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Subphylum ECHINOZOA Haeckel in Zittel, 1895

[Diagnosis prepared by H. B. FeLL]

Fundamentally globoid, including sec-
ondarily discoid and cylindroid echinoderm
forms that entirely lack arms, brachioles, or
outspread rays such as characterize most
crinozoans and asterozoans. Earliest mem-
bers with mouth and anus at opposite ends
of body but these are secondarily displaced
in many later forms. Meridional water ves-
sels traversing body wall in direction of
anus, such vessels originally lying on sur-

face of theca but in later Paleozoic and all
post-Paleozoic groups sinking into its sub-
stance. Skeleton, nervous system, repro-
ductive organs, and muscular system tend-
ing to be differentiated into meridional sys-
tems, although underlying bilateral sym-
metry is discernible generally and in course
of evolution may become expressed strong-

ly. L.Cam.(Olenellus Zone )-Rec.

GENERAL FEATURES AND RELATIONSHIPS OF ECHINOZOANS
By H. BarracrLoucH FeLL and Raymonp C. Moore

[Harvard University; University of Kansas]

INTRODUCTION

Echinozoans are fundamentally globoid,
cylindroid, or discoid echinoderms which
entirely lack outspread rays, such as char-
acterize asterozoans, and arms or brachioles,!
such as occur in most crinozoans.

1 The calcareous scale-covered podia of ophiocistioids
cannot be compared closely with the arms of crinoids, sup-
ported by an internal skeleton of solid ossicles, or with
similar structures of other crinozoans.

Earliest echinozoan classes have the
mouth and anus at opposite extremities of
the body, thus defining an anteroposterior
axis, but in some later classes these orifices
of the alimentary tract are found to be sec-
ondarily displaced. Meridionally disposed
water vessels traverse the body wall in the
direction of the anus, such vessels originally
lying on the surface of the theca (as inter-
preted by FeLt, strongly doubted by Dur-
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Ham) but in later Paleozoic and all post-
Paleozoic groups sinking into its substance.
Skeletal elements, reproductive organs, and
the muscular and nervous systems tend to
be differentiated in meridional patterns, al-
though an underlying bilateral symmetry
almost invariably is evident.

The echinozoans are defined as a sub-
phylum and included classes are designated
Helicoplacoidea (L.Cam.), Edrioasteroidea
(L.Cam.-L.Carb.), Ophiocistioidea (L.Ord.-
U.Ord.), Cyclocystoidea (M.Ord.-L.Sil.),
Holothuroidea (?M.Ord., Dev.-Rec.), and
Echinoidea (M.Ord.-Rec.).

BACKGROUND

Until recently, zoologists customarily
have divided the phylum Echinodermata
into two contrasted subphyla, respectively
named Pelmatozoa and Eleutherozoa. The
Pelmatozoa, predominantly represented by
fossil forms, have been construed to include
groups that throughout all or at least part
of their postlarval life are attached in fixed
manner to the substrate and that carry the
oral and anal openings of the spirally
twisted gut on the upwardly directed sur-
face of the body or the anus may be located
laterally on the theca (this side being de-
fined as posterior). Crinoids, cystoids,
blastoids, and the much less common fossil
groups known as eocrinoids, paracrinoids,
and edrioblastoids are typical pelmatozoans.
The Eleutherozoa comprise almost exclu-
sively free-living echinoderms in which the
mouth is directed downward or anteriorly
and the anus (if present) is usually placed
on the upper surface or posteriorly at end of
the body opposite the mouth. Bestknown
eleutherozoans are the sea urchins (echin-
oids), sea cucumbers (holothurians), star-
fishes (asteroids), and brittle stars (ophiur-
oids).

The various pelmatozoan and eleuthero-
zoan groups differ from one another so
widely that the task of elucidating their in-
terrelationships and defining the nature of
their presumed common ancestry has been
extremely difficult. Recent morphological
and paleontological studies by FeLL (4-6)
have led to definite conclusion that the star-
shaped members of the so-called eleuthero-
zoans are so interrelated as to comprise a
single grouping classifiable as a subphylum,
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and for it the name Asterozoa is available.
Similarly, other evidence implies that the
globoid, cylindroid, and discoid so-called
eleutherozoans are probably interrelated
also, and these may be associated in another
subphylum named Echinozoa. Consequent-
ly, the too-inclusive “Eleutherozoa™ are an
outmoded polyphyletic assemblage and the
name should be abandoned for taxonomic
purposes. On the other hand, if confined to
characterization of life habit only, the de-
scriptive noun and adjective “eleuthero-
zoan” are conceded to have usefulness.

The discovery of a class of echinoderms
named Helicoplacoidea by Durnam & Cas-
TER (3), found in oldest known (Olenellus
Zone) fossil-bearing rocks of California, has
shown that primitve, freeliving members
of the Echinodermata already had become
differentiated in earliest Cambrian time.
The morphological characters of the Helico-
placoidea partly resemble those of Echin-
oidea, Holothuroidea, and Edrioasteroidea,
suggesting a relationship of all four classes
to a common ancestral stock. This stock,
then, is inferred to be the source of eleu-
therozoan helicoplacoids, holothurians, and
echinoids on one hand and to prevailingly
pelmatozoan edrioasteroids on the other.
On the basis of common features of body
form, however, especially absence of ray-
like and armlike extensions from it, all are
assignable to the subphylum Echinozoa.

