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Abstract—The morphogenesis and homologies of the major skeletal structures of crinoids and similar Early
Paleozoic echinoderms are analyzed on the basis of comparative morphological analysis. The study of symme-
try and asymmetry in the structure and morphogenesis of pelmatozoan echinoderms increases the understand-
ing of the mechanism and sequence of the early development of different types of symmetry in evolution. It is
shown that the appearance and diversification of crinoids in the Ordovician played a major role in the Ordovi-
cian evolutionary radiation of the marine biota, which resulted in the appearance of many classes of marine ani-
mals that have survived until the present day. The development of the morphological organization of higher taxa
of echinoderms is discussed, and evolutionary trends, from the formation of the archetype to the development
of more specialized structures, are revealed. The study is based on extensive material, particularly from the

Ordovician of the Baltic region.

Key words: crinoids, pelmatozoan echinoderms, Early Paleozoic, comparative morphology, evolutionary patterns.

INTRODUCTION

Studying the emergence and early evolution of the
morphological organization of higher taxa is one of the
most important and interesting tasks of the modern sci-
ence of evolutionary morphology. This task is
approached from different sides by neontologists and
paleontologists, studying quite diverse groups and
aspects of the problem. However, most researchers use
the cladistic method, interpreting an organism as a set
of characters and studying the possible order of their
appearance in specific organisms. This method has pro-
duced important and interesting results, especially in
the study of lower taxa. However, using this approach
does not cover the formation of archetypes. The present
study attempts to bridge this gap by studying the evolu-
tion of taxa from the point of view of the formation of
their body plans.

Echinoderms are one of the most suitable fossil
groups for studying the origin and early evolution of the
organization of higher taxa, since they have a diverse
skeletal morphology that clearly reflects the structure of
the soft body and long, well-recorded geochronological
range (the entire Phanerozoic). Among Echinodermata,
the subphylum of pelmatozoan echinoderms, with its
largest class Crinoidea, is of particular interest.

The origin of the crinoid body plan is, at present, the
subject of intense debate. Some researchers believe that
crinoids evolved independently of the other pelmato-
zoan echinoderms, which had brachioles, and, based on
this, recognize crinoids as a separate subphylum. Oth-
ers suggest that the morphological organization of
crinoids evolved from that of the geochronologically
older class Eocrinoidea.

The solution of this problem is one of the most
important tasks in the study of the evolution of marine
biota, because the appearance of crinoids in the Ordov-
ician was one of the major factors that sharply changed
the composition of marine substrates. The resulting

wide distribution of hardgrounds in the Ordovician
caused those rapid changes in the entire marine biota
that are referred to as the Ordovician radiation. As a
result, the Cambrian evolutionary fauna was replaced
by the Paleozoic fauna, which included most classes
that have survived to the present day. This problem is of
international interest. For instance, a special IGCP
international project is devoted to the major events of
the Ordovician biodiversification.

Pelmatozoan echinoderms, including crinoids, were
the major group that revolutionized the development of
the entire marine benthic community in the Ordovician.
Therefore, this study was primarily focused on the ori-
gin and early evolution of the morphological organiza-
tion of the higher echinoderm taxa. For this, it was nec-
essary to reveal the patterns and trends in the early evo-
lution of echinoderms and, first of all, the origin and
development of the crinoid archetype.

Crinoids are one of the most interesting classes of
echinoderms both from the point of view of morphol-
ogy and for addressing general problems of evolution,
classification, and morphogenesis that can be resolved
based on representatives of this class. The first crinoids,
not taking into account the bizarre Echmatocrinus, are
known from the Lower Ordovician. However, recent
crinoids are also widespread. Therefore, in studying the
earliest representatives, data on the soft body, ontogeny,
and functional morphology of extant forms can be used.
The origin of crinoids is closely connected with the
problem of the origin of the entire phylum Echinoder-
mata and more so with that of the origin of the many
ancient groups closely related to crinoids. This has
required study outside the framework of the class
Crinoidea to analyze the origin and early evolution of
crinoids. Echinoderms have a high and diverse symme-
try. Therefore, in order to study the morphology of
echinoderms, it was necessary to discuss the manifesta-
tions of symmetry and its violations, enantiomorphism
in different structures, and how it was influenced by the
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primary left-sided organization of echinoderms. When
it was possible, the symmetry of morphogenetic pro-
cesses leading to the symmetry of the resulting mor-
photypes was revealed, and, based on this, possible
homologies of structures were determined.

It was shown that the wide distribution of crinoids in
the Ordovician played a major role in the development
of the Ordovician radiation of marine biota, which
determined the appearance of many classes of marine
animals that have survived until the present day. There-
fore, the appearance of crinoids and closely related
classes of echinoderms in the Ordovician indicated
more general patterns in the formation of higher taxa of
marine benthic animals.

The tasks of the present study were formulated as
follows: (1) substantiation of the homologies between
the major structures of pelmatozoan echinoderms, pri-
marily crinoids, on the basis of the analysis of the mor-
phogenetic mechanism of the rearrangement of the
body plans in the higher taxa of Pelmatozoa and of the
formation of the crinoid archetype; (2) reconstruction
of the symmetry of morphogenetic processes occurring
at the time of appearance and development of pelmato-
zoan echinoderms and analysis of its effect on the sym-
metry of the resulting morphotypes; and (3) investiga-
tion of the role of the interactions between the morpho-
genetic processes and environmental factors in the
early evolution of the organization of the higher taxa of
echinoderms.

This study is composed of three closely connected
parts. The first part discusses the homologies of the
major structures of the skeleton of crinoids and other
pelmatozoans, because the homologies of many struc-
tures cannot be adequately analyzed without consider-
ing them outside the class Crinoidea and without refer-
ring to the entire phylum Echinodermata. The data
obtained support the subphylum Pelmatozoa, as
opposed to Edrioblastoidea and Edrioasteroidea. The
second part discusses, based on the specific features of
the morphogenesis of crinoids, symmetry and asymme-
try in the entire phylum Echinodermata, including their
origin, early evolution, and development. The third part
considers the appearance of the higher taxa of echino-
derms and the Ordovician evolutionary radiation, when
most echinoderm classes emerged, including all of
those that have survived.

This study is based on extensive material, primarily
on a large collection of echinoderms from the Ordovi-
cian of the Baltic region, collected by myself and my
colleagues in the course of special fieldwork. In addi-
tion, I used the collection of Ordovician echinoderms
collected by R.F. Hecker and donated to him by other
researchers. I made extensive use of the echinoderm
collections from the Cambrian of Yakutia, the Ordovi-
cian of the United States, the Silurian and Devonian of
Podolia, Baltic region, the Urals, and the Tian Shan.
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I also studied many collections in the museums of
St. Petersburg, the United States, and Australia. A large
part of the material studied was described and pub-
lished. A smaller part of the material used in this study
has never previously been published.

PART 1. COMPARATIVE MORPHOLOGY
AND HOMOLOGY OF MAJOR SKELETAL
STRUCTURES IN CRINOIDS
AND SIMILAR EARLY
PALEOZOIC ECHINODERMS

Of all pelmatozoan echinoderms, crinoids have the
stablest body plan throughout their long history, but, at
the same time, are very variable in morphological
detail. They are very diverse taxonomically and have
the largest geochronological range. These factors com-
bine to make them the most important class of pelmato-
zoan echinoderms, with which all other classes have to
be compared.

My concept of pelmatozoan echinoderms comprises
those echinoderms that were previously recognized by
Sprinkle (1973a) in the subphyla Blastozoa and Crino-
zoa. In their taxonomic composition, pelmatozoan
echinoderms coincide with the subphylum Crinozoa in
the sense of Ubaghs (1978). At present, the subphylum
Pelmatozoa includes the following classes: Crinoidea,
Eocrinoidea, Rhombifera, Diploporita, Paracrinoidea,
Parablastoidea, Coronata, and Blastoidea. These taxa
show quite a high diversity of skeletal structure. How-
ever, this study will be concerned only with ancient and
primitive structures, connected with the early stages of
the evolution of pelmatozoan echinoderms. Primarily,
this study will focus on the establishment of the crinoid
body plan, which first appeared in the Ordovician and
has remained until the present day. Therefore, this
study uses predominantly material on crinoids and
eocrinoids and only to a small extent on other classes.
The comparison shows that many crinoid structures
were first formed in eocrinoids, while the crinoid body
plan could have evolved from that of eocrinoids. To
support this hypothesis, the following problems con-
cerning the structure of all major skeletal elements
occurring in crinoids are to be discussed:

(1) Homologies of the thecal plates in crinoids;

(2) The anal plates in pelmatozoan echinoderms; the
position of the anus and its displacement;

(3) The morphogenesis of the stem in eocrinoids and
crinoids, its origin, early evolution, and function. The
stem in other echinoderms. Homology of the stem in
different echinoderm groups, and its comparison with
the tail in Chordata;

(4) The origin of arms in Crinoidea, and their possi-
ble evolution from brachioles.

Because of their strong morphogenetic interdepen-
dence, the above problems cannot be assessed sepa-
Vol. 36
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rately. The establishment of homology of the thecal
plates of crinoids depends on the homology of other
structures (arms, stem, and anal series) in all stemmed
echinoderms and should be based on the general plan of
their morphogenesis and its possibilities for evolutionary
change. This gives insight into the problem of the origin
of crinoids and, thus, into the substantiation of their clas-
sification. Thus, the solution of one problem of the
homology of thecal plates involves a broad range of
interrelated problems, which are to be discussed below.

Therefore, the review of knowledge concerning the
homology of the thecal plates in crinoids is followed by
the study of homology and origin of most major struc-
tures in the skeleton of pelmatozoan echinoderms.

SECTION 1. HOMOLOGY OF CIRCLETS
AND THECAL PLATES IN CRINOIDS
AND SIMILAR PELMATOZOAN GROUPS

The theca in crinoids is the main receptacle for the
internal organs. It is usually supported by a stem, ele-
vating it above the sea floor, but it is itself a support for
the food-gathering apparatus, i.e., arms (Fig. 1). The
theca is usually clearly subdivided into the aboral part
(cup) and the oral part (tegmen). Free arms, supported
by so-called radials, extend at the boundary between
these two parts. In the simplest case, a circlet of basal
plates lies below the radials. In so-called dicyclic
forms, an infrabasal circlet is located below the basal
circlet (Fig. 2). In monocyclic forms, the infrabasal cir-
clet is absent, while the stem extends directly from the
basal circlet. The orals are the main plates of the teg-
men, which occur between the ambulacra and form a
circlet surrounding and covering the mouth. The plates
of the underlying circlet usually alternate with the
plates of the overlying circlet, like bricks in a wall, so
that the middle of each plate occurs on the extension of
the seam between the overlying and underlying plates.
Usually, the so-called anal plates occur in the anal inter-
ray, in the radial circlet. These anal plates violate the
pentaradiate symmetry and support the anal structures.
The theca of crinoids can also contain other plates,
which considerably increase its size. This is especially
characteristic of the subclass Camerata, but also occurs
in other crinoids. In most cases, the origin of these addi-
tional plates is clear; most often, they are brachial or
interbrachial plates included in the theca. They are
clearly secondary in relation to the primary dicyclic or
monocyclic cup. Their origin and the way in which they
are included in the theca are of limited interest, con-
nected with features of one or another group of
crinoids. Therefore, they will not be considered here.
However, the cup of crinoids also contains other plates,
of unknown origin and homology, which may reflect
the origin of crinoids in general. For instance, these
may be superradials of many disparids or the so-called
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lintel circlet of some of the earliest crinoids. These
structures will be discussed in greater detail.

DIFFERENT CONCEPTS OF HOMOLOGY OF CIRCLETS

Until recently, almost all specialists on crinoids,
beginning with Wachsmuth and Springer (1880, 1885,
1897), believed that the radial, basal, and infrabasal cir-
clets are homologous in all crinoids (Moore and Lau-
don, 1943; Ubaghs, 1953, 1978; Moore, 1962; Arendt
and Hecker, 1964; Yakovlev, 1964; Moore et al., 1973).
Based on Wachsmuth and Springer’s rule (1885),
reduction of some circlets was suggested for some
crinoids (so-called pseudomonocyclic forms). How-
ever, Moore (1955) suggested that among camerate
crinoids the radial and basal plates might not be homol-
ogous. However, the homology of radial, basal, and
infrabasal plates in eocrinoids was widely accepted.
These assumptions of homology were based on the
ontogeny of modern crinoids. All modern crinoids are,
at least at early ontogenetic stages of skeletal develop-
ment, dicyclic, i.e., all of them have infrabasal and
basal circlets. Slightly later in ontogeny, the radial cir-
clet appears (Rasmussen, 1978a, 1978b). However, at
the later stages, the infrabasal circlet can disappear; it is
either reduced or fuses with the basal circlet. The
crinoid cup, in this case, becomes pseudomonocyclic.
Since of the three circlets of the cup, the infrabasal cir-
clet is the one to disappear, a conclusion can be drawn
that in all monocyclic crinoids the infrabasal circlet is
absent. This assumption was supported by the fact that,
in many fossil dicyclic crinoids (e.g., in Flexibilia), the
infrabasal circlet was reduced to a very small size and
could even be confined to the stem facet, i.e., it was
completely hidden under the stem. It was, therefore,
natural to assume that the infrabasal circlet was reduced
in the first place and that this process gave rise to the
monocyclic crinoids. Such assumptions were virtually
universally accepted until recently, when new hypothe-
ses emerged. As a result, widely accepted concepts of
homology of the plates of the crinoid cup were consid-
erably changed (Simms, 1993, 1994; Ausich, 1996,
1997). The present study proposes a new, considerably
different, homology of the plates and circlets of the cup
that is based on their evolutionary morphogenesis.
However, before the new views on the homology of the
thecal circlets are proposed, previous concepts are dis-
cussed. The traditional concepts are quite simple, and
briefly outlined above. According to these concepts, the
disappearance or appearance of the infrabasal circlet
represented major processes in the evolutionary diver-
gence of monocyclic and dicyclic groups of crinoids.
This suggests that, in evolutionary morphogenesis, the
infrabasal circlet was the least important, that it was the
last to appear, and therefore was the first to disappear.
Indeed, the functional role of the infrabasal circlet in
the cup is not great, because it occupies only a small
part of the entire area of the skeleton and is reduced in
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Fig. 1. Arrangement of major skeletal parts in crinoids and eocrinoids and two schemes showing the arrangement of plates in the
cup. (a, b) eocrinoids: (a) Gogia from the Middle Cambrian of Utah, the United States; (b) reconstruction of Cryptocrinites sp. from
the Middle Ordovician of the Leningrad Region; (c—f) crinoids (c) reconstruction of Parapisocrinus sp.; (d—f) reconstruction of
Pisocrinus sp. and arrangement of plates in the cup of this genus: (e) lateral view; (f) bottom view. Modified figures are after:
(a) Parsley, 1997, reconstruction Sumrall; (b) Rozhnov, 1994; (c—f) Rozhnov, 1981. The radials are black, the basals are white, the
inferradial is hatched. The rays (A, B, C, D, E), interrays (AB, BC, CD, DE, EA), and corresponding structures here and below are

designated according to Carpenter’s system.

many taxa. According to Wachsmuth and Springer
(1885), when the infrabasal circlet is completely
reduced, the proportions of the angles of the axial canal
in the stem, sutures between the pentameres of the
stem, and some other structures of the stem and the
proximal circlet of the cup are changed. The propor-
tions of these structures were studied in great detail by

PALEONTOLOGICAL JOURNAL

Warn (1975) and Stukalina (1966, 1986), who sug-
gested a convenient form of these proportions (Fig. 3).
A complete reduction of the infrabasal circlet in prima-
rily dicyclic forms is extremely rare and does not mean
that it was absent during all of the ontogenetic stages.
Therefore, although its morphological role in the cup is
small, the role of the infrabasal circlet as a structure

Vol. 36 Suppl. 6 2002
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organizing the arrangement of other plates in the cup
and its general architecture may be quite large. This is
the probable reason for its presence in all dicyclic
forms, at least at one of the ontogenetic stages. This fact
has not received enough attention, although it may be
very important for homologization of the thecal cir-
clets. The basal circlet in monocyclic forms develops in
exactly the same way. The latter will be discussed
below, following a review of the recently published
work of M. Simms and W. Ausich.

Simms (1993, 1994) proposed a new, more com-
plex, interpretation of the homology of the thecal plates
in the class Crinoidea, based on other principles.
He indicated that the use of the terms “dicyclic” and
“monocyclic” is outdated, because it suggests, without
any further evidence, that the uppermost circlet is
homologous in all crinoids. He disagreed with this
assumption to suggest that the cups be called dicyclic or
tricyclic, terms which do not carry any assumption of
the homology of the circlets. He indicated that the tra-
ditional point of view, according to which the radial and
basal circlets in tricyclic Cladida and diplobatrid Cam-
erata are homologous (one to the upper, and the other to
the lower, circlets of dicyclic disparids, hybocrinids,
and monobatrid camerates), suggests a considerable
difference in the position of the anal series of plates of
the major crinoid taxa. This assumption casts doubts on
the homology of the anal plates in the class Crinoidea.
Ubaghs (1978) previously discussed and outlined these
doubts. For instance, in cladids (tricyclic crinoids), the
so-called anal X is in the “radial” circlet, while in many
disparids (dicyclic forms), it lies above the upper circlet
and is joined with one or two of its plates. Simms sug-
gests, based on the principle of parsimony (the most
economical path of evolution), that the anal series is
homologous in all crinoids, whereas its differing posi-
tion in relation to the circlets of the thecal plates
depends on the presence or absence of one or another
circlet in the theca. Therefore, if, for instance, in nature,
the uppermost circlet of any crinoid is shown to be
homologous to the basal circlet of another crinoid,
which is possible in cases where the primary so-called
radial circlet disappears, then, based on the position of
the arms, all other homologization would be incorrect.
However, this statement is not always accurate, because
for such an incorrect homologization to be possible, the
circlet lying beneath the disappeared radial circlet
should have turned to 36°. Otherwise each arm would
extend from two plates, rather than from one. For
instance, in the genus Tetragonocrinus (Fig. 4) from the
Lower Ordovician of the Leningrad Region, each of the
three arms is supported by at least three plates of the
cup, which, in this case, quite reasonably, are consid-
ered to be basal (Arendt, 1987; Rozhnov, 1988). The
radial circlet in Tetragonocrinus was either reduced, or
grew outside the cup, and morphologically represents
the first brachials.
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Fig. 2. Schemes showing the structure of (a) monocyclic
and (b) dicyclic cups, and positions of the circlets accord-
ing to Wachsmuth and Springer’s rule. The radials (PR)
and lumen (opening for the axial canal) are black, the
basals (BB) and infrabasals (IBB) are white.

