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2 THE EVOLUTION OF THE CLASS INSECTA

INTRODUCTION.

The subject of this paper is one which is admittedly
full of difficulty, yet at the same time one of the profoundest
interest, viz., the Evolution of the Insects as a Class from
some ancestral type which was not an Insect, but some-
thing more primitive in its general structure. In attempt-
ing this task, T must first of all classify and pass in review
the various theories that have been advanced by famous
zoologists or entomologists to account for the origin of
this Class, admittedly the highest development within the
Phylum Arthropoda. Kach main hypothesis will be examined
on its merits and tested as to its validity. Having carried
out this task, I then propose to state the position as it
appears to me and to offer a new theory which attempts
to embrace all the known facts of the case.

SECTION 1.
EXISTING THEORIES.

One method of examining the theories already put
forward about the origin of the Class Insecta would be to
keep to strict chronological order and deal with each separate
theory as it was presented by its author. This would be
a long and, I fear, somewhat tedious process. Moreover,
these theories are of very unequal merit, and some of them
most certainly do not deserve special treatment, as they
have not been worked out with the care and thoroughness
which we have a right to demiand from any author who
would try to bring the scientific world to accept his views.
Also, it so happens that a particular theory, after enjoying
a period of popularity for a span of years, sinks into
oblivion against the greater brilliance of some newer theory.
Then, after a further period, another author comes along,
refurbishes up the old theory and adds a few more tempt-
ing titdbits to it, and back we swing to the older outlook
with a fresh polish on it. Thus, if T attempted the histori-
cal method, I should be keeping your minds swinging back

and forth between one type of theory and another, and you’

would merely be studying the trees instead of trying to get
a general view of the whole wiood.

So I shall attempt in this instance another method,
viz., to classify the known theories of the origin of Insects
into definite groups. This will enable you to follow the
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evolution of the theories themselves, even if it does not
help you much to follow the evolution of the Insects.

Now, in order to classify and study these theories, let us
first of all examine the question of what types of animals
may be brought into the question.

Obviously, we may reject from the start all those
theories which attempt to derive the Insecta from something
very far back and extremely simplified by comparison with
them. It does not, for instance, take a very acute mind to
put forward the theory that Insects are derived from Annelid
Worms! If anyone has done so, no doubt you will all
with one accord make the obvious rejoinder “That is too
“easy a solution; for it seems highly probable that the
“whole 0f the Phylum Arthropoda is so derived.” Never-
theless, I 'would not altogether reject such a theory. I would
only insist that, for it to be taken into account, it must
present a fairly complete picture of the lines of evolution
of the various groups of Arthropoda from: the Annelids,
and, in the special case of the Insecta, fill in the wide eap
between the creeping worm and the highly specialised fly-
ing insect. Tt is for this one reason that I feel compelled
to pass over Walton’s theory (1927) of the origin of Insects
direct from Polycheta with a few vemarks and a veference
at the end of this address, to enable those of you who so
desire to study the theory for yourselves. Walton simply
sets forth the general idea that both the leg and the wing
of the insect have heen derived from the parapodium of a
Polyeheset worm, the leg being a specialised development from
the neuropodium and the wing from the notopodium. He
makes no attempt to explain how it is that, in this case,
all the segments of the insect’s body do not possess wings
and legs; he merely indicates that the wings, being dorso-
lateral, could best have come from the notopodium, while
the legs, being ventro-lateral, could best have come from
the neuropodium. No attempt is made to show the evolu-
tion of the intermediate stages between these two extremes,
nor to indicate the known fossil types that should surely stand
somewhere mnear the line of evolution; nor is any attempt
made to show how the complex musculature of the insect
leg or wing could be derived from the extremely simple and,
histologically, very different, musculature of the worm. Wal.
ton’s theory, then, in spite of a certain amount of intriguing
suggestiveness, must be.put outside the main feast of rea~
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son, and must be partaken of, if swallowed at all, as a simple
hors d’ceuvre!

This brings me to my first main proposition, viz.,
that any theory of the evolution of Insects, to be acceptable,
must either show their origin from a lower type of Arthro-
pod, or, if not that, must at least indicate the relationships
that exist between Insects and those groups of Arthropods
nearest to them., You will note that I ask specifically, not
for a derivation from any living type of Axthropod, though
some authors are so obliging as to offer this type of solu-
tion, but at any rate either from some ancient fossil type of
Arthropod, or, if not that, then from some carefully reasoned
hypothetical common ancestor shared by Insects and some
related group or groups. Let us begin with a careful consid-
eration of existing theories concerning the origin of Insects.
T shall take first of all those which seek to derive the Ingecta
from Marine Arthropoda. These can be divided into two
groups, as Lfollows:—

I. Descent of the Insecta from Trilobita. Handlirsch’s
Theory.

I1. Descent of the Insecta from Crustacea. Various
theories culminating in Crampton’s Theory.

I. HANDLIRSCH’S THERORY.

Handlirseh’s Theory of the evolution of Insects from
Trilobites was first published in full form in 1908 and was
again very ably summarised by the author in 1913, It forms
almost a perfect model in completeness of presentation and
carefulness of argument, and therefore must merit our
fullest attention. The author was a student of the great
Austrian entomologist, Brauer, and was therefore originally
predisposed towards Brauer’s well-known Campodea-Theory.
During the course of a long life, he hag gained as wide an
experience of insects in general as any living man, and he
is well known as the author of a monumental work on Fossil
Insects (1908), in which his theory is very fully set forth.

I propose here to give you a succinet account of the theory

itself, and then to offer some criticisms of it.

According to Flandlirsch, the winged insects or Pterygota
(which he calls Plterygogenea) are the original Insecta, and
the ancestral type is to be found in the Order Palseodicty-
optera of the Upper Carboniferous. This type carried the
fore and hind wings outspread as in the Amisopterous
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Dragonflies, but it also possessed rudimentary wings on the
prothorax, and the abdominal segments were provided with
<mall side-processes of the tergites, known as paranota.

Handlirsch then sets out to prove that the wings of
the Pterygota are simply specialisations from the original
paranotal or pleural expansions of the tergites found in
the Trilobites. This, of course, is not difficult. There
are only two possible theories of the origin of insect wings;
one theory holds that they were originally gills, and that,
therefore, the ancestral winged insect waust have been
aquatic; the other theory holds that they are lateral expan-
sions of the thoracic nota. The majority of entomologists
now support the latter theory; so Handlirsch appears to be
on very sound ground here.

Handlirsch then addresses himself o the quesbtion as

" to whether any ''rilobite ever existed that could possibly

have been the direct ancestor of the Plerygota. His argu-
ment on this point runs thus:—We know of Trilebites with
few posteephalic segments, as well as Trilobites with many
guch sepmients; somewhere bebween the two extremes there
must have been forms in which the segmentation of the
body was exactly that required to give rise to the s
mentation found in Pterygota. (This we may uadﬂy admit,
without thereby accepting it as proof that such a form, if
it existed, was the actual ancestor of vhe Insects.) Again,
he says, we know of Trilobites with narrow bodies as well
as 'I'rilobites with bread bodies; also we know of Trilobites
pessessing a pair of compound eyes and three ocelli, exactly
as in Insects, and at least one genus of Trilobites is also
known which possessed o palr of terminal, many-jointed
cerci.  Further, all Trilobites mgree with Tnsects in possess-
ing only one pair of simple antenne.

-

All the above points are well made, ag far as they go,
and we can admit them as Indicating quite clearly what
feind of Trilobite might hove been the ancestor of the Phery-
gota. But none of them prove that any such Trilobite
was actually the ancestor we are looking for, and I am sure
you will all note with me that most of the characters enum-
erated by Handlrsch are so primitive that there iz still
quite a long gap to il between Handlirsch’s ancestral
Trilobite form and a Palmodictyopterous Insect.  This gap
Handlirsch very cleverly {ills by giving a reconstruction of
his idea of what the larva or nymph of a Palwodictyopteron
must have been like (figs. 1, 2, 3). Wh(m ynu look at thess
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Fig. 1. A Trilobite, Triarthrus becki, Green. Ventral view, restoration.

Fig. 2. Reconstruction of the larva of the original ancestor of the Insecta,
After Beecher.

according to Handlirsch. (Order Palsodictyoptera, Upper Carboniferous.)
Left, dorsal, and right, ventral view. After Handlirsch,
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3. Reconstruction of the imago of the original ancestor of the Insecta,
rding to Handlirsch., (Order Palmodictyoptera, Upper Carboniferous.)

Dorsal view. After Handlirsch.

three figures side by side, the Trilobite, the larval Paleodicty-
opteron and the adult Palcodictyopteron, you feel that Hand-
lirseh has presented a good case.

Further, Handlirsch also drives home his argument
palzontologically. The Trilobites lived from the Lower
Cambrian to the Permian; thus there was an immense period
of geologie time during which some shallow-water form of
Trilobite could have worked its way up the estuaries into
brackish water, thence into fresh water, and finally could
have developed into the flying insect. Handlirsch, be it
noted, places the origin of the Insecta as nol lower than
the Lower Carboniferous or, at the earliest, in the Upper
Devonian (see fig. 4).
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Iig. 4. Phylogeny of the Arthropoda, according to Handlivsch (1918). .

Handlirseh’s Theory, though primarily devised to ex-
plain the origin of Insects, actually covers the whole of

the Arthropoda.

He casts out, the Onychophora as not being

true  Arthropods, and then boldly claims that all the other
Classes of Arthropods, exclusive of the Tardigrades and

ntastomida, arve derived from Trilobites.
E

Before attempting to offer criticisms of this theor
pung y
in general, let us see how Handlirsch deals with the most

dbvious eriticismy of all.

wag 'a winged insect.

It is very hard for any entomolo-
st to believe that the original ancestral type of the Insecta
But, if the ancestral form was not a
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winged but a primitively wingless insect, then Handlirsch’s
theory has its very foundation knocked from under it; for
it is founded primarily on the evolution of the insect wing
direct from the pleuron of the Trilobite. Hence Handlirsch
is put into the position of having to defend the thesis that
the known Apterygota are degenerate descendants of origin-
ally 'winged ingects. This he does in characteristic fashion.
He asks the question:—To which of the groups of Aptery-
gota are the Pterygota most obviously allied? The answer,
with which we must all agree, is that they are most closely
related to the Fctotrophous Thysanura, viz.,, the Machilide
and the Lepismatide. He then puts aside the Machilide,
evidently because they were laterally flattened, jumping
forms, and centres his argument on the Lepismatidee, which
are dorso-ventrally flattened, running forms which possess
definite paranota on the thorax. Then, dealing with the
paranotal flaps of Lepisma, he quotes (1913) an unpublished
observation given to him by Dr. Sule, who states that the
tracheation of the lateral flap of the thoracic notum in this
insect can be homologised with the typical tracheation of
the larval wing in the Pterygota. Even accepting this ob-
servation, he hag to confess that the matter is “not proven,”
though, for his part, he holds that these flaps are not the
rudiments but the vestiges of original wings.

Now Handlirsch lays himself open to a serious attack
here, and we must drive it home. Careful dissections of the
thoracic flaps of Lepisma made by Mr. Tonnoir in Can-
berra show quite clearly that Dr. Sule’s observation is in-
correct. The tracheation of these flaps is not of a fixed type;
it varies in important details both in individuals, in the
different segments of the thorax, and also on right and left
sides. Only a person who was determined to find, at all
costs, a series of homologues to the six main trachese of the
insect wing could possibly do so, and even then he would
have to choose the most suitable of the many variations and
more than stretch a point in homologising the tracheal
branches. Thus we must insist that there is really no
evidence in favour of Handlirsch’s view, and, as we shall
see 'when 'we come to review the whole problem, there is also
an immense mass of evidence against it.

Again, we have another criticism to level against the
theory on paleontological grounds. If Handlirseh is right,
the Pterygota must be older than any of the Apterygota.
This did not give him much trouble, because, at the time

.
.
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that he wrote, the only known fossil Apterygot.a were Ter-
tiary. So he puts the Pterygota as originating in the Lower
Carboniferous, or at the very earliest in the Upper De-
yonian, and then indicates an origin for the various groups
of Apterygota, somewhere in the Carboniferous. But, un-
fortunately for the theory, I have since been able to prove
(1928) that true Collembola, closely tesembling living
Poduride, were present in the peat-bogs of the Lower De-
vonian, along with Acarids, Crustacea, and the most primi-
tive types of vascular plants. Hence, if Handlirsch’s theory
is correct, Pterygota must have existed even before that
time! This is a thing that nobody could believe; not only
pecause no fossil winged insects are known before the Upper
Catboniferous, but also because there were no trees in
existence at that time, and little food suitable for anything
but a crawling, creeping, or swimming form. I feel myselﬁ
that this discovery of Lower Devonian Collembola has given
Tlandlirsch’s theory a very severe blow indeed.

On minor morphological points, Handlirseh is also open
to criticism. He makes no attempt to indicate how the insect
mandible has been evolved from the primitive biramous limb
of the Trilobite head. No known insect has a mandible
with either endopodite, exopodite, or epipodite still present.
Surely we are entitled to be given somre” guide as to the
intermediate stages. Further, and this is a grave mistake,
in all his figures of Trilobites, Handlirsch entirely ignores
the separation of the pygidium from the thoracic region;
and T can only conclude that he either overlooked this point,
which is a serious one, or desired to carry his ancestral form
so far back that its pygidial segments were to be conceived
of as being in a primitively unfused condition. For it is
obvious, I think, that no form of Trilobite which already had
two or more primary body-segments fused together to form
a pygidium could possibly be the ancestor of the Insects.

To conclude, then, Handlirsch’s theory, fascinating as
it is, is not acceptable on many grounds, and we must look
elsewhere for our solution.

II. THE DESCENT OF INSECTS FROM CRUSTACEA.

The idea that Insects are descended from Crustacea can
be traced back a very long way. The essential difference
between Handlirsch’s Theory and all the variations of belief
in the descent of Insects from true Crustacea lies in this:—
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In the former, the ancestral group is extremely primitive,
and the gap to be filled between it and the Insecta is. very
wide; in the latter, the descent is claimed to be from an
already highly organised Crustacean type, by a transference
from marine to terrestrial conditions, to a primitive type of
wingless Insect. As we shall see in the course of our study,
the particular type to which all these theories direct attention
is the family Machilidee, which all are unanimously agreed
upon is the most Crustacea-like of Insects.

The first clear enunciation of the theory of descent from
Crustacea was that by Hansen (1893), who received support
from Ray Lankester (1904), G. H. Carpenter (1903, 1905),
and Bérner (1909).  The basis of Hansen's theory may
be stated in his own words (1893, pp. 427, 428) :—

“1 regard the maxille in Machilis as decidedly homo-
“Jogous with the maxille (second pair of maxille of
“authors) in the Malacostraca, and the labium as homo-
“logous with the maxillipedes and agreeing in many
~“regpects 'with these appendages in the case of the groups
“mentioned.” (The groups referred to are the Isopods
and, more especially, the Amphipods.)

“The hypopharynz” (ie., in Machilis) “is conspicuous
“. and homologous with the hypopharynx (para-
“gnathi) in the Malacostraca. The organs which are
“termed ‘paragloss®’ by authors have nothing to do with
“the hypopharynx, . . I regard these ‘paraglogs®’ as
“homologous with the maxillulee of Crustaceans.”

Hansen’s theory was more fully developed by Carpenter
(1908, 1905). We might here note that Hansen used the
term “endopodite” to include.-both the basal segments (“pro-
topodite” of authors) and inner ramus (“endopodite” of
authors) but we ghall follow the usual terminology and re-
gtrict the term to the inner ramus.

The complete theory of IHansen and Carpenter may be
congidered to comprise the following points:—

(2) The compound eyes of Insects are morphologically
the same as the compound eyes of Crustacea and
belong to the same head-segment.

(b) The antenns of Insects are homologous with the
antennules or first antennae of Crustacea.
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(¢) The second antennz, or antennz, of Crustacea are
entively suppressed in the Insecta, the segment
which originally bore them being the intercalary
or third head-segment.

(d)- The mandibles of Insects are homologous with
those of Crustacea, and have been directly derived
from them by loss of the endopodite.

() The superlinguz or maxillule of Insects are homo-
logous with the first maxille, or maxillule, of
Srustacea.

(f) The hypopharynx of Insects is homologous with
the paragnaths of Crustacea, and has nothing to
do with the maxillulze or paraglosse.

(g) The first maxille of Insects are homologous with
the second maxille, or maxille, of Crustacea.

(h)y The typical head of a Crustacean is therefore
composed of six fused segments, three pre-oral
and three post-oral, to which the first thoracie
segment becomes sometimes closely applied, its
appendages then becoming the first maxillipedes.

(i) The typical head of an Insect is composed of
seven fused segments, thrée pre-oral and four
post-oral, the seventh representing the first
thoracic of Crustacea, and its appendages being
fused together to form ¢he labium or second
maxillee.

Tt might be noted that the Machilide are held to be the
most primitive of all Insects, on this theory, on account of
their general close resemblance to Crustacea, the similarity
of their mandibles with certain types found in the Crusta-
cea (especially the Cumacea), the possession of large com-
pound eyes (absent in other groups of Apterygota), and the
presence of the coxal styles on the middle and hind legs.
These styles are considered to represent either a Crustacean
exopodite (Hansen) or an epipodite.

Hansen’s Theory appeared to receive great additional
support when Folsom (1900) announced the discovery of
the embryonic maxillulary or superlingual segment in the
embryo of Anuride, one of the Collembola. Unfortunately
this discovery was later on proved to be based upon a miscon-
ception, and Folsom himself withdrew his claim. The posi-
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tion at the present day is that nobody has ever seen more
than six primitive segments in the embryonic head of an
insect. It is only fair to state that the embryology of the
head of Machilis has not yet been fully investigated, al-
though this is one of the insects in which the maxillule are
best developed.