The Echinozoa represent an ancient stock,
modern representatives of which are the
Holothuroidea and Echinoidea, whereas the
Asterozoa are of later origin, interpreted by
FeLL (6) to have been derived from pinnu-
late pelmatozoans belonging or allied to the
Crinoidea. Recent studies of dendrochirote
holothurians (Pawson & FeLL, 12), partly
discussed in the later section of this volume
devoted to Holothuroidea (p. U641), indi-
cate the essentially archaic nature of this
group and point to possibly significant re-
lationships with the Cambrian helicoplac-
oids. Also, some observed parallelism of
the psolid dendrochirotes and edrioasteroids
serves to reinforce judgment that the Edrio-
asteroidea belong with echinozoan echino-
derms, rather than the subphylum Pelmato-
zoa, where previously they have been placed
(4,7).

Relationships of the early Paleozoic
Homalozoa examined critically by Usacns
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(13) are doubtful. These are asymmetrical (1) A homalozoan pattern, represented
echinoderms which in specialized forms by early Paleozoic forms with skeletal parts
show a tendency toward bilateral sym-  arranged asymmetrically or displaying
metry, though none fully attain it. They  some degree of bilateral symmetry, is seen
were evidently freeliving (eleutherozoan)  in classes named Homostelea (Fig. 90,1),
in habit (Fig. 90,I), for none fixed per-  Stylophora, and Homoiostelea, formerly
manently to the substrate are known. Classi-  grouped together as “Carpoidea.” They
fication as homalozoans is not based on life  are assigned to the subphylum named
habit of the animals. Homalozoa WarreHouse, 1941, Other

In summation, FeLL (7) has pointed out  classes named Cyamoidea, Cycloidea, and
that four contrasted structural patterns are ~ Machaeridia, have very doubtful status.

clearly discernible in echinoderms as fol- (2) A crinozoan pattern comprises pre-
lows (see also chapter by UBacHs on “Gen-  vailingly globoid forms with partial ra-
eral Characters of Echinodermata,” Treatise, ~ diate meridional symmetry from which
Part S). ambulacral feeding appendages (arms,
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brachioles) extend upward or outward.
Most of them are attached to the substrate
in fixed location throughout postlarval life,
but some are free-moving (eleutherozoan)
as adults. They include classes named
Eocrinoidea, Paracrinoidea, Cystoidea,
Crinoidea (Fig. 90,2), Edrioblastoidea, and
Blastoidea. These are grouped in the
subphylum Crinozoa Marsumoto, 1929
(=Pelmatozoa Lruckart, 1848, partim).

(3) An asterozoan pattern is character-
ized by radially divergent axes of symmetry
expressed by relatively broad to elongate
narrow extensions of the body spread lat-
erally outward. Commonly the central
body surrounded by its rays has a star-
shaped outline. Three subclasses named
Somasteroidea, Asteroidea (Fig. 90,4), and
Ophiuroidea (Fig. 90,3) are recognized,
grouped together in the class Stelleroidea
and the subphylum Asterozoa HaErckEeL
in ZrTTEL, 1895.

(4) An echinozoan pattern consists of
globoid, cylindroid, and discoid forms with
well-marked radial meridional symmetry
which entirely lack outspread extensions
comparable to the arms or brachioles of
crinozoans or the rays of asterozoans.
The classes Helicoplacoidea (Fig. 90,11),
Holothuroidea (Fig. 90,9,10), Ophiocisti-
oidea (Fig. 90,8), Cyclocystoidea (Fig. 90,
12), Edrioasteroidea (Fig. 90,13-15), and
Echinoidea (Fig. 90,5-7) are divisions of
the subphylum Echinozoa Haecker in Zit-
TEL, 1895. Most echinozoans are free-mov-
ing throughout life, but some edrioaster-
oids and dendrochirote holothurians are
recognized as sessile animals.

In agreement with FeLe (7), it seems
evident that the mode of life adopted by
various echinoderm assemblages is not ac-
ceptable as the governing criterion for classi-
fication of them in first-rank divisions (sub-
phyla), even though this may affect morph-
ological features importantly. Eleuthero-
zoan tendencies exclusively characterize
Homalozoa, Asterozoa, and nearly all
Echinozoa, whereas they are confined to a
minority of Crinozoa (comatulid and vari-
ous other crinoids, possibly a few blastoids
and cystoids). Clearly, the four patterns of
symmetry which have been described briefly
are entirely unrelated to these tendencies.
Free-living echinoderms acquire locomotor
mechanisms that facilitate quest for food by
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browsing on algae, by preying on other ani-
mals, and by swallowing large quantities
of mud in order to extract its small organic
content. This is accompanied generally by
the development of jaws or special oral ap-
pendages suited to gross (macrophagous)
feeding. The anus, if present, tends to be
placed remote from the mouth, commonly
on the opposite side of the body. Among
sessile echinoderms locomotor organs are
partly or entirely lost, forcing the animals
to depend on such planktonic food sources
as sea currents may provide. Feeding is of
microphagous type, food particles being
carried by some ciliary or comparable mech-
anism with aid of the tube feet along food
grooves of appendages and the upper body
surface to the mouth. The alimentary canal
has a more or less contorted U-shape, with
mouth and anus directed upward in loca-
tions not far apart. These features char-
acterize most Crinozoa, in contrast to the
Asterozoa and Echinozoa.

