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INTRODUCTION

The incision of the insect into head, thorax, and abdomen is in

general more evident in the cervical region than at the thoracico-

abdominal line ; but anatomically the insect is more profoundly divided

between the thorax and the abdomen than it is between the head and
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the thorax. The series of segmental appendages is continuous, and

uniform except for minor adaptational modifications, from the head

to the metathorax, inclusive ; on the abdomen the appendages abruptly

cease, or are greatly altered in form. The musculature of the abdomen,

consequently, is sharply differentiated from that of the thorax. Even

the respiratory mechanism attests that the thoracico-abdominal bound-

ary marks some deep-seated change in the body organization, since

the closing apparatus of the spiracles is almost invariably different

in one way or another before and behind the intersegmental fold

separating the thorax from the abdomen. The definitive head contains

three segments that have been, comparatively speaking, but recently

transferred from the body to the cephalic region ; the waist line of

the insect has long been definitely established, and only in a single

order has an abdominal segment been given over to the thorax. The

abdomen is distinctly the visceral region of the body, and its major

active functions in adult insects are those of respiration, copulation,

and oviposition.

Yet, notwithstanding the functional and structural differences that

have come to separate the insect body into cephalothoracic and ab-

dominal regions, we can not avoid the assumption that modern in-

sects are derived from polypod ancestors, and that the abdominal

segments at some time in the past history of the Hexapoda had the

same essential structure as that of the primitive thoracic and gnathal

segments. In studying the morphology of the abdomen and its ap-

pendicular organs, therefore, we must attempt to find in the modern

structure a basic plan of organization the same as that we are led to

believe exists in the cephalic and thoracic regions from a* study of the

segments, the appendages, and the musculature in the preabdominal

parts of the body. Considering, then, the nature of the task, it is not

surprising that students of insect morphology find in the abdomen

problems far more difficult of solution than are those encountered in

the head or thorax, and that there are many fundamental problems

in the abdomen which are still unsolved.

To the systematist in entomology the study of the abdomen, or

particularly of the genital appendages, is becoming of ever increasing

importance, and specialists are coming to feel acutely the need of a

fundamental understanding of the organs that have been found in so

many cases to give the best characters by which species may be dis-

tinguished. Unfortunately, however, no investigator has yet discovered

a means for determining with certainty the homologies of the organs

most useful for diagnostic purposes. In truth, we may say that the
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morphology of the insect abdomen is a field in which no angel yet

has trod, and is, therefore, one in which the fool unhindered may

achieve his destiny. However, it is reputed that there is some merit

in knowing oneself to be a fool, and, if it is the wisdom of the wise

to enter only where the foolish have sprung the trap, the fool at least

has a mission to perform. Hence, the writer offers the generalizations

contained in this and a second paper to follow, not with the conviction

that they will prove infallible, but in the hope that others will try

to disprove them—and thereby establish their value.

The principal conclusions derived from the study of the abdomen

and its appendages to be given later in detail may be itemized in

advance as follows

:

1. The insect abdomen consists primarily of 12 segments, the first

1 1 of which are true somites, while the last is the periproct, or telson.

2. The twelfth segment is practically obliterated in all the true

Insecta, except for possible remnants in larval Odonata.

3. The eleventh somite becomes the functional anal segment with

the suppression of the twelfth segment. Its tergum forms the epiproct.

The venter of the eleventh segment is distinct in some Thysanura,

but it is usually reduced or obliterated, except for two terminal lobes,

which are the paraprocts. The appendages of the eleventh segment

are the cerci.

4. The tenth segment is usually distinct in generalized insects, Init

it is often combined with the eleventh to form a composite terminal

segment. The embryonic appendages of the tenth segment are sup-

pressed in postembryonic stages of the more generalized insects ; they

form the postpedes of holometabolous larvae, and perhaps the ap-

pendicular processes of the proctiger, or tenth segment, of some adult

Holometabola.

5. The eighth and ninth somites are the genital segments, which

bear the gonopods. The median gonopore of the female is located

typically behind the eighth sternum, that of the male behind the ninth.

Deviations from these positions are secondary ; but the opening of

the paired oviducts of Ephemerida between the seventh and eightli

abdominal sterna probably represents a primitive condition, exhibited

also by the embryos of certain insects (see Heymons, 1892, and

Wheeler, 1893).

6. The abdominal appendages of adult and larval insects are serially

homologous with the legs and mouth parts. Each consists of a basis,

and of one or two movable appendicular processes. The basis appears

to comprise the coxal and subcoxal regions of a typical ai)pendage,

the two parts being either distinct or united. The coxal part often
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bears an eversible or retractile sac having various functions, repre-

sented by the vesiculae of Thysanura, the gill-bearing lobes of certain

neuropterous larvae, and the plantar lobes of caterpillars and sawfly

larvae. The basis of an abdominal limb usually takes the form of a

lobe or plate of the body wall, and in the pregenital segments the

limb bases are generally united with the sterna in adult msects. The

appendicular process of the basis more commonly present is the

stylus of the lower insects, or its derivatives, including the clasper-

like organs borne by the male gonopods of the higher insects. The

other limb process is the gonapopJiysis, which occurs only on the

gonopods. Both the styli and the gonapophyses may l^e movable by

muscles arising within the supporting basal lobes or plates, or on

segmental areas derived from the latter.

7. No positive evidence can be adduced from the known facts of

anatomy or embryology to establish the homology of either the stylus

or the gonapophysis. Many structural interrelations, however, sug-

gest that the stylus is the telopodite of the appendage, and that the

gonapophysis is an endite process of the basis.

8. The genital appendages, or gonopods, have the same essential

structure as the appendages of the pregenital segments. Their dis-

tinguishing feature is the presencq of the gonapophyses arising

mesally from the bases. In the female, the gonapophyses of the two

pairs of gonopods form the first and second pairs of valvulae of the

ovipositor ; in the male the gonapophyses of the ninth segment be-

come the parameres. The styli of the gonopods are usually suppressed

in the female of pterygote insects ; those of the ninth segment of

the male form the movable claspers. or Jiarpcs. of the copulatory

apparatus in the Endopterygota.

9. The bases of the gonopods in adult female insects become plates

supporting the first and second valvulae ; those of the second genital

segment may form a third pair of valvulae. In the male the bases of

the single pair of gonopods often form distinct pleural plates of the

ninth segmental wall between the tergum and the sternum, or they

may fuse with either the tergum or the sternum, or with both ; again

they may unite with each other to form a plate either coalesced with

the sternum or free and independently movable behind the latter.

10. The parameres of the male are associated with the median

penis in the lower insects, generally uniting with the latter except

in Thysanura ; but the penis may be suppressed, and the |)arameres

then unite with each other -and inclose the terminal part of the

ejaculatory duct to form the more complex copulatory organ known

as the aedeagiis. The parameres are to be identified throughout the
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orders by the muscles inserted on them, which take their origins in

the supporting basal plates.

11. The styli of the male gonopods become the movable claspers

known as the harpcs in the copulatory apparatus of holometabolous

insects. They are to be identified by their muscles which arise in the

supporting basal plates. The harpes may be divided each into a i)air

of movable claspers.

12. Numerous accessory appendicular lobes and processes may be

developed on all parts of the male genital segment and on segments

associated with it. These organs are secondary and are not necessarily

homologous in the several orders ; they are often flexible at their bases,

but are to be distinguished from the true harpes and from the para-

meres, with which they are associated, by their lack of muscles.

13. The postpedes, present in holometabolous larvae of several

orders, are the pygopods, or appendages of the tenth somite. The

postpedes are probably transformed into the appendicular processes

of adult males known as socii, found in adult Trichoptera and

Lepidoptera, or into the cercus-like appendages of adult chalasto-

gastrous Hymenoptera.

14. The cerci are the uropods, or the appendages of the eleventh

somite. Typically each is situated in a membranous area laterad ot the

base of the epiproct, and above the paraproct. Muscles that move

the cercus arise on the tenth tergum. or also on the epiproct, but these

muscles are not necessarily primitive muscles of the cereal appendages.

There is no intrinsic evidence that the cerci have any genetic relation

with the paraprocts. It is doubtful if true cerci occur in any holo-

metabolous insects, except possibly in females of Mecoptera.

It will be evident from statements given above, and more flagrantly

apparent in discussion to follow, that the writer still gives much

importance to the value of muscles as determinants of skeletal homol-

ogies—and this in the face of the edict against such practices recently

put forth by TI. J. Hansen (1930). However, there surely can be

no question that in studying the insect skeleton we are dealing with

the passive elements of mechanisms, in which the active parts are the

muscles. The principal sclerotic areas of the body segments, and of

the limb segments, are always directly or indirectly associated with

muscle attachments or with mechanical strains resulting from muscle

actions, and there is every reason for believing that scierites have

been correlated with muscles in their evolution, if not necessarily in

their origin. It is, of course, true that, just as some scierites are

secondary productions, so undoubtedly are some muscles. We must

admit that all kinds of deviations from a rule are possible ; but a few
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exceptions do not discredit evidence supported by a long series of

uniform interrelations between muscles and skeletal parts. However,

a mere discussion of the matter is useless, and in a final analysis the

identities of muscles must be established by a study of the muscle

innervation. But, in the meantime, practical results may serve as a

basis of judgment. The results of the studies to be given in the fol-

lowing pages will appear principally in Part II of this paper, which

will attempt to analyze the organs of oviposition, and especially the

male organs of copulation, according to the light thrown on the homol-

ogies of their parts by an examination of their musculature. The
muscles furnish a means as yet but little used for identifying corre-

sponding structures in the male genital apparatus of the various orders,

and it will be found that they at least give something definite as a

working basis in a comparative study of the genitalia.

For most of the identified material on which the present paper is

based the writer is indebted to specialists in the United States Na-

tional Museum, including the entomologists of the Bureau of En-

tomology, Department of Agriculture, and Dr. Waldo L. Schmitt

and his associates, of the Museum's Division of Marine Invertebrates.

Specimens of Hcterojapyx and Nesovnachilis, however, were obtamed

through the interest of Dr. R. J. Tillyard of Australia. Furthermore,

much valuable criticism and information has been contributed by

Dr. A. G. Boving, Mr. Carl Heinrich, Dr. H. E. Ewing, and other

Museum entomologists of the Bureau of Entomology.

I. THE ABDOMINAL SCLEROTIZATION

For purposes of morphological description it is necessary to dis-

tinguish regions of the body wall from the sclerites that may partly

or entirely occupy the regional areas. Considering the body as a whole,

there are two principal surface regions, one including the back and

sides above the limb bases, the other the under surface between the

limb bases. The first is the dorsum (fig. i A, D) ; the second is the

venter (V). Then, in a metameric animal, each somite is likewise

divided into a segmental dorsum and a segmental venter. Separating

the dorsum and venter of each segment are the latero-ventral limb

bases {LB, LB). The regions of the limb bases may be termed the

pleural areas of the segments. The free distal part of any limb, mova-

ble in a vertical plane on the basis, is the telopodite (Tlpd).

It is now well understood that the hardened areas, or sclerites, of the

body wall of insects, as well as of other arthropods, are not " chitin-

ized " or " strongly chitinized " regions, but that they are areas of
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the cuticula in which other substances than chitin predominate. It

has been shown by Campbell (1929), for example, that the exocuticula

of Periplancta contains only about 22 per cent of chitin, while the

soft endocuticula contains about 60 per cent ; and according to

Kunike (1926) the wing covers of a May beetle contain by weight

75 per cent of nonchitinous substances, and those of a grasshopper

as much as 80 per cent. The writer, therefore, follows the suggestions

of Ferris and Chamberlin (1928) in designating the sclerites as areas

of sclerothation rather than of " chitinization."

Sclerotization of the body wall usually produces definite plates in

the several segmental regions. According to the scheme of nomen-

clature adopted in this paper, a major segmental plate of the dorsum

Fig. I.—Diagrams illustrating the theoretical primitive structure of the ap-

pendages and their relation to the body wall.

A, cross section of a segment, showing the basis of each appendage (LB)
movable antero-posteriorly on the body segment by an axis (a-b) in a vertical

plane, and the telopodite' (Tlpd) movable dorso-ventrally at the coxo-trochan-
teral joint (ct).

B, the basis of each appendage subdivided into a subcoxa (Sex) and coxa
(Cx) by a secondary joint with a vertical axis (c-d) ; the upper part of the

subcoxa forming the " pleuron " of the body segment.

is a tergum (fig. i B, T), a corresponding plate of the venter is a

sternum (Stn), and a single plate or group of plates in the pleural

region is a pleuron (PI). Subdivisions or component elements of

these principal segmental plates then become tergites, sternites, and

pleurites, respectively, since the suffix ite grammatically can mean

only *' a part of " some larger unit designated by the stem of the word

to which it is appended.

The plan for distinguishing and naming the segmental regions, the

major sclerites, and the subdivisions of major sclerites given above

is not generally followed ; bvit the writer has not found any nomen-

clatural scheme for these parts that is consistently applied, or that

adequately meets the situation. Some writers define the terms " terga
"

and " sterna " as the segmental dorsal and ventral regions, and then

designate the principal plates of these regions the " tergites " and
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" sternites." This usage is without other objections than that it leaves

us no specific names for the subdivisions or component minor sclerites

of major areas of sclerotization. Writers that adopt it seldom follow

it consistently. On the other hand, many entomologists find it con-

venient for descriptive purposes to distinguish the segmental plates of

the abdomen from those of the thorax as " tergites " and " sternites."

The use of these terms in this manner, however, is not only arbitrary,

but it is ungrammatical, since it is clear that the terms ending in

ite may be applied to metameric units of any particular group of

somites only if the names " tergum " and " sternum " are defined as

the entire dorsum and entire venter of this limited group of somites

—

a usage which no one pretends to adopt. In general, nomenclatural

troubles arise not so much from a scarcity of suitable terms as from

a lack of consistent application of words in common use. The writer,

therefore, employs the terminology recommended above as the one

most adaptable to the needs of anatomical description. And yet, it will

be found that absolute consistency is not possible ; the insects are sure

to present some anatomical conditions that can not be made to fit

with any nomenclatural scheme that can be devised. Consistency

is said to be a jewel, but an excess of jewelry may become a burden.

Little is known concerning the nature of the sclerotic substances

in the cuticula of insects, or of the procedure by which a specific area

of the body wall becomes continuously sclerotized. We may believe,

however, that minor sclerites may have been produced phylogenetic-

ally by the secondary subdivision of major sclerites, though in the

ontogeny of the individual they may proceed from separate centers

of sclerotization. On the other hand, it is unquestionably true that

primarily distinct areas of sclerotization may unite, and give no trace

of their independent origin in the development of the embryo or pupa.

In the abdomen of most adult insects, for example, the pleural

sclerotizations derived from the limb bases are fused with the prnni-

tive sterna, and each definitive " sternal " plate in such cases is a triple

structure, though it may lose all trace of its composite origin.

The spiracles are important landmarks in the study of the abdom-
inal segments. They never exceed eight pairs in number, and while

one or more of the posterior pairs may be absent, the presence of a

pair of spiracles is often better proof of the site of a primitive seg-

ment than is evidence derived from the sclerites. The primary posi-

tion of the spiracles is a matter on which opinion differs. There can

be no doubt that the spiracles are subject to migration, and that in

certain insects they have undergone an extreme displacement ; but

in the more generalized segments of most insects the spiracles He in
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the sides of the scgnieuts ahovc the regions of the hmh bases, and

therefore in the lateral parts of the dorsum (figs. i. 2 \, Sp). If

the tergal sclerotization of a segment does not invade the spiracular

areas, the spiracles commonly lie in membranous lower parts of the

dorsum between the tergum and the limb bases (fig. 2 A ) , or between

the tergum and the definitive sternum, which has absorbed the limb

bases (B). The tergal plates of the abdomen, however, often extend

Fig. 2.—Diagrams showing the sclerotization and the retractor mechanism of

the abdomen.

A-E, variations of sclerotization above and below the dorso-pleural line (a-a)

separating the dorsum from the region of the limb bases (LB). F, the retractor

mechanism as seen in vertical section, resulting from secondary segmentation

produced by the usual type of sclerotization in adult insects. G, two consecutive

segmental plates and their connecting muscles.

a-a, dorso-pleural fold; Ac, antecosta ; acs. antecostal suture; DMcl, dorsal

longitudinal muscles; Isg, primary intersegmental fold; LB, limb basis; Mb.
secondary intersegmental membrane; McI, longitudinal muscle; patg, parater-

gite ; Pc, precosta ; PI, pleural plate formed of the limb basis ; S, definitive ster-

num including areas of limb bases ; Sp, spiracle ; Stn, primary sternal plate

;

T, tergum.

SO far downward on the sides of the dorsum as to include the spiracles

in their lateral parts (C). In some cases the spiracles occur in inde-

pendent lateral, or paratergal, sclerites of the dorsum (D). Finally,

the definitive ventral sclerotization is sometimes produced upward

on the sides of the abdominal segments, and the spiracles may then

be included in the lateral parts of the sternal plates (E) ; but in such

cases it is to be suspected that the apparently sternal areas containing
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the spiracles are really paratergal sclerotizations that have secondarily

united with the sterna.

In the larvae of holometabolous insects there is usually a more

or less distinct groove extending along each side of the abdomen

below the line of the spiracles (fig. 3 A, B, C, a-a), which is continued

upon the thoracic region above the regions of the pleural, or subcoxal,

sclerites, when the latter are present (B, C, Scx^). This groove,

therefore, evidently marks the division between the dorsal and pleural

areas of the abdominal segments, and may be termed the dprso-

FiG. 3.—External structure of the abdomen in holometabolous larvae.

A, larva of Carpocapsa pomonella, showing the dorso-pleural fold {a-a) sepa-

rating the dorsum from the subcoxal areas in both the thorax and the abdomen.
B, larva of SUpha obscura, with series of paratergal sclerites (patg) above
dorso-pleural fold, and series of pleural subcoxal sclerites (Sex) below fold.

C, larva of Ptcronldea ribesii, showing same structure as in B.

pleural groove. Sclerites or lobes of the body wall lying immediately

above this groove, then, belong to the dorsum, and may be called

paratergites (fig. 3 B, patg), but not " pleurites " or " epipleurites."

Latero-ventral plates or lobes lying below the tergo-pleural groove

are properly termed abdominal pleura (B, Sex) if it is clear by their

position or by the presence of appendicular organs upon them that

they are the equivalents of the thoracic subcoxal pleura (Scv-s). It

is convenient, however, to extend the term " pleurites " to any lateral

sclerites situated ventrad of the dorso-pleural groove, or below the

line of the spiracles, though such sclerites may be evidently secondary

sclerotizations of this region (fig. 24 D, ipl, 2pl, etc.). But if there is
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reason to believe that lateral sclerites are secondary subdivisions of

earlier formed pleurosternal plates, they may be given the non-

committal name of parastcrnitcs. When true pleural plates or lobes

of the abdomen are subdivided longitudinally, the upper and lower

parts may appropriately be termed epipleurites and hypopleurites,

respectively ; but such a division seldom occurs in the abdominal

pleura, and the term " epipleurite " is commonly misapplied by students

of insect larvae to paratergal lobes, or sclerites of the dorsum.

The fact that the dorso-pleural groove forms a conspicuous line

of infolding along the side of the abdomen in many insect larvae

(fig. 3, a-a) is probably the reason for its frequently having been

termed the "pleural suture." Hopkins (1909) thus named it in his

study of the larva of Dcndroctonus, and he designated the lateral

lobes above the groove " epipleural " and those belov^r it " hypopleural."

The former he believed represented the epimeron of a thoracic

pleuron, and the latter the episternum. No such homology as this,

however, is possible, since the pleural suture of a thoracic segment

is morphologically a vertical groove in the subcoxal sclerotization of

the leg bases, taking only secondarily a horizontal position in the meta-

thorax of adult beetles. The so-called " pleural suture " of the larval

abdomen, moreover, as we have seen (fig. 3 A, B, C. a-a), extends

into the thorax above the subcoxal sclerotizations {Sex), and thus

throughout the body separates the dorsum from the true pleural

region. Lateral lobes or sclerites of the abdomen lying above the

dorso-pleural groove are, therefore, paratergal (fig. 3 B, patg), and

not " epipleural." Only the so-called " hypopleural " areas lying

ventrad of the dorso-pleural groove, that is, between it and the true

sternal region, are properly pleural in the sense that they correspond

with the subcoxal areas of the thorax (B, Scx^) containing the scler-

ites of the thoracic pleura. The ventro-lateral lobes or plates of the

larval abdomen may, then, be termed the abdominal pleura inasmuch

as they appear to represent the subcoxae of the thorax. The abdommal

pleura are never divided vertically in a way to suggest a true homology

with the division of a thoracic pleuron into episternum and epimeron.

The relation of the muscles to the lateral lobes of the abdomen

in the larvae of Coleoptera has been studied by Boving (1914) and

by Craighead (1916). Boving, here following Hopkins (1909), calls

the lateral groove of the abdomen the " pleural suture," but in all his

subsequent work he terms it the " ventro-lateral suture." Craighead

identifies the lateral areas of the abdomen with the corresponding

areas of the thorax in cerambycid larvae, but since he regards the
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lateral groove of the abdomen as the " sternopleural suture," he

takes the paratergal areas to be the abdominal pleura.

The abdominal terga.—The dorsal sclerotizations of the abdomen

in general take the form of simple tergal plates characteristic of any

region of the body in which a secondary segmentation has been

established. Each tergum presents anteriorly a submarginal or often

marginal internal ridge, the antecosta (fig. 2 F, G, Ac), on which

the principal longitudinal muscles usually have their attachments.

The antecostal suture (F, acs) is generally but faintly marked, and

the precosta (F, G, Pc) varies from a scarcely perceptible marginal

rim to a wide flange extending a considerable distance anterior to the

muscle attachments (G, Pc). Apodemal processes are frequently ex-

tended from the anterior margins of the terga. From the antecosta

of the first abdominal tergum there is commonly developed a pair of

phragmatal lobes, and the precostal part of this tergum, together

with the antecosta and the phragma, may be separated from the rest

of the tergal plate to form a so-called postnotal or postscutellar plate

of the metathorax. Otherwise the abdominal terga usually preserve

their structural unity. The postcostal areas of the abdominal terga are

seldom marked by sutural lines in adult or nymphal insects, and where

such lines do occur they can not be supposed to have any homology

with the sutures of a wing-bearing thoracic tergum, which adapt the

latter to its function in the wing mechanism.

The dorsal regions of the abdominal segments of soft-bodied holo-

metabolous larvae are usually divided transversely by impressed lines

or by strongly pronounced topographical features. The dorsal areas

thus formed are evidentl}^ mere adaptations to the contractile move-

ments of the larvae and have no morphological significance. That

the external body features of cruciform and vermiform larvae are

secondary larval characters is evident from the structure of the head,

which shows that such larvae are lateral derivatives from highly

evolved adult forms representing the immediate ancestors of the

order.

The abdouiinal slerna.-^T\\Q definitive sternal plates of the abdomen
are in general similar to the tergal plates, each being a continuously

sclerotized area of the ventral integument of its segment, always

including the primary intersegmental area anterior to the somite,

corresponding with the intersternites, or spinisternites, of the thoracic

region. The antecostae may be coincident with the anterior margins

of the sternal plates, or set well back from the margins (fig. 2 F, Ac)
with distinct precostal regions before them. In the Japygidae a short

anterior division of each abdominal sternum is separated by a mem-
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branous fold from the rest of the plate, forming a distinct sternal

apofome (fig. 24 D, Apt). Apodemal processes to give more effective

action to protractor and dilator muscles are commonly developed from

the anterior and lateral margins of the abdominal sterna.

Notwithstanding the apparent unity of structure in the abdominal

sterna, it is probable, as already stated, that the ventral plates of the

])regenital segments in most adult insects are triple structures, each

including in its composition the area of the true sternal sclerotization

of its segment, and the areas of the limb bases of the corresponding

Fic. 4.—\'entral plates of al)dunien of Ncsoinachilis niaoriciis.

I, II, VI, VIII, ventral plates of segments one, two, six, and eight in male.

LB, limb basis, or basal plate of appendage ; n^s, muscles of retractile vesicle

;

Stn, primitive sternal sclerite; Sty. stylus; /'.v. eversii)le and retractile vesicle.

segmental appendages. A comparatively generalized condition 'is to be

seen in larvae of Ephemerida, in which lateral lobes of the abdomen

supporting the gills (fig. 34 A. ]^, LB), though forming a part of the

ventral wall of each segment, are distinct from the areas of the primary

sterna {Stn), and occu])y the primitive position of limb bases on the

sides of the segments between the tergal and sternal sclerotizations.

A similar but less ])riniitive condition is that occurring in some of the

Thysanura, as in the Machilidae (fig. 4), where each of the definitive

sterna in the pregenital region of the abdomen consists of a small,

median, true sternal sclerite (Stn) and of two, large, lateral stylus-

bearing plates {LB, LB) clearly representing the limb bases.
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The frequent occurrence of styli on abdominal segments of insects

in which the sterna are undivided plates leaves little doubt that the

definitive abdominal sterna of insects in general are composite plates

including the limb bases as integral parts of their areas. Evidence

of the inclusion of the limb bases in the adult abdominal sterna might

be derived also from other sources, as in the Lepidoptera, where

the abdominal appendages of the larva at the time of pupation are

flattened out in the form of discs, and merge into the ventral areas

from which later the adult sterna are produced.

A definitive sternal plate that includes the primitive sternum and

the bases of the adjacent limbs is sometimes called a " coxosternum,"'

but, as will be shown later, there is a question as to whether the

abdominal limb bases represent the coxae or the subcoxae, or include

both of these usual basal elements of the appendages. A composite

sternal plate, therefore, is more appropriately distinguished from a

primitive sternal plate by the term zygosternuni proposed by Prell

(1913). For the same reason the name " coxite," often given to the

limb base element of the zygosternuni, is objectionable as being more

specific in its meaning than is warranted by the known facts of the

origin of the part in question. Besides this, the suffix itc implies that

a structure so-named is
'' a part of " a coxa, and this implication is

clearly not intended.

II. THE ABDOMIN.\L SEGMENTS

Entomologists sometimes nominally distinguish the segments of

the insect abdomen frOm those of the thorax as " urites," a term

perhaps recommended by its brevity, but one which, by inference,

reduces the entire abdomen to the status of a " tail." Consistent with

this usage, the abdominal appendages would all be " uropods," but

the custom of carcinologists in applying the latter term only to the

terminal pair of appendages has better anatomical sanction. (I^an-

kester, 1909; Sedgwick, 1909.)

From embryological evidence there appears to be little doubt that

the primitive number of abdominal segments in typical insects is at

least 12 (fig. 5 A). Twelve segments are actually present in adult

Protura (B), each having distinct tergal and sternal plates, but tlie

tenth and eleventh are said to be added by " epigenesis," that is, they

are developed during postembryonic growth. In many of the Aptery-

gota and in the lower Pterygota, 1 1 segments are present without

question, while in some forms there are possible rudiments of a

twelfth segment. The twelfth or primitive terminal segment is the
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periproct (fig. 5 A, Prpt), which carries the anus, but does not have

appendages. It is the terminal piece of the body anterior to which

the true somites are formed, segmentation of arthropods being intra-

somatic and not a process of budding. Some investigators claim that

a pair of coelomic sacs is formed in the periproct. The presence of not

more than six segments in the abdomen of CoUembola is usually

taken to be the result of reductive specialization, or " degeneration,"

in these insects, considering that the existence of even six segments

is obscure in some forms by a loss of intersegmental lines. Tillyard

(1930), however, sees in the CoUembola a primitive " protomorphic
"

condition in which only nine postcephalic somites have ever been de-

veloped. He» points out that segmentation in the collembolan embryo

produces six abdominal segments and no more, and that we have,

r ;:: n"^ 7,:^ iXApd

tr .
^ VXApd

J J "Prpt

XIIT

A '~

' '^''' An^ '
' XIIS B

An-'
. -

-'
(XII

Fig. 5.—Examples of the presence of twelve segments in the he.xapod abdomen.

A, posterior end of abdomen of young embryo of Gryllotalpa (from Heymons,
1895), with large periproct {Prpt), or twelfth segment, behind the last true

somite (XI) bearing the cerci (Ccr). B, end of abdomen of adult proturon,
Accrcntulus confinis (from Berlese, 1910), showing twelve distinct segments.

therefore, no evidence of a greater number of somites ever having

been present in this group of arthropods, which he would not ally

closely with the other insects. A reduction in the number of abdominal

segments is the rule in both immature and adult insects generally.

As just stated, evident remnants of the periproct are rare except in

the Protura. While ii segments are distinct in many of the more

generalized insects, in the higher orders, especially in the Holome-

tabola, not more than 10 segments are usually present, and sometimes

only nine are evident. In the more specialized insects there is a

tendency toward elimination of the first abdominal segment, but

generally reduction takes place at the posterior end of the body.

Since the periproct is commonly lacking, or reduced to a circumanal

membrane, the eleventh somite, which carries the last pair of seg-

mental appendages, becomes tiie definitive anal segment. The tenth
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segment is sometimes more or less united with the eleventh in orthop-

teroid insects ; but in the Holometabola the eleventh segment is

generally suppressed, and the body ei\ds with the tenth segment,

though possibly in certain holometabolous larvae the terminal segment

contains a remnant of the eleventh somite, while in coleopterous larvae

the abdomen ends in a distinct anal lobe, which appears to represent

the eleventh segment.

The association of the organs of copulation and oviposition with

the eighth and ninth segments of the abdomen is usually accompanied

by adaptive structural modifications in these segments that conspicu-

ously differentiate the latter as the genital segments, and separate the

rest of the abdomen into a pregenital region and a postgenital region.

Since the pregenital region contains most of the internal abdominal

organs, its segments may be termed the visceral segments. The seg-

ments beyond the ninth, which are usually more or less reduced and

united with each other, constitute the postgenital segments. It is not

possible, of course, in all cases to divide the abdomen consistently into

visceral and genital regions, since modifications adaptive to the major

functions of the eighth and ninth segments often affect one or several

of the preceding segments, but yet, for general descriptive purposes,

the term " genital segments " will have a specific meaning.

THE VISCERAL SEGMENTS

To describe here in full the visceral region of the abdomen would

be to repeat many well known facts without adding anything of im-

portance. The seven segments of this region are usually of simple

structure and dift'er but little from one another. In adult pterygote

insects they lack appendicular organs, and the definitive sterna prob-

ably always include the areas of the primitive limb bases. The first

segment is more subject to modifications than are any of the others.

In winged insects the antecosta of its tergal plate bears the third pair

of phragmatal lobes, and the precosta is usually much enlarged, form-

ing the so-called postnotal, or postscutellar, plate of the mctathorax

(fig. 16, PN3), which, together with the base of the phragma, is

frequently removed from the tergal region of the first abdominal seg-

ment and more closely associated with that of the metathorax. The

rest of the first segment is often reduced, or fused with the second,

and the sternal sclerotization is sometimes obliterated. The first pair

of spiracles, however, are nearly always retained, and the spiracles

will generally furnish a key to the basal segmentation of the abdo-

men where the segmental limits are obscured. In the aculeate Hy-
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menoptera the entire first alxloniinal segment is so intimately united

with the metathorax that it forms anatomically a part of the thoracic

region of the hodv. ^lodihcation of the posterior visceral segments

will be noted in connection with a study of the genitalia. In females

of higher Diptera the functional visceral region is reduced to live

segments by the conversion of the posterior segments into a tubular

organ of ovi position.