Hangen’s position has been attacked in detail by Cramp-
ton (1917 et seq.). This author, himself a firm believer in
the descent of Insects from Crustacea, is nevertheless con-
vinced that the head of an Insect consists of only six seg-
ments, and that Hansen committed a grave error when he
homologised the superlinguse or maxillulee of Insects with the
first maxille or maxillulee of Crustacea. The difference be-
tween Hansen’s and Crampton’s interpretations of the seg-
mentation and appendages of the Insect head is best ex-
hibited in tabular form (Table A).

TaBLE A,

TABLE SHOWING SEGMENTATION AND APPENDAGES OF THE
HEAp 1N CRUSTACEA AND INSECTA ACCORDING TO (A) HANSEN,
(B) CRAMPTON.

E N (A) APPENDAGES, (B) APPENDAGES,
SEGMENT. HANSEN, 1893. CRAMPTON, 1922.
CRUSTACEA,| INSECTS. |CRUSTACEA. INSECTS.
L {Compound (Compound (Compound (Compound
Eyes) Eyes) Eyes) Kyes)
2 1st Antennze [Antennze 1st Antennz |Antennze
3. 2nd Antennze |(Absent) 2nd Antennze |(Absent)
4. Mandibles Mandibles Mandibles Mandibles
—nn (Paragnaths) | (Maxillulz)
5. 1st Maxille Maxillulae Ist Maxillee 1st Maxillse
6. 2nd Maxille |lst Maxille ond Maxillee [2nd Maxille
7. 1st Maxilli- |2nd Maxille — s
pedes

It will be seen from the above that Crampton challenges
Hansen’s conclusions as to the nature of the insect maxillule,
and will not allow that they are true segmental appendages
at all. He severely attacked Folsom’s embryological studies
also. In his view, the maxillule of Insects are the exact
homologues of the paragnaths of the higher Crustacea, which
are also not considered to be true segmental appendages. It
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therefore follows that the first and second maxille of Insects
are the homologues of the first and second maxillee of Crus-
tacea, and the two types of head are both composed of six
fused segments and are even more closely similar than IHan-
sen imagined.

T think Crampton has proved his case very fully; and,
personally, in eommon with almost all modern entomologists,
1 accept the thesis that the Insect head is composed of six
segments and that the maxillule are homologous with the
paragnaths of Crustacea. 1 do not agree, however, that
this proves the descent of Insects from Crustacea; it only
proves community of origin. One need only point out that
the heads of Trilobites and of many Myriopods also have six
sogments to see the fallacy of Crampton’s argument. In-
sects may, or may not, be descended from Crustacea. If they
are, then a much more detailed proof of that descent is
still required. )

This detailed proof Crampton has attempted to supply,
in a long series of papers, all directed towards the same
end. He started off with the idea that the Tanaidacea, Iso-
peda, and Cumacea had a common ancestry with the Insecta
(1920), but modified this after a fuller study of the man-
dibles (1922) to a theory of the descent of Insects from a
common ancesbor intermediate between the Mysidacea and
Syncarida. His later studies appear to have attracted him
more and more towards the Syncarida as the actual ances-
tors of Insects, and, although I have not yet received a
copy of his latest paper, I understand that he now considers
the Bathynellidee to be the most probable ancestors of the
Ingecta.*

Tt is not, of course, at all easy to deal with a theory
which is still in process of modification. Let us, however,
make the attempt, by instituting a detailed comparison be-
tween the Machilide, which are claimed to be the most
primitive of all known Insecta, and the Syncarida, with a
Bathynellid taken as type (figs. 5, 6).

It will be seen that Crampton’s argument, as indeed
all other arguments in favour of the Crustacean descent of

#*In a more recent communication, received after this was written,
Dr. Crampton further modifies his position, merely claiming that Insects
are derived “from Crustaceoid ancestors.”” What this means actually I
am not quite clear, unless his word “Crustaceoid” really means “Crusta-
“cean.” It would appear to involve the abandonment of any claim that
Insects are descended from any higher type of Crustacea, and the substi-
tution of a more general claim that they are descended from a more primi-
tive Crustacean type.—R.J.T.
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and incisor and molar areas. After Calman.

Insects, deals only with the exoskeleton, i.e., the segmenta-
tion and appendages. The details of embryology and the
form of the various systems of internal organs are not
taken into account. Here, then, I must make a definite de-
mand, viz., that before any theory of the Crustacean ancestry
of Insects can be accepted, it must indicate the lines of evo-
lution of the Insectan type of embryology and of the
Insectan types of internal systems of organs from those of
Crustacea. And this demand must all the more be care-
fully fulfilled if, after our examination of the case based on
external characters only, it appears that a Crustacean an-
cestry of Insects is at all probable.

Let us congider, first of all, the segmentation of the
body. In the Syncarida we have six fused head-segments,
eight thoracic segments, and six abdominal segments,
plus a telson. This gives a total of twenty complete somites.
For the primitive Insect, we count again six fused segments
for the head, three for the thorax, and eleven for the abdo-
men, plus a telson; the total is again twenty. All that is
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Fiz, 6. Nesomachilis maoricus, Till. Class Insecta, Order Thysanura,

family Machilidee. A, lateral view of female; length 55 mm., excluding

tail-filaments. B, mandible of same, showing incisor (¢} and molar (m)

areas. C, middle leg of same, showing coxal style (st). D, fifth abdominal

sternite of same, showing subcoxa (scz), sternum (sw), styles (st), and
exsertile vesicles (ws).

necessary, then, for a Bathynellid to become a Machilid, as
far as segmentation is concerned, is for the last five thoracic
segments to change their function and become abdominal,
with consequent reduction of their appendages to vestiges!
It looks so simple, put thus, that one may well be tempted
to ask: Where is the evidence that such a vast change as
this ever took place, and where are the intermediate forms
to be found? The veply to this is that the Machilide
themselves possess reduced appendages on most of their
abdominal segments. Unfortunately, the Bathynellidee only
possess abdominal appendages on the first and sixth segments,
whereag in the Machilide the abdominal appendages, though
reduced, woccur on all, or mnearly all the segments.
Thus, on this point alone, the Bathynellidee cannot be
the ancestors of the Machilide; and the latter, if
descended at all from Syncarida, must have been derived
from a form with a complete series of abdominal append-
ages! Here one may well interpose and ask: Why not, then,
be quite logical, and derive the Machilidee from a Myriopod?

Next let us consider the appendages. The first thing that
we note is that almost all Crustacea, including the Synca-
rida, possess two pairs of antennze (fig. 5, B, C). Insects
C
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and Myriopods, on the other hand, have only the first pair.
If the Machilidee are derived directly from Bathynellide
or any other form of Syncarida, we may ask, where is the
evidence of the suppression of such a functionally active
appendage as the Crustacean second antennse? In the em-
bryology of Insects, the intercalary segment, correspond-
ing with the Crustacean segment bearing the second antennz,
is practically suppressed; in fact, it is only inferred from
the composition of the embryonic brain and the presence of
a pair of ceelomic sacs. At no stage does it appear as a
well-defined embryonic segment, and at no stage is there any
sign of embryonic appendages.

We may well ask: Is it possible to believe that this
can be g0, if Insects are really derived directly from a high
type of Crustacean in which this segment and its appendages
are strongly developed both in the embryo and the adult?
‘Why not, again, be more logical, and derive the Insects direct
from more primitive terrestrial forms in which thig seg-
ment and its appendages have never yet been found com-
plete?

Qur difficulties are not over with the second antennse.
We come next to the mandibles (figs. 5D, 6B), one of Cramp-
ton’s strongest points. His work (1922) in comparing the
primitive Machilid mandible with that of Crustacea has
been carefully done and ig of great interest., He stresses
the point that the insect mandible has never, in any known
form, possessed more than a single segment, corresponding
with the coxopodite of a typical Crustacean limb. He then
clearly differentiates the separate incisor and molar areas
in the mandible of Machilis, and compares them with simi-
lar areas found in certain Crustacean mandibles, notably in
those of Asellus (Isopoda), Dicstylis (Cumacea), Apseudes
(Tanaidacea), Stegocephalus (Amphipoda), ete.  Curiously
enough, all these mandibles, except that of the Cumacean
Diastylis, possess well-developed endopodites, and so do the
mandibles of Bathynella (fig. 5D) and wother Syncarida,
not definitely considered by Crampton in his argument. So
he has either to thold that Machilis is descended from the
Cumacea, or from some Decapod form with a similar type
of mandible, or else derive them from one of the other
groups by loss of the mandibular endopodite.

To all this argument one can only reply, that it may be
g0, or may not! Where is the proof, in insect embryology or
morphology, that the insect mandible ever possessed the
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original form of a complete Crustacean appendage, or even
mei‘é%ls’ possessed an endopodite? I confess that I find no
evidence for it anywhere. It is all purely plausible assump-
tion. It appears to me just as logical to argue that incisor
and molar areas have been differentiated in Arthropod
mandibles more than once in the course of evolution. I will
not deny that Crampton may be right; all I would say is
that other explanations may be right also, and that he has
not fully proved his case.

Crampton then deals with the first maxillee (1922) and
derives these from a complete, typical Crustacean append-
age. Incidentally, one notes here that he requires three
basal segments, coxopodite, basipodite, and ischiopodite, for
his primitive Crustacean type, as indicated in Table B;
whereas, in dealing with the mandible, he does not hesitate
to demand a type with only a single basal segment, and
argues that any apparent division of it is purely second-

“ary. So the mandibular endopodite arises, according to

Crampton, from the basal segment, while in the first maxilla
it arises from the third!

TasLe B.
TABLE SHOWING HOMOLOGIES BETWEEN PARTS OF THE

CRUSTACEAN AND INsECrAN Maxinra (AFTER CRAMPTON).
PART. IN CRUSTACEA. IN INSECTA.
First or Basal Segment.| Coxopodite. Cardo.
Heeond Segment, Basipodite, Stipes.
Its gnathobase. (Endite) Lacinia,
. |
Third Segment. Ischiopodite. Palpifer.
Its gnathobase, {Endite) Galea.
Exopodite (from Exopodite, Absent,
| basipodite).
Endopodite (from Endopodite. Palpus.
tgchiopodite) .

Table B shows clearly the homologies of the parts of
the Crustacean and Insect maxille, as given by Crampton.
It muust be remembered that Hansen should be given the
credit for pointing out the incorrectness of the idea
that the maxillary palp was the Crustacean exopodite.
We can agree with Crampton that the cardo and stipes of an
insect maxilla correspond with the two basal segments of
the Crustacean appendage, and that the exopodite is absent.
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But one may reasonably doubt whether the palpifer of the
insect maxilla is an original segment, seeing that it is very
seldom differentiated at all in the Insects. Moreover, ag no-
bedy has ever seen even a vestige of an undoubted exo-
podite in any Insectan appendage, why not go at once to
the root of the argument and ask: Why is it necessary at
all to have to derive any inseet appendage from the biramous
type found in the Crustacea? Is not this begging the whole
question?

The matter appears to resolve itself into this, that,
granted that the insect maxilla has been derived from the
Crustacean maxilla, the mode of reduction is clear. But the
fact that the lacinia and galea are gnathobases does not
prove that the appendage was originally of Crustacean
type; it merely proves that it is a primitive appendage modi-
fied as a jaw. Unless we tacitly assume the origin of Insecta
from marine types, such a primitive appendage need never
have been biramous at all.

Turning next to the insect leg, we mote that here again
the supporters of a Crustacean ancestry would have us
believe that it has been derived from a typical biramous
appendage by loss of the exopodite. In thig case, the
coxal styles of Machilis have been brought into the argu-
ment and are claimed to be either exopodites, or, alternative-
ly, epipodites of the primitive appendage, @according to
whether we accept the coxa as the original second segment
of the insect leg or the original basal segment. In either
case, we might reasonably expect it to occur on all three
pairs of legs, instead of on only two, and we should certainly
expect it to be present in the newly hatched larva, though
this does not seem to have been determined as yet. May
we not fairly ask: Is not this style perhaps merely a spur,
not an exopodite or epipodite at all?  Such spurs are known
to occur on other segments of the legs of insects, notably
the tibia; but epipodites are not known to occur at all in
Insecta, with this sole possible exception. And, if these
styles have any significance at all, what about the long series
found in Scolopendrella (figs. 9, 15)7?

Crampton also compares the terminal appendages of the
Insecta with those of the higher Crustacea. There can be
no doubt that the cerci of Insects are homologous with the
uropods of Crustacea, and that lboth forms possess a telson.
But this does not prove descent of Ingects from Crustacea.
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True cerci are present in the Symphyla as well as in many
Insects; why should not the Insectan cerci be developed from
older organs in the Myriopoda?

Tig. 7 exhibits the phylogeny of Insects and their
allies, as conceived by Crampton (1920).

INSECTA

TANAIDACBA

ANASPIDACEA
MYSIDACEA, |

NEBALIACEA , |

COPEPODA.,

Wig. 7. Phylogeny of Insects and their nearest allies, according to
Crampton (1920).

The outcome of all that Crampton has written appears
to me that, so for, there appears to be no inherent impos-
sibility that the Insecta may have been descended from
Syncarida or some closely allied group, but that it does not
appear to be very likely. We must also remember that
Crampton has not made use of any characters except just
those which serve his argument, and that these have all
heen selected from the rather narrow field of external
morphology. Even within that field, we await from Cramp-
ton an explanation of the complete loss of the second an-
tenna in Insecta, as well as a detailed explanation of an
equally bad crux, viz., how any form in which a specialisa-
tion of the postcephalic region already into a thorax with
cight somites and an abdomen with six or seven could pos-
sibly be transformed into one of the Insect type! And, as
I have already remarked, the more convincing Crampton
can make his reply on these points, so much the more must
we then demand from him additional proof of his theory by
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a rigid examination of the various systems of internal
organs, all of which must show a reasonable possibility of

evolution from the Syncarid or allied Crustacean type to.

the primitive Insectan type.

As an alternative theory is being put forward later on
in this paper, I need only refer the reader to the arguments
there developed in connection with the embryology and the
various internal organs, for him to see how Impossible
it is, when these are considered, for us to accept any group
of Crustacea as in any way the immediate ancestors of the
primitive Insecta. And, as the theory of a Crustacean
origin fails badly on these points, it miust be adjudged to
fail altogether.

Let us now turn our attention to those theories which
seek to derive the Insects from terrestrial Arthropoda. All
such theories must have one of two alms: they must either
attempt to derive Insects from Myriopoda, or they must
go farther back and attempt to derive both insects and
Myriopods through a common ancestor from the Omnycho-
phora. We may therefore classify them as follows:—

II1.. The General Theory of the Terrestrial Origin of

Arthropoda-—Versluys’ Theory.
IV. "The Theory of Descent of Insects from Myriopoda
——Braver’'s Coampodea Theory.

111, VersLuys’' THEORY.

This very interesting theory has been set forth in much
detail in a series of papers by Versluys and Dempll (1914-
1922). "Though it is primarily concerned with the evolu-
tion of the Arachnida, it has to be taken account of as
an Important theory which bears on the possible line of
evolution of Insects. For that reason I propose to give a
short account of it here and to offer some criticisms.

The theory starts off with the well-known thesis of
Ray Lankester (1881) that Limulus is a marine Arachnid.
Bver since Ray Lankester propounded that thesis, it has
been universally accepted that Limulus is a true Arachnid
and a remnant of the otherwise extinet group of Merosto-
mata, to which the Palmozoic fossil Hurypterids belonged.
It has also been fairly generally accepted that the marine
fossil groups, Burypterids and Trilobites, were the ancestral
forms of all the principal groups of Arthropoda, leaving
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Peripatus out of aceount. In particular, thg Scorpions a.nd
iheir allies are held to be terrestrial descendants of marine
Arachnid ancestors, and the old group Tracheata, which was
formed to include all the tracheate air-breathing Art'hrwopod's,
is now believed to have no foundation as a monophyletic
group.

The above statement is, I think, a fair summary of the
orthodox view held by most zoologists since Ray Iankester
published his theory.

Now Versluys and his colleague contest this view. They
ave in entire agreement with Ray Lankester concerning the
Arachnid affinities of Limulus and the Eurypterids; but they
hold that the deduction that the terrestrial Arachnids are
descended from marine forms is entirely wrong, and that, on
the contrary, these huge marine types are themselves special-
ised offshoots from more primitive terrestrial forms allied to
the Scorpions. This conclusion is come to by an interesting
qeries of deductions, as follows i

(a) An analysis of the external characters of Scorpions
and Eurypterids indicates that they were very
closely allied.

(b) But even more primitive -formiz than Scorpions
atill live on the land, e.., the Palpigradi, the
Solifugee, and the Chernetidea, in which the thorax
has two free segments and the differentiation be-
tween pre- and post-abdomen is not so marked.

(¢) Also a careful study of the structure of the eyes
of Limulus and Scorpions indicates that the form-
er must have been derived from the latter, not
vice versa; ie., the change in form must have been
preceded by a change of living, from air to sea-
water, and not vice versa.

(d) In general, the appendages of Furypterids and
Famulus are more specialised than those of Scor-
pions, and their respiratory appendages are no-
thing more than slightly modified sternites.

As far as this argument goes, 1 believe Versluys has made
out a good case. But he now takes another very big step.
It being proved that the Arachnida were originally terres-
trial tracheate forms, he now goes on to trace them back
to a common ancestor with the Progoneate Myriopods, on
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the ground of the forward position of the genital open-
ing, common to both groups. As the Arachnida never de-
veloped true mandibular jaws, of the type found in Myrio-
pods and Insects, this conclusion inwvolves also the branch-
ing-off of the Arachnida from the ancestral terrestrial trach-
eate stem at a period earlier than the evolution of the true
Progoneate Myriopods. This clearly involves the derivation
of the three groups, Arachnida, Myriopoda, and Insecta, from
an exceedingly primitive type of terrestrial tracheate Arth-
ropod. Such primitive ancestral group, according to Ver-
sluys, can be nothing else than the Onychophora! Incident-
ally, the unity of the old group Tracheata is affirmed, and all
living Arthropods must be derived from it!