EVOLUTION OF ECHINOZOA

The oldest known organism classed as
an echinozoan is Helicoplacus (L.Cam.,
Olenellus Zone, Calif.-Nev.), although a
locally associated fossil  (edrioasteroid,
?Stromatocystites) is also classed as an
echinozoan (2, p. 52). Eocrinoids are other
echinoderms found in this ancient fauna.

The mouth of Helicoplacus is located at
the broadly rounded end of its fusiform
body (therefore interpreted by Durnam &
Caster, 1963, as anterior) and the anus
probably occurs at the tapered opposite ex-
tremity (Fig. 91,1). The very numerous
small plates of the theca are disposed in
closely adjoined spiral rows twisted counter-
clockwise. A single narrow band of minute
platelets (bifurcated in some individuals)
which winds around the body is interpreted
by FerL (7) to denote an external water
vessel, although observations by Durnam
(personal communication) indicate a possi-
bility that this water vessel may have been
internal. The narrow band of platelets,
identified as an ambulacrum, divides the
thecal surface into halves that define a sort
of bilateral symmetry greatly affected by tor-
sion. It is combined wtih an apparent radial
symmetry defined by arrangement of the
thecal plates. FeLL (7) has noted that simi-
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Fic. 91. Helicoplacus, L. Cam., USA (Calif.); lat.
view of theca (reconstr.), X0.33 (3).

lar torsion is observed in earliest echinoids
(e.g., Eothuria) of Ordovician age, although
in them the symmetry is overtly radial
(more correctly meridional) as defined by
the five twisted ambulacral meridians, reg-
ularly spaced at intervals of 72 degrees.
Analogous torsion also is seen in the Erido-
asteroidea, persisting to their extinction in
the Lower Carboniferous, but it has not
been reported in the Holothuroidea and
Opbhiocistioidea. The torsion soon was lost
in the echinoid line. The oldest known
edricasteroid  (Stromatocystites, L.Cam.,
Czech., ?Calif.; M.Cam., France, Sweden)
had straight ambulacra, rather than curved
ones. Also, the echinoid Aulechinus, a con-
temporary of Eothuria, and the somewhat
older Bothriocidaris exhibit no signs of
torsion.

Helicoplacus may have been an eleuthero-
zoan bottom-feeding echinoderm rather
similar to a plated dendrochirote holothur-
ian. Its thecal plates formed a complete,
robust, flexible test. The varying degrees of
expansion and contraction observed in the
fossils (3) imply existence of musculature
capable of altering thecal shape in a manner
comparable to operation of a concertina.
Perhaps Helicoplacus crept over the sea
floor like an annelid. The occurrence of the
fossils in a very fine clastic matrix denotes
a mud-bottom habitat and suggests that
this echinoderm may have been a mud-
swallower, like many nondendrochirote
holothurians. The small size of the mouth
has led DurnaaMm (personal communication)
to guess, rather, that these echinoderms de-
pended for food on small organic particles
gathered from surrounding water by a
mucus-secreting or ciliary mechanism, such
food particles being then passed along the
ambulacrum to the mouth. Helicoplacus
may thus have lived much of the time in

© 2009 University of Kansas Paleontological Institute
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an upright position as a somewhat sedentary
inhabitant of the muddy sea bottom, only
occasionally assuming a horizontal attitude.

In the view of FeLL (7), the primitive
state of the lone ambulacrum of Helico-
placus implies that this structure carried
rudimentary tube feet which may have been
respiratory organs or possibly only sensory
tentacles, like the dorsal tube feet of many
holothurians. The completeness of thecal
plating and probable rudimentary nature
of the tube feet are evidence that no effec-
tive respiratory mechanism existed on the
body surface. If this is correct, FeLL has
judged it reasonable to infer that rectal
respiration was required, either of the pul-
satory crinoid type or by means of respira-
tory trees, as in holothurians. The distribu-
tion of respiratory trees in various orders of
holothurians suggests that these structures
are related directly to habits of the animals
and implies that the earliest holothuroids
already had developed such trees. It seems
likely, then, that rudimentary respiratory
trees were present in the Helicoplacoidea,
although the divergent speculations on the
significance of nearly all observed morpho-
logical features leave much doubt.

The earliest Echinoidea, represented by
such forms as Eothuria, resemble the helico-
placoids not only in torsion of the body
wall, as previously noted, but in the flex-
ible nature of the multiplated theca. Pos-
sibly these features indicate derivation of
the echinoid line from helicoplacoids. The
early Paleozoic echinoids possessed five
well-developed ambulacra, on which (as
interpreted by FerL) the meridional water
vessels lay as external structures (though
with internal ampullae for the tube feet).
This is doubted by Durram and Usachs
(personal communication) who note that
in  Bothriocidaris,  Ectinechinus  and
Eothuria the radial water vessels clearly
were internal; in Awulechinus they are sus-
ceptible of either interpretation.