Simms suggests the use of a system of coordinates
connected with the point of origin of the arms relative
to the stem for the homologization of circlets. The ori-
entation of stem pentameres, the angles of the axial
canal, and some other characters should also be taken
into account. To create a special system of coordinates
and (using the principal of parsimony) to establish the
homology of crinoid plates, it is necessary to extend the
study beyond the limitations of the morphology of this
class, suggest new hypotheses of its origin, and sub-
stantiate theories of the evolution of its morphogenesis.
Only on this basis can one talk about the real homology
of the plates. Using this approach, Ausich was able to
make considerable progress.

Ausich (1996, 1997, 1998a) proposed a somewhat
different theory of homology of the circlets in crinoids
to that of Simms, based on the following assumptions:
(1) The ancestral crinoids had a cup composed of four
circlets, radial, basal, infrabasal, and proximal (which
he called the lintel circlet). Among crinoids, the lintel
circlet is best expressed in the Lower Ordovician
Aethocrinus moorei Ubaghs, which, as he suggests,
should be treated as a separate subclass Aethocrinea
(Ausich, 1998a). (2) Like Simms, Ausich suggests that
any circlet could be reduced in the phylogeny of
crinoids. (3) In ontogeny, the relative orientation of
plates in the circlets was determined at the time of the
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Fig. 3. Arrangement of the morphological elements of the angulate (left) and strialate (right) types of the stem and cup in (a) mono-
cyclic, (b) dicyclic, and (c—d) pseudomonocyclic crinoids. Dashed lines show the positions of nervous cords after Bather’s (1900)
reconstruction. Cusps show the positions of the corners of the axial canal in the stem. Radials are shown by diagonal hatching, the
axial canal of the stem is black, (R) radials, (B) basals, (IB) infrabasals (after Stukalina, 1986).

first development of the sutures between the plates of comatulids. Before the sutures in the cup are formed,
the cup; this time corresponds to the late cystoid and the plates in the neighboring circlets are positioned to
early pentacrinoid stage in the development of modern  alternate at 36°, and after this the position of the pri-
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Fig. 4. Morphology of the genus Tetragonocrinus from the lower part of the Middle Ordovician (Upper Arenig, Volkhovian) of the
Leningrad Region. The cup is composed of one circlet of basal plates. (a) General view of the crown with a fragment of the stem,
(b, c, d) cup: (b) upper view, (c) lateral view, B ray, (d) lateral view, interray DE, (e, f, g) structure of columnals in different regions
of the stem, (h) arrangement of the plates of the cup, arms, and stem. Articular facets and the axial canal are black; (i) holdfast (after

Rozhnov, 1988).

mary plates is fixed. (4) The ratio of the angles between
the axial canal of the stem and the position of the plates
of the lowermost circlet of the cup is only defined by
which plates were present at the base of the cup at the
time of differentiation of the axial canal of the stem and
chambered organ, while the entoneural system is
expanding.

NEW HYPOTHESIS OF CIRCLET HOMOLOGY

A new approach to the problem of circlet homology
is discussed below. At first, it seems impossible to
establish the homology of plates within the class stud-
ied, because a system expanding beyond the limits of
the taxon under study is needed to establish the homol-

PALEONTOLOGICAL JOURNAL  Vol. 36 Suppl. 6

ogy of structures of this taxon. In this situation, the
homology of plates should be based on supposed mor-
phological transformations that occurred at the time of
the origin of the class Crinoidea. In addition, it may be
assumed that any circlet could have been reduced.
Indeed, it was possible. However, in this case, the prob-
ability of the reduction of circlets would be different
and would depend on the morphogenesis of the theca in
general. For instance, according to Mennert’s rule,
structures that appear in ontogeny last usually disap-
pear first. This, in turn, may depend on historical mor-
phogenesis. Therefore, before any circlet homology is
proposed, a model of the thecal morphogenesis should
be introduced, both in evolutionary and ontogenetic
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Fig. 5. Morphology of the genus Echmatocrinus (Middle Cambrian of Canada) (after Sprinkle, 1973).

perspectives. Such a model will be proposed and dis-
cussed below, based on several general assumptions
and facts.

HISTORICAL MORPHOGENESIS OF THE THECA
OF PELMATOZOAN ECHINODERMS

First of all, the possible ancestors of crinoids are to
be discussed. All classes of Echinoderms, including
crinoids, have a feature in common, i.e., their roots and
ancestral classes are unknown, while the intermediate
forms between the classes are absent in the fossil record
(Rozhnov, 1995, 1996, 1997, 1998). Instead of crinoids,
other stemmed echinoderms (eocrinoids) lived in the
Cambrian. Eocrinoids are distinguished from crinoids
primarily by their food-gathering appendages. In
crinoids, these are intrathecal appendages (arms), while
in eocrinoids these are extrathecal appendages (brachi-
oles). At present, after the study of Sprinkle (1973a), an
opinion that the arms and brachioles appeared indepen-
dently is firmly established. Based on this, the classes
of Echinodermata possessing brachioles are recognized
as the subphylum Blastozoa, while crinoids (virtually
the only class with arms) are recognized as the subphy-
lum Crinozoa. It is believed that these two subphyla
were separated at least in the Early Cambrian, i.e.,
when they acquired a skeleton. However, apart from the
Middle Cambrian genus Echmatocrinus from the
famous Burgess Shale, no certain representatives of
Crinozoa are known from the Cambrian. The genus
Echmatocrinus (Fig. 5) differs strikingly from typical
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crinoids. Hence, it cannot be considered to be ancestral
to crinoids, and its systematic position among stemmed
echinoderms is not clear. More so, its assignment to
Echinodermata is doubtful (Conway Morris, 1993;
Ausich and Babcock, 1996).

It is evident that the theca of crinoids, which is
formed by a small number of plates that are compactly
arranged in three or four circlets (including the oral cir-
clet) and are well adjusted to each other, could not have
evolved directly from any structure of soft-bodied ani-
mals. The theca certainly has a history of gradual devel-
opment and early evolution. At the same time, the
crinoid theca (and crinoids) appeared suddenly in the
fossil record; the theca was still absent in the Late Cam-
brian, but was already present in the Early Ordovician.
This may suggest that the theca of crinoids was pro-
duced by the reorganization of the theca of eocrinoids,
which were widely distributed in the Cambrian. A sud-
den appearance of the crinoid theca suggests that it was
produced by paedomorphic changes of the ancestral
multiplated eocrinoid theca. Ausich (1997, 1999) sug-
gested that it evolved from a tetracyclic cup similar to
that of the rhombiferous cystoid Scoliocystis (Fig. 6),
which he considered to be the most probable ancestor
of crinoids. However, rhombiferous cystoids do not
occur in the Cambrian and, more likely, represent spe-
cialized descendants of eocrinoids. There is no need to
suggest that the immediate ancestors of crinoids had
four circlets in their cup. Otherwise, the current prob-
lem would be transformed into a problem of the sudden
Vol. 36
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Fig. 6. Structure of the theca of holotype (PIN no. 2/1004) in Scoliocystis thersites Jackel (Rhombifera): (a) upper view; (b) lateral
view, ray A; (c) lateral view, ray C; (d) lateral view, interray CD; and (e) lateral view, ray E. (BB) basal circlet, (LL;) lower lateral
circlet, (LL,) upper lateral circlet, (RR) radial circlet, (OO) oral circlet, and (h) hydropore.

appearance of a cup with four circlets in evolution. It is
sufficient to suggest that eocrinoids with polycyclic
cups were ancestors of crinoids. It is not necessary to
suggest that the entire ancestral theca was arranged in
clear circlets. Recently, Sprinkle and Guensburg (1997)
suggested that crinoids and eocrinoids evolved syn-
chronously from Edrioasteroidea. Brachioles evolved
from the biserial covering plates of the ambulacra of
Edrioasteroidea, while their arms evolved from the
uniserial plates covering the bottom of the ambulacra,
when the plates extended outside the ambulacral area.
The possibility of such an extension, and even of the
branching of the ambulacra, is supported by the struc-
ture of a new genus of Edrioasteroidea from the Middle
Cambrian of Iran (Rozhnov and Guensburg, in prep.).
However, there is no evidence that the aboral skeleton
of the brachioles and arms evolved from the series of
the ambulacral plates. If this hypothesis is accepted, too
many questions emerge that have no answers. Even
Sprinkle and Guensburg, who accept this concept, sug-
gest that the typical biserial or tricyclic crinoid theca
evolved from the polycyclic theca by paedomorphosis
at the beginning of the Ordovician. This opinion they
based on a large crinoid (not yet described) from the
Lower Ordovician of North America, which is one of
the earliest of the true crinoids. It has well developed
arms, but has a theca composed of many plates, which
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are not yet arranged in circlets. Certainly, this crinoid
may be ancestral to all or many groups of post-Cam-
brian crinoids. However, this requires more evidence and
demands that the probable phylogeny of each crinoid
subclass be considered. Generally, this find only indi-
cates possible combinations of typically crinoid charac-
ters (well developed arms) and eocrinoid characters
(theca composed of many plates poorly arranged in cir-
clets). To study the problem of the origin of the mono-
cyclic and dicyclic crinoid theca, the ontogenetic devel-
opment of the multiplated theca is more important. This
is discussed in greater detail below, under an assump-
tion that the crinoid theca could have evolved from a
multiplated theca of the eocrinoid type. Because the
structure of such a theca and its development are
closely connected with the appearance of the skeleton
in Echinodermata in general (including its appearance
in evolution), this problem must also be discussed.

The first eocrinoids had a theca composed of poorly
arranged plates. The theca gradually transited into the
peduncle (holdfast in the sense of Sprinkle, 1973a)
without a distinct margin. In two genera, Lepidocystis
and Kingzercystis, from the Lower Cambrian of North
America (Pennsylvania), the aboral part of the theca
and the peduncle are built of imbricating plates (Sprin-
kle, 1973a). This can indicate their possible origin from
the Edrioasteroidea or, more precisely, the combination
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Fig. 7. (a—c) Supposed evolution of ontogeny of the eocrinoid skeleton and (d) development of the skeleton in extant crinoids.

of eocrinoid and edrioasteroid characters at time when
they evolved from a common ancestral group. In the
majority of other genera, the theca is tessellate, i.e., it is
composed of plates contacting each other. Representa-
tives of the genus Gogia (Fig. 1a) could be an example
of such structure. The majority of plates, especially in
the middle part of the theca, in many crinoids are
arranged irregularly, without distinct arrangement into
circlets. However, already in the earliest eocrinoids,
pentaradiate symmetry is seen in the arrangement of
food-gathering grooves extending from the mouth.
Their symmetrical arrangement apparently determined
the five-rayed arrangement of the mouth plates sur-

PALEONTOLOGICAL JOURNAL

rounding the ambulacra in places where they extend
from the mouth. I suggest that these plates are homolo-
gous to the orals of the later eocrinoids and crinoids.
The pentaradiate arrangement of the orals is the first
display of pentamery in the skeleton of the eocrinoid
theca. Other plates appeared in various places in the
growing theca and poorly-separated peduncle without
any distinct pattern (Fig. 7). It is probable that the
ontogeny of the skeleton of such eocrinoids was rela-
tively simple. At the later stages of ontogeny when the
soft body already became sac-shaped and possessed a
peduncle, incipient thecal plates began to appear more
or less synchronously in different places. They rapidly
Vol. 36
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Fig. 8. Reconstruction of the eocrinoid Ridersia (left) and location of ambulacra, hydropore (h), gonopore (g), and anus (An) on the

oral surface (right) (Middle Cambrian of Australia).

enlarged and soon became fused to form a skeletal cap-
sule, i.e., a theca with a peduncle. All plates were
arranged asymmetrically and irregularly. Only the
plates surrounding the mouth showed an organizing
effect produced by the ambulacra. These plates were
arranged according to the 2—1-2 model. The 2-1-2
model of the arrangement of the ambulacra means that
each pair of ambulacra (B and C, D and E) appeared by
the branching of the single ambulacrum, whereas the
ambulacrum A, occurring opposite to the hydropore,
was unpaired and atomous. In the opinion of the major-
ity of researchers, such a structure indicated the emer-
gence of pentaradiate symmetry from the initial triradi-
ate symmetry. This is discussed in detail in the chapter
on symmetry.

After the appearance of the true stem, followed by
the separation of the theca, a circlet composed of five,
four, or three plates appeared at its base (Fig. 7b). In
eocrinoids, this circlet is usually referred to as basal. Its
possible homology to the circlets of crinoids will be
discussed below. Numerous irregularly arranged plates
are located between the oral and basal circlets, which
appeared phylogenetically later. In my opinion, this
separation of the symmetrical oral and basal circlets by
the zone of irregularly arranged plates is a direct indi-
cation of the ontogenetic sequence in the development
of the thecal skeleton.

Compared to the ancestral theca, the development of
the skeleton was displaced to the earlier ontogenetic
stages, while the number of plates appearing more or
less simultaneously at the beginning of the formation of
the skeleton, decreased. In general, such a development
of the skeleton has been retained by modern crinoids.
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Evidently, the pentamerous arrangement of the orals
should have determined the symmetrical arrangement
of the basals, which appear simultaneously with the
orals or immediately after. At first, they could have
been arranged irregularly, but later they were arranged
in pentaradiate circlets, while the number of circlets in
adults could be quite large (reaching seven or eight).

When the majority of circlets were reduced in phy-
logeny, a type of theca similar to that of crinoids could
have been formed. However, the theca of crinoids has
another feature; it is distinctly subdivided into oral and
aboral parts. Similar subdivision, although less sharp,
also occurs in some eocrinoids. Initially, this subdivi-
sion could have been determined by ecology. When
eocrinoids mainly used the gravitational flow of food
particles, all ambulacra were confined to the upper part
of the theca, above the ambitus (the widest part of the
theca). In a globe-shaped theca, there is no sharp shoul-
der between its sides, while the border between the oral
and aboral parts of the theca lacking ambulacra is not
very distinct. In a conical theca, which gave an oppor-
tunity for a higher elevation of the food-gathering appa-
ratus above the bottom, and with a flattened upper part
of the theca, the border between the dorsal and ventral
parts became very distinct in some crinoids, for
instance, in the Cambrian Ridersia from Australia (Jell
et al., 1985) (Fig. 8).

The above facts suggest a model for the develop-
ment of the crinoid theca (Fig. 9). The juvenile theca in
the ancestral eocrinoids was more or less conical, and
was subdivided into oral and aboral zones. The oral
zone at this ontogenetic stage was formed by the oral
circlet only, while the aboral part was formed by two or
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Table 1. New terminology of circlets based on their homology
and its approximate correspondence to traditional terminology

Terminology of circlets Traditional terminology of circlets

based on homology
polycyclic theca monocyclic theca| dicyclic theca

Brachial
Upper lateral Radial
Lower lateral Radial Basal
Basal Basal Infrabasal
Lintel

three circlets of plates, the lowest of which was basal.
Plates in the neighboring circlets were arranged interra-
dially, since they were initially formed as plates which
surrounded the proximal parts of the ambulacra extend-
ing from the mouth. The plates of the circlet surround-
ing the oral plates were arranged radially. If the first
brachioles appeared at this stage, they should have
appeared first at the border between the oral and aboral
parts of the theca and should have been supported by
these radially arranged plates. Assuming that such a
juvenile crinoid will retain its structure in the adult
stages as a result of paedomorphosis, the resulting
theca may be considered to be part of a typical crinoid
body plan. The ambulacrum approaching the brachiole
discontinues its branching and changes its growth
direction. The brachiole is transformed into an arm. The
derivation of the arms from the brachiole-possessing
ambulacra will be discussed in detail in another section.
Below, a possible pattern of such a scenario for the
appearance of the crinoid theca and the implications for
its homologies are discussed.

In contrast to Ausich, I suggest that the cup ancestral
to the crinoid cup could have had more than four cir-
clets. This can be assumed based on the fact that the
thecal plates of the earliest pelmatozoan echinoderms
began organizing in circlets when they were involved in
the pentaradiate symmetry, which at first embraced
only the ambulacral and food-gathering systems. The
optimal shape for each of the plates regularly covering
a theca is a regular hexagon. In such a plate the width
equals the height. Therefore, when the pentaradiate
symmetry was spread over the entire theca, the number
of circlets present in the globe shaped theca and
arranged in parallel to the so-called equator should have
been equal to the number of meridionally orientated
rows of plates, i.e., to the number of rays (five).
Because the anal interray is usually additionally wid-
ened, while the theca itself is extended in height, the
number of circlets in the theca can exceed five. This is,
for instance, observed in cryptocrinid eocrinoids. How-
ever, for the crinoid type of the plate arrangement to
occur, not only the number of circlets is important, but
more so, the sequence of the appearance of circlets in
the ontogeny of the initial theca.
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As mentioned above, Ausich (1996, 1997) sug-
gested that the monocyclic and dicyclic cups evolved
from the initial tetracyclic cup as a result of reduction
of one or two circlets. He emphasized that any of the
circlets could have become reduced. Indeed, theoreti-
cally, any circlet could disappear, but the probability of
this disappearance is different in each case. According
to Mennert’s rule, the structures that disappear first are
more likely to be those that appeared last in the ontog-
eny. Therefore, the probability of different homologies
of circlets in monocyclic and dicyclic crinoids is differ-
ent. The data on the ontogeny of Paleozoic and modern
crinoids clearly show that the basal (or infrabasal) and
oral circlets appear first in ontogeny, while the radial
circlet is the last to appear. As was shown above, the
structure of some eocrinoids with well-developed basal
and oral circlets and plates irregularly spaced between
them suggests that the basal and oral circlets (i.e., prox-
imal and distal circlets) do appear first in ontogeny.
Therefore, these two circlets should usually be reduced
last. The next circlet in crinoids appears between the
oral plates and the basal circlet. This is indicated by the
fact that the zone of the appearance of new plates is sit-
uated in this particular place. This is also seen in the
structure of many eocrinoids (in the corners between the
large plates, there are smaller plates that appear later).
If the reduction produced by paedomorphosis reached
the most proximal circlet, a monocyclic cup is produced.
In this cup, the circlet that appeared third later became
radial because it supported the developing arms.

The place of emergence of the fourth circlet in the
eocrinoid ontogeny is not particularly evident, because
of insufficient data. It could equally have appeared
immediately above the basal circlet or below the oral
circlet. Depending on this, in dicyclic crinoids, it could
become either basal or radial. This is why it is homolo-
gous to either of the circlets in the monocyclic cups. Its
homologies are still unclear, if one considers exclu-
sively the morphology of eocrinoids, a group as yet
insufficiently studied in this respect. However, judging
from the skeletal ontogeny of the dicyclic crinoids (pri-
marily Paleozoic), the place of its emergence seems
more certain. It appeared immediately above the initial
basal circlet, which in dicyclic crinoids is commonly
referred to as infrabasal.

Based on the above data on the morphogenesis of
the Early Paleozoic pelmatozoan echinoderms, the
term primary theca is introduced here to designate the
theca appearing at the time of differentiation of the
stem, but before the appearance of the arms. In crinoids
with a limited number of plates in the cup inherited
from the primary theca, the theca could grow by inclu-
sion of the proximal pentameres of both the stem and
brachials. The latter process was far more common.

