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PREFACE

N undertaking this textbook thc author has attempted what
I is unquestionably a, severe test of his comprehension of his

subject. A task of this kind reveals, perhaps better than
any other, how difficult it has now become for a single individual
to deal adequately with the*different specialized branches of
entomology. The book is the outcome of a number of years’
experience of the need of a treatise which will meet the require-
ments of the research worker, the advanced student and the
teacher. Its aim has been to present the chief facts concerning
the structure, physiology, development and classification of the
Insecta and the biology of their more important representatives.
The treatment of an extensive subject like entomology is largely
a process of compression, in order that the volume may be kept
within reasonable compass. The attainment of this latter object
has made it imperative to make only brief reference to problems
of insect behaviour, ecology, coloration, cytology, etc., while
the extensive branch of paleontology has been omitted.

The author has attempted to do justice to the great mass
of knowledge which the activities of a host of investigators have
accumulated during rccent years. Much material has been intro-
duced which has not previously appeared in textbooks, and the
bibliographies are mainly arranged at the end of each section
concerned, but.a certain number of references are included, for
the sake of brevity, in the text. The object throughout the book
has been to present before the reader essentials but, at the same
time, to indicate where fuller information is available. The
question of generic and specific names is a perennial bone of
contention and endeavour has been made to use those as up-to-
date as possible. At the same time, it has not been deemed
advisable to adopt the most recent and unfamiliar mutations of
nomenclature.

Throughout Part III, which deals with the orders of insects,
reference is made to species of economic significance with short

accounts of their habits. The subject of applied entomology has
v
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assumed paramount importance in relation to agriculture, forestry,
medicine and other aspects of human welfare. Separate text-
books are available dealing individually with those several
branches. Experience, however, has taught us that success in
any branch of, applied science is dependent upon a thorough
grasp of the principles of that science. In this connection, there-
fore, it is hoped that the present work will also be found of value
to the many workers in applied entomology scattered throughout
British dominions.

Acknowledgments are due to the Chief of the Division of
Publications, U.S. Dept. of Agriculture and tb the U.S. National
Museum for permission to reproducé a number of illustrations.
The author is also much indebted to Prof. J. H. Comstock for
the use of figures from his Wings of Insects and Introduction to
Entomology and for kindly supplying electrotypes. Prof. W. M.
Wheeler has granted the use of illustrations from his work on
Ants and Prof. J. W. Folsom has extended similar facilities with
reference to the last edition of his Enfomology. Thanks are also
due to the publishers of those works, the Columbia University
Press and P. Blakiston’s Sons and Company, respectively, for their
consent. Sir Arthur Shipley and Dr. H. Scott have granted
facilities for using a number of illustrations from The Fauna of
British India and Mr. W. Foster of the India Office courteously
made arrangements for providing the necessary electrotypes:
figures borrowed from this source are indicated thus—(F.B.L.).
Messrs. Longmans, Green and Co. allowed the use of three figures
from Schafer’s Essentials of Histology and Messrs. George Allen
and Unwin allowed blocks to be made of several of the illustrations
from the English edition of Korschelt and Heider’s Textbook of
Embryology. The Princeton University Press allowed the copying
of two figures from Nelson’s Embryology of the Honey Bee and the
Cambridge University Press supplied blocks from Tillyard’s Biology
of Dragonflies and Latter’s Natural History of some Common
Animals. Mm. Masson et Cie. granted the use of three illus-
trations from Henneguy’s Les Insectes and an illustration from
Brumpt’s Precis de Parasitologie. Messrs. A. & C. Black con-
sented to the use of two figures from Curtis’ Farm Insects and
Mr. John Murray supplied a block from Darwin’s Descent of Man.
Thanks are also due to the Clarendon Press for the use of illus-
trations from Miall and Hammond’s work on Chironomus while
Fig. 556 is taken from Cheshire’s Bees and Beckeeping by consent
of the publishers. Messrs. Macmillan & Co. allowed the use of
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illustrations from the Cambridge Natural History and from
Sladen’s Humble Bee, and the director of the Faune de France
kindly allowed two figures to be copied from that publication.

The author is especially indebted to Mr. J. E. Collin for the
loan of a number of the admirable drawings made for Verrall’s
great work on British Diptera. Acknowledgments are due to
Prof. Bugnion for the loan of blocks and the use of several of
his published figures; also to Messrs. W. J. Lucas and H. Main
for several photographs.

Thanks for the use of illustrations are also due to Prof. A.
Berlese, Prof. L. Bordas, Dr. F. Brocher, Dr. G. H. Carpenter,
Dr. G. Grandi, Prof. R. Heymons, Dr. D. Keilin, Dr. A. Lecaillon,
Prof. P. Marchal, Prof. T. H. Morgan, Prof. G. H. F. Nuttall,
Major W. S. Patton, Prof. C. Pérez, Prof. F. Silvestri; Prof.
J. M. R. Surcouf, Dr. R. J. Tillyard, Dr. C. L. Withycombe and
many others. In every case acknowledgment is made to the
author beneath each borrowed illustration.

The author is also indebted to Mr. H. M. Morris for assistance
in drawing or otherwise preparing a considerable number of the
illustrations. Mr. Morris also carried out many dissections, etc.,
under the author’s direction and great credit is due to him for
his skill in these matters. Other of the illustrations were drawn
by Miss E. Salisbury, Mr. A. M. Altson, Miss A. Mardall and
Miss O. Tassart. Dr. W. E. Brenchley has rendered invaluable
aid in the heavy task of reading through the manuscript and
proofs. Acknowledgments are also due to Dr. J. Davidson,
Mr. E. E. Green and Mr. J. G. H. Frew, more especially for help
in their special branches, and to Mr. A. N. Caudell for the loan
of a winged example of the Zoraptera.

A. D. Imms

ROTHAMSTED EXPERIMENTAL STATION
HARPENDEN
September, 1924






CONTENTS

Part I. ANATOMY AND PHYSIOLOGY

INTRODUCTORY REMARKS

THE BoDY-WALL OR INTEGUMENT
SEGMENTATION AND THE DivisioNs OF THE Boby
Tue HEAD AND CERVICUM

Tue THORAX

THE ABDOMEN .

Tue ENDOSKELETON .

THE MUSCULAR SYSTEM

Tue NERVOUS SYSTEM

TuE SENSE ORGANS .

TuE SouND- AND LicHT-PrRODUCING ORGANS
THE DIGESTIVE SYSTEM AND ITS APPENDAGES
THE RESPIRATORY SYSTEM

Thr CIRCULATORY SYSTEM

THE EXCRETORY ORGANs AND Far-Bopy
THE GLANDS OR ORGANS OF SECRETION

TueE REPRODUCTIVE SYSTEM

Part II. DEVELOPMENT AND METAMORPHOSIS
EMBRYOLOGY

Post-EMBRYONIC DEVELOPMENT—
Metamorphosis . . .
Development of the Imago .

Part III. THE ORDERS OF INSECTS

Tur CLASSIFICATION OF INSECTS

Subclass I. APTERYGOTA—

Order 1. Thysanura
' 2. Protura
- 3. Collembola
ix

PAGE

II

13

22 -

41
45
48
54
64
90
97

105

122

130

136

143

158

176
189

199

2c3
210
214



X A GENERAL TEXTBOOK OF ENTOMOLOGY

Subclass II. PTERYGOTA—

Dijvision I. EXOPTERYGOTA

Order 4. Orthopiera
Deymaptera .
Plecopteva
Isoptera
Esnbiopiera
Psocoptera
» 0. Anopleura
11. Ephemeroptera
» 12, Odonala
w  I13. Thysanoptera
s 14. Hemiptera

e X o

Division II. ENDOPTERYGOTA

Order 15. Neuropteva
,  I6. Mecoftem
» 17. Trichoptera .
. 18, Lepidoptera .
» 19, Coleoptera
., 20. Strepsiptera .
. 21. Hymenopleva
. 22. Diptera
5 23. Aphaniptera

ADDENDA .
INDEX OF AUTHORS

GENERAL INDEX

220
238
243
249
277
283
290
301
308
322
328

374
387
392
401
45¢
517
522
592
662

668
669

676






‘" A magnificent temple is a laudable monument of national taste and religion
and the enthusiast who entered the dome of St. Sophia might be tempted to sup-
pose that it was the residence, or even the workmanship of the Deity. Yet how
dull is the artifice, how insignificant is the labour, if it be compared with the forma-
tion of the vilest insect that crawls upon the surface of the temple | ”—Gibbon,
Decline and Fall of the Roman Ewmpirve, Chapter XL.
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A GENERAL TEXTBOOK OF
ENTOMOLOGY

Part 1
ANATOMY AND PHYSIOLOGY

INTRODUCTORY REMARKS
Definition of the Insecta (Hexapoda)

HE members of this class are tracheate Arthropods in which the

I body is divided into head, thorax and abdomen. A single pair of

antennz (homologous with the antennules of the Crustacea) is

present : the thorax carries three pairs of legs and usually one or two pairs of

wings. The abdomen is devoid of ambulatory appendages, and the genital

opening is situated near the anal extremity of the body. Post-embryonic
development is rarely direct and a metamorphosis is usually undergone.

Relationships with Other Arthropods

The Arthropoda constitute the largest phylum of the animal kingdom
and, although they include animals differing widely in structure, they
agree in certain fundamental characters. The body is segmented and
invested with a chitinous exoskeleton. A variable number of the segments
carry paired jointed appendages exhibiting functional modifications in
different regions of the body. The heart is dorsal and is provided with
paired ostia, a pericardium is present and the body-cavity is a hamoccele.
The central nervous system consists of a supra-cesophageal centre or
brain connected with a ganglionated ventral nerve cord. The muscles are
composed almost entirely of striated fibres and there is a general absence of
ciliated epithelium. No animals other than Arthropods exhibit the above
combination of characters. The various classes of the phylum are as
follows.

The Onychophora (Peripatus) are in some respects annectent between
the Annelida and Arthropoda, but the reason for their inclusion in the latter
phylum is not evident from superficial examination. They are perhaps to
be derived from Polychzte ancestors which had forsaken a marine habitat
and become terrestrial. Parapodia are consequently no longer present as
swimming organs, but have become modified for locomotion on land without
having acquired the jointed Arthropod character. The integument is soft,
no chitinous exoskeleton being developed, and the excretory organs take
the form of metamerically repeated nephridia. Arthropodan features are
exhibited in the possession of trachee, salivary glands, and the terminal

G.T.E.—TI 1
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claws to the appendages. The presence of jaws of an appendicular nature,
the paired ostia to the heart, the pericardium, the hemoccelic body-cavity
and the reduced ccelom are further important characters allying them with
that phylum.

The Crustacea (Lobsters, Shrimps, Crabs, Barnacles, etc.) are char-
acterized by the possession of two pairs of antenne and at lcast five pairs of
legs. In the higher forms the body segments are definite in number and
arranged into two regions—the cephalothorax and abdomen. Respiration
almost always takes place by means of gills, and the excretory organs are
highly modified nephridia usually represented by green glands or shell
glands. The genital apertures are situated anteriorly, i.e. on the gth
post-oral segment in some cases, up to the 14th in others.

The Arachnida (Scorpions, King Crabs, Spiders, Mites, Ticks, etc.) are
distinguished by the body usually being divided into cephalothorax and
abdomen ; the legs consist of four pairs and there are no antennz. The
primitive forms respire by means of branchez which, in the higher forms,
are insunk to form lung-books, or atrophied and replaced by trachee.
Spiracles when present arc generally abdominal and consist at most of four
pairs. The gonads open near the base of the abdomen and the excretory
organs are usually Malpighian tubes. The presence of the latter organs and
trachea is to be associated with the change from an aquatic to a terrestrial
life, but the general affinities of the Arachnida lie with the Crustacea rather
than with the Insecta or related groups.

The next four classes (often known collectively as the Myriapoda) are
characterized by the presence of a single pair of antenna and the absence
of any differentiation of the trunk into thorax and abdomen. Each segment
usually bears appendages.

The Diplopoda (Millipedes) have the greater number of the body
segments so grouped that each somite carries two pairs of legs and a pair of
spiracles. The gonads open behind the 2nd pair of legs.

The Pauropoda are characterized by the legs being arranged in single
pairs although the terga are mostly fused in couples. The antennz are
biramous and there are only twelve post-cephalic segments, nine of which
bear legs. The gonads open on the third segment.

The Symphyla have long antennz and most of the body segments
bear a single pair of legs. The gonads open on the third post-cephalic
segment and there is a single pair of spiracles which are situated on the
head.

The Chilopoda (Centipedes) are usually provided with a single pair of
appendages and a pair of spiracles to each of the post-cephalic segments.
The first pair of legs is modified to form poison claws and the gonads open
on the penultimate segment of the abdomen.

The Tardigrada (Bear Animalcules) are very minute anlmals with four
pairs of unjointed legs but devoid of antenna, mouth-appendages or respir-
atory organs. The gonads open into the intestine.

The Pentastomida are worm-like and devoid of appendages except
two pairs of hooks near the mouth.  Their arthropodan affinities are mainly
suggested by the larvae which possess two pairs of clawed, leg-like processes.

The mutual relationships of the classes of Arthropoda have been much
discussed, particularly with regard to the affinities of the Insecta. The
ancestors of the latter cannot be directly traced back to any one class and
members of the Apterygota, which include the most primitive of all insects,
exhibit characters which ally them with the Crustacea on the one hand and
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the Symphyla on the other. The resemblances between the Thysanura,
which are the forerunners of the Pterygota, and the lower Malacostraca are
so close as to be only explainable in terms of community of origin. At the
same time the Thysanura exhibit features also found in the Symphyla. The
latter are a synthetic class combining some of the divergent characters of
the Diplopoda, Chilopoda and Insecta, and it is noteworthy that the remark-
able Thysanuran Anajapyx combines features of the Symphyla and Diplo-
poda with those of the Insecta. The relationships between the Insecta and
Symphyla are such as to postulate a common descent for the two classes.
At the same time the definite Crustacean features, exhibited particularly
well for example in the Machilidee, indicate that this common ancestor
probably arose, in its turn, from primitive forms of the lower Malacostraca
which had adopted a terrestrial mode of life.

General Organization of an Insect

An examination of the structure and development of the most primitive
representatives of the class renders it possible to construct the archetype or
ancestral form of winged insect. This hypothetical organism was termed
by Paul Mayer the Protentomon (Fig. 1) and it is convenient to retain that

FiGc. 1.—THE GENERAL ORGANIZATION OF A PRIMITIVE WINGED INSECT.

A, head; B, cervicum; C, thorax; D, abdomen; a, aorta; am, anus; a »n, antennary nerve; ¢, cercus; ¢.#, nerve
to cercus; crz, crop; d, salivary duct; fg, frontal ganglon ; g, gzzard; g.d, gonoduct; gn, gonad; g.p., gonopore;
h, heart; k., hind intestine; 15, legs; b, labrum ; Im, labium; l#., labral nerve; m, mandible; m;, maxilla; m.z,
stomach ; w.t., Malpighian tube; #», n,;, alary nerves; o,, median ocellus; v, lateral ocellus; oe, esophagus; o.l., cut
end of optic lobe; p, pharynx; s, esophageal ganglion; sg, salivary gland; w, w,, wings; 1, bramn; 2, sub-
esophageal ganglion ; 3-~5, thoracic gangha ; 6, 1st abdominal ganglion.

name although the results of more recent investigation have considerably
modified our views with regard to its essential characters. The latter
exhibit various secondary modifications in the different orders of insects,
but the fundamental or primary features of the Protentomon are as follows.

The head is formed by the fusion of six embryonic segments of which the
2nd, and 4th to 6th carry appendages in the adult. These appendages are
the antennee, mandibles, maxille and labium (2nd maxille€). The head
also carries a pair of compound eyes and three ocelli.

The thorax consists of three segments each of which bears a pair of legs,
and the 2nd and 3rd segments carry a pair of dorso-lateral membranous
outgrowths or wings. The two pairs of the latter are similar, and each wing
is supported by a system of longitudinal chitinous ribs or veins which are
formed around pre-existing trachez. There are no true cross-veins but
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only an irregular network (archedictyon) formed by thickenings of the wing-
membrane, .

The abdomen consists of eleven segments together with a terminal region
or telson : the 11th segment carries a pair of jointed cerci.

The digestive system is divisible into the fore intestine or stomodeum,
a simple sac-like stomach or mesenteron and the hind intestine or procto-
deum. A pair of salivary glands lie along the sides of the fore intestine, and
their ducts pass forwards to unite and form the main salivary duct which
opens on the hypopharynx. Six Malpighian tubes are present and arise
from the hind intestine near its junction with the mesenteron.

The central nervous system consists of two principal cephalic centres
united with a ventral ganglionated nerve cord. The supra-cesophageal
centre or brain is formed by the fusion of the three pre-oral cephalic ganglia.
It is joined by means of a pair of para-cesophageal connectives with the
sub-cesophageal centre. The latter is formed by the fusion of the three
post-oral cephalic ganglia. The ventral nerve cord consists of three thoracic
and nine abdominal ganglia united by means of paired connectives. There
is consequently one ganglion to each of the first twelve post-cephalic
segments.

The dorsal vessel consists of an abdominal portion or heart and a
thoracic portion or aorta. The heart is metamerically divided into chambers
and each of the latter is provided with paired lateral ostia. Beneath the
heart is a transverse septum or pericardial diaphragm. The aorta is a
narrow tubular extension arising from the first chamber of the heart and
extending forwards through the thorax into the head, where it terminates
just behind the brain,

The respiratory system consists of segmentally repeated groups of
trachez which communicate with the exterior by means of ten pairs of
spiracles. These are situated on each of the two hinder thoracic and the
first eight abdominal segments respectively.

The genital organs of the two sexes exhibit a very similar morphology.
In the male each testis consists of a small number of lobes whose cavities
communicate with the vas deferens. The vasa deferentia unite posteriorly
and become continuous with a common ejaculatory duct which opens on the
®deagus. Vesicule seminales are present as simple dilatations of the vasa
deferentia and paired accessory glands open into the proximal portion of
the latter. In the female each ovary consists of panoistic ovarioles similar
in number to the lobes of the testis. The oviducts combine posteriorly to
form a common passage or vagina. A median spermatheca opens on the
dorsal wall of the latter, and paired colleterial or accessory glands are also
present.

Metamorphosis is of the gradual or paurometabolous type.

Number and Size of Insects

Approximately 450,000 species of insects have been described and the
largest number are included in the order Coleoptera.

Among living insects, the greatest size is found in individuals of the
following species. In the Coleoptera, Megasoma elephas attains a length up
to 120 mm. and Macrodontia cervicornis (including the mandibles) ranges up
to 150 mm. Among Orthoptera, Phybalosoma acanthopus may exceed 260
mm. long and the Hemipteron Belostoma grande attains a length of 115 mm.
For the Lepidoptera their size may, perhaps, be best gauged by the wing-



INTRODUCTORY REMARKS 5 -

expanse. The latter reaches its maximum in Erebus agrippina, whose out-
spread wings measure up to 280 mm. from tip to tip and in large examples
of Attacus atlas they measure 240 mm. With regard to the smallest insects,
certain Coleoptera (fam. Trichopterygide) do not exceed a length of -25
mm. while egg-parasites belonging to the family Mymaride are, in some
cases, even more minute. As Folsom has observed, some insects are smaller
than the largest Protozoa and others are larger than the smallest Vertebrata.
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THE BODY-WALL OR INTEGUMENT

(a) Structure

HE body-wall consists of the following layers: (1) the cuticle,

I (2) the hypodermis, and (3) the basement membrane (Fig. 2).
The Cuticle (cuticula) is the outermost investment of the body
and appendages and is the product of the cells of the underlying hypodermis.
When newly formed it is flexible and elastic and it remains in this condition
as the intersegmental membranes, the articular membranes of the appendages
and in other situations. For the most part, however, the cuticle forms a
hard inelastic exoskeleton which is due to its becoming permeated with a
substance termed chitin,
The nature of the change is
not known, nevertheless
both chitinized and non-
chitinized cuticle are of
general occurrence. Two
distinct layers of the cuticle
are evident in most insects,
—the epidermis or primary
cuticle and the dermis or
secondary cuticle. The epi-
derpuis is the outer homo-
geneous layer which is the
seat of the cuticular pig-
ments. Setz, spurs and
all cuticular structures are
derived from this layer.
The dermis is the inner and
usually thicker layer : it ex-
hibits a laminate structure
Fie. 2.—Diacrammaric SpetioNn tHrRouGH THE  and contains no pigment-
. . INTE(TJUMENT OF A..N INSECT. ary substance. Minute
P, Dement sravnios 5, sein . et b e el pore-canals pass through
the cuticle in various
regions of the body, and connect with the cavities of the cuticular appen-
dages, or allow of the passage of the secretion of dermal glands. There are
also numerous other pore-canals unconnected with either of these functions.
These are confined to the dermis and do not open to the exterior : they are
stated to be occupied by fine protoplasmic processes of the cells of the
hypodermis (Fig. 3). The cuticle may be smooth and glistening or vari-
ously punctured, granulated, striated or otherwise sculptured. In surface
view it sometimes exhibits a division into small polygonal areas each of

which corresponds to the hypodermal cell which immediately underlies it.

Chitin is related chemically to the cartilage of vertebrates and also to mucin,
6




CHITIN 5

which is an important constituent of the skin of those animals. Although an essential
part of the exoskeleton of Arthropoda, it is by no means peculiar to that phylum.
It has been found in representatives of almost all classes of invertebrates and is also
stated to be an important constituent of the cell-wall in fungi. There is much difference
of opinion with regard to the process of formation of chitin. Many authors regard
it as a secretory product of the hypodermis; Chatin (1892), however, considers it to
be the result of a differentiation and transformation of the periphery of the cells
rather than a true secretion, while other authorities regard it as being of the nature
of an excretory product (vide p. 182). In addition to being produced externally
(forming the exoskeleton) chitin also occurs internally in various parts of the body.
The endoskeleton is entirely formed of this substance and so are the linings of those
organs which develop as ectodermal invaginations, such as the stomodzum and
proctodeum, the main ducts of the salivary and other glands and the tracheal system.
Pure chitin is colourless and amorphous, insoluble in water, alcohol, ether, acetic acid,
in dilute mineral acids and in alkalies. It may be boiled in concentrated alkali for
long periods without undergoing decomposition, but dissolves in strong mineral acids
and when hydrolyzed yields glucosamine and acetic acid. Investigations have been
hampered by the absence of any definite test for chitin and, owing to the conflicting
results which have been obtained, it has been doubted whether this substance is a
compound of uniform composition. Recent research, however, has done much to
establish the general identity of chitin '
both in different invertebrates and in
different parts of the same animal.
According to Sollas (Proc. Roy. Soc.
B., 1907) its specific gravity approxi-
mates to the value of 1-398 and its re-
fractive index lies between 1-550 and
1-557 ; Irvine (1909) has identified the
substance in various animals by means
of polarimetric examination. There
is no general agreement among chem-
ists as to the proportions of the ele-
ments which constitute chitin, and but
few determinations have been made Fiq. 3.—SECTION THROUGH THE INTEGUMENT OF
with special reference to insects. THE LARVA OF Mucrornyracia RUBI

According to Sundwick the various On the left of the figure the hypodermis ip is artificially sepa-
analytical data are best satisfied by fgicd from the dermis i order fo show ihe proloplasim
the formula CaoHEO Oll) N4.OI' its mul- alveolus; ep, cpidermis; ba, basement membrane; pg,

i H i 1 granules of pigment; d, dermis; pdp, pore canals {pseudo-
Eplfs' .a'nd this conclusion is confirmed pores) ; elr, trichogenous cell. 4 fter Berlese.
y lrvine.

The Hypodermis forms a continuous layer of cells. The latter are
usually flattened or somewhat columnar, and the cell boundaries are often
hard to detect and frequently only visible in tangential sections. The
hypodermal cells often contain pigment.

The Basement Membrane is a continuous apparently structureless
layer bounding the inner surface of the hypodermis. It is extremely thin
and often difficult to detect and, according to Mayer, it is composed of
nucleated stellate cells with the interstices filled in with a homogeneous
intercellular substance.

(b) Cuticular Appendages

These structures include all outgrowths of the cuticle that are connected
with it by means of a membranous joint. They may be classified into sete
and spurs.

Seteze or Macrotrichia (Fig. 2) are commonly known as hairs and each
arises from a cupslike pit or alveolus situated at the outlet of a pore-canal.
At its base the seta is attached by means of a ring of articular membrane.
Sete are hollow structures developed as extensions of the epidermal layer
and each is produced by a single, usually enlarged, hypodermal cell or
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trichogen. Inrecent years chetotaxy, or the study of the arrangement of the
more important seta, has assumed a good deal of significance from the
taxonomic point of view, particularly with reference to-the Cyclorrhapha
and larval Lepidoptera. The following are the principal types of sete
commonly met with :—(1) Clothing hairs—These invest the general surface
of the body or.its appendages and frequently exhibit various degrees of
specialization. When furnished with thread-like branches as in the Apidee
they are termed plumose hairs, Setee which are particularly stout and rigid
are known as bristles, which are well exhibited for example in the Tachinide.
(2) Scales.—These structures are highly modified clothing hairs and are
characteristic of all Lepidoptera and many Collembola : they are also
present’ in certain Diptera and Coleoptera. Transitional forms between
ordinary clothing hairs and scales are frequent. (3) Glandular seie.—
Grouped under this heading are those setze which function as the out-
let for the secretion of hypodermal glands (vide p. 138). If they are
especially stout and rigid they are then termed glandular bristles as in the
urticating hairs of certain lepidopterous larve. (4) Sensory Seiw.—Very
frequently the sete of certain parts of the body, or more particularly the
appendages, are modified in special ways and become sensory in function.
Sensory seta (vide p. 64) are in all cases connected with the nervous system.

Spurs occur on the legs of many insects and differ from sete in being
of multlcellular origin (Comstock).

(¢) Cuticular Processes

The external surface of the cuticle, in addition to being sculptured in
various ways, bears a great variety of outgrowths which are integral parts
of its substance. They are rigidly connected with the cuticle, having no
membranous articulation and, in the absence of the latter feature, they are
readily separable from cuticular appendages. The principal types of
cuticular processes are as follows.

Microtrichia (fixed hairs or aculei).—These are minute hair-like
structures found, for example, on the wings of the Mecoptera and certain
Diptera. They resemble very small covering hairs, but the absence of the
basal articulation is their distinguishing feature (Figs. 2 and 3).

Spines.—This expression has been used by various writers with con-
siderable latitude and, in the present work, it is confined to outgrowths of the
cuticle which are more or less thorn-like in form. According to Comstock
spines differ from spine-like setee in being produced by undifferentiated
hypodermal cells and are usually, if not always, of multicellular origin.

In addition to the above there is also a great variety of other cuticular
processes which either take the form of more or less conical nodules and
tubercles of different shapes, or of larger projections known as korns which
are a characteristic feature in the males of certain Coleoptera.

(@) Coloration

The colours of adult and immature insects may be grouped into three
classes: (1) pigmentary or chemical colours, (2) structural or physical
colours, and (3) combination or chemico-physical colours.

1. Pigmentary Colours.—These owe their presence to substances of
definite chemical composition which have the property of absorbing some
light waves and of reflecting others. Such substances are for the most_part
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products of metabolism and in some cases are known to be of an excretory
nature. They may be classified into cuticular, hypodermal and subhypo-
dermal colours according to their location. Frequently a colour pattern
consists of a ground colour whose source lies in the hypodermis or under-
lying tissues, and is overlaid by blotches of a cuticular pigment.

Cuticular colours are mostly contained in the epidermis: they consist of
browns, blacks and yellows, which are permanent.

Hypodermal colours are lodged in the form of granules or drops of fat in
the cells of the hypodermis. They may be red, orange, yellow or green and
are very evanescent after death.

Subhypodermal colours are contained in the fat-body and blood.

In cases where the chief colour is of a cuticular nature the insect is almost white
after ecdysis but speedily darkens. Gortner (1911) found that the black cuticular
pigment of Leptinotarsa and the brown and black pigments of Cicindela pertain to the
melanin group. They are produced by oxidation, induced by an oxidase, and tn the
complete absence of oxygen do not develop. It has been shown by Poulton and
others that the subhypodermal green and yellow colours of many lepidopterous larve,
which show through the transparent integument, are derivatives of the chlorophyll
of the food. The reds and yellows of many insects (Chrysomelide, Coccinellide, etc.)
are due to lipochromes but, according to Van Linden, similar colours in the wings of
Vanessa butterflies are derived from the transformation of the chlorophyll of the food
of their larve : they differ from lipochromes in containing nitrogen. In the Pieridee
Hopkins (1895) has shown that the white wing-pigment is due to uric acid, and that the
reds and yelloWs are derivatives of the same substance. The green pigments of certain
other Lepidoptera are also said to be derivates of uric acid. In these instances it
will be observed that waste products are utilized in ornamentation. Mayer (1896) has
found that the scales of Lepidoptera contain only blood at first, and that the earliest
colour to appear is the same as that which the blood assumes when removed from the
pupa and exposed to the air. He has succeeded, by artificial means, in manufac-
turing several pigments from the blood which are similar in colour to wing-markings
of the imago : chemical reagents have the same effect upon these manufactured pig-
ments as they have upon similarly coloured pigments in the wings.

2. Structural Colours.—The beautiful iridescent colours of many
insects are extremely difficylt to account for and various theories have been
advanced to explain them. Michelson ascribed great importance to the
selective reflection of light from opaque surfaces in nearly all cases of
iridescence. Lord Rayleigh, Onslow and others favour the view that the
interference of light at the surfaces of “ thin films,” which may be either
single or multiple, is responsible for many iridescent colours. In iridescent
scaleless beetles (e.g. Cefonia aurata) the selective reflection of light from
externally opaque highly burnished surfaces appears to be important. The
subject is very fully discussed by Onslow (1921), who believes that diffraction
alone is seldom the cause of iridescent colours, and that interference is a
factor of great importance. In the case of Lepidoptera this view is enorm-
ously strengthened by the presence of a regular periodic structure of the
correct magnitude in their scales. This structure is formed by plate-like
striz (4000-~16,000 to the cm.) which are separated by thin films of air.
The width and height of the strize and their distances apart greatly affect
the colour produced. There are also certain cases (e.g. Papilio ulysses) in
which the periodic structure is produced by layers of transparent chitin
parallel to the surface of the scales. White may be produced by air in
scales, by the flat fages of crystals, or by fine granules which give total
reflection. ;

3. Combination Colours.—These are produced by a structural
modification in conjunction with a layer of pigment and are much commoner
than purely structural colours. Ih the butterfly Teracolus phlegyas a red
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pigment in the scale wall (but not in the striz) combines with a structural
violet to produce magenta : in Ornithoptera poseidon the emerald green is due
to periodic structure combined with a yellow pigment in the walls and strie
of the scales. In a number of cases (e.g. Lycanids) there is no indication
of the cause of colour. The golden iridescence of Cassida and its allies is
produced by a film of moisture beneath the surface cuticle. These insects
rapidly lose their colour when dried, but it returns after soaking in water
provided the drying has not been too prolonged.

(¢) Literature on the Body Wall and Coloration
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SEGMENTATION AND THE DIVISIONS OF THE BODY

HE cuticle of an insect forms a more or less hardened exoskeleton
and, although perfectly continuous over the whole body, it remains
flexible along certain definite and usually transverse lines. In the

latter positions the cuticle becomes infolded and is little or not at all chitin-
ized. The body of an insect consequently presents a jointed structure which
is termed segmentation, and is divided into a series of successive rings vari-
ously known as segments, somites, -or metameres. The flexible #infolded
portion of the cuticle between adjacent segments is the intersegmental
membrane whose function is to allow of the freedom of movement of the body.

It must be borne in mind that segmentation is not only manifested in the
external differentiation of the body but it involves most of the internal
organs also. In the Annelida and the Onychophora the internal structure
of an individual segment is very similar to that of the segment preceding or
following it. This is due to the fact that there is a repetition of the organs
or parts through most of the segments of the body. In such highly evolved
animals as insects the primitive segmentation, in so far as it affects the
internal anatomy, has undergone profound modifications; the segmental
repetition of parts is nevertheless to a large extent retained in the central
nervous system, the heart, tracheal system and in the body muscula-
ture.

The cuticle also exhibits localized areas of chitinization termed sclerites
which meet one another along certain lines of union known as sutures. In
the case of movable sclerites their membranous continuity may be concealed
but, if the cuticle of an insect be distended, many of the sclerites will be
forced apart, and it is then seen that they are connected by membrane,
along the lines of the sutures. Others of the sclerites are rigidly fixed and
cannot be separated in this manner, the sutures in these cases being little
more than linear impressions. In certain regions the sclerites do not come
into apposition by sutures and are thus, as it were, islands of chitin
surrounded by membrane. Complete fusion of adjacent sclerites is common,
particularly among the higher orders of insects, all traces of sutures being
lost.

(a) The Divisions of a Body-Segment

With the exception of many insect larva, which have a non-chitinized
cuticle, the wall of each segment is divisible into four definite chitinized
regions. A dorsal region or fergum, a ventral region or sternum, and a
lateral region or pleuron on each side of the body. Each of these regions
may be differentiated. into separate sclerites. In this case the sclerites
composing the teygum are known as fergites, those of the sternum as sternifes
and those constituting each pleuron as pleurites. Between adjacent seg-
ments there may be present small detached plates or intersegmentalia and
such sclerites belong partly to the segment in front and partly to the segment

11
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behind them. According to their position they are termed inferiergiies,
wnterplenrites and intersternites.

(6) The Appendages

In the embryo each body segment may bear a pair of outgrowths or
appendages which may, or may not, be retained in post-embryonic life.
Among adult insects, an appendage is normally attached to its segment be-
tween the pleuron of its side and the sternum. Typical appendages are
jointed tubes invested with a dense cuticle. Between each pair of joints, or
segments, the cuticle remains membranous and becomes infolded to form
the articular membrane. On account of its jointed structure, the whole or
part of an appendage is movable by means of its muscles. The primitive
biramous Arthropod appendage is always highly modified among insects
and, in typical limbs among the latter class, it consists of one or more basal
segments and an endopodite, the exopodite being wanting.

(¢) Processes of the Body-Wall

In addition to true appendages numerous other outgrowths of the body
wall are found in various insects. Unlike true appendages, processes of the
body-wall are by no means invariably represented by embryonic counter-
parts; they may or may not be segmentally arranged, they may be origin-
ally paired or unpaired, and more than a single pair is sometimes borne on a
segment. They differ from cuticular processes in containing a definite
extension of the body cavity and in some cases they are freely movable.
The principal types of organs which come under this category are :—(1)
Pseudopods, which are characteristic of many dipterous larve. (2) Scolz,
or thorny processes, characteristic of Nymphalid and Saturniad larve :
the anal horn of Sphingid larve is also of a very similar nature. (3) Branchie
or gills which are found in most larve of aquatic insects (vide p. 11I5).
(4) Wings (vide p. 28), which are always confined to the meso- and meta-
thorax and attain their full development in adult insects.

(d) The Regions of the Body

The body segments of an insect are grouped together to form three
usually well defined regions—the head, the thorax and the abdomen (Fig. 1).
In each of these regions certain of the primary functions of the organism
are concentrated. The head carries the mouth-parts, which are concerned
with feeding, and the organs of special sense. The thorax bears the locomo-
tory organs, e.g., legs and wings. The abdomen is concerned with repro-
duction and may carry appendages associated with the latter function;
it is also the seat of the metabolic processes of the body.

In most orders an intersegmental region or cervicum connects the head
with the thorax.



THE HEAD AND CERVICUM

(a) The Head Gapsule

r | \HE exoskeleton of the head is composed of several sclerites which
are more or less intimately welded together to form a hard compact
case or head-capsule. 1f an examination be made of the dorsal

surface of the head of an orthopterous, or other generalized insect, a Y-

shaped epicranial suture will be seen. The stem of the Y forms a median

line and the two arms diverge anteriorly. Taking this suture as a refer-
ence line, the sclerites and regions of the head may be identified as follows

Fig. 4). ‘

( The frons (or front) is the unpaired sclerite lying between the arms of

the epicranial suture. It bears the median ocellus and its distal limit is

marked on either side by the invaginations which form the anterior arms of

the tentorium (vide p. 45).

The clypeus lies immediately anterior to the
frons and,.as a rule, the two sclerites are fused
owing to the obliteration of the clypeo-frontal
suture. In some insects the clypeus is partially
or completely divided by a transverse suture into
two sclerites—the post-clypeus (or first clypeus)
and the ante-clypeus (or second clypeus) (Fig. 6).
The former sclerite carries on either side a convex
process serving for articulation with the ginglymus
of the mandible.

The labrum is an unpaired sclerite usually

movably articulated with the clypeus by means
of the clypeo-labral suture. On its pharyngeal
surface, in the region of the suture, it bears lateral
chitinized pieces known as forme.

The epicranium forms the whole of the upper
region of the head from the frons to the neck.
In generalized insects it is divided longitudinally

FiG. 4.—FRoNTAL VIEW OF
THE HEAD OF Birarra.

a, antennary socket ; a.s., anten-
nary sclerite; at, point of invagination
of anterior arm of tentorium; ¢,
clypeus; ¢, compound eye; ep,
epicranial plate; f, frons; g, gena;
I, labrum; Is, lateral arm of epi-
cranial suture; m, mandible; m.s,
median epicranial suture ; oc, ocellus ;
t, trochantin of mandible.

into two epicranial plates by the median epi-

cranial suture which is the line of junction of the procephalic lobes of the
embryo. That portion of the epicranium which lies immediately behind
the frons, and between the compound eyes, is termed the vertex. It usually
carries the paired ocelli, but is not differentiated as a separate sclerite.
The occiput is the hinder part of the epicranium between the vertex and
the neck : it is rarely present as a distinct sclerite.