Structural details of the ambulacral pores
of early echinoids show that the tube feet
were large and probably suctorial; certainly
they were extensile and muscular. Thus
they could serve the double function of
locomotor and respiratory organs, as in
modern echinoids. The fossils exhibit a
moderately well-developed jaw mechanism,
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which shows that the early echinoids were
capable of feeding in the manner of their
extant endocyclic descendants, biting and
grinding organisms in the substrate and
chewing algae. Such features demonstrate
an eleutherozoan habit and deny pelmato-
zoan tendencies, for echinoderms provided
with feeding mechanisms of this sort rap-
idly would starve if they adopted a sessile
existence.

The Opbhiocistioidea developed a rigid
skeleton by solid union of adjacent thecal
plates in a manner comparable to that seen
in modern echinoids. Locomotion was ef-
fected by use of the grossly enlarged and
plated tube feet of the oral surface. These
tube feet, which specially distinguish the
class, doubtless also served the function of
nutrition by sweeping up detrital material
and cramming it into the downwardly di-
rected mouth. The anus, as in endocyclic
echinoids, was located on the upper surface
next to the margin or midway between it
and the apical pole. Habits of the ophio-
cistioids surely were eleutherozoan, as indi-
cated by their morphology and by lack of
any known sessile forms.

Fic. 92.
lateral view of fine-plated theca, X3 (Pawson).

Holothurians. 1. Placothuria, Rec.;

2. Ypsilothuria, Rec.; lat. view showing large
spine-bearing plates of theca, X3 (Ludwig).

© 2009 University of Kansas Paleontological Institute
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Oldest known fossil remains of Holo-
thuroidea consist of isolated diminutive
skeletal plates. However, recent studies
(12; see also p. U646) indicate strong prob-
ability that the Ordovician and later Paleo-
zoic holothurians closely resembled some
modern members of the Dendrochirotida
(e.g., Placothuria; Fig. 92,1) and of a new
order named Dactylochirotida (12), the
latter exemplified by Ypsilothuria (Fig. 92,
2). These holothurians cited for compari-
son are all heavily plated forms with a com-
plete test made up of large plates which
commonly are provided with rigid spinous
processes. The early holothurians are
judged to be similar also to Helicoplacus
and to the Ordovician echinoids with flex-
ible theca (e.g., Eothuria, originally con-
sidered to be a holothurian). Suctorial tube
feet probably were lacking in earliest holo-
thurians, judging from their rudimentary
state in extant plated genera, but this is un-
certain. If such tube feet had not yet been
developed, locomotory movement of the
animals must have been effected by con-
traction and expansion of the body wall
and its flexible test (7). When they were
provided with suctorial tube feet, move-
ment on the echinoid plan would have been
possible. Morphological evidence indicates
that some kind of jaw apparatus compar-
able to the echinoid lantern was developed
early in evolution of the holothurians, but
with development of the dendrochirote
type of tentacles, apparently the apparatus
was abandoned and its elements served the
new purpose of providing attachments for
the radial and retractor muscles. In this
fashion the organ persisted in later holo-
thurians as the calcareous ring surrounding
the pharynx.

Probably the many-branched dendrochir-
ote type of tentacle was evolved from
initially simple tube feet of finger-like form
in the oral region (12). Repeated dicho-
tomy could lead to the very complex den-
dritic tentacles of the Dendrochirotida,
which are efficient for collecting planktonic
food and conveying it to the mouth by cili-
ary action accompanied by contractions of
the tentacles and spooning movements of
the two ventral tentacles. The dendrochiro-
tids, whether motile or not, are able to trap
sufficient nourishment by filtering of sea
water, provided that currents replace the
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Plane of Bilateral Symmetry

i dorsal
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Fic. 93. Anterior and cross section views of holo-
thurians showing differentiation of ventral and dor-
sal sides and vertical plane of bilateral symmetry.
1. Cucumaria, Recent dendrochirotidan from
front, showing pair of reduced ventral tentacles and
crowded tube feet of five rays (4-E, designations of
rays, Carpenter system) (diagram.). 2. Cross
section (diagram.) of body of Holothuria, Rec.
aspidochirotidan, showing ventral locomotory tube
feet and paxillate tube feet of dorsal and lateral sur-
faces (A-E, Carpenter designations of rays).

surrounding water so as to bring fresh
supplies of food particles. From the dendro-
chirotids more than one line of evolution
is possible, for they have the means of
adopting either eleutherozoan or pelmato-
zoan habits. If a locomotor system is re-
tained, the oral tentacles can be adapted to
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serve for collection of food, operating in
various ways. In the Cucumariidae, for
example, the body may be held erect, at-
tached only by the posterior tube feet, with
tentacles around the upraised mouth spread
outward in the manner of a sea anemone
(Fig. 93,1). In holothurians that adopt a

A oral plate

periproct
Fic. 94. Comparison of psolid holothurian with

edrioasteroid (diagram.). 1. Dorsal view of
Psolus, a dendrochirotidan, showing oral and anal
plates near opposite extremities and imbricated na-
ture of other thecal plates (A4-E, Carpenter designa-
tions of rays). 2. Isorophus, upper (oral) sur-
face of typical edrioasteroid showing prominent
curved ambulacra and periproct in posterior (CD)
interray (10).
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Fic. 95. Calcareous rings of edrioasteroid and holothurians. 1. Oral side of Isorphus, U.Ord. edrioaster-
oid, showing calcareous ring and associated ambulacral plates (10). 2-4. Side views of pharyngeal
region of dendrochirotidan holothurians Pentadactyla, Placothuria, and Neothyonidium, showing calcareous
rings and associated structures, all Rec. (Pawson). 5-8. Diagrammatic outlines of part of calcareous
rings of Euthyonidiella, Psolus, Thyonidium, and Mitsukuriella, from side (all Rec. dendrochirotidan holo-
thurians) (5,7,8, from Heding & Panning, 1954; 6, Pawson). [Explanation: a, radial piece of calcareous
ring; b, interradial piece; ¢, posterior process of radial; &, madreporic duct (or stone canal); e, Polian
vesicle; f, madreporite. ]