Versluys also tholds that organs like the compound
eye, the chelicerse, and the compound or segmented fore-
brain can only have arisen once in each case. 8o the pres-
ent-day Peripatoids are the remnant of the original trach-
eate stem, before any of these organs were formied. Then
arose, as a specialisation from the Onychophora, exceedingly
primitive Myriopod types, both progoneate and opisthogo-
neate. One side-branch of the progoneate forms developed
chelicerae and gave origin to all known Arachnida, including
the Pycnogonida. The main stem went on and developed
a more complex fore-brain. Before the compound eye was
formed, most of the existing Myriopod groups branched off
from it. Then came the highest groups of all, with the
compound eyes well formed. Of these, the highest expres-
ston is the Insecta, while the Trilobites and Crustaces are
much more primitive side-branches that took to the sea!

The above phylogeny can be graphically expressed as in
fig. 8. Incidentally, I would like you to note that the portion
of Versluys’ Theory which deals with the Insects is a kind
of inversion of Handlirsch’s and Crampton’s Theories, in so
far as he would derive both Trilobites and Crustacea from
a terrestrial ancestor preceding Insects and Myriopods,

In considering the evolution of Insects, I do not feel
called upon to criticise very fully that portion of Versluys’
Theory which deals with the Arachnida. I can only say
that his papers are well worth reading for the wealth of
detailed study of primitive Arvachnidan types contained in
them. But we must join issue on those main points which
lie outside his survey of the Arachnida, viz., on the unity of
the old group Tracheata, on the monophyletic origin of vari-
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ous complex organs, and on the derivation of Trilobites and

Crustacea from terrestrial forms.

my main criticisms:—

Let me briefly indicate

(1) The Tracheata:—1 consider that Versluys’ main
theory could well stand by itself, without seeking to bolster
up this old, discarded group. If we follow the Insects back to
the most primitive forms, we come to a few simple types in

HEXAPODA (oarnndi}

MYRIOPO

Development of

AKACHF] DAl ==
Compound Bye~™

MYRIOPO]

(el D FUNOGON IDA] S

N
Development of Chelide
and Josg of Antennas—* \Q\

]
(T T acssomioooioiotioas

PERIPATOL Ql?ié

LIZETANEN RN

N

1

QM OPI ST

teoooed

CRISTACBA (o' 'Y

T‘E{ILQ}B}% i)
pnts

e

le

NEATE MYRIOPODA
%7 CHILOPODA )

fooocso)

i 13 D,
| Developmont of Primitive MYRIOPODA

4 i
Segmented Forebrain M(:I;I‘}%Q;\m TA)

Primitive MYRIOPODA {posecd)

il g~ ONYCHOPHORA (g
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which no trachez are developed. How do such forms
breathe? Obviously, through their integument. The forma-
tion of a tracheal system was, in the first instance, an at-
tempt to increase the respiratory surface of the integu-
ment at those points where it was already most permeable.
The same is true of the Myriopoda. Why, then, should we
demand a tracheate common ancestor for all terrestrial forms
of Arthropoda? Is not the structure of the tracheal system
in Peripatus an eloquent witness to this very thing? How
could the various tracheal systems of Onychophora, Myrio-
poda, Insecta, and terrestrial Arachnids have arisen, unless
we grant a common ancestor that breathed through the in-
tegument only?

I would go so far as o say that it is no more necessary
to insist on a common tracheate ancestor for all terrestrial
Arthropods than it is to insist on a common gill-bearing
ancestor for all marine forms.

(2) The Compound Fye:—It seems certain that this-

organ was originally formed from an aggregation of sep-
arate simple eyes. The fact that many of the larger types of
Chilopods possess such assemblages of eyes on each side of
the head should make it a matter of little surprise to us that
in one group, the Schizotarsia, true compound eyes of the
type found in Insects occur. In this and other characters
there can be no doubt whatever that Scutigera and its
allies arve very highly specialised Chilopods. This, how-
ever, does not mean that Scutigere lies anywhere along the
line of evolution of the Insects, nor of the Crustacea, nor of
the Trilobites. Though the detailed structure of the com-
pound eyes of Insects and Crustacea is extraordinarily simi-
lar, I fail to see myself why two such similar structures
should not have arisen independently, given that t¢he orig-
inal elements, the simple eyes, were being developed over
and over again in more primitive groups. The fact that the
most primitive compound eye in Crustacea was almost cer-
tainly of the stalked type seems to rule out entirely a mono-
phyletic origin for these crgans in Insects and Crustacea;
for compound eyes in Insects are without exception sessile.
But the same fact does not preclude the derivation of the
Crustacean stallied eye from the Trilobite eye, since the posi-
tion of the latter on the free cheek would appear to be
exceptionally favourable to the development of a stalked
type.
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1t seems reasonable to conclude that compound eyes arose
on four separate occcasions during the evolution of the
Arthropoda—

(2) in the Arachnida;

(b) in the Trilobite-Crustacean ancestor;

(¢) in the Schizotarsia; and

(d) in the Insecta.

(8) The descent of Trilobites and Crustacea from o
terrestrial common ancestor with the Insects and Myriopoda:
—-I do not propose to refute this in detail, because Professor
Versluys himself, in a carefully reasoned statement setting
forth the main points of his theory, and sent to me with
permission to publish it, agrees that his “hypothetical evo-
“lution” is still unsatisfactory as regards its treatment of
the Insecta and Crustacea. He explicitly mentions that
he has not yet overcome the difficulty of accounting for the
presence of two pairs of antenn® in the Crustacea against
only one in Insects and Myvriopods, and also how the genital
cpenings in Crustacea and Insects came to be so differently
placed.

I think we can conclude that Versluys’ Theory, inter-
esting ag it is in regard to the evolution of the Arachnida,
does not give us the proof that we are searching for about
the origin of Insects. It is chiefly presented there as an
offset to Handlirsch’s and Crampton’s theories, of which it
is, as regards the evolution of Insects, the very antithesis.

IV. THE DeESCENT OF INSECTS FROM MYRIOPODA.

From very early times there has existed a not very
clearly defined belief in the descent of Insects from Myrio-
pods. The first clear direction was given by Brauer (1869-
70} in his well-known Campodea Theory. Brauer claimed
that all living insects were descended from a type very
similar to the existing genus Campodea in the Order Thy-
sanura, and that this type was still preserved in many
primitive larval forms of winged insects; these forms he
termed campodeiform larve. The Campodea-type was de-
rivable from the Chilopoda, and these latter in their turn
from Onychophora.

Brauver’s theory of the primfitiveness of the campodei-
form type of insect larva has been widely accepted, but his
derivation of Insecta from Chilepoda has met with little
or no support.
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Packard (1898) saw clearly that Insects could not be
derived either from Diplopoda or Chilopoda, though he held
chat the latter were the nearest large group of Arthropoda
co the true Insecta.

Brauver’s theory led to a search by many authors for
relatives of Campodea outside the Insecta, and thus brought
the Symphyla into the question. Thus a school of writers
arose who claimed that Scolopendrelle and Campodea (figs.
9, 10) were very closely related. Amongst these we may
mention Packard, Ryder, Grassi, Haase, and Pocock. The
last-named (1893) elevated the Symphyla to the position
of an independent Class, and claimed that it was the “living

Fig. 9. Scolopendrella sp., Australia. Class Progoneata, Order Symphyla,

family Scolopendrellidee. Tength 6 mm. Ventral view, showing cerci (¢)

and gonopores (gp). Note the presence of styles and exsertile vesicles on
most of the abdominal segments.
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Fig., 10, Campodea philpotts, Till. Class Insecta, Order Thysanura, family

Campodeidee. Length 7 mm, excluding cerci. Ventral view, showing

appendages of first abdominal segment (ap 1) and gonopore (gp). Note

the presence of styles and exsertile vesicles on some of the abdominal
segments, also the long, many-segmented cereci.
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“form that comes nearest to the hypothetical ancestor of the
“two great divisions of tracheates,” i.e. of Myriopods and
Insects. Thus all previous nebulous ideas as to the deri-
vation of Insects from Myriopods became crystallised in
this single theory. It is true that Pocock himself held
that both Myriopods and Insects had descended from Scolo-
pendrello.  Packard strongly combated this view; he held
that Scolopendrello, was a remnant of an otherwise extinet
group from which the Insects had descended, and which
partially filled the wide gap between Peripatus and the In-
sects. Schmidt (1895) put the Symphyla between the Diplo-
pods and the Pauropods, thus removing them further from
the Insects. Packard recognises the diffieulty created by
the fact that the Symphyla are progoneate while the Insects
are opisthogoneate, but ‘he does not consider that sufficient
to overthrow the theory.

Let us now consider a number of points for and against
the theory:—

(1) The general form of the head in Secolopendrella
closely resembles that of Campodea; in particu-
lar, the Y-shaped suture which separates the
epicranium from the frons in many primitive
insects is present in Scolopendrells.

(2) The antennz are elongated, many-segmented and
moniliform, thus differing from those of any other
Myriopoda and very closely resembling the an-
tennae of Campodea,

(8) There are two pairs of maxille present, as in
Insects, though other groups of Progoneata (Diplo-
pods, Pauropods) apparently possess only one.*

(4) All the legs except the first pair are four-seg-
mented, and the tibio-tarsus ends in a claw plus
an empodium. Thus they closely resemble the
legs of Collembola, though they are of more primi-
tive type in lacking the marked differentiation of
femur and tibia.

(5) At the base of each leg there is a movable style
(fig. 15, st) and, alongside this, an eversible ven-
itral sac (fig. 15, vs). Though the abdominal legs
are absent in the Thysanura, movable styles and
ventral sacs occur throughout that group of In-

*G. H. Carpenter (1905), however, maintains that Polyxzenus, a
primitive Diplopod, has two pairs.
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sects on a varying number of abdominal segments
(figs. 6, 10, 12, st, vs).

(6) The last segment of the abdomen carries a pair
of unsegmented cerci (fig. 9, ¢). Similar organs
gecur in all the Thysanura, and they are unseg
mented in the Japygide.

(7) Malpighian tubules are present, two in number,
and open into the anterior end of the hind-gut, as
in Insects generally.

(8) The tracheal system opens by a single pair of
stigmata situated in the head.  Although Camipo-
deq itself has only thoracic spiracles, the Collem-
bolan family Sminthuride has a pair of head
traches only.

(9) The alimentary canal resembles that of Campodea
clogely, and rectal glands are present.

(10) A pair of anal glands open at the tips of the cerci
(fig. 9, gl). Similar glands occur in the Thysan-
uran Anajapyx (fg. 12 gl).

This is a formidable list of resemblances. Let wus

now congider the differences:-—

(1) 'The mandibles are two-segmented. Mo known in-
sect has this primitive character.

(2) The tergites and sternites of the body-region do
not coincide. There are apparently only thirteen
sternites, twelve bearing legs and the thirteenth
being the anal segment. The number of tergal
plates is fifteen or sixteen.

(3) The gonoducts are directed forward and open
into a pair of clogely opposed gonmopores placed
on a raised median area on the fowrth abdominal
sternite (fig. 9, gp).

With regard to the above three characters, in which the
Symphyla differ markedly from the Insecta, I would say
that the possession of two-segmented mandibles need not sur-
prise us in so primitive a form. Nor does such a character
necessarily remove its possessor from being considered as a
direct ancestor of Insects. The lack of agreement between
tergites and sternites is, perhaps, of less importance than
appears at first sight; for we have to remember that we do
not yet know anything about the embryology of the Sym-
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phyla, and it may well be that a sternite without legs has
become suppressed near the head end, while it seems highly
probable that the original embryonic anal segment never car-
ried legs (e¢f. the Pauropoda) and so the supposed last seg-
ment may be in reality two. This would bring the total
number of abdominal segments up to fifteen for both stern-
ites and tergites, which is exactly the number obtained by
adding the number of thoracic and abdominal segments in the
Protura. But the third character, the progoneate position
of the genital opening, remains still a bad stumbling block,
and it is on this character that the theory of the origin of
Insecta from Symphyla goes to pieces. It is, I think, fairly
safe to say that, but for this one serious fault, there has
never been presented any theory of the origin of insects hav-
ing so many definite points in its fawvour.

Though there has been a marked tendency amongst many
modern entomologists to turn away from the Myriopoda as
possible ancestors of the Insecta, we may note that Silvestri
(1901-9) has brought a fresh interest into the problem by
the study of his new family Projapygidee, and particularly by
his detailed account of the genus Anajapyx (fig. 12), which
should be compared with the Japygide also (fig. 11). This
extraordinary insect apears to come even closer to the Sym-
phyla than does Campodea. The cerci are short and only
divided into a small number of segments, thus bridging the
gap between the type found in Cempodea on the one hand
and the type found in Scolopendrella on the other. Further,
a pair of anal glands are developed exactly as in Seolopen-
drelle and open at the tips of the cerci. Thus, in spite of
the difficulty .that still remains, and to many still appears
insuperable, regarding the progoneate position of the genital
openings in the Symphyla, one may say that new interest

has fbeen aroused in this old theory, even though the final

proof of descent is still lacking.

Our survey of the main theories has now brought us to
the position that no fully acceptable theory of the evolution of
the Class Insecta has yet been presented. We may say
that Handlirsch’s Theory attracts many because of the
brilliance and lucidity of its presentation; that Crampton’s
Theory, in spite of some excellent points, has not been
clearly presented and fails to make a strong appeal; that
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g, 11, Heterojapyx gallardi, Till. Class Insecta, Order Thysanura,
family Japygidwe. Length 40 mm. Diagrammatic ventral view of female,
with the reproductive systemr consisting of seven pairs of segmentally
arranged ovaries (ov). Alimentary system shown by means of dotted
lines ; the small Malpighian tubules are shown at mp. Note the unseg-
mented foreeps-like cerei (c¢f. those of Sculopendrella, fig. 9), the position
of the gonopore, and the presence of styles on some of the abdominal

segments,

D
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Fig. 12. Anajepyw wvesiculosus, Silv. Class Insecta, Order Thysanura,

family Projapygide. Length 2 mm. Diagrammatic ventral view of

temale, with reproductive system consisting of two pairs of ovaries (ov).

“The anal glands (ag) are shown with their ducts opening at the ends of

the cerci (cf. Scolopendrella, fiz. 9). Note the appendages of the first

abdominal segment (cf. Campodea, fig. 10), also the styles and exsertile
vesicles on the following segments. After Silvestri.

Versluys’ Theory has not been given any particular at-
tention by entomologists; and, finally, that probably the
most attractive theory of all, viz., the origin of Insects from
a common stock with the Symphyla, has fallen to the ground
owing to the apparently insuperable difficulty of explain-
ing the differences in the position of the genital openings,
The final verdict on all these theories must be “Not Proven.”
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SECTION IL
A NEW THEORY OF THE DESCENT OF THE CLASS
INSECTA.

We are now in a position to ask: Do we know enough
about the Arthropoda in general, and about primitive insects
in particular, to attempt to construet any theory concerning
the descent of the Clags Insecta which might be acceptable
to modern entomologists? I think we do; but we must be
prepared to take a somewhat wider view of the problem
than has hitherto been the case.

To my mind, a theory of the Evolution of the Insecta,
to be acceptable, must satisfy the following conditions:—

(1) It must indicate, without any wide break, the line
of evolution followed, not only by the external
form, segmentation and appendages, but also by
the various internal organs;

(2) It must also indicate the way by which the very
highly specialised type of embryological develop-
ment found in the Insecta has been attained;
and ’

(3) It must account for the “aberrant” primitive
groups of Insecta, viz., the Collembola and Pro-
tura, as well as showing the line of evolution lead-
ing to the Thysanura and the Pterygota.

Let us, then, first of all ask: On what acceptable founda-
tion are we to base our new theory?

The following points appear to me to be a sound basis to

work upon :—

(1) The Apterygota are not descended from originally
winged forms, but are more primitive than the
Pterygota. All theovies of descent for the In-
secta admit this, except Handlirsch’s. In view
of the recent discovery of Collembola in the
lower Devonian peat-bogs, can we any longer
doubt that Handlirsch is here in error?

(2) The Thysanura Ectotrophica are the immediate
ancestors of all Pterygote imsects.

{8) The Thysanura Entotrophica are closely related to
the Thysanure Ectotrophica, and therefore very
close to the main evolutionary stem of the Ptery-
gota.
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(4) The Collembola and Proturae are much further re-
moved from the Pterygota then are the Thysan-
Urd.

Those who would now follow me into the details of my
new theory are asked to accept these four main propositions,
if not as self-evident axioms, at any rate as so soundly
based that they may be taken as the groundwork of our
theory.

It follows from these four points that we shall nowhere
be concerned in this theory with the origin of wings or of
winged insects. What we are concerned with is the inter-
relationship of the three great groups of Apterygota, viz,
the Collembola, the Protura, and the Thysanura, and the
nature of their common ancestors. I take leave to think
that this subject is wide enough for the founding of a sound
theory, and that it is also of the most intense interest to
all entomologists.

In working out the details of my theory, I must, perforce,
begin with the more obvious arguments involving the com-
parative morphology of known forms. These will, however,
be extended to dnclude a survey wof the evolution of the
chief internal organs and of the embryology, and due re-
gard will be paid to the principle that no violence must
be done to the known geological record, imperfect as it
may actually be. Further, the ontogenetic stages indicat-
ed in the various larval changes will be given due consid-
eration.

