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PREFACE

The chapters in this treatise are arranged for the most part
in the order in which the present investigation was pursued.
They were written originally not as parts intended to make up a
compact whole, but each rather in the form of an interim vcport
at the close of a period of inguiry, For this reason they contaln
some repetitions, which [ have not attempted to remove when
putting these papers together,

The {ield of the present Investigation has extended over all
the members of the Scutellidae, with an exception of only ene form,
Echinodiscus bisperforatus var. truncains, and even in this case, [
think, I have made a guess not very wide of the mark. Concern-
ing the three forms, namely, fenuissimus and bisperforatus in the
genus Echinodiscus and deciesdigifafa in the genus Rofulu, 1 have
had to put up with an indirect method of examining figures
instead of specimens. All the rest I was f{ortunate enough to
study at first hand without going abroad. Naturally I am under
an immense obligation to many colleagues who assisted me mn one
respect or another, especially to those who {urnished me with the
requisite material. I would fain offer my heartiest thanks to all
of them,—mno less to those kept in the privacy of my remem-
brance than to those mentioned in the text or ihe {ootnotes.
Very particular thanks are duc to Professor Hirosii OusnMa, of
Kyusva Imperial University, Dr. THEopoR MORTENSEN, of Copen-
hagen, Dr. HEnDRICK ENGEL and the authorities of the Zoological
Museum in Amsterdam, and Dr. HuBerT LyMaN CrLark and the
authorities of the Museum of Comparative Zoology al Harvard
Coliege, Cambridge, Mass., for an exceptional encouragement with
which they favoured me, as specified below.

In Chapter 1, the specimens observed include no more than
2 genera and 3 species. To relieve poverty of material, reference
was favourably made to the figures of 5 other species belonging
to 3 genera, found in the works of several echinologists.

In Chapter 2 and Chapter 4, 1 am indebted to Dr. MORTENSEN
and Prof. QusnimMa.  During his recent tour in Europe, Professor
Onsimia was so kind as to comply with my request and examine
some scutellids in the collection of the British Museum, and to
his generosity I owe the evidence cited. Moreover, on his visit
to Dr. ALBERT PaNNING at the Zoological Museum in Hamburg,
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he wrote to mez about a really interesting line which he had
observed there in a specimen of Fchinodiscus auritus LESKE. On
th> other hand, if it had not been for the kind permission of
Dr. MorTENSEN to utilize some of his specimens, I could not have
sct forth an important part of my ohservation and opinion with
so decisive a tone.

Chapter 3 treats of the spocimens in the collection of the
Zoological Museum in Amsterdam, the loan of which was procured
through the good offices of Dr. ENGEL. It gave me great pleasure
to observe thesc specimens, especially as they included come
forms baionging to the two genera, ISncope and Mellila, which
had been perplexing me.

In Chapter b, all those forms of the Scutellidae, which 1 had
to leave untouched before, were brought under my observation
through the kindness of Dr. H. L. CrLArk, who offered me an op-
portunity to study on loan these valuable specimens.

Tt must be repeated that the generosity of the authorities of
the museums both at Amsterdam and at Cambridge in lending me
their rare specimens and cspecially the kindness of 1hose who, on
their own responsibility, have procured loans for me are indeed
beyond all estimation, considering, among other difficulties, that
these brittle things had to be transported half way round the
globe to me and back again at the risk of sustaining damage.

Last, but not least, apart from the supply of material and
facilities of study accorded by him, I must mention Professor
OnsHIMA's excellent advice and construciive criticism in particular,
which have b2en of the greatest aid throughout the course of the
preparation of the present treatise.

CHAPTER 1

The “pseudofasciole”, or zigzag line, found on the surface
of the body in some scutellids

While I was ohserving, during April 1935, a small but im-
portant colleciijon of cchinoids sent by Mr. HipEra NAKAMURA
of the Kominato Marine Biological Station of the Imperial Fisherices
Institute, my attention was drawn to certain indentcd shadings on
some specimens of Astriclvpeus manni VERRILL with unimpaired
spines. Since then, by re-examination of some dry specimens of
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the same species in the collection of our laboratory from several
localities, T found, in those of them which had well-retained spines,
a dark shading with an indented edge falling longitudinally on
both the dorsal and oral surfaces of the posterior interamhbulacral
zone. But, so far as I know, no statement on such a shading
was published until the one by myself (IKEpA, 1935b).

In proceeding further to inquire into the question before us,
it was necessary first to examine different forms of the scutellids
with respect to the indented shading. In some specimens of
Echinarachnius mirabilis (A, Acassiz) from Hukuoka Bay, where
this form is common, [ succeeded in making out the same in-
dentation as had already been found in A. manni. In this case
the posterior interambulacral zone was longitudinally divided by
the indentation into two almost equal parts, the lighter and darker
half-zones™, so that, with a fine effect of chiaroscuro produced
thereby, this posterior zone was distinctly marked out from all the
other zones. At the same time, I was struck by the peculiarity
of the zigzag line dividing these two parts. In addition to the
examination of these specimens which T collected myself, T could
best observe the same kind of indentation in some specimens
of Echinarachnius brevis IKEDA from Muroran (IKEDA, 1G36)%

More instances can be cited very easily from literature. In
Figure 4 of Acassiz’'s Plate XIII9 (1873) showing the dorsal view
of A. manni, one can easily trace a part of the zigzag linc in the
posterior interambulacral mid-zone, although the author does not
al all refer to it.

Furthermore, the genus Echinodiscus, several members of which
were figured excellently by DODERLEIN in his photographs (1902,
PL LXV), called my attention to the indented shadings in particular.
It scems fairly reasonable to consider that the shadings are of no

2 The term half-zone denotes either the lighter ar the darker half of the inter-
ambulacral 5, as distinguished from a ‘column .

% In obtaining these specimens 1 am much obliged to Professor T wmee Uciniva
of the Hokkaido Imperial Universily.

U Judging from what Acasse: (1872, p. 93; 1873, p. 5347 said, the example may
have been one of the specimens from “ Linguin, China Sea”, whereas, Crasx (1925,
p. 171) described this form as a species indigenous to Japan, and therefore we may
have doubts about its distribution. The matter must not be decided hastily in
favour of CLawk whose judgment has so far been supported by subscauent collectors
[¢f. RaTnars, 1886, p. 285).



46 Hayato Ikepa

casual character, as they invariably occur in these photographs.
The shadings, for instance, can be found on the dorsal views
(Figs, 4a, 5) of two specimens of [F. fenuissimus (AGAssIz et
Dzrsor) from Thurcday Island. The same kind of shading is also
recognizable, though somewhat obzcurely, on both the dorzal and
oral views (I‘l J 3a) of an cxample of E. aurifus LESKE from
Cevlon. And again, the dorsal view (Fig. 68) of a partly denuded
test of . bisperforatus LESKE from Singapore shows a similar
shading. All these shadings appear to have a fairly close resem-
blance to that of A. manni, and it is intercsting to see that these
photographs show the shady parts always on the right-hand side.
But DODERLEIN passed over the shadings without remark.

Again, the figures in the plates of both Crarx (1804, PL 19,
Fig. 58) and Cor (1512, Pl. XXVII) show somewhat ohscurcly a
part of the indentation in the dorsal view of Echinarachuius parma

(T axrancisy - {°r anw'es anerimaoe amn from ‘T oods TJn]n nnH (R’
‘J A.¥LD LL\UL\} » \_rLJ“i\l). [ \JPL\gllll\all \1(4.111\. PUR PSS L LN S )

from somewhere in Connecticut, Also in the photograph by
MortENSEN (19271h), in which the dorsal view of E. griseus
MORTENSEN is shown, a part of the indented shading is traceable,
though not ciearly. I found these indentations”’ much like those
of E. mirabilis. Ncne of the echinologists seems to have shown
any concern about these facts, although it has alrcady been
noticed that all the forms in this genus resemble one another
very closely in certain other features.

I am now going to consider the indentations mainly from
what 1 have ohserved on the dersal surface of E. wdrabilis as a
type of the whole genus, and both the dorsal and oral surfaces of
A. manni, by which the most nearly related and similarly-shaped
Echinodiscus may reasonably be represented at the same time, and
especially to dwell on the zigzag line or the indented border
between the lighter and the darker parts in the posterior zone.
Reference will be made occasionally, among other dala, to what
[ have scen in the above-mentioned figures by Acassiz, DUDERLEIN,
Crark, Cor and MORTENSEN,

The spines of a sea-urchin are, as a rule, arranged radially,

23 T could subsecuently ascertain by observations of some specimens of the same
species from Sakhalin, collected for me by Mr. Tooc Uksra, that the indentation
in this form was quite similar te that in the young individuals of I mirabilis,

appearing on the abactinal surface only.
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as may naturally be expected from the shape of the test. Never-
theless, in the genera Echinarachnius and Astriclvpens the spines
of the posterior interambulacrum are inclined in a peculiar way;
ie. the spines in each half-zone diverge from those in the other
half-zone at a larger angle than ordinary spines do from one
another. Therefore, according to the angle of the light that falls
on them, these half-zones may be illuminated in a difterent way
from cach other. This convinces me that the chiaroscure depends
directly upon the inclination of the spines. Evidently it does not
follow that one half-zone is constantly shady and the other con-
stantly bright; indeed one and the same side may be made bright
or shady according to the angle of illumination.

At first sight, T took it for granted that the zigzag line formed
by the meeting of the lighter and darker parts must agree exactly
with the longitudinal suture of the vplates. 5o, for the purpose of

assuring myself, I took a specimen and put a mark on the test
with a needle along one section after another of the zigzag, and
then removed all the spines for examination. The result did not
answer my cxpectation, the needle-marks left upon the plates ran
regularly intercrossing every clement of the longitudinal suture.
In the light of this fact it is very interesting to turn to the photo-
graphs in DODERLEIN's Plate LXV mentioned belore, which show
both the dorsal and oral views (Figs. 3, 3a) of E. aurius LESKE.
For on these photographs is impressed a very striking pattern
showing just how the zigzag intercrosses the suture, and that, in
spite of the fact that the original cxamples seem to be fully
coated with spines.

A turn in the zigzag line which occurs on a plate of one
column of the zone is repeated by another turn on the correspond-
ing plate of the other column, so that every two turns make a
pair. When one of the pair is made to come at the cnd of a
tooth of the indented shading, the other is at the bottom of a
cutting. Therefore, by disregarding the turns at the reentrant
corners, the number of turns in the zigzag line will conveniently
be represented by the number of the calient angles or the teeth
of the indented shading. Every species seems to have its own
number of teeth. In F. mirabifts, so far as 1 can sce, the
number of the teeth on the dorsal surface varics from nine fo
twelve, and in A. manni seven to ten: while on the oral surface
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of Echinarachnius the line cannot be detected. On the other
hand, in Echinodiscis and Astriclvpeus the line cxtends on both
the dorsal and oral surfaces. On the oral surface it develops
between the periprocial opening and the distal margin of the test;
the line in this portion, which is not so clearly visible as on the
back, has only one tooth or two. The relation belween the line
and the suture of the plates is identically the same on the oral
side as on the dorsal.

That thz line results from a pzculiar inclination of the spines
has alrcady been said; but it is a question whether this inclination
is ascribable to a highly specialized differentiation of the muscles
with which the spine is closely attached to the tubercle
(HAMANN, 1887). The spines of the posterior interambulacral zone
do not seem to have any particular form, neither is there any
special arrangement of tubsrcles along the zigzag, and one cannot
find any tracc of the zigzag line on a denuded test.  In other
words, tubercles do not indicate the existense of the zigzag line,
while the exisience of spines is fundamentally necessary for the
display of the indentation.

In forming the horizontal suture in the interambulacral 5,
the plates of the right column slip back slightly behind the cor-
responding ones of the left column in the dorsal view. This
usually occurs not only in clypeastroids (lo which the Scutcllidae
belongs) but also in spatangoids; and in the Scutellidae, it may be
regarded as one of the main causes that form the indentation in
question.