horizontal attitude the lower and upper
sides are not determined at random or
changed from time to time. The lower
(ventral) side bears abundant locomotory
tube feet, whereas the upper (dorsal) and
lateral surfaces have much less numerous
(paxillate) tube feet associated with low
pimple-like elevations (Fig. 93,2). Aspido-
chirote forms can readily evolve from den-
drochirotids, thus permitting gross mud-
swallowing and a markedly eleutherozoan
habit (7).

Another possibility is for the locomotory
system to be converted to a purely adhesive
role, thus leading to a sessile (pelmatozoan)
habit, though no known holothurian fully
attained this. It is illustrated by the psolid
dendrochirotes, some genera of which ex-
hibit a flattened limpet-like body which
adheres by its broad ventral surface to a
firm substrate (Fig. 94,7). They may be

classed as statozoans (temporarily fixed),
rather than true pelmatozoans (permanent-
ly fixed). The exposed dorsal and lateral
surfaces are covered by a test composed of
robust imbricated plates. The mouth and
anus are placed on the upper surface and
commonly protected by valvate plates simi-
lar to those of edrioasteroids and various
cystoids.

The whole body, in fact, is somewhat
comparable to that of an edrioasteroid, ex-
cept for its lack of external ambulacral
plates (Fig. 94,2). Morphological features
of the psolids are closer to those of the
Edrioasteroidea than to characters of many
Holothuroidea and Echinoidea. They chief-
ly differ from edrioasteroids in the same
way that distinguishes them from echin-
oids, namely, in the internal placement of
their water vessels, as a result of which the
psolid test lacks ambulacral plates. The
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edrioasteroids and psolids are similar deriva-
tives from an early echinozoan stock and
both developed pelmatozoan characters in
response to adopting a sessile mode of life
(7). However, we must not overlook the
fact that latest known edrioasteroids are
some 300 million years older than earliest
recorded psolids. This is a great hiatus in
the fossil record.

Comparative studies of pharyngeal skele-
tal elements found in the dendrochirote
holothuroids suggest that original repre-
sentatives of the class must have possessed
external ambulacra formed by modified
thecal plates similar to those of edrio-
asteroids illustrated by KesLine & MinTz
(10) (Fig. 95,1). Seemingly, the evolution
of large dendrochirote tentacles required
the existence of a protective mechanism
suited to allow withdrawal of them into
the body. This was achieved by the intro-
vert, which comprises a telescoping of the
anterior part of the body with retraction
induced by muscles derived from the radial
muscle group. Evolution of the introvert
implies a conversion of the original external
ambulacral areas of the test into internal
structures surrounding the pharynx and
these structures serve for insertion of the
retractor muscles. In primitive dendrochir-
otes the pharyngeal skeleton is still recog-
nizable (in the opinion of Pawson and
FEiL) as equivalent to the ambulacral
plates of an edrioasteroid, but in most sur-
viving holothurians the mechanism is very
much reduced or vestigial (Fig. 95,2-8).

Although the edrioasteroids (Fig. 94,2;
95,1) adopted a habit similar to that of
psolid holothurians (Fig. 92), as previously
noted, their ambulacral tracts remained ex-
ternal, instead of sinking inward, and this
permitted an alternative method of feeding
suited to the pelmatozoan way of life. The
feeding mechanism was provided by the

U117

whole complex of tube feet distributed along
the five ambulacra which extended outward
from the mouth as meridians on globoid
forms (see Fig. 102,2a,6) but confined to
the upper (oral) surface generally, as on
discoid forms (Fig. 94,2). Each ambula-
crum carried a median groove that was
bordered on either side by tube feet which
must have functioned in manner similar to
those of crinoids, waving about in the
water so as to entrap small organic particles
on their mucous surface, sweeping this food
inward to the mouth along food grooves
of the ambulacra. Ferr (7) has stressed
that no introvert structure evolved in edrio-
asteroid stocks, and consequently tentacles
of dendrochirote type doubtless never de-
veloped.

In the holothurian line, radial water ves-
sels early became concentrated into internal
canals and this occurred also in postechino-
cystitoid echinoids. Hence, among forms
that adopted pelmatozoan habits a pre-
existing dendrochirote nutritive mechanism
inevitably was demanded, and in holothur-
ians external ambulacra never were in-
volved. The fact pointed out by BassLer
(1) that a fully plated ventral sole is re-
tained by Cambrian edrioasteroids may be
taken as evidence of an originally spherical
form of the test, and the ambulacra of
these early members of the class were more
simple than in later forms. The develop-
ment of such pelmatozoan features as cover
plates along the ambulacra indicates spe-
cialization analogous to that seen in som-
asteroids and crinoids (7).