SEGMENTATION AND THE SEGMENTAL APPENDAGES.

T. H. Huxley (1859) once remarked-—“I venture to
“think it a matber of no small moment if it can be proved
“that a Lobster, a Cockroach, and a Scorpion are composed
© of the same number of primitive somites.” He did not, how-
ever, as some think, actually call attention to the existence
of such a correspondence. Let us grant at once that, if
this correspondence actually does exist, then momentous con-
clusions must flow from it. Ray Lankester (1904) and G.
H. Carpenter (1905) have followed this line of argument up,
and the latter author presents a table showing the numerical
correspondence of segmentation in all the chief groups of
Arthropeda.

In making this comparison, Carpenter finds that the
Leptostraca are the Crustacean group which agrees exactly
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in  segmentation with the primitive Insect, and as-
signs  twenty-two somites to each. He also assigns
the same number of somites to the Symphyla, the
genus Polyxzenus amongst the Diplopoda, and to the
Seorpions, and Limulus amongst the Arachnida. For
the Onychophora, the Trilohites, and the Branchio-
poda- amongst Crustaces the number of somites is highly
vayiable; this he regards as a secondary character. The
Chilopoda also have an excessive segmentation, and the
primitive genus Lithobius is credited with twenty-four so-
mites, the minimum for the Class. The Malacostraca
amaongst the Crustacea fall one segment short of the re-
quisite number for Insects and Leptostraca; this is explain-
ed by a fusion of the original sixth and seventh abdominal
somites.

Carpenter presents an attractive case. If it were fully
proved, there could be nothing for it but to accept the num-
ber of twenty-two somites as the ancestral condition for the
whole Phylum Axthropods, and therefore to regard such
groups as the Tardigrada, the Pycnogonida, the Pauropada,
and the Collembola as greatly reduced forms.

But there are grave weaknesses in Carpenter’s thesis.
First of all, he has followed Hansen in accepting seven
somites for the head region in Insecta, Symphyla, and Dipls-
poda, by regarding the superlinguz or so-called maxillale
as the paired appendages of a definite somite. I think thera
¢an be no doubt that Crampton is correct in his claim that
these organs are the homologues of the paragnaths of the
higher Crustacea, and that therefore the head in Insects
and Symphyla is only eomposed of six segments. This brings
the insect head into agreement with that of the Trilobites
and Crustacea in general; but, at the same time, it throws
out of gear the correspondence with the Leptostraca, which
are now geen to possess one more somite than the Insects
and Symphyla. Further, it does not appear that Carpenter
has paid attention to the inequality in number of tergites
and sternmites in the Symphyla. Before it can be definitely
asserted that this group has the same number of somites
as the Insects, we must know something about the forma-
tion of its embryonic somites. Such knowledge is still com-
pletely lacking.

We are thus faced with the position that the supposed
proof of the existence of an original number of somites com-
mon to the whole Arthropod stock appears somewhat forced,
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and we are no longer at all bound to accept it or to incorpor-
ate it in any theory of the evolution of the Class Insecta.
We may, however, still allow a considerable degree of im-
portance to the very close correspondence in segmentation
between the Malacostraca, the typical Insecta, and perhaps
the Symphyla, as indicating the possibility, though by mo
means the certainty, that these three groups may have been
descended from 2 common ancestor.

In developing my new theory, I propose to examine
this problem of segmentation from an entirely different
viewpoint. We know that all Crustacea pass through a
Nouplius-stage, either as a free-swimming larva, or within
‘the embryo. It is by now generally agreed that the uni-
versal occurrence of such a stage in the Crustacea is a record,
preserved in the ontogeny, of the phylogenetic fact that, at
gsome period in their past history, the Crustacea had an
ancestor which is now represented in o wmodified form by
the Nauplius larva. The chief modifications, of course, must
be connected with larval exigtence, viz., small size, lack of
development of certain organs not needed for larval life
(e.g., the reproductive system), probable secondary reduction
of the number of postcephalic somites, and also possible spe-
cialisations of certain organs, e.g., the appendages, suitable
for the modified conditions of larval life. Making due al-
lowance for all these, one can scarcely resist the conclusion
that what we may call the Nauplioid ancestor of the Crusta-
cea was essentially a simpler type of Arthropod than any
existing Crustacean, and that it had a simipler segmenta-
tion, with fewer somites both in the head and in the postee-
phalic region.

Although the other marine groups of Arthropoda do not
possess a definite Nouplius-larva, they possess evidence in
their ontogenies leading to the same conclusion as the above.
The Trilobites went through a succession of larval stages
in which the number of segments was increased from stage
to stage, and the earliest of these was most like the Nauplius-
larva of the Crustacea. The Merostomata, as exemplified
by Limulus, also go through a larval stage called the “Tri-
“lobite-larva,” from which the adult form is reached by ad-
dition of further somites.

Further, there are a few of the more thighly evolved
ferms amongst the Crustacea in which the whole of the orig-
inal larval history is, so to speak, telescoped into the em-
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pryonic period, so that they hatch out from the egg as a
small edition of the adult form. Examples of this are to
pe found in the Crayfishes and also in the Syncarida.

Now when we turn to the terrvestrial Arthropoda (leav-
ing out of account for the present the Onychophora), we do
not find any evidence of the existence of a Nauplioid
ancestral type, but we do find clear evidence of the
ovolution of these types from ancestors which had

simpler segmentation. This 1is most clearly seen
in the Myriopoda. In this great group, all the

Progoneate forms, viz., the Diplopoda, the Pauropoda,
and the Symphyla, pass through a series of larval stages
with gradual addition of somites. It is to be noted that
the segments are not added to the posterior end of the body,
but are interpolated between either the anal segment and the
one originally before it (as in Diplopeda) or between the
preanal segment and the one before 1t (as in Pauropoda),
and that they may be added either singly or in groups,
as many as five at a time in forms like Julus with many
segments. This phenomenon is called anamorphosis, and 1
wish to direct attention to it here as of great importance
in our new theory. In the Opisthogoneata, the Schizotarsia
and a number of the Chilopoda are also anamorphic.

Contrasted with these numerous anamorphic forms, we
find a certain number only of the Chilopeda in which, as
in the Crayfishes and Syncarida, the whole of the larval de-
velopment is telescoped into the embryonic period, and the
young larva emerges with the full number of segments pro-
per to the adult.  This phenomenon is called epimorphosis,

Now it seems clear to me that, if we accept the fact
that all Crustacea have been evalved from a Nauplioid ances-
ter, 'we must o« fortiori accept the fact that all Myriopoda
have also been evolved from a simpler ancestral type with
fewer original ~somites.

One sees no escape from this conclusion, particularly
when one studies a primitive group of Myriopoda like the
Pauropoda (fig. 18), in which the adult number of somites
is considerably less than is found in other groups. If there
were any truth, for instance, in the fundamental proposition
of Carpenter, that the original ancestor of all Arthropoda
possessed twenty-two (or shall we say, following Cramp-
ton’s modification, twenty-one?) somites, then some record of
this reduction should be preserved in the ontogeny of the
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T e

Pig, 18. Pouropus amicus, L. Harr.
family Pauropodid:e.
B, antenna.

Class Progoneata, Order Pauropoda,
Length 1.6 mm. A, ventral view; length 1.6 mm.
After L. Harrison (1914).

Pauropoda! So far is this from being the case that the
Pauropoda are not even epimorphic, but just as anamorphic
in their development as any genus of Diplopoda with abund-
ant segmentation. We owe to L. Harrison (1914) a clear
account of the larval stages of Pauropoda. An analysis of
his paper made by me for the purposes of chis argument
gives us the following Table, which is highly instructive ;—
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TasLE C.

OF THE PAUROPODA,
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ANALYSIS OF THE SEGMENTATION IN THE ONTOGENETIC STAGES

T - Hexapod 10-Legged 12-Legged 16-Legged Adult or
SEGMENT. Larva. Larva. Larva. Larva. Imago.
r L Oc. Oc, Oc. Oc. Oc.
‘ 2. Ant. | Ant. Ant Ant, Ant.
Y — — — — -

‘ é 4. Md. Md. Md. Md. Md.

5. Mxl Mxl Mxl Mxl. Mxl,
| _ . [

6. [ — — - I [ =
q. \ 1st Legs {1st Legs { 1st L.egs LlSt Legs ‘x lst Legs
3. 2nd Legs| 2nd Legs 2nd Legs f2nd Loegs f2nd Legs
9. {31'(1 Legs {Srd Legs {31‘61 Legs 3rd Legs \31‘(1 Legs
10. e — e - 4th Legs
11. o . — 4th Legs {5th Legs
12 - — - {5th Legs f6th Legs
13, o — 4th Legs (Gth Legs \'[th Legs
14, —_ 4th Legs ,{Sth Legs ( Tth Legs { 8th T.egs
15. — 1{51:}1 Legs 6th Legs (Sbh Legs 1 9th Legs
16. (Preanal Preanal f Preanal Preanal {Preana}
17 \Anal {Anal Anal ‘l Anal Anal

It will be seen that the young Pauropod hatches out as

a gix-legged larva having a total of only six somites behind
the head. We must be careful not to jump to the conclu-
sion that this larva represents an insectan stage in the an-
cestry of Pauropoda. That this is not so will be gathered
at once from the fact that the first body-segment does not
carry legs. Thus the legs of the young Pauropod larva
are not homologous with the thoracic legs of the Insecta, but
are on the second, third, and fourth posteephalic segments
instead of on the first, second, and third. We may also re-
call that the young Diplopod hatches out as a larval form
having three pairs of legs, but that these are usually on the

first, third, and fourth segments, thus differing in arrange-

ment both from the Pauropod and the Insect types.

It will, therefore, be clear that we may not claim, from
this larval development, that either Diplopoda or Pauropoda
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have passed through a Hexapod or Insectan stage in their
ancestry. All we may claim is that they have passed
through an ancestral stage with fewer somites and fewer
pairs of appendages than they now possess, and that a reduc-
tion of this original number of appendages, whatever it may
have been, to three pairs in the first larval stage has been
accomplished in several different ways, evidently because the
small first instar larval form could best get along with three
pairs, though not necessarily the same three pairs.

Now let us try to get some idea of what this primitive
ancestor was like.

In the Nouplius-larva of the Crustacea, the head is well-
formed, and consists of four segments, viz., the ocular, the
first antennal, the second antennal, and the mandibular.
Three of these are preoral and one postoral. In the passage
to the Metanauplius-larva, there is a zone of addition be-
hind the mandibolar segment, as well as a zone of addition
at the posterior end of the body.

New it seems to me that the correct interpretation to
put on this is that, whatever number of posteephalic segments
there . may have been present in the original ancestor of
the Crustacea, there can be no doubt that the head origin-
ally possessed only four segments. Thus there can only
have been one pair of jaws, and the mouth must have been
closed from below by a flap or process of the mandibular
segment.* -

If we now compare this Nauplioid condition of the an-
cestral Crustacean head with the head of Peripatus, we find
a close similarity. The ocular segment is the same in both.
The second segment in Peripatus carries the antennse, which
are homologous ‘with the first antennz of Crustacea. The
third segment in Peripatus carries the jaws, which are homo-
logous with the second antennee of Crustacea; and the fourth
segment carries the oral papille, which are the homologues
of the Crustacean mandibles. No true appendages close the
mouth from below, but the orifice is protected by papilliform
ridges.

It is here that I wish to introduce the first point in
my theory which I think is entirely new, viz, that the so-
called maxillulee or superlinguse of Insects, together with
their median process the hypopharynx, .and the paragnaths

#*The presence of the mandibulur grooves on the heads of many
Crustacea, including Syncarida, may also be evidence in favour of this,
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of the Crustacea, are not only not lrue appendages, but re-
present definitely the ancestral lower lip of the mouth when
the head was in the four-segmented condition. I can see no
other reason for their existence, from the point of view of
evolution, mor can I find any other explanation of their
embryonic development from the mandibular somite. They
are certainly not original portions of the mandibles, budded
off; for their rudiments appear separately and between the
bases of the rudiments of the mandibles. If we accept this
solution, we are able to understand at once the present con-
dition of the mouth in the Ingecta and Crustacea. It has
evidently been enlarged by the subsequent addition of two
more pairs of appendages. In the Insecta, the paired glands
of the second maxillee must originally have opened on to the
ed up into a pesition apparently within the mouth, and func-
tion as salivary glands; but the fact that they open below
and not above the hypopharynx is an indication that they
did not originally belong to the mouth at all.

If the above interpretation is correct, one might also
venture on a prophecy:—Somewhere in the Pre-Cambrian
rocks there must exist an ancestor of Trilobites and Crusta-
cea, and probably of Eurypterids also, in which the head was
composed of only four segments, as in the Onychophora.
This ancestor may quite well be much larger than Peripatus,
though, in my opinion, it will probably exhibit appendages
composed of only a single segment. I believe that remains
of such an ancestor are already being unearthed near Ade-
laide; but they are in such ancient rocks and have under-
sone so much contortion that they will be very difficult to
interpret.

Returning now to the question of the segmentation of
the postecephalic region in our ancestral form, it is clear
that we have no definite evidence in favour of any fixed num-
ber of segments. I would be content to claim that Arthro-
pods in general have been descended from forms with fewer
segments than are to be found in the adults of higher
groups to-day, without specifying the exact number. If
we again study our Pauropod Table (Table C), we see that
the adult Pauropod has a total of twelve postcephalic somites.
To reach this condition it has to pass through larval stages
with successively six, eight, nine, and eleven posteephalic
somites. In the Symphyla, a larval stage with six pairs
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of legs is known, but the full larval history has not yet
been worked out.

Let us now summarise the above results with a view
to a further application of them to the problem of insect
ancestry :—

(1)

(2)

(3)

{4)

{5)

In marine Arthropoda, forms with free-living lar-
val stages are more primitive than forms that
hatch with the full number of adult somites. A
Nauplioid ancestor is indicated, with fewer somites
than in recent dominant groups.

In terrestrial Arthropoda, anamorphic forms are
more primitive than epimorphic. Again, an an-
cestor with fewer somites is indicated, but not ne-
cessarily a Hexapod ancestor.

In cephalisation, a stage with the head composed
of only four fused segments was reached very
early in the evolution of the Arthropoda.
Amongst terrestrial Arthropoda, the Onychophora
are a relict of thig stage of evolution, though they
are specialised in having attained an epimorphic
development and in possessing a large though in-
determinate number of postcephalic somites.

During the four-segmented head stage of Arthro-
poda, the paragnaths, or, alternatively, the super-
linguze and hypopharynx, were developed as a
non-appendicular lower lip to the mouth, closing
it from below. They belong to the last of the
four then existing head-segments, i.e., the mandi-
bular.

Later evolution of the head-capsule produced either
five-segmented heads (Diplopoda, Pauropoeda), or
six-segmented heads (Trilobites, Crustacea, Chilo-
poda, Insecta). In such cases the mouth-cavity
became enlarged and closed below by the maxille
or labium, so that the hypopharynx, when develop-
ed, appears as an internal tomgue within the
mouth, and the salivary glands, originally having
ducts opening external to the mouth, open in-
stead beneath the hypopharynx, within the mouth.
Tables D and E are attempts to exhibit these re-
sults in concise form.

TapLE OF COMPARISON OF THE APPENDAGEHS OF THE

BY R. J. TILLYARD, M.A., Se.D., D.Sc., F.R.8., ete.

TaBLE D,

45

Heap

SEGMENTS IN VARIOUS GROUPS OF ARTHROPODA.

A. ToUur AND FIVE-SEGMENTED HEADS.

Adult.

(Eyes)
Antenna

Jaws

Oral Papille

?ONYCHOPHORA CRUSTACEA
KEmbryo and

ARACHNIDA
Nauplius Embryo and
Larva. Adult,
(Eyes) (Eyes)
1st Antennee (Rostrum})
2nd Antennz | Chelicere
Mandibles Pedipalps

DIPLOPODA.,
PAUROPODA.

(Eyes)
Antennze
{Intercalary)

Mandibles

1st Maxillee

TasLe E.

TasrE OF COMPARISON OF THE APPENDAGES OF THE HEAD
SEGMENTS IN VARIOUS GROUPS OF ARTHROPODA.
B. Six-sEGMENTED HEADS.
| l(‘RUQTACFA [‘i‘YMPHYLA E‘CIHLOI’ODA INSECTA,
SEGMENT.ITRILOBITES. ™ /t\)dult) i i Adult | Embryo and | Embryo and
g Adualt. T Adult, Adult.
. — S S S -
| N
1. (Eyes) | (Eyes) (Iyes) | (Eyes) (Fyes) 1
i |(pre-antennz) l
9. Antennz 1st Antennze | Antennwm ‘Antennzze Antennm:
(Antennules) |
\
3. 1st Maxilli-  l2nd Antennie |(Intercalary) | (Intercalary) (Intercalary)
pedes ‘ (Antenna) l :
4, ond Maxilli- \iMandibles lMandibIes ‘Ma,n(hble" Mandibles
pedes \ 1 !
5. grd Maxilli- | 1st Maxille 1st Maxillee i1st Maxille -|lst Maxille
1 podes \ (Maxillule) ! |
| i 1
6. 4th Maxilli- \an Maxillee Ean Maxille !2nd Maxille |2nd Maxille
pedes i
i

| (Maxillae) l
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Let us now turn our attention to the Insecta.

The whole of this Class, with the exception of the Col-
lembola and Protura, may be placed as definitely epimorphic
in their ontogeny, i.e., the young larva hatches out with the
same number of somites as the adult. One may, for the
purposes of this discussion, omit those very highly specialised
types which have passed even beyond epimorphosis, in that
a reduction of some of the original somites may have taken
place either in the adult or in both larva and adult, e.g.,
in the reduction of the number of definite abdominal seg-
ments to less than ten. Also we may leave out of account
the problematical interpretation of certain so-called “proto-
pod” larvee in parasitic Hymenoptera.