In such genera of the clypeastroids as Clypeasier, Arach-
noides, Laganum and Peronelle (though they are closely allied to
the Scutellidac which comprises the genera Echinarachnius, Echi-
nodiscus, Astriclypens, Dendraster, Encope, Mellita and Rotula), 1
could not find any similar line; and moreover, judging from the
ahbove-observed data, it is certain that the line is quite distinct from
all forms of the {asciole peculiar to the spatangoids. Hence it is
presumably a new character of the said members of the Scutcllidae
and its existence may even ke expected in the hitherto untouched
members of this family, such as Dendraster, Encope, Mellita and
Rolula. The ingquiry however into these forms with reference to
the line will be left for the future, as at present they are
not within my reach. Whether this remarkable character is
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constant In the present family, as vet I have not sufficient evi-
dence to determine.

It is cxcezdingly remarkable that the line exists only in the
space between the periproctal opening and the apical system, or
in other words, that the line-is not permitted to extend any
farther, but is restricted within a definite space of the posterior
zone, 50 that the ling may have different lengths according to
the distance from the apex to the periproct, the position of which
sometimes varies. In the voung FEchinarachnins, for example, the
periproctal opening is situated on the supramargin, and after
maturity, on the margin of the test” in most of its members
(Crarg, 1904; IKEDA, 1935a). This opening in most species of
this genus therefore takes various positions on the abactinal side
in the course of the growth of the animal. To make this clear,
it is of course necessary to compare with one another as many
individual varieties as possible. Aud the shifting of the periproct
in the scutellids during the growth of the animal scems to take a
backward direction, as is also the case with certain spatangoids.
in Dendraster and Echinodiscus the periproct seems to have shifted
so far as to cross over the margin and open on the oral side, as
in Astriclypeus. In Incope and Mellita, besides this feature?”, there
15 a hole in the posterior interambulacral mid-line, piercing the
test. Hence it may be assumed that here the line is made as
much shorter as the hole interferes with the line. After all, ¢n
the basis of many cbserved facts, it docs not seem unrcasonable
to look upon the zigzag line, thus representing the track of the
backward migration of the periproct with age, as something like
a record of the history of an individual in its development.

The line takes a course distinct from that taken by any form

& In most members of Echinarachrins the periproctal opening is generally on
the margin, or, more strictly speaking, on the longitudinal sulure of the 3rd pair of
plates in the interambulacral 5.

It has since been confirmed by the examination of many materials at my
dispasal that, in the full-grown animals, the plates lying between the peristome and
the pariprozt as well as those hetween the j)cripro:t aad the margin of the test,
vary in number according to the genus, cxcept in some forms of Lchinarachnius,
in which the periproct opens on the margin. In Dendraster, for instance, the peri-
proztal opaning is usually situated o2 the line of the loagitudinal suture of the 3rd
piir of plates ia the interambulacral 5; in Echinodiscus, Astriclybeus, Encope, Mellita
and Roiulz. on the 2nd pair.
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of fascioles” which invariably enclose a certain area of the body
{LovEN, 1871), but on thz othzr hand the line seems to bz related
to the fasciole in the fact at least that it has an indisputable
tendency to extend, as the fasciole does, from a protuberance of
one plate to that of another (IKEDA, 1935¢, d); so that if this
structural detail is taken into consideration, the zigzag linc may

T wacardod nac A mack nrimitive Irind Af foacisla ALt all ars
Lr Ll vl 43 oL Lllu-}l: IJ'LJllllLlV\_; ESURR LW RN VEL PR (L W S L) i‘.LLL.l Ll’ ¥y L

shall perhaps be unablc to find out any structurc quite similar to
the zigzag line in other families of the Xchinoidea. 1 have pro-
posed for the line of the above-mentioned members of the Scutel-
lidae a name “ pseudofasciole 7, with the idea of distinguishing 1t
from all forms of the fasciole.

The pseudofasciole was ascertained to occur in the following
3 genera Including 8 species in the Scutellidae®. 1. *Echinarach-
nins parma {LAMARCK), 2. I mirabilis {A. AGassiz), 3. L. brevis
IkeDA, 4. [0 grisens MORTENSEN, D. *Echinodiscus auritis LESKE,
6. “E. bisperforatus LEsKE, 7. YE. tenuissimius {AGAS317Z ¢t DESOR),
8. Astriclvpens manii VERRILL. '

CHAPTER 2

The pseudofasciole of the genera Dendraster,
Encope and Mellita

- n illustrating the zigzag line in the previous chapter, a large
cxtent of uwes;tlgatlon was left for the fature. At that time 1

TIGYL FL\\H’ QI’\"N"‘II‘”‘ﬂﬂQ ‘]’lﬂi.l’_l 1' Il’“l’l O mus
1 Spcieaniiting,  wlois drifoa WO VUMD 1y

purpose baing extremely limited in variety of forms; and more
materials had to be acquired before the line could be regarded as
an unquestionably vahid feature. The data shown in the present
chapter are particularly concerned with the question of the zigzag
line of some other forms which were not dealt with before.

The line in question is found in the following species, as was
.;ub%tanllallv confirmed by Professor OHsHIMA on his visit to the

T hc. le‘l(tlt‘: of the {asciole found in the spatangoids by Vaw Pnecsvs in 1774
and afterwards by others (Mittir, 18545 Grav, 1855; Luewre u, Hamaws, 1902
Tiirs, 1935¢) ave the main characters distinguishing families as well as genera, as
shown by Crarx (1917) and Meryrrsen [1927a).

9 Those marked with an  asterisk were studied indirectly hy means of
photographs.



Studies on the pseudofasciole of the scutellids ol

15 s {ESCHSCHOL one dry
specimen from Anheim Bay; 2. Eucope emarvginala {(LESKE), two
specimens from Brazil, both of them being 11 cm in length; 3.
Melliia sexiesperforata (LEsKE), one specimen from St. Thomas,
7 ¢m in length. Referring to these specimens he said: They
have each, on the dorsal surface only, a zigzag line different in
form from each other; and in two genera, Ewncope and Mellia,
the linc is not extended to the oral surface on account of the
formation of a hole. (Such holes arc known as lunules).

Besides these examples, Professor QusHiMA found that any-
thing like the zigzag in question had not been discernible in the
genus Rotula.

Afterwards, thanks to the kindness of Dr. MORTENSEN, [ was
fortunate enough to examine the following two dry specimens :
1. Dendrasier excentricus (ESClIscHOLTZ) ; a specimen from Nanaimo,
Vancouver; 5.7 cm in length; collected in 1913: 2. Mellita sexies-
perforata (LESKE); a specimen from Tcobago, British West Indies;
4.3 cm in length: collected in 1616. From them it was proved
conclusively that these species had cach a different zigzag on
the dorsal surface, a fact as to which until then I had not been
quite satisfied.

In addition to the instances above adduced, in a specimen of
Echinarachnius parma var. obesus W, 1.. CLARK from Paramusiru-
zima in the Kuril Islands, (which was prescnted through the
kindness of Mr. YosiNg Habpa), a zigzag line was distinctly visible
on its dorsal surface only, as had been expected to be the case.

The linc was called by the name of pscudofasciole, because of
its close resemblance to the fasciole. Indeed they are very much
alike in some points, but they scem to have many significant
differences in structure.  Accordingly, in dealing with the pseudo-
fasciole, the importance of these dissimilarities rather than of the
similarities must be c¢mphasized, cspecially with regard to its
course as well as to its relation to the tuberculation. The pseudo-
fasciole in every variety of it takes a course quite different from
that of the fasciole, running alwavs {rom the apex of the test
to the anal opening; and it is in cvery respect rather more
primitive than the fasciole, being not so highly specialized and
variable as the latter. Such small spines as clavulae, with which
the fasciole is coated, are never seen in the psendofasciole at all,

]
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This line is to be regarded as the most remarkable one among
so many features in the majority of the members of the Scutel-
lidae, for nothing quite cquivalent to this line sccms to have been
known in all the echinoids. This fact suggests the existence of
an interesting point which may turn out 1o be of considerable
value in the comparative study of different forms of sea-urchins.
In the Echinoidea there are now two cases known in which the
test is partly spined in a peculiar way; namely, the spatangoids
with their fascioles and the scutellids which have the pseudofas-
cioles under discussion.

In most cases, the zigzag line is plainly visible io the naked
cye cven on the animals alive in the water, though it rcquires
some practice to find them, while it is almost entirely hopeless to
search for indented shadings without the proper lighting.

So long as th2 specim=ns arc fully coated with spines in a
good state of preservation, the pseudofasciole will be found enly on
the surface of the interambulacral 5, though it 15 not always casy
to find it. In order to make a successful search for the zigzag
line, first, the light must not be too strong, and sccondly, the
animal must be held in such a position that the light falling
upon it brightens the spines on one side only, leaving the other
half dark. This particular device for discovering the linc has
been applied to all cases alike, and proved to be the right
method. By this methed, we can sce the zigzag line dividing
the surface longitudinally into two parts, the right- and left-hand
sides, one of which shines by reflection of light and the other
remains comparatively dark. This chiaroscuro is due to a peculiar
inclination of the spines, which, on each side, turn their tips away
from the other side; so that the brilliance cr the obscurilty of one
side or half-zone is not its inherent and unchangeable property,
but depends solely upon the position in which the specimen is
cxposed to light.

Naturally, the inclination of the spines determines the bound-
ary which runs between the two sides in the form of a zigzag
ridge. Now, the ridge may well be said to have the semblance
of a longitudinal suture in that midzone; but if it is traced
cautiously with a needle, the marks left upon the denuded plates
will show a course running over both columns of that zone alter-
nately—i.e. say from column a to b and then bhack to a and =0
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on—forming a zigzag line of which cvery other turn comes in one
column. It is indeed a simple fact that the ridge runs in zigzags,
but the making of the zigzag course is not so simple as it may
seem. In fact, the clements of the line run as i they were
sewing together both columns a and b in the interambulacral 5, and
thus each section of the whole line intersects the corresponding
part of the longitudinal suture of the plates beneath. Therefore, if
one sees the two series of zigzag lines lying one upon the other,
onc will have an impression that a number of X-shaped crosses
gradually increasing in size towards the distal end are linked into
one tapering longitudinal chain. As may be inferred from this, it
was utterly impossible to make the needle-marks coincide with
the line of the suturc over any length.

v o Aiffnenet thiaoe

T+ mnat he amnhacizad that thic ia nn P T el Ll
o 1y L R O N R R R IRk

Tt must be emphasized that this is an entire
from the suture of the plates. The angles of the zigzag, however,
vary, as the angles of the suture line do, both in number and
size according to the genus.

The number of the turns'™ in the zigzag generally ranges from
6 to 12 on the dorsal side, while only 1 or 2 can be observed on
the oral side. Speciflic differences are small. Still smaller, and
very slight indeed, is the individual variation. Generally speaking,
on tha dorsal side each genus seems to have its own range
in the number of the turns in either column of the zone, as
follows: [Iichinarachnius G-12, *' Dendraster 7-8, Echinodiscis 6-7,
Astriclypeus 7-10, * Encope 37, * Mellita 3-4, Rotula?. And as a
rule, those numbzrs are in accordance with the number of the
plates in the corresponding column.

With reference to the horizontal suture of the plates, all the
plates of the right side (5B) slip back slightly behind the corre-
sponding plates of the left side (5a) m the dorsal view. This
arrangemont of the plates causes that bending in the horizontal
suture which determings the size of the angle in the zigzag, and
~ the angle is always in direct proportion to the degrec of bending,
except for the case that the occurrence of the turn of the zigzag
in an unexpected proximity of the line of the longitudinal suture
makes the angle larger.

Wy Cf, Chapter 1.

13 The examples of those marked with an asterisk were observed by Professor
Quaznva, two of which—Dendraster and Mellita,—were examined by myself also.
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Again, every angle, in each species, regularly increascs in
size together with the plates, which, apart from the individual varia-
tion, bzcome somewhat larger as the animal grows; a mcthodical
observation discloses how each individual takes different forms in
different stages ol its development. Besides, in whatever stage of
development an individual may be, the relative size of its plates
counts for much in determining the angles; thosc on the dorsal side
of a fullgrown creaturc generally range from 30 to 50 degrees,
while on the oral side the usual size is 50 degrees or thereabouts.