A comparison of dissections of psolids
with edrioasteroids suggests some reason-
able inferences concerning the internal anat-
omy of the latter. Lacking evidence to the
contrary, Ferr (7) assumed that edrio-
asteroids had a gonad placed in the posterior
(CD) interray. In psolids the gonopore lies

(Fig. 96. Continued from facing page.)

fied from Fell). [Explanation: Highly conjectural reconstructions of some genera indicated by star, Num-
bers are for identification of genera selected to illustrate class and order groups, forms known only as fossils
in post-Paleozoic part of chart marked by underlined numbers. 1, Volchovia; 2, Sollasina; 3, Rhenosquama;
4, Helicoplacus, 5, Eothuria; 6, Aulechinus; 7, Bothriocidaris; 8, Echinocystites; 9, Palaechinus; 10, Pholi-
docidaris; 11, Lepidocidaris; 12, Archaeocidaris; 13, Miocidaris; 14, Cidaris; 15, Holaster; 16, Echinocardi-
um; 17, Nucleolites; 18, Holectypus; 19, Arachnoides; 20, Colobocentrotus; 21, Diadema; 22, Thuroholia;
23, Protocaudina; 24, Stichopus; 25, Deima; 26, Thallatocanthus; 27, Molpadia; 28, Chiridota; 29, Y psilo-
thuria; 30, Calclamna; 31, Cucumaria; 32, Placothuria; 33, Lepidopsolus; 34, Psolus; 35, Cyclocystoides;
36, Cystaster; 37, Cyathocystis; 38, Walcortidiscus; 39, Isorophus; 40, Agelacrinites; 41, Hemicystites; 42,
Lepidodiscus; 43, Hemicystites; 44, Edrioaster; 45, Stromatocystites.)
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on the introvert, just behind the mouth.
The corresponding position in edrioasteroids
is that in which a pore is known to occur,
although hitherto this pore has been sup-
posed to be a hydropore. Since psolids re-
spire (at least in part) by means of respira-
tory trees, it seems likely that similar trees
occurred in edrioasteroids, and it is prob-
able that the hydropore was internal, as in
dendrochirote holothurians. Irrespective of
these inferences, in FErL’s opinion the
Edrioasteroidea should be recognized as
bona fide members of the subphylum
Echinozoa, exhibiting various pelmatozoan
features no more fundamental than the
same features in psolid holothurians, where
undoubtedly they constitute purely second-
ary responses to demands of a sessile habit.

Inferred relationships of the echinozoan
classes are illustrated approximately and
very diagrammatically in Figure 96, The
reconstructions of forms most highly sub-
ject to conjecture are prominently marked
by asterisks.

Subsequent chapters in this volume of the
Treatise contain discussions of varying
length which express the views of their
authors on distinctive features of the sev-
eral classes of Echinozoa, with appropriate
morphological comparisons within and be-
tween the classes. Also, more detailed con-
sideration of evolution and phylogeny is
presented. Important literature is cited in
a composite list of references for Echinoidea
and in separate lists for other classes.
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HOMOLOGY OF ECHINOZOAN RAYS
By Raymono C. Moore and H. BarracLoucH FELL

[University of Kansas; Harvard University]

INTRODUCTION

An important subject in the study of
Echinozoa relates to the homology of their
five ambulacral rays as seen both in differ-
ent classes of the subphylum and in repre-
sentatives of other echinoderm subphyla.
If corresponding parts of the theca in various
groups can be distinguished reliably, morph-
ological comparisons are facilitated and ad-
vances may be made in solving questions of
phylogeny and evolution. Are uniform
means of designating homologous skeletal
parts possible, and if so, to what extent is
it desirable to adopt them?

As a first step, consideration must be
given to orientation. The oral face of most
echinozoans is directed downward, as in
the myriad kinds of echinoids and the small
group of ophiocistioids. In others, such as
the edrioasteroids and cyclocystoids, it is
pointed upward, and in the holothurians it
is directed sideward. The mode of life of
helicoplacoids may have resembled that of
holothurians, moving about with the long
axis of the body parallel to the substrate,
or alternatively the long axis of the body
may have been subvertical most of the time.
An anterior extremity is definable in the
holothurians, irregular echinoids, and seem-
ingly in the helicoplacoids, whereas anterior
and posterior directions are ill-defined or
determined somewhat arbitrarily by conven-
tions in the regular echinoids, edrioaster-
oids, ophiocistioids, and cyclocystoids.
Nevertheless, a plane of bilateral symmetry
can be recognized in all, and its orientation
is identifiable as normal to the substrate.
The part of the plane that coincides with
one of the ambulacral rays or that approxi-
mately marks its median position 1s con-
sidered anterior and the part that bisects
an interray is classed as posterior, because
in many, if not most, forms this interray
contains the anus. Right and left sides then
can be differentiated but with opposite sig-
nification in forms having the oral face up-
ward as compared with those in which it
is downward. Partly for this reason, right
and left as directional terms are not favored,
even though formerly much used for crin-

oids and other Crinozoa and though
judged by Fiscuer (1952) to be a preferred
method in referring to parts of echinoids.