The gene inclide that area of the head on each side which is situated
below the eyes and extends ventrally to the gular region. Each gena may
be divided by a longitudinal suture, and the portion which lies behind the
suture is termed the posigema. The latter sclerite carries the acetabulum
which receives the condyle of the mandible.

13
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The gula (Fig. 12) is an unpaired ventral sclerite extending from the
submentum (p. 18) to the hind margin of the head-capsule and is separated
from the gena by the gular sutures. It is sometimes evident as a separate
sclerite but is often fused with the submentum : the common plate thus
formed is the gulamentum (Fig. 11).

In addition to the foregoing there are other sclerites of lesser importance which
although not of general occurrence, are nevertheless present in certain insects or their
larvee. These are—(1) The antennal sclevites (Fig. 4). Each is a ring of chitin into
which the basal joint of the antennz of its side is inserted. (2) The ocular sclerites.
These are similarly annular in form and each surrounds the compound eye of its side.
(3) The ante-coxal piece of the mandible (Fig. 6). This sclerite is a lateral differentiation
of that portion of the clypeus which carries the process articulating with the mandible
of its side. According to Comstock it is well exhibited in the larva of Corydalis.
(4) The trochantin of the mandible. A small sclerite which is separated by means
of a suture from the gena of its side and found in certain of the Orthoptera (Fig. 4).
(5) The maxillary pleurites. According to Comstock, in certain Blattide and Gryllide,
each maxilla is articulated at the ventral end of a pair of sclerites between which is
the invagination forming the posterior arm of the tentorium (Fig. 7). These pieces
are termed maxillary pleurites and have been homologized with the pleura of the
maxillary segment.

() The Antennze

These are a pair of very mobile jointed appendages which are articulated
with the head in front of or between the eyes. In the more generalized
insects the antenna are filiform and many-jointed, the joints being equal
or sub-equal in size. They vary, however, very greatly in form in the higher
orders and certain of the joints are frequently differentiated from their
fellows. In the more specialized insects the antenna is divisible into scape,
pedicel and flagellum (Fig. 5).

The scape is the first or basal joint of the antenna and is often conspicu-
ously longer than any of the succeeding joints. )

The pedicel is the joint which immediately follows the scape. It is
present in geniculate antenna where it forms the pivot between the scape
and flagellum.

The fagellum (or clavola) forms the remainder of the antenna. It
varies greatly in form among different families in adaptation to the particu-
lar surroundings and habits of the species concerned. In some insects,
particularly among Hymenoptera, the flagellum is divisible into the ring-
joints, the funicle and the club. The ring-joints are commonly present
among the Chalcidoidea, where the basal joint or joints of the flagellum are
of much smaller calibre than the joints that follow, and are ring-like in form.
In these instances the name of ring-joints has been applied to them. The
club is formed by the swollen or enlarged distal joints of the antenna. The
fumicle comprises those joints which intervene between the ring-joints and
the club, or between the latter and the pedicel in cases when the ring-joints
are not differentiated.

The antennz afford important secondary sexual characters which are
particularly well exhibited in the pectinated or bipectinated organs of cer-
tain male Lepidoptera, and in fhe densely plumose antennaz of male
Culicide and Chironomide. Functionally the antenna are organs of
special sense (vide p. 66) but in a few exceptional cases they fire modified
for other uses. Thus in the larve of Chaoborus and its allies they are
adapted for seizing the prey, while those of the male of Melje are used
for holding the females. In larve of the Hymenoptera Apocrita and
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a molar or crushing surface near the base of the biting margin. In carnivor-
ous forms the teeth are sharply pointed, being adapted for seizing and
cutting, and the molar surface is wanting. In certain insects the mandibles
exhibit more or less evident indications of a secondary division into separate
sclerites. In the Machilide (Fig. g) for example, they are segmented into
a proximal and distal piece and traces of several sclerites are found in
Cetonia, Copris and other Coleoptera. In some cases a flexible plate or
prostheca, fringed with hairs, is present on the inner border of the mandible
and has been incorrectly homologized with a lacinia. Mandibles.are wanting
in many adult Trichoptera and the vast majority of Diptera, and they are
absent or vestigial in almost all Lepidoptera.

The maxille (Figs. 8-10) are composed of the following sclerites. The
cardo or hinge is the first or
proximal piece and, in many
insects, is the only portion
directly attached to the head.
The stipes or footstalk articu-
lates with the distal border of
the cardo and bears a lateral
(outer) sclerite or palpifer and
sometimes an inner sclerite, the
subgalea (or parastipes). The
palpifer carries the maxillary
palpus which is the most con-
spicuous appendage of the max-
illa. It is one to seven-jointed
and sensory in function. In
many insects the subgalea is not
evident as a separate sclerite,
being either fused with the
lacinia or merged into the stipes.
Distally the maxilla is composed
of two lobes: an outer one or
galea and ari inner one orlacinia,
The former is often two-jointed
and frequently partially over-

laps the lacinia after the man-
ner of a hood. The lacinia or Fic. 9.—MOUTH-PARTS OF PETROBIUS MARITIMUS

: . 1, Mandible. 2, Maxilla, pf, palpifer. 3, Hypopharynx (k)
blade as a rule is Splned OT  and superlingum (s!). 4, Labium, Other lettering as in Fig. 8.

toothed on its inner border

and, in cases when it is fused with the subgalea, it has the appearance of
carrying the galea. In certain cases (e.g. many coleopterous larve) each
maxilla carries a single lobe or mala which is possibly homologous with
the galea, the lacinia being undeveloped. Functionally the maxille are a
pair of accessory jaws, their laciniz aiding the mandibles in holding the
food when the latter are extended, as well as assisting in mastication. In
many of the higher insects the maxille are so greatly modified that they
no longer retain any evidences of their primitive structure. In piercing
insects they are styliform and their palpi atrophied.

The three basal joints of a typical crustacean buccal appendage find their counter-
parts in the insectan maxilla (Fig. 13), where the coxopodite is represented by the
cardo, the basipodite by the stipes and the ischiopodite by the palpifer (vide Hansen,
1893 : Crampton, 1922). The lacinia and galea are masticatory lobes or endites

G,T.E—2
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belonging respectively to the stipes and palpifer. The latter join,j: also carries the
maxillary palpus which is homologous with an endopodite. The$e homologies can
be readily traced in the Machilidee.

The superlingue (often termed maxillule) are a pair of dorso-lateral
lobes attached to the hypopharynx (Fig. g9). They are best developed
among Thysanura where they appear strikingly like a pair of reduced
jaws : in the Machilide each is distally cleft and
bears an outer, one-jointed, palp-like appendage.
Superlinguz are also well developed in the Col-
lembola and. nymphs of the Ephemeroptera, be-
sides being present in a more or less reduced
condition in other mandibulate orders, and in
some larve (vide Evans, 1921). Hansen (1893)
and several morphologists after him, have homo-
logized the superlinguae
with the Crustacean
maxillulee, hence re-

Fic. 10—RIGHT MAXILLA gardlng them as true
(VENTRAL ASPECT) OF A d C t
BerTLE, Nesria sepvi.  SPPEN ages. Lrampton

COLLIS. (1921), on the other
dispt’alcajfgﬁt;s of gaen ?””z‘f“}i‘d,ﬁﬁd; hand, states that thpy
2, palp; of, palpifer ; s, sties; s¢, are homologous with
subeales. the paragnaths of Crus-
tacea, which have similar relations with the hypo-
pharynx in those animals. The term maxillule,
therefore, is wundesir-
able since it implies an
homology which is un-
proven.

The labium (or
second maxille) (Figs.
8, 9, 11, 12) is formed
by the fusion of a pair-
of ap pen‘dages‘serlally F1G. 11.—LABIUM (VENTRAL
homologous with the ASPECT) OF NZEaRI4 BREVI-
maxillee. The complete- coLLs.
ness of the fusion that  em evlamentums I lgva;, o
has taken place varies
greatly in different orders of ingects, and evi-
dences of the original paired condition are clearly
seen among the Thysanura and Orthoptera. It
must be pointed out, however, that several parts
of the labium cannot be homologized with any
degree of precision with components of the
Fi6. 12.—~LaBium oF Forrr maxille. Furthermore certain of the sclerites

lc;z_m (VENTRAL ASPECT). which have received the same names in different

, ligula; gul, gula; m, mentum;
7 palp; per, palpiger’; m,, premen:  Orders are only doubtfully homologous. The

o ’ basal portion of the labium is composed of two
usually large sclerites, a proximal one or submentusm and a distal one
or mentum. The latter plate carries the prementum (palpiger of some
authors) which sometimes exhibits evidences of its paired origin in being
deeply cleft or even completely divided. Near the base of the prementum,
on either side, is the palpiger which carries the labial palpus and often
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resembles a basal joint of the latter. The labial palpi are composed of
from one to four joints and they function as sensory organs. Arising from
the distal margin of the prementum are two pairs of lobes which collectively
form the ligula, viz :—an outer pair or paraglosse, and an inner pair or
glosse. More usually, the latter organs are fused to form a median glossa,
or the prementum may bear a single median lobe to which the general term
ligula is applied.

In Fig. 13 the homologies of the sclerites of the labium with those of the maxille

are indicated. The glosse and paraglosse are the counterparts of the lacinie and
galex respectively, while the labial palpi are homologous with endopodites. The

F1G. 13.—DIAGRAMS EXPLAINING THE DERIVATION OF THE INSECTAN MAXILLA AND LABIUM
FROM BIRAMOUS CRUSTACEAN APPENDAGES.
A, Blramous crustaccan appendage—i, coxopodite; 2, basipodite; 3, ischiopodite en, endopodite; end, end,

endites (gnatho-bases); ep, epipodite; ex, exopodite. B. An insectan maxilla. C. Maxxlhpeds of a Gammarid
crustacean (after Hansen). D. An insectan labium—sm, submentum.

prementum, including the palpigers, represents the stipites and palpifers of the
maxillee, while the mentuin would correspond to the fused cardines. The submentum
appears to belong to the ventral head-wall and, if this be correct, is not of appendicular
origin. In the crustacean suborder Gammaridea the maxillipedes are fused to form a
kind of lower lip which, in its morphology, prefigures the insect labium.,

The hypopharynx (or lingua) (Fig. 9) is a median tongue-like process
arising from the floor of the mouth-cavity, and bearing the aperture of the
common salivary duct. The superlinguz are always closely associated
with the hypopharynx and, in many cases; their vestiges are fused with it
on either side. In the Diptera the hypopharynx is either awl-like or stylet-
like and in some cases it is used as a piercing organ.

(d) Segmentation of the Head

After an insect has emerged from the egg the completed head exhibits
but few clear indications of its segmental origin apart from the fact that
it carries paired appendages. As long ago as 1816 Savigny concluded
that the movable appendages of the head were serially homologous with
legs. As each segment only bears a single pair of appendages it was evident
that at least four segments enter into the composition of the head, i.e., the
antennary, the mandibular, the maxillary and the labial. Huxley in 1878
recognized these four segments and pointed out that the crustacean second
antennz were wanting in insects but, if their segment be presumed to be
retained though without bearing appendages, and the eyes be taken to
represent the appendages of another segment, the insect-head is composed
of six segments. Janet (189g), from a study of ants, considered that nine
segments enter into the composition of the head but his results have not
been accepted. It may be said, therefore, that Huxley’s conclusions were
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the most satisfactory that could be derived solely by means of comparative
morphology. The foundation of modern knowledge of the segmentation of
the head is mainly embryological and is due to Viallanes, Wheeler, Uzel,
Heymons, Folsom and other workers. The results of their researches have
been to definitely establish the existence of six.cephalic segments in all
insects. Embryology affords three fundamental characters which provide
the strongest evidence with reference to segmentation, viz., the existence
of paired appendages, of neuromeres and of primitive ccelom sacs. On the
basis of these three criteria the segments which enter into the composition
of the insect head may be shown in tabular form as below :—

Segment. Neyromere. Ceelom Sacs. Appendages.
1. Ocular . . Protocerebrum : —_—
2. Antennal . . Deutocerebrum Present Antennze
3. Intercalary . Tritocerebrum do. Embryonic
4. Mandibular . Mandibular ganglion do. Mandibles
5. Maxillary. . * Maxillary ganglion do. Maxillee
6. Labial . . Labial ganglion do. Labium

With regard to the first and third segments further comment is neces-
sary. The ocular segment is clearly established on account of its well-
defined neuromere, but the coelom sacs are obliterated and appendages
are never present. The intercalary segment bears reduced embryonic
appendages in many insects and, according to Uzel, in Campodea they
persist as vestiges in the adult.

Some morphologists have maintained that the superlinguz are the appendages
of an embryonic segment located between theé mandibles and first maxillee and that
the insect head is built up of seven segments. In the light of more recent work there

.isreason to believe, as previously mentioned, that the superlinguz are the homologues
of the Crustacean paragnaths. Since there is no evidence indicating that the latter
structures represent appendages of a separate metamere the view that the insect
head is composed of six segments is the one most in accordance with facts.

Further information on the segmentation of the insect head, together
with references to the literature, will be found in papers by Folsom (19o0)
and Comstock and Kochi (1902).

(e) Literature on the Head and Mouth-Parts

BUGNION, 1920.-Les Parties Buccales de la Blatte. A#nn. Sci. Nat. Zool.
COMSTOCK and KOCHI, 1902 .-The Skeleton of the Head of Insects. Awmer. Nat.
36. CRAMPTON, 1921 .~-The Origin and Homologies of the so-called * Superlinguz ”’
or ‘‘ Paraglosse '’ (Paragnaths) of Insects and related Arthropods. Psyche. 28.
1921a.~The Sclerites of the Head and the Mouth-parts of certain immature and
adult Insects. Awun. Ent. Soc. Am. 14. 1922.~A Comparison of the First
Maxillee of Apterygotan Insects and Crustacea from the Standpoint of Phylogeny.
Proc. Ent. Soc. Washington 24. EVANS, 1921.-On the Structure and Occurrence
of Maxillule in the Orders of Insects. Journ. Linn. Soc. Zool. 34. FOLSOM, 1900 —
The Development of the Mouth-Parts of Anurida maritima Guer. Bull. Mus. Comp.
Zool. Havard, 36. GOODRICH, 1897.-On the Relation of the Arthropod Head to the
Annelid Prostomium. Quart. Journ. Micvos. Sci. 40. HANSEN, 1893.—A Contribu-
tion to the Morphology of the Limbs and Mouth-Parts of Crustaceans and Insects.
Ann. Mag. Nat. Hist. ser 6, 12. (Trans. from Zool. Anz. 16.) JANET, 1899 .-Essai
sur le constitution morphologique de la téte de l'insecte. Paris. KELLOGG, 1902.—
The Development and Homologies of the Mouth-Parts of Insects. Amer. Nat. 36.
YUASA, 1920.-The Anatomy of the Head and Mouth-Parts of Orthoptera and
Euplexoptera. Journ. Movph. 33.
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(f) The Cervicum or Neck Region

The cervicum is the flexible intersegmental region between the head
and the prothorax (Fig. 1). In its membrane are embedded a variable
number of small plates termed cervical sclerites (Fig. 17). The latter are
present in nearly all orders of insects but are best developed in the more
primitive groups (Orthoptera, Dermaptera, Isoptera, Odonata, etc.): in
the higher orders they occur in a more or less reduced condition. In their
least modified form the cervical sclerites consist of paired dorsal, lateral,
and ventral chitinizations, which have been regarded by various morpholo-
gists as either belonging to the labial segment, or to a vestigial segment
of the prothorax. The supporters of the former view maintain that the
appendages of the labial segment have migrated on to the head, and con-
stitute the labium, while the body of their segment has not become incor-
porated into the head capsule. The alternative theory is due to Verhoeft
(1902) who has studied the cervical sclerites in considerable detail. This
author terms the cervicum the microthorax, and regards it as constituting
the first segment of the prothorax, which is in accordance with his general
‘theory that each division of the thorax consists of two segments. Embryo-
logy, however, does not lend support to either point of view. During
development the entire labial segment forms part of the head capsule,
and there is also no embryological proof in support of Verhoeff’s theory
of the dual nature of the thoracic segments. The cervicum is, more prob-
ably, to be regarded as the first intersegment of the body, and as being
homologous with similar areas which are present between the thoracic
segments of certain of the Apterygota and several of the more primitive
members of the Pterygota (vide Crampton, 191%).

Literature

VERHOEFF, 1902-Uber Dermapteren 1. Aufsatz: Versuch eines neuen natiir-
lichen Systems auf vergleichend-morphologischer Grundlage und den Mikrothorax
der Insekten. Zodl. Anz. 25. CRAMPTON, 1917 ~The Nature of the Veracervix
or Neck Region in Insects. Awnn. Ent. Soc. Am. 10.
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(@) Segmentation of the Thorax

HE essential morphology of the thorax was first clearly interpreted
I by Audouin in 1824 who pointed out that it is composed of three
segments, the pro-, meso-, and meta-thorax. This conclusion has
received the confirmation of subsequent morphological and embryological
research, while the composite-segment theories of Kolbe, Verhoeff and
others lack sufficient support, and can only be regarded as untenable. In
almost all insects each segment bears a pair of legs and, in the majority of
adult insects, both the meso- and metathorax carry a pair of wings. In
all cases where the legs are wanting, their absence is due to atrophy. This
apodous condition is extremely rare among the imagines but it is the rule
among the larva of the Diptera, and also those of certain families of Coleop-
tera. Allhymenopterous larve, excepting those of the sub-order Symphyta,
are similarly devoid of legs. The absence of wings, on the other hand,
may be an ancestral character as in the Apterygota, but among the Ptery-
gota it is always an acquired feature due to the atrophy of pre-existing
organs. The thorax is exhibited in its simplest form in the Thysanura,
in certain of the more generalized Pterygota and in the larvae of many
orders. In these instances the segments differ but little in size and pro-
portions, but usually, with the acquirement of wings, a correlated specializas
tion of the thorax results. The meso- and metathorax become more or
less intimately welded together and the union is often so close that the
limits of those regions can only be ascertained with difficulty. In orders
where the wings are of about equal area these two thoracic segments are of
equal size (Isoptera, Embioptera, Odonata, etc.). Where the fore wings
are markedly larger than the hind pair there is a correspondingly greater
development of the mesothorax (Hymenoptera, and also Diptera where
the hind wings are absent). In cases where the fore-wings are small there
is a correlated reduction of the mesothorax (Coleoptera). The prothorax
never bears wings and is also variable in its degree of development. Its
dorsal region may be enlarged to form a shield as in the Orthoptera, Coleop-
tera and Hemiptera-Heteroptera : in most other orders it is reduced to a
narrow annular segment.

(b) The Sclerites of a Thoracic Segment (Fig. 14)

When describing the sclerites and regions of the thorax the prefixes
pro, meso, and meta are used according to the segment to which the reference
applies. Thus the expression protergum refers to the tergum of the pro-
thorax and mesepimeron to the epimeron of the mesothorax. The prefixes
pre and post are also used to designate certain sclerites of any one of the
segments and in such cases the prefixes pro, meso, and meta are usually
not applied. For example the prescutum may be present on each thoracic
segment in front of the scutum.

22
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The Tergites.—In many larva and pupe, and also in the adults of
certain of the more generalized insects, the tergum of each segment is a

simple undivided plate or #notum.

segmental membrane,
cally divided

(Fig. 15).

In the
wing-bearing segments of most adult Ptery-
gota the tergum is composed of a large an-
terior plate or notum already mentioned,
and a narrower posterior plate or post-
notum (post-scutellum or pseudonotum of
some authors) which has arisen in the inter-
The notum is typi-
into three sclerites,—the
prescutum, the scutum and the scutellum
At the sides of the pronotum in

many Lepidop-
tera are lobe-
like structures

known as
patagia.
The Pleu-

rites (Figs. 16—
18).—The pleu-
ron consists of

S /Sl 5!
TaC
Fi16. 14.—DI1aGraM oF INSECTAN
MESOTHORAX (SIDE VIEW).

Psc, prescutum ; Sef, scutum; Scl, scu-

posterior

FiGc. 15.—MESOTERGUM OF A
CRANEFLY, SHOWING DIVI- separat;d by
sioN ofF Norum wvto THREE the pleural suture.
ScLeriTES (Psc, Set, and  deviations
Sel) BEHIND WHICH Is Post- f hi
NoTuM (PN). rom this
Azl'C, axillary cprgl;v ANP, anterior S 1M D le
notal wing process ; , pn, postnotum ; s
gNP, posterior notal wing process; condition
h, post-phragma; Ps¢, prescutum ; s
§§' pgstéfi%r rgégsuplication Pof notllxm H are e€evi-
cl, scutellum; Scf, scutum; u, lobe =
of prescutum before base of wing. After dent ow
Snodgrass, Proc. U.S. Nat. Mus. 39. ing to the
subdivision of the pleurites into

secondary plates, or their fusion with
other regions of their segment. The
anterior part of the episternum is
frequently marked off as a separate
plate, the pre-episternum which is
mainly present insthe lower orders. In
many insects (Chrysopa, Corydalis,
Tipula, Tabanus) the episternum is
divided into an upper and lower
sclerite. These two sclerites have been
termed by Packard the supra-epister-

num and infra-episternum respectively.

an anterior
sclerite ar epi-
sternum and a
scle-
rite or epimeron
the two being

tellum ; Pscl, post-scutellum; Aph, Pph,
phragmata for muscle attachment; Anp,
Pnp, notal wing processes ; WP, pleural wing
process; 1, 2, 3, 4, P, basal wing-sclerites;
Peps, pre-episternum; Eps, episternum ;
Epm, epimeron; Ps, pleural suture; CzaP,
coxal process; Cx, coxa; Tn, trochanteria;
Tne, its coxal articulation ; Ps, presternum ;
S, eusternum ; SI, sternellum; Ps!, postster-
nellum. After Snodgrass, U.S. Depl. Agric.
Entom, Tech. Ser. XVIII,

In many insects, however,

!
)
Tn
F1G. 16.—METATHORAX OF A STONEFLY,
LEFT SIDE.

Cx, coxa; CzP, pleural coxal process; Epm,
epimeron ; Eps, episternum; F, base of femur;
N, notum; P, episternal parapterum; PN, post-
notum ; PS, pleural suture ; g, sterno-pleural suture ;
S, sternum; 7's, trochantin; T7, trochanter; WP,
pleural wing process. After Snodgrass, loc, cit.

Not infrequently the lower por-

tion of the episternum is fused up with the sternum, as in Diptera, and
the compound plate thus formed is the sternopleurite (Crampton) or
sternoplenra (Osten Sacken). The epimeron, likewise, is sometimes divided
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into two sclerites by.a transverse suture. A recognized terminology applic-
able to these sclerites similarly does
not exist; for the upper plate the
name supra-epimeron (or pteropleura)
and the name tnfra-epimeron for the
lower plate may be adopted. When
the pleuron as a whole is fused with
the sternum the combined sclerite is
known as the pectus. In many of the
higher insects the pleuron .is usually
connected and fused with the tergum by
means of downward prolongations of
the prescutum and postnotum,

The Sternites.—The nomenclature
of the sternites dates from MacLeay,
1830, who believed that each thoracic
segment is composed of four segments
and, therefore, concluded that the
sternum is similarly divided in a four-
fold manner. He accordingly intro-
duced the now well-known terms pre-

oF CERVICUM AND THORAX OF DBiarra.

A, Cervicum. B, Prothorax, C, Mesothorax. D,
Metathorax. a4, ante-coxal piece; cI-cIII, coxae; cs,
lateral cervical sclerites ; ¢sv, ventralditto ; ¢, episternum ;
em, epimeron; p, pre-coxal bridge; sp, spiracle; sII,
eusternum ; sIII, sternellum; sIV, poststernellum; ¢, ¢,
trochantin.

sternum, sternum, sternellum and
poststernellum for the presumed
subdivisions. Snodgrass (1909)
adopted the term eusternum in
place of the expression sternum
as the latter refers to all the
ventral sclerites of a thoracic seg-
ment. More recently Crampton
(1914) and Martin (1916), in their
general studies of the thoracic
sclerites, have brought forward
the view that the sternum may

: . 16. 18.—STERNAL AND PLEURAL SCLERITES
consist of five sternites, a con- oF FORFICULA.
dition which is exhibited in pe, pre-episternum ; Is, laterosternite; s, presternum;
Capwia and Leuctra (Plecoptera), W leworng as in Fig. x7.
The former writer has also introduced an entirely new terminology, but
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it appears preferable to retain the original names though not neces-
sarily with the same significance as to the limits of the sclerites to which
they were applied. In the majority of insects, two sternites are typi-
cally present,—the eusternum and sternellum: among Hymenoptera
and Coleoptera the sternites may be fused together to form a single
compound sclerite, The eusternum is a large sclerite of variable shape
and frequently extends laterally and upwards into the pleural region ;
at its sides there may be separate plates (laferosiernites of Crampton) as
in TIsoptera and Dermaptera. The laterosternite may become united
with the episternum of its side to form the precoxal bridge. The presternum
lies in front of the eusternum and in all probability is derived from it : it
occurs in the prothorax of Ecfobia and Forficula and in front of all three
thoracic segments of Capnia and Leuctra (Crampton). The sternellum
is the sclerite immediately behind the eusternum and frequently bears the
Sfurca (vide p. 47). Although usually fused with the eusternum, it is
distinct in all three segments of Capnia, and in the prothorax of Periplancta.
The poststernellum, as its name implies, lies behind the sternellum and
may bear a median apodeme or spima. As this sclerite is often fused,
either with the segment in front or behind, it is probably to be regarded as
one of the ventral intersegmentalia.

(c) The Legs

The legs are primarily organs for running or walking and are well repre-
sented in their normal condition in a Cicindelid or Carabid beetle. They
exhibit, however, a wide range of adaptive modifications in different fami-
lies (Fig. 19). Thus in Gryllotalpa and the Scarabaide the fore-legs are
modified for burrowing, and in the Mantide for seizing and holding the
prey. In certain families of butterflies the fore-legs are so much reduced
that in these insects there are only two pairs of functional limbs. In the
saltatorial Orthoptera, and Phyllotreta and other genera of Coleoptera,
the hind femora are greatly enlarged in order to accommodate the powerful
extensor muscles which are used in leaping. Among the Odonata all the
legs are adapted for seizing and retaining the prey and are scarcely, if ever,
used for locomotory purposes, while in the Bombyliide the slender legs
are used for alighting rather than walking. In aquatic insects they are
often specially adapted as swimming organs. Each leg (Fig. 20) consists
of the following parts,—coxa, trochanter, femur, tibia and farsus together
with certain basal or articular sclerites.

The Basal Articulations of the Legs (Figs. 17 and 18).—The coxa or
proximal joint of the leg articulates with the body by means of the coxal
process of the pleuron and with the trochantin when the latter sclerite
is present. The coxal process is situated at the ventral extremity of the
pleural suture. The #rochantin is the articular sclerite situated at the
base of the coxa in the more primitive orders. It frequently unites with
neighbouring sclerites, or it may be divided into a pair of plates. Between
the single or divided trochantin and the episternum, or between the tro-
chantin and the precoxal bridge, there is frequently an inner sclerite or
antecoxal piece. The homologies of these small basal sclerites in different
insects are difficiilt to ascertain with any degree of accuracy, and the
various terms which have been applied to them have added to the
complexity of the subject (vide Martin, 1916).

The Coxa.—As mentioned previously, the coxa is the proximal part
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of the leg and in many insects, notably Periplancta and the Isoptera, the
meso- and metathoracic coxa® are each divisible into an anterior portion
or coxa vera, and a posterior portion or meron. Attached to the coxe of the
middle and hind legs in certain primitive insects (e.g. Machilis) there is a
small appendage or sfylus. The latter structure has been regarded as the
homologue of the exopodite of the crustacean leg.

F1G. 19.—ADAPTIVE MODIFICATIONS OF THE LEGS.

A, Cicindela sexguilata ; B, Nemobius vittatus, hind leg ; C, Stagmomantis carolina, left fore-leg; D, Pelocoris femoratus,
right fore-leg ; E, Gryllotalpa borealis, left fore-leg; F, Canthon levis, right fore-leg ; G, Phaneus carnifex, fore tibia and
tarsus of female; H, P. carnifex, fore tibia of male ; I, Dytiscus fasciventris, right fore-leg of male; ¢, coxa; f, femur; s,
spur; ¢, trochanter; b, tibia; ?s, tarsus. Ajfler Folsom, 1923.

The Trochanter.—The trochanter forms the small second joint of the
leg and in the parasitic Hymenoptera it is secondarily divided into two
pieces.

The Femur.—The femur usually forms the largest region of the legand
is especially conspicuous in most insects which have the power of leaping.

The Tibia.—The fourth division of the leg is known as the tibia : it is
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almost always slender and frequently equals or exceeds the femur in length.
Near its distal extremity it carries one or more fbial spurs. In many
Hymenoptera the enlarged apical
spur of the anterior tibia fits
against a pectinated semi-circu-
lar pit in the first tarsal joint,
"and the antennz are passed
between these two organs for
cleaning purposes.

The Tarsus.—The tarsus
forms the terminal part of the
leg and is typically divided into
five joints. When the first joint
is markedly enlarged it is often
designated as the metatarsus.
The tarsus is vestigial in Collem-
bola, one-jointed in Coccide,
two-jointed in Aphidide, while
in some insects it is apparently
six-jointed owing to the presence
of a terminal outgrowth or pre-
tarsus (De Meijere, 190I). Asa
rule, the preetarsus is withdrawn
into the terminal joint or is
wanting. At the apex of the
tarsus there is generally a pair
of tarsal claws or umgues; in
many Collembola and the Coc-
cid&, however, there is a Single F1c. 20.—A TvricalL LeEc orF an Insecr (LEFT
median claw and the same con- HND-LEG oF Brirra).
dition is found in most insect LIy mmeron bn teodanter; ffemuny 4 tbia
larvae. On the ventral or plan-
tar surface of each tarsal joint there is frequently a cushion-like pad In
many insects the distal joint of the tarsus bears a pair of pads or pul-
villi situated beneath the claws.
It may be added that pulvilli
are also variously known as
arolia, onychia, or empodia.
The expression empodium, how-
ever, should only be used with
reference to the single median
structure which is often present
either between the pulvilli of
the terminal tarsal joint, or
unaccompanied by the latter
organs. In some insects the

Fi1G. 21.—FEET oF THE MALES OF A, A4smus empodium is pad—like, and is
CRABRONIFORMIS ; B, LEPTis Norar4, then said to be pulvilliform,
1. . i . i - ot . . . .
¢, claw; ¢, empodium; 2, 1%}1311_ hf,, ¢, last tarsal joint, After but it is often brlstle—hke, as
) . e .
! in the Asilidee (Fig. 21). The

pulvilli, and also the empodia when the latter are pad-like, are commonly
adhesive organs enabling their possessors to climb smooth or steeply in-
clined surfaces. Their structure and function have been investigated by
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Dahl (1884), Dewitz (1884) and others. The ventral aspect of a pulvillus is
either studded with minute pores, which open directly on to the surface of
the cuticle, or is provided with glandular setee known as fenent hairs. In
either case an adhesive fluid is exuded which enables such an insect as the
house-fly to walk in an inverted attitude on ceilings and other surfaces.

Locomotion (Terrestrial).—During walking an insect usually moves
its legs in two series in such a manner that the fore- and hind-legs of one
side, and the middle leg of the opposite side, progress forward almost
synchronously. By this means the body is supported as it were for the
moment on a tripod formed by the remaining three legs. The anterior
leg functions as an organ of traction : having extended and fixed its claws,
it pulls the body forwards by means of the contraction of the flexor muscle
of the tibia. The function of the hind leg is mainly that of pushing the
body forwards, while the middle leg serves to support and steady the body
and determines its movement in the vertical plane (Demoor, 1890). For
detailed information on the subject of terrestrial locomotion, and the
mechanics of the process, reference should be made to the text-books of
Packard and Graber (Die Insekten, p. 157).

(d) The Wings

The presence of wings is one of the most characteristic features of insects,
and the dominance of the latter as a class is to be attributed to the possession
of these organs. Owing to their wide range
of differentiation, wings provide one of the
most useful characters for purposes of classi-
fication. In virtue of its more or less tri-
a < angular form the wing of an insect presents
o, 22 WiNG oF A FYMENO- three margins (Fig. 22) ; the anterior margin

PTERON (explanation given in the or costa (a”b) ; _the outer OT apzcal_ margin
text). (b~c) and the inmer or anal margin (c-d).
#, pterostigma. Three well-defined angles are also recogniz-
able, viz., the humeral angle (a) at the base
of the costa ; the apex (b) or angle between the costal and outer margins
and the anal angle (c) between the outer and inner margins. Although, in
the greater number of insects, the wings appear to be naked, in many
cases microscopical examination reveals the presence of fine hairs. On the
other hand, in certain groups the wings are obviously clothed. In the
Trichoptera and the dipterous family Psychodide, for example, they are
closely covered with hairs, while in the Lepidoptera the wings are invested
with overlapping scales,

Tillyard (1918a) has made a study of the hairs occurring on the wings of the most
primitive groups of the Holometabola. Microtrichia are found indiscriminately on
the wing-membrane and veins alike. Macrotrichia or true sete, which have annular
bases of insertion, are found on the main veins and their branches, on the archedictyon
(p. 35), less frequently on the wing membrane and very rarely on the cross-veins.
On the disappearance of the archedictyon, or of an individual vein, the macrotrichia
may persist on the wing membrane in their original positions ; their presence thereon
is regarded by Tillyard as evidence of descent from more densely veined ancestors.
By plotting the positions of the macrotrichia present on the wing membrane in such
primitive forms as Archichanloides, Rhyacophila and Rhyphus, and joining them up
into a polygonal meshwork, the lost archedictyon can often, to some extent, be
reconstructed.

A conspicuous opaque spot is found near the costal margin of the wing
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in many insects, and is termed the stigma or pilerostigma (Fig. 22). Tt is
present, for example, in the fore wings of the Psocoptera, and most Hymen-
optera, and in both pairs of wings of the Odonata.

The Basal Attachment and Articular Sclerites of the Wings.—
Each wing is hinged to two processes of the notum of its segment, the
anterior notal process and
the posterior notal process
(Fig. 14). The wing also
articulates below with the
pleural wing process. The
posterior margin of the
membrane at the base of
the wing is frequently
strengthened to form a
cord-like structure known
as the axillary cord. The
latter arises, on either
side, from the posterior
lateral angle of the notum

(Flg'. 24)' ' F1c. 23.—PORTION OF A WING OF RryPuUS BREVIS SHOWING
Situated about the MACROTRICHIA AND MICROTRICHIA. After Tillyard,
base of each wing is a Proc. Linn, Soc. N.S.W. 43.

variable number of arfi-
ular sclerites which consist of the tegule and the axillaries (Fig. 24). The
legule (paraptera of some authors) are a pair of small scale-like sclerites
carried at the extreme base of the costa of each fore-wing : they are rarely
present in connection with the hind-wings. Tegule are best developed
in the Lepidoptera, Hymenoptera, and Diptera, being especially large in
the first mentioned order. The axillaries (pteralia) participate in the
formationof the
complex joint
by which/ the
R wing is articu-
" lated to the
thorax. Accord-
ing to Snod-
s grassthey occur
) in all winged
D\ o Ms insects but are
A A Cu, muchreducedin
the Ephemerop-

F1G6. 24.—DIAGRAM OF A GENERALIZED INSECT WING SHOWING ARTI-  tera and Odo-

CULAR SCLERITES. . h
1 Ax—4 Ax, axillary sclerites; anp, and pup, anterior and posterior wing-processes; AxC, nata : In the

axillary cord; Tg, tegula; N, notum; PN, postnotum. For symbols of wing veins vide p.
34. Ajter Snodgrass, Bur. Ent. Tech, Ser. 1,8. two 1 at t er
orders the wing

base is directly continuous with the notum. As a rule, three of these
sclerites are present, but a fourth occurs in the Orthoptera and Hymenop-
tera. The first axillary articulates with the anterior notal process and
is associated with the base of the sub-costal vein. The second axillary
articulates partly with the preceding sclerite and, as a rule, partly with
the base of the radius (vide p. 34). The #hird axillary usually articulates
with the posterior notal process. When a fourth axillary occurs it has
a double articulation, i.e., with the posterior notal process proximally
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and with the third axillary distally. For a more detailed treatment of
these sclerites vide Snodgrass (1909).

In addition to the foregoing, there are present in many insects small
plates or basalar sclerites (paraptera of Snodgrass) which are located below
the articulation of the wings (Fig. 14). Although they are to be regarded
as pleural sclerites, they may be conveniently referred to here on account
of their close association with the attachments of the wings. The basalar
sclerites are separated into two series by the pleural wing process. There
are never more than two anterior basalar sclerites and, since they lie immed-
iately above the episternum, they are termed by Snodgrass the episternal
paraptera. As a rule there is only a single posterior basalar sclerite (epi-
meral parapterum) which is situated just behind the pleural wing process
and above the epimeron.

