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EDITORIAL PREFACE

The aim of the Treatise on Invertebrate
Paleontology, as originally conceived and
consistently pursued, is to present the most
comprehensive and authoritative, yet com-
pact statement of knowledge concerning in-
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vertebrate fossil groups that can be formu-
lated by collaboration of competent special-
ists in seeking to organize what has been
learned of this subject up to the mid-point
of the present century. Such work has value



in providing a most useful summary of the
collective results of multitudinous investi-
gations and thus should constitute an in-
dispensable text and reference book for all
persons who wish to know about remains
of invertebrate organisms preserved in rocks
of the earth’s crust. This applies to neo-
zoologists as well as paleozoologists and to
beginners in study of fossils as well as to
thoroughly trained, long-experienced pro-
fessional workers, including teachers, strati-
graphical geologists, and individuals en-
gaged in research on fossil invertebrates.
The making of a reasonably complete in-
ventory of present knowledge of inverte-
brate paleontology may be expected to yield
needed foundation for future research and
it is hoped that the Treatise will serve this
end.

The Treatise is divided into parts which
bear index letters, each except the initial
and concluding ones being defined to in-
clude designated groups of invertebrates.
The chief purpose of this arrangement is to
provide for independence of the several
parts as regards date of publication, because
it is judged desirable to print and distribute
each segment as soon as possible after it is
ready for press. Pages in each part bear the
assigned index letter joined with numbers
beginning with 1 and running consecutively
to the end of the part.

The outline of subjects to be treated in
connection with each large group of in-
vertebrates includes (1) description of mor-
phological features, with special reference
to hard parts, (2) ontogeny, (3) classifica-
tion, (4) geological distribution, (5) evolu-
tionary trends and phylogeny, and (6) sys-
tematic description of genera, subgenera,
and higher taxonomic units. In general,
paleoecological aspects of study are omitted
or little emphasized because comprehensive
treatment of this subject is given in the
Treatise on Marine Ecology and Paleoe-
cology (H. S. Laop, Editor, Geological So-
ciety of America, Memoir 67, 1957), pre-
pared under auspices of a committee of the
United States National Research Council.
A selected list of references is furnished in
each part of the Treatise.

Features of style in the taxonomic por-
tions of this work have been fixed by the
Editor with aid furnished by advice from
representatives of the societies which have

ix

undertaken to sponsor the Treatise. It is the
Editor’s responsibility to consult with au-
thors and co-ordinate their work, seeing that
manuscript properly incorporates features of
adopted style. Especially he has been called
on to formulate policies in respect to many
questions of nomenclature and procedure.
The subject of family and subfamily names
is reviewed briefly in a following section
of this preface, and features of Treatise
style in generic descriptions are explained.

A generous grant of $35,000 has been
made by the Geological Society of America
for the purpose of preparing Treatise illus-
trations. Administration of expenditures
has been in charge of the Editor and most
of the work by photographers and artists
has been done under his direction at the
University of Kansas, but sizable parts of
this program have also been carried forward
in Washington and London.

In December, 1959, the National Science
Foundation of the United States, through
1ts Division of Biological and Medical Sci-
ences and the Program Director for Sys-
tematic Biology, made a grant in the amount
of $210,000 for the purpose of aiding the
completion of yet-unpublished volumes of
the Treatise. Payment of this sum was pro-
vided to be made in installments distributed
over a five-year period, with administration
of disbursements handled by the University
of Kansas. An additional grant (No. GB
4544) of $102,000 was made by the National
Science Foundation in January, 1966, for
the two-year period 1966-67. Expenditures
planned are primarily for needed assistance
to authors and may be arranged through
approved institutions located anywhere.
Important help for the Director-Editor of
the Treatise has been made available from
the grant, but no part of his stipend has
come from it. Grateful acknowledgment to
the Foundation is expressed on behalf of
the societies sponsoring the Treatise, the
University of Kansas, and innumerable in-
dividuals benefited by the Treatise project.

ZOOLOGICAL NAMES

Many questions arise in connection with
zoological names, especially including those
that relate to their acceptability and to alter-
ations of some which may be allowed or de-
manded. Procedure in obtaining answers
to these questions is guided and to a large



extent governed by regulations published
(1961) in the International Code of Zoolog-
ical Nomenclature (hereinafter cited simply
as the Code). The prime object of the
Code is to promote stability and univer-
sality in the scientific names of animals,
ensuring also that each name is distinct
and unique while avoiding restrictions on
freedom of taxonomic thought or action.
Priority is a basic principle, but under speci-
fied conditions its application can be modi-
fied. This is all well and good, yet nomen-
clatural tasks confronting the zoological
taxonomist are formidable. They warrant
the complaint of some that zoology, includ-
ing paleozoology, is the study of animals
rather than of names applied to them.

Several ensuing pages are devoted to
aspects of zoological nomenclature that are
judged to have chief importance in rela-
tion to procedures adopted in the Treatise.
Terminology is explained, and examples of
style employed in the nomenclatural parts
of systematic descriptions are given.

TAXA GROUPS

Each taxonomic unit (taxon, pl, taxa)
of the animal and protistan kingdoms be-
longs to some one or another rank in the
adopted hierarchy of classificatory divisions.
In part, this hierarchy is defined by the
Code to include a species-group of taxa,
a genus-group, and a family-group. Units
of lower rank than subspecies are excluded
from zoological nomenclature and those
higher than superfamily of the family-
group are not regulated by the Code. It is
natural and convenient to discuss nomen-
clatural matters in general terms first and
then to consider each of the taxa groups
separately. Especially important is provi-
sion that within each taxa group classifica-
tory units are coordinate (equal in rank),
whereas units of different taxa groups are
not coordinate.

FORMS OF NAMES

All zoological names are divisible into
groups based on their form (spelling).
The first-published form (or forms) of a
name is defined as original spelling (Code,
Art. 32) and any later-published form (or
forms) of the same name is designated as
subsequent spelling (Art. 33). Obviously,
original and subsequent spellings of a given

name may or may not be identical and this
affects consideration of their correctness.
Further, examination of original spellings
of names shows that by no means all can
be distinguished as correct. Some are in-
correct, and the same is true of subsequent
spellings.
Original Spellings

If the first-published form of a name is
consistent and unambiguous, being identi-
cal wherever it appears, the original spelling
is defined as correct unless it contravenes
some stipulation of the Code (Arts. 26-31),
unless the original publication contains clear
evidence of an inadvertent error, in the
sense of the Code, or among names belong-
ing to the family-group, unless correction of
the termination or the stem of the type-
genus is required. An unambiguous origi-
nal spelling that fails to meet these require-
ments is defined as incorrect.

If a name is spelled in more than one
way in the original publication, the form
adopted by the first reviser is accepted as
the correct original spelling, provided that
it complies with mandatory stipulations of
the Code (Arts. 26-31), including its provi-
sion for automatic emendations of minor
sort.

Incorrect original spellings are any that
fail to satisfy requirements of the Code, or
that represent an inadvertent error, or that
are one of multiple original spellings not
adopted by a first reviser. These have no
separate status in zoological nomenclature
and therefore cannot enter into homonymy
or be used as replacement names. They call
for correction wherever found. For ex-
ample, a name originally published with a
diacritic mark, apostrophe, diaeresis, or
hyphen requires correction by deleting such
features and uniting parts of the name
originally separated by them, except that
deletion of an umlaut from a vowel is ac-

companied by inserting “e” after the vowel.

Subsequent Spellings

If a name classed as a subsequent spelling
is identical with an original spelling, it is
distinguishable as correct or incorrect on
the same criteria that apply to the original
spelling. This means that a subsequent
spelling identical with a correct original
spelling is also correct, and one identical



with an incorrect original spelling is also
incorrect. In the latter case, both original
and subsequent spellings require correction
wherever found (authorship and date of
the original incorrect spelling being re-
tained).

If a subsequent spelling differs from an
original spelling in any way, even by the
omission, addition, or alteration of a single
letter, the subsequent spelling must be de-
fined as a different name (except that such
changes as altered terminations of adjec-
tival specific names to obtain agreement in
gender with associated generic names, of
family-group names to denote assigned tax-
onomic rank, and corrections for originally
used diacritic marks, hyphens, and the like
are excluded from spelling changes con-
ceived to produce a different name).

Altered subsequent spellings other than
the exceptions noted may be either inten-
tional or unintentional. If demonstrably
intentional, the change is designated as an
emendation. Emendations are divisible into
those classed as justifiable and those com-
prising all others classed as unjustifiable.
Justifiable emendations are corrections of
incorrect original spellings, and these take
the authorship and date of the original spell-
ings. Unjustifiable emendations are names
having their own status in nomenclature,
with author and date of their publication;
they are junior objective synonyms of the
name in its original form.

Subsequent spellings that differ in any
way from original spellings, other than pre-
viously noted exceptions, and that are not
classifiable as emendations are defined as
incorrect subsequent spellings. They have
no status in nomenclature, do not enter into
homonymy, and cannot be used as replace-
ment names.

AVAILABLE AND UNAVAILABLE
NAMES

Available Names

An available zoological name is any that
conforms to all mandatory provisions of
the Code. Such names are classifiable in
groups which are usefully recognized in
the Treatise, though not explicitly differ-
entiated in the Code. They are as follows:

(1) So-called “inviolate names” include
all available names that are not subject to
any sort of alteration from their originally
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published form. They comprise correct
original spellings and commonly include
correct subsequent spellings, but include
no names classed as emendations. Here be-
long most generic and subgeneric names,
some of which differ in spelling from others
by only a single letter.

(2) Names may be termed “perfect
names” if, as originally published (with or
without duplication by subsequent authors),
they meet all mandatory requirements,
needing no correction of any kind, but
nevertheless are legally alterable in such
ways as changing the termination (e.g.,
many species-group names, family-group
names, suprafamilial names). This group
does not include emended incorrect original
spellings (e.g., Oepikina, replacement of
Opikina).

(3) “Imperfect names” are available
names that as originally published (with or
without duplication by subsequent authors)
contain mandatorily emendable defects. In-
correct original spellings are imperfect
names. Examples of emended imperfect
names are: among species-group names,
guerini (not Guérini), obrienae (not
O’Brienae), terranovae (not terra-novae),
nunezi (not Nufiezi), Spironema rectum
(not Spironema recta, because generic name
is neuter, not feminine); among genus-
group names, Broeggeria (not Briggeria),
Obrienia (not O'Brienia), Maccookites (not
McCookites; among family-group names,
Oepikidae (not Opikidae), Spironemati-
dae (not Spironemidae, incorrect stem),
Athyrididae  (not Athyridae, incorrect
stem). The use of “variety” for named divi-
sions of fossil species, according to common
practice of some paleontologists, gives rise
to imperfect names, which generally are
emendable (Code, Art. 45¢) by omitting
this term so as to indicate the status of this
taxon as a subspecies.

(4) “Vain names” are available names
consisting of unjustified intentional emenda-
tions of previously published names. The
emendations are unjustified because they
are not demonstrable as corrections of in-
correct original spellings as defined by the
Code (Art. 32,c). Vain names have status
in nomenclature under their own author-
ship and date. They constitute junior ob-
jective synonyms of names in their original
form. Examples are: among species-group



names, geneae (published as replacement of
original unexplained masculine, genz, which
now is not alterable), okioae (invalid change
from original ohioensis); among genus-
group names, Graphiodactylus (invalid
change from original Graphiadactyliis);
among family-group names, Graphiodactyli-
dae (based on junior objective synonym
having invalid vain name).