The Lovén system of marking the rays
and interrays of echinoids, explained and
illustrated in the subsequent chapter on
echinoid morphology (p. U220), has been
employed very widely by specialists and
in our opinion wisely has been adopted in
the Treatise for descriptions and figures of
members of the Echinoidea. This is because
its application to both regular and irregular
echinoids is trustworthy and unambiguous
(Fig. 97). In this system the plane of bi-
lateral symmetry passes through the an-
terior ray (designated IIT) and posterior
interray (designated 5), which in irregular
echinoids contains the anus. In clockwise
order on the oral surface interrays (Arabic
numbers) and rays (Roman numbers) are
5 (posterior), I, 1,11, 2, TII (anterior), 3, IV,
4, and V. The arrangement of rays in many
irregular echinoids shows a well-defined
grouping of the three anterior rays, form-
ing a so-called trivium, and the two pos-
terior rays, making an opposed bivium
(Fig. 97,D,E). Between rays of the bivium
is interamb 5 containing the anus. The
plane of bilateral symmetry, which coin-
cides with the Lovén plane, is emphasized,
whereas this is much less readily discerned
in the regular echinoids, among which it
is positively determinable by the symmetri-
cal pattern of large and small plates of rays
at the peristomial margin and by location
of the madreporite in interamb 2.

A trivium and bivium are defined by
junction of the oral plates of many crinoids
(e.g., Haplocrinites, Fig. 98,1) and by the
pattern of ambulacral grooves or plate rows
on the tegmen of numerous crinoids (e.g.,
Cyathocrinites, Fig. 98,2; modern Antedon,
and others). In our view it is highly sig-
nificant that the grouping of pelmatozoan
rays in threesome and twosome is not by
any means at random, for as in irregular
echinoids the median ray of the trivium
invariably coincides with the anterior part
of the plane of bilateral symmetry and like-
wise the interray enclosed by the bivium
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plane of bilateral symmetry

5 oral

A Cidaris

anus

frivium
1

A

\v |
I aboral

Holaster

Explanation: @mouth; Aanus; % madreporite
¥ migration of anus toward rear

Fic. 97. Lovénian numerical notations for rays and

interrays of regular echinoid (Cidaris, A-C) and

irregular echinoid (Holaster, D-F), latter showing

trivium and bivium: enlargements of apical systems
shown in C and F.

contains the anus. It may also contain other
small openings identified as hydropore,
gonopore, or hydrogonopore. If the Echino-
zoa, as well as Asterozoa, have been de-
rived from ancestral echincderms that gave
rise also to the Crinozoa, it is not sur-
prising to find in the different subphyla
common features of bilateral symmetry, and
this should aid in reaching trustworthy
conclusions concerning homologies. Reason-
able proof of the descent of members be-
longing to one subphylum from stocks
classified in another is not demanded, for
the purpose here is simply to find common
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denominators. The anteroposterior plane of
bilateral symmetry is thought to be para-
mount among these.

A system for designating the rays and
interrays of echinozoans, similar to that de-
vised by LovEn in being somewhat arbi-
trarily defined, uses capital letters instead of
numerals. This was introduced by P. H.
CarpeEnTER (1884) for identifying main
divisions of the thecal skeleton of crinoids
and the procedure has been found equally
well suited to other pelmatozoans. Various
authors have extended the Carpenter sys-
tem to echinozoans and even to asterozoans
(e.g., Cutnor, 1948; Hyman, 1955; Airsa
Crark, 1963), but in a manner decidedly
open to question. As applied to crinoids (Fig.
98), the Carpenter letters are very simple,
unambiguous, and convenient. The ray
coinciding with the anterior part of the
plane of bilateral symmetry (opposite to the
interray containing the anus) is marked by
A, and then on the oral surface other rays
are designated in clockwise succession by
B, C, D, and E. Interrays can be indicated
in terms of their bordering rays, as AB, BC,
etc. To echinoderm workers this is ele-
mentary; they do not need to be reminded
that in aboral views of crinoids the sequence
of Carpenter letters runs counterclockwise.

CARPENTER LETTERS APPLIED
TO ECHINOIDS

As previously stated, the Lovén system
of ray and interray designation has been
adopted as “official” in the Treatise for ap-
plication to the Echinoidea. Even so, corre-
lation of the Lovén numerals with Car-
penter letters needs to be considered in
order to indicate homologies between mem-
bers of this class and representatives of the
Crinozoa, as well as other echinozoan classes
and possibly the Asterozoa. Crinoids, blast-
oids, edrioasteroids, echinoids, holothurians,
ophiocistioids, asteroids, and ophiuroids
have been depicted with parts marked by
letters of the Carpenter system, and where-
ever this is done erroneously by presumed
authorities, they and others are led to false
conclusions concerning homologies.

What guides are available for determin-
ing homologous parts of echinoderm tests?
Among forms that display entirely perfect
pentameral symmetry of the skeleton—fos-
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bilateral symmetry
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Haplocrinites Cyathocrinites

Fic. 98. Oral views of crinoids showing bilateral
symmetry and designation of rays by letters of the
Carpenter system.