Tin-: gi-:nital segments

The lateral ducts of the re])r()ductive organs in the majority of

the Hexapoda open into a common, median outlet tube. Exceptions

to this rule occur in the males of Protura, in both males and females

of Ephemerida. and in males of some Dermaptera, the two lateral

ducts in these cases o]>ening separately to the exterior. The ])osirion

of the genital a])ertures Aaries within the Hexapoda through an

extreme of six segments. In the Collembola the gonopores of 1:)oth

sexes are situated on the fifth al)dominal segment, while in the Pro-

tura thev occur l)etween the eleventh and twelfth segments. In the

Ephemerida the paired oviducts open between the seventh and eighth

abdominal segments, and the vasa deferentia open on the penes l)e-

tween the ninth and the tenth segments. In all other Pterygota, excc])t

Dermaptera, and in Thysanura and Dicellura. the single female aper-

ture lies between the eighth and ninth segments, and the male aperture

between the ninth and tenth segments. .Vpparent excei)tions to this

rule occur where some of the terminal segments are fused, where

one or more of the pregenital segments have been obliterated, or

where, as in female Lepido])tera, the gonopore has evidently under-

gone a secondary change in position.

The genital apertures are described by some writers as being situated

on the segments, while others state that they occur between segments.

The gonopores, in truth, are probably located on the posterior parts of

the ventral surfaces of primary segmental areas, but since these ]mrts

of the primitive somites become the intersegmental membranes of tlie

definitive segments, the gonopores of adult insects are anatomically

intersegmental. They lie behind the primary sterna of the segments

on which thev are situated, and (jnly rarely is a secondary sclerotizatiou

formed behind them (male Odonata). The male gonopore is usually

carried (jutward on an evagination of the body wall forming a simple

penis, or it is situated on a more complex copulatory organ composed

of the ])enis and the i)arameres, or of the parameres alone, k'nown

as the lU'dciifiits.
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Owing to the uniformity in the relation of the genital apertures to

the eighth and ninth abdominal segments, these segments in the

majority of insects become specifically the genital segments. Their

appendages form the principal organs of egg-laying and copulation,

and may therefore be designated gonopods. In some of the simpler

insects the gonopods are lacking and the genital segments have no

distinctive external features; but usually the segments show some

conspicuous structural adaptation to the functions of copulation or

oviposition.

The eighth scguient.—Modifications of the eighth segment (fig. 6,

VIII) occur principally in the female, since it is on the ventral part

VII Vin IX X XI Cer XII(Tel)

-a

2Gon
\
iGon

FiG. 6.—Diagram illustrating the concept of the structure of the abdomen
adopted in this paper.

a-a, dorso-pleural line separating tergal region from pleuro-sternal region;

Ccr, cercus ; Eppt, epiproct ; iGon, sGon, first and second gonapophyses ; la,

lamina subanalis ; LB. limb basis; Papt, paraproct (lobe of eleventh sternum) ;

sa, lamina supra-analis ; Sp, spiracle; Stn. primary sternum; Sty, stylus; T,

terguni; Tel, telson (twelfth segment, greatly reduced or obliterated in insects).

of this segment that the first gonapophyses (iGon), or genital proc-

esses of the eighth gonopods, are developed, and become the ventral

blades, or first valvulae, of the ovipositor in all species provided with

an ovipositor. The female genital opening is normally situated be-

tween the bases of the first gonapophyses in the membrane behind

the primitive eighth sternal plate, but the latter is frequently prolonged

beneath the base of the ovipositor, forming the subgenital plate of the

female. The bases of the gonopods of the eighth segment are never

united with the eighth sternum in female insects having an ovipositor.

In the Thysanura they are large, stylus-bearing plates or lobes which

retain the normal position of limb bases, but in pterygote insects they



NO. 6 INSECT ABDOMEN—SNODGRASS IQ

appear to form small suspensional sclerites of the first valvulae, known

as the valvifers, which always lack styli. Gonapophyses of the eighth

segment are known to be present in male insects only in some species

of Machilis, but the eighth segment of the male is frequently more or

less modified when associated with the ninth in the copulatory

mechanism.

The ninth segment.—The second genital segment (fig. 6, IX) usu-

ally has less of the typical form than does the first. It is the somite of

the second gonapophyses (^Gon), or genital processes of the ninth

gonopods, which form the second valvulae of the ovipositor in the

female, and the usual parameres in the male. The sternum of the

ninth segment is generally reduced or rudimentary in the female, but

the bases of the gonopods are commonly retained, either in the form

of lobes, or as blade-like pieces of the ovipositor, the third valvulae.

In the male the ninth segment retains a generalized structure in the

Thysanura (fig. 33, B, C), but in the pterygote insects it is subject

to many modifications and takes on a great variety of forms. The

bases of the gonopods in male Pterygota either remain as distinct

lobes of the segment, or they unite with each other, or with the

sternum, or with both the sternum and the tergum. The styli, if re-

tained, usually take the form of movable clasping organs. Various im-

movable lobes also may be developed from the ninth segment of the

male, and sometimes from the eighth, which serve as accessory organs

in copulation.

The intromittent organ of the male arises in the Thysanura behind

the region of the ninth sternum and between the bases of the gono-

pods (fig. 33 B, C, Pen) ; but in insects having the gonopod bases

united with the sternum, it arises posterior to, or usually above, the

limb base area of the composite sternum. The membranous area

from which the organ arises is, furthermore, generally more or less

inflected between the ninth and tenth segments, forming a genital

chamber above the ninth sternum, and the ninth sternum is often

extended posteriorly as the male subgenital plate, or hypandrium.

The intromittent organ has the form of a simple, tubular penis in the

Thysanura, but in most pterygote insects it is a more complex struc-

ture, called the aedeagus, formed of the penis and parameres, or

of the parameres alone. The external genitalia will be fully described

in Part II of the present paper.

THE POSTGENITAL SEGMENTS

Beyond the second genital segment there are never more than three

segments represented in the hexapod abdomen (fig. 6, X, XI, XII),
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and it is only in the Protura that the last of these segments is well

developed (fig. 5 B, XII). In some of the lower insects apparent

traces of the terminal segment are to be found, but in most of the

true Insecta there are only two postgenital segments present. A still

further reduction, however, has taken place in many insects, with the

result that but one segment is to be recognized beyond the ninth.

Where two postgenital segments are present there is little doubt that

they are the tenth and the eleventh ; and where the number of post-

genital segments is reduced to one, it is usually to be assumed that the

XIT

Cer

Papt

^-An

Cer

Eppt(XIT)
/ ^ An-

Cer

Cer
Eppt

Fig. 7.—Terminal abdominal structures of Thysaiiura.

A, end of abdomen of male Ncsoinacliilis maoricus. B, caudal filament and

cercus of same removed, showing their origin from small eleventh segment nor-

mally retracted into the tenth. C, dorsal view of same. D, ventral view of

eleventh segment, with bases of caudal filament and cerci. E, dorsal view of

eleventh segment and terminal appendages of Thcnnohia. F, ventral view of

same.
An, anus; Cer, cercus; cf, caudal filament; Eppt. epiproct ; LB. limb basis;

Papt, paraproct; .fa, possible rudiment of lamina supra-analis ; .S7», primary

sternum ; Sty, stylus.

single end-segment is the tenth somite, and that the eleventh has dis-

appeared, though it is probable that the tenth and the eleventh somites

are in some cases combined in the definitive terminal segment.

The tenth segment.—The tenth somite of the abdomen is clearly

retained as the numerical tenth segment in insects in which there are

two distinct ])ostgenital segments. It is a complete annulus in the

Thysanura (fig. 7 A, X)
,
quite distinct from the eleventh segment

(B, A7), which is mostly concealed within it. In the Odonata the

tenth segment is a continuously sclerotized ring (fig. 12 B, C, X)

,
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beyond which are the parts of the eleventh segment, and apparent

remnants of the twelfth (A). Likewise, in larvae of Plecoptera the

tenth segment is cylindrical in form (fig. 8 A, A'), and the parts of the

eleventh segment (Eppt, Papt) are quite distinct from it. The struc-

ture in an adult plecopteron is essentially the same as that of the

larva, but the tenth segment is smaller. In the Ej^ihemerida, both

larval and adult forms, the tenth somite is a well-developed segment,

which, because of the reduction of the eleventh somite, forms the

terminal segment of the body and appears to carry the long cerci.

Its tergal region is i^roduced posteriorly in a median lobe, and thus

resembles the supra-anal ])late of other insects, but the small true

epiproct of the eleventh segment lies beneath the lobe of the tenth

tergum and carries the median caudal filament. The venter of the

ephemerid tenth segment a])pears to contain the anal o])ening, but

it is evident that the anus is drawn forward and that the paraprocts are

united with the liases of the cerci.

Among ortho])ter()id insects the tenth segment is \-arial)le ; its ven-

tral region is usually membranous, and in some families its tergal plate

is fused with the eleventh tergum, or epiproct. In the T'hasmidae,

however, the tenth segment is large and normally developed ( fig.

8 E, G, A'). In Diaplicroniera it has distinct tergal and sternal plates,

the tergum overlap]iing the edges of the sternum in the female (F),

though the two plates are ankylosed in the male to form a strong

support for the clasjier-like cerci (E). The paraprocts are united

ventrally with the tenth sternum ( F, Papt) and appear to be lobes of

the latter. The ventral region of the tenth segment is membranous

in most other Orthoptera (fig. 8 D), though the dorsum usuall\-

contains a distinct plate {XT). In Acrididae the tenth tergum is a

narrow transverse sclerite fused laterally with the ninth tergum,

but it is separated from the epiproct by a complete suture. In Blat-

tidae (fig. 40 A), Tettigoniidae, and Gryllidae (fig. 8 1)), however,

the tergum of the tenth segment (A'), is generally fused with the

epiproct {Eppt). and since the paraprocts become continuous with

the membranous ventral wall of the segment, the tenth somite in

these families loses the status of an inde]:)endent bodv segment.

It must be noted here that the principal muscles of the cerci arise

on the tergum of the tenth segment. The size of the tenth segment,

therefore, generally varies according to the size of the cereal muscles,

the segment being large in insects having long, mobile cerci (fig. 8 A,

XS), and strongly develo])ed in insects in which the cerci have

a grasping function, as in Japyx ( fig. 40 O.and in Diaphcrouiera (fig.

8 E, X). When the cereal musculatm-e is weak the tenth segment
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is usually reduced, and its tergal plate becomes small, or unites with

the epiproct. In certain cases, however, the tenth segment is developed

quite independently of any relation to the cerci, as in some of the

Homoptera, in which the cerci are rudimentary or absent. In the

cicada (fig. 8 C) the tenth tergum is a strong plate produced down-

ward on the sides into a pair of hooked lobes (/) embracing the distal

end of the aedeagus.

XT

VIIIS

Fig. 8.—-Terminal abdominal structures of various insects.

A, larva of plecopteron, ventral view, showing cerci, paraprocts, and epiproct

as parts of eleventh segment. B, Gryllus assimilis, dorsal view, showing union

of epiproct with tenth tergum. C, Magicicada scptoidccim, with eleventh seg-

ment distinct from tenth. D, Scaptcriscus didactylus, female. E, Diaphcrnmcra
jcmorata, male. F, female of same, showing paraprocts fused with tenth ster-

num. G, lateral view of genital and postgenital segments of female Diaphernincrn
jcmorata. showing ovipositor, and subgenital plate produced from eighth ster-

num. H, end of abdomen of female Paiwrpa coiisuctitdinis.

True appendages are absent from the tenth segment in postem-

bryonic stages of all Apterygota and hemimetabolous Pterygota.

Rudiments of appendages, however, are well known to be present

on the tenth segment of many insect embryos (figs. 5 A, 9 A, XApd).

The idea that these appendages are developed in the female into the

third pair of valvulae of the ovipositor is now generally regarded as

erroneous, since it is clear that both the second and the third pairs

of valvulae are parts of the gonopods of the ninth segment. Rerlcse

(1906) records an anomaly found in an adult female of Locusta
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z'iridissiiua, consisting of two pairs of appendicular [)rocesscs on the

tenth abdominal segment closely resembling the two pairs of valvulae

on the ninth segment, the outer pair corresponding with the valvulae

formed of the basal plates, the inner pair with those formed of the

gonapophyses. It is scarcely to be supposed, however, that an abnor-

mality of this kind is a " reversion " to an ancestral normality. The

embryonic limb rudiments of the tenth abdominal segment in all the

more generalized insects are normally suppressed before hatching.

In the Holometabola, on the other hand, appendicular structures fre-

quently occur on the tenth segment in postembryonic stages, and there

is little doubt that such organs on the larva, typically represented

by the postpedes of caterpillars, are true limb structures; in adults

they include the socii of Lepidoptera and Trichoptera, and the cercus-

like processes of Tenthredinidae, which appear to be derived from

the larval postpedes. The appendages of the tenth, or pygidial, seg-

ment of the abdomen may be generally designated the pygopods.

The eleventh segment (nro-segnient).—The eleventh abdominal

segment represents the last true somite of the body, and is present in

the embryos of many insects as a well-developed ring bearing the

rudiments of the terminal pair of appendages (fig. 5 A, Cer). The

segment is present in adult Protura as a fully formed annulus with

tergal and sternal plates (B, XI), and in some of the lower Insecta

having 11 distinct segments in the abdomen the eleventh segment

is retained likewise as a complete annulus. This condition is well

shown in Nesomachilis (fig. 7 B) where the eleventh segment, though

mostly concealed within the tenth (A), consists of continuous tergal

and sternal regions (C, D), and bears laterally the long, filamentous

cerci {Cer). The tergal region is produced into the median caudal

filament (c/), and the sternal bridge supports a pair of broad subanal

lobes, the paraprocts (D, Papt), separated by a median cleft. In

Thermobia the eleventh segment has a distinct tergal plate, or epiproct

(E, F, Eppt), but the sternal bridge is lost, and the sternal region

of the segment is represented only by the paraprocts (F, Papt), upon

which are borne the cerci {Cer). The median ventral region of the

eleventh segment is generally obliterated in pterygote insects that

have a well-developed tenth segment, but in some of the Homoptera.

as in the cicada (fig. 8 C), the venter of the eleventh segment is not

only present but it contains a distinct sclerotic sternal remnant {XIS).

The adult abdomen of most of the lower Pterygota ends with a

supra-anal plate (fig. 6, Eppt) which is in every way suggestive that it

corresponds with the epiproct, or tergum of the eleventh segment, in

the Thysanura. Some entomologists, however, leasing their opinion on
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Heymons' ( 1895) assertion that the eleventh segment of the embryo

in GyyUotalpa and other Orthoptera is lost during development, regard

the supra-anal plate of pterygote insects as belonging to the twelfth

segment. On the other hand, Wheeler's (1893) observations on the

development of Xiphidiuin are fully convincing that the cercus-bear-

ing eleventh segment persists in the Orthoptera, and, though it be-

comes reduced, forms the terminal parts of the adult abdomen asso-

ciated with the cerci. Wheeler's idea that the rudimentary appendages

of the tenth segment become the inner valvulae of the ovipositor in

the female does not conform with the evident facts of comparative

anatomy, but this detail of interpretation does not afifect his exposition

of the segmentation.

When we compare the usual circumanal structures of pterygote in-

sects with the ]mrts of the eleventh segment in the Odonata (fig. 12 A,

An A
-XApd
Cer

Fig. g.—Posterior segments and appendage rudiments of embryos of Xiphi-

(iium. (Outlines from drawings by Wheeler, 1893. showing segmentation and

appendages, but with other details omitted.)

A, male embryo. B, female embryo, each with cereal appendages (Ccr) on

eleventh segment. C, female embryo in later stage, showing retention of eleventh

segment structures (XI).

Eppt, Ccr, Papt), in which Heymons himself has shown that the

twelfth segment (Prpt) is present though rudimentary, we can

scarcely question the identity of the parts in all cases. In other words,

the epiproct, the cerci, and the paraprocts, which in larval Odonata

clearly belong to the eleventh segment, must be eleventh segment

structures in all Pterygota, as they are in Thysanura. Heymons'

(1904) claim that the appendages of the eleventh segment in the

Odonata are not trvie cerci, and that the latter are represented in the

apparent paraprocts finds no support in comparative anatomy, and

has been generally rejected on the ground that it would set the Odonata

apart from all other insects.

The writer would, therefore, agree with Crami)ton ( 1918) that the

epiproct is in all insects the tergum of the ele\'enth segment ( lig. 6,
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Eppt), but would dissent from Cranipton's opinion that the cerci

and paraprocts pertain to the tenth segment, since in such forms

as Nesoiiiachilis (fig. 7 P> ) they clearly belong to the eleventh segment,

and embryologists agree that the cerci are appendages of the eleventh

segment ( fig. 5 A ) . That the paraprocts at least belong to the same

segment as the epiproct is evident from their usual anatomical rela-

tions with the latter. Ford (1923), in her review of the musculature

of orthopteroid insects, says, " from the musculature we find that the

sui)ra-anal plate and ]-)araprocts form a symmetrical group," and fur-

ther she observes that " the transverse muscles between the supra-

anal plate and jmraprocts show that all three belong to the same seg-

ment." The segment represented by the epiproct and paraprocts Ford

believes is the twelfth, but she bases her opinion largely on Heymons'

statement that the eleventh segment is suppressed in the adult. .

Furthermore, the anatomical relations between the paraprocts and

the cerci do not sui)port Crampton's (1920, 1921) contention that

the paraprocts are the bases of the cereal appendages. The cerci may
be united with the ])araprocts (figs'. 7 F, 8 A), l)ut generally they

arise independently in membranous areas behind the tenth tergum

between the epi])roct and paraprocts. The cerci never have muscles

arising in the paraprocts, and the ventral musculature of the ])ara-

procts indicates that these plates are merely lol)es of the eleventh

sternum (fig. 6, Papi), as they are actually in NcsouiachUis (fig.

7 D ) . With the usual suppression of the eleventh sternal area,

however, the paraprocts may appear to arise from the posterior margin

of the tenth sternum, and thev are sometimes continuons with the

latter
(
'ivg. 8 F, Pa pi )

.

The cerci, as shown In' their de\-elopment, are the ciilirc ai)i)endages

of the eleventh segment. Their primitive l)ases may 1)e represented

by a small, ring-like segment at the root of each organ (Meymons,

1896, Walker. 1922), and, as noted al)Ove, they are sometimes united

with the sternal parai)rocts, but the muscles of the cerci always have

a tergal origin. As already observed, most of the cereal muscles arise

on the tergum of the tenth segment. These anterior muscles of the

cerci, however, appear to l)e derived from the intersegmental, longi-

tudinal muscle fibers ])rimitively extending between the tenth and

eleventh terga, which have secondarily become motors of the cerci.

In some Ortho])tera, each cercus has a single muscle arising on the

epiproct.

The terminal structure of the generalized insect abdomen has a

certain resemblance to that of a malacostracan crustacean ( lig. 10 A).

The twentieth body segment of the crustacean re])resents the eleventh
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segment of the insect abdomen, and its appendages, the uropods

(2oApd), evidently correspond with the cerci. The telson (Tel)

being suppressed in insects, the tergum of the eleventh abdominal

segment (twentieth somite) becomes the supra-anal plate, or epiproct.

The cerci, therefore, may be regarded as the uropods of insects.

The twelfth segment.—Among adult Hexapoda a twelfth segment

of the abdomen is developed as a complete annulus with tergal and

sternal plates only in Protura (fig. 5 B, XII). In the arthropods gen-

erally the terminal segment is the periproct, or end piece of the body

containing the anus, anterior to which the true appendage-bearing

somites are formed. In the malacostracan Crustacea the periproct

Fig. 10.-—Terminal abdominal structures of a crustacean, Aiiaspidcs tasmaniac.

A, posterior part of abdomen, showing the uropods (2oApd) as terminal
appendages of penultimate segment. B, ventral view of telson, showing lamina
supra-analis (sa) and laminae sub-anales (la) surrounding anus (An).

forms the telson (fig. 10 A, Tel), typically a broad terminal lobe of the

abdomen, having the anus situated in the basal part of its ventral

surface (B, An) between two lateral valve-like flaps (la). A distinct,

anus-bearing, terminal lobe of the body is said to be present in the

embryos of some insects (fig. 5 A, Prpt) , but in adult insects there

is never more than a vestige of the periproct, or rudiment of a seg-

ment beyond the cercus-bearing eleventh somite (fig. 6, XII).

The best example of the retention of a twelfth segment in insects

is furnished by the larvae of some Odonata, in which the anus is con-

tained in a small circular fold (fig. 12 A, Prpt) ordinarily concealed

between the bases of the epiproct (Eppt) and the paraprocts (Papt).

In the walls of this circumanal fold, as Heymons (1904) has shown,
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Hypt Eppt Papt Q
Fig. II.—Posterior segments of a noctuid caterpillar.

A, dorsal view. B, lateral. C, ventral. D, posterior.

An, anus ; Eppf, epiproct ; Hypt, hypoproct ; Papt, paraproct ; Fp, postpcdes

(pygopods).

Cer Eppt(XlT)

A
Fig. 12,

iGon
, ,

IXLE Sty 2Gon Papt C
Terminal abdominal structures of odonate larvae.

pap"tl

A, aeschnid larva, posterior view of end of abdomen, with epiproct and para-

procts spread out, exposing the periproct (Prpt) containing lamina supra-analis

(sa) and laminae sub-anales (!a) surrounding the anus (An). B, lateral view
of same with parts in normal position. C, end of abdomen of larva of Archilestcs

grandis, showing gill plates formed of caudal filament (c/) of epiproct (Eppt),

and of lobes (paptl) of paraprocts (Papt).
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there is a small dorsal sclerite, or lamina supra-analis {sa), and two

lateroventral sclerites, or laminae infra-anales (la). These sclerites

are lost in adult Odonata, but a small supra-anal lobe, possibly a rem-

nant of the lamina supra-analis, projects from beneath the epiproct.

A similar lobe occurs in Nesomachilis (fig. 7 D, sa) , as well as in some

other Thysanura, and in larvae of Ephemerida. The supra-anal lobe

of these insects might be regarded, therefore, as a dorsal remnant of

the telson ( fig. 6, Tel) . In most insects, however, no trace of a twelfth

segment is to be found, and the periproct must be supposed to have

been reduced to the meml)ranous area at the end of the eleventh

segment in which the anus is situated.

III. THE ABDOMINAL MUSCULATURE

We do not have as yet a sufficient knowledge of the comparative

myology of Arthropoda to furnish a basis for any theory as to the

nature of the primitive body musculature in this group of animals,

in which mobility of the body is a characteristic feature. Widely

dififerent patterns of muscle arrangement are encountered in the several

arthropod classes, and even within a single class, while, among the

insects, extraordinary differences occur often between larval and

adult stages of the same species.

In the Insecta the abdominal musculature consists typically of dorsal

and ventral longitudinal fibers, dorsal and ventral transverse fibers,

and lateral dorsoventral fibers ; but in none of these muscle groups

do all the fibers often retain their characteristic positions.

The development of the body muscles has been described by Cholod-

kowsky (1891), Heymons (1895), and Nelson (1915). The dorsal

and lateral muscles are formed from the lateral somatic plates of the

mesoderm ; the ventral muscles arise from the median ventral parts

of the mesoderm where the somatic and splanchnic layers are united.

The muscle rudiments, or anlagen, according to Heymons, in insects

having open coelomic sacs (Blattidae, Gryllus, Acrididae), are formed

from sac-like evaginations of the mesodermal walls of the seg-

mental cavities, which are at first tubular, l)ut sooner or later l)ecome

solid strands of cells. In the higher insects, however, in which the

coelomic sacs are small or but little developed, the muscles either are

formed by the proliferation of cells from the mesoderm segments, or

they arise directly from mesenchyme tissue at points corresponding

with the position of the coelomic sacs of lower insects.

Since the muscles are derived from the w^alls of the embryonic

coelomic sacs, or from the metameric divisions of the mesoderm, we
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may assume that the primitive somatic fillers were all 'nitra-scguicntal

in arrangement, as they are in the Annelida. With the acquisition

of secondary segmentation in arthropods, however, consequent upon

the development of sclerotic plates in the body wall, the princq:)al

longitudinal fibers l)ecame functionally intersegmental (fig. 2 F). The
body of the animal can thus be shortened by a telescoping of its seg-

ments Ijrought about by contraction of the longitudinal muscles, and

it can be compressed by contraction of the lateral dorsoventral muscles.

In most cases the opjwsite movements result either from the elasticity

of the body wall, or from ]M-essure generated by contraction in one

part of the body transmitted to another through the medium of the

body liquid and the visceral organs ; but in many insects a dilator ap-

paratus is developed in which certain muscles in both the longitudinal

and dorsoventral systems become antagonistic to the retractors and

compressors.

The abdominal musculature of adult insects is simpler than the

thoracic musculature because of the absence of leg muscles. There is

no evidence that the definitive lateral muscles of the abdomen have

been derived from the body muscles of the limbs. Muscles of the

movaljle parts of the abdominal appendages, as will l)e shown in the

next section, arise generally within areas of the I)ody wall that may
he attributed to the limb bases (figs. 32 V>, C, 34 B, 36 D), except

the muscles of eversil)le or retractile sacs which in some cases have

evidently extended to the dorsum. The general segmental ])lan of

the abdominal musculature is usually repeated with only minor varia-

tions in each of the visceral segments ; in the genital and postgenital

segments it is more or less obscured by special modifications.

A rather simple scheme of abdominal muscle arrangement prevails

throughout all adult pterygote insects ; but in the Apterygota and in

larval forms of holometabolous insects the musculature may lie hi«hlv

complex. Some students regard the complex types of musculature as

representative of a primitive condition from which the simpler types

have been derived by elimination. There are reasons, however, for

taking the opposite view, as will later be sliown.

Something is known of the abdominal musculature in most of the

princijml orders of insects ; but the Odonata, Orthoptera, Coleoptera,

Hymenoptera, and the larvae of I.epidoptera and Diptera have re-

ceived special attention. Tricho])tera and Xeuroj^tera, on the other

hand, have lieen particularly neglected, and little has been done on

the abdominal musculature of Hemiptera, and of adult Lepidoptera
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and Diptera. The following literature contains the principal descrip-

tions of the abdominal muscles of the various orders of insects known

to the w^riter.

PROTURA : Berlese (1910). COLLEMBOLA : Lubbock (1873).

THYSANURA: Grassi (1887), giving the characteristics of the

abdominal musculature of Campodca, Japyx, Machilis, and Lepisr.ia.

ODONATA: Wallengren (1914), Whedon (1919), Ford (1923),

Steiner (1929), with descriptions of muscles of first three segments

in adult by Backhoff (1910) and Schmidt (1915), figures showing

larval musculature by Calvert (1911, 191 5), and a tabulation of the

muscles by Tillyard (1917). EPHEMERIDA: Dtirken (1907).

ORTHOPTERA: Gryllus, Voss (1905), DuPorte (1920) ; Dixip-

pus, first three abdominal segments, Jeziorski (1918) ;
general com-

parative study of abdominal muscles of orthopteroid insects, Ford

(1923). HEMIPTERA: Aphis fabae, Weber (1928). ANO-
PLEURA: Haematopinus suis,¥\ortnce. {1^21). COLEOPTERA:
Melolontha, Straus-Diirckheim (1828) ; Hydrophilus, first three

abdominal segments, Berlese (1909) ; Dytiscus, Bauer (1910), Speyer

(1922), Korschelt (1924) ; larval musculature of other species, Ber-

lese (1909), Boving (1914), Craighead (1916), Paterson (1930).

LEPIDOPTERA: larval musculature, Lyonet (1762), Lubbock

(1859), Berlese (1909), Forbes (1914, 1916). HYMENOPTERA:
larval muscles of a chalcid, Tiegs (1922), of the honeybee, Nelson

( 1924) ; adult musculature of pregenital segments of Vespa, Berlese

(1909), of Apis, Carlet (1890), Betts (1923), Snodgrass (1925) ;

full account of abdominal musculature of Apis, Morison (1927).

DIPTERA : larval musculature partly or briefly described or figured

in Syrphidae, Kiinckel d'Herculais (1875), in Chirononius, Miall

and Hammond (1900), in Anopheles, Imms (1908), in Miisca,

Hewitt (1910, 1914), in Rhagoletis, Snodgrass (1924) ;
full account

of larval muscles of Psychoda, Dirkes (1928), of Culicidae, Samt-

leben (1929).

Less appears to have been done on the body musculature of other

Arthropoda than on that of insects. Descriptions of the abdominal

muscles of Crustacea will be found in the paper on the musculature

of Astacns fluviatilis by Schmidt (1915), in that on Pandalus danae

by Berkeley (1928), and in that on Copilia dana by Riester (1931).

A paper by Becker (1926) describes the dorsal body musculature

of Chilopoda.

\
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GENERAL PLAN OF THE ABDOMINAL MUSCULATURE

A review of the literature cited above gives a fairly comprehensive

survey of the abdominal musculature of insects in most of the principal

orders. There are notable blanks, however, since such important

orders as Neuroptera and Trichoptera are omitted entirely, and

adult Lepidoptera and Diptera have been given scant attention. On
the other hand it is gratifying to find that we have, as a basis for

a comparative study of insect myology, very full accounts of the body

musculature of the Odonata, Ephemerida, and Orthoptera. In the

Apterygota, we are indebted to Berlese for an excellent study of the

muscles in Protura, to Lubbock for a description of the collembolan

musculature, and to Grassi for brief descriptions of the characteristic

differences in the nuisculature of representative genera of Dicellura

and Thysanura, to which is added in this paper an account of the

abdominal muscles of Heterojapyx ; but a more complete study of the

musculature of Machilidae and Lepismatidae, and perhaps of Cam-

podea, is still to be desired. When we look to the papers treating

of holometabolous larvae, we find again satisfactory and in some cases

complete accounts of the body musculature in Coleoptera, Lepidoptera,

Hymenoptera, and Diptera, but note with regret a lack of information

on Neuroptera and Trichoptera.

To present here even a summary of the details known concern-

ing the abdominal muscles of insects would occupy an unwarranted

amount of space. A careful review of the facts to be obtained from

the works above listed, however, shows that we may with confidence

make certain broad generalizations concerning the fundamental plan

of the abdominal musculature of adult pterygote insects. The basic

plan is found to be simple ; but, as so often occurs in insect mor-

phology, more difficulties are encountered in finding suitable terms to

express the facts than in discovering the facts themselves.

Voss (1905) classified the abdominal muscles as longitudinal mus-

cles, transverse muscles, and lateral muscles (Flankenmuskeln). This

classification is logical inasmuch as it probably conforms with the

primitive arrangement of the fibers. The muscles of the so-called

longitudinal groups, however, do not always preserve a lengthwise

arrangement; they are often strongly obliciue, and some of them

frequently take a transverse position. The lateral muscles are desig-

nated " dorsoventral " muscles by many writers, but, though their

attachments are usually dorsal and ventral, some of their fibers com-

monly run in an oblicjue direction. The lateral muscles have also

been termed "transverse" muscles, but, as Samtleben (1929) points



32 SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 85

out, only the crosswise dorsal and ventral muscles are literally trans-

verse in position. Again, the body muscles are sometimes classed

as dorsal, ventral, and lateral muscles, the dorsals and ventrals com-

prising longitudinal, oblique, and transverse fibers, and the laterals

including dorsoventral and oblique fibers. This classification is evi-

dently the most nearly consistent one that can be devised, and it has

the added merit of being in conformity with the embryonic develop-

ment of the muscles. Unfortunately, however, in naming the secon-

dary muscle groups or individual muscles according to it. the plan

brings out such terms as " median longitudinal dorsal muscles," " ex-

ternal median longitudinal dorsal muscles," or " second internal median

Fig. 13.—Diagrams of the nK)rc simple types of segmental musculature.