Modifications of Wings.—Although wings are usually present in adult
insects a by no means inconsiderable number of species are apterous. This
condition is a constant feature of the Apterygota, where it is a primitive
character, but in the Pterygota the loss of wings has been secondarily
acquired. The parasitic orders Anopleura and Aphaniptera are exclu-
sively apterous, and the same applies to the sterile castes of the Isoptera
and Formicide, and to the females of the Coccidee. Among other Ptery-
gota, apterous forms are of casual occurrence, and often confined to a
single sex or species. Thus, in the moth Hybernia defoliaria, and most
Embiidz, the females alone are apterous, while in the Chalcid genus Blasto-
phaga it is the male which has lost the wings. Transitional forms between
the apterous and the fully winged condition are found. In the moth
Diurnea fagella, for example, the wings of the female are lanceolate append-
ages, but little more than half the length of those of the male, and useless
for flight. In the winter moths (Cheimatobia), and in the fly Clunio marinus,
they are reduced in the female to the condition of small flap-like vestiges.

Throughout the Diptera, and in the males of the Coccide, the hind
wings are wanting, and are represented only by a pair of slender processes
which, in the Diptera, are termed halleres. Among the Coleoptera, the
fore-wings are much hardened to form horny sheaths or elytra, which protect
the hind-wings when the latter are in repose. In the genus Atfractocerus,
and the males of the Stylopide, the elytra are reduced to the condition
of small scale-like appendages. On the other hand, in certain Carabide
and Curculionide, the hind-wings are atrophied and the function of flight
is lost. In the Heteroptera the fore-wings are thickened at their bases
like elytra and, for this reason, are frequently termed hemelytra. Among
the Orthoptera, the fore-wings are hardened and of a leathery consistency,
being known by many writers as fegmina.

The Wing-Coupling Apparatus.—There seems little doubt that, in
the primitive Pterygota, the fore and hind pair of wings moved independ-
ently of each other, and that coincidence of motion was a later acquisition,
consequent upon the development of a wing-coupling apparatus. The
studies of Tillyard (x918) indicate that, in those orders in which the wings
were more or less hairy, the marginal macrotrichia probably became special-
ized and localized to form a locking mechanism. The most archaic form
of the latter consisted of a projecting bristle-bearing area or lobe on the
hind margin of the fore-wing and a very similar structure on the costal
margin of the hind-wing. Thus, in the fore-wing the backwardly projecting
area of contact with the hind-wing is the jugal lobe, bearing a series of
jugal bristles : similarly, the area of contact of the hind-wing with the
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fore-wing is the Ahumeral lobe, and the bristles projecting therefrom con-
stitute the frenulum (Fig. 25). The wings of a side are interlocked by the
frenulum projecting beneath the jugal lobe of the fore-wing, and the jugal
bristles lying above the costa of the hind-wing. The nearest approach
to this archaic condition is exhibited among certain of the Mecopiera.
Thus, in Teniochorista the jugal lobe and its bristles are retained unmodi-
fied and there is a small definite humeral lobe, but the frenulum is reduced
to the condition of two very
powerful bristles (Fig. 25, B).
In most of the Hymenoptera
the costal margin of the hind-
wing bears a series of hooks
or hamuli, whose function is
to grasp a ridge-like thick-
ening along the inner mar-
gin of the fore-wing. In the
majority of the Lepidoptera
the wings are held together by  Frc. 25.~Tvees oF Wing-coupLiNG APPARATUS.
means of the frenulum which is A, hypothetical generalized type. B, Mecoptcra (T@niockorista) ;
maintained in place by a Kind 5 fiskwing: 5 eed Liver . Jugans 5 el bucties s b
of catch or retinaculum on the llgtgclexgmlo%%; I'\I;]’Sflrif'ngum' r, retinaculum. After Tillyard,
fore-wing (Fig. 25, D). In

moths of the family Hepialide the jugal lobe or jugum of the fore-wing
projects beneath the hind-wing and, owing to the greater part of the inner
margin of the fore-wing overlapping the hind-wing the wings in this manner
become interlocked (Fig. 25, C).

_ The Structure and Development of Wings.—Wings are thin plate-
like expansions of the integument which are strengthened by a framework
of hollow chitinous tubes known as veins or nervures. A wing is composed
of upper and lower layers which may readily be separated in an insect
which has just emerged
from the pupa. Viewed
in transverse section (Fig.
26), the veins are seen to
be much more strongly
chitinized than the wing
membrane and each, as a
rule, encloses a small cen-
tral trachea. A fine nerve

- fibre accompanies the

F1G. 26.—TRANSVERSE SECTION OF A VEIN AND ADJACENT larger veins of many in-

fﬁalo;;;;i}z WING-MEMBRANE OF A MOTH, Noro- sects (Mosley, 1871) and a

U, upper; L, lower surface; v, vein; k, remains of hypodermis; z, degenerate trachea known

frachen’ o fulte, by Mood corlclo g b plasma s, basement mém 25 Semper’s rib " is pre-

sent in Lepidoptera along-

side the ordinary trachea within the vein cavity. When an insect emerges

from the pupa or nymph, as the case may be, the veins contain blood

which has been ,observed to circulate through them, and even in the
fully formed wings the circulation is often still maintained.

At an early stage in formation, wings are seen to be sac-like outgrowths
of the body-wall, which they resemble in histological structure. Whether
they are tergal or pleural (or both) in nature is a disputed question and
the opinions of various observers are conflicting. On the whole the balance
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of opinion supports the conclusion that they are tergal structures. In
the more primitive orders, with incomplete metamorphosis, they arise
externally, but among insects with complete metamorphosis they remain
within the body until they attain an advanced stage of development.
In insects with incomplete metamorphosis the wing rudiments first
appear externally in post-embryonic life along a line where the suture
between the tergum and pleuron later develops (Comstock, 1918). In
most nymphs they are so directly continuous with the tergum that they
have the appearance of being postero-lateral outgrowths of that region.
The external changes
*_-P¢  during growth are com-
-'--.'.".:.:B_c paratively slight and
mainly consist of an
increase in size after
each moult. When the
_sbm  adult stage is assumed
the wings become fully
expanded, and the vari-
ous structural changes
are completed. In
transverse section (Fig.
27) the developing wing
Fi1G. 27.—TRANSVERSE SECTION OF A PORTION OF THE WING is seen to be 1nves.ted
oF A PuraL INstcr. externally by the cuticle
. U, upper surface ; L, lower su‘rface; #c, pupal cuticle ; ¢, cuticle of develop- a.l’ld, 1 in .USt beneath
i A bl ving? 8 bl oThypoterial ol ool (3 CY er is the hypo-
dermis which is com-
posed for the most part of greatly elongated cells ; internally the hypodermis
rests upon a basement membrane. During early development tracheal
branches enter the wing-buds and extend as the latter enlarge, supplying
the growing wings with air. In many places, the basement membrane
of the upper and lower layers subsequently meet and fuse, but along the

F1G. 28.—THE HYPOTHETICAL PRIMITIVE TYPE OF WING VENATION WITH THE NAMED CROSS-
VEINS ADDED (for reference lettering, vide pp. 34 and 36). After Comstock (modified).

courses of the trachesz it remains separate, thus demarcating the cavities
of the future veins. In a surface view of a developing wing, the vein
cavities are seen as paler coloured lines containing blood and trachez; in
the cavities of the transverse veins trachez are wanting. It is important
to note that the principal longitudinal veins, as a rule, are formed about
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the trachez and, as the latter are very constant in number and position,
they provide valuable data for determining the homologies of the future
wing veins. During the final stages of development the hypodermis secretes
the thickened cuticular walls of the veins and also the wing membrane,
but very little trace of its cells persists in the fully expanded wings.

Comstock and Needham (1898-gg) have made a comparative study
of the wings of nymphs and pup= which renders it possible to construct
the hypothetical trachea-
tion of a wing of a primi-
tive nymph (Fig. 28) from
which the fundamental
type of wing venation of
each order of insects is
presumed to have been
derived.  Two. distinct
groups of trachee enter
the wing—the costo-radial
group and the cubito-anal
group. This condition is
preserved in an almost
unmodified form in the
Blattide, the Plecoptera
and some Homoptera.
More wusually, however,
the two groups are united
by a transverse trachea
whose position is repre-
sented by the dotted line
in Fig. 28.

In insects with com-
plete metamorphosis, the
development of the wings
has been followed much
more closely than in the
case of the lower orders.
It presents many remark-
able phenomena which
have attracted the atten-
tion of numerous inves-
tigators, among whom
Weismann, Gonin, Kunc-
kel d’Herculais, Pancri- Fic. 29.—Successive STAGEs 1N THE DEVELOPMENT OF
ﬁus, Mayer and Mercer A WING-BUD OF PIERIS.

: a~d, sections of wing-bud ; ¢,f, surface views of fore and hind wings to
may be SPCCIG-HY men- show tracheation ; ct, cuticle; d, wing-bud; e, hypodermis; #, peripodial
tioned (Vide also P I89) membrane ; ¢, trachez. From Comstock, after Mercer. (Reproduced from

Carpenter * Insect Transformation.”’)

The wings arise from

imaginal buds or thickenings of the hypodermis, usually in the neighbour-
hood of one of the larger trachew, and are evident in the very young larva
or even the embryo,(Fig. 29). These buds become enlarged and invaginated
to form pocketylike sacs, or peripodial cavities (Fig. 29, c), from the bottom
of which the thickened portion of the bud ultimately becomes evaginated.
At the same time, the walls of the pocket become extremely thin but retain
their connection with the hypodermis. At a later stage, the evaginated por-

G.T.E.—3
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tion elongates and comes to hang downwards; it is this evaginated portion
which, at a later stage, forms the wing. Subsequently, the wing rudiment,
as we may term it, becomes pushed out of its pocket and, during the last
larval stadium, it comes to lie just beneath the cuticle. On the assumption
of the pupal stage, the wing rudiments become evident externally along
the sides of the body. When the imago emerges, the wings appear as small
wrinkled sacs which gradually become distended by blood pressure, and
attain their full development usually several hours afterwards. During
their later stages of development the wing buds become supplied with
tracheoles. In Pieris, for example, during the 4th larval stadium a series
of tracheoles arise as proliferations of the epithelium of the large tracheae
associated with the wing bud. These tracheoles may be termed the larval
or provisional tracheoles, and they extend in bundles into the developing
vein cavities. A little later, the true wing trachez develop as tubular
outgrowths of the large trache®, and extend into the vein cavities along
with the larval tracheoles, which they supplant. During the early pupal
stage the latter degenerate and disappear. Although the study of the
tracheation of the pupal wings has yielded important data for ascertaining
the homologies of the wing veins of the adults, there is a wide divergence
in the extent to which the pupal wing-trachea correspond with the veins
of the imagines. Thus, among the Hymenoptera, specialization may
take place to such a degree that the completed wing veins diverge very
greatly from the primitive courses of the trachex. In these instances,
comparison with more generalized types aids in settling the identity of the
principal veins.

Venation.—The complete system of veins of a wing is termed its vena-
tion or neuration. The venation presents characters of great systematic
importance, but unfortunately the various systems of nomenclature in
use are confusing both to the student and the specialist. The establishment
of the different systems was made by entomologists whose work was unin-
fluenced by the modern conceptions of evolution. The result has been
that the terminology of an individual author was usually only applicable
within the limits of the particular order of insects which he studied. This
lack of uniformity has made it incumbent upon the student to learn the
particular nomenclature adopted by the authority whose works he may
be studying. It is true, efforts have been made to introduce a common
terminology for the venation, which shall be uniform throughout the different
orders but, until the work of Comstock and Needham (1898), little success
had been achieved. By means of an extensive study of the trachee which
precede, and in a general sense determine the positions of the veins, these
writers have constructed a hypothetical type of venation (Fig. 28) from
which all other types have presumably been derived. An examination
of nymphal and pupal wings has also yielded valuable data for determining
the homologies of the wing veins in the most diverse orders of insects.
It is noteworthy that the conclusions drawn from the study of the ontogeny
of living insects is largely confirmed by palaontological evidence.

The following principal longitudinal veins (named after the pre-existing
trachez) may be distinguished, and reference to Ifig. 28 shows their relations,
and primitive branching, together with the abbreviations introduced by
Comstock and Needham. The cosfa (C) is unbranched, the sub-costa (Sc)
rarely branched, while the radius (R) in its least modified condition is 5-
branched. The main stem of the radius divides into two, of which the
first branch (R,) passes directly to the wing margin ; the second branch,
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or radial sector (R, ultimately divides into four branches (R, to Rj).
The media (M) is primitively 4-branched, the cubitus (Cu) is 3-branched
and there are three distinct anal veins (14, 24, 34). The latter are ex-
tremely variable and, in wings with a reduced anal area, some or all may be
wanting. On the other hand, in insects with a well-developed anal area,
one or more of the anal veins may exhibit branching. In instances where
branching occurs, the branches differ from those of the other principal
veins in that they do not appear to be derived from any uniform primitive
type.

ypIn the more generalized insects the wings are corrugated after the
manner of a partially opened fan. Those veins which follow the ridges
are termed by Comstock convex veins and those which follow the furrows
CONCAVE VEINS.

Deviation from the primitive venational type has occurred in two ways,
i.e., by reductﬁfﬁd by addition. In many insects the number of veins
is less than in the hypothetical type, and the reduction has been brought
about by the degeneration or
complete atrophy of a vein, or
of one or more of its branches,
or by the coalescence of adja-
cent veins. Atrophy explains
the presence of only a single
well-developed anal vein in
Rhyphus (Fig. 30) and other

Diptera, while the occurrence
Fic. 30.—WiNG oF Rureuvs puxcrarvs. (For . . . .
explanation of lettering, vide pp. 34 and In thls_ genus of a Slngle veln

36.) [3 R,,s in the place of the two

originally separate veins R,and
R, is due to coalescence. Similarly R, and R;have coalesced, and the single
vein thus formed may be conveniently referred to under the abbreyviation
R.,s. Coalescence takes place in two ways: the point at which two veins
diverge may become gradually pushed outwards nearer and nearer the
margin of the wing until the latter is reached, and only a single vein remains
evident. In the second method, the apices of the two veins may approxim-
ate, and ultimately fuse at a point on the wing margin : coalescence of
this type takes place inwardly towards the base of the wing. The first
type is well exhibited in the case of the radial veins of RhAyphus, while
the second method is exhibited in the apical fusion of 1A and Cu,, in Tabanus
(Fig. 31). The homology of a particular vein is often difficult to determine,
and resort has to be made to comparison with allied forms, which exhibit
transitional stages in reduction, or to a study of the pupal venation.

In cases where an increase in the number of veins occurs, the multiplica-
tion of the latter is due either to an increase in the number of branches
of a principal vein, or to the development of secondary longitudinal veins,
between pre-existing veins. In no instance is there any increase in the
number of principal veins present. For a more detailed acquaintance
with the various modifications of the wing veins the textbook of Comstock
(1918) should be consulted.

In the wings of 'certain of the most generalized insects, such as the
fossil Palzodictyoptera, an irregular network of veins is found between
the principal longitudinal veins, but no definite cross veins are present
(Fig. 32). To this primitive meshwork Tillyard (1918) has given the name
archedictyon. It appears to have undergone suppression in the Holometa-
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FiG. 31.—WiNG oF Ta4Banvus,

bola, though it is very probably homologous with the still-existing dense
reticulation present in certain orders of Exopterygota such as the Odonata.
Needham (1903) from his studies of the wings of the latter order has dis-
cussed the transformation of such an irregular network into regular trans-
verse veins, and reference to Fig. 32 is sufficient to explain his views as
to the origin of the latter. Transitional stages in the evolution of definite
cross-veins may also be obseived in wings
of the more specialized Paladdictyoptera
and among living Orthoptera, where both
irregular and definite cross-veins occur in
the same wing. According to Tillyard,
however, true cross-veins are later
developments; and they are never pre-
ceded by trachez and are almost always
devoid of macrotrichia. Veinlets, on the
other hand, are primitive and constitute
the finer twigs of a principal vein : they
B are preceded by trachez and carry mac-
rotrichia (Fig. 33). Whether the arche-
= NYOUA\VARAnE dictyon arose in connection with prece-
§%03 OE%&’%O%S%%%QU[ dent trachex in the wing—rudimegt, or
77777  independently, is unknown. It is prob-
Fi6. 32.—A. PoRTION OF A WING  ,hlo" therefore, that homologous cross-
oF A CARBONIFEROUS INSecT (HY- . . N N
PERMEGETHES) SHOWING ARCHEDICT-  VEINS do not exist in many orders : their
voN. Afier Handlirsch. B. Dia-  positions, however, in some cases are so
GRAN ILLUSTRATING THE Tvo “ifier constant that analogies, if not homolo-
Needham. gies, can be traced and similar names are
applicable.  The following cross-veins
are the most important (Fig. 28)—
The humeral cross-vein (h) extending from the sub-costa to the costa,
near the humeral angle of the wing.
The radial cross-vein (r) extending from R, to the radial sector (R,).
The sectorial cross vein (s) extending from the stem R,,; to R4,5 or
from R, to R,.
The radio-medial cross-vein (r—m) extending from the radius to the media,
usually near the middle of the wing.
The medial cross-vein (m) extending between M, and M,.
The medio-cubital cross-vein (m—cu) extending from the media to the
cubitus
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The veins divide the wings into spaces or cells. In the Comstock-
Needham system the terminology of the cells is derived from the veins
which form their anterior margins. The cells fall into two groups, i.e.,
basal cells and distal cells. The former are bounded by the principal
veins, and the latter by the branches of the forked veins. Thus the cell
situated behind the main stem of the radius, near the base of the wing, is
cell R, while the cell behind the first branch of the radius is designated as
cell R,. When two veins coalesce the cell that was between them becomes
obliterated. Thus when veins R, and R; fuse as in Rhyphus (Fig. 30),
the cell situated behind the vein R,,; is referred to as cell R; and not
cell R,,s cell R, having disappeared. Not infrequently two or more
adjacent cells may become confluent owing to the atrophy of the vein or
veins separating them. The compound cell is then designated by a com-
bination of the abbreviations applied to\the originally separate cells. Thus,
a cell resulting from the fusion of cells R and M, is referred to as cell
R+M. The advantage of this relatively simple system of nomenclature
is evident in the case gf the so-called discal cell for example. The latter
expression has been used in at least four separate orders of insects with
reference to a
different cell in
each instance.

Flight of
Insects.— The
flight of insects
is unlike that
found elsewhere
in the animal

kingdom, not ﬁ A

only with re- _,,LT,
gard to the e -I» --------

mechanism of

ﬂying, but also Fic. 33.—PorTION OF COSTAL AREA OF FORE-WING OF Psrcmorsis
with reference ELEGANS WITH THE CORRESPONDING TRACHEATION (TO THE LEFT)

OF THE PUupAL WING.
to the nature of
. C, costa; ct, trache@ preceding the costal veinlets; cul, costal veinlets ; #, cross-veins;
the wing stroke. R, radlus Rs radial sector ; Sc, subcosta. Affer I'lllyard Proc. Linn. Soc. N.S.W. 43.

The researches

of Marey (1869) have contributed much towards an exact knowledge of
this difficult subject and, among other methods, chronophotography was
largely used by this observer. Marey was able to obtain 110 successive
photographs per second of a bee in flight but as the wings were vibrating
190 times per second, the images obtained represented isolated though
consecutive phases of wing movement. This observer was successful in
obtaining clear but isolated images of vibrating wings after an exposure
of only ;i; of a second. According to Marey air-pressure is the main
factor which determines the nature of the wing stroke. He concludes
that the wing muscles only maintain the to and fro movements of the
wings, while the flexibility of the wing membrane, when the latter meets
th&resistance offered by the air, causes the surface of the wing to be inclined
at the most favourdble angle. The result is that the path or trajectory
made by the apex of the wing takes the form of a continuous series of the
figure 8. This was determined by Marey, with the aid of a spangle of
gold leaf, fixed to the extremity of a wasp’s wing. The insect was then
held in the sun with a pair of forceps, in front of a dark background and,
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under these conditions, a glistening 8-shaped trajectory was observed.
The width of the loops of the 8 varies in different insects, and is also depend-
ent upon the speed of motion, and the varying action of the wing muscles.
Another factor to be taken into account is the nature of the basal articula-
tions of the wings. It is a matter of controversy whether the articulatory
mechanism alone causes the wing to pass through the air, along the course
indicated by Marey, or whether the basal articulation is sufficiently flexible
to admit of air pressure alone forcing the wing out of what would otherwise
have been a simple to and fro motion. Lendenfeld (1881) maintains that
the course of the wing is entirely determined by the nature of its basal
articulation and the action of the wing muscles. It is not unlikely that
among the Odonata, in which the flight mechanism attains a high degree
of complexity, these two factors are important contributory causes.

For the purpose of determining the frequency of their movements,
wings may be regarded in the same way as vibrating wires. A record
thereof may be obtained graphically by means of a revolving cylinder
covered with smoked paper, the least contact of the tip of the wing removing
the black, and exposing the white paper beneath. If the record thus
obtained be compared with one made on the same paper by means of a
tuning fork, of an ascertained period of vibration, the frequency of wing
movement can be determined with great accuracy. By this method, it
was calculated that a house-fly makes 330 strokes per second, a bee 190,
a moth (Macroglossa) 72, a dragon-fly 28 and a butterfly (Pieris) 9 strokes
per second.

Origin of Wings.—Two principal theories have been advanced to
account for the origin of wings in insects. (1) The tracheal gill theory of
Geganbaur which has been upheld by Lubbock, Graber, Lang, Verson,
Woodworth and many others. According to this theory, wings are derived
from thoracic tracheal gills, which have lost their original function and
become adapted for purposes of flight. Tracheal gills, however, are very
inconstant in position, and may be developed from the dorsal aspect of
the terga, from the sterna or the pleura, at the apex of the abdomen, on
the head and even between the
wings. Furthermore, there is
good reason to believe that if the
tracheal gill theory were upheld,
we should have to conclude that
the ancestors of winged insects
were temporarily aquatic, and
thus acquired gills, which subse-
quently developed into wings
when these animals became air
— breathers for the second time.

=) (2) The alternative theory has

\ been conveniently termed by

Crampton (1916) the paranotal

F1c. 34.—A CARBONIFEROUs INSEcT (SrEyo- theory. Tt is due to Muller (1873—
DICTYA LOBATA) SHOWING PROTHORACIC WING-
LIKE Expaxsions. From Carpenter, afler 75): and among the supporters of
Handlirsch, this view are Korschelt and
Heider, Packard, Comstock and

Needham, Handlirsch and others. It is maintained that wings arose in
the first instance as lateral expansions (paranota) of the thoracic terga—
a view which is not inconsistent with the facts of wing development
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among the lower Pterygota. These expansions are very similar to those
found on the prothorax of Stenodictya (Fig.
34) and other fossil insects. They are also
present on nymphs of Calotermes (Fig. 35),
and in certain Mantids, Lepismids and Heter-
optera, as well as on the abdominal region in
various Phasmids. There is, indeed, an in-
herent tendency towards the development of
such structures in diverse groups of insects
and in other Arthropods. During the course
of their evolution, it is believed that the tergal
gxpansions became sufficiently large to func-
tion somewhat after the manner of para-
chutes, in insects which possessed a tendency
to leap. At a later stage, it is claimed, they
acquired direct articulation with the tergal
region, became supplied with trachez and Fie. 35.—A Nvmer oF Culo-
developed the power of independent move- e n Froha
ment, SIONS. After Bugnion, Bull.
An extended discussion of these, and other Mus. d'Hist. Nat. 1914

theories which have been put forward to

account for the origin of insect wings, is given by Woodworth (1go6) and
Crampton (1916).
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THE ABDOMEN

(@) Segmentation of the Abdomen

HE abdomen (Fig. 1) is composed of a series of segments which
are more equally developed than in the other regions of the body.

For the most part they retain their simple annular form, the
terga and sterna are generally undivided shields, while the pleura are
membranous and usually without differentiated sclerites. Reduction or
special modification of certain of the segments is evident at the anterior
as well as at the caudal end of the abdomen, but more especially in the
latter region, and this specialization increases from the lower to the higher
orders. The abdominal segments are sometimes designated uromeres and
their primitive number as revealed by embryology is eleven. In the
embryos of many insects there is a terminal region or felson but it is rarely
found in the imagines. The telson never bears appendages or other meta-
meric organs and, for this reason, does not come under the category of a
true segment. As a rule, the number of segments becomes reduced during
development, either by coalescence or atrophy; the actual number present
in adult insects is frequently very difficult to ascertain owing to the tele-
scoping, or other modifications, which have taken place at the caudal
extremity. Among adult insects eleven segments are retained, for example,
in the Thysanura and Odonata: the podical plaies, or sclerites, which
bear the cerci in the lower Pterygota, probably represent vestiges of the
eleventh segment. Ten segments are recognizable in other of the more
primitive orders and the tergum of the last segment, whatever its numerical
designation may be, is frequently referred to as the suranal plate or pygi-
dium. In the higher orders, a progressive modification by reduction is
met with until only three or four abdominal segments are visible, as in
the Chrysidide. The Protura differ from all other insects in that the
number of abdominal segments increases during post-embryonic develop-
ment, the exceptional number of twelve being present in the adults. The
Collembola are also exceptional in possessing never more than six segments,
either in the embryo or the adult. In most insects the first abdominal
segment, and more especially its sternum, is reduced or vestigeal. In
the Hymenoptera-Apocrita, however, this somite becomes fused with the
metathorax during the change from the larva to the pupa and is known
as the propodeum, epinotum, or median segment.

In many insects, more especially certain of those whose eggs are
deposited within plant tissues or in other concealed situations, the distal
abdominal segments become attenuated and often telescoped, one into the
other, to form airetractile tube which is used as an ovipositor. This modi-
fication is well exhibited in the Cerambycide, Cecidomyide, Trypaneide,
Muscide and other families. A true ovipositor is of an appendicular
nature and is dealt with in the next section.
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(b) Appendages and Processes of the Abdomen

In the embryos of most insects a pair of appendages is borne on each
of the abdominal segments but not on the telson. Those of the first seven
segments usually disappear during embryonic life, but a variable number
are retained as adult organs in the
Apterygota, and as larval organs in
some Pterygota. The appendages of
the 1rth segment are frequently re-
tained as cerci which probably repre-
sent the endopodites of a pair of
crustacean limbs. Cerci occur in

¢ both sexes and are often long and multi-
THE APICAL  articulate as in Thysanura, Plecoptera
and Ephemeroptera; in the Blattidz
they are shorter, and in the Locustida
they arg reduced to a single joint, or
they may be papilliform as in many
termites. In the Dermaptera and
Japygide they are modified into forceps and in the nymphs of zygop-
terid dragon-flies they are transformed into gills.

Associated with the 8th and gth segments in
the female, and the gth segment in the male,
there are paired structures (gonapophyses) form-
ing the genstalia which are the external organs
of reproduction. They are present in many
orders but in others they are greatly reduced or
wanting.

The female genitalia consist of three pairs of
gonapophyses or valves which collectively form
the ovipositor. Their degree of development and
co-adaptation varies according to the uses to
which that organ is subjected. In the Anopleura, Fic. 37.—VENTRAL VIEW OF
for example, an ovipositor is absent: in  THE APEX OF THE ABDO-

Vit

T ey

Fic. 36.—DIAGRAM OF
SEGMENTS OF THE ABDOMEN OF A
DEVELOPING INSECT EXPRESSING THE
ALTERNATIVE VIEWS REGARDING THE
APPENDICULAR ORIGIN OF THE GENI-
TALIA.

VII-XI, 7th to 1rth abdominal segments; ¢, cerci.

Periplaneta its valves are very small and free: mEN OF A FEmALE Maon-
in the Locustide those of one side are held to-
gether by tongues and grooves and form, along
with their counterparts of the opposite side, an
elongate and powerful egg-laying instrument : in
many Hymenoptera the ovipositor is greatly
attenuated and modified for piercing
(Fig. 38) consists of a pair of ventral

721 SHOWING GENITALIA.
¢, cercus; ¢f, median caudal
fillament s cxg, cx, coxites of 8th and
gth sterna; stg, b, styli; v, o,
inner and ventral valves of ovipositor ;
tyo, 10th tergum. After Walker,
Ann. Ent. Soc. Am. 15.

or stinging. A typical ovipositor
valves developed from the gonapo-

physes of the 8th segment, a pair of inner valves developed from the

inner gonapophyses of the gth

developed from the outer gonapophyses of that same segment.

segment, and a pair of dorsal valves

The method

by means of which these valves are interlocked is shown in Fig. 39 and

the inner pair forms

the channel through which the eggs are conveyed.

In the Hymenoptera it will be observed that the inner valves are fused
to form a sheath for the ventral valves which function as stylets.

The male genitalia (Fig. 40)

usually belong to the 9th segment and

consist of an outer pair of gonapophyses or claspers and a much smaller
inner pair or parameres which are closely associated with the @deagus or

copulatory organ (p. 140).

In addition to these parts, accessory organs
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are frequently developed as modifications and outgrowths of the body-wall.
In the Machilide (Fig. 40, A) a pair of gonapophyses is present in relation
with the 8th segment as in the female.

F1g. 38.—OVIPOSITOR OF A LONG-HORNED GRASSHOPPER (CON0CEPHALUS).

VII—X, terga; s, s, sterna; Cer, cerci; 1G, ventral valve; 2G, inner valves; ShB, bulb-like swelling formed by
the fusion of the bases of 2G; 3G, dorsal valves, the left one is shown as if cut off near its base. After Snodgrass, U.S.
Bur. Ent. Tech. Ser. 18.

The homologies of the genitalia are extremely difficult to determine
and the following views are held by various authorities with regard to their
morphology (Fig. 36).

(r) That they represent the abdominal appendages of the 8th, gth and roth
segments. This view receives support from the investigations of Wheeler (1893)
who states that in Xiphidium there is direct continuity between the embryonic

appendages of those segments and the
genitalia. Owing to the very early fusion
of their corresponding segments, the

<

F1Gc. 39.—TRANSVERSE SECTIONS OF THE
OVIPOSITOR OF—A, AN ORTHOPTERON
(Puaseonvra) after Dewitz ; B, A HYMEN-
OPTERON (Srrex) after Taschenberg. The
method of interlocking of the valves is
shown.

d, dorsal valve; ¢, inner valve; v, ventral valve.

1. 40.—VENTRAL VIEW OF THE APEX OF
THE ABDOMEN OF A, Macuizis AND B, AN
EPHEMERID SHOWING MALE GENITALIA.

a.g, accessory genitalia (of 8th segment); ¢, cercus;
¢f, median caudal filament; ¢l, clasper; cx,, coxite of
gth sternum ; p, ®deagus (paired in B); pm, paramere;
sg, 5o 8th and gth sterna ; st,—st,, 7th to gth styli; 54, 10th
tergum. After- Walker, Anun., Ent. Soc, Am. 15.

appendages of the 1oth segment come to lie between those of the gth, the latter

thus coming to bear two pairs.

In certain of the lower orders, where the genitalia are but little specialized, the outer
gonapophyses of the gth segment remain as unmodified genital styles which are well
seen in the males of Periplaneta and the Isoptera: in the sterile castes of the latter
order. they are frequently present in this condition in both sexes.

(2) That they represent the appendages of the 8th and gth segments, those of the

latter somite having undergone subdivision.

This view is held by Dewitz and many

- other morphologists, while Crampton homologizes the double appendages of the
oth segment with the exopodites and endopodites of crustacean limbs.
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(3) That they are secondarily developed outgrowths of the body-wall differing
from true appendages in being wholly ventral in position (Heymons).

On the whole the balance of opinion inclines towards the theory of
appendicular origin [(2) above].

Under the category of abdominal processes are the clasping organs of
the 2nd abdomindl segment of male Odonata, the gills of many aquatic
nymphs and larve, the pseudopods of certain larval Diptera and the median
terminal ‘‘ cercus ”’ of Thysanura and Ephemeroptera.

General Literature on the Abdomen and Genitalia

CRAMPTON, 1917.—-A Phylogenetic Study of the Terminal Abdominal Segments
and Appendages in some Female Apterygotan and lower Pterygotan Insects. jJourn.
N.Y.Ent. Soc. 25. 1920.-Remarks on the Basic Plan of the terminal abdominal
Structures of the Males of Winged Insects. Can. Ent.52. DENNY, 1897.-On the
Development of the Ovipositor in Periplaneta. Sheffield. DEWITZ,1875.-Ueber Bau
und Entwicklung des Stachels und der Legescheide einiger Hymenopteren und der
grinen Henschrecke. Zeits. wiss. Zool. 25. HAASE, 1889.-Die Abdominalanhange
der Insekten mit Berucksichtigung der Myriapoden. Morph. Jahvb.15. HEYMONS,
1896 .—Zur Morphologie der Abdominalanhange bei den Insekten. Morph. fahvb. 24.
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Ann. Sci. Nat. 12-19g. PEYTOUREAU, 1895 ~Contribution a I’étude de la Morpho-
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THE ENDOSKELETON

and greatly chitinized, forming rigid processes which serve for the
attachment of muscles and the support of certain other organs. This
internal framework is termed the endoskeleton and its individual parts
are known as apodemes. The latter arise as invaginations of the body-wall
between adjacent sclerites, or at the edge of a sclerite or segment. In
some insects the mouths of the invaginations persist throughout life but,
more usually, the latter become completely solid through the deposition
of chitin.
The endoskeleton is divisible into () the tentorium and () the endo-
thorax.

IN certain regions of the. body the integument becomes invaginated

(2) The Tentorium (Figs 41, 42)

This name is given to the endoskeleton of the head and, in generalized
insects, it i§ composed of
two or three pairs of apo-
demes which pass inwards
and coalesce. The func-
tions of the tentorium
are—(1) to afford a basis
for the attachment of
many of the cephalic
muscles and, at the same
time, to give rigidity to
the head; (2) to lend
support to the brain and
fore-intestine; (3) to
strengthen the points of
articulation of certain of
the mouth-parts. The
apodemes which enter into
the formation of the
cephalic endoskeleton are
termed the anterior, pos-
terior and dorsal arms of
the tentorium according to
their positions. . The inner

ends of these arms fuse olf
with those of the opposite .
ide of the head d ith F16. 41.—HEAD OF BLATTA WITH THE GREATER PART OF
side o ¢ nhead and ithe THE FRONTAL WALL DISSECTED AWAY TO SHOW THE

median skeletal part, thus TENTORIUM.

] as, antennal socket ; a?, df, pt, anterior, dorsal and posterior arms of
formed’ 18 te;‘ med the bOdy tentorium ; ¢, compound eye ; of, occipital foramen ; b, body of tentorium.
of the tentorium.

The anterior arms of the tentorium.—The invaginations which
45
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form these apodemes are situated one on either side of the junction of the
clypeus with the frons. In cases where the ante-coxal pieces of the man-

dibles are developed they are 1

ocated on the latter sclerites. Among the

Blattide the anterior arms fuse basally to form a broad frontal plate of the
tentorium : between the latter and the body of the tentorium is a foramen
through which pass the para-cesophageal connectives. In Diptera the

ta-.-___|
2

F1c. 42.—TENTORIUM OF A WINGED
TERMITE.

ta,, tay, anterior and posterior arms; b, body

of tentorium ; ¢ for. tentorial foramen.

anterior arms are in the form of hollow
intra-cranial tunnels.

The posterior arms of the ten-
torium.—The apodemes of these pro-
cesses are formed as two invaginations
which are placed, one on either side of
the head, immediately above the arti-
culation of the cardo of the maxilla. In
many Orthoptera the open mouths of the
invaginations persist on the surface of
the head-capsule.

The dorsal arms of the tentorium.
—The dorsal arms arise very near the
bases of articulation of the antenne and
bass inwards, between the two preceding

pairs of apodemes, to coalesce with the sides of the body of the ten-
torium, They are often slender, or tendon-like, and may be wanting

altogether.
The body of the tentoriu

m.—This is a median plate which is often

large and its shape varies to some extent in conformity with that of the

head : thus, in the soldiers of

many termites it is elongate, while in the

workers it is a relatively narrow band.

(b) The Endothorax (Figs. 43, 44)

Under the term endothorax is included the endoskeleton of the thorax.
It is composed of invaginations of the tergal, pleural and sternal regions
of a segment and these several apodemes may be conveniently termed
«the endotergites, the endopleurites and the endosternites respectively.

The endotergites or
phragmas arise as trans-
verse infoldings between ad-
jacent tergites. Their main
function is to provide in-
creased attachment for the
longitudinal tergal muscles,
and they are principally
developed in winged insects.
The phragmas arise differ-
ently in different insects
according to whether the
postnotum is present or not

N,
' pN, M

RNy eV
\\\%\. [
=.= f:ﬁ%‘

] 7 /
TiMcl 2Ph sPh

FiG. 43—LONGITUDINAL SECTION THROUGH THE
Back oF THE MEso- AND METATHORAX AND BAsE

OF THE ABDOMEN OF A STONEFLY (ALLOPERLA).
D.M.cl, dorsal longitudinal muscles. IT, 1st abdominal tergum ;
Ng, mesonotum ; N, metanotum ; PN,, PNs, postnotum of meso- and

metathorax; 2Ph, 3Ph, phragmas. After Snodgrass, Proc. U.S.
Nat. Mus., 39.

and, furthermore, they may be attached either to the hind margin of a
tergite, or to the frontal margin of the sclerite immediately behind. In
cases where the postnotum is wanting, the phragma is developed in rela-
tion with the notum and is termed a prephragma. When the postnotum
is also present the phragma developed in relation with it is termed the
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postphragma. Both a pre-and post-phragma may be carried by either the
meso- or meta-thorax in some orders of insects, but no phragma is ever
borne by the prothorax. These apodemes commonly lie between adjacent
segments and, consequently, an individual phragma isregarded as belonging
to the segment behind it. Three phragmas are usually present, the first
being situated between the pro- and meso-terga, and the third between
the meta-tergum and the first abdominal tergum. For a discussion of
the morphology of these apodemes vide Snodgrass (1920, p. 57).