TERMINOLOGY OF CIRCLETS

To avoid any terminological confusion before fur-
ther discussion, the terminology of the circlets should
be clarified. Traditional designations of circlets, as
Vol. 36
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Fig. 9. Ontogeny of the skeleton of the theca (a—1) in the Permian cladid crinoid Cranocrinus praestans Arendt (after Arendt, 1970).
Radials (except articular facets) are black. The hydropore is shown by a dot. Periproct is shown by diagonal hatching. (OO) orals,

(RR) radials, (BB) basals, and (IBB) infrabasals.

shown above, do not always indicate actual homology.
For instance, the basal circlet of monocyclic forms, in
my opinion, is homologous to the infrabasal circlet,
rather than to the basal circlet of the dicyclic forms.
Therefore, based on homology, new designations for
the circlets should have been introduced, as by Simms
and Ausich. However, this would have caused greater
confusion, because the old terminology is well estab-
lished and needs to be referred to. Therefore, I will con-
tinue using the traditional terminology but purely in a
morphological, descriptive way and will indicate,
wherever necessary, which group is being discussed.

PALEONTOLOGICAL JOURNAL  Vol. 36 Suppl. 6

At the same time, a new terminology, universal for pel-
matozoan echinoderms, will be introduced. This new
terminology is based on the homology of circlets and
indicates their actual or supposed order of appearance
in ontogeny (Table 1).

The proximal circlet in the crinoid cup, traditionally
referred to as basal in monocyclic forms and as infra-
basal in dicyclic forms, will be referred to here as basal
in both cases. The circlet located between the proximal
circlet, referred to as basal here, and the distal circlet
will be designated lateral in dicyclic forms. The cup
may include several lateral circlets, e.g., in some
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Fig. 10. Homologies of the circlets in crinoid cups. Radials of dicyclic forms are black; homologs of the distal circlet of the so-called primary cup (basals and infrabasals of dicyclic
cups) are dotted, anals and interbrachials are filled with small dots, other plates are white; (Lint) lintel circlet (or proximal columnal of the stem subdivided into pentameres), (SR)

superradial of disparids.
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Rhombifera and Diploporita. The lowermost, in this
case, will be called the first circlet; the one above, the
second; and so on. The term radial circlet, in the frame-
work of this terminology, based on the circlet homol-
ogy of pelmatozoan echinoderms, is totally rejected.
Ausich proposed the name lintel circlet for the rarely
occurring fourth circlet, which lies below the basal cir-
clet in the cup of some crinoids. This name is retained
here, although, as will be shown below, the lintel circlet
is not a genuine cup circlet and, more likely, represents
a proximal columnal. In addition, brachials can also be
parts of the cup that forms circlets. Such circlets will be
referred to as brachial circlets. However, as mentioned
above, this terminology is necessary only for discus-
sions of homology and for comparisons of higher taxo-
nomic groups. Therefore, it will be used only in specific
cases. In all other cases, a traditional terminology of
circlets will be used.

The basal circlet in dicyclic forms appears in crinoid
ontogeny between the infrabasal and radial circlets and
develops earlier than the radial circlet. This is clearly
observed in the structure of many crinoids, e.g., in Cra-
nocrinus and other hypocrinid crinoids (Fig. 9), the
ontogeny of which was studied in detail by Arendt
(1970). From this a conclusion can be drawn that, in the
polycyclic ancestors of crinoids, it appeared directly above
the infrabasal circlet (which was the most proximal).

HOMOLOGIES OF CIRCLETS

Homologies of the Infrabasal, Basal,
and Radial Circlets

The following homology of circlets in the crinoid
cup can be drawn from the above discussion of the the-
cal morphology of pelmatozoan echinoderms (crinoids
in particular) (Fig. 10, Tables 2, 3). The proximal circlet
is homologous in all crinoids; i.e., in traditional termi-
nology the so-called infrabasal circlet of dicyclic
crinoids is homologous to the basal circlet of monocy-
clic crinoids. In contrast to the traditional interpreta-
tion, the radials are not homologous in dicyclic and
monocyclic crinoids. The radials in monocyclic forms
are homologous to the so-called basal circlet of the
dicyclic forms (lateral circlet in terminology based on
homology). The homologies of the radial circlet of
dicyclic crinoids are absent in monocyclic crinoids. The
only exception is some hybocrinids (discussed below).

Before the table of homologies in crinoids is intro-
duced, the homologies of the so-called lintel circlet
(terminology of Ausich) and superradials, present in
some crinoids, should be discussed.

Homologies of the Lintel Circlet

According to Ausich, the lintel circlet is the proxi-
mal circlet of the cup of the probable ancestor of
crinoids, which, in his opinion, had four circlets.
Among known fossils, the lintel circlet is best repre-
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Fig. 11. Homology of the plates of the genus Aethocrinus after different authors: (a) Ubaghs, 1969; (b) Philip and Strimple, 1971;
(c) Ausich, 1996; (d) Rozhnov, 1988. (L) plates of the lintel circlet, (I) plates of the infrabasal circlet (IBB), (B) plates of the basal
circlet (BB), (R) plates of the radial circlet (RR), (X) anal plate, (SRA) superradial, (iRA) inferradial; radials are black, anals are

dotted, radianals are covered by double hatching.

sented in the Lower Ordovician genus Aethocrinus. The
structure of the cup of this genus is interpreted differ-
ently by different researchers (Fig. 11). The debate is
mostly concerned with the position of the border
between the cup and the stem, and between the cup and
the arms. Ubaghs (1969), who was the first to describe
this genus, believed that the border between the stem
and the cup lies between the proximal (not tapered)
columnal and the base of the first tapered plates, which
he considered to be infrabasal. Correspondingly, the
first brachials in the cup were interradial. This interpre-
tation appeared doubtful. Therefore, another interpreta-
tion was proposed later. The infrabasal circlet of
Ubaghs was excluded from the cup and considered to
belong to the stem (Philip and Strimple, 1971; Rozh-
nov, 1988; etc.). In this case, the cup was typically dicy-
clic. Ausich (1996, 1997, 1998a, 1998b, 1999) proposed
that the cup of Aethocrinus be considered tetracyclic,
and designated the proximal circlet as the lintel. In all
other respects, he interpreted the structure of the cup
above the lintel circlet in a similar way to Philip and
Strimple. Therefore, judging from the above concept of
the origin of the crinoid theca, it is necessary to indicate
the homologies of the lintel circlet. Should it be really

PALEONTOLOGICAL JOURNAL  Vol. 36 Suppl. 6

considered to be the circlet of the cup or the proximal
columnal?

Judging from the size of the plates and their shape,
the lintel circlet certainly belongs to the theca. How-
ever, judging from the coincidence of the borders
between the plates and those between the pentameres of
the stem, it can be considered to belong to the stem.
However, this is likely to be an approach characteristic
of functional morphology; thus, it does not indicate any
homologies. Indeed, this genus, like some other
crinoids, primarily disparids, does not have a sharp bor-
der between the cavity of the cup and the axial canal of
the stem; i.e., the cavity of the theca gradually transits
into the cavity of the axial canal (Fig. 12a). In the
majority of crinoids this transition is sharp; i.e., the
axial canal begins on the flattened bottom of the cavity
of the cup by a clearly outlined opening (Fig. 12b).
Modern crinoids have a five-chambered organ located
near this opening of the canal and strands extending
from this organ into the axial canal. The proximal bor-
der of the cup could have been determined from the
position of the five-chambered organ, but it is not pos-
sible in fossils similar to Aethocrinus. Therefore, to
understand the origin of the lintel circlet, the junction of
the stem with the cup in Aethocrinus should be com-
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Fig. 12. Relationships between the thecal and stem cavities in some crinoids: (a) the cavity of the theca gradually merges into the
cavity of the stem (Grammocrinus Eichwald); (b) the cavity of the cup is distinctly delineated from the cavity of the stem (Pisocri-
nus De Koninck); (c) the cavity of the theca is distinctly delineated from the cavity of the stem, the proximal part of which is

embraced by the radials (Parapisocrinus Mu).

pared to that in other crinoids (those in which the thecal
cavity gradually merges into the axial canal of the stem
and also those with a sharp border between these two
skeletal cavities).

From the functional point of view, the junction
between the theca and the stem should be strong. In
most crinoids, a special stem facet occurs at the base of
the cup, to which the proximal columnal is attached by
its wide attachment surface. Sometimes, to achieve
even more strength, the stem facet is deepened, and the
proximal columnal is embraced by the wall at the base
of the cup (Fig. 12¢) (e.g., in the genus Parapisocrinus)
(Rozhnov, 1981). In taxa with a wide axial canal and
thin stem and cup walls, the increased strength of the
junction between the stem and the theca may be
achieved only because of the angularity of the border.
This is facilitated by the alternating sutures between the
plates at the base of the cup and the sutures between the
pentameres of the stem. Therefore, the proximal ends
of the pentameres of the proximal columnal are tapered
and enter along the sutures between the plates of the
base of the cup. Such a structure is observed in many
primitive disparids, e.g., in the genus Virucrinus from
the Middle Ordovician of Estonia (Rozhnov, 1990a).
The proximal columnal of the stem with tapered pen-
tameres is interpreted by all researchers as a columnal
rather than a circlet of the cup (Fig. 13). This is indi-
cated by its initial structure and size, which are similar
to those of other columnals, and also by the variable
tapering. It seems probable that the proximal columnal
is homologous to the lintel circlet of Aethocrinus, from
which it is morphologically distinguished only by its
smaller height. Therefore, although morphologically
and functionally the lintel circlet belongs to the cup,
morphogenetically, it is a proximal columnal composed
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of five parts. Indeed, the proxistele with a wide axial
canal, which gradually merges into the cavity of the
cup, could contain some organs that in other crinoids
occurred entirely within the cavity of the cup. For
instance, in early crinoids, such organs may have
included the gonad. The lintel circlet, from this point of
view, represented a proxistele. A gradual transition of
the cavity of the cup to the cavity of the stem indicates
one of two primary morphogenetic mechanisms
enabling the appearance of the stem in the ancestral
eocrinoids; the transformation of the primary peduncle
(holdfast), which is discussed in detail in the section on
the origin of the stem.

Homologies of the Superradial Plates
in Disparids

Another important problem concerning the homol-
ogy of the circlets in the theca is related to the so-called
superradials present in Disparida, some Cladida, and
Flexibilia. Their origin is a very important problem for
understanding the homologies of the circlets. The
superradials occur as continuations of the inferradials
in one or several interrays. Their number and position
are important diagnostic characteristics of disparids
(Ubaghs, 1953; Moore, 1952). Usually, the superradials
were considered to be parts of the radial circlet, but
their origin remained uncertain. Theoretically, they
may represent either the remains of an ancestral circlet,
or brachials included in the cup. The study of Sevastop-
ulo and Lane (1988) on the ontogeny and phylogeny of
disparid inadunates, in which, for the first time, the
ontogeny of Homocrinus is described, is very important
for understanding the appearance of the superradials
(Fig. 14). Based on these data, Ausich (1997) suggested
Vol. 36
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Fig. 13. Morphology of the genus Virucrinus (disparid crinoid) from the Middle Ordovician (Keila Horizon of Estonia). The prox-
imal circlet of the stem is composed of pentameres. The tapering proximal ends of the proximal circlet alternate with the basals of
the cup. Because the border between the cavity of the cup and the axial plate of the stem is indistinct, this proximal circlet can also
be considered to be the lintel circlet incorporated into the cup (after Rozhnov, 1990). Radials are black, the lower radial is horizon-

tally hatched, the plates of the anal tube are dotted.

an unusual homology of the thecal plates in disparids
with compound radials and substantiated it as follows.

At the earliest known ontogenetic stages, the cup of
representatives of the genus Homocrinus, according to
Ausich’s interpretation, has three circlets of plates.
A circlet composed of five so-called radials of different
size in the radial position occurred between the five
plates of the so-called basal circlet and the five plates of
the oral circlet. Three radial plates were large and
directly contacted the oral circlet. Two other plates of
this circlet were small and did not contact the oral
plates. If the structure of the juveniles is compared to
that of the adults, the large radials correspond to large
unpaired radials (A and D), while the small radials cor-
respond to the inferradials of the paired radials (B, C,
and E). At the later ontogenetic stages, one more
(although interrupted) circlet appears in the cup. These
are so-called superradials B, C, and E. According to
Ausich, these three superradials compose a separate
circlet, because, in ontogeny, they appear after the two
circlets lying below. Ausich considered this uppermost
circlet to be homologous to the true radial circlet of
other crinoids, because it is the uppermost in the cup
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and is positioned radially. Also, its plates lie at the base
of the arms and, in ontogeny, appear in the A—E-B
sequence, which is typical of radials. The middle circlet
combining the inferradials B, C, and E, and the simple
A and D radials, he considered to be homologous to the
so-called infrabasal circlet of other crinoids, since they
lie lower than the radials and are positioned radially.
Ausich suggested that the circlet of the cup of disparid
inadunates, corresponding to the so-called basal circlet
of dicyclic cladid inadunates, was reduced, whereas the
lowermost circlet of disparids (basal in traditional ter-
minology) is homologous to the lintel circlet, well-
developed in Aethocrinus. Thus, in this interpretation of
the homology, the arms were attached to the three
plates of the radial circlet and two plates of the so-
called infrabasal circlet.

This is a logical and innovative interpretation of the
homologies, although somewhat contradictory. For
instance, it is well known that in ontogeny the plates
can migrate from rays into interrays and vice versa
(Arendt, 1970). However, the hypothesis that the super-
radial plates compose a separate, although incomplete,
circlet homologous to one of the complete circlets of
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Fig. 14. Genus Homocrinus: (f) composition and relationships
between the plates in the cup of the adult (a—e) ontogeny of the
skeleton of the cup (after Lane and Sevastopulo, 1982).
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Fig. 15. Crinoids with paired radials in the C radius: (a) cla-
did crinoids (genus Merocrinus); (b) flexible crinoids
(genus Mysticocrinus). Radials are black, the lower C radial
is hatched, anals are dotted (after Moore et al., 1978a, 1978b).

other crinoids needs to be carefully checked. Below, an
attempt is made to check this hypothesis in the frame-
work of the above-proposed model of the evolution of
the crinoid theca from the polycyclic eocrinoid theca.
According to this model, the orals and basals had to be
the first plates to appear, while the laterals should have
been the second, and radials should have been the third.
Hence, they had to be reduced in reverse sequence. The
plates of the oral circlet were initially placed interradi-
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ally and did not change their position, since their
arrangement is rigidly connected with the position of
the radial ambulacral canals and the hydropore. There-
fore, the radial and interradial position of the other
plates, at all ontogenetic stages, can be conveniently
estimated from their relationship to the orals. The
basals were initially positioned radially. When the next,
lateral, circlet appeared between the oral and basal,
they had to migrate into the interradial position. When
another circlet appeared, this time between the lateral
and oral, the basal circlet had to return to the radial
position, while the lateral circlet had to migrate to the
interradial position, because the plates below the oral
circlet always appear in a position alternating with that
of the orals.

Based on this sequence and Ausich’s hypothesis that
the superradial plates represent a morphogenetically
independent circlet, the following homology of the dis-
parid circlets can be proposed:

(1) The basal circlet of the monocyclic cup is
homologous to the infrabasal circlet of the dicyclic cup.

(2) The circlet composed by so-called large simple
radials and inferradials is homologous to the basal cir-
clet of the dicyclic crinoids, and the radial circlet of the
monocyclic crinoids.

(3) An incomplete (interrupted) circlet of so-called
superradials is homologous to the radial circlet of the
dicyclic crinoids.

Thus, Ausich’s hypothesis of the independence of
the circlet composed of so-called superradials can be
applied to the approach proposed in this study, although
it leads to different homologies of the disparid circlets.
The incompleteness of this circlet may be explained by
the paedomorphic development of the A and D plates,
which corresponds to the sequence of their appearance
in ontogeny. However, it is not clear why, in the previ-
ous circlets, the plates in the A and D rays developed
faster than others, while the circlet in general did not
change its radial position when the next circlet
appeared. However, these difficulties can be explained,
although not very convincingly, by different hetero-
chronies. A more serious complication emerges when
the structure of the C ray in disparids, cladids (monocy-
clic and dicyclic inadunates), and Flexibilia is com-
pared.

This is the following difficulty in the interpretation
of the superradial plates as the remains of the radial cir-
clet. Many disparids have superradials in two (Cincin-
naticrinacea) or in one (locrinacea) ray rather than in
three. The disparids with a single superradial always
occurring in the C ray appeared in the fossil record
before the others and were among the first crinoids
(Lower Ordovician). Indeed, even in this case, the sin-
gle C superradial may be interpreted as the remains of
a pentamerous circlet. However, exactly the same struc-
ture of ray C, when two plates occurred one above
another in the cup, can be observed in some cladids
(Merocrinus) and Flexibilia (Mysticocrinus) (Fig. 15).
2002
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Fig. 16. Morphology of the cup of the hybocrinid crinoid Hoplocrinus usvensis Rozhnov from the Ordovician of the Urals:
(a—d, h—j) lateral view of the cup: (a) AB interray, (b) C ray, (c) D ray, (d) EA interray, (h) B ray, (i) C ray, (j) D ray, (k) upper view
of the cup, (e) shape of the articular facet, (f) radial plate, (g) arrangement of plates in the cup, (1) shape of the centrodorsal (reduced
stem composed of several fused columnals). Radials are black, the inferradial is diagonally hatched.

For such a structure to appear in dicyclic forms, a
mechanism of the emergence of paired radials similar
to that in monocyclic forms, but based on the reduction
of another circlet, has to be assumed. However, such a
coincidence seems unlikely, especially in some cases,
for instance in Merocrinus the superradial seems to be
more connected in its origin to the brachials. A similar
genetic connection of the C superradial to the brachial
plates can be observed among monocyclic inadunates
(disparids) in the superfamily locrinacea. In this case,
the inclusion of the first brachial in the cup seems more
likely. Functionally, it can be explained by the necessity
of an ontogenetically earlier development of the anal
tube, which is known to embrace the left branch of arm
C. Morphogenetically, this could be produced by the
faster maturing of the C radial to provide the possibility
of the extension of the first brachial. As was noted
above, in the ontogeny of many crinoids all structures,
including the radial, appear earlier in the C ray than in
other rays. Thus, when the first brachial appeared above
the C radial, the remaining plates continued growing,
the cup increased in size, and the first brachial in the C
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ray increased within it. A morphological lineage can be
found among iocrinids which displays this mechanism
of the development of the C superradial. Assuming that
the C superradial in iocrinids (and hence in all other
disparids) is brachial in its origin, then in all other rays
the superradial is also most likely to have developed
from brachials. This is supported by the fact that in the
C, B, and E rays, in which the presence of the superra-
dials is typical, the structures usually develop faster
than in the two others.