In the Protura, there is a definite anamorphic type of
ontogeny. The young larva hatches out with only nine ab-
dominal segments, and three more are added in the form of
small annular somites to form the adult abdomen with
twelve segments.

If the Collembola were truly epimorphic, they ought
either to hatch out with the full number of somites charac-
teristic of the Insecta, or else show indications, either in
their embryology or in the course of larval development,
of the reduction which has taken place. There i, however,
no sign of this at any stage. The embryonic development
proceeds up to the formation of six abdominal segments
only; the larva hatches in ‘that stage, and the adult retains
exactly that number of segments. I propose to term this
type of ontogeny protomorphic.

If we compare this with the larval stages of the Pauro-
poda (Table C), we shall see that the Collembola appear
to have stopped short, as far as their postcephalic segmenta-
tion is concerned, at the stage indicated by the twelve-legged
larva of the Pauropoda. Now about the only fact known
concerning the ontogeny of the Symphyla is that they also
pass through a twelve-legged larval stage. As the presence
of two pairs of maxillee and definite hypopharynx and maxil-
lulee have been proved for this group, we can now make
an even closer comparigson and say that the Collembola pos-
sess exactly the segmentation of the twelve-legged larva of
Symphyla. The only difference lies in the appendages, all
of which are retained in the Symphyla, including a pair of
unjointed cerei.
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Fig. 14. Diagrammatic view of a Collembolon, family HEntomobryidse.
A, ventral view, B, lateral view, showing the abdominal segments, numbered
146, the catch or retinaculum (rt), ventral tube (vt), and the parts of
the spring or furcula, viz., manubrium (m), dens (d), and mucro (me).

Further support for this view is obtained when we come
to study the development of the appendages in Collembola
(fig. 14). In the embryo, all the postcephalic segments
show the rudiments of appendages except the last two, viz,
the preanal and anal. This is an exact parallel to the condi-
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tion of the postcephalic region in the twelve-legged larva of
Pauropoda. Before hatching, the appendages of the second
abdominal segment (fifth postcephalic) disappear. In the
newly hatched larva, the appendages of the first abdominal
segment (fourth postcephalic) become fused to form the
ventral tube (fig. 14, st); those of the third abdominal seg-
ment (sixth posteephalic) also fuse to form the catch or
retinoculum (fig. 14, st), and those of the fourth abdominal
segment (seventh postcephalic) remain very large and are
only partially fused to form the large spring or furcule; this
organ has a fused basal portion or maenubrium (fig. 14, m),
a pair of elongate dentes (d) and small terminal portions or
mucrones {(me).

Thus, of all the original paired appendages of the post-
cephalic region in Collembola, only one pair, those of the
fifth segment, have been lost.

in the twelve-legged larva of Pauropoda, it is also true
that only one pair of original postcephalic appendages dis-
appear; oxly, in this case, it is the first pair, not the fifth.

In the twelve-legged larva of the Symphyla, none of the
appendages of the posteephalic region degrades except those
of the preanal segment, which appear to be partially atro-
phied. The anal segment bears a pair of short cerei, which
are absent in Collembola and Pauropoda.

The result of this survey of the Collembola is most in-
teresting, They are classified as Insecta; but, according to
our analysis, they have just as much right to be classed
as Myriopoda as have the Pawropoda. The only difference
is that, while they retain all their original appendages ex-
cept one pair, only the first three postcephalic appendages
remain as functional walking-legs; the remuainder are modi-
fied to serve other functions.

The conclusion appears fo be irresistible that, unless the
Collembola are not true Insects, then the Insecta, Pauropoda,
and Symphyla have all been derived from a common ances-
tor with segmentation similar to that of Collembola.

Table ¥ presents in tabular form the results of our
analysis of the ontogeny of the groups under discussion, to-
gether with the Arachnida and Tardigrada.

A

EPIMORPHIE
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TapLe F,

AnaLYsis oF THE TYPES oF POSTCEPHALIC SEGMENTATION IN

GROUY.

ONYCHOPHORA

MYRIOPODA

INSECTA
TRILORITA
CRUBTACEA

VARIOUS GROUPS OF ARTHROPCODA.

vlwoMOR?’HISM ~—The preservation of an original condition with few body
serments, without change from embryo to adult.
NAMORI’THSM :—The formation of few body scgments in the embryo, with addition
of further segments during larval life, the full number being reached at
o late laxrval or adult stage.
sM -—The formation of the full number of body-segments while still in
embryonic condition.

PROTOMOR-
PHIC.

ANAMORPIIIC

EPIMORPHIC,

All forms (7)

Collembola

Pyenogonida (7)

uropoda
Symphyla
Diplopoda
Chilopoda (part)
Schivotarsia
Protura

ATl forms

Most forms

Kiphosura

Peripatoidea

Chilopoda (part)

Thysanura
Pterygota

Synearida, ete.

Seorpionida

ARACHNIDA
! Avaneina, ete.

THE EvoLuTioN oF THE WALKING-LIG.

We can scarcely be wrong in deriving the walking-leg
in Insects and Myriopods from an originally unsegmented
process such as is found in many Annelid worms. The first
truly Arthropcdan stage may be %nvi‘s‘ag‘ed as a still simple,
unsegmented, short appendage provided with two sebs of op-
pesable mugcles, extensors and flexors, and ending in one or
two claws. This stage i represented in the limbg of Tardi-
grades. The next stage consists in a slight elongation of
the leg, with annulation of a primitive type, as is to be seen
in Peripatus. With further elongation comes the differenti-
ation of the definitive segments, each having its chitinous
exoskeleton scmewhat hardened in comparison with the chitin
of the joint, and thus for the first time becoming a definite
unit in the leg mechanism. 'The walking-legs of both Insects
and Myriopods are of this type, bul show a wide range of
evolition, both in the number of the segments and in their
individual specialisations.

Jomparing the walking-leg of the typical Myriopod with
that of an Insect we areé at once struck with the fact that the

10
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Myriopod leg is of a more primitive type in not having the
marked specialisation of femur and tibia which is to be
found throughout the adult stages of most Ingects. Let us
then, first of all, follow out the evolution of the walking-leg
in the various groups of Myriopoda.

The simplest type of Myriopod leg iz that found in the
Symphyla (fig. 15). It is usually stated to consist of five
segments, We propose, however, in this paper, to con-
sider that the leg proper starts with the coxa, as it does
in the Insecta. The coxa of an insect shows a definite ar-
ticulation with the sternal and pleural regions of the thorax.
A eareful examination shows that the segment which has
this articulation in the Symphyla is the rather large, stout
segment (cx) which ig Tourth from the distal end. Further,
this segment is articulated with a kind of slightly chitiniged
socket, from the pleural portion of which there is developed
a long, slender, curved apodeme (fig. 15, ap). From the
sternal part of this socket are developed the ventral sac (vs)
or eversible vesicle, and the style (st). I propose fo call all
this region the subcoza. The sternal part is clearly homo-
logous with the subcozal plate in the abdominal segments of
Machilis (fig. 6, D, sex); for this plate also bears the ven-
tral sac and the style in that family, and lies behind the
true sternum, which is a weakly chitinised, triangular plate
(fig. 6, D, sn). In our view, then, the leg proper begins with
the coxa, and the number of segments must be counted from
that as the basal segment.

A comparison of the four-segmented leg of Scolopen-
drella (fig. 15) with the four-segmented leg of a Collembolan
(fig. 14) will here prove useful. In the latter, the four
segments are known as the coxa, trochanter, femur, and
tiblo-tarsus; these names, therefore, may also be used for
the four segments of the leg in Symphyla. It is worth
noting that the tibic-tarsus in Collembola ends in a well-de-
veloped claw and an empodium; the tibio-tarsus of Scolopen-
drella also ends in a claw and an empodium.

Returning to the legs of Myriopoda, we find the next
stage, a six-segmented leg, in the Pauropoda and some of
the Diplopeda. This condition appears to have arisen by the
interpolation of two short segments between the original
femur and tibio-tarsus of a four-segmented leg of Symphylan
type, as in the Oniscimorphous Diplopoda. In the higher
groups of Diplopoda, the distal segment becomes divided into
two, giving a seven-segmented leg. In some cases, there ap-
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Pig. 15. Sternal region and leg in Scolopendrelle sp., Australia. Class
Progoneata, Order Symphyla, family Scolopendrellidee. A, ventral view,
drawn from a cleared and mounted KOH preparation stained in eosin.
B, lateral view, drawn from an unmounted KOH preparation stained in
eosin and cleared in clove oil, to show correct position of parts. ap,
apedeme ; apl, anterior pleural process, ppl, posterior pleural process, and
stp, sternal process of the subcoxa; em, coxa; fm, femur; sn, sternum ;
41, style: tbs, tibiotarsus; #», trochanter; ws, exsertile vesicle. In B, all
segments of the leg are omitted except the coxa, and the exsertile vesicle
is indicated by dotted lines as it lies behind the coxa.
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pears to be a further subdivision, more or less complete, of
the distal segment, so that the highest type of leg evolved
in this group may be said to be eight-segmented. The
Diplopoda are also remarkable for the approximation of the
two coxee, which remain large, and in the setting-apart, in
the males, of one pair of legs to form the copulatory or-
gans.

Turning next to the Opisthogoneate Myriopods, we have
to determine which is the true coxa in the Chilopoda. There
are two more or less well defined, small, ring-like segments
at the base of the leg, the first of which frequently bears
a small style resembling that of the coxa of Machilis. This
should therefore be the coxa, and the second short segment
should be the trochanter. IWollowing this are five well de-
veloped segments, so that we may call the typical Chilopodous
leg seven-segmented. In some groups, however, the distal
segment is either more or less completely subdivided into two,
so that the hizhest development is again an eight-segmented
leg.

A very remarkable and high degree of specialisation of
the legs is attained by the Schizotarsia, an aberrant offshooi
of the Chilopoda. In these the two distal segments of an
originally seven-segmented leg become greatly elongated and
very slender; each is subdivided into a number of annuli or
secondary segments. This condition is usually spoken of
simply as “multi-articulate,” but the original point of divi-
gion between the two distal segments proper is easily seen
at an elbow near the middle of the annulated portion, The
animal walks or runs by means of the first five segments of
each leg only, and uses the two distal ones in a most extra-
ordinary manner. It captures its prey by leaping upon it
and enclosing it in a veritable basket or cage of legs; while
devouring its prey at leisure, it keeps the terminal segments
of its legs vibrating at a rapid rate, thus producing a misty
effect and rendering itself almost invisible! A further in-
teresting point is that a true ‘“breaking-joint” is formed be-
tween trochanter and femur, thus enabling the animal to
escape with ease if one of its long legs is either caught in a
crevice or seized upon by an enemy.

It will be seen from the above account that the line of
evolution of the Myrioped leg, after the Symphylan stage,
cannot be homologised segment for segment with the Insect
leg.
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Turning now to the evolution of the Insect leg, we take up
the story again at the Collembola (fig. 14), in which the com-
parison with the leg of the Symphyla is very close. This leg
is four-segmented, and the tibio-tarsus ends in a claw plus
an empodium. The subcoxal vegion is extremely primitive,
with very slight chitinisation.  The next stage is to be found
in the five-segmented legs of Protura and Thysanura Ento-
trophica; the additional segment is formed by subdivision
of the tibio-tarsus into distinet tibia and tarsus. In the
Protura, the specialisation of femur and tibia, which is
strengly marked in most adult insects, is not at all marked,
so that these primitive insects are closer to the Myriopoda in
this character than other insects. The Projapygide (fig.
12) are somewhat more specialised in this respect; the Japy-
gide (fig. 11) a little in advance of the Projapygide; and
the Campodeide (fig. 10) are slightly in advance of the
Japygidee.

No group of Insects now exists with a six-segmented leg
which has not been attained by rediction; the few types in
which the tarsus is at present two-segmented can all be
proved to be reductions from a type in which the tarsus
wag originally three-segmented. Within the Thysanura, the
distinction between the two groups Enbotrophica and Ectotro-
phica is most marked; all the former have the tarsus simpls,
while in the latter it is never less than three-segmented.
A few forms of Lepismatide are known in which the leg is
eight-segmented (tarsus four-segmented) but these are ob-
viously secondarily derived from forms having the typical
seven-segmented legs of the Fctotrophica.

The Pterygota appear at first sight to centre round two
distinet lines, one having the tarsus three-segmented and the
other five-segmented. To the former would belong the fossil
orders Palmodictyoptera and Megasecoptera, and also a num-
ber of recent groups (Dermaptera, Plecoptera, Copeognatha,
Hemiptera, etc.).  Handlirsch, who regards the Paleodicty-
optera as the ancestral type of the Insecta, would also claim

that this three-segmented condition of the tarsus is the primi-

tive condition.  But we have very clear evidence from the
fossil record that the three-segmented condition has bheen
secondarily derived from a five-segmented one in Perlaria
and Copeognatha, and there is some evidence that *lic three-
segmented condition in Odonata may also be a veduetion. I
am therefore inclined to consider the five-segmented condition
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of the tarsus as the primitive form for Pterygota, especially
as the Plectoptera, both fossil and recent, have five-segment-
ed tarsi.

This brings us at once to the much-debated question of
the coxal styles of Machilidee (fig. 6, C, st). According to
those who support the descent of Insects from Crustacea,
these styles are either true exopodites or true epipodites. If
the original basal segment of the leg in Machilis is the sub-
coxa (fig. 6, D, scx), then the style may be a true exopodite,
ag it is borne on the second segment (coxa). If, however,
the coxa is the true basal segment, then the style cannot be
an exopodite, though it might be an epipodite. In either
case, the presence of similar styles on most of the abdominal
ients of Machilidee, and, indeed, of most abdominal seg-
ments in the Thysanura, has been claimed as additional evi-
dence of the descent of these insects {rom Crustacea. Let
us examine the positiosn more closely.

Here let us pause once more to collect into tabular form
our analysis of the evolution of the walking-leg in terrestrial
Arthropoda (Table G).

The next stage of our analysis brings us to the ques-
tion of the relationship of the typical uniramous legs of ter-
restrial Arthropoda to the primitive biramous types of
marine Arthropoda. We have to ask the question: Is there
any real evidence of descent of the tferrestrial uniramous
walking-leg from the marine biramous appendage of Trilo-
bites and Crustacea?

TaABLE G. o -
It seems clear that the abdominal styles in Machilide

are not the homologues of the coxal styles of the second and
third thoracic segments; for the abdominal styles are borne
on the subcoxa (fig. 6, D, scx) and must therefore be the
homologaes of the styles found in Scolopendrelle (fig. 15,

TARLE SHOWING EVOLUTION OF THE TYPES OF WALKING-LEG
IN ANNELIDA AND ARTHROPODA,

(x Present.)

3 e %«: st). These styles are situated just externally to the ex-
TYPE, ‘5}1& ‘5.%52 gg MYRIOPODA. INSTCTA., sertile vesicles (ws) in both cases,
& .
<8 gﬁ% ?;E The double homology of coxal style and ventral sac is
- B h quite inexplicable except on the ground.that the Symphyla
E 5 ] 1o . 0
Unsegmented Process * and Machilide were derived from a common ancestor.
4 p o 5 ot .00 1 1 da
Simple Leg with Claws x Iiuri‘;hel, we have to note the occurrence in Chilopoda
_ and Schizotarsia of small coxal styles on most of the legs.
Thoaca y . . $ 4 A o » of
Simple Leg with Claws and x Lhcsg' are clearly homologous with the coxal styles of
primitive annulations Machilidee. But these groups have not developed the sub-
Four-segmented Leg with x Symphyla x Collembola coxal styles and sacs. IHence we may safejly‘ Cvondqde ?hat‘
single tibiotarsus o both types of style are not remnants of original epipodites,
Pivesegmented Leg  with % Protura or exopodites, but m.erely a speqal development which took
separate tibia and tarsus % Thysanura place at some stage in the evolution of the common ancestor
Entotrophica O Myt . .
. of Myriopods and Insects, and were carried over into cer-
Six-segmented Leg x Pauropoda tain ancient types of both Classes.
x Diplopoda . . . .
As there is not a particle of other evidence through-
Seven-segmented Leg . x Diplopoda x Thysanura - 4 L. ] s N (% .
Y e Fotatrop hich out the Myrlopoda an‘d Ir%secta f(zr the occurrence of either
x Pterygota an exopodite or an epipodite, I think we are entitled to con-
(some) clude that there is really no evidence whatever for the evo-
Seven-segmented TLeg with x Schizotarsia lution of the walking-leg of the terrestrial Arthropod from
secondary annulations th . ’ . . . . .
s e biramous swimming limb of the marine Arthropod.
Right-s y Dipl x Thysanura - . . .
Eight-segmented Leg x Cﬁ%ggggf Tototrophica We see, then, that the course of our investigation has
(some) | again forced us into the position of maintaining some kind
) of relationshi ¥ F ! ¢
Nine-segmented Leg x Prerygota ationship between the Symphyla and the Apterygota,
. {most) -
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although we are no longer thereby put into the position of
the original supporters of this theory, in so far as it involved
them in acceptance of the Symphyla as the nearest approach
to the ancestral group of the whole of the Insecta.

Our conclusions may be stated as follows:—

(1) No evidence exists for the origin of the walking-
leg of Myriopoda and Insecta from a biramous
type of limb.

(2) Coxal styles occur in Chilopoda, Schizotarsia, and
the Machilidz.

(3) Subeoxal styles and eversible ventral sacs occur
in Symphyla and Thysanura. Subcoxal styles
also occur in Protura.