The endopleurites or lateral apodemes are infoldings between the
pleurites. In a e
typical wing-bear-
ing segment of
most insects there
is a single apo-
deme on either
side and it is
known as the
pleural vidge. The
latter terminates
in the wing pro-
cess above, the
coxal process be-
low, and often
bears an inwardly
projecting pleural
arm. The endo-
pleurites are well

1Ax

. Fi1G. 44—DIAGRAM OF A SECTION ACROSS A WING-BEARING
developed in the SEGMENT.

ANP, anterior notal wing process; I1AX, 2 Ax, 1st and 2nd axillary sclerites; Cx
Odona?’a where, coxa ; CxP coxal process of pleuron; Fe, ’furca N, notum ; PA, pleural arm; PR,
accordlng to Ber- pleural ndge S, sternum ; W, wing ; WP wmg process of pleuron After Snodgrass,

Proc. U.S. Nat Alus 6.
lese, there are five 3

pairs. In Melanoplus the mouths of the primitive invaginations remain
open in the adult insects (Comstock).

The endosternites (apophyses of some writers) are commonly repre-
sented by the furce ; each furca is a median apodeme, unpaired at its base,
with two free distal arms. In many Orthoptera, for example, there is
also a median unbranched apodeme or spina which lies behind the furca.
In the Odonata the endosternites are paired, and are inclined so far inwards,
towards the median line, that they almost meet over the nerve cord. In
the honey bee those of ‘the prothorax fuse to form a supraneural bridge,
and the combined meso- and meta-thoracic endosternites together form
a second bridge of a similar character.

The chitinized tendons of certain muscles and the small integumentary
invaginations for muscle-attachments, other than the apodemes mentioned
above, also come under the designation of endoskeleton.

Literature on the Endoskeleton

COMSTOCK and KOCHI, 1902.-The Skeleton of the Head of Insects. Am.
Nat. 36. JANET, 1899.-Sur les Nerfs cephaliques les Corpora allata et le Tentorium
de la Fourmi. Mbm. Soc. Zool. Fr. 12. SNODGRASS, 1910 —The Thorax of the
Hymenoptera. Proc. U,S, Nat, Mus. 39.



THE MUSCULAR SYSTEM

colourless or grey, but the wing muscles frequently exhibit a
yellow, orange, or brown tinge. Unlike vertebrate muscles, the
fibres of both the voluntary and involuntary muscles of insects are cross-
striated, the striz being generally very conspicuous and easily seen. Insect
muscles also differ fundamentally from those of the Annelida not only
in histological structure, but also in the fact that they are never incor-
porated with the layers of the body-wall to form a dermo-muscular tube.
In the case of most of the voluntary muscles, and those of the append-
ages in particular, one of the extremities of a muscle is attached to a rela-
tively stationary skeletal part and the other is attached to the region or
organ which is movable. The attachment to the stationary base is the
origin and that to the movable part is the smsertion of the muscle. In
many instances the fibres of a muscle are directly fixed into the parts
which serve as the origin and insertion. In others chitinous cords, bands,
or integumentary invaginations known as fendons intervene between the
points of attachment and the actual muscle as, for example, in the muscles
of the mandibles.

r I \HE muscles of insects are, for the most part, translucent and either

(a) Histology of the Muscles (Figs. 45-47)

As already mentioned, the muscle fibres of insects are prominently
striated and, in those of the leg and other parts, the striz are clearly visible
in the living untreated tissue. In suitably
stained preparations the strizz are observ-
able throughout the muscles of the body,
including those of the alimentary canal, and
the delicate fibres in the walls of the heart.
Each fibre consists of a number of highly
elastic longitudinal fibrille or sarcostyles
which are composed of alternate light
(isotropic) and dark (anisotropic) portions.
By the juxtaposition of the light and dark
zones in adjacent fibrils the familiar banded
or cross-striated appearance of muscle is
produced (Fig. 45). In the middle of each

“ clear band or zone is a transverse septum

Fic. 45—Lwvineé Muscte or termed Krawuse's membrane to which the
Drriscys.  HIGHLY MAGNIFIED.  gareostyles are joined. This membrane is
witt'}’x%lg:-lsit;p:n;laz’g:;iggtssggi;tkférg?i:ll]?:}f composed of a network of radially dis-
o e e i eyplasm- Afier tributed threads, which cut across the muscle
fibre, thus dividing it into short lengths or

sarcomeres. A muscle fibre may be regarded as a greatly attenuated multi-
nucleate cell which is bounded by a delicate coat or sarcolemma. The

48
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fibre contains a certain amount of undifferentiated protoplasm or sarco-
plasm in which the sarcostyles are embedded. When a nerve-impulse

is received the component fibres of a muscle shorten,
the process being attributed to the shortening of
the dark bands of the individual sarcostyles. The
contraction of the muscle as a whole results in the
movement of the part.or organ concerned. When
the stimulus ceases the radial fibres, by their elas-
ticity, are believed to bring the sarcostyles back
into the position assumed when relaxed. The fibres
of the wing-muscles are considerably larger than
those of the other voluntary muscles, their sarco-
styles are embedded in a greater amount of sarco-
plasm, and the sarcolemma is wanting. Further-
more, the striations of the fibres of the wing-
muscles are less distinct and the nuclei are central
in position, whereas those of the leg-muscles, for

LEZRIL]

Fic. 46.—PorTiON oOF
LEG-MUSCLE OF AN IN-
SECT TREATED WITH
DILUTE ACID.

S, sarcolemma; D, dot-like
enlargement of sarcoplasm; K,
Krause’s membrane. The sar-
cous elements are dissolved or
at least rendered invisible by the
acid. After Schafer:

example, are situated peripherally.

The involuntary muscles of insects exhibit a totally different structure
from those of vertebrates and, in their striated appearance and frequent
tendency to branching, they bear a resem-
blance to cardiac muscle. The detailed struc-
ture of insect muscle and its interpretation
are dealt with in appropriate textbooks, and
reference should also be .made to original
papers by van Gehuchten (1886) and Janet
(1895).

Two views are held with regard to the
nature of the muscle attachments. According
to Snethlage (1905), Holmgren (1910) and
others the muscles are directly inserted upon
the cuticle. On the other hand Henneguy
(rgo6), for example, states that they are
attached to the hypodermal cells, which fre-
quently exhibit a fibrillar structure or become
greatly elongated where the attachment occurs.
Janet has investigated the subject in Hymen-
optera and finds that the fibrille which
traverse the hypodermal cells, and unite with
the muscle fibres, are composed of chitin and
areof dermal origin. In cases where the insertion is of a more solid nature
these fibrille fuse to form a cup-like base of attachment. Greatly elon-
gated hypodermal cells, which are devoid of any fibrillar structure, form the
bases of attachment of certain of the muscles of termites and other insects.

Fic. 47.—LEGc-MUscCLE FIBRE
OF AN INSECT STAINED WITH
GoLD CHLORIDE.

K, Krause's membrane; S.E., dark
stripe formed by sarcous elements. The
sarcoplasm has the appearance of longi-
tudinal lines with dots. After Schafer.

(b) Arrangement of the Muscles (Myology) (Figs. 48, 49)

In general arrangement the muscular system corresponds with the
segmentation of the body and is exhibited in its least modified condition
in the Apterygota, the lower Pterygota and in many larvae. The number
of muscles is very great: in a lepidopterous larva there are about 2000,
and in the imagines of several orders the number is correspondingly increased
owing to the development of wings. With few exceptions, the somatic

G.T.E.—4
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muscles are paired, thereby conforming to the general bilateral symmetry
of the body, and the names of the muscles generally indicate the origins
and insertions, or the functions, of the latter. The splanchnic muscles
on the other hand, usually exhibit no such symmetry and, as they do not
come under the general category of myology, they are dealt with in the
sections devoted to the different internal organs.

Although detailed studies of the musculature of several types of insects
are available, the homologies of the various muscles are often difficult to
determine and no uniform terminology has been evolved. The points

of attachment of appar-

I A ently homologous muscles

i also vary to some extent
in different insects, and

Lt 1, | § the subject of compara-
P\ tive myology is not suf-

ficiently advanced for
=== general treatment. The

Add of coxa -crofeofon —“\\\\/ J\\ //// J\ principal muscles of an
7 i W=

Head muscles

Z

Dy

) orthopterous insect (Gryl-
s lus) are enumerated below
Exttem . 1 [ // // \\ NG / (mainly after Voss and
ot tergont. : Vi /B \\\\ W, Du Porte), but to deal
T e //// \\\/ \ adequately with all those
N | present would encroach
upon more space than is
i available and demand a
wealth of illustration. On
’ account of the muscula-
ture exhibiting its most
generalized condition in
} the abdomen, the myo-
logy of this region will be
[ considered first and the
E ; cephalic muscles last.
A. The Abdominal
Y Muscles.—The principal
muscles of a typical ab-
dominal segment may be
grouped into the follow-
Fi1Gg. 48.—MUSCLES OF THE VENTRAL WALL oF A Cock- ing series.

ROACH, WITH THE NERVE CORD. Affer Miall and I. LONGITUDINAL. These

Denny. are divisible into fergal and
sternal muscles. They arise from the tergum or sternum, as the case may be, and are
inserted into the corresponding region of the segment behind. They function as re-
tractors of the abdomen and the two groups, working together, telescope the abdo-
men. Acting alone, the sternal muscles curve the abdomen downwards and the
tergal muscles straighten it or bend it upwards.

2. DORSO-VENTRAL. This series consists of the fergo-siernal muscles ; they arise
from the tergum of their segment and, passing downwards, are inserted into the
sternum. Along with most of the pleural muscles, they bring about the expiratory
process by approximating the tergum and sternum thereby compressing the segment.

3. PLEURAL. These consist of sterno-pleural and noto-pleural muscles. The former
originate from the sternum and are inserted on the pleura or the spiracles: the
latter muscles arise from the tergum and are likewise inserted into the pleura.

In addition to the above, there are also special muscles concerned with the move-
ments of the genitalia and cerci,

Abd. of coxa — & - foo - \\ /// N = l s

Long. stern,

Obl. sternal ___._____

Tergo-stern, -rm=m-=---- \‘ I
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B. The Thoracic Muscles.—The chief groups of muscles of a wing-
bearing segment are as follows.

I. LONGITUDINAL. As in the abdomen these are divisible into fergal and sternal
muscles.

2. DORSAL-VENTRAL. These are divisible into tergo-sternal and noto-pedal muscles.
The latter take their origin from the tergum and are inserted into the bases of the
legs : they are divided by Berlese into noto-subcoxal, noto-coxal and noto-troch-
anteric muscles, according to the posi-
tions of their insertions. They princi-
pally function as extensors and flexors of
the coxz and extensors of the femora.

3. PLEURAL. Of these muscles there
are four groups, viz., the pleuro-pedal,
noto-pleuval, stevno-pleuvaland sterno-pedal
muscles. They are concerned with the
movements of the coxz and femora, with
the elevation and depression of the tergum
thereby raising or lowering the wings,
and with the compression of the pleura.

4. THE LEG-MUSCLES.—In addition to

Head muscles

the noto-pedal and certain of the pleural Lat. thor, *-
muscles, which are concerned with the

movements of the legs as a whole, there Ext. fem. -~
are also a number of muscles which lie Loug. terg, -
within the jointsof the legs. These latter

include the flexors and extensors of the Add. of coxa
femora, tibie and tarsi and the flexors of Abd. of coxn
the claws.

C. Cephalic Muscles. — The
principal muscles of the head may
be divided into {a) cervical muscles,
(b) muscles of the mouth-parts and
(c), muscles of the antennz.

() The cErvicAL MUSCLES.—These
control the movements of the head and
are classified into levators, depressors,
retractors, and rotators according to their
function. They take their origin from
the prothorax and cervicum and are in- Alary tendon ="
serted into the tentorium and epicranium.

() The MUSCLES OF THE MOUTH-PARTS.
—Associated with the labrum are two
pairs of muscles :(— Tergo-stern. ----

1. The levators. A pair of contiguous
muscles originating in the middle of the
frons and becoming inserted into the
base of the labrum.

2. The depressors.  These muscles gy 9 Muscres or tHE DorRsAL WALL

arise on the head capsule and are in- oF A COCKROACH, WITH THE HEART AND
serted into the base of the labrum on PerICARDIAL TENDONS. Affer Miall and
either side of the levators. Denny.

The mandibular muscles consist of—

3. The adductor (flexor). This large muscle has an extensive origin on the roof
and back of the head, and is inserted, by means of a plate-like tendon, into the inner
angle of the base of the n}andible. In many insects a second or short adductor is also

resent.
P 4. The abductor (extensor).—The origin of this muscle is on the upper lateral
portion of the epicranium and its tendonous insertion is on the outer basal angle
of the mandible.

The principal maxillary muscles are as follows—

5. The adductors. These form a large group of three muscles which take their
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origin from the lower surface of the central plate of the tentorium, and are inserted
into the cardo and the base of the stipes.

6. The abducior. This muscle originates from the posterior region of the epicraninm
near the abductor of the mandible and is inserted into the cardo.

7. The adductor of the galea. A muscle which originates from the base of the stipes
and has its insertion in the inner angle of the base of the galea.

8. The adducior of the lacinia. This muscle arises near to the attachment of the
previous muscle and is inserted into the inner basal angle of the lacinia.

g and 10. The flexor and extensor of the palpus. Both these muscles arise within
the stipes and are attached respectively into the inner and outer sides of the base of
the palpus. The joints of the palpus are also movable by means of separate muscles.

The muscles of the labium are—

11. The retractors. These are a pair of elongate muscles which arise from the
tentorium and are inserted near the base of the paraglossa on either side.

12. The abductors. A pair of muscles arising from the tentorium and passing to
the outer angles of the mentum. .

13. The adductors. These two muscles arise near together from the submentum
and become attached to the anterior margin of the mentum.

14. The adductor of the pavaglossa. This muscle takes its origin from the prementum
and is inserted into the base of the paraglossa of its side.

15. The adducior of the glossa. ‘This muscle has a similar origin to 14 and is inserted
into the base of the glossa.

A flexor and extensor muscle is inserted into the basal joint of the labial palpus
and there are also separate muscles concerned with the movements of the other
joints of that organ.

The hypopharynx is extremely mobile and, according to Du Porte, it is provided
with depressor, levator, compressor and retractor muscles.

(¢) The MUSCLES OF THE ANTENNZE—

1. The extensor. Y These three muscles arise from the tentorium and are inserted

2. The flexor. } respectively into the outer, inner and ventral side of the base

3. The depressor.) of the first antennal joint.

D. Muscles of Flight.—The flight of insects has been alluded to on p. 37 and the
mechanism of the process has been studied by Ritter (Smithsonian Misc. Coll. 56, 1912)
in Calliphora and by other observers. The elevation and depression of the wings are
brought about by certain of the great thoracic muscles which act indirect/y upon those
organs by compressing the thorax in the longitudinal and vertical directions. A
second series of muscles are attached to the roots of the wings and act upon the latter
directly. They change the shape and positions of the wings and probably function
in steering. In Calliphora there are ten pairs of direct muscles but they are small and
weak. The Odonata differ from other insects in that the great thoracic muscles con-
cerned with flight are directly attached to the wing-bases.

Descriptions of the musculature are to be found in the following works :
Lyonnet on the larva of Cossus; Straus-Durckheim on Melolontha ; in
Newport’s article ““ Insecta ”’; Kunckel d’Herculais on Volucella ; Lowne
on Calliphora ; Hewitt on Musca; Miall and Denny on Periplaneia ;
Tillyard on the Odonata; and Berlese on the Profura. In addition to
the above, the following special studies of the musculature may be men-
tioned : Lubbock (1858) and Forbes (1914) on that of lepidopterous larvz ;
Du Porte (1920) on the general myology of Gryllus, the detailed work of
Voss (19o5) on the thoracic muscles in the same insect and that of Bauer
1910) on Dyiiscus.

(c) Muscular Power

The relative wmuscular force exerted by insects is very great and is in
inverse proportion to their weight. In the well-known experiments of
Plateau (1865-66) it was shown that the ratio of the weight lifted to the
weight of the body was 25'5 in a small insect (Nebria brevicollis) ; 235 in
Apis mellifica ; and 14-3 in Melolontha, which is relatively large. In
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man, however, the ratio is only -86, and in the horse -5 to -83. These
differences are no longer evident if we consider the absolute muscular force
or contractile force per unit area of section which provides more reliable
comparative data (Plateau, 1884). The contractile force of muscles
of the same kind depends upon the number and thickness of the fibres,
i.e., upon fhe sectional area of the muscles. If the size of an animal and
its muscles be increased on a uniform scale, the sectional area (or strength)
of a given muscle will increase as the square of its diameter, while the
weight of the muscle increases as the cube of a single dimension. The
ratio of contractile force to weight, therefore, becomes rapidly smaller
as the size of an animal increases and, consequently, the larger insect is
comparatively weaker, though actually stronger since its total muscular
force is greater. Viewed in this light, the actual value for the relative
muscular force of the bee in comparison with that of the horse is only one-
fourth of the calculated ratio, supposing both animals were of similar
construction, and their muscle fibres were of equal contractile force per
unit of sectional area. It is evident, therefore, that the contractile force
of vertebrate muscle is greater than that of insect muscle. A résumé
and discussion of this subject is given by Miall and Denny (* The Cock-

roach,” p. 79).
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THE NERVOUS SYSTEM

I. The General Nervous System

o0
_-th,

9 === 7" thz
1
é =l
£|3 """"""" &
‘i'
T
T
f
|
“ “““““ 8¢

F16. 50.—CENTRAL NERVOUS
SYSTEM OF ForricurLa,

a.», antennary nerve; &, brain;
s.g., subcesophageal ganglion; th;~
thy, thoracic ganglia; I-l,, nerves
to legs; a,-ae first and terminal
abdominal ganglia.

HE nervous system of insects may be
divided into the central nervous sys-
tem, the visceral nervous system and

the peripheral sensory nervous system.

(a) The ‘Central Nervous System

This constitutes the principal division of the
nervous system and is composed of a double
series of ganglia which are joined together by
means of longitudinal and transverse cords or
strands of nerve fibres (Fig. 50). The longitu-
dinal cords are termed connectives and they serve
to join a pair of ganglia with those which pre-
cede and succeed it. The transverse fibres or
commissure unite the two ganglia of a pair.
Typically there is a pair of ganglia in each seg-
ment of the body, but the members of a pair are
usually so closely united that they appear as a
single ganglion, the commissure being no longer
evident. The connectives are separate and dis-
tinct throughout the body as in Mackilis and
Corydalis, or in the thorax only as in the Orthop-
tera, Coleoptera and many lepidopterous larva,
but usually they are so closely approximated as
to appear as a single longitudinal cord. In
many cases the ganglia of adjacent segments
coalesce to form gamglionic centres. Two of the
latter are always present in the head, and vary-
ing degrees of coalescence of the thoracic and
abdominal ganglia are revealed by a comparative
study of the nervous system in different orders of
insects (vide Brandt 1879).

Seen in transverse sections, a typical nerve
ganglion is invested by a synctytial membrane
or epineurium which also- forms the covering
coat of the principal nerves. Beneath the epi-
neurium are groups of nerve or ganglion cells
enclosing a central medullary substance or neuro-
spongium. The ganglion cells are for the most
part unipolar and are chiefly evident by their
nuclei, the cytoplasm being of relatively small
amount. The neurospongium is formed by the

54



fine twigs of the axons of

the ganglion cells which.

are held together by
means of a variable
amount of neurogleea :

when viewed in sections
the neurospongium pre-
sents a punctured appear-
ance owing to the twigs
being cut across in large
numbers (Viallanes, 1886).
The nerve fibres of in-
sects resemble those of the
grey or non-myelinated
type in vertebrates and
each is enclosed in a deli-
catesheath or neurilemma.

The central nervous
system is divisible into
the brain or cerebral
ganglion, the subcesopha-
geal ganglion and the
ventral nerve cord.

1. The Brain (Figs.
51-53) lies just above the
cesophagus between the
supporting apodemes of
the tentorium. It is the
dorsal ganglionic centre of
the head and is formed
by the coalescence of the
first three neuromeres in
the embryo. This three-
fold division is main-
tained in the completed
organ which is divided
into corresponding regions
which are designated the
protocerebrum, the deuto-
cevebrum and the {rifo-
cevebrum respectively.
Among the chief writings
on the structure of the
brain are those of Vial-
lanes (1886-1887), Haller
(1905), Janet (1905), and
Jonescu (1909).

The  PROTOCEREBRUM
represents the fused, pair
of ganglia of the optic
segment. It forms the
greater part of the brain
and innervates the com-
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Fi1G. 51.—~BRAIN AND SUB®ESOPHAGEAL GANGLION OF A
Locust (CALOPTENUS).

A, frontal view; B, lateral view. a., antennary lobe; a.n, antennary
nerve; f.g, frontal ganglion; h.g, hypocerebral ganglion; Ib.n, labral
nerve ; Im.n, labial nerve; m.n, mandibular nerve ; mx.5, maxillary nerve ;
oc, lateral ocellus; oc;, median ocellus; oc,n, root of nerve to median
ocellus; o.c, para-cesophageal connective; o.g, optic ganglion; d.¢.
esophageal ganglion ; o.l, optic lobe; p.c, post-cesophageal commissure ;
7, recurrent nerve (continued in B as the stomatogastric nerve 7'); s.g,
sub-cesophageal ganglion ; &.I, tritocerebral lobe. After Burgess, 2nd Rep.
U.S. Ent. Comm.




56 - THE NERVOUS SYSTEM

pound eyes and ocelli. The protocerebrum is divisible into (1) the pro-
tocerebral lobes, and (2) the optic lobes.

(z) The protocerebral lobes are fused together along the median line to form a
bi-lobed ganglion. They are composed of a cortex, consisting of an immense number
of small ganglion cells, which surround a central core of nerve fibres constituting the
medulla. The two lobes are interconnected by a median commissural system termed
the central body, towards which fibres converge from various parts of the brain. In
addition to the central body there are two smaller commissures, viz. the anterior-and
posterior dorsal. The anterior dovsal commissure (* commissure cérébrale supérieure ”’
of Viallanes) passes in front of and above the central body. The posterior dovsal
commissuve (“ pont des lobes protocérébraux  of Viallanes) is a J_-shaped fibre-tract
lying behind the former commissure. The most conspicuous formations in the proto-
cerebral lobes are the mushroom or stalked bodies which are regarded by many
investigators as the principal motor and psychic centres of the brain. Each mushroom
body rests on the surface of the protocerebrum and is divisible into an outer and an
inner lobe. These lobes are each formed of a peripheral layer of nerve cells and a
central fibrous tract, the latter being deeply indented to form the calyr. The fibres
are produced downwards to
form the stalk and the two
stalks of a mushroom body
coalesce further inwards, thus
giving rise to the main ped-
uncle which is inserted deeply
in the medulla. In the region
of the brain, between the
mushroom bodies, are four
small ocellar lobes fromn each
of which an ocellay nerve takes
its origin. The two outer
nerves supply the paired
ocelli, while the two inner
nerves unite just outside the
brain to form a single nerve
supplying the median ocel-
lus.

. (2) The optic lobes (optic
FIG. 52.—GENERALIZED DIAGRAM OF THE THREE Parr  §97glia OT optic traci) form the
OF GANGLIA FORMING THE BRAIN. most highly complex region
A, protocerebrum ; B, deutocerebrum; C, tritocerebrum. C, cortical of the brain and Fhe,lr ‘de,gree
cellular) layer ; N, neurospongium. Other lettering as in Fig. 53. of development is in direct
relation with that of the
compound eyes. Each lobe consists of three principal zones or tracts of nerve tissues
which are connected by a similar number of layers of nerve fibres (Figs. 53 and 71).
The ganglionic layer or plate (peviopticon) is the zone nearest the eye and is connected
with the inner ends of the ommatidia (vide p. 73) by the layer of post-vetinal fibves.
The middle zone is termed the external medullary mass (epiopticon) and is connected
with the ganglionic plate by means of the evfernal chiasma which is formed by the
crossing of nerve fibres. The inner zone is the internal medullary mass (opficon),
the latter is united with the preceding zone by means of the internal chiasma. The
nerve fibres of this layer cross completely in a manner similar to those of the external
chiasma. The fibres of the optic nevve issue from the inner aspect of the internal
medullary mass and divide into anterior and posterior bundles, which pass to the centre
of the protocerebrum. The whole structure of the optic lobes is extremely complex ;
their histology is described by Viallanes (1885), and in papers by Hickson and other
writers who have investigated the structure of the compound eyes (vide p. 89).

The DEUTOCEREBRUM represents the fused ganglia of the antennary
segment. It is chiefly composed of the paired antennary or olfactory lobes
which are prominent swellings situated on the antero-ventral aspect .of the
brain and innervate the antenne.

The so-called dorsal lobe is chiefly represented by a transverse fibrous tract situated
above the antennary lobes and serving to connect the latter together. Each half of
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the dorsal lobe is connected with the protocerebral lobe of the opposite side by means
of a chiasma (*“ cordon chiasmique *’ of Viallanes) and the antennary lobe is connected
with the mushroom body of its side and the central body by the optico-oifactory chiasma.
Arising from the deutocerebrum are four pairs of nerves as follows: the anfennary
nerves are the longest and most important, and are the sensory nerves of the antennz ;
each has two roots, one of which is derived from the antennary lobe of its side and the
other from the dorsal lobe. The accessory antennal nerves issue from the antennary
lobes and are the motor nerves of the appendages concerned. The tegumentary nerves
are a pair of slender strands arising from the dorsal lobe and passing to the vertex.
Arising near the origin of the latter nerves are the roots of the @sophageal ganglia.
According to some authorities the fibres of the paired nerves supplying the median
ocellus take their origin from the deutocerebrum.

The TRITOCEREBRUM is formed by the ganglia of the third or intercalary
segment of the head. It is divided into two small widely separated lobes
which are attached to the dorsal lobe of the deutocerebrum and receive
nerve fibres from the latter. The tritocerebral lobes are joined together
by means of the post .~sophageal
commissure which passes immedi-
ately behind the cesophagus.
They also give origin to (1) the
para-esophageal connectives  or
crura cerebri” which unite the
brain with the subcesophageal
ganglion, and (2) the Ilabro-
frontal nerves. Each of the latter V
consists of two bundles of fibres, ( \
one of which passes to the labrum ‘ \ p
as the labral nerve, and the other e
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forms the root of the frontal
ganglion.

2. The Subesophageal
Ganglion is the ventral gang-
lionic centre of the head and is
formed by the fusion of the
ganglia of the mandibular, maxil-
lary and labial segments. It
gives off paired nerves supplying

F1G. 53.—DI1AGRAM OF THE BRAIN AND VISCERAL
NERrRvoUs SysTEM oF A CRICKET (much of
the cortical layer has been omitted).

cc, central body; cg, ganglion cells; che, external chiasma ;
¢hi, internal chiasma; ce, para-cesophageal conne(g’ive; cp,
mushroom body; cfc, post-cesophageal (tritocerebral com-
missure) ; fpr, post-retinal fibres; goc, ocellar ganglion; go,
hypocerebral ganglion; go,, gos, unpaired visceral ganglia;
gul, cesophageal ganglion ; Id, dorsal lobe of deutocerebrum ;
lg, periopticon ; lo, olfactory (deutocerebral) lobe ; lpc, proto-
cerebral lobe; me, epiopticon; mi, opticon; #a, antennary
nerve; ml, labral nerve; o, ocellar nerve; s, tegumentary
nerve; «, outline of cesophagus; plp, posterior dorsal com-
missure ; rod, root of cesophageal ganglion ; fr, tritocerebrum.
After Viallanes, Ann. Sci. Nat. 1893.

their respective appendages.

3. The Ventral Nerve Cord consists of a series of ganglia lying on the
floor of the thorax and abdomen. They are united into a longitudinal
chain by means of a pair of connectives which issue from the posterior
border of the subcesophageal ganglion. The first three ganglia are situated
one in each of the thoracic segments, and are known as the thoracic ganglia ;
the remainder lie in the abdomen and form the ganglia of that region.

The thoracic ganglia control the locomotory organs. Each ganglion
gives off two pairs of principal nerves, one of which supplies the general
musculature of the segment and the other innervates the muscles of the
legs. In the meso- and meta-thorax an additional pair of nerves is present
which controls the movements of the wings.

The abdominal ganglia are variable in number ; in Machilis and in many
larvee there are eight ganglia in the abdomen but as a rule there are fewer.
The first abdominal ganglion frequently coalesces with that of the meta-
thorax and the terminal ganglion is always composite. The latter is of
the nature of a ganglionic centre formed by the fusion of at least three



58 .. THE NERVOUS SYSTEM

primitive ganglia. Each abdominal ganglion gives off a pair of principal
nerves to the muscles of its segment.

(b) The Visceral Nervous System

The visceral or sympathetic nervous system is divided into cesophageal
sympathetic and ventral sympathetic systems.

1. The ®SOPHAGEAL SYMPATHETIC (Or STOMATOGASTRIC) NERVOUS
systEM (Fig. 54) is directly connected with the brain and innervates
the fore and middle intestine, heart and certain other parts. It is dorsal
in position, lying above and at the side of the fore intestine and is divisible
into two principal types
as below.

The first type is well
exhibited in the Blattide
and is composed of the
following ganglia and
nerves. A small trian-
gular fromtal ganglion lies
above the cesophagus, a
short distance in front of
the brain. Anteriorly it
gives off a fromtal nerve
which passes to the cly-
peus, and a pair of lateral
roots connect the frontal
ganglion with the trito-
cerebrum. Posteriorly the
frontal ganglion gives off
a recurrent merve which
extends along the mid-
dorsal line of the cesopha-
gus and, passing just be-

F1G. 54.—SEMI-DIAGRAMMATIC FiGURES oF Two PREVA-
LENT TyPES oF SyMPATHETIC NERVOUS SYSTEM (IN
Brack).

neath the brain, expands
a short distance behind
the latter centre into a

‘A, with a single recurrent nerve and stomachic ganglion ; B, with paired
recurrent nerves and ganglia. The fore-intestine is represented by the
dotted lines. a, a, corpora allata; b, brain; fg, frontal ganglion; 4,
hypo-cerebral ganghon, og, nesophageal ganghon (right) ; 7, recurrent
nerve; 7f, root of frontal ganglion ; sg, stomachic ganglion.

hypocerebral ganglion.t
The recurrent nerve leaves
the hypocerebral ganglion
and passes backwards to the hinder region of the fore-intestine, where it
terminates in a vemtricular or stomachic ganglion. The latter innervates
the adjacent region of the fore and middle intestine. A pair of @sophageal
or pharyngeal ganglia lies on the cesophagus just behind the brain and
each ganglion is joined with the hypocerebral ganglion. They are also
connected with the deutocerebrum by roots which have already been
alluded to. Closely associated with the cesophageal ganglia are the cor-
pora allata (vide p. 127) which are frequently referred to as posterlor
cesophageal ganglia,

The second type of cesophageal nervous system (exhibited for example
in the saltatorial Orthoptera) differs in that the stomatogastric nerve
is paired, each nerve terminating in a separate ventricular ganglion.

1 In the Blattide and certain other families the hypocerebral ganglion is more
or less atrophied.
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2. The VENTRAL SYMPATHETIC NERVOUS sYsTEM (Fig. 55), when typic-
ally developed, consists of a pair of transverse nerves associated with each

ganglion of the ventral nerve cord, and each pair
is connected with the ganglion preceding it by
a median longitudinal nerve. The transverse
nerves pass to the spiracles of their segment and
dilate into one or more small ganglionic enlarge-
ments along their course. Arising from the last
abdominal ganglion are the splanchunic nerves
which pass to the hind-intestine and the repro-
ductive system.

() The Peripheral Sensory Nervous
System (Fig. 56)

This system is composed of an exceedingly
delicate plexus of nerve fibres and multipolar
nerve cells situated in the integument below
the hypodermis. Certain of the processes of the
nerve cells are continuous with those of bipolar
nerve ¢ells whose terminal prolongations inner-
vate the sensory hairs on the general surface of
the body. The larger fibres of this plexus are
derived from the paired nerves of the central
nervous system (vide Holmgren 1896 ; Hilton
1902).

I3 b4
s W2
F1g. 56.-—PORTION OF THE PERIPHERAL SENSORY NERVOUS SYSTEM OF A SILKWORM.

. k, k, bases of sensory hairs; s, s, bipolar nerve cells ; m, #, multipolar nerve cells ; n, #, nerves. Ajter Hilton, dmer.
at 36.
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Fic. 55.—THORACIC GANG-
LIA AND PORTION OF
SYMPATHETIC NEeRrvous
SYSTEM oF A Cuiroxomuvs
LARVA.
pro.g, mes.g, mel g, thoracic ganglia ;

1ab.g, 1st abdominal ganglion ; f.mus,

transverse muscle; #1,~tng, sym-

pathetic nerves. Affer Miall and
Hammond.

II. Modifications of the Nervous System (Fig. 57)

There are many grzides of cerebral development in insects and Viallanes
considered that the brain of a locust differs as greatly in structure from

that of a wasp as the brain of a frog does from that of man.

He regards

the structural modifications of the brain as being correlated with (1) the
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method of feeding; (2) the degree of development of the special sense
organs; and (3) with the perfection of the psychic faculties. Thus, in
mandibulate insects (Orthoptera, Coleoptera), with an cesophagus of rela-
tively wide calibre, the para-cesophageal connectives are elongate, the
post-cesophageal commissure is free, and the tritocerebrum is largely
separate from the deutocerebrum. On the other hand, in sucking insects
(Hemiptera, Diptera and Hymenoptera) the cesophagus is a narrow conduit
for the passage of liquid food. The surrounding nerve centres are very
much concentrated and the para-cesophageal connectives greatly contracted.
With regard to the sense organs, the optic lobes are very large in insects
with correspondingly well developed eyes and poorly developed, or absent,

in species with degenerate visual organs, or without eyes. In so far as

F1G6. 57.—SCHEMATIC FIGURES OF THE CENTRAL NERVOUS SYSTEM SHOWING DEGREES OF
CONCENTRATION, BASED UPON VARIOUS AUTHORS.

A, Machilis (Oudemans) ; B, Chironomus (Brandt) ; C, Siratiomyia (Kunckel d’'Herculais) ; D, Musca (Hewitt). 1-3,
thoracic ganglia, ay, a4, s 4g -0, abdominal ganglia ; an, antennarynerve ; ol, optic lobe ; sg, sub-cesophageal ganglion ;
1,-1,, nerves to legs ; 1d-3d, dorsal thoracic nerves ; a.nv, abdominal nerve cord.

3 ’

the “ psychic” development or * intelligence " is concerned, it is note-
worthy that Dujardin, Forel, Viallanes and others maintain that it is in
direct relation to the degree of development of the mushroom bodies. It
is true that important differences are exhibited in the simple mushroom
bodies found in Tabanide and Odonata, where each is unilobed, and the
same structures in locusts and Periplaneta where they are bilobed, or in
the higher Hymenoptera where they attain a size and complexity not
found elsewhere. Thus in Vespa, Apis and Bombus they cover the larger
part of the dorsal surface of the brain and, in the first mentioned genus,
the calyces are folded, so as to increase their surface, in a manner which
recalls the mammalian cerebral convolutions. On the other hand the
structural differences between the mushroom bodies in the Odonata and
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Periplaneta do not appear to be correlated with a higher development,
as judged by their activities and powers of perception, in the latter insect
as compared with those of a dragon-fly.

According to Dujardin the volume of the brain is equivalent to rzth
the volume of the body in Apis, wdsth in Formica, sa5sth in Melolontha
and go%oth in Dyt#iscus.

The most generalized condition of the ventral nerve cord is found in
the Thysanura, the lower Pterygota and in many larva : in these instances
three thoracic and eight abdominal ganglia are present. In Melanoplus,
Periplaneta and other of the lower Pterygota, however, there is a reduction
in the number of abdominal ganglia ; in Tabanus the thoracic ganglia are
fused into a single centre and the six abdominal ganglia are very much
concentrated. In Volucella zonaria the thoracic ganglia are similarly -
fused into a common centre and the abdominal ganglia have coalesced
into two centres. In the Sminthuridee among Collembola, in certain
families of Coleoptera, and in the great majority of the higher Diptera,
the whole ‘of the thoracic and abdominal ganglia are concentrated. in a
single mass which, in the last two instances, is located in the thorax. Among
the Coccidee centralization has proceeded still further, the subcesophageal
ganglion being incorporated in the common thoracico-abdominal centre.
Specialization along these lines is by no means confined to the most highly
evolved insects and appears, in many cases, to be correlated with a reduc-
tion in the length and segmentation of the abdomen which results in a
forward migration of the ganglia.