The origin of the line is not known for certain, but it is
almost certain that it appears first at the apex and extends
gradually on the dorsal surface. After its {irst appearance at
the top, the line increases in the amount of zigzagging—that is,
every angle, as well as the length and the extent of deviation of
every section, becomes greater—as it proceeds distally on the
dorsal surface, until it comes to an end reaching the anal opening.
But when the anal opening is situated on the oral side, the scope
of the zigzagging on that side diminishes as the line is extended
from the distal end towards the periproct, Thus in most cases
the line begins at the top and, extending downwards, reaches its
full length on the supramargin or on the margin or in the adoral
region, according to the final position of the anal opening. We
can find the examples of the three kinds of termination in the
genera Echinarachnius and Astriclypeuns, the former representing
the first two cases while the latter typifies the last-mentioned.

In the forms with the interambulacral lunule, such as Funcape
and Mellita, the zigzag extends from the apex to near the anterior
edge of the hole, and no zigzag is found on the plates situated
beyond the lunule. This disappearance of the line beyond the
Iunule cannot be explained satisfactorily until more materials are
obtained. In view of the formation of ambulacral hunules, it
might be assumed that the last pair of plates on which the line
is clearly visible had suddenly ceased to extend the line any
farther and just begun to form the lunule when this procedure
was passed on to the next pair of plates, which in course of
their development took part in extending the incipient hole.  Then
in the same way the pairs that grew after them contribuied to the
procedure till ihe lunule was completed, but the pair of plates that
came together to complete the circumfercnce of the lunule somehow
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failed to resume the zigzag line after their meeting, and their
example was followed by all the plates that developed behind
them. This assumption excludes all possibilities of the presence
of the zigzag on the plates of the distal region of the zone. How-
ever, from the nature of the pseudofasciole which, in other forms
of the family, runs all the way between the apex of the test and
the anal! opening, 1 think that the plates beyond the inleram-
bulacral Iunule may have vestiges of the line, and thus probably
the interambulacral lunule is different from the ambulacral lunule
in the process of formation.

In any case, the line, which is continuous from apex to anus
in simpler individuals, in Encope and Mellita, the most advanced
forms, takes an irregular or a more complicated course, its con-
tinuity being broken by the lunule, even if it does nol come to a
full stop therc. The existence of a lunule in the zone, in effect,
determines whether the line is continuous or discontinuous. It
must bz noliced at the same time that the fact which I have
mentioned above points to the coincidence «xisting between the
specialization of the test as a whole and the complexity of the
pscudofasciole in particular. It may well be expected that the
place a cortain form takes in the scale of evolution among the
members of the Scutellidae will be suggested by the form of its
pseudofasciole, when the comparative study of various shapes of
the line has been properly pursued.

In the following comment, which, it is feared, does not de-
serve much attention, I have tried to dwell on the mechanism of
the ridge at some length. The mechanical construction may
be largely due to the part played by the muscles that bind the
bases of the spines to the test around the tubercles, while partly
it may depend upon the inclined planes of the plates. The pres-
ence of the tubercles alonc does not indicatc the cxtension of
the ridge™, while 1t is essential for the existence of the ridge that
the spines, or at least their bases, remain intact; the ridge dis-
appears when the animal is stripped of its spincs. In fine, the
muscles around the bases of the spines probably play a double
principal role; taking advantage of the sloped surfaces of the
plates, they shape themselves into the ridge, which in turn supports

127 Cf. The relation of the zigzag line to the tubercles and spines. Chapter 1.
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the muscles in the other role of theirs, 7.e. In giving the spines
the peculiar inclination which is the immediate cause of the
presence of the zigzag line.

What does the pseudofasciole mean to the animal? I do not
know cnough of the line to describe its exact function, and
its full significance is still beyond my comprchension. How-
ever, it may be taken for granted that it strengthens that
portion which is regarded to be weak, being loosely knit in
order to make room for the digestive canal within the test.
Now that it is clear that the whole problem cannot be solved
so simply, a more accurate description of these points is left for
future researches.

One should almost wonder why such a remarkable character
has so long escaped the notice of many a preceding echinologist ;
it may be surmised that not a few overlooked the line, taking it
simply for that of the suture. '

According to the descriptions by KLEIN (1754), LESKE (1778),
Acassiz (1811), VERRILL (1867), MORTENSEN (1927 b), CLARK (1935),
IKEDA (1936) and some other echinclogists, 7 genera, comprising
22 species and 3 varieties, are known in the Scutellidae. Of these,
6 genera, including 11 species and 1 variety, have now been
proved to posscss the non-sutural zigzag line. Thus, it has been
effectively evidenced that in all probability the pscudofasciole holds
constant in the present [amily. Only, as was pointed out above,
inquiries into the genus Rofile {ailed to gain the cexpected result,
and it remains a doubtful case still. If further examination should
happen to prove it to be a specialized form, the most interesting
and fruitful course might be sought in phylogenetic researches.
This is a mere speculation, which is not yet supported by any
direct observation. Unfortunately, no specimen of this genus has

zen available in our laboratory.

New material used in this chapter is as follows. Reported
data: 1. Ewncope emarginaia (LESKE), 2. Rotula sp. DBoth report
and specimens : 3. Dendraster excentricus (ESCUSCHOLTZ), 4. Mellita
sexiesperforate (LESKE). Specimen: 5. Echinarachnius paerma var.
obesus H, L. CLARK. '
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CHAPTER 3

Observations of the pseudofascioles of some scutellids in
the collection of the Zoological Museum in Amsterdam

The pseudofasciole was first found on the surface of the bedy
of certain sculellids [vom Japan, such as Echinarachnivzs mirabilis
{A. Acassiz) and Astriclypeus manni VERRILL ; and then 1ts presence
was proved to some extent in some forms of the genera Dendraster,
Encope and Mellita. But this did not quite satisfy me, cspecially
so far as the last two were concerned. The fact that the line
was visible only between the apex and lunule did not dispel my
suspicion that it might still be found at least cn some of the plates
in the distal part of the interambulacral 5. On the other hand 1
presumed that the existence of the interambulacral Iunule deter-
mined whether the pseudofasciole was continuous or discontinuous,
the former type being represented by Echinarachnins, Dendraster,
Echinodiscus and  Astriclvpens, and the latter by Frucope and
Mellita,

In the present chapter I shall dwell on the pseudofasciole in
soma species of those genera which have perplexed me hitherto.

The examples observed were 23 individuals belonging to 3 genera,
which included 5 species and 1 varietv, as follows: 1. Dendraster
excentricus var. elongaius H. L. CLARK, 2. Encope emarginala {LESKLE),
3. E. micropora AGASSI., 4. Mellita longifissa MICHELIN, 5. M.
guinguiesperforate (LESKE), 6. M. sexiesperforala (LESKE).

Dendraster. This genus, including a species and a variety,
has the anal opening on the oral side, and the pseudofasciole
appears on the oral surface as well as on the dorsal; but the
position of the anal opening is so near the margin that little room
is allowed for the development of the line on the oral surface.

1. Dendraster excentricus var. elongatus H. L. CLark. Three
specimens (vom San Diego, California, were observed ; they were
donattons by the Museum of Comparative Zoology, Cambridge.
In the following table are given the features ol these specimens

.. Jength {cm’ Number of turns of pseudofasciale
Specimen . .
i Antero-posterior axis; Porsal surface Oral surface
I 1 woenmmenmmsarmaes 6.2 8 trace
NOL 2 e 3.8 7 2

NO. B cnntssosssnsnnarisa i 34 i ':J
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The number™ of turns of the line varied from 7 to & on the
dorsal surface, and on the oral surface there was a mere scratch
of a line. The angle at cach turn on the dorsal surface generally
ranged from 30 to 40 degrees; whereas, there was no angle to be
found on the oral surface.

The variation which was observed in the number of turns
and the size of angles corresponds to the number and size of the
coronal plates in each column; and the turnson the dorsal surface
alone increasc in number and size with the age or the growth of
the test. It was quite reasonable that no turn was visible on the
aoral surface, considering the number of the plates between the
margin and the anal opening. The pseudofasciole of the largest
specimen is shown in the plate.

FEncope. The test is stout, with a posterior interambulacral
lunule and 2 or more marginal lunules in the ambulacral zones. In
this form the pseudofasciole is distinctly discernible on the dorsal
surface only, being discontinuous owing to the presence of a lunule
in the posterior interambulacral mid-zone. In other words, the
line is divided into two sections by the hole, the one between the
apex and the anterior edge of the hole, and the other between the
posterior edge of the hole and the distal end of the test. For the
sake of convenience, I propose here to call the former the prelunular
part and the latter the post-lunular part of the abactinal pseudo-
{asciole. The angles in the specimens will be counted below both
mmdividually and spccificaliy. _

2. Encope emarginate (LESKE).  Five specimens were observed.
Of these, 4 specimens were from Santa Marta, Columbia, and one
(No. 5), donated by the Iate Professor R. KOEHLER, was from the
coast of Brazil (Rio de Janeiro). The features of these specimens
were as follows:

5 . Length {cm) MNumber of turns of pseudofasciole
Specimen . ! » s "
{Antero-posterior axis)  Prelunular part Post-lunular part
No. 1 - 6.5 4 2
No. 2 .. 5.7 2
No. 3 - 6.5 37 2
No, 1 .. 53 3z 2
No. 5 - 10.0 47 2

15 Cf. Chnpter 1.
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3. Ewncope micvopora Acasstz, One specimen from California
was observed, and its length and the number of turns of its
pseudofasciole were as follows: Length 10.1cm; turns in pre-
lunular part 47, in post-lunular 2°?.

The abactinal pseudofasciole in these forms is apparently com-
posed of the prelunular and post-lunular parts, as may be seen in
the figures. The prelunular part has 3 or 4 turns, while the post-
lunular part has always only 2. The size of the angles ranges
from 30 to 50 degrees on an average in the prelunular part, and
between 60 and 80 degrees in the post-lunular part.  This varia-
tion in the size of the angles corresponds to that of the coronal
Iunular part appears to depend upon the difference in the size of
the tests.

Mellita. The test is usually flat and comparatively thin, with
an interambulacral lunule and 4 or 5 ambulacral lunules. The
pseudofasciole is quite distinct on the dorsal surface only and is
discontinuous on account of the intervention of a lunule in the
posterior interambulacral mid-zone, as is the case in Fucope. The
number of turns in the specimens will be given below bhoth
individually and specifically.

4. Mellita longifissa MICHELIN. T'wo specimens were observed.
One of them was from Acapuico, Mexico; Iength 2.4 cm; the
pseudofasciole had 17 turn in the prelunular part and 27 turns in
the post-lunular part. The other was a specimen which was
collected by Acassiz and donated by the Museum of Comparative
Zoology, Cambridge ; 3.5 em in length; the pseudefasciole was
indistinct in the prelunular part, while 1?7 turn was visible in
the post-lunular part,

5. Mellita  quinguiesperforata (LESKE). One specimen from
Mexico was observed. The features of this specimen were as
{follows : Length 4.8 cm; the prelunular part of the pseudofasciole
imperceptible ; the post-lunular had 2? turns.

6. Mellita sexiesperforata (LESKE). Twelve specimens were
observed. Onc of them was collected by Mr. BoEk at St. Martin,
West Indies, and its length and the number of turns of its
pseudofasciole werce as follows: Length 8.8 cm; the number of
turns in the prelunular part 47; in the postlunular part 2. The
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other 11 specimens were collected by Mr. BoEx also, at Saba,
West Indies. They were all small, being no longer than 1.4 em
or so, and the respective features of the specimens were as follows:

Spesiien Length (em) Number of turns of pseundofascicle
{Antero-posterior axis) Prelunular part Post-lunular part

No. 1 ..o 14 27 partly denuded

N 2 wememssrmssss — ) 3 - partly broken

Nay 3 vommessmansmass — 3 »

No. 4 1?2 -

No. b — 3 ir

No. 6 1.4 17 parily denuded

No. 7 — ? »

Nob & seovesvas wnesmss — 27 -

No. 9@ i — 27 i

No. 10 i = 2 .

1 — 27

As was shown above, the larger specimens of Mellita had
2 turns tn the post-lunular part, and generally 4 in the prelunuiar ;
in the smaller ones the turns were usually 2 or 3 in the pre-
lunular part, while no turn was recognizable in the post-lunular
part, for those specimens were found impaired on their arrival.

arh turn oheerved in a enecimen of
1TUr o a R B

The civa nf the anoles At T
+ 118 51Ze O aL Tals i, DsSeErveQ Il Spec

the angle
M. sexiesperforata, ranged from 80 to S0 degrees in the prelunular
part, and 90 to 100 degrees in the post-lunular part.