REPRODUCTIVE SYSTEM; THE PROBLEM OF THE POSITION OF
THE GONOPORE,

Having thus arrived at a point where it is idle to shut
our eyes to the fact that the evidence so far disclosed points
to a much closer hereditary connection between Myriopoda
and Insecta than between Crustacea and Insecta, we come
now right up against the old crux, which may be stated as
follows :—

All the older types of Myriopoda are pregoneate. The
Chilopoda and Schizotarsia are, it is true, opisthogoneate,
but nobody proposes to derive the Insecta from either of
them. All the Insecta are opisthogoneate. How can one
bridge the gap between the progoneate Myriopods and the
opisthogoneate Ingecta?

It has long appeared to me that this problem is almost
insoluble, if we are not to go back nearly to an Annelid an-
cestor with paired segmental gonads and gonoducts. How-
ever, a new golution now presents itself as the outeome of
the present analysis, and I shall try to explain it clearly
herewith.

Tn the following discussion, all segments will be reckon-
ed from the head backwards as posteephalic, without regard
to the presence of the thorax in the Insecta, since it is ad-
mitted that the thoracic region of an insect is composed of
the first three original posfcephalic segments of a more pri-
mitive type.

On the above reckoning, the Collembola possess nine
posteephalic segments.  If my theory that they are more
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primitive than other Myriopoda and Insecta, as regards their
segmentation, is correct, then they never had more than nine
p»ostctephalic segments.

The gonopore in Collembola opens on the eighth post-
cephalic segment. In the Thysanura and most Pterygota the
male duct opens on the twelfth postcephalic segment, the
female on the eleventh. In the Plectoptera, however, the
female ducts, which are paired, open on the tenth postce-
phalic segment. In the Protura the genital ducts open be-
tween the last two segments, i.e., the fourteenth and fifteenth
posteephalic. In the Chilopeda, they open on the last seg-
ment. All these variations are included in the one term
opisthogoneate,

In Diplopoda the genital ducts open on the third post-
cephalic segment; there are also, in the male, accessory copu-
latory structures either on the last segment, or on the sev-
enth or eighth. The Pauropoda also have the genital ducts
opening on the third postcephalic segment; the Symphyla on
the fourth. Both these conditions are classed as progoneate.

Now nobody denies that Plectoptera and the rest of
the Pterygota had a common ancestor because the female
ducts in the former open one segment in front of their posi-
tion in other Pterygota. Nor would they deny the unity
of the Class Insecta on the ground that the position of the
gonopore, though opisthogoneate, was not the same in Col-
lembsola, or in Protura, as it is in the Thysanura or the
Pterygota.

Thus the issue as between the term “progoneate” and
the term “opisthogoneate” is seen to be essentially one of
degree. Granted that the divergence between the position
of the gonopore in Symphyla and in Thysanura is too great
to be “jumped,” we may nevertheless ask what amount of
divergence would be permitted for the present cbjection to
the postulation of a common ancestor to ibe overcome? The
reply must be, unless we are to be entirely illogical, that a
similar amount of divergence must be permitted as is al-
ready accepted within one of the two divergent groups, say,
the opisthogoneate. In this group the most forward position
for the gonopore is actually to be found in the Collembola,
strange as this may seem; for they have the genital opening
on the eighth postcephalic somite!

Now the most backward position of the gonopore in the
Progoneata lies on the fourth postecephalic segment. Hence
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(1) The original condition in the protomorphic ances-
tor of both progoneate and opisthogoneate forms —Hven if
we grant that the original terrestrial ancestor of Myriopoda
and Insecta had a number of postcephalic somites not less
than the Collembola, it is not required that functional
gonads need have been present on any somites except the
fourth to eighth postcephalic inclusive. Fig. 16, A shows this
condition. KEach gonad discharged its products through its
own segmental duct, as indicated above.

(2) Ewolution of the primitive progoneate type :—This
would be accomplished by the fusion of all the ducts along
each side into a single gonoduct opening forwards into the
original pore of the fourth postcephalic somite. The remain-
ing pairs of gonopores must have become vestigial and later
on disappeared. Probably also the most anterior pair of
eonads (those of the fourth postcephalic somite) also became
vestigial and later on disappeared. Fig. 16, B shows this
«condition.

(8) Ewolution of the primitive opisthogoneate type:-—
This would be accomplished by a fusion of all the duets along
each side, similar to that in (2), but opening backwards into
the original pores of the eighth postcephalic somite, instead
of forwards into the fourth. As in (2), all the remaining
pairs of gonopores must have become vestigial and later on
disappeared. TFig. 16, C shows this condition.

(4) Stages in the Evolution of the progoneate type:—
Tt would appear probable that, during anamorphic evolution
of the progoneate type, the original pair of gonads in the
fourth postcephalic somite has degraded and disappeared; at
the same time, probably at least three extra pairs of gonads
have been developed posteriorly, in the ninth to the eleventh
postcephalic somites, during anamorphosis, either during a
single interpolation of three segments, or during two stages
of addition, of two segments followed by one more (as in the
larval development of Pauropoda). Fig. 17, B shows this
intermediate or Proto-pauroped stage. From it, there can
eagily be developed the adult condition found in the Pauro-
poda (fig. 17, C) in which the ducts have been extended for-
ward one segment (prcbably by ectodermal additions) so as
to open into the third posteephalic somite, while the gonads
of the fifth and sixth segments appear to have been lost, and
the remaining pairs have combined into two groups, each
extending through several segments, and thus partially ob-
scuring the original segmental arrangement.
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I:‘\'::‘ 17. F.urther Evolution of the Progoneate Type of Reproductive
'byatem. .Dlagrammatic. A, ancestral progoneate (as in fig. 16, B). B,
intermediate or Proto-pauropod stage, leading to C. €, Pauropoda. D,
Symphyla. I, Diplopoda. The numbers indicate postcephalic somites;
an, anal, and pa, preanal somite. All diagrams represent female organs.

In the Symphyla (fig. 17, D), the original position of
the gonopores is retained, but there is a very great reduction
in the gonads; apparently only those of the sixth and seventh
pesteephalic somites have been retained, and these are fused
on each side, so as to obliterate the original segmental ar-
rangement.
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The Diplopoda (fig. 17, ), like the Pauropoda, have
specialised in the forward movement of the gonopores, but
appear to have retained a larger number of the original pairs
of gonads; these, however, have all become fused together
to form one great, elongated gonadial chamber, The paired
ducts have also fused, except towards the gonopores, where
they remain separate.

How close these hypothetical stages in the evolution of
the reproductive systems of the various types of Progoneata
actually come to the truth can only be discovered by very
careful examination of the embryonic and larval development
of the gonads in existing types. This has, apparently, not
yet been attempted. If, however, my new theory at all ap-
proximates to the actual course of evolution of the ancestors
of Myriopoda and Insecta, such a study as this should yield
many points of evidence in its favour, or, alternatively, offer
evidence demanding some reconstruction of its detsils.

(b) Stages in the Evolution of Opisthogoneate types:——
Starting from the ancestral protomorphic opisthogoneate
type already envisaged (fig. 16, C), we have to follow out
four distinet lines of evolution ag follows:—

(a) The Collembola (fig. 16, D, E) :—Here the inter-
mediate stage may be conceived of as an enlargement of the
five gonads on each side to a stage in which their separate
ducts become obliterated (fig. 16, D). This may be termed
the Proto-collembolan stage. The condition of the male
gonads in Poduridee is a little further advanced (fig. 16, E),
the gonads on each side forming a huge convoluted mass
projecting as far forwards as the mesothorax, but still
showing definitely its origin from five originally distinct
gonads. In the females fusion proceeds further, and appar-
ently all signs of the original segmental arrangement are
lost.

It is important that the embryonic formation of the
testes in some primitive Podurid should be worked out com-
pletely, so as to determine which five postcephalic somites
actually produce the paired gonads.

We must note that, as there has been no anamprphosis
in the Collembola, the evolution of the gonads must have
been comparatively simple, and has only involved the original
elements present in the hypothetical ancestor of both progo-
neate and opisthogoneate types. ‘

G

BY R, J. TILLYARD, M.A., Sc.D,, D.8e., F.B.S., ete. 63

(b))  The Protura (fig. 18, A, B) i—For the evolution of
this type, we require two anamorphic stages. In the first,
the original five pairs of gonads were retained, and the
position of the gonopores was probably pushed backwards
to between the anal and preanal segments. By interpola-
tion of three more segments just anterior to these, without
development of extra gonads within them, we reach what we
may term the Proto-proturan Stage (fig. 18, A), originally an
adult condition, but now represented by the larval form with
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nine abdominal segments. Either before or after this stage
was reached, the paired gonads must have become fused
into two elongate organs of the type now existing in the
Prcetura. The present Proturan stage (fig. 18, B) has been
reached simply by a second anamorphic development, re-
sulting in the addition of three ring-segments just in front
of the anal segment.

(¢) The Thysanura and Pterygote (fig. 18, C-G):—
The evidence favours a common ancestor for these two
groups, which we may term the Proto-thysanuran stage (fig.
17, C). It must have had eight pairs of gonads, and must
also have been developed anamsrphically from the ancestral
protemorphic opisthegoneate type (fig. 16, C) by the addi-
tion, either at a single stage or at two, of three additional
somites in front of the preanal.* TFrom this type, the Japy-
gide (fig. 11) evolved simply by loss of the most posterior
pair of gonads: the segmental condition of the other seven
remains complete to the present day in the females, and the
only other specialisation is the union of the two original
goncpores on the preanal segment. The Projapygide (Ana-
jopye, fig., 18, D) show a further stage of reduction, the
goenads being reduced to two pairs only; each of thege two,
however, is probably composed of two or more of the original
segmental gonads. The end development of this line is to be
found in the Campodeidae (fig. 18, k), where all the remain-
ing gonads on each side are fused into a single elongate
organ.

The Machilide and Lepismatide apparently constitute
ansther line of development, in which (fig. 18, F') the original
gseven pairs of gonads retained in the Japygidae lose their
segmental arrangement and become more crowded together
(Machilidze). In the Lepismatides, cither there is a second-
ary reduction to five palrs only, or, just possibly, these
five pairs may actually represent the original five pairs of
the ancestral protomorphic type, carried over unchanged.

It iz interesting to note that, on this new theory, the
two lines of evolution of the repreductive organs in the
Thysanura Entotrephica and Thysanura Ectotrophica are
seen to be distinct, but quite closely related.

Turning next to the Pterygota (fig. 18, G), the line of
evolution follows. closely that of the Thysanura Ectotrophica,

*Possibly the undeveloped, annular nature of the ninth abdominal
segment in Japygide is evidence that it was the last segment to be added
anamorphically in the ancestor of Thysanura.
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ibut apparently the whole eight original pairs of gonads are
retained, though their segmental condition is lost. The con-
dition found in the females of Plectoptera, in which the
two oviducts open separately on the tenth postcephalic somite
instead of on the eleventh, is quite possibly not primitive, but
o secondary development correlated with the necessity, in
these delicate and short-lived insects, for freeing large masses
of eggs as quickly as possible.

(d) The Chilopoda and Schizotarsia (fig. 18, H):—
What little is known about the gonads in this group indi-
cates that they have pursued their own line of evolution quite
independently of that of the Insecta. It is not possible to
indicate the stages in its development very closely, but an
examination of the female reproductive organs in the more
primitive groups ought to afford scme evidence of it. In
the best-known form, Scolopendra, the whole of the original
gonads are fused together to form an elongated single organ
(fig. 18, ). Thig organ lies in the middle line, below the
alimentary canal and above the central nervous system. Its
form appears to be correlated with the great elongation and
narrowing of the animal’'s body. The gonopores open to-
gether on the last segment; probalbly the extension back-
wards from the original position on the preanal segment has
been accomplished by the formation of a secondary ectoder-
mal portion of the duets, posterior to the entry of the two ac-
cossory glands (fig. 18, I, dotted portions); or, alterna-
tively, the true anal segment may be vestigial, as in most
Ingecta.

Before leaving this subject of the reproductive system,
it will be as well to say a few words about the Crustacea.
In this Class in general, the gonopores may open in any poasi-
tion from the first to the nineteenth posteephalic somite. The
posterior position is, however, very unusual, and is only to
be found in certain Branchiopoda in which a very large addi-
tion of scmites has taken place. Such types, of course, do
not enter into the discussion of the origin of Ingeccta in any
case. . All the types of Crustwcea which can possibly come
into the discussion ave classifiable as progoneate types, in
contrast with the Insecta. Moreover, none of them ghows
the primitive segmental arrangemient of gonads required of
the ancestor of the Insecta. Take, for instance, the Syn-
carida. In this group the ovaries form an elongate mass
running from the postericr part of the thorax into the abdo-
men; the oviducts open on the inner faces of the coxopo-
"
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dites of the sixth pair of thoracic limbs. The testes are
long slender tubes with their vasa deferentia opening on the
sternal surface of the last thoracic somite. Thus in the
Byncarida the gonopores of the female belong to the sixth

Segmental No. of Legl PROGONEATA.|OPISTHOGONEATAJ INSECTA,

posteephalic somite, those of the male to the eighth! Dovelopment .| Segmenta. 0. of Leg| Segmental

bogments. | Development.

In order, then, for the Syncarida to be the ancestral
group to the Thysanura, it is necessary to postulate a lost
type of Syncarid in which the gonopores of the two, sexes
were placed much farther back; to wit, in the female, no less
than five segments back, and in the male, four! There is not it s
the slightest evidence that such a type ever existed; whereas % ﬂ

. : : - V
there is plenty of evidence that both progoneate and opis- -6 \DIPLOPODA | CHILOPODA 11 (SARU RA 5
(part) (pgprt) ENTOT ROPHIC A
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Epimorphic 7-8 CHILOPODA THYSANURA 7-8 Zpimorphie

thogoneate types of terrestrial Arthropoda arose from a
single stem. 7 scm?,msm

One is not surprised that no advoecate for the Crustacean Anamorphic 6 DIPLOPODA
origin of Insects has ever yet been bold enough to mention &part)
the gonads! 6 PAU70DA

P ROTU RA
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As for the Trilobites, nothing whatever is known about
their reproductive system, so it is idle to speculate. Probably
their gonads remained segmental, with many paired gono-
pores. They were certainly quite primitive enough to have 4 S PH LA
been possible ancestors of almost any group of higher Arth- } gi
ropoda; but we have already seen that Handlirsch’s method )
of filling in the intermediate stages is not acceptable, and ‘i
there does not appear to be any other suggestion worth con- CLLERBOLA & Protemorphic
sidering. /yVKB

The Onychophora are already almost as highly specialis-
ed opisthogoneate types as the Chilopoda. Therefore no
Peripatoid type can possibly have been the ancestor of such
a form as Japyw, which has retained segmental gonads. Un-

less some evidence can be brought forward giving a direct PROTAP TERA
3 $ ; b . L or

evolutionary connection between Onychophora and primitive ORIGINAL
Myriopodan types, it would appear to be useless to bring them e onompH I

into the argument at all.

We may reasonably conclude this stage of our argument
by presenting a somewhat diagrammiatic “phylogenetic tree”
embodying the combined results of our analysis of the evolu-
tion of the body-segmentation, of the walking-leg, and of the

i

reproductive system. It would be almost impossible to in- . %

.p : y . : P ! Fig. 19. Phylogeny of the Insecta according to the New Theory The

dicate, in a single diagram, the evolution of a series of thick, arrowed lines indicate the courses of evolution. 'The 1—:y £
" ; . . pe o

groups based on the study of these three characters, if segmental development and form of walking-leg are indicated in vertical

it were not that they reinforce one another in a very com- columns on either side of the phylogenetic tree.

plete manner. - The result ig to be seen in fig. 19.
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We have now set out the main lines of our new theory,
and must proceed to test it along the same lines that I have
indicated for existing theories. That is to say, we must
consider the various systems of internal organs, the embry-
ology and the geological record of the groups under con-
sideration, and see how far the evolutionary record in each
case either supports or conflicts with the theory.

Tar RESPIRATORY SYSTEM,
This is considered first because it appears to be, next
to the segmentation and appendages, the system which has
already given rise to most discussion.

Generally speaking, marine Arthropods breathe by
means of external gills, which may, or may not, be second-
arily covered for protection, while terrestrial Arthropods
breathe by means of an internal system of trachez or air-
tubes, developed from invaginations of the ectoderm. No-
body would to-day, as far as I know, postulate a single great
monophyletic group Branchiata for all the gill-bearing forms.
On the other hand, Versluys (1914-1922) has resurrected
the old group Tracheata for all the tracheate forms, and
claims that it is 2 monophyletic group. Let us examine the
position afresh. )

How far is Versluys justified in his contention?

1 have indicated, in my criticism of Versluys’® Thesry,
that it would appear that he has made out a good case for
the terrestrial Arachnida being actually more primitive than
the marine forms. At first sight, the geological record
would appear to deny this. But we have to remember that
fossil rvecords of land animals living before the Lower De-
vonian are extremely scarce, so that it is fair to assume that
we know relatively little of what terrestrial life was like
during the Cambrian and pre-Cambrian periods. The dis-
covery of an abundant fossil fauna of Acarina in the Lower
Devonian peat-bogs, associated with small Crustacea and also
with true Collembola, should make us pause before asserting
that the geological record is against Versluys. For the
Acarina are undoubtedly very highly specialised; they stand
above the epimorphic groups of terrestrial Arachnida and
are remarkable for having undergone considerable reduction
both in the larval and adult conditions. The loss of abdom-
inal segmentation, of demarcation between cephalothorax and
abdomen, and specialisation of mouth-parts, are all specialised
adult characters, while the secondary reduction of the larval
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legs to three pairs (proved by the embryonic development
of four pairs in at least one primitive form) is a specialisa-
tion unparalleled within the Class.