A, simple condition of musculature in right half of a segment, with dorsal
(d) and ventral (v) fibers attached intersegmentally, external laterals (le)
intrasegmentally, and internal laterals (li) on intersegmental folds.

B, upper ends of internal lateral muscles (/;) migrated posteriorly, separating
a paratergal muscle band (p) from the rest of the dorsal muscles {d).

C, cross section of segment, showing relations of principal groups of muscles.
dl, lateral dorsal muscles; dm, median dorsals; le, external laterals; //, internal
laterals; p, paratergal muscle; td, dorsal transverse muscles; tv, ventral trans-
verse muscles ; ?', ventrals.

longitudinal dorsal muscle." Still more unwieldy do such terms 1)e-

come when put into Latin form.

It is evident that strict anatomical and nomenclatural consistency in

dealing with the body musculature leads to impractical results. The
writer, therefore, has adopted a classification and nomenclature that

recognizes the anatomical arrangement of the muscles, but which,

in order to shorten the names, errs somewhat on the side of specificity

in terminology. Five principal groups of muscles are distinguished

and designated as follows: I. dorsal muscles (fig. 13 A, d), the

fibers of which are typically longitudinal and primarily intersegmental

in their attachments. II. ventral muscles (v), resembling the

dorsals in that their fibers are typically longitudinal and attached

primarily on the intersegmental lines. III. lateral muscles (/),
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typically dorso-ventral, their fibers both intersegmental and intraseg-

niental. I\'. transverse muscles (C, t) , lying internal to the longi-

tudinals, including dorsal transverse inuselcs (td), and ventral trans-

verse muscles (tv). \. spiracular muscles {s). generally not more

tha.n two connected with each spiracle, one an ocelusor (os), the other

a dilator (dls).

All the body muscles are bilateral in their origin, and all of them

except the ventral transverse muscles remain so in the definitive state.

The fibers of the ventral transverse muscles, which primarily Are

intersegmental, Heymons (1895) says are at first attached mesally on

a fold of the l)ody wall between the nerve cords. Later the fold is sup-

pressed and the nl)ers from opposite sides become continuous across

the sternal region. The fibers of the longitudinal dorsal and ventral

muscles are always separated into symmetrical lateral groups along

the midline of the dorsum and venter, but the lateral sets of dorsal

transverse muscles come together on the ventral wall of the heart.

Each i)rimar\- grou]^ of muscles may undergo an endless diversifica-

tion resulting both from a multiplication of fibers in the group, and

from a rearrangement of the fibers brought about by changes in the

points of attachment. With respect to the dorsal and \entral muscles,

the most general departure from the sim])le plan, in which the fibers

all lie in a single i:)lane, consists of a difi'erentiation of the fibers

in each grou]) into internal inuselcs and ester nal muscles. Thus it is

found in nearly all insects that the dorsal and ventral muscles com-

prise each two layers of fibers, namely, internal dorsals (di) and

external dorsals (de), and internal ventrals {vi) and extenml z'cntrals

(ve). A second form of diversification afifecting the dorsal and ven-

tral muscles is a more or less distinct grouping of the fibers into

median and lateral muscles. In most insects, therefore, we may distin-

guish four sets of dorsal fibers, and correspondingly four sets of

ventral fibers. The several resulting muscles may then be distinguished

as median and lateral internal dorsals (fig. 14 A, B, dim. dil). median

and lateral external dorsals {dem. del), median and lateral internal

ventrals {vim, vii), and median and lateral external ventrals (z>em,

vel).

The lateral muscles are more sul)ject to irregularities than are the

dorsal and ventral muscles, but they likewise are often divided into

internal laterals (fig. 13 B, C, //') and external laterals [le).

Associated with the dorsoventral lateral muscles there is sometimes

present a longitudinal muscle or group of longitudinal fibers lying

external to the upper ends of the internal laterals (fig. 13, p). This

muscle is called the " epipleural" muscle by Ford (1923), but since
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it occurs on the region of the dorsum, being situated above the Hne of

the spiracles, and therefore not on the true pleural region, the writer

would term it the paratergal muscle (p). Since this muscle belongs

to the dorsum it should be classed as a dorsal muscle.

The fibers of the transverse muscles are never differentiated into dis-

tinct layers, but they may be variously grouped in both the dorsal

system (fig. 13 C, td) and the ventral (tv).

The spiracular muscles comprise usually not more than two mus-

cles associated with each spiracle. One is an occlusor of the spiracle,

the other a dilator. The occlusor is seldom lacking ; the dilator is less

constant.

To express more concisely the principal groups of abdominal mus-

cles and their subdivisions, we may tabulate the muscles in the follow-

ing manner

:

I. MUSCULI DORSALES (d)

.

1. M. dorsales interni (di).

a. M. dorsales interni mediales (dim).

b. M. dorsales interni laterales (dil).

2. M. dorsales externi (de).

a. M. dorsales externi mediales {dern).

b. M. dorsales externi laterales {del).

3. M. paratergales {p).

II. MUSCULI VENTRALES (^').

1. M. ventrales interni {vi)

.

a. M. ventrales interni mediales {vim).

b. M. ventrales interni laterales {vil).

2. M. ventrales externi {ve).

a. M. ventrales externi mediales {vem).

b. M. ventrales externi laterales {vel).

JIT. MUSCULI LATERALES (/).

1. M. laterales interni {li).

2. M. laterales externi {le).

IV. MUSCULI TRANSVERSALES (/).

1. M. transversales dorsales {td).

2. M. transversales ventrales {tv).

V. MUSCULI SPIRACULORUM {s)

.

1. M. occlusores spiraculorum {os).

2. M. dilatores spiraculorum {dls).

Each secondary group of muscles is often again subdivided into

seA^eral bundles of fibers. These ultimate individual muscles may be

given numerical designations, beginning medially in the case of the

longitudinal muscles and anteriorly with the lateral muscles. Thus
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the individual muscles of the median internal dorsals may be

specifically indicated idiiii, 2diiit, ^d'un, etc., the external laterals ilc,

2le, ^le, etc.. and the muscles of the other groups in like manner (fig.

15 A). If it is desired to show that a muscle belongs to a particular

segment, this may be expressed by adding to its symbol a Roman
numeral designating the number of the segment, thus idhnll

,
^vimlV

,

2leVI , etc. In describing the complete musculature of a species, how-

ever, the writer has found it more practical to number the muscles

with Arabic numerals, rather than to attempt to follow any system

of lettering that ])retends to identify homologous muscles in con-

secutive segments.

The dorsal inusdcs.—The muscles of the dorsum are primarily

composed of longitudinal fibers of segmental length attached on the

intersegmental folds ; in many larvae the principal dorsal fibers retain

this primitive condition. Wherever the dorsum, however, contains

fully-developed sclerotic terga, a secondary segmentation is estab-

lished, and the folds on which the dorsal muscles are attached become

the antecostae of the definitive tergal plates (fig. 14 C, Ac). The

longitudinal, primitively intrasegmental muscles thus become func-

tionally intersegmental, and serve to contract the abdomen in a length-

wise direction by retracting each tergum into the posterior end of

the segment preceding, as far as the intersegmental membrane will

allow. The anterior end of a longitudinal abdominal muscle, there-

fore, may be termed the origin, and the posterior end its i)iscrtion.

The dififerentiation of the dorsal fibers into internal and external

muscles is the rule in both adult and larval stages of pterygote in-

sects. The internal dorsals commonly retain their longitudinal posi-

tions, their segmental lengths, and their attachments on the antecostae ;

but there are many departures from this generalized condition. Fre-

quently the fibers take an oblique position, and sometimes they become

shorter than segmental length by a migration of their origins to the

postcostal area of the tergum, or of their insertions to the precostal

area. The external dorsals seldom retain a segmental length ; typically

they are short muscles lying in the posterior parts of the segments

(fig. 14 C, (/('), and often they become strongly oblique, sometimes

actually transverse, giving a movement of torsion between the twcj

segments they connect. Finally, the external dorsals mav become

completely reversed in position (D, dc), their origins being so far

back on each tergum that they lie ]:)Osterior to the points of insertion

on the anterior edge of the precostal rim of the following tergum.

In such cases, the external dorsals liecome antagonistic to the internal
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dorsals (di), and function as abdominal protractors, since tlieir con-

traction lengthens the abdomen by decreasing the overlap of the

segments.

di' de Pc Ac Q d Pc Ac

Fig. 14.—Diagrams illustrating more evolved types of musculature, and seg-
mental mechanisms.

A, dorsal muscles differentiated into internal and external median dorsals
{dim, dcin), and internal and external lateral dorsals {dil, del) ; lateral muscles
(0 differentiated into tergo-sternal (t-s), tergo-pleural (^/>), and sterno-
pleural (s-p) groups; ventral muscles differentiated into internal and external
median ventrals (vim, vein), and into internal and external lateral ventrals
(vil, vel).

B, illustrating the compressor and dilator mechanism of an abdominal seg-
ment, in which some of the lateral muscles function as compressors {cp), and
others, attached ventrally on edge of tergum, become dilators {dlr).

C, usual arrangement of dorsal muscles as seen in longitudinal section, with
internal dorsals {di) attached intersegmentally on antecostae (Ac), and external
dorsals {dc) arising on posterior parts of terga, both sets acting as retractors
of the terga.

D, modification by which external dorsals (de), attached in posterior folds
of terga, become antagonistic to internal dorsals {di) and act as protractors of

the terga.

The division of the dorsal muscles into median and lateral groups

of fibers afifects both the inner and the outer layers (fig. 14 A, B, dim,

dil, and dem, del) , but it is not always apparent, and the lateral dorsals

are sometimes absent. The line of division of the inner dorsals into
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median and lateral muscles is sometimes marked by the points of

origin of the dorsal transverse muscles on the tergal wall (figs. 13 C,

15 B, td).

The paratergal muscle of the dorsum (figs. 13 B, C, 14 B, p) is not

commonly present in adult insects, or, at least, its fibers are not

generally separated from those of the other lateral dorsal muscles. It

is well developed in the Acrididae (fig. 15 B, i6g), where it is repre-

sented in each of the pregenital segments but the first (fig. 16) by

a band of intertergal fibers lying above the line of the spiracles ex-

ternal to the upper ends of the internal lateral muscles (fig. 15 B,

775, 176). According to Ford (1923) it is also present in the

Plecoptera (" epipleural muscle"). The paratergal muscle occurs

more commonly in larval insects. In the abdomen of the larva of

Dytiscus it is represented by a lateral band of fibers (fig. iS, p) cut

ofif from the other dorsal muscles (dil, dill) by the upper ends of the

internal lateral muscles (lill). An apparently corresponding mus-

cle, consisting of a pair of parallel fibers extending lengthwise on

each side of the body above the line of the spiracles, is characteristic

of the caterpillars (figs. 20, 21, p). In the larva of Tipula there is a

broad band of paratergal fibers on each side of the body attached on

the middle of the laterodorsal areas of successive segments (fig.

22, />).

The ventral muscles.—The ventral abdominal muscles undergo an

evolution parallel in most respects with that of the dorsal muscles.

Their fibers are nearly always dififerentiated into internal and external

layers, and those of both groups are commonly separated into

median and lateral groups. The fibers of the internal layer are typically

intersegmental wherever complete sternal plates are developed, and

serve as retractors of the ventral arcs of the segments. The external

ventrals are usually short and take their origins on the posterior parts

of the sterna. Frequently they become sternal protractors by a re-

versal of their position, owing to the carrying forward of their points

of insertion on apodemal arms of the anterior margins of the sterna

until their morphologically posterior ends lie anterior to their points

of origin on the preceding sterna. The length of the sternal apodemes

commonly gives to the ventral protractor mechanism of the abdomen

a greater effectiveness than has that of the dorsum.

The lateral muscles.—It is diffictilt to make satisfactory general-

izations concerning the lateral muscles of the abdomen, because these

muscles are subject to more variations in position and attachments

than are either the dorsals or the ventrals. Most commonly the lateral

muscles are tergo-sternal in their attachments (fig. 13 C. //, le), and
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typically they are vertical in position ; but they may comprise tergo-

pleural and sterno-pleural fibers (fig. 14 A, t-p, s-p) , as well as

tergo-sternal fibers {t-s) , and generally some of them are oblique.

A division of the lateral muscles into internal laterals and external

laterals (fig. 13 B, C, li, le) is not always apparent, often because

of the absence of the internal group, but it is of common occurrence.

The internal lateral muscles, when present, are longer than the

external laterals because their upper attachments are at a higher

level on the dorsum than are those of the external muscles (figs.

13 C, li, 15 B, 775, 1/6). The position of the internal laterals along

the sides of a segment is variable. The muscles are usually situated

in the middle or anterior parts of the segments (fig. 16), but in

some cases they are limited to the extreme anterior regions, and in

certain holometabolous larvae they lie on the intersegmental folds.

The internal lateral muscles, however, do not in all cases constitute

a homogeneous group of muscles ; one or more sets of anterior fibers,

such as those forming the first internal lateral muscle of Dissosteira

(fig. 15 B, 1/3), lie internal to the lateral tracheal trunk, while the

more posterior fibers, as the second internal lateral of Dissosteira

(i/'6), may lie external to the tracheal trunk. In some insects, on

the other hand, the entire series of internal lateral fibers are internal

to the lateral tracheal trunk (fig. 22).

An example of the limitation of the internal lateral muscles to the

intersegmental regions is well shown in the larva of Rhagoletis po-

monella (fig. 23), a trypetid fly, in which the muscles consist of

slender l^ands of fibers (//) lying laterally on the intersegmental folds

in both the abdomen and the thorax. Similar intersegmental muscles,

comprising each three groups of fibers, are described by Samtleben

(1929) in the larvae of Culicidae as " musculi dorsoventrales medi-

ales," the upper attachments of which are between the ends of the

dorsal longitudinal muscles, and the lower attachments between the

ends of the ventral muscles. In the larva of Tipitia ( fig. 22) the

internal lateral muscles consist of a series of approximately vertical

fibers (//') occu]:)ying the anterior half of the lateral wall of each seg-

ment, l)Ut the anterior fibers in each segmental group are attached

on, or close to, the intersegmental fold. All of these fibers lie internal

to the ventrolateral tracheal trunk (LTra) and a broad band of lon-

gitudinal paratergal fibers (p). In the caterpillars a group of several

internal lateral fibers (figs. 20. 21, /;') arise from the lateral extremity

of each ventral intersegmental fold and diverge posteriorly to the

dorsum, going internal to the lateral tracheal trunk (Tra) and the

paratergal muscles (p).
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Siinikii" groups of internal lateral muscles occur in both the abdomen

and the thorax of the larva of Dyfisciis. According to Speyer ( 1922}

,

a two-branched internal lateral muscle, " musculus dorsoventralis

abdominis a," occurs in the anterior part of each of the first five seg-

ments of the abdomen in the larva of Dyfiscns marginalis (fig. 18,

////). The lower ends of these muscles are inserted on the interseg-

mental folds, but their upper ends are attached in the anterior parts of

the segments following on the tergal plates between median and

lateral groups of fibers of the dorsal longitudinal muscles (di, p).

In the thorax, the upper ends of the corresponding muscles (//') are

more nearly intersegmental ; their lower attachments are on the inter-

segmental " furcillae " and on the sternal apophyses. These muscles

of the larval thorax possibly correspond with muscles of the adult

described by Bauer ( 1910), " uiuscitli levatorcs prothoracis and meso-

thoracis," extending from the sternal apophysis of the prothorax

and mesothorax to the first and second phragmata. respectively. Sim-

ilar muscles are sometimes present in the thorax of other adult in-

sects ; one such occurs in Acrididae attached ventrally on the prosternal

apophysis and dorsally on the intersegmental fold in front of the

mesepisternum (see Snodgrass. 1929, figs. 2^2^ 34' 59)-

The fragmentary review of the position of the internal lateral mus-

cles given above suggests that the anterior fibers at least of each

segmental group represent lateral dorsoventral muscles that are

primarily intersegmental (fig. 13 A. //'). The fibers have a tendency

in the abdomen to migrate posteriorly, especially on the dorsum ( B )

,

though they may extend backward along the lateral edges of the

sternum also (fig. 22). Their upper ends thus cut ofi:' a lateral group

of fibers (fig. 13 B, p) from the longitudinal dorsals, which become

the paratergal muscles. These primarily intersegmental internal lateral

muscles run mesad to the lateral tracheal trunks in some insects

(Acrididae, lepidopterous larvae, tipulid larvae), and their homologues

presumably should do so in all insects, but this point has not been

determined. Other internal lateral muscles of the abdomen, lying

external to the lateral tracheae, are probably intrasegmental in their

origin.

The external lateral muscles are typically dorsoventral and intra-

segmental (fig. 13 A, B, Ic). Some of them, however, are frequently

oblique (fig. 15 B, ijS, /70), and the latter may include an interseg-

mental muscle (fig. 15 A, //). The dorsoventral fibers are sometimes

attached on the pleural membrane or on " pleural " sclerites, form-

ing thus tergo-pleural and sterno-pleural muscles (fig. 14 A, i-p, s-p).
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While most of the lateral muscles are compressors of the abdomen
(fig. 14 B, cp), since they serve to approximate the sternum to the

tergum in each segment, some of them, at least in insects that make
active respiratory movements, serve as dilators (dlr). The lateral

dilators become mechanically antagonistic to the compressors by rea-

son of the fact that their points of origin are on the lower edges

of the terga ventral to their insertions on the overlapped edges of

the sterna. As in the case of the sternal protractor muscles of the

abdomen, the effectiveness of the dilators is commonly increased

by the dorsal extension of their points of insertion on apodemes of the

sterna.

There is no evidence to suggest that any of the lateral abdominal

muscles of adult pterygote insects are derived from the primitive body

muscles of the lost appendages. In larval forms that retain appendage

rudiments on the abdomen, the lateral muscles lie mesad of the limb

bases (figs. 34 A, 36 C, /), attached above on the tergum and below

on the sternum. The persisting muscles of the abdominal appendages

pertain to the distal movable parts of the organs, and these muscles

take their origins within the limb bases (figs. 34 A, 36 D) . Exceptions

to this occur in the case of the muscles of retractile vesicles of holo-

metabolous larvae (fig. 36 C, D, rvs), which take their origin on the

dorsum, but these muscles are not retained in the adult. The branchial

muscles of ephemerid larvae (fig. 15 A, bmcls) are said to persist in

the adult stage, but they do not appear to correspond with any of

the lateral muscles in other pterygote insects.

The transverse muscles.—The transverse muscles of the abdomen
are best known as the muscles of the dorsal and ventral diaphragms

(fig. 13 C, td, tv). It seems probable that primitively these muscles

were intersegmental in position, their fibers being attached on the

intersegmental folds, one set being dorsal, the other ventral.

The fibers of the dorsal transverse muscles arise typically in groups

on the anterior edges of the lateral parts of the abdominal terga, and

spread mesally to their insertions along the ventral wall of the heart.

Only in a few insects are they evenly distributed along the entire

length of the tergum, or collected into anterior and posterior groups.

The usual anterior origin of the fibers, therefore, suggests that the

dorsal transverse muscles are primarily intersegmental. In the cater-

pillars (fig. 21 A, td) they practically have this position, except that the

diverging inner ends of the fibers spread into the anterior and posterior

parts of the adjoining segments. Usually the muscles of the dorsal

diaphragm extend from the second to the eighth or ninth abdominal

segment, but in the Blattidae they are said to occur not only in the
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first abdominal segment, but also in the mesothorax and the meta-

thorax (Brocher, 1922). In the larvae of anisopterous Odonata,

according to Whedon ( 1919), a muscular dorsal diaphragm is present

only in the fourth or the fifth segment of the abdomen.

The ventral transverse muscles in some of the Orthoptera (Tet-

tigoniidae and most of the Gryllidae) take the form of widely sepa-

rated compact bundles of fibers crossing the anterior parts of the

segmental sterna. In others, as in the Acrididae, the origins of the

fibers are distributed along the sides of the sterna, and the muscles

form a typical ventral diaphragm occupying most of the length of the

abdomen. Ford (1923) thinks that the compact type, that is, the one

in which the fibers form individual transverse muscles segmentally

arranged, is the primitive type, and that it has been derived from a

difi^use or web-like type. The writer, however, believes that the

relations may be the reverse, especially considering Heymons'

(1895) statement that the transverse muscles of Orthoptera are

formed in the embryo along the intersegmental folds. In the larvae

of anisopterous Odonata, according to Whedon (1919), there is

in the abdomen only a single, large, spindle-shaped, somewhat flat-

tened ventral transverse muscle lying in the extreme anterior part

of the sixth segment, attached laterally on the intersegmental fold.

In the higher insects in which ventral transverse muscles are present

in the adult, as in Hymenoptera, the muscles form a continuous sheet

of tissue over the ventral sinus. Ventral transverse muscles are usu-

ally absent in holometabolous larvae. In the honeybee larva, Nelson

(1924) says, there is present in the newly hatched larva a well-

developed ventral diaphragm consisting of a continuous sheet of trans-

verse fibers, but in older larvae it becomes a vestigial structure formed

of more or less isolated fibers entirely too few in numbers to con-

stitute more than a loose and insignificant meshwork.

The spiracular muscles.—The musculature of the abdominal spira-

cles includes one or two muscles associated with each spiracle. The
muscle most generally present is an occlusor. This is a short muscle

usually attached at both ends on the base of the spiracular atrium,

where its contraction compresses the inner end of the atrium and so

closes the entrance to the trachea. In the Acrididae the occlusor

muscle arises dorsally on the tergal wall close behind the spiracle. A
dilator, or opening muscle of the spiracle, antagonistic to the occlusor,

occurs at least in most of the Orthoptera, Lepidoptera, and Hymenop-
tera, but it is absent in Odonata, some Orthoptera, and Coleoptera.

The dilator commonly takes its origin on the tergum or on the lateral

margin of the sternum of the segment in which the spiracle is situated.
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The musculature of the thoracic spiracles is usually dift'erent from

that of the abdominal spiracles, as is the structure of the spiracles

themselves. The spiracles of Apterygota and Ephemerida are said

to have no musculature.

THE ABDOMINAL MUSCULATURE OF ADULT PTERYGOTA

The musculature of the visceral segments of the abdomen in

pterygote insects adheres closely to the generalized plan of structure,

though there are usually slight aberrations in the first segment or

first and second segments. The musculature of the genital and post-

genital segments is often higlily specialized or reduced, but it is un-

doubtedly derived from the same muscle pattern as that prevailing

in the less modified segments. The usual departures frtjm the gener-

alized musculature in the visceral region of the abdomen consist

principally of a reduction in the number of muscles, a shortening in

the length of some of them, and a shifting of the points of attach-

ment, bringing about simple changes in the position of certain mus-

cles. A brief examination of the orders in which the abdominal mus-

culature is best known will serve to show the extent and nature of the

modifications that take place in the visceral segments. The more ex-

tensive modifications in the specialized genital and postgenital seg-

ments need not concern us here.

Ephemerida.—The most generalized abdominal musculature of the

adult pterygote type occurs in the Ephemerida, and the muscle pattern

is here essentially the same in both adult and larval stages. We may,

therefore, follow Diirken's account of the larval musculature of

Ephemerella ignita, which can easily be verified in any epliemerid

species. Most of the abdominal muscles (fig. 15 A), except those in-

serted on the gill bases (bmcls), lie in a single plane against the body

wall, and are comprised in dorsal (d), lateral (/), and ventral (v)

groups. The first two dorsals (id. 2d), counting outward from the

median line, and the second and third ventrals {2v, jv) in most of

the segments are typical intersegmental, longitudinal muscles attached

on the anterior margins of successive segmental plates. The third

dorsal (3d), however, is atypical in that most of its fibers take their

origin on the middle of the tergum and cross the following segment

to be inserted on the anterior margin of the second tergum follow-

ing. This muscle Diirken calls a " compound intersegmental " mus-

cle. The fourth dorsal
( /</) and the first and fourth ventrals (iv.

4v) are short muscles arising on the posterior parts of the segmental

plates before those of their insertions. These muscles thus appear
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to correspond with the external dorsal and ventral ninscles usually

more definitely difl'erentiated from the internal muscles in the majority

of the Pterygota.

The true lateral body muscles of llphemerclla include only the

intrasegmental, vertical, tergo-sternal muscles (fig. 15 A, //, 2I, j/),

and the intersegmental, oblique tergo-sternal muscle (7/). The

groups of branchial muscles (binds), inserted in the larva on the

bases of the gills, are described and figured l)y Diirken as arising

on the lateral parts of the sterna. The areas on which these muscles

HIT

Fig. 15.—Examples of abdominal musculature.

A, musculature of left half of seventh and eighth segments (seen externally)
of abdomen of larva of Ephciiicrclla ignita (from Diirken, 1907) ; hmcls. bran-
chial muscles, shown here as originating on lateral part of sternum, which is

probably the ventral area of limb basis (see fig. 34 B).
B, muscles of right half of third abdominal segment (seen internally) of an

acridid, Dissosfeira Carolina. 16/, internal median dorsals ; 168, internal lateral

dorsal ; i6q, paratergal muscle ; i/o, external median dorsal ; ///, external
lateral dorsal ; //i", median ventral ; 77.?. internal lateral ventral ; 1/4, external
lateral ventral ; 175, 176, internal laterals ; 777. 771^, 779, external laterals ; id,

insertion point of dorsal transverse (cardiac) muscles.

arise, however, are clearly distinct from the true sterna (fig. 34 A,

B, Stn), and very evidently represent the bases of the abdominal

limbs (LB), of which the gills (Brn) are the distal movable parts.

The branchial muscles, therefore, are not body muscles, but are in-

trinsic muscles of the appendages, and take their origins within the

Hmb bases. The true lateral body muscles (fig. 34 A, /) are tergo-

sternal in their attachments and lie mesad of the lobes (LB, LB)
supporting the gills. The gill muscles of the ephemerid larva, Diirken

says, are retained without change in the adult. They do not appear
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to have representatives in the pregenital segments of any other adult

pterygote insect.

Odoiiafo.—The muscles of the first three abdominal segments of

adult Odonata are described by Backhoff (1910) and by Schmidt

(191 5) in connection with a study of the male genital organs, and

some of the abdominal muscles of odonate larvae are figured by Cal-

vert (1911,1915). A more complete description of the larval muscu-

lature as a part of the respiratory mechanism is given by Wallengren

(1914), and of that of the adult by Steiner (1929), while a full

account of both the adult and larval muscles in Zygoptera and Anisop-

tera will be found in the paper by Whedon (1919) on the morphology

of the odonate abdomen, a few errors in which are corrected by

Steiner (1929).

In the abdominal musculature of the Odonata there is nothing

to suggest a type of structure more primitive than that of other

Pterygota ; the fundamental plan of the muscle arrangement is that of

pterygote insects in general, and has little to distinguish it from the

muscle pattern of orthopteroid insects. The generalized plan of

musculature is best retained in the larvae of Zygoptera. The muscles

here comprise internal and external longitudinal dorsals, internal and

external longitudinal ventrals, and dorsoventral and oblique lateral

muscles. The internal dorsal and ventral fibers are of segmental

length ; but the externals in each set are short, taking their origins

on the posterior parts of the segments. In the Anisoptera the larval

muscles are more strongly developed than in the Zygoptera, evidently

as an accommodation to the respiratory and locomotor functions

of the rectum, and the broad internal dorsal and ventral bands of

fibers take on oblique direction. The adult musculature is much re-

duced in the abdomen, and most of the muscles are very short, but

the arrangement of the muscles shows no radical departure from

the fundamental pterygote pattern better preserved in the larva.

Orthoptera.—The comparative myology of the abdomen is better

known in the Orthoptera than in any other of the larger orders of

insects owing to the comprehensive review by Ford (1923) of the

abdominal musculature of orthopteroid insects. Then, too, Voss

( 1905) in his thorough study of the thorax of Gryllus includes an

account of the muscles of the anterior abdominal segments, and

Du Porte (1920) describes the entire musculature of the abdomen

in the same genus.

The abdominal musculature of the Orthoptera and related orders

shows in all groups a ditTerentiation of the dorsal and ventral muscles
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into internal and external layers of fibers, and in most cases a well

marked separation between median and lateral fibers in each of these

groups. In a general statement on the abdominal musculature of

orthopteroid insects, Ford (1923) says: "In the common ancestors

of the orthopteroid insects the tergal musculature probably consisted

of two broad layers, an internal longitudinal and an external oblique,

with the inner layer approximately equaling the length of the terguni,

and the outer layer much shorter. Of the present-day orders the

Blattaria approach closely this hypothetical type." Of the ventral

PN7 14-0

/ / /

Pc 14-5 14-3

Fig. 16.—Musculature of the right half of the first five segments of the ab-
domen of Dissostcira Carolina, together with dorsal muscles (//-') of meta-
thorax. (Compare with fig. 15 B.)

140-igj, median internal dorsals; ijO-igS, lateral internal dorsals; 143-202,
median ventrals ; 144, first lateral internal ventral ; 775, first lateral external
ventral.

musculature Ford says :
" The hypothetical type of sternal muscu-

lature is similar to the tergal, having the two-layered arrangement

of longitudinal ental and oblique ectal muscles. The Blattaria again,

resetnble the hypothetical type."

Since the external muscles of the dorsum and venter are not alwavs

oblique, being often parallel with the internal muscles, and since,

furthermore, the dorsal and ventral muscles are not always differ-

entiated into external and internal layers (fig. 15 A), it would seem to

the writer more probable that all the dorsal and ventral fibers were
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primarily longitudinal and of segmental length, and that they had
this arrangement in pre-orthopteroid insects. The internal dorsals and
ventrals are likewise often oblique. Obliquity, therefore, would ap-

pear to be secondary also in the external muscles, in which it may
be so accentuated that the muscles lie in a transverse direction, or are

even reversed in position.

The lateral muscles of the Orthoptera are variable in their positions

and in their attachments. They include typical vertical and oblique

intrasegmental tergo-sternal muscles, oblique intersegmental tergo-

sternal muscles, and in some cases muscles that may be termed " tergo-

pleural " and " sterno-pleural," since they are inserted on the lateral

membranes or on sclerites below the line of the spiracles. The so-

called pleural areas on which these last named muscles are attached,

however, probably really belong either to the dorsum or to the venter

of the segment, and, if so, none of the lateral muscles is properly a

" pleural " muscle.

In the Acrididae the internal dorsal muscles are distinctly separated

into median and lateral groups of fibers (figs. 15 B, 16, i6j, 168)

by the points of attachment of the dorsal transverse fibers on the

tergum (fig. 15 B, td). The external dorsals assume very oblique

or transverse positions (/70, ///). The ventral muscles are well

difl^erentiated into median and lateral groups of internal fibers (//i",

z/j) and into lateral external muscles {174). The external ventrals

{174) are sternal protractors by a complete reversal in the relation

between their points of attachment. The lateral muscles in the third

and succeeding segments (figs. 15 B, 16) comprise two internal dor-

soventral laterals (fig. 15 B, 775, 176), and three external laterals

{177, 178, 179). of which the first (//""/") is an abdominal dilator by

reason of its sternal attachment being on the upper end of a large

lateral sternal apodcme (lAp). The upper ends of the internal

laterals {175, 176) are attached on the tergum between the lateral

internal dorsals {168) and a broad paratergal dorsal muscle (/6p).

This last muscle is the " epipleural " muscle of Ford (1923), who
says a similar muscle also is present in the Plecoptera.