I said in an earlier chapter that the genera Encope and Mellita
had, contrary to my expeciation, no visibie line on the plates be-
tween the hole and the distal end of the test. Subsequently 1
noticed that the figure showing the abactinal view of Melliia quin-
quiesperiorata given by CLARK (1904, PL 10, Fig. 63) had, in the
above-mentioned region of the test, what appeared to be a part of
the indented shading indicating the presence of a pseudofasciole.
But this was not an adequate basis for the withdrawal of my
former statement. Accordingly the question'®® remained whether
the formation of the hole, going on simultaneously with the
growth of the plates around it, took place prior to the growth
of the plates in the distal part or, on the contrary, the hole
began to be formed in the plates after they and those following
them had made some considerable development. In the first case

iy Cf. Chapter 2.
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the zigzag line might not have been continued beyond the
hole, while in the latter case the part of the zigzag line
which should have been already extended over the distal region
would not have been obliterated without somce other cause. In
the meair time 1 could not abandon my opinion that the latter
process was more consistent with the natmre of the pseudo
fasciole, and that the hole must have developed secondarily by
resorption through the test, and not simultaneously with the
successive growth of the mutually corresponding plates in both
columns.

The discovery of the line on the coronal plates of the distal
part, which T related ahove, made me almost certain that the
plates of the zone first developed in the usual way, accompanied
both by the backward migration of the anal opening and the
prolongation of the zigzag line, and then the hole began to be
formed secondarily in its final position.

I happened to find that the same problem, which I intended to
solve in my own way, Le. through the study of the pseudofasciole,
had already been taken up by several students, who had reached
the same conclusion as T had aimed at, by observing especially
individual wvariations in the shape of the hole dtself. Acassiz
{1872}, Crari (1904), Jackson (1917) and Crozisr (1919) pointed
out that in Encope and most of Mellita, the ambulacral lunules
are developed by the inclusion of reéntrant marginal notches as

A aeeoira 14 ~f +tha ceealancafine AF s s»latae wsrhoroane tha intas
<a LLoulL Ul L R PLUIVLERALIVILL U Lik Paiioaz, VY LIL 1 Lo Liin 11IRN

ambulacral lunule is formed by the deepening of a dorsal and an
oral depression that continues umntil the test is pilerced through.
Among those echinologists, JacksoN (p. 491} describes Ewncope
annectans JACKSON as the most primitive form of the genus, and
calls attention to the fact * that the lunule in the interambulacral 5
{of this fossil form) is still imperforate ™, being peculiarly repre-
sented by mere dorsal and oral grooves.

From these observations it appears that there is essentially no
difference between a continuous and a discontinuous pseudofas-
ciole. But, apart from the question whether the hole developed
secondarily or otherwise, the actual presence of a gap in the
middle of the line is so remarkable a feature, that it convinces
me of its significance. Thus it dogs not seem altogether meaning-
less to distinguish the lines by the presence or the absence of g
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lunule, especially so far as concerns abactinal pseudofascioles. In
this regard, it may also be pointed out—in addition 10 the fact
that the term “ discontinuous ™ has a twofold meaning in this case,
as will be explained later on—that, in spite of the different process
of formation, the interambulacral lunule occurs only in those forms
that possess the ambulacral Iunules, so that the presence of a
discontinuous pseudofasciole always implies the presence of am-
bulacral lunules, though the reverse does not apply to all cases
in the scutellids {cf. Astriclypeus).

The spines of the oral side, which are longer and slenderer
in appearance, though in reality rather thicker than those of the
dorsal, seem to serve the animal principally as instruments of
locomotion. For, in Astriclypeus and most of Echtnarachnius, the
primary spines on the oral side are fairly highly specialized, so
that a2 minute examination of them alene suffices to make one
conclude that they evidently serve the animals mainly as instru-
ments of locomotion. Besides, PARKER (1927) and PARKER and
VAN AvLsTynE (1932) regarded the spines on the ofal side as the
main part of the locomotive organs from the observations of some
living examples of Echinarachnius parma in motion. According
to my observations of the spines alone, the same is presumably
the case in Encope and Mellita'™. Here, indeed, thz oral side of
the test is not so thickly coated with primary tubercles as the
dorsal, especially in the shallow furrows formed longitudinally
aleng the mid-line of the interambulacral 5 at both cnds of the
Iunule. It seems rather likely than otherwise in these genera
that this fact, together with the specialization of the actinal spines,
has made the zigzag line disappear from the oral surface. The
discontinuous pseudofasciole, which characterizes these two genera,
therefore is distinct from the continuous one in that, besides being
divided by the lunule in the posterior zone, it is not continued by
an actinal pseudofasciole, but cut short on the margin before it
reaches the periproct. Hence the twofold meaning of the term
“discontinuous 7 1 have alluded to above. Thus it is apparent that

1) In most members of the Scutellidae the spines on the actinal side are dis-
tributed and inclined symmetrically with regard to the antero-posterior axis (cf.
figures). Echinodiscus and Astriclypews, which have actinal pseudofascioles, are ex-
cepted (cf. figures); so also is Refafe, which T have had no opportunity to examine
myself,
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the two gencra rcsemble cach other as closely in the features of
the pseudofasciole as they do in the other characters.

The following 4 genera, including 9 species and 2 varieties,
have a continuous pseudofasciole; 1, Echinarachmius parma
{LAMARCE), 2. E. parma var. obesus H. L. CLARK, 3. E. mirabilis (A.
Acassiz), 4. E. brevis IKEDA, B. E. griseus MORTENSEN, 6. Dendruster
excentricus (ESCHSCHOLTZ), 7. D. cacentricus var. elongatus H. 1.
CLARK, 8. Echinodiscus auritus 1uskr, Y. K. bisperforatus LESKE,
10. E. tenwmissimus (AGAsSiz et DEsoRr), 11. Astriclvpeus manni
VERRILL. And so far as my obscervations go, the following 2 genera,
including 5 species, have a discontinuous pseudofasciole: 1. Encope
emarginate (.ESKE), 2. E. micropora AGAsSsiz, 3. Mellita longifissa
MicuenN, 4. M. quinguiesperforata (LESKE), 5. M. sexiesperiorata
(LESKE).

Thus the pseudofasciole was observed in 6 genera, comprising
14 species and 2 varieties. In the following table are given the
numbers of turns and the ‘sizes of angles in those genera in which
the linc was hitherto observed. The abactinal pseudofasciole given
in the table designates either the continuous or the discontinuous
one found on the dorsal surface. The actinal, appcaring on the
oral surface, belongs 1o the category of the continuous, no dis-
continuous one having been found among them. It will be noticed
that the actinal pseudofasciole never occurs by itself but goes always
together with the abactinal continuous, of which it is an extension.

Abactinal pseudofasciole Actinal pseudofasciole

Number of Size of Number of Size of

Genus turns angles furns angles

{(Degree) ‘Degree)
Echinavachnins ... ... 912 30— 40 — —
Dendraster oo o 728 - {a scratch of a line; =

Echinediscus ooooovevviine i, 6= 7 30~ 5N 2 30-50

Astriclypeus ... T-10 i W 5
in prelunular part ... 3- 4 o — —
Lncope { in post-lanuiar part... 2 A— 80 = —
in prelunular part ... 4 B~ 90 — S
Mellile { in post-lunular part... 2 90-100 — -

Onc may entertain an idea that the number of turns and the
size of angles in. the =zigzag line are useful as indices to the
size or the age of the test, for these features of the line vary in
accordance with the number and the size of the coronal plates,
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which, apart from specific variation, increase to some extent as
the animals grow, '

The data, which have not only bheen observed personally but
also incidentally recorded in the figurcs by Acassiz (1841) and
Lovin (1874), lead me to conclude that, in more advanced adult
forms having disconfinuous pseudofascioles hike Frcope and Mellita,
the part between the hole and the distal end of the posterior
zone has, on the abactinal side, usually two or three plates in
each column, which agrees with the number of turns in the post-
lunular part of the pscudofasciole.

As was suggested in the preceding chapter, from observations
of the wvarieties of the shape that the pseudofasciole takes in
various forms of the Scutellidae, aitention may be called to the
relationship among the members of the family, which was cor-
rectly determined by CLARK (1914).

Of the forms studied in this chapter, the following o were
brought under my observation for the first time:—Dendrasier
excentricess var. eloncatus H. L. CLark, Encope emarvginala (LESKE),
E. micropora Acassty, Mellite longifisse MICHELIN, M. gurnguies-
perforata (LESKE).

CHAPTER 4

The pseudofasciole: its absence in Rotula and its
significance from evolutionary point of view

In ihe Scutellidac are known 22 species and 3 varieties, be-
longing to 7 genera, of which 14 species and 2 varteties, belonging
to 6 genera, have already been examined for the pseudofasciole.
The result was that lines representing the actinal or abactinal, the
continuous or discontinuous pseudofascioles, were confirmed in all
of these forms.

From this fact it may be presumed that the Iine 1s also pres-
ent in all the other members of the family hitherto untouched.
Only in the genus Refule the line was not recognizable and it has
been put aside as a doubtful case. In the present chapter I will
first give an account of my renewed observations of this cxcep-
tional genus, and then discuss at some length the mmportance of
the pseudofasciole in the present family,

The genus Roirle comprises two species, deciesdigitala (LESKE)
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and oerbiculus (LaNNE).  When, as was stated before, Professor
OHsHIMA examined for me some specimens of the Scutellidae in the
British Museum, these two forms were among those observed, and
in them he could not find the psewudofascinole. Not long afterwards
a specimen® of orbiculus from the Congo was presented to me by
Dr. MorTENSEN, and after my own careful search, I was assured
beyond all doubt of the entire absence of any such line f10m the
surface of the body ',

Now I was confronted with the problem of how it happened
to be absent in this particular genus. It seems to me that this is
possible mainly in consequence of an extremely remarkable differ-
entiation that has operated on the primary spines of this genus.
Various forms of the Scutellidae that have come under my observa-
tion, ail but one genus, Rofiie, had more or less speciaiized
primary spines on their orat surface only. This specialization,
which apparently makes those spines serve as instruments of
locomotion, 15 lowest in Echinarachrins, while In Encope and
Mellita there is the most conspicuous contrast between the pri-
mary spines on the dorsal surface and those on the oral, owing
to a very high degrec of differentiation to which their actinal
primaries have attained. And, as the actinal pscudofasciole is
lacking in these two genera, it may be assumed as a general rule
that the disappearance of the zigzag line occurs when the spines
have attained to a certain stage of specialization. When applied
to Rofulz, the hynothesis can, in my opinion, he shown as valid
and competent. For, in Kofule, the primary spines on the oral
surface, notwithstanding their being the most highly specialized in
the family, do not contrast very strikingly with the primaries on
the dorsal surface, because in Rotela, it scems, the specialization
was not restricted to the primaries on the oral surface, but those
on the dorsal surface were also greatly affected.  Therefore, though
it does not follow that, in Rofula, Lthe abactinal spines serve as

153 The line of the longitudinal suture in the ambulacra as well as the inter-
amhulacra is distinctly visible in this specimen in spite of its spines, perhaps
because the spines are sparsely distributed.

173 Ihotographs of a specimen of R. deciesdigiteta from Porta Praga, which is in
the collection of the Swedish State Musgeum, Stockholm, and which appears to have
well-retained spines, were recently presented {o me through the kindness of Dr. Tonsriy
Grsuftk.  On the photographs taken by him showing the dorsal and oral aspects |
could not make out the iine.
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instruments of locomotion, it may naturally be expected that what
has disapprared from the oral surface of Ercope and Mellita
will not remain on the dorsal as well as the oral surface of
Rotula. _

I have found that CLARK's observation (1914, p. G5) strongly
supports this opinion of mine: “Judging from the characters of the
test alone™, he says, “ Rofula may well be considered the most
highly specialized form of clypeastroid known either living or {ossil.
On the other hand, all the characters of Echinarachnius point to
it as onc of the least specialized members of the family (the
Scutellidac) and it is very possibly quite near the ancestral stock
from which the scutellids arosc ™.