(5) An important group of available
zoological names can be distinguished as
“transferred names.” These comprise au-
thorized sorts of altered names in which
the change depends on transfer from one
taxonomic rank to another, or possibly on
transfers in taxonomic assignment of sub-
genera, species, or subspecies. Most com-
monly the transfer calls for a change in
termination of the name so as to comply
with stipulations of the Code on endings
of family-group taxa and agreement in
gender of specific names with associated
generic names. Transferred names may be
derived from any of the preceding groups
except the first. Examples are: among spe-
cies-group  names, Spuifer  ambiguus
(masc.) to Composita ambigua (fem.),
Neochonetes transversalis 1o N. granulifer
transversalis or vice versa; among genus-
group names, Schizoculina to Oculina
(Schizoculina) or vice versa; among family-
group names, Orthidae to Orthinae or vice
versa, or superfamily Orthacea derived
from Orthidae or Orthinae; among supra-
familial taxa (not governed by the Code),
order Orthida to suborder Orthina or vice
versa, The authorship and date of trans-
ferred names are not affected by the trans-
fers, but the author responsible for the
transfer and the date of his action may ap-
propriately be recorded in such works as
the Treatise.

(6) Improved or “corrected names” in-
clude both mandatory and allowable emend-
ations of imperfect names and of suprafam-
ilial names, which are not subject to regu-
lation as to name form. Examples of cor-
rected imperfect names are given with the
discussion of group 3. Change from the
originally published ordinal name Endo-
ceroidea (TeicHErT, 1933) to the presently
recognized Endocerida illustrates a “cor-
rected” suprafamilial name. Group 6 names
differ from those in group 5 in not being
dependent on transfers in taxonomic rank

or assignment, but some names are classi-
fiable in both groups.

(7) “Substitute names” are available
names expressly proposed as replacements
for invalid zoological names, such as junior
homonyms. These may be classifiable also
as belonging in groups 1, 2, or 3. The glos-
sary appended to the Code refers to these
as “new names” (nomina nova) but they
are better designated as substitute names,
since their newness is temporary and rela-
tive. The first-published substitute name
that complies with the definition here given
takes precedence over any other. An ex-
ample is Mareita LoesLicu & Tapran, 1964,
as substitute for Reichelina Marie, 1955
(non Erk, 1942).

(8) “Conserved names” include a rela-
tively small number of species-group,
genus-group, and family-group names
which have come to be classed as available
and valid by action of the International
Commission on Zoological Nomenclature
exercising its plenary powers to this end or
ruling to conserve a )umor synonym in place
of a rejected “forgotten” name (nomen ob-
litum ) (Art. 23,b). Currently, such names
are entered on appropriate “Official Lists,”
which are published from time to time.

It is useful for convenience and brevity
of distinction in recording these groups of
available zoological names to employ Latin
designations in the pattern of nomen nudum
(abbr., nom. nud.) and others. Thus we
may recognize the preceding numbered
groups as follows: (1) nomina inviolata
(sing., nomen inviolatum, abbr., nom.
inviol.), (2) momina perfecta (nomen per-
fectum, nom. perf.), (3) nomina imper-
fecta (nomen imperfectum, nom. imperf.),
(4) nomina vana (nomen vanum, nom.
van.), (5) nomina translata (nomen trans-
latum, nom. transl.), (6) nomina correcta

(nomen correctum, nom. correct.), (7)
nomina substituta (nomen substitutum,
nom. subst.), (8) mnomina conservata

(nomen conservatum, nom. conserv.).
Additional to the groups differentiated
above, the Code (Art. 17) specifies that a
zoological name is not prevented from
availability a) by becoming a junior syn-
onym, for under various conditions this
may be re-employed, b) for a species-group
name by finding that original description of
the taxon relates to more than a single



taxonomic entity or to parts of animals be-
longing to two or more such entities, c) for
species-group names by determining that it
first was combined with an invalid or un-
available genus-group name, d) by being
based only on part of an animal, sex of a
species, ontogenetic stage, or one form of a
polymorphic species, e) by being originally
proposed for an organism not considered to
be an animal but now so regarded, f) by in-
correct original spelling which is correctable
under the Code, g) by anonymous publica-
tion before 1951, h) by conditional proposal
before 1961, i) by designation as a variety
or form before 1961, j) by concluding that
a name is inappropriate (Art. 18), or k)
for a specific name by observing that it is
tautonymous (Art. 18).

Unavailable Names

All zoological names which fail to com-
ply with mandatory provisions of the Code
are unavailable names and have no status
in zoological nomenclature. None can be
used under authorship and date of their
original publication as a replacement name
(nom. subst.) and none preoccupies for pur-
poses of the Law of Homonymy. Names
identical in spelling with some, but not all,
unavailable names can be classed as avail-
able if and when they are published in con-
formance to stipulations of the Code and
they are then assigned authorship and take
date of the accepted publication. Different
groups of unavailable names can be dis-
criminated, as follows.

(1) “Naked names” include all those that
fail to satisfy provisions stipulated in Article
11 of the Code, which states general re-
quirements of availability, and in addition,
if published before 1931, that were unac-
companied by a description, definition, or
indication (Arts. 12, 16), and if published
after 1930, that lacked accompanying state-
ment of characters purporting to serve for
differentiation of the taxon, or definite
bibliographic reference to such a statement,
or that were not proposed expressly as re-
placement (nom. subst.) of a pre-existing
available name (Art. 13,a). Examples of
“naked names” are: among species-group
taxa, Valvuling mixta PARKER & Jongs, 1865
(=Cribrobulimina mixta Cusuaman, 1927,
available and valid); among genus-group
taxa, Orbitolinopsis SiLvestri, 1932 (=Orb:-

tolinopsis Henson, 1948, available but
classed as invalid junior synonym of Orb:-
tolina D’OreicNY, 1850); among family-
group taxa, Aecquilateralidae p’OrBicNY,
1846 (lacking type-genus), Hélicostégues
p’OrsieNY, 1826 (vernacular not latinized
by later authors, Art. 11,e,iii), Poteriocrini-
dae AustiN & Austin, 1843 (=fam. Poterio-
crinoidea AusTIN & AustiN, 1842) (neither
1843 or 1842 names complying with Art.
1l,e, which states that “a family-group
name must, when first published, be based
on the name then valid for a contained
genus,” such valid name in the case of this
family being Poteriocrinites MiLLER, 1821).

(2) “Denied names” include all those that
are defined by the Code (Art. 32,¢) as in-
correct original spellings. Examples are:
Specific names, mnova-zelandica, miillers,
10-brachiatus; generic names, M’Coyia, Stgr-
merella, Rémerina, Westgardia; family
name, Ruazi¢kinidae. Uncorrected “im-
perfect names” are “denied names” and un-
available, whereas corrected “imperfect
names” are available.

(3) “Impermissible names” include all
those employed for alleged genus-group
taxa other than genus and subgenus (Art.
42,a) (e.g., supraspecific divisions of sub-
genera), and all those published after 1930
that are unaccompanied by definite fixa-
tion of a type species (Art. 13,b). Examples
of impermissible names are: Martellispirifer
Garinaup, 1949, and Mirtellispirifer Gari-
NaUD, 1949, indicated respectively as a sec-
tion and subsection of the subgenus Cyrzo-
spirifer; Fusarchaias Reicuer, 1949, with-
out definitely fixed type species (=Fusarch-
aias RercHEL, 1952, with F. bermudezi des-
ignated as type species).

(4) “Null names” include all those that
are defined by the Code (Art. 33,b) as in-
correct subsequent spellings, which are any
changes of original spelling not demon-
strably intentional. Such names are found
in all ranks of taxa.

(5) “Forgotten names” are defined (Art.
23,b) as senior synonyms that have re-
mained unused in primary zoological lit-
erature for more than 50 years. Such names
are not to be used unless so directed by
ICZN.

Latin designations for the discussed

roups of unavailable zoological names are
as follows: (1) nomina nuda (sing., nomen
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nudum, abbr., nom. nud.), (2) nomina
negata (nomen negatum, nom. neg.), (3)
nomina vetita (nomen vetitum, nom. vet.),
(4) nomina nulla (nomen nullum, nom.
null.), (5) nomina oblita (nomen oblitum,
nom. obliz.).

VALID AND INVALID NAMES

Important distinctions relate to valid and
available names, on one hand, and to in-
valid and unavailable names, on the other.
Whereas determination of availability is
based entirely on objective considerations
guided by Articles of the Code, conclusions
as to validity of zoological names partly may
be subjective. A valid name is the correct
one for a given taxon, which may have two
or more available names but only a single
correct name, generally the oldest. Obvious-
ly, no valid name can also be an unavailable
name, but invalid names may include both
available and unavailable names. Any name
for a given taxon other than the valid name
is an invalid name.

A sort of nomenclatorial no-man’s-land
is encountered in considering the status of
some zoological names, such as “doubtful
names,” “names under inquiry,” and “for-
gotten names.” Latin designations of these
are nomina dubia, nomina inquirenda, and
nomina oblita, respectively. Each of these
groups may include both available and un-
available names, but the latter can well be
ignored. Names considered to possess avail-
ability conduce to uncertainty and instabil-
ity, which ordinarily can be removed only
by appealed action of ICZN. Because few
zoologists care to bother in seeking such
remedy, the “wastebasket” names persist.

SUMMARY OF NAME GROUPS

Partly because only in such publications
as the Treatise is special attention to groups
of zoological names called for and partly
because new designations are now intro-
duced as means of recording distinctions
explicitly as well as compactly, a summary
may be useful. In the following tabulation
valid groups of names are indicated in bold-
face type, whereas invalid ones are printed
in italics.

DEFINITIONS OF NAME GROUPS

nomen conservatum (nom. conserv.). Name un-
acceptable under regulations of the Code which
is made valid, either with original or altered spell-
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ing, through procedures specified by the Code or
by action of ICZN exercising its plenary powers.
nomen correctum (nom. correct.). Name with in-
tentionally altered spelling of sort required or
allowable by the Code but not dependent on trans-
fer from one taxonomic rank to another (“im-
proved name”). (See Code, Arts. 26-b, 27, 29,
30-a-3, 31, 32-c-i, 33-a; in addition change of
endings for suprafamilial taxa not regulated by
the Code.)
nomen imperfectum (nom. imperf.). Name that as
originally published (with or without subsequent
identical spelling) meets all mandatory require-
ments of the Code but contains defect needing
correction (“imperfect name”). (See Code, Arts.
26-b, 27, 29, 32-¢, 33-a.)
nomen inviolatum (nom. inviol.). Name that as
originally published meets all mandatory require-
ments of the Code and also is not correctable or
alterable in any way (“inviolate name”).
nomen negatum (nom. neg.). Name that as orig-
inally published (with or without subsequent
identical spelling) constitutes invalid original spell-
ing, and although possibly meeting all other man-
datory requirements of the Code, cannot be used
and has no separate status in nomenclature (“de-
nied name”). It is to be corrected wherever found.
nomen nudum (nom. nud.). Name that as origin-
ally published (with or without subsequent iden-
tical spelling) fails to meet mandatory require-
ments of the Code and having no status in
nomenclature, is not correctable to establish orig-
inal authorship and date (“naked name”).
nomen nullum (nom. null.). Name consisting of
an unintentional alteration in form (spelling) of
a previously published name (either available
name, as nom. tnviol., nom. perf., nom. imverf.,
nom. transl.; or unavailable name, as nom. neg.,
nom. nud., nom. van., or another nom. null.)
(“‘null name”).
nomen oblitum (nom. oblir.). Name of senior
synonym unused in primary zoological literature
in more than 50 years, not to be used unless so
directed by ICZN (“forgotten name”).
nomen perfectum (nom. perf.)). Name that as
originally published meets all mandatory require-
ments of the Code and needs no correction of any
kind but which nevertheless 1s validly alterable by
change of ending (“perfect name”).
nomen substitutum (nom. subst.). Replacement
name published as substitute for an invalid name,
such as a junior homonym (equivalent to “new
name”).
nomen translatum (nom. transl.). Name that is de-
rived by valid emendation of a previously pub-
lished name as result of transfer from one taxo-
nomic rank to another within the group to which
it belongs (“transferred name”).
nomen vanum (nom. van.). Name consisting of an
invalid intentional change in form (spelling) from
a previously published name, such invalid emenda-
tion having status in nomenclature as a junior
objective synonym (‘“‘vain name’’).
nomen vetitum (nom. vet.). Name of genus-group
taxon not authorized by the Code or, if first pub-
lished after 1930, without definitely fixed type
species (“impermissible name”).