Coleoptera.—The abdominal musculature of adult Coleoptera is

known principally from the description of Melolontha vulgaris by

Straus-Diirckheim (1828), and of Dytisnis inarf/iiialis by Bauer

(1910) and Korschelt (1924).

The adult musculature of the abdomen of Dytiscus is relatively sim-

ple. As described by Bauer (1910) it consists of dorsal longitudinal

muscles, ventral longitudinal muscles, and lateral muscles, to which

list should be added the transverse muscles of the dorsal diaphragm.
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Bauer terms the lateral muscles " musculi transversales abdom-

inis," but, as pointed out by Samtleben (1929), the lateral muscles are

dorsoventral and should not be termed " transverse." The largest mus-

cles of the Dvtiscus abdomen are the dorsal muscles. These consist of

broad bands of fibers forming a wide sheet of muscles against the ter-

gal region in each of the first six segments. The ventral muscles are

present only in segments III. I\'. and A\ They include large median

ventrals and small lateral ventrals. The median ventrals form three

pairs of muscle sheets occupying the median sternal region of the seg-

ments, the fibers of the opposite groujis in each pair converging pos-

teriorly. The lateral ventrals (" musculi ventrales externi " of Bauer)

are very small, each arising on the posterior lateral angle of the

sternum of its segment, and being inserted on the anterior margin of

the sternum following. The lateral muscles ( " musculi transversales
'"

of Bauer) comj^rise a pair of small, oblique tergo-sternal muscles

crossing each other in the form of an X in each side of segments TI

to V inclusive, and a single oblique muscle in segment VI.

Hyincnoptera.—The honeybee furnishes the principal information

that we have on the abdominal musculature of Hymenoptera. The

muscles of a typical abdominal segment of the honeybee have been

described by Carlet (1890). Betts (1923), and Snodgrass (1925);

the complete abdominal musculature is given by Morison (1927).

The muscles characteristic of the part of the abdomen involved in

respiration are well shown in the third and fourth segments (fig. 17).

The dorsal muscles consist of three sets of fibers in each half of the

segment, two of which are internal and one external. The internals

form a broad median band of fibers {diin) slanting "from in front

posteriorly and medially, and a slenderer lateral muscle {dil) ex-

tending from in front posteriorly and laterally. The external dorsal

is a short muscle (del) arising laterally on the posterior margin of the

tergum and extending forward to its insertion on the tip of a lateral

tergal apodeme of the following segment. The two sets of dorsals

are thus antagonistic, the internal fibers being tergal retractors, and

the external fibers tergal protractors'. The ventral musculature com-

prises internal and external muscles, which are likewise antagonistic.

The internal fibers form an oblique median internal ventral (vim)

on each side of the sternum, the two converging mesally in the form of

a V, and a slenderer lateral muscle (vil) oblique in the opposite direc-

tion. The external ventrals consist of a single small, fan-shaped lateral

muscle on each side {vel), arising laterally on the posterior part of

the sternum and inserted anteriorly on the lateral anterior apodeme
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of the following sternum. The lateral muscles comprise three tergo-

sternal muscles in each side of the segment. .The first (//) is a dilator

of the abdomen, since it arises ventrally on the lateral part of the ter-

gum and is inserted dorsally on the tip of the lateral apodeme of

the sternum; the second and third laterals {2I, j/) are oblique tergo-

sternal compressors of the abdomen.

Fig. 17.—Musculature of two consecutive abdominal segments of adult Apis
mclliiica, showing the muscles on the left side.

Ac, antecosta; del, lateral external dorsal muscle; dil, lateral internal dorsal;

dim, median internal dorsal ; il, 2I, jl, first, second, and third laterals ; dls,

dilator muscle of spiracle ; Sp, spiracle ; vel, lateral external ventral muscle

;

vil, lateral internal ventral ; vim, median internal ventrals.

The first lateral muscles (//) are dilators of the abdomen, the second and
third laterals (2l. 3I) are compressors ; the internal dorsal and ventral muscles
{dim, dil, vim. vil) are retractors of the segments, the external dorsals and ven-
trals (del, vcl) are protractors.

THE ABDOMINAL MUSCULATURE OF ENDOPTERYGOTE LARVAE

The body musculature of endopterygote, or holometabolous, larvae,

in its'higher forms of development, attains an extreme degree of com-

plexity ; in its simpler forms it differs but little from the body muscu-

lature typical of all adult Pterygota. It appears, therefore, that the

complex types of larval musculature represent specialized conditions

adapting the larvae to their individual ways of living, and are not to

be interpreted as meaning that insects are derived from ancestral

worm-like forms having an intricate body musculature. The changes

in the musculature that occur during the pupal metamorphosis are to

be regarded as alterations necessitated by the restoration of the

normal adult musculature, which involve varying degrees of destruc-

tion or reconstruction in the special, temporary larval musculature.

Coleoptera.—The larval musculature of Trichoptera and Neurop-

tcra has not been fully studied, nor do we have any comparative work
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on the larval muscles of the Coleoptera. The complete account of the

muscles of the Dytiscus larva given by Speyer (1922) and by Kor-

schelt (1924), however, furnishes a basis for an understanding of

the relation between the larval musculature and the musculature of

adult insects. The structural changes which take place in the trans-

formation from the larval to the imaginal musculature have been

described by Breed (1903) in a trogositid, Thyinaliis margink ollis.

The abdominal musculature of the larva of Dytiscus marginaUs,

as described by Speyer, consists of four primary groups of fiber

bundles, namely, dorsal muscles, ventral muscles, and, on each side,

a set of lateral (dorsoventral) muscles. In the region of the first seven

abdominal segments, the dorsal muscles comprise an internal set of

Fig. 18.—Body muscles in right half of thorax and first two abdominal seg-
ments of Dytiscus vmrginalis larva. (Outline from figure by Speyer, 1922, re-

lettered in accord with muscle nomenclature adopted in this paper.)

d{, internal dorsal muscles ;
//'. internal lateral muscles, upper ends of which

cut ofif paratergal muscles (/>) from the other dorsals; vi, internal ventrals.

intersegmental longitudinal fibers of segmental length (fig. 18, dil,

dill), and outer sets of short fibers extending from the posterior

parts of the terga to the following intersegmental folds. The ventral

muscles consist likewise of internal (vil, vill) and external sets of

intersegmental fibers. In each side of the first five abdominal segments

Speyer distinguishes six lateral (dorsoventral) muscles. Five of

these are external laterals, three of which are tergo-sternal and two
tergo-pleural in their attachments. The other lateral muscle is an

internal lateral and consists of two bundles of fibers (lill), which

arise ventrally by a common base on the intersegmental fold. Dorsally

the two branches are inserted on the anterior lateral part of the

tergum between median and lateral sets of the dorsal longitudinal

fibers {di and p). In the thorax the muscles (//') corresponding with
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the internal laterals of the abdomen occur between the prothorax

and mesothorax, between the mesothorax and nietathorax, and be-

tween the metathorax and first abdominal segment. They are attached

above more nearly on the anterior margins of the terga, and are in-

serted ventrally on the intersegmental " furcillae " and on the sternal

apophyses. The posterior migration of the upper ends of the internal

laterals in the metathorax and abdomen cuts off a lateral group of

fibers (/>) from the longitudinal dorsals that evidently corresponds

with the paratergal muscle of Dissosteira (fig. 15 B, i6q).

It is clear that the abdominal musculature of the Dytiscus larva

differs in no essential respect from that characteristic of adult insects

generally. It presents a more primitive condition in that the internal

lateral muscles retain ventrally their intersegmental attachments,

whereas in most adult insects, when present, their ventral ends have

migrated posteriorly along the edges of the sterna (fig. 15 B, 775,

176, fig. 16).

The figure given by Berlese (1909) of the muscles in the first three

abdominal segments of the larva of Pcntodon, and the studies of

Boving (1914) and of Craighead (1916) on the abdominal muscula-

ture of coleopterous larvae, including species of Cleridae, Trogositidae.

Elateridae, and Scarabaeidae, suggest that the chief deviation from the

Dytiscus larval muscle pattern consists only of a greater diversification

in the position of the muscles, and of an increase in the number of

muscles or individual fibers in each group. In any case it is clear that

the lar^'al musculature in the Coleoptera presents at most but a small

increase in complexity beyond the minimum characteristic of adult

pterygote insects. Proceeding from this condition found in the

Coleoptera, therefore, we may expect to find that the more complex

musculature of other holometabolous larvae represents only a more

highly specialized condition.

Hymenoptcra.—In the larvae of Hymenoptera the body muscula-

ture also retains a relative simplicity. The pattern of the abdominal

muscles of the h(>nevl)ee larva (fig. 19), as descril)ed by Xelson

(1924), departs but little from the basic plan of the general adult

pterygote musculature, though it is somewhat more complex than the

abdominal musculature of the adult honeybee (fig. 17), and is not at all

like the latter in detail. The dorsal muscles of a typical abdommal

segment of the larva (fig. 19) consist of broad bands of internal

longitudinal fibers {di) of segmental length, and of shorter, oblique

external fibers {de). Some of the external fibers, by a transposition

of their posterior attachments on the intersegmental fold, have come



NO. 6 INSECT ABDOMEN—SNODGRASS 51

to overlap internally the internal dorsals. The ventral muscles include

internal oblique (vi) and external oblique muscles (vc) , all of seg-

mental length. The lateral muscles comprise dorsoventral and oblique

external laterals (le), and a strong, oblique, internal stenio-tergal

muscle (//) attached on the consecutive intersegmental folds. It may

be questioned whether this last muscle represents the internal laterals

of the Dytiscus larva (fig. 18, //), l)ut the only difference between

the two is that the upper end of the muscle in the bee larva is attached

on the intersegmental fold following that of its ventral attachment,

a change that might have come about by a posterior migration of its

dorsal end.

Fig. 19.—^Musculature of right half of two consecutive abdominal segments
of honeybee larva. (Figure from Nelson, 1924, but relettered in accord with

muscle nomenclature adopted in this paper.)

Con, ganglionic connectives; de, external dorsal muscles, some of them secon-
darily internal at posterior ends ; (/;", internal dorsals ; Cng, segmental ganglion :

Hf. heart ; Ic, external lateral muscles ; //, internal lateral muscle ; Sp, spiracle

;

ve, external ventral muscles; I'i. internal ventrals.

Lepidoptera.—The larvae of Lepidoptera have long been noted for

the great number of muscles that lie against the body wall, and for the

extreme comj^lexity in the arrangement of the fibers. Fully 150 mus-
cles, mostly individual fibers, may be counted in a typical abdominal

segment of any caterpillar (figs. 20, 21). The principal muscles of

the innermost layer (figs. 20, 21 A) are definite bands of parallel

longitudinal fibers having segmental lengths and attaclied on the inter-

segmental folds. In the ventral region there are also strong external

muscles of segmental length having an oblique position. Most of

the external fibers, however, are of various lengths and are disposed

in all directions against the body wall (fig. 21 B). On each side of

the body, between the principal dorsal and ventral groups of muscles

4
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there is a pair of slender, longitudinal paratergal muscles (figs. 20,

21 A, B, p) lying just above the line of the spiracles and the lateral

tracheal trunks (Tra). Anteriorly in each segment the paratergal

muscles are crossed internally by a group of internal lateral fibers

(//) arising ventrally on the intersegmental fold, and diverging dor-

sally and posteriorly to their attachments on the dorsum. These in-

ternal lateral muscles of the caterpillar lie internal to the lateral tra-

cheal trunks. The dorsal transverse muscles of the caterpillar (figs.

20, 21 A, fd) arise in groups immediately dorsad of the paratergal

muscles from the posterior margins of the intersegmental folds.

VNC Tra

Fig. 20.—Ventral musculature of fourth abdominal segment of a caterpillar,

Estigmcnc acraca.

li, internal lateral muscles
; p. paratergal muscle : td. origins of dorsal trans-

verse (cardiac) muscles; Tra. lateral tracheal trunk; z'i. internal ventral mus-
cles; VNC, ventral nerve cord.

The complexity of the body musculature of the caterpillar appears

to demonstrate that the muscle system of insects has no limits imposed

on its possibility of diversification both by multiplication and by re-

arrangement of its fibers, since there is no reason to believe that the

intricate i)attern of the caterpillar muscles represents in any way the

primitive plan of insect musculature. In the other organization of the

lepidopterous larva there is little to suggest a primitive condition. The

head and motith parts present the tvpical fundamental structure of

these organs that has been developed in adult Ptcrygota, and on this

basic structure have been l)uilt up the man\- special featiu'cs of the
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caterpillar head and mouth parts adapted to the needs of the larva.

The alimentary canal of the caterpillar is highly specialized in its

musculature. The simplicity of the nervous and tracheal systems

Tra

S^1|M,

Fi(i. 21.—Abdominal muscles of a caterpillar, listigniciic acraca, seen by re-

moval of inner muscles shown in figure 20.

A, muscles of right half of fourth segment (IF) after removal of internal

ventrals ivi). B, outermost muscles in right half of third segment, showing

particularly the leg muscles ; cross-hatched areas represent bases of hair-bearmg

tubercles.

Cx. basal rim of leg ; di, internal dorsal muscles ; Ht, heart ; //, internal lateral

muscles; p, paratergal muscles; td, dorsal transverse (cardiac) muscles; Tra,

lateral tracheal trunk ; vi, internal ventral muscles.

is not necessarily an indication of a primitive state ; it is merely the

retention of a generalized structure in these organs accompanying a

high specialization in others. The presence of appendages on the pre-
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genital segments of the abdomen likewise signifies nothing more than

the retention of organs useful in the larval stage. In short, the vi^orm-

like form of the caterpillar and of other holometabolous larvae has

no phylogenetic significance. It is a secondary adaptation, derived

from the normal adult pterygote structure, accompanied by numerous

specializations peculiar to the larva, and later discarded. The com-

plex musculature of the caterpillar is only one of the features in the

larval organization that have been specially evolved from the gener-

alized adult structures of the immediate ancestors of the Lepidoptera

to enable the caterpillar to perform more efficiently the duties that have

devolved upon it from the apportionment of the life processes between

the immature and adult stages of the individual.

Diptcra.—The musculature of the larvae of Diptera shows a

unique type of specialization in its highest development, but at the

other extreme it has a pattern corresponding entirely with that of the

generalized plan of abdominal musculature in adult Pterygota.

The simpler forms of dipterous larval musculature, known in the

Tipulidae, Psychodidae, Chironomidae, Culicidae, and Tabanidae, con-

sist of dorsal and ventral bands of longitudinal fibers, and of lateral

dorsoventral muscles. A primitive type of musculature occurs in the

Psychodidae, where, as described by Dirkes (1928) for Psychoda

alternata, the dorsal and ventral muscles are mostly longitudinal and

attached on the intersegmental folds, though a few in each set are

shorter than segmental length. In the first abdominal segment there

are five dorsoventral laterals and two oblique laterals on each side.

The first of the dorsoventral muscles is attached on the intersegmental

fold between metathorax and abdomen, the others follow along the

side of the segment. A similar condition exists in the Culicidae, as

described by Samtleben (1929), except that here some of the inner

muscles of the dorsal and ventral series in each segment cross ob-

liquely over the outer muscles, and the inner lateral muscles are con-

fined to the anterior parts of the segments, where they are attached on

the intersegmental folds between the ends of the dorsal and ventral

muscles. In the larva of Tipiila (fig. 22) the musculature is compli-

cated by a great increase in the number of fibers in all the principal

groups, and by a diversification in their points of attachment, but

there are few fibers taking an oblique course. In both the dorsal and

ventral groups certain sets of fibers are attached regularly on the

intrasegmental transverse folds of the body wall, and some of the

median ventral fibers form somewhat oblique interlacing bundles. The

internal lateral muscles (//') comprise a series of dorsoventral fibers
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lying in the anterior half of each segment internal to the lateral

tracheal trunk (LTra). Outside of these muscles, and external to the

tracheal trunk, is a wide band of longitudinal paratergal fibers ( p) of

DTra

LTra

Fig. 22.—Musculature of right half of two consecutive abdominal segments

of Tipula abdom'malis larva.

di, internal dorsal muscles ; li, internal lateral muscles distributed in anterior

half of segment internal to lateral tracheal trunk {LTra)
; p, band of paratergal

fibers ;
7'/, internal ventral muscles.

Fig. 23.—Musculature of the body wall of the larva of a cyclorrhaphous

dipteron, Rhagolctis pomonella.

A, musculature of the thoracic and first abdominal segments, seen from above,

with pharynx and connected parts turned forward. B, musculature of right

half of two consecutive abdominal segments.

ASp, anterior spiracle ; fs, frontal sacs ; Ht, heart ; Ic, external lateral muscles
;

li, internal lateral muscles; Phy. pharynx, turned forward; 7v, longitudinal

bands of internal ventral muscles.

segmental length, but attached on the median intrasegmental folds of

the dorsum. The numerous external laterals lie against the body wall

external to the paratergal fibers.
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In the larvae of the higher Diptera the dorsal and ventral muscu-

lature appears to be merged into a double series of oblique muscles

regularly crossing one another to form a network pattern repeated

throughout the thorax and the abdomen (fig. 23). The only muscles

that preserve a longitudinal direction are two bands of ventral fibers

continued from the prothorax to the end of the abdomen (vi).

There can be little doubt that this type of musculature represents a

highly specialized condition, correlated with the great specialization

which the maggot shows in nearly all other parts of its body organ-

ization. The lateral muscles, on the other hand, appear to retain

a primitive condition. The internal laterals consist of slender fibers

lying on the intersegmental folds (//") along the sides of the body.

The external laterals (/<?) comprise a small group of fibers m the

side of each segment against the body wall external to the network

of oblique muscles.

THE ABDOMINAL MUSCULATURE OF APTERYGOTA

The body musculature of apterygote hexapods is not well known
in all the major apterygote groups ; it has been carefully studied in

representatives of Protura, Collembola, and Dicellura, but only casu-

ally examined in Thysanura. Particularly desirable, therefore, wovild

be a complete account of the body muscles of Machilidae and Le-

pismatidae.

Protura.—The abdominal musculature of the Protura is fully

described by Berlese (1910) in his monograph on the " Myriento-

mata." In this group of hexapods, Berlese says, " the musculature

is extraordinarily complex by reason of the great multiplicity of

fibers extending in all directions, very much as in the larvae of meta-

bolic insects." The muscle pattern of the proturan abdomen as shown

by Berlese, however, is not complex by comparison with that of a

caterpillar or of a muscoid maggot, and the proturan body muscles

clearly fall into the three usual categories of insect muscles, namely,

dorsal muscles, ventral muscles, and lateral muscles, to which are to

be added the body muscles of the appendages.

The dorsal abdominal muscles of Protura are divided into external

dorsals and internal dorsals. The internal dorsals (muscles of the

second stratum of Berlese) consist of broad bands of fibers in the

Acerentomidae attached on the successive tergal antecostae. In the

Eosentomidae they are dififerentiated into median and lateral groups

of fibers. The external dorsals (muscles of the third stratum of

Berlese) include two large ()l)]i((ue muscles on each side of each seg-
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ment ; one (the intersegmental tergal muscle of Berlese) arising

medially on the anterior part of the tergum and inserted laterally on

the antecosta of the following tergum, the other (the intersegmental

tergopleural muscle of Berlese) arising anteriorly on the tergal ante-

costa and inserted posteriorly on the " pleuron " of the following

segment. The so-called " pleuron," however, is probably to be re-

garded as a paratergal sclerite.

The ventral muscles of the abdomen include likewise external

ventrals and internal ventrals. The internal ventrals consist of paired

bands of longitudinal fibers extending throughout the length of the

abdomen. Each muscle band is divided into a median group of fibers

attached on the sternal antecosta of each segment, and into longer

lateral muscles in the first five segments attached on alternate sterna.

The external ventrals occur only in the first three abdominal seg-

ments of Acerentomidae. Those of the first segment extend from the

center of the sternum laterally to the bases of the appendages of

this segment, and serve as adductors of the appendages. In the sec-

ond and third segments corresponding pairs of muscles arising on

the anterior median part of each sternum diverge posteriorly to the

antecosta of the following sternum.

The lateral musculature of the alxlonien in Protura has a very sim-

ple pattern. The lateral muscles comprise intrasegmental vertical

tergo-sternal muscles, and intersegmental oblique tergo-sternal mus-

cles. The intrasegmental laterals include in each of the first three

abdominal segments of Eosentomidae, and in the first segment only of

Acerentomidae, a pair of tergal muscles inserted ventrally on the base

of the appendage, and in the following segments of Acerentomidae

a single lateral tergo-sternal muscle. The intersegmental laterals con-

sist of two slender muscles arising laterally at each end of the tergal

antecosta in each segment, one of which goes to the anterior margin

of the sternum of the preceding segment, the other to a corresponding

point on the sternum of the following segment. From the first ab-

dominal tergum a muscle extends downward to the posterior edge of

the metathoracic sternum, and another goes forward to the posterior

edge of the mesothoracic sternum.

An analysis of the proturan musculature, as described by Berlese,

thus shows that the Protura suggest nothing different as to the pattern

of the primitive body musculature of the Hexapoda from the idea

to be derived from a study of the muscles of adult Pterygota.

Since the lateral musculature in the Protura does not match with that

of any pterygote insect, it does not appear to be the prototype of

the lateral musculature characteristic of the Pterygota, and therefore.
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probably represents a special development. The Protura have no

transverse muscles. Berlese describes a dorsal septum above the

alimentary canal, but, he says, it is composed entirely of a connective

tissue membrane and contains no muscle fibers. A closed dorsal vessel

is likewise absent.

Collembola.—The account of the body musculature of the Collem-

bola given by Lubbock (1873) is so complete and so convincing in

its detail that no doubt can be entertained of its accuracy, though

apparently no subsequent investigator has verified it, or given any

attention to the musculature, other than that of the appendages, in

this interesting group of insects. Lubbock describes the muscles of

Tomocerus as an example of the musculature of a " linear " species,

and those of Smynthurus to illustrate the musculature of a '" globular
"

species. It is clear that the muscle pattern in the abdomen of the

former is more generalized than in that of the latter, but that in both

forms the musculature is modified in adaptation to the specialized

functions of the abdominal appendages.

The abdominal musculature of Tomocerus is highly developed,

consisting of strong bands of longitudinal dorsal and ventral muscles

differentiated into internal and external groups of fibers, and of

vertical and oblique dorsoventral lateral muscles. Li the first segment

two strong muscles arising on the tergum are inserted on the eversible

vesicle of the collophore. In the third segment groups of lateral

muscles are attached ventrally on the sternal region in the neighbor-

hood of the tenaculum, but they do not appear necessarily to be

primarily muscles of the pair of appendages presumably combined

in this organ. The muscles of the furcula, or spring supported on the

fifth segment, take their origins in the fourth and third segments,

but they appear to be parts of the system of longitudinal body muscles

rather than specific muscles of the leaping appendage. In Smynthurus

the abdominal musculature is highly modified. The longitudinal mus-

cles appear to be reduced and are mostly absent in typical form. On
the other hand, there is a great development of vertical and oblique

dorsoventral muscles associated with the base of the furcula, taking

their origins in the posterior and middle parts of the abdomen.

In no respect can the collembolan musculature be said to be primi-

tive ; but it is evident that it may be derived from the same generalized

plan of muscle arrangement that underlies the abdominal musculature

of adult pterygote insects.

Dicellura.—It is most interesting to find in Grassi's description of

the muscles of Campodea that the pattern of the abdominal muscula-

ture of this primitive aptervgote insect conforms closely with the
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fundamental plan of the abdominal musculature of pterygote insects.

According to Grassi, the musculature of an abdominal segment of

Campodea comprises longitudinal dorsal and ventral muscles, oblique

dorsal and ventral muscles, and dorsoventral lateral muscles. The

longitudinal muscles are clearly the internal dorsals, and internal

ventrals. The oblique dorsal muscles are the external dorsals. The

external ventrals are represented by a pair of muscles convergent from

the posterior margin of the segment to the mid-sternal region below

the ganglion. These muscles Grassi terms mnsculi suhganglionares.

In addition to these there are also small oblique and transverse lateral

ventral muscles. The true lateral muscles include several small tergo-

sternal fibers on the sides of each segment. Finally there are the

muscles of the styli and eversible vesicles.

By comparison with Campodea, or with almost any other insect,

the body musculature in the Japygidae is extremely intricate, being

highly complicated by the presence of numerous muscles that appear

to have no relation to muscles in a simple type of musculature. The

following account of the abdominal musculature of a member of this

group is based on a study of specimens of the Australian Heterojapyx

gallardi, for which the writer is indebted to Dr. R. J. Tillyard.

Females of this huge japygid reach a length of 40 millimeters, and

a dissection of the muscles in well preserved specimens is not a

particularly difficult task.

The entire body musculature of Heterojapyx anterior to the ninth

abdominal segment is highly complex, there being in each of the first

eight segments of the abdomen at least 40 pairs of muscles, the

arrangement of which makes a most intricate pattern against the body

wall (fig. 24). In the mesothorax and metathorax the musculature is

quite as complex, and in many details quite different from that of the

abdomen, and is more diversified by the presence of the leg muscles.

In the ninth abdominal segment the musculature is simplified. In the

tenth it consists of a single pair of fiber bundles, but these constitute

two great lateral muscles, almost completely occupying the segment,

which act as adductors of the cereal forceps.

The 40 muscles in either half of a typical al)dominal segment of

Heterojapyx, shown in figure 24 representing segment VI, are com-

prised in the following groups :

I. Dorsal muscles.—A median band of inner longitudinal inter-

segmental dorsals (A, la, ib. le) ; two medio-lateral oblique inter-

segmental dorsals (A, B, 2, 5) ; two latero-median oblique interseg-

mental dorsals (B, 4, 5) ; and an outer longitudinal intersegmental

dorsal (B, d).
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VYT

VIS

[VIIT

Fic. 24 A, P».— Musculature of sixth ahdoiuiual segment of Ilctcrojapyx
(jiillanli.

A, muscles of ventral region and riglit Iialf of sixth segment, and anterior

part of seventh segment. B, same view with muscles /, 6', p, ly, ig, 30, 21 partly

or ontirelv removed.
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Fig. 24 C, D.—Outermost muscles of right half of sixth abdominal segment

of Heterojapyx gallardi.

C, posterior part of right half of sixth segment and anterior part of seventh

sternum. D, right half of sixth segment, showing segmental sclerites.

Ac, antecosta ; Apt, sternal apotome ; It, laterotergal lobe; Mb, intersegmental

membrane; Pc. precosta ; ipl. 2pl, ^tpl, 4pl, pleural sclerites; Sp, spiracle; Sty,

stylus; VIS, I'I IS, sixth and seventh abdominal sterna; VIT, VIIT, sixth and
seventh abdominal terga ; 1-40, muscles of sixth segment (see text, pages 59, 62).
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II. Ventral muscles.—A group of internal transverse interseg-

mental sterno-pleural fibers (A, 7) ; an oblique intersegmental sterno-

sternal muscle (A, 8) ; two inner longitudinal intersegmental ven-

trals (A, Q, 10) ; five outer oblique intersegmental ventrals, four

of w^hich are median (B, //, 12, jj, 14), and one lateral {15).

III. Lateral muscles.—An anterior intrasegmental tergo-pleural

muscle (A, B, 16) ; an oblique intersegmental sterno-tergal muscle

(A, //) ; an oblique intrasegtnental tergo-sternal muscle (A, B, 18) ;

a series of five intrasegmental transverse tergo-sternal muscles (A,

ip, 20, 21 , 22, i'j) ; two short lateral intra-tergal muscles (D, 24,

2_j) ; two small anterior intrasegmental tergo-pleural muscles (D,

26, 2/) ; two median intrasegmental pleuro-sternal muscles (C, D,

28, 2p) ; an oblique intersegmental pleuro-sternal muscle (A, B, C,

jo) ; a group of small external posterior lateral intrasegmental mus-

cles (C, 31, 32, 33, 34, 55; D, 38) ; and two small posterior interseg-

mental muscles, one sterno-pleural (C, ?6), the other pleuro-sternal

C?7)-

IV. Muscles of the stylus.—Two small muscles (D, jp, 40)

arising in the posterior lateral lobe of the sternum, inserted on the base

of the stylus (^^3')-

This complex and strongly developed musculature of Heterojapyx,

which presumably is characteristic at least of the Japygidae, contains

nothing to suggest that it represents the primitive plan of the body

.musculature of insects. It indicates, on the other hand, a highly

specialized condition giving to these very small creatures a strength

out of proportion to their size, which might enable them to burro\v

into hard soil or to insinuate their bodies into minute irregular spaces.

In the multiplicity of individual muscles and in the diversity of

their attachments, the body musculature of Heterojapyx resembles

that of a caterpillar, but there is not the remotest likeness in detail,

showing that the complexity of the muscle pattern in each case is but

the result of a high degree of specialization adaptive to demands for

dexterity of body movements. Both the caterpillar and Heterojapyx

demonstrate the limitless potentiality of the insect muscular system,

and make it all the more surprising that there are so few departures

from the fundamental plan of muscle arrangement.

IV. THE ABDOMINAL APPENDAGES

There is no more vexing subject in the whole field of insect mor-

phology than that of the homologies of the appendicular organs of

the abdomen. Embryology shows at most that these organs are de-
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rivatives of the segmental appendages ; it gives no positixe evidence as

to what part of a primitive Hmb may be preserved in the definitive

rudiment, since the latter, whatever it may be, develops directly from

the embryonic rudiment, instead of following what we should suppose

would be the course of the phylogenetic evolution of the organ.

Comparative anatomy is more likely to foster illusions than to lead

to definite results, for while certain categories of facts may seem

to align themselves satisfactorily in some limited scheme of suggested

homology, the plan invariably breaks down when wider generaliza-

tions are attempted. The writer, therefore, can offer nothing new on

the fundamental morphology of the abdominal appendages of insects

that is likely to be generally accepted. Even so, however, it will

be sufficiently worth while to bring together the principal facts at

present known concerning the anatomy of the various appendicular

structures.

Though the appendages of the insect abdomen are rudimentary in

the sense that they do not in any case represent a fully-developed

limb, they are in all cases specialized by a structural adaptation to

some particular use. The abdominal appendages of most interest to

entomologists are those of the genital segments, and if we can dis-

cover a means of identifying these organs in the various insect orders,

this discovery alone will be of much practical value, and it then be-

comes a less consequential matter if we can not fully decide the exact

morphological nature of the organs themselves.

It is not possible, however, to study with profit any modified or

specialized appendicular organ without having some concept of the

nature of the primitive limb structure from which it has been derived.

Since there are current several difterent ideas concerning the funda-

mental structure of a primitive arthropod limb, it is therefore neces-

sary for a writer to make clear at the outset of a discussion the par-

ticular theory from which he proceeds. The following sketch will

give briefly the \iew on this subject here taken, and a more extensive

discussion at the conclusion of this section will examine the possibil-

ities of interpreting the structures of the abdominal appendages of

insects according to the terms of the theory adopted, which is essen-

tially that of P)r)rner (1921), though with differences in special appli-

cations.