sils rarely if ever provide evidence of soft
parts—no clues are provided for distinguish-
ing one ray or interray as different from
others. The A ray cannot be discriminated
and accordingly others are unidentifiable.
Such perfect symmetry is found in some
crinozoans that in them it is possible only
to determine oral (ventral) and aboral (dor-
sal) sides of the test. The vast majority of
echinoderms exhibit one or more asym-
metrical features, which in turn may lead
to recognition of bilateral symmetry super-
posed on the basic pentameral symmetry of
the phylum. Here we may employ as guides
for recognizing significant departures from
perfect pentameral symmetry any single ex-
centrically located structure (e.g., mouth,
anus, hydropore, gonopore, madreporite,
etc.), any distinctive skeletal element (e.g.,
posterior oral plate differing in shape and
size from other orals), and any groups of
such features (e.g, insert oculars on one side
of periproct of echinoid, exsert oculars on
other sides). Greatest in value is modifica-
tion of thecal outline and the pattern of
rays and interrays (e.g., trivium, bivium) in
some manner that clearly defines overriding
bilateral symmetry with respect to the an-
teroposterior plane perpendicular to the oral
and aboral surfaces of the theca. This may
be accompanied and accentuated by such
surface features as fascioles, grouped areas
of specialized spines, and tracts of particular
kinds of pedicellariae. In varying degree
this pattern is clearly evident in all of the
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subphyla, possibly excepting the Homalo-
zoa, and it is discernible in nearly all
echinoderm classes. Reliable recognition of
ray homologies depends on correct correla-
tion of the available guides.

In order to determine the correct applica-
tion of Carpenter letters to echinozoans, at-
tention may be directed first to regular
echinoids and later extended to the irregu-
lar forms, inasmuch as all kinds of irregu-
lar echinoids indubitably constitute modi-
fications derived from primordial regular
ancestors, chiefly represented by the Paleo-
zoic Cidaroida. Then, we will turn to the
classes  Edrioasteroidea, Cyclocystoidea,
Ophiocistioidea, and Holothurioidea. The
spirally twisted theca of the Helicoplacoidea
lacks evidence of differentiated rays and
therefore is not considered here.

Brissopsis

Clypeaster
Explanation: % madreporite; A anus; 7 periproct.
¥ migration of anus toward rear

Fic. 99. Apical systems of regular echinoids (Ci-
daris, Heliocidaris, 1,2) and irregular echinoids
(Clypeaster, Brissopsis, 3,4) showing Lovénian
numerals for designation of rays accompanied on
inner side by Carpenter letters recognized by Trea-
tise and on outer side different placement of these
letters according to common usage of authors. The
diagrams show (in I) nearly perfect radial sym-
metry, (in 2) incipient bilateral symmetry marked
by exsert oculars 11, III, IV and insert oculars I and
V, (in 3) central “monobasal’” madreporite, and (in
4) rearward migration of madreporite.
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Explanation: @ mouth

Fic. 100. Oral views of regular and irregular echi-

noids showing divergent correlation of Carpenter

letters with Lovénian numerals by authors and by
Treatise.

Regular echinoids have been regarded
universally as a group that differs markedly
from nearly all irregular echinoids. Their
nearly perfect pentaradiate symmetry is dis-
turbed only by differentiation of one of the
genitals in the ocular ring as a madreporite.
It lies next to the periproct in the Lovén
interamb 2 (Fig. 97,C; 99,4). Regular ur-
chins creep over the substrate with any ray
forward and they can reverse the direction
of their movement without turning around
(Hyman, 1955, p. 550), although some
have a very slight preference for locomotion
with the IIT ray in front. Application of the
Lovén numerals to the rays and interrays
of the regular echinoids has been accepted
by all on the basis of the single clue fur-
nished by position of the madreporite, for
if this element of the theca prevailingly (not
quite universally) occurs in interamb 2 of
irregular echinoid tests, it is entirely rea-
sonable to infer the same location for it in
the tests of regular echinoids. Then, other
Lovén numerals for the rays and interrays
can be assigned with measurable confidence
(Fig. 97,4-C). This is not the last word
with respect to the regular echinoids, how-
ever, for in many of them signs of incipient
bilateral symmetry corresponding to that
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marked by the anterolateral axis of irregu-
lar echinoids (ray III, interray 5) can be
recognized, though it has been overlooked
as a significant feature by specialists (Fig.
97,D-F; 99,2).

Granting that application of the Lovén
numerical designations of rays and interrays
in irregular and regular echinoids is the
same, as agreed by all authors who have
employed this system, substitution of Car-
penter letters for the numerals is unaccept-
able—certainly so if the letters are placed
in the manner adopted by such authors as
Cuéror (1948), Hyman (1955), and ArLsa
Crark (1963). The disposition of letters for
rays shown in Figure 100,14,2a is based on
the assumption that interamb 2 (Lovén),
which typically contains the madreporite,
corresponds to interray CD (Carpenter),
which typically contains the excentric anus
and may also have a hydropore, gonopore,
or hydrogonopore No account is taken
of pervastve bilateral symmetry defined by
the anteroposterior axial plane, expressed
not only by the location of various excentric
structures but commonly by characters of
the whole skeleton. In our view correct
placement of Carpenter letters, identical in
crinozoans and echinozoans, is unequivocal-
ly indicated by relationships to the funda-
mental anteroposterior bilateral symmetry.
Thus A4 (Carpenter) corresponds to III
(Lovén), rather than to V, and the posterior
interray CD (Carpenter) is equivalent to
interamb 5 (Lovén), and not to interamb 2
(Fig. 100,156,2b). The importance of these
conclusions with respect to ray homologies
is obvious, especially in connection with
studies of echinoderm evolution and phylo-
geny.

With an initially skeptical approach, one
of us (FeLL, who is author of t