Except as specified otherwise, zoological
names accepted in the Treatise may be
understood to be classifiable either as nom-
ina inviolata or nomina perfecta (omitting
from notice nomina correcta among specific
names) and these are not discriminated.
Names which are not accepted for one
reason or another include junior homo-
nyms, senior synonyms classifiable as nom-
ina negata or nomina nuda, and numerous
junior synonyms which include both objec-
tive (nomina vana) and subjective types;
rejected names are classified as completely
as possible.

NAME CHANGES IN RELATION
TO TAXA GROUPS

SPECIES-GROUP NAMES

Detailed consideration of valid emenda-
tion of specific and subspecific names is
unnecessary here because it is well under-
stood and relatively inconsequential. When
the form of adjectival specific names is
changed to obtain agreement with the
gender of a generic name in transferring a
species from one genus to another, it is
never needful to label the changed name
as a nom. transl. Likewise, transliteration of
a letter accompanied by a diacritical mark
in manner now called for by the Code (as
in changing originally published &roggers
to broeggeri) or elimination of a hyphen
(as in changing originally published cornu-
oryx to cornuoryx) does not require “nom.
correct.” with it.

GENUS-GROUP NAMES

So rare are conditions warranting change
of the originally published valid form of
generic and subgeneric names that lengthy
discussion may be omitted. Only elimi-
nation of diacritical marks of some names
in this category seems to furnish basis for
valid emendation. It is true that many
changes of generic and subgeneric names
have been published, but virtually all of
these are either nomina vana or nomina
nulla. Various names which formerly were
classed as homonyms are not now, for two
names that differ only by a single letter (or
in original publication by presence or ab-
sence of a diacritical mark) are construed
to be entirely distinct.

Examples in use of classificatory designa-
tions for generic names as previously given
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are the following, which also illustrate

designation of type species as explained

later.

Kurnatiophyllum Trompson, 1875 [*K. concentri-
cum; SD Grecory, 1917] [=Kumatiophyllum
TuomrpsoN, 1876 (nom. null.); Cymatophyllum
Tuompeson, 1901 (nom. van.); Cymatiophyllum
Lanc, SMITH & THoMas, 1940 (nom. van.)].

Stichophyma Pomer, 1872 [*Manon turbinatum
RoMER, 1841; SD Raurr, 1893] [=Stychophyma
VosMaeR, 1885 (nom. null.); Sticophyma MorerT,
1924 (nom. null.)].

Stratophyllum SmyrtH, 1933 [*S. tenue) [—=Eth-
moplax Smytn, 1939 (nom. van. pro Stratophyl-
lum); Stratiphyllum Lane, SMITH & THoMas,
1940 (nom. van. pro Siratophyllum SmyTH) (nON
Stratiphyllum ScHEFFEN, 1933)].

Placotelia OppLiGER, 1907 [*Porostoma marconi
FrOMENTEL, 1859; SD peLAuBENFELS, herein]
[=Plakotelia OprLIGER, 1907 (nom. neg.)].

Walcottella DELAUBENFELS, 1955 [nom. subst., pro
Rhopalicus ScuramM, 1936 (non FORSTER, 1856)].

Cyrtograptus CARRUTHERs, 1867 [mom. correct.
LapworTtH, 1873 (pro Cyrtograpsus CARRUTHERS,
(1867), nmom. conserv. proposed Burman, 1955
(ICZN pend.)].

FAMILY-GROUP NAMES; USE OF “NOM.
TRANSL.”

The Code specifies the endings only for
subfamily (-inae) and family (-idae) but all
family-group taxa are defined as coordinate,
signifying that for purposes of priority a
name published for a taxon in any category
and based on a particular type genus shall
date from its original publication for a taxon
in any category, retaining this priority (and
authorship) when the taxon is treated as
belonging to a lower or higher category.
By exclusion of -inae and -idae, respectively
reserved for subfamily and family, the end-
ings of names used for tribes and super-
families must be unspecified different letter
combinations. These, if introduced subse-
quent to designation of a subfamily or fam-
ily based on the same nominate genus, are
nomina iranslata, as is also a subfamily
that is elevated to family rank or a family
reduced to subfamily rank. In the Treatise
it is desirable to distinguish the valid
alteration comprised in the changed end-
ing of each transferred family-group name
by the abbreviation “nom. transl” and
record of the author and date belonging to
this alteration. This is particularly im-
portant in the case of superfamilies, for it
is the author who introduced this taxon
that one wishes to know about rather than



the author of the superfamily as defined by
the Code, for the latter is merely the
individual who first defined some lower-
rank family-group taxon that contains the
nominate genus of the superfamily. The
publication of the author containing intro-
duction of the superfamily nomen trans-
latum is likely to furnish the information
on taxonomic considerations that support
definition of the unit.

Examples of the use of
are the following.

“nom. transl.”

Subfamily STYLININAE d'Orbigny, 1851

[nom. transl. Epwarps & HAME, 1857 (ex Stylinidae
p’'ORBIGNY, 1851)]

Superfamily ARCHAEOCTONOIDEA
Petrunkevitch, 1949

[nom. transl. PETRUNKEVITCH, 1955 (ex Archaeoctonidae
PETRUNKEVITCH, 1949)]

Superfamily CRIOCERATITACEAE Hyatt, 1900

[nom, transl. WriGHT, 1952 (ex Crioceratitidae Hyatr, 1900)]

FAMILY-GROUP NAMES; USE OF “NOM.
CORRECT.”

Valid name changes classed as nomina
correcta do not depend on transfer from
one category of family-group units to anoth-
er but most commonly involve correction of
the stem of the nominate genus; in addition,
they include somewhat arbitrarily chosen
modification of ending for names of tribe
or superfamily. Examples of the use of
“nom. correct.” are the following.

Family STREPTELASMATIDAE Nicholson, 1889

[nom. correct. WepkkiNp, 1927 (pro Streptelasmidae
NicHoLsoN, 1889, nom. imperf.)]

Family PALAEOSCORPIIDAE Lehmann, 1944

[rom. correct. PeTRUNKEVITCH, 1955 (pro Palaecoscorpionidae
LEHMANN, 1944, nom. imperf.)]

Family AGLASPIDIDAE Miller, 1877

[nom. correct. StgrmMeR, 1959 (pro Aglaspidae MiLier, 1877,
nom. imperf.)]

Superfamily AGARICIICAE Gray, 1847

[nom. correct. WELLs, 1956 (pro Agaricioidae VAUGHAN &
WELLs, 1943, nom. transl. ex Agariciidae Gray, 1847))

FAMILY-GROUP NAMES; USE OF “NOM.
CONSERV.”

It may happen that long-used family-
group names are invalid under strict appli-
cation of the Code. In order to retain the
otherwise invalid name, appeal to ICZN is
needful. Examples of use of nom. conserv.
in this connection, as cited in the Treatise,
are the following.

Family ARIETITIDAE Hyatt, 1874

[nom. correct. Haug, 1885 (pro Arietidae Hyarr, 1875) nom.
conserv, proposed ARKELL, 1955 (ICZN pend.)]
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Family STEPHANOCERATIDAE Neumayr,
1875

FiscHer, 1882 (pro Stephanoceratinen Nru-
1875, invalid vernacular name), nom. conscry. pro-
posed ARkELL, 1955 (ICZN pend.)]

FAMILY-GROUP NAMES; REPLACEMENTS

Family-group names are formed by
adding letter combinations (prescribed for
family and subfamily but not now for
others) to the stem of the name belonging
to genus (nominate genus) first chosen as
type of the assemblage. The type genus
need not be the oldest in terms of receiving
its name and definition, but it must be the
first-published as name-giver to a family-
group taxon among all those included. Once
fixed, the family-group name remains tied
to the nominate genus even if its name is
changed by reason of status as a junior
homonym or junior synonym, either objec-
tive or subjective. Seemingly, the Code
(Art. 39) requires replacement of a family-
group name only in the event that the nom-
inate genus is found to be a junior hom-
onym, and then a substitute family-group
name 1s accepted if it is formed from the
oldest available substitute name for the
nominate genus. Authorship and date at-
tributed to the replacement family-group
name are determined by first publication of
the changed family group-name, but for
purposes of the Law of Priority, they take
the date of the replaced name. Numerous
long-used family-group names are incorrect
in being nomina nuda, since they fail to
satisfy criteria of availability (Art. 1le).
These also demand replacement by valid
names.

The aim of family-group nomenclature is
greatest possible stability and uniformity,
just as in case of other zoological names.
Experience indicates the wisdom of sus-
taining family-group names based on junior
subjective synonyms if they have priority of
publication, for opinions of different work-
ers as to the synonymy of generic names
founded on different type species may not
agree and opinions of the same worker may
alter from time to time. The retention sim-
ilarly of first-published family-group names
which are found to be based on junior ob-
jective synonyms is less clearly desirable,
especially if a replacement name derived
from the senior objective synonym has been
recognized very long and widely. To dis-

[nom. correct.
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place a much-used family-group name based
on the senior objective synonym by disin-
terring a forgotten and virtually unused
family-group name based on a junior objec-
tive synonym because the latter happens to
have priority of publication is unsettling.

Replacement of a family-group name may
be needed if the former nominate genus is
transferred to another family-group. Then
the first-published name-giver of a family-
group assemblage in the remnant taxon is
to be recognized in forming a replacement
name.

FAMILY-GROUP NAMES; AUTHORSHIP
AND DATE

All family-group taxa having names
based on the same type genus are attributed
to the author who first published the name
for any of these assemblages, whether tribe,
subfamily, or family (superfamily being al-
most inevitably a later-conceived taxon).
Accordingly, if a family is divided into
subfamilies or a subfamily into tribes, the
name of no such subfamily or tribe can
antedate the family name. Also, every fam-
ily containing differentiated subfamilies
must have a nominate (sensu stricto) sub-
family, which is based on the same type
genus as that for the family, and the author
and date set down for the nominate sub-
family invariably are identical with those
of the family, without reference to whether
the author of the family or some subsequent
author introduced subdivisions.

Changes in the form of family-group
names of the sort constituting nomina cor-
recta, as previously discussed, do not affect
authorship and date of the taxon concerned,
but in publications such as the Treatise it is
desirable to record the authorship and date
of the correction.

SUPRAFAMILIAL TAXA

International rules of zoological nomen-
clature as given in the Code (1961) are
limited to stipulations affecting lower-rank
categories (infrasubspecies to superfamily).
Suprafamilial categories (suborder to phy-
lum) are either unmentioned or explicitly
placed outside of the application of zoolog-
ical rules. The Copenhagen Decisions on
Zoological Nomenclature (1953, Arts. 59-
69) proposed to adopt rules for naming sub-
orders and higher taxonomic divisions up to
and including phylum, with provision for

designating a type genus for each, hopefully
in such manner as not to interfere with the
taxonomic freedom of workers. Procedures
for applying the Law of Priority and Law
of Homonymy to suprafamilial taxa were
outlined and for dealing with the names for
such units and their authorship, with as-
signed dates, when they should be trans-
ferred on taxonomic grounds from one rank
to another. The adoption of terminations
of names, different for each category but
uniform within each, was recommended.