A comparative study of arthropod appendages soon shows that the

number of segments in the limbs, the relative size of the segments,

and even the segmental musculature are so variable in different

arthropod groups that none of these features can be used as a guide
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for establishing the homologies of the segments or parts of the limb

in any specific case. There are two joints of the limb, however, that

recur in the same form in such a large number of appendages in

the various arthropod groups as to suggest that they represent two

primary points of flexure in the primitive ambulatory appendages,

and that they may, therefore, be accepted as " constants " in the limb

structure. These joints in a thoracic leg of an insect are the coxo-

trochanteral joint, and the fevwro-tihial joint (the Hiiftgelenk and

the Kniegelcnk of Borner, 1921). The first (fig. 25 A, f-g) divides

the appendages into a basal region, or I'nuh basis (LB), and a distal

shaft, or tclopodite (Tlpd), which is movable on the basis in a vertical

plane by a horizontal, dicondylic hinge {f-g). The limb basis, in the

Q A
Fig. 25.—Diagrams showing the relation of the base of a leg to the body, and

the theoretical progress of segmentation in the limb.

A, theoretically primitive appendage divided into a basis (LB) and a telopodite

{Tlpd) \ the first movable antero-posteriorly on the body by a vertical axis

{a-h) between tergum and sternum, the second movable on the basis in a ver-

tical plane by a dicondylic, horizontal hinge {j-g) with levator and depressor

muscles {O. Q) arising in the basis.

B, the fully segmented appendage: the basis divided into coxa (C.r) and sub-

coxa {Sex), the latter becoming the pleuron ; the telopodite divided into the

usual segments of an arthropod leg beyond the coxa.

sense here understood, includes the potential coxa and subcoxa. which

in some arthropods are dififerentiated as distinct parts of the basis (B,

Cx, Sex), the coxa then becoming the fimctional or movable base of

the appendage, while the subcoxa becomes a part of the lateral and

ventral walls of the supporting body segment. The second funda-

mental joint of the limb forms the *' knee " (A, //), and divides the

telopodite into a proximal trochantero-femoral piece, and a distal

tibio-tarso-praetarsal piece, the two movable on each other in a vertical

plane by an articulation which is cither monocondylic, or dicondylic.

If we conceive, thus, that the primitive arthropod limb is divided

primarily into a basis and a telopodite, we should expect the baso-

telopodile joint to be the point of flexure most generally preserved.
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and. as above noted, a joint does occnr in the proximal part of

practically all fully-developed arthropod appendages that is evidently,

from its structure and musculature, to be identified as the joint be-

tween the primitive basis and the telopodite. This joint is the coxo-

trochanteral joint of an insect's leg. It is then reasonable to assume

that the same joint is retained in reduced appendages, and that, finally,

in an unsegmented limb rudiment it is the telopodite that has been

lost, and that the part which remains is the basis.

The appendages of arthropods are prone to develop appendicular

processes on the limb segments. Such processes may be either cnd'itcs

or cxitcs, or both forms may occur on the same segment. Endites are

developed particularly on the basis, serving as masticatory lobes on

the gnathal appendages. In the Crustacea, exites of the basis are often

gill-bearing organs, and an exite of the proximal segment of the

telopodite commonly forms an outer branch of the appendage known

as the exopodite. The study of rudimentary appendages Ijecomes

complicated by the fact that it is often difficult or impossible to

determine whether a persisting part represents the main shaft of the

limb, or an appendicular process of the latter.

BODY APPENDAGES OF CTIILOPODA

The centipedes furnish a good example of arthropods that have

retained a long series of body appendages preserving the form and

T

Fig. 26.—Somewhat diagrainmatic cross section of a body segment of Litlio-

bius, showing the relation of the subcoxa (Sex) and coxa (C.v) to the body
and to the telopodite (Tlpd).

function of ambulatory limbs. Each appendage of the pregenital re-

gion of the body is implanted in a membranous pleural area of its

supporting body segment between distinct tergal and sternal |)lates

(figs. 26, 27 A). The movable basal i)iece of a typical chilopod leg is

a small segment generally termed the coxa, or coxopodite (C.r). The
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coxa supports the six-segmented telopodite (fig. 26, Tlpd), the proxi-

mal segment of which, or first trochanter (iTr), is articulated to the

coxa by a typical coxo-trochanteral hinge (fig. 25 B, f-g). Surround-

ing or partly surrounding the base of the coxa, in most of the pre-

genital segments but the last, is an area of the body wall containing

one or several small sclerites (fig. 27 A, Sex). These sclerites appear

to belong to the subcoxal region of the primitive limb basis, since

upon this region are inserted the tergal muscles of the appendage, and

within it arise muscles of the coxa. The coxa turns antero-posteriorly

upon the subcoxa by an approximately dorso-ventral axis (fig. 25 B,

c-d).

The large terminal pair of legs of a chilopod borne by the last pre-

genital segment (fig. 27 A, Tlpd) are supported each upon a single

large plate in the lateral segmental wall (LB). The basal joint of each

of these legs clearly corresponds w^ith the coxo-trochanteral joints of

the preceding appendages, and a comparison of the leg-bearing plate

of this segment (LB) with the coxal and subcoxal sclerites of the

segments immediately anterior to it leaves little doubt that the single

" pleural " plate of the last segment represents both the coxa and the

subcoxa of the preceding segments (Cx, Sex). In other words, the

large pleural plates supporting the legs of the last pregenital segment

are the limb bases (LB) undivided into coxal and subcoxal parts as in

the other segments. The condition here, of course, may l)e the result

of a secondary union of the subcoxal sclerotizations with the coxa,

but it gives a convincing demonstration of the potential unity of the

coxal and subcoxal regions of the limb basis, and at least suggests

a primitive condition in which the limb basis occupied the lateral walls

of the body segment between the tergal and sternal plates (A, C, IT,

IStn) . The levator and depressor muscles of the telopodite of the

last pair of legs arise on the plate of the limb base and on the

sternum (D, O, Q) , and have their insertions on the first trochanter

(fTr).
"

The basal structure of the last pair of legs in the chilopoda is

paralleled exactly in that of the legs of more generalized Arachnida

as in the Phalangidae (fig. 46 A), in which the free part of each leg

is supported on a large basal plate (L5) implanted in the lateral wall

of the body. Borner (1904) regards the single basal plate of the

terminal pair of chilopod legs as the united coxa and subcoxa ; but in

the Arachnida, he concludes (1921) that sulicoxae are absent and that

the plates supporting the telopodites are the coxae alone. It is not

clear why structures so evidently similar should be differently inter-

preted.
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In the Diplopoda the free basal segment of the leg, judging from

its structure and the nature of its articulation with the next segment,

would appear to be the coxa, and since the sternal plates of the Diplop-

oda surround the bases of the legs, we may conclude with Borner

(1921) that the definitive sterna include the subcoxae. Silvestri

(1903), however, regards the free basal segment of the diplopod leg

as the subcoxa, and the next segment as the coxa, though the latter

Fig. 27.—Appendages and terminal body structures of Chilopoda.

A, posterior part of body of Scolopocryptops scxspinosa, telopodites removed
except from last segment, showing union of subcoxal sclerites with coxa in large

pleural plate {LB) on last pregenital segment. B, ventral view of genital and
pregenital segments of Lithobius. C, lateral view of same. D, base of pregenital

appendage of Lithobius. E, telopodite of right gonopod of Lithobius, mesal
surface.

An, anus ; Cx, coxa ; C.vpd, coxopodite ; GO, gonopore ; Gp, gonopod
;
gS,

sternum of genital segment ; GScg, genital segment ; 1st, intersternal sclerite

;

LB, limb basis ; IStn, sternum of pregenital segment ; IT, tergimi of pregenital
segment; O, levator of telopodite; Prpt. periproct; Q. depressor of telopodite;
Sex, subcoxa; Stti, segmental sternal plate; Tlpd, telopodite; iTr, first trochan-
ter; 2Tr, second trochanter (praefcmur).

segment has all the structural features and usual relations of a

first trochanter.

Following the last leg-bearing segment in the Chilopoda comes
the definitive genital segment (fig. 27 A, GSeg), beyond which is the

periproct {Prpt), or anal segment. According to Heymons (1901) the

genital region of the body contains two small somites in the embryo,

parts of both of which are sometimes retained in the adult stage. The

5
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apparently single genital segment of the adult may be a mere mem-
branous ring (A, GSeg), or it may be a well-developed segment with

dorsal and ventral plates (C, gT, gS). In Lithobius the ventral plate

of the genital segment bears laterally on its posterior margin a pair of

small, three-segmented appendages, the gonopods (B, C, Gp, E), the

basal muscles of which (E, O, Q) arise on the sternal plate of the

segment. The definitive sternum of the genital segment, theijefore, is

clearly a composite plate which includes the true bases of the genital

appendages united with the primitive segmental sternum. The free

genital appendages, then, are not the entire gonopods, but are the

telopodites of the latter, and their muscles (E, O, Q) are the levators

and depressors of the first trochanter (Tr).

In the males of many insects of the higher orders the structure of

the second genital segment and its clasperlike appendages (the harpes)

closely resembles the condition in Lithobius. Though the claspers are

but one-segmented, they are movable by muscles arising in the gonopod

bases, and the latter are generally more or less united with the sternum.

In the insects, however, it is not so clear that the claspers are the true

telopodites of the gonopods, since there is evidence to suggest that

they may be other appendicular processes of the bases of the genital

appendages.

ABDOMINAL APPENDAGES OF CRUSTACEA

All the body segments of the Crustacea anterior to the telson are

usually provided with well-developed appendages. In the lower crus-

tacean groups, the appendages of the entire body series, as in Apus

(fig. 28 A), are fundamentally uniramous in form, though the various

segments may be provided with endite and exite lobes. Each limb

consists of a basis (LB), called the coxopodite, and of a telopodite

(Tlpd). The frequent biramous form of crustacean appendages (C)

is evidently the result of the hyper-development of an exite of the

basal segment of the telopodite (the first trochanter, or basipodite,

Bspd). The shaft of the telopodite beyond the basipodite then be-

comes the endopodite (Endpd). The exite lobes are movable by mus-

cles arising in the limb segments that support them.

The abdominal appendages of the Malacostraca are typically bira-

mous limbs (fig. 28 C) in which the endopodite (Endpd) is usually

reduced to the size of the exopodite (Expd). The basis, or coxopodite

(Cxpd), and the basipodite (Bspd) may be distinct segments, but in

some forms (B) they are united in a single protopodite (Prtpd).

In certain cases the abdominal appendages become practically unira-
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mous by a suppression of the endopodite (B, Endpd), or by its con-

version into a genital process. In such cases the functional or loco-

niotory shaft of the appendage is the exopodite {Expd) . A crustacean

limb of this type of structure furnishes an analogy with the abdominal

limbs of Thysanura on the assumption that the stylus of the latter

(fig, 31 A, Sty) is the exopodite, and that the endopodite has been

entirely suppressed, or preserved only in the gonapophyses of the

genital appendages (B, Gon).

End Cxpd(LB)

ripd

Fig. 28.—Ahdominal appendages of Crustacea.

A, Apus longicandata, appendage from posterior part of body, left, anterior

surface. B, Anaspidcs iasmaniac, third abdominal appendage of left side, anterior

surface. C, Spirontocaris grocnlandicns, abdominal appendage of left side,

anterior view.

Bud, basendite ; Bspd, basipodite ; Cxpd, coxopodite, or limb basis ; Endpd,
endopodite; Expd, exopodite; LB, limb basis, or coxopodite; Prtpd, protopodite

(united basis and basipodite) ; Tlpd, telopodite.

The genital claspers of the higher insects, which are clearly homo-
logues of the abdominal styli of the Thysanura, may thus be

likened either to the gonopods of the Chilopoda (fig. 27 C, G/j), if we
assume that they are the main shafts of the telopodites, or to the ab-

dominal appendages of such crustaceans as Anaspides (fig. 28 B),

if we assume that they are exites of the appendages. As will later be

shown, however, it is difficult to obtain positive evidence as to the

nature of the insect abdominal styli ; whether they are likened to the

main shaft of the telopodite or to an exopodite branch depends largely

on the student's bias toward a myriapodan or a crustacean ancestry

for the insects.
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THE ABDOMINAL APPENDAGES OF PROTURA

A pair of short, cylindrical appendages is present on each of the

first three abdominal segments of all adult Protura. These appendages

arise from the membranous parts of these segments between the pos-

terior angles of the tergal and sternal plates. They are best developed

in Eosentomidae, where the three pairs are alike in size and structure,

and each organ (fig. 29 B) consists of two segments and a small

terminal vesicle (v) which is eversible and retractile. In Acerento-

midae (A) the appendages of the first pair are like those of the

Eosentomidae, but the second and third pairs are simple, tuberculiform

Sex

rv

-Cx

-Tlpd

Fig. 29.—Abdominal appendages of Protura.

A, Eoscntomon i/cnimnicum, abdominal leg (from Prell, 1913)- B. Accren-

tomon dodcroi, first abdominal leg (from Berlese, 1910).

Cx, coxa ; /, promoter muscle of limb base ; /, remotor muscle : rv, retractor

of vesicle ; Sex, subcoxa ; Tlpd. rudiment of telopodite ; v, terminal vesicle.

protuberances, unsegmented and lacking the terminal vesicle. Each

appendage of the larger type in the two families, as described by

Berlese (1910), is movable by two tergal muscles (B, /, /) inserted

on the basal segment, one anteriorly, the other posteriorly. The sec-

ond segment is provided likewise with two muscles, one arising

anteriorly, the other posteriorly in the proximal segment, the two

crossing each other axially to be inserted on opposite sides of the base

of the distal segment. The terminal vesicle is retracted by a single

large muscle (rv), which takes its origin mesally on the base of the

first segment of the appendage, and is inserted on a central depression

of the ventral face of the vesicle. The extrusion of the vesicle is

evidently brought about by blood pressure from within the body.
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There appears to be no reason to doubt that these abdominal

appendages of the Protura are remnants of true post-thoracic Hmbs.

They have, as Berlese points out, a certain resemblance to the ab-

dominal legs of lepidopterous larvae ; but a closer comparison shows

dififerences in the segmentation and musculature which makes it seem

probable that there is no close genetic relation between the two sets of

organs. Prell (1913), in his study of Eoscntomon gennanicum, finds

at the base of each abdominal leg two small sclerotizations which

he regards as remnants of the subcoxa (fig. 29 A, Sex). The large

basal segment he believes is the coxa (Cr) and the smaller distal seg-

ment the rudimentary telopodite (Tlpd). The homology of the

terminal vesicle (v) is doubtful. The organ does not appear to

represent the eversible sacs of Thysanura, since the latter are borne

by the limb bases (fig. 4, Vs) ; it might be, however, as Prell sug-

gests, the praetarsus, since it has a certain resemblance to the vesicular

praetarsus of Thysanoptera. The most likely homologue of the

proturan leg vesicles is to be found in the eversible sac on the

collophore of Collembola (fig. 30 B, v), which probably represents the

united vesicles of a pair of fused appendages.

GENERAL STRUCTURE OF THE ABDOMINAL APPENDAGES OF INSECTS

Most of the appendicular organs found on the abdominal region of

insects fall into two quite distinct categories distinguished by the

insertion points of their muscles. In those of one group the muscles

are inserted on the base of the organ ; in those of the other the

muscles traverse the organ and are inserted zuitliin its distal extremity.

Appendicular structures of the first class are typically stylus-like in

form, though they take on various other shapes. They include such

organs as the abdominal styli of the Thysanura and the more general-

ized Pterygota, the furcula of Collembola, the gills of ephemerid

larvae, the terminal claws of trichopterous larvae, the lateral abdominal

appendages of larvae of Sialidae, the gonapophyses, the movable

claspers of male pterygote insects, and the cerci. Organs of the sec-

ond class are sac-like or tubular in form, and are usually retractile and

eversible. They include the collophore of Collembola, the eversible

vesicles of Thysanura, the gill-bearing tubercles of some sialid larvae,

and the plantar lobes of the abdominal legs of larvae of Lepidoptera

and chalastogastrous Hymenoptera.

If we could accept the two categories of abdominal appendicular

structures, distinguished by the muscle insertions, as morphological

groups of organs, the study of the abdominal appendages of insects
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would be much simplified. But, unfortunately, there are other fea-

tures than the muscle insertions to be considered, such as the origins

of the muscles and the position of the organs on the body, that make
it doubtful if either constitutes a homogeneous group. Furthermore,

organs of each type frequently occur together supported on a common
basal structure, and the latter must then be reckoned as an essential

part of the primitive appendage, of which the free, movable parts are

but accessory structures of one kind or another. Any attempt to make
theoretical generalizations on the primitive form or on the homologies

of the abdominal appendages of insects will be premature until we have

more closely examined the structure of the principal types of such

organs as occur in both larval and adult stages of the various insect

orders.

The abdominal appendages of insects fall into three groups corre-

sponding with the subdivision of the abdomen into pregenital, genital,

and postgenital regions. The appendages of the pregenital segments

may be designated the pregenital appendages; those of the genital

segment are the gonopods; those of the first and second postgenital

segments are conveniently termed the pygopods and uropods, respec-

tively. The pygopods are the anal legs, or postpedes, of holometab-

olous larvae, and probably the socii and so-called " cerci " of holo-

metabolous adults. The uropods are the true cerci.

THE ABDOMINAL APPENDAGES OF COLLEMBOLA

The well known appendicular organs on the abdomen of Collembola

include organs of each type of structure as defined above according

to the muscle insertions.

The collophore (fig. 30 A, Col) is a large, thick, tubular pouch of

the body wall projecting from the sternal region of the first abdominal

segment. In most species it ends in a bilobed terminal vesicle (B, v),

which is ordinarily retracted but is capable of being protruded by

blood pressure. The entire collophore is traversed by a pair of large

muscles {rv) arising on the tergal region of the body and inserted on

the lobes of the terminal vesicle. The structure of the coUembolan

collophore thus suggests that it is formed by the union of a pair

of abdominal appendages resembling those of the Protura (fig. 29),

though in the latter the retractor muscle (B, rv) arises in the base

of the appendage, and the appendage itself is movable by two muscles

(/, /) arising in the body and inserted on its base. In some of the

Collembola each lobe of the vesicle is produced into a long eversible

tube.
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The typical spring, or leaping organ of the Collembola, known as

the furcula (fig. 30 D), has quite a different type of structure from

that of the coUophore. It consists of a large median base, the manu-

brium (mn), and of two slender arms, each of which is subdivided

into a long proximal segment, the dens (d) , and a short terminal

segment, or mucro (w). On the base of the manubrium are inserted

flexor and extensor muscles arising in the fourth and third abdominal

segments, but, as already observed, these muscles apparently belong

to the system of longitudinal dorsal and ventral body muscles, and

are not specifically muscles of the spring. In Tomocerus vulgaris

Fig. 30.—Abdominal appendages of Collembola. Tomoccrns vulgaris.

A, lateral view of insect. B, anterior view of collophore. C, tenaculum. D,
furcula.

a, aperture between bases of furcular arms receiving- prongs of tenaculum

;

ab, abductor muscle; ad, adductor muscle; Col, collophore; d, dens; Fiir, fur-
cula; m, mucro; vjh, manubrium; rv, retractor muscles of vesicle; v, terminal
vesicle of collophore.

(fig. 30) each of the arms of the furcula is provided with an abductor

muscle (D, ah) and an adductor muscle {ad) having their origins in

the manubrium. According to Quiel (1915) adductor muscles are

absent in Orchcsella cincta, though he says a few obliquely transverse

fibers are present in the manubrium. It is possible that Quiel did

not observe in studying sections that these transverse fibers are

attached on each side to a slender adductor tendon of the dens. The
structure of the furcula readily suggests that it is composed of a

pair of segmental appendages united by a fusion of the coxae, which

become the manubrium, while the reduced telopodites become the

arms.
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The minute tenaculum of the third abdominal segment (fig. 30 C)

looks like a miniature furcula, and likewise suggests that it has been

produced in the same manner by the union of the bases of a pair of

appendages.

THE ABDOMINAL APPENDAGES OF THYSANURA

It is in the Thysanura that the abdominal appendages best preserve

the fundamental structure characteristic of the abdominal appendages

of adult Pterygota, as shov^n in the gonopods of the latter group ; but,

as will be seen later, it appears that the abdominal appendages have

a more primitive form in the larvae of Ephemerida and in the larvae

smcls

grncls

Gon

A
Fig. 31.—Diagrams of structure of abdominal appendages of Thysanura and

Pterygota.

A, a typical pregenital apnendage. B, a gonopod, or genital appendage.
gmcls, muscles of gonapophysis ; Gon, gonapophysis ; LB, limb basis, usually

a lobe or plate of body wall ; ri's, retractor muscles of eversible vesicle ; smcls,

muscles of stylus ; Stn, sternum ; Sty, stylus ; Vs, eversible and retractile vesicle.

of certain holometabolous insects. The thysanuran appendages retain

most completely their independence in the Machilidae.

The appendages of the pregenital region of the abdomen are

typically developed on each of the pregenital segments except

the first in Machilidae (fig. 4, II, VI), and those of each pair are

distinct from the small median sternal plate (Stn), though their

bases (LB, LB) are ankylosed with the latter, and are united medi-

ally with each other. Each appendage consists of a broad basal plate

(fig. 31 A, LB), of a stylus (Sty) borne by the distal free margin of

the basal plate, and of an eversible sac, or vesicle (Vs), lying mesad of

the stylus and retractile into the basal plate (fig. 4, II, Vs). The

posterior part of the basal plate projects from the ventral wall of the
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abdomen as a free flap with a iiieinbranous dorsal wall (fig. 32 B).

Both the stylus and the eversible sac are provided with muscles arising

within the basal plate (figs. 31 A, 32 B, siiicls, rvs). The muscles ot

the stylus are inserted on the base of the stylus ; the muscles of the

vesicle traverse the latter, when the vesicle is everted, to be inserted

within its distal extremity.

The appendages of the pregenital segments are never developed

into any other form in the Thysanura than that which they have

in the Machilidae, but they may be variously reduced, or united with

the sternum. The styli and eversible sacs are sometimes absent, or

either organ may occur alone (fig. 4. I, VIII). A pair of vesicles

is frequently present on each basal plate, but the stylus never occurs

Fig. 32.—Appendages of Thysanura and Dicellura.

A, base of metathoracic leg of Ncsoiiiachilis maoricus, showing styliform spur
on coxa. B, typical structure of a pregenital appendage of same, dorsal view.
C, posterior lateral part of sternum of Hcfcrojapyx yallardi with united limb
basis bearing the stylus.

in duplicate. In Lepismatidae the basal plates of the appendages in

each segment are fused with the primary sternum to form a large

zygosternum, which is the definitive sternal plate of the segment.

The same is true in the Dicellura, though the regions of the limb

bases may remain partially separated from the region of the primary

sternum (fig. 32 C).

The basal plates of the thysanuran appendages are commonly called

"coxae" (or "coxites") by American entomologists, while certain

European entomologists call them " subcoxae." The idea that the

plates are coxae is based chiefly on the fact that in the Machilidae

stylus-like spurs occur on the coxae of the second and third pairs of

thoracic legs (fig. 32 A, Sty?), which appear to be homologues of

the abdominal styli. The question of the possible identity of the
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thoracic and abdominal styli will be discussed in the concluding part

of this Section, but in any case the term " coxite " should not be used

to designate the stylus-bearing plates, because the word can properly

mean only " a part of a coxa." Since the writer is inclined to believe

that the abdominal plates in question represent both the coxae and

the subcoxae of the thoracic appendages, they are here termed simply

the limb bases, or basal plates.

The gonopods, or appendages of the genital segments, have the

same structure as the pregenital limbs in Thysanura, with the excep-

tions that they always lack eversible vesicles, and that typically each

bears a median genital process, or gonapophysis (fig, 31 B, Gon).

Two pairs of gonapophyses are regularly present in the females of

-IXSty

Fig. 33.—Genital and postgenital segments of Machilidae.

A, Machilis variabilis, male, ventral plates of eighth abdominal segment, dor-

sal view, with small first gonapophyses (iGon). B, ventral plates of ninth seg-

ment of same, dorsal view, showing second pair of gonapophyses {2Gon) at

sides of median penis {Pen). C, Nesomachilis maoricus, male, posterior part of

abdomen, ventral view, showing absence of gonapophyses, and ventral structure

of eleventh segment, bearing paraprocts (Papt), caudal filament (cf), and cerci

(Cer).

Thysanura, one pair borne by the gonopods of the eighth segment, the

other by the gonopods of the ninth segment. In the male, gonapophy-

ses are known to occur on the gonopods of the eighth segment only

in certain forms of Machilis (fig. 33 A, iGon) ; they are usually

present on the gonopods of the ninth segment (B, 2Gon), but they

may be absent from both genital segments (C). Each gonapophysis,

when present, arises from the median, basal angle of the free dorsal

surface of the stylus-bearing plate, and is provided with short muscles

(fig. 31 B, gnicls) arising within the supporting plate and inserted

on its base.

Between the bases of the gonopods of the ninth segment in the male

is a short membranous penis (fig. 33 B, C, Pen), a tubular evagination
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of the body wall from behind the region of the ninth sternum, having

the opening of the ejaculatory duct at its extremity.

The thysanuran gonopods contain, in their simplest form, the

fundamental elements of the organs of copulation and oviposition of

pterygote insects. In the male the gonapophyses of the second gono-

pods become the so-called parameres of the copulatory apparatus ; in

the female, the first and second gonapophyses become the first and

second valvitlae of the ovipositor, and the basal plates of the second

gonopods form the third valvitlae, when the last are present.

The uropods, or cerci, of the Thysanura are typically long, multi-

articulate filaments (fig. 7 A, Ccr) borne by the eleventh segment

(B, XI). In the Dicellura the abdomen contains only 10 segments,

and the uropods, therefore, in this group appear to belong to the

tenth segment. They are filamentous in Campodea, styliform in

Projapygidae, and take the shape of large pinchers in Japygidae (fig.

40 C, Cer). The uropods differ from the preceding appendages in

that they are not differentiated into a basal plate and a stylus, and

they bear neither eversible sacs nor processes corresponding with

the gonapophyses.

THE ABDOMINAL GILLS OF EPIIEMERID LARVAE

The abdominal gills of ephemerid larvae, together with the lateral

lobes of the body wall supporting them (fig. 34 A), appear to be ap-

pendages of a more primitive form than the abdominal appendages

of the Thysanura. Their structure, with certain modifications, is

repeated in the abdominal appendages of several groups of holometab-

olous larvae ; but it does not furnish the basis of the structure of

the gonopods in adult pterygote insects, which, as already stated,

is to be derived from that of the gonopods of the Thysanura.

The ephemerid larval gills have various shapes, some being taper-

ing stalks, either single or double, fringed with filaments (fig. 34 A, B,

Hrn), while others are expanded into broad plates; but, whatever the

form, each organ is movably attached by its base to a large lateral

lobe of the body wall (LB). The gill is movable by muscles arising

in the ventral part of the supporting lobe (A, B, binds).

The gill-bearing lobes are not movable, since there are no body

muscles inserted upon them. The vertical lateral muscles of the

abdominal segments extend from the tergum to the edge of the ster-

num mesad of the gill lobes (fig. 15 A, //, 2I, ^l, fig. 34 A, /). The gill-

bearing lobes therefore have the character of limb bases implanted

in the pleural areas of the segments between the tergal and sternal
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plates (compare LB of fig. 34 A with LB of fig. i A). The lateral

and ventral surfaces of each lobe are often separated by a sharp fold

or ridge (fig. 34 B, LB), and the ventral part of the lobe may be

more or less united with the sternum of its segment {Stn). The gill

(Brn) arises from the posterior end of the lateral surface of the

supporting lobe, and is usually provided with four muscles inserted

on its base (C). The branchial muscles, as above noted, take their

origins on the ventral plate of the supporting lobe (B), and therefore

Fig. 34.—The abdominal gill-bearing appendages of ephemerid larvae.

A, diagrammatic cross section of abdominal segment, showing limb base lobes

(LB) bearing gill appendages (Brn), which are evidently the styli, each mov-
able by muscles (hnicls) arising in the bases; the lateral body muscles (0
extend from tergum to sternum.

B, external view of a gill and its supporting lobe (LB), in which arise the

gill muscles (bvicis).

C, musculature and tracheation of a gill, lateral view.

not on the sternum, as stated by Diirken (1907), who did not dis-

tinguish the ventral plate of the gill basis from the true segmental

sternum.

The old idea that the ephemerid larval gills are appendages of the

dorsum is no longer tenable. The organs are very evidently rudiments

of segmental appendages, as claimed by Heymons (1896a, 1896^?)

and by Borner (1909), each being composed of a basis (LB), and

of a terminal appendicular part (Brn) movable on the basis by mus-
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cles arising in the latter. The gill bases are interpreted by Borner as

the subcoxae of the abdominal appendages, since they follow exactly

in line with the subcoxal. or " pleural," plates of the thorax. The
gills, therefore, Borner contends, are the equivalents of the legs,

and the proximal end of each represents the coxa. On the other

hand, we might assume that the gill basis includes the equivalents

of both the subcoxa and the coxa of a thoracic leg, in which case the

gill shaft or plate might be supposed to be the telopodite with its

proximal end representing the first trochanter. The presence of the gill

muscles arising in the gill basis suggests this homology, since the

muscles are comparable with the trochanteral muscles of a leg (fig.

26, 0, Q). l)Ut again, the gill resembles the stylus of a thysanuran

appendage, and there is doubt as to whether the abdominal styli

are true telopodites or secondary appendicular processes of the coxae.

Leaving aside, for the present, the question of homologies between

the parts of the abdominal appendages and those of the thoracic

appendages, a comparison of the abdominal appendages of the ephem-

erid larva with the abdominal appendages of Thysanura leaves

little doubt that the gill-supporting lobes of the former are the

equivalents of the stylus-bearing plates of the latter, and that the

gill stalks or plates are the homologues of the styli. Neither the

abdominal gills of ephemerid larvae nor the styli of Lcpisina arc

present on the early postembryonic stage of the insect. In the newly

hatched larva of EphcmcreUa vnlgata, according to Heymons (1896),

there are lateral protuberances of the abdominal segments, especially

prominent on segments II and VII, which are derived during em-

bryonic development from the embryonic limb rudiments. The gills

first appear as outgrowths from these abdominal lobes about four

days after hatching. The styli of Lcpisina sacchariiia. Heymons

(1897) says, appear likewise a considerable time after hatching, and

arise from the parts of the ventral plates of the eighth and nintli

abdominal segments that are derived from the " .\nlagen " of the

embryonic appendages.

LATERAL ABDOMINAL AI'PENDAGES OF SIALID AND COr.EOI'TEROUS

LARVAE

The larva of Sialis (fig. 35 A) presents at least an excellent imita-

tion of an insect that has carried the ])rimitive polypod condition

into a postembryonic stage. The long, tapering, segmented, ap-

l)endicular organs, usually termed " gills," projecting from the sides

of the first seven abdominal segments have a striking resemblance to
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legs. Each appendage (C) is a hollow process of the body wall, dis-

tinctly jointed, and composed of six segments, of which the proximal

three are relatively thick, while the region of the distal three is slender

and rapidly tapering to the apex.

Each appendage is supported on a lateral lobe of the body segment

(fig. 35 C, LB). The series of lobes appears at first glance to belong

to the dorsum of the abdomen, but each one, though so closely amal-

gamated with the tergum that the spiracle appears to be situated on

its dorsal part, really occupies a pleural position between the tergum

Fig. 35.—Abdominal appendages of sialid larvae.

A, larva of Sialis, showing jointed appendages of abdomen. B, metathoracic
leg of Sialis larva, with subcoxal sclerites at its base. C, abdominal appendage of

Sialis larva, showing division into basis (LB) and jointed stylus {Sty). D,
posterior end of larva of Chauliodcs, dorsal view, showing pygopods (Pp) of

terminal segment. E, the same, ventral view.

and the sternum of its segment. The lumen of each lobe is separated

from the general body cavity by a vertical sheet of tergo-sternal

lateral muscles, and within the lobe arise anteriorly and posteriorly

muscles inserted on the base of the movable shaft of the appendage.

