa and the last juvenile instars of
the exopterygote homopterans studied by Heslop-Harrison is not justified [see discussion
in Hinton (1963b)].

Perhaps the attraction of Hinton’s (1963b) theory is its simplicity. It avoids the “sup-
pression of larval,” “compression of nymphal,” and “expansion of imaginal” stages, found
in the earlier theories and provides a simple functional explanation for the evolution of a
pupal stage.

In Hinton’s theory the pupa is homologous with the final nymphal instar of exoptery-
gotes, and the terms “larva” and “nymph” are synonymous. Hinton proposed that, during
the evolution of endopterygotes, the last juvenile stage (with external wings) was retained
to complete the link between the earlier juvenile stages (larvae with internal wings) and the
adult, hence the general resemblance between the pupa and adult in modern endopterygotes.
Initially, the pupa would also resemble the earlier instars (just as the final instar nymph of



modern exopterygotes resembles both the adult and the earlier nymphal stages). Once this
intermediate stage had been established it is easy to visualize how the earlier juvenile stages
could have become more and more specialized (for feeding and accumulating reserves) and
quite different morphologically from both the pupa and the adult (the reproductive and
dispersal stage). At the same time the pupa itself became more specialized. It ceased feed-
ing actively, became less mobile, and was concerned solely with metamorphosis from the
juvenile to the adult form.

Concerning the functional significance of the pupal stage, Hinton suggested that, as the
endopterygote condition evolved, there was insufficient space in the thorax to accommodate
both the “normal” contents (muscles and other organ systems) and the wing rudiments. Thus,
the function of the larval-pupal molt was to evaginate the wings. This would permit not
only considerable wing growth (as greatly folded structures within the pupal external wing
cases) but also the enormous growth of the imaginal wing muscles within the thorax. The
latter is facilitated, of course, by histolysis of the larval muscles (a process that is often
not completed for many hours after the pupal-adult molt). The function of the pupal-adult
molt is simply to effect release of the wings from the pupal case. The original function
of the pupal stage was, then, to create space for wing and wing muscle development. But,
once a stage had been developed in the life history in which structural rearrangement could
take place, the way was open for increasing divergence of juvenile and adult habits and,
subsequently, a decrease in the competition for food, space, etc. between the two stages.
For many species the pupa has taken on a third function, namely as a stage in which the
insect can pass through adverse climatic conditions, especially freezing temperatures.

4. The Success of Insects

The degree of success achieved by a group of organisms can be measured either as
the total number of organisms within the group or, more commonly, as the number of
different species of organisms that comprise the group. On either account the insects must
be considered highly successful. Success is dependent on two interacting factors: (1) the
potential of the group for adapting to new environmental conditions and (2) the degree to
which the environmental conditions change. As success measured as the number of different
species is a direct result of evolution, the environmental changes that must be considered
are the long-term climatic changes that have occurred in different parts of the world over a
period of several hundred million years.

4.1. The Adaptability of Insects

The basic feature of insects to which their success can be attributed must surely be
that they are arthropods. As such they are endowed with a body plan that is superior to
that of any other invertebrate group. Of the various arthropodan features the integument is
the most important, as it serves a variety of functions. Its lightness and strength make it an
excellent skeleton for attachment of muscles as well as a “shell” within which the tissues
are protected. Its physical structure (usually including an outermost wax layer) makes it
especially important in the water relations of arthropods. Because they are generally small
organisms, arthropods in almost any environment face the problem of maintaining a suitable
salt and water balance within their bodies. The magnitude of the problem (and, therefore, the
energy expended in solving it) is greatly reduced by the impermeable cuticle (see Chapters
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11 and 18). Arthropods are segmented animals and therefore have been able to exploit the
advantages of tagmosis to the full extent. Directly related to this is the adaptability of the
basic jointed limb, a feature used fully by different groups of arthropods (see Figure 1.6
and descriptions of segmental appendages in Chapter 3).

As all arthropods possess these advantageous features, the obvious question to ask
is “Why have insects been especially successful?” or, put differently, “What features do
insects have that other arthropods do not?” Answering this question will provide only a
partial response for two reasons. First, as was stressed above, and is discussed more fully in
Section 4.2, the environmental changes that take place are also very important in determining
success. Consider, for example, the Crustacea. Compared to other invertebrate groups they
must be regarded as successful (at least 40,000 extant species have been described), yet in
comparison to the Insecta they come a very distant second. Although this is related partly to
their different features, it must also reflect the different habitats in which they evolved. As
a predominantly marine group, crustaceans evolved under relatively stable environmental
conditions. Further, it is likely that when they were evolving the number of niches available
to them would be quite limited because most were occupied by already established groups.
Insects, on the other hand, evolved in a terrestrial environment subject to great changes
in physical conditions. They were one of the earliest animal groups to “venture on land”
and, therefore, had a vast number of niches available to them in this new adaptive zone.
Second, the success of the Insecta as a whole is primarily related to the extraordinarily large
number of species in a handful of orders, namely, the Coleoptera, Lepidoptera, Diptera, and
Hymenoptera. Thus, the question ultimately becomes “What is it about these groups that
allowed them to become so species-rich?” The answer to this is considered below.

Most insects, modern and fossil, are small animals. A few early forms achieved a
large size but became extinct presumably because of climatic changes and their inability to
compete successfully with other groups. Small size confers several advantages on an animal.
It facilitates dispersal, it enables the animal to hide from potential predators, and it allows
the animal to make use of food materials that are available in only very small amounts. The
great disadvantage of small size in terrestrial organisms is the potentially high rate of water
loss from the body. In insects this has been successfully overcome through the development
of an impermeable exoskeleton.

The ability to fly was perhaps the single most important evolutionary development in
insects. With this asset the possibilities for escape from predators and for dispersal were
greatly enhanced. It led to colonization of new habitats, geographic isolation of populations,
and, ultimately, formation of new species. Wide dispersal is particularly important for those
species whose food and breeding sites are scattered and in limited supply.

Reproductive capacity and life history are two related factors that have contributed to
the success of insects. Production of large numbers of eggs, combined with a short life
history, means a greater amount of genetic variation can occur and be tested out rapidly
within a population. This has two consequences. First, rapid adaptation to changes in envi-
ronmental conditions will occur. This is best exemplified by the development of resistance
to pesticides (see Chapter 24, Section 4.2). Second, there will be rapid attainment of genetic
incompatibility between isolated populations and formation of new species. For example,
the approximately 10,000 species of native Hawaiian insects are thought to have evolved
from about 100 immigrant species. The evolution of a pupal stage between the larval and
adult stages has led to a more specialized (and, in a sense, a more “‘efficient”) life history.
In some species this has led to the exploitation of different food sources by the larvae
and adults (compare the foliage-feeding caterpillar with the nectar-drinking adult moth).



Further, it enables insects to use food sources that are available for only short periods of
time. Eventually, the main function of the larva becomes the accumulation of metabolic
reserves, whereas the adult is primarily concerned with reproduction and dispersal (and in
some species does not feed). Although the pupa is primarily to allow transformation of the
larva to the adult, in many species it has become a stage in which insects can resist unfa-
vorable conditions. This development and the restriction of feeding activity to one phase
of the life history have facilitated the expansion of insects into some of the world’s most
inhospitable habitats.

Four orders of insects have become extremely diverse: Coleoptera (300,000 species)
Lepidoptera (200,000), Hymenoptera (130,000), and Diptera (110,000). Clearly, these must
have particular features that allowed them to preferentially exploit new niches as these
became available through evolutionary time.

For Coleoptera, the features were the development of elytra that protect the hind wings
and cover the spiracles to reduce water loss, the “compact” body as a result of housing
the coxal segments in cavities, and the increased proportion of the integument that was
sclerotized. These allowed this group to occupy enclosed spaces and cryptic habitats such
as soil and litter, and to invade arid environments. Within the Coleoptera two groups are
especially diverse, the Curculionoidea and the Chrysomeloidea, which collectively total
more than 130,000 species (see Chapter 10, Section 5). The ancestor of these groups likely
fed on primitive plants such as pteridophytes, cycads and conifers. The species “explosion”
that led to the modern curculionoids and chrysomeloids began in the post-Jurassic period
and closely paralled the evolution of the angiosperms (Farrell, 1998).

The evolution of the proboscis enabled adult Lepidoptera to easily ingest water, hence
avoid desiccation, and to obtain nectar, often stored cryptically by the plants with which
they coevolved. Diptera, too, with their specialized mouthparts have been able to exploit
particular liquid food sources, notably nectar, juices from decaying materials, and animal
tissue fluids. It is generally considered that the radiation of the Lepidoptera and Diptera
closely paralleled that of the flowering plants and while this may be correct, Labandeira
and Sepkoski (1993) noted that the accelerated radiation of insects began 100 million years
before that of the angiosperms, and that the great majority of mouthpart types were in
existence by the Middle Jurassic. In Labandeira and Sepkoski’s view it may have been
the evolution of seed plants in general, and not specifically the angiosperms, that was the
driving force behind the explosive evolution of the Insecta.

The Hymenoptera, the great majority of which are small to minute, have “piggybacked”
on the success of other insect groups, by becoming parasitoids, especially on larvae or eggs,
through the development of the ovipositor as a paralyzing organ. In a further step, many
species evolved simple forms of parental care (e.g., by placing the prey in special cells along
with their egg), leading eventually to cooperative nest care and true sociality.

Several features of insects have contributed therefore to their success (diversification).
It is important to realize that these features have acted in combination to effect success,
and, furthermore, little of this success would have been possible except for the changing
environmental conditions in which the insects evolved.

4.2. The Importance of Environmental Changes

The importance of environmental changes in the process of evolution, acting through
natural selection, is well known. These changes can be seen acting at the population or
species level on a short-term basis, and many examples are known in insects, perhaps the
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best two being the development of resistance to pesticides and the formation of melanic
forms of certain moths in areas of industrial air pollution. Of greater interest in the present
context are the long-term climatic changes that have taken place over millions of years, for
it is these that have controlled the evolution of insects both directly and indirectly through
their influence on the evolution of other organisms, especially plants.

Although life began at least 2.5 billion years ago, it was not until the Upper Ordovician/
Lower Silurian periods (about 425-450 million years ago) that the first terrestrial organ-
isms appeared, an event probably correlated with the formation of an ozone layer in the
atmosphere, which reduced the amount of ultraviolet radiation reaching the earth’s surface
(Berkner and Marshall, 1965). The earliest terrestrial organisms were simple low-growing
land plants that reproduced by means of spores. They were soon followed by mandibulate
arthropods (scorpions, myriapods, and apterygotes) that presumably fed on the plants, their
decaying remains, their spores, or on other small animals (Peck and Munroe, 1999). In these
early plants, spores were produced on short side branches of upright stems. An important
evolutionary development was the concentration of the sporangia (spore-producing struc-
tures) into a terminal spike. Whether these spikes were particularly attractive as food for
insects and whether, therefore, they may have been important in the evolution of flight is a
matter for speculation (Smart and Hughes, 1973).

During the Devonian and Lower Carboniferous periods, a wide radiation of plants
occurred. Especially significant was the development of swamp forests that contained, for
example, tree lycopods, calamites, and primitive gymnosperms. The evolution of treelike
form, though in part related to the struggle for light, may also have enabled the plants
to protect (temporarily) their reproductive structures against spore-feeding insects and
other animals. In contrast to the humid or even wet conditions on the forest floor, the
air several meters above the ground was probably relatively dry. Thus, the evolution of
trees with terminal sporangia may have been an important stimulant to the evolution of
a waterproof cuticle, spiracular closing mechanisms, and, eventually, flight (Kevan et al.,
1975).

The trees, together with the ground flora, would provide a wide range of food material.
As noted earlier, winged insects appeared in the Lower Carboniferous. Though some of
these were mandibulate and fed on soft parts of plants or litter on the forest floor, the
great majority (>80%), notably the paleodictyopteroids and ancestral hemipteroids, had
mouthparts in the form of a proboscis, which has led to the suggestion that these insects
were adapted to feeding on either free-standing liquids or plant sap. Smart and Hughes
(1973) believed, however, that the proboscis might have been used as a probe for extracting
pollen and spores from the plants’ reproductive structures. They argued that not until the
Upper Carboniferous did plants evolve with phloem close enough to the stem surface that it
was accessible to Hemiptera. Yet other insects such as the Protodonata and, later, Odonata,
were predators, feeding on the sucking forms as well as early Ephemeroptera.

Possibly as a result of an “arms race” between predator and prey, some members of
all these groups became very large (Peck and Munroe, 1999). Another view suggests that
the evolution of large size (gigantism) was a result of competition between these insects
and the earliest terrestrial vertebrates, the Amphibia. Certainly large size would be favored
by the year-round, uniform growing conditions (Ross, 1965). A third factor related to the
evolution of Late Paleozoic gigantism was the increase in oxygen concentration in the
atmosphere that occurred at this time, with values possibly as high as 35%. This would
improve the ability of the insects’ tracheal system to supply tissues with oxygen (Chapter
15, Section 3.1), which is a major constraint to increased body size (Dudley, 1998).



In addition to the forest ecosystem, there were presumably other ecosystems, for ex-
ample, the edges of swamps and higher ground, which had their complement of insects.
However, such ecosystems did not apparently favor fossilization, and their insect fauna is
practically unknown.

Toward the end of the Carboniferous and extending through the Permian periods sig-
nificant climatic changes occurred that had a major effect on insect evolution. The Northern
Hemisphere became progressively drier, extensive glaciation took place in the Southern
Hemisphere, and many mountain ranges were formed, leading to distinct climatic zones
and major alterations in plant and insect biota. Among the significant floral changes were
the more restricted distribution or even extinction of many of the Carboniferous groups and
their replacement by gymnosperms. These biogeographic changes created not only new
habitats but also barriers that prevented gene flow among populations so that a veritable
insect population explosion occurred, especially of endopterygotes, the class reaching its
peak diversity in the Permian (Kukalova-Peck, 1991). However, near the end of this period,
most of the Paleozoic orders (including many “experimental” side groups) became extinct,
to be replaced by representatives of the modern orders. The reasons for the Great Permian
Extinction remain obscure. Some authors suggest that a major catastrophe occurred, for
example, the earth being struck by a very large meteorite or comet, while others believe
that climatic changes were the cause (Erwin, 1990; Peck and Munroe, 1999).

In the Triassic and early Jurassic the gradual radiation of the extant orders continued
but was largely overshadowed by evolution of the reptiles. The latter occurred in such large
numbers and in such a variety of habitats that the Triassic period is generally known as the
“Age of Reptiles.” Many of them were insectivorous, and this may have acted as a selection
pressure favoring small size (miniaturization), which is a general feature of fossil insects
from this period. An alternative explanation for miniaturization has come from examination
of the flight musculature across a range of insect groups, which suggests that asynchronous
flight muscle evolved at this time. Asynchronous flight muscle is a prerequisite for the
high wing-beat frequencies seen in the majority of good fliers (Chapter 14, Section 3.3.4).
However, because wing-beat frequency is inversely proportional to body size, miniaturiza-
tion was also necessary to achieve these high wing-beat frequencies (Dudley, 2001).

Early in the Triassic period the first bisexual flowers appeared. The occurrence together
of male and female structures immediately led to the possibility of a role as pollinators for
insects that fed on the reproductive parts of plants. Because of the risk of having their
reproductive structures eaten, these early plants probably produced a large number of small
ovules and much pollen (Smart and Hughes, 1973). The insect fauna of the Triassic period
still included “orthodox” plant feeders such as Orthoptera and some Coleoptera, plant-
sucking Hemiptera, and predaceous species (Odonata and Neuroptera). However, there
were also large numbers of primitive endopterygotes, mostly belonging to the panorpoid
complex, Hymenoptera, and Coleoptera, which as adults were mandibulate and therefore
were potential “mess-and-soil” pollinators (Smart and Hughes, 1973).

By the middle of the Jurassic period the decline of the reptiles had begun and the earth’s
climate had become generally warmer. As a result the insect fauna increased both in mean
body size and in variety. A good deal of mountain formation occurred at the end of the
Jurassic, creating new climatic conditions in various parts of the world including, for the
first time, winters. It was also about this time that the ancient world continent Pangea began
to break apart and form the modern continents with their distinct insect faunas.

The Cretaceous period was an important phase in the evolution of insects, for it was
during this time that adaptive radiations of several endopterygote orders took place. In
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some instances it must be assumed that these radiations directly paralleled the evolution of
angiosperms, although, it must be emphasized, the fossil record of angiosperm flowers is
sparse. Further, as noted above, there is a suggestion that much insect radiation preceded
the angiosperm diversification by as much as 100 million years (Labandeira and Sepkoski,
1993). Nevertheless, some extremely close interrelationships have evolved between plants
and their insect pollinators (see Chapter 23, Section 2.3). For other orders, the radiation
was only indirectly related to plants; for example, a large variety of parasitic Hymenoptera
appeared, correlated with the large increase in numbers of insect hosts. By the middle
Cretaceous, 84% of the insect fauna belonged to families that exist today.

The Cretaceous period was also rather active, geologically speaking, for a good deal
of mountain making, lowland flooding (by the sea), and formation and breakage of land
bridges took place. All of these processes would assist in the isolation and diversification
of the insect fauna.

The decline of reptiles, which became accelerated during the late Cretaceous period,
was followed by the increase in numbers of mammals and birds. These groups became
very widespread and diverse during the Tertiary period. Paralleling this diversification was
the evolution of their insect parasites. Throughout the Tertiary period the climate seems to
have alternated between warm and cold. In the Paleocene epoch the climate was cooler than
that of the Cretaceous. Thus, cold-adapted groups became widely distributed. A warming
trend followed in the Eocene so that cold-adapted organisms became restricted to high
altitudes, while the warm-adapted types spread. It appears that by the end of the Eocene
period (approximately 36 million years ago) most modern tribes or genera of insects had
evolved (Ross, 1965). In the Oligocene the climate became cooler and remained so during
the Miocene and Pliocene epochs. However, in these two epochs new mountain ranges were
formed, and some already existing ones were pushed even higher. The Tertiary period ended
about 1 million years ago and was followed by the Pleistocene epoch of the Quaternary
period. Temperatures in the Pleistocene (Ice Age) were generally much lower than in the
Tertiary, and four distinct periods of glaciation occurred, at which time most of the North
American and European continents had a thick covering of ice. Between these periods
warming trends caused the ice to recede northward. Accompanying these ice movements
were parallel movements of the fauna and flora. However, the overall significance of the
Ice Age in terms of insect evolution remains uncertain.

To conclude this section on the importance of environmental changes, the effects of
humans on insect populations and biodiversity must be mentioned. Initially, the hunter-
gatherer habits of humans would have had little effect. However, starting about 60,000 years
ago, hunting by the growing human population began to drive to extinction many species of
large mammals (and presumably their insect parasites). The trend began in Africa, was then
evident in Europe, and has since spread (at an increasing rate) to North and South America,
Australasia, and many oceanic islands. But by far the greatest human impact on ecosystems,
hence on insect diversity and numbers, was the evolution of agriculture. Conversion of native
grassland, deforestation, drainage of wetlands, and use of herbicides and insecticides have
occurred at an ever-increasing rate, leading to massive declines in ecosystem diversity. While
many species are in terminal decline or are already extinct as a result of these practices,
others (both plant and animal) have thrived as a result of monoculture, to become major
agricultural pests. Many organisms were introduced accidentally into new areas as a result
of commerce. In the absence of natural enemies these, too, have become pests (see also
Chapter 24). Some species were deliberately released under the misguided idea that they
would enhance their new environment, with no thought given to their possible long-term
impacts, for example, displacement of native species.



5. Summary

From their beginning as primitively wingless thysanuranlike creatures, the insects have
undergone a vast adaptive radiation to become the world’s most successful group of living
organisms. Undoubtedly, a large measure of this success can be attributed to the evolution of
wings. The Paranotal Theory suggests that wings evolved from rigid outgrowths of the terga
in adult insects, their initial function being the protection of the legs. Increase in the size
of the paranotal lobes was associated with improvement in attitudinal control as the insects
dropped from vegetation in order to escape predation. In the Paranotal Theory articulation
of these winglets was a later development associated with improving attitudinal control.
An idea that is becoming more popular is that wings developed from already articulated
structures. These were present on all thoracic and abdominal segments in aquatic juvenile
insects and from the outset were hinged in association with their function as gills, spiracular
flaps, or swimming organs. Before they became large and powerful enough for true flight,
the wings may have been used to propel insects over the water surface (surface skimming),
as seen in some extant stoneflies and mayflies.

The Pterygota had a monophyletic origin in the Devonian and soon split into two
major evolutionary lines, the Paleoptera and the Neoptera. By the late Carboniferous
several distinct neopteran groups were established. These were the pliconeopterans (ple-
copteroids, orthopteroids, and blattoids), which are perhaps polyphyletic, the paraneopter-
ans (hemipteroids), and the oligoneopterans (endopterygotes), both of which are probably
monophyletic. Of these, the endopterygotes have been by far the most successful. This is
related, in large part, to the evolution of a pupal stage within the group. Various theories
have been advanced for the origin of the pupal stage. The most likely theory proposes that
it is equivalent to the final nymphal instar of the original exopterygote ancestor. Its initial
function was to provide space for wing and wing muscle development. However, its evo-
lution also facilitated divergence of adult and larval habits, so that the two stages no longer
competed for the same resources. It also became a stage in which species could survive
adverse climatic conditions, especially freezing temperatures.

Insect success (i.e., diversity) is related not only to the group’s adaptability but also to
the environment in which they have evolved. Being arthropods, insects possess a body plan
that is superior to that of other invertebrates. They are generally small and able to fly. They
usually have a high reproductive capacity, often coupled with a life history that is short
and contains a pupal stage. Because of features peculiar to them, four orders (Coleoptera,
Lepidoptera, Hymenoptera, and Diptera) are especially successful, comprising almost 75%
of the described species. Insect evolution was coincident with the evolution of land plants.
The insects were among the first invertebrates to establish themselves on land. By virtue of
their adaptability they were able to colonize rapidly the new habitats formed as a result of
climatic changes over the earth’s surface.
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External Structure

1. Introduction

The extreme variety of external form seen in the Insecta is the most obvious manifestation
of this group’s adaptability. To the taxonomist who thrives on morphological differences,
this variety is manna from Heaven; to the morphologist who likes to refer everything back to
a basic type or ground plan, it can be a nightmare! Paralleling this variety is, unfortunately,
a massive terminology, even the basics of which an elementary student may find difficult
to absorb. Some consolation may be derived from the fact that “form reflects function.”
In other words, seemingly minor differences in structure may reflect important differences
in functional capabilities. It is impossible to deal in a text of this kind with all of the
variation in form that exists, and only the basic structure of an insect and its most important
modifications will be described.

2. General Body Plan

Like other arthropods insects are segmented animals whose bodies are covered with
cuticle. Over most regions of the body the outer layer of the cuticle becomes hardened
(tanned) and forms the exocuticle (see Chapter 11, Section 3.3). These regions are sepa-
rated by areas (joints) in which the exocuticular layer is missing, and the cuticle therefore
remains membranous, flexible, and often folded. The presence of these cuticular membranes
facilitates movement between adjacent hard parts (sclerites). The degree of movement at
a joint depends on the extent of the cuticular membrane. In the case of intersegmental
membranes there is complete separation of adjacent sclerites, and therefore movement is
unrestricted. Usually, however, especially at appendage joints, movement is restricted by
the development of one or two contiguous points between adjacent sclerites; that is, specific
articulations are produced. A monocondylic joint has only one articulatory surface, and at
this joint movement may be partially rotary (e.g., the articulation of the antennae with the
head). In dicondylic joints (e.g., most leg joints) there are two articulations, and the joint
operates like a hinge. The articulations may be either intrinsic, where the contiguous points
lie within the membrane (Figure 3.1A), or extrinsic, in which case the articulating surfaces
lie outside the skeletal parts (Figure 3.1B).
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FIGURE 3.1. Articulations. (A) Intrinsic (leg joint); and (B) extrinsic (articulation of mandible with cranium).
[From R. E. Snodgrass, Principles of Insect Morphology. Copyright 1935 by McGraw-Hill, Inc. Used with per-
mission of McGraw-Hill Book Company.]

In many larval insects (as in annelids) the entire cuticle is thin and flexible, and
segments are separated by invaginations of the integument (intersegmental folds) to which
longitudinal muscles are attached (Figure 3.2A). Animals possessing this arrangement
(known as primary segmentation) have almost unlimited freedom of body movement. In
the majority of insects, however, there is heavy sclerotization of the cuticle to form a series
of dorsal and ventral plates, the ferga and sterna, respectively. As shown in Figure 3.2B,
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FIGURE3.2. Types of body segmentation. (A) Primary; and (B) secondary. [From R. E. Snodgrass, Principles of
Insect Morphology. Copyright 1935 by McGraw-Hill, Inc. Used with permission of McGraw-Hill Book Company.]



these regions of sclerotization do not correspond precisely with the primary segmental
pattern. The tergal and sternal plates do not cover entirely the posterior part of the primary
segment, yet they extend anteriorly slightly beyond the original intersegmental groove.
Thus, the body is differentiated into a series of secondary segments (scleromata) separated
by membranous areas (conjunctivae) that allow the body to remain flexible. This is termed
secondary segmentation. Each secondary segment contains four exoskeletal components,
a tergum and a sternum separated by lateral, primarily membranous, pleural areas. Each of
the primary components may differentiate into several sclerites to which the general terms
tergites and sternites are applied; small sclerites, generally termed pleurites, may also occur
in the pleural areas. The primitive intersegmental fold becomes an internal ridge of cuticle,
the antecosta, seen externally as a groove, the antecostal sulcus. The narrow strip of cuticle
anterior to the sulcus is the acrotergite (when dorsal) or acrosternite (when ventral). The
posterior part of both the tergum and sternum is primitively a simple cuticular plate, but
this undergoes considerable modification in the thoracic region of the body. The pleurites
are usually secondary sclerotizations but in fact may represent the basal segment of the
appendages. The pleurites may become greatly enlarged and fused with the tergum and
sternum in the thoracic segments. In the abdomen the pleurites may fuse with the sternal
plates.

The basic segmental structure is frequently obscured as a result of tagmosis. In insects
three tagmata are found: the head, the thorax, and the abdomen. In the head almost all signs
of the original boundaries of the segments have disappeared, though, for most segments,
the appendages remain. In the thorax the three segments can generally be distinguished,
although they undergo profound modification associated with locomotion. The anterior
abdominal segments are usually little different from the typical secondary segment described
above. At the posterior end of the abdomen a varied number of segments may be modified,
reduced, or lost, associated with the development of the external genitalia.

Examination of the exoskeleton reveals the presence of a number of lines or grooves
whose origin is varied. If the line marks the union of two originally separate sclerites, it is
known as a suture. If it indicates an invagination of the exoskeleton to form an internal ridge
of cuticle (apodeme), the line is properly termed a sulcus (Snodgrass, 1960). Pits may also
be seen on the exoskeleton. These pits mark the sites of internal, tubercular invaginations
of the integument (apophyses). Secondary discontinuations of the exocuticular component
of the cuticle may occur, for example, the ecdysial line along which the old cuticle splits
during molting, and these are generally known as sutures.

Primitively each segment bore a pair of appendages. Traces of these can still be seen
on almost all segments for a short time during embryonic development, but on many seg-
ments they soon disappear, and typical insects lack abdominal appendages on all except
the posterior segments. According to Kukalova-Peck (1987), the ground plan of the insect
segmental appendage included 11 podites, some of which carried inner or outer branches
(endites and exites, respectively) (Figure 3.21A). All of these podites can be identified in
some fossil insects (Kukalova-Peck, 1992), but in the great majority of extant forms only
five or six podites at most are obvious, notably in the legs [coxa, trochanter, femur, tibia,
tarsus (and pretarsus, which some authors do not consider to be a podite)]. The appendages
of the head and abdomen have become so highly modified that homologizing their podites
may be extremely difficult. Traces of exites can be seen as gills in some aquatic juvenile
insects, and the endites remain as the exsertile vesicles of some apterygotes, but in the
majority of insects these branches have completely disappeared.
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3. The Head

The head, being the anterior tagma, bears the major sense organs and the mouthparts.
Considerable controversy still surrounds the problem of segmentation of the insect head,
especially concerning the number and nature of segments anterior to the mouth.” At various
times it has been argued that there are from three to seven segments in the insect head,
though it is now widely agreed that there are six. It is not feasible to discuss here the many
theories concerning the segmental composition of the insect head, but the main points of
contention should be noted. These are: (1) whether arthropods possess an acron (which is
non-segmental and homologous with the annelid prostomium); (2) whether a preantennal
segment occurs between the acron and the antennal segment and what appendages are
associated with such a segment; and (3) whether the antennae are segmental appendages or
merely outgrowths of the acron [see Rempel (1975), Bitsch (1994), Kukalova-Peck (1992),
and Scholtz (1998) for reviews of the subject]. The embryological studies of Rempel and
Church (1971) have demonstrated convincingly that an acron is present. However, it is never
seen in fossil insects or other arthropods (Kukalovéd-Peck, 1992) because it moved dorsally
to merge imperceptibly into the region between the compound eyes (Kukalova-Peck, 1998).

Both embryology and paleontology have confirmed that there are three preoral and three
postoral segments The first preoral segment is preantennal; it is called the protocerebral or
clypeolabral segment. The segment itself has disappeared but its appendages remain as the
clypeolabrum. The second preoral (antennal/deutocerebral) segment bears the antennae,
which are therefore true segmental appendages. The third preoral (intercalary/tritocerebral)
segment appears briefly during embryogenesis, then is lost. Its appendages, however, remain
as part of the hypopharynx (Kukalova-Peck, 1992). Head segments 4—6 are postoral and
named the mandibular, maxillary, and labial, respectively. Their appendages form the
mouthparts from which their names are derived. In addition, the sternum of the mandibular
segment becomes part of the hypopharynx.

3.1. General Structure

Primitively the head is oriented so that the mouthparts lie ventrally (the hypognathous
condition) (Figure 3.3B). In some insects, especially those that pursue their prey or use their
mouthparts in burrowing, the head is prognathous in which the mouthparts are directed
anteriorly (Figure 3.4A). In many Hemiptera the suctorial mouthparts are posteroventral in
position (Figure 3.4B), a condition described as opisthognathous (opisthorhynchous).

The head takes the form of a heavily sclerotized capsule, and only the presence of the
antennae and mouthparts provides any external indication of its segmental construction. In
most adult insects and juvenile exopterygotes a pair of compound eyes is situated dorsolater-
ally on the cranium, with three ocelli between them on the anterior face (Figure 3.3A). The
two posterior ocelli are somewhat lateral in position; the third ocellus is anterior and median.
The antennae vary in location from a point close to the mandibles to a more median position
between the compound eyes. On the posterior surface of the head capsule is an aperture, the
occipital foramen, which leads into the neck. Of the mouthparts, the labrum hangs down
from the ventral edge of the clypeus, the labium lies below the occipital foramen, and the

* Perhaps the most interesting conclusion was drawn by Snodgrass (1960, p. 51) who stated “it would be too bad
if the question of head segmentation ever should be finally settled; it has been for so long such fertile ground
for theorizing that arthropodists would miss it as a field for mental exercise”!
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FIGURE 3.3. Structure of the typical pterygotan head. (A) Anterior; (B) lateral; (C) posterior; and (D) ventral
(appendages removed). [From R. E. Snodgrass. Principles of Insect Morphology. Copyright 1935 by McGraw-Hill,
Inc. Used with permission of McGraw-Hill Book Company.]

paired mandibles and maxillae occupy ventrolateral positions (Figure 3.3B). The mouth is
situated behind the base of the labrum. The true ventral surface of the head capsule is the
hypopharynx (Figure 3.3D), a membranous lobe that lies in the preoral cavity formed by
the ventrally projecting mouthparts.

There are several grooves and pits on the head (Figure 3.3A—-C), some of which, by
virtue of their constancy of position within a particular insect group, constitute important
taxonomic features. The grooves are almost all sulci. The postoccipital sulcus separates the
maxillary and labial segments and internally forms a strong ridge to which are attached
the muscles used in moving the head and from which the posterior arms of the tentorium
arise (see following paragraph). The points of formation of these arms are seen externally
as deep pits in the postoccipital groove, the posterior tentorial pits. The epicranial suture
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FIGURE 34. (A) Prognathous; and (B) opisthognathous types of head structure. [A, from R. E. Snodgrass,
Principles of Insect Morphology. Copyright 1935 by McGraw-Hill, Inc. Used with permission of McGraw-Hill
Book Company. B, after R. F. Chapman, 1971, The Insects: Structure and Function. By permission of Elsevier
North-Holland, Inc., and the author.]

is a line of weakness occupying a median dorsal position on the head. It is also known as
the ecdysial line, for it is along this groove that the cuticle splits during ecdysis. In many
insects the epicranial suture is in the shape of an inverted Y whose arms diverge above the
median ocellus and pass ventrally over the anterior part of the head. The occipital sulcus,
which is commonly found in orthopteroid insects, runs transversely across the posterior
part of the cranium. Internally it forms a ridge that strengthens this region of the head. The
subgenal sulcus is a lateral groove in the cranial wall running slightly above the mouthpart
articulations. That part of the subgenal sulcus lying directly above the mandible is known
as the pleurostomal sulcus; that part lying behind is the hypostomal sulcus, which is usually
continuous with the postoccipital suture. In many insects the pleurostomal sulcus is contin-
ued across the front of the cranium (above the labrum), where it is known as the epistomal
(frontoclypeal) sulcus. Within this sulcus lie the anterior tentorial pits, which indicate the
internal origin of the anterior tentorial arms. The antennal and ocular sulci indicate internal
cuticular ridges bracing the antennae and compound eyes, respectively. A subocular sulcus
running dorsolaterally beneath the compound eye is often present.
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FIGURE 3.5. Relationship of the tentorium to grooves and pits on the head. Most of the head capsule has been
cut away. [From R. E. Snodgrass. Principles of Insect Morphology. Copyright 1935 by McGraw-Hill, Inc. Used
with permission of McGraw-Hill Book Company.]

The tentorium (Figure 3.5) is an internal, cranial-supporting structure whose mor-
phology varies considerably among different insect groups. Like the furca of the thoracic
segments (Section 4.2), with which it is homologous, it is produced by invagination of the
exoskeleton. Generally, it is composed of the anterior and posterior tentorial arms that may
meet and fuse within the head. Frequently, additional supports in the form of dorsal arms
are found. The latter are secondary outgrowths of the anterior arms and not apodemes. The
junction of the anterior and posterior arms is often enlarged and known as the tentorial
bridge or corporotentorium. In addition to bracing the cranium, the tentorium is also a site
for the insertion of muscles controlling movement of the mandibles, maxillae, labium, and
hypopharynx.

The grooves described above delimit particular areas of the cranium that are useful in
descriptive or taxonomic work. The major areas are as follows. The frontoclypeal area is the
facial area of the head, between the antennae and the labrum. When the epistomal sulcus is
present, the area becomes divided into the dorsal frons and the ventral clypeus. The latter is
often divided into a postclypeus and an anteclypeus. The vertex is the dorsal surface of the
head. It is usually delimited anteriorly by the arms of the epicranial suture and posteriorly
by the occipital sulcus. The vertex extends laterally to merge with the gena, whose anterior,
posterior, and ventral limits are the subocular, occipital, and subgenal sulci, respectively.
The horseshoe-shaped area lying between the occipital sulcus and postoccipital sulcus is
generally divided into the dorsal occiput, which merges laterally with the postgenae. The
postocciput is the narrow posterior rim of the cranium surrounding the occipital foramen.
It bears a pair of occipital condyles to which the anterior cervical sclerites are articulated.
Below the gena is a narrow area, the subgena, on which the mandible and maxilla are
articulated. The labium is usually articulated directly with the neck membrane (Figure 3.3C),
but in some insects a sclerotized region separates the two. This sclerotized area develops
in one of three ways: as extensions of the subgenae which fuse in the midline to form a
subgenal bridge, as extensions of the hypostomal areas to form a hypostomal bridge, or
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(in most prognathous heads) through the extension ventrally and anteriorly of a ventral
cervical sclerite to form the gula. At the same time the basal segment of the labium may
also become elongated (Figure 3.4A).

3.2. Head Appendages
3.2.1. Antennae

A pair of antennae are found on the head of the pterygote insects and the aptery-
gote groups with the exception of the Protura. However, in the larvae of many higher
Hymenoptera and Diptera they are reduced to a slight swelling or disc.

In a typical antenna (Figure 3.6) there are three principal components: the basal scape
by which the antenna is attached to the head, the pedicel containing Johnston’s organ
(Chapter 12, Section 3.1), and the flagellum, which is usually long and annulated. Accord-
ing to Kukalova-Peck (1992), the scape, pedicel, and flagellum are homologous with the
subcoxa, coxa, and remaining segments, respectively, of the ancestral leg (Figure 3.21A).
The annuli on the flagellum do not correspond with the ancestral leg joints; that is, the annuli
are constrictions, not sutures. The scape is set in a membranous socket and surrounded by
the antennal sclerite on which a single articulation may occur. In the majority of insects
movement of the whole antenna is effected by muscles inserted on the scape and attached
to the cranium or tentorium. However, in Collembola there is no Johnston’s organ and each
antennal segment is moved by a muscle inserted in the previous segment.

Although retaining the basic structure outlined above, the antennae take on a wide
variety of forms (Figure 3.7) related to their varied functions. Generally, it is the flagellum
that is modified. For example, in some male moths and beetles the flagellum is plumose and
flabellate, respectively, providing a large surface area for the numerous chemosensilla that
give these insects their remarkable sense of smell (see Chapter 12, Section 4). By contrast,
the plumose nature of the antennae of male mosquitoes makes them highly sensitive to the
sounds generated by the beating of the female’s wings (Chapter 12, Section 3.1). Other
functions of antennae include touching, temperature and humidity perception, grasping
prey, and holding on to the female during mating (Schneider, 1964; Zacharuk, 1985). For
taxonomists, this variety of form may be an important diagnostic feature.