The Colloquium on zoological nomen-
clature which met in London during the
week just before the XVth International
Congress of Zoology convened in 1958
thoroughly discussed the proposals for reg-
ulating suprafamilial nomenclature, as well
as many others advocated for inclusion in
the new Code or recommended for exclu-
sion from it. A decision which was sup-
ported by a wide majority of the partici-
pants in the Colloquium was against the
establishment of rules for naming taxa
above family-group rank, mainly because it
was judged that such regulation would un-
wisely tie the hands of taxonomists. For
example, if a class or order was defined by
some author at a given date, using chosen
morphologic characters (e.g., gills of pele-
cypods), this should not be allowed to
freeze nomenclature, taking precedence
over another later-proposed class or order
distinguished by different characters (e.g.,
hinge-teeth of pelecypods). Even the fixing
of type genera for suprafamilial taxa might
have small value, if any, hindering taxo-
nomic work rather than aiding it. At all
events, no legal basis for establishing such
types and for naming these taxa has yet
been provided.

The considerations just stated do not pre-
vent the Editor of the Treatise from making
“rules” for dealing with suprafamilial
groups of animals described and illustrated
in this publication. At least a degree of
uniform policy is thought to be needed,
especially for the guidance of Treatise-con-
tributing authors. This policy should ac-
cord with recognized general practice
among zoologists, but where general prac-
tice is indeterminate or nonexistent our
own procedure in suprafamilial nomencla-
ture needs to be specified as clearly as pos-
sible. This pertains especially to decisions
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about names themselves, about citation of
authors and dates, and about treatment of
suprafamilial taxa which on taxonomic
grounds are changed from their originally
assigned rank. Accordingly, a few “rules”
expressing Treatise policy are given here,
some with examples of their application.

(1) The name of any suprafamilial taxon
must be a Latin or latinized uninominal
noun of plural form, or treated as such, (a)
with a capital initial letter, (b) without dia-
critical mark, apostrophe, diaeresis, or hy-
phen, and (c) if component consisting of a
numeral, numerical adjective, or adverb
is used, this must be written in full (e.g.,
Stethostomata, Trionychi, Septemchitonina,
Scorpiones, Subselliflorae). No uniformity
in choice of ending for taxa of a given rank
is demanded (e.g., orders named Gorgon-
acea, Milleporina, Rugosa, Scleractinia,
Stromatoporoidea, Phalangida).

(2) Names of suprafamilial taxa may be
constructed in almost any way, (a) intended
to indicate morphological attributes (e.g.,
Lamellibranchiata, Cyclostomata, Toxo-
glossa), (b) based on the stem of an in-
cluded genus (e.g., Bellerophontina, Nau-
tilida, Fungiina), or (¢) arbitrary combina-
tions of letters, (e.g., Yuania), but none of
these can be allowed to end in -idae or -inae,
reserved for family-group taxa. A class or
subclass (e.g., Nautiloidea), order (e.g.,
Nautilida), or suborder (e.g., Nautilina)
named from the stem of an included genus
may be presumed to have that genus (e.g.,
Nautilus) as its objective type. No supra-
familial name identical in form to that of a
genus or to another published suprafamilial
name should be employed (e.g., order Deca-
poda Latreille, 1803, crustaceans, and order
Decapoda Leach, 1818, cephalopods; sub-
order Chonetoidea Muir-Wood, 1955, and
genus Chonetoidea Jones, 1928). Worthy of
notice is the classificatory and nomenclatural
distinction between suprafamilial and fam-
ily-group taxa which respectively are
named from the same type genus, since one
is not considered to be transferable to the
other (e.g., suborder Bellerophontina Ul-
rich & Scofield, 1897; superfamily Bellero-
phontacea M’Coy, 1851; family Bellero-
phontidae M’Coy, 1851). Family-group
names and suprafamilial names are not co-
ordinate.

(3) The Laws of Priority and Homony-

my lack any force of international agree-
ment as applied to suprafamilial names, yet
in the interest of nomenclatural stability
and the avoidance of confusion these laws
are widely accepted by zoologists above the
family-group level wherever they do not
infringe on taxonomic freedom and long-
established usage.

(4) Authors who accept priority as a
determinant in nomenclature of a supra-
familial taxon may change its assigned rank
at will, with or without modifying the
terminal letters of the name, but such
change(s) cannot rationally be judged to
alter the authorship and date of the taxon
as published originally. (a) A name revised
from its previously published rank is a
“transferred name” (nom. transl.), as illus-
trated in the following.

Order CORYNEXOCHIDA Kobayashi, 1935

[nom. transl. Moore, 1955 (ex suborder Corynexochida
KosavasHi, 1935)]

(b) A name revised from its previously
published form merely by adoption of a
different termination, without changing
taxonomic rank, is an “altered name” (nom.
correct.). Examples follow.

Order DISPARIDA Moore & Laudon, 1943

[nom. correct. Moore, 1952 (pro order Disparata MOORE &
Laupon, 1943)]

Suborder AGNOSTINA Salter, 1864

[nom. correct. HarriNgTON & LraNzA, 1957 (pro suborder
Agnostini SaLTER, 18G4)]

(¢) A suprafamilial name revised from its
previously published rank with accompany-
ing change of termination (which may or
may not be intended to signalize the change
of rank) is construed to be primarily a nom.
transl. (compare change of ending for fam-
ily-group taxa -idae to -inae, or vice versa,
and to superfamily) but if desired it could
be recorded as nom. transl. et correct.

Order ORTHIDA Schuchert & Cooper, 1931

[nom. transl. Moore, 1952 (ex suborder Orthoidea
ScHUCHERT & CooPER, 1931)]

(5) The authorship and date of nominate
subordinate and superordinate taxa among
suprafamilial taxa are considered in the
Treatise to be identical since each actually
or potentially has the same type. Examples
are given below.

Subclass ENDOCERATOIDEA Teichert, 1933

[nom. transl. TeicHert, 1964 (ex superorder Endoceratoidea
SHIMANSKIY & ZHURAVLEVA, 1961, nom. transl. ex order
Endoceroidea TEIcHERT, 1933)]
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Order ENDOCERIDA Teichert, 1933

{nom. correct. TeicHERT, 1964 (pro order Endoceroidea
TeIcHERT, 1933)]

Suborder ENDOCERINA Teichert, 1933

[nom. correct. TeicuerT, 1964 (pro suborder Endoceracea
ScHINDEWOLF, 1935, mom. transl. ex order Endoceroidea
TEICHERT, 1933)]

(6) A suprafamilial taxon may or may
not contain a family-group taxon or taxa
having the same type genus, and if it does,
the respective suprafamilial and family-
group taxa may or may not be nominate
(having names with the same stem). The
zoological Code (Art. 61) affirms that
“each taxon [of any rank] has, actually or
potentially, its type.” Taxa above the fam-
ily-group level which may be designated
as having the same type genus (such desig-
nations not being stipulated or recognized
by any articles of the zoological Code) are
considered to have identical authorship and
date if the stem of names employed 1s the
same (illustrated in preceding paragraph),
but otherwise their authorship and date are
accepted as various. Examples showing
both suprafamilial and familial taxa in a
group of spiders follow.

Class ARACHNIDA Lamarck, 1801
[rom. correct. Newport, 1830 (pro class—not family—

Arachnidae Lamarck, 1801) (type, Araneus Crerck, 1757,
validated ICZN, 1948)]

Subclass CAULOGASTRA Pocock, 1893
[type, Araneus CLERCK, 1757]

Superorder LABELLATA Petrunkevitch, 1949
[type, Araneus CLERCK, 1757]

Order ARANEIDA Clerck, 1757

[rom. correct. DaLias, 1864 (pro Araneidea BrackwaLL,
1861, pro Araneides LaTrerLLe, 1801, pro Aranei CLERrck,
1757, validated ICZN, 1948) (type, Araneus CLErRcK, 1757)]

Suborder DIPNEUMONINA Latreille, 1817

[nom. correct. PETRUNKEVITCH, 1955 (pro Dipneumones
LaTreiLLe, 1817) (type, Araneus CLERCK, 1757)]

Division TRIONYCHI Petrunkevitch, 1933
[type, Araneus CLerck, 1757]
Superfamily ARANEOIDEA Leach, 1815

[nom. transl. PeTruNkeviTcH, 1955 (ex Araneides Leach,
1815) (type, Araneus CLERCK, 1757)]

Family ARANEIDAE Leach, 1815

[nom. correct. PeTRUNKEVITCH, 1955 (pro Araneadae LEacH,
1819, pro Aranecides LeacH, 1815) (type, Araneus CLERCK,
1757))

Subfamily ARANEINAE Leach, 1815

[nom. transl. Simon, 1892 (ex Araneidae LeacH, 1815)
(type, Araneus CLERCK, 1757)]

TAXONOMIC EMENDATION

Emendation has two measurably distinct
aspects as regards zoological nomenclature,

These embrace (1) alteration of a name
itself in various ways for various reasons,
as has been reviewed, and (2) alteration or
taxonomic scope or concept in application
of a given zoological name, whatever its
hierarchical rank. The latter type of emen-
dation primarily concerns classification
and inherently is not associated with change
of name, whereas the other type introduces
change of name without necessary expan-
sion, restriction, or other modification in
applying the name. Little attention gener-
ally has been paid to this distinction in
spite of its significance.

Most zoologists, including paleozoologists,
who have signified emendation of zoolog-
ical names refer to what they consider a
material change in application of the name
such as may be expressed by an importantly
altered diagnosis of the assemblage covered
by the name. The abbreviation “emend.”
then may accompany the name, with state-
ment of the author and date of the emenda-
tion. On the other hand, a multitude of
workers concerned with systematic zoology
think that publication of “emend.” with a
zoological name is valueless, because more
or less alteration of taxonomic sort is intro-
duced whenever a subspecies, species, genus,
or other assemblage of animals is incorpor-
ated under or removed from the coverage
of a given zoological name. Inevitably asso-
ciated with such classificatory expansions
and restrictions is some degree of emenda-
tion affecting diagnosis. Granting this, still
it is true that now and then somewhat
radical revisions are put forward, generally
with published statement of reasons for
changing the application of a name. To
erect a signpost at such points of most sig-
nificant change is worthwhile, both as aid
to subsequent workers in taking account of
the altered nomenclatural usage and as indi-
cation that not to-be-overlooked discussion
may be found at a particular place in the
literature. Authors of contributions to the
Treatise are encouraged to include records
of all specially noteworthy emendations of
this nature, using the abbreviation “emend.”
with the name to which it refers and citing
the author and date of the emendation.

In Part G (Bryozoa) and Part D (Pro-
tista 3) of the Treatise, the abbreviation
“emend.” is employed to record various
sorts of name emendations, thus conflicting
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with usage of “emend.” for change in tax-
onomic application of a name without
alteration of the name itself. This is objec-
tionable. In Part E (Archaeocyatha, Por-
ifera) and later-issued divisions of the
Treatise, use of “emend.” is restricted to its
customary sense, that is, significant altera-
tion in taxonomic scope of a name such as
calls for noteworthy modifications of a
diagnosis. Other means of designating
emendations that relate to form of a name
are introduced.

STYLE IN GENERIC DESCRIPTIONS

CITATION OF TYPE SPECIES

The name of the type species of each
genus and subgenus is given next following
the generic name with its accompanying
author and date, or after entries needed for
definition of the name if it is involved in
homonymy. The originally published com-
bination of generic and trivial names for
this species 1s cited, accompanied by an
asterisk (*), with notation of the author
and date of original publication. An excep-
tion in this procedure is made, however, if
the species was first published in the same
paper and by the same author as that con-
taining definition of the genus which it
serves as type; in such case, the initial letter
of the generic name followed by the trivial
name is given without repeating the name
of the author and date, for this saves needed
space. Examples of these two sorts of cita-
tions are as follows:
Diplotrypa NicHovrson, 1879 [*Favosites petropoli-
tanus PanDER, 1830].
Chainodictyon FoErsTE, 1887 [*C. laxum].

If the cited type species is a junior synonym
of some other species, the name of this
latter also is given, as follows:

Acervularia  ScHwElGGER, 1819  [*A4.
(=*Madrepora ananas LInNE, 1758)].

baltica

It is judged desirable to record the man-
ner of establishing the type species, whether
by original designation or by subsequent
designation.