III. Physiology of the Nervous System

The experimental results derived from the study of the nervous system
may be summarized briefly as follows:

The brain is the central organ of sensation but its capacity as a motor-
centre is limited. Along with the subcesophageal ganglion it inflpences
the co-ordination of -the movements of the body, but decapitated insects
can still walk and fly although they are seldom able to survive longer than
three to five days. If one lobe of the brain be destroyed the insect makes
circus movements from the uninjured side; this asymmetry disappears,
however, if both lobes of the brain are destroyed (Loeb). If the brain
be removed, and the subcesophageal ganglion left intact, the insect may
live for months; a brainless insect will eat when food is placed beneath
its palpi, but it has no power of seeking food even when the latter be removed
but a very short distance away (Binet). According to Packard a decapit-
ated Ichneumon is able to clean its wings and legs, thus retaining con-
siderable power of co-ordination.

The subcesophageal ganglion also has a co-ordinating function but is
primarily the centre for controlling the movements of the mouth-parts.
The conclusion of Faivre that it is the seat of motor co-ordination is with-
out doubt exaggerated.

Each ganglion of the ventral nerve cord is a reflex centre combining
both motor and sensory functions, and it also exhibits a certain degree
of autonomy. Thus # the connectives immediately in front and behind
the prothoracic ganglion be severed the fore-legs will still respond to stimu-
lation. According to Yersin if those between the meso- and meta-thoracic
ganglia, for example, be cut through both the fore and hind regions of the
body retain their power of sensation and movement, but a stimulus applied
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to either region is not transmitted beyond the severed connectives. Both
Faivre and Binet have demonstrated that the dorsal lobe of a thoracic
ganglion is motor and the ventral lobe sensory in function. This is further
borne out by a study of the elytral nerve in Coleoptera, which consists
of two roots, a dorsal and a ventral, the latter passing to the ventral lobe
of the mesothoracic ganglion (Fig. 58). In those species in which the
elytra are immobile the ventral root alone persists. -The ganglia of the
central chain exhibit co-ordination as well as individual autonomy, and
this co-ordination exists independently of that exercised by the brain,
Thus Yersin has shown that if the tarsus of a decapitated insect be pinched
sufficiently the stimulus is not only conveyed to the nerve ganglion of
its segment but also to those of other segments. According to Plateau
each ganglion of the ventral
nerve cord is a respiratory
centre for its somite, and
Faivre’s conclusion that the
respiratory movements are
localized in the metathoracic
ganglion is not borne out
by experiment. Decapita-
tion does not stop these
movements but inhibits

F1G. 58.—SCHEMATIC TRANSVERSE SECTION THROUGH their fr eql,lency and forcg.
& THORACIC GANGLION oF AN InsEct accorpina 1he experiments of Barlow

T0 BINET. lend support to Plateau and
gumsdersallobe; vy vental lobe; 12 3, groups of doval consecting showy by dividing the abdo-
Elil;li?:aldgo;ot:? ;/,e:;ir:élfg{ﬁ;x}n; on, crural nerve; dr, vr, dorsal and  men of a dragon_ﬂy that the

several ganglia are centres
of respiratory movement, each in its own segment.

The recurrent nerve, through the medium of the frontal ganglion,
regulates digestion and the movements of the fore-intestine. According
to Faivre destruction of the latter ganglion, or section of the roots which
connect it with the brain, results in the cessation of power of swallowing.
The last abdominal ganglion is designated by Faivre the genito-splanchnic
centre which controls the movements of the hind intestine and the repro-
ductive system.
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acting upon it enables an animal to maintain its existence. Nerve

fibres alone are not adapted to receive the impressions of these
forces to an adequate degree. Special mechanisms are consequently
necessary in order to differentiate between the various and often minute
forces acting on the organism. Such mechanisms are of various kinds
and differ according to the nature of the stimuli which they are capable
of appreciating. These structures are the sense organs or receptor organs.

Attempts have been made to trace the various sense organs of insects all
back to a generalized type, and Berlese considers that they are derivable from
a primitive sensilla, or sense-bud, which he terms a ‘‘ protesthesis.”” This
hypothetical structure is nothing more than a specialized hypodermal cell
which has acquired a direct connection with the termination of a nerve
fibre.

The simplest type of sensilla actually met with among insects is tactile
in function, and is differentiated from an ordinary body-hair in being
provided with a nerve termination, and is thereby enabled to appreciate
external stimuli. In the more complex sensilla two or more hypodermal
cells may participate in its formation, and gland cells are also present.

The sense organs of touch, taste, and smell remain for the most part
as isolated sensille. Those of sight and hearing are usually composed
of aggregations of sensille, forming more elaborate organs which are essen-
tially localized in position.

Since the cuticular parts of the sensille, other than those of sight and
hearing, are to be regarded as modified seta, these organs are often alluded
to as the skin, or setiferous, sense organs. Many types of the latter have
been described among insects, and they have received various names based
upon characters afforded by their cuticular parts. The following classi-
fication (Figs. 59-62) includes the common kinds and is largely based on
those of Schenk (19o3) and Berlese. It must be remembered, however,
that these types are often not sharply differentiated and various inter-
mediates exist between them.

(@) Trichoid.—Setiform, and articulated with a base which is set below the general
surface of the cuticle.

(b) Basiconic.—Conical and immobile, arising from the general surface of the
cuticle.

(¢) Styloconic.—(Biarticulate type of Berlese.) Differs from the basiconic sensilla
in consisting of one or more pegs of the basiconic type which are elevated on a style
or cone.

(d) Placoid.—Consisting of a plate or membrane covering an enlarged pore canal,

(¢) Celoconic.—Derived from a basiconic sensilla by the latter becoming sunk
into a pit with its apex not projecting.

(f) Ampullaceous (Flask-shaped organs of Lubbock and Forel)—Derived from a
ceeloconic sensilla by the pit becoming prolonged deeply inwards to forp a narrow
canal. The latter becomes swollen, at its extremity, into an ampulla which encloses
a slender hair-like process.

THE faculty of appreciating differences between the external forces

64
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The different kinds of sense organs are distinguished according to the

nature of the stimuli that they are
adapted to receive. The tactile
organs respond to simple contact
with external objects and the audi-
tory organs to vibratory motion in-
duced by sound waves. These two
kinds of organs may therefore be
classed as the mechanical sense
organs. The organs of smell and
taste respond to chemical stimuli,
acting either at a distance or by
direct contact, and may be referred
to as the chemical_sense organs.
The organs of sight respond to the
stimulus of light and are probably
adapted to make use of a photo-
chemically sensitive substance, but,
to be of value as distance recep-
tors, it is necessary for them to be
able to form images of external
objects. ’

The component parts of a sen-
silla and their homologies in the
different types of sense organs are
shown in tabular form below.

Fic. 59.—CuticuLAR PORTIONS OF SETI-
TEROUS SENSE ORGANS.

a, trichoid (palp of Calliphora); b, basiconic (dcrida) ;
¢, styloconic (haustellum of a Lepidopteron) ; 4, ceeloconic
(Acrida) ; e, placoid (Ophion); f, ampullaceous (ant).
Semidiagrammatic, based upon various authors.

Elements of Sensilla.
Kind of
Sensilla. Glandul
Cuticular. Hypodermal. Glandular. P%:iz:‘ct{.” N e;vou&
Tactile Modified |Trichogenous — — Nerve
seta cell end-cell
Olfactory and | Modified |Trichogenous| Gland cells Fluid Nerve
Gustatory seta cells end-cells
Visual Cornea Corneagen | Crystalline | Crystalline | Visual cells
(Omma- cells cone cells cone or (retinulze)
tidium) humour
Auditory Cuticular Cap cell Envelope Scolopale Nerve
(Scolophore) |v support cell end-cell
1. The Tactile Sensillee.

The tactile sensille of insects are often distributed over the entire
integument, a featuge which is well exhibited for example in lepidopterous
larvee. For the most part these organs attain their greatest abundance

on the antennz, palpi, legs, and cerci.

The sensitiveness of insects to tactile

impressions is due to the number and wide distribution of these organs ovei
the body, rather than to any elaboration of their structure.

G.T.E—35
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Tactile sensillee include the simplest of all the special sense organs and
are of the trichoid type. Apart from the presence of nerve fibres in asso-
ciation with them, there is often little to distin-

guish them from ordinary clothing hairs.
may be either slender flexible structures, or
stouter and bristle-like, both types often occur-
ring together on the same appendage.
located over a pore-canal in the integument and
is associated with an underlying bipolar nerve-
cell. The latter is prolonged at one extremity
into a nerve fibre, which enters the cavity of
the hair and, in some cases, the fibre may be
branched. In lepidopterous larve, Hilton has
shown that the nerve-cells are connected with
t}le peripheral nervous system.

2. The Olfactory and Gustatory
Sensillze.

The senses of taste and smell are higher
developments of a primitive chemical sense ; the

Fic. 60.—APEX OF THE AN-  hiof difference between the two kinds of sen-

TENNA OF THE LARVA OF

MayMESTRA PISI. sation is that smell is the perception of chemical
bs, basiconic sensilla ; ss, styloconic  stimiuli, acting from a distance, whereas taste has

sensilla; s, irichoid sensilla. After

Nagel, Bibl. Zoolog. 1894. scarcely any distance element, even in its most

developed form (Bayliss).
surprising that the sense of
smell is much more delicate
than that of taste, and its
receptor organs are often
more highly developed.

Since there appears to
be no constant structural
difference between olfactory
and gustatory sensille in
insects it is desirable to dis-
cuss them together. It is
also probable that in many
cases the two kinds of sensa-
tion are not sharply demar-
cated.

A large number of experi-
ments have been conducted
with a view to locating the
olfactory sense in insects,
and the majority of obser-
vers agree in regarding it as
being mainly concentrated

It is, therefore, not

H_l the antenne. . Histolo- F16. 61.—BasicoNic (bs) AND PLACOID SENSILLE (ps)
gists have examined the FROM A WORKER OF V&sr4 cRaBo.

SenSﬂl% present on those ap- ¢, cuticle; ke, hypodermal cells; #f, nerve fibre; sc sensory cells.

. After Nagel,
pendages, and have ascribed Jier Nage

an olfactory function to various types. The problem, however, is by no
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means a straightforward one, as similar kinds of sensille may occur over
the body, and on the palpi and cerci. Also, the antenn® of many insects
bear several very different types of sensille. It has been found experi-
mentally that, in some insects, the olfactory sense is definitely restricted
to the antennz. Thus Barrows (1913) ascertained that Drosophila no
longer responds to odorous substances when the ter-
minal joint of the antennz is amputated. Certain
other insects still react to volatile substances after
the antenn® have either been amputated, or coated
with paraffin wax, although the response takes place
more tardily, thus implying a wider distribution of
the olfactory organs.

The location of the gustatory sense is much less
amenable to determination by exact experiment, but
there appears little doubt that the chemical recep- ¥is. 62.—Czroconic
tors of taste are distribated over the mouth-parts, SensiLLA (k) OF
and the membrane lining the buccal cavity. A3 JpLLiFiCd.

It is maintained by Berlese that a chemical sen- , houticle; b hypodermis;
silla consists of a cuticular part which is produced by  Jak. Morph. 1903.
one or more trichogen cells, a gland-cell which secretes
a fluid which keeps the organ moist and fitted for the reception of stimuli,
and a nerve ending. The secretion fills the cavity of the sensilla and
makes its way to the exterior either by filtration through the covering
membrane, or through a pore in the latter.

The principal types of sensille which have been regarded as chemical
receptors include the vari-

ous kinds of thin-walled
structures enumerated
under b-f on p. 64. They
occur over the general
surface of the parts bear-
ing them (Figs. 61 and
62) or they may be local-
ized in sac-like invagi-
nations of the integu-
ment, forming organs of a
higher type (Figs. 63 and
64). The latter are well
exhibited, for example, in
the flask-like pocket found
on the apical palpal joint
in various Lepidoptera
(vide vom Rath, 18g6) and
Fic. 63.—SECTION THROUGH AN ANTENNAL Sknsory 1in the antennal pitS of
P1T OF A SYRPHID (SERICOMYIA BOREALIS). many of the hlgher Dlp-
ensitas N, nerver Aty Ko . Gt Pt Boot e zpra Y P13 S tera (vide Smith, 1919).
The number of sensille
present in an insect is often exceedingly great. Thus in Melolontha Hauser
(1880) states that there are 39,000 cceloconic sensille to each antenna in
the male, and 35,000 on the female. In the hive bee Vogel (Zool. Anz.
1922) finds that there are about 2,000 placoid sensille to each antenna
in the queen, about 6,000 in the worker and about 30,000 in the male.
Chemotropism or the response of an organism to olfactory stimuli is

&
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a phenomenon of very great significance in the biology of insects. It is
particularly in evidence in the selection by many insects of their food,
by the female when she chooses particular plants for oviposition, and by
the male when in pursuit of the female.

Verschaffelt (1910) has shown that the larval food-plants of Pieris rape and P.
brassice contain a group of glucosides—the mustard oils. He took a solution of
sinigrin, which is present in black mustard, and uniformly distributed it over the
leaves of plants which the Pieris larvee had previously refused to eat. Leaves so
treated were readily devoured, and from such experiments it appears that these
larveae exhibit strong chemotropism towards mustard oils whose presence in the leaves
of certain plants determines the
selection of the latter by the larvae
-for their food. By a similar
method of research Verschaffelt
has shown that larvae of the saw-
fly, Priophorus (Cladius) padi,
which feed on certain of the Rosa-
cea, are attracted by the glucoside
amygdalin. Howlett (1914) has
noted a marked response of certain
Thysanoptera to the stimulus of
the odours of benzaldehyde, cinn-
amylaldehyde and anisaldehyde.
Chatterjee in India has discovered
that Kusum oil has a marked
attraction for both sexes of the
Coreid Serinetha augur. Dewitz
ascertained that it is the odour of
the nectaries of the vine flowers
that attracts the vine moths and
induces them to oviposit on the
unopened buds. Barrows (1907)
has proved that Drosophila ampe-
lophila, which lays its eggs in fer-
menting fruit, exhibits an optimum
response to a mixture of ethyl
alcohol of 20 per cent. strength
and acetic acid of 5 per cent. It
is noteworthy that cider vinegar,
and fermented cider, contain alco-
hol and acetic acid in percentages
T ‘ very close to those just quoted.
" e Crumb and Lyon (1917) have pro-

Conr e e duced evidence suggesting that
F1G. 64.—LONGITUDINAL SECTION THROUGH THE  carhon dioxide is the chief stimulus
APEX OF THE LABIAL PALP OF PIERIS BRAS- inducing oviposition in the house
sic&, SHOWING SENSORY PiIT. . i
e . . . . fly, and Richardson (1916) finds
ck, cuticle ; ky, hypodermis ; #, nerve; sck, scales ; sk, sensille ; . . /
sz, sensory cells.  After vom Rath, Zeils. wiss. Zool., 1888. that ammonia exercises a mmarked
attraction for those Diptera which
spend part of their lives in some form of animal excrement. Imms and Husain (1920)
have conducted experiments showing that many Diptera are more strongly attracted
to esters rather than to the respective acids or alcohols.

The remarkable phenomenon known as “*‘assembling,”” which is particularly
prevalent among moths belonging to the Lasiocampina, is another example of
chemotropism. The females emit an odour to attract the opposite sex and, under
favourable conditions, a freshly emerged example of the sex will attract scores of
males which fly up against the breeze. Schenk (1903) has compared the number of
antennal sensille of certain types in the two sexes of species in which the antenna
exhibit pronounced sexual dimorphism in correlation with differences of sexual
behaviour. In certain species the ratios of their numbers in the male and female
were from 3-5: 1 to 8: 1. Howlett (1915) has discovered a chemotropic phenomenon
in certain species of Dacus, the males of D. diversus being strongly attracted by iso-
eugenol, D. zonatus by methyl-eugenol, and D. ferrugineus by both reagents. The
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significance of these responses is not properly understood, but it is noteworthy that
females are not attracted by the substances mentioned.

Forel and others have shown that ants are guided in their foraging expeditions
by means of their contact-odour sense : they recognize by means of their antennal
sense organs the odour-form, and hence also the direction of the trails laid down by
their own feet and those of their nestmates. Blind or small-eyed ants follow these
odoriferous trails very closely, relying upon their topochemical sense in finding their
way back to the nest (Wheeler). Ants also react amicably towards the odour of
members of their own colony, and by this means they are able to distinguish between
“friends ”” and ‘‘aliens.’

3. The Organs of Sight

Two types of eyes are found in insects, viz.: ocelli or simple eyes,
and compound or faceted eyes. Typically both kinds occur in the same
insect but, on the other hand, either or both may be absent. Ocelli
are often lacking in the imagines and compound eyes are wanting in
larve. Visual organs of any kind are usually absent in larve which live
in situations concealed from the light. Among adult insects they are
either wanting, or exhibit various stages of degeneration, in cavernicolous
forms and in various species which inhabit the nests of termites and ants.
They are also wanting or degenerate in many of the Anopleura, in the
sterile castes of almost all termites, and in the workers of certain ants.
The two types of eyes are treated separately below.

A. THE OCELLI

Ocelli are divided into two classes: (1) the dorsal or primary ocells of
adult insects, and nymphs: and (2) the lateral ocelli which are the usual
larval eyes.

I. THE DORSAL OCELLI. The dorsal ocelli are innervated from the
ocellar lobes which are located in the protocerebrum, between the mush-
room bodies. When typically developed they are three in number di;posed
in a triangle. In the Plecoptera they are borne on the frons, and in certain
other insects the median ocellus is situated on the frons, while the paired
ocelli are located in the suture between that region and the vertex. In
the more specialized orders the ocelli are usually situated on the vertex.

The median ocellus exhibits evidence of a paired origin since the root
of the nerve supplying it is double, whereas the nerve-roots of the other
ocelli are single. In some insects (e.g. Odonata, Bombus) the median
ocellus exhibits a bilateral structure which is never found in the remaining
ocelli.

The dorsal ocelli greatly vary in the details of their structure in various
insects, but they exhibit certain common essential features and the following
parts can be distinguished (Fig. 65).

(@) The cornea.—The name cornea is given to that portion of the cuticle
which is arched or raised to form the external investment of the ocellus.
In this region the cuticle is more transparent than elsewhere and usually
becomes thickened to form a more or less spherical body known as the
lens. In rare instances (Ephemeroptera, Fig. 66) the cornea is arched
but not thickened and, the lens is formed by a mass of polygonal cells lying
beneath the corneagen layer (vide Hesse 1gox, Seiler 1gos).

(b) The corneagen layer.—This layer is directly continuous with the
hypodermis but differs in being composed of colourless transparent cells
which secrete and afford support to the lens. In some insects its cells
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become elongated and grouped together to form the witreous body which

F1G. 65.—SECTION THROUGH AN OCELLUS OF APHEOPHORA

SPUMARIA,

cn, nucleus of corneagen cell; /, lens; 5o, ocellar nerve; pc.n, nudeus of
pigment cell; 7, rhabdom; sc.n, nucleus of retinule. 4fter Link, Zool. Jahrb.

Morpk. 1908.

supplements the lens in
its function.

(¢) The retina.—The
retina is composed of
visual cells which are
nerve end-cells, each
being in direct connec-
tion with the termina-
tion of a fibre of the
ocellar nerve. The
visual cells are associ-
ated together in groups
of two, three or more
cells, each group being
termed a refinula, which
surrounds a longitudi-
nal optic rod or 7hab-
dom. Thelatter is pro-
duced along the inner
junctions of the com-
ponent cells of a retin-
ula, and varies in form
according to the number
of those cells present.

(d) Pigment cells.—In some ocelli there are accessory cells loaded with

pigment situated between
the retinule, or the pigment
may be contained within the
visual cells themselves. In
deeply pigmented ocelli the
margin of the lens and the
proximal ends of the visual
cells are enveloped in a
dense layer of pigment form-
ing the dris which is only
interrupted by the fibres of
the ocellar nerve.

2. THE LATERAL OCELLI.
The lateral ocelli are, with
very few exceptions, the
only eyes present in insect
larvee. As their name im-
plies, they are located on the
sides of the head where they
occupy positions correspond-
ing with those of the com-
pound eyes of the imagines.
The number of lateral ocelli
is variable and not always
constant in the same species:
in some groups there is a

F1G. 66.—SECTION OF THE MEDIAN OCELLUS OoF CHLEON.

¢, cuticle; cl, corneagen layer; !, cellular lens; v, vitrcous layer ;
7, retinule ; 2, tapetum; p, pigment; #, ocellar nerve. Ajter Hesse,

single ocellus present on either side while in others there may be 6, 7 or
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more ocelli. They differ essentially from the dorsal ocelli from the fact
that they are innervated from the optic lobes of the brain. There are
also great variations in the structure of the lateral ocelli; in some insects
they are highly evolved organs, resembling the dorsal ocelli, while in others
they are little more than groups of a few sense cells. Many of the struc-
tural variations represent different degrees either of degeneration or of
arrested development.

The absence of compound eyes in almost all larve is due to the develop-
ment of these organs being de-
layed until the pupal stage.
Their places are consequently
taken by the lateral ocelli which
are adaptive organs functional
during the larval instars. Al-
though the formation of the com-
plete compound eyes is postponed
until pupation a small number of
ommatidia (vide p. 72) may be
developed in some cases and
function as larval ocelli. Fi. 6

.. . 67.—SECTION THROUGH AN OCELLUS OF A

The principal types of lateral Drrisevs LARVA.

OCelli are dealt Wlth belOW, [ cuticle ; I, lfns; h,.hypodermis; 7, r_etinal cells with

(@) In larval Tenthredinide colts, A ey Grenasher, oS 1oYer (modified hypodermal
there is a single ocellus present
on either side of the head. Structurally these organs are almost identical
with the dorsal ocelli already described. Each consists of a biconvex lens
and an underlying vitreous body formed by the elongated cells of the
corneagen layer: the retina is formed of a number of retinule each com-
posed of four cells with a typical 4-partite rhabdom (vide Redikorzew, 1900).
Among larval Coleoptera (Dytiscus, Hydrophilus, Acilius) the lateral ocelli
exhibit the same essential struc-
ture but differ in their mdre de-
tailed features (Fig. 67).

() Among certain larval
Lepidoptera and Trichoptera, and
also in the larvae of Sialis, Myr-
meleon and certain other insects,
each lateral ocellus has the general
structure of a single ommatidium

of a compound eye (Pankrath,
F16. 68.—A. SECTION THROUGH AN EYE-SPOT 1890: Hesse, I901).

OoF A Crnarorocor LarRva,  After Hesse.
B. SECTION THROUGH AN EYE OF ANURIDA (c) Among the COl'lembOIa the
aarirosa.  Original. lateral eyes form the visual organs

e o comengen ayers, b bypodermis; L dne:  of the adults. They are variable

in number, there often being 8
to a side, and each eye consists of a single ommatidium of the eucone type.
Among the Poduridz, however, they are more degenerate and have lost
the crystalline cone cells (Fig. 68, B).

(d) In many larve, particularly those living in partial darkness, the
ocelli exhibit varying degrees of degeneration and, in Cerafopogon, they
are reduced to a pair of visual cells with two overlying pigment cells (Fig.
68, A).

(e)) In the larva of certain aquatic Nematocera (Culex, Amnopheles,



72 THE SENSE ORGANS

Chaoborus, Dixa, etc.) the lateral eyes are comparatively unimportant ;
the compound eyes, on the other hand, are present in varying degrees of
development in close association with them, and eventually become trans-
formed into the completed organs of the imago (vide Zavrel, 1907).

) B. THE COMPOUND EYES
The principal feature distinguishing compound eyes from ocelli of
either type is the fact that, in the former, the cornea is divided into a num-
ber of separate facets, whereas there is only a single facet to each ocellus.

Compound eyes are formed of aggregations of separate visual elements
known as ommatidia,

each ommatidium cor-
responding with a single
facet of the cornea.
Certain other features
have been regarded as
distinctive of com-
pound eyes, but in
some cases they are
also found in ocelli.
Compound eyes, simi-
larly ‘to lateral ocelli,
/ are innervated from the
77 optic lobes of the brain

Fi1c 69.—HEAD OF Bisro marcr (MALE), SHOWING DIVIDED (Flg' 71)'
EvE (LEFT). The number and

size of the facets of the
compound eye vary
within wide limits. In extreme cases, as in the worker of the ant Ponera
punctatissima, each eye is composed of a single facet. According to Forel
there are 6-9 facets in the same caste of Solenopsis fugax, while among other
ants the number varies between about 100 and 600 in the workers, 200
and 830 in the females, and between 400 and 1,200 in the males. In Musca
the eye consists of about 4,000 facets, in
some Lepidoptera from 12,000 to 17,000
(Packard) and in Odonata between 10,000
and 28,000 or more (Tillyard). In most
insects the facets are very closely packed
together and assume a hexagonal form
but, in some instances where they are
fewer in number and less closely com-
pacted, they are circular. The facets are
not always of equal dimensions over the
whole area of the eye. Thus, in the males
of Tabanus they are often larger over the
anterior and upper parts of the eye, but Fic. 70.—HEAD oF GrriNUsS N4raror,
the two fields are not sharply demar- astovz:ifvizivi?fz %ﬁfwﬁiﬂ

cated. In the males of certain other e '

Diptera, including species of Bibio and Simulium, the two areas of different
sized facets are very distinctly separated, each eye appearing to be double
(Fig. 69). The extreme condition is attained among certain Coleoptera
(Gyrinus, several Cerambycide, etc.) and Ephemeroptera (Chlaon), where
the two parts of the eye are so remote from each other that the insect

a, upper division of eye; b, lower division.
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appears to possess two pairs of compound eyes (Fig. 70). In Chlwon the
anterior division of each eye is elevated upon a pillar-like outgrowth of
the head, while the posterior division is normal.

THE STRUCTURE OF AN OMMATIDIUM (Fig. 72). The structure of the
ommatidia varies in different insects but in all cases the differences are
modifications of a common type. The various parts which enter into
the composition of an ommatidium, passing from without inwards, are
enumerated below.

(@) The cornea.—The cornea is the transparent area of cuticle forming

F1G. 71.—SECTION THROUGH THE EYE AND OPTIC LOBE OF A WORKER HONEY BEE.

BM, basement (or fenestrated) membrane; Cor, cornea; fm,, periopticon; fms, epiopticon; fm,, opticon; inner
ch, internal chiasma ; Om, ommatidium ; OpL, optic lobe ; ouler ch, external chiasma.  From Snodgrass after Phillips.

the facet or lens of an ommatidium and is often more or less biconvex
in form. It is cast off during each act of ecdysis.

(8) The corneagen layer.—The part of the hypodermis which extends
beneath the cornea is known as the corneagen layer. It consists of two
cells which, in some insects, are only to be detected with difficulty. In
other cases they are wanting and, in these instances the cornea is secreted
by the outer ends of the cells of the crystalline cone.

(¢} The crystalling cone cells.—Beneath the corneagen layer or the
cornea, as the cage may be, there is a group of four cells which in the eucone
eyes secrete a transparent body termed the crystalline cone. The nuclei
of these cells are sometimes known as the nuclei of Semper. °

(d) The primary iris cells.—These are densely pigmented cells which
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are disposed in a circlet surrounding the cells of the crystalline cone and
the corneagen layer.

(¢) The retinula.—The retinula forms the basal portion of an omma-
tidium and is composed of a group of usually seven pigmented visual cells.
Each of the latter is continuous with a post-retinal fibre and forms a nerve

-end cell. The visual cells collectively secrete an internal optic rod or
rhabdom and the portion of
the latter contributed by
each cell is termed a #hab-
domere. Each rhabdomere
is stated to exhibit an ex-
tremely fine fibrillar struc-
ture, the individual fibrils
passing right through the
cell and emerging as the
single nerve fibre previously
alluded to. The rhabdom
forms the central axis of the
retinula and is in contact
with the extremity of the
crystalline cone.

(f) The secondary iris
cells.—These are commonly
elongated pigment cells
which surround the primary
iris cells and the retinula,
thus serving to isolate an
ommatidium from its neigh-
bours.

The proximal extremities
of the ommatidia rest upon
a fenestrated or basement
membrane through whose
perforations pass the nerve
fibres from the retinule and
frequently fine trachee. The
latter, as they enter further
into the eye, become
arranged parallel with the
long axes of the ommatidia.
Fi6. 72.—DIAGRAM OF GENERALIZED OmmaTiDIUM or 1he nerve fibres  (post-

THE EvucoNE TYPE FROM AN EYE GIVING AN retinal ﬁbres) collectively

APPOSITION IMAGE. . . qs .

¢c, crystalline cone; ¢l, corneagen layer; !, corneal lens; m, fene- unite the . Ommatldla with

sirated membrane; f nerve fibe; 96 primaky e cll; 1 refimia; - the periopticon or outermost

of regions bearing corresponding lettering. ’ tract of the Opth lobe of
the brain.

THE TYPES OF COMPOUND EYES.—Four types of compound eyes are
described among insects. Of these, the first three were recognized by
Grenacher (1879) and the fourth type by Kirchoffer (1908-10).

1. Eucone eyes.—In eyes of this type each ommatidium contains a
true crystalline cone, which is a hard refractive body formed as an intra-
cellular product of the cone cells: the nuclei of the latter are located in
front of the cone. Eucone eyes are found in the Thysanura, Orthoptera,




F1G. 73.—DIAGRAM OF AN
OMMATIDIUM FROM AN
EYE GIVING A SUPER-
POSITION IMAGE.

On the left side the pigment is
seen in a condition adapted for
night vision and on the right side
for day vision. 7' filamentous
prolongation connecting retinula
with crystalline cope. Other }
lettering as in Fig. 72.
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Odonata, Ephemeroptera, §I'richoptera, Lepidoptera,
Hymenoptera, Chrysopide, certain of the Hemiptera
and in the Cicindelide, Carabide, Dytiscide and
Scarabeide among Coleoptera.

2. Pseudocone eyes—In this type of eye there
is no true crystalline cone and the four cone cells are
filled with a transparent, semi-liquid material which
lies in front of the nuclei. Pseudocone eyes are found
in the Brachycera and Athericera among Diptera.

F16. 74.—Two STAGES IN THE DEVELOPMENT OF THE FIrTH
»  OcEeLLUS OF AN Acizivs LARVA (COLEOPTERA).

¢, cuticular rods; c.J, rudiments of lens; &, hypodermis; !, corneal layer
(vitreous body); n, nerve; 7, retina ; sp, vertical slit in the retina; x, retinal cells
bordering this slit. From Korshelt and Heider after Patten.

3. Acone eyes.—In the acone eyes there is a
group of elongate, transparent cone cells but the
latter do not secrete any kind of cone whether
crystalline or liquid. Eyes of this kind are found
in the Dermaptera, Hemiptera, certain of the Dip-
tera Nematocera, and in the Staphylinide, His-
teride, Silphide, Coccinellide and Curculionide
among Coleoptera.

4. Exocome eyes—The name exocone is here
applied to that type of eye in which the crystal-

line cone is replaced by a cone of extracellular, cuticular origin which
appears as a deep ingrowth from the inner aspect of the corneal facet,
in front of the unmodified cone cells. Eyes of this type are found in
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the Dermestide, Elateride, Byrrhide and Malacodermata (Kirchoffer). -

THE DEVELOPMENT OF EYES. The structure of compound eyes and
ocelli is best appreciated after taking into account the essential facts of
their development (Figs. 74 to 77).

In the case of an ocellus development commences with the formation
of a hypodermal pit. The cells bordering the edges of the pit become
differentiated into the corneagen layer and vitreous cells: the deeper
cells, forming the
bottom of the pit,
become grouped in
such a manner as to
produce the retinule,
their inner ends giv-
ing -off nerve fibres
which unite to form
the optic nerve. In
the simple type of
ocellus, exhibited in
the larva of Dytiscus
(Fig. 67), the mmouth
of the pit s still per-
ceptible beneath the
lens. In the larva
of Acilius Patten
has shown that the
marginal cells of the
pit grow inwards,
and meet over the
deeper parts, thus
producing a two-
layered ocellus. In
the larva of Hydro-
philus a more com-
plex three-layered
condition is arrived
at by a fold of the
hypodermis on one
side of the pit (Fig.
76).

Each ommati-
dium of the com-
= pound eye com-
Fic. 75.—Two LATER STAGES Iv THE Drveropment o maz 1Nences as a pillar of

F1rtH OCELLUS OF AN Acrzzvs Larva. thickened, elongated,

74?, p;‘ilg;n%ggr;gzl;t a”[llld H});g?é: ;r‘;}rgt%%g:?ne.r of the eye ; other lettering as in Fig. hypodermal cells, the

pillars being separ-

ated by undifferentiated tissues (Fig. 77). The cells of the pillars become

differentiated into an outer series yielding the facets, crystalline cones and

primary pigment cells, and an inner series producing the retinule. The

hypodermis between the ommatidial pillars becomes transformed into the
secondary pigment cells. (Vide Johansen, 1893).

THE RELATIONS OF COMPOUND EYES TO OCELLL—It is well known that
very similar types of eye occur in distantly related animals, and that nearly
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allied species frequently differ in the
fundamental structure of their visual
organs, Even very different types
of eye may occur in the same
animal. In considering the relations
of compound eyes to ocelli in insects
the above facts, therefore, need to
be borne in mind.

The lateral ocelli of many Col-
lembola, and of larval Lepidoptera,
are comparable individually with a
single ommatidium of the compound
eye. In these instances the ocelli
represent a few disseminated omma-
tidia or, in other words, they are
rudiments of compound eyes. With
the dorsal ocelli, and the lateral
ocelli of a similar character, the case
is very different. In organs of this
kind there is a single lens in front
of a larger or smaller number of re-
tinule. In the.compound eye there
is a number of separate lenses or
facets each associated with a single
retinula.

Attempts have been made to de-
rive the compound eye from an organ
composed of a group of ocelli of this
latter type. This method of origin
is upheld by Korschelt and Heider
whose conclusions are based upon a
comparative study of the eyes of
Myriapods.

Fic. 77.—STAGE IN THE DEVELOPMENT OF THE
CoMPOUND EVE OF THE PUPA OF S4TURNIA
OMMATIDIAL PILLARS.

PERNYI SHOWING
Ajfter Bugnion and Popoft.

77

Fic. 76.—Two STAGES IN THE DEVELOPMENT
oF AN OcCELLUS OF A LARVAL Hrpro-
PHILUS.

cl, lens ; h, hypodermis; I, corneagen layer ; , middle
layer of optic rudiment ; #, nerve; o, aperture of optic
invagination ; 7, retinal layer; #b,rods. From Korshelt
and Heider after Patten. /

The eye of Scolopendra consists of a few typical ocelli, each

with a cuticular lens: in Lithg-
bius and Julus there are 30—4o,
or more, similar ocelli on either
side. In Scutigera a kind of com-
pound eye is present which is
formed of 200, or more, closely
compacted ocelli. The latter are
considerably modified- by mutual
compression until they have
assumed somewhat the character
of ommatidia, the retinule associ-
ated with each ocellus being
greatly reduced in number. This
type of eye is regarded by Rosen-
stadt as intermediate between
ocelli and true compound eyes.
Grenacher regards ocelli and
compound eyes as “‘ sisters " de-
rived from an ancestral type of
visual organ, resembling an
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ommatidium of the acone type of the Tipulidee. The compound eye is
derived through an increase in the number of these simple eyes and their
close aggregation ; the ocellus is derived through the multiplication of the
retinule with a corresponding increase in the size of the lens.

Insects alone afford no clue to the problem and speculations, confined
within the limits of that class, lead only to the conclusion that if the two
types of organs have a common origin that origin must be sought for else-
where.

C. THE PHYSIOLOGY OF VISION

The eyes of insects, when completely developed, are divisible into two
regions which are structurally and physiologically different. In the typical
ocellus the corneal lens and vitreous cells constitute the dioptric portion
of the eye, while the retinule along with their rhabdoms form the retina
or percipient portion. In the compound eye the dioptric portion is com-
posed of the corneal facets and the underlying layer of crystalline cones:
the percipient portion is similarly composed of the retinule and their
rhabdoms. The retina in insects is only comparable with the rod and
cone layer of the retina of the vertebrate eye.

VISION BY MEANS OF OCELLI. The.dorsal ocelli are constructed upon
a plan more nearly resembling that of the human eye than the Arthropod
compound eye. Since there is no power of accommodation in the dioptric
layer, and the lens is strongly biconvex, vision is limited to the perception
of very near objects. The small number of visual elements implies an
image of a crude or indefinite kind, and this image is an inverted one. The
experiments of Plateau and others have shown that caterpillars, for example,
do not perceive objects at a distance greater than 1 or 2 cm. : spiders, with
their highly developed ocelli, have little power of appreciating the shapes
of the objects which they see. Forel and Lubbock believe that the ocelli
of the social Hymenoptera are used by those insects when in the darkness
or subdued light of their nests. In a few words it may be said that experi-
mental evidence indicates that ocelli are used to distinguish between light
and darkness, and are capable of conveying a coarse image of very near
objects only.

VISION BY MEANS OF COMPOUND EYES.—The principal theory accounting
for vision by means of compound eyes is the well-known mosaic theory
formulated by Miiller in 1826. This explanation with certain modifications
based on the work of Exner and others, is generally accepted to-day. Miil-
ler’s views are best understood by regarding the compound eye as being
built up of an immense number of minute, elongate, transparent tubes
arranged with their long axes parallel to one another. Let each tube be
coated externally with a dark pigment, so that it is optically isolated
from its fellows, and the only rays of light which will traverse the tubes,
from end to end, are those parallel with the long axes: oblique rays will
impinge on the walls of the tubes and become absorbed by the pigment
(Fig. 78). In the compound eye each ommatidium will only convey to
the retinul® rays coming from a very small portion of the whole field of
vision, and only those travelling in the direction of its axis. The impression
received through such an eye would be a single mosaic picture, formed
by the same number of points of light as there are ommatidia, each point
of light corresponding in colour and density to the corresponding part of
the object viewed.