In terms of this classification of the scutellids, the simpler
the form, the more obvicusly the pseudofasciole 18 displaved. In
Iehinarachnivs, which is ranked among “ the least specialized
members of the family 7, the pseudolasciole takes the plainest
and the most fundamental form, for it covers the whole length
between the apex and the periproct in one unbroken line, which,
moreover, 15 completed on the dorsal side, without any possibilily
ol crossing over to the oral surface. Dendraster is not very far
removed from  Echinarachnius, but its pscudofasciole, which is
vcry pronounced too, had to extend for a distance, however shont,
over the oral side, in order that it might reach a full length with
its termination at the periproct. In more advanced forms like
Eelvinodiscws and  Astriclvpens, the line has some complexity ; the
actinal pseudofasciole in these two genera is much lenger than in
Dendvaster of the same size and makes two pairs of turns, while
it 1s much less distinct than the abactinal line. In still more
advanced genera, Encope and Mellita, the line has disappeared from
the oral surface on accouni of the specialized primary spines,
while the abactinal pseudofasciole 1s discontinuous owing to the
intervention of the hole. Here the disappearance of the lne from
the oral surface 1s due to a factor quite different from what makes
in Echinarachunins the actinal line impossible by the nature of the
pscudofasciole.  Finally, the tendency to lose the pscudofascioie,
which has appeared on the oral surface in Fncope and Mellita,
asserts itself in the extreme in Kefula, the most highly specialized
form. Thus the total absence of the zigzag line in this particular
genus should be regarded as an instance of retrogressicn which
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progress entails, and doss not, in my opinion, diminish the force
of the conclusion that the pscudofasciole holds constant in the
present family.

When CLARK referred to “ the characters of the test ” for his
classification of the scutellids, it goes without saying that he little
dreamt of the zigzag line. It is very interesting that his judgment
upon the relationship of the members of the scutellids has been
corroborated by the comparative study of various forms of the
pseudofasciole. Indeed, it is not too much to say that observation
of the zigzag line alone would have led to the same conclusion.
This featurc, it seems to me, i so significant.

It was mentioned by Loven (1892) that “in the Echinoidea
the growth of the corona is cffected by new plates being succes-
stvely added to the dorsal terminations of the interambulacra as
well as the ambulacra, and by their increasing in size and solidity ”
{p. 17). The case of the scutellids of course is not an exception
from that rule, but in the scutellids the process must necessarily be
accompanied by an extension of the pscudofasciole ™. At the same
time the observations by FEwks (1886), Gorpon (1926) and IKEDA
(1935a) have made the fact clear that the periproctal opening in
certain forms of Echinarachnins moves backwards as the test grows

18 The instances of Ecftinarachnins adduced helow, though notl quite satisfactory,
will give some suggestions at leasl about the relation hetween the development of
the test and the elongation of the pseudofasciole in an individual.

Length of Number of lurns

Spgies specinien (cm) of pseudofasciole Focalicy
parma..............oo AB 9 Buzzards Bay

6.1 10 LEast Port
Tira@hilis. oo e, 14 5 Kominato

1.5 5 Amakusa

17 7 .

2.8 9 Mutu Bav

6.6 12 Hukuoka Bay
BYEHIS vovivisissmiivmasssnasainzt ) 6 Kominato

2.6 7 »

5.6 10 Hukusima
PHISOUE  wvcnvvsvsmsisponssavussing: 100 5 Hokkaido

25 7 »

2.6 6 .

35 8 R

3.7 9 ’ .

3.9 7 "
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and increases in size, and that movement, in my opinion, gives rise
to a prolongation of the pseudofasciole. Hence the inference I
have already ventured that the pseudofasciole, arising at the apex,
perhaps at a certain stage of the development of the test, and
extending within the interambulacral b towards the anal opening
with the growth of the test, may well be regarded as a memento
not only of the backward migration of the periproct but also of
the development of the whole test.

T have, so far, little applied myself to inquiries into the func-
tion of the pseudofasciole, and in this regard I have only to repeat
what I suggested before-—that the line sometimes secms to protect
the plates facing each other over the longitudinal suture from
breaking apart along the interambulacral mid-line,

To conclude by saying the least of it, it has now been made
quite certain that the pseudofasciole is the most remarkable of
the numerous features in the members of the Scutellidae, and no
structure sinular to it probably will be found in other families of
the Echinoidea. To the features of the Echinoidea a new distinc
tive onc has been added: the pseudofasciole, which is peculiar
to the Scutellidae, and in which the test is as characteristically
spined as it is in the fasciole of the Spatangina (MULLER, 1854 ;
Gray, 1855; Lupwic u. HAMANN, 1902).

New material 1 Rofula orbiculus, one specimen sent by Dr.
MoreNsEN.,  The following specimens, although not new material,
were of considerable use for the present researches. As most of
them are of the forms that do noi occur in Japan, T wish to
thank thosc gentlemen who werce so Kkind as to sparc me prc-
cious spccimens from their collections : Echinarachnius parma,
several specimens  with well-retained spines sent by Mr. A. L.
Crark of Washington and Dr. H. L. CLARK of Cambridge, Mass. ;
Fehinodiscus auritus, a large specimen from the Philippines (much
larger than a spezcimen of the same species from Japan in my
possession) sent by Mr. J. 5. DomMantay of Manila; Dendraster
excentricus, many fresh specimens from Nanaimo, British Columbia,
sent by Dr. W. A. CLEMENS of Nanaimo; and those of D. excen-
tricus var. clongatus from Pacific Grove, Cal, sent by Dr. E.
Duiciivany and Mr. R. L. BoLin of Pacific Grove ; Mellita, some
forms sent by Mr. A. H. CLARK.



Studies on the pseudofasciole of the scuteliids 69

CHAPTER i

The pseudofascioles of some scutellids in the collection of
the Museum of Comparative Zoology at Harvard College

The deficiency in material felt in the present investigation
was at last filled up almost completely™® by acquiring the loan of
some specimens in the collection of the Museum of Comparative
Zoology at Harvard College. They represented 4 genera and
7 specics, of which 2 genera and 5 species have not been men-
tioned in the previous chapters, as I had not been able cven to
examine figures of them.

All of the specimens answercd to what I had expected of
them with reference to the zigzag line, except the specimen of K.
bisperforatus which was deprived of most of its spines, and only
retained some scanty remnant on the actinal side and in the
anterior region of the abactinal side. The specimen of Relirla
orbicilus assured me of the absence of the line in this species
(cf. Chapter 4) and the rest revealed the linc on the back, though
some of them were partly denuded on either the actinal or the
abactinal side. ‘

The pseudofasciole usually extends on the surface of the body
from the apical field to the periproctal opening, and takes a
pzculiar shape according to the characters of the forms.

Echinaraclmius. The anus of FEchinarachwins opens on the
margin or the supramargin of the test, so that the line is de-
veloped on the abactinal side only. Such a line as this was called
an abactinal continuous pseudofasciole in an earlier chapter.

1. Echinarachnius astatices MICHELIN, A specimen (No. 4215)
taken by the “ Albatross” off Caps Nalacheff, Kamchatka, was
observed. Its features are as follows: it is 6.2 cm in length and
possesses a typical zigzag line making more than 6 turns, with
angles ranging {rom 30 to 40 degrees, in each cclumn of the inter-
ambulacral 5 ; and this line has a fairly close resemblance to that
of K. parma. _

Fucope. Like Mellila, Encope has a lunule in the midline of
the posterior interambulacral - zone. The zigzag linc in these

1% The typical specimen of E, bisperforatus var. truncatus (Acasziz) has not come
under my observation, bul inference may safely be drawn from the specimen of £
bisperforatus {No. 4144), which is labelled as “ approaching to fruncalus” (cf. note 23).
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genera is an abactinal discontinuous pseudofasciole, that is to say,
it extends on the back only and is divided by the hole into two
parts, the prelunular and post-lunular parts.

2. Encope perspectiva AGAssiz. The specimen observed (No.
2419) is from Nazatlass, Mexico, and is 10 cm in length. The
line is partly perceptible on the back. It has 1? turn in the
prelunular part, but no turn is visible in the post-lunular part.
In this example the peculiar inclination of primary spines seems
to be invisible on cither side of the line on the abactinal surface,
owing to the fact™ that the primaries, having a characteristically
thick end in the shape of a club, arc arranged =o close together
that, in superficial appearance at least, there are left little intervals
among them. '

3. [Encope michelini AGASsiz.  The specimen observed (No.
2401) is from Sorasota Bay on the west coast of Florida, measuring
12.1e¢m in length. The line is perceptible on the back. There
are 47 turns in the prelunular part (this part is not to be seen
in its whole length, as the dorsal side of the specimen is partly
denuded near the anterior end of the lunule), and the angles at
these turns vary from 40 to 70 degrees. In the post-lunular part
the number of turns is 2, the angles being more than 60 degrees.

4. Encope californica VERRILL, The specimen observed (No.
2317) is from Los Animas Bay, Mexico. The specimen is 12.8 cm
in length, with the left posterior quarter of its margin imperfectly
developed. The line is visible on the back; the prelunular part
has b turns, with angles measuring about 50 or 60 degrees, and
the post-lunular part has 1?7 turn.

5. [wncope grandis AGASSIZ.  The specimen observed (No. 3821)
is from San Lucas, Lower California. It is 12.1 ecm in length
and possesses the line. The number of its turns is 1?7 in the
prelunular part, and 2 in thc post-lunular part, the angles of the
former being about 40 degrees and those of the latter more than
50 degrees. '

All these examples of Encope have been ascertained to have
the pscudofasciole on the dorsal side, but none on the oral side.
And the line answers in cvery detail to the descriptions given in

200 All forms of the Scutellidae have primary spines with more or less thick
ends, but L. perspectiva is an extreme case.
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the preceding chapters. The ahgence of the line on the oral side
depends, as T said, upon the specialization of the primary spines
on that side. Morcover, the actinal ambulacral furrows, bifuvcat-
ing so as to encircle the lunule, and further sending branches out
into the mid-zone, leave a comparatively narrow space belween
and this may be another cause of the absence. 1 had taken some
notice of thig fact in the other forms of Igncope and also in Mellita
but 1 had not becn quite satisficd, until I was convinced of it by
these examples.

Fotila.  As has been reported previously, Refula 1s the most
specialized group in the Scutellidae, and comprises 2 species, decies-
digitate and orbiculus. [ have cxpected to find no zigzag linc in
thesc {orms, both from the observation of Professor OHSHIMA
executed on my behalf at the British Museum of Natural History ",
and from my own subsequent examinalion of the specimen of
orbiculus from the Congo and the study of the figures of deciesdio-
tfater from Porta Praga®®. Herc another example of erbiculus 13
described as it was examined regarding the zigzag linc.

6. Rolula orbiculus {(LINNE), The specimen (No. 4751) is (rom
the Cape Verde Islands, being 36 cm in length. The primary
spines on both the actinal and abactinal sides are not only verv
slender hut also very sparse, and it seems to be on account of
this. character that the zigzag line is absent. Besides this, the
fact that the longiiudinal suture of plates in every zone on hoth
the dorsal and the oral sides 1s in the present form exccedingly
conspicuous, and that the primaries do not appear near the suture
of the plates, may perhaps be one of the causes of the absence
of the line.

All the forms of the genus ILchinarachnins have now been
ascertained to have on the back a pseudofasciole, which is called
the abhactinal continuous pseudofasciole. The pscudofasciole on
the specimen of FEchinarachnius beforc me is more conspicuous
than any I have cver observed, and it is intcresting to sce that
the line first occurs, and most conspicuously, in a genus which is
regarded as onc of the least specialized members of the Scutel-
lidae, and, becoming more complex and less distinct in proportion
to the evolutionary progress, disappears in the most advanced

D Cf. Chapter 2.
2 Cf. Chapter 4.-
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genus Rotula. In other words, the line is peculiar to this family,
and, among the members of the family, its visibility is inversely
proportionate to the degree of the specialization not only of the
line itselt but also of the test as a whole.