Fixation of type species originally. The
type species of a genus or subgenus, accord-
ing to provisions of the Code, may be fixed
in various ways originally (that is, in the
publication containing first proposal of the
generic name) or it may be fixed in speci-

XX

fied ways subsequent to the original publi-
cation. Fixation of the type species of a
genus or subgenus in an original publica-
tion is stipulated by the Code (Art. 68) in
order of precedence as 1) original designa-
tion (in the Treatise indicated as OD)
when the type species is explicitly stated or
(before 1931) indicated by “n. gen., n. sp.”
(or its equivalent) applied to a single species
included in a new genus, 2) defined by use
of typus or typicus for one of the species
included in a new genus (adequately indi-
cated in the Treatise by the specific name),
3) established by monozypy if a new genus
or subgenus includes only one originally in-
cluded species which is neither OD nor
TYP (in the Treatise indicated as M), and
4) fixed by rautonymy if the genus-group
name is identical to an included species
name not indicated as type belonging to
one of the three preceding categories (indi-
cated in the Treatise as T).

Fixation of type species subsequently. The
type species of many genera are not deter-
minable from the publication in which the
generic name was introduced and therefore
such genera can acquire a type species only
by some manner of subsequent designation.
Most commonly this is established by pub-
lishing a statement naming as type species
one of the species originally included in the
genus, and in the Treatise fixation of the
type species in this manner is indicated by
the letters “SD” accompanied by the name
of the subsequent author (who may be the
same person as the original author) and the
date of publishing the subsequent designa-
tion. Some genera, as first described and
named, included no mentioned species and
these necessarily lack a type species until a
date subsequent to that of the original pub-
lication when one or more species are as-
signed to such a genus. If only a single
species is thus assigned, it automatically be-
comes the type species and in the Treatise
this subsequent monotypy is indicated by
the letters “SM.” Of course, the first publi-
cation containing assignment of species to
the genus which originally lacked any in-
cluded species is the one concerned in fixa-
tion of the type species, and if this named
two or more species as belonging to the genus
but did not designate a type species, then a
later “SD” designation is necessary. Ex-



amples of the use of “SD” and “SM” as
employed in the Treatise follow.

Hexagonaria GUricH, 1896 [*Cyathophyllum hexa-
gonum Goipruss, 1826; SD Lane, SMITH &
THomas, 1940].

Muriceides STupER, 1887 [*M. fragilis WRIGHT &
STUDER, 1889; SM WRIGHT & STuDER, 1889].

Another mode of fixing the type species
of a genus that may be construed as a special
sort of subsequent designation is action of
the International Commission on Zoological
Nomenclature using its plenary powers.
Definition in this way may set aside appli-
cation of the Code so as to arrive at a deci-
sion considered to be in the best interest of
continuity and stability of zoological nomen-
clature. When made, it is binding and com-
monly is cited in the Treatise by the letters
“ICZN,” accompanied by the date of an-
nounced decision and (generally) reference
to the appropriate numbered Opinion.

HOMONYMS

Most generic names are distinct from
all others and are indicated without am-
biguity by citing their originally published
spelling accompanied by name of the
author and date of first publication. If
the same generic name has been applied
to 2 or more distinct taxonomic units,
however, it is necessary to differentiate
such homonyms, and this calls for dis-
tinction between junior homonyms and
senior homonyms. Because a junior homo-
nym is invalid, it must be replaced by
some other name. For example, Callopora
Havr, 1851, introduced for Paleozoic trep-
ostome bryozoans, is invalid because Gray
in 1848 published the same name for Cre-
taceous-to-Recent  cheilostome  bryozoans,
and BassLer in 1911 introduced the new
name Hallopora to replace Harr’s homo-
nym. The Treatise style of entry is:

Hallopora BassLEr, 1911, nom. subst. [pro Callo-
pora Harr, 1851 (non Gray, 1848)].

In like manner, a needed replacement gen-
eric name may be introduced in the Trea-
tise (even though first publication of
generic names otherwise in this work is
avoided). The requirement that an exact
bibliographic reference must be given for
the replaced name commonly can be met in
the Treatise by citing a publication re-
corded in the list of references, using its
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assigned index number, as shown in the
following example.

Mysterium pDE LAUBENFELS, nom. subst. [pro Mys-

trium ScHRAMMEN, 1936 (ref. 40, p. 60) (non
RoGer, 1862)] [*Mystrium porosum SCHRAM-
MEN, 1936].

For some replaced homonyms, a footnote
reference to the literature is necessary. A
senior homonym is valid, and in so far as
the Treatise is concerned, such names are
handled according to whether the junior
homonym belongs to the same major taxo-
nomic division (class or phylum) as the
senior homonym or to some other; in the
former instance, the author and date of the
junior homonym are cited as:

Diplophyllum Havrv, 1851 [#non Sosukina, 1939]
[*D. caespirosum].

Otherwise, no mention of the existence of
a junior homonym generally is made.

Synonymic homonyms. An author some-
times publishes a generic name in two or
more papers of different date, each of which
indicates that the name is new. This is a
bothersome source of errors for later work-
ers who are unaware that a supposed first
publication which they have in hand is not
actually the original one. Although the
names were separately published, they are
identical and therefore definable as homo-
nyms; at the same time they are absolute
synonyms. For the guidance of all con-
cerned, it seems desirable to record such
names as synonymic homonyms and in the
Treatise the junior one of these is indicated
by the abbreviation “jr. syn. hom.”

Identical family-group names not infre-
quently are published as new names by dif-
ferent authors, the author of the later-intro-
duced name being ignorant of previous pub-
lication(s) by one or more other workers.
In spite of differences in taxonomic con-
cepts as indicated by diagnoses and group-
ing of genera and possibly in assigned rank,
these family-group taxa are nomenclatural
homonyms, based on the same type genus,
and they are also synonyms. Wherever en-
countered, such synonymic homonyms are
distinguished in the Treasise as in dealing
with generic names.

SYNONYMS

Citation of synonyms is given next fol-
lowing record of the type species and if two



or more synonyms of differing date are
recognized, these are arranged in chron-
ological order. Objective synonyms are
indicated by accompanying designation
“(oby.),” others being understood to con-
stitute  subjective synonyms. Examples
showing Treatise style in listing synonyms
follow.

Calapoecia Birrings, 1865 [*C. anticostiensis; SD
LinpsTROM, 1883] [=Columnopora NicHOLSsON,
1874; Houghtonia RomiNGer, 1876].
Staurocyclia HaeckeL, 1882 [*S. cruciaza HAECKEL,
1887] [=Coccostaurus Haecker, 1882 (obj.);
Phacostaurus Haecker, 1887 (obj.)].

A synonym which also constitutes a homo-
nym is recorded as follows:
Lyopora NicHoLsoN & ETHERIDGE, 1878 [*Palaco-

pora? favosa M’'Coy, 1850] [=Liopora Lane,
SMmiTH & THomas, 1940 (non Girry, 1915)].

Some junior synonyms of either objective
or subjective sort may take precedence de-
sirably over senior synonyms wherever uni-
formity and continuity of nomenclature are
served by retaining a widely used but tech-
nically rejectable name for a generic assem-
blage. This requires action of ICZN using
its plenary powers to set aside the unwanted
name and validate the wanted one, with
placement of the concerned names on appro-
priate official lists. In the Treatise citation
of such a conserved generic name is given
in the manner shown by the following ex-
ample.

Tetragraptus SALTER, 1863 [nom. correct. Havivr,
1865 (pro Tetragrapsus SaLTER, 1863), nom.
conserv. proposed Buiman, 1955, ICZN pend.]
[*Fucoides serra BroncNiarT, 1828 (=Grapto-
lithus bryomnoides HaLr, 1858)].

ABBREVIATIONS

Abbreviations used in this division of the Treatise are explained in the following

alphabetically arranged list.

Abbreviations

Abhandl., Abhandlung(en)
Abt., Abteilung(en)

adj., adjective

aff., affinis (related to)

Afr., Africa(an)

Ala., Alabama

Alg., Algeria

Alta., Alberta

Am., America(n)

Ann., Anfiaes, Annales, Annual
ant., anterior

approx., approximately
Arenig., Arenigian

Ariz., Arizona

Ark, Arkansas

art., article

Ashgill.,, Ashgillian

auctt., auctorum (of authors)

cm., centimeter
Co., County

Cong., Congress

dec., decade
Dev., Devonian

diam., diameter
Dol., Dolomite

E., East
ed., editor
edit., edition

B.C., British Columbia
Bd., Band

Beil., Beilage

Belg., Belgium, Belgique
Blackriv., Blackriveran
Boh., Bohemia

Brit., Britain, British
Bull., Bulletin

Eng., England
enl,, enlarged
Est., Estonia

Eu., Europe
ext., exterior

F., Formation
fig., figure(s)

Cincinnati., Cincinnatian

Coll., Collections

Contrib., Contribution (s)
Czech., Czechoslovakia

diagram., diagrammatic

etc., et cetera (and others, objects)

Gr., Group, Great

Handl., Handlingar
hypoth., hypothetical

1L, Isle(s)

ICZN, International Commission
of Zoological Nomenclature

1lL., Illinois

illus., illustrations

incl,, including, inclined

Ind., Indiana

indet., indetermined

int., interior

Internatl., International

Ire., Ireland

Is., Island (s)

e.g., exempli gratia (for example)
emend., emendatus(-a)

Jaarb., Jaarboek

Jaarg., Jaargang

Jahrb., Jahrbuch

Jahresv., Jahresversammlung
Jahrg., Jahrgang

Jour., Journal

Ky., Kentucky

L., Low., Lower

Calif., California
Cam., Cambrian
Can., Canada
Caradoc., Caradocian
Carb., Carboniferous
cf., confer (compare)
chapt., chapter
Chazy., Chazyan
Chester., Chesterian

Forhandl., Forhandlingar
Fr., France, French, Francais(e)

gen., genus

gen. hypoth., genus hypothetical

Geol., Geology, Geological,
Geologische, etc.

Ger., Germany, German

Gotl., Gotland
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lat., lateral

Lief., Lieferung(en)
loc., locality

long., longitudinal
low., lower

Ls., Limestone

M., Mid., Middle
M, monotypy



Md., Maryland

Medd., Meddelanden, Meddelelser

Mem., Memoir (s), Memoria,
Memorie

Mém., Mémoire(s)

Meramec., Meramecian

Mex., Mexico

Mich., Michigan

Minn., Minnesota

Miss., Mississippi, Mississippian

mm., millimeter (s)

Mo., Missouri

mod., modified

Mon., Monograph, Monographia

Monatsber., Monatsberichte

Monatsh., Monatshefte

Mont., Montana

void name)

NW., Northwest
N.Y., New York

Ont., Ontario
Osag., Osagian

p-s page(s)

Pa,, Pennsylvania
Penn., Pennsylvanian

n, new

N., North

N.Am., North America(n)

Nev., Nevada

N.Mex., New Mexico

no., number

NOM. CONSEIV., TOMeEN CONSErvalnm
(conserved name)

nom. correct.,, nomen correcium
(corrected or intentionally al-
tered name)

nom. dub., nomen dubium
(doubtful name)

nom. imperf., nomen imperfectum
(imperfect name)

nom. neg., nomen negatum
(denied name)

nom. nov., nomen novim (new

Perm,, Permian

Pol., Poland
Port., Portugal
post., posterior

Prog., Progress
pt., part(s)

Que., Quebec

nom. transl.,, nomen translatum
(transferred name)

nom. van., nomen vanum (vain,

nom. vet., nomen vetitum
(impermissible name)

N.Z., New Zealand

OD, original designation
Okla., Oklahoma

Ord., Ordovician

Philos., Philosophical
photogr., photographed
pl., plate(s), plural

Proc., Proceedings
Prof., Professional

Quart., Quarterly

Queensl., Queensland

Scot., Scotland

SD, subsequent designation

sec., section (s)

ser., series, serial, etc.