It is now generally recognized that compound eyes are specially adapted
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for perceiving the movement of objects. The movements of even a very
small object in the field of vision would be immediately registered on the
mosaic picture received on the retina, which would become suddenly altered
in ong or more of its components. The extent of the alteration would
depend upon the size and distance of the object, and the number of omma-
tidia affected. Such movement would be quickly impressed upon the
brain of the insect and the latter would respond accordingly. It is often
possible to approach an insect so gradually that the change of position
passes unnoticed. An object as large as a human
being affects all the ommatidia equally and simul-
taneously and, since it is moving very slowly, the
change of position only causes slight changes in the
character of the image as a whole. A sudden slight
movement of any part of the body is often suffi-
cient to cause the insect’s immediate departure,
owing to the fact that it abruptly affects a series
of ommatidia in succession. -

The distinctness of vision depends partly upon
the number and size of the ommatidia. An image
formed by a vast number of minute ommatidia will
be sharper and more detailed than one formed by a
smaller number of larger elements. It further
depends upon the amount and distribution of the
pigment surrounding each ommatidium, which
determine the degree of isolation of the light pass-
ing through the latter. Since compound eyes
generally possess no focussing mechanism, insects
cannot perceive form beyond a few feet away,
although perception of movement extends to a
much greater distance. The closer an object is to
the eyes the greater will be the number of omma- 11E
tidia employed to produce the impression, and : ’L\,/_»
consequently the sharper the vision. =

In eyes adapted solely for diurnal vision the v-od f
retinule are in contact with the apices of the crys- s 18 _Dragram repre-
talline cones (Fig. 78). A dense layer of pigment SENTING VISION WITH

a. <
T T P77

surrounds the cones and only rays of light issuing AN EYE GIVING aN
from the apices of the latter reach the rhabdoms.
An image formed in this kind of eye is termed an
apposition image because it is built up of apposed
points of light ; it is a true mosaic in the sense of
Miiller. According to Exner the image produced
is an inverted one but apparently this is not always
the case since Eltringham (1919) has observed an

APPOSITION IMAGE.

The only rays of light from an
object @ ¢ e which will reach the
retinul@ are those parallel to the
long axes of the ommatidia (e.g.
ab, cd, ef). All oblique rays
impinge on the sides of the cones
where they are absorbed by the
pigment. c¢n, corneal lens; ¢,
crystalline cone; 7, retinula;
pg, pigment; m, fenestrated
membrane. This Fig. and Fig.

. - 79 are based on Exner,
erect image in the eucone eye of a butterfly.

In eyes of many nocturnal and crepuscular insects the rhabdoms are
not in contact with the apices of the cones, the two elements being separated
by a space filled with transparent tissue. The ommatidia in this kind of
eye are consequently greatly elongated (Fig. #79). The pigment is capable
of forward or backward migration according to the amount of light avail-
able. At night time it moves forward and freely exposes a large portion
of the cone apices with the result that rays of light entering adjacent
ommatidia, traverse the space already alluded to and reach the same retinula.
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F1G. 79.-DIAGRAM REPRE-
SENTING VISION WITH
AN EYE GIVING A
SUPERPOSITION IMAGE.

Bach retinula receives not
only an image from rays entering
its own facet, but also those from
peripheral oblique rays from
neighbouring facets, Lettering
as in Fig. 78.
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In this type of eye there is an overlapping of points
of light and the image thus formed is termed by
Exner a superposition tmage, which is an erect one.
It is evident that in an eye of this description a
limited amount of light will produce a better image
than in an eye giving an apposed image where
much of the light is absorbed by the pigment. The
eyes of nocturnal insects are adapted, therefore, to
perceive the general forms and the movements of
objects when there is very little light available.
Owing to the overlapping previously explained the
image is a continuous one and not a true mosaic.
Many insects with eyes giving superposition images
are adapted to make the most of varying degrees
of light. In the presence of an increased amount
of light the pigment moves backwards, like a dark
sleeve cutting off more and more of the peripheral
rays and, in this manner, the luminosity of the
image is decreased without reducing its clearness,
By fixing and sectioning the eye of an insect which
had been kept for a time in the light, and com-
paring it with the eye of another individual of the
same species which had been confined in the dark,
Exner was able to definitely prove that correspond-
ing changes in the distribution of the pigment take
place. -

In night-flying insects there is a structure
termed the fapetum which reflects the light that
has entered the eyes causing the latter to shine in
the dark, when they assume the appearance of
golden or ruby globes. In eyes of this kind the
retinular elements are impregnated with a special
colouring substance (erythropsin, zanthopsin) and
the spaces between the retinule are densely packed
with fine, longitudinal trachee filled with air (Fig.
80). It is probable that the effect of the faint
nocturnal light is intensified owing to the light pass-
ing through the retinule a second time, when it is
reflected from the glistening trachea of the tape-
tum (vide Bugnion and Popoff, 1914).

The divided eyes of certain insects have been
alluded to on a previous page. Such eyes consist
of an upper portion composed of large facets, which
are adapted to give a superimposed image, and a
lower portion composed of smaller facets giving an
apposed image. The upper part of such an eye is
probably used to perceive variations in the inten-

sity of light from above produced by clouds, moving enemies, etc., with-
out there being any necessity to perceive definite form. The lower part of
the divided eye is clearly adapted for more acute vision, and to receive the
more exact impressions produced by the objects over which the insect may

be flying or resting.

In some cases possibly the larger facets may also

function for night vision, and the small facets for day vision.
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A large number of experiments have been performed which lend strong
support to the conclusion that insects can distinguish the differences of
frequency in light waves which are called colours. The experiments of
Forel, Lubbock and others have provided evidence indicating that certain
insects, especially bees, have a memory for
colour. Thus Forel, after feeding a bee on
honey deposited on blue paper, observed the
same insect afterwards seeking and examin-
ing all the pieces of blue paper in various
parts of a room. Lubbock has shown that
ants are remarkably sensitive to the ultra-
violet rays. Seitz attracted males of Antho-
carts charlonia by constructing coloured paper
models of the females, and the extent of the
attraction depended upon the accuracy of the
colouring . those models. Nuttall has shown
that mosquitoes have a marked tendency to
settle on a dark blue surface, and Lloyd
(Bull. Ent. Res. 1921) has demonstrated that
Aleyrodes vaporariorum is powerfully attracted
to a yellow colour.

4. The Chordotonal or Auditory
Organs
It is well known that many insects are

capable of sound production, and the posses-
sion of organs for this purpose indicates the

Fi1Gc. 80.—A. RETINULZ OF THE
EYE OF DEILEPHILA EUPHORBILE,
SHOWING GRouUPs OF FINE
LONGITUDINAL TRACHEGZE.
3. TRANSVERSE SECTION OF
A GROUP OF RETINULE OF
THE EVYE oF Puiogorrora
METICULOSA, SHOWING THE
INTERSPACES PACKED WITH

F1G6. 81.—DI1AGRAM OF THE Two TYPES OF SCOLOPHORES.

A, integumental ; B, subintegumental. ¢, cuticle ; &, hypodermis ; ¢, cap
cell ; s,"scolopale ; sc, sensory cell ; fb, fibrillar blndmg tissue ; n, nerve.

TracHEE. probability that they also possess some
nien, aracheie s o retinule. Afier Bug- mechanism for sound perception. Structures

that are believed to fulfil the latter function
exist in a number of 1nsects even in their larval stages, and are known as
chordotonal or auditory organs. They consist typically of spindle-shaped
bundles of sensille, or scolophores, whose distal extremities are usually
attached to the integument : less frequently they are without this attach-
ment and end free in the body-cavity. The two types may be distin-

G.T.E.—b
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guished respectively as the infegumental scolophores and the subintegumental

scolophores (Fig. 81).

In the most completely developed chordotonal organs the sensory parts
are covered over by a special thin area of the integument, which forms an
external vibratory membrane or fympanum

tympanal organs.

Fic. 82.—I. A SCOLOPHORE OF THE INTEGUMENTAL TYPE FROM A
LONGICORN LARVA.

II. AricaL PORTION OF A SCOLOPHORE, MORE HIGHLY MAGNIFIED,
TOGETHER WITH TRANSVERSE SECTIONS.
After Hess, Ann. Ent. Soc. Am. 10.
af, axial fibre ; cc, cap cell ; cem, nucleus of cap cell ; ec, envelope cell and its nucleus ecn ;

ek, end knob ; #, nerve fibre ; s, scolopale ; sc, nerve end-cell and its nucleus sen ; ¢, terminal
ligament ; v, vacuole.

and, for this reason, they are often termed

The Structure of an Auditory Sen-
silla.—An auditory or chordotonal sensilla
consists of a nerve end-organ or scolophore, en-
closing a hdllow peg-like structure or scolopale

(vide Schwabe
1906). A scolo-
phore (Fig. 82)
is composed of
a bipolar nerve
end-cell, con-
tinuous proxi-
mally with a
fibre of the
chordotonal
nerve. This
sensory cell is
drawn out dis-
tally into a
slender prolon-
gation, which is
enclosed by an
envelope cell and
a cap cell. The
scolopale is
formed within
the envelope
cell and its
cavity com-
municates bas-
ally with a
vacuole filled
with a watery
fluid. Viewed
in  transverse
section the wall
of the scolopale
is composed of
a number of
ribs: inthe
simple type of
chordotonal or-
gans studied by

Hess (1917) there are seven of these ribs at either end of the scolopale, each
of which is divided in the central portion so that there are fourteen ribs in
this part. The distal end of the scolopale is almost always thickened to
form the end-knob. The entire scolopale is bathed by a fluid medium in
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which it is free to vibrate. The cap cell appears to be a modified hypo-
dermal cell and, in a scolophore of the integumental type, it forms a
greatly elongated strand which serves to attach the sensilla to the body-
wall. An axial fibre, or a group of neuro-fibrils, from the chordotonal nerve
traverses the whole length of the sensory cell and scolopale to join theend-
knob of the latter.

The Simpler Type of Chordotonal Organs.—The scolophores
rarely exist as single sensillee, usually two or more are disposed closely
together in a chordotonal organ. Those studied by Hess in Cerambycid
larve are individually composeds of four scolophores. Each organ is in
the form of & minute ligament which is attached fo the integument at
one extremity by the elongated cap-cells, alluded to previously, and at
the other extremity by a short strand of connective tissue. The latter
forms the fibrillar binding substance of Schwabe, and is prolonged over
the scolophores so as to ensheath them.

Graber (1882-83), who laid the founda-
tion of existing knowledge of the chordo-
tonal organs, found them in all the larger
orders of insects. They are not always
located in the same region of the body, their
positions often varying in different groups.
In ants, for example, they are commonly
found in the tibize, but Janet has discovered
a number of less conspicuous organs of a
similar nature, in various parts of the body,
numbering eight pairg in all. Chordotonal
organs also occur on the tibiz in certain
termites and Perlids, and in the tarsi in
some Coleoptera.

In addition to adult insects chordotonal H
organs have been observed in many larve W
including those of Dytiscus, Melolontha, and  pie. 83—Ricar Harr or 8tn
the Cerambycide among Coleoptera : Taba- BoDY-SEGMENT OF THE LaRVA
nus, Chaoborus, Chironomus and Syrphus OF CH40BORTS. ) )
among Diptera: in Carpocapsa among Lepi-  prtugstion vors o, Casl lgament: - on
doptera and Nematus among Hymenoptera. — fon'of ventral norve cords  afier Coaborr
As a rule there is a pair of these organs in.
most of the abdominal segments and they are innervated from the ganglia
of the ventral nerve cord (Fig. 83); in Dytiscus and Melolontha they are
located in the tarsi.

The Tympanal Organs.—Highly specialized auditory organs are
found in the Acridiide on either side of the first abdominal segment (vide
Graber, 1882 ; Schwabe, 1906). They are easily recognized by the presence
of a tense, external vibrating membrane or #ympanum, which is surrounded
by a horny ring (Figs. 84, 85). A group of numerous scolophores, forming
a swelling known as Mdiller’s organ, is applied to the inner surface of each
tympanum, and forms the termination of the auditory nerve which arises
from the metathoracic ganglion. Two horny processes and a delicate
pyriform vesicle, which is filled with a clear fluid, are intimately associated
with Miller’s organ; they probably serve to transmit the tympanal
vibrations to the sensille. The first abdominal spiracle is located near
the anterior margin of the tympanum, and it gives off an air-sac which is
applied to the under surface of that membrane: two other air-sacs take

{
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their origin in the second abdominal segment, from the ventral tracheal

F1G. 84.—LATERAL VIEW OF A LocusT wiTH WINGS AND LEGS REMOVED
SHOWING TYMPANUM /.
After Carpenter.

proximal extremity of the
tibia of each fore-leg (Fig.
86). In many genera these
structures are easily observ-
able but, in certain others,
each organ is concealed by
an integumental fold and
comes to lie in a cavity:
the latter communicates
with the exterior by means
of a slit-like opening.

These organs attain great
complexity of structure and
most of what is known con-
cerning them is due to the
researches of Graber (1876),
von Adelung (1892) and
Schwabe. In Deticus verru-
civorus the tympanal organs
are of the concealed type
(Figs. 87 and 88). The
trachea supplying the leg is
greatly modified and, on

F1c. 86.—LEFT FORE-TIBIA OF GRYLLUS
DOMESTICUS SEEN FROM THE OUTSIDE

SHOWING TYMPANUM #y.

B. PorTioN 0OF FORE-TIBIA OF Locusra

VIRIDISSIMA, FRONTAL VIEW.

s, membrane covering tympanum ; ap, aperture

into tympanal chamber.

trunk of their
side, and lie in-
ternal to and in
close contact
with the air-
sac first men-
tioned.

In the
Locustida: and
Gryllide there
is often a pair
of tympanal
organs near the

Fic. 85.—TyMPANUM OF A LocusTt (Carorrznus)

VIEWED FROM WITHIN.

T, tympanum with its border TR ; 3, pyriform vesicle; o, #, horn-
like processes; ga, Miiller's organ; #, auditory nerve; st, spiracle;
Af, tensor muscie of tympanum. After Graber.

entering the tibia, it becomes inflated
and divides into an anterior and a
posterior branch, which reunite below
the auditory organ. Each trachea is
closely applied to the tympanum of its
side, which' thus has air on both its
aspects: the open air on the outer
surface, and the air of the trachea on
its inner surface: It is noteworthy
that these trache® communicate with
the exterior by a special orifice on
either side, in close proximity to
the prothoracic spiracle, and these
orifices are only present in species with
tympanal organs. In a transverse

section of the tibia (Fig. 88) it will be observed that the two trachez occupy



THE CHORDOTONAL ORGANS

F16. 87.—LONGITUDINAL SECTION OF THE FORE-TIBIA OF Drricus.
¢, crista acustica with its sup;:g)
ch o

rting bands & and b, ; 4o, intermediate organ ; le, Ii, outer and inner aspects of tibia;
1, nerve cells; ng, subgenual br:

crural nerve ; #l, tympanal nerve; s, scolopal®; st, supra-tympanal organ ; ¢,
main trachea ; fe, #, outer and inner tympana., Redrawn from Schwabe, Zoologica, 1906.

the area between the tympana. There is an extensive outer chamber in
the leg (above the trache as seen in the figure) and a corresponding inner
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chamber below. The outer chamber contains the supra-tympanal organ
together with leucocytes and adipose cells. The supra-tympanal organ is
placed a short distance above the tympana, and is composed of a number
of scolophores of the integumental
type, whose cap cells are attached
to the integument of the leg. Im-
mediately below this 6rgan, on its
outer side, there is a smaller sen-
sory structure which is termed the
intermediate ovgan : it is composed
of * scolophores of the subintegu-
mental type. On the outer face of
the anterior trachea is a third chor-
dotonal organ—the c¢risia acustica
(organ of Siebold). It is an elongated
ridge or crest composed of a large
number of scolophores of the sub-
integumental type, which gradually
decrease in size towards the distal
extremity of the tibia. There are
F1G. 88, —TRANSVERSE SECTION OF THE FORE- two Pr%nmpal nerves in the tibia—

Tisia oF Drricys passing teroucH the tibial nerve and the tympanal

THE CRISTA ACUSTICA (c). nerve,—both arising from the pro-
o O o e 1 veadhieany o Ak net thoracic ganglion. The supra-tym.-
and outer Upai cagties 1 e, ner &ad ovtef - pana] organ is supplied by a branch

from each of those nerves, while the
two remaining organs are innervated by the tympanal nerve.

Tympanal organs are described by Hagemann (1910) in Corixa and
its allies on either side of
the mesothorax, in close
relation with the second
pair of spiracles.

Johnston’s Organ.—
The organ which has re-

ceived this name was first NSA

ized in 18 b NN
recognized 1 55 by AN 7 S
B’

Christopher Johnston and
has since been observed in
representatives of most of
the larger orders of in-
sects (vide Child 1804:
Berlese 1909). It is lo-
cated within the second
antennal joint, and pre-
sents a certain amount of

\\\\S\\\\\\‘@gea . /
e 0B & () =
G
2959 /ﬁ/é ;

sats : F1G6. 89.—LONGITUDINAL SECTION OF THE BASE OF THE
variation in form al}d ANTENNA OF A MALE MosQuITo (CH40B0RUS) SHOWING
degree of development in JOHNSTON’S ORGAN.

different insects, and in s, scapa ; p, pedicel ; ¢p, conjunctival plate and its process pc; C, base
h of clavola ; Nv, antennary nerve ; #, nerve toclavola ; m, antennal muscles.

the two sexes of the (g chid, 84

same species. The organ .

attains its greatest complexity among male Culicide and Chironomide :

it is also tolerably well developed in such diverse insects as Calliphora,

Vespa, and Satyrus. Viewed in section it is composed of a variable but
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considerable number of sensille, which usually surround the antennal
sensory nerve where it passes through the particular joint (Fig. 89). The
sensille only differ slightly from those of the chordotonal organs and also
contain scolopale. Their distal extremities are attached to a process of
the conjunctival plate, between the 2nd and 3rd joints of the antenna,
and their proximal ends are continuous with fibres of the antennary nerve.
It has been shown experimentally by Mayer (1874) that the whorls of
sete, on the 3rd and following antennal joints, are caused to vibrate by
different notes, being most affected when at right angles to the direction
from which the sound came. It is believed that vibrations of the antennal
setae are transmitted to the conjunctival plate, and thence to the sensille,
and that insects possessing these organs are able to appreciate sounds
produced by their own species.

The Physiology of the Chordotonal Organs.—In the simpler types
of chordotonal organs, and in the supra-tympanal organs already de-
scribed, it is believed that sound waves impinge on the overlying body-
wall, and the stimulus is transmitted to the scolopalee which respond to
a corresponding degree, since they are free to vibrate in the fluid surround-
ing them. Probably, by altering the tension of these ligament-like organs,
they can be * tuned up ” as it were, to appreciate a considerable range of
vibrations. In the case of the tympanal organs it will be observed, from
the preceding account, that the tympanal membrane is maintained in a
condition of equilibrium by means of air-pressure exerted on both sides
of it, the-closely connected trachea acting very much like the Eustachian
tube in the human ear. Sound waves impinging on the tympanum cause
the latter to vibrate, and these vibrations appear to be transmitted to
the nerve concerned by one of two methods. Since the scolophores in
the crista acustica are turned away from the tympanum, the vibrations
have either to act on the air in the trache®, or on the fluid in the anterior
chamber of the leg, in the first instance, and indirectly affect the. scolo-
phores : in the Acridiide the tympanal Vibrations appear to be directly
transmitted to the scolophores.

5. Other Sense Organs, Including Those of Unknown
Function

In addition to the various kinds of sensille described in this chapter
there is a widely distributed type variously known as the campaniform
senstlle, sense domes or olfactory pores
(Fig. 9o). Each consists of a thin,
and commonly bell-shaped, cuticular
structure overlying a large pore-canal:
it may either project from the general
surface of the integument, or be deeply
enclosed in a cavity of the latter. In
sectional view it is seen to be traversed
by a nerve fibre which terminates at
the apex of the bell-shaped covering.

Unlike the chemical $ensillae previously F1c. 90.—CAMPANIFORM SENSILLZE.
1 - A, of anant. After Janet. B, of a hive bee. After
dealt Wlth’ 10, gland CeHS are pre Mclngoon 2, poref chutlcle n, nerve-ending.

sent in association with these struc-
tures, and their function is not understood.
The campaniform sensille were discovered by Hicks (1857) and have
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been restudied by many later workers including Berlese, Vogel (1g911),
Janet (1904), and McIndoo (1914). They are widely distributed over the
insect body and its appendages. In the hive bee, for example, they occur
on the mouth-parts, the bases of the wings, the legs, and on the sting:
in Diptera they are also found on the halteres. McIndoo differs from
previous investigators in describing the nerve termination as entering a
pore at the apex of the sensilla, with the result that its cytoplasm comes
into direct contact with the air. Both from their histology, and the results
of certain experiments, he concludes that they are adapted to receive
olfactory stimuli, and terms them the olfactory pores.

The halteres of Diptera are richly endowed with groups of sensille
and are regarded by some investigators as static organs which enable those
insects to co-ordinate their movements during flight. Much difference of
opinion exists, however, and other observers ascribe to them a chordotonal
function.

The elaborate structure known as Graber’s organ, found in Tabanid
larvee, is evidently adapted to receive sensory impressions of some kind,
but its function is wholly problematical.

On either side of the first abdominal segment, in many Lepidoptera,
there is a peculiar sense organ which is well exhibited for example in Plusia
gamma. Its structure has been investigated by Deegener (19og) and by
Forbes (rg16) who regard it as an organ for sound perception (vide also
Lepidoptera).

In the winged forms of Phylloxera Stauffacher (19o3) has described
what appears to be a true static organ, which is located at the base of each
fore-wing, between the pro- and mesothorax. It consists of a small vesicle,
enclosing a central body or statolith, together with nervous connections.

Among other sense organs are the postantennal organs of Collembola,
and the pseudocell? distributed over various parts of the body in certain
of the latter insects and in the Protura. Nothing definite is known con-
cerning their functions.
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of relation that are very different in character since they are adapted
for the production and not for the reception of stimuli. These are the
sound- and light-producing organs.

IN addition to the organs of special sense there are certain other organs

The Sound-Producing Organs

No insect possesses a true voice but sounds of different kinds and inten-
sity are produced by a number of species scattered through all the great
groups. In many cases the property of sound-production is confined to
the males: the females, however, are not invariably dumb and some
possess the same faculty but in a lesser degree. On the other hand, sexual
differences of this kind are frequently wanting and the sound-producing
organs exhibit no appreciable differences in the two sexes. The significance
of the sounds that are produced is not always easy to infer and, in some
cases, it does not appear to be subject to any teleological explanation. In
many insects they are undoubtedly concerned with the attraction of the
sexes for mating, and in others they serve to communicate some kind of
intelligence such as recognition, danger, etc., to other members of a species.

The methods by which sounds are produced may be classified under
the following headings.

(@) By the tapping of some part of the body against an external object.
b) By the friction of one part of the body against another part.
¢) By the vibration of the wings.

d) By the vibration of a special membrane exerted by muscular action.
¢) By vibrations of uncertain origin.

A. SOUNDS PRODUCED BY THE TAPPING OF SOME PART OF THE
BODY AGAINST AN EXTERNAL OBJECT

The best known example of sounds produced by this méthod is afforded
by beetles of the family Ptinide; more particularly those of the genus
Anobtum. The latter insects burrow into old furniture and woodwork
where they make ticking or tapping sounds that are believed to be of the
nature of a sex call. The sound is produced by an insect striking the lower
part of the front of the head against the surface upon which it is resting.

The soldiers of some termites (Termes spp.) similarly exhibit the habit
of striking the floor of their habitation by means of the head thereby pro-
ducing a clearly audible sound. In the highest stage of its development
a large number of the soldiers may hammer in rhythmic unison. There
appears every reason to believe that this practice is a warning signal serv-
ing to communicate the existence of danger to other members of the
community.
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B. SOUNDS PRODUCED BY THE FRICTION OF ONE PART OF THE
BODY AGAINST ANOTHER PART

By far the greater number and variety of the sounds emitted by insects
are produced by this method, the actual parts concerned with the sound
production being known as stridulating organs. Practically every external
part of the body which is subjected to friction on an adjoining part has
given rise to a stridulating organ in one or other insect.

Stridulating organs are possessed by representatives of several orders
of insects, particularly the Orthoptera, Coleoptera, and Hemiptera, but it
is in the first mentioned order that they are best known. In many species
of the families Acridiide, Locustide, and Gryllide the males are capable
of vigorous stridulation : outside these three families very few other Orthop-
tera stridulate and the faculty is rarely present in the females. Among the
Acridiide (vide p. 232),the sounds are produced by one of two methods.
Either the upper surface of the costal margin of the hind wing works against
the lowersurface of the fore-wing or, more usually, the inner aspect of each
femur bears a series ‘of pegs which are worked against the outer surface of
the corresponding fore-wing (Fig. 91). In the Locustide and Gryllide
(vide pp. 234 and 235) the sound is produced by friction between two
modified areas of the
fore-wings.

Among Coleoptera
there is a great variety
of stridulating organs
which, so far as they
were known at the
time, were very fully

discussed by Darwin Fic. 91.—HIND-FEMUR OF AN ACRIDIID.

: (13

in the Descent of a, row of pegs, three of which are shown greatly enlarged.
Man ”; more recently

they have been investigated by Gahan (1900). As a general rule dne part
of each stridulating organ is developed as a file-like area and the other as a
scraper consisting of a point or a series of points which is rasped across it.
These organs are generally present in both sexesand equally developed in each,
probably serving for mutual sexual calling. The Bostrichid genus Phanopate
is exceptional among insects in that the stridulating apparatus is confined
to the female. In Heliopathes on the other hand the female is devoid of
stridulating organs, and in species of Orycles the strie are coarser and more
regular in the male than in the female. The remarks of Darwin on stridula-
tion in Coleoptera may be quoted verbatim. ‘‘In the case of the Helio-
" pathes and Oryctes there can hardly be a doubt that the males stridulate
in order to call or to excite the females ; but with most beetles the stridula-
tion apparently serves both sexes as a mutual call. Beetles stridulate
under various emotions, in the same manner as birds use their voices for
many purposes besides singing to their mates. The great Chiasognathus
stridulates in anger or defiance; many species do the same from distress
or fear, if held so that they cannot escape; by striking the hollow stems
of trees in the Canary Islands, Messrs. Woolaston and Crotch were able
to discover the,presence of beetles belonging to the genus Acalles by their
stridulation. Lastly, the male Ateuchus stridulates to encourage the
female in her work, and from distress when she is removed.”

The larvae of certain of the Lamellicornia (vide Schiédte 1861-81)
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are endowed with stridulating organs on the legs or on the mouth-parts :
they live in concealed situations and the significance of their sound-produc-
ing apparatus has never been adequately explained.

Among Hemiptera there is similarly a great diversity of stridulating
organs more particularly in the Heteroptera. DBoth sexes frequently
possess the power of sound production, but in Corixa the mechanism is
less perfectly developed in the female. With the exception of certain
leaf-hoppers organs of this kind are generally wanting among Homoptera.

Several Lepidoptera are known to be capable of stridulation. Accord-
ing to Hampson (1892) in certain Agaristide the male has a corrugated
area beneath the costa of the fore-wing, and the wing-membrane is dilated
in. that region apparently to act as a resonator. It is suggested that the
clicking sound which is emitted is produced by the ridged areas on the
fore-wings passing over spines on the tarsi during flight. Certain species
of Angeronia (both sexes) have long been known to make a similar clicking
sound, and Hampson has described a stridulating apparatus at the base
of the fore-wing. The same author (Proc. Ent. Soc. 1894, p. xiii) mentions
that the males of Cidaria dotata and other species possess a row of spines
on a specialized area of the fore-wing which would presumably work against
the costa of the hind-wing. A slight rustling, or hissing noise is produced
by several of the common
European species of Vanessa
(Swinton, Fnt. Month. Mag.
1877 : Ims. Life 1) and a
more audible ‘“ squeaking ”
sound by Halias prasinana
(Swinton, 1877). For sound
production in Acheroniia
vide Lepidoptera.
F1G.92.—STRIDULATING ORGAN OF M YRMICA LEVINODIS _In the Hymenoptera

IN MEDIAN SECTION. stridulating organs are com-

ol e gk Fest et orming o sersper s o srdulatery urlece - mon among certain ants and

vary in structure in different
species, and in the castes of the same species (Fig. 9z). The organ consists
of a file and scraper on the mid-dorsal region of the integument, at the
base of the first gastric segment where the preceding segment overlaps. In
Mutilla europea both sexes have the power of stridulation, and the organ
is very similar in its position and structure to that found in ants.

C. SOUNDS PRODUCED BY THE VIBRATION OF THE WINGS

Certain insects make a humming or buzzing sound when flying which
is brought about by the vibration of the wings. Sounds of this description
are particularly audible in such large insects as Melolontha, Geotrupes and
Bombus. They are not, however, to be confused with other and higher
pitched sounds, which may be made at the same time by a different method.
Lubbock mentions that from the note produced the rapidity of the vibration
can be calculated. Thus, the house-fly, which produces the sound of F
vibrates its wings 335 times a second ; and in the bee, which makes a sound
of A, the vibrations are at the rate of 440 in a second. Marey has succeeded
in confirming these numbers graphically by fixing an insect so that the
extremity of the wing just touched a revolving cylinder. Each stroke of
the wing caused a perceptible mark and he thus showed that a house-fly,
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for example, made 330 strokes in a second which agrees very closely with
the number inferred from the note produced. Bellesme, however, con-
cludes that sounds corresponding to vibrations of this frequency are
produced by extremely rapid changes in the contour of the thorax and
are maintained after removal of the wings (vide also p. 94). By attaching
a style to the tergal part of the thorax he obtained a record of these vibra-
tions which corresponded in frequency to those required to produce the
sound that was experienced.

D. SOUNDS PRODUCED BY THE VIBRATION OF A SPECIAL
MEMBRANE EXERTED BY MUSCULAR ACTION

Among the Cicadide there is found one of the most complex kinds of
sound-producing organs known. These structures are met with in the
males, the females being either silent or only possessing rudiments of the
apparatus. The great volume of sound emitted by the cicadas marks them
out as being the noisiest representatives of the Insecta.

The apparatus, and
the sounds produced
by it, have been studied
by many observers, but
the basis of our know-
ledge of the structure
and mode of working
of the mechanism will
be found in the very
full ard accurate de-
scription of Reaumur
(Hist. des Ins. V. 1740).
His observations were
confirmed and extended
by Solier and later by F16. 93.—SoUND-PRODUCING APPARATUS OF A CICADA WITH
Carlet (1887). THE OPERCULUM OF ONE SIDE REMOVED.

The organs in ques- ¢, ventral cavity ; fm, folded membrane ; le, lateral cavity ; m, mirror; o,
tion comprise a pair of  Tanal K Catet, s Soi- Nat, 88y, 0 22 135e of 1egi o spinacle; 4
shell-like drums or tim-
bals sitiated at the base of the abdomen. These drums vibrate by the
action of powerful muscles, and the sound can be variously modified by
the so-called mirrors or sounding boards. In Cicada septendecim the true
sound organs are freely exposed, but in many other cicadas the drums are
covered by overlapping plates or opercula.

In the more perfect form of the apparatus, which is exhibited for example
in Cicada plebeia, the account given by Carlet may be followed (Fig. 93).
In this species the opercula are a pair of large plates which are backward
extensions of the metasternellum, and situated on the ventral side of the
body, where they overlap the base of‘the abdomen. On removing an
operculum a pair of cavities containing the external parts of the sound-
producing apparatus is disclosed. The larger of these cavities is ventral,
and the smaller is lateral in position. Their walls contain three specialized
areas of membrane which are known respectively as the {imbal or tympanum,
the folded membrane and the mirvor. The timbal is a crisp, plaited membrane
surrounded by a chitinous ring ; it forms part of the inner wall of the
lateral cavity, and is somewhat shell-like in appearance with its convex
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“surface bulging outwards. The folded membrane is in the anterior wall
of the ventral cavity, while the mirror is a tense, mica-like membrane in
the posterior wall of that cavity. In close association with the whole
apparatus there is an extensive air-chamber which opens to the exterior
by means of the third pair of spiracles. The sound is produced by the
rapid in and out movement of the timbal, which is brought about by a
powerful muscle. The latter arises from the mesofurca and is attached
to the inner face of the timbal. When the muscle contracts the timbal
is pulled inwards: on the relaxation of the muscle the timbal regains its
former position in virtue of the elasticity of its chitinous ring. This method
of sound production has been compared to the pushing in and out of the
bottom of a tin vessel, which makes a cracking sound. The folded mem-
brane and mirror are sounding boards which intensify and modify the
vibrations of the timbal ; their removal reduces the volume of the sound,
while the destruction of the timbal of both sides of the body renders the
insect silent. The sound can also be modified by the operculum which
is capable of being slightly elevated, but its main function is protective.

E. SOUNDS PRODUCED BY VIBRATIONS OF UNCERTAIN ORIGIN

In certain insects, particularly Diptera, sounds are produced in a manner
different from those already referred to. The actual method of sound-
production in these cases has given rise to much discussion, and the evidence
that is available is of a conflicting nature. Many entomologists are familiar
with the highly pitched singing note that is emitted by various flies, par-
ticularly in some species of Syrphide, both when hovering and when at
rest. Somewhat similar notes are produced by several Coleoptera and
by Hymenoptera. According to Landois (1867) the sound is caused by
the vibration either of a series of lamellz, or a tongue-like fold, projecting
into the lumen of the trachea close to certain of the spiracles. These
structures are membranous infoldings of the tracheal intima which are
believed to be set in vibration by the forcible passage of air through the
spiracles, thus producing a highly pitched note. Landois states that if
the head, wings, legs and abdomen of a Calliphora be removed, so that the
thorax is left with no vibratory parts other than the halteres, the highly
pitched note is maintained. If the thoracic spiracles be closed with gum
or wax the sound ceases. Lowne has described peculiar tympanic chambers
immediately behind the insertions of the wings in Calliphora and in close
association with the corresponding spiracles. He concludes that the
emission of sounds in this insect is due to the expulsion of air through the
thoracic spiracles, and the vibration of a membrane in the tympanic organ.
He also mentions that the whole thorax vibrates distinctly when the insect
is held between the finger and thumb. Bellesme (Comp. Rend. 87, 1878)
notes that in Diptera and Hymenoptera the highly pitched sounds continue
after removal of the wings and the stoppage of the spiracles. He considers
that they are due to very rapid changes in the form of the thorax—in
fact a kind of thoracic vibration—due to contractions of the wing muscles.
J. Perez (Comp. Rend. 87, 1878) from a study of certain Diptera also finds
that the sounds continue when the spiracles are artificially closed, and
attributes them to vibrations of the wing bases against certain closely
associated sclerites. The fact that different observers have not always
used the same species of insect in their experiments may explain some of
the discrepancies in the results obtained, but the subject is clearly one
in need of renewed investigation.
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The Light-Producing or Photogenic Organs

Certain insects are self-luminous owing to the possession of special
photogenic organs: some other insects owe their luminous properties to
the presence of light-producing bacteria, or on account of having ingested
luminous food.

True luminous insects are almost confined to the order Coleoptera and
more particularly to various genera of Cantharide (Lampyrinz) notably
Lampyris, Luciola, Phosphenus, Photurus, Photinus, Phengodes and others.
The Elaterid genera Pyrophorus (the ‘‘ cucujos”) and Photophorus are
also luminous and the same remark applies to several species of the
Carabid Physodera and to Buprestis ocellata. Outside the Coleoptera,
the larva of the Mycetophilid Bolitophila Iluminosa has photogenic
powers. A small number of other irsects are also luminous but are not
known to possess special organs for the purpose, and in many cases
the light is probably associated with the presence of bacteria. Examples
of this kind include Lipura noctiluca, a few Ephemeroptera, the *‘ lantern
fly "’ (Fulgora) together with certain larval Diptera and Lepidoptera.

In the Cantharide, previously mentioned, the luminosity is known in
some species to extend to all the developmental stages, and is a character
of their plasma. In the egg the luminous substance is diffused, but in
the post-embryonic phases it is localized in the photogenic organs. The
latter are usually situated on the ventral aspect near the apex of the
abdomen, except in Phengodes where they are distributed along the sides
of the body. In Lampyris
noctiluca the female is
apterous and larviform
(and also in Phengodes)
yielding a bright light,
while the male is winged
and has a feebler photo-
genic capacity. In Luciola
italica both sexes are

ated on the dorsal aspect
of the thorax. It is gener-
ally believed that the light
in the above instancés
serves to ensure the meet-

ing of the sexes, but its

Signiﬁcance in the earlier 13 (e} 94.—-LIUMINOUS ORGAN OF PHOTINUS.P -
. C, cuticle ; ¢p, tracheal capillaries ;-H, hypodermis ; N, nerve; P, photo-

Stages 1s not underStOOd- gen layer; T, trachea; U, reflector ]ayei:.p After Williams, 1916.

The luminous organs,
in all stages of the species concerned, exhibit the same essential structure.
They consist of an outer or photogen layer and an inner or reflector layer
(Fig. 94). Trachee ard nerves penetrate both layers but are more highly
developed in the outer stratum. Each organ is covered by the general
cuticle of the body which is more translucent than elsewhere. The phofogen
layer is transparent and its cells are grouped into lobules which are associ-

winged and luminous and SN
the same condition is i N
found in the Elateride. ol 1\ \
In the latter the chief Xy B
photogenic organsare situ- o .'