3.2.2. Mouthparts

The mouthparts consist of the labrum, a pair of mandibles, a pair of maxillae, the
labium, and the hypopharynx. In Collembola, Protura, and Diplura the mouthparts are

pedicel

FIGURE 3.6. Structure of an antenna. [From R. E.
Snodgrass, Principles of Insect Morphology. Copyright
1935 by McGraw-Hill, Inc. Used with permission of
McGraw-Hill Book Company.]
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FIGURE 3.7. Types of antennae. [After A. D. Imms, 1957, A General Textbook of Entomology, 9th ed. (revised
by O. W. Richards and R. G. Davies), Methuen and Co.]

enclosed within a cavity formed by the ventrolateral extension of the genae, which fuse in
the midline (the entognathous condition). In Microcoryphia, Zygentoma, and Pterygota the
mouthparts project freely from the head capsule, a condition described as ectognathous.
The form of the mouthparts is extremely varied (see below), and it is appropriate to describe
first their structure in the more primitive chewing condition.

Typical Chewing Mouthparts. In atypical chewing insect the labrum (Figure 3.3A)
is a broadly flattened plate hinged to the clypeus. Its ventral (inner) surface is usually
membranous and forms the lobe-like epipharynx, which bears mechano- and chemosensilla.

The mandible (Figure 3.8A) is a heavily sclerotized, rather compact structure having
almost always a dicondylic articulation with the subgena. Its functional area varies accord-
ing to the diet of the insect. In herbivorous forms there are both cutting edges and grinding
surfaces on the mandible. The cutting edges are typically strengthened by the addition of
zinc, manganese or, rarely, iron, in amounts up to about 4% of the dry weight. In carnivorous
species the mandible possesses sharply pointed “teeth” for cutting and tearing. In Microco-
ryphia the mandible has a single articulation with the cranium and, as a result, much greater
freedom of movement.

Of all of the mouthparts the maxilla (Figure 3.8B) retains most closely the structure
of the primitive insectan limb. The basal segment is divided by a transverse line of flexure
into two subsegments, a proximal cardo and a distal stipes. The cardo carries the single
condyle with which the maxilla articulates with the head. Both the cardo and stipes are,
however, attached on their entire inner surface to the membranous head pleuron. The stipes
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FIGURE 3.8. Structure of (A) mandible, (B) maxilla, and (C) labium of a typical chewing insect. [From
R. E. Snodgrass, Principles of Insect Morphology. Copyright 1935 by McGraw-Hill, Inc. Used with permission
of McGraw-Hill Book Company.]

bears an inner lacinia and outer galea, and a maxillary palp. This basic structure is found in
both apterygotes and the majority of chewing pterygotes, although in some forms reduction
or loss of the lacinia, galea, or palp occurs. In Kukalova-Peck’s (1991) view the cardo
and stipes correspond to the subcoxa and coxa + trochanter, respectively, of the ancestral
appendage; the lacinia and the galea to the coxal and trochanteral endites, respectively; and
the palp to the remaining segments. The laciniae assist in holding and masticating the food,
while the galeae and palps are equipped with a variety of mechano- and chemosensilla.

The labium (Figure 3.8C) is formed by the medial fusion of the primitive appendages
of the postmaxillary segment, together with, in its basal region, a small part of the sternum
of that segment. The labium is divided into two primary regions, a proximal postmentum
corresponding to the maxillary cardines plus the sternal component, and a distal premen-
tum homologous with the maxillary stipites. The postmentum is usually subdivided into
submentum and mentum regions. The prementum bears a pair of inner glossae and a pair of
outer paraglossae, homologous with the maxillary laciniae and galeae, respectively, and a
pair of labial palps. When the glossae and paraglossae are fused they form a single structure
termed the ligula.

Arising as a median, mainly membranous, lobe from the floor of the head capsule and
projecting ventrally into the preoral cavity is the hypopharynx (Figures 3.3D and 3.9). It
is frequently fused to the labium. In a few insects (bristletails and mayfly larvae) a pair
of lobes, the superlinguae, which arise embryonically in the mandibular segment, become
associated with the hypopharynx. The hypopharynx divides the preoral cavity into anterior
and posterior spaces, the upper parts of which are the cibarium (leading to the mouth) and
salivarium (into which the salivary duct opens), respectively.

Mouthpart Modifications. The typical chewing mouthparts described above can be
found with minor modifications in Odonata, Plecoptera, the orthopteroids and blattoids,



subesophageal ganglion

pharyngesl diabor muscle postpharyngeal dilator muscle

brain

retractor muscle
crop

= .........un.|1n~\."1"ﬁﬁ.\‘1\lm\ﬂﬁ“|\‘.‘!“.\
G

- 1]
T - salivary ducts

etractor muscle
of hypopharynx

pharynx
frons

pharyngeal dilator muscle
buccal cavity

buccal dilator muscle —fE= i ‘HKJ .

cibarial dilator muscle

tentorium

clypeus
cibarium

e

hypopharyngeal suspensorium A7

labral compressor muscle prementum

labrum

food meatus basal sclerite of hypopharynx

precral (mouth) cavity

FIGURE 3.9. Simplified sectional diagram through the insect head showing the general arrangement of the
parts. [From R. E. Snodgrass, Principles of Insect Morphology. Copyright 1935 by McGraw-Hill, Inc. Used with
permission of McGraw-Hill Book Company.]

Neuroptera and Coleoptera (with the exceptions mentioned below), Mecoptera, primitive
Hymenoptera, and larval Ephemeroptera, Trichoptera, and Lepidoptera. However, the basic
arrangement may undergo great modification associated with specialized feeding habits
(especially the uptake of liquid food) or other, nontrophic functions. Suctorial mouthparts
are found in members of the hemipteroid orders, and adult Siphonaptera, Diptera, higher
Hymenoptera, and Lepidoptera. The mouthparts are reduced or absent in non-feeding or
endoparasitic forms.

Examination of the structure of the mouthparts provides information on an insect’s
diet and feeding habits, and is also of assistance in taxonomic studies. Some of the more
important modifications for the uptake of liquid food are described below. It will be noted
that all sucking insects have two features in common. Some components of their mouthparts
are modified into tubular structures, and a sucking pump is developed for drawing the food
into the mouth.

Coleoptera and Neuroptera. In certain species of Coleoptera and Neuroptera the
mouthparts of the larvae are modified for grasping, injecting, and sucking. In the beetle
Dystiscus, for example, the laterally placed mandibles are long, curved structures with a
groove having confluent edges on their inner surface (Figure 3.10). The labrum and labium
are closely apposed so that the cibarium is cut off from the exterior. When prey is grasped,
digestive fluids from the midgut are forced along the mandibular grooves and into the body.
After external digestion, liquefied material is sucked back into the cibarium. In Dytiscus
the suctorial pump is constructed from the cibarium, the pharynx, and their dilator muscles
(see Figure 3.9).

Hymenoptera. In adult Hymenoptera a range of specialization of mouthparts can
be seen. In primitive forms, such as sawflies, the mandible is a typical biting structure, and
the maxillae and labium, though united, still exhibit their component parts. In the advanced
forms, such as bees, the mandibles become flattened and are used for grasping and molding
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FIGURE 3.10. Left mandible of Dytiscus larva, seen dorsally, showing
the canal on its inner side. [From R. E. Snodgrass, Principles of Insect
Morphology. Copyright 1935 by McGraw-Hill. Inc. Used with permission
of McGraw-Hill Book Company.]

materials rather than biting and cutting. The maxillolabial complex is elongate and the
glossae form a long flexible “tongue,” a sucking tube capable of retraction and protraction
(Figure 3.11). The laciniae are lost and the maxillary palps reduced, but the galeae are much
enlarged, flattened structures, which in short-tongued bees are used to cut holes in the flower
corolla to gain access to the nectary. When the food is easily accessible, the glossae, labial
palps, and the galeae form a composite tube up which the liquid is drawn. When the food
is confined in a narrow cavity such as a nectary, only the glossae are used to obtain it. The
sucking mechanism of the Hymenoptera includes the pharynx, buccal cavity, and cibarium,
and their dilator muscles.

Lepidoptera. Functional biting mouthparts are retained in the adults of only one
family of Lepidoptera, the Micropterigidae. In all other groups the mouthparts (Figure 3.12)
are considerably modified in conjunction with the diet of nectar. The mandibles are usually
lost, the labrum is reduced to a narrow transverse sclerite, and the labium is a small flap

labrum

mandible

mentum maxillary palp

FIGURE 3.11. Mouthparts of the honey bee. [After R.
E. Snodgrass. 1925, Anatomy and Physiology of the Honey
bee, McGraw-Hill Book Company.]
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FIGURE 3.12. Head and mouthparts of Lepidoptera. (A) General view of the head and (B) cross-section of the
proboscis. [From R. E. Snodgrass, Principles of Insect Morphology. Copyright 1935 by McGraw-Hill, Inc. Used
with permission of McGraw-Hill Book Company.]

(though its palps remain quite large). The long, suctorial proboscis is formed from the
interlocking galeae, whose outer walls comprise a succession of narrow sclerotized arcs
alternating with thin membranous areas: presumably this arrangement facilitates coiling.
Extension of the proboscis is brought about by a local increase in blood pressure. The sucking
pump of Lepidoptera comprises the same elements as that of Hymenoptera. In Lepidoptera
that do not feed as adults all mouthparts are greatly reduced and the pump is absent.

Diptera. In both larval and adult Diptera the form and function of the mouthparts
have diverged considerably from the typical chewing condition. Indeed, in extreme cases
[seen in some of the larvae (maggots) of Muscomorpha] it appears that not only a new
feeding mechanism but an entirely new functional head and mouth have evolved, the true
mouthparts of the adult fly being suppressed during the larval period. This remarkable
modification of the head and its appendages is, of course, the result of the insect living
entirely within its food.

Larva. In larvae of many orthorrhaphous flies the head is retracted into the thorax
and enclosed within a sheath formed from the neck membrane. The mandibles and maxillae
possess the typical biting structure (though the palps are small or absent). The labrum is
large and overhanging. The labium is rudimentary and often confused with the hypostoma,
a toothed, triangular sclerite on the neck membrane (Figure 3.13A-C).

In maggots the true head is completely invaginated into the thorax, and the conical
“head” is, in fact, a sclerotized fold of the neck. The functional “mouth” is the inner end of
the preoral cavity, the atrium, from which a pair of sclerotized hooks protrude. The cibarium
is transformed into a massive sucking pump, and the true mouth is the posterior exit from
the pump lumen (Figure 3.13D).

Adult. No adult Diptera have typical biting mouthparts, although, of course, many
blood feeders are said to “bite” when they pierce the skin. The mouthparts can be divided
functionally into those that only suck and those that first pierce and then suck. In the latter
the piercing structure may be the mandibles, the labium, or the hypopharynx.

In Diptera that merely suck or “sponge” up their food (e.g., the house fly and blow fly)
the mandibles have disappeared and the elongate feeding tube, the proboscis, is a composite
structure that includes the labrum, hypopharynx, and labium (Figure 3.14). The proboscis
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FIGURE 3.13. Head and mouthparts of larval Diptera. (A) Diagrammatic section through the retracted head of
Tipula; (B) right mandible of Tipula; (C) left maxilla of Tipula; and (D) diagrammatic section through the anterior
end of a maggot. [From R. E. Snodgrass, Principles of Insect Morphology. Copyright 1935 by McGraw-Hill, Inc.
Used with permission of McGraw-Hill Book Company.]

is divisible into a basal rostrum bearing the maxillary palps, a median flexible haustellum,
and two apical labella. The latter are broad sponging pads, equipped with pseudotracheae
along which food passes to the oral aperture. The latter is not the true mouth, which lies at
the upper end of the food canal. As in other Diptera, the sucking apparatus is formed from
the cibarium and its dilator muscles that are inserted on the clypeus.

Many Diptera feed on blood. Some of these (e.g., the tsetse fly, stable fly, and horn fly),
like their non-piercing relatives, have a composite proboscis. However, the haustellum is
elongate and rigid, and the distal labellar lobes are small but bear rows of prestomal teeth
on their inner walls. The labrum and labium interlock to form the food canal within which
lies the hypopharynx enclosing the salivary duct (Figure 3.15).

Other blood-feeding flies (e.g., horse flies, deer flies, black flies, and mosquitoes) use
the mandibles for piercing the host’s skin. The mouthparts of the horse fly 7Tabanus may be
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FIGURE 3.14. Head and mouthparts of the house fly. (A) Lateral view of the head with the proboscis extended;
and (B) anterodistal view of the proboscis. [From R. E. Snodgrass, Principles of Insect Morphology. Copyright
1935 by McGraw-Hill, Inc. Used with permission of McGraw-Hill Book Company.]
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FIGURE 3.15. Mouthparts of the tsetse fly. (A) Cross-section; and (B) lateral view of the proboscis. [From
R. E. Snodgrass, Principles of Insect Morphology. Copyright 1935 by McGraw-Hill, Inc. Used with permission
of McGraw-Hill Book Company.]

taken as an example (Figure 3.16). The labrum is dagger-shaped but flexible and blunt at the
tip. On its inner side is a groove closed posteriorly by the mandibles to form the food canal.
The mandibles are long and sharply pointed. The maxillae retain most of the components of
the typical biting form (except the laciniae) but the galeae are long bladelike structures. The
hypopharynx is a styletlike structure and contains the salivary duct. The labium is a large,
thick appendage with a deep anterior groove into which the other mouthparts normally fit.
Distally it bears two large labellar lobes. Blood flows along the pseudotracheae to the tip
of the food canal.

Hemiptera. The major contributor to the hemipteran proboscis (Figure 3.17) is the
labium, a flexible segmented structure with a deep groove on its anterior surface. Within
this groove are found the piercing organs, the mandibular and maxillary bristles. The two
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FIGURE 3.17. Head and mouthparts of Hemiptera. (A) Head with the mouthparts separated; and (B) cross-
section of the proboscis. [From R. E. Snodgrass, Principles of Insect Morphology. Copyright 1935 by McGraw-Hill,
Inc. Used with permission of McGraw-Hill Book Company.]

maxillary bristles are interlocked within the labial groove and form the food and salivary
canals. Because of the great enlargement of the clypeal region of the head associated with
the opisthognathous condition, the cibarial sucking pump is entirely within the head.

4. The Neck and Thorax

The thorax is the locomotory center of the insect. Typically each of its three segments
(pro-, meso-, and metathorax) bears a pair of legs, and in the adult stage of the Pterygota the



meso- and metathoracic segments each have a pair of wings. Between the head and thorax
is the membranous neck (cervix).

4.1. The Neck

Study of its embryonic development shows that the neck contains both labial and
prothoracic components and therefore the primary intersegmental line must be within the
neck membrane. The muscles that control head movement arise on the postoccipital ridge
and are attached to the antecosta of the prothoracic segment. Thus, they must include the
fibers of two segments. This modification of the basic segmental structure was apparently
necessary to provide sufficient freedom of head movement.

Usually supporting the head and articulating it with the prothorax are the cervical
sclerites, a pair of which occur on each side of the neck (Figure 3.3B). Either one or
both sclerites may be absent. When only one occurs, it is often fused with the prothorax.
Occasionally, additional dorsal and ventral sclerites are found.

4.2. Structure of the Thorax

In the evolution of the typical insectan body plan there have been two phases associated
with the development of the thorax as the locomotory center; in the first the walking legs
became restricted to the three thoracic segments, and in the second articulated wings were
formed on the meso- and metathoracic terga. Accompanying each of these developments
were major changes in the basic structure of the secondary segments of the thoracic region.
These changes were primarily to strengthen the region for increased muscular power.

In the apterygotes and many juvenile pterygotes the thoracic terga are little different
from those of the typical secondary segment described in Section 2. In the adult the terga of
the wing-bearing segments are enlarged and much modified (Figure 3.18). Although it may
remain a single plate, the tergum (or notum, as it is called in the thoracic segments) is usually
divided into the anterior wing-bearing alinotum, and the posterior postnotum. These are
firmly supported on the pleural sclerotization by means of the prealar and postalar arms,
respectively. The antecostae of the primitive segments become greatly enlarged forming
phragmata, to which the large dorsal longitudinal muscles are attached. As wing movement
is in part brought about by flexure of the terga (see Chapter 14, Section 3.3.3), which is
itself caused by contraction and relaxation of the dorsal longitudinal muscles, it is clear that
the connection between the mesonotum and metanotum and between the metanotum and
first abdominal tergum must be rigid. The intersegmental membranes are therefore reduced
or absent. Additional supporting ridges are developed on the meso- and metanota, the most
common of which are the V-shaped scutoscutellar ridge and the transverse (prescutal)
ridge (Figure 3.18A). The lateral margins of the alinotum are constructed for articulation of
the wing. They possess both anterior and posterior notal processes, to which the first and
third axillary sclerites, respectively, are attached. Further details of the wing articulation
are given in Section 4.3.2.

The originally membranous pleura have been strengthened to varying degrees by scle-
rotization and the formation of internal cuticular ridges. In some apterygotes, for example,
two small, crescent-shaped pleural sclerites may be seen above the coxa, though the rest of
the pleuron is membranous. In the prothorax of Plecoptera there are likewise two sclerites,
but these are much larger than those of apterygotes and occupy more than half the pleural
area. In the thoracic segments of all other pterygotes the pleura are fully sclerotized and are
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FIGURE 3.18. (A) Dorsal view of a generalized alinotum; and (B) lateral view of a typical wing-bearing
segment. [From R. E. Snodgrass, Principles of Insect Morphology. Copyright 1935 by McGraw-Hill, Inc. Used
with permission of McGraw-Hill Book Company.]

additionally strengthened by the formation of an internal pleural ridge that extends dorsally
into the pleural wing process (Figure 3.18B). Articulating with this process is the second
axillary sclerite. Each pleural ridge is extended inwardly as a pleural arm (Figure 3.19)
that meets and may fuse with similar apophyses from the sternum. The pleural ridge is
seen externally as the pleural sulcus (Figure 3.18B) above the coxa. This groove divides
the pleuron into an anterior episternum and posterior epimeron. Often these sclerites are
divided secondarily into dorsal and ventral areas, the supraepisternum and infraepisternum,
and supraepimeron and infraepimeron. Derived from the episternum and epimeron and ap-
pearing above them usually as distinct, articulated sclerites are the basalar and subalar, to
which important wing muscles are attached.

In the thorax the acrosternite of the typical secondary segment forms an independent
intersegmental plate or intersternite. The intersternites, which are found between the pro-
and mesothorax and between the meso- and metathorax, are known as spinasterna because
each bears an internal spine to which a few ventral muscles are attached. Frequently, the
spinasterna fuse with the segmental plate, eusternum, of the preceding segment. The euster-
num is a composite structure, comprising the primary sternal plate and the sternopleurite.
The eusternum may be divided secondarily into an anterior basisternum and posterior ster-
nellum by the sternacostal sulcus (Figure 3.20). The latter is the result of an invagination to
form the sternacosta, aridge of cuticle that unites the sternal apophyses (Figure 3.19). In the
higher pterygotes these apophyses are borne on a median internal ridge and form a Y-shaped
furca (Figure 3.19). As noted earlier, these apophyses combine with the pleural arms to form
a rigid internal support. The latter provides attachment for the major longitudinal ventral
muscles and certain muscles of the leg.

It must be emphasized that many variations occur from the rather general description of a
thoracic segment provided above. In all insects the prothorax is modified by the development



tergum

| pleural ridge
pleuron

pleural
apophysis

sternal
apophysis

sternum

sternum coxa

A B

FIGURE 3.19. Diagrammatic cross-sections of the thorax to show the endoskeleton. (A) Normal condition; and
(B) condition when furca present. [From R. E. Snodgrass, Principles of Insect Morphology. Copyright 1935 by
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FIGURE 3.20. Ventral view of a generalized thoracic sternum. [From R. E. Snodgrass, Principles of Insect
Morphology. Copyright 1935 by McGraw-Hill, Inc. Used with permission of McGraw-Hill Book Company.]

of the neck region. The pronotum especially is different, lacking the antecostal region and
phragma through neck membranization. In some groups (e.g., Orthoptera, Hemiptera, and
Coleoptera) the pronotum is greatly enlarged; in others it is reduced to a narrow band
between the head and mesothorax. In those orders whose members have a single pair of
functional wings, the tergal plates of the segment from which the wings are absent are
usually reduced in size.

4.3. Thoracic Appendages
4.3.1. Legs

In the vast majority of insects each thoracic segment bears a pair of legs. In the cases
where legs are absent, for example, in all dipteran, and many coleopteran and hymenopteran
larvae, the condition is secondary. Typically, the legs are concerned with walking and
running, but they may be specialized for a range of other physical functions, some of
which are described below. In addition, for many insects they are important organs of taste
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FIGURE 3.21. (A) Hypothetical ground plan of leg podites in ancestral insect; and (B) typical leg of a modern
insect. [A, after J. Kukalova-Peck, 1987, New Carboniferous Diplura, Monura, and Thysanura, the hexapod
ground plan, and the role of thoracic side lobes in the origin of wings (Insecta), Can. J. Zool. 65:2327-2345. By
permission of the National Research Council of Canada and the author. B, from R. E. Snodgrass, Principles of
Insect Morphology. Copyright 1935 by McGraw-Hill, Inc. Used with permission of McGraw-Hill Book Company.]

(see Chapter 12, Section 4.1). As noted earlier, Kukalova-Peck (1987) suggested that the
ancestral limb included 11 podites, as well as exites and endites (Figure 3.21A). Because of
fusion of podites with the pleuron or with adjacent podites the full complement of podites in
the leg is never seen, though in many fossils and a few extant Ephemeroptera and Odonata
as many as eight podites can be identified.

Typical Walking Leg. The leg consists of six podites, the coxa, trochanter, femur,
tibia, tarsus, and pretarsus (Figure 3.21B). Between adjacent parts are a narrow, annulated
membrane, the corium, and usually a mono- or dicondylic articulation.

The coxa is a short, thick segment strengthened at its proximal end by an internal ridge,
the basicosta (Figure 3.22). The coxa usually has a dicondylic articulation with the pleuron.
In some orders the basicostal sulcus is U- or V-shaped over the posterior half of the coxa
(Figure 3.22). The sclerite thus demarcated becomes thickened and is known as the meron.
The trochanter is a small segment. It always has a dicondylic articulation with the coxa but
is usually firmly fixed to the femur, which is generally the largest leg segment. Following
the slender tibia is the tarsus, a segment that is usually subdivided into between two and
five tarsomeres and a pretarsus. The pretarsus, in most insects, takes the form of a pair of
tarsal claws and a median lobe, the arolium (Figure 3.23).
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Leg Modifications. The functions for which the legs have become modified include
jumping, swimming, grasping, digging, sound production, and cleaning.

In Orthoptera and a few Coleoptera (e.g., flea beetles) the femur on the hindleg is greatly
enlarged to accommodate the extensor muscles of the tibia used in jumping. In swimming
insects, the tibia and tarsus of the hindlegs (occasionally also the middle legs) are flattened
and bear rigid hairs around the periphery (Figure 3.24A). Legs modified for grasping are
found in predaceous insects such as the mantis and giant water bug, in ectoparasitic lice,
and in males of various species where they are used for hanging onto the female during
mating. In the mantis, the tibia and femur of the foreleg are equipped with spines and operate
together as pincers (Figure 3.24B). The foreleg of a louse is short and thick and has at its tip
a single, large tarsal claw that folds back against the tibial process (Figure 3.24C). Suctorial
pads have been developed on the fore limbs in males of many beetle species. In Dytiscus,
for example, the first three tarsomeres are flattened and possess large numbers of cuticular
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FIGURE 3.24. Leg modifications. (A) Hindleg of Gyrinus (swimming); (B) foreleg of a mantis (grasping prey);
(C) foreleg of a louse (attachment to host); (D) foreleg of Dytiscus (holding onto female); and (E) foreleg of a mole
cricket (digging). [A, after L. C. Miall, 1922, The Natural History of Aquatic Insects, published by Macmillan
Ltd. B, D, E, after J. W. Folsom, 1906, Entomology: With Special Reference to Its Biological and Economic
Aspects.]

cups, two of which are extremely enlarged (Figure 3.24D). The forelegs of soil-dwelling
insects such as the mole cricket (Figure 3.24E), cicadas, and various beetles are modified for
digging. The legs are large, heavily sclerotized, and possess stout claws. The tarsomeres are
reduced in number or may disappear entirely in some forms. In many Orthoptera sounds
are produced when the hind femora, which have a row of cuticular pegs on their inner
surface, are rubbed against ridged veins on the fore wing. Modifications to the forelegs for
cleaning purposes are found in many insects. In certain Coleoptera and Hymenoptera, for
example, the honey bee (Figure 3.25A), a notch lined with hairs occurs on the metatarsus
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FIGURE 3.25. Leg modifications in the worker honey bee. (A) Foreleg showing the cleaning notch, (B) outer
surface of hindleg showing the pollen basket, and (C) inner surface of hind tarsus and tip of hind tibia showing
rake and pollen press. [After R. E. Snodgrass, 1925. Anatomy and Physiology of the Honey bee, McGraw-Hill
Book Company.]

of the foreleg through which the antenna can be drawn and cleaned. The hindlegs of the bee
are modified for pollen collection (Figure 3.25B). Rows of hairs, the comb, on the inner side
of the first tarsomere scrape pollen off the abdomen. The rake, a fringe of hairs at the distal
end of the tibia, then collects the pollen from the comb on the opposite leg and transfers it
to the pollen press. When the press is closed, the pollen is pushed up into the pollen basket,
where it is stored until the bee returns to its nest.

4.3.2. Wings

The majority of adult Pterygota have one or two pairs of functional wings. The complete
absence of wings is a secondary condition, associated with the habits of the group concerned,
for example, soil-dwelling or endoparasitism. The wings may be modified for a variety of
purposes other than flight.

Development and General Structure. Regardless of its evolutionary origin (Chap-
ter 2, Section 3.1) a wing contains the usual integumental elements (cuticle, epidermis, and
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basal lamina) and its lumen, being an extension of the hemocoel, contains tracheae, nerves,
and hemolymph. As the wing develops, the dorsal and ventral integumental layers become
closely apposed over most of their area forming the wing membrane. The remaining areas
form channels, the future veins, in which the nerves and tracheae may occur. The cuticle sur-
rounding the veins becomes thickened to provide strength and rigidity to the wing. Hairs of
two types may occur on the wings: microtrichia, which are small and irregularly scattered,
and macrotrichia, which are larger, socketed, and may be restricted to veins. The scales
of Lepidoptera and Trichoptera are highly modified macrotrichia. For a detailed review of
wing morphology, see Wootton (1992).

It must be assumed that the extremely varied arrangement of veins found among the
insect orders is derived from a primitive common pattern, the ground plan or archetype
venation. Details of the latter will never be known with certainty because even the earliest
fossilized wings had a highly complex venation. In order to develop a basic plan of wing
venation, it is necessary to compare (and homologize) not only the veins, but also flexion
lines (lines along which a wing creases during flight), fold lines (where wings crease during
folding), and wing areas (areas delimited by specific veins and/or lines) (Wootton, 1979).
Given the diversity of wings of insects, both fossil and extant, it is not surprising that authors
have sometimes reached quite different conclusions with respect to the homologies of veins
(compare Figures 2.2 and 3.26). This is unfortunate given the enormous importance of wing
venation in phylogenetic and taxonomic studies.

The usual method of determining homology is direct comparison of the position and
form of veins. In addition, there are other, more subtle features with which to assess potential
homologies (Ragge, 1955; Hamilton, 1972a; Lawrence et al., 1991). Thus, certain veins
are always associated with particular axillary sclerites. Tillyard (1918) made use of the fact
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FIGURE3.26. Basic scheme of wing venation, flexion lines and folding lines. (A) Fore wing or hind wing without
vannus; and (B) vannal area of hind wing. [After R. J. Wootton, 1979, Function, homology and terminology in
insect wings, Syst. Entomol. 4:81-93. By permission of the Royal Entomological Society.]



that some veins have associated with them a row of macrotrichia. In many wings this row
persists even when the original vein has disappeared. The widely used Comstock-Needham
system of wing venation was based on the assumption that tracheae are always present
in particular veins and that the pattern of tracheae develops in a characteristic manner
and thereby determines the venational pattern (Comstock, 1918). In fact, the lacunae from
which veins arise develop as hemolymph channels and it is only after veins have formed that
tracheae and nerves extend into them. In addition, tracheal patterns may differ, for example,
between pupal and adult instars, according to different functional needs. Other authors have
based their studies of vein homology on wing fluting, the alternation of concave and convex
veins. This approach is of limited use, however, and is not applicable to branched vein
systems where fluting is practically non-existent, or to wings that are secondarily fluted
(Hamilton, 1972a).

Wootton (1979) made a major contribution toward resolution of the confusion over the
nomenclature of veins and other wing components. His scheme, presented in Figure 3.26,
includes the following longitudinal veins (from anterior to posterior): costa, subcosta, ra-
dius, radial sector, anterior media, posterior media, anterior cubitus, posterior cubitus,
and anals (of which there may be several). Any of these veins may be branched, though the
costa and posterior cubitus rarely are because the former is at the leading edge of the wing
while the latter is associated with the claval furrow. In wings with a jugum (see below), jugal
vein(s) may occur. The major flexion lines are the median flexion line, which originates just
behind the media and runs outward just behind the radial sector, and the claval furrow,
which lies along the posterior cubitus (Figure 3.27). Though fold lines may be transverse,
as in the hind wings of beetles and earwigs, they are normally radial to the base of the wing,
allowing adjacent sections of a wing to be folded over or under each other. The commonest
fold line is the jugal fold, situated just behind the third anal vein. In hind wings with an
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FIGURE 3.27. Diagram showing the major areas, margins and angles of a generalized wing. (A) Fore wing or

hind wing without vannus; and (B) vannal area of hind wing [Partly after R. J. Wootton, 1979, Function, homology
and terminology in insect wings, Syst. Entomol. 4:81-93. By permission of the Royal Entomological Society.]
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expanded posterior area (the ano-jugal area or vannus), several fold lines may occur. The
principal wing areas are the jugum, behind the jugal fold, and the clavus, the area between
the claval furrow and jugal fold in wings without a vannus. The vannus extends between
the clavus and the jugum and therefore includes any vannal fold lines. The remigium is the
area anterior to the claval furrow.

Various other terms may be encountered in wing descriptions (Figure 3.27). Because
the wing is approximately triangular, it has three margins: the anterior costal margin, lateral
apical margin, and posterior anal margin. These margins form three angles: the humeral
angle at the wing base, the apical angle between the costal and apical margins, and the
anal angle (tornus) between the apical and anal margins. In Psocoptera, Hymenoptera, and
Odonata an opaque or pigmented area, the pterostigma, is found near the costal margin of
the wing. The areas between adjacent veins are referred to as cells, which may be open
(when extending to the wing margin) or closed (when entirely surrounded by veins). The
cells are named after the longitudinal vein that forms their anterior edge.

Wing Modifications. There are many modifications of the typical condition in which
the insect has two pairs of triangle-shaped flapping wings. The modifications fall, however,
into two broad categories: (1) Those that lead, directly or indirectly, to improved flight (see
Wootton, 1992); and (2) those in which a wing takes on a function entirely unrelated to
movement of the insect through the air. Both types of modification are possible in the same
insect.

It seems that the two-winged condition is aerodynamically more efficient than the
four-winged condition, and in a number of insect orders wing-coupling mechanisms have
evolved that link together the fore and hind wings on the same side of the body (Tillyard,
1918). The precise nature of the coupling mechanism varies, but usually it consists of
groups of hairs, the frenulum, on the anterior basal margin of the hind wing that interlocks
with hairs or curved spines, the retinaculum, attached to various veins of the fore wing
(Figure 3.28). The other way in which the two-winged condition has been achieved is
through the loss, functionally speaking, of either the fore wings (in Coleoptera and male
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FIGURE 3.28. Wing-coupling mechanism in Hippotion
scrota (Lepidoptera). (A) Male; and (B) female. [After
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Strepsiptera) or the hind wings (Diptera, and some Ephemeroptera and Hemiptera). In these
insects the wings, no longer used directly in flight (i.e., to create lift through flapping), are
still present but modified for other functions. The modified hind wings, halteres, of Diptera
and male Coccoidea (Hemiptera) are highly developed sensory structures used in attitudinal
control (see Figure 14.15). The heavily sclerotized elytra (fore wings) of Coleoptera are
mainly protective in function, though they may be secondarily important in control of
attitude.

Even in insects that retain two functional pairs of wings there are frequently modifica-
tions of these structures for other functions. In many Lepidoptera, for example, the wing
margins are irregular and the wings appropriately colored so that when the insect is at rest it
is camouflaged. The wings of male Orthoptera are commonly modified for sound produc-
tion. In crickets and long-horned grasshoppers the hardened fore wings possess a toothed
file (the modified cubital vein) and a scraper (a sclerotized ridge at the wing margin). Rapid
opening and closing of the wings causes the file on one wing to be dragged over the scraper
of the other wing and sound to be produced. In short-horned grasshoppers that sing the file
is on the hind femur; the scraper takes the form of ridged veins on the fore wings.

5. The Abdomen

The abdomen differs from the head and thorax in that its segments generally have a
rather simple structure, they are usually quite distinct from each other, and most of them
lack appendages. The number of abdominal segments varies. The primitive number appears
to be 12, though this number is found today in only the Protura. Most insects have 10 or
11 abdominal segments, but several of these are reduced. The reduction occurs primarily
at the posterior end, but in some endopterygotes the first segment is reduced and intimately
fused with the metathorax. For the purpose of discussion the abdominal segments may be
considered to form three groups: pregenital segments, genital segments, and postgenital
segments.

5.1. General Structure

The more anterior (pregenital) segments are little different from the typical secondary
segment described in Section 2. In the first segment, however, the antecosta of the tergum
bears internally a pair of phragmata to which the metathoracic dorsal longitudinal muscles
are attached. Furthermore, the acrotergite of this segment forms the postnotal plate of the
metathorax. Frequently the antecostal region and acrotergite are clearly separated from the
rest of the tergum and form part of the metanotum. In the higher Hymenoptera the entire
first segment, the propodeum, is fused with the metathorax and the conspicuous “waist” of
these insects occurs between the first and second abdominal segments.

The genital opening (gonopore) is located, in the majority of Pterygota, on or behind
the eighth or ninth sternum in the female, and behind the ninth sternum in the male. In
Ephemeroptera and most male Dermaptera paired gonopores occur. The genital segments are
modified in various ways for oviposition or sperm transfer. In female Diptera, Lepidoptera,
and Coleoptera the posterior segments lack appendages and form smooth cuticular cylinders
often telescoped into the anterior part of the abdomen. When extended (Figure 3.29) they
form a long narrow tube that facilitates egg laying in inaccessible places. Sometimes the tip
of the abdomen is sclerotized for piercing tissues. In other orders the tergum and sternum
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FIGURE 3.29. Abdomen of the house fly extended. The
segments are numbered. [From L. S. West, 1951, The Housefly,
Comstock Publishing Co., Inc.]

of the genital segments remain as distinct cuticular plates. In the female the sternum of
the eighth segment is sometimes enlarged to form the subgenital plate, in which case the
sternum of the ninth segment is reduced to a membranous sheet. In the male the tergum
and sternum of the ninth segment are distinct but may be greatly modified. The genital
segments retain their appendages, which are modified to serve in the reproductive process.
In the female they form the ovipositor, and in the male, clasping and intromittent organs.

The postgenital segments include the 10th and, when present, the 11th abdominal seg-
ments. In the lower orders where both postgenital segments are present, the 10th segment
is usually united with the 9th or 11th segments and it never bears appendages. The 11th
segment comprises a somewhat triangular tergal plate, the epiproct, and a pair of ventrolat-
eral plates, the paraprocts. It bears appendages, the cerci, inserted in the membranous area
between the 10th and 11th segments on each side of the body (Figure 3.30).

In the majority of endopterygotes there is only one postgenital segment, the 10th abdom-
inal segment. It is usually much modified and has no true appendages. When appendiculate
structures are present, they are secondary developments.

5.2. Abdominal Appendages

Generally the only appendages seen on the abdomen of an adult pterygote insect are
those on the genital segments (the external genitalia) and the cerci. In the apterygote groups

9th tergum
10th tergum

epiproct
cercus

y___ anus
paraproct

FIGURE 3.30. Postgenital segments of a female grasshop-

>owpusnor per. [From R. E. Snodgrass, Principles of Insect Morphology.
Copyright 1935 by McGraw-Hill, Inc. Used with permission of
McGraw-Hill Book Company.]



there are, in addition, appendages on a varied number of pregenital segments. All of these
may be considered as “primary” appendages, that is, derived from the primitive insect limb.
Many larvae possess segmentally arranged prolegs or gills on the abdomen. Accord-
ing to some authorities (e.g., Hinton, 1955), these are secondary structures and are not
derived from the primitive limb. However, others, notably Kukalova-Peck (1991), have ar-
gued that these are homologues of the thoracic legs, that is, are direct descendants of the
ancestral paired appendages present on all segments. Finally, a number of insects possess
non-segmental appendages on the abdomen, which clearly are of secondary origin.

5.2.1. External Genitalia

The morphology of the external genitalia is highly varied, especially in the male, and
it is sometimes extremely difficult to homologize the different components. In the female
the appendages combine to form an ovipositor, used for placing eggs in specific sites.
The appendages of the male are used as clasping organs during copulation. Because of
their specific form, the external genitalia are widely used by taxonomists for identification
purposes.