As for FEchinodiscus, an exception must be made of E. bisper-
Joratus var. truncates (AGASSIZ), the cnly form, as [ have alluded
elsewhere, that T have had no opportunity to study either in
specimen or in figure. IHowever, judging from the characters of
the denuded specimen (No. 4144)* of [ bisperforaius from Java,
especially from the shape of the test, it scems to me highly
probable that the line of var. ftrumeaius closely resembles that of
the species (cf. Chapter 1), provided that the varlety also has the
line in question. In that case, on the basis of the facts already
reported, it may naturally be assumed that all the forms of the
genus Fchinodiscrs are much like one another in the features of
the pseudofasciole.

All the members of the genus Fucope have now been
examined, and their lines positively ascertained to occur on their
back, excepting the line of K. perspectiva, which was not quite
distinct, so far as the example™ was concerned.

According to CLARK's description (1914), the genus Mellita
comprises 4 species, of which, however, he said in his letter to me
that the species Mellita pacifice VERRILL. was “ probably invalid 7.
Thercfore, what was stated before (cf. Chapter 3) will suffice to
show that the line is distinctly perceptible on all the members of
this genus.

In those scutellids which have the pseudofasciole, the inclina-
tion of the primary spines is symmetrical with regard to the
antero-posterior axis both on the actinal and the abactinal sides,
except in that vegion of the posterior interambulacral mid-zone in
which the zigzag line runs (cf. Chapter 2). This peculiar arrange-
ment in the inclination of the spines does not occur in allied forms
in the Clypeastrina.

D This specimen is labelled as “ approaching to {rumesfus but not typical ”
{cf. note 19;.

2 1 am not at all disappointed at a single example failing to satisty me; for
1 have not always succeeded in finding the typical pseudofascicle even in E. swirabilis,
which species has normally the most conspicuous pscudofasciole in all the scutellids.

2i) His letter dated the 6th of May. 1937,
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As for Rofnla, which lacks the line, it is interesting to sce
that, in spite of the difference in the shape of the test, it somc-
what resembles the genus Peronella of the Clypeastrina in the
general appearance of the primaries.

Considering the structure, it is assumed that the line is
formed, in contrast with the symmetrical inclination of the spines
in the other parts of the test, from the causes mentioned before
(cf. Chapter 2), namely, the backward slip of the right column in
the interambulacral 5, the peculiar sloping of the plates in the
zone, and the specialization of the muscles with which the spine
and the tubercle are bound together.

List of material on loan. Studied for the first time: Zichina-
rachnius asiaticus MICHELIN, Fncope perspectiva AGAssiz, E. utiche-
lini Acassiz, L. californica VERRILL, [, grandis AGASSIZ ; pre-
viously studied in figurc: FEchinodiscis bisperforatus LESKE (this
particular specimen was useful for its approaching to var. frun-
catus) ; previously observed : Rotula orbiculus (LINNE).

Appended hereunder is a list of the members of the Scutel-
lidae with their pseudofacioles specified.

SCUTELLIDAE

Genus Species Pseudofasciole

cchinarvachnius simple ; abactinal continuous
parma Lavarcy}
parma var. obesus H. L. Crark
asiaticus Mooy
mirabilis (A, Acasaz)
griseus Morrensy
brevis Ixrua
complex ; abactinal continuous and

Dendrasicr : 5
actinal continuous
excentricus (Escincnanty)
excostlricas var. ¢longalus
H. L. Cuarr
) . complex ; abactinal continuous and
Echinediscus

actinal continuous
aunritus Lese.
tenwissimus (Acassiz et Duiwr)
bisperforatus Luske
bisperforatus var. truncalus
{Asas=y)
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Genus Species Pseudofasciole

complex ; abactinal continuous and

Astriclypens i :
actinal continuous

manni VirziL
Encope complex ; abactinal discontinuous
emarginata [Lusge)
micrepora Azassiz
perspectiva Acassiz
michelini Acasuz
californica VErpiny,
grandis Acassiz
Meliita complex ; abactinal discontinuous
guinquiesperforata (Lrsee)
fongifissa Micianin
sexiesperforata (Lizxi)
[pacifica VerriLL)
Rotula wanting
deciesdigitata (Losgs)
orbicalus (Lyxi)

CHAPTER G

The function of the pseudofascioles as observed in
the behaviour of some scutellids, with a brief note
on regenerated pseudofascioles

In an earlicr chapter 1T have suggested that the pseudofasciole
seemns to protect the plates of the test bordering one another
along the longitudinal suture in the interambulacral 5 from break-
ing apart along the mid-line. This represents a statical function of
the line. [ shall now proceed to dwell on the biodynamical signif-
icance of the linc to some scutellids living in the sand, and to jot
down in passing a {ew lines about regenerated pseudofascioles.

Echinarachnius mirabilis (A. AGASSIZ) and  Asiriclvpeus nranni
VERRILL, which occur abundantly in shallow waters along the
coast of Hukuoka Bay, werc observed with regard to the function
of the pscudofasciole. Most ©f the observations were carried out
on the sandy beach during three successive summers commencing
in 1935. As soon as these living scutellids arc placed, oral side
down, on submerged sand, they begin to creep about. E. mirabilis,
like 2. parma {(LAMARCK) (cf. PARKER, 1927}, leaves a characteristic
trail on the sand behind it as it moves on. The trail is attribu-
table to the spines under the anus, for such a trail does not appear
when these spines are shorn off (PL 4, Fig. 7). The speed is not
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very great. In FEchinarachnius, the fastest that I have cbhserved
crept at the rate of 7 mm per minute, and in a considerable num-
ber of trails made by 30 individuals the average rate proved to
bz 6 mm per minute. In Asirielvpeus, the highest rate was 13 mm
per minute, and the average of 20 individuals was 105 mm per
minute, DBut they cease to move on or in the sand when the
temperature is below 7°C, while their activity is conspicuous
when it is above 15°C. Once under the surface of the sand, these
animals do not tend te come up again; they move less rapidly
but rarely altogether stop moving after they have completely
concealed themselves, At any rate, they are to be found moving
or, as it happens very rarely, resting, buried in the sand in a
characteristic horizontal position indicative of a diagcotaxis. The
sand which covers their dorsal side is of a thickness of less than
5 mm?™, and Astriclypers sometimes remains only half-buried.
GANDOLFI-HoRNYOLD (1910, 1914} stated that in some spatan-
goids the spines of the fascioles cause a movement of water on
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According to GISLEN (1924), the ciliary movement {ound on th
epithelium of the plates of the test in Echinocyamus minufus
(Parr.as) of the clypeastroids and in some of the spatangoids also
brings about a respiratory current. The ciliation on the spines
in £, parmae was mentioned by MACBRIDE {1909)%" and hy PARKER
and VAN ALSTYNE (1932), and I think it probably serves the
animal living in the sand with a respiratory current. The two
last-mentioned reports are all that 1 have ever seen as to the
ciliation of the spines in the scutellids.

While observing the behaviour of the animais, I found that
the movement of sand-grains along the zigzag line was different
from that in the other parts of the surface of the body. 1 saw,
moreover, water-movement occurring along the line simultanc-

2 According to Coanx (1904, E. parmae in natural surroundings lives more or
less in the sand; Roxas (1928) mentions that Echinodiscus awuritus Lrskz is half-buried
under the sand at low water; and it is known through Crazt’s description (1635)
that Dendrasfer excentricus var, elongafus Crawx is orlented in a vertical position
with the periproct upparmost and the anterior portion, one-third to one-half of the
test, buried in the sand or the sandy mud.

217 MacBume [1909) gave figures of some sand-dollars (Figs. 243, A and B).
calling them by th: name of Eshinaracinius parma, but the name does not seem to
be c‘.orre:f; probably they belong to a member of the genus Denrdrasier.
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ously with the sand-movement on the surface. Of these, the
water-movement may supply the respiratory {ubefeet of the
petals on the dorsal side with a respiratory current. Naturally
it must be distinguished from the ciliary current on the spines,
though it may tend to make the latter more effective. In any
case, it seems quite reasonable to attribute these movements to the
presence of the pseudofasciole, and to try to find in them a clue
to its function. In fact, it is also noticed that, when some
scutellids movwve, the spines of the whole surface, excluding those
of the pscudofasciole, successively make vigorous swings?, while
thosc of the zigzag line seem to beat in a characteristic manner,
independantly of the rest. The peculiar inclination of the spines
of the line must, in part at least, account for their remarkable
mavement, and therefore seems to be of no little significance in
the function of the line. In short, the pscudofasciole, with its zand
and water movements, may be considered to control the direction
of the animal’s locomotion and bear its share, however small, in
_iespiration, and on t!
from the anus.

The bezhaviour in natural surroundings described above, secins
to be almost the same as that of E. parma observed by PARKER
(1927), and also that of Meliifa sexiesperforata {LESKE) observed
by CroziEr (1920). As for the concealment, our species may be
said to poss=ss a slight positive geotropotaxis®, as noticed in £,
parima by PARKER, and a negative phototiropotaxis, for our species
are highly sensitive to light, and tend to retire into a darker part
of their environment, as a regular cchinid Awbacia punciulaia
(LAMARCE) does (cf. HoLMEes, 1912).  Accordingly it i3 sometimes
rather difficult to obtain exact knowledge of the behaviour in
natural surroundings by means of experimentation with those
forms. This, however, T do not think a serious handicap so far
as my study is concerned with the function of the pseudofasciole ;
and even as to the bzhaviour itself, it may safely be assumed that
any reaction observed in the course of experimentation is apt to
occur under similar conditions in the natural environment. The

1 1 A Fn mrrranes dlan o ArrAacasissada ATy
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29 The ordinary locomotion appears to he effected by the rhythmical strokes
of the spines on the aral side.

2 In u regular echinld Diadema (= Centrechinus) antillarum (P} studied hy
Parxzr (19220, the reverse is the case.
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observations described in the following paragraghs, it must be
mentioned, have resulted from very simple experiments, each
animal being placed in a basin of submerged sand {aken from its
habitat.,

The two forms E. mirabilis and A. manni exhibited, as E.
parma (cf. Parkir, 1925, 1927), three types of locomotions, namely,
rectilinear, rotating® and righting movement. In the first type
our spzcimens were able to creep forward and backward in the
direction of the antero-posterior axis when placed normally, or
oral side down. The forward movement, in which they move
always with th= anterior edge foremost, is quite usual, while the
backward one, in which the posterior edge comes first, is fairly
rare’’. So far as I can see, the other two types of locomotions
are auxiliary to the first type, whether the animals be placed
normally or upside down. And it is especially in the {forward
movement of the animal placed normally on the sand that the
zigzag line is found performing a fairly important part. [ shall
therefore describe herc some fundamental facts about the function,
leaving particulars to the study of each form,

As the normally-placed animal moves forward on the sand,
the sand-grains gradually spread over its dorsal surface from the
anterior edge to the posterior; but they usually leave the line
uncovered for a whnile after the complete disappearance of the
other parts of the body. If it moves backward, the grains diverge
from the pscudofasciole to right and left and spread over the
posterior region®?. In rotation in the normal posture, the spread
of the grains is more marked on either the left or the right side
of the body in the dorsal aspect, according to the direction of the
movement which may be clockwise or counter-clockwise; but the
grains that have first covered most of one side stop short of the
zigzag line, which remains uncovered for a tolerably long time.
In this case, as in the forward movement, the sand reaches the
line at last but it is hindered from running across the line. Now,
if some grains arc put just upon the line of an individual in for-

303 In rotation, like K. parma obscrved by Parxree (1927), our forms may turn

with their mouths as the centre.

30 Parkie (1927) stated that E. parma cannot move backward in process of
burrowing itself.

520 In Astriclypeies, the inverted individual moves backward in the same manner.
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ward movement, they will be conveyed partly forward, and partly
backward, along the line. When those which are conveyed for-
ward arrive at the apical field, they gradually sprecad all over the
petals and their neighbourhood, while those which fail to reach
the apical field are usually cast away from the posterior «dge of
the body by help of the spines of the line. This latter way of
transportation is also seen both in rotation and in backward move-
ment. On the whole the transportation of the grains is slower
than the locomotion of the creature, and this fact is of importance
espeeially with regard to the righting movement.

The method of locomotion differs in detail between E. mirabilis
and A. manni according to the body-shape, but in the funclion of
the pseudofasciole there seems to be an accordance on the whole.

Fehinarachnins mirvabilis (A. Acassiz): This species, rather
small in shapz, has the abactinal continuous pseudofasciole, and
the relation batwesn the bzhaviour of the animal and the function
of the line is observable on the dorsal surface caly.