\b}’@
1P
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ated with the larger tracheal branches-; the smaller-vessels from the latter
terminate in end-cells with tracheoles. The exact distribution of the
trache varies in different species, but in all cases the arrangement is
such as to provide a very abundant oxygen supply. The reflecior layer is
composed of cells containing numerous urate crystals; they have a milky
appearance and act as a background scattering the incident light and pre-
venting its dispersal internally.

Much discussion has taken place with regard to the morphological
origin of the photogenic organs. Dubois and others maintain that they
are derived from the hypodermis, but Vogel and Williams, who have both’
studied the development of these organs, state that they are derived from
the fat-body. In the larva of Bolitophila they are exceptional in being
formed from modified portions of the Malpighian tubes.

The phenomenon of light-production in the animal and vegetable kingdoms is
one of luminescence, the light emission being stimulated by some means other than
heat. The term phosphorescent organs has often been applied to the luminous organs
of insects and other animals, but the light produced is in no sense a phosphorescence
since it is independent of the previous illumination of the organism. The light is
emitted as the result of the oxidation of a compound Juciferin in the presence of an
enzyme-like substance Juciferase. This reaction takes place within the cells of the
luminous organ and is dependent upon oxygen and water for its consummation. The
amount of heat generated during the reaction has been studied by Harvey who
prepared luciferin and luciferase extracts from the Ostracod Cypridina. As the result
of his experiments he found that if any rise of temperature occurs during the
luminescence, which results from the mixing of these two substances, it is certainly less
than '001° C. ; or, 1 gram luciferin liberates less than 10 calories during the luminescence
accompanying oxidation. The physical nature of aninial light is not in any way
different from light of ordinary sources except in intensity and spectral effect. It
is visible light containing no infra-red or ultra-violet radiation, or rays which are
capable of penetrating opaque objects. It is not polarized as produced but is
polarizable by a Nichol prism : it will cause fluorescence and phosphorescence of
substances and affect a photographic plate (vide Harvey, 1920).
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THE DIGESTIVE SYSTEM AND ITS APPENDAGES

HE alimentary canal is a tube of very variable length; in some
cases it is about equal to that of the body, while in others its length

is greatly increased and it assumes a convoluted course. The
shortest and simplest type is found in many larvee, notably those of the
Lepidoptera, Hymenoptera, and Diptera-Nematocera ; in the Apterygota,
Dermaptera, certain Orthoptera, etc., this condition is maintained through-
out life. In nymphal and adult Homoptera, and in the larval Diptera
Cyclorrhapha, it attains its greatest length and number of convolutions
and is often several times fonger than the whole insect.  Asa general rule,
it may be said that the greatest length of digestive canal is to be found
in those insects which feed upon juices, rather than upon the more solid
tissues of animals and plants. - Exceptions, however, are found in the larval
Hymenoptera, whose aliment is entirely of a fluid nature, and whose diges-
tive canal is a straight, simple tube. Morphologically the alimentary
canal is divisible
into-three primary
regions according
to their method
of embryonic
origin (Fig. 93).
The fore-intestine
arises as an an-
terior ectodermal

F1c. 95.—D1AGRAM oOF THE DIGESTIVE SYSTEM OF AN INSECT.

. . . The ectodermal parts are represented by heavy lines and the endodermal parts by broken
invagination lines.

(stomodaeum) : the =1, mouth ; e, eesophagus ; ¢, crop; g, gizzard ; ec, enteric ceca ; g, mid-intestine ;

A A . mt, Malpighian tubes ; A7, hind-intéstine; v, rectum; a4, anus.
hind-intestine as a

similar posterior invagination (proctodeeum) ; and the mid-intestine, which
ultimately connects the two, develops as an endodermal sac (mesenteron).
These differences in embryonic origin result in marked histological differ-
ences in the structure of the mid-intestine, as compared with either of
the other regions. Both the fore- and hind-intestine, being invaginations
of the body-wall, resemble the latter in their essential histology, and are
lined with chitin.

() The Fore-Intestine

The following layers, passing from within outwards, are generally
recognizable in the walls of the fore-intestine (Fig. 96, A). 1. The ntima
or innermost lining, which takes the form of a chitinous layer directly
continuous with the cuticle of the body-wall. 2. The epithelial layer
continuous with the hypodermis and, like the latter, chitogenous in func-
tion: it is often extremely thin and may take the form of a syncytium.
3. The basement membrane bounding the outer surface of the epithelium.
4. The longitudinal muscles. 5. The circular muscles. 6. The peritoneal

G.T.E.—7 97
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membrane which consists of apparently structureless connective tissue and

is often difficult to detect.
regions :—
The pharynzx.

The fore-intestine is divisible' into the following

The term pharynx is given to the region immediately

behind the mouth, between the latter opening and the cesophagus. In
biting insects the mouth is bounded by the labrum above, the labium

below and by the mandibles and maxilla on either side.

F16. 96.—A. LONGITUDINAL SECTION OF THE

‘WALL OF THE (ESOPHAGUS OF A TERMITE,

¢, chitinous intima’; ep, cellular layer; bm, basement

membrane ; Im, longitudinal muscles; cm, circular do.;
pm, peritoneal membrane,

B. LoONGITUDINAL SECTION OF THE WALL OF
THE MID-INTESTINE OF A TERMITE IN
THE SECRETORY PHASE.

e, enteric epithelium ; n¢, group of regenerative cells;

other lettering as in A.

C. TRANSVERSE SECTION OF THE WALL OF
THE MID-INTESTINE OF Br4rr4 IN THE
RESTING PHASE.

¢, crypt ; h, striated hem.

cesophagus by means of a slender tube.

In sucking insects
a true mouth is absent, the actual
entrance into the digestive system
being situated at the apex of the
organ of suction. The pharynx is
best developed in the latter type of
insects, and is provided with an
elaborate musculature, many of
whose fibres pass outwards to be
attached to the wall of the head.
By means of these muscles it func-
tions as a pumping organ, which
serves to imbibe the liquid food
through the "proboscis and convey
it backward into the cesophagus.

The a@sophagus is a simple,
straight tube passing from the hin-
der region of the head into the fore
part of the thorax. It is very vari-
able in length and the inner walls
are longitudinally folded.

The crop is present in many in-
sects and is a dilatation of the
hinder portion of the cesophagus.
It is extremely variable in form, and.
functions as a food reservoir; its
walls are thin and the muscular coat
weakly developed. In Periplaneta,
and most Orthoptera (Fig. g7) it is
very capacious and constitutes the
major portion of the fore-intestine.
In a few insects it is developed as
a lateral dilatation of one side of
the cesophagus as in G#yllotalpa,
certain of Isoptera and the larve
of Myrmeleon and the Curculionide.
Among various sucking insects this
dilatation becomes greatly pro-
nounced and connected with the

The organ is then known as the

food-reservoir or “sucking stomach,” but the latter expression is mis-

leading and incorrect.

A food-reservoir is present in most Diptera (Fig.

98) and also in the larvae of some of the Cyclorrhapha and in the higher

Lepidoptera (Fig. 99).

The proventriculus or gizzard (Fig. 100) is situated behind the crop and
is principally developed in mandibulate insects which feed upon hard
substances ; among the Orthoptera it is a very highly specialized organ
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(Fig. 97). It is also found in many carnivorous and wood-boring Coleop-
tera, the Mecoptera, Odonta, Isoptera and various Hymenoptera ; it is
reduced to the condition of a valve in the honey bee and most of the Diptera.
The dominant feature in its structure is the great development of the
chitinous lining into prominent denticles, and the increased thickness of
its muscles. At the point of junction of the fore- and mid-intestine, there
is present in many insects
a cardiac or cesophageal
valve. This structure is
formed by the wall of the
fore-intestine being pro-
longed into the cavity of
the stomach as an inner
tube, which then becomes
reflected upon itself and
passes forwards to unite
with the stomach-wall
(Fig. 101). It exhibits
varying degrees of com-
plexity among different
insects and, in certain
Dipterous Jarve, a blood
sinus is present between
its outer and inner walls
(Imms, Journ. Hyg. 1907,

301).

(b) The Mid-Intes-
tine

This region is termed
the stomach or mid-gut
and its shape and capa-
city vary exceedingly. In
some cases it is sac-like,
in others it is coiled and
tubular like an intestine,
or it may be divided into
two well-defined regions

as in many Cyclorrhapha oy A A c P ,

(Fig. of). ~ Histologically 1o 97. A Apiuavoaxy Cuxst or Prupmarsny au
the wall of the stomach ex- srivestris (GRYLLIDE).

hibits the following struc- o, wsophagus; ¢, crop; g, gizzard; ec, enteric ceeca; m, Malpighian
ture (Fig. 96). Internally la. sy barsas, s Seir Kt in sern s 7 T3 7P rectal papil
it is lined by a stratum

of enteric epithelium the outer ends of whose cells rest upon a basement
membrane : the latter is followed by an inner layer of circular muscles
and an outer layer of longitudinal muscles. The outermost coat of the
stomach is thin perifoneal membrane. Both muscle layers are composed
of striated fibres and their positions are the reverse to what obtains in the
fore-intestine. The structure of the enteric epithelium requires more
detailed mention, Its cells are wusually clearly demarcated and during
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the non-secretory phase their inner or free margin is bounded by the so-
called striated hem. The appearance of the latter, in many cases, appears
to be due to minute pore canals while in others closely set cilia-like processes
are described (vide Vignon, 1901). In the active or secretory phase the
cells give off granular protrusions, which extend into the lumen of the
stomach, where they either become disconnected or rupture, thereby dis-

Fic. 98.—ALIMENTARY CANAL OF A Muscip F1G. 99.—DIGESTIVE SYSTEM OF
FLy (CALLIPHORA). Spainx wigusrrr (IMAGO).
oe, cesophagus; p, proventriculus; w, ventriculus; df, @, cesophagus; s.g, salivary gland;
duct of food-reservoir f; p.i, proximal intestine; m,, Mal- f, 1iood-reservoir; #m, mid-intestine;
pighian tubes which unite to form a common stem (m) on mt, Malpighian tubes; &%, hind intestine ;
either side ; ki, hind intestine ; r, rectum ; 7p, rectal papille ; ¢, cecum ; 7, rectum. After Newport.

a, anus. Adapted from Lowne.

charging their secretory contents. The epithelial layer is generally folded
to a greater or lesser degree and, beneath the crypts of the folds, or between
the epithelial cells, are islands of small cells which are centres of regeneration
replacing those which are no longer functional. As a general rule the
enteric epithelium exhibits no special differentiation of its cells in con-
formity with the dual function of secretion and absorptian, each cell being
capable of performing both acts during its physiological phases (Steudel,
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1913). In a few insects, however, notably in
Ptychoptera, van Gehuchten (1890) states that
the absorptive cells are very large and located
in a definite region between two areas occu-
pied by secretory cells. It is frequently found
that the stomach is lined by a membranous
tube which, for the most part, is not in con-
tact with its epithelium (Fig. 1o1).* This tube
is the peritrophic membrane of Balbiani ; it is
quite colourless and, on account of its resist-
ance to the action of alkalies, it is inferred to
be of a chitinous nature. The seat of its
origin has #iven rise to much discussion, but
the results of recent research indicate that it is
continuously secreted by a band of deeply
staining gland-like cells situated at the point
of junction of the fore- and mid-intestine (vide
Gehuchten 18go, Vignon 1g9ox, Bordas and
others).

A membranous tube surrounding the ingested
food is present in the Thysanura, Orthoptera, many
Neuroptera and Coleoptera, certain Hymenoptera,
in larval Lepidoptera and many larval Diptera. On
the other hand, Schneider states that it is wanting

Fi1G. 100.—TRANSVERSE SEC-
TION OF THE WALL OF THE
G1zzarRD oF LocustiD (DEer-
CUS ALBIFRONS.
¢, chitinous lining ; d, teeth ; ¢, epithel-

ium; o¢m, circular muscles; Im, longi-

tudinal muscles ; p, peritoneal membrane.
After Bordas.

FiG. 101.—CARDIA OF A DIPTEROUS LARVA

(NEMATOCERA) WITH THE ADJACENT REGION

OF THE MID-INTESTINE, SEEN IN LONGI-
TUDINAL SECTION. }

oe, eesophagus; ¢, chitipous intima ; s, muscles; %, point

of union of fore-intestine with mid-intestine; glz, zone of

columnar gland cells which secrete the peritrophic membrane
pm; ec, enteric coecum.

in the Hemiptera, adult Lepidoptera,
many carnivorous Coleoptera and in
many Hymenoptera.

In the hive-bee (Snodgrass), the
larva of Zschna (Voinov) and certain
other insects a peritrophic membrane
is described as being formed by the
delamination of the inner or f{ree
margin of the cells lining the mid-
intestine. It is evident that in these
instances it is a non-chitinized struc-
ture quite different from the usual type
of peritrophic membrane described
above.

In many insects the surface
area of the stomach is increased
by the development of sac-like
diverticula,—the enteric or gastric
ceca (Fig. 97). These organs are
usually situated at the cesopha-
geal end of the stomach and are
very variable in number. In cer-
tain dipterous larve and in the
Gryllidee and Locustide two large
cceca are present; in Periplancia
and larval Culicide there are
eight, while in the larva of Oryctes
nasicornis they are more numer-
ous and are disposed in an an-
terior, a median, and a posterior

annular series, Among various predaceous Coleoptera they are repre-
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sented by numerous villiform processes, and in some orders (e.g. Collem-
bola, Lepidoptera) cceca are generally wanting.

In the larve of certain groups of insects the stomach is a closed sac,
the passage being closed between the mid- and hind-intestine. In these
instances the food is always of a fluid nature and there is but little solid
residuum. This condition is prevalent in the majority of the larve of the
Hymenoptera Apocrita, and in those of the Neuroptera Plannipennia, of
Glossina, and of Diptera Pupipara.

(¢) The Hind-Intestine

This region consists of the same layers as the fore-intestine except
that its circular muscles are developed to a varying degree both inside
and outside the layer of longitudinal muscles. The commencement of
the hind-intestine is marked by the insertion of the Malpighian tubes (vide
p- 130) which are likewise of ectodermal origin. In most insects three
well marked regions are recognizable. These are :-—the small tniestine or
ilewm, the large intestine or colon and the rectum. The chitinous lining
of the ileum and colon is often thrown into folds and provided with hair-
like or spinous projections: among certain Lamellicorn larve the latter
are highly developed and assume an arborescent form. The ileum may
be very long as in Dytiscus and Necrophorus, short as in many other insects,
or it may be undifferentiated from the colon, as in many Orthoptera
and Hemiptera. Among Lepidoptera, certain Coleoptera, etc., a hollow
outgrowth or ceecum arises from the colon: it is sac-like in Sphinx ligustri
(Fig. 99) and many other Lepidoptera, while in Dy#iscus it takes the form
of a tube nearly equal to the abdomen in length. The rectum is a more
or less globular -or pyriform chamber, generally provided with a variable
number of inwardly projecting papille or ‘‘rectal glands.” The latter
are six in number in Orthoptera and Neuroptera, very numerous in Lepidop-
tera but are absent in many insects, particularly in their larvee. They
are generally formed of columnar epithelium invested by the usual layer
of cuticle, and are sometimes well supplied with trachee. Nothing definite
is known relative to their functions.

(d) Physiology of the Digestive System

In a typical biting insect the food, on entering the buccal cavity, is
subjected to the action of the salivary secretion which is neutral or alkaline
in character, and has the property of converting starchy matter into assimil-
able glucose. When a crop is present this action largely takes place in
that chamber and, according to Plateau and Jousset de Bellesme, the
glucose may be absorbed directly through its walls. As a general rule,
however, the stomach is the principal seat of absorption of the soluble
products of digestion. The gizzard for many years was considered to
be a triturating organ but the researches of Plateau and others indicate
that it is mainly a straining mechanism which only admits the food into
the stomach when it is in a suitable condition: so long as it is closed it
allows of the amylolytic and inverting action of the saliva to complete its °
work. The secretion of the stomach is usually alkaline but its reactions
vary in different regions. In most insects it is not comparable with the
gastric juice of vertebrates but rather resembles the pancreatic secretion.
In general it acts upon albuminoid and sometimes starchy substances,
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and also breaks up fats into fatty acids and glycerine. Its proteolytic
action is due to trypsin which transforms albumens into peptones with
the formatign of tryptophane and tyrosin (Biedermann). As already
mentioned, the transformation of starchy substances into glucosé takes
place mainly in the fore-intestine but, in certain cases, it has been shown
to take place in the stomach also. Since the food in many insects is separ-
ated from the enteric epithelium by the intervention of the peritrophic
membrane, the latter probably has a dialyzing function allowing of the
outward passage of peptones and other prepared products of digestion
and, at the same time, permitting of the diffusion of the digestive secretions
in the opposite direction to mingle with the food. The principal function
of the hind-intestine is that of conveying the residual products of digestion
and material excreted by the Malpighian tubes to the exterior.

Specialized types of digestion—In the digestive canal of wood-feeding Coleoptera
an enzyme, xylanase, has been detected which has the property of hydrolising xylan
(Seilliere). In other cases symbiotic microérganisms have been found to play an
important part in digestion. Portier (1911) has investigated an apparent instance of
symbiosis in the case of the larva of Nonagria which lives within the stems of Typha
devouring the pith. In the digestive tube of this larva are found great numbers of
motile conidia of a fungus (Isaria) which exist among the devoured vegetable fragments.
The conidia are always accompanied by a micrococcus which secretes an enzyme
capable of dissolving cellulose. Portier states that the conidia develop and multiply
at the expense of the dissolved cellulose and eventually penetrate the walls of the
gut, escaping into the blood. Most of them are there attacked by phagocytes and
transformed into products which serve to nourish the tissues of the host. The
abundant fauna of flagellates found in the hind-intestine of wood-feeding termites
very possibly is also symbiotic, and it has been shown that the wood particles are
absorbed by the Protozoa. Buscalioni and Comes (1g910) claim to have established
that they elaborate from the wood, sugars and glycogen which serve to nourish their
host.

External digestion has been observed in diverse orders of insects; in some cases
it is of a preliminary nature only, while in others, the essential processes of digestion
appear to take place outside the body. In the Hemiptera the saliva is injected into
the tissues of the plant and the enzymes which it contains act upon starch {Bugnion).
The larva of Cossus discharges a secretion of the mandibular glands which softens the
wood upon which it subsequently feeds and thereby admits of its mastication. Fabre
(Souv. Ent. 10® Ser.) states that the larva of Lucilia cesar discharges its digestive
secretion over the carrion which serves as its food. By means of a ferment analogous
to pepsin the protein matter is liquefied and subsequently imbibed. Thisexplanation,
however, is disputed by Guyenot (1907) who states that the digestive secretion exhibits
no such properties and that thefunctions ascribed to it by Fabre are in reality performed
by a symbiotic Micrococcus, which is abundant in the food reservoir. In the larva
of the Dytiscidee Portier (1911) observes that their jaws pierce the tissues of the
prey ; the latter is paralysed by the secretion of the glands of the cesophagus which
enters through the perforate mandibles. The insect then injects the secretion of the
stomach which is rich in zymases, and digestion of the tissues of the prey takes place
in situ. The Dytiscus proceeds to imbibe its prepared meal, afterwards making
further injections, the process being repeated until the tissues are consumed. The
method of feeding in the larvee of the Planipennia is very similar, and probably
external digestion takes place in these cases also.
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nal air-tubes known as frachee. The latter ramify through the organs

of the body and the appendages, the finest branches being termed
tracheoles. The air enters the trachea through paired and usually lateral
openings termed spiracles (or stigmata), which are segmentally arranged
along the thorax and abdomen. More rarely the spiracles are closed or
wanting, respiration in such cases being cutaneous. In the immature
stages of most aquatic insects special respiratory organs known as gills
(or branchie) are present, and these may or may not co-exist with open
spiracles. The respiratory organs of insects are always derived from the
ectoderm : the trachez are developed as tubular invaginations of that
layer and the gills arise as hollow outgrowths. Histologically, both types
of organ are composed, of a layer of cuticle, the hypodermis and usually
a basement membrane, all of which are directly continuous with similar
layers forming the general body-wall.

IN the vast majority of insects respiration takes place by means of inter-

The Spiracles

Number and Position of the Spiracles.—The spiracles are, morpho-
logically, the mouths of the ectodermal invaginations which give rise to
the tracheal system. They are normally placed on the pleura of the thoracic
and abdominal segments, but their exact position is very variable. In
the abdomen of most insects they are seen to lie in the soft membrane
between the terga and sterna. From this position the spiracles may tome
to be situated either forward or backward in relation to their segments.
In many insects, particularly on the thorax, the spiracles assume an inter-
segmental position, being situated just in front of each of the segments
to which they properly belong : or, they may be no longer situated on the
pleura but come to lie on the terga, near the side margins of the latter, as
is seen in the abdominal spiracles of Apis and Musca. The whole question
of the primitive situation of the spiracles, and the secondary positions
assumed by these organs, is one needing investigation.

In the developing embryo the spiracles appear as a series of invagina-
tions lying to the outer side of the rudiments of the appendages. Twelve
evident pairs of spiracles are present in the embryo of Lepiinotarsa, being
situated on each of the thoracic and the first nine abdominal segments.
In the embryos of most insects, however, the prothoracic pair is wanting
and frequently the pair on the gth abdominal segment is likewise absent.
It is noteworthy that although 12 pairs of spiracles are not present in the
post-embryonic stages of any one insect, nevertheless, if the spiracle-bear-
ing segments in different orders be taken collectively, they are 1z in number.
The maximum number of spiracles recorded in any adult insect is 11 pairs
which are present in Japyx solifugus: in this species they are located on
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the first 10 postcephalic segments and there is a supernumerary pair on
the metathorax (Fig. 102). According to Silvestri 11 pairs of spiracles
are also present in Ewalljapyx. No other insects, whether they be larva
or imagines, retain more than 10 pairs of spiracles (2 thoracic and 8 abdom-
inal) which is the prevalent number in the adults of most orders. Among
the principal exceptions are the Anopleura which
have 1 thoracic and 6 abdominal pairs: the Thy-
sanoptera usually have 1 or 2 pairs of thoracic and
2 pairs of abdominal spiracles; in the Hemiptera
Sternorhyncha their number is very variable and is
reduced to z pairs in many Coccide. Among Cole-
optera, the Lamellicornia and Rhynchophora have
from 1 to 3 of the hindmost abdominal spiracles
wanting or non-functional. The Diptera usually
exhibit a reduction in the number of abdominal
spiracles and, among the Athericera, a sexual differ-
ence is evident in this respect, the females often
having 5 pairs and the males 6 or %7 pairs. The
Lepidoptera usually have g pairs of spiracles and
many of the Hymenoptera 10 pairs: this number
is exhibited, for example, in ants. Among the para-
sitic Hymenoptera reduction is frequently evident
and in the Chalcidoidea, there are commonly only
3 pairs which are situated on the thorax, propo-
deum and 8th abdominal segment, respectively.
Among adult winged insects there is no in-
dubitable instance of pro-thoracic spiracles being
present. Those often regarded as belonging to this
F1c. r10oz.— TracueaL Segment pertain in all probability to the meso-
SYSTEM OF Jarrx. thorax, having undergone a secondary forward

11, 8, I3, thoracic segments ; 1~4, 3 ]
thoracic spiracles; 5, 11, ab- mlgratlon'

dominal spiracles. Afler Grassi . .
1887. / ' Although functional spiracles are present on the head

in the Symphyla, they are not found in that position in
any ihsect. According to Nelson a pair of evanescent spiracles is present on the
second maxillary segment in the embryo of the honey bee. Several observers have
claimed that from 2 to 5 pairs of cephalic spiracles are represented by the invagina-
tions which give rise to the apodemes forming the tentorinm. The balance of evi-
dence, however, is against this homology, since a pair of tentorial invaginations
coexist with the spiracles on the second maxillary segment in the embryo bee, and
apodemes are present along with spiracles in the thorax of most insects.
Structure of the Spiracles.—The term spiracle is held to include not
only the external opening, and the annular sclerite or peritreme which
surrounds it, but also the aérium or vestibule into which the opening leads,
together with the closing apparatus. The latter consists of one or more
muscles with associated chitinous parts. The atrium is a specialized
region of the trachea leading from the spiracular opening : it lacks tnidia
and its walls are variously sculptured or are provided with hairs, trabecula
and similar chitinous outgrowths. Closely connected with the spiracles
are frequently peristigmatic glands which secrete an oily or other material
preventing the wetting of those organs. The structure of the spiracles
presents an enormous range of variety among different groups of insects :
it is also usually different in the thoracic and abdominal spiracles of the
same insect and may be greatly modified in different instars. It will,
therefore, be readily appreciated that their classification is a matter of
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much difficulty. Krancher (1881) divided spiracles into two main groups,
viz., those without lips and those provided with lips. Under the latter
category are included a number of subdivisions based upon various struc-
tural points. Mammen (1912} classified spiracles into four groups founded
upon the number and relations of the muscles connected with the closing
apparatus : his work, however, deals almost entirely with Hemiptera.
The most generalized type of spiracle is devoid of lips and closing appara-

F16. 103.—SPIRACLE AND OCCLUDING APPARATUS OF T RicHODECTES, SEMIDIAGRAMMATIC.
A, open; B, closed. Afier Harrison, Parastlology, 1915.

tus and is little more than a simple crypt as in Sminthurus. No special
chamber or atrium is developed and the spiracle opens directly into the
trachez.

In most Hemiptera, more especially in the abdomen, the spiracles
are simple apertures surrounded by a peritreme. A well developed atrium
is present and between the latter and the trachea is the closing apparatus.
This type of spiracle is also found in the Anopleura, Aphaniptera and in
other insects (Fig. 103).

Fi16. 104.—FIrRsT THORACIC SPIRACLE (LEFT) OF PEFrRIPLA¥ET4 SEEN FROM THE OUTSIDE.

V, valve; 1, setose lining of valve more highly magnified. The occlusor muscle is shown and the arrow indicates
the direction of air entering the spiracle. Ajter Miall and Denny.

In Periplaneta the thoracic spiracles each have a slit-like opening which
is guarded by a bi-lobed valve or lip (Fig. 104). The spiracle is closed
by an occlusor muscle which arises from the integument and is inserted
into the lip. The abdominal spiracles are permanently open and each
spiracle leads into an atrium which communicates with the adjoining
trachea by means of a slit-like opening (Fig. 105). On one side of the
opening is a chitinous bar or bow and on the other side a pouch-like diver-
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ticulum: the latter gives attachment to the occlusor muscle which is
inserted into the bow. The contraction of this muscle closes the opening
previously alluded to, and an antagonist muscle arises from the supporting
plate of the spiracle and is also inserted into the bow (Miall and Denny).

In the spiracles of lepidopterous larve the lips are fringed with repeatedly
branched processes, whose finest divisions often require a high magnification
for their detection, thus forming a most efficient guarding mechanism to
the tracheal system. At the inner end of the atrium is the closing apparatus,
The latter comnsists of a chitinous bow, which partly encircles the trachea,
while on the opposite side of the latter is a chitinous band ; a closing lever
or rod is closely comnnected
with theband. The occlusor
muscle is attached at one
end to the bow and at the
other to the lever: when the
muscle contracts the lever
presses the band against the
bow, thus® closing the en-
trance into the trachea. The
latter is opened partly by
means of the elasticity of
the chitinous parts which
regain their former position,
and partly by the aid of
an antagonist muscle or an
elastic fibre (Fig. 106).

In the larve of Melo-
lontha and other of the
Lamellicornia (Boas, Zool.
Anz. 1893 : Meinert 1895)
the spiracles are circular:
each consists of a crescentic
sieve-plate and a projecting
tegumentary fold or bulla
which is almost completely
surrounded by it (Fig. 107).
The true opening is a curved
slit situated near the margin
Fic. 105.—FIRST APIZI;IC;,I\:;I;:;A-SPIRACLE (LEFT) OF ginggstril;%; Vf:lr}t(lil lll;unr,lll‘?lg

A, external view; B, side vliiew’;r C, internal view, aperture open ; sieve plate consists of an
D5 i ° T f ;
, internal view, aperture close he bow is shaded in all the figures ; outer pore membrane Sup-

the aperture into the trachea is shown at I. After Miall and Denny,
ported beneath by a layer

of trabecule (Fig. 108).

In larvae of the Elateride, Cleride, Nitidulide and other Coleoptera
are biforous spiracles. Each has two contiguous openings which are more
or less slit-like and separated by a partition wall. Each opening communi-
cates either by means of a tubular passage with a common atrium, or gpens
directly into the trachea (Fig. 107). Other types of spiracles in larval
Coleoptera are described by Steinke (1919).

In the immature stages of Diptera the spiracles are devoid of lips (vide
de Meijere 1895, 1902). In the third-stage larve of the higher Cyclorrhapha
the posterior spiracles consist of a pair of chitinous plates. Each plate
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FIG, 106.—SPIRACLE OF A LEPIDOPTEROUS LARVA (Sprmizeins).

A, seen from the outside showing fringed processes of the lipc; B, seen from the inside, lips omitted ; C, sectional
view. a, spiracular aperture ; af, atrium ; b, bow ; bd, band ) cuticle ; ¢f, elastic fibre which opens spiracle ; ¢, entrance
into trachea; k, hypodermis; !, lever; p, peritreme; pr, fringed processes of lips; w, wall of atrium ; ¢, trachea.

is surrounded by a peritreme and bears as a rule three openings which
may be pyriform (Muscina) or in the form of straight slits (Calliphora)

or sinuous slits (Musca).

F1G. 107.—I1. BIFOROUS SPIR-
ACLE OF A CLERID LARVA.
Afier Boving and Champlain.
I1. ABDOMINAL SPIRACLE OF
THE LARVA OF MELoroNTHA
VULGARIS.

a, spiracular opening;
sieve plate. The arrow
anteriorly.

b, bulla; s,
is directed

tracheal trunk of their side.

Each opening is traversed by a number of fine

chitinous rods presenting the appearance of a
grating, and all three openings communicate
with a common atrium. Just internals to the
openings there is a system of branched chiti-
nous trabecule which form, along with the
grating pre-
viously alluded
to, an efficient
barrier to the

entrance of

foreign par-

ticles. The

walls of the

atrium are also F1G. 108.—LONGITUDINAL SECTION
. . OF A SPIRACLE OF THE LARVA

lined with .a OF MEeroronraa,

fi br ous reti- at, atrium : other lettering as in Fig. 107.

culum. The )

anterior spiracles each consists of a variable
number of digitate processes whose apices are
perforated by openings. Each opening com-
municates with a small atrium and the atria
of each spiracle all join with the main

Since both anterior and posterior spiracles

change in form at each instar the spiracles of the previous instar atrophy.
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The new larval or pupal spiracle arises
as an outgrowth of the atrium which
eventually meets the skin. The old
atrium shrivels, only persisting as a stig-
matic cord, and all that remains of the
m/ 4 original spiracle is seen in the stigmatic

. scar or cicatrix (Fig. 110) which is found

FIG. 110.—SPIRACLES OF LARVAL DIPTERA.
° 1, anterior spiracle of Musca domestica; 2, posterior spiracle
of Calliphora erythrocephala; 3, posterior spiracle of Musca
domestica ; 4, vertical section through spiracle of Calliphora; chit-
inous parts only shown ; 4, atriumn; ¢, cicatrix; p, peritreme; s,
spiracular slit.

in close connection with the functional
spiracle. In the larvae of Estrus, Hypo-

F1G. 109.—LONGITUDINAL SECTIONS

OF THE LAST ABDOMINAL SPIRACLE
OF AN ANT.

A4, open; B, closed; o, spiracular opening;
a.c., anterior chamber; b, occluding chamber,
5 closmg muscle and f! "mobile insertion of same ;
h, thickened portion of trachea ; ¢, fixed insertion
of closing muscle; #n, flexible membrane, o,
spiracular opening; ou, opening muscle; ou?,
fixed ifisertion of same ; tr trachea, Affer Jane;,
1902,

derma and other of the (Estride instead
of three openings to each spiracle there
are multiple pores. In Glossina there are
about 500 of these pores to a side which
form the sculpturing on a pair of poly-
pneustic lobes (Newstead, 1918). Each

pore is connected by means of a tubular
continuation with large tracheal trunks within the lobes. A similar
arrangement obtains in the larva of Hippobosca except that the pores are
much less numerous, while in Melophagus there are only four to each lobe,

The Tracheaze and Tracheoles

The trachee are elastic tubes and when filled with air present a silvery
appearance. The innermost lining of a trachea is a layer of chitin known
as the iutima (endotrachea) which is directly continuous with the cuticle
of the body-wall and is cast off at each ecdysis. When examined micro-
scopically a trachea presents a very characteristic striated appearance
which is due to the fact that the intima is specially thickened at regular
intervals to form closely arranged thread-like ridges which project into
the lumen (Fig. 111). These bands or thickenings are known as fenidia
and, as a general rule, they. pass round the trachea in a spiral manner
although their continuity is frequently interrupted: in other cases they
form independent rings. The function of the tanidia is to keep the trachez
distended and thereby allow of the free passage of air. If a trachea be
teased out the intima will tear between the tznidia and the latter will
uncoil after the fashion of an unwound wire. In some insects several
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tenidia exist side by side and in teased preparations a ribbon-like band
uncoils which is formed of several parallel thickenings. Teanidia are absent,
as a rule, from the large trachea close to the spiracles, the intima in such
positions presenting a tesselated or other type of thickening. In some
insects (Zaitha, Lampyris, Luciola, etc.) cuticular
piliform processes arise from the tenidia and
project into the cavity of the trachea (vide /}ij’/
Stokes, 1893). Xyl
An epithelial layer (ectotrachea) lies outside s forivgre ol S

the intima and is composed of pavement cells feoles 2

with relatively large nuclei. The larger trachez
of some insects are faintly coloured with reddish-
brown or violet pigment which is lodged in the
cells of the epithelial layer. A delicate base-
ment membrane forms the outermost coat of the

ey
i

=}

trachee. FiG. 111.—PORTION OF A
The ultimate branches of the tracheal system TRACHEA STAINED WITH
t d heol Th t Iv deli IrRoON-ALUM HEMATOXY-
are E.Brme YACNeoLes. . e.SG are extreme y P:l- LIN. (Highly magniﬁed.)
cate intracellular canaliculi less than 1 4 in dia- e, epithelial layer (ectotrachea) :

%, chitinous intima (endotrachea) with

meter and are always devoid of tenidia. As a Leidiom:

rule they unite with their fellows to form a

capillary reticulum whose minute structure has received diverse interpre-

tations. It has been shown by Holmgren (1895) and others that the finer

tracheal branches terminate in end cells or transition cells of a more or
less stellate form (Fig.

112). Each tracheal
branch is connected
within a cell of this type
with several tracheoles
which pass to the cells of
the particular tissue with
which they are ‘associ-
ated. The tracheoles
penetrate within the cells
of the salivary glands of
Lepidoptera and Trichop-
tera: they also pass
deeply into the ganglia of
the nervous system, they
enter between the fibres
of the muscles and are
found over the digestive
system, Malpighian tubes
and reproductive organs.
F16. 112.—TrACHEAL END-cELL AND TracmpoLms rrom 11 the fat-body of the
THE SILK GLAND OF THE LARVA OF Prazexs svce- larva of Gastrophilus equi
riar4 (LEPIDOPTERA). _ the tracheoles lie wholly

e, end cell; ¢, tracheoles; ¢, Z;ig,he&.gﬁfiﬁer Holmgren, Festschr. Lilje- w1th1n the Cytoplasm Of
exceptionally large tra-

cheal cells of a special type (Prenant, 1goo) containing haemoglobin (Fig. 113).
The general arrangement and distribution of the tracheaz in the body

of an insect presents important differences among various groups but,
so far, no systematic study of the subject has been made. The researches
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of Fuller (1919) show that among the Isoptera the respiratory system of
a newly-hatched termite consists of a framework of comparatively few
simple trachez from which a multitude of dichotomizing, arborescent, and
other trachex gradually develop and this statement holds good for the
majority of insects. The specialization of the respiratory system, Fuller

Fic. 113.—TRACHEAL
CELLS FROM THE
FAT-BODY OF A Gas-
TROPHILUS LARVA,

L
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Fi1g. 114.—TRACHEAL F1g. 115.—DIAGRAMMATIC REPRESENTATION OF THE
SyYSTEM OF Campo- TRACHEAL SYSTEM OF A NEwLy HATCHED NYMPH OF
DEA. TERMES NATALENSIS AND OTHER SPECIES.

1, 2 and 3, SPIRACLES. On the left as seen from above, on the right with the dorsal longitudinal trunk

After Grassi, 1887, pushed aside. After Fuller, Anu. Natal. Mus., 1919.

adds, is one of reduction, the nascent system of the more specialized ter-
mites being less extensive than that of the more generalized members.
The work of Fuller will serve as a basis for similar ontogenetic and com-
parative studies in the absence of which no general conclusions are possible.

Each spiracle communicates with a short inwardly directed spiracular



THE TRACHEZAE f13
trachea which divides within its segment into branches passing to the
various organs. In Machilis and Campodea Grassi (1887) has shown that
the trachea associated with each spiracle form, in themselves, an indepen-
dent system which has no anastomoses with the trachez from neighbouring
spiracles (Fig. 114). In Japyx solifugus each spiracular trachea divides
into an anterior and a posterior branch : since the anterior branch from
one spiracle unites with the posterior branch from the spiracle in front
a lateral spiracular trunk is formed on each side of the body. In Nicoletia
and Lepismina these longitudinal trunks are also evident, but in addition
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F1G. 116.—TRACHEAL SYSTEM OF PERIPLANETA.