But when Versluys wishes to assert that the Arachnid
tracheal system arose monophyletically with that of other
terrestrial Arthropods, I disagree with him entirely. This
assertion involves the evolution of all types of Arthroped
tracheation from that of Onychophora, which is, to me, un-
thinkable.

Let us, first of all, clear the ground, by removing from
the argument all obviously secondarily derived structures,
whether of trachee or gills. In this category come-——

(a) all tracheal gills developed in various groups of

Insect larvae, and
(b) all so-called “tracheal systems” developed in ter-
restrial groups of Crustacea, such as the Oniscold
Isopoda.
As regards (a), the fact that all these gills contain traches
is definite proof of their secondary nature, and is incidentally
proof that all groups that possess such organs are secondor-
iy aquatic and not primarily so. As regards (b), it is clear
that, morphologically, these structures are in the nature of
pseudotrachex and not trachew, and the fact that they are
borne on the exopodites of the pleopods, which are obviously
marine developments, is as strong a proof of their secondary
nature as is the possession of trachez in the gills of aquatic
insect larvee.
Thus we dispose of two points, viz.:—

(1) The occurrence of aquatic insect larvee with tra-
cheal gills does not prove that the insects were
aquatic in origin, but rveinforces the lbelief that
they were terrestrial.

(2) The supposed “tracheal system” of Oniscoidea ix
not only no proof of the origin of Insecta from
Crustacea, but is definitely againsgt it; for it is
obvicus that no Insect tracheal system has been
developed from such a system as is found in the
Oniseoidea. -

Now there are clearly three main systems of respiration

within the Arthropoda, viz. ;-

(1) through the cuticle,

(2) by means of gills, and

(3) by means of traches,
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Primitive forms are known, both marine and terrestrial,
which breathe directly through the cuticle. The primitive
gill of a marine Arthropod is a specialised outgrowth of
the cuticle, either from part of a somite, or part of an ap-
pendage. It is therefore of the nature of an evagination
designed to increase the amount of permeable surface pre-
sented to the oxygen-carrying medium, i.e., salt-water. In
the case of an appendage, further advantage is gained by the
ability to wave it to and fro. The primitive trachea, as seen
in the Onychophora, for example, is an invagination of the
cuticle, designed to increase the amount of permeable sur-
face and also to bring the air into closer contact with the
various internal organs in need of oxygen. One need scarce-
ly be surprised that, in the case of an animal with such a
soft cuticle as Peripatus, no definite segmental arrangement
of the tracheal system was evolved.

It should be clear, then, that there is no more necessity
to demand a monophyletic origin of all tracheate Arthro-
poda from an original tracheate form than there is to de-
mand a monophyletic origin of all gill-bearing marine forms.
from a single gill-bearing marine type. On the other hand,
there is plenty of evidence available to show thatl the original
terrestrial types of Arthropod possessed no trachez at all,
but simply breathed through their cuticle.

The Collembola, 'which, on my new theory, are the most
primitive of all Insects, and, in some ways, notably in their
protomorphism, more primitive than any existing Myriopoda,
are entirely without traches except in the case of the highly
specialised family Sminthuride, in which a single pair of
trachez occurs in the head region. I submit that, if Collem-
bola were descended from tracheate forms, any type which
now possessed a tracheal system would not have been the
most highly specialised type, but one of the more primitive
forms; nor would the trachez have been in the head, but
in some segment which would have clearly indicated a re-
duction from the original postcephalic segmental system, as
exhibited, for instance, in the more primitive Thysanura or
Pterygota.

The Pauropoda have no tracheal system either. Here
again we are dealing with a group 'which, on my new theory,
is extremely archaic, being as old, almost, on the progoneate
side, as the Collembola are on the opisthogoneate side.

The tracheal system of Diplopoda, with its tufts of fine
tubules passing inwards from each spiracle, does not appear
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1o be monophyletic with that of the Insecta or of the Chilo-~
poda. ~

The tracheal system of the Chilopoda may have origin-
ated from the same stem as that of the Thysanura, or it
may have arisen independently. Its highest expression, in
the Schizotarsia, is of a type without parallel in any of the
higher Insecta, where the tendency, indeed, is strongly to-
wards reduction of the tracheal system.

The Protura possess a tracheal system with thoracic
spiracles only. This is quite in line with my theory if we
consider that the most primitive Insecta had no trachez, the
intermediate anamorphic types only a partially developed
(thoracic) system, and the higher types, Thysanura and
Pterygota, a much more complete system.

It is still quite permissible to argue that the tracheal
system of the Campodeide is a reduction from a more com-
plete system present in the ancestral Thysanuran. Indeed,
on my new theory, this is more probable than that the Cam-
podeidee show a primitive system comparable with that of
Protura. FFor the series Japygide-Projapygide-Campodeidae
is, on my new theory of the evolution of the reproductive
organs, a complete reduction series, and the presence of two
thoracic and one abdominal pairs of spiracles in Anajopyx
points in exactly the same direction.

On the other hand, I would regard the tracheal system
of the Symphyla as extremely primitive, and as one of the
very first attempts to develop a tracheal system of the Diplo-
poed type, with numerous fine tubules not anastomising with-
in the body. In thisg, as in many other characters, 1 con-
sider the Symphyla to be much more primitive than the Cam-
podeidee. It is evident that there has been a considerable
amount of convergence between the two groups, giving a
superficial appearance of much closer relationship than
really exists.

When we turn to the marine series, we find small, pri-
mitive types of Crustacea without any special gill-formation,
but breathing only through the cuticle. In the higher types,
especially in the Malacostraca. the gill-series is of high com-
plexity. Particularly we must take account of the gills of
Syncarida, as these have been considered as possible ances-
tors of the Insecta. In this group, the gills are provided on
the epipodites of the thoracic legs, and show a progressive
reduction from the primitive Anaspididee, through the Koo~
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nungidz to the Bathynellidee. There can be little doubt that
the last-named family is the most debased and specialised
of the Syncarida, both on account of reduction of its ap-
pendages -and also in its remarkable habits of living. Se,
then, if we are to derive the Insecta from Syncarida, we must
picture them as having passed from marine to estuarine
waters, thence to fresh-water rivers, thence to cave-waters
and wells as Bathynellid-like forms; thence they must have
emerged as cave-dwellers in the form of Machilide, with the
vestiges of their original gills still in the form of coxal
styles! Obviously a most fascinating theory, but scarcely
a convincing one! The only position to which I am willing
to relegate it is one in which the Syncarida must be con-
sidered as the ancestors of the whole Myriopod-Insectan com-
plex, and T am afraid that this would take the ancestor too
far back, both geologically and as regards its segmentation,
to keep it within practical considerations. If any worker in
these fields considers that there is a good case for a Syncarid
ancestry of Insects, then such a theory must take a definitely
opposed stand to my new theory of the protomorphic origin of
Insects and Myriopods, and must regard forms like Collem-
bola and Pauropoda as having evolved from ancestors having
the exact segmentation of Syncarids. This, I venture to sug-
gest, would be extremely difficult to maintain.

Further, any supporter of the Syncarid or, more gen-
erally, the Crustacean origin of Insects must admit my argu-
ment in favour of the Insects having evolved from types
without a tracheal system. But this, again, throws them
back on a consideration of Collembola and Pauropoda as
very primitive types, and places them somewhat on the horns
of a dilemma.

THE ALIMENTARY SYSTEM,

A very simple evolutionary line can be established for
the digestive system of Onychophora, Myriopoda, and In-
secta. In Peripatus, the endodermal region, or mid-gut, oe-
cupies most of the length of the digestive tube, while short
ectodermal portions, covered with an extremly fine chitinous
cuticle, form the fore-gut anteriorly and the hind-gut pos-
teriorly. This type of digestive tube persists in the Myrio-
poda, with a tendency towards slight lengthening of the
fore- and hind-guts at the expense of the mid-gut. In the
Insects the mid-gut region becomes further shortened, and
the lengthened regions of fore- and hind-gut tend towards
differentiation of parts, which, however, vary greatly accord-

=
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ing to the group of insects under consideration, and the type
of food consumed. In primitive Insects, there is never any
development of an ectodermal stomach or gizzard, of the type
found in Crustacea.

In the Crustacea, from the earliest types onwards, there
is a marked shortening of the mid-gut region and a high
stage of development of the fore-gut. The latter becomes
differentiated into the cesophagus and stomach, or gizzard,
the latter being developed within the head; and there is a
marked bend in the course of the cesophagus upwards and
forwards into the head before reaching the stomach.

If, then, the Insecta are derived from Crustacea, the
whole of this important development of the fore-gut must
have become degraded and then must have entirely disap-
peared! Not a trace of it is left, in any primitive Insect.

Further, in Crustacea there is developed, from the an-
terior portion of the mid-gut in the embryo, a voluminous
set of hepatic czca, or a liver. This type of organ is also
quite unknown in the Insecta. The corresponding portion
of the embryonic mid-gut in Insects has been proved only
to develop up -to a certain point, and the two glandular
pockets formed by it are only transitory structures and
soon disappear. One would certainly expect to find a greater
-development of the liver, if Insects are derived from any
group of higher Crustacea, though the condition found is not
incompatible with a derivation from some early type of
proto-Crustacean, such as the Naupliold ancestor already
postulated.

The evidence would point strongly to a close relationship
of Myriopoda and Insecta, with a possible, but by no means
certain, derivation from Onychophoroid forms; any relation-
ship indicated with Crustacea is seen to be, by comparison,
a much more distant one.

THE EXCRETORY SYSTEM,

In the Crustacea the most important exeretory organs
are the paired antennary and maxillary glands, The former
open at the base of the second antennz. In Branchiopoda,
they develop before the maxillary glands, and function during
larval life; they then atrophy, and their function is taken on
by the muaxillary glands. They become the “green glands”

-of the Decapoda. The maxillary glands open at the base

of the first maxille; in Decapoda, they sometimes precede
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the antennary glands in functioning, thus reversing the order
found in the Branchiopoda. In this latter group they be-
come the “‘shell-glands.”

Tn the Syncarida, a single pair of excretory glands is
well developed behind the mandibles. These would appear
to be homologous with the maxillary glands of other Crus-
tacea, but their ducts have not yet been traced with cer-
tainty.

No Crustacean is known with any trace of Malpighian
tubules.

The essential excretory organs of terrestrial Arthropoda
(exclusive of the Onychophora, ~which still retain the ne-
phridia of Annelids) are known as Malpighian tubules. They
occur in terrestrial Arachnida, in Myriopoda, both Progo-
neata and Opisthogoneata, and in Insecta. Those of Arach-
nida are shown by embryology to be special developments
of the endoderm, and form diverticula of the hinder end
of the mid-gut. Those of Myriopoda and Insecta agree in
being of ectodermal origin, and form diverticula of the an-
terior portion of the hind-gut. Thus it is only in the Myrio-
poda and Insecta, amongst all the groups of Arthropoda, that
true ectodermal Malpighian tubules are developed.

There could scarcely be a more striking testimony to
the essentially close relationship between Myriopoda and
Insecta than this.

If it be objected that certain Insecta, e.g., Japywx, do not
possess Malpighian tubules, and that, therefore, they must
be regarded as organs specially developed within the Class,
I would reply that I have myself dissected Heterojapyw and
have found there a set of six short diverticula at the an-
terior end of the hind-gut. These are evidently Malpighian
tubules in a reduced form. Probably a transverse sectioning
of the same region in Japyx would reveal their presence.

Silvestri (1905) has demonstrated the presence of six
short Malpighian tubules in the family Projapygide (Ana-
japyx). The Protura also have six very short ones, in the
form of small papillee. The Campodeidee have sixteen very
short tubules, but the Thysanura Ectotrophica have them
well developed though variable in number. The Collembola
alone do not possess them and apparently have never pos-
sessed them at all; these forms carry on their excretion, ap-
parently, entirely through the cuticle.
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In the Myriopoda, the Pauropoda agree with the Col-
lembola in possessing no Malpighian tubules. The Symphyla
have two, well-developed; the Chilopoda and Schizotarsia
two to four; the Diplopoda are apparently variable, but with
not more than four.

1t would thus appear that Malpighian tubules probably
developed in the commion ancestor of Myriopoda and Insecta
at a stage later than the differentiation of the two most
primitive groups, Collembola and Pauropoda.

This does not in itself definitely disprove an wlitimate
origin of both groups from some very primitive form of Crus-
taces, such as the hypothetical Nauplioid ancestor. But it
appears to me to be much opposed to the theory of descent

“from any of the higher Crustacea, more particularly as not

only the antennary glands of the latter Class, but also the

“appendages connected with them, are nowhere to be found

in the Insecta. Small maxillary glands are known to exist
in Collembola and Protura, but they do not exercise an ex-
cretory function,

THE CIRCULATORY SYSTEM,

In all Arthropoda the heart is an elongated dorsal
vessel, supported by segmentally arranged alary muscles and
having paired segmental ostia with valves to allow only in-
gress and not egress of the blood. This dorsal organ lies in
the thorax and abdomen, and opens by means of the dorsal
aorta into the head. In Insecta and most Myriopoda there
are no closed circulatory vessels beyond the heart and dorsal
aorta. Some of the higher Myriopoda, however, e.g., Chilo-
poda and Schizotarsia, have a well-developed arterial forma-
tion. In the Insecta and the lower groups of Myriopoda, the
blood for the most part circulates in an open hzemocele or
blood-cavity, and only its forward dorsal movement is con-
trolled by the heart and aorta. This type of circulatory sys-
tem must be regarded as quite primitive, and closely re-
sembling that of the Onychophora; probably the evolution of
the tracheal system robbed the blood of a large share of one
of its chief functions, that of oxygenation of the tissues, and
thus prevented further development of the closed circula-
tory system.

Arterial development is found to a greater or lesy degree
in most types of Crustacea, and it is clear that types like
the Branchiopoda and Syncarida, not to mention the higher
Malacostraca, are far in advance of the Insecta in their cir-
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culatory systems. In Bathynella the short heart is reduced
o a position in the fourth thoracic somite. Other Syncarida
also have the heart shortened, and this can even be seen
to some extent in the more primitive Leptostraca. On this
ground alone it would appear impossible to derive the Insecta
or Myriopeda from any of the higher Crustacea.

The evidence points to the early forms of Myriopoda and
Insecta having had a very primitive form of circulatory sys-
tem, and their descendants having preserved this primitive
type with little modification beyond increase or decrease of
the number of segmental divisions of the heart. . Collembola
have a six-chambered heart, the divisions being in the second
to seventh postcephalic somites. It seems probable that the
anal and preanal somites originally did not develop such
chambers and that the dorsal aorta originally belonged to
the first postcephalic somite. Thus the type of heart found
in Collembola may be the exact ancestral type. With the
evolution of anamorphic types, the number of chambers
would be increased. The probable maximum development in
the Insecta is that found in Periplaneta, where the heart
is said to have no less than thirteen chambers. Most of
the Pterygota, however, have less than this, the usual num-
ber being seven to ten, while there are instances of reduction
to three, or even to a single chamber.

THE CENTRAL NERVOUS SYSTEM.

There is little to gain from a study of the central ner-
vous system in the groups under discussion. It is evident
that this system shows a wider divergence in passing from
the more primitive to the higher types of Crustacea than it
does in the Myriopeda and the Lower Insecta. In the lower
Crustacea the two longitudinal nerve-cords are wider apart,
the connectives better developed, and the component ganglia
of the subcesophageal complex more distinct than in any In-
‘sect type. By the time that the Malacostraca are reached,
however, the evolution appears to have passed beyond that
of the lower Insecta; the longitudinal cords are well fused
‘together, the connectives obliterated, and the subcesophageal
ganglion has begun to incorporate within itself the more an-
terior of the thoracic ganglia. How far this process has gone
in Synecarida it does not appear possible to determine. Of
Parabathynells, Calman (1917) states that “the central ner-
“vous system is remarkably bulky in comparison -with the
““other organs. The ventral nerve-cord shows some de-
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wgree of longitudinal concentration (not very fully de-
« geribed), and the ganglia are indistinetly defined from the
« connectives.”

The higher Insects, of course, develop an extreme concen-
tration of the central nervous system and a more complex
brain than can be found anywhere within the Crustacea.

THE SENSE ORGANS.
‘We need only consider here the eyes and the antenn.

(1) The Eyes:—The Arthropod eye began as a pit-like
depression in the ectoderm, from which there was evolved a
type of simple eye similar to that found in many Myriopoda
and also in the larves of some Insects. This simple type,
called an ocellus, has the hypoderm layer composed still of
a single layer of cells, but those that border the pit become
differentiated into vitreous-body cells and retinal cells, the
latter secreting rods. 'The lens is formed simply by thicken-
ing of the cuticle over the pit.”

Trom this simple type we can derive all the types of
compound eyes found in Arthropoda. I have already con-
sidered the problem of the evolution of this organ in Arthro-
poda, in dealing with Versluys’ Theory (p. 26) and can only
repeat my conclusion that compound eyes have been formed
at least four times within the Phylum, independently of
one another, viz., in the Myriopoda (Secutigera), in the In-
secta, in the Crustacea (primitively a stalked type), and in
the Arachnida.

(2) The Antenna:—A comparison of the antenne of
the Onychophora, Myriopoda, and Insecta appears to indi-
cate very clearly the line of evolution of these organs. Prob-
ably originally a pair of unsegmented processes, they first of
all became annulated. In that stage, with only slight elonga-
tion, they are to be seen in Peripatus to-day. Right at the
very hase of the Myriopod-Insectan stem they would appear
to have evolved into a higher type, in which the annuli
had become definite segments. Only the basal segment, or
scape, receives the insertion of the antennary muscles. The
primitive number of segments would appear to have been only
three, viz., scape, pedicel, and distale. The earliest known
fossil Insecta, viz., the Lower Devonian Collembola, have the

. “;Except in the Onychophora, where it is a separate body below the
cuticle:
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distale indistinetly divided into two subsegments, thus fore-
shadowing the normfal Collembolan development of four seg-
ments.