Female. According to Scudder (1961) the primitive structure of the pterygote insect
ovipositor can be seen in the silverfish Lepisma (Figure 3.31A). The ovipositor typically has
a basal part and a shaft. The basal part consists of two pairs of gonocoxae (valvifers) on the
eighth and ninth segments, homologous with the coxa of the leg. Projecting ventroposteriorly
from each gonocoxa is an elongate process, the gonapophysis (valvula). Together the four
gonapophyses make up the shaft. The first gonapophyses are ventral, the second dorsal. In
most pterygote orders the second gonocoxa has a second posterior process, the third valvula
or gonoplac, attached to it (Figure 3.31B). The gonoplac may form part of the ovipositor or
serve as a protective sheath. The gonangulum is a small sclerite, articulated with the second
gonocoxa (from which it is derived) and the ninth tergum.

Among Pterygota an ovipositor is found in Grylloblattodea, Dictyoptera, Orthoptera,
and Hymenoptera, some Odonata and most Hemiptera, Thysanoptera, and Psocoptera. In
each of these groups it is more or less modified from the general condition described above.
The ovipositor of Odonata and Grylloblattodea is almost identical with that of Lepisma,
except that a gonoplac is present. In Dictyoptera and Orthoptera the gonangulum fuses
with the first gonocoxa. In viviparous cockroaches the ovipositor is considerably modified.
The gonoplac, in Orthoptera, is a large sclerotized plate that forms part of the ovipositor
shaft. The second gonapophyses, when present, are usually median and concealed. These
structures are much reduced in Acrididae.

In Hemiptera, Thysanoptera, and Psocoptera, an ovipositor may or may not be present.
When present, the gonangulum is fused with the ninth tergum, and the second gonapophyses
are fused, making the shaft a three-part structure. The gonoplacs normally ensheath the
shaft.

The ovipositor of Hymenoptera may be considerably modified for boring, piercing,
sawing, and stinging (Figure 3.32). Only when modified for stinging does it no longer par-
ticipate in egg laying, though it retains the basic components, with the exception of the first
gonocoxae, which have disappeared. The first gonapophyses are attached to the gonangu-
lum, which is articulated with the ninth tergum and second gonocoxa. As in Hemiptera,
the second gonapophyses are fused. The shaft is typically very elongate, and the eggs are
considerably compressed as they are squeezed along it. In the stinging Hymenoptera the
eggs are released at the base of the ovipositor. The fused second valvulae form an inverted
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common oviduct

FIGURE 3.31. Structure of the ovipositor. (A) Lepisma (Zygentoma); and (B) a typical pterygote insect. [A,
after G. G. E. Scudder, 1961, The comparative morphology of the insect ovipositor, Trans. R. Entomol. Soc. Lond.
113:25-40. By permission of the Royal Entomological Society. B, from R. E. Snodgrass, Principles of Insect
Morphology. Copyright 1935 by McGraw-Hill, Inc. Used with permission of McGraw-Hill Book Company.]
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FIGURE 3.32. Sting of the honey bee. [After R. E. Snodgrass, 1925. Anatomy and Physiology of the Honey
bee. McGraw-Hill Book Company.]
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FIGURE 3.33. Origin and development of the phallic organs. (A) Primary phallic lobes; (B) paired penes of
Ephemeroptera; and (C) formation of the aedeagus. [Reproduced by permission of the Smithsonian Institution Press
from Smithsonian Miscellaneous Collections, Volume 135, “A revised interpretation of the external reproductive
organs of male insects,” Number 6, December 3, 1957, 60 pages, by R. E. Snodgrass: Figures 1A-C, page 3.
Washington, D.C., 1958, Smithsonian Institution.]

paramere

groove that is enlarged proximally into the basal bulb. When an insect stings the poison
gland releases its fluid into the basal bulb. The poison is caused to flow along the groove
by back and forth movements of the lancets (modified first gonapophyses).

Male. “The great structural diversity in the male genitalia of insects is the delight
of taxonomists, the despair of morphologists,” wrote Snodgrass (1957, p. 11). Paralleling
this diversity of structure is a mass of taxonomic terms (see Tuxen, 1970). The genitalia
are composed of two sets of structures. First, there are basic structures that, though varied
in form, are common to all insects, and second, there are structures that are peculiar to a
group or even a species. Space does not permit description of the latter, or even the variation
that occurs within the former, set of structures. The following paragraphs will, therefore,
be limited to a discussion of the basic form of the genitalia.

Comparative study indicates that in all insects the basic genitalia are derived from
a pair of primary phallic lobes, ectodermal outgrowths belonging to the tenth segment
(Figure 3.33A). However, only in Ephemeroptera do they remain as separate lobes, through
the posterior tips of which open the gonopores (Figure 3.33B). In Zygentoma the lobes meet
in the midline to form a short, tubular structure, the “penis.” The latter is, in fact, a misnomer,
since this structure is not an intromittent organ. In Odonata secondary copulatory structures
are developed on the ventral surface of the anterior abdominal segments (see Chapter 6,
Section 3), and the genitalia on the tenth abdominal segment are much reduced. In all
of the remaining orders the primary lobes are each divided into two secondary lobes, the
phallomeres. Between the median pair, mesomeres, the ectoderm invaginates to form the
ejaculatory duct. The outer pair, parameres, elongate and develop into clasping organs. The
mesomeres unite medially to form a tubular intromittent organ, the aedeagus, whose inner
passage is termed the endophallus (Figure 3.33C). The distal opening of the endophallus
is the phallotreme. Occasionally the parameres and aedeagus are united basally, this region
being known as the phallobase. Usually, however, the parameres are placed laterally on the
ninth segment.

Two assumptions that are generally made concerning the male genitalia are (1) that
they are modified limb appendages and (2) that they belong to the ninth abdominal segment.
Snodgrass (1957) questioned the validity of both assumptions. He presented a convincing
argument against assumption (1) and suggested, instead, that the genitalia are derived from
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primitive paired penes. This view contrasts, of course, with that of Kukalova-Peck (1991)
who identified the various segments of the ancestral limb that make up the genitalia. Ac-
cording to Snodgrass (1957), the evidence from embryonic and postembryonic development
does not support assumption (2) but indicates that the genitalia arose primitively on the tenth
abdominal segment.

5.2.2. Other Appendages

Cerci. Paired cerci occur in Diplura, Microcoryphia, Zygentoma, Ephemeroptera,
Zygoptera (a suborder of the Odonata), Plecoptera, the orthopteroids and blattoids, and
Mecoptera. It is generally agreed that the cerci (Figure 3.31) are true appendages of the
11th segment, although frequently all traces of the latter have disappeared. Typically, they
are elongate multisegmented structures that function as sense organs. They may, however,
be considerably modified. In nearly all Dermaptera the cerci form unjointed forceps. The
cerci of nymphs of Zygoptera are modified to form the lateral caudal lamellae (Figure
6.11C). The latter, along with the median caudal lamella (developed from the epiproct),
are accessory respiratory structures. In adult male Zygoptera the cerci form claspers for
grasping the female during copulation. In most male Embioptera the basal segment of the
left cercus forms a hook with which the insect can clasp his mate.

Styli and Eversible Vesicles. Styli occur on most abdominal segments of
Microcoryphia, Zygentoma, and Diplura, and on the ninth sternum of some male orthopte-
roids. In some bristletails the styli are articulated with a distinct coxal plate (Figure 3.34),
but generally the original coxal segment is fused with the sternum. In bristletails, at least,
the styli serve to raise the abdomen off the ground during locomotion.

Eversible vesicles (Figure 3.34) are short cylindrical structures found on some pregen-
ital segments of apterygotes. They are closely associated with the styli when present, but
their homology is unclear. They are believed to have the ability to take up water from the
environment.

sternum

coxal
plate

abdominal styli
muscles

retractor
muscles

FIGURE 3.34. Stylus and eversible vesicle of a thysanu-
ran. Part of the wall of the plate has been removed to show
the musculature. [From R. E. Snodgrass, Principles of Insect
Morphology. Copyright 1935 by McGraw-Hill, Inc. Used
with permission of McGraw-Hill Book Company.]
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FIGURE3.35. Secondary segmental appendages. (A) Proleg of a caterpillar; and (B) gill of a mayfly larva. [From
R. E. Snodgrass, Principles of Insect Morphology. Copyright 1935 by McGraw-Hill, Inc. Used with permission
of McGraw-Hill Book Company.]

Prolegs. Segmentally arranged, leglike structures are present on the abdomen of
many endopterygote larvae (Figure 3.35A). They are known as prolegs (pseudopods or
larvapods). Their structure is varied, though typically (e.g., in caterpillars) three regions
can be distinguished: a basal membranous articulation, followed by a longer section having
a sclerotized plate on the outer wall, and an apical protractile lobe, the planta, which
bears claws, crochets, peripherally. The planta is protracted by means of blood pres-
sure. Immediately above the leg there is a swollen area in the body wall, the suprapedal
lobe.

Gills. A large number of aquatic larvae possess segmentally arranged gills on a varied
number of abdominal segments. These are flattened, filamentous structures, frequently
articulated at the base (Figure 3.35B).

Non-Segmental Appendages. In many insects non-segmental structures are present.
These are typically a mediodorsal projection on the last abdominal segment. Examples of
such structures are the median lamella of zygopteran larvae and the caudal filament of
Microcoryphia, Zygentoma, and Ephemeroptera. Occasionally these structures are paired
(e.g., the urogomphi of some larval Coleoptera) and are easily mistaken for cerci. The anal
papillae of certain dipteran larvae also fit in this category.

6. Literature

Many books and review articles deal with more or less specific aspects of external
structure, for example, Snodgrass (1935) [general morphology); DuPorte (1957), Snod-
grass (1960), Matsuda (1965) [head]; Matsuda (1963) [thorax]; Schneider (1964), Zacharuk
(1985) [antennae]; Matsuda (1976) [abdomen]; Snodgrass (1957), Scudder (1971) [male
external genitalia]; Scudder (1961, 1971) [ovipositor]. Care must be taken when reading
papers that deal with morphology because authors may use differing terminology and have
differing views on the homology of structures.
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Systematics and Taxonomy

1. Introduction

Systematics may be defined as the study of the kinds and diversity of organisms and the
relationships among them. Taxonomy, the theory and practice of identifying, describing,
naming, and classifying organisms, is an integral part of systematics. Classification is the ar-
rangement of organisms into groups (taxa, singular taxon) on the basis of their relationships.
It follows that identification can take place only after a classification has been established. It
should be emphasized that not all authors adopt these definitions. Taxonomy is often used as
a synonym of systematics (as defined above), while classification is sometimes used rather
loosely (and incorrectly) as a synonym of identification.

Systematics is an activity that impinges on most other areas of biological endeavor. Yet,
its importance (and fiscal support for it) seem to have diminished in recent years. To some
extent, this may be the fault of systematists who tend to work in isolation, often focusing on
some small and obscure group of organisms. This may be especially true of entomological
systematists who, faced with the enormous diversity of the Insecta, tend to be seen as
“counters of bristles,” “measurers of head width”” and performers of other activities of little
relevance to the outside world. In fact, as Danks (1988) elegantly pointed out, nothing
could be further from the truth. Systematics has played, and continues to play, a major
role in fundamental evolutionary and ecological studies, for example faunistic surveys,
zoogeographic work, life-history investigations and studies of associations between insects
and other organisms. In applied entomology good systematic work is the basis for decisions
on the management of pests. Indeed, Danks (1988) provided examples of pest-management
projects in which inadequate or faulty systematics resulted in failure, sometimes with great
economic and social cost (and see Section 2).

The taxonomy of insects, like that of most other groups of living organisms, continues
to be based primarily on external structure, though limited use has also been made (some-
times of necessity, especially between species) of physiological, developmental, behavioral,
and cytogenetic data. Molecular biological analyses of problems in insect systematics have
increased exponentially over the past two decades (Caterino et al., 2000). These analyses,
principally using mtDNA sequences, have principally focused on the resolution of rela-
tionships at lower taxonomic levels, for example, among subspecies, species and species
groups. Molecular phylogenetic studies of higher insect taxa (e.g., relationships among
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orders), though far fewer, have nevertheless generated important, sometimes even contro-
versial, conclusions (see Chapter 2 for examples).

The purpose of this chapter is to provide a short introduction to the systematics of
insects, including some of the technical terms applied by workers in these fields, as a basis
for Chapters 5-10 inclusive, which deal with individual insect orders.

2. Naming and Describing Insects

For a variety of reasons but most obviously the enormous diversity within the class
Insecta and economic considerations, insect taxonomists usually work within fairly narrow
boundaries. Only by doing this can they acquire the necessary familiarity with a particular
group (including knowledge of the relevant literature) to determine whether the speci-
men they are examining has been described and named or may be new to science. Even
after a particular group has been chosen for study, there are typically superimposed bio-
geographic constraints, that is, taxonomists restrict their studies to particular geographic
regions.

Many frequently encountered insects, especially pests, have a “common name” by
which they are known. The name may refer to a particular species (e.g., house fly) or
to a larger group (e.g., scorpionflies) and reflects a characteristic feature of the insect’s
appearance or habits. Unfortunately, insects of widely different groups may have similar
habits (e.g., so-called “leaf miners” may be larvae of Diptera, Lepidoptera, or Hymenoptera)
or the same common name may refer to different species of insects in different parts of the
world. Thus, to avoid possible confusion, each insect species, like all other organisms both
fossil and extant, is given a unique latinized binomial (two-part) name, a system introduced
by Linnaeus in the early 1700s. In the Latin name, which is always italicized, the first word
denotes the genus, the second the species (e.g., Musca domestica for the house fly). Rarely,
the name has three parts, the third indicating the subspecies. (It should be noted, however,
that some national entomological societies such as those of the United States and Canada
publish lists of the approved common names for species in order to allow their use, yet
avoid possible misunderstanding.)

Species are normally distinguished on the basis of a small number of key features
(characters) that exist in a specific character state in each species (e.g., “number of tarsal
segments” is a character, and “five tarsal segments” is a character state). Thus, a taxonomist
will base the description of a new species on the characters already established for other
species in the same group to facilitate comparison with them. Careful collection and curation
(preparation, preservation, and maintenance) of specimens are critical to taxonomy to ensure
that potentially important characters (which may be minute and delicate) are not damaged.
The specimens must be properly labeled with the date and place of collection (preferably
using map coordinates) and the collector’s name. To facilitate proper maintenance, as well
as accessibility for further studies, specimens are usually submitted to a central repository,
the name of which is included in the published description of the species, to become part
of the reference collection.

The specimens whose description leads to the establishment of a new species form
the type series, one only of which becomes the standard reference specimen, the holo-
type, the others in the series being paratypes. The name given to a new species must
follow the rules and universal nomenclatural system laid down by the International Com-
mission on Zoological Nomenclature (published in the International Code of Zoological



Nomenclature). The species-specific part of the name may be a genuine Latin word, as in
the dragonfly Hemicordulia flava (from the Latin “flavus” meaning yellow, referring to the
extensive yellow coloration on the body), or may be a latinized form of a word, for example,
aname of a person or place, as in the damselfly Neosticta fraseri, named for the Australian
amateur odonatologist, F. C. Fraser. Sometimes, authors show remarkable imagination in
naming a species, making study of the derivation of insect names (“entomological etymol-
ogy”’?) a fascinating subject in its own right. Take, for example, the Australian katydid
Kawanaphila lexceni Rentz 1993 (in Rentz, 1993), the generic name of which is derived
from the aboriginal word “kawana” meaning flower, a reference to the fact that all known
species frequent flowers, while the species is named in honor of Ben Lexcen, designer of
the Americas Cup challenger Australia 11, in which the keel is similar to a structure (the
subgenital plate) on the female katydid! Similarly, the damselfly Pseudagrion jedda Watson
and Theischinger 1991 (in Watson et al., 1991) receives its name from the 1955 film Jedda,
parts of which were shot in Katherine Gorge, Northern Territory, Australia, the type locality
(place of collection of the holotype) for the species! In publications, a species’ name when
first mentioned is given in full, and may be followed by the name of the original describer
(authority), which may be abbreviated, and sometimes the year the description was pub-
lished as in the two preceding examples. In some cases, the name of the authority (and
date) appears in parentheses as, for example, in the termite Porotermes adamsoni (Froggatt,
1897), showing that the species was described first under a different genus, subsequently
shown to be incorrect. In this example, Froggatt originally placed the species in the genus
Calotermes.

As noted above, most species are described on the basis of their structure, espe-
cially external characters. However, on occasion such “morphospecies” are not equiva-
lent to biological species (reproductively isolated populations); that is, groups that can-
not be differentiated structurally may nevertheless be true biological species and are said
to be “sibling species.” Such species have been detected by a variety of means, includ-
ing their different host preferences (e.g., some mosquitoes), mating behavior (courtship
songs in some katydids), and cytogenetics (karyotypes of some black flies). The recog-
nition of sibling species and their host specificity are critically important in biological
control programs. For example, in the control of prickly pear (Opuntia spp.) by cater-
pillars of Cactoblastis (see Chapter 24, Section 2.3), it is now believed that the “slow”
start made by the insects may have been due to introduction of the “wrong” sibling
species which failed to establish themselves, not an unsuitable climate as suggested earlier
(McFadyen, 1985).

If a new species is sufficiently different that it cannot be assigned to an existing genus,
a new genus is proposed, following the same considerations as for species with respect
to name, authority, and date as, for example, Anax Leach 1815, and this species is then
denoted as the fype species for this genus. Since 1930, it has been a requirement for a
type species to be selected for any new genus. For genera described before this time and
lacking a type species, the Code specifies how the type species should be determined.
Within a genus, especially one with many species, there may be clearly defined groups
of species, and each group may be given its own subgeneric name placed parenthetically
after the genus; e.g., Aedes (Chaetocruiomyia) spp. for a species group of mosquitoes
endemic to Australia. Each taxon above the genus level will also have its authority and
date, and for each family (but not for taxa higher than this) there is a type genus, which by
definition must have a name that is incorporated into the family name (e.g., Apis in the bee
family Apidae).
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3. Classification

Biological systems of classification are hierarchical, that is, the largest taxa are subdi-
vided into successively smaller taxa. Thus, each taxon has a particular level (rank) within
the system. Groups of the same rank are said to belong to the same taxonomic category, to
which a particular name is given. Some of these categories are obligatory (capitalized in
the example below), while others are optional. To show the hierarchical arrangement and
to introduce the names of the various categories, let us take as an example the classification
of the honey bee, Apis mellifera:

KINGDOM Animalia
PHYLUM Uniramia
Subphylum Hexapoda
CLASS Insecta
Subclass Pterygota
Infraclass Neoptera
Division Oligoneoptera
ORDER Hymenoptera
Suborder Apocrita
Superfamily Apoidea
FAMILY Apidae
Subfamily Apinae

Tribe Apini
Subtribe —

GENUS Apis
Subgenus —

SPECIES Apis mellifera
Subspecies

[In zoology, the subspecies is the lowest category considered valid; in botany, variety, form,
and subform are recognized (and given latinized names). ]

Classification, then, is a means of more efficiently storing (and retrieving) information
about organisms. In other words, it is not necessary to describe all of the characteristics of
a species each time that species is referred to. For example, as standard practice, a large
proportion of entomological research articles include in their titles, after the name of the
species being studied, the family, (superfamily), and order to which the species belongs.
In this way, a reader can immediately gain some insight into the nature of the insect being
studied, even though he or she may not be familiar with the species. Related to this last point,
classification is also important in that it enables predictions to be made about incompletely
studied organisms. For example, organisms are almost always classified first on the basis
of their external structure. However, once an organism has been assigned to a particular
taxon using structural criteria, it may then be possible to predict, in general terms, its habits
(including life history), internal features, and physiology, on the basis of what is known
concerning other, better studied, members of the taxon.

A classification may be either artificial or natural. It is possible, for example, to ar-
range organisms in groups according to their habitat or their economic importance. Such
classifications may even be hierarchical in their arrangement. Artificial classifications are
usually designed so that organisms belonging to different taxa within the system can be



separated on the basis of single characters. As a result, such schemes have extremely re-
stricted value and, usually, can be used only for the purpose for which they were initially
designed. More importantly, artificial classifications provide no indication of the “true” or
“natural” relationships of the constituent species.

Almost all modern classifications are natural, that is, they indicate the affinity (degree
of similarity) between the organisms within the classification. Organisms placed in the same
taxon (showing the greatest affinity) are said to form a natural group. There is, however,
considerable controversy among systematists over the meaning of “degree of similarity,”
“natural group,” and “natural classification.” Essentially systematists fall into three major
groups, according to their interpretation of the above terms. These are the phyleticists,
cladists, and pheneticists. To the cladistic group, led by Hennig (see Hennig, 1965, 1966,
1981), belong those systematists who base classification entirely on genealogy, the recency
of common ancestry. Critical to the modus operandi of cladists are the distinction between
primitive and advanced homologous characters (so-called “character polarity”) and the
recognition of sister groups (see below for further discussion of these terms). Among the
various ways used by cladists to assign character polarity are paleontology, ontogeny, and
outgroup comparison. In theory, the study of fossils should clearly show when a character
first appears, making the separation of primitive and advanced characters an easy task.
However, the fossil record is typically discontinuous and preservation imperfect so that
vital characters are missing. The idea that “ontogeny recapitulates phylogeny,” suggested by
Haeckel in 1866, proposes that an organism’s development will reflect its evolution, giving
clues therefore as to which of its features are primitive and which are advanced. Ontogeny has
been relatively little used by cladists, however, perhaps because in development evolutionary
steps are compressed, omitted, or masked. Outgroup comparison, which is the method
most used, is a comparison of character states in the group under study with those in
increasingly distant sister groups. The character state common to the largest sister groups is
generally taken to be the primitive condition. This method requires, of course, some previous
knowledge of a group’s phylogeny and has been criticized because of its circularity. As a
result of their studies, cladists usually express their results in the form of a cladogram.

Beginning in the 1950s, some taxonomists, dissatisfied with the perceived subjec-
tive approach to classification, began to devise schemes based on the number of common
characters among organisms, regardless of whether these were primitive or advanced. The
pheneticists (originally known as numerical taxonomists), led by Sokal and Sneath (see
Sokal and Sneath, 1963; Sneath and Sokal, 1973), have as their major principles: (1) the
more characters studied the better; (2) all characters are of equal weight; and (3) the greater
the proportion of similar characters, the closer are two groups related. Pheneticists usually
present the results of their analyses as phenograms or scatter diagrams.

Phyleticists such as Simpson (1961) and Mayr (1969, 1981) may be considered as
forming a “middle-of-the-road” group, employing both cladistic and phenetic information
on which to base their classifications. The proportions of cladistic and phenetic information
used may vary significantly depending, for example, on the extent of the fossil record; in
other words, in contrast to the cladistic and phenetic methods, the phyletic system does not
follow a set of carefully established rules.

An implicit point of natural classifications, regardless of how they are derived, is that
they are based on genealogy (i.e., relationship by descent). In other words, they show evo-
lutionary relationships among taxa. Thus, the key step in any natural classification is the
determination of homology (whether features common to groups were derived from the same
feature in the most recent common ancestor of the groups). Similar, but non-homologous,
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features are said to show homoplasy (analogy) and are the result of either parallelism (the
features had a distant, common ancestor) or convergence (the features are derived from
entirely unrelated ancestral conditions). Once homology is established, it is then a matter
of determining whether the character states under consideration are advanced (derived)
or primitive (ancestral) (apomorphies or plesiomorphies, respectively). Both comparative
morphology of extant forms and the fossil record have been used extensively in such deter-
minations. Apomorphies shared by taxa are said to be synapomorphies, while those unique
to ataxon are described as autapomorphies. Neither autapomorphies nor plesiomorphies can
show relationships between groups. Broadly speaking, the greater the number of synapo-
morphies, the closer will be the relationship between taxa. Each taxon, regardless of rank,
will have a sister group—its closest relative—so that the development of classifications
and phylogenies is the establishment of successively larger sister groups, often depicted
as a branching diagram known as a phylogenetic tree (see the section on Phylogeny and
Classification under each order for examples). An ancestor and all of its descendants form a
monophyletic group; when some of the descendants are lacking, the remaining descendants
are said to be paraphyletic. Groups derived from more than one ancestor are said to be
polyphyletic. It must be emphasized that the actual ancestor of two taxa is rarely known,
though its general features (the so-called “ground plan”) will be defined by the plesiomor-
phic characters of its descendants. The term stem group refers to collections of fossils that
have some plesiomorphic characters of a more recent group; they may be close to, but are
not directly on, the group’s line of descent.

As the following section (and comparison of the current with previous editions of this
book) shows, ideas on relationships among insect groups change with time, sometimes quite
significantly. Though partly related to the acquisition of new knowledge, it is also because
taxonomists differ in their analysis and interpretation of data, or use different data sets on
which to base their conclusions.

3.1. The History of Insect Classification

Wilson and Doner (1937) have fully documented the many schemes that have been
devised for the classification of insects, and it is from their account that the following short
history is mainly compiled. (Papers marked with an asterisk are cited from Wilson and
Doner’s review.) Only the major developments (i.e., those that have had a direct bearing on
modern schemes) have been included, though it should be realized that a good many more
systems have been proposed.

Insect systematics may be considered to have begun with the work of Aristotle, who,
according to Kirby and Spence (1815-1826),* included the Entoma as a subdivision of
the Anaima (invertebrates). Within the Entoma Aristotle placed the Arthropoda (excluding
Crustacea), Echinodermata, and Annelida. Authors who have examined Aristotle’s writings
differ in their conclusions regarding this author’s classification of the insects, but it does
appear clear that Aristotle realized that there were both winged and wingless insects and
that they had two basic types of mouthparts, namely, chewing and sucking.

Amazingly, it was not for almost another 2000 years that further serious attempts to
classify insects were made. Aldrovanus (1602)* divided the so-called “insects” into terres-
trial and aquatic forms and subdivided these according to the number of legs they possessed
and on the presence or absence and the nature of the wings. In Aldrovanus’ classification
the term “insect” encompassed other arthropods, annelids, and some mollusks. The work
of Swammerdam (1669)* is of particular interest because it represents the first attempt



to classify insects according to the degree of change that they undergo during develop-
ment. Although Swammerdam’s concept of development was inaccurate, he distinguished
clearly between ametabolous, hemimetabolous, and holometabolous insects. A more elab-
orate scheme of classification, still based primarily on the degree of metamorphosis but also
incorporating such features as number of legs, presence or absence of wings, and habitat,
was that of Ray and Willughby (1705).* Ray was the first naturalist to form a concept of
a “species,” a term that was to take on more significance following the introduction, by
Linnaeus, of the binomial system some 30 years later. Between 1735 and 1758, Linnaeus*
gradually improved on his system for the classification of insects, based entirely on features
of the wings. Linnaeus recognized seven orders of “insects,” namely, the Aptera, Neuroptera,
Coleoptera, Hemiptera, Lepidoptera, Diptera, and Hymenoptera. Of the seven, the first four
orders each contained a heterogeneous group of insects (and other arthropods) that today
are separated into many different orders. The Diptera, Lepidoptera, and Hymenoptera have
remained, however, more or less as Linnaeus envisaged them more than 200 years ago. Like
earlier authors, Linnaeus included in the Aptera (wingless forms) spiders, woodlice, myri-
apods, and some non-arthropodan animals. He failed also to distinguish between primitively
and secondarily wingless insect groups.

Surprisingly, perhaps, up to this time no one had made a serious attempt to classify
insects on the basis of their mouthparts. However, the Danish entomologist Fabricius, who
was a student of Linnaeus, produced several “cibarian” or “maxillary” systems for classifi-
cation during the period 1775-1798.* The primary subdivision was into forms with biting
mouthparts and forms with sucking mouthparts. Like Linnaeus, however, Fabricius included
a variety of non-insectan arthropods in his system and, furthermore, based his systems on
a single anatomical feature.

De Geer (1778),* who also studied under Linnaeus, appears to have been one of the
earliest systematists to realize the importance of using a combination of features as a basis
for classification. Such an approach was used by the French entomologist Latreille, who,
during the period 1796-1831,* gradually produced what he considered to be a natural
arrangement of the Insecta. In 1810 Latreille separated the Crustacea and Arachnida from
the “Insecta,” in which he included still the Myriapoda. The latter group was not given class
status until 1825. In the final version of his system Latreille distinguished 12 insect orders.
The Linnaean order Aptera was split into the orders Thysanura, Parasita (= Anoplura),
and Siphonaptera, although Latreille did not appreciate that the first group was primitively
wingless, while the other two were secondarily so. The order Coleoptera of Linnaeus was
subdivided into Coleoptera (sensu stricto), Dermaptera, and Orthoptera. The Phiphiptera
(= Strepsiptera), believed to be related to the Diptera in which order they had been included,
were separated as a distinct group by Latreille. The Frenchman was also among the earliest
systematists to appreciate the heterogeneity of the Linnaean order Neuroptera, splitting
the group into three tribes, the Subulicarnes (= modern Odonata and Ephemeroptera),
Planipennes (= modern Plecoptera, Isoptera, Mecoptera, and neuropteroid insects') and
Plicipennes (= modern Trichoptera).

During the first half of the 19th century a large number of systematists produced
their version of how insects should be classified. A majority argued, like Latreille, that
the wings (presence or absence, number, and nature) were the primary feature on which
a classification should be established. Yet others, such as Leach (1815)* and von Siebold

' Insects that are included in the modern orders Neuroptera, Megaloptera, and Raphidioptera.
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(1848),* considered that the nature of metamorphosis was the first-order character, with
wings, mouthparts, etc. of secondary importance. If nothing else, the use of metamorphosis
as a separating character drew further attention to the heterogeneity of the neuropteroid
group, which contained both hemi- and holometabolous forms. Indeed, in his classification
von Siebold adopted Erichson’s (1839)* arrangement in which the termites, psocids, embi-
ids, mayflies, dragonflies, and damselflies were removed from the Neuroptera and placed
together as the suborder Pseudoneuroptera in the order Orthoptera.

The foundations of modern systems of classification were laid by Brauer (1885),* who
appears to have been greatly influenced by the principles of comparative anatomy and pa-
leontology established by the French zoologist Cuvier, and by the work of Darwin. Brauer
divided the Insecta into two subclasses, the Apterygogenea, containing the primitively
wingless Thysanura and Collembola, the latter having been given ordinal status by Lub-
bock (1873),* and the Pterygogenea, containing 16 orders, in which he placed the winged
and secondarily wingless forms. Three major divisions were established in the Pterygo-
genea: (1) Menognatha ametabola and hemimetabola (insects with biting mouthparts in
both juvenile and adult stages, or mouthparts atrophied in the adult and with no or partial
metamorphosis) containing the orders Dermaptera, Ephemerida, Odonata, Plecoptera, Or-
thoptera (including Embioptera), Corrodentia (which included the termites, psocids, and
lice), and Thysanoptera; (2) Menorhyncha (insects with sucking mouthparts in both the juve-
nile and adult stages), containing the order Rhynchota (= Hemiptera); and (3) Menognatha
metabola and Metagnatha metabola (insects having a complete metamorphosis, and with
biting mouthparts in the juvenile stage and biting, sucking, or atrophied mouthparts in the
adult), containing the neuropteroid insects, and the orders Panorpatae (= Mecoptera), Tri-
choptera, Lepidoptera, Diptera, Siphonaptera, Coleoptera, and Hymenoptera. Thus, Brauer
appreciated the heterogeneity of the “Neuroptera” and correctly separated the Plecoptera,
Odonata, and Ephemerida from the neuropteroids, Mecoptera, and Trichoptera. He failed,
however, to recognize the heterogeneity of the orders Orthoptera and Corrodentia.

Between 1885 and 1900, a number of modifications to Brauer’s system were sug-
gested. Most of these were concerned solely with the subdivision or aggregation of orders
according to the author’s views on the affinity of the groups. There were, however, two
proposals that have a more direct bearing on modern systems. In 1888 Lang* proposed that
the terms Apterygota and Pterygota be substituted for Apterygogenea and Pterygogenea,
respectively. Sharp (1899) refocused attention on the importance of metamorphosis, but,
claiming that the terms Ametabola, Hemimetabola, and Holometabola were not sufficiently
definite for taxonomic purposes, proposed new terms describing whether the wings de-
veloped internally or externally. His arrangement was as follows: Apterygota (primitively
wingless forms); Anapterygota (secondarily wingless forms); Exopterygota (forms in which
the wings develop externally); Endopterygota (forms in which the wings develop internally).
Sharp was criticized for grouping together the secondarily wingless orders (Mallophaga,
Anoplura, Siphonaptera), as these contained both hemi- and holometabolous forms, and the
term Anapterygota was discarded. The terms Exopterygota and Endopterygota were widely
accepted, however, and became synonymous with Hemimetabola and Holometabola, re-
spectively. It was not until the work of Crampton and Martynov in the 1920s (see below)
that it was realized that these terms had no phylogenetic significance but were merely de-
scriptive, indicating “grades of organization.” Sharp recognized 21 orders of insects. His
system improved on Brauer’s mainly in the splitting of the Corrodentia and Orthoptera,
thereby giving ordinal status to the Isoptera, Embioptera, Psocoptera, Mallophaga, and
Siphunculata.



Toward the end of the 19th century the full force of Darwin’s ideas on evolution and
the importance and usefulness of fossils began to make themselves felt in insect classifi-
cation. Gone was the old idea that evolution was a single progressive series of events, and
in its place came the appreciation that evolution was a process of branching. Thus, insect
classification entered, at the beginning of the 20th century, the phylogenetic phase of its
development, although Haeckel (1866)* had been the first to use a phylogenetic tree to
indicate the relationships of the Insecta. Unfortunately his ideas on genealogy were incor-
rect. Most recent systems have been influenced to some degree by the work of an Austrian
paleoentomologist, Handlirsch, who criticized earlier workers for their one-sided systems,
in which a single character was used for separation of the major subdivisions. Another
failure of the 19th century authors was, he claimed, their inability to distinguish between
parallel and convergent evolution of similar features. Finally, he pointed out that almost no
one had taken into account fossil evidence. Handlirsch’s first scheme, produced in 1903,
was, at the time, regarded as revolutionary. He raised the Collembola, Campodeoidea (=
Diplura), and Thysanura each to the level of class. (Prior to this the Diplura had been
considered usually as a suborder of the Thysanura.) He also raised the Pterygogenea of
Brauer to the level of class and arranged the 28 orders of winged insects in 11 subclasses.
His second scheme, published in 1908, was identical with the first except for some slight
changes in the names of orders. In 1925 Handlirsch published his modified views on insect
classification. In this scheme he reintroduced Brauer’s two subclasses, Apterygogenea and
Pterygogenea. In the former group he placed the orders Thysanura, Collembola, Diplura,
and the recently discovered Protura. In the Pterygogenea he listed 29 orders (including the
Zoraptera, first described in 1913) arranged in 11 superorders (his former subclasses). The
most significant point in Handlirsch’s work was his recognition of the heterogeneous nature
of the Orthoptera, the contents of which he split into orders and regrouped with other orders
in two superorders, Orthoptera (containing the orders Saltatoria, Phasmida, Dermaptera,
Diploglossata, and Thysanoptera) and Blattaeformia (containing the Blattariae, Mantodea,
Isoptera, Zoraptera, Corrodentia, Mallophaga, and Siphunculata). He did not appreciate,
however, the orthopteroid nature of the Plecoptera and placed the group in a superorder
of its own. Handlirsch was also in error in regarding the Corrodentia, Mallophaga, and
Siphunculata as orthopteroid groups. They are undoubtedly more closely related to the
Hemiptera. Handlirsch’s arrangement was strongly criticized by Borner (1904), who said
that it did not express the true phylogenetic relationships of the Insecta. Bérner consid-
ered that fossil wings did not have much value in insect systematics, and, in any case,
there were far too few fossils for paleontology to have much bearing on classification.
Comparative anatomical studies of recent forms, Borner argued, would give a more ac-
curate picture. Borner, whose system was widely accepted, arranged the 19 orders of
winged insects that he recognized in five sections. Three of these correspond with the
“paleopteran orders,” “orthopteroid orders,” and “hemipteroid orders” recognized today.
In other words, Borner correctly assigned the Corrodentia, Mallophaga, and Siphuncu-
lata with the Hemiptera. The two remaining sections contained the endopterygote orders,
though Boérner’s ideas on their affinities were to be shown by Tillyard (see below) to be
incorrect.

Comstock (1918, and earlier), an American entomologist, supported Brauer’s arrange-
ment as a result of his comparative studies of the wing venation of living insects. Comstock
was the first person to make extensive use of wing venation in determining affinities. He
emphasized, however, that classifications should be based on many characters and not wings
alone.
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During a period of more than 20 years, beginning in 1917, Tillyard expounded his
views on insect phylogeny, stemming from his extensive research into the fossil insects
of Australia and North America. Although he made important contributions concerning
the origin and relationships of many insect orders, Tillyard’s (1918-1920) work on the
endopterygotes is particularly well known. In this work he showed that the Hymenoptera
and Coleoptera (with the Strepsiptera) form two rather distinct orders, only distantly related
to the other endopterygote groups which collectively formed the panorpoid complex. Within
the complex, the Mecoptera, Trichoptera, Lepidoptera, Diptera, and Siphonaptera form a
well defined group, with the neuropteroid orders clearly distinct from them. In fact, as noted
in Chapter 2, Hinton (1958) made a strong case for excluding these orders entirely from the
panorpoid complex and placing them closer to the Coleoptera.