Therefore, it is suggested that the superradials of
disparids represent the first brachials, included in the
cup and morphologically imitating an incomplete cir-
clet, rather than the remains of a circlet, which was
originally present in the ancestral cup. From this point
of view, the ontogeny of the cup in Homocrinus is com-
plex and indicates a stage in the phylogeny of disparids
when the superradials became more morphogenetically
connected with the development of the cup rather than
with the arms. This is especially clearly seen when the
morphology of the lower and superradials in disparids
is compared to that in hybocrinids.

2002



S544

(a)

Fig. 17. Paired basal in an aberrant specimen of the cladid
crinoid Moskovicrinus multiplex (Trd) from the Myachk-
ovian, Middle Carboniferous, from the quarry near the vil-
lage of Myachkovo, Moscow Region: (a) lateral view of the
cup, AB interray with a paired basal; (b) lateral view of the
cup, the anal ray has a typical structure. The AB inferradial
is horizontally dashed, AB superradial is vertically hatched.
The radianal is diagonally hatched, plates of the anal area
are dotted.

Homologies of the C Superradial
in Hybocrinids

In contrast to disparids, in some hybocrinids, the C
superradial is more likely to represent the remains of
the primary radial circlet. It is more likely to have
evolved by the reduction of the plates of this circlet into
four rays out of five. This opinion supports the structure
and position of the plates in the genus Hoplocrinus
from the Ordovician of the Baltic region and the Urals
(Minnil, 1959; Rozhnov, 1985a, 1985b). This genus
has a superradial in the C ray, which is morphologically
considerably different from that of Inadunata and Flex-
ibilia (Fig. 16). First, it is noticeably raised above the
level of other radials; second, it lies not immediately
above the inferradial, as in disparids, but displaced
clockwise to it (in contrast to cladids, in which this
plate is displaced counterclockwise). The distal part of
the inferradial is narrowed. The narrow part reaches the
border of the cup and contacts the tegmen, although not
from the side of the CD interray, where it could be used
to support the anal cone, but from the side of the BC
interray, where the expansion of the space between the
facets from which the arms extended is functionally
unexplained and, therefore, indicates a historical mor-
phogenesis only. It seems evident that this structure
indicates that the origin of the C superradial in Hoplo-
crinus was not connected with the inclusion of brachi-
als in the cup, but more likely was connected to the
ancestral third circlet, from which only one plate
remained in the C ray. Thus, in this genus, the arms in
the four rays A, B, D, and E extend from the lateral cir-
clet, while in the C ray they extend from the primary
radial circlet. This apparently was also happening in
other hybocrinid genera with a similar composition of
plates in the cup. Such an interpretation of plate homol-
ogies in hybocrinids explains many features of their
morphology, which cannot be explained if they are
interpreted as in disparids. This hypothesis of the origin
of the superradial is also supported by the interesting
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aberrant specimen of Hoplocrinus sp. from the Middle
Ordovician of the Leningrad Region, in which the super-
radial is absent, while one of the radials has two facets.

Homologies of the C Radial and the Radianal
Plates in Cladida and Flexibilia

The acceptance of the homologies of the superradi-
als in disparids suggests the acceptance of certain
homologies for the C radial and for the radianal plate in
cladids and flexibles (Fig. 10). This follows from the
homology of the superradial in disparids to the C radial
in cladids, and the C inferradial in disparids to the radi-
anal of cladids. This homology is based on the similar
structure of the C ray in some cladids (Merocrinus),
Flexibilia (Mysticocrinus), and disparids, i.e., immedi-
ately below the C radial, possessing the articular facet,
there is another radially positioned plate (in other
words, the lower and superradials are observed in the
Cray) (Fig. 15). In most Cladida and Flexibilia, the
inferradial is displaced toward the CD interray and is
called the radianal, because it supports a series of anal
plates (Fig. 17b). However, the origin of the radianal
plate is positively established based on the morphology
of cladids and flexibles, because all stages of its migra-
tion from the inferradial position in the C ray to the
interradial position in the CD interray are known
(Philip, 1964, 1965). Hence, Ausich’s hypothesis of the
homology of the superradial circlet in disparids to the
radial circlet in cladids and the inferradial circlet
(together with unseparated radials) to the infrabasal cir-
clet of cladids leads to a serious contradiction. This
contradiction can be resolved, if a different homology
is suggested; that the superradials of disparids are the
brachials included in the cup, while the inferradials and
unseparated radials are homologous to the radials of the
A, B, C, and D rays and the radianal of cladids. Hence,
the C radial of cladids is homologous to the superradial
of disparids and is the first brachial plate included in the
cup. However, there is an opinion based on the ontog-
eny of modern crinoids that the radials represent only
the base of the brachial series of plates, i.e., the first bra-
chials included in the cup. Apparently, in some modern
crinoids and in many early disparids, the radials and
brachials could be combined morphogenetically,
because in some disparids, the distal border of the cup
1s difficult to define, because it is not clear where the
border is between the radials and the arms (Fig. 13).
However, such morphogenetic combination of arms
and radials seems secondary, although it could have
appeared quite easily as a result of some paedomorphic
processes.

In addition, it is worth mentioning that the presence
of the lower and superradials in the C ray, although it
could be achieved by different means (e.g., compare the
structure of disparids and hybocrinids), indicates fea-
tures of the development of the anal area inherited from
ancestral eocrinoids. This conclusion is supported by
the characteristic subdivision of the plate of the lateral
circlet in the C ray into upper and lower parts, e.g., in
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Fig. 18. Superlateral (vertical hatching) and inferlateral (horizontal hatching) in the C ray in the C ray in the paracrinoid Springero-

cystis longicollis Bassler and eocrinoid Cryptocrinites sp.

Cryptocrinites (Fig. 18). This primary subdivision was
related both to the faster development of structures in
this ray in eocrinoids and to the close connection of its
development with the growth of the rectum. However,
for a more positive judgment of this process in
eocrinoids, the data available at present are insufficient.

Thus, the suggested homologies of the thecal cir-
clets in crinoids and their comparison to the previous
schemes of homologies are summarized in Tables 2 and
3 and are shown in Fig. 10.

Special Cases of Circlet Homology

The above-proposed homology of circlets is based
on the order of appearance of circlets in ontogeny. The

first circlets to appear were infrabasal and oral, fol-
lowed by basal, and eventually by the radial circlet.
This order of appearance was present in the dicyclic
forms. In monocyclic forms, the basal circlet was
embraced by the ambulacral radial canals. Its plates
were morphogenetically connected to the food grooves
to form a united structure. Above these plates, the
appearance of other plates in the cup followed a differ-
ent sequence, i.e., radial series of plates, usually sepa-
rated by interradial series, appeared in the neighboring
circlets instead of alternating plates. The appearance of
the superradial model of cup growth is certainly con-
nected to the appearance of arms, when this model was
included within the cup in circumstances when the
radial ambulacral tentacles had not grown ontogeneti-

Table 2. Terminology of the circlets of the aboral cup based on homology and the names of the plates in the circlets in traditional

terminology in major groups of Crinoidea

Terminology Plates composing the circlets (in traditional terminology)
of circlets based : T
. . .. Cladida Flexibilia . Camerata Camerata
on homology Disparida Hybocrinida Articulata Aethocrinus monocyclic dicyclic
Brachial Superradials Absent Radial C Absent Brachial Brachial
(superradial C)
Lateral upper Absent Superradial Radials (except C) Radials Absent Radials
and radianal
Lateral lower Radials and Radials and Basal Basal Radials Basal
inferradials an inferradial
Basal Basal Basal Infrabasal Infrabasal Basal Infrabasal
Lintel Proximal Absent Absent Lintel Absent Absent
columnal
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Table 3. Homology of circlets of the crinoid cup interpreted by different researchers

Homology of circlets interpreted by different researchers (terminology of circlets is traditional)

proposed here
designa- . .
tions based o ) ) Ausich, 1997 Simms, 1994
. traditional designations
on circlet
homology
8 8
= S =
I I = = g =
2 2 < < 3 <
. B o 7 B S i) K= £ 5]
Polycyclic | 2 <| E § 2 2 <| E ."C'E = .8 5 g
cup £ | =2|88| § St | E | 2|88 £ g S |gS|gg|g2|g€E
5 |== (s =] ‘£ g 5 |== (s 9 = 9 s So|88|8ES5|8 5
S |BE B g 3 8= S |BE B g g 3 g 8 t2|8alca|s
S |BRE|ES| & |28 |S |B5|5S| & |2 | &2 | & |EE|E=|EG|ES
2 O|S2| & | |2 [O|S2| A |T |& | £ [S|52(8e|S%
Brl sR — |sRR
LL, RR |RR sR RR [RR [RR |sRR RR |BB |[sR RR |BB |RR |[RR
LL, BB |[BB |[RR |RR+iR|RR+iR|BB |BB |BB BB |IBB |RR+iR|BB |IBB |IBB | BB
BB IBB | IBB | BB | BB BB IBB [IBB| - |RR+RR|(IBB| - |BB IBB| - - -
Lint Lint - | SC - Lint | - — | Lint - - - - - - -

Note: Explanations: (RR) radial circlet; (BB) basal circlet; (IBB) infrabasal circlet; (SRR) radial circlet composed of a single superradial
C (radial C); (Brl) circlet composed of the first brachials included in the cup; (R+iP) circlet composed of radials and inferradials;
(RR+iRR) infrabasal circlet composed of simple plates and inferradials; (Lint) lintel circlet; (SC) columnal.

cally to the base of the free arms. This morphogeneti-
cally interesting process is especially characteristic of
Camerata and is very diverse in this group.

However, an increase in the size of the cup could
also occur in other ways. For instance, in a very inter-

Fig. 19. Composition and arrangement of cup plates in the
acrocrinid Erlangeracrocrinus elongatus Arendt (camerate
crinoid) from the Middle Carboniferous of the Moscow
Region (after Arendt, 1995): (a) arrangement of plates in the
cup, (b) upper view of the cup, (c) lateral view of the cup,
anal interray. Radials are black, the distal plates of the inter-
calary zone are dotted.
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esting family of camerate crinoids, Acrocrinidae, which
was recently extensively studied by Arendt (1995)
based on material from the Carboniferous of the Mos-
cow Basin, new plates, often arranged in circlets, were
also formed after the appearance of the radials. In the
genera of this family, a distinct growth zone appeared
between the basal and radial plates. This zone, in which
new plates appeared, sometimes existed throughout the
lifetime of an individual (Fig. 19). This zone of cup
growth replaced the superradial growth zone character-
istic of many other Camerata.

Another pattern of inclusion of brachials in the cup
and their fusion with the radials is known in the camer-
ate family Parahexacrinaceae, described from the
Lower Devonian of the Zeravshan Range (Shevchenko,
1967). However, this example will be discussed in a
later section on the morphogenesis of arms. In the same
section, the appearance of additional radials in some
Pisocrinacea (disparid inadunates) will be considered.

ACCESSORY PLATES OF PERITTOCRINIDS, THEIR
ARRANGEMENT, CONNECTION WITH RESPIRATORY
STRUCTURES, PROBABLE ORIGIN, AND HOMOLOGIES

MORPHOLOGY AND POSITION OF ACCESSORY PLATES

The so-called accessory plates of perittocrinids are
of particular interest, because perittocrinids are among
the earliest crinoids, and the arrangement and homolo-
gies of their plates may be important for the under-
standing of the origin of crinoids in general (Fig. 22).
Two systems of accessory plates of perittocrinids (or
two interrupted circlets, if they are considered from the
Vol. 36
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Fig. 20. Composition and arrangement of the thecal plates in perittocrinids (after Ubaghs, 1971). (a) Perittocrinus radiatus Beyrich,
(b—j) Tetracionocrinus transitor (Jaekel).
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point of view of organization in circlets) are situated
between the distal parts of the basal plates and between
the proximal parts of the radial plates. Until now, they
have been only known from two cups from the Ordov-
ician of the Leningrad Region. They were first
described, briefly, by Jaekel (1918) and later (in greater
detail) by Ubaghs (1971), when he prepared material
for publication in Treatise.... Based on the second spec-
imen, Ubaghs established a new genus, Tetracionocri-
nus. However, based on new data and judging from the
variability of plates, indicating different ontogenetic
stages, the difference between these two genera appears
to represent different ontogenetic stages of the same or
closely related species.

The largest known number of accessory plates is 14,
but reconstruction of the complete cup shows that it
consisted of at least 16 accessory plates (Ubaghs, 1971,
text-fig. 1b). Four accessory plates occurred between
the distal parts of the basal plates (both known perit-
tocrinid cups have four basal plates), immediately
below the radials. Five accessory plates occurred
between the B radial and the C superradial, between the
C superradial and the anal plate, and between the anal
plate and the D radial. The latter accessory plate lies
directly on another accessory plate. Therefore, they can
be considered to be a superradial and inferradial, as in
the C ray. However, they were apparently separated
from one another by the connecting projections of the
neighboring radials: the C inferradial and the D radial.
This can be concluded from the structure of a smaller
cup described by Ubaghs (1971, text-fig. 1c) as Tetra-
cionocrinus transitor. In my opinion, further studies
and new material may show that this species is in fact a
juvenile of Perittocrinus radiatus. Thus, the radial cir-
clet of perittocrinids may be interrupted by accessory
plates in the CD interray in adults or more advanced
forms or may be complete in younger individuals or
more primitive forms. Another two plates are known
between the distal parts of the A and B radials and the
C superradial. It is quite possible that similar accessory
plates were also present between the distal parts of
other radials and on the margins of the anal plate in its
distal part, bordering with the respective radials. The
correspondence of these distal accessory plates to the
orals is not known, because the oral side of the cups is
not preserved. Judging from the shapes of isolated
radial and basal plates, in some other, as yet unde-
scribed, perittocrinid species, the number of accessory
plates could be even fewer.

HOMOLOGY OF THE ACCESSORY PLATES,
IN THE OPINION OF O. JAEKEL AND G. UBAGHS

The problem of the homology of the accessory
plates was discussed by Jaekel (1902, 1918) and
Ubaghs (1971). Jaekel suggested that these plates have
different origins. He suggested that the accessory plates
of perittocrinids lying between the basal plates are
homologous to the radials of Camerata (in Jaekel’s ter-
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minology the radials of Camerata are called Costalia 1).
The radials of perittocrinids he associated with the
higher-lying plates of Camerata (Costalia 2), bearing
arms (Jaekel, 1902, p. 1094). Thus, in modern terminol-
ogy, he considered the radials of Inadunata to be
homologous to the first fixed primibrachials of Camer-
ata. The remaining accessory plates occurring in the
corners between the large plates, Jaekel considered to
be homologous to the interradials of Camerata. In addi-
tion, he suggested that the so-called pectinirhombs are
growth zones, the centers of which were the centers of
the formation of new plates.

Ubaghs (1971) justifiably noted that different ori-
gins can hardly be surmised for these groups of acces-
sory plates, because all of them are of similar size and
position relative to the large plates and have folds form-
ing a specific structure, apparently with a respiratory
function. In addition, he noted that there is no evidence
against the homology of the radials of inadunates to the
radials of Camerata and that Perittocrinus gave rise to
Camerata. Ubaghs also noted that, theoretically, there
are two possibilities: (1) accessory plates are inherited
or (2) they represent morphological innovations. The
choice in this case is difficult, because ancestors are not
known for either perittocrinids or inadunates. Never-
theless, Ubaghs presented arguments for and against
both hypotheses.

If the accessory plates are inherited from the ances-
tors of perittocrinids, they should be homologous and
correspond to those plates of the theca of primitive ina-
dunates that were not well organized in circlets, were
variable in number, and were situated in the middle part
of the theca (Ubaghs, 1969, p. 22). However, all plates
of the primitive thecae, including those irregularly
spaced or poorly organized, perform predominantly the
mechanical function of strengthening the theca and
supporting the food-gathering apparatus. The accessory
plates in perittocrinids are completely different. All of
them are located in so-called dead corners and have no
influence on the strength of the theca, although they
support and protect specific structures, which are com-
monly believed to be responsible for respiration. There-
fore, before possible morphogenetic processes of the
formation of the accessory plates in perittocrinids are
considered, the structure and possible functions of the
porous structures of the theca of pelmatozoan echino-
derms must be discussed.

SYSTEM OF PORES AND FOLDS OF THE THINNER
STEREOM IN PELMATOZOAN ECHINODERMS,
AND THEIR POSSIBLE FUNCTIONS

Many Cambrian echinoderms have pores that usually
occur on the sutures between the plates (Figs. 21, 92).
These are so-called sutural pores. Usually, the structure
of pores is very complex. They may be covered by a
thin stereom; and sometimes they are connected by a
system of folds. In this case, they are referred to as epi-
spires. Such pore structure is especially characteristic
Vol. 36
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of the Cambrian eocrinoids. In Rhombifera, which first
appeared in the Ordovician, a simple pore structure was
transformed into a complex and diverse structure of
rhombic pores. In Diploporita, which appeared at the
same time, the pores acquired a specific structure and
are referred to as diplopores. In crinoids pores occur
relatively rarely and are found only in some early gen-
era (e.g., Porocrinus) and, sometimes, in the Late Pale-
ozoic crinoids, in which they occur at the point of
fusion of several sutures between the plates. In perit-
tocrinids, thin zones of the stereom on the folds at the
contacts between the plates of the cup can be consid-
ered to be pores, especially as these places often show
openings in the skeletal tissue.

Usually, all these structures are believed to have a
respiratory function, because the intensity of exchange
between the coelomic cavity and the seawater was con-
siderably higher than elsewhere, due to the sharp
increase in the contact surface area between the two
media and because of the highly increased penetrability
of the stereom (which was thinner in these places).
Indeed, respiration in these places could be to some
extent increased, and these pores could play some role
in respiration. However, it was unlikely to have been
their main function. The intensity of respiration is
known to indicate the intensity of an animal’s metabo-
lism. When the body size is the same, the intensity of
metabolism is proportional to the amount of oxygen
consumed. However, the intensity of metabolism is to
the same extent proportional to the energy received,
1.e., to the amount of food consumed. Hence, the rate of
metabolism can be judged by morphological criteria,
i.e., with all other characters equal, the more developed
the food-gathering system, the more intense is the
metabolism. Consequently, the more developed the
food-gathering system, the more developed the respira-
tory structures should be. However, the actual pattern is
the opposite. When the crinoid body plan, with its pow-
erful food-gathering system, including long, branching
arms with a wide food groove, appeared, all pore struc-
tures rapidly disappeared. Supposedly, they became
redundant. It may be suggested that the arms of crinoids
began to play a role in respiration and, therefore, the
pore system became redundant. This may be partly
true, especially because the food-gathering apparatus
of many crinoids occurs approximately one meter
above the sea floor, whereas the brachioles of
eocrinoids were not elevated more than 10 centimeters.
The bottom layers of the seawater are known to have a
low oxygen content, but at the same time they are
enriched in dissolved organic matter. I am inclined to
think that feeding on dissolved organic matter was the
main function of the pore structures of the theca of
primitive pelmatozoan echinoderms. Only this assump-
tion can adequately explain the huge difference
between the very weak food-gathering apparatus and
the powerful pore system, which densely covers the
entire theca, as in, for example, the thombiferous genus
Echinosphaerites, the diploporite genus Sphaeronites,
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Fig. 21. Reconstruction of the eocrinoid Simonkovicrinus
reticulatus Rozhnov showing (e) very large sutural pores,
(An) anus, and (g) gonopore placed low (after Rozhnov, 1991).

or the eocrinoid genus Simonkovicrinus (Fig. 21). This
is supported by the fact that modern echinoderms, like
other invertebrates, can absorb dissolved nutrients
(amino acids and carbohydrates) from the seawater
(Bynion, 1972; West et al., 1977; Meyer, 1982). For
instance, West (1978) showed that the arms and cirri of
the modern comatulid crinoid Leptometra phalangium
can absorb dissolved amino acid and glucose. He also
suggested that the animal could obtain food from the
bottom water layer, where the concentration of dis-
solved nutrients was high. The absorption of nutrients
directly from the seawater could be the main feeding
strategy in juvenile crinoids with undeveloped arms
(Lane and Breimer, 1974). The above data suggest that
the main function of the pore structures of the earliest
primitive echinoderms was feeding (absorption of dis-
solved nutrients and even bacteria), while the respira-
tory function was only accessory.