It is clear, therefore, that we have here an organ corresponding

in every respect with a gill-bearing appendage of an ephemerid larva

(fig. 34 B), and that in both of these structures the basal lobe repre-

sents the stylus-bearing plate of Machilis. and the movable distal

appendage the stylus.
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The distinct segmentation of the abdominal appendages of the

Sialis larva almost unavoidably gives the impression that these organs

are the true telopodites of the abdominal limbs. The impression,

moreover, comes close to a conviction when it is discovered that each

appendage is provided zvith internal muscles in addition to those in-

serted on its base. The presence of these muscles was first mentioned

by Hevmons (1896a) ; and it can be demonstrated by dissection and

staining of specimens preserved in alcohol that bundles of muscle

fibers are present in at least each of the first three segments, inserted

on the bases of the second, third, and fourth segments, but it is diffi-

cult to make an exact study of them without properly prepared ma-

terial. The slender distal part of the shaft beyond the third segment

is penetrated by a branched trachea, and this part of the appendage

might serve as a tracheal gill ; but the strong musculature of the proxi-

mal part of the organ, and the long hairs that fringe the segments,

suggest that the abdominal appendages of the Sialis larva have an

important locomotory function.

In the sialid genera Chanliodcs and Corydalus the larvae are like-

wise provided with long, lateral abdominal appendages, a pair bemg

present on each of the first eight segments, and a terminal pair on the

last segment (fig. 36 B). In these genera, however, the appendages

are simple, tapering, hollow processes of the integument, unsegmented,

and containing no muscles. Each is supported on a lateral lobe of the

body wall {LB).

The basal lobes of the lateral appendages of the Corydalus larva

are large and prominent as seen in a transverse section of an abdominal

segment (fig. 36 C, LB, LB). Each projects laterally beyond the at-

tachments of a set of strong tergo-sternal lateral body muscles (/) ; and

on the inner margin of the ventral wall of the lobe arise three muscles

(D, smcls), one anteriorly and two posteriorly, which are inserted on

the base of the distal appendicular process. Here again, therefore, we

find repeated the same structures that occur in the ephemerid larval

gills and in the thysanuran abdominal appendages. In the Corydalus

larva the appendage-bearing lobes of the abdomen fall in line with

the subcoxal lobes of the thoracic segments (fig. 36 A, Sex), rather

than with the long coxae {Cx) ; but the muscles of the abdominal

appendages (D, smcls), taking their origins in the supporting lobes,

can be compared only with the basal muscles of the leg telopodite

(A, 0, Q) inserted on the trochanter. The abdominal lobes, there-

fore, would appear to contain both the subcoxal and the coxal parts

of the limb bases.
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The Corydalus larva differs from the Sialis and Chauliodcs larvae

in that the basal lobes of the first seven abdominal appendages bear

each a large ventral tubercle supporting a circle of respiratory fila-

ments (fig. 36 B, Vs). When the filaments are removed it is seen that

each tubercle is subdivided distally into three terminal lobes (C, Vs),

and dissection reveals the fact that the tubercle is provided with a large

Fig. 36.—Thoracic and abdominal appendages of the larva of Corydalus
coniutus.

A, transverse section through anterior end of metathorax, showing subcoxal

lobes (Sex) above bases of coxae (Cr), and levator and depressor muscles of

trochanter (O, Q) arising in coxa.

B, last four segments of abdomen, showing segmental appendages.

C, transverse section through posterior part of an abdominal segment, seen

from behind, showing limb base lobes (LB) supporting each a stylus (Sty),

and a retractile gill-bearing tubercle (I's).

D, section through base of riglit abdominal appendage and gill tubercle, seen

from behind, showing muscles of stylus and gill tubercle.

E, antero-mesal view of right appendage (pygopod) of tenth abdominal
segment.

F, section of terminal appendage, showing insertion of retractor muscles
behind bases of claws.

Cx, coxa; d, claws (crochets); c. insertion point of retractor muscles of

claw-bearing tubercle (planta) ; /. lateral body muscles; LB, limb basis; O,

(J, muscles of trochanter; rvs, retractor muscle of gill-bearing or claw-
bearing lobe of appendage; Sex, subcoxa; sinels, muscles of stylus; Sp, spiracle;

Stn, sternum; Sty, stylus; T, tergum ; J's, retractile lobe of appendage (retrac-

tile vesicle).

retractor muscle (C, D, rvs) arising on the dorsum of the segment and

inserted by three diverging branches on the distal surfaces of the three

terminal lobes of the tubercle. The gill tubercles are thus highly

suggestive of the eversible sacs of the thysanuran appendages, except

for the difference that their retractor muscles arise on the terpal
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region of the body segment, instead of in the bases of the appendages,

as in the Thysanura (fig. 32 B, rvs). On the other hand, as we shall

presently see, the gill tubercles of the Corydalus larvae are almost

identical in structure with the abdominal feet of lepidopterous larvae.

The appendages of the last abdominal segment in the larva of

Cliaidiodes and Corydalus are remarkable structures in that they com-

bine the characters of the preceding appendages of Corydalus with the

features of an abdominal leg of a caterpillar. Each of these termmal

appendages (figs. 35 D, Pp, 36 B, E) consists of a large, hollow,

somewhat cylindrical lobe of the body wall. The basal part of the

organ (fig. 36 B, E, LB) bears laterally a tapering process (Sty)

similar to the lateral processes of the preceding appendages, and ends

distally in a thick tubercle (Vs), which lacks gill filaments, but is

armed on its terminal surface with a pair of large, curved claws (d).

The appendage is traversed by a strong retractor muscle (F, rvs)

taking its origin on the dorsum of the tenth segment, and having

its insertion on the distal wall of the tubercle at the posterior ends

of the long bases of the claws (e). The resemblance in structure

and mechanism of these appendages to the " anal " legs of caterpillars

is so striking that it is difficult to believe the likeness is fortuitous.

The terminal body segment is better developed in the Corydalus larva

(fig. 36 B, X) than in Cha^diodes (fig. 35 E), in which its dorsal

part is rudimentary.

Lateral appendicular processes of the abdomen, similar in every

respect to those of the sialid larvae, are present also on certain aquatic

coleopterous larvae, especially in the families Dytiscidae and Gyrin-

idae. In the gyrinid Dincutes, for example, the larva is provided with

long, tapering processes arising from lateral lobes of the body wall

on each side of each of the first eight segments, and with a pair of

two-branched processes on the ninth segment. Each process is pene-

trated by a trachea from the lateral respiratory trunk, and is fur-

nished with two short, antagonistic muscles arising in the supporting

lobe of the body and inserted on its base. The larva of the dytiscid

Coptotomns has the same equipment of lateral processes, but the writer

did not find muscles connected with them in a specimen examined.

THE ABDOMINAL LEGS OF LEPIDOPTEROUS LARVAE

A typical abdominal leg of a caterpillar consists of three parts

(fig. 37 A). At the base is a ring of flexible integument {mh) ; be-

yond this is a longer, cylindrical section {Cx) forming the greater part

of the appendage, and frequently having a sclerotic plate in its outer

6
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wall often marked by distinctive groups of setae (fig. 3 A) ; distally

the leg ends in a retractile lobe (Vs), called the planta, which bears

the claws, or crochets (d).

Functionally the planta is the most important part of the leg, and

structurally it is the most variable. The proximal parts of the ap-

pendage dififer principally in relative size in different species. The

planta in its more generalized condition is a short cylindrical pad with

a circular distal surface, on the center of which is inserted a group

Fig. 37.—Structure of an abdominal leg of a caterpillar. Malacosoiiia

ainericana.

A, posterior view of a pair of abdominal legs. B, ventral view of a left ab-
dominal leg, showing crochets {d) turned outward, and insertion of retractor

muscles (c) at inner margin of plantar lobe (I's). C, dorsal view of leg mus-
culature, right side. D, posterior view of musculature of a right leg.

a, dorso-pleural groove ; Cx, coxa ; d, crochets ; e, insertion point of retractor

muscles of planta; mb, membranous area between subcoxa and coxa; rvs,

retractor muscles of planta; Sex, subcoxa; Vs, planta (retractile vesicle).

of retractor muscle fibers. In such cases the crochets may be arranged

in a complete circle around the distal plantar surface, with their re-

curved points turned peripherally and upward. With most cater-

pillars, however, the claws are limited to a semicircle or a small arc

usually on the inner margin of the planta (fig. 37 B), and in such cases

the planta itself {Vs) generally becomes asymmetrical by a reduction

or obliteration of its outer half. The planta then assumes the form

of a lobe projecting to the mesal side of the axis of the limb, marked

by the insertion point of the retractor muscle {c), and its claws {d)
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curve mesally and upward when the planta is protracted in the usual

position. The various types of foot structures resulting from modi-

fications in the form of the planta and in the arrangement of the

crochets characteristic of the different groups of caterpillars have

been described by Fracker (1915).

Immediately above each abdominal leg there is usually a prominent

lobe or swelling of the body wall (fig. 37 A, Sex), separated from the

latero-dorsal area of the segment by a distinct groove (a). Corre-

sponding lobes are present also on the legless abdominal segments, and

likewise on the metathorax and mesothorax (fig. 3 A, Sex). The

serial identity of these suprapedal lobes of the abdomen and thorax

is demonstrated by their uniform position relative to the appendages,

and by the fact that in many species they bear similar or identical

marks or groups of setae. In the anatomy of the caterpillar, therefore,

the abdominal and thoracic appendages appear to be homodynamous
structures. Eastham (1930), in his study of the embryology of

Pieris rapae, says :
" The prolegs which are retained on their seg-

ments must be regarded as true appendages. They develop in the same

manner as those of the head and thorax, have the same relation to their

own somites, and a musculature develops in connection with each com-

parable to that of the thoracic limbs though of a weaker order."

The suprapedal lobes of the caterpillar (fig. 3 A, Sex) are clearly

the subcoxal areas of the appendages, since those of the thorax are

identical with the areas which in certain other holometabolous larvae

contain the pleural sclerites of the thorax (B, C, Sexz). The free

part of the abdominal appendage in the caterpillar is, therefore, ap-

parently the coxa (fig. 37 A, Cx). The planta {Vs), then, is either

a rudiment of the telopodite, or a highly specialized retractile vesicle

of the coxa. Further light on the morphology of the caterpillar proleg

may be obtained from a study of the musculature.

The musculature of an abdominal leg of a caterpillar is compara-

tively simple. It comprises two sets of muscles, those of one set

being inserted on the base of the principal part of the leg (fig. 37 D,

Cx), those of the other on the planta {Vs). The muscles inserted on

the proximal rim of the leg include three groups of fibers represented

in Malaeosoma amerieana and Estigmene aerea as follows: (/) a

series of median fibers (fig. 21 B, 37 C, D, i) arising on the midline

of the venter, or also on the mesal parts of the anterior and posterior

intersegmental folds, and converging to the mesal rim of the base of

the principal segment (Cx) of the leg; (2) a group of two fibers (fig.

37 C, D, 2) arising on the groove (a) above the suprapedal lobe of

the body wall, and inserted on the mesal rim of the leg base posteriorly
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just ventrad of the insertions of the median muscles; (j) a group

of two or three fibers (C, D, j) taking their origins on the middle of

the lateral wall of the segment posterior to and a little above the level

of the spiracle (fig. 21 B), and having their insertions on the outer side

of the proximal rim of the leg (figs. 21 B, 37 C, D, j).

The muscles of the planta take their origins outside the leg from

two widely separated parts of the body wall. The plantar muscles

of Malacosoma americana (fig. 37 C, D) comprise four fibers. The

principal one is a long fiber {4) arising on the middle of the lateral

wall of the segment, close to the origins of the lateral muscles of

the leg (j), from which point it curves downward into the leg to be

inserted on the inner face of the planta. The other plantar muscles

arise on the dorso-pleural groove (a) above the suprapedal lobe (fig.

37 D, Sex). One consists of a single fiber (C, D, 5) arising pos-

teriorly just before 2, and entering the leg with 4. The other in-

cludes two fibers (d) in Malacosoma, represented by a single fiber

in Estigmene (fig. 21 B, 6), arising anteriorly on the dorso-pleural

groove, and curving posteriorly and downward into the leg to join

with 4 and 5. In the distal part of the leg (fig. 37 D) all the fibers

of the plantar group unite to form a common stalk which is inserted

on the inner surface of the ventral wall of the planta. In caterpillars

having a disk-shaped planta, the muscle insertion is at or near the

center of the latter, but with species in which the planta has the form

of a mesal lobe, the muscle attachment is at the outer side of the

plantar lobe (fig. 37 B, D, e).

On comparing, in the caterpillar, the musculature of an abdominal

leg with that of a thoracic leg, it is found that though there is no

exact correspondence in the number and arrangement of the fibers,

there is a general similarity in the disposition of the muscles sufficient

to suggest a derivation of the muscles in the two cases from one

fundamental plan of musculature. Thus, in the metathorax of Mala-

cosoma (fig. 38 A, B) there is a set of sternal fibers (a) arising an-

teriorly on the intersegmental fold, and inserted mesally on the rim of

the coxa {Cx), which correspond with the median muscles of an ab-

dominal leg (fig. 37 C, D, j). Likewise, there are muscles from the

lateral wall of the thoracic segment inserted on the outer rim of the

coxa (fig. 38 B, C, h), having thus the same relation to the appendage

as the fibers of muscle j in the abdomen (fig. 37 C, D). In the

thorax there are several subcoxo-coxal muscles (fig. 38 B, c) which

have no exact counterparts in the abdomen, though in the latter there

is a muscle from the groove above the subcoxal lobe (fig. 37 C, D, 2)

to the inner margin of the apparent coxal segment of the leg. The
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other muscles in the base of a thoracic leg (fig. 38 B, C, d, e, f, g)

are coxo-trochanteral and coxo-femoral muscles, representatives of

which are entirely absent in the abdominal legs. On the other hand,

the plantar muscles of the abdomen have no evident counterparts in

the thorax.

The general parallelism between the muscles of the abdominal ap-

pendages and those of the thoracic legs shows that the musculature

of the prolegs in the mature caterpillar is, as Eastham says of the

musculature in the embrvo, " comparable to that of the thoracic limbs

though of a weaker order." Moreover, if the musculature has any

Fig. 38.—Body muscles of a thoracic leg of a caterpillar.

A, external body muscles and leg muscles of ventral area and right half of

metathorax of Malacosoma miicricana. B, basal muscles of right metathoracic
leg of same. C, coxal and coxo-trochanteral muscles of right mesothoracic leg

of Estlgmcnc acraca.

bearing on homologies in the segments of the appendages, it shows

that the suprapedal lobes of the l)ody wall above the abdominal limbs

are the subcoxae (fig. 37 A, D, Sex), and that the principal parts

of the legs are the coxae (Cr). The plantae of the abdominal ap-

pendages, however, have no evident homologues in the thoracic legs,

nor do their muscles correspond with any of the muscles of the legs

in the thorax.

The nature of the planta becomes clear when we compare an ab-

dominal limb of a caterpillar (fig. 37 D) with an abdominal appendage

of the Corydalns larva (fig. 36 C, D). A striking resemblance is
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seen at once between the retractile planta of the former and the gill-

bearing tubercle (Vs) of the latter. Moreover, the likeness amounts

almost to a structural identity when the planta is compared with the

claw-bearing lobe of one of the terminal appendages of the Cory-

dalus larva (fig. 36 E, Vs). In each case the organ is provided with

strong retractor muscles arising on the dorsum of the body segment.

It is a mere detail that the muscles in Corydalus (fig. 36 D, rvs) branch

to the several lobes of the gill tubercle ; in the terminal appendages

the bundle of retractor fibers (F, rvs) tapers to a narrow stalk inserted

at the bases of the claws exactly as in the foot of the caterpillar (fig.

37 D). The Corydalus larva lacks only the accessory muscles of the

planta arising in the base of the subcoxa. We can, therefore, scarcely

avoid the conclusion that the planta of the caterpillar's abdominal

leg is an eversible vesicle of the limb basis, here borne by the coxa,

which is not consolidated with the subcoxa. The representatives of

the styli, preserved in the movable distal processes of the sialid ap-

pendages (fig. 36 C, D, E, Sty), have been lost from the abdominal

limbs of all lepidopterous larvae.

The anal legs, or appendages of the last abdominal segment of the

caterpillar, dififer from the legs of the preceding abdominal segments

only in details of their musculature. Their structure will be described

in the subsequent discussion of the terminal appendages of holometab-

olous larvae.

The abdominal appendages of chalastogastrous hymenopterous

larvae have the same essential structure as the abdominal limbs of

caterpillars, though they are not so highly organized, and the plantar

lobes are reduced to terminal disks of the coxal segments (fig. 3 C).

THE GONOPODS

The appendages of the eighth and ninth segments of the abdomen

are potentially gonopods because of the association of the openings

of the genital ducts with these segments. They are, however, not

necessarily modified for reproductive purposes, as in the males of cer-

tain Thysanura in which the appendages of the eighth and ninth

segments (fig. 33 C) do not differ structurally from those of the

preceding segments.

Typically a gonopod is distinguished from the pregenital and post-

genital appendages by the development of a median process from the

proximal part of its base. A complete gonopod, therefore, consists

of a hasal lobe or plate (fig. 31 B, LB), of a lateral, distal stylus (Sty),

and of a median, proximal gonapophysis (Con). Both the stylus and
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the gonapophysis may be movable on the basis by muscles arising in

the latter and inserted on their bases (suicls, gincls). So far as has

been ascertained neither of the appendicular parts of a gonopod ever

contains intrinsic muscles. In the males of some Ephemerida the

genital styli are distinctly jointed and thus separated into apparent

segments, though the latter are not independently movable. In the

Thysanura the gonapophyses are marked by circular constrictions,

varying from a few to many according to the length of the organs

(fig. 33 A, B), but the resulting subdivisions have none of the charac-

ters of true segments, and are entirely comparable with the annulations

of the caudal filament and cerci (C; cf, Cer).

In female insects the gonopods form the ovipositor, when this organ

is present, and both pairs of appendages enter into its composition.

In the Thysanura the gonapophyses only are involved in the ovipositor,

the basal plates and the styli retaining the structure typical of these

parts in the pregenital segments of Machilidae. Evidently the condi-

tion here represents a primitive stage, in which two pairs of median

apophyses of the appendages of the eighth and ninth abdominal seg-

ments form a simple egg-laying organ. In female Pterygota the styli

of the gonopods are usually lost, those of the first pair being always

absent, and the basal plates are transformed into a suspensory appara-

tus for the gonapophyses. The basal plates of the first gonopods (fig.

39 A) evidently become the small sclerites known as the valvifers

(B, Vlf), which support the first gonapophyses (iVl), though there

is a difi^erence of opinion on this point. Those of the second gonopods

form lobes (IXLB) supporting the second gonapophyses {2VI), or

they are drawn out into long processes that become a third pair of

blades in the ovipositor (C, jF/). The component blades of the adult

ovipositor are commonly called valvulae. It is to be observed that only

the first and second pairs of valvulae (B, C, iVl, 2VI) represent the

gonapophyses (A, iGon, 2Gon), those of the third pair (C, jF/)

being derived directly from the basal plates of the second gonopods,

the styli of which are apparently lost.

The ovipositor is absent or rudimentary in many groups of insects,

but its wide distribution throughout the orders leaves little doubr
of its being a primitive structure of the Insecta. It has no homo-
logue in other Arthropoda, and it is doubtful if the rami of the gono-
pods in the Crustacea are homodynamous with the gonapophyses
of insects. The various theories concerning the possible homologies
of the genital processes of the gonopods in insects will be considered
in the closing discussion of this paper.
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In male insects the history of the gonopods is much more involved

than in the female, and the evolution of the genital appendages into

organs of copulation has produced many different kinds of struc-

tures. It is only in certain species of Machilis that both pairs of gono-

VIII IX

Ovd

. / ;
I \ \

Stn LB * Sty LB iGon sGon
jr\.

VIIILB(Vlf) IX LB
\ /

sty D

-Aed
Vlf

iVl 2VI 3VI

Fig. 39.—Diagrams showing the morphology of the ovipositor, and the exter-

nal genitalia of the male.

A, female genital segments and generalized structure of the gonopods. B, an

ovipositor with two pairs of valvulae formed of the gonapophyses. C, an ovi-

positor with three pairs of valvulae, the third pair {sVl) formed of the basal

plates of second pair of gonopods (A, LB).

D, generalized structure of ventral parts of ninth abdominal segment of male,

showing sternum {Stn), gonopods {Gp, Gp), and penis (Pen). E, specialized

structure of male genitalia; basal plates of gonopods (LB, LB) united by pons

basalis (pnb), parameres united with penis to form an aedeagus (Aed), and

styli (Sty) transformed into clasping lobes.

Aed, aedeagus; Gon, gonapophysis ; iGon, sGon, gonapophyses of first and

second gonopods; LB, basal plate of gonopod; Ovd, oviduct; Pm, parameres

(male gonapophyses); pnb, pons basalis; siiiels, muscles of stylus; Stn, ster-

num; Sty, stylus; T, tergum, iVl, 2VI, 3V I, first, second and third valvulae;

Vlj, valvifer.

pods bear gonapophyses (fig. 33 A, B, iGon, 2Gon). In all male

pterygote insects gonapophyses are lacking on the eighth segment, and

the gonopods of the ninth segment only enter into the copulatory

apparatus, though accessory structures of the eighth and the tenth

segment may be included.
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The basal plates of the second gonopods in the male may unite with

each other and with the primary sternum of their segment, as do those

of the preceding segments, to form a composite zygosternum, and in

such cases the styli either retain the typical shape of styliform organs,

or they are lost. The gonapophyses, usually termed the parameres,

however, in the more generalized insects, are associated with a median

intromittent organ, or penis (figs. 33 B, 39 D, Pen), which is a tubular

evagination of the segmental wall behind the ninth sternum, bearing

the opening of the ejaculatory duct at its extremity. In the higher

insects the primitive penis becomes partly or entirely suppressed, and

the parameres unite with it or with each other to form the secondary

and often more complicated intromittent organ usually termed the

aedcagus (fig. 39 E, Acd), which incloses the ejaculatory duct and

bears the gonopore.

The basal plates of the gonopods of the ninth segment in the male,

if not completely amalgamated with the sternum, may form free lobes

of the ninth segment, or they may unite with each other, with the

sternum, or with the sternum and the tergum of the ninth segment.

In this way the genital segment of the male, especially in holometa-

bolous insects, assumes a great diversity of structure, and it is often

reduced to a simple continuously sclerotized annulus. The ninth seg-

ment, however, regardless of its form, always bears the aedeagus,

which may be partly or wholly concealed in a genital chamber of its

ventral part, and it generally carries clasping organs of various forms

on its posterior margin. Usually, among the clasping organs of the

ninth segment, or often the only structures having a clasping func-

tion, is a pair of lobes flexible at their bases and independently mov-

able by muscles taking their origins in the basal plates of the gonopods,

or in the regions of the ninth annulus derived from the gonopod bases.

These movable claspers, designated the harpes by students of Lepi-

doptera, are evidently the homologues of the styli of the more general-

ized insects (fig. 39 D, E, Sty).

It is most important, now, to observe that in the fundamental or-

ganization of the gonopods there are only two sets of appendicular

structures that are independently movable by muscles inserted directly

on their bases. These structures are the styli and the gonapophyses.

Therefore, in the ninth segment complex of the male genitalia, there

will generally be two sets of appendicular structures, the harpes and
the parameres, provided with muscles arising in the basal plates of

the gonopods, or in the parts of the ninth segmental ring derived

from the latter. By a study of the genital musculature, then, these

two structures can be identified with certainty in almost all cases
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throughout the orders, unless one or the other or both are absent.

In addition to these fundamental, musculated processes, however,

there are innumerable other secondary genital processes having no

necessary homology in the different orders, which may be developed on

the ninth segment, on the aedeagus, or on the segments preceding

and following the ninth. These structures, except in rare cases, have

no muscles of their own, and are not independently movable, though

some of them may be moved incidentally by the usual segmental mus-

cles attached at their bases. The movable claspers derived from the

styli, however, are sometimes divided, and each may be separated into

two quite distinct parts provided individually with groups of muscle

fibers. In such cases there will appear to be, as in some of the Hy-

menoptera, a pair of movable lobes on each side of the genital

apparatus,

A more detailed analysis of the structure of the organs of ovi-

position and copulation, as shown in the principal orders of insects,

will form the subject matter of Part II of this paper, wherein will be

presented also a larger body of evidence in support of some of the

statements that seem arbitrary in the brief discussion given above.

THE CERCI (UROPODS)

The prevalence of cerci in so many orders of insects, and the almost

universal occurrence of the organs in the more generalized groups

leave little doubt that the cereal appendages are primitive structures,

and that, in some form, they must have been characteristic features

of the early insect ancestors. The anatomy and structural variations

of the cerci are well known ; functionally the appendages are in most

cases sensory organs, though they are frequently modified in form

to serve mechanical purposes ; morphologically they are subjects of

diverse opinion among speculative entomologists. The essential facts

known concerning the cerci can be briefly stated.

In the Thysanura the cerci evidently belong to the eleventh ab-

dominal segment. The last typical segment of the body in such forms

as Nesomachilis (fig, 7 A) is the tenth (X), which is a complete

annulus. From within the posterior margin of this segment there

project the three terminal filaments, of which the lateral pair are

the cerci (Cer). If the group of filaments is pulled out of the tenth

segment, it is seen that the three of them arise from a common basal

ring (B, XI), which has all the aspects of a reduced segment, in this

case the eleventh, normally concealed within the tenth. The eleventh

annulus presents a wide dorsal region (C, XIT) prolonged into the
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median caudal filament (cf), a narrow ventral region (D, XlStn)

bearing a pair of broad posterior flaps {Papt), and two prominent

lateral lobes supporting the cerci {Cer). There can be little doubt,

therefore, that the caudal filament and the cerci here belong to the

eleventh abdominal segment. The lobes of the eleventh sternum arc

evidently the paraprocts (D, Papt). Projecting from beneath the base

of the caudal filament (D, cf) is a small median lobe {sa), possibly

a remnant of the true telson, represented by the lamina supra-analis of

the twelfth segment, better developed in odonate larvae (fig. 12 A, sa).

The terminal parts of the abdomen are less simple in some other

thysanurans than they are in Nesomachilis. In Thermohia (fig. 7 E,

F), for example, the eleventh segment is largely obliterated except

for a distinct tergal plate, or epiproct (E, Eppt), which is connected

Fig. 40.—The cerci and associated parts.

A, posterior segments of Periplaneta oricntalis, dorsal view, showing union of

tenth and eleventh abdominal terga. B, ventral view of terminal segment of

same. C, cerci of Hcterojapyx gallardi, and muscles of tenth segment that move
them.

laterally by a pair of small sclerites with the bases of the cerci {Cer).

The paraprocts of Theniwbia are large sclerotic plates (F, Papt)

supporting the cerci. They would thus appear to correspond with

the lateral lobes of the eleventh segment and the median paraproct

plates of Nesomachilis (D). A sternal region of the eleventh segment

distinct from the paraprocts is not evident in Thermohia.

In the Dicellura (Campodeidae and Japygidae) the abdominal

segments beyond the tenth are obliterated, and the cerci are sup-

ported directly by the end of the tenth segment (fig. 40 C, Cer).

The cerci of the Pterygota most commonly appear to belong to the

tenth abdominal segment, since they arise at the posterior edge of

the latter, usually from membranous areas inclosed by the adjacent

angles of the tenth tergum, the epiproct, and the paraprocts (fig. 12 A,

B, Cer). In Periplaneta the cerci of the adult insect arise from be-
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tween the lateral angles of the last tergal plate and the upper

angles of the paraprocts (fig. 40 A, B), but the terminal plate

of the dorsum is here clearly a composite sclerite formed of the united

tenth tergum (A, X) and the epiproct (XI). Frequently the cerci

are more closely associated with the paraprocts than with the tergal

plates. In any case, however, the intermediate position of the cerci

in adult Pterygota gives no positive evidence of the segmental rela-

tions of these appendages in this group of insects.

On the other hand, the ontogenetic evidence of the nature of the

pterygote cerci seems to be quite definite, for it is stated by Ayeis

(1884), Cholodkowsky (1891), Wheeler (1893), and Heymons
(1896a) that the cerci in the embryos of Orthoptera are formed

directly from the appendages of the eleventh abdominal segment (figs.

5 A, 9 A, B, Cf/'). Heymons claims that the eleventh segment itself

disappears from the adult abdomen, and that the cerci thus come

to have an apparent intersegmental position between the tenth and

the twelfth segments. As already shown, however, it appears more

probable that the eleventh segment is usually represented in the

adult by the epiproct and the paraprocts, and that it is the twelfth

segment which is lacking, or reduced to a circumanal fold (fig. 12 A,

Prpt).

The association of the cerci with the upper basal angles of the

paraprocts, or their actual connection with these plates in some cases,

as in Thermobia (fig. 7 F), has given rise to the idea that the cerci

and the paraprocts have a genetic relation to each other. Thus,

Crampton (1920, 1921) contends that the paraproct is the base of a

segmental appendage of which the cercus is the distal part. Accord-

ing to Heymons (1896), on the other hand, the embryonic cercus

represents the entire appendage of the eleventh segment, including the

basis, which in the pregenital segments unites with the primary seg-

mental sternum to become a lateral part of the definitive sternal plate.

In the adult insect, Heymons says, the cereal base usually disappears

as an evident lobe, though a rudiment of it is retained in young

nymphs of Gryllus and Decticus as a small basal ring supporting the

free part of the organ (fig. 8 B).

The musculature of the cerci, so far as it is known, is always dorsal,

there being no muscles from the sternal region of the abdomen or from
the paraprocts in any way associated with the cerci. The origins of the

muscles present, however, give no clew to the segmental relations of

the cerci, since the muscles arise either on both the tenth and eleventh

terga, or on the tenth tergum alone. In her study of the abdominal

muscles of Orthoptera, Ford (1923) finds that each cercus is typically
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provided with four muscles. Three of these muscles, distinguished

as an abductor, a depressor, and an elevator muscle, take their origins

on the tenth al)doininal tergum ; the fourth arises on the supra-anal

plate or epiproct. The muscle from the epiproct, Ford says, is absent

in GrvUotalpa, but it is present in Gryllus, Neocojwcephaliis, Ceutlio-

philits. and iMclaiioplits. In Gryllus. because of the union of the tenth

tergum and the epiproct, this muscle, how^ever, has shifted forward to

the area of the tenth tergum. The writer has found only three mus-

cles in Dissostcira inserted directly on the base of the cercus, two

arising on the tenth tergum, and one on the epiproct.

The origin of the anterior muscles of the cerci on the tenth segment

might be construed as evidence in favor of the view that the cereal

appendages belong to the tenth segment ; or, on the other hand, it

might be taken as favoring Heymons' claim that the true eleventh

segment has been obliterated. However, it is not necessary to assume

that the muscles associated with the cerci are primarily muscles of

these appendages. The great bundles of fibers that operate the

pincer-like cerci of Japyx almost fill the large tenth abdominal seg-

ment (fig. 40 C, nicl) , but they appear to be the longitudinal dorsal

muscles normal to this segment, which secondarily function as cereal

muscles by reason of their posterior attachments at the bases of the

cerci. Ford (1923), observing that most of the cereal muscles in

Orthoptera arise from the tenth tergum, asserts that these muscles are

" intersegmental muscles between the tenth and eleventh segments,"

while the muscles from the epiproct, she says, represent " the inter-

segmental muscles between the eleventh and twelfth terga." (Her

reference of the posterior muscles to the twelfth tergum is m accord

with her acceptance of Heymons' claim that the eleventh segment

has disappeared in the adult.)