While Tillyard was concentrating on the phylogeny of the endopterygotes, his
American contemporary, Crampton, was directing his efforts toward solution of the prob-
lems of exopterygote relationships, especially the position of the Zoraptera, Embioptera,
Grylloblattidae, and Dermaptera. Following his anatomical study on the newly discovered
winged zorapteran Zorotypus hubbardi, Crampton (1920) concluded that the Zoraptera were
related to the orthopteroid orders, and he placed them in a group (superorder Panisoptera)
that also contained the Isoptera, Blattida, and Mantida. However, the following year
Crampton revised his views and transferred the Zoraptera to the psocoid (hemipteroid) su-
perorder, after consideration of their wing venation. In 1922 Crampton placed the Zoraptera
in the order Psocoptera and suggested that it was from psocoidlike ancestors that the modern
hemipteroid orders evolved. Originally, Crampton (1915) had placed the Grylloblattidae in
a separate order, Notoptera, in the orthopteroid group. Five years later he concluded that the
grylloblattids were closer to the Orthoptera (sensu stricto) than the blattoid groups and made
the Grylloblattodea a suborder of the Orthoptera. The modern view is that the grylloblattids
are probably survivors of the protothopteran stock from which both the orthopteran and
blattoid lines developed. Crampton considered that the closest relatives of the Embioptera
were the Plecoptera, placing the two groups in the superorder Panplecoptera. In his early
schemes Crampton also placed the Dermaptera in the Panplecoptera. He later changed this
view and included them in the orthopteroid superorder, at the same time pointing out that
the Diploglossata (Hemimerida) are parasitic Dermaptera.

Almost simultaneously in 1924 Crampton and the Russian paleoentomologist Martynov
proposed an apparently natural division of the winged insects on the basis of the
ability to flex the wings horizontally over the body when at rest. In the Paleoptera
(= Paleopterygota = Archipterygota) are the orders Ephemeroptera and Odonata whose
members do not possess a wing-folding mechanism. It must be emphasized, however, that
the two orders are only very distantly related through their paleodictyopteran ancestry.
The remaining orders, whose members are able to fold their wings over the body, are
placed in the Neoptera (= Neopterygota). The latter contains three natural subdivisions, the
Polyneoptera (orthopteroid orders), Paraneoptera (hemipteroid orders), and Oligoneoptera
(endopterygote orders).

Even recently, vigorous debate has continued over the taxonomic rank of, and nature
of the evolutionary relationships among, hexapod groups (see Chapter 1, Section 3.3.1
[apterygotes], and Chapter 2, Section 3.2 [pterygotes] for a fuller discussion). For exam-
ple, most authors consider the Collembola and Protura to be sister groups and sometimes
unite them in the class Ellipura (= Parainsecta). However, the position of the Diplura is
less clear; Kristensen (1991) placed them close to the Ellipura principally on the basis



of the entognathous condition, whereas Kukalova-Peck (1991), putting more emphasis on
features of the thorax, suggested that they are true Insecta. Again, the monophyletic na-
ture, or otherwise, of the Paleoptera is controversial. Sharov (1966) and Kukalovi-Peck
(1985, 1991) argued strongly that Ephemeroptera and Odonata had a common ances-
tor, whereas Kristensen (1991) lumped the Odonata with the Neoptera, this assemblage
thereby becoming the sister group of the Ephemeroptera. The status of the Polyneoptera
likewise remains questionable. Some workers believe that this is a monophyletic group,
while others insist that the group is polyphyletic, the term “polyneopterous” simply de-
scribing a grade of organization. Certainly the position of the Zoraptera is enigmatic,
this small order having a mixture of orthopteroid and hemipteroid characters. One re-
cent suggestion is that zorapterans may be the sister group of the Embioptera, itself an
order of uncertain affinity showing similarities with Plecoptera, Dermaptera, and Phas-
mida! Of all the major groups, the Paraneoptera is the one that is widely accepted to
be monophyletic, though there is argument over whether the Psocoptera and Phthiraptera
should be linked as a single order (Psocodea) or remain separate. Most modern authors
also consider the endopterygote orders (except for the Strepsiptera) to be monophyletic,
the two major sister groups being the Coleoptera-neuropteroids and the Hymenoptera-
panorpoids. However, members of the small Southern Hemisphere family Nannochoris-
tidae are clearly set apart from the other scorpionflies, with which they have been tradi-
tionally grouped in the order Mecoptera, and further study may result in the family being
placed in its own order (Nannomecoptera) as suggested by Hinton (1981). Likewise, the
primitive thysanuran Tricholepidion gertschi is considered by Boudreaux (1979) to be dis-
tinct enough to warrant its own order. The system adopted in the present volume is given
below:

Superclass Hexapoda.
1. CLASS. Collembola
ORDERS. Arthropleona, Neelipleona, and Symphypleona
2. CLASS AND ORDER. Protura
3. CLASS AND ORDER. Diplura
4. CLASS. Insecta
I. SUBCLASS. Apterygota
ORDERS. Microcoryphia and Zygentoma
II. SUBCLASS. Pterygota
A. INFRACLASS. Paleoptera
ORDERS. Ephemeroptera and Odonata
B. INFRACLASS. Neoptera

a. DIVISION. Polyneoptera (orthopteroid orders)

ORDERS. Orthoptera, Grylloblattodea, Dermaptera, Plecoptera,
Embioptera. Dictyoptera, [soptera, Phasmida,
Mantophasmatodea, and Zoraptera

b. DIVISION. Paraneoptera (hemipteroid orders)

ORDERS. Psocoptera, Phthiraptera, Hemiptera, and Thysanoptera

c. DIVISION. Oligoneoptera (endopterygote orders)

ORDERS. Mecoptera, Lepidoptera, Trichoptera, Diptera. Siphonaptera,
Neuroptera, Megaloptera, Raphidioptera, Coleoptera,
Strepsiptera, and Hymenoptera
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4. Identification

In principle the identification of insects is the same as that of any other animal. In
practice it is more difficult, for two major reasons. First, the enormous number of species
that occur means that often very minor differences in structure must be used to distinguish
between forms, and second, the small size of most insects frequently means that the identi-
fying characters are not easily seen. There are various methods for identifying organisms:
(1) the specimen may be sent to an expert, (2) it may be compared with the specimens in
a labeled collection, (3) it may be compared with pictures or descriptions, or (4) it may
be identified by use of a key. Pictorial keys, which can be valuable to both specialists and
non-specialists, include not only printed material but also user-friendly computer-based in-
teractive systems such as those developed by Bishop et al. (1989), Lawrence et al. (1993),
and Weeks et al. (1999). Most often, however, only conventional written keys are available.
A tentative identification from a key should be confirmed by comparing the specimen’s
characters with the diagnosis or description for the species.

There are different ways of arranging a key, though all involve the same general prin-
ciple, namely, the stepwise elimination of characters until a name is reached. Keys may be
devised so as to reflect the evolutionary relationships between the taxa identified. However,
because character state differences between closely related taxa may be slight, the use of
a phylogenetic key with “weak” or “difficult” couplets may make identification difficult.
Thus, most keys are quite arbitrary, as they have as their only objective, ease of identifi-
cation. In this arbitrary system the same taxon may key out at several points in the key,
whereas in a phylogenetic key, the taxon would appear only once.

Typically, a key is in the form of a series of couplets (occasionally triplets may be
included) of contrasting character states. For maximum usefulness, the couplets should
present clear-cut alternatives for the characters under consideration. The simplest form
of sequence within a key is one in which each couplet includes only a single character.
The drawback of such monothetic keys is that they do not work for organisms in which
a character does not follow the norm. The alternative is a polythetic key in which at least
some couplets include several statements, each about a different character. Sneath and Sokal
(1973) suggest three reasons for using polythetic keys: (1) one or more characters may not
be observable (e.g., if the specimen is incomplete, damaged, or at the “wrong” life stage),
(2) some species may be exceptional for a particular character, and (3) the user of a key may
err in deciding about a character. By having several characters in each couplet with which to
work, a user can operate on a “majority vote” basis, that is, select the branch of the couplet
that overall most closely describes the characters of the specimen. A disadvantage of such
an arrangement is that a decision on which branch to select may not be clear-cut (especially
if the specimen is exceptional in one of the characters listed). Further, the “rules” to be
followed in a polythetic key must be carefully stated [i.e., do all characters in a couplet
have equal value, or does one (the first) or more carry greater weight—and, if so, how
much?].

A serious drawback to many keys is that in order not to become unwieldy they are
constructed either specifically for identification of specimens in a particular geographic
area or for identification of specimens to a higher taxonomic level only, typically to family.
This is especially true of insect keys because of the great diversity of the insect fauna. In
short, their use may be rather limited. The arrangement in this text is the provision of a
polythetic key for identification of insects to the level of order, rarely the suborder. A list
of keys for identification beyond the ordinal level is then provided under the description of



each order (see Chapters 5-10). This list is by no means exhaustive, and it is anticipated
that instructors will direct students to useful keys for the geographic area or insect group of
interest.

4.1. Key to the Orders of Insects

The following key, modified from Brues et al. (1954), is in accordance with the clas-
sification used in this book. A few comments are necessary regarding its use. The key is
suitable for use with the adult and most larval forms of insects. However, the larval forms
of the endopterygote orders are often difficult to identify and, if at all possible, they should
be allowed to metamorphose to the adult stage. In some cases it is important to know the
original habitat of the specimen, and care should be taken to note this when the collec-
tion is made. Though not insects, the Collembola, Protura, and Diplura are included for
the sake of completeness. Orders marked with an asterisk are unlikely to be encountered
in a general collection. Because of its novelty and size [three species, each known only
from single specimens (Zompro et al., 2002)], the order Mantophasmatodea has not been
included.

Key to the Orders of Insecta

L. WINEs developed.......ouieiniit i e 2
Wingless, or with vestigial wings, or with rudimentary wings not
suitable for flight (wingless adults and immature stages)...................c..... 31

2. Fore wings horny, leathery, or parchmentlike, at least at base; hind wings
membranous (occasionally absent). Prothorax large and not fused with

mesothorax (eXcept in SrEPSIPLEIA) .. .uvnrerinir et eteeeteeeereereeneenaennns 3
Fore wings membranous ...........ouvuiuitieiit et 11

3. Fore wings containing veins, or at least hind wings not folded crossways
when hidden under fore Wings ...........coooiiiiiiiiiiii 4

Fore wings veinless, of uniform horny consistency; hind wings, when
present, folded crossways as well as lengthwise when at rest and

hidden beneath fore wings; mouthparts mandibulate .............................. 10

4. Mouthparts forming a jointed beak, fitted for piercing and sucking.
BUgS ..o HEMIPTERA (Page 210)
Mouthparts with mandibles fitted for chewing and moving laterally................ 5

5. Hind wings not folded, similar to fore wings; thickened basal part of
wings very short, separated from rest of wing by a preformed
transverse suture; social species, living in colonies. Termites......................
................................................. ISOPTERA  (Page 163)
Hind wings folding, fanlike, broader than fore wings.................c.cooevvivinennn. 6
6. Usually rather large or moderately large species; antennae usually
lengthened and threadlike; prothorax large and free from mesothorax;
cerci present; fore wings rarely minute, usually long.....................c.ol. 7
Very small active species; antennae short with few joints, at least one
joint bearing a long lateral process; no cerci; fore wings minute;
prothorax small. Rare, short-lived insects, parasites of other insects,
usually wasps and bees................ Males of STREPSIPTERA*  (Page 326)
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10.

11.

12.

13.

Hind femora not larger than fore femora; body more or less flattened

with wings superposed when at rest; tergites and sternites subequal............. 8
Hind femora almost always much larger than fore femora, jumping

species, if not (Gryllotalpidae) front legs broadened for burrowing;

species usually capable of chirping or making a creaking noise;

body more or less cylindrical, wings held sloping against sides

of the body when at rest, tergites usually larger than sternites.

Grasshoppers, katydids, crickets ................... ORTHOPTERA (Page 184)

. Body elongate; head free, not concealed from above by the prothorax;

delIDEIate MOVETS .. .t ettt ittt et e e e e aaeaans 9

Body oval, much flattened; head nearly concealed beneath the oval

pronotum; legs identical, coxae large and tibiae noticeably spiny or bristly......

COCKIOACHES . ...ttt .

................... DICTYOPTERA, Suborder BLATTODEA (Page 160)
Prothorax much longer than mesothorax; front legs almost always

heavily spined, formed for seizing prey; cerci usually with several

joints. Mantids.......... DICTYOPTERA, Suborder MANTODEA (Page 161)
Prothorax short; legs similar, formed for walking; cerci unjointed.
Stick and leaf insects.........ccooeviiiiiiiiiinnnn.. PHASMIDA  (Page 179)

Abdomen terminated by movable, almost always heavily chitinized

forceps; antennae long and slender; fore wings short, leaving most

of abdomen uncovered, hind wings nearly circular, delicate,

radially folded from near the center; elongate insects. Earwigs ...................

............................................ DERMAPTERA (Page 175)
Abdomen not terminated by forceps; antennae of various forms but

usually with 11 subdivisions; fore wings usually completely

sheathing the abdomen; generally hard-bodied species. Beetles ..................

............................................. COLEOPTERA (Page 305)
With fOUT WINEZS. ..t 12
With only mesothoracic wings, usually outspread when at rest.................... 29
Wings long, very narrow, the margins fringed with long hairs, almost

veinless; tarsi 1- or 2-jointed, with swollen tips; mouthparts

asymmetrical without biting mandibles, fitted for lacerating and

sucking plant tissues; no cerci; minute species.

TRIIPS ceeveeiie THYSANOPTERA  (Page 233)
Wings broader and most often with veins; if wings rarely somewhat

linear, tarsi have more than two joints and last tarsal joint is not

SWOLLEIL . ..o 13
Wings, legs, and body covered, at least in part, with elongate flattened

scales (often intermixed with hairs) that nearly always form a color

pattern on the wings; mouthparts (rarely vestigial) forming a coiled

tongue composed of the maxillae; biting mandibles present only in

Micropterigidae. Moths and butterflies............ LEPIDOPTERA  (Page 276)
Wings, legs, and body not covered with scales, although sometimes

hairy and having a few scales intermixed; sometimes covered with

bristles, especially on legs, or rarely with wax flakes or dust; color

pattern when present extending to wing membrane .................coceveinnnn. 14



14.

15.

16.

17.

18.

19.

20.

21.

22.

Hind wings with anal area separated, folded fanlike when at rest, nearly
always wider and noticeably larger than fore wings; antennae prominent;

wing veins usually NUMETrOUS ..........ouiieieiii e, 15
Hind wings without a separated anal area, not folded and not larger

than fOre WINES ......ouiiit i 17
Tarsi five-jointed; cerci not pronounCed..........coevveriiireniieireiiiieeeanenennns. 16

Tarsi three-jointed; cerci well developed, usually long and many

jointed; prothorax large, free; species of moderate to large size.

Stoneflies ..oovveeiieiiii PLECOPTERA  (Page 147)
Wings with a number of subcostal crossveins; prothorax rather large;

species of moderate to large size. Alderflies ..............c.cooeiiiiiiiiiiiinnn. ..

........................................... MEGALOPTERA  (Page 297)
Wings without subcostal crossveins, with surface hairy; pro thorax

small; species of small to moderate size. Caddisflies....................o.ooeet .

............................................ TRICHOPTERA  (Page 268)
Antennae short and inconspicuous; wings netveined with numerous

crossveins; mouthparts mandibulate..................coooiiiiiiii 18
Antennae large; if antennae small, wings have few crossveins or
mouthparts form a jointed sucking beak..................coco 19

Hind wings much smaller than fore wings; abdomen ending in long

threadlike processes; tarsi normally four- or five-jointed; sluggish

fliers. Mayflies............coooooiiiiii, EPHEMEROPTERA  (Page 127)
Hind wings nearly like fore wings; no caudal setae; tarsi three-jointed;

vigorous, active fliers, often of large size. Dragonflies, damselflies ..............

................................................. ODONATA (Page 136)
Head elongated ventrally forming a rostrum, at tip of which are

mandibulate mouthparts; hind wings not folded; wings usually with

color pattern, crossveins numerous; male genitalia usually greatly

swollen, forming a reflexed bulb. Scorpionflies...................ocooin .

.............................................. MECOPTERA  (Page 239)
Head not drawn out as a mandibulate rostrum; male abdomen

NOE FOTCIPALE ..ottt e e 20
Mouthparts modified for sucking (occasionally reduced or absent);
mandibles absent or in form of long bristles; no cerci; crossveins few......... 21

Mouthparts for biting [occasionally for sucking (higher

Hymenoptera)]; mandibles always present and having typical

DIting fOTM.....ueie e 22
Wings not covered with scales, not outspread when at rest; prothorax

large; antennae with few subdivisions; mouthparts forming a jointed

piercing beak. Bugs............c.cociiiiii, HEMIPTERA (Page 210)
Wings and body covered with colored scales that form a definite

pattern on wings; antennae greatly subdivided; mouthparts when

present forming a coiled tongue. Moths and butterflies............................ .

............................................ LEPIDOPTERA (Page 276)
Tarsi five-jointed; if rarely three- or four-jointed, hind wings are

smaller than front ones and wings lie flat over body; no cerci................... 23
Tarsi two-, three-, or four-jointed; veins and crossveins not numerous........... 26
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23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Prothorax small or only moderately long. (In Mantispidae prothorax

is very long, but front legs are strongly raptorial.)................coooeeiiiinen, 24
Prothorax very long and cylindrical, much longer than head; front legs

normal; antennae with more than 11 subdivisions; crossveins numerous.

Snakeflies.......oooeiiiiiii RAPHIDIOPTERA  (Page 299)
Wings similar, with many veins and crossveins; prothorax more
OT 18SS fT@C ... ettt 25

Wings with relatively few angular cells, costal cell without crossveins;

hind wings smaller than fore pair; prothorax fused with mesothorax;

abdomen frequently constricted at base and ending in a sting or

specialized ovipositor. Ants, Wasps, bees, etC. .....c.vvvviriiriiiiiriiiiieraieanenn s

.......................................... HYMENOPTERA (Page 330)
Costal cell, at least in fore wing, almost always with

many crossveins. Lacewings, antlions............. NEUROPTERA  (Page 301)
Costal cell without crossveins. Scorpionflies......... MECOPTERA  (Page 239)
Wings equal in size, or rarely hind wings larger, held superposed on

top of abdomen when at rest; media fused with radial sector for a

short distance near middle of wing; tarsi three-, four-, or five-jointed......... 27
Hind wings smaller than fore wings; wings held at rest folded back

against abdomen; radius and media not fusing; tarsi two- or

11 0 (TS 1071 1T 28
Tarsi apparently four-jointed; cerci usually minute; wings with a

transverse preformed suture near the base; social species, living

in colonies. Termites ...........cocovviiiiiiiiiiiiiinninnn. ISOPTERA  (Page 163)
Tarsi three-jointed, front metatarsi swollen; cerci conspicuous; usually
solitary species. Webspinners...................... EMBIOPTERA*  (Page 153)

Cerci absent; tarsi two- or three-jointed; wings remaining attached

throughout life; radial sector and media branched, except when

fore wings are much thickened. Book lice........ PSOCOPTERA  (Page 199)
Cerci present; tarsi two-jointed; wings shed at maturity, venation

greatly reduced; radial sector and media simple, unbranched......................

............................................. ZORAPTERA* (Page 195)
Mouthparts not functional; abdomen with a pair of caudal filaments............. 30
Mouthparts forming a proboscis, only exceptionally vestigial; abdomen

without caudal filaments; hind wings replaced by knobbed halteres.

True flies ..o DIPTERA  (Page 243)
No halteres; antennae inconspicuous; cross veins abundant. A few
rare mayflies.............oo EPHEMEROPTERA  (Page 127)

Hind wings represented by minute hooklike halteres; antennae

evident; venation reduced to a forked vein; crossveins lacking;

minute delicate insects. Males of scale insects...... HEMIPTERA (Page 210)
Body with more or less distinct head, thorax and abdomen, and

jointed legs; capable of 10COmMOtioN...........vuiiiiiiiiiiiiiii e 32
Without distinct body parts or without jointed legs, or incapable

OF JOCOMOLION .. e\ eueii e 75
Terrestrial, breathing through spiracles; rarely without special

TESPITALOTY OTZAIIS . .e ettt et et et et et et ene e et e et et et e te et e tene e eneeeaenanenens 33

Aquatic, usually gill-breathing, larval forms.................cooi, 62



Parasites on warm-blooded animals ............c.cooiiiiiiiiiiiiiiii 70
33. Mouthparts retracted into head and scarcely or not at all visible;
underside of abdomen with styles or other appendages; less than
three joints on maxillary palps if antennae present; delicate,
SmMall OF MINULE TNSECES ... ueuttitit ettt 34
Mouthparts conspicuously visible externally; if mouthparts mandibulate,
maxillary palps more than two-jointed; antennae always present;
underside of abdomen rarely with styles..............cooooiiiiiiiiii 36
34. Antennae absent; no long cerci, pincers, springing apparatus, or anterior
ventral sucker on abdomen; head pear-shaped......... PROTURA  (Page 118)
Antennae conspicuous; pincers, long cerci, or basal ventral sucker
present 0N abdOMEN.......ouiiie i 35
35. Abdomen consisting of six segments or less, with a forked sucker
at base of abdomen below; no terminal pincers or long cerci; usually
with conspicuous springing apparatus near end of abdomen.
SpringtailS .......coovvviiiiiiiii COLLEMBOLA (Page 114)
Abdomen consisting of more than eight visible segments, with long
multi-jointed cerci or strong pincers at the end; eyes and ocelli
ADSENL. ..t DIPLURA  (Page 120)
36. Mouthparts mandibulate, formed for chewing...................oooiiiiit, 37
Mouthparts haustellate, formed for sucking..............ccoceviiiiiiiiiiiiinienn. 59
37. Body usually covered with scales; abdomen with three prominent
caudal filaments and bearing at least two pairs of ventral styles................ 38
Body never covered with scales; never with three caudal filaments;
ventral styles absent on abdoOmen ...........c.coveiiiiiiiiiiiiiiii 39
38. Head with large compound eyes and ocelli; legs with three tarsal
segments; paired styli present on each abdominal segment.
Bristletails..........coooeiiiiiiiii MICROCORYPHIA  (Page 122)
Compound eyes small or absent; legs with two to four tarsal segments;
paired styli on abdominal segments 7-9 (rarely 2-9). Silverfish,
Arebrats .....o.oovvveii i ZYGENTOMA  (Page 123)
39. Underside of abdomen entirely without legs................cooooiiiiiiiiiiiinn.n. 40
Abdomen bearing false legs beneath, which differ from those of
thorax; body caterpillarlike, cylindrical; thorax and abdomen not
distinctly separated; larval forms............c.cooiiiiiiiiiiiiiiii 57
40. Antennae long and diStinCt...........ooiiiiriiitiii e 41
Antennae short, not pronounced; larval forms...................cooooiiin, 54
41. Abdomen terminated by strong movable forceps; prothorax free.
Earwigs ....cooviiiiiiii DERMAPTERA  (Page 175)
Abdomen not ending in fOrCePS .......euineiiiiiiiini i 42
42 Abdomen strongly constricted at base; prothorax fused with
mesothorax. Ants, €tC................cooeeeen.... HYMENOPTERA  (Page 330)
Abdomen not strongly constricted at base; broadly joined to thorax.............. 43
43. Head not elongated ventrally..............coiiiiiiiiiiii e 44
Head elongated ventrally forming a rostrum, at tip of which are
mandibulate mouthparts. Scorpionflies............. MECOPTERA  (Page 239)
44. Very small species; body soft and weakly sclerotized; tarsi two- or
thIEE-JOINLEA . ...\ttt e 45
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45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Usually much larger species; tarsi usually with more than three joints,
or, if not, body is hard and heavily sclerotized and cerci are

AL L ettt 46
Cerci absent. Book lice .............coooiiiiiiinal. PSOCOPTERA  (Page 199)
Cerci unjointed, prominent...............c.coeueuenenn.. ZORAPTERA*  (Page 195)

Hind femora enlarged; wing pads of larva when present in inverse
position, that is, metathoracic overlapping

MESOtNOTACIC ...\ttt ORTHOPTERA (Page 184)
Hind legs not enlarged for jumping; wing pads, if present, in normal

£ 0101y 15 () 47
Prothorax much longer than mesothorax; front legs fitted for grasping

prey. Mantids DICTYOPTERA, Suborder MANTODEA (Page 161)
Prothorax not greatly lengthened................cooiiiiiiiiii 48
Cerci present; antennae usually with more than 15 subdivisions, often

multiply subdivided. ... ..o 49
No cerci; body often hard-shelled; antennae usually with 11 subdivisions.

BeetleS ..o COLEOPTERA  (Page 305)
Cerci with more than three Joints...........o.ooviiiiiiiiiiiiii e 50
Cerci short, with one to three oINS ........cooveiiiiiiiiiiiiiieea 52
Body flattened and oval; head inflexed; prothorax oval.

Cockroaches.......... DICTYOPTERA, Suborder BLATTODEA  (Page 160)
Body elongate; head nearly horizontal .................c.ooiiiiiiiiiiiii . 51
Cerci long; ovipositor rigid and exserted; tarsi

five-jointed.........coooviiiiiiiiinL. GRYLLOBLATTODEA*  (Page 173)
Cerci short; no ovipositor; tarsi four-jointed; social forms, living in

colonies. Termites........coovuiiveiiiiiiiiiiiiiineennnns ISOPTERA  (Page 163)
Tarsi five-jointed; body usually very slender and long. Stick

1 11T P PHASMIDA  (Page 179)
Tarsi two- or three-jointed; body not elongate................cooeiiiiiiiiiiiinn.... 53

Front tarsi with first joint swollen, containing a silk-spinning gland,
producing a web in which the insects live; body long and slender.

Webspinners...........cooooiiiiiiiiiiiiiiiin. EMBIOPTERA*  (Page 153)
Front tarsi not swollen, without silk-spinning gland; body much

stouter; social species. Termites.......................... ISOPTERA  (Page 163)
Body cylindrical, caterpillarlike ..o 55
Body more or less depressed, not caterpillarlike .................c.cooeveiiiiin... 56

Head with six ocelli on each side; labium with spinnerets;
antennae inserted in membranous area at base of
mandibles.......................... Larvae of some LEPIDOPTERA  (Page 276)
Head with more than six ocelli on each side; metathoracic legs
distinctly larger than prothoracic 1€gs ..........coovvviiiiiiiiiiiiiiieiieeieen e
.......................... Larvae of Boreidae (MECOPTERA) (Page 239)
Mandibles united with corresponding maxillae to form sucking
10 1221 | U Larvae of NEUROPTERA  (Page 301)
Mandibles almost always separate from maxillae..................ccooeeiiiiiinnnn ..
.................................. Larvae of COLEOPTERA (Page 305);
RAPHIDIOPTERA  (Page 299); STREPSIPTERA * (Page 326);
DIPTERA .. e (Page 243)



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

False legs (prolegs) numbering five pairs or fewer, located on various

abdominal segments, but not on first, second, or seventh; false legs

tipped with many minute hooks (hookless prolegs rarely on second

and seventh segments)............ Larvae of most LEPIDOPTERA  (Page 276)
False legs numbering from six to ten pairs, one pair of which occurs

on second abdominal segment; prolegs not tipped with minute

Head with a single ocellus on each side...............oooooiiiiiiii .
........................... Larvae of some HYMENOPTERA (Page 330)
Head with several ocelli on each side...... Larvae of MECOPTERA  (Page 239)

Body bare or with few scattered hairs, or with waxy coating....................... 60
Body densely covered with hair or scales; proboscis if present

coiled under head. Moths............................ LEPIDOPTERA  (Page 276)
Last tarsal joint swollen; mouth consisting of a triangular unjointed

beak; minute species. Thrips.................... THYSANOPTERA  (Page 233)
Tarsi not bladderlike at tip, and with distinct claws................ccooiviiiininenen. 61
Prothorax distinct. Bugs...............ooiii HEMIPTERA  (Page 210)

Prothorax small, hidden when viewed from above. True flies.........................
.................................................. DIPTERA (Page 243)

Mouthparts mandibulate ............cooioiiiiiiii 63
Mouthparts suctorial, forming a strong pointed inflexed
beak....cooooiiiii Larvae of HEMIPTERA  (Page 210)
Mandibles exserted straight forward and united with the corresponding
maxillae to form piercing jaws......... Larvae of NEUROPTERA  (Page 301)
Mandibles normal, moving laterally to function as biting jaws..................... 64
Body not encased in a shell made of sand, pebbles, leaves, etc..................... 65

Case-bearing forms; tracheal gills usually present..............c.coooiiiiiiin ...
.................................. Larvae of TRICHOPTERA (Page 268)
Abdomen furnished with external lateral gills of respiratory

processes (a few Coleoptera and Trichoptera larvae here also).................. 66
Abdomen without external ills.............coooiiiiiiiii 67
Abdomen terminated by two or three long caudal

filaments.............ccoeeiiiinnn. Larvae of EPHEMEROPTERA  (Page 127)

Abdomen with short end processes....Larvae of MEGALOPTERA  (Page 297)
Labium strong, extensible, and furnished with a pair of opposable

ROOKS ... Larvae of ODONATA  (Page 136)
Labium not capable of being thrust forward and not hooked ....................... 68
Abdomen without false legs............cooiiiiiiiiiii 69
Abdomen bearing paired false legs on several

SEEMENtS....oueninininenininenenenen A few larvae of LEPIDOPTERA  (Page 276)
The three divisions of thorax loosely united; antennae and caudal

filaments long and slender-............... Larvae of PLECOPTERA  (Page 147)

Thoracic divisions not constricted; antennae and caudal filaments

short (also some aquatic larvae of Diptera and a few Trichoptera

here)...ooovvviii i Larvae of COLEOPTERA  (Page 305)
Body flattened (or larval maggots)........ouvuiniiriiiiiiii e 71
Body strongly compressed; mouth formed as a sharp inflexed beak;

jumping species. Fleas............................. SIPHONAPTERA  (Page 264)
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71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

Mandibulate mouthparts ... ... ..o 72

Mouthparts formed for piercing and SUCKINg .............cccvvviiiiiiiiininniinnn.. 73

Mouth inferior; cerci long; ectoparasites of bats or rodents ...........................
...................................... Rare DERMAPTERA* (Page 175)

Mouth anterior; no cerci; generally elongate-oval insects with somewhat
triangular head; ectoparasites of birds (occasionally mammals).

Chewing lice...........coevviviiiniinen, PHTHIRAPTERA, in part  (Page 203)
Antennae exserted, visible, though rather short....................ooo. 74
Antennae inserted in pits, not visible from above (also larval maggots,

without antennae)..................coooeeenn. Pupiparous DIPTERA  (Page 243)

Beak (mouthparts) unjointed; tarsi formed as a hook for grasping
hairs of the host (Figure 3.24C); permanent parasites. Sucking lice..............
.................................... PHTHIRAPTERA, in part  (Page 203)
Beak jointed; tarsi not hooked; temporary

PATASIEES ..o neneeeeeeeeeeeee e Some HEMIPTERA  (Page 210)
Legless grubs, maggots or borers; locomotion effected by a squirming

MOLION ..., Larvae of STREPSIPTERA*  (Page 326);
SIPHONAPTERA (Page 264); and of some COLEOPTERA (Page 305)

(see also couplet 56); DIPTERA (Page 243); LEPIDOPTERA (Page 276);

and HYMENOPTERA (Page 330). (If living in body

of wasps and bees, with flattened head exposed, compare females

of STREPSIPTERA* (Page 326); if aquatic wrigglers, see

larvae and pupae of mosquitoes, etc.) Sedentary forms, incapable

OF LOCOMOTION ... e ettt e 76
Small degraded forms bearing little superficial resemblance to insects,

with long slender beak, and usually covered with a waxy scale, powder,

or cottony tufts; living on various plants. Scale insects ..................coeie .

............................................... HEMIPTERA  (Page 210)
Body quiescent, but able to bend from side to side; not capable of feeding,

enclosed in a skin which is tightly drawn over all appendages, or which

leaves limbs free but folded against body; sometimes free; sometimes

enclosed in cocoon or in shell formed from dried larval skins................... 77
Skin encasing legs, wings, etc., holding appendages tightly against body;

prothorax small; proboscis showing...............cooiiiiiiiii i, 78
Legs, wings, etc., more or less free from body; biting mouthparts

] 0101174 Y. 79
Proboscis usually long, rarely absent; four wing cases; sometimes in

COCOOM . . uenteetent et et eeeeeeeaaaes Pupae of LEPIDOPTERA  (Page 276)

Proboscis short; two wing cases, pupa often enclosed in oval shell
(puparium) formed of hardened larval sKin.................cooeiiiiiiiiiininnn. ..
.......................................... Pupae of DIPTERA (Page 243)
Prothorax small, fused into one piece with mesothorax; sometimes

enclosed in loose cocoon.............. Pupae of HYMENOPTERA  (Page 330)
Prothorax larger and not closely fused with mesothorax............................. 80
Wing cases with few or no veins........... Pupae of COLEOPTERA  (Page 305)

Wing cases with several branched veins ...............cooooviiiiiiiiiii
..................................... Pupae of NEUROPTERA  (Page 301)
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Apterygote Hexapods

1. Introduction

Traditionally, the groups included in the term “apterygote hexapods,” namely, the Collem-
bola, Protura, Diplura, and Thysanura (including Microcoryphia and Zygentoma), were
considered orders of primitively wingless insects and placed in the subclass Apterygota
(Ametabola). They show the following common features: lack of wings, lack of a pleural
sulcus on the thoracic segments, presence of pregenital abdominal appendages, slight or
absent metamorphosis, and indirect sperm transfer. As more information on their structure
and habits has become available, it has become apparent that (1) their status as insects
(except for Thysanura) is doubtful and (2) the relationship of the groups with each other is
more distant than originally believed. Several authors have therefore recommended that the
insectan subclass Apterygota be reserved solely for the Thysanura and that the Collembola,
Protura, and Diplura each be given the rank of class, with the Collembola and Protura
considered as sister groups within the Ellipura (see Figure 1.11). These three groups differ
fundamentally from insects in several features; for example, they are entognathous, have
intrinsic musculature in the antennae, and lack compound eyes which are characteristic
of most insects, at least in the adult stage. Thus, the Ellipura and Diplura are sometimes
considered sister groups within the Entognatha. However, other analyses indicate that the
Entognatha is a paraphyletic assemblage (see Chapter 1, Section 3.3.1).

The Collembola are probably furthest removed from the winged insects. They pos-
sess only six abdominal segments, a postantennal sensory organ similar to the organ of
Tdmosvary found in myriapods, gonads with lateral (rather than apical) germaria, and eggs
in which there is total cleavage. Non-insectan features of the Protura are the absence of
antennae (perhaps a secondary condition associated with their soil-dwelling habit), the
occurrence of anamorphosis, and a genital aperture that opens behind the 11th segment.
Diplura are superficially similar to Thysanura, with which some authors group them. How-
ever, in addition to the features mentioned above, they differ from typical insects in having
unusual respiratory and reproductive systems. Even though all Thysanura are considered in-
sectan, it is now apparent that the group contains two distinct subgroups, the Microcoryphia
and the Zygentoma (= Thysanura sensu stricto), to which some authors accord ordinal
status. The primary basis for this distinction concerns the mouthparts. In the Microcoryphia
(such as Machilis and its allies, the bristletails) the mandibles have a single articulation with
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the head and bite with a rolling motion. In the Zygentoma (which includes silverfish and
firebrats), on the other hand, there is a dicondylic articulation of the mandible, which thus
bites transversely as in pterygote insects. As noted in Chapter 1, differences in the structure
and operation of the mouthparts are of fundamental phylogenetic importance.

2. Collembola

SyNonyMs: Oligentoma, Oligoentomata COMMON NAME: springtails

Small to minute wingless hexapods; head pro- or hypognathous, antennae segmented, compound
eyes absent, mouthparts entognathous; abdomen 6-segmented, typically with three medially
situated pregenital appendages (collophore on segment 1, retinaculum on segment 2, furcula on
segment 4), gonopore on 5th segment.

Collembola are abundant on every continent, including Antarctica. About 6500 species
have been described, including more than 1600 from Australia, 300 from the United King-
dom, and about 840 from North America. Individual species may be quite cosmopolitan,
sometimes as a result of human activity when they may become pests.

Structure

Collembola vary in length from about 0.2 to 10 mm. They are generally dark, but
many species are whitish, green, or yellowish, and some are striped or mottled. The body
is either elongate (Arthropleona) (Figure 5.1B) or more or less globular (Symphypleona
and Neelipleona) (Figure 5.1A). The head is primitively prognathous, but is hypognathous

FIGURE 5.1. Collembola. (A) Sminthurus purpurescens (Sminthuridae); and (B) Entomobrya nivalis (Ento-
mobryidae). [Reprinted from Elliott A. Maynard, 1951, A Monograph of the Collembola or Springtail Insects of
New York State, Comstock Publishing Co., Inc.]



in the Symphypleona and Neelipleona, and the mouthparts are enclosed within a pouch
formed by the ventrolateral extension of the head capsule. The mouthparts are typically of
the chewing type, though in many species they are rasping or suctorial. The 4-segmented
antennae vary greatly in length and each segment may be subdivided into two (segments
1 and 2) or numerous (segments 3 and 4) subsegments. Immediately behind the antennae
is a structure of varied form, the postantennal organ, which appears to have an olfactory
function. Compound eyes never occur, but a varied number of ocelli (up to eight) are
found on each side of the head. The thoracic segments are distinct in Arthropleona, but
not in Symphypleona and Neelipleona; in all species the prothorax is small or vestigial. In
the Symphypleona and Neelipleona the thorax is fused with the abdomen and individual
segments are not easily distinguished except at the posterior end. The legs have no true tarsus
but terminate in one or two claws that arise from the tibia. No more than six abdominal
segments can be distinguished at any time (even during embryonic development). The
first abdominal segment bears the collophore (ventral tube), which arises by fusion and
differentiation of the embryonic appendages. The tube contains a pair of vesicles that can
be extruded by hemolymph pressure. The tube appears to have several functions, though it
was originally named because it was thought to be adhesive (Greek colle, glue). Other likely
functions include gaseous exchange and, especially, salt-water balance. Most Collembola
have a springing organ (furcula) on the fourth abdominal segment, held under tension
beneath the body by a hooklike structure, the retinaculum, formed from the appendages of
the third abdominal segment. When released from the retinaculum, the furcula is forced
downward and backward by both muscular action and hemolymph pressure. As it strikes
the substrate, the animal is thrown through the air, sometimes a significant distance (e.g.,
up to 30 cm in some sminthurids). Abdominal appendages may be greatly reduced in small
subterranean forms. Cerci are absent in Collembola. Some species are ecomorphic, their
form changing from instar to instar as a result of unusual environmental conditions, others
are cyclomorphic (having seasonally different forms and habits, usually in summer and
winter), and some show epitoky in which reproductive instars are morphologically different
from non-reproductive (feeding instars) with which they alternate.