The folds on the theca of perittocrinids, like the
accessory plates, occurred mainly at the fusion of three
sutures between the main plates, which are referred to
as dead corners from the mechanical point of view.
They represent systems of folds located on the adjacent
margins of the main and accessory plates. The number
of folds increases toward the margins of the plates,
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because of the appearance of smaller folds, while the
thickness of the stereom rapidly decreases until open-
ings appear at the point of contact between the folds on
the neighboring plates. This suggests that the intensity
of the exchange between the coelomic cavities and the
seawater in these places was considerably higher than
in the other zones, because of the sharp increase in the
surface area of the contact zone between these two
media and due to the markedly increased penetrability
of the stereom, which was thinner in these areas. Usu-
ally these structures are referred to as respiratory, but in
fact they could be more universal because they could
also perform ion exchange and feed on dissolved
organic matter, even bacteria, as shown above. The
problem of correspondence of these three functions in
perittocrinids does not seem simple. In Eocrinoidea,
Rhombifera, and Diploporita, all of which have these
structures, the respiratory function could dominate only
occasionally, because they had a poorly developed
ambulacral system, which would have been responsible
for respiration. However, perittocrinids had relatively
well-developed arms and, hence, radial ambulacral
canals. The walls of these canals had a large surface
area contacting the external medium, the blood system,
and the system of the coelomic lacunas. Hence, they
were capable of providing a sufficient rate of respira-
tion (as suggested for the majority of crinoids). Under
normal conditions, perittocrinids could apparently pro-
vide themselves with food using only their arms, but
when the supply of relatively large particles was small,
they could use the fold structures of the cup with a
thinned stereom to absorb organic matter. Occasionally
this feeding strategy became dominant.

FOLDS OF THE THINNED STEREOM OF PERITTOCRINIDS
AND THEIR PROBABLE HOMOLOGIES
WITH THE EPISPIRES OF EOCRINOIDEA, THE PORES
OF CRINOIDEA, THE DIPLOPORES OF DIPLOPORITA,
AND THE PORE RHOMBS OF RHOMBIFERA

Systems of folds on the plates of cups in perittocrin-
ids are different in Perittocrinus and Tetracionocrinus.
Therefore, these systems should first be described in
both genera separately, and then compared.

In Perittocrinus radiatus, a system of large solitary
folds is present only on the main plates. Between these
main folds, secondary folds are formed. These folds are
arranged in groups on the main and accessory plates
and are perpendicular to the sutures between the plates.
Each fold of the second order on the main plate is
joined to the corresponding fold on the accessory plate,
without changing its direction. Each group of folds
occupies an area that is rhomboid in outline. Each of
these rhomboid figures is subdivided diagonally by the
suture, between the main and accessory plates. The
longest fold of the second order runs along another
diagonal of this folded rhomb (pectinirhomb), which is
perpendicular to the suture between the main and the
accessory plates. To the left and right of this fold, the
folds of the second order are gradually shortened as
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their distance from the central fold increases, and they
become closer to the corners of the accessory plates,
thus forming a rhomb shape. On the main plates, the
folded rhombs are bordered by the folds of the first
order, but do not extend as far, and are separated from
them by a small, depressed area. On the accessory
plates, the rhombs are delineated by narrow, even
space-lacking folds. Each accessory plate possesses
three halves of a rhomb (three folded triangles). There-
fore, the space separating them represents three depres-
sions extending from the corners of the accessory plate
and joined in its center. Thus, each group of folds of the
second order forming rhomboid structures is well sep-
arated from the others.

In Tetracionocrinus, the system of folds of the first
order is very similar to that in Perittocrinus radiatus,
although Ubaghs (1971, p. 322) suggested that the true
folds exist only in the former genus, while in the latter
they are in fact ridges, because they are not reflected on
the inner side. The morphology of some plates and its
ontogenetic changes in Perittocrinus radiatus show
that this difference is not significant and is less pro-
nounced in juveniles. In large plates, the folds of the
first order are true folds only near the very edge of the
plates, while in the remaining parts they are merely
ridges, because they are not pronounced on the inner
side. In small plates, they appear to be genuine folds but
occupy a much larger proportion of the plate. In addi-
tion, in the main plates of the juveniles of this species,
there is no fundamental difference in morphology
between the folds of the first and second orders (they
differ only in size and location). Unfortunately, it is not
known whether the ends of the folds in juveniles were
joined in the centers of the accessory plates, as in Tet-
racionocrinus, or whether they did not reach the cen-
ters, being separated by a small space, as in adults of
Perittocrinus radiatus. Nevertheless, it is very proba-
ble, judging from the morphology of the plates of the
juveniles of this species, that the median folds of the
second order were joined in the middle of the accessory
plates. In any case, this could depend on the time of the
appearance of the accessory plates. When they
appeared earlier than the first folds of the second order
on the main plates, the resulting folds were joined in the
centers of these plates. When the accessory plates
appeared later than the appearance of these folds, they
shifted aside the folds joined in the dead corners. As a
result, the centers of the accessory plates did not have
folds. Consequently, Tetracionocrinus transitor may be
a juvenile specimen of Perittocrinus radiatus, or a
closely related species rather than a separate genus.

The folded structures in both perittocrinid genera
are apparently homologous to each other and only
partly homologous to the pore structures of the theca in
eocrinoids in diploporite and rhombiferous cystoids
and in some crinoids, because in my view they have the
same morphogenetic basis for potential development
and functioning of the somatocoels. Some researchers
connect the existence of the specific coelom in the skel-
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Fig. 22. Aberrant specimen of the eocrinoid Cryptocrinites sp. with accessory plates. (a) Upper view; (b) lateral view, interray BC;
(c) lateral view, interray CD; (d) lateral view, interray DE; accessory plates are black, anus is dotted; (h) hydropole; and (g) gonopore.

eton of pelmatozoan echinoderms with the respiratory
structures. For instance, Paul (1967, pp. 231, 243-247)
noted that the system of pectinirhombs of the rhombif-
erous cystoids could have been connected by an inner
system of canals with the water-vascular (ambulacral)
system. Sprinkle (1973a, p. 35) suggested that epispires
and similar structures known in several groups of prim-
itive echinoderms might represent “the earliest type of
water-vascular system, which had already developed in
the Precambrian echinoderms.” This opinion is closely
connected with his hypothesis substantiated in the same
study that the blastozoan echinoderms did not have
ambulacral radial canals extending outside the cup. It is
suggested here that the folded structures of the cup of
perittocrinids, as in other crinoids in which they occur,
and the systems of pores in other pelmatozoan echino-
derms were connected with the specialized peripheral
zones of the right and left somatocoels occupying most
of the cup rather than with a specific coelom. This
assumption is supported by the regular arrangement of
the folded structures on the cup surface in Peritfocrinus
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and of the pores in many other pelmatozoan echino-
derms. In addition, perittocrinids had typical arms, con-
taining radial ambulacral canals. Therefore, it is diffi-
cult to suggest the presence of another type of ambulac-
ral canal within the cup.

Morphologically, pore and fold structures appeared
to a large extent independently in the skeleton of the
major groups of pelmatozoan echinoderms. Neverthe-
less, the appearance of complex pore structures
occurred gradually rather than instantly. Therefore, a
morphological succession can be reconstructed from
known structures. The primitive epispires expressed as
sutural pores (pores on the sutures between the plates)
were certainly the first to appear. The irregular arrange-
ment of these pores on the sutures apparently weakened
the structure of the cup. Therefore, they were subse-
quently positioned at the meeting points of the three
sutures of the neighboring plates, i.e., in the so-called
dead corners. This arrangement did not greatly affect
the strength of the theca. In addition, the pores could
have been covered by a thin layer of stereom, much
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Fig. 23. Structure and possible stages of development of the oral circlet in (a—c) crinoids and position of the small plate in the tri-
partite proximal circlet in (d) some paracrinoids and eocrinoid Cryptocrinites, (e) some crinoids, (f) blastoids, and (g) Flexibilia.
Although unpaired small plates of the proximal circlet of adults occupy different positions in relation to the ambulacra, their origin
in ontogeny could be similar, and could correspond to the primary triradiate symmetry of the ambulacra.

thinner than in the adjacent zones. This could hardly
disturb the performance of their functions, because the
stereom was microporous. However, this might have
improved the system of connection between the plates.
To improve the above functions, the surface area of the
contact between these structures and the water outside
should have increased. This was achieved by the devel-
opment of the folds on the involved skeletal parts of the
theca. Since the respiratory structures were originally
connected to the sutures between the plates, the appear-
ance of the new plates led to an increase in their num-
ber. In perittocrinids, these two processes were com-
bined; accessory plates appeared in the dead corners,
and folding increased in the sutures between them. Pos-
sibly, the accessory plates in perittocrinids were origi-
nally separated from the corresponding parts (distal or
proximal) of the main plates, because in the earlier rep-
resentatives of the genus Perittocrinus (in which folds
are very strongly developed) the accessory plates are
small and poorly developed compared to the strati-
graphically younger Perittocrinus radiatus. However,
insufficient material on perittocrinids and closely
related groups does not allow a positive conclusion. It
seems possible that the accessory plates are the remains
of two accessory circlets, which in the ancestral poly-
cyclic forms occurred between the basal and radial cir-
clets. Such structures could very possibly have devel-
oped as a result of heterochronies. However, in this case
the radial circlet of perittocrinids is not homologous to
the radial circlet even of the dicyclic forms and repre-
sents a separate circlet (third lateral in the above-pro-
posed homology-based terminology). In this terminol-
ogy, the radial circlet of dicyclic forms is called the sec-
ond lateral, whereas in monocyclic forms it is called the
first lateral (see Table 2). However, this seems unlikely.
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It is more likely that the accessory plates in Perit-
tocrinus represent a specific system of plates, an inno-
vation developed to increase the size of the theca
through the appearance of the accessory plates at the
late ontogenetic stages. This system apparently
appeared in the same way as the above-mentioned acro-
crinids. This, in my opinion, precluded their further
development into a separate circlet in descendants.
A similar arrangement of the accessory plates is known
in the aberrant specimen of the eocrinoid Cryptocrin-
ites, described by Yakovlev (1918) from the Ordovician
of the Leningrad Region (Fig. 22).

HOMOLOGIES OF PLATES
IN THE CIRCLETS OF CRINOIDS

FIVE-PIECE, FOUR-PIECE, AND THREE-PIECE PROXIMAL
CIRCLETS OF PELMATOZOAN ECHINODERMS

Comparing the pentamerous circlets, in most cases
the homologies of the plates in these circlets are estab-
lished based on the rays, or interrays, in which these
plates occur, but what should be done in the case of
four-piece, or three-piece circlets (Figs. 20, 23)? How
can plates in these circlets be homologized with the
plates of the five-piece circlet? In this case, the estab-
lishment of these homologies becomes more complex,
because we must reveal the morphogenetic process that
resulted in the disappearance or underdevelopment of a
certain plate. This is difficult to do because of insuffi-
cient data on the morphogenesis of fossil crinoids. Nev-
ertheless, the morphogenetic concept of the develop-
ment of circlets in crinoids proposed here allows some
insight into it.

In discussing the development of the superradials in
disparids, a certain sequence of the appearance of the
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radials and related structures in the ontogeny of
crinoids was noted (Moore, 1940; Wright, 1941; Moore
and Evers, 1942; Koenig, 1965; Arendt, 1970; Brower,
1978; Lane, 1978; Lane and Sevastopulo, 1982, 1985;
Sevastopulo and Lane, 1988). A similar sequence was
recorded in eocrinoids (Rozhnov, 1994). In the discus-
sion below on the origin of pentamery in echinoderms
it is shown that this sequence indicates a morphoge-
netic mechanism for the appearance of five-rayed sym-
metry via a stage of three-rayed symmetry. According
to the suggested model of evolution of the crinoid theca
from the eocrinoid theca, specific features of the devel-
opment of pentamery should have been reflected in the
morphology of the radial circlet, but primarily in the
morphology of the oral and basal circlets. In the oral
circlet, this feature has been long recognized by many
researchers. It is the presence of the diad and triad
among the five oral plates, indicating the position of the
food grooves extending from the mouth, following the
model 2—1-2 (in the A ray the groove is unpaired, while
in the remaining rays, the grooves in pairs extend from
a single branch). Morphologically, three oral plates
(triad) are larger than the others and contact one another
by their distal ends in the middle of the oral area. Two
other plates (diad) are somewhat smaller, and their dis-
tal ends do not reach the center of the oral area
(Fig. 23). Generally, the arrangement of the food
grooves following the model 2—1-2 reflects the evolu-
tion of pentaradiate symmetry from triradiate symme-
try. This will be discussed in detail in the section on
symmetry. In my opinion, the primarily tripartite basal,
or infrabasal, circlet, known both in crinoids and
eocrinoids, also indicates the process of development of
pentaradiate symmetry. Below, an attempt is made to
test it by showing a possible morphogenetic mechanism
of the development of the tripartite proximal circlet.
This will allow a possible homology of plates in the
three-piece or four-piece basal circlet. This is discussed
in detail below.

HOMOLOGIES OF THE UNPAIRED PLATE IN THE THREE-
PIECE CIRCLET OF PELMATOZOAN ECHINODERMS

Some higher taxa have a proximal circlet (basal, or
infrabasal) formed by only three plates. Two of these
plates are large (paired), while one (unpaired) is small,
half the size of the large plate (Fig. 23). Correspond-
ingly, each large plate occupies two rays, or interrays,
whereas a small plate occupies only one.

For instance, crinoids of the subclass Flexibilia have
a so-called infrabasal circlet composed of three plates,
one of which (unpaired) is half the size of each of the
other two. In all known cases, the unpaired plate occurs
on the C ray, except in some specimens of Forbesiocri-
nus, in which the unpaired plate occurs on the A ray
(Moore, 1978).

Many cladid inadunates of the family Hypocrinidae
also have an infrabasal circlet composed of three plates,
one of which is unpaired. This small unpaired plate
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may occur on the A or C ray or more rarely on others
(Arendt, 1970). In the Ordovician eocrinoid Cryptocri-
nus, the basal circlet is composed of two large plates
and one small, unpaired plate that occurs in the EA
interray (Rozhnov, 1994). Rhipidocystis, an eocrinoid
with a flat theca, has a similar structure of basal circlet.
Supposedly, its unpaired basal plate also occurred in the
EA interray (Rozhnov, 1994). In Blastoidea, the basal
circlet also has three plates, one of which (unpaired)
usually occurs on the EA interray (Beaver, 1967). In
paracrinoids, according to Sumrall (1997), the unpaired
basal plate occurs on the BC interray. My data show
that this unpaired basal in paracrinoids can be situated
in various interrays (Fig. 24).

It is usually suggested that three plates in the proxi-
mal (so-called infrabasal) circlet appeared as a result of
the fusion of four of the five primary plates. For
instance, in hypocrinids, as noted by Arendt (1970,
p. 63) “it was probably of little adaptive significance
which plates were fused.” It is not clear what adaptive
significance a circlet composed of three plates could
have, when the above-located circlet was composed of
five plates. However, Arendt also noted that the position
of the unpaired plate might be connected with the
sequence of the appearance of the radial plates in
ontogeny. This observation may be of key importance
for the understanding of the development of tripartite
circlets. However, it should be connected not just with
the sequence of the appearance of the radial plates, but
with deeper ontogenetic processes, when the pentaradi-
ate symmetry of the theca is just beginning to develop,
i.e., with the sequence of the ontogenetic appearance of
the ambulacral canals and oral plates. It seems the only
plausible explanation of the presence of three rather
than five plates alternating with the five plates of the
above-lying circlet, which has no apparent adaptive sig-
nificance. The morphogenesis of the pentaradiate sym-
metry in these structures, as will be shown below, will
allow recognition and explanation of the pattern in the
position of the unpaired plate.

According to many researchers, the usual model of
the appearance of pentaradiate symmetry in the phylog-
eny of crinoids and many other echinoderms is
described by the formula 2—1-2. This formula indicates
the unpaired appearance of the ambulacrum A in ontog-
eny and a paired connection of the remaining four
ambulacra. Usually, this connection is expressed by the
fact that each pair of the B and C, D and E ambulacra is
formed by the branching of a single short groove
extending from the mouth. Often, grooves in these pairs
are not equal (one is formed by branching from
another). In the ontogeny of the ambulacral system, this
morphogenetic inequality of the ambulacra should
apparently be expressed by a certain sequence of
appearance of the ambulacral canals. This sequence is
reflected in the observed sequence of the appearance of
the radials and the facets on them which are used for the
arms' attachment. In addition, as noted above, the ine-
quality of the ambulacra is reflected in the position of
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Fig. 24. Position of the major structure of the theca in paracrinoids Malocystes murchisoni E. Billings. CMS-P50436. Ambulacra
are black, anus is dotted, mouth is shown by vertical hatching, (sB) small basal, and (h) hydropore.

the orals. Three of them, the AB, CD, and EA orals, are
larger than two others (BC and DE), and contact each
other by their distal ends in the center, above the mouth,
whereas the ends of the two other plates do not reach
the center and, thus, remain separated. Certainly, this
arrangement of the orals indicates the primary
sequence of their appearance in the ontogeny of their
ancestors, based on the 2—1-2 model of the appearance
of the food gathering grooves. This hypothesis agrees
with the fact that the oral on the CD interray in some
crinoids may be paired, consisting of right and left
independent plates. Apparently, the latter is caused by
the presence of the hydropore in the middle of this
interray, and a stone canal extending from it.