Sh., Shale

Sib., Siberia

Sil., Silurian

sing., singular

Sitzungsber., Sitzungsberichte

sp., species (spp., plural)

spec., special, specimen

S.S., Sensu stricto (in the strict
sense, narrowly defined)

suppl., supplement

syn., synonym

T, tautonymy

tang., tangential

Tenn., Tennessee
Tournais., Tournaisian
Trans., Transactions
transv., transverse
Tremadoc., Tremadocian
Trenton., Trentonian

U., Up., Upper

up., upper

USA, United States (America)

USSR, Union of Soviet Socialist
Republics

publ., publication, published

v., volume(s)

Va., Virginia

Verhandl., Verhandlung(en)
vert., vertical

viz., videlicet, namely

W., West
W.Va., West Virginia
Wis., Wisconsin

name) Rec., Recent, Record (s)

nom. nud., nomen nudum (naked reconstr., reconstructed (-ion)
name) Rept., Report

nom. null.,, nomen nullum (null, Richmond., Richmondian
void name)

nom. oblit., nomen oblitum
(forgotten name)

nom. subst., nomen substitutum
(substitute name)

S., South, Sea

Sci., Science

Yorks., Yorkshire

S.Am., South America
Scand., Scandinavia

Zeitschr., Zeitschrift

REFERENCES TO LITERATURE

Each part of the T'reatise is accompanied
by a selected list of references to paleon-
tological literature consisting primarily of
recent and comprehensive monographs
available but also including some older
works recognized as outstanding in im-
portance. The purpose of giving these ref-
erences is to aid users of the Treatise in
finding detailed descriptions and illustra-
tions of morphological features of fossil
groups, discussions of classifications and
distribution, and especially citations of more
or less voluminous literature. Generally
speaking, publications listed in the Treatise
are not original sources of information con-
cerning taxonomic units of various rank but
they tell the student where he may find

them; otherwise it is necessary to turn to
such aids as the Zoological Record or
Neave’s Nomenclator Zoologicus. Refer-
ences given in the Treatise are arranged
alphabetically by authors and accompanied
by index numbers which serve the purpose
of permitting citation most concisely in
various parts of the text; these citations of
listed papers are enclosed invariably in
parentheses and, except in Part C, are dis-
tinguishable from dates because the index
numbers comprise no more than 3 digits.
The systematic descriptions given in Part
C are accompanied by a reference list con-
taining more than 2,000 entries; the index
numbers for them are marked by an aster-
isk.
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The following is a statement of the full
names of serial publications which are cited
in abbreviated form in the Treatise lists of
references. The information thus provided
should be useful in library research work.
The list is alphabetized according to the
serial titles which were employed at the
time of original publication. Those follow-
ing it in brackets are those under which the
publication may be found currently in the
Union List of Serials, the United States
Library of Congress listing, and most li-
brary card catalogues. The names of serials
published in Cyrillic are transliterated; in
the reference lists these titles, which may be
abbreviated, are accompanied by transliter-
ated authors’ names and titles, with English
translation of the title. The place of publi-
cation is added (if not included in the serial
title).

The method of transliterating Cyrillic let-
ters that is adopted as “official” in the
Treatise is the so-called Anglo-American
method given by the Geographical Society
of London. It follows that names of some
Russian authors in transliterated form de-
rived in this way differ from other forms,
possibly including one used by the author
himself. In Treatise reference lists the alter-
native (unaccepted) form is given enclosed
by square brackets (e.g., Chernyshev
[ Tschernyschew], T.N.).

List of Serial Publications

Academia Brasileira de Ciéncias, Anfiaes. Rio de
Janeiro.

Académie Impériale des Sciences, St. Pétersbourg,
Mémoires (Akademiya Nauk SSSR Leningrad).
Académie Royale de Belgique, Classe des Sciences,

Bulletin; Mémoires. Bruxelles.

Académie Royale des Sciences, des Lettres et des
Beaux-Arts de Belgique, Bulletin. Bruxelles.

Académie des Sciences de Paris, Comptes Rendus;
Mémoires.

Académie des Sciences de I'URSS, Comptes Rendus;
Institut  Paléontologique, Travaux; Institut
Paléozoologique, Travaux [Akademiya Nauk
SSSR, Doklady]. Leningrad.

Academy of Natural Sciences of Philadelphia, Jour-
nals; Proceedings.

Academy of Science of St. Louis, Bulletins; Memoirs;
Transactions.

Acta Palacontologia Sinica. Peking.

Akademie der Wissenschaft zu Miinchen, mathe-
matische-physikalische Klass, Denkschriften; Sitz-
ungsberichte.

Akademie der Wissenschaften, physikalische-mathe-
matische Klasse, Abhandlungen. Berlin.

[K.] Akademie der Wissenschaften zu Wien, mathe-
matische-naturwissenschaftliche  Klasse, Denk-
schriften; Sitzungsberichte.

Akademiya Nauk SSSR, Institut Geologicheskikh
Nauk, Trudy (Geologicheskaya Seriya). Moskva,
Akademiya Nauk SSSR Leningrad, Doklady; Trudy,

Izvestiya. Moskva, Leningrad.

American Association of Petroleum Geologists, Bulle-
tins. Tulsa, Okla.

American Geologist. Minneapolis, Minn.

American Journal of Science. New Haven, Conn.

American Midland Naturalist. Notre Dame, Ind.

American Museum of Natural History, Novitates;
Memoirs; Bulletins. New York.

Annales de Paléontologie. Paris.

Annals and Magazine of Natural History. London.

Archiv Gesammte Naturlehre [Kastner]. Niirnberg.

Archiv fiur Mineralogie, Geognosie, Bergbau und
Hittenkunde. Berlin.

Archiv fir Naturgeschichte. Berlin, Leipzig.

Archiv fiir die Naturkunde Liv-, Ehst- und Kur-
lands. Dorpat.

Archives de Biologie. Paris.

Archivio Zoologico (Italiano). Napoli.

Arkiv f6ér Zoologi. Uppsala.

Association Francaise pour I’Avancement des Sci-
ences, Comptes Rendus. Reims.

Bibliotheca Zoologica. Originalabhandlungen. Hrsg.
v. C. Chun, Stuttgart.

Biological Reviews (see Cambridge Philosophical
Society). Cambridge, Eng.

Biological Society of Washington,
Washington, D.C.

Boston Journal of Natural History (superseded by
Boston Society of Natural History, Memoirs).

Bristol Naturalists’ Society, Proceedings.

British Association for the Advancement of Science,
Reports. London.

British Museum (Natural History), Bulletins; Sci-
entific Reports. London.

Buffalo Society of Natural Science. Bulletins.

Bulletin of American Paleontology. Ithaca, N.Y.

Cambridge Philosophical Society, Biological Reviews
and Biological Proceedings. Cambridge, Eng.

Canada, Geological Survey of, Department of Mines
and Resources, Mines and Geology Branch, Bulle-
tins; Canadian Organic Remains; Contributions to
Canadian Paleontology; Memoirs; Museum Bulle-
tins; Victoria Memorial Museum Bulletins. Ot-
tawa, Montreal.

Canadian Field Naturalist, Transactions (formerly
Ottawa Naturalist, 1887-1919). Ottawa.

Canadian Journal of Science, Literature, and History
(formerly Canadian Journal). Toronto.

Canadian Record of Science. Montreal.

Carnegie Institution of Washington, Papers; Publi-
cations. Washington, D.C.

China, Geological Society of, Bulletins. Peking.

(Las) Ciencias. Madrid. (Associacién Espafiola para
el Progreso de las Ciencias, Anales.)

Cincinnati Society of Natural History, Journals.
Comité Géologique, Mémoires. St. Petersbourg. (See
Geologicheskago Komiteta, Trudy. Leningrad.)
Denison University, Scientific Laboratories, Bulle-

tins; Journals, Granville, Ohio.

Deutsche Geologische Gescellschaft, Jahresversamm-
lung; Zeitschrift. Berlin, Hannover.

Deutsche Zoologische Gesellschaft, Verlandlungen.
Leipzig.

Proceedings.
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Dublin Geological Society, Journals.

Eestt NSV Teaduste Akadeemia, Geoloogia Insti-
tuudi, Uurimused. [Akademiya Nauk Estonskoi
SSR, Instituta Geologii, Trudy]. Tallinn.

[K.] Fysiografiska Sallskapet i Lund, Férhandlingar;
Handlingar.

Geological Magazine. London, Hertford.

Geological Society of America, Bulletins; Memoirs;
Special Papers. New York.

Geological Society of London; Memoirs; Proceedings;
Quarterly Journals; Transactions.

Geological Survey of [see under name of country,
state, or province].

Geologicheskago Komiteta,
Géologique). Leningrad.

Georgia, Geological Survey of, Bulletins. Atlanta.

[K.] Gesellschaft der Wissenschaften u. d. Georg-
Augustus Universitat, Nachrichten. Goettingen.

Harvard University, Museum of Comparative Zool-
ogy, Breviora; Bulletins; Memoirs; Special Publi-
cations. Cambridge, Mass.

Hessisches Landesamt  fiir
handlungen; Notizblatt.

Hokkaido University, Journal of the Faculty of Sci-
ence. Sapporo.

Illinois State Geological Survey, Reports of Investi-
gations; Bulletins, Memoirs; Monographs. Urbana,
HIN

1llinois State Museum of Natural History, Bulletins.
Springfield.

India, Geological Survey of, Bulletins; Memoirs;
Records (Palaeontologia Indica). Calcutta.

Indiana Department of Geological and Natural Re-
sources, Annual Reports. Indianapolis.

Institut Royal des Sciences Naturelles de Belgique,
Bulletins; Mémoires. Bruxelles. (See Musée Royal
d’Histoire Naturelle de Belgique.)

Towa University Studies (in Natural History). Iowa
City, Towa.

Japan, Geological Society of, Journal. Tokyo.

Jenaische Zeitschrift fir Naturwissenschaft. Jena.

Journal of the City of London College Science So-
ciety. London.

Journal de Conchyliologie. Paris.

Journal of Geology. Chicago.

Journal of Paleontology. Tulsa, Okla.

Kansas, The University of, Paleontological Contribu-
tions, Articles. Lawrence, Kansas.

Kansas City Scientist. Kansas City, Missouri. (Acad-
emy of Science of Kansas City.)

Kentucky Geological Survey, Reports. Lexington.

Linnean Society of London (Zoology), Journals;
Proceedings; Transactions.

Lunds Geologisk-Mineralogiska Institution, Medde-
landen.

Maryland Geological Survey. Baltimore.

Michigan Academy of Science, Arts and Letters,
Papers. Ann Arbor, Mich.

Michigan, University of, Museum of Paleontology,
Contributions. Ann Arbor, Mich.

Mijnwezen in Nederlandsch-Oost-Indi€é, Jaarboek.
s’Gravenhage.

Moskovskoe Obshchestvo Ispytatelei Prirody, Byulle-
tin. Moskva.

Musée Géologique et Minéralogique Pierre le Grand
Académie des Sciences de Russie, Travaux. St
Petersburg.

Musée Royal d’'Histoire Naturelle de Belgique, An-

Trudy (see Comité

Bodenforschung, Ab-

nales; Bulletins; Mémoires (continued as Institut
Royal des Sciences Naturelles de Belgique).
Bruxelles.

Nature. London.

[K.] Nederlandsch Akademie van Wetenschappen
Afdeeling. Naturkunde. Verslagen en Mededee-
lingen. Amsterdam.

Neues Jahrbuch fiir Geologie und Paldontologie (Be-
fore 1950, Neues Jahrbuch fiir Mineralogie, Geol-
ogie, und Paliontologie), Abhandlungen; Beilage-
Binde; Monatshefte. Stuttgart.