When the sand-dollar placed normally on sand moves forward,
the spread of sand-grains takes place m a hilateral symmetry
with regard to the antero-posterior axis, as is the distribution of
the spines over the body. Iu the locomotion of the animal, those
spines successively swing to and fro from their roots with vigorous
strokes, carrving the grains. The spines of the scutellids are
terminated with a characteristical expansion, which makes them
fit for carrying the grains; this specialization is most pronounced
in the spines of the dorsal side, and the swing takes place in
such a manner that the spines transfer grains in the dirvection
opposite to that of the animal’s locomotion. The movement of
the spines thus plays an essenlial part in locomotion, though it is
not clear whether in our species the locomotive tube-feet seen
scattered for the most part on the dorsal side {cf. MULLER, 13564)
work supplementarily, as in E. parma (cf. PARKER and VAN
ALSTYNE, 1932} and M. sexiesperforale (cf. Crozir, 1920).

Astriclypeis manni VERRILL®™: The species, large in size,
has 5 ambulacral lunules and the pseudofascioles both abactinal
continuous and actinal.

In the types of locomotion it agrees gencrally with E. mira-

33* The sample identified by Verrirn {1857} is u spineless test,
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hilis, in spite of the fact that lunules and the actinal pseudofasciole
arc wanting in the latter. The abactinal pscudofasciole of Asiriclyp-
cies seems to serve, like that of Echinarachnins, as a rudder and an
instrument for driving sand-grains. 'Being much longer, it is more
active than the actinal; the latter secms merely to swing away
the excretion out of the anus. The sand is transported quite
easily to the dorsal or the oral side in case of necessity by the
large primary spines growing inside the lunule. This manccuvre
is very important on the sand, for instance, in the righting
movement and the concealment of the body.

It may be assumed from the foregoing observation that in
the forward movement of Echinarachnins and Asiviclypeus, a part
of the sand-grains which are spread over the petals through the
agency of the spines of the abactinal pseudofasciole may make a
circuit, being carried back by the spines on the dorsal side from
the anterior region towards the line which carries them to the
apical field again. Probably a circulation of the grains occurs on
the dorsal surface of the animal in its natural life in the sand,
and as il goes on, it produces a movement of waler so as Lo
supply the animal with [resh water. 1 this assumption be valid,
the movement may be of no little service to the respiratory tube-
feel ; it may intensify the effect of the ciliary current in case of
the presence of cilia in our forms. Furthermore, the sand carried
backward along the line and thrown away from the posterior
edge of the test seems, in Echinaracihiins, to accomplish the clear-
ing of the excretion from the marginal anus.

While our forms creep forward in the normal posture, the
sand, as was stated above, does not casily cross over the line
from one side to the other, but stops at some distance before it
reaches the line. This appears to be in order to keep the animal
under an even pressure and prevent it deflecting from its course.
In the forward movement the spread of sand on the dorsal side is
in a bilateral symmetry, but in rotation botih the extension and
the quantity of distributed sand arec more or less asymmctrical
with regard to the zigzag line. This lack of symmetry may in
somz= degree stimulate the locomotive organs, or, strictly speaking,
the spines on the oral side, tending to bring about a change of
direction, somewhat Iike a vertical rudder of a bheat. When an
inverted individual of Astriclypens moves forward, the sand trans-



30 Hayato IKEDA

ported by the spines of the actinal pseudofasciole moves alwavs in
the direction opposite to the movement of the animal. Tt is interest-
ing to note that this mode of transportation makes an inverted
image of that of the dorsal side of an animal placed normally.

Incope and Mellita, having the abaclinal discontinuous pseudo-
fasciole, possess an interambulacral lunule. If this lunule corre-
sponds in function to the ambulacral lunules of Asfriclypeus, the
sand-grains that cover the dorsal surface in forward motion must
partly bz carried up there from the oral side through this hole.
These grains, together with the majority that are carried from
the anterior edge by the spines on the dorsal side, must make
the spines of the prelunular part of the zigzag line much busier
than those of the post-lunular, because the prelunular part is
directly connected to the apical field. As for the absence of the
line on the oral side of these forms some tentative explanations
were given in an carlier chapter.  The explanations refer to the
spacialization of the spings on the oral side and the clase appreach
of the ambulacral furrows on that side to the mid-zone of the
interambulacral 5. Besides thosc, the proximity of the hole to
the anus and to the posterior cdge of the test may be mentioned
here. The reason is this. Therc arc remarkably large primary
spines inside the hole, which presumably work with such vigorous
strokes that they can cause not only sand-movement but also a
water-current through the hole. In that case, these primary ¢pines
take the place of the spines of the actinal line, the hole being
conveniently situated to clear excrements away. This speculation
has a very interesting bearing upon the fact that the presence of
an interambulacral hole implies the absence of the line on the
oral side. I pointed it out only from what was obsecrved in the
external appearance, but now an ample reason for the absence
seems to be found in the function of the hole. Tt may also be
asscrted that between Echinarachnius and Dendraster or between
Astriclypeus and Echinodiscus there is a resemblance in the function
as well as in the superficial form of the zigzag line.

The secutellids have the shape of a flat disk as the result of
a high specialization®’, but the ambulacral and interambulacral

34y The {flat shape may prolect the s-utellids from overturning by the force
of waves on the sandy bottom, as can be judged from the description of MacBring
{1979) who ohserved the stability of E, parma,
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zones are each continuous from the dorsal side down to the oral,
as in other regular echinoids. Indeed it is evident, from the
locomotion of our forms, that the spines on the dorsal side co-
operate with those on the oral side, though, as stated above, the
former are less active than the latter.

The following experiments show the effects of mutilation upon
the forward movement of animals placed normally : (1) The dep-
rivation of spines® on the right side in the oral aspect (the am-
bulacral V and its neighbourhood) caused the diversion of the
course to the right, while that on the left side {the ambulacral I
and its neighbourhood) to the left. (2) On the contrarv, by the
stripping of spines on the right side in the dorsal aspect (the
ambulacral I and its neighbourhood) the rectilinear movement
was forced to curve fairly to the left, and that on the left side
(the ambulacral V and its neighbourhood) to the right. This is
perhaps because the operation upon a certain region of the dorsal
surface stimulates, in some way, the nerves inside the corresponding
part of the oral surface, so that they may excite the activity of the
locomotive spines of that side™. Lapse of time, therefore, nullify-
ing the stimulus of the mutilation, apparently brings the animals
back to their ordinary course of progress®. In the first instance,
however, the spines taken away arve themselves part of the main
organs of locomotion, so that the power of movement is diminished
on the iniured side of the body, and the stronger side pushes the
body round. In this case, the recovery of a straight course cannot
be expected before the regeneration of the spines. In either case,
the curvature of the circular course was proportional to the
dimension of the denuded section. In all these experiments the
deviation from the original course began with a rather sudden
turning of the body in a new direction. This motion is indeed for
a very short distance, but it appears to be sufficiently different
from ecither a rectilinear or a circus movement to be regarded as
a part of a rotating movement. The direction of rotation is chiefly
determined, in much the same way as in the circus movement,
by the region from which spines are removed.

33) The deprivation of spines involves the desjuamation of the epithelial
membrane.

36 Cf. Herricr, 1924,

3D In Astriclypeus, the time required for recovery was about 15 hours.
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When specimens 8-8.5cm long of Asiriclypeus from Omura bay
were burdened with from 5 to 20 grams of sand on the right side
in the dorsal aspect, they made a curve apparently towards the left
with an introductory rotation. Thus the direction the animal took
was contrary to the side which was loaded with sand. This ve-
action is evidently due to the weight of sand. It naturally breaks
the balance of activity of the spines between the sides of the oral
surface. The path taken in the forced movement has exactly the
same character as in the aforesaid denudation in the corresponding
region. Under more than 30 grams of sand, however, most of the
animals curved somewhat towards the burdened side. It is be-
cause the weight was too much for them to counteract. A single
exception was an individual 9.5 ¢m long, which could endure the
weight of no less than 50 grams without turning to the burdened
side. In case of the specimens 5.5-6 cm long of Echinarachmins
from Hukuoka Bay, the threshold of stimulation and the maximal
stimulus were 15 and 50 grams of sand respectively (cf. VERWORN,
1613, 1914). This fact may appear rather curious, for it shows
that the maximal weight of the sand in these two forms was not
proportional to the size of the animals.  But Eechinarvachaing conceals
itself in the sand by burrowing rather deeper than Astriclvpens,
so that when the animals are of about the same size the former
must hear the greater weight of cand in concealment. This habit
may naturally be assumed to account for the higher threshold of
stimulation or comparative smallness of irritability in Echinarach-
nius in spite of its smaller size.

_Z’\J't:gg;c ware sithiecterd
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The reaction to weight thus manifests itself in the spines of the
oral side. It may be admitted that the epithelial membrane of the
oral side serves as a sterecreceptor (cf. WARDEN, JENKINS and WAR-
NER, 1634), and the inner nerves of the oral side react accordingly
{cf. UexkinL, 1896, 1900). As a result of this, a tonic statoreflex
may be found in the oral spines, which is produced by means of
the muscles that hind those spines to the tubercles, Then these
procasses combined must make the actinal spines of certain zones
more active than the rest. The reaction to weight thus brings
about a circus movement. It also cccurs, on the other hand, that
an obstacle in the way turns the course into a circuit; and in
this case also the introductory rotation is accompanied with an
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asymmetrical spread of sand over the dorsal surface. Now, the
ordinary progression appears to be accomplished by the dynamical
equilibrium which chiefly depends upon the bilateral symmetry of
the body-shape and of the distribution of the spines (cf. KUHN,
191%). In forced movements, however, the co-ordinate movement
of the spines on the oral side was disturbed, and it modified the
geometrical character of the path, without affecting the diageo-
taxis. Thus forced movements, as shown in my experiments,
simply assumed the nature of circus movements (cf. Lots, 1918}
So far as my species are concerned, this modification of the path
may perhaps depend not so much upon the frequency as upon
the amwplitude of the swings of the irritated spines on the oral
side, for these swings seem to be hardly distinguishable from
those of the unirritated spines. - After all, the immediate cause of
the circus movement is in an chstacle or some stimulus, though
the asymmetrical spread of sand over the dorsal surface, if it happens
to take place at the commencement of the altered course, must
in turn increase the tendency of circulation.

From the facts mentioned elsewhere is drawn an infcrence that
in Astriclvpens the lines of the dorsal and oral sides originally
formed one continuous whole, but there is an essential difference
of function between these two parts. The actinal pseudofasciole
of this form is inactive compared with the abactinal one, only re-
moving the matter ejected from the anus. On the other hand,
the abactinal pseudofasciole has a less complicated function in
this form than in Eclunarechnins in which a simple line, almost
half as long as the diameter of the test, fulfils a twofold function.

Sufficient instances, I think, have now been given to make it
clear that the spines of the zigzag line are very important for
those animals in regulating the direction of their forward move-
ment and in cleansing the excretion from the anus. Those spines
are distinguished from the rest by their peculiar inclination, and
as they are essential to the appearance of the zigzag line, so also
are they to its function. [t mayv be safe to conclude therefore that
the more conspicuous the zigzag is In its structurc, the more
effective in its function.