The distal (oral) and proximal (basal or infrabasal)
circlets are the first to develop in the ontogeny of the
crinoid theca. It is these two circlets, appearing at the
early stages, that determine the subsequent structure of
the entire theca. Therefore, the development of these
circlets at the early stages should be more or less rigidly
correlated. If the AB, CD, and EA orals appeared first
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in ontogeny, then the first plates to appear in the basal
circlet should be positioned radially and correspond to
the first incipient radial ambulacral canals A; B, or C;
D, or E. Which of the paired incipient ambulacral
canals appears earlier is important for the primary posi-
tion of the orals, basals, and infrabasals (closely con-
nected to the orals in the early ontogeny) hence defining
the direction of the branching of the canal.

It is important that the arrangement of plates in the
proximal circlet, if it appeared relatively early in ontog-
eny, should reflect the triradiate symmetry, in which the
A ray will potentially correspond to only one ambu-
lacrum, and each of the two others to the two ambulacra
appearing somewhat later. Therefore, the proportion of
the size of the skeleton-secreting zones, and their sepa-
ration in the basal circlet at this ontogenetic stage, can
indicate the proportions of the appearing ambulacra. If
such proportions are fixed in the ontogeny of the basal
circlet when its morphogenetic correlations with the
oral circlet are weakened in its further development,
then the adults should have a characteristic ratio of
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basal plates, i.e., two large (paired) and one smaller
(unpaired) basal plate.

However, the ray in which the unpaired basal plate
will originally be located also depends on the sequence
of appearance of the three original ambulacra, which
could be different. Therefore, the unpaired basal plate
could originally appear in the A, B, or E ray. Generally,
though not invariably, the ambulacrum on the A ray
appeared last in ontogeny, judging from the appearance
of the radials and radial facets in fossils. This could also
determine the frequency of the appearance of the
unpaired plate on a given ray. In addition, the sequence
of the appearance of the ambulacra in ontogeny deter-
mined the position of the basal and infrabasal plates
indirectly, through the position of the oral plates.
Therefore, if, for instance, the unpaired A ambulacrum
determined the position of the unpaired plate in the
basal circlet, it should have originally appeared not on
the A ray, i.e., to the left of the corresponding unpaired
oral plate, but on the B ray, to the right of this oral plate.
This is connected with the original left-handed devel-
opment of echinoderms, related to the disappearance of
the right protocoel and mesocoel and the resulting ten-
dency for morphogenetic processes to occur in the
clockwise direction (i.e., from left to right). The influ-
ence of the original left-handed development on the
morphogenesis of structures in echinoderms is dis-
cussed in the chapter on symmetry.

In addition, in ontogeny, after the appearance of the
basal circlet, the infrabasal circlet rotated in relation to
the oral circlet for half of the radius, i.e., 36°. This was
necessary to preserve the alternating arrangement of
plates in the neighboring circlets (like in a brick wall),
and should have determined the position of the
unpaired basal plate in the adults. Assuming this, in the
adult dicyclic forms, the unpaired plate should have
been shifted clockwise for one radius, and in the mono-
cyclic it should have been displaced into the neighbor-
ing interray. According to the proposed model of mor-
phogenesis of plates and circlets, a permanent position
of the unpaired infrabasal plate in the C ray in Flexibilia
represents an archaic characteristic reflecting the origi-
nal development of pentaradiate symmetry through
triradiate symmetry and the primary morphogenetic
influence of the unpaired A ambulacrum through the
orals, to the position of the unpaired plate in the basal
circlet. According to this hypothesis, the original for-
mation of the unpaired infrabasal plate in the ontogeny
of Flexibilia occurred in the B ray.

For comparison, the position of the unpaired basal
plate in Blastoidea, based on the above assumption, was
originally the same as in Flexibilia, i.e., on the B ray.
Indeed, in adults, this plate is usually located on the AB
interray. Because it is situated in the basal circlet, after
the appearance of the radial circlet, it should have been
displaced by a half-radius in a clockwise direction.
Therefore, it would have originally appeared in the
B ray. In the polycyclic eocrinoid Cryptocrinites, a
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small, unpaired basal plate occurred in the EA interray.
Perhaps, the incipient plate was displaced clockwise
from its original position on the B ray in the ancestral
polycyclic forms. However, this seems unlikely,
because assuming this, the plate would have inscribed
too a large circle. Apparently, in this case, the morpho-
genesis occurred somewhat differently. For instance,
the displacement of circlets clockwise could have fin-
ished at earlier ontogenetic stages, because the appear-
ance of the new circlets (third or fourth) in these forms
apparently occurred without a displacement, with the
latest plates already appearing in new positions.
Because of this, the alternation of the plates in the new
circlets was irregular. Therefore, the position of the
unpaired basal plate is difficult to establish in these taxa
due to insufficient data. The study of Paracrinoidea may
help to resolve this problem.

How can the proposed model be tested? Unfortu-
nately, in most cases, including the Flexibilia (which
have the most characteristic structure of the basal cir-
clet) it is not possible to see it directly because their
early ontogeny remains poorly known. However, in the
Early Permian hypocrinid (Cladida, Inadunata) Crano-
crinus praestans Arendt, the ontogenetic changes of the
theca, thoroughly described by Arendt, support the pro-
posed model (Fig. 9). In this species, the unpaired infra-
basal plate occurs in the C ray. As noted above, the
radial or interradial position of structures in the ontog-
eny should be determined in relation to the radial ambu-
lacral canals and hydropore, the positions of which are
well defined even before the appearance of the radial
plates in the structure of the oral circlet. The ontoge-
netic changes described by Arendt (1970) show a rota-
tion of the infrabasal and basal circlets clockwise in
relation to the oral circlet, after the radial circlet
appeared. As a result, the unpaired infrabasal plate is
displaced from the BC interray to the C ray together
with the already formed basal circlet. Extrapolating this
tendency toward a clockwise displacement, it is possi-
ble to suggest that before the appearance of the basal
circlet, the unpaired infrabasal plate occurred in the
B ray. This supports the possibility of such a displace-
ment in Flexibilia. In contrast to Flexibilia, which show
a stable archaic position of the basal plate, in hypocrin-
ids, the unpaired basal plate could have originally
occurred in other rays, usually in the E ray. This could
have resulted from the increased diversity in the
sequence of the appearance of the radial plates and,
hence, radial ambulacral canals.

HOMOLOGIES OF PLATES IN THE FOUR-PART CIRCLET

This model can also be tested on the four-part basal
and infrabasal circlets of the Ordovician genera Perit-
tocrinus and Colpodecrinus (Fig. 20). Supposedly, the
missing fifth plate in these genera corresponds to the
unpaired plate of Flexibilia, because this structure of
the proximal circlet in this group appears to be deep-
rooted and connected with the morphogenetic mecha-
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nism of the appearance of the pentaradiate symmetry.
The four-rayed stem in these genera supports this sug-
gestion. In Colpodecrinus, the AB, or BC basal plate is
absent in the basal circlet. This results from the fact that
only one basal plate occurs radially, directly below the
B ray, and has a single tapering. However, judging from
the fact that the displacement of the plates in crinoids
usually occurs clockwise, it is most likely that it is the
BC plate, which is absent in the basal circlet. In any
case, it can be positively stated that this genus did not
have the B plate in the lintel circlet or a corresponding
pentamere in the stem. This structure can, with a certain
degree of confidence, be explained by the appearance
of the basal circlet in this taxon at a stage of ontogeny
when four ambulacra were already formed, while the
development of the fifth ambulacrum was arrested.
This, through the morphogenesis of the orals, was
transmitted onto the basal circlet. Here, the correspon-
dence to the original location of the unpaired plate of
Flexibilia and Blastoidea in the C ray is observed. The
lintel circlet, like the stem, received its four-part struc-
ture through the morphogenetic influence of the basal
circlet. This suggests that the development of the pent-
aradiate symmetry of the food-gathering system
directly influenced the morphology of the oral circlet in
crinoids and, through this circlet, the morphology of the
basal circlet in those forms retaining archaic features in
the thecal morphology. However, in many crinoids, the
secondary changes in the morphology of the most prox-
imal circlet was affected by many other factors, prima-
rily by the morphogenesis of the circlet lying immedi-
ately above (basal or radial). One of the most interest-
ing cases is described in the section on asymmetry,
where the influence of the original asymmetry on the
frequency of the appearance of the left- and right-sided
forms in echinoderm structures is discussed.

HOMOLOGY OF THE THECAL CIRCLET
AS A MORPHOGENETIC PROBLEM

It was shown in this chapter that interpretation of the
homology of the circlets and plates in the theca of
crinoids should primarily be based on the morphogen-
esis of structures rather than just on their morphology,
which can be similar in distant forms but very different
in closely related forms. This approach allows the fol-
lowing major conclusions on the origin and homology
of circlets and plates of the crinoid theca:

(1) Dicyclic and monocyclic crinoid cups appeared
as a result of paedomorphosis of the original polycyclic
forms.

(2) The basal circlet of monocyclic crinoids is
homologous to the infrabasal circlet of dicyclic
crinoids.

(3) The basal circlet of dicyclic forms is homolo-
gous to the radial circlet of monocyclic crinoids.

(4) The radial circlet of dicyclic forms is homolo-
gous to the third (counting from the proximal end) cir-
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clet of polycyclic forms and is not homologous to the
radial circlet of monocyclic forms.

(5) The lintel circlet, present in some crinoids and
occurring below the basal circlet in monocyclic forms
and below the infrabasal circlet of dicyclic forms
resulted from the inclusion of the proximal columnal
that was subdivided into pentameres in the cup.

(6) The superradials of disparids resulted from the
inclusion of the first brachials in the cup. Their devel-
opment in some (rather than in all) rays was determined
by a clearly seen sequence of the ontogenetic develop-
ment of the radials.

(7) The superradial in the C ray of the genera Hop-
locrinus, Hybocrinus, and other hybocrinids represents
the remains of the reduced radial circlet, which is
homologous to the radial circlet of dicyclic crinoids.
This plate is not homologous to the upper C radial of
disparids.

(8) Accessory plates of perittocrinids represent a
morphological innovation connected to the appearance
of accessory fold structures with a thinned stereom.
Through these fold structures (and the pore structures
of other pelmatozoan echinoderms), feeding on bacte-
ria and dissolved organic matter was performed. The
respiratory function was only secondary. These struc-
tures are connected with somatocoels and in this sense
homologous, although many of them appeared inde-
pendently. They did not have a direct connection with
the ambulacral system.

(9) The consistent structure of the basal or infrabasal
circlet in many groups of crinoids, eocrinoids, and
paracrinoids was composed of three plates, one of
which was small and unpaired, is determined by the
sequence of the development of pentaradiate symmetry
of the ambulacral system from the primary triradiate
symmetry. The appearance of the unpaired plate in
ontogeny originally corresponded to the unpaired A
ambulacrum and occurred in the B ray. The further dis-
placement of this plate in ontogeny occurred clockwise
and resulted from the morphogenesis of the dicyclic or
monocyclic cup.

SECTION 2. ORIGIN AND HOMOLOGIES
OF THE ANAL STRUCTURES
IN THE SKELETON OF PELMATOZOAN
ECHINODERMS

The anal structures in the skeleton of pelmatozoan
echinoderms represent an expansion in the theca of the
animal, resulting from the position of the rectum, or
anal exit, which is typically formed or surrounded by
special plates. The anal structures can also extend out-
side the theca in the form of an anal tube, or a large anal
sac, performing some additional functions connected
with respiration, feeding, and reproduction. The anal
structures are most diverse and best-studied in crinoids.
Features of their structure are used in the systematics
and taxonomy of many taxa in this class, although the
Vol. 36
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homologies of some plates are debatable. Therefore, it
is necessary to study the evolutionary morphogenesis
of these structures and to discuss their origin in order to
substantiate convincingly the concepts of homology. In
eocrinoids, the anal structures are less clearly
expressed. They are more uniform and are studied
much more poorly than in crinoids. Therefore, the anal
structures are discussed below in greater detail in
crinoids, while the data on their organization in other
classes of pelmatozoan echinoderms will be used only
for discussing their homologies and origin.

ANAL STRUCTURES IN THE SKELETON
OF CRINOIDEA
Among Paleozoic crinoids, the structure of the anal
area is considerably different in Camerata, on the one
hand, and in Inadunata and Flexibilia on the other. In
the first subclass (Camerata), the anus is located on the

op of the smallanal pyramid. which s only lightly {125 S o el ey i ) e
?1evated abo.ve the thecal surface. In this sense, the anus (a) arrangement of plates in ’the theca of Hybocrinus nitidué
1s very .Slmllar to the anal structure of the an?eStral Sinclair; (b) anal interray in Hoplocrinus estonus Opik,
eocrinoids. In Inadunata and Flexibilia, the anus is usu- specimen PIN, no. 4125/9; (c) Botryocrinus cucurbitaceous
ally located at the end of the large anal sac or on a long (Angelin), lateral view of the cup, CD interray; (d) arrange-

armlike process (Fig. 25). These represent recently
formed structures that do not occur in other echino-
derms. Among Inadunata, the diversity of extrathecal
anal structures is the highest and reflects different
stages of the development of these structures.

ment of plates in the crown of Columbicrinus crassus

STRUCTURE AND HOMOLOGIES OF THE PLATES

OF THE ANAL SERIES IN DISPARIDA

In monocyclic inadunates (Disparida), the anus is
located on the end of an armlike process. Dorsally, this
projection is usually almost identical to the dorsal skel-
eton of an arm. Functionally, the dorsal skeleton of the B
anal projection represents the first left branch of the Bl
dorsal skeleton of the arm in the C ray (Fig. 25d). Com- 2]
parative morphology of disparids clearly shows that
such an interpretation is also correct morphogeneti-
cally. Therefore, the anal projection of disparids can be
interpreted as a morphogenetic combination of the rec-
tum with the left branch of the dorsal skeleton of the e
arm in the C ray. This hypothesis is also supported by L
the fact that, in some disparids of the family Eusteno-
crinidae and superfamily Calceocrinaceae, the rectum
completely embraces the dorsal skeleton of the arm in SX
the C ray (Figs. 26, 81). As a result, this crinoid
becomes effectively four-armed; the other structures of ==

Ulrich (after Rozhnov, 1985).
A
}_
the arm, except the aboral skeleton, do not develop in :

the C ray of this crinoid. m
When the low anal cone of eocrinoids is compared

to the long anal tube of disparids, it becomes clear that

the rectum and its primary skeleton are not capable, on Fig. 26. Composition and relationships of the plates of the
their own, of metameric growth. The use of the dorsal crown in the genus Eustenocrinus Ulrich. Aboral skeleton
skeleton of the arm for better support of the rectum of the arm in the C ray is completely occupied by the rectum

and transformed into the anal tube (after Moore, 1962).

a}lowed copmderabl_e elongf‘ltlon of the rectum, and a Inferradials are horizontally hatched, radials are black, the
significant increase in the distance between the mOUth first brachials are vertically hatched, anals are dotted.
and anus. However, the latter change has less functional Arrows indicate the probable border of the cup.
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importance than is generally thought, because the
mouth in pelmatozoan echinoderms does not catch
food from the outside, but receives it through the food
grooves from a wide food-gathering network of arms or
brachioles. A considerable elongation of the upper part
of the digestive tract, which allowed increased capacity
for digestion without an increase in the size of the dor-
sal cup, was apparently of much greater importance. In
addition, in further evolution, this allowed a consider-
able increase in the functional possibilities of the result-
ing anal sac. It played a noticeably larger role in respi-
ration and, perhaps, in feeding on dissolved organic
matter; it could also have lodged a gonad. This last
assumption is very important, because it explains the
large volume of the so-called anal sac in dicyclic inadu-
nates, which later formed on this morphogenetic basis.

STRUCTURE AND HOMOLOGIES OF THE PLATES
OF THE ANAL SERIES IN CLADIDA

In the crinoid subclass Cladida (primarily Dendro-
crinina and Poteriocrinina), the anal structures are rep-
resented by a very large sac covered with plates, which
occupies a large space above the theca, between the
arms. Its surface, from the peripheral side, is composed
of plates, which are morphologically similar to those of
the cup, while from the inside it is often composed of
lines of small plates (often star-shaped) with pores in
between them. The anal opening occurs on the end of
the anal sac and is covered by the plates of the anal pyr-
amid. The anal sac of Cladida is distinguished from the
anal tube of Disparida not only by its size, but also by
the fact that its peripheral proximal part is included in
the cup; generally, one or two plates of its base are
included in the cup (Fig. 25d). One of these plates is
referred to as the radianal, while the other is called the
anal X. Morphological series show that the radial plate
is homologous to the C superradial or to the first auxil-
iary plate in the C ray in disparids. The anal X is homol-
ogous to the first plate of the anal tube of disparids, i.e.,
to the first plate of the aboral skeleton of the first left
branch of the arm in the C ray. This indicates the pres-
ence of the inferradial in the C ray in some Cladida and
Flexibilia. Different variations of homologies of these
plates are carefully discussed in the brief but informa-
tive studies of Philip (1964, 1965). It is noteworthy that
it is not necessary to give a different name to each
slightly different morphology, because they all essen-
tially correspond to the first left branch of the aboral
skeleton of the arm in the ray. Some disparids also
occasionally have an anal sac (e.g., locrinus). However,
in these taxa, all anal plates occur outside the cup. This
may indicate the origin of cladids and disparids from
polycyclic forms, through variously deep paedomor-
phic changes. What was the reason for the appearance
of the large anal sac in inadunates, and what functions
could it perform? It appears that the main reason for the
appearance and subsequent increase of the anal sac was
the migration of the gonad into it. This is considered in
greater detail below.
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POSITION OF THE GONAD IN INADUNATA

Compared to Eocrinoidea, inadunates have a rela-
tively smaller theca. It is especially noticeable when the
total size of the body, including the length of the stem
and the food-gathering system, are compared. The size
of the theca in inadunates, and especially in disparids,
does not in most cases exceed 10% of the size of the
stem and arms and is sometimes even smaller. In most
eocrinoids, the size of the theca considerably exceeds
the combined size of the stem and brachioles, and it is
always at least 50% of the total size of the body. In
mature individuals, the gonad occupies a considerable
space. Crinoids do not have a gonopore in the theca
(unlike eocrinoids and cystoids). Therefore, the gonad,
especially considering its large size and the small size
of the theca in inadunates, should have been at least
partly outside the theca. In modern crinoids, the gonad
develops in pinnules. In many Paleozoic inadunates,
pinnules are absent. The development of the gonad in
the arms should have disturbed the food-gathering
function. Hence, it is reasonable to suggest that the
gonad was not lodged in the arms or inside the theca.
The only other possible place to house it would have
been in the anal expansion in disparids, and in the anal
sac in cladids. If this assumption is correct, the devel-
opment of the gonad in the inadunate crinoids would
have differed considerably from that in ancestral
eocrinoids and modern articulated crinoids. In contrast
to eocrinoids and other Blastozoan echinoderms, the
gonad in crinoids developed outside the theca. How-
ever, as in these groups, the gonad in crinoids only
developed in one interray (anal) and apparently,
together with the stone and pore canals and a system of
blood vessels, formed a complex of organs similar to
that of starfish, brittle-stars, and sea urchins. In most
modern crinoids (Fig. 27), a series of cells containing
the primary sex cells adjoins the upper part of the Axial
organ (Glandular organ) (which at the base occurs in
the central cavity of the chambered organ and at the top
is blindly terminated near the oral hemal ring). This
series of cells continues to the genital cords of the arms
(Fedotov, 1951). In contrast to a single gonad occurring
in the anal interray, as in the earliest crinoids, in modern
crinoids there are many genital glands. They are lodged
in the pinnules and are adjoined by the genital cord
extending around the esophagus and connected, in
stalked forms, with the cell complex of the axial genital
cord. The structure of the reproductive system in mod-
ern crinoids depends on pentaradiate symmetry. How-
ever, in many early crinoids, it was apparently not radi-
ally symmetrical, and the position of the gonad in these
groups could vary considerably. In most taxa it was
most likely located outside the theca, in the anal struc-
tures, whereas in some it could migrate in the opposite
direction, to the stem, or even to the holdfast.