Whatever may be the nature of the dorsal muscles of the cerci,

the fact is significant that the organs have no ventral musculature

—

in this respect cerci differ from styli and gonapophyses. The absence

of muscles from the paraprocts to the cerci, moreover, weakens the

comparison between the paraprocts and the stylus-bearing plates of

the preceding abdominal segments, since the stylus muscles always

take their origin in these plates. The termination of the ventral mus-

culature of the abdomen in the paraprocts, on the other hand, makes

it almost certain that the paraprocts are terminal lobes of the eleventh

sternum.

Cerci are usually absent in holometabolous insects, but cercus-

like appendages occur on the eleventh abdominal segment in females

of Panorpa (fig. 8 H, Cert), and on the terminal segment of adult
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Tenthredinidae, which is numerically the tenth abdominal segment.

The panorpid appendages may be true cerci. Appendages occurring

on an apparent tenth segment might be suspected of being cerci if

there is evidence that this segment is composed of the tenth and

eleventh somites, a condition which frequently occurs in orthopteroid

insects, where there is no doubt that the terminal appendages are

the cerci. In the Tenthredinidae, however, there is reason to believe,

as will be shown later, that the terminal appendages of the adult are

not the cerci, but are appendicular organs of the tenth segment cor-

responding with the socii of adult Lepidoptera, and that they are de-

rived from the postpedes of the tenth somite of the larva.

THE TERMINAL APPENDAGES OF ENDOPTERYGOTE LARVAE

Appendicular organs representative of abdominal limbs are present

on the last abdominal segment in some or most of the larvae of

Neuroptera, Trichoptera, Lepidoptera, and chalastogastrous Hymen-

optera. These larval appendages of the terminal segment have a

lateral or latero-ventral position, and are movable by muscles in some

cases attached on their bases, but more generally inserted within

their distal parts. The appendages most resemble jointed limbs in

the Trichoptera. In Neuroptera, Lepidoptera, and Hymenoptera they

commonly have the structure typical of the abdominal legs of the

caterpillars. Since the terminal segment in these larvae is evidently

the true tenth somite of the abdomen, or the tenth and the eleventh

somites combined, there is little doubt that the terminal appendages

are the pygopods. The Endopterygota differ thus from the more gen-

eralized Exopterygota in that some of them retain the tenth segment

appendages in postembryonic stages.

In addition to the true appendicular organs, there may be in endop-

terygote larvae also processes developed from the dorsum of the last

segment, and lobes of various forms associated with the anal opening,

or protruded from within the rectum. Processes resembling cerci

occur in some coleopterous larvae, but their morphology is uncertain.

It seems probable that the pygopods of endopterygote larvae are,

in certain orders, caried over to the adult stage as processes which

sometimes occur on the proctiger, or terminal segment of the imago.

These processes have various forms in the Trichoptera and Lepidop-

tera, and are termed the socii by students of the latter ; in chalasto-

gastrous Hymenoptera they resemble cerci, and are frequently called

" cerci." Busck and Heinrich (1922) have observed that in the micro-

lepidoptcron Ethmia machclhosicUa the anal prolegs, with their
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crochets, are retained in the pupa, and Bottinier (1926, fig. 3 A)
shows a similar retention of the anal legs in the pupa of Chaetocampa

crotonella. It is unfortvniate that socii are absent in these species,

for we might expect to find the socii developed within the anal pro-

legs of the pupae. More positive evidence of the identity of the termi-

nal larval appendages with the terminal appendages of the adult is pre-

sented by Middleton (1921) in a study of the chalastogastrous Hy-

menoptera. Middleton claims that the anal prolegs, or postpedes, of the

larva of Ptcronidea rihesn are transformed during metamorphosis into

anal lobes of the pupa, and that within these lobes are developed the

so-called " cerci " of the adult sawfly. These appendages of the adult

insect, he points out, are not borne by the tergum of the anal segment,

but arise from a lateral membranous area of the venter of this seg-

ment, and thus morphologically have the same position as have the

postpedes of the larva. The anal segment in both the larval and the

adult sawfly is numerically the tenth abdominal segment, and its ap-

pendages are therefore not the true cerci in either case.

Trichoptera.—The abdomen of trichopterous larvae lacks appen-

dages except on the terminal segment. In some forms, as in Platyphy-

lax designatns, a fringe of slender setae along each side of the abdomen

from the second to the end of the eighth segment (fig. 41 A, B, a)

evidently marks the dorso-pleural line separating the dorsum of the

abdomen from the region of the limb bases {LB), since, if the line of

this fringe were carried into the thorax, it would run dorsad of the

thoracic subcoxae (A, Scxz). On the ninth segment there is nothing

to mark the dorso-pleural boundary ; but on the terminal segment

the base of the appendage (B, P/^) has a lateral position corresponding

with the limb base areas of the segments preceding the ninth. The
terminal segment of Platyphylax is a hemispherical lobe with a long,

median anal cleft on the ventral part of its distal surface {An). It is

evidently the tenth somite, or pygidial segment.

The pygopods of trichopterous larvae differ considerably in different

families and genera. Their principal variations have been described by

Ulmer (1903) and by Krafka (1924). According to Ulmer there

are two principal types of these appendages. Those of one type are

short ; those of the other, characteristic of Hydropsychidae and Rhya-

cophilinae, are long and leg-like. In both types the limb terminates in

a hook-like claw. The structure of the two forms of appendages

is here illustrated from Platyphylax designatus (fig. 41 B, Pp) and

an unidentified species of Hydropsyche (F, Pp).

In Platyphylax designatus each larval pygopod together with its

supporting structure (fig. 41 B, Pp) consists of a large basal plate (C,
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b), a. smaller intermediate plate (c), and a free apical claw (d) hav-

ing its point turned downward and outward. The apical claw has a

movement of adduction on the middle plate, and the latter is movable

on its hinge with the basal plate. The muscles of this appendage may
be studied by cutting the terminal body segment into lateral halves.

It is first seen that the base of the appendage is crossed internally by

several slender transverse muscles attached on the segmental walls.

The muscles inserted on the appendage consist of three flat groups of

Fig. 41.—Structural details of trichopterous larvae.

A, metathorax and anterior part of abdomen of Platyphylax dcsignatns.
B, posterior abdominal segments of same. C, appendage of tenth segment of

same. D, mesal view of right appendage, showing muscles. E, mesal view of

terminal appendage of Hydropsychc sp., showing muscles. F, posterior end of

abdomen of same, with intestinal processes (ip) extruded from anus.

a, line of dorso-pleural groove; An, anus; b, proximal sclerite of appendage;
Cx, coxa ; d, claw of appendage ; e, f, intersegmental folds between eighth and
ninth, and ninth and tenth abdominal segments ; ip, intestinal processes ; LB, area
of abdominal limb base ; Pp, pygopod ; Sex, subcoxa.

fibers (fig. 41 D), all arising on the anterior margin of the basal

plate (b). Two of these muscles {la, ib) converge downward and

posteriorly to a conmion point of insertion on the inner margin of

the base of the apical claw (d), and thus evidently function as ad-

ductors of the latter. The third muscle is a broad sheet of fibers

{2) lying external to the others, and inserted on the dorsal margin of

the intermediate plate (c). Associated with the appendage is a pair of

slender, vertical fibers (5) crossing the inner face of the basal plate

and attached above and below it to the membranous walls of the
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terminal body segment. The ventral muscles of the ninth body seg-

ment {C, 4) are attached posteriorly on the intersegmental fold (/)

just before the lower part of the basal plate of the appendage, but

no muscles are inserted directly on the latter.

The terminal appendages of the larva of Hydropsydie (fig. 41,

F, Pp) represent quite a dififerent type of appendicular organ. Each

pygopod here is a large, two-segmented, leglike structure projecting

from the ventro-lateral part of the terminal body segment. The
proximal segment of the appendage (E, &) is elongate and cylindrical

;

the distal segment {d) is a strong, decurved claw with a high, nar-

row base articulated by its dorsal end with the dorsal extremity of

the basal segment. Ventrally, just before the base of the claw, there

is a small triangular sclerite (c) in the lower, membranous wall of

the proximal segment.

The musculature of the terminal appendage of Hydropsyche (fig.

41 E) dififers in several respects from that of Platyphylax (D). As
in the latter, however, there are no muscles inserted on the base of

the organ, but there are an adductor muscle (E, i) inserted on the

base of the apical claw {d), and two flexor muscles (^, j) inserted

on the small ventral sclerite {c). The adductor (z) arises, not in

the basal segment of the appendage as in Platyphylax (D, la, ib)

,

but in the proximal part of the last body segment. One of the flexor

muscles (E, 2) is a broad fan of fibers arising on the dorsal wall of the

basal segment, and thus suggests an identity with muscle .? of Platy-

phylax (D) arising on the basal plate of the appendage. The other

flexor muscle is a long bundle of fibers (E, j) arising on the interseg-

mental fold (e) between the eighth and ninth abdominal segments

along with the fibers of tiie ventral longitudinal muscles of the ninth

segment (4), but separating from the latter posteriorly to enter the

appendage. This muscle apparently has no representative in Platy-

Phvlax (D).

The relation between the two types of appendages described above

is obscure. The only suggestion that can be made is that the basal

plate of the Platyphylax appendage (fig. 41 D, b) corresponds with

the basal segment of the Hydropsyche appendage (E, 6) and that the

intermediate plate of the former (c) is represented by the small ven-

tral sclerite (c) of the latter. The apical claw (d) is evidently the

same in ])oth. Still more difficult is it to find possible homologies

between either of these two types of trichopterous api)endages and

the terminal appendages of the sialid larvae, Chanliodes and Corydalus

(^'igs- 35 1^' E, 36 B, E), or the abdominal legs of lei)idopterous larvae

(figs. 37, 42 C). The basal plate or basal segment {b) in the tri-

7
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cliopterous appendage, however, may be the Hmb basis of a more

typical abdominal appendage, while the apical claw (d) and the asso-

ciated middle plate (c) may possibly represent the stylus. Judging

from the structure there is little probability that the trichopterous

claw is homologous with the claws of Corydalus or Chauliodes, or

with the crochets of lepidopterous larvae. The lack of similarity

in the larval abdominal appendages of Trichoptera and Lepidoptera

is somewhat surprising, considering the many other structural like-

nesses between these two orders.

Many trichopterous larvae are provided with a group of slender

processes protractile through the anus (fig. 41 F, ip), which arise

from the intestinal wall. In the species of Hydropsyche figured there

are from four to six of these processes. The structures are hollow,

thin-walled tubules containing no tracheae, and are therefore usually

termed "blood gills"; but the idea of their respiratory nature is

based on their structure and on the fact that they can be entirely

exposed by protraction through the anus, for no one apparently

has made any physiological experiments on their function. According

to Branch (1922) the organs arise as diverticula of the intestinal

wall produced posteriorly from the six folds of the pre-rectal part of

the proctodeum, and each is provided with a three-branched muscle

taking its origin on the intersegmental membrane between segments

VIII and IX of the abdomen, and extending through the lumen to

the tip of the processes. When retracted the processes lie in the rec-

tum with only their extremities exposed in the anal aperture,. Pro-

traction evidently is accomplished by internal pressure resulting from

a contraction of the abdominal walls.

Nenroptera.—The pygidial appendages in the larvae of the sialid

genera Chauliodes and Corydalus, as already noted, are long, thick

structures projecting posteriorly and ventrally from the terminal

segment of the abdomen (fig. 35 D, E, Pp, fig. 36 B, E). Each organ

consists of a large basis (fig, 36 E, LB), supporting laterally a flex-

ible, tapering process representing the stylus (Sty), and bearing dis-

tally a short, cylindrical lobe (Vs) armed with two strong claws (d).

The appendage has a striking resemblance to the typical abdominal

leg of a caterpillar, except that the latter has no representative of the

stylus. The distal lobe, which clearly is serially homologous with

the gill-bearing tubercles of the preceding appendages in Corydalus

(fig, 36 B, C, D, Vs), is remarkably like the planta of the caterpillar's

leg (fig. T,y D, Vs). It is retracted by a strong muscle (fig. 36 F, rvs)

arising on the dorsal wall of the terminal body segment, and inserted

on the distal wall of the lobe at the posterior or upper end of the long
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bases of the claws. The claws themselves are in every way suggestive

of the crochets of the caterpillar's foot.

Notwithstanding the general structural resemblance between the

terminal appendages of Chauliodes or Corydalus and the abdominal

legs of caterpillars, it can scarcely be supposed that the foot struc-

ture in either case has been derived immediately from that of the

other, since the two-clawed condition would be a highly specialized

one in the Lepidoptera. All that may be claimed is that the funda-

mental structure of the larval abdominal limbs is the same in both

the Neuroptera and the Lepidoptera. The neuropterous appendage

is the more primitive in that it retains the stylus, which has the form of

a segmented appendage in Sialis (fig. 35 A, C). We may assume that

the gill-bearing tubercles of the Corydalus larva have been formed

secondarily from the foot lobes, or retractile vesicles, as a better adap-

tation to aquatic life in this genus, and that the vesicles have been

lost from all the appendages in Sialis, and from all but the terminal

appendages in Chauliodes.

Lepidoptera.—The so-called anal legs, or postpedes, of caterpillars

are so similar to the legs of the preceding abdominal segments as

scarcely to need a separate description. The musculature of the two

sets of appendages, however, differs in some respects. The plantar

lobe of each anal leg is retracted by a large dorsal muscle (fig. 42 A,

B, C, rvsd) and a small ventral muscle {rvsv), both arising from the

intersegmental fold (/) before the ninth abdominal segment. The

lateral muscles of the leg are reduced to a few fibers (D, h) lying

external to the large dorsal retractor of the planta. Between the bases

of the legs there is a sheet of transverse ventral muscles (B, tv).

which appear to belong to the wall of the last body segment rather than

to the appendages.

The great development of the dorsal retractor muscles of the anal

legs, the reduction of the lateral muscles, and the presence of the

ventral retractors of the plantae are all features correlated with the

function of the postpedes in the caterpillar, which usually have a

stronger independent forward movement than do the legs of the pre-

ceding segments.

The large terminal segment of lepidopterous larvae appears to be

a compound segment composed of the tenth abdominal somite, with

its appendages, the pygopods, and the reduced eleventh segment, bear-

ing the anus, but lacking cerci. Figures of the embryo of Picris rapae

given by Eastham (1930) show clearly a well-developed tenth abdom-

inal segment bearing the last pair of appendages, and beyond it a

large terminal lobe, containing the anus, which is evidently the
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eleventh somite. In the caterpillar (fig. ii) the eleventh somite is

apparently represented in the terminal segment by the four postpedal

lobes surrounding the anus (C, D), which may be supposed to be the

epiproct (Eppt), the paraprocts (Papt), and a hypoproct (Hypt).

There is, however, no evidence of a dual composition of the terminal

segment of the caterpillar furnished by the musculature of this seg-

ment. Both the dorsal and the ventral internal longitudinal muscles

Eppt

Fig. 42.—Musculature of the terminal segment and pygopods of a noctuid

caterpillar.

A, dorsal muscles and leg muscles seen from below in terminal segment cut

open along mid-ventral line and spread out. B, ventral musculature of same
segment, seen from above. C, posterior end of abdomen, showing origins of leg

muscles. D, basal rim of left leg (L) and group of small muscles (b) lying

beneath dorsal retractors of planta (ii'sd).

An. anus ; b, group of small antero-lateral leg muscles ; de, external dorsal
muscles ; di, internal dorsal muscles ; Eppt, epiproct

; /, intersegmental fold

between ninth and tenth segments; Hypt, hvpoproct ; L, basal rim of leg; /.

lateral muscles ; Papt, paraproct ; rvsd, dorsal retractor of planta ; rvsv, ventral
retractor of planta ; tv, transverse ventral muscles ; vi, internal ventral muscles

;

Vs, planta.

(fig. 42 A, B, di, vi) extend continuously from the anterior inter-

segmental fold (/) to the epiproct and the paraprocts. Two large

sets of internal dorsal fibers (A, de) arise in the notches between

the epiproct and paraprocts and are inserted on the dorsal plate of the

segment. The eleventh segment, therefore, if represented here at all,

is reduced to the circumanal lobes ; and the fibers of the longitudinal

muscles of the tenth and eleventh segments have become continuous.
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Continuity of muscle fibers is of frequent occurrence wherever the

intersegmental connections are lost, or where segmental boundaries

are obliterated.

Clialastogastrous Ilyincnopfcra.—The larvae of the sawflies and

horntails are provided with terminal appendicular organs of several

varieties, all borne by the last abdominal segment, some arising from

the dorsum, others from the venter.

On the dorsum there is in some forms, as in Pteronidea ribesii

(fig. 43 A), a pair of small, immovable lateral processes (a) arising

from the end of the last segment above the anal opening (An). These

processes have been regarded as rudimentary cerci (Crampton, 1919),

but they are more evidently mere cuticular outgrowths, as claimed

by Middleton (1921), analogous with the urogomphi of coleopterous

larvae (fig. 44 C, ng), since they have none of the characteristics of

Fig. 43.—Terminal appendicular structures of larvae of chalastogastrous
Hymenoptera.

A, Pteronidea ribesii (Tenthrediniclae). B, Ci»ibex amcricana (Cimbicidae).
C, Cephaleis sp. (Pamphiliidae).

a, paired processes of dorsum of terminal segment; Ati, anus; b, median proc-
ess of dorsum of terminal segment ; Pp. postpedes, or pygopods ; rz'S, retractor

muscle of plantar lobe ; Vs, planta.

true cerci, and, according to Middleton, take no part in the formation

of the lateral, cercus-like appendages of adult Tenthredinidae. In

certain other chalastogastrous larvae a median process, or postcornu

(fig. 43 C, b), is borne on the end of the tenth abdominal segment.

This process varies characteristically in shape and size in dififerent

families, as tabulated by Middleton (1921). It occurs in larvae that

bore into stems or that live in silk-spun tents or within the hollow of

curled leaves.

The ventral appendages of the pygidial segment of chalastogastrous

larvae likewise vary in form in dififerent groups. Those of species

that live in the open closely resemble the anal legs of lepidopterous

larvae. In Pteronidea ribesii, for example (fig. 43 A), a ventral pro-

jection of the tenth segment beneath the anus, bearing two small

terminal lobes (Vs), is clearly the homologue of a pair of appendages
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such as occur on the more anterior segments of the abdomen. The

free lobes (Vs) are evidently comparable with the plantae of the ab-

dominal legs of caterpillars (fig. 37 D, Vs), though the retractor mus-

cles of the lobes in the sawfly larva take their origins from a point

on the side of the segment just anterior to the cleft of the anal open-

ing (fig. 43 A, rvs). In other forms, as in Cimhex americana (B),

the ventral appendages {Pp) consist apparently of the plantar lobes

only, which arise directly from the flattened venter of the pygidial

segment. Again, as in the Cephidae and Pamphiliidae, typical " pro-

legs " are replaced on the tenth segment by slender jointed appendages

(C, Pp) ; but these " arthrostyli," as they have been called (Cramp-

ton, 1919), are evidently alternative forms of the anal " prolegs," or

postpedes, since they arise at approximately the same points as do

the typical postpedes in other forms (A, Pp), and do not occur con-

jointly with the latter. They are not, however, provided with muscles,

so far as the writer could discover ; but each is penetrated by a large

nerve, and bears sense organs on the distal segment having the form

of minute disks, in addition to setae on the proximal and middle

segments. The jointed form of the terminal appendage is, therefore,

evidently an adaptation to a sensory function instead of a locomotory

one.

Crampton (1919) suggests that the jointed appendages, or " arthro-

styli," of chalastogastrous larvae do not represent the " prolegs

"

directly, but that each has the relation to the latter of a stylus, that

is, it is an appendicular part of the true appendage. Middleton (1921),

on the other hand, thinks that the jointed appendages are direct repre-

sentatives of the unjointed postpedes, because the two organs have

identical positions on the tenth segment, and do not occur together.

He would attribute the difference in form to the different habits of the

larvae, since those species having typical, fleshy postpedes feed in the

open on leaves and grasp the edges of the latter with the terminal

appendages, while those having slender, jointed postpedes, bore into

the stems of plants, or live in the protection of web nests or curled

leaves. To the writer it appears most probable that the two forms

of appendages are identical organs, and that the jointed variety is a

secondary modification of the typical postpedes for a sensory function,

the jointing being a mere subdivision of the appendage and not a true

segmentation.

The observation made by Middleton (1921) that the postpedes

of the larva become the cercus-like appendages of the adult sawfly has

been discussed in the introductory part of this section, and need be

given no further attention here, except to point out its importance,
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if true, in establishing an identity between the terminal appendages

of larval insects and the appendicular processes of the tenth segment

in certain adult holometabolous insects.

Coleoptcra.—In many families of the Coleoptera the abdomen of

the larva is provided with a pair of appendicular processes arising

from the dorsum of the ninth segment. These structures have been

variously termed styli, cerci, pseudocerci, corniculi, and urogomphi.

The abdomen of the larva of Dytisciis ends with a transverse pos-

terior surface of the narrow eighth segment (fig. 44 A), in the upper

part of which the last pair of spiracles open through a median, vertical

slit (VIIISp). From the mem])rane below the spiracular area of the

eighth segment there arise laterally two slender, tapering processes

(ngf) fringed with long hairs. Between the bases of these organs

VIII

Fig. 44.—Terminal appendages of coleopterous larvae.

A, posterior end of abdomen of Dytisciis circumcinctiis larva. B, end of ab-

domen of a silphid larva, Thaiiafophilus sp., with exserted anal lobes (from
Kemner, 1918). C, end of abdomen of carabid larva, Oodes helopioides, with

exserted anal lobes (from Kemner, 1918).
An, anus ; anl, anal lobes ; ng, urogomph.

is a small, median plate (IXTf), which appears to be a remnant of

the ninth abdominal tergum. Ventral to it is the anal opening (An).

According to Speyer (1922, Korschelt, 1924), each of the terminal

appendages of the larva of Dytiscus marginalis is provided with three

muscles, two inserted dorsally on its base, and one ventrally, all of

which arise on the tergum of the eighth segment.

The morphology of the larval appendages of Dytiscus is difficult

to determine. The apparent position of the organs on the rudimentary

ninth segment makes it doubtful that they are true cerci, and the dorsal

origins of their muscles is not in accord with the musculature of

styli. It is claimed by Blunck (1918, Korschelt, 1924) that in all

Coleoptera the first two primitive somites of the abdomen are united

in the first definitive segment, and that, therefore, the segment bear-

ing the terminal appendages is really the tenth. In this case we might
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regard the terminal appendages of the Dytiscus larva as the cerci.

However, the evidence presented by Blunck of the fusion of the first

and second segments of the abdomen is not generally accepted by

students of Coleoptera, and is not convincing, while the fact that the

segment preceding the appendicular processes bears the eighth pair of

abdominal spiracles would ordinarily be taken as conclusive evidence

that this latter segment is the true eighth somite of the abdomen,

especially since these respiratory apertures, as described by Blunck,

have the structure typical of lateral abdominal spiracles.

For the present, therefore, the nature of the terminal appendages of

the Dytiscus larva must be left in doubt, but if the organs do not

belong to the series of lateral, stylus-like appendages, fully repre-

sented in Coptotomus and Gyrinidae, it is possible that they are struc-

tures homologous with those dorsal processes often developed on the

ninth abdominal segment of other coleopterous larvae, which appear

to be mere cuticular outgrowths, though they may become movable

at their bases. The muscles inserted on the processes in Dytiscus are

evidently not specific muscles of the appendages, but groups of seg-

mental or intersegmental fibers that, by reason of their attachments

at the bases of the processes, serve to move the latter.

The abdomen of most other coleopterous larvae consists of lo

distinct segments (fig. 44 B, C). The ninth segment is usually well

developed and frequently supports a pair of processes (B, C, ug)

arising from its dorsum. These processes are termed urogomphi by

Boving, since from their segmental position it is clear that they can

not be cerci. In some species the urogomphi are fixed outgrowths

of the posterior end of the ninth tergum (C) ; in others they arise

from the membrane behind the ninth tergal plate (B), and are then

flexible at their bases. They vary much in size and shape from

short, spine-like points to long, thick processes or multiarticulate fila-

ments, and they are sometimes distinctly jointed. The urogomphi

appear to be equivalent structures in all cases, and are probably but

cuticular outgrowths of the ninth abdominal tergum, which in

certain species become movable by a membra nization of the tergal

wall at their bases. The mobile appendages of the Dytiscus larva,

therefore, are perhaps urogomphi of the rudimentary ninth segment,

secondarily movable by some of the intersegmental muscles normally

extending between the eighth and ninth segments.

The tenth abdominal segment in many coleopterous larvae is a

short, often tubular structure (fig. 44 B, C, X), at the extremity

of which is a small retractile and eversible membranous pad sur-

rounding the anus, known as the " pygopodium " (C, XI), which may
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be produced into two or more soft lobes (anl). It is claimed by Keni-

ner (1918), from embryological evidence, that the so-called pygo-

podium is the rudimentary eleventh abdominal somite. The eversible

pygopodial lobes, however, in no way represent appendicular organs,

Kemner asserts, nor are they evaginations of the wall of the rectum,

as they have been supposed to be ; they are merely productions of the

cercumanal area on which the longitudinal muscles from the tenth

to the eleventh segment are attached. If the organs in question, there-

fore, are not of an appendicular nature, the term " pygopodia " should

not be given to them, since it is convenient to apply this name spe-

cifically to the true appendages of the tenth, or pygidial, segment.

The presence of a distinct though rudimentary eleventh segment

in larvae of Coleoptera is of interest because of the general suppres-

sion of this segment in holometabolous insects.

TERMINAL LOBES OF THE PARAPROCTS

In a few of the lower Pterygota an appendicular lobe is borne by

each of the paraprocts. These processes have been termed " para-

processi " by Crampton (1920). Examples of paraproct lobes occur

in the Odonata and in the tridactylid Orthoptera.

The paraproct processes of Odonata occur in adult Anisoptera in

the form of small, seta-bearing lobes projecting posteriorly from the

ends of the paraprocts. Corresponding lobes are not present in the

larvae of this group of dragonflies, in which the paraprocts, together

with the elongate epiproct, form the valves that close the anal open-

ing (fig. 12 A, B). In the larvae of Zygoptera, however, paraproct

lobes are highly developed as the large, flat, tracheated plates that form

the lateral caudal gills (C, paptl). The median gill (cf) is a similar

lobe of the epiproct (Eppt), and is evidently comparable with the

median caudal filament of Thysanura (fig. 7 A, B, C, cf).

In the Orthoptera paraproct lobes are well developed in the Tri-

dactylidae, where they have the form of long processes resembling

the cerci (fig. 45 A, B, paptl). In some species of RIpipteryx those of

the male are incurved at the ends and are said to be used as claspers

during copulation. In Ellipes (fig. 45 A, B) each process is borne

on a membranous area at the end of the short paraproct {Papt).

Crampton (1918, 1921) has given considerable significance to the

" paraprocessi " of the Tridactylidae, which he regards as homologous

with the styli of the preceding segments, and as representatives of

the exopodites of crustacean appendages (fig. 45 C, D, cxpd). Most

other writers, including Walker (1919), regard the processes as sec-
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ondary lobes of the paraprocts. It is highly unlikely that the struc-

tures in question are styli, since, as already shown, the paraprocts are

not limb bases. Crampton's view regarding the relation of the para-

proct process to crustacean exopodites will be discussed in the fol-

lowing Section of this paper.

Cer

A Eppt "p Papt paptl

20Stn

•An
Endpd

Tel

Fig. 45.—Terminal appendages of a tridactylid insect and an isopod crustacean.

A, posterior part of abdomen of Ellipes niinuta (tridactylid orthopteron).

B, the same, dorsal view. C, end of abdomen of Porcellio (isopod crustacean),

ventral view. D, the same, dorsal view.

An, anus; Cer, cercus ; Endpd, endopodite; Eppt, epiproct; Expd, exopodite;
la, lamina sub-analis ; Papt, paraproct

;
paptl, lobe of paraproct ; Prtpd, protop-

odite ; sa, lamina supra-analis ; Tel, telsqn (fused with tergum of twentieth

segment).

MORPHOI.OGY OF THE ABDOMINAL APPENDAGES

There is no need at present to offer proof of the serial identity

of the appendicular organs of the insect abdomen with the segmental

appendages of the thoracic and cephalic regions of the body. Embry-

ologists have amply demonstrated the continuity of appendage rudi-

ments on the entire series of primitive somites, at least 20 in all, leav-

ing only a prostomial lobe and a periproctial region devoid of true

limb structures. To determine the homologies of the parts of the

abdominal appendages with the parts of the better developed append-
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ages on the anterior regions of the body, or with those of theoretically

more generalized appendages, is quite another matter.

Theoretical Structure of Arthropod Appendages.—At the outset of

an attempt to study the morphology of the rudimentary abdominal

appendages of insects a difficulty is encountered arising from the

lack of uniform opinion as to the structure of a generalized but

fully segmented arthropod limb. Particularly is it necessary in a

study of rudimentary appendages to know the structure of the basal

part of a primitive appendage. In the thorax of modern insects

the functional base of a leg is the coxa, and yet, it seems almost

certain that at an earlier stage the true basis of the limb must have

included the subcoxal region now forming the so-called pleuron and in

some cases a lateral part of the definitive sternal plate of the support-

ing body segment. Then, the further question arises as to whether the

subcoxa was once a free segment of the appendage, or whether it has

been evolved secondarily by a differentiation of the primitive limb

basis into subcoxal and coxal parts. Differences of opinion on such

questions as these have led immediately to different interpretations of

the basal parts of the abdominal appendages, and consequently to

different views concerning the nature of the distal parts.

A simple condition of the limb base occurs throughout the Arach-

nida, which is well shown in any one of the legs of a phalangid

(fig. 46 A). It is to be seen here that the leg is supported on a large

basal segment (LB) that occupies the lateral wall of a segmental area

of the body, and that it turns slightly forward and rearward on a

dorsoventral axis (a-b) extending from the tergum above to the

sternum below. To this large basal segment the telopodite is articu-

lated by a dicondylic hinge on a horizontal axis (f-g). The first seg-

ment of the telopodite is a trochanter (iTr).

In the majority of the Crustacea the proximal region of the leg has

the same structure as in the Arachnida, there being a single basal

segment, the coxopodite (fig. 46 B, C, LB), implanted directly in the

ventro-lateral wall of the supporting body segment, and often articu-

lated dorsally (a) with the tergal plate (B, T). The basis, however,

is not prolonged ventrally as in the phalangid (A), and is inclined to

be cylindrical (C). The telopodite articulates with the basis by its

proximal segment (the first trochanter, or basipodite, B, C, iTr)

on a horizontal, dicondylic hinge (f-g) having the same type of struc-

ture as that in the arachnid (A).

If, now, we look at a typical thoracic leg of an insect (fig. 46 D),
it is seen that the proximal joint in the appendage corresponding struc-

turally and functionally with the joint between the basis and the telop-
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odite in the phalangid or crustacean leg (A, B, C, f-g) is that be-

tween the coxa and the trochanter (D, f-g). The coxa {Cx), how-

ever, is separated from the tergum (T), and often from the sternum

(Stn), by a sclerotization, known as the " pleuron " (Sex), occupying

the position in the lateral wall of the supporting body segment that is

occupied by the limb basis in the phalangid and crustacean (A, B, C,

LB). In other words, the basal region of the appendage in the case

of the insect leg (D, LB) is composed of two parts (Sex, Cx) cor-

iTr

Fig. 46.—Basal parts of arthropod legs.