The four-segmented condition must also have been the
original one for the ancestors of Progoneata; for we find
in the Pauropoda that the antennze have four simple seg-
ments surmounted by two which both spring from the fourth,
thus furnishing the only example in the whole of the Myuvi-
opod-Insectan series of a truly biramous antenna! In Diplo-
poda two segments are added in series, making six in line as
the basic type for this group—more being added in the high-
er forms.

The condition of the antennze in Pauropoda has not yet,
as far as I am aware, been advanced by any author as evi-
dence of descent from Crustacea; howbeit, we may be sure
that, if the Pauropoda had been Insecta, it would have been
so advanced. Let us examine such a claim to see how much
it is worth.

The antennules or first antennze of Syncarida consist
normally of three well-developed basal segments followed by
two rami; the internal ramus is well developed, and is in
the form of a flagellum with many annular segments; the
external ramus is shorter and composed of few segments. In
the Bathynellidee the internal ramus is shortened to five seg-
ments, while the external ramus is a mere stump. The sec-
ond antennz are somewhat like the first, but the external
ramus is never well developed; it may be formed of a single
well-developed segment, or be reduced to a stump or scale.

In the Pauropoda, the whole of the antenna is held in a
position transverse to the body axis. The Syncarida have
the first two segments pointed forward and the remainder
transverse. :

To develop the Pauropod type of antenna from that of
the Syncarida one would have to assume that the ancestral
form was even more degraded than Bathynella. Both
internal and external rami would be reduced to a single
segment; but, incidentally, an additional basal segment must
have become developed, for the rami of the Pauropod an-
tenna arise from the fourth, not the third segment.

Admitting that this might have happened, we have
then to face the fact that in no other character do the Pauro-
poda approach the Syncaride. The anamorphic development
of the Paurcpoda and the fact that, even in the adult form,
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their segmentation does not agree with that of the Syncarida,
must surely put them clean out of court as a possible con-
necting link with Crustacea.

In the Protura the antennse appear to have been lost.
This is noteworthy as indicating that these organs were
probably very short in the hypothetical proto-Proturan an-
cestor. Many Insect larve have the antennz so short that
little more is needed for complete suppression. In many of
the higher Insecta and Myriopoda, however, a long an-
tenna or ‘‘feeler” is developed, with very numerous flagel-
lar segments, all originally evidently annulations of the single
elongated distale or its primary subdivisions.

There would appear, then, to be no evidence whatever
for the derivation of the Insect antenna from the first an-
tenng of Crustacea, and a great deal of evidence to show
that it was mnever anything but a uniramous appendage
similar to a primitive leg.

(8) The Second Antennae:—The only types of Crusta-
cea in which these are lost are certain Branchiopoda and
Oniscoid Isopoda. Nobody, however, proposes to derive the
Insecta from such types. The entire absence of these organs,
which are of great importance in the Crustacea, is a grave
difficulty ‘which must be overcome before any theory of the
origin of Insecta from Crustacea can be acceptable.

EMBRYOLOGY.

None of the theories so far put forward concerning
the origin of the Class Insecta appear to have taken into
account the evidence from Embryology. It is clear, how-
ever, that an acceptable theory must not do violence to the
established facts in the embryology of the groups concerned
which bear definitely on the course of evolution. For that
reason, I shall content myself with a study of two outstand-
ing points in the embryclogy of Insects and related groups,
and shall try to discover how they bear on theories of their
origin t——

(1) The Ewvolution of the Ccelome:—The Arthropoda
in general are remarkable for the great reduction of the sec-
ondary body-cavity or ceelome, which makes way for an en-
tirvely different type of cavity called the haemocele, developed
by the shrinking apart of ectoderm from endoderm, the space
between being filled with blood. This reduction must be re-
garded as fundamental for Arthropoda; for it is seen to be
already in quite an advanced stage in the Onychophora. In
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this group the original cavities of the mesodermal somites
divide into dorsal and latero-ventral portions. ¥From the
walls of the dorsal portions are formed the lateral walls of
the heart and the pericardial septum, while, below these, in
certain somites only, another portion persists and gives rise
to the gonads. The latero-ventral portions become the ex-
cretory organs or nephridia.

Now, both in Myriopoda and in Insecta, the portion of
the ceelome forming the nephridia degenerates; but the dor-
sal portion behaves very much as in Peripatus. The chok-
ing-up of the primitive ceelome is also to a large extent
brought about by the formation of the voluminous fot-body
from the cells of its inner wall.

The fat-body reaches an enormous development in many
of the larve of Holometabolous Insects. It s o development
entirely confined to Myriopoda and Insecta. It may, then,
rightly be claimed as strong evidence of the essential unity
of origin of the two groups, as set out in my new theory.

When we turn to the Crustacea, we find a complete ab-
sence of the development of a fat-body, vogether with an even
more marked degradation of the original ceelome. Correlat-
ed with this is the higher development of the hamoceele
with its definite arferial and venous systems. ‘

It would not be easy to establish the possibility of the
evolution of the condition of the ceelome and hemoceele as
found in the Insecta and Myriopoda from even a primitive
type of Crustacean. Evolution from any higher type, such
as the Syncarida, becomes even more difficult to imagine,
and I think 'we can safely claim that the evidence afforded
by the embryology of the ccelome is opposed to it.

(2) The formation of the embryonic envelopes (am-~
wion and serosw) :—In the embryology of all Insecta so far
examined, from the primitive Machilis and Lepisma vight
up to the highest Pterygzota, the embryonic area becomes
invaginated into the yolk. The opening of this invagina-
tion is called the ammiotic pore. In Machilis it remains
large; in Lepisma it is small but remains open; in the higher
Insecta it becomes completely closed. The inner limb of “the
fold forms the inner embryonic membrane or amnion; the
outer forms the outer embryonic membrane or serose. As the
invagination is not completely closed in such a type as
Machilis, the amnion cells come to cover the posterior half
of the egg as well as the immersed embryo, while the serosa
cells cover the anterior half of the egg.
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The formation of these embryonic envalopes is almost
unique within the Axthropoda. But in the Myriopoda
(Scolopendra) there is found a condition closely analogous
to that found in Machilis. The embryonic area becomes in-
folded into the yolk; but this infolding is only temporary,
and straightens out again when most of the yolk has been
absorbed. Now, in Machilis, when the embryo becomes ex-
serted after the original invagination, the anteriorly situat-
ed serosa gives way to the posteriorly situated amnion and
decreases in size bto form the so-called dorsal organ. In
Scolopendra there is an analogous but less marked formation
of a corresponding dorsal organ, in the neck region of the
embryo; this may rightly be regarded as the first rudiment
of a true serosa.

Nothing resembling the above processes is bo be found
in the Crustacea. We must therefore conclude that, on the
evidence, the Myriopeda are most closely related to the an-
cestral type of Insecta. If the Insecta have been derived
from any type of Crustacea, then it would appear inevitable,

‘on the evidence of the embryclogy, that the Myriopoda

were algo derived with them by a common ancestor.

Tur GROLOGICAL RECORD.

We must preface this section with the remark, which
is, of course, a truism, that we are here dealing 'with an in-
complete record. But, although admittedly incomplete, our
knowledge of fossil Arthropoda, and more particularly of fos-
sil Insects, has progressed very greatly during the past
twenty years. Table H is an attempt to present this know-
ledge in a form that can be easily assimilated.

in order to aid our understanding of the Table, let us
picture to ourselves the primitive Palwozoic world whick
was the seat of our evolutionary drama. Admittedly long
before the dawn of the Cambrian Period the seas were filled
with living things; marine animals, at any rate, had reach-
ed a high degree of complexity in the Lower Cambrian. Ter-
restrial forms came later. Hxcept for the highly probable
oceurrence of Onychophora (Aysheaie), there are mno ter-
restrial Arthropod groups represented in the record until
the Scorpions appear in the late Ordovician. Closely fol-
lowing these appear, in the Lower Devonian, Diplopoda be-
longing to extinet groups, Collembola and Acarina very
similar to existing forms, and perhaps also Thysanura.
%
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GEOLOGICAL RECORD.
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Winged Insects, however, which of all insect forms are much
the most likely to be preserved as fossils, do not appear until
the Upper Carboniferous. Fiven if this vecord is not com-
plete, and the Pterygote insects really existed in the Middle
or Lower Carboniferous, to me it seems quite impogﬁble to
vonceive that they existed in the Lower Devonian, when
there were ne trees on the carth at all, and only a few of the
first exceeding primitive vascular plants had begun to ap-
pear on the land. One can conceive of forms like Peripatus
living under rocks in a primitive world where fungi, algz, and
such-like simple plant-forms were the only vegetative cover-
ing; one can admit that Scorpions may have lurked in the
crevices, Thysanura may have run or jumped about there,
and Collembola and Acarina may have worked away amongst
the débris as they do to-day. But it seems hardly possible to
admit the Pterygota to a place in the Lower Devonian land-
scape!

Let us admit, then, that the discovery of Ccllembola in
the Lower Devonian peat-bogs has dealt a hard blow at
that part of Handlirsch’s Theory which would make the vari-

X? (Ehyniognatha) ... . |
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cus groups of Apterygota degraded side-branches from an
older Pterygote stem. This part of Handlirsch’s Theory
must Tail because it does violence to the known geological
vecord. We must, of course, recognise, in justice to the tal-
onted author himself, that Handlirsch did not know of these
Devenian fossils, which were only worked out nearly {wenty
years after he first published his theory. Turther, the new
Tfacts appear to me to be fatal to the whole of Handlirsch’s
Theory, since, to be at all logical, it demands that the winged
insects must have preceded the wingless forms.

Almost any other theory would be tenable on the geo-
logical record. The Myriopoda go back as far as the begin-
nings of the Insecta; the Onychophora probably well heyond
them. The marine Crustacea are so ancient that even com-
paratively highly organised forms like the Syncarida were
well represented in the Carboniferous, and quite probably
in the Devonian algo. Admittedly there is not much of a
margin here for derivation of Inzeects from Syncarida or
Leptostraca; but we must not press this too hard, because
we still have a very imperfect fossil vecord of these groups.

Thus the sole definite conclusion that we appear entitled
to draw from the geological record is that the Plerygota were
the latest and most highly organised of all the groups of
Arthropoda, and that Apterygote forms.most certainly pre-
ceded them.

SUMMARY OF THE CHARACTERS OF THE HYPOTIIETICAY
PROTOMORPHIC ANCESTOR,

(1)  Euxternal Morphology:—Body composed of at most
fifteen somites plus telson. Of these, five belonged to the
head and ten to the abdomen, but the first abdominal somite
became added to the head before the Symphyla and the first
true Insecta branched off.

Head segments fused into a capsule. Third segment (in-
tercalary) already degraded and without appendages. Only
simple eyes present. A single pair of short antennse, prob-
ably with only three segments (scape, pedicel, and distale) .
Mandibles with at most only two segments. Maxille formed
from simple walking-legs with gnathobases developed. Super-
linguze and hypopharynx well developed, indicating an even
more primitive ancestral stage, in which the head was com-
posed of only four segments and the mouth was closed POs~
teriorly by these organs, and not by any segmental append-
ages.
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Abdomen, or postcephalon, with each segment carrying
a pair of simple walking-legs, except the last,™ in which these
appendages were directed backwards as cercl. Fach leg with
cnly four segments, viz., coxa, trochanter, femur, and tibio-
tarsus. The cerci were probably one-segmented processes,
as in Symphyla and Japygide.

Respiration was carried out through the integument,
which was composed of very soft chitin,

The reproductive organs consisted of probably only five
pairs of segmental gonads, each opening by a duct at the
base of its corresponding appendage; these were on the
fourth to eighth posteephalic somites.

The alimentary canal consisted of a simple, straight tube,
with short fore- and hind-gut regions and a considerably
longer mid-gut, without diverticula. Small pockets, prob-
ably originally two only, at the anterior end of the hind-gut,
served for lodgment of uric acid erystals and formed the
rudiments of the future Malpighian tubules or excretory or-
gans,

Heart probably only with six chambers (in second to
seventh postcephalic somites), each with paired ostia and
valves. A dorsal aorta present, leading into the head. No
other closed vessels. Pericardial cavity and alary muscles
present.

A large bzmocele and well-developed fat-body present.

Central nervous system with supracesophageal ganglion
composed of three pairs of ganglia, subesophageal ganglion
composed of the two (or alternatively three) pairs of ganglia
supplying the mandibles and maxille, and nine pairs of post-
cephalic ganglia, united by paired longitudinal connectives
aad transverse commissures. ‘

Embryo with formation of primitive somites to full

number present in the adult, but third cephalic somite al-
ready degrading and not forming appendage-rudiments.
Larva hatched in a form closely resembling adult, which is
reached by few ecdyses and with little change beyond increase
in size and maturation of gonads.

Probable geological horizon-—Upper -Silurian.

Probable ecology.—Terrestrial, dwellers in moist places,
feeding on primitive plant-life.

*Or, alternatively, the cerci belonged to the preunel segment and the
last segment bore no appendages. This point could be definitely determined
by reference to the embryology of the Symphyla.
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SUMMARY oF THE Marn LiNgs oF EVOLUTION FrROM
THE HYPOTHETICAT, PROTOMORPHIC ANCESTOR.

(1) The First Dichotomy :—The first dichotomy was
that into Progoneate and Opisthogoneate forms, by union of
gonoducts on each side to open either into the most anterior
genital somite (progoneate, fourth posteephalic somite) or
the most posterior (opisthogoneate, eighth posteephalic seg-
ment). Intermediate formg all died out. The dichotomy
was probably complete by the beginning of the Devonian
pericd.  The Collembola are a remmant of the original opig-
thogeneate stock, but further specialised by the adaptation of
the hexapod mode of progression, aided by specialisation of
the appendages of the fourth fo seventh posteephalic seg-
ments to form a complex jumping or springing apparatus
(ventral tube, catch, and spring). The corresponding pro-
goneate type hag been lost.

(2)  Ewvolution of the Progonesta:—Increase of size
was attained by the addition of further posteephalic somites
anamorphically. The oldest types still extant are the Sym-
phyla and the Pauropoda, which probably evolved in the
Middle or Upper Devonian. Probably as a side gpeciali-
sation from a Pauropoid ancestor the whole of the Diplopoda
arose. In these two groups there is a tendency for the
abdominal tergites to fuse together in pairs.

(3} Buwolution of the Opisthogoneata :—Increagse of size
was also at first corvelated in this group with the anamor-
phic addition of new postcephalic somites. Development,
however, was more rapid than in the Progoneate types, tend-
ing to eliminate all the early anamorphic types and to re-
place them by epimorphic forms. There was no early tend-
ency towards fusion of tergites; but a definite dichotomy, al-
ready begun or foreshadowed by the Collembola, into Myrio-
pod lypes and hewapod types, became gradually intensified
and gave rise to the two distinet lines of Opisthogoneata and
Insecta. The Opisthogoneata remained anamorphic up to a
time when the Chilopoda were fairly well developed; but the
higher types of this group became epimorphic, The basic
anamorphic type had a six-segmented leg; this gave rise to
higher forms with seven o eight-segmented legs, and from
the former of these arcse the Schizobarsia with “multi-
*articulate” tarsi. Compound eyes, which were never fully
evolved in the Progoneata, were just achieved at the very top
of the Opisthogoneata line (Scutigera).
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(4)  Ewolution of the Imsecta:—The hexapod tendency
set in even before anamorphosis, and produced the Collembola
in the Lower Devonian. The advantages of the hexapod modc
of progression made this line evolve more rapidly than either
of the others, and so the anmamorphic stages were passed
through more rapidly. Only a single small anamorphic group
of primitive Insecta is left, viz., the Protura, distinguished
by the loss of their antennz. ILeaving the Collembola and
Protura as lowly side-branches, the main stem passed up-
wards to a level somewhat higher than that of the Symphyla
on the Progoneate side, possessing five-segmented legs, but
already fully epimorphic.® These were the Thysanura
Entotrophica. Their evolutionary line is probably represented
by the progression Japygida-Projapygide-Campodeide,
They must have existed somewhere in the Devonian., At a
slightly higher level, they produced a more vigorous type
with three-segmented tarsi, exserted mouth-parts, and a more
complete tracheal sgystem. These were the Thysanura
Fetotrophica., They divided into two main types, the dorso-
ventrally flattened running types (Lepismatide) and the
laterally flattened jumping types (Machil‘id?x&); the latter
developed compound eyes. Apparently about the same time
the Iepismatoid types again ran ahead of the Machiloid,
developing compound eyes and a five-segmented tarsus, and
from such an ancestral form arose the whole of the Pterygota.

This Summary should be read in conjunction with fig. 19.
The following indicates the Classification which should be
adopted, on the basis of the new theory:—

I. 1. IIT,
Clags Class Class
PROGONEATA, OPISTHOGONEATA. INSECTA.

Sub-clasges. Sub-classes. Hub-classes.
SYMPHYLA., CHILOPODA. COLLEMBOLA.,
PAUROPODA. SCHIZOTARSIA. PROTURA.
DIPLOPODA. THYSANURA.

PTERYGOTA,
Note:—The name “Protentomon” has alrveady been used
for the hypothetical ancestor of the Class Insecta, based on
more than one theory, so I hesitate to use it again in this
address, Perhaps the best name that I eould suggest for

“*See note at bottom of p. 64,

BY R, J. TILLYARD, M.A,, Sc.D., D.Se., VRS, ete. 7

the common protomorphic ancestors of all the Myriopoda
and Insecta, as here worked out, would be PROTAPTERA.
Such a group would have the status of a Class. The term
PROTOCOLLEMBOLA is a little too gpecialiged, to my mind,
and too cumbersome also,
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