Noteworthy features of the internal structure of Collembola are the absence of
Malpighian tubules and, in most species, tracheal system. However, a pair of spiracles
between the head and thorax, leading to tracheae in the head, sometimes also the body, have
been reported for a few Symphypleona. The nervous system is specialized and includes
brain, subesophageal ganglion, and three ventral ganglia, the ganglia of the abdominal
segments having fused with the metathoracic ganglion.

Life History and Habits

Springtails are almost ubiquitous, being found in high latitudes (e.g., 84° south in
Antarctica) and altitudes (above 7700 m in the Himalayas), deserts, and glaciers, in addition
to more conventional biomes. Within these regions they occupy a wide range of habitats,
though they are most abundant and diverse in moist soil, leaf litter, and rotting wood. Others
live in dung, in the fleshy parts of fungi, in the nests of termites, ants, and vertebrates, on
grasses, and in flowers. Several species occur in caves, on the surface of standing water
(including, rarely, tidal pools), and in both marine and freshwater intertidal zones, though
very few are truly aquatic. Occasionally, species form large aggregations on the surface
of snow, though the significance of this is not clear. Most Collembola cannot tolerate
desiccation, and those that colonize dry habitats show various morphological, physiological,
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and behavioral adaptations, such as scales or hairs, specific desiccation-resistant stages
(including more or less completely dried out “anhydrobiotic” forms), and activity restricted
to periods when the relative humidity is high. Collembola are saprophagous, fungivorous
(including some spore feeders), or phytophagous (including some pollen feeders), and some
species appear to have an intrinsic gut cellulase. Only rarely are they predaceous. Though
a few species are occasionally of economic importance because of the damage they cause
to plants, overall Collembola may be considered beneficial. By feeding on fungal hyphae
and decaying material, they may influence mycorrhizal growth and control fungal diseases
(Hopkin, 1997).

In adult Collembola reproductive and feeding instars alternate. Most species of
Collembola reproduce sexually though a few soil-dwelling species are parthenogenetic.
Sperm transfer is usually indirect, males placing their stalked spermatophores on the sub-
strate, to be found by females as a result of aggregation (perhaps involving pheromones) or
after an elaborate courtship dance in which the male grasps the female using spines on his
antennae, head, or legs, and draws her over the spermatophore. The pale, spherical eggs are
laid singly or in small clusters (sometimes several females oviposit collectively) and may
be covered with freshly eaten soil and fecal material, or cleaned by the adults, to prevent
fungal infection. There is little change in external form as the young animal develops, and
sexual maturity is reached usually after 5-10 molts. As many as 50 molts may occur during
the adult phase.

Phylogeny and Classification

According to Kukalova-Peck (1991), the early Collembola were semiaquatic. The
earliest fossil collembolan, Rhyniella praecursor, from the Lower Devonian of Scotland
resembled modern isotomids. Other fossils are known from the Lower Permian of South
Africa, the Upper Cretaceous of Canada, and Tertiary amber deposits, the latter being
assignable to extant genera. Currently, the two most primitive families are thought to be
the Hypogastruridae and Isotomidae, with the Entomobryidae and Sminthuridae among the
most advanced. Early classifications [e.g., that of Gisin (1960)] arranged extant species
of the order Collembola in two suborders, Arthropleona and Symphypleona, principally
on the basis of the striking difference in body form, and five families. Nowadays, up to
14 families are recognized, and these are allocated among three orders within the class
Collembola, the round-bodied Neelidae being separated from the Arthropleona in their
own order Neelipleona. However, lack of information prevents the construction of a phylo-
genetic tree. Of the extant families, the largest and most common are the Hypogastruridae,
Neanuridae, Onychiuridae, Entomobryidae, Isotomidae, and Sminthuridae.

Order Arthropleona
Superfamily Poduroidea

The HYPOGASTRURIDAE (580 species) are generally 1-3 mm in length, whitish,
pinkish, or darkly colored Collembola with a predominantly holarctic distribution. They
have an obvious prothorax, a granular cuticle, and short antennae, but a postantennal organ
may or may not be present. They are found in a wide range of habitats though most species
live among decaying vegetation, in soil, in cracks in the bark of trees, or in fungi. Some
hypogastrurids are known as “snow fleas” through their being found, sometimes in immense



numbers, jumping about on snow, usually shortly after a period of mild weather. One widely
distributed form, Hypogastrura (Ceratophysella) denticulata (likely a complex of several
species), sometimes becomes a pest in mushroom cellars.

The majority of NEANURIDAE (1160 species) are found under stones and bark, or
in soil and leaf litter where they feed on fungal hyphae that they pierce with their sharp
mouthparts. Other species, however, are predaceous, eating rotifers, other Collembola, and
their eggs. ONYCHIURIDAE (600 species) are soil- and litter-dwelling collembolans that
lack ocelli and a furcula.

Superfamily Entomobryoidea

The characteristics of the ISOTOMIDAE (over 1000 species) are highly varied, and
future work may well result in its being subdivided into several additional families. Isotomids
are found worldwide, in a range of biomes, including the polar regions, arid areas, and
seashores, though many are conventional inhabitants of soil or leaf litter. Many species,
especially the soil dwellers, are cosmopolitan. The family ENTOMOBRYIDAE (Figure
5.1B), with 1365 species, includes many of the larger Collembola that reach 5 mm or more
in length. Species have a greatly reduced prothorax and a smooth cuticle; a postantennal
organ may or may not be present. They may be found in soil or leaf litter, under bark, in
moss, and on vegetation. Some species are naturally cosmopolitan, and others have been
transferred around the world by human activity.

Order Neelipleona

The approximately 25 species in this order are included in a single family NEELIDAE.
These tiny collembolans (0.5 mm or less long) live in soil and leaf litter. They differ from
Symphypleona in that their rounded body is formed from expansion of thoracic rather than
abdominal segments.

Order Symphypleona
Superfamily Sminthuroidea

Most of the 890 species of SMINTHURIDAE (Figure 5.1A) are 1-3 mm in length and
have a roundish body, hypognathous head, and conspicuous ocelli. A postantennal organ
is absent. Often there is sexual dimorphism, with the antennae of males having hooks and
spines. Most sminthurids are epigaeic, living near the surface of leaf litter, or on grasses or
other low-growing vegetation. A number of species are economically important. For exam-
ple, Sminthurus viridis, the lucerne flea, a European species introduced into Australia, has
become an important pest on alfalfa (lucerne) and other leguminous crops. Other species may
do considerable damage in greenhouses and to many garden vegetables at the seedling stage.

Literature

Accounts of the biology of Collembola are provided by Fjellberg (1985), Greenslade
(1991, 1994), Hopkin (1997), and Christiansen and Bellinger (1998). Keys for their
identification are to be found in Christiansen and Bellinger (1998) [North American species],
Gisin (1960) [European species] (in German), and Greenslade (1991) [Australian families].
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3. Protura

SYNONYM: Myrientomata COMMON NAME: proturans

Minute wingless hexapods; head cone-shaped, compound eyes, ocelli, and antennae ab-
sent, mouthparts entognathous and suctorial; foreleg modified as a sense organ; abdomen
12-segmented in adult with appendages on first three segments; gonopore (two in males) behind
11th segment; cerci absent.

About 660 species of proturans have been described worldwide. Of these, about 80 are
European (including 20 in Britain), 30 Australian, and about 20 North American, though the
latter figure may be misleading, reflecting the lack of taxonomic work done on this group.

Structure

Proturans (Figure 5.2) are elongate, generally pale arthropods 2 mm or less in length.
The head is cone-shaped and bears anteriorly the styliform entognathous mouthparts. Pho-
toreceptor organs are absent from the head, as are typical antennae. However, a pair of
“pseudoculi” occur dorsolaterally that may be humidity receptors or chemosensory. The
thoracic segments are distinct, though the first is greatly reduced. The six identical legs have
an unsegmented tarsus. The forelegs are generally not used in locomotion but are held aloft

FIGURE 5.2. Acerella barberi, a proturan. [From H. E. Ewing, 1940, The Protura of
North America, Ann. Entomol. Soc. Am. 33:495-551. By permission of the Entomological
Society of America.]



and probably act as sense organs. In adult proturans the abdomen is 12-segmented; in the
newly hatched animal there are only 9 abdominal segments, 3 being added anamorphically
during postembryonic development. Short, unsegmented or 2-segmented appendages with
eversible vesicles are found on the first three abdominal segments. Cerci are absent.

Internally there are no distinct Malpighian tubules, but six papillae occur at the junction
of the midgut and hindgut, and these may serve an excretory function. A tracheal system is
present in Eosentomoidea, originating from paired meso- and metatergal spiracles, but not
in other groups. The tracheae do not anastomose. The nervous system is generalized, with
discrete ganglia in the first seven abdominal segments.

Life History and Habits

Like springtails, proturans are found in a variety of moist habitats. Although frequently
overlooked because of their small size, they are quite numerous in certain situations par-
ticularly in soil and litter. Few details of their biology are available. They are thought to
be fungivorous. It is reported that four juvenile stages are passed through before sexual
maturity is reached (five in male Acerentomidae which have a preimago instar), but it is
not known whether proturans molt when adult. There are probably several generations per
year with, in cooler climates, the adults spending the winter in a dormant condition.

Phylogeny and Classification

Tuxen (1964) recognized two suborders and three families within the class and or-
der Protura, namely, the Eosentomoidea (family EOSENTOMIDAE) and Acerentomoidea
(families ACERENTOMIDAE and PROTENTOMIDAE). However, following the de-
scription of Sinentomon erythranum by Yin (1965), which shows morphological fea-
tures of all three families and may be the most primitive living proturan, some authors
(e.g., Nosek, 1973) have placed this species in its own suborder Sinentomoidea (family
SINENTOMIDAE). Though most workers consider the Eosentomidae and Sinentomidae
as the most primitive proturans, their possession of a tracheal system and certain features
of their sperm have led Yin (1984) to propose that they are more specialized than the
Acerentomoidea.

Literature

Most literature on Protura is taxonomic. Accounts of the biology of this group are given
by Ewing (1940), Nosek (1973), and Imidaté (1991). Nosek (1973) provides a key to the
European species and Nosek (1978) a key to the world genera; Ewing (1940) deals with the
North American forms; and Imidaté (1991) with the Australian families.
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4. Diplura

Sy~onNywms: Dicellura, Entotrophi, Entognatha COMMON NAME: diplurans

Elongate apterygotes; head with long many-segmented antennae, compound eyes, and ocelli
absent, mouthparts entognathous; thoracic segments distinct, legs with unsegmented tarsus; ab-
domen 10-segmented, most pregenital segments with styli, eversible vesicles on some abdominal
segments, cerci present as either long multiannulate or forcepslike structures, gonopore between
segments § and 9.

More than 800 species of this widely distributed, though mainly tropical or subtropical,
order have been described. Most holarctic forms belong to the family Campodeidae, includ-
ing the 11 British species. Just over 60 species have been described from North America,
and about 30 from Australia.

Structure

In general form Diplura (Figure 5.3) resemble Thysanura but differ in being entog-
nathous and lacking a median process on the last abdominal segment. Most species are a
few millimeters long, but a few may reach almost 60 mm. The roundish or oval head carries
the multisegmented antennae, whose flagellar segments (except the most distal) are pro-
vided with muscles. The reduced biting mouthparts occupy a pouch on the ventral surface.
The six identical legs have an unsegmented tarsus. Two to four lateral spiracles occur on the
thorax. Ten abdominal segments are distinguishable. The sterna of segments 2—7 bear styli,
and eversible vesicles occur on a varied number of segments. The conspicuous cerci vary in
structure and are an important taxonomic feature. In most Diplura (but not Campodeidae,
which have none) there are seven pairs of abdominal spiracles.

FIGURE 5.3. Diplura. (A) Campodea sp. (Campodeidae); (B) Anajapyx vesiculosus (Anajapygidae); and
(C) Heterojapyx sp. (Heterojapygidae). [From A. D. Imms, 1957, A General Textbook of Entomology, 9th ed.
(revised by O. W. Richards and R. G. Davies), Methuen and Co.]



Asin Protura, Malpighian tubules are represented usually by a varied number of papillae
atthe junction of the midgut and hindgut. The tracheal system is developed to a varied extent.
Tracheae leading from one spiracle never anastomose with those from other spiracles, and
they lack cuticular supporting rings characteristic of insectan tracheae. The nervous system is
not specialized, the ventral nerve cord containing eight (Japygidae) or seven (other Diplura)
abdominal ganglia. The reproductive system is greatly varied within the Diplura, although in
all species the germaria are apical. In Japyx (Japygidae) there are seven pairs of segmentally
arranged ovarioles, in Anajapyx (Anajapygidae) two, and in Campodea (Campodeidae) one.
One or two pairs of testes occur in the male.

Life History and Habits

Because of their rather secretive habits little is known of the life history of diplurans.
They are found in damp habitats, for example, leaf litter, under stones and logs, and in soil.
The campodeids are herbivorous, but other Diplura are carnivorous, catching prey with
their forceps (modified cerci) or with their maxillae. Like male springtails, male diplurans
deposit stalked spermatophores but make no attempt to attract females to them. The eggs
are laid in groups in a chamber dug by the female. In some species the female guards the
eggs and young. Development is slow and molting (up to 30 times in Campodea) continues
through life.

Phylogeny and Classification

Fossil Diplura are known from the Upper Carboniferous of Illinois (7Testajapyx thomasi)
though at this stage the appendages were still fully segmented, eyes were present, and the
entognathous condition was not fully developed; that is, the lateral margins of the head
were not fused with the labium to form a pouch around the mandibles and maxillae. Extant
Diplura were arranged by Paclt (1957) in three families [CAMPODEIDAE, PROJAPY-
GIDAE (= ANAJAPYGIDAE), and JAPYGIDAE]. However, more recent classifications
[e.g., that of Condé and Pagés (1991)] tend to raise the subfamilies within these groups to
the rank of family. In campodeids (Figure 5.3A), which may reach 4 mm at maturity, the
cerci are multiannulate and usually as long as the abdomen. In contrast, the projapygids
(Figure 5.3B) are minute arthropods with relatively short cerci (less than half the length of
the abdomen and having fewer than 10 subdivisions). The cerci of japygids (in the sense of
Paclt, 1957) take the form of strongly sclerotized, undivided forceps (Figure 5.3C).

Literature

General information on Diplura is given by Wallwork (1970) and Condé and Pagés
(1991). Most North American species can be identified from Smith (1960), the British
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5. Microcoryphia

SyNoNyYMS: Archeognatha, Ectotrophi (in part), COMMON NAME: bristletails
Ectognatha (in part)

Small or moderately sized apterygote insects; head with long multiannulate antennae, large
contiguous compound eyes, ocelli, ectognathous chewing mouthparts, mandibles with single ar-
ticulation, maxillary palps 7-segmented; thorax strongly arched with terga extending over pleura,
legs with 3 (rarely 2) tarsal segments; abdomen 11-segmented, though 10th segment reduced and
tergum of 11th forming median caudal filament, paired styli present on each abdominal segment,
long cerci with multiple subdivisions present.

As noted in the Introduction to this chapter, Microcoryphia and Zygentoma (see Section
6) were originally united in the order Thysanura. However, fundamental differences in their
structure (compare the definitions of the orders) have led to their separation as distinct
orders. The Microcoryphia form a small (about 350 species) but cosmopolitan group, with
about 35 species in North America (mostly Machilidae), 7 in Australia (all Meinertellidae),
and 7 in Britain (all Machilidae).

Structure

Microcoryphia (Figure 5.4A) are elongate insects up to 20 mm in length. Their body is
strongly convex dorsally (with the large terga extending around the sides to cover the pleura),
generally tapered posteriorly, and covered with scales. The head is hypognathous, in some
species prognathous, and carries prominent chewing mouthparts, the long, 7-segmented
maxillary palps being particularly conspicuous. Each mandible has a single articulation with
the head. The antennae are filiform and comprise 30 or more subdivisions that lack intrinsic
musculature. Compound eyes are well developed and contiguous (meet in a middorsal
position). Median and paired lateral ocelli are also present. The legs have three tarsal
segments and, in some species, those of the mesothorax and metathorax bear coxal styli.
Abdominal styli occur on segments 2-9, and eversible vesicles are almost always found
on abdominal segments 1-7. In females an ovipositor is formed from the appendages of

FIGURE 5.4. Microcoryphia and Zygentoma. (A) Machilis sp. (Machil-
idae); and (B) Lepismodes inquilinus (Lepismatidae). [A, reprinted from
R. E. Snodgrass, 1952, A Textbook of Arthropod Anatomy, Cornell University
Press. B, from A. D. Imms, 1957, A General Textbook of Entomology, 9th ed.
(revised by O. W. Richards and R. G. Davies), Methuen and Co.]




abdominal segments 8 and 9. In males the appendages of the ninth abdominal segment fuse
to form a median penis.

Internally Microcoryphia exhibit features that might be expected of primitive insects.
They have 12-20 Malpighian tubules, a nervous system that includes paired longitudinal
connectives, 3 thoracic and 8 abdominal ganglia, 9 pairs of spiracles and tracheae that do
not anastomose with those of adjacent segments, and a primitive reproductive system. In
females there are typically seven or eight panoistic ovarioles on each side of the body, and
in some species these are arranged in a more or less segmental manner. Females lack a
spermatheca. In males each testis comprises three or four follicles, and the vas deferens on
each side is double, the two channels being connected by several transverse tubes.

Life History and Habits

Microcoryphia are usually nocturnal, hiding by day in rotting wood, among leaves, in
crevices, under stones, etc., and are restricted to such habitats by their inability to resist
desiccation. They are phytophagous or omnivorous, feeding on algae, lichens, leaf litter,
and sometimes other arthropods. Bristletails can run fairly quickly and sometimes jump (up
to 10 cm).

Details of the life history of Microcoryphia are not well known. Though partheno-
genesis occurs in some species, reproduction is usually sexual, males leaving stalked sper-
matophores on the substrate or placing a sperm droplet on the ovipositor. Females lay eggs
singly or in batches of up to 30 in crevices or holes dug with the ovipositor. The absence of
a spermatheca suggests that mating must occur frequently. Postembryonic development is
slow (generally taking several months to a year from hatching to adulthood) and includes
at least five juvenile instars in Machilis. Molting continues in adults.

Phylogeny and Classification

Fossil machilids are known from as early as the Lower Devonian of Quebec. Ex-
tant species are placed in the single superfamily Machiloidea, containing two fami-
lies, the MACHILIDAE and the more primitive MEINERTELLIDAE. The former is
principally a Northern Hemisphere group while the latter is mainly from the Southern
Hemisphere.

Literature

See under Section 6 (Zygentoma).

6. Zygentoma

SyNonNywms: Thysanura (sensu stricto), CoOMMON NAME: silverfish, firebrats
Ectotrophi (in part),
Ectognatha (in part)

Small or moderately sized, dorsoventrally flattened apterygote insects; head with long mul-
tiannulate antennae, compound eyes small or absent, ocelli absent (except Lepidotrichidae),
ectognathous chewing mouthparts, mandible with dicondylic articulation, maxillary palp
5-segmented; legs with 2—4 tarsal segments; abdomen 11-segmented but with 10th segment

123

APTERYGOTE
HEXAPODS



124

CHAPTER 5

reduced and tergum of 11th segment forming median caudal filament, paired styli on abdominal
segments 7-9 (rarely 2-9), cerci generally long with multiple subdivisions, but sometimes quite
short, strongly diverging from body.

The Zygentoma is a small, worldwide order of about 370 species that are both struc-
turally and ecologically more diverse than microcoryphians. About 30 species have been
described from North America, with about the same number from Australia, including some
that are cosmopolitan and occasionally pests, and 2 from Britain (both Lepismatidae).

Structure

Zygentoma (Figure 5.4B) are broadly similar to Microcoryphia, and only the more
important differences in structure will be noted here. The body of Zygentoma is dorsoven-
trally flattened and may or may not have scales. Compound eyes are reduced or absent and
ocelli do not occur (except in Lepidotrichidae). The maxillary palps are 5-segmented, and
the mandibles have a dicondylic articulation with the head, as do those of pterygote insects.
The legs include 2—4 tarsal segments. Abdominal styli normally occur only on segments
7-9, though in Nicoletiidae they are found on segments 2-9. Eversible vesicles are absent in
many Lepismatidae but occur on abdominal segments 2—7 in Nicoletiidae and Lepidotrichi-
dae. In most species the cerci are long, multiannulate structures that diverge sharply from
the body (Figure 5.4B). However, in some inquiline Nicoletiidae the cerci are very short.

Four to eight Malpighian tubules are present. Ten pairs of spiracles occur and the tra-
cheal system is well developed compared to that of Microcoryphia. On each side of the body
a longitudinal trunk links the tracheae originating from the spiracles, and transverse seg-
mental tracheae unite one side with the other. The female reproductive system includes 2—7
panoistic ovarioles, a spermatheca, and accessory glands. The number of lobes comprising
each testis is greater than in Microcoryphia (eight lobes in Lepismatidae, many in Nicoleti-
idae and Lepidotrichidae).

Life History and Habits

Though many Zygentoma resemble Microcoryphia in their general habits, living in
leaf litter, under bark, and in other places with high humidity, others are extremely resistant
to desiccation and have the ability to take up water from the atmosphere. All are very agile
insects. Zygentoma are omnivorous or phytophagous.

Eggs are laid singly or in groups, in crevices, etc. Individuals may live for several
years, and as many as 60 molts have been recorded. About a dozen molts occur before
sexual maturity is reached. Because the lining of the spermatheca is shed at each molt,
females must mate between molts in order to produce fertilized eggs. The majority of
species reproduce sexually, males producing stalked spermatophores that are deposited on
the substrate for females to pick up as in Microcoryphia. However, parthenogenesis probably
occurs in a few species where males are very scarce.

Phylogeny and Classification

The earliest known fossil zygentoman is Ramsdelepidion schusteri from the Upper
Carboniferous of Illinois. This was a large (6 cm long) insect with such primitive features as
a full set of long, abdominal, fully segmented leglets, and two pairs of vesicles on the ventral



side of abdominal segments 1-7. Extant species fall into four families (LEPISMATIDAE,
NICOLETIIDAE, LEPIDOTRICHIDAE, and MAINDRONIIDAE), of which only the first
two are of any size. Though most Lepismatidae live in litter, under bark, etc., the family
includes a number of domiciliary species (found in buildings) that have been transported
worldwide by human activity, including the common silverfish, Lepismodes inquilinus,
and the firebrat, Thermobia domestica. The former prefers warm and humid environments
and is often found in places such as bookcases, cupboards, and bathrooms. Firebrats, in
contrast, live in hot, dry environments, for example, in the vicinity of fireplaces, furnaces
and boilers, and in bakeries. They are highly resistant to desiccation. Both species may cause
considerable damage to books, clothing, and foods that contain starch or cellulose, and they
are among the few animals that produce an intrinsic gut cellulase. The Nicoletiidae, which
are distinguished from Lepismatidae by not having compound eyes, live principally in caves
or underground though some are inquilines in the nests of ants and termites, stealing the
hosts’ food or causing the host to regurgitate fluids on which they feed.

The Lepidotrichidae should be mentioned in view of this family’s important phylo-
genetic position. Prior to 1961 the family was known only as fossils. However, in 1961
Wygodzinsky discovered a living representative, Tricholepidion gertschi, in California, that
possesses a large number of primitive characters. This species is clearly the most archaic
living apterygote insect discovered to date and is likely to be similar to the common ancestor
of other modern groups.

Literature

Accounts of the biology of Microcoryphia and Zygentoma are provided by Delaney
(1957) and Sharov (1966). Keys for identification are given in the papers by Delany (1954)
[British species], Wygodzinsky (1972) [North and Central American Lepismatidae], and
Wygodzinsky and Schmidt (1980) [Microcoryphia of eastern North America].
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Paleoptera

1. Introduction

In the infraclass Paleoptera are the orders Ephemeroptera (mayflies) and Odonata (drag-
onflies and damselflies), the living species of which represent the few remains of two
formerly very extensive groups. Although both are placed in the Paleoptera, authorities
disagree on whether the two orders are monophyletic or have separate origins (see Chap-
ter 2, Section 3.2). Even if monophyletic, the Ephemeroptera and Odonata are two very
different groups that must have diverged at a very early stage in the evolution of winged
insects. They possess the following common features that unite them as Paleoptera: wings
that cannot be folded back against the body when not in use, retention of the anterior
median wing vein, netlike arrangement of wing veins (many crossveins), aquatic juve-
nile stage, and considerable change from juvenile to adult form. In members of both
orders, wing development is external, though this feature is not, of course, restricted to
Paleoptera.

2. Ephemeroptera

SyNoNYMS: Plectoptera, Ephemerida CoMMON NAMES: mayflies, shadflies

Adults small- to medium-sized elongate fragile insects; antennae short and setaceous, mouthparts
vestigial, compound eyes large, three ocelli present; generally two pairs of membranous wings
(though hind pair greatly reduced) held vertically over body when at rest, with many crossveins;
abdomen terminated with two very long cerci and frequently a median caudal filament; with
subimaginal and imaginal winged stages.

Larvae aquatic; body campodeiform; antennae short, compound eyes well-developed, biting

mouthparts; abdomen usually with long cerci and a median caudal filament, and four to seven
pairs of segmental tracheal gills.

Approximately 2100 species of this widely distributed order have been described,
though this may represent only about one-third of the extant species. Of the de-
scribed species, about 675 occur in North America, 84 in Australia, and about 50 in
Britain.
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Structure

Adult. The head is triangular in shape when viewed from above. The compound eyes
are large, especially in males where they often meet middorsally and typically are divided
horizontally into an upper region with large facets and a lower region with smaller facets
(Figure 6.1). This arrangement provides a male with both high acuity and good sensitivity,
allowing him to detect and capture an individual female in a swarm at low light intensity.
Three ocelli are present, the two laterals often large. The antennae are small, multiannulate,
setaceous structures. The mouthparts are vestigial. The thoracic region is dominated by
the large mesothoracic segment. Pleural sulci are poorly developed or absent even on the
pterothorax. Two pairs of fragile wings are generally present, though the hind pair is always
reduced or absent. The wing venation is primitive, the median vein being divided into
anterior and posterior branches. The legs are sometimes reduced, associated with the habit
of passing the entire adult life on the wing. However, the forelegs of males are usually
enlarged and used to grip a female during mating. Primitively there are five tarsal segments,
but the basal one or two segments may fuse with the tibia in higher families. The apex of the
abdomen has three, usually very long, multiannulate caudal filaments, consisting of the two
lateral cerci and a median filament (this is sometimes reduced or absent). In females paired
gonopores open behind the seventh abdominal sternum. A typical ovipositor is absent. In
males a pair of claspers occurs on the ninth sternum. Between these claspers lies a pair of
penes.

The most noteworthy internal feature is the modification of the gut as an aerostatic
organ to reduce the specific gravity of the insect. The esophagus is a narrow tube equipped
with muscles that regulate the amount of air in the gut. Swallowed air is held in the midgut,
which no longer has a digestive function and is lined with pavement rather than columnar
epithelium. The hindgut also has a valve to prevent loss of air. The reproductive organs are
very primitive; accessory glands are absent, and the gonoducts are paired in both sexes.

Larva. Mayfly larvae exhibit a wide range of body form associated with the diverse
habitats in which they are found. The body is of varied shape but is often flattened dorsoven-
trally. The antennae, compound eyes, and ocelli differ little from those of adults. Larvae
possess well-developed biting mouthparts. The structure of the legs varies according to
whether a larva is a swimming, burrowing, or clinging form. The abdomen is terminated
with a pair of long cerci and usually a median caudal filament. Between four and seven pairs
of tracheal gills occur on the abdomen. In open-water forms the gills are usually lamellate;
in burrowing species they tend to be plumose. In some species gills may not be directly im-
portant in gaseous exchange. They are capable of coordinated flapping movements and may
serve simply to create a current of water flowing over the body. In some species accessory
gill-like respiratory structures develop on the thorax and head.

FIGURE 6.1. Dorsal view of head of male Atalophlebia (Lep-
tophlebiidae) showing large compound eye divided into upper part
with large facets and lower part with small facets. [From W. L. Peters
and 1. C. Campbell, 1991, Ephemeroptera, in: The Insects of Aus-
tralia, 2nd ed., Vol. I (CSIRO, ed.), Melbourne University Press. By
permission of the Division of Entomology, CSIRO.]



Life History and Habits

Adult mayflies are commonly found in the vicinity of water, often in huge mating
swarms. They are short-lived creatures, existing for only a few hours (mostly nocturnal
species) or a few days. A swarm consists generally only of males, often in the thousands,
flying in an up-and-down pattern over water or a specific marker such as a rock, bush, or
shoreline. Swarming commonly occurs at dusk in temperate species, light intensity and
temperature being the major determinants of when it occurs. Females enter a swarm, and
mating usually occurs immediately and lasts for less than a minute. Parthenogenesis has
been reported for about 50 species, though it is rarely obligate. The egg-laying habits are
quite varied, as is the number of eggs laid (generally from 500 to 3000). In some short-lived
species eggs are laid en masse on the water surface. The clutch breaks up and the eggs
sink, becoming scattered over the substrate. In species that survive for several days the
eggs may be laid in small batches; Baetis spp. females descend below the water surface
to secure the eggs on the substrate. Eggs often have special structures that serve to anchor
them in position. They usually hatch within 10-20 days, but in a few species the eggs
enter a diapause to overcome low winter temperatures. Consequently, they do not hatch
until the following spring. In some species that have a relatively long adult life (up to
3 weeks) ovoviviparity occurs, females retaining fertilized eggs in the genital tract for
several days prior to oviposition. Embryos then hatch from the eggs within a few minutes of
deposition.

In most mayfly species the larval life span is 2—4 months; however, some mayfly larvae
are long-lived, with a development time of at least a year and, in some instances, of 2 or
3 years. During this period they molt many times (15-30 is most common, but as many as
50 have been recorded). Larvae occupy a wide range of habitats, though each one is charac-
teristic for a particular species. They may burrow into the substrate, hide beneath stones and
logs, clamber about among water plants, or cling to the upper surface of rocks and stones in
fast-flowing streams. With the exception of a few carnivorous forms, larvae feed on algae,
or plant detritus, and thus play a key role in energy flow and nutrient recycling in freshwater
ecosystems. Populations of larval mayflies show characteristic movements at specific times
during their life. These may be diurnal, seasonal, and/or directional. For example, species
in running water may have daily migrations into and out of the substrate, or they may move
into the substrate during periods of heavy water flow. Typically, in both still and moving
waters larvae move toward the shore during the later stages of their existence. And some
species, especially of Baetis, have characteristic nocturnal rhythms of downstream drift. For
other species, drift is influenced by both larval characters (e.g., age and population density)
and environmental factors such as temperature, oxygen, current velocity, sediment, and
food. How species compensate for the potential decrease in population upstream is not well
understood, though for some upstream movement of larvae has been demonstrated, while
for others the imagos undertake upstream flights before oviposition.

Mayflies are unique among living Pterygota in that they molt in the adult stage. A mature
larva, on leaving its aquatic environment, molts into a subimago, a winged adult form (but
see Chapter 2, Section 3.2), often capable of flight. A subimago can be distinguished from
the imago into which it molts by its duller coloration and by the translucent wings, which
are often fringed with hairs. A subimago exists usually for about 24 hours before molting
to the imago. Under adverse conditions, however, a subimago may survive for many days.
In a few exceptional species the subimago never molts but is the reproductive stage. It
has been speculated that the adult molt may be a primitive trait retained because of a lack
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of selection pressure on the short-lived stages to have a single adult instar. An alternative
suggestion is that an adult molt became necessary to complete elongation of the caudal
filaments and adult forelegs (Maiorana, 1979). In populations of subtropical and tropical
mayflies emergence tends to occur over a considerable length of time, whereas in species
from cooler climates it is often highly synchronized, leading to the production of enormous
swarms for short periods of the year. On a day-to-day basis, however, emergence may show
distinct rhythmicity or require environmental cues such as a minimum water temperature
or full moon for its initiation.

Phylogeny and Classification

Although the basic groups within the Ephemeroptera have been recognized since the
work of Eaton (1883-1888, cited in Edmunds, 1962), differences of opinion continue to
exist with regard to the taxonomic rank that should be assigned these groups, and the
relationships among the groups. The primary obstacle to determining these relationships is
the high degree of parallel evolution that has occurred among members of different groups.
In many insect groups this problem can be overcome usually by comparing a number of
different characters from all stages of the life history (Edmunds, 1972). Unfortunately, many
mayflies are known only from the juvenile or the adult form.

The scheme used here is based on McCafferty (1991), Wang and McCafferty (1995),
Bae and McCafferty (1995), and McCafferty (personal communication). It proposes that
the order be arranged in 23 families shared among four suborders. A proposed phylogeny of
these groups is depicted in Figure 6.2. According to McCafferty and Edmunds (1979), the an-
cestor of modern mayflies may have resembled members of the extant family Siphlonuridae
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FIGURE 6.2. Proposed phylogenetic relationships within the Ephemeroptera.



that show a large number of primitive features; that is, they have evolved relatively little
compared to other mayfly groups. From this siphlonuridlike ancestor, two major lines
evolved. One led to the suborder Carapacea, the other to the suborders Furcatergalia,
Setisura (which are sister groups) and Pisciforma. Though relationships of the families
in the first three suborders are reasonably clear, those for the Pisciforma remain to be
established.

Suborder Carapacea

Members of the Carapacea (an allusion to the carapacelike enlargement of the larval
mesonotum) are included in a single superfamily Prosopistomatoidea.

Superfamily Prosopistomatoidea

The two small families in this group, the BAETISCIDAE [12 North American species
of Baetisca (Figure 6.3)] and PROSOPISTOMATIDAE (11 species of Prosopistoma with
a wide distribution including Africa, Australia, Europe, and southern Asia), show consid-
erable parallel evolution in the larval stage. Indeed, their larvae are remarkable in having
an enormous, posteriorly projecting mesonotal shield that protects the gills so that they su-
perficially resemble notostracan crustacea, into which group Prosopistoma was originally
placed by the French zoologist Latreille in 1833 (Berner and Pescador, 1980). Larvae of
most species live in moving water, from streams to large rivers, where the bottom has sand,
fine gravel, or small stones. Adult baetiscids, which are medium-sized insects, have an un-
usually large mesothorax; the eyes of males are large and almost contiguous but not divided
horizontally. Prosopistomatid adults of both sexes have small, widely separated eyes; males
have relatively short forelegs; the legs of females are vestigial; and females do not have an
adult molt.

Suborder Pisciforma

McCafferty (1991) introduced the suborder Pisciforma (the name refers to the min-
nowlike body and actions of the larvae) for a group of families whose relationships remain
unclear. For this reason, no arrangement into superfamilies is undertaken, though in earlier

FIGURE 6.3. Larvaof Baetisca bajkovi (Baetiscidae). [From B. D. Burks, 1953,
The mayflies, or Ephemeroptera, of Illinois, Bull. Ill. Nat. Hist. Surv. 26(1). By
permission of the Illinois Natural History Survey.]
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FIGURE 6.4. Larva of Baetis vagans (Baetidae). [From B. D. Burks, 1953,
The mayflies, or Ephemeroptera, of Illinois, Bull. Ill. Nat. Hist. Surv. 26(1). By
permission of the Illinois Natural History Survey.]

schemes the families were lumped in a single superfamily Baetoidea. Only the major fam-
ilies are outlined here.

The SIPHLONURIDAE is a fairly large, probably paraphyletic, family containing about
160 described species with a worldwide distribution but especially diverse in the holarctic
region. The streamlined, active larvae are found on the bottom of fast-flowing streams or
among vegetation in still-water habitats. Some are predaceous. Adults are medium- to large-
sized mayflies, and the sexes are similar in coloration. In both sexes the compound eyes are
large and have a transverse band dividing the upper and lower regions. In males the eyes
are usually contiguous.

The BAETIDAE (Figure 6.4) is easily the largest family of Ephemeroptera (>500
species) and has a worldwide distribution. The torpedo-shaped larvae are found in a variety
of habitats but commonly on the bottom of fast-flowing streams where they may be well
camouflaged. Adults are generally small and sexually dimorphic. The hind wings are greatly
reduced or absent. The compound eyes of males are large and divided horizontally into
distinct parts; in females the eyes are small and simple.