A, third right leg of a phalangid, Liobununi, showing limb basis (coxopodite)
elongate ventrally (LB), turning antero-posteriorly on dorsoventral axis (a-b),
with telopodite movable dorsoventrally on horizontal axis (f-g).

B, last right arnbulatory leg of a crustacean, Anaspides tasmaniae, with small
basis, or coxopodite (LB), on which the telopodite turns dorsoventrally on hori-
zontal axis (f-g) of first trochanter, or basipodite (iTr).

C, leg of an isopod crustacean, Porccllio, with elongate basis, or coxopodite
(LB), to which the telopodite is articulated by a horizontal hinge (f-g) as in

A and B.

D, mesothorax and middle leg of a young acridid nymph, Melanoplus, showing
region of limb basis (LB), between the horizontal baso-telopodite hinge (f-g)
and the tergum (T), subdivided into subcoxa (Sex) and coxa (Cx).

_
a, dorsal articulation of limb basis with body; a-b, axis of articulation of

limb basis with body ; c, dorsal subcoxo-coxal articulation ; Cx, coxa ; Cxpd,
coxopodite (limb basis)

; f-g, axis of baso-telopodite hinge; Fm, femur (merop-
odite) ; h-i, axis of hinge between first and second trochanters; j-k, axis of

trochantero-femoral hinge; LB, limb basis (coxopodite); Sex, subcoxa; Stn,
sternum; T, tergum; iTr, first trochanter (basipodite) ; 2Tr, second trochanter

(ischiopodite).

responding with the single plate or segment (coxopodite) forming the

basis of the arachnid and crustacean appendages illustrated (A, B, C).

A condition similar to that in the insect thorax is found, however,

in the thoracic region of the decapod crustaceans, where a large

pleural plate occurs on each side of the body intervening between

the coxae and the tergum. This plate is clearly a composite structure,

the segmental areas of which are evidently derived from the sub-

coxal parts of the leg bases, because they support the gills of the
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branchial chamber. Subcoxal sclerites occupying the lateral walls

of the body segments are again found in the Chilopoda (fig. 27 A,

Sex), and in the last leg-bearing segment they are here united with

the coxa to form a single basal plate (LB) of the appendage, occupy-

ing the pleural region of the segment.

From comparative studies such as those just cited, the writer has

come to regard the pleural subcoxa, or sclerotic area of the lateral

body wall supporting the free part of an appendage, as the proximal

part of the primary limb basis secondarily separated, wherever it

occurs, from the distal part of the basis, which becomes the movable

coxa, or functional base of the limb. On the other hand, many

students of Arthropoda regard the subcoxa as a primitive limb seg-

ment, which has become suppressed or fused with the coxa wherever

traces of it are not to be found in modern forms. The entire absence

of a subcoxa in all Arachnida and in the majority of Crustacea, how-

ever, is against this view ; and the lack of uniformity in the subcoxo-

coxal musculature, when a subcoxa is present, suggests that the sub-

coxo-coxal joint is a recent division of the limb basis that has occurred

principally in the Chilopoda and the Hexapoda. If the subcoxa is a

secondary formation, then it must be assumed that the subcoxo-coxal

muscles likewise are secondary, and that, as the subcoxa became

differentiated from the coxa, most of the primitive basal muscles of

the appendage were transferred to the coxa.

The subcoxa in its more primitive condition is best seen in the

Chilopoda and in the thoracic segments of apterygote Hexapoda. It

here consists of a circular fold or slight elevation of the body wall

supporting the leg, containing one or more small sclerites, particularly

in the region above the coxa. The large " pleura " of the thoracic

region of pterygote insects, or the pleural plates of the l)ranchial cham-

bers of decapod crustaceans, undoubtedly represent highly specialized

developments of the subcoxae, adapting the latter to uses quite inde-

pendent of any function connected with the legs. The subcoxal plates

in the thorax of holometabolous insect larvae, however, are relatively

small and are closely associated with the coxae (figs. 3 B, C, 41 A,

Scx-i). The region of the subcoxa surrounds the base of the coxa,

but its ventral arc is reduced to a fold, which generally in the thorax

of adult insects unites with the sternum. The sclerotized area of

the subcoxa may be broken up into several small sclerites ; in the

thorax of ])terygote insects there is typically a large sujiracoxal plate

known as the " pleuron."

In a former paper the writer (1928) has given reasons for believing

that tlie body of a gnathal appendage represents the basis of a leg. It
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is similarly divided secondarily into two parts (cardo and stipes),

though it is not clear that the two parts exactly correspond with the

subcoxa and coxa of a thoracic leg. The palpi, however, are thus

seen to be the telopodites of the head appendages. If the interpretation

concerning the primary segmentation of a gnathal or a thoracic

appendage into basis and telopodite is now carried to the appendages

of the abdomen, the basal plates or basal lobes of the latter become

the true limb bases, and the telopodites should be freely movable ap-

pendicular processes of the bases.

In general, then, it appears that the arthropod limb is divided by a

joint near its base into a proximal part, the primary limb basis, and

into a distal part, or telopodite. The baso-telopodite joint is the coxo-

trochanteral joint of a fully segmented limb, which is the joint be-

tween the coxopodite and the basipodite in terms usually employed

by carcinologists. The use of the term " basipodite " by Borner

(1904, 1921) to designate the subcoxo-coxal base of the limb creates

a duplication in nomenclature that is likely to be confusing. The

movement of the telopodite on the basis is typically in a vertical

plane, produced by levator and depressor muscles arising in the basis

(fig. 25 A, 0,Q).
On the assumption that the basal mechanism of all the limbs is

fundamentally the same in all groups of arthropods, we can imagine

a simple primitive condition in the arthropodan ancestors in which

the entire series of appendages had a uniform line of flexure near

the body, along which the distal parts of the limbs, or telopodites,

were movable in a vertical plane on their bases. The bases, on the

other hand, turned forward and rearward on the axes of their attach-

ments on the body. Wherever the basis is differentiated into a coxa

and a subcoxa, the primitive basal movement of the appendage on the

body is lost, but is replaced by a vertical axis of promotion and remo-

tion between the subcoxa and the coxa, as the latter becomes sec-

ondarily the functional base of the limb. Finally, if the limb becomes

rudimentary and loses its basal musculature, the basis might become

transformed to a simple immovable lobe or plate of the wall of

the supporting body segment, with the telopodite reduced to an ap-

pendicular process movable by muscles arising in the basis.

Other Theories on the Morphology of the Abdominal Appen-

dages.—The principal problem encountered in a study of the abdom-

inal appendages of insects is that of determining the homologies of the

parts of the appendages with those of a generalized limb. The basis,

the stylus, the gonapophysis, the eversible vesicle, each raise ques-

tions as to its nature and derivation.



NO. 6 INSECT ABDOMEN—SNODGRASS II3

Discussions on the morphology of the abdominal appendages of

insects, and speculations on their possible homologies with the limbs

of Crustacea have continued for half a century without leading to

definite conclusions. They began at least with Wood-Mason (1879),

who, in a paper on the origin of insects, interpreted the stylus-bear-

ing plates of the abdomen of Machilis as the protopodites of primi-

tively biramous appendages, of which the endopodites are represented

I

by the gonapophyses, and the exopodites by the styli. The eversible

I vesicles, Wood-Mason suggested, may be homologues of nephridia,

;
those of the eighth and ninth segments being converted into the

I

genital ducts.

Diversities of opinion soon followed the publication of a more

widely read paper by Haase (1889) on the morphology of the seg-

mental appendages, containing not only a clear exposition of the

appendicular nature of the stylus-bearing plates in the abdomen of

Thysanura, but also a demonstration of the triple origin of the de-

finitive abdominal sterna of insects in general from the union of the

i
rudimentary embryonic limbs with the median sternal area in each

segment. The styli, Haase claimed, are not the leg rudiments, but

secondary structures of the nature of hairs, which have been con-

: verted into locomotory organs from sensory organs. The eversible

j

vesicles he believed function as blood gills, but are to be traced back

in all cases to coxal glands.

j

Wheeler (1893) and earlier students of the embryology of insects

j

regarded the gonapophyses of the genital segments as the direct

representatives of the appendages of these segments. Considering

the late development of the gonapophyses, however, and their in-

variable median position on the body of the insect, Heymons (1896a)

contended that the genital processes are secondary integumental out-

growths having no relation to the appendages, and that the latter

are preserved in the styli and cerci. Heymons' heterodox opinion

brought a severe criticism from VerhoefT (1896), who defended the

limb nature of the gonapophyses as an established fact, and main-

I tained that the identity of the abdominal styli with the thoracic styli

I of Machilis could not be disputed, and that therefore both are merely

appendicular processes of the legs. In reply to VerhoefT, Heymons
(1896&) emphasized his former statements in evidence of his view

!
concerning the nature of the appendicular parts of the abdomen,

i
pointing out that, during embryonic development of the Orthoptera,

I the abdominal appendages disappear, and the gonapophyses are later

formed quite independent of the limbs. He argued that if the

I

gonapophyses are the limbs, intermediate stages should be found some-
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where between gonapophyses and legs. The styH, Heymons reasserted,

are direct derivatives of the abdominal appendages, and occur in

primitive forms such as Campodea and Japyx in which gonapophyses

are lacking. From the abdominal limb rudiments of the embryo, Hey-

mons showed, are produced not only the typical styli, but also the

cerci, and the lateral gills of the larvae of Ephemerida and Sialis.

Since Heymons' views are based on embryological studies they

deserve more attention than purely theoretical considerations. In his

studies of the development of the appendages of Periplaneta, Ectobia,

and Mantis, Heymons (1896a) observes that each limb rudiment

of the ninth segment is early marked by a circular constriction, which

divides the appendage into a broader proximal part and a slenderer

distal part. The proximal part flattens out and finally is incorporated

in the definitive sternal plate of the segment, while the distal part

becomes longer and slenderer and develops directly into the stylus.

The gonapophyses, on the other hand, Heymons claims, are secondary

outgrowths of the sterna in the Orthoptera. Concerning them he

says :
" In Gryllus there can be no doubt of the nature of the

gonapophyses. Abdominal extremities are present in the embryo on

the eighth and ninth segments, but they later degenerate, and in old

embryos as well as in young larvae leave not the slightest rudiments.

It is only later, in older larvae, that the gonapophyses appear, and

they are therefore undoubtedly to be regarded as secondary integu-

mental outgrowths." Thus, according to Heymons, the stylus and

not the gonapophysis is the representative of the telopodite in an

abdominal appendage.

It must be conceded that the facts of embryonic development do not

necessarily recapitulate phylogenetic evolution, since we can never

be sure that the early stage of an organ reproduces the primitive form

of that organ, and this must be particularly true of a rudimentary

structure. Thus, if the telopodite of a limb bearing a basal exite

process has long been lost, the limb rudiment in the embryo might be

supposed to consist of the limb basis and the accessory process, and

to lack the telopodite element entirely. Hence, while Heymons'

evidence of the nature of the styli is highly suggestive that the styli

are the rudiments of the telopodites, it does not demonstrate the

point. On the other hand, Heymons' line of reasoning concerning

the gonapophyses makes it seem almost certain that the genital proc-

esses are not the telopodites of the gonopods, but the facts of develop-

ment can scarcely be taken as evidence that the gonapophyses do

not belong to the genital appendages. It is amply proven in the Thy-

sanura that the gonapophyses are processes of the gonopods, and in
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the Orthoptera they are undoubtedly outgrowths of the parts of the

definitive sterna derived from the bases of these appendages.

Verhoeff (1903), retaining his former views on the homologies

between the abdominal and thoracic appendages, but going more into

detail, proposed, on theoretical grounds, that the stylus-bearing plates

of the insect abdomen represent the coxae, which in the abdomen

he distinguished as " coxites," or in the genital segments as " gono-

coxites." According to Verhoefif's theory, the telopodites are lost

from all the abdominal appendages except those of the eighth and

ninth segments, where they become the gonapophyses ; the styli are

secondary lateral outgrowths of the coxae, equivalent to the coxal

spurs of the thoracic legs of MacJiilis; and the eversible vesicles are

median coxal structures comparable with the coxal glands of Dip-

lopoda.

Borner, though at first taking Heymons' view of the nature of the

gonapophyses, later (1904) agrees with Verhoefif that the genital

processes represent the telopodites of the abdominal appendages, pre-

served only on the gonopods. Regarding the supporting plates, how-

ever, Borner differs from Verhoeff in that he identifies them as

" basipodites," meaning by this term that each plate is the equivalent

of the coxa and subcoxa of a thoracic leg. (The same idea concerning

the nature of the basal plates is followed in the present paper, but

Borner's term " basipodite " is replaced with " limb basis " to avoid

confusion with the more usual application of the other word to the

first trochanter.)

Silvestri (1903, 1905) regards the basal segment of an arthropod

limb as being in all cases a subcoxa (including the so-called coxop-

odite of Crustacea), and he would divide the appendage into a basis

(subcoxa) and a telopodite at the subcoxo-coxal joint. Applying this

interpretation of the basal structure of the limb to the abdominal

appendages of insects, Silvestri (1905) identifies the stylus-bearing

plates of the Thysanura with the subcoxae. The styli he regards as

the rudiments of the telopodites, with their bases representing the

coxae. Silvestri, therefore, admits no homology between the abdominal

styli and those of the thorax in Machilis; the leg styli he claims are

secondary outgrowths of the coxal integument. Verhoeff (1903) had

figured a coxal muscle attached to the leg stylus of Machilis, but

this supposed muscle Silvestri shows does not exist—an observation

in accord with statements by earlier as well as by subsequent writers,

and one easily verified.

The most interesting feature in Silvestri's interpretation of the

morphology of the abdominal limbs is his proposal that the genital

8
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apophyses are serially homologous with the eversible sacs of the pre-

genital segments. Silvestri argues as follows : On the first abdominal

segment of Projapyx and Anajapyx there are borne on each sub-

coxa (stylus-bearing plate) a typical stylus and, mesad of it, a

cylindrical or conical process. In Machilis and Nicoletia each sub-

coxa of the first segment has a retractile vesicle, and in Campodca

only a cylindrical process. The following six segments of Machilidae

bear on the subcoxae both styli and vesicles, but on the next two, the

genital segments, each subcoxa has a stylus and, in some genera, mesad

to it a genital process. Thus Silvestri contends that the gonapophysis

is evidently an eversible sac permanently everted. Muscles he ob-

serves are attached to each appendage, though he does not point out

that those of the gonapophysis are inserted on the base of the process,

while those of the vesicles traverse the organ to be inserted in its

extremity.

The abdominal appendages of insects have not lacked attention

from students of arthropod phylogeny, because their several parts

make up a composite limb pattern that may be supposed to conform

with the biramous structure of crustacean appendages, and thus

indicate either that insects are closely related to the Crustacea, or that

the primitive arthropod limb was a biramous structure. Writers who

espouse the idea of a crustacean ancestry for insects, following

Wood-Mason (1879), interpret the stylus as the exopodite, and find

the homologue of the endopodite in the gonapophyses of the genital

appendages. The theory must assume that the endopodites have been

suppressed on the pregenital segments, since the eversible vesicles

are eliminated as possible telopodite homologues by the fact that

they sometimes occur in duplicate.

The theoretical possibilities of aligning the appendages of insects

with those of Crustacea have been exhaustively searched by Cramp-

ton. In a study of the terminal appendages of the tridactylid orthop-

teron, Ellipes, Crampton (1921) adduces evidence that he takes

to be conclusive of the biramous nature of insect appendages. The

dorsal pair of terminal appendicular processes in the Tridactylidae

are undoubtedly the cerci (fig. 45 A, B, Cer) ; the ventral pair (paptl)

are the lobes of the paraprocts (" paraprocessi "). After removing

the end of the abdomen and spreading the parts out from below until

they lie in one plane, Crampton makes a comparison of the tridactylid

appendages in this position with the uropods of an isopod crustacean

in the normal position (fig. 45 C, D), and arrives at the conclusion

that the cerci of the former correspond with the endopodites of the

latter, and that the paraproct lobes of Ellipes represent the exopodites
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of the isopod. The paraproots themselves Crampton regards as the

protopodites (i. e., combined coxopodites and basipodites) of the

terminal appendages. The interpretation of the paraproct lobes as

exopodites is consistent with other evidence that the styli are exop-

odites, for the paraproct lobes fall in line w^ith the styli, or would

do so if styli were present in the tridactylids, and the abdominal styli

are serially continuous with the thoracic styli of Machilis, which

appear to have an exopodite status, and therefore suggest that the

entire series of styliform organs are exopodites.

There are several weak places in the above line of reasoning. In

the first place, the writer fails entirely to get Crampton's view from

the comparison between the tridactylid and the isopod, since, with

the terminal parts of both in the normal condition (fig. 45 B, D),

the cercus of the insect (Cer) surely has the position of the exopodite

{Expd) of the crustacean uropod, while the paraproct lobe (paptl)

corresponds in position with the small endopodite (Endpd) borne

by the basal plate of the uropod (C). In the second place, a more

careful examination of details shows that the cercus (B, Cer) has

no anatomical relation with the paraproct (Papt), being situated

dorsad of the latter in a position corresponding with that of the base

of the crustacean uropod (D). Furthermore, as has already been

shown, there is no evidence whatever to support the idea that the

paraprocts of insects are parts of the appendages. Their musculature

indicates that they are mere lateroventral, subanal lobes of the eleventh

abdominal sternum. The cerci have no muscles arising in the para-

procts. Finally, the embryological evidence concerning the nature

of the cerci appears to show definitely that the cerci are the entire

appendages of the eleventh segment, and that their bases, if present

at all, are retained in a basal ring of each organ. Hence, until some

radically new information comes to light concerning the cerci, there

is no question of exopodite or endopodite connected with them. Our
present information is to the efifect simply that the cerci are the appen-

dages of the eleventh abdominal segment.

The lobes of the paraprocts, whether the " paraprocessi " of the

tridactylids, the small lobate ends of the paraprocts of the Anisoptera,

or the lateral gill plates of the Zygoptera, have no validated claim

to an appendicular origin. They must, then, for the present be re-

garded as secondary outgrowths of the subanal lobes of the sternum

of the eleventh abdominal segment, comparable to the various median

outgrowths of the supra-anal plate of the same segment.

The most nearly convincing evidence of the biramous nature of

insect appendages is, admittedly, the presence of styliform processes
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on the mesothoracic and metathoracic legs of Machilis closely resem-

bling the styli of the abdomen. Without this coincidence, or if

Machilis and its coxal spurs had not survived to modern times, it is

doubtful if entomologists would ever have thought of regarding the

abdominal styli or the cerci as other than direct rudiments of legs.

Conclusions.—The abdominal appendages of insects are rudimen-

tary limbs. Each consists of a basis and usually one or more distal

appendicular parts, including a stylus, an eversible or retractile vesicle,

and a gonapophysis. From the facts known of the comparative struc-

ture of the abdominal appendages, and from theoretical considera-

tions we may draw the following tentative conclusions relative to the

homologies of the parts of the appendages, but it must be admitted

that the evidence at hand is not sufficiently definite to establish any

particular view concerning them.

The limh bases of the abdominal appendages are the lobes or plates

of the walls of the body segments that support the appendicular proc-

esses. They are usually well developed in larval insects, but in most

adults they are partially or wholly united or blended with the sternum,

or in the male genital segment fused also with the tergum ; in the

eleventh segment they are reduced to small basal rings of the cerci,

or entirely obliterated. Generally there is no distinction between coxal

and subcoxal regions in the limb bases of the abdomen. In position

on the body the abdominal limb bases usually fall in line with the

subcoxae or pleural areas of the thorax. But since there is no

apparent reason for the development of large subcoxal plates on

the abdominal segments, such as those of the pterygote thorax,

it is not to be supposed that the limb bases of the abdomen repre-

sent the subcoxae alone. It is more probable that their principal parts

are derived from the flattened coxae, or that the structures in most

cases may represent primitive limb bases undifferentiated into coxae

and subcoxae. In the caterpillars and sawfly larvae, however, the

principal segment of each abdominal leg appears to be the coxa, which

is quite distinct from a subcoxal lobe of the wall of the body segment

to which it is attached. The abdominal limb bases are seldom movable

on the body, since they commonly lack muscles corresponding with

the basal muscles of the gnathal and thoracic appendages arising on the

body wall. Exceptions to this rule are found in the male genital seg-

ment, where the bases of the gonopods are occasionally provided with

muscles and are indej^endently movable ; but in such cases it is to be

suspected, at least, that the muscles are secondary developments.

The styli, or other homologous appendicular processes of the ab-

domen, are of wide occurrence in insects, and serve a variety of
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functions, to which they are adapted by structural modifications. The

styliform type is not necessarily the primitive form of the organs.

The abdominal styli may be serially homologous with the thoracic

coxal styli of MacJiilis, or the latter may be merely large spurs re-

sembling the abdominal styli, from which they differ in lacking mus-

cles. The abdominal styli are individually movable on the limb bases

by muscles arising in the latter. If they are not the rudimentary main

shafts of the abdominal limbs, they are exite lobes of the coxae analo-

gous with the epipodites of crustacean appendages. They are not

comparable with the exopodites of Crustacea, because the exopodite

branch of a typical biramous limb is an exite of the first trochanter,

or basipodite.

There are many reasons for regarding the abdominal styli or their

derivatives in insects as the rudimentary telopodites of the abdominal

appendages. The styli seldom lose their muscles, except when they

are immovably united with the bases ; in some insects they take an

active part in locomotion ; they may be jointed in a manner sug-

gesting at least a true segmentation, and in the larvae of Sialis they

have intrinsic muscles in their basal segments. The styli of the gono-

pods in male pterygote insects, especially in the holometabolous orders,

are commonly modified to serve as grasping or clasping organs during

copulation. The styli are the most generally persistent of the distal

parts of the abdominal appendages. If it were not for their likeness

in apterygote and orthopteroid insects to the coxal spurs of Machilis,

it seems doubtful if the abdominal styli would ever have been regarded

as anything else than the rudimentary telopodites of the abdominal

appendages, represented in a similar form by the cerci on the eleventh

segment.

The vesicles of the abdominal appendages of Apterygota, the gill

tubercles of the larva of Corydalus, and the plantar lobes of the larval

abdominal legs of Lepidoptera and chalastogastrous Hymenoptera are

all organs of a similar and unique type of structure. They are essen-

tially exserted or invaginated lobes of the coxal areas of the limb bases

lying mesad of the bases of the styli, and are retractile by muscles

inserted within their distal parts. In the case of the Apterygota the

muscles arise in the limb bases ; in the others they arise from the

lateral walls of the body. We might, with Verhoeff, regard these

sacs as derivatives of coxal glands, since integumentary glands some-

times take the form of eversible and retractile pouches. The coxal

vesicles, however, serve a variety of purposes, and they are more

simply explained as endite lobes of the coxae, which in some cases

have become normally invaginated. They may thus be likened to the
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endite lobes of the gnathal appendages, and, as the latter, they some-

times occur in duplicate on each appendage.

The gonapophyses are hollow, median outgrowths of the bases of

the gonopods, developed in both male and female insects during

postembryonic stages. They are movable by muscles arising in the

limb bases, or in areas of the genital segments derived from the latter,

except where they are operated by the segmental muscles of the body.

Theoretically the gonapophyses may be supposed to be either the

telopodites (endopodites) of the gonopods, or endite lobes of the

bases of these appendages. There are several objections to the first

view. The gonapophyses, for example, are never truly segmented, and

never have a form suggestive of a leg structure; they occur only

on the appendages of the genital segments, unless the cylindrical

processes of the first abdominal segment in certain Dicellura are

homologous structures; and finally, they serve only in a particular

capacity in connection with oviposition and copulation, except in

insects where they are secondarily adapted to form a stinging organ.

These facts, together with the invariable median position of the

gonapophyses on the gonopod bases, suggest that the gonapophyses

are basal endites of the gonopods, movable by muscles arising in the

basis, as such endites usually are, and specially adapted to the repro-

ductive functions. The genital apophyses might then be regarded as

serially homologous with the eversible or retractile vesicles of the

pregenital appendages and certain larval pygopods, in which case

Silvestri's idea that they represent " permanently everted eversible

vesicles "
is better stated in the reverse, namely, that the eversible

vesicles are inverted gonapophyses. However, the vesicles do not

occur at points on the gonopod bases corresponding with the origins

of the gonapophyses, and the musculature of the two sets of organs

is characteristically different. It is perhaps possible that the gona-

pophyses are subcoxal endites, and the vesicles coxal endites.

If none of the appendicular processes of the abdominal Hmbs can

be satisfactorily identified with the telopodite of a primitive appendage,

we must conclude that the abdominal telopodites have been lost from

all but the terminal segment, where they form the cerci, and that

the various persisting appendicular structures are accessory processes

of the limb bases. Otherwise, we must choose between the gona-

pophyses and the styli as possible representatives of the telopodites.

Of the two, the styli certainly present better credentials, considering

their occurrence on many segments of the abdomen as contrasted

with the segmental localization of the gonapophyses, their structural

and functional versatility by comparison with the limitations of the
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genital apophyses in form and use, and their legHke relations to the

limb bases as opposed to the median, proximal origins of the gona-

pophyses. All these points qualify the abdominal styli for true limb

rudiments, and give the genital processes the status of basendites

specially developed for reproductive purposes. The pretensions of the

abdominal styli to telopodite origin are opposed only by their similar-

ity to the thoracic styli of MacJiUis; but there is nothing to show

that these leg structures are not mere coxal spurs resembling m form

but fundamentally unlike the musculated appendages of the abdomen,

the styliform shape of which is but one of their many structural

adaptations.

A discussion of the phylogeny of insects, or particularly of the

possible origin of insects from any other group of existing arthropods

is beyond the intended scope of the present paper. A recent work by

Tillyard (1930) on the evolution of the Insecta, though somewhat

partisan in favor of myriapodan descent, gives many reasons for

believing that insects are not directly related to the Crustacea. And
yet, the weight of evidence, whether put forth by claimants of a

myriapodan or a crustacean ancestry for insects, seems to depend

largely on minimizing or disqualifying the evidence on the other side.

However, if we were to give equal weight to arguments on both sides

of the question, the insects would be cut off from all ancestral ties,

and thereby deprived of a respectable pedigree—unless they are able

to take care of themselves through all the unknown ages of time

before they are first known to us as fully-winged hexapods in the

Carboniferous deposits. To the writer it appears that all the principal

arthropod groups must represent independent lines of descent from

some remote ancestral forms embodying the potentialities of a spider,

a crab, a centipede, or an insect. It has recently been emphasized

by Clark ( 1930) that the chronic inability of the evolutionary theory

in its usual form to explain the lack of intermediates between the

major groups of animals constitutes a real weakness of the theory,

which calls for a new concept of the method by which distinct types

of organisms have been produced. The condition to which Clark

refers is well exemplified within the Arthropoda, where connective

forms between the classes are unknown. Moreover, it is impossible

to construct imaginary arthropods that will fill the blanks, as, for

example, the three-cornered gap between the crustaceans, the myria-

pods, and the insects. Considering that embryos develop before

our eyes by ways that are still inscrutable, it takes a strong faith in

established ideas to believe that organic evolution has proceeded

entirely by the means we have furnished for its guidance.
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ABBREVIATIONS USED ON THE FIGURES

a-a, dorso-pleural groove.

a-b, axis of articulation of limb base

on body.

ah, abductor muscle.

Ac, antecosta.

acs, antecostal suture.

ad, adductor muscle.

Aed, aedeagus.

An, anus.

Ap, apodeme.

Apd, segmental appendage.

Apt, sternal apotome.

Bnd, basendite.

Brn, branchia (gill).

hrnch, branchial muscles.

Bspd, basipodite (first trochanter).

gmcis, muscles of gonapophysis.

Cng, ganglion.

Gon, gonapophysis.

Gp, gonopod.

GScg, genital segment.

Hpn, hypandrium.

Ht, heart.

Hypt, hypoproct.

/, tergal promotor muscle of appen-

dage.

ip, intestinal process.

Isg. intersegmental fold.

1st, intersternite.

/, tergal remotor muscle of appendage.

c-d, axis of subcoxo-coxal joint.

Cer, cercus (uropod).

cj, caudal filament.

Col, collophore.

Con, nerve connective.

ct, coxo-trochanteral joint.

Cx, coxa.

Cxpd, coxopodite.

D, dorsum.

d, dorsal muscles.

del, lateral external dorsal muscles.

dem, median external dorsal muscles.

dil, lateral internal dorsal muscles.

dim, median internal dorsal muscles.

dl, dilator muscle.

dm, median dorsal muscles.

DMcl, longitudinal dorsal muscles.

DTra, dorsal longitudinal tracheal

trunk.

Endpd, endopodite.

Eppt, epiproct.

Expd, exopodite.

j-g, axis of baso-telopodite joint.

Fw, femur (meropodite).

jt, femoro-tibial joint.

Fur, furcula.

k. interfurcal sternal ridge.

L, leg.

/, lateral body muscles.

la, lamina subanalis.

LB, limb basis.

le, external lateral muscles.

li, internal lateral muscles.

IStn, last pregenital sternum.

IT, last pregenital tergum.

LTra, lateral 'longitudinal tracheal

trunk.

]\Ib, intersegmental membrane (con-

junctiva).

mh, membrane.

Mel, longitudinal muscles.

incls, muscles.

mn, manubrium.

NIG, neural groove.

0, levator muscle of first trochanter.

Ovd, oviduct.

P, paratergal muscle.

Papt, paraproct.

paptl, lobe of paraproct.

patg, paratergite.

Pe, precosta.
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Pen. penis.

Ph, phragnia.

PI, pleuron.

pi. pleurite.

Pm, paramere (male gonapophysis of

ninth segment).

PNs. meta-postnotum (precosta of

first abdominal segment).

pub, pons basalis.

Pp, pygopod.

Prpt, periproct.

Prtpd, protopodite (united coxopodite

and basipodite).

Ptar, praetarsus (dactylopodite).

Q. depressor muscle of first trochanter.

rvs, retractor muscles of vesicle of leg

base, or of its derivatives.

rvsd, dorsal retractor of planta.

rvsv. ventral retractor of planta.

S, definitive sternum (usually includ-

ing limb bases).

SA3, metasternal apophysis.

sa, lamina supra-analis.

Sex, subcoxa.

Sp, spiracle.

s-p, sterno-pleural muscle.

snicls, muscles of stylus, or of its de-

rivatives.

Stn. primary segmental sternum.

,S7v, stylus of leg base, or its deriva-

tives.

T, tergum.

Tar, tarsus (propodite).

Tb, tibia (carpopodite).

td, dorsal transverse muscles.

Tel. telson.

TIpd. telopodite.

t-p, tergo-pleural muscle.

Tr. trochanter.

iTr, first trochanter (basipodite).

:?Tr. second trochanter (ischiopodite).

Tra, trachea.

t-s. tergo-stcrnal muscle.

/"•, ventral transverse muscles.

;///. urcjgomph.

/
', venter.

T', ventral muscles.

2'cl. lateral external ventral muscles.

vein, median external ventral muscles.

vil, lateral internal ventral muscles.

vim, median internal ventral muscles.

VI, valvula.

F//, valvifer.

]'Mcl, ventral longitudinal muscles.

J^NC, ventral nerve cord.

J's. vesicle of limb base, or its deriva-

tives.

/-J, thoracic segments.

I-XII . abdominal segments.
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