Neues Jahrbuch fir Mineralogie (Before 1950, Neues
Jahrbuch fir Mineralogie, Geologie, und Palion-
tologie), Abhandlungen; Beilage-Binde; Monat-
shefte. Stuttgart.

New York State Geological Survey, Palaeontology of
New York; Natural History of New York; An-
nual Reports. Albany, N.Y.

New York State Museumn of Natural History, An-
nual Reports; Bulletins. Albany, N.Y.

New Zealand Department of Scientific and Indus-
trial Research, Bulletins. Wellington.

Norsk Geologisk Tidsskrift (Norsk Geologisk Foren-
ing). Oslo.

Nova Acta Regiae Societatis Scientiarium Ubpsalien-
sis. Uppsala.

Ofversigt af K. Vetenskapsakademiens Férhand-
lingar. Stockholm.

Ohio, Geological Survey of, Bulletins;
Columbus, Ohio.

Ohio Journal of Science. Columbus, Ohio.

Oklahoma, Geological Survey of, Bulletins; Circu-
lars; Geological Notes. Norman, Okla.

Ottawa Naturalist (see Canadian Field Naturalist).
Ottawa.

Palaeobiologica. Wien.

Palacontographia Italica. Pisa.

Palaeontologia Indica (Memoirs of the Geological
Survey of India). Calcutta.

Palacontological Society of China, Palaeontological
Novitates. Nanking.

Paliontologie von Timor. Stuttgart.

Paliontologische Zeitschrift. Berlin, Stuttgart.

Palacontology (Palacontological Association). Lon-
don.

Pan-American Geologist. Des Moines, Iowa.

Pennsylvania Geological Society, Transactions. Phila-
delphia.

[K.] Preussische Akademie der Wissenschaften, Ab-
handlungen; Monatsberichte. Berlin.

[K.] Preussische Geologische Landesanstalt, Abhand-
lungen; Jahrbuch. Berlin.

Quarterly Journal of Microscopical Science, Memoirs.
London.

Quarterly Review of Biology. Baltimore, Md.

Queensland Museum, Memoirs. Brisbane.

(La) Revue Scientifique, Année. Paris.

Royal Society of Edinburgh, Memoirs; Proceedings;
Transactions.

Royal Society of London, Philosophical Transactions;
Proceedings.

Royal Society of New South Wales, Journals; Pro-
ceedings. Sydney.

Royal Society of Victoria, Proceedings. Melbourne.

Russisch-Kaiserliche Mineralogische Gesellschaft zu
St.  Petersburg, Verhandlungen [Vserossiyskoe
Mineralogicheskoe Obshchestvo]. Leningrad.

Sbornik Geologickych Véd, Paleontologie. Praha.

Science. New York.

Reports.
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Service Géologique du Maroc, Division des Mines
et de la Géologie, Notes et Mémoires. Rabat.

Smithsonian Institution, Annual Reports. Washing-
ton, D.C.

Smithsonian Miscellaneous Collections. Washington,
D.C.

[Real] Sociedad Espaiiola de
Boletin. Madrid.

Société Géologique de France, Comptes Rendus des
Séances; Bulletin; Mémoires. Paris.

Société Géologique et Minéralogique de Bretagne,
Comptes Rendus; Mémoires. Rennes.

Société Impériale des Naturalistes de Moscou, Bulle-
tin. (See Moskovskoe Obshchestvo Ispytatelei
Prirody).

Société Impériale des Naturalistes de St.-Pétersbourg.
Leningrad.

Société Paléontologique de la Russie, Annuaire.
Leningrad.

Société des Sciences Naturelles du Maroc, Bulletins;
Mémoires. Rabat.

South African Museum, Annals. Capetown.

Svea. Tidskrift for Vetenskap och Konst. Upsala.

[K.] Svenska Vetenskapsakademien, Arkiv for Min-
eralogi och Geologi; Arkiv f6r Zoologi; Hand-
lingar. Stockholm.

Sveriges Geologiska Undersokning, Afhandlingar;
Arsbok. Stockholm.

Swansea Scientific and Field Naturalists’ Society,
Proceedings.

Sweden, Geological Survey of, Guidebooks. Stock-
holm.

Systematic Zoology. Lawrence, Kans.

Tennessee Department of Conservation and Com-
merce. Division of Geology, Bulletins. Nashville,
Tenn.

Tohoku University, Science Reports. Sendai, Japan.

United States Geological Survey, Bulletins; Mono-
graphs; Professional Papers; Reports. Washing-
ton, D.C.

United States National Museum, Bulletins; Proceed-
ings. Washington, D.C.

Historia Natural,

Usttedniho Ustavu Geologickeho, Rozpravy; Sbornik;
Véstnik. Praha.

Vserossiiskoe Paleontologicheskii Obshchestvo, Ezhe-
godnik. Leningrad-Moskva. (Société Paléontolo-
gique de la Russie, Annuaire.)

Vsesoiuznyi Neftianoi Nauchno-issledovatel’skii Ge-
ologorazvedochnyi Institut (VNIGRI), Trudy.
Leningrad.

Vsesoyuznogo Geologo Razvedochnogo Ob’edineniya
SSSR, Trudy. Moskva.

Vsesoyuznyi Nauchno-Issledovatelskii Geologicheskii
Institut (VSEGEI), Trudy. Moskva.

Washington Academy of Sciences, Journals; Pro-
ceedings. Washington, D.C.

Wetenschappelijke Mededeelingen (Dienst van den
Mijnbouw in Nederlandsch-Oost Indi€). s’Graven-
hage.

Yale Scientific Magazine. Yale University, New
Haven, Conn.

Zentralblatt fir Geologie u. Paliontologie (Before
1950, Neues Jahrbuch fiir Mineralogie, Geologie
und Paliontologie). Stuttgart.

Zoological Journal. London.

Zoologiska Bidrag frin Uppsala.
holm.

Uppsala, Stock-

SOURCES OF ILLUSTRATIONS

At the end of figure captions an index
number is given to supply record of the
author of illustrations used in the Treatise,
reference being made either (1) to publica-
tions cited in reference lists or (2) to the
names of authors with or without indication
of individual publications concerned. Pre-
viously unpublished illustrations are marked
by the letter “n” (signifying “new”) with
the name of the author.
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STRATIGRAPHIC DIVISIONS

Classification of rocks forming the geo-
logic column as commonly cited in the
Treatise in terms of units defined by con-
cepts of time is reasonably uniform and
firm throughout most of the world as re-
gards major divisions (e.g., series, systems,
and rocks representing eras) but it 1s vari-
able and unfirm as regards smaller divisions
(e.g., substages, stages, and subseries),

which are provincial in application. Users
of the Treatise have suggested the desir-
ability of publishing reference lists showing
the stratigraphic arrangement of at least the
most commonly cited divisions. According-
ly, a tabulation of European and North
American units, which broadly is applic-
able also to other continents, is given here.

Generally Recognized Divisions of Geologic Column

EuroPE

ROCKS OF CENOZOIC ERA
NEOGENE SYSTEM*

Pleistocene Series (including Recent)
Pliocene Series
Miocene Series
PALEOGENE SYSTEM
Oligocene Series
Eocene Series
Paleocene Series

ROCKS OF MESOZOIC ERA

CRETACEOUS SYSTEM
Upper Cretaceous Series

Maastrichtian Stage®
Campanian Stage®
Santonian Stage®
Coniacian Stage®
Turonian Stage
Cenomanian Stage

Lower Cretaceous Series
Albian Stage

Aptian Stage

Barremian Stage®
Hauterivian Stage®
Valanginian Stage®
Berriasian Stage®

JURASSIC SYSTEM

Upper Jurassic Series
Portlandian Stage*
Kimmeridgian Stage
Oxfordian Stage

Middle Jurassic Series

Callovian Stage (or Upper Jurassic)
Bajocian Stage
Bathonian Stage

NoRTH AMERICA

ROCKS OF CENOZOIC ERA
NEOGENE SYSTEM*

Pleistocene Series (including Recent)
Pliocene Series
Miocene Series
PALEOGENE SYSTEM
Oligocene Series
Eocene Series
Paleocene Series

ROCKS OF MESOZOIC ERA

CRETACEOUS SYSTEM
Gulfian Series (Upper Cretaceous)

Navarroan Stage
Tayloran Stage
Austinian Stage

Woodbinian (Tuscaloosan) Stage
Comanchean Series (Lower
Cretaceous)

Washitan Stage

Fredericksburgian Stage
Trinitian Stage

Coahuilan Series (Lower Cretaceous)
Nuevoleonian Stage

Durangoan Stage

JURASSIC SYSTEM

Upper Jurassic Series
Portlandian Stage
Kimmeridgian Stage
Oxfordian Stage

Middle Jurassic Series
Callovian Stage (or Upper Jurassic)
Bathonian Stage
Bajocian Stage
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Lower Jurassic Series (Liassic)
Toarcian Stage
Pliensbachian Stage
Sinemurian Stage
Hettangian Stage

TRIASSIC SYSTEM

Upper Triassic Series

Rhaetian Stage®
Norian Stage
Carnian Stage

Middle Triassic Series
Ladinian Stage
Anisian Stage (Virglorian)
Lower Triassic Series
Scythian Series (Werfenian)

ROCKS OF PALEOZOIC ERA
PERMIAN SYSTEM

Upper Permian Series
Tartarian Stage®
Kazanian Stage 7
Kungurian Stage

Lower Permian Series
Artinskian Stage®
Sakmarian Stage

CARBONIFEROUS SYSTEM
Upper Carboniferous Series
Stephanian Stage

Westphalian Stage

Namurian Stage

Lower Carboniferous Series
Visean Stage

Tournaisian Stage
Strunian Stage

DEVONIAN SYSTEM

Upper Devonian Series

Famennian Stage

Frasnian Stage

xxviii

Lower Jurassic Series (Liassic)
Toarcian Stage
Pliensbachian Stage
Sinemurian Stage
Hettangian Stage

TRIASSIC SYSTEM

Upper Triassic Series
(Not recognized)
Norian Stage
Carnian Stage

Middle Triassic Series
Ladinian Stage
Anisian Stage

Lower Triassic Series
Scythian Stage

ROCKS OF PALEOZOIC ERA
PERMIAN SYSTEM

Upper Permian Series
Ochoan Stage
Guadalupian Stage

Lower Permian Series
Leonardian Stage
Wolfcampian Stage

PENNSYLVANIAN SYSTEM

Kawvian Series (Upper
Pennsylvanian)

Virgilian Stage
Missourian Stage

Oklan Series (Middle Pennsylvanian)
Desmoinesian Stage
Bendian Stage

Ardian Series (Lower Pennsylvanian)
Morrowan Stage

MISSISSIPPIAN SYSTEM

Tennesseean Series (Upper
Mississippian)
Chesteran Stage

Meramecian Stage
Waverlyan Series (Lower
Mississippian)
Osagian Stage
Kinderhookian Stage

DEVONIAN SYSTEM

Chautauquan Series (Upper
Devonian)

Conewangoan Stage
Cassadagan Stage
Senecan Series (Upper Devonian)

Chemungian Stage
Fingerlakesian Stage



Middle Devonian Series
Givetian Stage

Couvinian Stage

Lower Devonian Series
Coblenzian Stage

Gedinnian Stage

SILURIAN SYSTEM

Ludlow Series

Wenlock Series

Landovery Series

ORDOVICIAN SYSTEM

Ashgill Series

Caradoc Series

Llandeilo Series
Llanvirn Series

Arenig Series
Tremadoc Series®

CAMBRIAN SYSTEM

Upper Cambrian Series

Middle Cambrian Series
Lower Cambrian Series

EOCAMBRIAN SYSTEM
ROCKS OF PRECAMBRIAN AGE

1 Considered by some to exclude post-Pliocene deposits.
2 Classed as division of Senonian Subseries.
3 Classed as division of Neocomian Subseries.