Like Echinarachnius and Astriclypeus, the allied forms Clyp-
easter juponicies DODERLEIN and Peronella lesueuri (AGassiz) live
on the sandy bottom in the shallow coastal water, and in their
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ordinary progression and rotation the spines on the oral side work
like those of the scutellids. In P. lesueuri the movement of the
abactinal spinss is altogether radial, not being bilaterally symmetri-
cal as in the scutellids. Nevertheless when experimented on its
locomotion, an individual was found half-buried in sand, as As-
triclvpeuns also very rarely is. P. lesweuri has rather remarkable
locomotive tube-feet. This species and C. jgponricus lack the pseu-
dofasciole on either side of the test, as [ have stated in a preceding
chapter. It is perhaps because they do not Ilive in sand but on it.
The line seems to be necessary to the scutellids only because they
live in the sand which is very porous®™, This fact reminds us of
spatangoids burrowing in sand (cf. HorrmannN, 1871; GANDOLFI-
HornyoLp, 1910 ; Scuwarz, 1630; GISLEN, 1924), in mud {cf. EICHEL-
BAUM, 1909) or in gravel (cf. Onsuiva, 1931). Those animals have
some kinds of fasciole consisting of clavulae®™. Of those the
peripetalous and the anal fascicles correspond to the zigzag line
in their functions. The former, surrounding the petals as the
name implies, serves the respiratory tubefeet in the petals with
current of fresh water, while the latter clears away the material
discharged from the anus (c¢f. MacBrme, 1909 ; GANDOLFEHORXN-
yoLD, 1910, 1914). On the other hand, a certain function which
is performed by the pseudofascicle in the scutellids is excluded
from the fasciole in the spatangoids. The fasciole, in all its forms,
is used exclusively as the organ of water-movement. This division
of function may be regarded as due to the differentiation of the
body-shape in these animals. The part of a rudder, for instance,
is apparently performed by the interambulacral 5, which is more
or less elongated in the posterior part ltke a tail*™. In the pseudo-
fasciole of the scutellids only a slight sign of differentiation is found,
as in the complex pseudofasciole of Astriclvpens. Apropos of differ-
entiation, the spatangoids are more advanced in the general shape,
tog, being globulous on the whole, while the scutellids are all flat.

38> The porosities of the sand measured by the pycnometer are as foliows:
The sand from Omura Bay, Nagasakiken, where Astriciypens cccurs is 2.37: that
from Hukuoka Bay where Fchinarachnius occurs is 2.53,

3 The clavulae are characteristically small spines and very strongly ciliated
{cf. Morvenapy, 1927 al.

400 In the spatangoid Moire atrvopas {Lamarck) Parxra (1927) saw a  straight-
away locomotion. The movement may partly be effected by such a tail as this, with
which the body-axis agrees, though partly by the primary spines on the sternum.
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Regeneration of the pseudofasciole

It is well known through the description of KorscHeELT (1627)
that in the echinoids there arc many cascs of regeneration.  And
Crozigr (1919} mentions in his study of Mcllifa sexiesperforala that
he saw regeneration and re-formation of the lunules in this form.
Recently 1 saw somez specimens of . mirvabilis and A. smanni
which have cvidently rvegenerated the spines of their tests and
re-formed their pseudofascioles. A damaged section seems to
regenerate from its periphery in more than two months. 1f the
section contains a zigzag line, it seems to be re-formed there, sub-
sequent to the appearance of the poculiar inclination of the spines.

In one case, the re-formed linc appears to connect both ends of
the broken line, though the reformed section does not scem to
have exactly reproduced the original line, and its zigzagging
1s wvery irregular. In another case, an irrcgular zigzag linc is
formed in the regencrated part, without being perfectly connected
with the undamaged - section at cither end, but approximately
running over th2 region which may have been covered by the
lost portion of the line. In either case, a part which is spined
similarly to onz or the other side of the zigzag line is found
forming a detached patch in the opposite half-zone. Therefore
the inclination of spines in the regenerated secction is probably
under the same influence as the spines at the undamaged cnd
immediately adiacent to the damaged section are subject to; so
that, there seems to be two sources of influence affecting the re-
formation of the lin2, one at the anterior ecnd of the re-formed
line and another at the posterior. If the inclination of the spines
of the re-formed line agrees completely with the original inclina-
tion both at the anterior and the posterior ends, the line will be
perfectly connacted to the undamaged parts ; while if it disagrees
at cither the posterior or the anterior end, the line is not quite
continuous.
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EXPLANATION OF THE PLATES
Plate 2

Fehinarachnins mirabilis (A. Acassizy; Figs. 1, 2
Echinarachnins griseus MorRTENSEN; TPigs. 3-5:
Mellita sexiesperforata (Luskr); Figs. 6, 7:
Astriclvpens manni VERRILL : Figs, 8-11.

Dorsal view of a specimen from Hukuoka Bay; X 1.

Part of a denuded test from Mutu Bay showing how the pseudo-
fasciole intercrosses the longitudinal suture of the plates in the
interambulacral 5; X 1.

Dorsal view of a specimen from Hokkaido:; X 1.

Oral view of another specimen from the same locality; x 1.
Dorsal view of a specimen from Sakhalin; somewhat enfarged.
Dorsat view of a specimen from Tobago: X L

Oral view of the same specimen; X 1.

Part of a specimen from Tuyazaki showing the abactinal pseudo-
fasciole; somewhat enlarged.

Same specimen showing the actinal pseudofascinle; somewhat
enlarged.

Part of a denuded test from Omura Bay showing how the
abactinal pseudofasciole intercrosses the longitudinal suture of
the plates In the interambulacral 5; x 1.

Part of a denuded test from Kominato showing how the actinal
pscudofasciole intercrosses the longitudinal suture of the plates
in the interambulacral 5; X 1.

Plate 3

Echinarachnius brevis 1krna; TFigs. 1, 8:

Dendraster excentricus (Escuscrnortz): [Figs. 2, 3:

Dendrasier excentricus var. elongatus H. L. CLarg; Figs. 4, 5:
Astriclypeus manni VErRRILL; Figs. 6, 7.

QOral view of a smaller specimen from Ilukusima; > L

Dorsal view of a specimen from Nanaimo; X 1.

Same specimen showing the abactinal pseudofasciole : somewhat
enlarged.

Dorsal view of o specimen from San Diego; X 1.

Same specimen showing the abactinal continuous pseadofasciole ;
somewhat enlarged.

Dorsal view of a specimen from Tuyazaki; X 1.

Oral view of the same specimen; X 1.

Dorsal view of a specimen from Hukusima; x L.
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Plate 4

Fehinarachnins aSi'r?fI'{.‘ltS.NI[&.,‘IIEI.IN; Figs. 1-3:
Dendraster excentricus {(Escnscnortz); Figs., 4-6, 8
Lehinarachnius mivabilis (A, Acassiz:: Tig, 7:
Eehinarvachnius parma (l.AMARCK); Fig. 9.

Dorsal view of a specimen from Kamchatka; X 1.

Same specimen showing the abactinal continuous pseudofasciole ;
2,

Oral view of the same specimen; > 1,

Specimen from Nanaimo showing the abactinal continuous pseudo-
fasciole; X 1. '

Part of another denuded test [rom the same locality showing
how the pseudofasciole intercrosses the longitudinal suture of
the plates in the interambulacral 5; x 1.

Part of the oral view of the same specimen; x L

Animal from Hukuoka Bay, [rom which the spines under the
anus were removed, moving forward on the sand, without
leaving central trail; slightly reduced.

Specimen from Nanaimo showing the actinal side; > 1.
Denuded test from Quebec showing how the abactinal continuous
pseudofasciole intercrosses the longitudinal suture of the plates
in the interambulacral 5; > 1.

Plate 5

Encope californica VFRRH.f.; Figs. 1 3:
Rotula orbicrelus (Linng:; Tigs. 4, 5.

Dorsal view of a specimen from Mexico ; slightly reduced.

Part of the same specimen showing the abactinal discontinuous
pseudofasciole; = 1.5.

Oral view of the same specimen; slightly reduced.

Dorsal view of a specimen {rom Cape Verde Islands; X 1.

Oral view of the same specimen; ¥ 1,

Plate 6

Encope micheling Acasstz; Figs. 1 3:
Lehinavachnius pavma (LAMARCK); Figs. 4, 5.

Dorsal view of a specimen from the west coast of Florida;
slightly reduced.
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Part of the same specimen showing the sbactinal discontinuous
pseudofasciole; X 15.

Oral view of the same specimen; slightly reduced.

Dorsal view of a specimen from Buzzards Bay; X L

Same specimen showing the abactinal continuous pseudofasciole;
somewhat enlarged. )

Plate 7

Euncope perg_t)ertiﬂa Agassiz; Figs. 1-3:
Fehinodisens aurifns LESKE: Figs. 4, 5.

Dorsal view of a specimen from Mexico; slightl ;
Part of the same specimen showing the dorsal posterior interam-
bulacral zone and its neighbourhood; x 1.5

Oral view of the same specimen; slightly reduced.

Part of an imperfect specimen from Philippine Islands showing
the abactinal continuous pseudofasciole; > 1.

Same specimen showing a part of the actinal pseudofasciole; x 1.

Plate 8

Encope grandis Acassiz; Figs. 1-3:
Fehinarachnins mivabilis {A. Acassiz); Fig. 4.

Dorsal view of a specimen from Lower California; slightly re-
duced,

Part of the same specimen showing the abactinal discontinuous
pseudofasciole; < 1.5,

Oral view of the same specimen ; slightly reduced.

Animal from Ilukucka Bay in the forced movement; showing
the trail left on the sand; most of the spines on the right side
in the neighbourhood of the pseudofasciole were removed from
the animal; slichtly reduced.

Plate 9

Meliita sexiesperforata (Leske); Figs. 1 3:
Mellita quinguiesperforala (Lrskr); Figs. 4, 5.

Fig. 1. Dorsal view of a specimen from Saint Martin, West Indies;

X 1.
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Fig. 3.
Fig. 4.
Fig. 5.

Fig. 1.
Fig. 2.

Fig. 3.
Fig. 4.

Fig. 5,

Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.

Fig. 1.

Fig. 2.

Hayato Ixrpa

Part of the same specimen showing the abactinal discontinuous
pseudofasciole; somewhat enlarged.

Oral view of the same specimen; > L

Dorsal view of a specimen from Mexico; x 1.

Oral view of the same specimen; X 1.

Plate 10

Encope micropova Acasstz; Figs. 1 3:
Mellita quinguiesberforaia (Liskg): Fie. 4:
Kotula ovbiculus (Linniy; Fie, 5.

Dorsal view of a specimen from California; X 1.

Same specimen showing the abactinal discontinuous pseudofas-
ciole: somewhat enlarged.

Oral view of the same specimen; 1.

Part of a specimen from Mexico showing the abactinal discontin-
uous pseudofasciole ; somewhat enlarged.

Dorsal view of a specimen from the Congo: X 1

Plate 11

Emopé emarginata (Lrskr); Figs. 1-3;
Meliita longifissa MicHisLIN ; TFigs. 4, b.

Dorsal view of a specimen from Rio de Janeiro; X 1.

Same specimen showing the abactinal discontinuous pseudofas-
ciole; somewhat enlarged.

Oral view of the same specimen; X 1,

Dorsal view of a specimen from Mexico; x 1.

Oral view of the same specimen; X 1.

Plate 12

FEncope emarginata {Lvskr): Figs. 1 4:

Dendraster excentricus vaor, elongatus H. L. CLark; Figs. 5-8:
Astriclypens manni Vergur; Fig. 9:

Echinarachnius mirabilis (A, Acassiz;; Tig. 1.

Dorsal view of 2 smaller specimen from Santa Marta; X 1.
Same specimen showing the abactinal discontinuous pseudofas-
ciole; somoewhat enlarged.
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Another specimen from the same locality showing a part of the
abactinal side; somewhat enlarged.

Oral view of the largest one from the same locality; X L
Spezcimen from Pacific Grove showing the abactinal continuous
pseudofasciole; X 1.

Oral view of the same specimen; X L

Part of a larger danuded test from the samsz locality showing
how the abactinal pseudofasciole intercrosses the longitudinal
suture of the plates in the interambulacral 5; X 1.

Part of the same test showing the actinal side; x L
Regenerated abactinal pseudofasciole of a specimen from Tuya-
zaki; > 15,

Sames of a specimen from Hukuoka Bay; x 1.3.

Plate 13

Echinarachnius mirabilis (A. Acassizy; Figs, 1-3:
Astriclvbens manni VirrinL; Figs, 4 6.

Animal from Hukuoka Beay in course of forwerd movement:
sand-grains placed on abactinal pseudofasciole being carried for-
ward from near the margin; X 2/3.

Same individual in course of backward movement; grains placed
on pseudofasciole being carried backward from near the apical
field; x 2/3.

Same individual buried under the sand, leaving the pseudofasciole
last to be covered; x 2/3.

Animal from Omura Bay moving forward, the sand-grains being
transported from the oral side to the dorsal through the two
posterior ambulacral lunules; 2/3.

Same individual as seen some minutes afterward; 2,35

Another individual from the same locality moving forward:
grains placed on abactinal pseudofasciole being carried forward
from near the margin; 2/3.
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