I suggested this previously, when describing pecu-
liar multiplated holdfasts from the Middle Ordovician
of Estonia (Hints ef al., 1989). The structure of these
holdfasts and the possible occurrence of the gonad in
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Fig. 27. Vertical section through the middle of the cup of the crinoid Heliometra glacialis (after Ivanov et al., 1946).

them are discussed in the section on the structure of the
stem. Thus, the appearance of the anal sac in crinoids
could be functionally connected not only with the elon-
gation of the digestive system, but also with the neces-
sity for a special container for the gonad. The following
morphological sequence is observed in the develop-
ment of the anal area: (1) a low anal pyramid on the side
of the theca in its distal (or, more rarely, proximal or
middle) part (all blastozoan echinoderms and most
crinoids, primarily Camerata); (2) an armlike process,
elevated above the cup (most disparid crinoids); (3) an
anal sac (most cladid inadunates and Flexibilia). The
anal pyramid is present in all three morphological types
of anal area. Its purpose is to enable active pulsation of
the rectum, to inject and eject water. Apparently, in
many cases, this was an important mode of respiration.
From the comparative-morphological point of view, it is
not just the structure of the anal pyramid, the anal sac, or
the anal armlike process that is most interesting, but the
arrangement and homology of the plates at the base of
these structures, which mostly represent parts of the theca.

STRUCTURE OF THE ANAL AREA IN HYBOCRINIDS

The structure of the anal area in hybocrinids (like
many other structures) was usually considered to be the
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same as in disparids, or only slightly different. There-
fore, until recently, they were placed in the order Dis-
parida within the inadunate Crinoidea (Moore et al.,
1978). Rozhnov (1985a, 1985b) recognized them as a
separate subclass Hybocrinea (within Crinoidea). One
of the arguments in favor of this proposal was the pres-
ence of the anal pyramid in Hoplocrinus, which 1
observed in this genus above the extended left part of
the inferradial (Fig. 25b). It was clear from this struc-
ture that the anal plate in the cup of Hybocrinus is a
plate of the tegmen that was included in the cup
(Fig. 25a), or a new structure that filled the extension in
the cup used for the rectum, and is not connected with
the left posterior branch of the arm in the C ray, as in
disparids. Thus, the anal structures in hybocrinids rep-
resent only slightly modified structures of ancestral
eocrinoids.

ORIGIN OF THE ANAL PLATES IN THE THECA
OF PELMATOZOAN ECHINODERMS

Among all pelmatozoan echinoderms, and possibly
all echinoderms, the plates of the anal pyramid cover-
ing the anal opening are probably homologous, because
they have a very ancient origin. All other structures
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evolved later. The plates covering the extension in the
theca, where the rectum is located, evolved later, and in
many groups could have appeared synchronously. The
anal tube and the anal sac of crinoids evolved even later.
To understand the homology of the plates of the anal
area, their origin should be revealed. With this purpose,
their structure in primitive eocrinoid taxa is discussed
below, but a few words should be said beforehand about
the structure and ontogeny of the digestive system of
crinoids.

The intestine of crinoids, which is subdivided into
the esophagus, middle intestine, and rectum, begins
with the mouth opening in the middle of the oral part of
the theca. Consisting of a narrow tube, it turns clock-
wise (seen from the oral side), descends into the wide
part of the middle intestine, from which the branch of
the rectum again ascends, and opens by the anal open-
ing at the top of the anal pyramid. It is very important
that the intestine is coiled clockwise, because it indi-
cates the direction of growth in taxa with more primi-
tive ontogeny than modern crinoids. Its primary clock-
wise coiling, very typical of all echinoderms, is, as
shown in the section on symmetry, connected with the
primary left-sided asymmetry of all echinoderms. It is
noteworthy that the coiling intestine usually forms a
complete circle, i.e., the anterior end is curved from the
centrally positioned mouth in the CD interray and is
coiled clockwise, eventually opening into the anal
opening, also in the CD interray. Sometimes this circle
is incomplete, and the anus occurs in the C ray, or even
in the BC interray. Such deviations are apparently con-
nected with heterochronies appearing in the process of
ontogeny. Thus, the CD interray is especially important
for the digestive system, because it contains both the
descending branch of the digestive tract (close to the
axis of the theca), and the ascending branch, running
along the wall of the theca and terminating by the lat-
eral or upper lateral anus. Hence, the anal CD interray
should be wider than the other interrays. In many
eocrinoids, and many camerate crinoids, the increase in
the width of the interray is achieved by additional
plates, or by a series of additional plates with an anal
pyramid at their distal end in this interray. In some
eocrinoids, cystoids, and some crinoids, the ascending
branch of the rectum was very short, and the anus was
located closer to the distal end of the theca (Fig. 21).
In these cases, special anal plates were usually absent.

In the multiplated eocrinoids, the arrangement of the
anal plates became more regular as the arrangement of
the thecal plates became more regular. Their growth
and arrangement were in accordance with the develop-
ing circlets of the thecal plates. No fundamental diffi-
culties arise in homologization of the anal plates in dif-
ferent groups, while the interpretation of the correspon-
dence of the anal plates in different groups depends on
the homologization of the circlets in each case. How-
ever, the same applies to homologization of the anal
plates of the camerate crinoids.
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In disparid crinoids, all anal plates occur outside the
cup, and originate from the plates of the dorsal skeleton
of the left branch of the C arm in the C ray, or in some
cases the entire C arm. In some disparids, for instance,
in iocrinids, this homology is evident, since the anal
projection branches off the C arm. The branching of the
anal tube did not necessarily occur immediately above
the superradial (it could also be higher). However, in
the phylogeny of crinoids there is a trend towards dis-
placement of the branching point to within the cup. As
was discussed in the section on the homology of thecal
circlets, this process led to appearance of the superradi-
als, including those in other rays, which somewhat
complicates the recognition of the homologies of the
anal plates. For instance, in pisocrinids (disparid inadu-
nates) the origin of the anal series of plates is slightly
masked, because this series is supported by a specific
expanded projection composed of the lateral parts of
the C and D cup plates. However, even in this case, the
homologies and origin of the anal plates are not difficult
to recognize when these crinoids are compared to the
ancestral homocrinids.

The situation is different with Cladida and Flexi-
bilia. One or two anal plates (sometimes more) are
included in the cup, while the remaining plates of the
anal sac occur outside the cup (Fig. 25¢). The problem
lies in interpreting the homology of the anal plates in
the cup; are they homologous to the original plates of
the theca of the eocrinoid ancestors, or to the plates of
the left branch of the C arm included in the cup? The
answer to this question is certain. Morphological
sequences, equivalent to those among disparids, con-
vincingly show that the so-called radianal plate in this
group is derived from a primary radial, usually dis-
placed clockwise from its original position to the left.
The radial plate lying above it is derived from the first
brachial included in the cup, whereas the anal pate X is
derived from the first plate of the left branch of the arm
in the C ray, which gave rise to the anal sac after being
embraced by the rectum. As shown above, the radials of
monocyclic and dicyclic crinoids are not homologous.
Hence, the radianal plate of cladids is not homologous
to the C inferradial of disparids, as was previously
assumed. However, the C radial of cladids and the C
superradial of disparids are homologous, because both
are derived from the first brachials (Fig. 28). Thus, the
similar morphogenetic mechanism of development of
the anal sac in Disparida, Cladida, and Flexibilia
resulted in a similar structure of the C ray, although it
was based on transformations of originally different
plates.

The origin of the anal series in the camerate crinoids
is different. It is not connected with the plates of the
arm being included in the cup. Partly, the anal plates, at
least those occurring within the primary cup, were
inherited from the ancestral crinoids. Partly, they are
innovations connected with the interambulacral plates,
appearing when the arms are included in the theca
above the primary cup.
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Fig. 28. Homologies of the anals in typical cladid crinoids (left), cladids with the paired radial in the C ray (center), and a disparid
crinoid (right). Infrabasals of cladids, basals of disparids, radials, and superradials in the C ray are black, radials and the radianal of

cladids are diagonally hatched, anals are dotted.

The anal structure is different in hybocrinids
(Figs. 25a, 25b). Although the structure of the anal area
and the C ray in the genus Hybocrinus is similar to that
in inadunates, the origin of these structures was appar-
ently different in these groups (Rozhnov, 1985a,
1985b). This is indicated by the fact that, instead of the
anal sac, this genus had only the anal pyramid, which is
not capable of significant distal growth. Therefore, the
anal plate in this genus originated from the inclusion
into the ventral part of the theca of one of the tegmen
plates surrounding the anal pyramid. This hypothesis is
supported by the structure of the closely related genus
Hoplocrinus from the Ordovician of the Baltic region,
which lacks the anal plate. Instead of this plate, in the
anal interray, this genus has an elongated left distal part
of the inferradial plate of the C ray.

To summarize the above discussion, the following
conclusions on the anal structures in pelmatozoan echi-
noderms can be made:

(1) The anal structures in the skeleton of most pel-
matozoan echinoderms are confined to the theca, and
represent an expansion of one of the interrays (usually the
CD interray, containing the hydropore, but sometimes the
previous BC interray), covered by special plates and used
to embrace the rectum. Such expansion terminates in the
anal pyramid, covering the anal opening.

(2) In some crinoids (Inadunata and Flexibilia), the
anal pyramid occurs at the end of a specific anal tube,
or anal sac, projecting far outside the theca.

(3) The anal tube in Disparida morphogenetically
originated from the aboral skeleton of the first left
branch of the arm in the C ray embraced by the rectum.

(4) In some cases, the rectum may completely
embrace the aboral skeleton of the arm in the C ray.
In this case, the other structures in the C ray do not
develop.
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(5) The anal sac of Cladida represents a further
development of the aboral skeleton of the left branch of
the C arm, proximally included in the theca.

(6) The anal tube and anal sac of Inadunata and
Flexibilia were not only used to contain the rectum, but
possibly also the gonad.

(7) The anal structures in the skeleton of Inadunata,
Flexibilia, and hence, Articulata, are morphological
innovations, and are not homologous to the anal struc-
tures of Camerata and ancestral Eocrinoidea, or to
those of Hybocrinida.

(8) The radianal plate of Cladida is homologous to
the superradial of most Disparida, and originates from
the first auxiliary brachial included in the cup.

(9) The anal plate X of Cladida is homologous to the
first plate of the first left branch of the aboral skeleton
of the C arm in Disparida.

(10) The anal structures of Hybocrinida are homol-
ogous to those of the ancestral Eocrinoidea, and proba-
bly some Camerata, but they are not homologous to the
anal structures of Inadunata and Flexibilia.

SECTION 3. ORIGIN AND HOMOLOGIES
OF THE STEM IN PELMATOZOAN
ECHINODERMS

The stem is present in almost all pelmatozoan echi-
noderms (Fig. 1). In a few taxa it is reduced, and in
some is completely absent. The stem is connected to the
theca by its proximal end, and to the substrate by its dis-
tal end. Therefore, the distal end of the stem usually has
a specific attachment structure (holdfast) that may be
simple or complex. The stem is composed of
metameres (columnals), with an axial canal in the cen-
ter. In some eocrinoids, instead of the stem, there is a
nonmetameric or weakly metameric extension, poorly
separated from the theca, and possessing an attachment
sole. Its skeleton is composed of more or less irregu-
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larly arranged polygonal plates, rather than separate
ossicles. Sprinkle (1973a) referred to this type of stem-
like projection as the holdfast, but to avoid confusion
with the genuine holdfast on the distal end of the stem,
it is here called the peduncle.

HOMOLOGIES OF THE METAMERIC APPENDAGES
IN DEUTEROSTOMES

Before the discussion of the origin of the stem, and
the explanation of various combinations of the stem and
theca, possible homologies of the stem to the attach-
ment processes, taillike appendages, and some other
structures of deuterostomes are considered. Apart from
the above mentioned (1) metameric stem and (2) non-
metameric peduncle, echinoderms have the following
appendages and attachment structures: (3) peduncle in
some starfish larvae, appearing when they settle and
later disappearing; (4) attachment sole and collar in
Edrioasteroidea; (5) stem in Edrioasteroblastoidea;
(6) stele in Homostelea; (7) arm in Homoiostelea;
(8) metameric appendage in Stylophora.

The rays of starfish, somasteroids, and brittle stars,
the arms of crinoids, as well as the brachioles of cys-
toids and other groups, are also appendages of the body.
However, these structures appear in large numbers in
the ontogeny, and participate in several systems of
organs of different origin. This suggests that they repre-
sent a specific form of growth of radially symmetrical
echinoderms. Therefore, their homologies should be
considered within the radially symmetrical echino-
derms, whereas only the separate structures of these
appendages may be correlated with those in other echi-
noderms, chordates, and hemichordates. It is uncon-
vincing to suggest, for instance, that the ray of a brittle-
star and the metameric appendage of Stylophora are
homologous. Brachioles and other appendages, apart
from the fixation peduncle, of starfish larvae are adap-
tations to the larval lifestyle, and their homologies are
unclear. Among hemichordates, a useful example is the
proboscis of Enteropneusta. The proboscis is derived
from the protocoel, and has a single proboscis pore
located on the left. Following the proboscis there is a
short medium body division (mesosome), represented
by the so-called collar. Pterobranchia have a posterior
contractible stolon, and one of the genera (Cephalodis-
cus) has a fixation organ, apparently formed from a
small depression with glandular cells on the posterior
end of the larva. Among chordates, an interesting organ
for this comparison is the tail, present in cephalochor-
dates, vertebrates, and some tunicates (ascidians). It is
noteworthy that the larvae of ascidians have anterior
fixation papillae, which are not regarded as homolo-
gous with the preoral fixation lobe of echinoderms
(Ivanova-Kazas, 1978).

What is the similarity and difference between all the
above appendages of deuterostomes from the morpho-
genetic point of view, and with which can the stem of
pelmatozoan echinoderms be compared? This compar-
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ison can be based on the coeloms constituting these
structures. For instance, the tail of chordates is formed
by somatocoels. However, the stem of crinoids contains
a five-chambered organ connected, in its origin, with
somatocoel. This suggests that these structures are
homologous (Malakhov, 1977, 1982, 1989, 1996). The
presence of somatocoel in the stem of crinoids is a
major difference between the crinoid stem and the fix-
ation peduncle of the larvae of some starfish, because
the peduncle is formed using axocoels (Fedotov, 1923).
However, there is an important similarity between the
peduncle of the starfish larvae and the stem of crinoids;
both have a holdfast on the end, which is, in both cases
formed from the preoral lobe. Based on this fact,
Ivanova-Kazas (1997) considered the view of Mala-
khov on the homology of the crinoid stem and the tail
of chordates to be erroneous, without taking into
account the participation of the somatocoel in the
development of the crinoid stem. It seems that the
development of the crinoid stem and the peduncle of
starfish from the preoral lobe, and the attachment of
echinoderm larvae by the preoral lobe, are extremely
important for establishing the homologies of these
structures, because they indicate deep morphophysio-
logical correlations between many processes of devel-
opment. However, it is necessary to take into account
the presence of the particular coeloms in these struc-
tures. Hence, it can be concluded that the stem of pel-
matozoan echinoderms evolved as a result of integra-
tion of morphogenetic potential of the somatocoels and
the preoral lobe (Rozhnov, 1986, 1987a, 1990b).
Another hypothesis, that echinoderms, like pterobran-
chiates, used a morphological innovation on the mor-
phological posterior end of the body (so-called tail)
(Malakhov, 1989) to attach to the substrate, contradicts
paleontological data, because the stem, as shown
below, gradually develops from the nonmetameric
attached part of the body (Sprinkle, 1973a), or by poly-
merization of the attachment disk. Therefore, the stem
of the pelmatozoan echinoderms is only partly homol-
ogous to the tail of chordates, only because it is also
connected in its origin with the somatocoels. The stem
is partly homologous to the attachment peduncle of
some starfish larvae, because in both groups the place
of fixation originated from the preoral lobes. It is note-
worthy that in starfish this podium is not metameric.
Perhaps it was connected with the absence of a morpho-
genetic link between the posterior coeloms and the
holdfast. The anterior coeloms apparently had lesser
potential for independent metameric growth. However,
the presence of the stem in Edrioblastoidea may be con-
nected with the metameric growth of the protocoel
morphogenetically connected with the holdfast. In this
case, the stems of crinoids and edrioblastoids are not
homologous. This problem is discussed in greater detail
below, when discussing the structure of edrioblastoids.
The stele of the Homostelea (Cincta), which does not
have a holdfast on its end (Ubaghs, 1967d), can be
homologized with the tail of chordates. The establish-
Vol. 36
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Fig. 29. Reconstruction of the skeleton of Maennilia estonica (Soluta) from the Middle Ordovician (Caradoc, Keila Horizon)

of Estonia.

ment of Homoiostelea (Soluta) is difficult, because
recently a holdfast was found in the earliest representa-
tives of this group.

STELE AND STRUCTURE OF THE SKELETON
OF HOMOIOSTELEA (SOLUTA)

The stele of Homoiostelea can be homologized with
the tail of chordates, and hence, partly, with the stem of
Pelmatozoa. However, for detailed consideration, the
development of so-called larval and postlarval seg-
ments in the chordate body should be taken into
account (Ivanov, 1944; Svetlov, 1957), whereas in echi-
noderms the presence of the larval segments is only
apparent. The problem of the larval and postlarval seg-
ments and metamerism is discussed in detail below,
when the symmetry in echinoderms is discussed. The
accepted homology of the stele of Soluta greatly
depends on which concept of their origin is applied. In
recent years, P. Jefferies has been working on the part
of calciochordate theory dealing with the evolutionary
transition from a Cephalodiscus-like ancestor to echin-
oderms and chordates. He has thoroughly studied and
described the morphology of Soluta (or Homoiostelea),
which is of great importance in this respect. First of all,
this is a detailed description of Dendrocystoides scoti-
cus from the Upper Ordovician of Girvan, i.e., the same
locality that yielded Cothurnocystis elizae, a famous
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cornute stylophore species (Jefferies, 1990). Many
morphological details, and a new interpretation of the
animal’s position in life, were based on the description
of the skeleton of the genus Maennilia, closely associ-
ated with Dendrocystoides from the Middle Ordovician
of Estonia (Rozhnov and Jefferies, 1996).