Suborder Setisura

Included in this suborder are the families listed under the superfamily Heptagenioidea
in older classifications. The major family is the HEPTAGENIIDAE (Figure 6.5) which
ranks next to the Baetidae in terms of number of described species (380). Heptageni-
ids are an almost entirely holarctic and oriental group and are not represented in the
Australasian region. The generally darkly colored larvae are typically found clinging to
the underside (occasionally the exposed face) of stones in fast-flowing streams and on
wave-washed shores of large lakes. They are remarkably well adapted for this life. Their
body is extremely flattened dorsoventrally; the femora are broad and flat; the tarsal claws
have denticles on the lower side; the gills are strengthened on their anterior margin; in
some species the entire body takes on the shape (and function) of a sucking disc. Some
larvae have fore tarsi with numerous setae that filter algae, etc. from the water and give the



FIGURE 6.5. Larva of Heptagenia flavescens (Heptageniidae). [From B. D.
Burks, 1953, The mayflies, or Ephemeroptera, of Illinois, Bull. Ill. Nat. Hist.
Surv. 26(1). By permission of the Illinois Natural History Survey.]

suborder its name. Adults are of varied size and color. The eyes of males are large but not
contiguous.

Suborder Furcatergalia

The Furcatergalia is the largest mayfly suborder. It name derives from the forked nature
of the larval gills. The group includes five superfamilies: Leptophlebioidea, Behningioidea,
Ephemeroidea (burrowing mayflies), Ephemerelloidea, and Caenoidea. The last two super-
families collectively form the pannote mayflies, so-called because of the fused fore wing
pads of the larvae.

Superfamily Leptophlebioidea

The LEPTOPHLEBIIDAE (about 380 described species, representing perhaps only
about 10% of the total) is another large and probably paraphyletic group of worldwide
distribution but especially common in the Southern Hemisphere. A good deal of parallel
evolution of habits and morphology appears to have taken place between the Leptophlebiidae
in the Australasian region and the Baetidae and Heptageniidae in the holarctic region. Thus,
many leptophlebiid species are found as larvae in still or slow-moving water, and, in some
instances, the adults closely resemble baetids. Larvae of other species are found clinging to
rocks in fast-flowing waters and resemble heptageniid larvae.

Superfamily Behningioidea

All members of this very small group (seven extant species) are included in the family
BEHNINGIIDAE (tuskless burrowing mayflies). The family is holarctic, with representa-
tives in eastern Europe, Siberia, and Thailand, plus one species in the eastern U.S.A. The
larvae are predaceous and burrow in sand in rivers.
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FIGURE 6.6. Hexageniu limbata (Ephemeridae). (A) Adult; and
(B) larva. [From B. D. Burks, 1953. The mayflies, or Ephemeroptera,
of llinois. Bull. lll. Nat. Hist. Surv. 26(1). By permission of the Illinois
Natural History Survey.|

Superfamily Ephemeroidea

Most species in this largely Northern Hemisphere group, the tusked mayflies, belong to
the EPHEMERIDAE (about 100 species) (Figure 6.6) or the POLYMITARCYIDAE (about
70 species). Ephemerid larvae have the tibiae of the forelegs modified for burrowing in the
mud or sand of large lakes, rivers, and streams. The mandibles (tusks) are long and used for
lifting the roof of the burrow. Most of the body and the appendages are covered with fine
hairs. These become coated with silt, and the insect is thereby well camouflaged. Adults are
generally moderately sized to large insects. Their wings are hyaline, though they may be
spotted in some species. In Polymitarcyidae the middle legs and hind legs of males, and all
legs of females, are vestigial. Like ephemerids, polymitarcyid larvae have digging forelegs
and tusks and are burrowers, usually in mud or fine sand, though some tunnel into clay on
the banks of large rivers.

Superfamily Ephemerelloidea

With about 100 described species, the EPHEMERELLIDAE is widespread in the hol-
arctic region, with genera also in South America, Asia, and southern Africa. Australia, by
contrast, has but one species. Ephemerellid larvae are found in a wide variety of still- and
moving-water habitats, especially cold, fast-flowing streams. Adults are small- to medium-
sized mayflies. Members of the related family TRICORYTHIDAE (about 120 species), a
predominantly Asian, African, and North American group, are generally similar in their
habits to ephemerellids.

Superfamily Caenoidea

The CAENIDAE (Figure 6.7), with some 80 described species, is a widely distributed
family of generally small mayflies. The hairy larvae sprawl on the surface of fine sediments
in still or slow-moving water. The second pair of gills is enlarged and strengthened, forming a



FIGURE 6.7. Larva of Caenis simulans (Caenidae). [From B. D. Burks, 1953. The
mayflies, or Ephemeroptera, of Illinois, Bull. Ill. Nat. Hist. Surv. 26(1). By permission of
the Illinois Natural History Survey.]

plate that overlaps and protects the remaining four pairs of gills. The plate is alternately raised
and lowered to effect water circulation. Male and female adults appear almost identical.
The compound eyes are not especially large, but the lateral ocelli are about half the size of
the compound eyes. The hind wings are absent.
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3. Odonata

SYNONYM: Paraneuroptera CoMMON NAMES: dragonflies and damselflies

Adults medium-sized to large elongate insects, frequently strikingly marked; head with antennae
short and setaceous, compound eyes prominent, biting mouthparts; thorax with two pairs of
membranous wings of approximately equal size and with netlike venation, pterostigma usually
present; abdomen of male with copulatory organs on second and third sterna.

Larvae aquatic; body campodeiform; head equipped with extensible “mask” (modified labium)
for catching prey, antennae small, compound eyes large; abdomen terminated with three pro-
cesses, either short and stocky or extended into large lamellate structures.

Almost 5000 species of Odonata have been identified from different areas of the world.
About 10% of these are from North America. Some 45 species are found in the British
fauna, and 300 species have been described from Australia.

Structure

Adult. The body of adult Odonata is remarkable for its colors, both pigmentary
and structural, that frequently form a characteristic pattern over the dorsal region (Figure
6.12A). Most adults range from 30 to 90 mm in length and are sturdy, actively flying insects.
The head is freely articulated with the thorax, and a large part of its surface, especially in
Anisoptera (dragonflies), is occupied by the well-developed compound eyes. Three ocelli
form a triangle on the vertex. The antennae are short, hairlike structures that apparently carry
few sense organs. The mouthparts are powerful structures of the biting and chewing type.
The thorax is somewhat parallelogram-shaped, with the legs placed anteroventrally and the
wings situated posterodorsally. The prothorax is distinct but small, and in female Zygoptera
(damselflies) is sculptured so as to articulate with the claspers of the male during mating.
The mesothorax and metathorax are large and fused together. The pleura of these segments
are very large and possess prominent sulci. The legs are weak and unsuitable for walking.
They serve to grasp the prey and hold it to the mouth during feeding. In Zygoptera the fore
and hind wings are almost identical; in Anisoptera the hind wing is somewhat broader near



the base. A prominent pterostigma (see Figure 3.27) is present on each wing in all except a
few species. The wing venation is a primitive netlike arrangement. Ten abdominal segments
are visible with segments 1-8 bearing spiracles. In male Odonata the sternum of segment 2
is grooved and that of segment 3 bears copulatory structures used in the transfer of sperm to
(sometimes also from) the female genital tract. The true genital opening is located behind
the ninth sternum. In female Zygoptera and many Anisoptera that are endophytic (lay their
eggs into plant tissues) a well-developed ovipositor is present. In exophytic Anisoptera it is
reduced or absent.

Mostinternal organs are greatly elongated because of the narrow body. The testes extend
from abdominal segments 4-8 and the ovaries occupy the whole length of the abdomen.
Between 50 and 70 Malpighian tubules, united in groups of 5 or 6, enter the alimentary
canal at the junction of the midgut and hindgut. The respiratory system is well developed
and in many species includes a large number of air sacs in the thoracic region. The nervous
system is generally primitive, although the brain is enlarged transversely due to the presence
of large optic lobes.

Larva. Odonate larvae are usually shorter and stockier than adults. In general the
larval head resembles that of the adult, though it differs in possession of the “mask,” the
elongated labium (Figure 6.8), used to capture prey. At rest the mask (so-called because
it often covers the other mouthparts) is folded at the junction of the postmentum and
prementum and held between the bases of the legs. It is extended extremely rapidly (in
about 16-25 msec) by means of localized blood pressure changes, assisted by the release
of tension in the labial locking muscles, and the prey is grasped by the labial palps. In
contrast to those of adults, the legs are normally positioned on the thorax, well developed
and quite long. At the tip of the abdomen there are three appendages, one mediodorsal and
two lateral (the cerci). These are small in Anisoptera but enlarged to form caudal lamellae
in Zygoptera.

Internally larvae differ from adults in several features. In the foregut there is a well-
developed gizzard for breaking up food. There are initially only a few Malpighian tubules,
though the number increases in each instar. In all odonate larvae, some gaseous exchange
takes place directly across the body wall, including the wing pads, and via the wall of the
rectum. In addition, larvae have special respiratory structures. In Anisoptera the wall of
the rectum is greatly folded and well supplied with tracheae, forming “rectal gills.” Water

labial palp

prementum

FIGURE 6.8. Lateroventral view
of head of dragonfly larva show-
ing mask. [After A. D. Imms, 1957,
A General Textbook of Entomology,
9th ed. (revised by O. W. Richards and
R. G. Davies), Methuen and Co.]

maxilla

postmentum
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is continually pumped in and out of the rectum. Interestingly, the musculature used to
ventilate the rectal gills serves also to jet propel the larva in swimming and to extend the
labium for prey capture! In Zygoptera the caudal lamellae appear to supplement the surface
area available for gaseous exchange (although in highly oxygenated water larvae appear
to survive perfectly well when the lamellae are removed). In a few Zygoptera paired gills
occur on most abdominal segments, while in Amphipterygidae filamentous perianal gills
develop. (See also Chapter 15, Section 4.1.)

Life History and Habits

After emergence, immature adult Odonata spend some time away from water, usually
among trees or tall grass where they hunt for prey and become sexually mature. It is during
this maturation phase that some Odonata migrate over long distances. The maturation period,
which lasts anywhere from a few days in smaller species to a month in large dragonflies, is
followed by the reproductive phase in which mating and oviposition occur. Usually these
two processes occur at the same site, although this is not necessarily so.

Mature adult Odonata generally can be classified as “perchers” or “fliers,” the former
spending most of their time perched and making only short flights, while the latter, when
active, fly continuously. Adults feed throughout their life, Zygoptera often catching station-
ary prey whereas Anisoptera mostly capture their prey in flight, occasionally aggregating
in large numbers where prey is concentrated. Males of many species are territorial, that
is, they occupy and defend an area against other males. Perchers have a base from which
they undertake patrol flights or sallies against intruders while fliers patrol the area contin-
uously for extended periods. Other species show little or no spatial territoriality, though
may behave aggressively against conspecifics they encounter, a feature that ensures the
spacing out of males within a habitat. Some fliers are territorial for several short (10-40
minutes) periods throughout the day, between which they leave the area, allowing other
conspecific males to occupy the space. Should a receptive female conspecific enter the
territory and be recognized by the male (probably using visual cues), he will attempt to
mate with her. Using his legs the male grasps the female on the pterothorax, then curls
his abdomen around so as to be able to grip the female’s prothorax (Zygoptera) or head
(Anisoptera) with his claspers (the tandem position). As noted above, the compatibility of
the male and female structures are key determinants of the conspecificity of the partners.
The male’s legs then release their grip, and the female bends her abdomen forward until
its tip contacts the accessory genitalia on the male’s second and third abdominal segments
(the wheel position) (Figure 6.9). Earlier, it was assumed that the sole purpose to this was
the transfer of sperm from male to female. However, in probably all species that settle after
taking up the wheel position, the major portion of the time spent in copulation (which may
last up to 30 minutes) is taken up by the male’s penis removing much (40-100% depending
on the species) of the sperm of a previous mating from the female’s bursa copulatrix and
spermatheca, before insemination occurs. Sperm displacement also occurs in the libellulid
Erythemis (Lepthemis) simplicollis where copulation lasts less than 20 seconds. Whether
the phenomenon is widespread among species that copulate for such brief periods (usually
in flight) or whether sperm packing occurs (sperm from earlier matings is pushed more
deeply into the spermatheca while that of the most recent mating remains adjacent to the
spermathecal opening so that during oviposition it is used preferentially) requires further
study. Certainly, however, the structures of both the penis and the female storage organs
in some anisopteran families are very different from those of Zygoptera which have been



FIGURE 6.9. Copulating damselflies. [After E. M. Walker, 1953. The Odonata of Canada and Alaska, Vol. 1.
By permission of the University of Toronto Press.]

mostly studied, suggesting that sperm packing may be more common in Anisoptera (Waage,
1984).

Oviposition usually occurs soon after copulation, and in many Odonata the male re-
mains close to (hovering or perching nearby) or in tandem with the female, the intensity of
the association being correlated with the probability of other males disturbing the female.
Territorial males usually adopt the first of these strategies, whereas non-territorial forms
typically remain in tandem. Species that oviposit in leaves and stems of plants or woody
material are typically quite selective in their choice of sites (a feature that may be correlated
with their life history strategy) (see also Chapter 23, Section 3.2.1) and have elongate eggs.
Often, the female climbs a considerable distance below the water surface before laying the
eggs. Exophytic species that oviposit in ponds or swamps may simply release their eggs
into the water, or stick them on or under a leaf or on mud. However, the eggs of stream- or
river-dwelling species may be deposited above the water level or have hooks that catch on
submerged objects.

Embryonic development is usually direct, the eggs hatching within 5-40 days; however,
in some temperate species the eggs serve as the overwintering stage and undergo diapause.
The first larval instar, known as the prolarva, does not feed and its sole purpose is to
reach a suitable body of water. Immediately this is achieved (which may take from less
than a minute up to several hours), the prolarva molts. Second-instar and older larvae
are facultative predators, feeding on whatever animals of appropriate size are available.
Detection of prey is achieved primitively through the use of both visual and contact sense
organs. In advanced species the eyes become of primary importance. Odonate larvae are
themselves preyed on by aquatic vertebrates and other aquatic insects, including larger
members of the same order, though intraspecific cannibalism is very rare as a result of
territorial behavior among similarly sized larvae and because age cohorts within a species
tend to be spatially separated (e.g., by preferring perches of different diameters). Larvae of
most Odonata inhabit permanent waters either still or flowing. Those of many species live
in burrows in the substrate, whereas most others, especially Zygoptera, are generally found
perched on detritus or aquatic plants where their color provides camouflage. When detected,
these larvae can escape rapidly by either expelling water from the rectal cavity—a form
of jet propulsion (Anisoptera)—or using rapid undulating movements of the abdomen and
caudal lamellae (Zygoptera). A relatively few species have colonized temporary bodies of
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water through the use of such strategies as very rapid growth or burrowing into the substrate
to avoid desiccation. Very rarely species have semiaquatic larvae or larvae that live in moist
litter in rain forests. The majority of Odonata are warm-temperate or tropical species in
which larval development is rapid so that one to several generations may be completed each
year, with temperature and availability of food being the major determinants of larval growth
rate. In higher latitudes species may be univoltine (one generation per year), semivoltine
(taking 2 years to complete development), or take up to 6 years to develop (the duration of
development can vary within a species over its range). Typically, these Odonata overwinter
in a temperature and/or photoperiodically controlled diapause in the larval stage, though
some species pass the winter as eggs. Diapause, together with instar-specific temperature
thresholds for development, ensures that adult emergence the following spring is highly
synchronized, thus improving the chances of successful reproduction. Larvae pass through
10-15 instars. Late in the final stadium, the larval gills cease to function and the pharate adult
crawls to the water surface to breathe air through the mesothoracic spiracles. Immediately
prior to ecdysis, the pharate adult climbs out of the water on a suitable support; it then
swallows air to split the exuvium and expand the abdomen and wings. In warmer regions
many larger Anisoptera emerge at night, perhaps to avoid predation; elsewhere, emergence
occurs through the day and is dependent on a threshold temperature being achieved.

Phylogeny and Classification

In contrast to that of the other paleopteran order, the Ephemeroptera, the fossil record
of the Odonata is remarkably extensive. Carpenter (1992) suggested that the aquatic ju-
venile stage and the tendency of adults to remain near water would favor the fossilization
of these generally robust insects. According to Carpenter (1992), the earliest odonates
(from the Permian) belonged to the entirely fossil suborders Protanisoptera and Archizy-
goptera. Other suborders include the Triadophlebiomorpha (Triassic), Anisozygoptera
(Triassic—Cretaceous), Anisoptera (Jurassic—Recent) and Zygoptera (Jurassic—Recent).
The Odonata underwent a rapid evolution during the Triassic period, and in the Jurassic
Period, Anisozygoptera were especially abundant. Originally, two extant species of Epio-
phlebia, described from Japan and the Himalayas, were placed in this suborder. However,
with more information it has become clear that Epiophlebia is an early anisopteran offshoot,
in the superfamily Epiophlebioidea. By the Late Jurassic, representatives of recent families
of Zygoptera and Anisoptera were already in existence.

Some early authorities suggested that ancient zygopterans were the group from which
the remaining Odonata evolved. In this proposal, an early dichotomy led, on the one hand, to
the modern groups of Zygoptera, and, on the other, through the Anisozygoptera to the
Anisoptera. However, the abundant fossil evidence for the Odonata shows that these three
suborders arose contemporaneously; that is, no one suborder gave rise to the others. The
higher-level relationships of Odonata remain controversial, with markedly different hy-
potheses being generated, depending on the type and quantity of information used in the
analysis (compare Trueman [1996], Bechly et al. [1998], Misof [2002], and Rehn [2003]).
Thus, at one extreme, the question of whether the Zygoptera are monophyletic continues
to be debated, while at the other, the make-up of some families (i.e., whether they are
monophyletic, paraphyletic, or polyphyletic) remains unresolved. A suggested proposal
for the relationships of the extant groups of Odonata is shown in Figure 6.10. In this
scheme the monophyletic Zygoptera fall into three superfamilies, Calopterygoidea being
the sister group to the Lestinoidea (paraphyletic) + Coenagrionoidea. In the Anisoptera, the
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FIGURE 6.10. Proposed phylogeny of extant Odonata.

Epiophlebioidea form the sister group to all others. Of these, the very primitive Petaluridae
form the sister group to the remaining true dragonflies.

Suborder Zygoptera (Damselflies)

Damselflies are characterized by the following structural features: fore and hind wings
almost identical in shape and venation, quadrangular discoidal cell never longitudinally
divided, eyes far apart, and larvae with three (rarely two) caudal lamellae.

Superfamily Coenagrionoidea

Most of the 1500 species of Coenagrionoidea fall into four families. The paraphyletic
family COENAGRIONIDAE is the most successful zygopteran group, containing more
than 1000 species. The family as a whole is cosmopolitan, and certain genera, for example,
Coenagrion and Ischnura (Figure 6.11), are found throughout the world. Larvae are found
among vegetation in still or slowly moving water. The generally small adults are weak fliers
and rest with their narrow wings closely apposed over the body. The sexes are differently
colored, with males usually much brighter. Commonly, the dorsal surface of males is a
complex pattern of pale blue and black markings. Females are usually drab in color and
in some species there may be two or more color forms. Pruinescence, the development of
a waxy, whitish to pale blue secretion, is seen in older specimens of both sexes in some
species. PLATYCNEMIDIDAE (150 species) are common in the palearctic, oriental, and
tropical African regions where they breed in swamps, forests, streams, and fast-flowing
water. The PROTONEURIDAE (220 species) are a widespread group, though absent from
the palearctic region. They are most common in shaded localities, including forests, and
breed in slowly moving water. Most of the 130 species of PLATYSTICTIDAE are oriental
though some species occur in the New World tropics. Typically, they are found in forests,
breeding in fast-flowing streams.
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FIGURE 6.11. A damselfly, Ischnura cervula (Coenagrionidae). (A) Adult male; and (B,C) larva, dorsal and
lateral views. [Reproduced by permission of the Smithsonian Institution Press from Smithsonian Institution United
States National Museum Proceedings, Volume 49, ‘Notes on the life history and ecology of the dragonflies
(Odonata) of Washington and Oregon,” July 28, 1915, by C. H. Kennedy: Figures 77, 120, and 121. Washington,
D.C., U.S. Government Printing Office, 1916.]

Superfamily Lestinoidea

About three quarters of the Lestinoidea are arranged in two families, the cosmopoli-
tan LESTIDAE (140 species) and the primarily tropical MEGAPODAGRIONIDAE
(200 species). Lestids are medium-sized, metallically colored insects that typically rest
with their wings partially or completely outspread. They are found near still water or quiet
streams. Eggs are laid in emergent vegetation and those of temperate species often show de-
layed development, an adaptation to overcome adverse climatic conditions such as drought
or cold. Larvae are elongate, streamlined creatures, often well camouflaged. Megapodagri-
onids occur mainly in forests, breeding in streams, marshy places, and occasionally tree
holes; however, some species breed in temporary swamps. Larvae are short and thick, with
the caudal lamellae held horizontally, not vertically as in other Zygoptera.

Superfamily Calopterygoidea

Members of the cosmopolitan family CALOPTERYGIDAE (160 species) are medium
to large, broad-winged damselflies characterized by the brilliant metallic coloring of their
bodies, and, in males, the wings also. Larval Calopterygidae are found at the margins
of fast-flowing water; they have relatively long and stout antennae, long spidery legs,
and elongate caudal lamellae. CHLOROCYPHIDAE (120 species) are primarily restricted
to tropical Africa and Asia, though there are old reports of their occurrence in north-
ern Australia. In the larva the dorsal caudal lamella, sometimes all three lamellae, are
spikelike.



Suborder Anisoptera (Dragonflies)

Distinguishing features of dragonflies include fore and hind wings dissimilar in venation
and, usually, shape; discoidal cell divided into two triangular areas; eyes contiguous or nearly
so; and larvae stout and without caudal lamellae.

Superfamily Aeshnoidea

The south Australian and South American family NEOPETALIIDAE (nine species)
contains the most primitive of recent dragonflies. The PETALURIDAE (11 species) is also
an archaic family within which are found the world’s largest extant species with wingspans
of more than 16 cm. Their larvae are semiaquatic burrowers, living in swamps or beside
steams. The AESHNIDAE form a large and cosmopolitan family of about 375 species of
large, strongly flying insects characterized by their enormous eyes that meet broadly in the
midline of the head. Larvae are mostly stout, elongate insects found among vegetation in a
variety of still- or moving-water habitats; a few, however, are semi-terrestrial or terrestrial.
The GOMPHIDAE (800 species) is another primitive family whose adults have widely
separated eyes and are generally black and yellow, with one or the other color predominating
according to the habitat in which they are found. They have a rudimentary ovipositor, and
eggs are laid by simply dipping the tip of the abdomen into the water. Though some gomphids
breed in still or sluggish waters, most breed in flowing water, and often their eggs have
an adhesive exochorion or ropelike filaments that may prevent their being washed away.
Gomphid larvae are burrowers or sprawlers in the substrate, and some burrowing species
have a greatly elongated 10th abdominal segment in order to retain respiratory contact with
the water and fossorial forelegs.

Superfamily Cordulegastroidea

This superfamily contains only one small family CORDULEGASTRIDAE (60
species), with a palearctic and oriental distribution. Its members carry a combination of
aeshnoid and libelluloid characters. Some species are open-country forms that breed in
small ponds or streams; others are associated with mountain streams.

Superfamily Libelluloidea

Both the CORDULIIDAE (Figure 6.12) and the LIBELLULIDAE are large, cosmopoli-
tan families, though the former is a paraphyletic group. Corduliids (360 species) breed in
a range of still- and moving-water habitats, including temporary pools and swamps, and
the larvae of some species are able to withstand limited desiccation. A few species have
terrestrial larvae. Libellulidae (900 species) principally breed in still-water habitats, though
larvae of some species are stream dwellers. Larvae of most species are secretive, hiding
among rotten vegetation at the bottom of the pond or lake; a few others have become secon-
darily adapted for a more active existence among growing vegetation. Adults vary greatly
in size and coloration, the family including some of the most strikingly marked Anisoptera
with pale wings bearing spots or bands of pigment, commonly dark but sometimes bright
shades of orange or reddish brown.
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FIGURE 6.12. A dragonfly, Macromia magnifica (Corduliidae). (A) Adult male; (B) larva, dorsal view; and (C)
larva, lateral view with labium extended. [Reproduced by permission of the Smithsonian Institution Press from
Smithsonian Institution United States National Museum Proceedings, Volume 49, ‘Notes on the life history and
ecology of the dragonflies (Odonata) of Washington and Oregon,’ July 28, 1915, by C. H. Kennedy: Figures 134,
146, and 147. Washington D.C., U.S. Government Printing Office, 1916.]
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The Plecopteroid, Blattoid, and
Orthopteroid Orders

1. Introduction

This chapter deals with the following 10 orders: Plecoptera, Embioptera, Dictyoptera,
Isoptera, Grylloblattodea, Dermaptera, Phasmida, Orthoptera, Zoraptera, and the recently
established Mantophasmatodea. Members of these orders can be distinguished from other
exopterygotes [the hemipteroid orders (Chapter 8)] by the following features: generalized
biting mouthparts, wing venation usually well developed with numerous crossveins (though
less netlike than that of Paleoptera), cerci present, terminalia of male may be asymmetrical
and reduced, many Malpighian tubules, and generalized nervous system with several dis-
crete abdominal ganglia. However, as discussed in Chapter 2, the existence of these common
features should not be taken as confirmation that these orders constitute a monophyletic

group.

2. Plecoptera

SyNoNYMS: Perlaria, Perlida COMMON NAME: stoneflies

Moderate-sized to fairly large soft-bodied insects; head with long setaceous antennae, weak
mandibulate mouthparts, well-developed compound eyes and two or three ocelli; thorax almost
always with two pairs of membranous wings (sometimes reduced), hind pair in most species
with a large anal lobe, venation frequently specialized, legs identical and with a three-segmented
tarsus; abdomen of most species terminated by long multiannulate cerci, females lacking a true
ovipositor, males without gonostyles and phallic organs on abdominal segment 9.

Larvae aquatic, generally resembling adults except for presence of a varied number of tracheal
gills.

More than 2000 species of this very ancient order have been described, including just
over 600 from North America, about 30 from Britain, and 200 from Australia. Though the
order has representatives on all continents except Antarctica, most families have a rather
restricted distribution.
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Structure

Adult. The plecopteran head is prognathous and bears a pair of elongate, multian-
nulate antennae, well-developed compound eyes, three (rarely two) ocelli, and weak, often
non-functional biting-type mouthparts. Usually all the mouthparts are present, but in mem-
bers of a few families the mandibles are vestigial. The thorax is primitive. Its segments are
free and the prothorax is large. Two pairs of membranous wings are nearly always present,
though brachypterous and apterous species occur at high altitudes and latitudes. The hind
wing typically has a large anal fan, but this is reduced in the more advanced families. The
wing venation is generally primitive, but considerable variation is seen within the order.
In members of primitive families a typical archedictyon is developed to a greater or lesser
degree; in those of advanced groups the number of branches of the longitudinal veins and
the number of crossveins are greatly reduced. The abdomen contains 10 complete segments,
with the 11th represented by the epiproct, paraprocts, and long cerci. In Nemouridae, how-
ever, the latter are reduced to an unsegmented structure used in copulation.

The esophagus is very long, the gizzard rudimentary, and midgut and hindgut short.
There are between 20 and 100 Malpighian tubules. In primitive families the central nervous
system includes three thoracic and eight abdominal ganglia, but in advanced groups the
sixth to eighth abdominal ganglia fuse. The tracheal system opens to the exterior via two
thoracic and eight abdominal spiracles. In males the testes meet in the midline, but their
products are carried by separate vasa deferentia to a pair of seminal vesicles. Usually there
is a median ejaculatory duct, but in some species the vasa deferentia remain separate until
they reach the median gonopore located behind the ninth abdominal segment. In females
the panoistic ovarioles arise from a common duct that joins the oviducts of each side. A
spermatheca is usually present.

Larva. In general form larvae resemble adults, except for the absence of wings and
the presence, in most species, of several pairs of gills. Primitively there are five or six pairs
of abdominal gills, but in members of more advanced groups these are reduced in number
and secondary gill structures may appear on more anterior regions of the body (mentum,
submentum, neck, thorax, and coxae) or may encircle the anus. In addition to gas exchange,
the gills are important osmoregulators, equipped with chloride-uptake cells, as is also seen in
larval Ephemeroptera. In many species the legs are fringed with hairs that assist swimming.

Life History and Habits

Adult stoneflies are weak flyers and seldom found far from the banks of streams or edges
of lakes where they rest, often well camouflaged, on vegetation, rocks, logs, etc. Nocturnal
species usually hide in crevices or among vegetation during the day. Many stoneflies do not
feed as adults. Others feed on lichens, acellular algae, pollen, bark, and rotten wood.

Prior to mating, many Arctoperlaria tap the substrate with the tip of the abdomen
(drumming). Males initiate the drumming and virgin females respond. The drumming is
species-specific and serves to bring the partners together (Stewart and Maketon, 1990).
Mating usually occurs in daylight, on the ground, though a few species are nocturnal. Large
numbers of eggs are laid, singly or, more often, in batches of 100 or more. In flying species
females hover over the water and dip the abdomen beneath the surface. Brachypterous and
apterous forms crawl to the water’s edge, or below the water surface, in order to oviposit.
Eggs of many species develop adhesive properties on contact with water. Embryonic devel-
opment is usually direct, though eggs of some species may survive drought conditions in



diapause. A few species are ovoviviparous. Larvae are typically found in streams or lakes
whose bottom is covered with stones under which they can hide. Development is slow,
frequently taking more than a year in the larger species. Many molts occur, 33 having been
recorded over a period of 3 years for one species. Most stonefly larvae are phytophagous,
feeding on lichens, algae, moss, and diatoms. Typically these are the species that also feed
in the adult stage. Juveniles of other species are carnivorous, living on other insects. These
species do not feed as adults. Like that of Odonata and mayflies, emergence of stoneflies is
frequently highly synchronized.

Phylogeny and Classification

Plecoptera, very primitive insects sometimes described as “flying Thysanura,” probably
had their origins in the Lower Permian period from a stem group, the plecopteroid assem-
blage, that included the extinct Paraplecoptera and Protoperlaria (Illies, 1965). Some pale-
oentomologists assigned some of the Permian fossil Plecoptera to recent families, though
Zwick (1981) considered this incorrect, representatives of the latter not appearing in the
fossil record until the Eocene (or possibly the Cretaceous).

Stoneflies traditionally were placed in two suborders, Filipalpia (Holognatha) and Seti-
palpia (Systellognatha). Illies (1965), however, considered the extremely primitive Southern
Hemisphere families Eustheniidae and Diamphipnoidae sufficiently distinct from the re-
maining Filipalpia that they should be grouped in a separate suborder, the Archiperlaria.
Both Hennig (1981) and Zwick (1981) argued that Illies’ arrangement was not soundly
based, and Zwick (1980, 1981, 2000), whose classification is followed here, proposed that
the stoneflies could be divided into an exclusively Southern Hemisphere group (suborder
Antarctoperlaria) and a predominantly Northern Hemisphere group (suborder Arctoper-
laria), the separation and subsequent evolution of the two groups resulting from the breakup
of the Pangean landmass (into Laurasia and Gondwanaland) during the Jurassic period. A
few Arctoperlaria occur in the Southern Hemisphere, presumably as a result of secondary
invasions. Figure 7.1 provides a suggested phylogeny for the order.

Suborder Antarctoperlaria

In Zwick’s classification this suborder includes the superfamilies Eusthenioidea (fam-
ilies EUSTHENIIDAE and DIAMPHIPNOIDAE) and Gripopterygoidea (AUSTROPER-
LIDAE and GRIPOPTERYGIDAE). Illies (1965) considered members of the small family
Eustheniidae, which is restricted to eastern Australia, New Zealand, and Chile, to represent
the prototype of plecopteran organization. They are large, colorful insects having wings
with numerous crossveins and an anal fan in the hind wing with eight or nine anal veins.
Larvae are carnivorous and have four to six pairs of abdominal gills. The Gripopterygidae
is a large family (about 150 species) mostly found in Australia, with a few species in New
Zealand and South America. The adults are mostly dull in color; the larvae, which are
sluggish and typically found under rocks and debris in fast-moving water, have a tuft of
gills around the anus. Larvae of a few species are terrestrial and lack gills (Zwick, 2000).

Suborder Arctoperlaria

Zwick (2000) divided this suborder into the infraorders Systellognatha and Eu-
holognatha. The former contains the superfamilies Perloidea (families PERLODIDAE,
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FIGURE 7.1. Proposed phylogeny of the Plecoptera. [Modified from P. Zwick, 1980, Plecoptera (Sternfliegen),
in: Handbuch der Zoologie, Vol. 1V, Insecta Lfg. 26:1-115. By permission of Walter de Gruyter and Co.]

PERLIDAE, and CHLOROPERLIDAE) and Pteronarcyoidea (families PTERONARCYI-
DAE and PELTOPERLIDAE). Included in the Euholognatha is a single superfamily
Nemouroidea (families TAENIOPTERYGIDAE, NOTONEMOURIDAE, NEMOURI-
DAE, CAPNIIDAE, and LEUCTRIDAE) and the very small family SCOPURIDAE. The
Scopuridae forms the sister group to the nemuroids.

The Pteronarcyidae (Figure 7.2A) is a small, primitive family whose members include
the largest stoneflies and have wings with numerous crossveins. It is primarily a North
American group that has invaded eastern Asia in relatively recent times. The herbivorous
or detritivorous larvae are found in medium- to large-sized rivers. Another small family,
the Peltoperlidae, has a similar distribution to the Pteronarcyidae, and the larvae, which
are somewhat cockroachlike in appearance, also feed on plant material or detritus. The
Perlodidae (Figure 7.2B,C) is a large holarctic group (>200 species) of medium-sized
stoneflies whose larvae are carnivorous, lack gills, and are typically found in slowly flowing
rivers. The Perlidae is the largest family in the order with some 350 species. Though
primarily a holarctic-oriental group, the family has representatives in South America and



FIGURE 7.2. Plecoptera. (A) Pteronarcys californica (Pteronarcyidae) adult; (B) Isoperla confusa (Perlodidae)
adult; and (C) I. confusa larva. [A, from A. R. Gaufin, W. E. Ricker, M. Miner, P. Milam, and R. A. Hayes, 1972,
The stoneflies (Plecoptera) of Montana, Trans. Am. Entomol. Soc. 98:1-161. By permission of the American
Entomological Society. B, C, from T. H. Frison, 1935, The stoneflies, or Plecoptera, of Illinois, Bull. Ill. Nat. Hist.
Surv. 20(4). By permission of the Illinois Natural History Survey.]

Africa. That this is a rather advanced group is suggested by the reduced glossae, reduced
first abdominal sternite, the fusion of the first two abdominal ganglia with that of the
metathorax, and the absence of abdominal gills in larvae that are generally carnivorous.
Containing more than 110 species, the holarctic family Chloroperlidae is considered to be
the most specialized of the suborder by virtue of the reduced body size and wing venation
(especially the absence of the anal fan in the hind wing) and the complex male reproductive
system. Adults are often green (hence the family name); larvae of most species are predators
though a few are detritivores or herbivores, they lack gills, and may show adaptations for
burrowing in the substrate of the streams and small rivers where they are found.
Taeniopterygidae constitute the most primitive family of Nemouroidea as is indicated
by the comparatively rich wing venation, large anal lobe in the hind wing, and five- or six-
part cerci. Adults of this holarctic group, comprising about 70 species, are commonly known
as winter stoneflies because of their habit of emerging between January and April. Some
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FIGURE 7.3. Plecoptera. (A) Capnia nana (Capniidae) adult; (B) Nemoura flexura (Nemouridae) adult; and (C)
N. flexuralarva. [From A. R. Gaufin, W. E. Ricker, M. Miner, P. Milam, and R. A. Hayes, 1972, The stoneflies (Ple-
coptera) of Montana, Trans. Am. Entomol. Soc. 98:1-161. By permission of the American Entomological Society.]

adults feed on pollen. Larvae, commonly found in large streams and rivers, are herbivores
or detritivores. In Capniidae (Figure 7.3A), a holarctic family of about 200 species, adults
are generally small, their wings have few cross veins, and the size of the anal fan in the hind
wing is reduced. The cerci, however, are long. Like Taeniopterygidae, capniids may emerge
during the winter. The generally detritivorous larvae are mostly found in small rivers and
streams, though a few species occur in alpine lakes. Leuctridae, which comprise a holarctic
family of about 170 species, are recognized by their ability to roll their wings around the
abdomen. The small anal area of the hind wings, the undivided cerci, and the specialized
male genitalia suggest that this is an advanced family. Typically, the larvae are found in small
mountain streams where they feed on detritus. With about 340 species, the holarctic family
Nemouridae (Figure 7.3B,C) ranks next to the Perlidae in terms of size. Though the wing
venation is primitive, the generally small size of the adults, the highly modified cerci and
genitalia of the male, and the nerve cord with only five abdominal ganglia (due to fusion of



posterior ones) make this perhaps the most advanced family in this group. Larvae are found
in fast-moving streams, often with rocky substrates, where they feed on detritus or, rarely,
growing plants and algae. The family Notonemouridae (about 60 species in Madagascar,
South Africa, South America, Australia, and New Zealand) is likely a paraphyletic group.
Zwick (1981) suggested, on the basis of differences in genitalia and internal structure,
that the group arose as a result of several independent invasions from originally Northern
Hemisphere stock. Larvae are found in a variety of habitats and are detritivores.
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(1967) [British species], Harper and Stewart (1984) and Stewart and Stark (1988) [North
American genera], and Theischinger (1991) [Australian families].
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3. Embioptera

SyNoNyYMs: Embiodea, Embiidina, Embiida COMMON NAMES: webspinners, embiids,
footspinners

Elongate, small, or moderately sized insects that live gregariously in silk tunnels; head with
filiform antennae, compound eyes, and mandibulate mouthparts but lacking ocelli; males of
almost all species with two pairs of nearly identical wings in which radial vein is thickened,
females apterous, tarsi three-segmented and basal segment of fore tarsus greatly enlarged; cerci
two-segmented and usually asymmetrical in males.