A, with the ventral integument and viscera removed showing dorsal trachea; B, with dorsal integument and
viscera removed showing ventral trachez. After Miall and Denny.

there is a series of ventral, metameric, transverse commissures which unite
the former trunks, thus combining the trachez of the two sides of the
body into a single system. This condition is the normal one in many
larve but in the imagines of the more generalized orders secondary longi-
tudinal trunks are usually developed. Of these the most constant are
the dorsal longitudinal trunks which are connected with the corresponding
spiracular trunks by means of segmentally arranged palisade trachea
(Fig. 115). In Periplaneta, certain of the Isoptera and other insects, a
pair of ventral longitudinal trunks connect the segmental transverse
commissures (Fig. 116).

G.T.E—S8
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The dorsal longitudinal trunks give off segmental branches which pass
to the heart and dorsal musculature. Visceral branches, which supply
the digestive canal and reproductive organs, take their origin from the
palisade trachez or directly from the spiracular trachez. The nerve cord
and ventral musculature are supplied by branches derived from the ventral
transverse commissures, The trachez supplying the legs arise from the
spiracular (or, in Odonata, the dorsal) longitudinal trunks in the thoracic
region, and the basal trachex of the developing wings usually take their
origin in close association with those of the leg trachez of the meso- and
meta-thorax (vide Comstock, 1918). The head and mouth-parts are prin-
cipally supplied by branches derived from the main longitudinal trunks.

The Air-Sacs

In many winged insects the trachese are dilated in various parts of
the body to form thin-walled vesicles
or atr-sacs. For the most part they
are extremely delicate in structure and
usually lack tznidia which ordinarily
keep a tracheal tube open. The air-
sacs are consequently distensible and,
when inflated, are easily seen as glis-
tening white vesicles. When collapsed
and empty they are generally exceed-
ingly difficult to detect. In Melolontha,
for example, the air-sacs are dilata-
tions of the secondary trache= and are
relatively small in size but exceedingly
numerous. In Melanoplus there are a
pair of large thoracic air-sacs and five
pairs in the abdomen which are like-
wise dilatations of the secondary
tracheaz : there are also many smaller
vesicles among the muscles. The air-
sacs attain their greatest development
in Volucella, Musca and other of the
Cyclorrhapha and in Apis and Bombus
among Hymenoptera (Fig. 117). In
these instances the abdominal air-sacs

FiG. 117—TRACHEAL SYSTEM OF WORKER . . .
BEE SEEN FROM ABOVE, attain very large dimensions and are
(One pair of Abdominal air-sacs removed and dilatations of the main longitudinal
e s (o o ave ticagen Rt tracheal trunks. Air-sacs are also
numerals | sPigpiracies, o After Snodgrass, US. Bur. - met  with among Lepidoptera and

Odonata.

It has been maintained by the earlier writers that the air-sacs lessen
. the specific gravity of the body during flight since when distended they
'“,1ght‘ly increase the volume of the body. The temperature of the air
w1th1n the sacs is very little above that of the atmosphere outside and
consequently the loss of weight due to inflation is negligible. It is, further-
more, counteracted by the slightly increased volume of the insect occasion-
ing a proportionally greater resistance to the atmosphere during flight.
The presence of air-sacs, on the other hand, allows of an increased supply
of oxygen in the respiratory system and thus affords a greater breathing
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capacity. Insects with well-developed air-sacs are commonly swift of flight
and their great muscular activity when on the wing demands an abundant
air-supply in relation to the increased rapidity of respiration. A system
of rapidly-filled storage reservoirs in close association with the muscles and
other organs of the body would appear to meet this physiological demand.

In the marine Coleopteron Zpus a single pair of abdominal air-sacs is present.
These vesicles function as storage reservoirs which retain a supply of air during the
time the insect is submerged (Miall).

In the aquatic larva of Chaoborus the main longitudinal tracheal trunksare strongly
dilated into two pairs of sacs, one pair being located in the thorax and the other in
the 7th abdominal segment. According to Franckenberg (1915) these vesicles are
filled with oxygen (?) and function as hydrostatic organs. The insect adapts itself
very rapidly to changes of pressure, requiring only a few minutes to adjust to an
increase of two or three atmospheres.

The Gills or Branchize

Gills are special respiratory organs situated at localized positions on
the body and are present in the immature stages of many aquatic insects.
They are outgrowths of
the integument or, in 4
some cases, of the walls of
the rectum and being in
free communication with
the general body-cavity a
they contain blood. The
cuticle investing these v S
organs is extremely thin ~
and allows of the inward
passage of oxygen by
means of diffusion. Two
types of gills are recog-
nizable, viz., tracheal gills
and blood-gills (Fig. 118). 4

Tracheal Gills are
filiform or more or less
lamellate organs which
are well supplied with
tracheze and tracheoles.

They are present in the

majority of aquatic larvee

and in some aquatic pupz. A 72
In many cases thEy are F16. 118.—GiLLs OF AQUATIC INSECTS.

the. Only organs of respr- I, Nymph of Chlwon showing tracheal gills of left side; 2, 7th tracheal
ration but in others (lar- il of Cicor morc highly magnied; s, trachesl gl of s Phrygurcs
val Culicide for example) gtz arfe o Chiuess siowps ana lood gl o) i vetrl bioot
they are accessory 1In \
function and co-exist with open spiracles. Tracheal gills are usually Morgy
on the abdomen : they are less frequently present on the thorax, and ard
only very rarely found on the head (Jolia and Oligoneuria among Ephe-
meroptera). In a few instances the gills of the larve persist throughout
life in the imago : they are best exhibited in Pleronarcys whose imagines
possess thirteen pairs of gill-tufts on the ventral surface of the thoracic and
first two abdominal segments. Tracheal gills similarly persist in other
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Plecoptera and in Hydropsyche among Trichoptera but, as a rule, they are
retained in a more or less shrivelled condition.

In the Ephemeroptera tracheal gills are usually borne on the first seven abdominal
segments and may be either lamellate or filamentous in character. When lamellate
each gill may consist of a simple leaf-like expansion (Chleon) or the lamella may form
a cover which protects a tuft of filamentous gills beneath (Heptagenia). In Cenis
the upper lamelle of the 2nd pair of gills form opercula which conceal and protect
the gills behind. In Prosopistoma the gillsare entirely hidden within a special branchial
chamber.

In the Plecoptera primitive abdominal gills occur in the Eustheniidae, but in the
nymphs of other forms they are replaced by secondary tufts of filaments which are
variable in position. ’

Tracheal gills are universally present in the nymphs of Odonata. In the Anisoptera
they are in the form of an elaborate system of folds of the wall of the rectum, the
latter chamber being modified to form what is termed the branchial basket. In most
of the Zygoptera there are three external caudal gills and no rectal gills; in a few rare
cases lateral filamentous abdominal gills are also present.

Among Neuroptera gills are present in the larve of the Sialoidea and in Sisyra
among the Plannipennia. They consist of seven or eight pairs of filaments, usually
jointed, borne segmentally on the abdomen.

Filamentous abdominal gills are present in the majority of larval Trichoptera and
frequently persist in the pupa of those insects. In some genera although the larva
are gill-less the pupa are provided with well developed branchial organs.

Among Lepidoptera tracheal gills have long been known in the larva of Nymphula
(Paraponyx) stratiolata ; they consist of a series of delicate filaments arising from the
sides of the trunk segments.

Among coleopterous larvae tracheal gills are filamentous in character and are only
present in a few of the families. In Pélobius they are ventral and are located near the
bases of each of the pairs of legs and on the first three abdominal segments. In the
Gyrinida there are 10 pairs of hair-fringed lateral abdominal gills; somewhat similar
organs are also found in Hydrocharis and Berosus among the Hydrophilide. In
Cnemidotus they take the form of numerous elongate jointed filaments which arise
from the dorsal surface of the thorax and abdomen. In Psephenus there are five
pairs of tufted ventral abdominal gills and in Psephenoides there is a single retractile
tuft of anal gills.

Among dipterous larve there are four lamellate anal gills in the Culicide; in
Phalacrocera the tracheal gills are in the form of numerous elongate filamentous
processes which arise from almost all parts of the body segments ; in Simulium and
Evistalis rectal gills are present.

Blood-gills are commonly tubular or digitiform and are sometimes
eversible. They derive their name from the fact that they contain blood
but not as a rule trachee, although occasional tracheoles may be present.
In some instances there is little real distinction between these organs and
tracheal gills. Blood-gills are of infrequent occurrence and are not ex-
clusively confined to aquatic insects. They are found among many larval
Trichoptera which have 4 to 6 finger-like tubes at the anal extremity.
Among Diptera they are well developed in the larvae of Chironomus, some
species of which bear two pairs of ventral blood-gills on the penultimate
segment, and a group of four shorter anal gills. Small anal blood-gills
are also met with among aquatic Tipulid larve and, according to Pantel,
in larvee of several genera of Tachinidee. The ventral eversible sacs of
the Thysanura are probably also of the nature of blood-gills.

Types of Respiratory System

Three morphological types of respiratory system are recognized among
insects (vide Palmen, 1877).

(1) The Holopneustic Respiratory System. In this type, which
is the primitive one, all the spiracles are open: they are borne on the
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meso- and metathorax and usually on the first seven or eight abdominal
segments. The holopnetstic condition is the prevalent one in the imagines
of almost all orders of insects, also in the greater number of the nymphs
and in certain larvae (Aculeate Hymenoptera, Lycine among Coleoptera).

(2) The Hemipneustic Respiratory System. This type is derived
from the holopneustic condition by the closure of one or more pairs of
spiracles and is the prevalent one among larvee. The following terms are
in use which indicate the distribution of the spiracles.

Peripneustic—Spiracles in a row along each side of the body. In typical examples
the prothoracic and abdominal spiracles are open, those of the wing-bearing segments
being closed. This condition is found in the larva of the orders Neuroptera, Mecoptera,
Lepidoptera, of many Hymenoptera Symphyta, and of many Coleoptera ; among
Diptera it is prevalent only in the families Bibionidz, Mycetophilidee and Cecidomyidze.

Amphipneustic—Only the prothoracic and the posterior abdominal spiracles are
open. This type is the usual one among larval Diptera.

Propneustic—Only the prothoracic spiracles are open. A comparatively rare
condition exhibited for example in the pupa of the Culicide.

Metapneustic.—Only the last pair of abdominal spiracles are open. The prevalent
type in larval Culicidee and Tipulide and in Hypoderma among the (Estridar; also
found in the first larval instar of most Cyclorrhapha and in the aquatic larva of certain
Coleoptera (Dytiscidee, Hydrophilide, etc.).

In addition to the foregoing there are certain anomalous types which
do not obviously fall under any of the above categories. In Campodea,
for example, there are only three pairs of spiracles which are located on
the thorax, while in certain of the Protura and many Coccide the number
is reduced to two pairs which are similarly thoracic in position. Among
the Thysanoptera there are one or two pairs of thoracic spiracles and a pair
on the first and eighth abdominal segments. In Swminthurus there is only
a single pair of spiracles which is located on the cervical region. Since
there are no closed spiracles in any of these instances they are all to be
regarded as specialized examples of the holopneustic type.

(3) The Apneustic Respiratory System.—In this type of respiratory
system oxygenation of the tissues is effected by osmosis either through
the general integument, which in such cases is thin and membranous, or
by means of gills. The spiracles are either closed or totally wanting.
Respiration through the general surface of the integument takes place
throughout life in almost all Collembola and among certain of the Protura.
It also occurs in the larva of the Dipteron Chaoborus and in the early instars
of endoparasitic hymenopterous larve. Respiration by means of gills
prevails among the immature stages of many aquatic insects.

Although the tracheal system is well developed in most apneustic
insects, it is greatly reduced in larval Chironomide and totally absent in
almost all Collembola -and in the family Acerentomide among Protura,

The Stigmatic Cords

In many hemipneustic and apneustic insect larve the spiracular branches
are in the condition of delicate strands or stigmatic cords. They pass from
the lateral longitudinal trunks to points on the cuticle where spiracles if
present would be located or where their scar-like vestiges occur. The
existence of these cords affords support to the conclusion that the closed
or partially closed tracheal system is a derivative from an ancestral holo-
pneustic condition. Stigmatic cords have been detected in larve of most
orders of insects.
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Physiology of Respiration

The intake of oxygen and the output of carbon dioxide are two closely
associated processes which together constitute respiration. So far as is
known it is only within living cells that O is consumed and CO, formed.
In vertebrates the O is conveyed to the tissues by means of the h&moglobin
of the blood, but in the vast majority of insects the greater part of the
O is directly supplied to the organs of the body by means of the tracheal
system. The blood in these animals is generally of secondary importance
in respiration, and some investigators have denied that it participates in
the process at all.

In holo- and hemi-pneustic insects the air enters the tracheal system
by way of the spiracles and is periodically changed by muscular movements
and by diffusion. After each inspiratory act, it is believed that the spiracles
are momen-
tarily closed
and the first
result of the
expiratory con-
traction is to
force the air
enclosed in the
trachea into

Fi1G. 119.—PROFILE OF BLATTA ORIENTALIS. the smallest
... The black surface represents the expiratory contour, the thin line the inspiratory contour. branches of the
T'lie arrows show the direction of the cxpiratory movement. After Plateau ; reduced from
a magic-lantern projection, latter. The

) spiracles then
open and the remainder of the respiratory movement is expended in
driving CO, from the trache®. Most of what is known concerning the
respiratory movements of insects is due to Rathke (1860), Plateau (1884)
and Langendorf (1883). The two last-mentioned observers, by means of
lantern projections on a screen, studied the enlarged silhouettes of the
insects under investigation (Fig. 11g). By this method the changes of
contour due to inspiration and expiration were observed and traced upon
the screen so as to give two superposed figures. The principal facts con-
cerning the respiratory movements of an insect at rest, as determined by
this method, may be summarized as follows.

(1) The respiratory movements of insects are located in the abdomen and, in
most cases, the thoracic segments do not participate. Blatta orientalis, however, is
an exception in this respect.

(2) The movements consist of an alternate contraction and recovery of the figure
of the abdomen in two dimensions, viz., vertical and horizontal. During expiration
both diameters are reduced while during inspiration they revert to their previous
condition. The vertical expiratory contraction is the most marked and in Periplaneta
amounts to 4th of the depth of the abdomen (between segments 2z and 3). Changes in
the length of the abdomen involving protrusion and subsequent retraction of the
segments are rare in insects as a class, but are characteristic of aculeate Hymenoptera.

(3) The nature of the respiratory movements depends upon the formation of the
abdominal segments. In Coleoptera the sterna yield but little while the terga are
mobile ; in Periplaneta the sterna are slightly raised during expiration. When the
terga overlap the sterna and conceal the pleural membrane, the two shields approach
and recede alternately, the sterna being the more mobile. This type of movement
is exhibited in Odonata, acrydian Orthoptera, aculeate Hymenoptera and Diptera.
When the pleural membrane is freely exposed the terga and sterna approach and
recede alternately, the pleural region becoming at the same time depressed and then
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returning to its original figure. This type is prevalent among Locustidz, Neuroptera,
Trichoptera and Lepidoptera.

(4) In most insects the expiratory movement only is active and is effected by the
contraction of certain of the abdominal muscles; inspiration is usually passive, it
is slower than expiration and effected by the elasticity of the body-wall.

(5) The frequency of the respiratory movements depends upon temperature and
the muscular activity of the insect.

The respiratory movements are wholly reflex and, in insects whose
nervous system is not highly concentrated, they persist for a while in the
completely detached abdomen. Each ganglion of the ventral chain is
a respiratory centre for its segment.

The interchange of gases in the smaller trachee and the tracheoles
is explainable upon the theory of diffusion. Krogh (1920) has developed
a formula which enables the rate of diffusion of oxygen into a tracheal
system of given dimensions to be calculated for various differences of
oxygen tension at the outer and inner ends of the system. This experi-
menter finds that, in the larva of Dytiscus, two-thirds of the total volume
of the whole tracheal system is composed of large trachea which are ven-
tilated by mechanical movements; in the remaining trachee of small
calibre diffusion alone occurs.

The respiratory exchange varies in different stages of life, and rises
with increasing temperature as has been shown by Battelli and Stern
(r913). Among Diptera, for example, it is lowest in the pupe and higher
in the imagines than in the larve : above a temperature of 45° C. it begins
to show a decrease. According to Biitschli a cockroach at a temperature
of 32° C. expires 17 times more CO, than at a temperature of 3°. Muscular
movements also exercise a great influence upon respiration. Newport
(1836) found that an example of Bombus terrestris, when in a state of violent
activity evolved in one hour at 60° F. 27 times the volume of CO, than
when in a state of complete rest, at nearly the same temperature (59° F.).

The means by which CO, is eliminated from the system is a difficult
subject concerning which little is definitely known. The results of recent
investigations indicate that it escapes partly by passage through the trachez
and partly by diffusion through the integument. The latter is stated to
be permeable to gases (Dewitz, 18go : Muttkowski, 1920) and the outward
passage of CO, is from a region of considerable tension (in the blood) into
the atmosphere where the tension of CO, is practically zero. It has also
been suggested, but not so far proved, that the calcium carbonate present
in the Malpighian tubes and fat-body is produced by the neutralization
of a certain amount of the CO, in the blood.

In aquatic insects, with a closed tracheal system, the principle involved
in the respiratory exchange is the diffusion of gases in solution through
an intervening membrane. In most cases the membrane concerned is
the thin integumentary covering of the gills or, where the latter organs
are wanting, the diffusion takes place through the general body-wall. In
water with normal oxygenation the O content of the tracheal air is
lower than that of the water, whereas the CO, content is the same as
or a little higher than that of the surrounding water. The O dissolved
in the water passes by diffusion through the part of the integument
concerned and enters the trachez in the gaseous state. Here it is
circulated, partly by body movements and partly by diffusion, into the
tracheoles from which it passes again into solution in the protoplasm
of the tissues and in the blood. As the internal oxygen is constantly being
used up in respiration there is a continuous diffusion from the region of
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higher partial pressure (in the water) to the regih of lower partial pres-
sure (in the insect) and the gases tend to equilibrate. In insects devoid
of a tracheal system, or where the latter is only very feebly developed,
the oxygen diffuses directly into the blood which conveys it to the various
organs. In apneustic parasitic larve which live bathed in the blood of
their host, the only available source of oxygen is that contained in the latter.
Since the host breathes atmospheric oxygen its blood would contain a
higher percentage of oxygen than that of the parasite, and the same prin-
ciple of diffusion from a region of higher partial pressure (maintained in
the blood of the host) to one of lower partial pressure (in the blood of the
parasite) would hold good. It is noteworthy that the cuticle of these
parasites has an extreme tenuity, and there is frequently a subcutaneous
reticulum of fine trachea which is in accordance with this type of cutaneous
respiration. In many of the Apterygota, which are terrestrial organisms,
the cuticle is also but little chitinized and a tracheal system is totally
wanting. In these cases oxygen is believed to diffuse through the general
surface of the body and to be taken up by the blood which acts as the
sole distributing agent. The evolution of CO, has been investigated by
Wallengren (1915) in the case of dragon-fly nymphs, who states that CO,
given off by the tissues is dissolved in the blood, and only a small proportion
of it enters the trachez : the remainder diffuses from the blood through
the gills and the general integument.

The available evidence, therefore, indicates that the blood of insects,
in addition to its recognized function of transporting nutrient and metabolic
products, aids the tracheal system in the distribution of oxygen to the
tissues and in the removal of CO, It assumes its greatest importance
in this respect in apneustic insects, and in cases where the tracheal system
is either wanting or degenerate the blood is the sole medium for trans-
portation of these gases. Certain larval Chironomid, known as “ blood
worms,”’ are exceptional in that hemoglobin is present in solution in the
blood plasma: it also occurs in the specialized tracheal cells of Gastro-
phitus larvae and in the Notonectid Buenoa (Hungerford, Can. Ewnt. 54).
In other insects the existence of a respiratory protein has not so far
been demonstrated.
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being only a single closed organ or dorsal vessel. The greater

part of the circulation of the blood takes place in the cavities
of the body and its appendages, the blood occupying the spaces not appro-
priated by the internal organs. The larger of these spaces may be enclosed
by special membranes and form definite sinuses. With the exception of
the aorta-like anterior prolongation of the dorsal vessel, which usually
divides into terminal branches, there are as a 1ule no definite veins or
arteries such as are found in many Arthropoda. In the appendages and
wing-veins, however, the blood flows in ingoing and outgoing streams along
defined channels analogous to blood-vessels. In the larva of Chleon the
hindmost chamber of the heart gives off three caudal arteries which enter
the respective tail appendages.

The organs and tissues belonging to the circulatory system are separ-
ately dealt with below.

The Diaphragms and Sinuses.—When the diaphragms are com-
pletely developed the general body-cavity or hzmoccele is divided into
three sinuses by means of two fibro-muscular septa (Fig. 120). The dorsal
diaphragm is the principal septum and the one most generally prevalent.
It extends across the abdominal cavity above the alimentary canal and
the blood-space, thus enclosed, is known as the dorsal or pericardial sinus.
The latter is situated beneath the abdominal terga and within it is located
the heart. The ventral diaphragm stretches across the abdominal cavity
just above the ganglia of the ventral nerve cord, and the space limited
by it is the ventral or perineural sinus. Between the dorsal and ventral
sinuses is the large central cavity or visceral sinus containing the principal
internal organs.

Pairs of alary muscles, composed of striated fibres, arise from the terga
and spread out fanwise over the surface of the dorsal diaphragm. The
fibres of one alary muscle meet, beneath the heart, those of the correspond-
ing muscle of the opposite side of the body. In some insects, including
the Collembola, dipterous larvae, and Anopleura, the alary muscles are
attached to the walls of the heart (Fig. 122). These muscles vary in num-
ber, largely according to the number of chambers present in the heart.
In Periplaneta, for example, there are 12 pairs of alary muscles (Fig. 121)
in the hive bee 4 pairs, in Hematopinus 3 pairs and in the larva of Chirono-
mus 2 pairs.

The Dorsal Vessel.—The dorsal vessel extends from near the caudal
extremity of the body, through the thorax, and terminates in the head.
It is situated along the median dorsal line just beneath the integument
and is protected by the dorsal diaphragm below. Morphologically it is
a continuous tube, usually closed posteriorly, and always open at its cephalic

122

! MONG insects the circulatory system is largely an open one, there
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extremity. It is divisible in two regions, viz., the keart or pumping organ
and a conducting vessel or aorta.

The heart is maintained in position within the pericardial sinus by
means of suspensory filaments attached to the abdominal terga and fre-
quently to the dorsal diaphragm also. It is generally divided by successive
constrictions into a series of chambers but, in some insects, it is an uncon-
stricted tube, and its segmentation is only evidenced by the presence of
paired ostia (described below). In the most primitive condition there
is a chamber for each thoracic segment, and for each segment of the
abdomen, excepting the last. Among most insects, however, the heart is
restricted to the abdomen and is variously shortened from both extremities

F1G. 120.—SCcHEMATIC TRANSVERSE SECTION OF THE THORAX OF PERIPLANETA SHOWING THE
DIAPHRAGMS AND SINUSES. -

The plain arrows indicate the course of the circulation towards the head and the dotted arrows signify transverse currents
more or less parallel with the plane of the paper. &, dorsal vessel ; d, pericardial diaphragm ; p.s., pericardial sinus ; e,
cesophagus ; v.5, visceral sinus ; duvm, dorso-ventral muscles ; ¢, lateral tracheal trunk ; %, leg trachea; dy, ventral dia-
phragm ; pn.s, peri-neural_smus ; mc, nerve cord ; #, nerve to leg. i The cavity of the leg is divided into an anterjor sinus
a and a posterior sinus p either by muscles or by a membrane m ; in the femur the trachea and nerve are attached to the
membrane ; ¢x, coxa; ¢, tibia and tarsus. Adapted from Brocher, Ann. Soc. Ent. Fr. 1922.

with the result that the chambers are fewer in number than the abdominal
segments. In Periplancta (Fig. 121) the heart is exhibited in an exception-
ally primitive condition and is composed of thirteen chambers: in japyx
there are ten chambers, in Lucanus cervus seven, among aculeate Hymen-
optera there are five, and in Musca three: in a few insects the heart is
reduced to only one chamber. Histologically the heart is composed of a
single layer of cells with large nuclei, and striated muscle fibrille are differ-
entiated within the cytoplasm. The cellular layer is bounded both exter-
nally and internally by a delicate membranous tunic. The blood enters the
heart through lateral inlets or ostia, a pair of which is situated at each constric-
tion between adjacent chambers. The wall of the heart is reflected inwards
and forwards at each ostium to form an auricular valve, which precludes the
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return flow of the blood into the dorsal sinus. In many insects each pair
of auricular valves also functions as a ventricular valve, which prevents the
’ backward flow of the blood in the heart itself
(Fig. 125). 1In the larva of Zschna the ventri-
cular valves are separately developed and situ-
ated some distance in front of each pair of
ostia.

The aorta is the anterior prolongation of the
dorsal vessel and it functions as the principal
artery of the body. Itsjunction with the heart is
frequently marked by the presence of aortic
valves. The aorta extends forwards through the
thorax to terminate in the head near the brain.
In some insects its anterior extremity is an open
funnel-like mouth but, more usually, it divides
into two or more cephalic arteries, each of which
may subdivide into smaller vessels.

Accessory Pulsatory Organs.—In addition
to the heart accessory pulsatory organs have
been described in many insects. They are sac-
like structures, situated in various regions of the
body, and pulsate independently of the heart.
, Brocher (1919) has observed thoracic pulsatile
Fi6. 121.—DorsarL VesseL organs in Profoparce and Dyiiscus where they

il ALary MUSCLES OF  are present just beneath the meso- and meta-

ERIPLANETA SEEN VEN- . )

TRALLY. thoracic terga. In Profoparce the mesotergal
a,aotta; Ty, Ty, A, alary muscles  pulsatile organ is well developed and is directly
e e e e e 2xd connected with a special diverticulum from the
S s Deneneal arches. After Joop of the aorta (Fig. 123): the metathoracic
organ, on the other hand, is very small. In
Dytiscus the reverse obtains, the metathoracic organ being the best
developed. Among Hemiptera special pulsatile organs are present in the
legs : in Periplaneta and other insects, including Lepidoptera, there is a
pulsatile vesicle at the base of each antenna.

F1c. 122.—TRANSVERSE SECTION OF THE HEART OF A TACHINID LARvVa.

be, blood corpuscles; w, wall of heart; », nucleus; am, alary muscle; pc, pericardial nephrocyte; ?, trachea, After
Pantel, La Cellule, 1898.

The Blood.—The blood (or hemolymph) of insects is contained in
the general body-cavity, where it freely bathes the various internal organs
and also enters the appendages and the tubular cavities of the wing-veins.
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Tt consists of a liquid substance or plasma containing a number of small
amceboid, nucleated, colourless corpuscles known as leucocytes or amabocytes
which vary in diameter between about -006 mm. and -027 mm.

The plasma may be either colourless or pale yellow, green, reddish,
etc., owing to certain dissolved pigmentary substances which combine
with the proteids present. In the-larvae of some species of Chironomus
the plasma is red owing to the occurrence of hemoglobin. Among leaf-
eating lepidopterous larve, Poulton and others have shown that the yellow
and green pigments of the blood are derived from the food, and absorbed
without undergoing fundamental changes. When in contact with the air
the blood frequently darkens. This change is due to two causes :—(I)
the oxidation of the albuminoid substances present and (2) the precipitation
of greenish-black granules of uranidine which is produced at the moment
the blood leaves the insect (Cuenot). Clotting is also a frequent pheno-
menon, the clot involving both the leucocytes and uranidine granules.

Fi1G. 123.—SECTION THROUGH THE THORAX AND BASE OF THE ABDOMEN OF Prororarce
CONVOLVULI SHOWING THE CIRCULATORY SYSTEM (DIAGRAMMATIC).
a, branch of aorta to mesothoracic pulsatile organ d ; b,¢, loop of aorta; e and %, air-sacs; f, heart; g, alary muscle ;
k, gut; 7, ventral nerve cord; j, mesotergal muscles; !/, scutellum; s, metatergum and its pulsatile organ s, ; n, 1st
abdominal tegum ; o, ventral diagram ; p, blood space ; 7, mesophragma ; s, spiracle. Adapted from Brocher, Arck. Zool.
Exp. 1919,

The more recent researches have shown that marked differences exist in
the blood of the two sexes. Thus Steche (Zeits. induki. Abstamm. u. Vererb.
8, 1912) observed that the plasma of male larve of Lymantria dispar is
yellowish and that of the female green. Also, when the plasma of the
two sexes is brought together a precipitin is formed. These experiments
have been extended by Geyer (Zeits. wiss. Zool. 105, 1913) who noted a
similar precipitin reaction in other insects, including cases where no colour
differences occur in the plasma of the two sexes. i

The leucocytes exist in several forms and four types of these cells are
recognized by Hollande (1911) as being present in most insects (Fig. 124).
These are—(1) Proleucocytes or young leucocytes which divide by mitosis
and give rise to the other types of leucocytes. (2) Phagocyles or cells
capable of ingesting other tissues and microdrganisms: such cells have
a hyaline protoplasm ; (3) Granular leucocytes whose protoplasm is charged
with granules exhibiting acidophile or basophile reactions: these cells
frequently function as phagocytes. (4) Enocytoids, rounded or spherical
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cells which do not exhibit phagocytosis : their protoplasm is homogeneous
and markedly acidophile. Hollande’s classification of the leucocytes differs
from that of Cuenot (1895) who regards (z) and (3) as stages in the evolu-
tion of a single type of cell. In addition to the foregoing elements there
may be special leucocytes charged
with fat (Heteroptera) or wax

(Orthezia and many Aphidide).
The principal function of the
blood is the transportation of the
nutritive products of digestion to
the various organs of the body.
Its réle in respiration in most in-
sects is secondary owing to the
F16. 124.—BLooD CORPUSCLES HIGHLY MAG- hlg.hly developed tracheal system
NIFIED. which conveys oxygen to all

a, wax cell of Aphis chrysanthemi ; b, eenocytoid from larva parts of the organism. (FOI‘ the -
Slolleodes, mabt o Baplooyie of Zvgena irifelii. Afir  respiratory function of the blood
vide p. 120.)

Certain insects exhibit the property of reflex-bleeding or, in other words,
they have the power of ejecting blood from the femoro- tibial and other
articulations of the body. They usually feign death at the time, and the
blood which exudes may possess toxic, caustic or other properties which
it is believed render such insects distasteful to their ememies. Reflex-
bleeding is particularly evident in Melge, Cantharis and other Coleoptera,
also in certain Hemiptera and Orthoptera, while many Aphidida discharge
blood through their cornicles.

The Circulation of the Blood.—The heart is the principal pulsatory
organ, and it undergoes rhythmical contractions
which are brought about by the muscle fibrille A
situated in its walls. When the heart is com-
posed of several chambers the latter pulsate, one Lp \

after the other, with the result that a peristaltic

wave of contraction passes from the caudal ex-

tremity forwards. At the moment of diastole,

in a given chamber, the blood enters through B
the ostia from the pericardial sinus, but the

ventricular valve is closed. During systole, this

valve is open, and the blood flows into the

chamber in front : at the same time the ostia are

closed, and the return of the blood into the peri- /
cardial sinus is thus precluded (Fig. 125). On

being propelled forwards, the blood passes out

at the anterior end of the dorsal vessel, and Cc
enters the cavity of the head: from there it

flows into the visceral and perineural sinuses. Fig. 125—VaLves orF tuE
According to Brocher, the dorsal pulsatory organs HEART.

bring about the circulation of the blood in the 2 B G chambers of the heart;
legs, wing-veins and among the muscles of the BG, at the moment of diastole. £,
thorax. In Protoparce convolvuli he regards the T '
mesotergal pulsatile organs as being more important than the heart
in pumping the blood. By means of the up and down movements of
the diaphragms its further circulation is provided for, and the blood
ultimately returns to the pericardial sinus. It either enters through the
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fenestrz in the dorsal diaphragm or, if these perforations are wanting, it
flows into the pericardial sinus at the hinder extremity of the body,
where the dorsal diaphragm is incomplete. The contractions of the body
muscles during respiration are also of considerable importance in aiding
the flow of the blood. The blood circulates in the veins of the expanding
wings of newly emerged insects, and it is largely by means of the pressure
which it exerts that these organs attain their full extension. The veins
of the fully formed wings have been shown by Moseley (1871) and Brocher
(1916, 1919, 1920) to function as blood channels since a definite circulation
is maintained through them.

The frequency of the pulsations of the heart varies not only in different
insects, but also in different stages in the ontogeny of the same species.
In Sphinx ligustri, for example, Newport found that the average number
of pulsations in a larva before the 1st ecdysis is 82—-83 per minute, before
the 2nd ecdysis 89, but before each succeeding ecdysis it gradually dimin-
ishes to 39 in the final larval instar : the force of the circulation intensifies
as the number of pulsations diminish. During the quiescent period, prior
to each ecdysis, the number of beats averages 30. In the pupa it falls
to 22, and subsequently to 10 or 12, ultimately almost ceasing during
hibernation. When the imago is in repose the pulsations number 41-50
and in flight 119-139. A decrease in temperature has a marked effect
in reducing the frequency of the heart beats. Dogiel (1877) has found
that in the larva of Chaoborus many poisons, when acting feebly, accelerate
the pulsations, but when allowed to act energetically a retardation is
exhibited. Such drugs as muscarine, curare and strychnine have no
appreciable influence.

Special Organs and Tissues Associated
with the Blood.—The following organs and
tissues are regarded as performing important
functions in connection with the blood. It
must be pointed out, however, that their true
physiological significance is still obscure and
very divergent views are held.

THE CORPORA ALLATA.—These are a pair of
small ovoid whitish bodies lying behind the
supra-cesophageal ganglion, in close relation
with the sympathetic nervous system (Fig.
54). In some cases they have been mis-
taken for a pair of posterior sympathetic
ganglia but, histologically, they differ from
nervous tissues and have rather the features of
glandular organs (Fig: 126). According to ,
Janet (1899) they develop as a pair of ectoder- Fig. 126.—TransvERsE Skc-

mal invaginations of the mandibular segment. TION oF A Corrus (ALLATUM
. . OF A HASMID Bacirros
Physiologically, they are to be regarded as . o000 P 0o nennine
ductless glands which secrete certain substances LAMELLE WITH EPITHELIAL
(hormones ?) into the blood. Corpora allata are CovErInG,
: J 3 n, nerve; 2, trachea. After Heymons,
found in all orders of insects (vide Nabert, g5 b trchea  Afier Hey

1913).

THE @ENOCYTES.—The term cenocytes is given to certain usually
very large cells, which are commonly grouped in metamerically arranged
clusters in the pleural region of the abdomen or, occasionally, they may
extend over the sterna (vide Wheeler, 1892). They are probably universal
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in all orders of the Pterygota and are ectodermal in origin, being derived
from segmental groups of cells situated just behind the primary invagina-
tions which give rise to the abdominal spiracles (Fig. 128). Among nymphal

F1G. 127.—CLUSTER OF (ENOCYTES FROM A NEARLY
MATURE PHRYGANEID LARVA.

o, cenocytes ; ¢, trachea; #, small tracheal branches; #, tracheal

and larval insects the ceno-
cytes may retain their original
connection with the hypoder-
mis, or they may migrate into
the superficial layer of the fat-
body, or come to lie in close
association with certain of the
branches of the trachez (Fig.
127). Among larval Culicide
and Chironomide there are
regularly two kinds of these
cells—the large and small ceno-
cytes. In adult insects the
cenocytes often differ consider-
ably from those of the im-
mature stages of the same

hypodermis.

species. In the imagines of

Xiphidium and Blaiia they lose their original metameric arrangement and
exhibit a more scattered distribution : in ants the cenocytes attain an

enormously greater size in the larva than in
the imago (Perez).

Histologically, an cenocyte is characterized
by the large oval or rounded nucleus, an
abundant cytoplasm, and an external limiting
membrane. (Enocytes are variable in colour
and often have the light yellow appearance of
certain wines, a fact which suggested their
name. The views held with regard to the
functions of these cells are extremely conflict-
ing, but it appears probable that they elabor-
ate and discharge into the blood some
physiologically important secretion. Glaser
(rg912) concludes from a series of experiments
that in larvae of Zeuzera they secrete enzymes
which oxidize reserve food material stored up
as fat.

THE PHAGOCYTIC OR SPLENIC ORGANS.—In
Forficula, and some Orthoptera and Thysa-
nura, Kowalevsky (1894) recognized certain
bilateral groups of cells placed either just
below the pericardial cells on either side (Forfi-
cula) or on the concave side of the dorsal
diaphragm (Caloptenus). These cells exhibit
a marked amceboid character and are believed
to give rise to fresh leucocytes. It appears
that they also have the property of taking
up and storing particles of indian ink and

F1G. 128.—A NEARLY MATURE
EMBRYO OF X1paIDIUM.

o, cenocyte cluster; a, appendage of
1st abdominal segment; s, style; ¢,
cercus. This and Fig. 127 after Wheeler,
Psyche, 189z2.

other colouring matter when injected in suspension into the body cavity.