What are Soluta? They have a theca, a tail, a food-
gathering process (arm) of typical echinoderm struc-
ture, an anus, a madreporite, and a gonopore (Fig. 29).
Paleontologists generally agree on the interpretation of
these body parts, although Jefferies refers to the theca
as the head, which is necessary for the calciochordate
theory. In addition, he discovered slit pores between the
plates in some genera, which he interpreted as gill slits.
The well preserved skeleton of Maennilia estonica does
not have clearly visible pores. These pores may be
present on impressions of Dendrocystoides from Gir-
van. Jefferies suggested that the preoral lobe contained
the gonad. This is also possible, because of the presence
of the gonopore at the base of the lobe.

The arm of Soluta represents a long process
(approximately half the length of the theca) covered by
four series of plates. The beginning of the arm is out-
lined by rigidly articulated plates. The structure and
functions of the arm are discussed in detail in the chapter
on the homology of the food-gathering processes in echi-
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Fig. 30. The earliest solute species Coleicarpus sprinklei Daley, from the Middle Cambrian of Utah, has a holdfast on the end of
the tail. Specimen UCGM 46438, with three adult individuals attached to a fragment of an agnostid cephalon.

noderms. Here, possible homologies of the stele are dis-
cussed in the light of new, differently interpreted data.

In a recent paper Parsley (1997) suggested Soluta as
possible close relative of Eocrinoidea (Fig. 30), based
on the presence of the small holdfast on the end of the
stele in Coleiacarpus (Fig. 31), one of the earliest
Soluta. The presence of this structure makes this genus
similar to some species of the Cambrian eocrinoid
genus Gogia. This hypothesis is doubtful, because of
other features of Soluta and Eocrinoidea. Firstly,
doubts arise because of the arms and ambulacral ring;
the food-gathering apparatus of eocrinoids, with its
radial and often pentaradiate symmetry, is fundamen-
tally different from that of Soluta (which had a single
arm), and could not have evolved by a simple increase
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in number of arms, because it is connected with a com-
plex anatomical reconstruction of the entire body. Oth-
erwise, some Soluta would have occasionally had at
least two arms. In Soluta and Eocrinoidea, the ambulac-
ral system was certainly different. In Soluta, it included
a sac-like equivalent of the ring canal of the recent echi-
noderms (this is indicated by the absence of radial sym-
metry), and a ring-shaped, or at least horseshoe-shaped
(in cases where it was interrupted) ambulacral canal in
eocrinoids. Another important doubt concerns the pos-
sibility of homologization of the eocrinoid stem and the
tail of Soluta, although in the earliest Soluta the tail
could be fixed by a special structure to the substrate.
The stem of Eocrinoidea, like the stem of Crinoidea,
represents a morphological and morphogenetic combi-
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Fig. 31. Illustration of Parsley’s (1971) hypothesis of close relationships of the earliest Soluta and the eocrinoid Gogia. The primi-
tive solute Coleicarpus has a globe-shaped theca, and a holdfast on the end of the tail. Adult Soluta have no holdfast.

nation of the fixation of the preoral lobe of the larva and
the projection of the somatocoel. This morphogenetic
connection was established to have occurred at the time
of the phylogenetic twisting of the attached ancestor of
pelmatozoan echinoderms, which was close to the time
of the appearance of radial symmetry in this group.
Soluta, a group originally lacking radial symmetry,
apparently did not have this morphogenetic, or simply
morphological, combination of structures. Therefore,
the stem of Eocrinoidea is only partly homologous to
the tail of Soluta, because somatocoels take part in both
structures. However, their holdfasts are completely
nonhomologous, because in Eocrinoidea the holdfast is
homologous to the preoral lobe of the echinoderm
larva, and, possibly, to the preoral body division of
Pterobranchia (Cephalodiscus), while in Soluta, this
rarely occurring structure may be a morphological
innovation, or may be homologous to the holdfast on
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the stem of Cephalodiscus, which is not connected to
the preoral lobe of the larva. Therefore, Jefferies’ opin-
ion about the evolution of Soluta from a Cephalodis-
cus-like ancestor seems more reasonable (Jefferies,
1986, 1990, 1997, Jefferies et al., 1986).

METAMERIC APPENDAGE OF STYLOPHORA

There is no agreement about the interpretation of the
metameric appendage of Stylophora (Fig. 32). For
instance, Jefferies (1967, 1986, 1969, 1979, 1986,
1977) interpreted this metameric process as a tail, and
described these animals using chordate terminology. In
his interpretation, the axial longitudinal groove on the
surface of the stylocone and the ventral part of the pro-
cess represents room for the notochord, covered on top
by the dorsal nervous cord and the muscles lying above
it. Inside, the notochord contained a blood vessel, from
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Fig. 32. Structure of the cornute Cothurnocystis elizae according to the calciochordate theory (regular font) and aulacophore theory

(italics).

which lateral canals extended to the right and the left in
each segment (indicated by the presence of transverse
grooves). Based on the interpretation of the segmented
division as a tail containing a notochord, the calcio-
chordate theory suggests all other interpretations of the
structure of these animals, i.e., the position of the
mouth and anus, interpretation of the contour pores as
gill slits, the presence of the buccal cavity and the phar-
ynx in the head. Ubaghs (1967c, 1981) considered the
segmented appendage of Stylophora to be a flexible
food-gathering organ, called it the aulacophore, and
compared it to the arm of ophiuroides. In his opinion,
the groove inside the cavity of the aulacophore on the
surface of the stylocone and the ventral plates, enclosed
the radial ambulacral canal, while the transverse
grooves indicate the extending ambulacral podia. Dor-
sal plates are homologous to the cover plates of
crinoids. This echinoderm, or aulacophore, interpreta-
tion of the metameric appendage suggests the following
interpretation of the remaining part of the body of sty-
lophores. The mouth was intrathecal, connected with
the food-gathering canal. The canal extended from the
food groove on the stylocone, and ran through the mus-
cles of the proximal part of the aulacophore. The anus,
in the shape of the anal cone, was on the opposite side
of the body (the mouth according to the calciochordate
hypothesis). The opening, near the point that the aula-
cophore entered the theca, represented a hydropore
(anus-hydropore according to Jefferies). The contour
pores are interpreted as respiratory organs. But how did
they perform this function? Apparently, through the gill
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slits. The class Stylophora includes two subclasses,
Cornuta with a completely asymmetrical body, and
Mitrata with a more or less bilaterally symmetrical
body (Ubaghs, 1967c). It is noteworthy that asymmet-
rical Cornuta appeared in the fossil record considerably
earlier than the bilaterally symmetrical Mitrata. The
morphology of the theca in these two subclasses is very
different, but the structure of the complex metameric
process extending from the theca is similar in the sub-
classes, and based on these shared features, they are
united in the same class.

The morphology of Cornuta and Mitrata and its evo-
lution, including the transition to true Chordata, is the
major and fundamental part of calciochordate theory.
The evolutionary history of this group is described by
Jefferies in detail, but it is based on the hypothesis that
the metameric process is a tail, which is possible, but
not certain. If this assumption is not correct, the entire
interpretation of the morphology of Stylophora and the
calciochordate theory will collapse. Thus, at present,
the homology of the metameric process of Stylophora
is not certain, because its interpretation remains ambig-
uous.

THE STEM OF EDRIOBLASTOIDEA AND COLLAR
OF EDRIOASTEROIDEA

The morphology of the small Early Paleozoic group
of so-called Edrioblastoidea, members of which have a
well-developed stem (Figs. 33a, 33b, 33f), is particu-
larly interesting for studying the homologies of the
Vol. 36
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Fig. 33. Representatives of (a, b) Edrioblastoidea and (c—g) similar Edrioasteroidea: (a) Astrocystites, (b) Cambroblastus (after
Smith and Jell, 1990); (c—e) new genus of Edrioasteroidea from the lower part of the Upper Arenig, (Volkhovian) of the Leningrad
Region: (c) general view, reconstruction, (d) scheme of the structure of the ambulacrum (cover plates are removed, pores are black);

(e) cross section through the ambulacrum; (f) Paredriophus (after Guensburg and Sprinkle, 1994); (g) Totioglobus (after Bell and
Sprinkle, 1978).
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stem of pelmatozoan echinoderms. The morphology of
some Edrioasteroidea that have a special structure ele-
vating the theca over the substrate (collar) (Figs. 33c,
33d, 33e) is also important in this respect. But, are these
structures homologous to the stem of Pelmatozoa? The
answer to this question is very important for under-
standing the origin of both pelmatozoan and eleuthero-
zoan echinoderms.

Edrioblastoidea is a small group of sessile Cambrian
and Ordovician echinoderms which shares common
features with both Edrioasteroidea and Blastoidea
(Fig. 33a, 33b, 33f). This uncertainty allowed Fay
(1962, 1967a) to assign the single then-known edrio-
blastoid genus Astrocystites to a separate class. Later,
after more new edrioblastoids, Cambroblastus Smith et
Jell, 1990 and Lampteroblastus Guensburg et Sprinkle,
1994, had been found, and new morphological data on
edrioblastoids had been obtained, this group was con-
sidered to be closely related to the Ordovician family
Cyathocystidae.

At the very end of the last century, Whiteaves (1897)
described Astrocystites ottawaensis, the first known
representative of Edrioblastoidea. Three specimens of
this species were found in the Trenton Limestone (Mid-
dle Ordovician, Caradoc) of Ottawa (Canada). Bather
(1914) interpreted this species as a member of Edrio-
blastoidea. Hudson (1927) assigned the genus to Blas-
toidea, whereas Fay (1962, 1967a) assigned it to a sep-
arate class. It is interesting that despite the rarity of
well-preserved specimens of Astrocystites, there are
indications that some beds in the Trenton Limestone are
almost completely composed of isolated plates belong-
ing to this genus (Spencer, 1938). The second edrio-
blastoid genus, Cambroblastus, was described from the
Franconian (middle part of the Upper Cambrian) of
Queensland by Smith and Jell (1990). These authors
did not recognize the independent status of the class
Edrioblastoidea, and treated this group as the order
Edrioblastoida Fay (1962) within the class Edrioaster-
oidea. Recently, Guensburg and Sprinkle (1994)
described a third genus, Lampteroblastus, assigned to
the family (Astrocystitidae Bassler, 1935). This family,
together with another unusual family (Cyathocystidae
Bather, 1899), they assigned to the suborder (Edrio-
blastoidina Fay, 1962), within one of the four edrioast-
eroid orders (Edrioblastoidina Fay, 1962) that they rec-
ognized.

The edrioblastoid body was distinctly subdivided
into two parts, stem and theca. Brachioles, or other sim-
ilar skeleton-like processes belonging to the food-gath-
ering system, were absent. The structure of the distal
part of the body and the holdfast are known only in
Cambroblastus. The stem of Cambroblastus widens
slightly distally, and rapidly merges into a small conical
holdfast composed of relatively large polygonal plates.
The theca has both edrioasteroid and pelmatozoan
(blastoid) features. Therefore, in the description of the
theca, edrioasteroid and blastoid terminology is used.
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However, the resemblance of these terminologies does
not necessarily indicate a homology of corresponding
structures.

In Astrocystites, the theca is blastoid-shaped, up to
40 mm long and 30 mm high. The average size is some-
what smaller, up to 25 mm wide and 23 mm high. The
theca has well-developed pentaradiate symmetry, due
to the alternation of the five deeply distally descending
ambulacra, and five interambulacral zones, and also due
to the presence of five pentamerous circlets in the prox-
imal part of the theca. Apart from the oral, Astrocystites
has two complete, uninterrupted circlets, in which the
plates of the neighboring radii contact each other. These
are the basal circlet, composed of five plates, and the
radial circlet, also of five plates with deep incisions for
the entry of the ambulacra. This genus has five deltoid
plates, which form arches surrounding the upper part of
the interambulacra, and cover half of the bottom of each
of the two neighboring ambulacra. Five almost triangu-
lar oral plates, meeting by their ends on the top of the
theca in the center of the peristomial region, occur dis-
tally from the deltoid plates, in the interambulacra.

The ambulacra are long, descending to a distance of
approximately one third of the theca, reaching the
suture between the basal plates. The radial plate under-
lies the majority of the adoral half of the ambulacrum.
The ends of the ambulacra adjoining the basal plates are
(at least occasionally) curved clockwise (D ray), or
counter-clockwise (E ray) (in oral view) (Mintz, 1970).
The ambulacra are noticeably elevated above the thecal
surface. The central part of the bottom of each ambu-
lacrum is occupied by the ambulacral groove, U-shaped
in cross section, with a noticeable straight suture run-
ning along the median line of the groove and separating
the so-called wings of the two neighboring deltoid
plates. A single row of elongated pores occurs on the
elevated lateral margins of each ambulacrum. The stem
is known only in its proximal part. Its diameter at the
point of union with the theca is about one-third of the
maximum width of the theca. The diameter rapidly nar-
rows distally. The proximal part of the stem is com-
posed of five low five-piece columnals, which are not
distinctly outlined. The borders between the pentam-
eres of the stem occur on the extension of the sutures
between the basal sutures. The genus Lampteroblastus
Guensburg et Sprinkle, 1994 comes from the Lower
Ordovician of North America (Fillmore Formation; Tri-
lobite Zone G-2, Middle Ibexian (base of the Arenig);
Western Utah, USA). A single species of this genus is
represented by the incompletely preserved holotype.
The theca is strongly elongated, almost cylindrical dis-
tally and conical proximally. Its height is about 16 mm;
the maximum width is 9 mm. The ambulacra are
straight and short, rapidly tapering and curved sharply
downwards near the apex. Their arrangement is
described by the 2—1-2 formula. The cover plates are
raised high, and are alternate with the sutures (a suture
is located opposite the middle of the plate). The oral
cover plates are not differentiated. Five interradially
Vol. 36
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placed cover plates meet on the top of the theca above
the mouth. The ambulacral groove was apparently deep
and V-shaped in cross section. Plates covering the bot-
tom of the ambulacra are not known. The interambu-
lacra each contain one large deltoid triangular plate. Six
circlets of plates occur proximally on the deltoid plates
and ambulacra. Each of these circlets was apparently
composed of five plates. Wide, rounded ridges, espe-
cially strongly developed in the middle part of the
theca, run along their external surface. The plates of the
basal circlet and of the one lying above it were the larg-
est. They contacted one another by their lateral mar-
gins, i.e., these circlets were complete (uninterrupted).
The radial plates were small, did not contact each other,
and only marginally contacted the ends of the ambu-
lacra. The stem is only known proximally. It is narrow
and rapidly narrowing, composed of the wedge-plates
forming coarse chevrons. The hydropore and periproct
are not known.

The third known edrioblastoid genus, Cambroblas-
tus Smith and Jell, 1990, comes from the middle part of
the Upper Cambrian (Franconian) of Australia (West-
ern Queensland). A single species of this genus, C. enu-
bilatus Smith and Jell, 1990, is represented by two
specimens, of which the holotype is well preserved. The
theca is elongated, blastoid-shaped, small, 10-11 mm
high and 67 mm wide. The thecal surface is smooth.
The ambulacra are straight, long, extending from the
top of the theca following the 2—1-2 pattern, and reach
a distance of approximately half the height of the theca.
The ambulacral groove is U-shaped in cross section. Its
bottom is covered by biserially arranged plates. The
sutural pores between the plates are not found. The
cover plates are high, and form an arch above the ambu-
lacral groove. Five large cover plates, one in each
radius, meeting in the center, occur above the mouth.
The periproct occurs near the top of the theca. It is com-
posed of small, wedge-shaped plates. The lower part of
the theca is cup-shaped, and was composed of at least
three circlets of plates. The basal circlet was composed
of five plates contacting one another by their lateral
sides. A small radial plate with a small incision lies
below the end of each ambulacrum.

The radial plates did not contact each other by their
lateral margins. Their circlet was interrupted. The bor-
ders of the plates between the basal and radial circlets
are not clearly seen because of poor preservation,
hence, it is difficult to see whether or not the plates are
arranged in regular circlets. The stem is cylindrical,
narrowing in the middle, and widening toward the base.
Apparently, it was composed of very small, polygonal
plates. Near the base of the stem, these plates are larger
and more clearly polygonal. The stem terminates with
the holdfast, which is composed of relatively large
polygonal plates. However, the complete structure and
size of the holdfast are unknown.

Thus, all three genera, presently assigned to the
Edrioblastoidea, are quite similar, sharing many impor-
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tant characters, and are readily distinguishable from
other similar taxa. A combination of characteristics
allowing their assignment to the same group includes:

(1) A body subdivided into a theca and stem;

(2) Ambulacra that are intrathecal, not branching,
and represent independent structures within the theca;

(3) Processes connected with the ambulacra (brachi-
oles, or arms) are absent;

(4) The theca is tessellate, built by contacting plates,
which are more or less arranged in circlets.

Other characteristics are not uniform in all represen-
tatives.

A comparison of Edrioblastoidea and Edrioasteroi-
dea shows that they comprise a single group, because
the structure of the oral part of the theca may be very
similar. The similar structure of the ambulacra and their
growth pattern is an important feature, which unites
Edrioblastoidea and Edrioasteroidea; this is different in
Pelmatozoa. The ambulacra in Edrioblastoidea are pet-
aloid. They grow strictly meridionally, and were vari-
ably elevated above the level of the interambulacral part
of the theca. The aboral ends of the interambulacra do
not extend outside the theca, and are terminated by the
incisions of the oral plates. This indicates their specific
growth pattern equivalent, for instance, to the growth of
the ambulacrum in echinoids. The radial plates of Edri-
oblastoidea are in this respect equivalent to the ocular
plates of echinoids. The plates covering the bottom of
the ambulacral canals are biserial, and have pores on
the sutures. Pores are found in three genera. The pores
are thought to be connected with the ambulacral tube
feet. Supposedly, the tube feet extended outside, into
the ambulacral groove through these pores in cases
when the radial canal was inside the theca, or it is pos-
sible that the tube feet were connected through these
pores to the ampullae in cases when the radial canal ran
outside, on the bottom of the ambulacral groove. The
absence of pores in Cambroblastus can possibly be
explained by poor preservation (Smith and Jell, 1990),
but it could be due to the small size of the individuals in
this genus. The latter explanation is more likely,
because the sutures between the cover plates are clearly
visible. If this explanation is correct, then it confirms
the external position of the radial canal in Edrioblas-
toidea.

In addition, recently transitional forms were discov-
ered between the typical Edrioasteroidea and Edrio-
blastoidea. For instance, a new genus from the Lower
Ordovician of the Leningrad Region has a typical edri-
oblastoid theca, but instead of a stem it has a collar, typ-
ical of Edrioasteroidea (Figs. 33c—33e). This indicates
the presence of a morphological sequence reflecting the
apparent evolution of the stem in Edrioblastoidea: a
collar com