The Embioptera (Figure 7.4) are mostly confined to the larger land masses in tropical or
subtropical areas of the world, though a few have found their way even to oceanic islands.
Although fewer than 200 species have been described, including 13 species from North

153

THE
PLECOPTEROID,
BLATTOID, AND
ORTHOPTEROID
ORDERS



154

CHAPTER 7

A B &

FIGURE 7.4. Embia major (Embioptera). (A) Male; and (B) female. [From A. D. Imms, 1913, On Embia major
n. sp. From the Himalayas, Trans. Linn. Soc. Zool. 11:167-195. By permission of Blackwell Publishing Ltd.]

America and 65 from Australia, Ross (1970, 1991) suggested that this figure may represent
only 10% of the world total.

Structure

As a group, the Embioptera are of remarkably uniform structure, a feature related to
the widespread similarity of the tunnels in which they live. Webspinners are soft-bodied
insects that fly only weakly or not at all. The prognathous head bears filiform antennae,
compound eyes (often large and kidney-shaped in males, small in females), and mandibulate
mouthparts. In males the mandibles are usually flattened and elongate. Ocelli are absent.
No trace of wings can be seen in females; males may be apterous, brachypterous, or fully
winged. In the latter the fore and hind wings are very similar. The radius is thickened;
the other veins are reduced. The wings are flexible and able to fold at any point. This
facilitates backward movement along the tunnels. For flight the wings are made more rigid
by pumping blood into the radius. The forelegs are stout, and the basal tarsal segment is
swollen to accommodate the silk glands, which number about 200. Ducts from the glands
carry the product to the exterior via hairlike ejectors. The hind femur is also enlarged to
contain a large tibial depressor muscle. This is correlated with the ability to run backward
with great speed. There are 10 obvious abdominal segments. The cerci are two-segmented
and tactile, serving as caudal “eyes” when the insect is running backward. In males the cerci
are usually asymmetrical. .

The internal structure is generalized. The gut is straight, and 20-30 Malpighian tubules
open into it. The ventral nerve cord is paired and includes three thoracic and seven abdominal
ganglia. Each ovary consists of five panoistic ovarioles that are connected at intervals with
the oviduct. A spermatheca is present. The five testis follicles on each side are also arranged
serially along the vas deferens, which swells proximally into a seminal vesicle. Two pairs
of accessory glands occur in males.



Life History and Habits

Both adult and juvenile Embioptera can produce silken tunnels that are just wide enough
to permit the animals to move forward or backward along them. Generally, many embiids
are found associated together in a “nest” of interconnected tubes. It must be emphasized,
however, that this gregarious behavior is in no way social; that is, there is no caste system
or division of labor. In humid regions an entire nest may be exposed, but in drier parts of
the world it is usually partially subterranean as a protection against desiccation and fire.
Nests are constructed in the immediate vicinity of a food source, and tunnels often extend
directly into this. Embiids are phytophagous, with dead grass and leaves, lichens, moss, and
bark constituting the main food. Early workers believed that males might be carnivorous
because of the rather distinct mandibles. It is now known, however, that the structure of the
latter is correlated with their use in grasping the female’s head during copulation, and, in
many species, mature males do not feed.

A typical nest contains a few mature females and their developing young. Mature
males are generally short-lived and, in some species, are eaten by the female after mating.
Parthenogenesis probably occurs in some species. Eggs are laid in a tunnel and guarded
by the female. Parental care is extended to the young larvae, but these soon produce their
own tunnels in which to develop. New colonies are formed in the vicinity of the old ones,
and it is during this short migration to new sites that embiids are especially vulnerable. The
absence of wings in females has more or less restricted the distribution of the Embioptera to
the major land masses, though some species, perhaps transported by commerce, are found
on remote Pacific islands.

Phylogeny and Classification

The fossil record of Embioptera is poor. Some authors (e.g., Hennig, 1981; Kukalova-
Peck, 1991) believe that it is a very ancient insect order with a fossil record that extends to
the Lower Permian period. It is claimed that these fossil remnants have a combination of
primitive (e.g., wings in females, multisegmented cerci, and short ovipositor) and advanced
characters (e.g., asymmetric cerci in males and reduced wing venation). However, the
“embiid” nature of these Permian fragments is disputed by other workers (e.g., Carpenter,
1992; Rasnitsyn and Quicke, 2002), so that genuine embiopteran fossils do not appear
before the Late Cretaceous-Early Eocene. The order is clearly orthopteroid but its strongly
apomorphic character has hindered clarification of its position within the larger group.
Relationships with Plecoptera, Dermaptera, Phasmida, and Zoraptera have been suggested
by various authors (see Kristensen, 1991).

Because of the neotenous nature of females, identification and classification using
morphological characters can be carried out with certainty only by examining mature males.
Ross (1970) recognized eight families of living Embioptera, but it is not yet possible to
draw many conclusions regarding their phylogenetic relationships because of the general
structural uniformity of the order and the amount of parallel evolution that has taken place
among families. The northern South American and West Indian family CLOTHODIDAE is
the most primitive group. In this family, to which certain Miocene fossils are assigned, the
cerci of the male are symmetrical and comprise two smooth segments. The largest family,
EMBIIDAE, is a rather heterogeneous group of Old and New World forms. Szumik’s (1996)
cladistic analysis showed that, as presently constituted, the Embiidae is a paraphyletic

group.
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Another large and likely paraphyletic family is the OLIGOTOMIDAE, a rather prim-
itive group with representatives in Asia, Australia, southern Europe, and possibly East
Africa. Three species of Oligotoma have been introduced accidentally into the United States.
Other families are the AUSTRALEMBIIDAE (restricted to eastern Australia and Tasmania),
NOTOLIGOTOMIDAE (Southeast Asia and Australia), EMBONYCHIDAE (East Asia),
TERATEMBIIDAE (South America and southern United States), and ANISEMBIIDAE
(Central America and southern United States).
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4. Dictyoptera

SynonyMms: Dictuoptera, Oothecaria, Blattiformia, COMMON NAMES: cockroaches and
Blattopteriformia mantids

Small to very large terrestrial insects of varied form; head hypognathous with filiform, multiseg-
mented antennae, mandibulate mouthparts and well developed compound eyes, ocelli present
(Mantodea) or usually absent (Blattodea); pronotum large and disclike (Blattodea) or elongate
(most Mantodea), legs with five-segmented tarsi, fore wings modified as tegmina, brachyptery,
and aptery common; ovipositor reduced and hidden, male genitalia complex and concealed, cerci
fairly short but multisegmented.

This mainly tropical to subtropical order contains some 5500 described species that
fall into two clearly defined suborders, Blattodea (cockroaches), with at least 3500 species
(including about 70 in North America, more than 400 in Australia, and 9 in Britain),
and Mantodea (mantids), a predominantly Old World group of about 2000 species (in-
cluding about 900 in Africa and 530 in Asia). About 20 mantid species occur in North
America and 160 in Australia. Several species of cockroaches are important cosmopolitan
pests.



Structure

Cockroaches are typically flattened, oval-shaped insects whose head is covered by the
large disclike pronotum. In contrast, mantids are elongate and easily recognized by their
raptorial forelegs, prominent, movable head, and usually elongate pronotum. Almost all
mantids are procryptically colored, though it is not known whether such camouflage is more
important in concealing them from prey or from would-be predators. Some species show
color polymorphism, the change from one color to another occurring either in individual
insects over a few days or on a population-wide basis from season to season.

The head is hypognathous. Compound eyes are well developed in most forms but may
be reduced or absent in cockroaches that live in caves, ants’ nests, etc. Three ocelli are present
in mantids, but in most cockroaches the ocelli have degenerated, being represented by a pair
of transparent areas on the cuticle, the fenestrae. The antennae, which in some species are
very long, are filiform and multisegmented. Well-developed mandibulate mouthparts are
present. The legs are essentially similar in cockroaches, but in most mantids the forelegs
are greatly enlarged and bear spines for catching prey. In both cockroaches and mantids
wings may be fully developed, shortened, or absent. In some cockroach species both fully
winged and short-winged forms occur. In mantids males are typically fully winged whereas
females are frequently brachypterous or apterous. When present, the fore wings are mod-
erately sclerotized and form tegmina. The hind wings have large anal areas. The venation
is primitive, with the longitudinal veins much branched and large numbers of crossveins
present. Ten obvious segments are present in the abdomen, with the 11th represented in
both sexes by the paraprocts and short, multisegmented cerci. In males the ninth sternum
forms the subgenital plate, which usually bears a pair of styli. The genitalia, which are
partially hidden by the subgenital and supra-anal (10th tergal) plates, are membranous and
asymmetrical. In females the subgenital plate is formed from the seventh sternum, which
envelops the small ovipositor. Sterna 810 are reduced and internal.

The gut, which is long and coiled in cockroaches, short and straight in mantids, contains
a large crop, well-developed gizzard, and a short midgut attached to which are eight ceca.
Up to 100 or more Malpighian tubules originate at the anterior end of the hindgut. The
nervous system is generalized, and three thoracic and six or seven abdominal ganglia are
usually present. In some cockroaches only four or five abdominal ganglia can be seen,
as a result of coalescence of the anterior ones with the metathoracic ganglion. The testes
comprise four or more follicles enclosed in a peritoneal sheath. The vasa deferentia enter the
ejaculatory duct, at the anterior end of which are the seminal vesicles and various accessory
glands. A large conglobate gland of uncertain function opens separately to the exterior in
male cockroaches. There are several panoistic ovarioles in each ovary. The lateral oviducts
lead to the common oviduct, which opens into a large genital chamber. The spermatheca
also enters this chamber on its dorsal side. Accessory glands, whose secretions form the
ootheca, also open into the genital chamber. Subcutaneous glands, whose secretions may
be either repugnatory or important in courtship (males only), occur in cockroaches.

Life History and Habits

As the differences are so great, the life history and habits of Blattodea and Mantodea
are described separately.

Blattodea. Cockroaches are mostly secretive, primarily nocturnal, typically ground-
dwelling insects that hide by day in cracks and crevices, under stones, in rotting logs, among
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decaying vegetation, etc. Some, however, live on foliage, etc. well above the ground and may
be diurnal, even basking in the sun. Most species prefer a rather humid environment, though
some are found in semidesert or even desert conditions and others in semiaquatic situations.
A few live in caves, ants’ nests, and similar places. Some species may be gregarious, insects
at the same stage of development occupying the same hiding places and feeding together.
Subsocial behavior occurs in a few species. Generally cockroaches are omnivorous but are
rarely active predators. A few species feed on rotting wood, which is digested by symbiotic
bacteria or protozoans in the cockroaches’ gut. These microorganisms are very similar to
those found in termites. However, it remains debatable whether these were inherited from
a common ancestor or were originally in one of these groups, then transferred secondarily
when members of one group preyed on members of the other (see Grandcolas and Deleporte,
1996).

Usually courtship precedes mating, which may take more than an hour to complete.
The secretion of the male’s tergal glands attracts the female into the appropriate position
and serves as an aphrodisiac, allowing the male to mount and transfer a spermatophore.
Surrounding the spermatophore produced by males of most Blattellidae is a layer of uric
acid, which is subsequently eaten by the female and provides a source of nitrogen for use in
ootheca construction. Cockroaches exhibit four types of reproductive strategy: (1) oviparity
(all families except Blaberidae), the eggs being enclosed in a leathery or horny ootheca
that may be seen protruding from a female’s genital chamber prior to deposition; (2) false
ovoviviparity (almost all Blaberidae and a few Blattellidae), the membranous ootheca being
held internally within a brood sac during embryonic development; (3) true ovoviviparity
(seen in only four genera of Blaberidae), in which an ootheca is not formed, the eggs passing
directly from the oviduct into the brood sac where the embryonic development occurs; and
(4) viviparity (known only in Diploptera punctata but probably occurs in other members
of this genus), where the eggs are small and lack yolk, the embryos obtaining nourishment
directly from secretions of the brood sac. Facultative parthenogenesis has been observed in
some species, and obligate parthenogenesis occurs in Pycnoscelis surinamensis. Hatching
from the ootheca requires collaborative effort on the part of the embryos, which swallow air,
swell, and cause the ootheca to split open, the embryos escaping more or less synchronously.
Larval development is often slow, taking up to a year and involving as many as 12 molts.
Adults are frequently long-lived.

Mantodea. The life-style of mantids is in marked contrast with that of cockroaches.
Mantids live a solitary, sometimes territorial existence, mostly in shrubs, trees, and other
vegetation, where they wait motionless for the arrival of suitable prey, usually other insects,
though anything of appropriate size is fair game. Occasionally, mantids will stalk their prey
until they are within grasping distance. This is normally the situation with ground-living
species (which are mostly found in arid regions).

Mating in mantids is sometimes risky for a male, as his partner, almost always larger,
may regard him as being more desirable as a meal than as a lover! However, cannibalism
of the male by the female, often seen in captivity, is probably rare under natural conditions.
Eggs are laid in a mass of frothy material that hardens to form an ootheca. Usually this
is attached to an object some distance from the ground, though a few species deposit the
ootheca in the soil. Parental care of the eggs and even first-instar larvae is shown by females
in a few species. Obligate parthenogenesis occurs, rarely, for example, in Brunneria borealis
from the southern United States. As in cockroaches, the development time is rather long
and there may be many molts.



Phylogeny and Classification

Numerous cockroaches broadly similar to those living today existed in the Carbonifer-
ous period, some 300 million years ago. The fossil record, including probable oothecae, is
especially strong from the Upper Carboniferous onward from many regions of the world,
and by the Paleocene species assignable to modern families occurred. Opinions differ on
when the mantid and cockroach lines diverged. At one extreme, Carpenter (1992) sug-
gested that the mantids may have evolved independently, from protorthopterous ancestors.
In contrast, Rasnitsyn and Quicke (2002) indicate an evolution from a polyphagid cock-
roachlike ancestor in the Late Triassic. The earliest mantid fossils come from the Early
Cretaceous, though these are generally only wing or foreleg fragments. By the Eocene, the
group was well established; indeed, some fossils from this period can be placed in modern
families.

Attempts to interpret the phylogeny of the suborder Blattodea have been ham-
pered by the high degree of parallel evolution that has occurred within the group.
McKittrick (1964) examined the external genitalia, oviposition behavior, and crop struc-
ture in a wide variety of extant species. She suggested that cockroach evolution proceeded
along two lines, one leading to the superfamily Blattoidea (families Cryptocercidae and
Blattidae), the other to the superfamily Blaberoidea (families Polyphagidae, Blattellidae
(= Ectobiidae), and Blaberidae). Durden’s (1969) study of Carboniferous cockroaches
generally supported McKittrick’s conclusions, though he recognized several additional
superfamilies. More recent proposals have been based on extensive cladistic analysis of
morphological and anatomical features of extant species (Grandcolas, 1996), mDNA se-
quences (Maekawa and Matsumoto, 2000), and fossils (Rasnitsyn and Quicke, 2002).
Taken together, these studies show that the Blattidae and Cryptocercidae are not sis-
ter groups, the Polyphagidae and Cryptocercidae are closely related, and the Blattidae
are the sister group to the Blattellidae + Blaberidae. A proposed phylogeny is shown in
Figure 7.5.

Classification of the suborder Mantodea is also difficult because of parallel evolutionary
trends among the constituent groups. Beier (1964) divided the suborder into eight families,
contained within the single superfamily Mantoidea, of which the Amorphoscelidae and
Mantidae are the largest. The six remaining families are small, tropical groups of restricted
distribution.

Blaberoidea
Blaberidae

Blattellidae

Blattoidea

Polyphagoidea Blattidae

Cryptocercidae

Polyphagidae

FIGURE 7.5. Proposed phylogeny of Blattodea.
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Suborder Blattodea

In members of the suborder Blattodea the head is covered with a large, shield shaped
pronotum; the legs are identical; and the gizzard is strongly dentate.

Superfamily Polyphagoidea

Included in this group are two families, POLYPHAGIDAE (about 190 species) and
CRYPTOCERCIDAE (nine species in the genus Cryptocercus). The Polyphagidae is a
widely distributed family that includes the most primitive living cockroaches. They are
generally small (2 cm or less in length) and often have a hairy pronotum. Some inhabit
arid regions, living in small burrows that they leave to forage at night, and a few species
are inquilines in ants’ nests. Until 1997, the Cryptocercidae was considered to include
only three species, one being C. punctulatus, from mountainous regions in eastern and
western United States. However, this number has now been increased to nine following
recent discoveries in Eurasia (four species) and molecular biological analyses of the United
States’ populations which indicate that C. punctulatus is a complex of five species (Hossain
and Kambhampati, 2001). Studies on Cryptocercus have been particularly important in
discussions of evolutionary links between the Blattodea and termites. These cockroaches
live in colonies containing individuals of all ages beneath rotting logs and show subsocial
behavior. They feed on wood that, as in the “lower” termites, is digested by flagellate
protozoans present in the hindgut. As the lining and contents of the hindgut are lost at each
molt, insects must obtain a fresh supply of protozoans. This they do by eating fecal pellets.

Superfamily Blattoidea

This superfamily includes the BLATTIDAE, BLATTELLIDAE, and BLABERIDAE.
The approximately 525 species in the cosmopolitan Blattidae are generally fairly large
cockroaches (2-5 cm in length) and may be recognized by the numerous spines on the
ventroposterior margin of the femora. The family contains several species that are closely
associated with humans and do considerable damage to their property, as well as cause
health hazards through contamination of food. Blatta orientalis (the Oriental cockroach)
(Figure 7.6A) appears to be a native of the Mediterranean region but has been distributed
through commerce to many parts of the world. It is the major cockroach pest in Britain
and is widely distributed throughout North America. It prefers generally cool situations
and is typically found in cellars, basements, toilets, bathrooms, and kitchens. It can tolerate
warmer conditions provided that water is available. Four species of Periplaneta, P. ameri-
cana (the American cockroach) (Figure 7.6B), P. australasiae (the Australian cockroach),
P. fuliginosa (the smokey-brown cockroach), and P. brunnea (the brown cockroach), which
are of African origin, are also found in and around human habitations. All four species pre-
fer warmer, moister habitats than those enjoyed by B. orientalis, and are frequently found

in outdoor habitats in subtropical regions.
Blattellidae are generally small cockroaches (not usually more than about 1 cm in

length), with relatively long, slender legs. This, the largest cockroach family (about 1740
species), is widely distributed and contains two major pest species, Blattella germanica (the
German cockroach) (Figure 7.6C) and Supella longipalpa (formerly supellictilium) (the
brown-banded cockroach). The German cockroach ranks second to the Oriental cockroach
in economic importance. It prefers warm, humid surroundings, such as are found in bakeries,



FIGURE 7.6. Cockroaches. {A) The Orien-
tal cockroach, Blatta orientalis (Blattidae); (B)
the American cockroach, Periplaneta americana
(Blattidae); and (C) the German cockroach, Blat-
tella germanica (Blattellidae). [From L. A. Swan
and C. S. Papp, 1972, Copyright 1972 by L. A.
Swan and C. S. Papp. Reprinted by permission of
Harper & Row, Publishers, Inc.]

restaurants, and domestic kitchens. Like B. germanica, S. longipalpa is probably of African
origin. In North America it became established in Florida at the beginning of the 20th century
and has now been reported from all states. It is also common in some areas of Canada.
The family Blaberidae (1020 species) is the most recently evolved cockroach family
and the one that has undergone the most extensive adaptive radiation. The group is primarily
tropical and contains the largest cockroach species. Its members are generally found un-
der logs, in humus, etc., though some species are arboreal. A few species may occasionally
become associated with humans, for example, Pycnoscelis surinamensis (the Surinam cock-
roach), Leucophaea maderae (the Madeira cockroach), and Nauphoeta cinerea (the lobster
cockroach). P. surinamensis may be found in greenhouses or, in warmer climates, outdoors
where it can significantly damage roots of crops; it is also found in chicken houses and is
known to be an intermediate host for the chicken eyeworm nematode (Oxyspirura mansoni).

Suborder Mantodea

In members of the suborder Mantodea the head is not covered with a pronotum; three
ocelli are present; the forelegs are raptorial; and the gizzard is not well developed.
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FIGURE 7.7. The Carolina mantid, Stagmo-
mantis carolina (Mantodea). [From M. Hebard.
1934. The Dermaptera and Orthoptera of Illinois,
Bull. Ill. Nat. Hist. Surv. 20(3). By permission of
the Illinois Natural History Survey.]

Superfamily Mantoidea

The family AMORPHOSCELIDAE is best represented in the Australasian region,
though species are also found in Asia, Africa, and southern Europe. Two morphological
features distinguish members of this family from other mantids. The pronotum is short,
and the tibiae and femora of the raptorial forelegs lack spines. Many species are pro-
cryptically colored and have various spines and prominences on the head and pronotum.
Amorphoscelids are generally small and live on the ground or on tree trunks. Apterous
females of some Australian species mimic ants though it is unclear whether this assists the
mantids in capturing the ants as prey or protects the mantids from predators.

The MANTIDAE (Figure 7.7) is easily the largest family of Mantodea, with almost
1500 species, and has a wide distribution throughout the tropical and warmer temperate
regions of the world. Adults vary in size from just under 10 mm to over 15 cm. They are
frequently well camouflaged, living among foliage, on tree trunks, or on the ground; in the
latter case they actively pursue their prey. All mantids found in North America belong to
this family, including four that have been introduced, for example, Mantis religiosa, the
“soothsayer” or “praying mantis” of southern Europe.

Literature

Good accounts of the biology of cockroaches are given by Guthrie and Tindall (1968),
Cornwell (1968, 1976), Bell and Adiyodi (1982), and Schal et al. (1984). Guthrie and
Tindall, and Cornwell, also deal with their economic importance. The biotic associations
of cockroaches are discussed by Roth and Willis (1960), and their medical and veterinary
importance by the same authors (1957). The phylogeny and classification of Blattodea is
dealt with by McKittrick (1964), Durden (1969), Roth (1970), Grandcolas (1996), and
Maekawa and Matsumoto (2000). Accounts of mantid biology are provided by Gurney
(1950) and Preston-Maftham (1990). North American Dictyoptera may be identified from
Rehn (1950), Gurney (1950), Helfer (1987), and Arnett (2000). Harz and Kaltenbach (1976)
provide keys to the European genera of Dictyoptera.

Arnett, R. H., Jr., 2000, American Insects: A Handbook of the Insects of America North of Mexico, 2nd ed., CRC
Press, Boca Raton, FL.

Beier, M., 1964, Blattopteroidea. Ordnung Mantodea Burmeister 1838 (Raptoriae Latreille 1802; Mantoidea
Handlirsch 1903; Mantidea auct.), Bronn’s KI. Ordn. Tierreichs 6:849-870.

Bell, W. J., and Adiyodi, K. G. (eds.), 1982, The American Cockroach, Chapman & Hall, London.

Carpenter. F. M.. 1992, Treatise on Invertebrate Paleontology. Part R. Arthropoda 4, Vols. 3 and 4 (Superclass
Hexapoda), University of Kansas, Lawrence.

Cornwell, P. B., 1968, 1976, The Cockroach, Vols. I and II, Hutchinson, London.



Durden, C. J., 1969, Pennsylvanian correlation using blattoid insects, Can. J. Earth Sci. 6:1159-1177.

Grandcolas, P., 1996, The phylogeny of cockroach families: A cladistic appraisal of morpho-anatomical data, Can.
J. Zool. 74:508-527.

Grandcolas, P., and Deleporte, P., 1996, The origin of protistan symbionts in termites and cockroaches: A phylo-
genetic perspective, Cladistics 12:93-98.

Gurney, A. B., 1950, Praying mantids of the United States, native and introduced, Annu. Rep. Smithson. Inst.
1950:339-362.

Guthrie, D. M., and Tindall, A. R., 1968, The Biology of the Cockroach, Arnold, London.

Harz, K., and Kaltenbach, A., 1976, The Orthoptera of Europe, Vol. 111, Junk, The Hague.

Helfer, J. R., 1987, How to Know the Grasshoppers, Crickets, Cockroaches and Their Allies, Dover, New York.

Hossain, S., and Kambhampati, S., 2001, Phylogeny of Cryptocercus species (Blattodea: Cryptocercidae) inferred
from nuclear ribosomal DNA, Mol. Phylog. Evol. 21:162-165.

Maekawa, K., and Matsumoto, T., 2000, Molecular phylogeny of cockroaches (Blattaria) based on mitochondrial
COII gene sequences, Syst. Entomol. 25:511-519.

McKittrick, E. A., 1964, Evolutionary studies of cockroaches, Mem. Cornell Univ. Agric. Exp. Stn. 389:177 pp.

Preston-Mafham, K., 1990, Grasshoppers and Mantids of the World, Blandford, London.

Rasnitsyn, A. P., and Quicke, D. L. J. (eds.), 2002, History of Insects, Kluwer, Dordrecht.

Rehn, J. W. H., 1950, A key to the genera of North American Blattaria, including established adventives, Enfomol.
News 61:64-67.

Roth, L. M., 1970, Evolution and taxonomic significance of reproduction in Blattaria, Annu. Rev. Entomol.15:
75-96.

Roth, L. M., and Willis, E. R., 1957, The medical and veterinary importance of cockroaches, Smithson.
Misc.Collect. 134(10):147 pp.

Roth, L. M., and Willis, E. R., 1960, The biotic associations of cockroaches, Smithson. Misc. Collect. 141(4422):
470 pp.

Schal, C., Gautier, J.- Y., and Bell, W. J., 1984, Behavioral ecology of cockroaches, Biol. Rev. 59:209-254.

S. Isoptera

SyNoNyYMs: Termitina, Termitida, Socialia COMMON NAMES: termites, white ants

Polymorphic social insects living in colonies that comprise reproductives, soldiers, and workers;
head with moniliform multisegmented antennae and mandibulate mouthparts, compound eyes
present but frequently degenerate, ocelli often absent; wings when present almost identical
(except Mastotermes) and membranous, lying horizontally over abdomen at rest, capable of
being shed by a predetermined basal fracture, legs identical and with a large coxa, tarsi almost
always four-segmented (five-segmented in Mastotermes); cerci short and with few segments,
external genitalia lacking in both sexes of most species.

More than 2300 species of termites are known, mainly from tropical to warm temperate
areas, though a few species are found in cool temperate climates such as those of southern
Europe and southern and western North America as far north as southern Canada. Several
species have been transported to new areas by commerce, and some of these have become
established in heated buildings (e.g., in Hamburg and Toronto) well outside their normal
range of climatic tolerance.

Structure

In almost all species the mature termite colony contains individuals of remarkably
different form and function. Each group of individuals that perform the same function is
known as a caste. In most species three castes occur: reproductive (primary and secondary;
both male and female), soldier (sterile adults of both sexes), and worker (also sterile adults
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of both sexes). Immature stages of all castes may also be present in the colony along with
(occasionally) intercastes. As the castes are of different form, it is appropriate to describe
them separately.

Reproductive. The body of primary reproductives (king and queen) is normally well
sclerotized; however, in physogastric queens, that is, females whose abdomen becomes
enormously swollen through hypertrophy of the ovaries and consequent stretching of the
intersegmental membranes (Figure 7.11C), the abdomen is pale, and the original tergal and
sternal plates are the only areas of sclerotization. The head is round or oval and carries
well-developed compound eyes, moniliform antennae with a varied number of segments
(generally fewer in more advanced termites), and mandibulate mouthparts. In Termitidae
and Rhinotermitidae a small pore, the fontanelle, occurs in the midline between or behind
the compound eyes. This marks the opening of the frontal gland. In the thorax the pronotum
is distinctive; the thoracic sterna are membranous. Except in Mastotermes, the two pairs of
wings are very similar in appearance, with strongly sclerotized veins in the anterior portion
and a basal (humeral) suture along which fracture of the wing occurs. In Mastotermes the
wings have a primitive venation; also, the hindwings have a large anal lobe as in cockroaches
but lack a basal suture, though a line of weakness occurs to facilitate wing shedding. The
legs are all very similar, having large coxae and four- (very rarely three-)segmented tarsi;
in Mastotermes the tarsi are five-segmented. Ten obvious abdominal segments occur with
the 11th tergum having fused with the 10th, and the 11th sternum being represented by
the paraprocts. Except in Hodotermitidae, in females the seventh sternum forms a large
subgenital plate that obscures the remaining sterna. Short cerci are present that are three-
to eight-segmented in lower termites but are reduced to an unsegmented or two-segmented
tubercle in higher forms. External genitalia are absent except in Mastotermes where females
have a blattoid-type ovipositor and males a copulatory organ.

In neotenics (also called secondary, supplementary, and replacement reproductives) the
body is less sclerotized than that of the primaries. The compound eyes are usually reduced.
Neotenics may have wing buds or be wingless, their wings having been chewed off by
workers. In some species female neotenics may become physogastric.

Soldier. Members of this caste are readily recognized by their large, well-sclerotized
head that in some species may exceed the rest of the body in size. Though soldiers may be
of either sex, the proportion of male to female individuals in this caste may vary. Primitively
the mandibles are very large, sometimes enormous, and suited for biting. In other species
in which the mandibles are large they may serve as pincers, or they may be asymmetrical
and hinged so as to snap closed at great speed, thus delivering a powerful blow to an
adversary. In Nasutitermitinae (Figure 7.12) the frons is enlarged to form a more or less
pointed rostrum, at the tip of which opens the frontal gland, and the mandibles are reduced or
vestigial. A large frontal gland occurs in both Rhinotermitidae and Termitidae, sometimes
(in rhinotermitids) occupying most of the abdomen. The secretion of the gland may be
toxic, repellent, or sticky; it is usually smeared on intruders but in some termites it can be
ejected some distance. In some Kalotermitidae the head is phragmotic, that is, has a thick,
sometimes sculptured frons designed to plug access holes to the nest and prevent entry of
invaders. Generally soldiers are apterous though in Kalotermitidae and Termitidae they may
develop from juveniles with wing buds.

Worker. Inmostspecies the body of workers is generally pale and weakly sclerotized.
The head resembles that of a primary reproductive, except that the compound eyes are
reduced or absent and the mandibles more powerful. Workers may be polymorphic according
to their age and sex.



Except for the gut, which is modified with their mode of life (and of great use taxonom-
ically), the internal structure of termites is generalized. The esophagus is a long, narrow
tube and is followed by a scarcely differentiated crop. The gizzard wall is greatly folded
longitudinally, each fold having cuticular thickenings and, often, teeth. The midgut is typi-
cally a short tube of uniform diameter though in physogastric queens it may be enormously
enlarged, a development presumably associated with absorption of the large quantities of
saliva fed to them by workers. Mesenteric ceca may or may not be present. The hindgut is
well developed and differentiated into a number of regions, the most prominent of which
is the large paunch containing bacterial or protozoan symbionts. The posterior wall of the
paunch contains columnar epithelium and is probably a region of absorption. In lower ter-
mites (except Mastotermes with up to 15) 8 Malpighian tubules enter the gut at the junction
of the midgut and hindgut; in Termitidae only 4 tubules occur. The central nervous sys-
tem is orthopteroid, with three thoracic and six abdominal ganglia. In reproductive males
each testis comprises up to 10 fingerlike follicles that enter the paired vasa deferentia. At
the junction of the vasa deferentia and ejaculatory duct there is a pair of seminal vesicles.
In reproductive females each ovary initially contains only a few panoistic ovarioles and
this number remains in lower termites. However, in physogastric reproductives the number
increases with maturity, reaching several thousand in some species. The paired oviducts
enter the short common oviduct, which leads into the genital chamber. A spermatheca and
accessory glands also enter this chamber. The reproductive organs are atrophied in workers
and soldiers.

Life History and Habits

New colonies may be formed in various ways. By far the commonest method is swarm-
ing, in which large numbers of winged individuals (alates) leave the parent colony. The onset
of swarming is closely correlated with climatic conditions. In tropical species it occurs typ-
ically at the onset of the rainy season, an adaptation that facilitates nest formation in the
damp, soft earth for subterranean species. In species from temperate climates swarming
occurs during the summer. Flights may occur at any time of the day, but for a given species
there are frequently specific hours during which swarming takes place. Swarming may be
temporarily postponed, however, if environmental conditions are unsuitable. The distance
traveled by the alates is usually only a few hundred meters unless they are assisted by wind.
It is at this time that termites are most susceptible to predators.

On landing individuals shed their wings, and a male is attracted (probably chemically)
to a female, which he follows until she locates a suitable nesting site. After closing the
entrance to the nest, the royal pair, as the founding pair is called, mate within a few hours or
days. (Mating is, however, periodically repeated throughout the life of the pair.) Egg laying
begins soon after the royal pair have become established, but the first batch of eggs is usually
less than 20, and egg laying is not resumed until the young are capable of looking after
themselves and feeding the queen. Initially only workers are produced but, as the number
of individuals increases, soldiers differentiate. Alates are not produced until the colony is
several years old while neotenics normally differentiate only if the primary reproductives
are lost. The original royal pair may live for a considerable time (e.g., at least 17 years in
Mastotermes) and, at maturity, a physogastric queen may produce up to 3000 eggs daily.
It is likely, however, that such a high rate is not sustained on a year-round basis but is
seasonal. The proportions of the different castes vary; for example, in Nasutitermes up to
15% of individuals may be soldiers whereas in many Kalotermitidae the fraction is less than
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1%, and in Invasitermes spp. which live in the nests of other termites there is no soldier
caste. The differentiation of the various castes and their maintenance in a fixed ratio to each
other are complex phenomena, controlled by the interaction of pheromonal, nutritional,
hormonal, and perhaps other factors (see Chapter 21, Section 7). A colony matures (i.e.,
begins producing winged reproductives) after several years, but it continues to increase in
size after this time. It is obviously difficult to estimate the number of individuals in mature
colonies, but in the lower termites the figure is usually several hundred or thousands, while
in the higher termites it may be several million.

Two other methods of colony foundation are known. In some species, in which the
nest is a rather diffuse structure, groups of individuals may become more or less isolated
from the rest of the colony. In these groups neotenics differentiate, and the group becomes
independent of the parent colony. This is described as budding. The foundation of new
colonies by deliberate social fragmentation (sociotomy) has been reported for a few species.
In this situation many individuals of all castes (often including the original royal pair)
emerge from the parent colony and march to a new location. The original colony then
becomes headed by neotenics.

Termite nests exhibit a wide range of form, the complexity of which parallels approxi-
mately the phylogeny of the order. In the primitive Kalotermitidae and Termopsidae the nest
is simply a series of cavities and tunnels excavated in wood. Few partitions are constructed
by these termites, and there is no differentiation of the nest into specific regions. In other
lower termites the nest may be in wood or subterranean, but even in the former situation
contact with the ground is maintained by a series of tunnels. This ensures that the humid-
ity of the nest remains high. Most Hodotermitidae build completely subterranean nests, in
which the beginnings of specialization are seen. Food is stored in chambers immediately
below the surface of the ground. The main chamber, which is considerably subdivided by
both horizontal and vertical walls, is several feet below the surface. However, in nests of
this family there is no chamber specifically for the royal pair. Nests of Rhinotermitidae may
be entirely in soil or in wood or in both of these media. In a few Hodotermitidae, some
Rhinotermitidae in the genus Coptotermes, and many Termitidae epigeous (above-ground)
nests are constructed (Figure 7.8), though it should be emphasized that even in these species
a considerable portion of the nest may be subterranean. In the simplest epigeous nests little
differentiation occurs between the peripheral and internal parts, which comprise a mass of
interconnecting, uniform chambers; the royal chamber is either absent or located in the sub-
terranean part of the nest. In more complex nests the above-ground component comprises
a thick peripheral wall enclosed within which is the habitacle (nursery) and surrounding
food chambers. The royal chamber is usually located near the base of the structure.

A major problem for all social insects is maintenance of a suitable nest climate. Reg-
ulation of relative humidity, temperature, and carbon dioxide concentration occurs (Korb,
2003). For termites that live in wetter regions humidity regulation is not a serious problem,
and the relative humidity within the nest is generally 96% to 99%. In termites from regions
with long dry spells various behavioral adaptations ensure the well-being of a colony. The
commonest of these is for the termites to move more deeply into the ground where the mois-
ture content is greater. Other species behave like honey bees and regurgitate saliva or crop
contents onto the walls of the nest, especially in the nursery region. Some species burrow
deeply into the ground to the level of the water table and bring moisture-laden particles up
into the nest area.

Temperature is also regulated in some termite nests to a remarkable degree. To some
extent this is facilitated by the location of the nests in wood and soil, which serve as excellent
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FIGURE 7.8. Mature nest of Bellicositermes natalensis (Termitidae). [After P.-P. Grassé (ed.), 1949, Traité de
Zoologie, Vol. IX. By permission of Masson, Paris.]

buffers against sudden changes in external temperature. In cold weather, termites behave
much like bees, clustering together in the center of the nest and effectively reducing the
“operating space,” whose temperature must be maintained by metabolic heat. In mound-
building termites, whose nest may be fully exposed to the sun, the temperature in the center
of the nest is held steady as a result of the excellent insulation provided by either thick walls
or thin, cavity-bearing walls in which food is stored. However, as the degree of insulation
from external temperature fluctuations increases, so does the problem of gas exchange.
Although it has been shown experimentally that termites can withstand very high carbon
dioxide concentrations, field studies have indicated that under natural conditions they do
not face this problem because of the nest’s air-conditioning system. Convection currents,
created by the different temperatures at the center and periphery of the nest, are the basis
of the system. In Bellicositermes natalensis the heat created in the central (nursery) area
causes the air in this region to rise to the upper chamber (Figure 7.8). The air then moves
along the radial ducts to the peripheral region of the nest, which comprises a system of
thin-walled tubes. Carbon dioxide and oxygen can diffuse easily across these walls. As the
“fresh” air in the peripheral tubes cools, it sinks into the “cellar” of the nest, eventually to
be drawn by convection back into the central area.

Termites are primitively wood-eating insects, and this habit is retained in most lower
termites and many of the higher forms. Others feed on dry grass, fungi, leaves, humus,
rich soil, and herbivore dung. In most species food is consumed at its source, individuals
remaining in the nest being fed by trophallaxis (see below). However, some termites travel
considerable distances (e.g., 100 m or more in Mastotermes) from the nest to a food source.

167

THE
PLECOPTEROID,
BLATTOID, AND
ORTHOPTEROID
ORDERS



168

CHAPTER 7

Foraging may be done via underground tunnels or thin-walled surface tubes, or in the open
at night or on humid, overcast days. Many species release trail-marking pheromones (see
Chapter 13, Section 4.5).

Cellulose is the primary component used by the termites whose midgut produces cel-
lulase. In addition, to facilitate breakdown and use of the food, complex relationships have
evolved between termites and microorganisms (protozoa, bacteria, and fungi). In all families
except Termitidae, protozoa in the paunch produce a range of enzymes (including cellulase)
that degrade the food into organic acids such as acetate and butyrate. In Termitidae anaerobic
bacteria replace protozoa in the paunch, though the bacteria do not themselves break down
cellulose. Within the Termitidae, members of the subfamily Macrotermitinae also culture
a basidiomycete fungus of the genus Termitomyces in special “fungus gardens.” Although
the occurrence of these structures has been known since 1779, it is only quite recently that
the precise relationship between the termite and fungus has been established. In a typical
fungus garden the fungus grows on sheets of reddish-brown “comb” (decaying vegetable
material) and is visible as a whitish mycelium containing conidia and conidiophores. This
latter observation led early authors to suggest that the young termites were fed on the fun-
gus, though it soon became apparent that the small amount of fungus would not satisfy even
their requirements. It was some time before it was realized that the comb was a dynamic
structure, being removed from below and built up on its upper surface or in the space be-
neath. In other words, the comb forms the food of the termites. Using staining techniques,
it has been shown that the primary role of the fungus is digestion of the lignin component
of the comb, releasing material that is then broken down by bacteria in the termites’ gut.
Secondarily, however, the fungus also provides vitamins and a source of nitrogen. Another
point of contention was the method of comb construction. It was believed originally that the
termites regurgitated chewed-up food to produce comb, but more recent work has shown
that the comb is derived from feces. Thus, the vegetable material passes twice through the
gut of Termitidae, a situation that is comparable with that in other termite families in which
proctodeal feeding is an important method of extracting the maximum nutrition from the
food (see below).

Only workers are able to feed themselves. Members of other castes and very young
stages must be fed. Furthermore, their diet, as in other social insects, is different to a greater
or lesser degree from that of workers. Exchange of food material (trophallaxis) occurs either
by anus-to-mouth transfer (proctodeal feeding) or by mouth-to-mouth transfer (stomodeal
feeding). The former method takes place in all families except the Termitidae, and normally
it occurs only between workers or larger juveniles, although occasionally soldiers may act
as donors. Proctodeal food is a liquid containing protozoans, products of digestion, and
undigested food. Stomodeal food is either a semisolid material comprising the regurgitated
contents of the crop, which are fed to soldiers in the lower termite families, or saliva, which
appears to be the only food received by reproductives of all families, very young stages of
lower termites, and all juvenile stages and soldiers of Termitidae.

Phylogeny and Classification

There is little doubt that termites are derived from Paleozoic cockroachlike ancestors
perhaps similar in some ways to Cryptocercus punctulatus, a subsocial, wood-eating cock-
roach. Indeed, some authorities consider the similarities between termites and cockroaches
to be sufficiently great as to include the former as a suborder of the Dictyoptera; that is, the
termites are eusocial cockroaches (Eggleton, 2001). The earliest fossil termites are from
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FIGURE 7.9. Proposed phylogeny of Isoptera.

the Lower Cretaceous and are assignable to the family Hodotermitidae. Strangely, fossil
Mastotermitidae, widely accepted as the most primitive termite group, are known only from
the Late Oligocene. It is anticipated that fossil remains of the order will eventually be found
in Jurassic or Triassic deposits (Carpenter, 1992).

The possible relationships of the extant termite families are shown in Figure 7.9, though
it should be emphasized that authorities still disagree over the status of some groups and
relationships both within and between them, principally because of the high degree of con-
vergence that has occurred as a result of their specialized mode of life (see Donovan et al.,
2000). The Mastotermitidae appear to be the sister group to other termites. The Kalotermi-
tidae share a number of features (mandibular dentition, presence of ocelli, and an arolium
on the tarsus) with the Mastotermitidae, and in some early schemes (e.g., that of Krishna,
1970) were shown as its sister group. These common features are now thought to have
resulted from parallel evolution, with some studies indicating that the kalotermitids are the
sister group to the (Rhinotermitidae + Serritermitidae + Termitidae). The Hodotermitidae
constitute another primitive family, from an early form of which arose the Termopsidae.
The termopsids, too, are considered primitive; for example, some genera have three teeth
on the left mandible, a feature also found in cockroaches. The Rhinotermitidae, which
appear to have evolved from an early kalotermitid ancestor, is a heterogeneous and likely
polyphyletic group (Grassé, 1982—1986). The position of the single-species family Serriter-
mitidae is questionable. Though included previously in the Rhinotermitidae or Termitidae
because of its mixture of characters, it is probably best to consider the group as a dis-
tinct family that, like the Termitidae, evolved from early rhinotermitid stock. The families
Mastotermitidae, Kalotermitidae, Hodotermitidae, Rhinotermitidae, and Serritermitidae are
collectively known as the lower termites. Common to them all is a mutualistic relationship
between the termite host and certain flagellate protozoans found in the hindgut. In the re-
maining termite family, Termitidae, often called higher termites, there are generally few
or no protozoans in the hindgut, and the relationship between them and the host is never
mutualistic. Where such a relationship exists it is between the termite and the bacteria of
the hindgut.
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FIGURE 7.10. Castes of the lower termite, Hodotermes mossambicus (Hodotermitidae). (A) Alate; (B) pseud-
ergate; and (C) soldier. [From W. H. G. Coaton, 1958, The hodotermitid harvester termites of South Africa,
Union of South Africa, Department of Agricultural Science Bulletin, Vol. 375. By permission of the South African
Department of Agricultural Technical Services.]

The family MASTOTERMITIDAE contains a single living species, Mastotermes dar-
winiensis, endemic to tropical areas of northern Australia and introduced by commerce into
New Guinea. Mastotermes has a large number of primitive characters that would support
the idea of a close relationship between the cockroaches and termites. These include the
five-segmented tarsi, long multisegmented antennae, well-developed compound eyes and
ocelli, netlike wing venation, distinct anal lobe in the hind wing, absence of a basal suture in
the hind wing, certain structural similarities in the gizzard and genitalia of both groups, and
the laying of eggs in an ootheca, a feature found in no other termite family. Mastotermes
normally exists in small colonies but after disturbances that lead to increased food supplies,
colony size can increase rapidly to over a million individuals. The species is economi-
cally very important through its destruction of structural timber, living plant material, and
synthetic materials.

In the family HODOTERMITIDAE (Figure 7.10) are about 15 species of so-called
harvester termites that forage above ground for grass, leaves, etc., which are then stored in
special chambers in their predominantly underground nests. Hodotermitids typically occur
in desert and steppe regions of the Old World, including northern and southern Africa,
across the Near and Middle East to north India, Pakistan, and Afghanistan.

The TERMOPSIDAE is a very small (15 species), primitive termite family, com-
monly known as the damp-wood termites, found especially in fungus-affected wood, either



standingpt or fallen, occasionally in damp structural timbers. The group is primarily a north-
ern warm temperate family, though some species are found in cool temperate regions in
both Northern and Southern Hemispheres.

Members of the family KALOTERMITIDAE (300 species) are called dry-wood ter-
mites from their habit of living in sound, dry wood that is not in contact with the ground.
The family is extremely widespread, with representatives in all tropical and some cool
temperate regions. Several extant genera are also known from fossils. It is only in this
family that soldiers with phragmotic heads occur. Some species are of major economic
importance.

Most of the about 160 species in the widespread family RHINOTERMITIDAE are sub-
terranean forms that live in buried, rotting wood. Some species, however, construct nests
directly in the soil, or in rotting logs above ground, and yet others build a mound nest. All
species are wood eaters, and many are extremely important economically including Reti-
culitermes flavipes and R. hesperus in the eastern and western United States, respectively.
An interesting feature of some species is the occurrence of dimorphism in the soldiers. The
larger form retains the large biting mandibles; the smaller form has reduced mandibles, but
the labrum is elongate and grooved, enabling the insect to smear the noxious secretion from
the frontal gland onto invaders.

Serritermes serrifer, from Brazil, is the only member of the family SERRITERMI-
TIDAE. Among the smallest of termites (alates are about 4 mm long), Serritermes has a
mixture of characters that led early authors to place it in the Rhinotermitidae or Termitidae.
However, the existence of protozoa in the hindgut would seem to rule out the latter possibil-
ity. Colonies of this species have been found only in the outer wall of nests of Cornitermes
(Nasutitermitinae, see below).

Itis within the family TERMITIDAE (Figure 7.11), which contains about three quarters
of the living termite species, that the greatest range of social development and specialization
exists. Four subfamilies are recognized by Grassé (1982—1986) in this possibly polyphyletic
group: (1) the cosmopolitan and largest subfamily (with about 800 species), TERMITINAE,
in which the two major groups are the Amitermes group (soldiers with biting mandibles)
and the Termes complex (soldiers with snapping mandibles); (2) APICOTERMITINAE, an
almostentirely African subfamily (a few species of uncertain affinity occur in South America
and eastern Asia) made up of two main groups, the Apicotermes group and the Anoplotermes
group (there is no soldier caste in species in the latter group); (3) MACROTERMITINAE,
which contains the Old World fungus-growing termites; and (4) NASUTITERMITINAE,
the second largest subfamily with more than 500 species, characterized by the evolutionary
development in soldiers of a rostrum (nasus) at the tip of which opens the frontal gland
(Figure 7.12). They are consequently known as “nasute soldiers.” The sticky, irritant fluid
from the gland is either dribbled and smeared or forcefully ejected onto nest invaders. In
many species the soldiers are di- or trimorphic, according to the age and sex of the stage
from which they differentiate.

Literature

Krishna and Weesner (1969, 1970) have edited two volumes entitled “Biology of Ter-
mites” in which all aspects of termite biology are discussed. Grassé’s (1982—-1986) three-
volume treatise also provides comprehensive coverage of the group. Other introductions
to the biology of the order are given by Wilson (1971), Howse (1970), Harris (1971),
and Pearce (1997). Termite phylogeny is discussed by McKittrick (1964), Krishna (1970),
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FIGURE 7.11. Castes of the higher termite, Amitermes hastatus (Termitidae). (A) Worker; (B) soldier; (C)
physogastric queen; (D) secondary queen; (E) tertiary queen; and (F) egg. All figures are to same scale. The
worker is about 5 mm long. [From S. H. Skaife, 1954, The black-mound termite of the Cape, Amitermes atlanticus
Fuller, Trans. R. Soc. S. Afr. 34:251-271. By permission of the Royal Society of South Africa.]

Kambhampati et al. (1996), Kambhampati and Eggleton (2000), Donovan et al. (2000), and
Eggleton (2001). Their economic importance is reviewed by Harris (1969, 1971), Hickin
(1971), and Pearce (1997). North American termites are discussed by Weesner (1965) (also
1970, in “Biology of Termites,” Vol. II) and may be identified in Helfer (1987). Watson
and Gay (1991) discuss the order from the Australian perspective and provide access to
the literature on termites from this region. Caste differentiation in termites is considered
briefly in Chapter 21, Section 7, and extensively in the volume edited by Watson et al.
(1985).

FIGURE 7.12. Nasute soldier of Trinervitermes sp. (Termi-
tidae). [From P.-P. Grassé (ed.), 1949, Traité de Zoologie, Vol.
IX. By permission of Masson, Paris.]
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6. Grylloblattodea

SyNonyMs: Notoptera, Grylloblattaria, Grylloblattida COMMON NAMES: rock crawlers, ice
crawlers

Elongate insects; head prognathous, mouthparts mandibulate, compound eyes reduced or absent,
ocelli absent, antennae long and filiform; thoracic segments similar and well distinguished,
legs virtually identical with large coxae and five-segmented tarsi, wings and auditory organs
absent; abdomen with long, segmented cerci, females with well-developed ovipositor, males
with articulated coxites on ninth sternum and asymmetrical genitalia.

Walker (1914) described the first living representative of the order. Now totalling 26
species from western North America, eastern Siberia, Japan, Korea, and northeast China,
living grylloblattids are the remnants of an abundant and diverse group of insects from the
Permian.

Structure

Grylloblattodea (Figure 7.13) are elongate, wingless insects that as adults are 2-3.5
cm long. Their head is flattened and prognathous. It carries well-developed mandibulate
mouthparts and long, filiform antennae. The compound eyes are reduced to a few ommatidia
or are entirely absent. There are no ocelli. The thoracic segments are more or less identical,
though the prothorax is slightly larger than the other two. The six legs are similar in structure,
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FIGURE 7.13. Grylloblatta campodeiformis (Grylloblattodea). [From E. M. Walker,
1914, A new species of Orthoptera, forming a new genus and family, Can. Entomol.
46:93-99. By permission of the Entomological Society of Canada.]

each with a large coxa and a five-segmented tarsus. The abdomen has 10 obvious segments
and the 11th is represented by the epiproct and paraprocts. The ovipositor of females
comprises three pairs of valves. The ninth sternite in males carries a pair of asymmetric
coxites, each bearing a small style. The cerci are long, eight-segmented structures.

The internal structure is orthopteroid.

Life History and Habits

Grylloblattodea are cryptozoic insects, generally found in cold wet locations, often
at relatively high altitudes, under stones, in rotting logs or leaf litter of cool temperate
forests, etc. In Korea grylloblattids have also been taken in caves. Contrary to what is
usually reported, the insects are active by both day and night (Rentz, 1991). They favor low
temperatures (optimally around 4°C) and go underground during warmer months. In winter
they probably remain active, occupying the air space between the snow and ground surface.
Interestingly, they have very limited ability to withstand below-freezing temperatures. They
are typically predaceous, eating a variety of other insects, dead or alive, but also ingest some
plant material. The black eggs are laid singly, and embryonic development takes from a few
months to 3 years. There are eight juvenile stages, and development may take up to 7 years.

Phylogeny and Classification

The relationship of the Grylloblattodea to other orthopteroid groups has been the sub-
ject of considerable discussion. Recent grylloblattids possess a combination of primitive
“blattoid” and “orthopteroid” features, together with specialized features of their own. The
multisegmented cerci, five-segmented tarsi, large coxae, and asymmetric male genitalia
suggest a relationship with cockroaches, whereas the well-developed ovipositor and the
structure of the tentorium are more orthopteroid in nature. Thus, some earlier authors sug-
gested that living grylloblattids were specialized survivors of a primitive protorthopteran
stock from which the Dictyoptera and Orthoptera evolved. However, new discoveries, plus
the recognition that many so-called protorthopterans were, in fact, grylloblattids, have re-
sulted in a significant change in thinking with respect to the phylogenetic position and
importance of this order. Thus, although extant species are few and quite uniform, in the



Permian the order included the most abundant and diverse insects. The comparative studies
of Giles (1963) and Kamp (1973) suggested that the closest relatives of grylloblattids are
Dermaptera and that the two groups may have had a common ancestry. Storozhenko (1997,
2002) and Vrsansky et al. (2001) believe that it was from grylloblattids that Dermaptera,
Plecoptera, and Embioptera evolved.

The living Grylloblattodea are placed in a single family, GRYLLOBLATTIDAE, con-
taining four genera: Grylloblatta (11 western North American species); Grylloblattina (1
species from Siberia); Galloisiana (11 species from Japan, Korea, and China); and Gryl-
loblattella (3 species from Siberia, China, and Korea).
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7. Dermaptera

SyNoNyMs: Euplexoptera, Euplecoptera, Dermoptera, COMMON NAME: earwigs
Labiduroida, Forficulida

Generally elongate, dorsoventrally flattened insects; head prognathous with biting mouthparts
and multisegmented antennae, compound eyes present (reduced or absent in epizoic forms),
ocelli absent; wings generally present, fore wings modified into short smooth veinless tegmina,
hind wings semicircular and membranous with veins arranged radially, legs subequal and with
three-segmented tarsi; abdomen with unsegmented forcepslike cerci, ovipositor of females
reduced or absent.
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Dermaptera are found in all but the polar regions of the world, though they are most
common in the warmer parts. Of the approximately 1800 described species, only about 25
occur in North America, 45 in Europe (including 7 in Britain), and 60 in Australia. Almost
all are free-living, with about 15 species epizoic” on bats or rodents.

Structure

Dermaptera are dorsoventrally flattened, pale brown to black insects that range in length
from about 7-50 mm, and are readily recognized by the forceps at the tip of the abdomen. The
prognathous head carries a pair of multisegmented antennae, a pair of large compound eyes
(except in epizoic species where they are reduced or absent), and mandibulate mouthparts.
Ocelli are absent. The pronotum is enlarged somewhat and has a quadrangular shape. The
metanotum is also large and has two lines of spines that lock the tegmina in the resting
position. Both the tegmina and hind wings are absent in epizoic forms and some free-
living species. In other species the degree of wing development is varied. The tegmina are
smooth, veinless structures that do not extend beyond the metathorax. The hind wings are
membranous, semicircular structures composed mainly of a very large anal area supported
by 10 radiating branches of the first anal vein. The preanal area is reduced to a small anterior
area and contains only the radius and cubitus veins. The wings fold both longitudinally and
transversely and are stored beneath the tegmina. The legs are more or less similar in form,
increasing in size posteriorly. They bear a 3-segmented tarsus. The 10-segmented abdomen
is flattened dorsoventrally and telescopic (because of the overlapping of the tergal plates).
At its posterior tip is a smooth pygidium (called the eleventh segment by some authors). The
form of the cerci is varied. In Forficulina they are unsegmented, forcepslike structures, more
curved in the male than in the female. They are used offensively and defensively, and for
assisting in the opening and closing of the wings, and during copulation. In epizoic species
they are hairy, stylelike structures. In females of some primitive Forficulina a reduced
ovipositor is found, but other Dermaptera lack this structure. Paired penes are found in
males of some species, but usually one of these organs is reduced or absent.

The gut resembles that of other orthopteroids, except that it lacks mesenteric ceca.
Between 8 and 20 Malpighian tubules occur, usually in groups of 4 or 5. The nervous
system is generalized, the ventral nerve cord containing three thoracic and six abdominal
ganglia. The tracheal system, which lacks air sacs, opens to the exterior via two thoracic
and eight abdominal spiracles. In both sexes the reproductive system shows considerable
variation. In males there is a pair of testes, paired vasa deferentia, single or paired seminal
vesicles, and one or two ejaculatory ducts. In females, the ovaries are paired and contain
polytrophic ovarioles. The ovarioles are arranged in two ways, either in three rows along
the length of the lateral oviduct, or as a group at the anterior end of the oviduct.

Life History and Habits

The free-living earwigs are secretive, nocturnal creatures that hide in crevices, under
stones, in logs, etc. They are fast runners and, although many have wings, they use them
only rarely. Most species are omnivorous, and a few may damage young shoots and buds
of plants. When animal food is available, however, it seems to be preferred.

* Species of Arixeniina and Hemimerina are usually decribed as ectoparasitic. However, their parasitic nature has
not been established.



A short courtship precedes mating in which the partners face in opposite directions
with their genitalia in contact. In warmer regions reproduction occurs year-round whereas
in temperate climates it is probably restricted to the summer. Except for epizoic species,
Dermaptera are oviparous, eggs being laid in batches in a short tunnel constructed by
the female. Females care for the eggs and first two instars, but then become noticeably
cannibalistic. There are four or five juvenile instars. In warmer regions young earwigs
develop rapidly, and there are several generations per year; in temperate species larval
development is arrested with the onset of cold weather, to be completed the following
spring.

The epizoic Dermaptera are viviparous, eggs developing within the follicle of the
ovariole (see Figure 20.15). Approximately six embryos develop at a time, apparently
being nourished via a placentalike structure attached to the head of each embryo.

Phylogeny and Classification

According to Giles (1963), the nearest relatives of the Dermaptera are the
Grylloblattodea, the two orders having evolved from some common protorthopteran stock.
This conclusion is supported by Kamp’s (1973) numerical analysis of selected orthopteroids.
However, other authors, notably Storozhenko (1997, 2002) claim that the Dermaptera have
evolved from early Grylloblattodea. The earliest fossil Dermaptera, known from the Up-
per Jurassic, are assignable to the extinct suborder Archidermaptera and the Forficulina
which includes most extant species. Usually, modern Dermaptera have been arranged in
three suborders: Forficulina (free-living forms), Arixeniina, and Hemimerina (rare epizoic
forms). The Arixeniina comprises five species in two genera, Arixenia (Figure 7.14B) and
Xeniaria, that live in close association with Southeast Asian cave bats. The Hemimerina

FIGURE 7.14. Dermaptera. (A) Female European earwig Forficula auricularia; (B) Arixenia sp.; and (C)
Hemimerus sp. [B, C, from P.-P. Grassé (ed.), 1949, Traité de Zoologie, Vol. IX. By permission of Masson,
Paris.]
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includes about 10 species of Hemimerus (Figure 7.14C), all of which are epizoic on African
giant rats of the genus Cricetomys. Some authors consider that the features by which Ar-
ixenia (Popham, 1965) and Hemimerus (Klass, 2001) differ from free-living forms are
simply adaptations to their epizoic life and therefore include these in the Forficulina. The
classification used here is that of Vickery and Kevan (1983, 1986).

Suborder Forficulina
Superfamily Pygidicranoidea

Most of the 200 or so species in this group are placed in the family PYGIDICRANIDAE,
though this may be a paraphyletic arrangement. It includes the most primitive living earwigs,
with representatives in Asia, Australia, South Africa, Madagascar, and South America.

Superfamily Karschielloidea

All members of this small group belong to the family KARSCHIELLIDAE. These
large carnivorous Dermaptera are restricted to South Africa where they feed on ants.

Superfamily Spongiphoroidea (= Labioidea)

Included in this superfamily are the SPONGIPHORIDAE (= LABIIDAE) (240 species)
and ANISOLABIDIDAE (= CARCINOPHORIDAE) (115 species). Members of both
familiespt are principally found in warmer regions of the world, though in each group
there are a few representatives in temperate regions and some species with a worldwide
distribution (often as a result of human activity).

Superfamily Forficuloidea

Three families are included in the Forficuloidea, the CHELISOCHIDAE, LABIDURI-
DAE, and FORFICULIDAE. About 55 species of chelisochids are recognized, mostly from
Southeast Asia, with a few from Africa and Australia. The family Labiduridae (60 species)
has a worldwide distribution and includes some large earwigs such as the cosmopolitan
Labidura riparia found under debris along riverbanks and beaches. Some 250 species of
the worldwide family Forficulidae have been described, including the European earwig,
Forficula auricularia (Figure 7.14A), which as a result of commerce is now cosmopolitan
in cooler parts of the world. The species became established in North America in the early
1900s. Contrary to normal opinion, F. auricularia is generally a beneficial insect, feeding
preferentially on other, potentially pestiferous, arthropods. However, when its numbers in-
crease so that this kind of food becomes scarce, it will attack flowers, fruit, and vegetables
causing severe damage.
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8. Phasmida

Synonywms: Phasmodea, Cheleutoptera, CoOMMON NAMES: stick insects, leaf insects,
Phasmatoptera, Phasmatodea, walking sticks, phasmids
Gressoria

Moderate-sized to very large insects, usually of elongate cylindrical form, occasionally leaflike;
head with well developed compound eyes and mandibulate mouthparts, ocelli often absent;
prothorax short, mesothorax and metathorax long, with or without wings, all legs very similar
with small widely separated coxae and 3- to 5-segmented tarsi; ovipositor small and concealed,
male genitalia asymmetrical and hidden, cerci unsegmented; specialized auditory and stridulatory
structures absent in most species.”

Most of the approximately 2500 described species in this predominantly tropical group
occur in the Indo-Malaysian region. About 150 species are found in Australia, 30 in North
America, and 3 in Britain. The order includes the longest extant insect species, Pharnacia
serratipes, from Borneo, females of which reach 33 cm, excluding the antennae and
legs.

* Phyllium and related genera have a stridulatory apparatus on the antennae.
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Structure

Most members of this order are remarkable for their close resemblance to the plants on
which they are normally found (Figure 7.15). The body, which in some species may exceed
30 cm in length, is commonly elongate, wingless, or brachypterous and resembles a twig.
In those species that retain wings the body may be dorsoventrally flattened and sculptured
so as to resemble a leaf or a group of leaves.

The prognathous head bears a pair of antennae that may be short to very long. Compound
eyes are always present, but ocelli are found only in some of the winged species, when they
may be confined to males. In accord with the phytophagous habit, the mouthparts are of a
generalized mandibulate form. The prothorax is small, while the mesothorax and metathorax
are elongate with the latter usually firmly connected to the first abdominal segment. Wings
may be present or absent, and all intermediate conditions of brachyptery are known. When
wings are present they are typically fully developed in males but reduced in females. The
fore wings take the form of tegmina, which in many species are much shorter than the
hind wings. In leaflike species the venation is much modified to mimic the veins of a leaf.
All legs are similar, with small, widely separated coxae and, in the leaflike forms, broadly
flattened tibiae and femora. Eleven abdominal segments are present, though the 11th is
represented only by the epiproct, paired paraprocts, and unsegmented cerci. In males the
terminal abdominal segments and the aedeagus are of varied form; in some species the
cerci are modified as claspers; and a sclerotized, prong-shaped process, the vomer, used in
copulation, occurs in some groups. The ovipositor, which comprises three pairs of small
valves, is covered by the operculum, a keel-shaped structure formed from the eighth sternum.

The gut is straight and comprises a large crop whose posterior part functions as a
gizzard, a long midgut that bears numerous external papillae over its posterior part, and a
short hindgut. Numerous Malpighian tubules, arranged in two groups, enter the gut via a
common duct. The central nervous system is primitive and includes three thoracic and seven
abdominal ganglia. The male reproductive system consists of a pair of tubular testes and
short vasa deferentia that open together with various accessory glands into the ejaculatory

FIGURE 7.15. Phasmida. (A) A leaf insect,
Phyllium sp.; and (B) a stick insect, Carausius
morosus. [A, from P.-P. Grassé (ed.), 1949, Traité
de Zoologie, Vol. IX. By permission of Masson,
Paris. B, from H. Ling Roth, 1916, Observa-
tions on the growth and habits of the stick in-
sect, Carausius morosus Br., Trans. Entomol. Soc.
Lond. 1916:345-386. By permission of the Royal
Entomological Society.]




duct. In females several panoistic ovarioles lie alongside the lateral oviducts. One or two
spermathecae and a pair of accessory glands open into the dorsally placed bursa copulatrix
near its junction with the common oviduct. Paired prothoracic repugnatory glands, opening
to the exterior in front of the fore coxae, occur in some species, for example, the North
American two-striped walking stick (Anisomorpha buprestoides).

Life History and Habits

Phasmids are sedentary insects whose ability to escape from would-be predators is
largely dependent on their close resemblance to twigs or leaves. However, they do possess
a number of other devices that can be brought into operation should they be detected.
These include falling to the ground and entering a cataleptic state, in which they may avoid
further detection, secretion of an obnoxious material from the repugnatory glands, and
reflex autotomy between the femur and trochanter should a leg be seized. Many phasmids
are nocturnal, and during the day may remain completely immobile. Typically they are
green or brown insects but the color of different populations of the same species may vary
considerably. A few species exhibit density-dependent phase polymorphism analogous to
that in locusts. It should be emphasized, however, that the behavioral differences found
between the different phases of locusts are not seen in phasmids. In addition, a few species
can change their color physiologically in a matter of hours. This color change results from
the aggregation or dispersion of pigment in the epidermal cells and is controlled by the
endocrine system.

Though phasmids are generally uncommon, on occasion population densities of some
species are sufficiently high that they become economically important defoliators in hard-
wood forests (e.g., eucalyptus in Australia [Key, 1991]). Associated with their rarity is the
development, in many species, of facultative parthenogenesis, the unfertilized eggs giving
rise only to females (very rarely to individuals of both sexes). In a few species, for exam-
ple, Carausius (= Dixippus) morosus, parthenogenesis is virtually obligate, males being
extremely rare. Eggs, which frequently resemble seeds, are laid singly and usually allowed
to simply fall to the ground. Development time is variable, even among eggs laid by the
same female. Eggs may remain viable for 2 or more years. Postembryonic development
takes several months, and there are on average six molts in females, one or two fewer in
males.

Phylogeny and Classification

Fossil remains of phasmids, though not plentiful, extend back to the Upper Permian.
Surprisingly, perhaps, these are remarkably similar to some of the less specialized modern
forms. Phasmids assignable to the two extant families first appear in the Early Oligocene
(Rasnitsyn and Quicke, 2002). Sharov’s (1968) extensive study of these fossils suggested
that phasmid affinities are closest to the Orthoptera (suborder Caelifera). In contrast, Kamp’s
(1973) comparative morphological analysis of living species led him to conclude that the
Phasmida are most closely related to the Dermaptera and Grylloblattodea, and that perhaps
the three form a natural group. Giinther (1953), principally on the basis of a single feature
on the tibial segment, divided the order into two families, PHYLLIIDAE (leaf insects and
related sticklike forms) (650 species) and PHASMATIDAE (the remaining stick insects)
(1850 species), though the two groups show much parallelism. More recent, though not
necessarily more satisfactory classifications (Key, 1991) have tended to divide the group up
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into many more families (e.g., Bradley and Galil, 1977; Kevan, 1982). Key (1991) supported
an earlier suggestion that the aberrant North American genus Timema, species of which have
a very short (1-3 cm long) body, three-segmented tarsi, and the metanoturn not fused with
the first abdominal segment, be placed in its own family TIMEMATIDAE.
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9. Mantophasmatodea

SYNONYMS: none CoMMON NAMES: heelwalkers, gladiators

Medium-sized, wingless insects; hypognathous head with mandibulate mouthparts; well-
developed compound eyes, filiform multisegmented antennae, ocelli absent; prothoracic pleuron
large and fully exposed, legs uniform except fore femora thickened and both fore and mid
femora with ventral rows of short spines, coxae elongate, tarsi five-segmented; female with
well-developed ovipositor, cerci unsegmented (shorter in male than in female) and modified for
clasping.

This is the most recently established insect order. Its formation became necessary
when previously unidentified specimens, including preserved extant forms and fossils
in Baltic amber, could not be assigned to any recognized order (Klass et al., 2002;
Zompro et al., 2002; Adis et al., 2002). Extant species are known only from Africa south
of the equator, though the fossils indicate that the order’s earlier distribution included
Europe.



FIGURE 7.16. Mantophasmatodea. Prae-
datophasma maraisi female. [From O. Zompro,
J. Adis, and W. Weitschat, 2002, A review of the
order Mantophasmatodea, Zool. Anz. 241:269—
279. By permission of Urban and Fischer Verlag
and Dr. Oliver Zompro.]

Structure

At first glance, these insects appear to be a “hybrid” of a mantis and a stick insect
(hence the name of the order) (Figure 7.16). They range in length from about 11-25 mm.
The hypognathous head has typical mandibulate mouthparts and compound eyes, but ocelli
do not occur. The long antennae have a detailed structure different to that of other insects.
The subgenal sulcus follows a very different course to that seen in other insects as a re-
sult of a dorsal shift in the position of the anterior tentorial arms. The prothoracic pleuron
is large and fully exposed. Wings are absent. The legs are generally similar, except that
the fore and mid tibiae (and to some extent the femora) have two ventral rows of short
spines, the fore femora are thickened, and the hind femora are slightly elongated, enabling
the insect to jump weakly. The coxae are elongate and the tarsi are five-segmented. Very
typical of the Mantophasmatodea is a small dorsal projection in the membrane distal to
the third tarsomere and a huge arolium that is elevated during walking, hence the order’s
common name ‘“heelwalkers.” The abdomen is 11-segmented. In the male the subgeni-
tal plate has a medioventral projection used for drumming, a feature seen in only one
other insect order, the Plecoptera. Further, in almost all species the complicated phal-
lic structures are asymmetric, the right phallomere being small and showing great simi-
larity with that of Dictyoptera; only Tanzaniophasma has simple symmetrical genitalia.
Above the genitalia there is a sclerotized projection, the vomeroid, which resembles the
vomer of Phasmatodea. The female has a well developed but short ovipositor that pro-
trudes beyond the subgenital lobe formed by parts of coxosternum 8. Distinct features of
the mantophasmatodean ovipositor are the blunt gonapophyses on segment 8, the short,
upcurved gonoplacs, and the gonapophyses of segment 9 fused to the latter. The unseg-
mented cerci are prominent (less so in females), clasping (in males) and not articulated with
tergum 10.

The internal structure is not well known. The alimentary canal includes a large proven-
triculus, very similar to that of Grylloblattodea, and two mesenteric ceca. The heart lacks
arteries in the midabdominal region, and a ventral diaphragm is present. Individual seg-
mental ganglia occur in the thorax and abdomen. Females lack the ectodermal accessory
glands seen, for example, in Dictyoptera.

Life History and Habits

Little is known about the biology of Mantophasmatodea. They are clearly
hemimetabolous, with specimens at various stages of juvenile development collected in
Baltic amber. In spring females deposit an egg pod containing 10—12 eggs in sandy soil.
The eggs lie dormant through the hot, dry summer, hatching after the first autumn rains.
Head capsule measurements and observations of changes in the structure of antennae and
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ovipositor suggest that there are five juvenile instars in each sex. Postembryonic develop-
ment takes 1-1.5 months.

Living species have been taken in dry to moderately humid, stony areas in Namibia,
Tanzania, and South Africa. They appear to be nocturnal, crawling slowly on vege-
tation in search of insect prey (including small moths, silverfish, cockroaches, pso-
copterans, and spiders). Small insects are captured using only the forelegs; larger prey
is caught with the forelegs and middle legs, in the manner of some predatory katy-
dids.

Phylogeny and Classification

Presently, this order comprises 11 extant species arranged in three families (AUS-
TROPHASMATIDAE [eight species], MANTOPHASMATIDAE [two species], and TAN-
ZANIOPHASMATIDAE [one species], plus Praedatophasma maraisi and Tyrannophasma
gladiator (extant) and Raptophasma kerneggeri from Baltic amber (Eocene), which are of
uncertain placement due to lack of data (Klass et al., 2003a,b). As the above description of
their structure indicates, they share unusual features with certain orders: Grylloblattodea,
Plecoptera, Phasmatodea, and Dictyoptera. Klass et al. (2002) speculated that the clos-
est relatives of the mantophasmatids might be the Grylloblattodea and/or Phasmatodea.
A subsequent limited molecular analysis suggested that mantids (Dictyoptera; suborder
Mantodea) form the sister group (Klass et al., 2003a). However, it should be noted that
this study did not include representation from the Grylloblattodea. Molecular studies in
progress indicate that the grylloblattids are the closest relatives of heelwalkers (Terry and
Whiting, unpublished).
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10. Orthoptera

SyNoNyMs: Saltatoria, Saltatoptera, Orthopteroida COMMON NAMES: grasshoppers, locusts,
katydids, crickets

Medium-sized to large, winged, brachypterous or apterous insects; head with mandibulate mouth-
parts; well-developed compound eyes, either long or relatively short antennae; prothorax large,
hindlegs in almost all species enlarged for jumping, coxae small and widely spaced, tarsi usually
three- or four-segmented, when present fore wings usually forming thickened tegmina; females
usually with well developed exposed ovipositor, males with concealed copulatory structures,
cerci short to moderately long and unsegmented; auditory and stridulatory organs very often
present.



The Orthoptera is a large order of insects with more than 20,000 species having a
worldwide, though mainly tropical, distribution. More than 1800 species are found in North
America, about 2800 in Australia, and 33 in Britain.

Structure

Taken as a group, the Orthoptera, in keeping with their varied biology, exhibit a wide
range of anatomical and morphological features. Though they are mostly medium-sized to
large insects, the order includes some of the largest and the smallest members of the class.
The head is usually hypognathous, but may be prognathous in some burrowing species,
katydids, and tree crickets. The compound eyes are typically large, and the antennae vary
from comparatively short (suborder Caelifera) to very long (suborder Ensifera). Eyes and
antennae are reduced in size in burrowing or cave-dwelling forms. The mouthparts are
mandibulate but show some modifications according to the diet of the insect and occasionally
to other considerations. The pronotum is large and extends lateroventrally to cover the
pleural region. The mesothoracic and metathoracic nota are closely associated, though the
basic components can still be readily distinguished (see Chapter 3, Section 4.2). The legs are
unequally developed. The forelegs of primarily digging forms are short but much enlarged.
In some predaceous species the fore femora and/or tibiae are equipped with rows of long
spines. In almost all Ensifera the fore tibiae bear auditory organs (see Chapter 12, Section
3.2). The hind femora of most species are greatly enlarged to accommodate the muscles used
in jumping, but they may also be modified for production of sound by having a row of small
pegs on their inner face. Typically, the two pairs of wings are well developed, but varying
degrees of reduction of the fore and hind wings, or the latter alone, may occur, especially
in females. In several groups, the wings may be modified to resemble leaves, grass blades,
or stems so 