4 Includes Pucrbeckian deposits.

5 Interpreted as lowermost Jurassic in some areas.

Erian Series (Middle Devonian)
Taghanican Stage
Tioughniogan Stage
Cazenovian Stage

Ulsterian Series (Lower Devonian)
Onesquethawan Stage
Deerparkian Stage
Helderbergian Stage

SILURIAN SYSTEM

Cayugan Series
Includes age equivalents of middle
and upper Ludlow (in New York)

Niagaran Series
Includes age equivalents of upper
Llandovery, Wenlock, and lower
Ludlow (in New York)

Medinan Series
Includes age equivalents of lower
and middle Llandovery (in New
York)

ORDOVICIAN SYSTEM

Cincinnatian Series (Upper
Ordovician)
Richmondian Stage
Maysvillian Stage
Edenian Stage

Champlainian Series (Middle
Ordovician)

Mohawkian Stage
Trentonian Substage
Blackriveran Substage

Chazyan Stage

Canadian Series (Lower Ordovician)

CAMBRIAN SYSTEM

Croixian Series (Upper Cambrian)
Trempealeauan Stage
Franconian Stage
Dresbachian Stage
Albertan Series (Middle Cambrian)
Waucoban Series (Lower Cambrian)

EOCAMBRIAN SYSTEM
ROCKS OF PRECAMBRIAN AGE

Raymonp C. Moore

6 Includes some Lower Triassic and equivalent to upper
Thuringian (Zechstein) deposits.

7 Equivalent to lower Thuringian (Zechstein) deposits.

8 Equivalent to upper Autunian and part of Rotliegend
deposits.

® Classed as uppermost Cambrian by some geologists.
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INTRODUCTION

By Raymonp C. Moore

The unit of the Treatise designated as of contributing authors selected to produce
Part S (Echinodermata 1) has been very some of the sections date back to the late
long in preparation, for initial agreements 1940’s. By 1952 typescript and illustrations
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(or directions for making them) had been
completed by at least one author, Professor
Jorannes WanNER, whose death occurred
in July, 1956. Others who promised to care
for important sections found that they could
not produce them and thus after several
years new assignments had to be arranged.
Treatise authors receive no financial com-
pensation for their work and consequently
only such persuasion as I can muster eventu-
ally leads to desired accomplishments.

We are especially indebted to collabora-
tors who completed work on tasks accepted
at relatively late dates: 1) GEorces Usachs
in 1959 for a chapter on general characters
of Echinodermata (completed March, 1961,
revised 1962, 1963, 1964, 1965); 2) K. E.
Caster in 1959 for “carpoid” classes
(Homoiostelea completed December, 1966);
3) H. B. FeL in 1960 for chapter on
echinoderm ontogeny (completed October,
1961, revised 1962); 4) R. O. Fay and
H. H. Beaver in 1960 for morphology and
systematic descriptions of blastoids (nearly
completed July, 1961, revised 1962, 1963,
1964, 1965); 5) R. V. Kesrine in 1962 for
chapters on cystoids and paracrinoids (com-
pleted December, 1962, and January, 1963);
6) Georces UsacHs in 1963-64 for chap-
ters on Homostelea, Stylophora, and Eocrin-
oidea (completed July, November, Decem-
ber, 1965); and 7) D. B. Macurpa, Jr., in
1966 for discussion of the development and
hydrodynamics of blastoids (completed
February, 1966).

It is appropriate to draw attention to the
very large amount of basic research which is
demanded from authors of Treasise vol-
umes, for work by them is far from merely
compilative in nature. Of course, the vast
sum of information recorded in zoological
and paleontological literature needs to be
surveyed, digested, and organized, but addi-
tional to this are challenges to conduct im-
portant new studies. What are the most
significant morphological features of each
discriminated animal group and how do
these bear on improvements in taxonomy?
Do advancements in techniques of fossil
preparation and discoveries based on new
materials or critical new investigations of
old contribute to better understanding of
relationships that bear on classification and
interpretation of phylogeny and evolution?

Readers of chapters published in Treatise
Part S assuredly will find that the various
authors have responded to such challenges,

In many ways the echinoderms included
in Part S are “difficult” groups in that all are
extinct, some having vanished from the
earth not less than 500 million years ago and
the latest near the end of Permian time,
approximately 200 million years before the
present. None are closely related to sur-
viving echinoderms. Accordingly, we should
not be surprised to find that paleontologists
have differed in interpreting and classifying
them. Described genera have been shifted
back and forth among different recognized
classes and orders. They include some forms
now considered to be crinoids and cyclo-
cystoids.

Treatise Part S distinguishes many more
taxa of homalozoans and crinozoans (ex-
clusive of crinoids) than have been recog-
nized previously. This is indicated by the
following tabulation of genera and fam-
ilies in echinoderm groups equivalent to
the 11 classes (not including crinoids)
given in the present volumes.

Genera and Families Recognized in Treatise
Part S Compared to Those in Some Earlier

Publications
Source Genera Families
Zittel, 1896 . .. 63 15
Bather, 1900 ..o, 94 27
Jaekel, 1918 ... .. 99 36
Springer, 1913 ... ... 109 23
Cuénot and Bergounioux, 1953 .. 139 38
Bassler & Moodey, 1943 ... 159 35
Gekker, 1964 (1965)" 106 34
Treatise Part S, 1967 273 71

1 Incomplete listing because consideration mostly con-
fined to Soviet Union.

Data of this sort are inadequate as a meas-
ure of expanding knowledge but they re-
flect it partly.

In my opinion, the most valuable contri-
bution of Echinodermata 1 is its survey
of general characters and ontogeny observed
in the phylum and delineations of morph-
ological attributes of the crinozoan and
homalozoan classes treated.

The introductory chapters by UsacHs
and FELvL serve excellently for cross-tying
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the divergent outlooks of neozoologists and
paleozoologists in studies of echinoderms,
providing readily comprehensible informa-
tion that each of these groups should have.
It may be noted that Usacus (p. S8, Fig.
2,5,6) rejects interpretation of echinoids
advanced by Moore and Ferv (Treatise
p. U120-125, Fig. 100, 106). The disagree-
ment is allowed to stand.

I commend to all readers the exceptional
body of new information, including new
illustrations, contained in the chapters on

cystoids, blastoids, eocrinoids, and “carpoid”
classes. The many kinds of advancement in
knowledge speak for themselves. Although
short and added at last moments, interest-
ing new classes named Lepidocystoidea and
Camptostromoidea are contributed by Dur-
HAM. In overall view, the fossils considered
in Part S demonstrate the present incom-
pleteness in comprehension of early echino-
derms and they emphasize both the need
and the opportunities of future investiga-
tions in this field.
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INTRODUCTION

The echinoderms comprise one of the
most important and best-characterized of all
invertebrate phyla. They are marine,
benthonic (or exceptionally pelagic) Meta-
zoa, living in an attached position or free,
but never colonial. Also, they may be de-
fined as enterocoelic, nonsegmented coelo-
mates, without differentiated head or brain,
bilaterally symmetrical fundamentally, but
modified by asymmetry introduced by
atrophy of some organs of the right anterior
side of the body and corresponding over-
development of organs of the left side. Three
characters serve to distinguish them easily:
(1) radial symmetry (typically pentamer-
ous), secondarily imposed on larval asym-
metry; (2) an endoskeleton formed of plates
or distinct ossicles, composed of crystalline
calcite deposited in an organic mesenchy-
matous network displaying a reticulate
microstructure and distinctive  crystallo-
graphic properties; (3) a water-vascular sys-
tem of sacs and canals of coelomic nature
opening outward in a pore and giving rise
to numerous small projections on the sur-
face of the body. Finally, they lack any sort
of differentiated excretory apparatus.

Several of the characters just enumerated
are not constant or, at least, invariably ob-
servable. Thus, the presence of a water-

vascular system, though probable, has not
been recognized certainly among all fossil
echinoderms. The endoskeleton may be
much reduced or even completely absent
among some rare holothuroids. Radial sym-
metry does not affect the endoskeleton of
certain archaic forms (?machaeridians,
“carpoids”), or it may be that this radial
symmetry is lost or obscured by secondary
developments of adaptive character which
have affected the organism; one may recog-
nize examples of this in most classes. De-
spite these variations, the definition above
given suffices to constitute a diagnosis for
the phylum.

Echinoderms have a structure very un-
like that of other zoological groups. Never-
theless, they are by no means an isolated
assemblage in the animal kingdom. The
tornaria larva of Enteropneusta so striking-
ly resembles the auricularia stage of star-
fishes and of holothurians that MULLER
(1850) accepted it as a larval echinoderm.
Various workers have suggested that echino-
derms are related to the Stomochorda and
in lesser degree to the Pogonophora and
Chordata. Most modern classifications ex-
press such relationships. However, meta-
morphoses that echinoderms undergo in the
course of their ontogenetic development, as
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well as their general organization, prove
that they stand considerably apart from any
other phylum. The existence from earliest
Cambrian time of types that appear to
possess all essential attributes of the group
and to represent at least three different
classes indicate strongly that their origin
belongs to the extremely remote past. One
cannot doubt that the echinoderms com-
prise one of the most ancient and best-
individualized invertebrate phyla.

The echinoderms are also one of the most
highly diversified phyla, since they include
five classes of present-day groups (Crin-
oidea, Holothuroidea, Echinoidea, Aster-
oidea, and Ophiuroidea—the last two often
combined with Somasteroidea, as a single
class, Stelleroidea—and other extinct
classes (according to chosen mode of classi-
fication), which are restricted to Paleozoic
rocks (?Machaeridia, Homostelea, Stylo-
phora, Homoiostelea, Eocrinoidea, Paracrin-
oidea, Cystoidea, Parablastmdea, Blastoidea,
Edrioblastoidea, Edrioasteroidea, Cyclocyst-
oidea, Helicoplacoidea, Ophiocistioidea,
Lepidocystoidea, and Camptostromatoidea).
All these forms are so different in appear-
ance that, as Batuer has remarked, no com-
monly used vernacular name is available to
indicate them collectively. The term
Echinodermata, introduced by J. T. KLein
in 1734 for application to the test of sca
urchins, is a scientiic word constructed
from two Greek words, echinos, hedgehog
or urchin, and derma, integument or skin;
this name is based on the spiny nature of
the covering of many of these animals. It
was not until 1789, however, that Bru-
GUIERE established the order of the “Vers
échinodermes” for the two genera Echinus
and Asterias recognized by Linng, still
placing the third genus recognized by

Linng, Holothuria, under “Vers mol-
lusques.”*
1The echinoderms have received many names. The fol-

lowing list, without pretending to be complete, probably
contains the main ones: Centroniae PaLras, 1766; Vers
Brucuitre, 1789; Radiaires échinodermes
Cératodermaires pe Bramviiie, 1822; Echi-
noderma LATREILLE, 1825; Echinodermata FrEmiNg, 1828;
Cyclozoa echinoderma (partim) Eicuwarp, 1829; Echino-
dermaires pe BuramviLig, 1830; Cirrhodermaires pE BLAIN-
viLLE, 1833; Enteractinozoa Brownn, 1860; Annuloida (partim)
HuxLey, 1869.

échinodermes
Lamarck, 1801;

The existence of a generally well-devel-
oped calcareous endoskeleton explains the
richness of echinoderm remains in all geo-
logical systems from the Ordovician on-
ward. Indeed, certain rock formations are
largely composed of their remains. Besides
this, the close relationship of the echinoderm
endoskeleton, which faithfully forms a
framework for the body, with other sys-
tems of organs provides very special in-
terest for studies of the paleontological rec-
ords concerning this phylum. Reconstruc-
tion of the endoskeleton of a fossil echino-
derm commionly serves to give reliable in-
dication of its original form and by appro-
priate analyses permits recognition in cer-
tain measure of its mode of life and biologic
relationships.

In the natural world of today, echino-
derms are numerous and varied. Exclusive-
ly marine and usually stenohaline, they are
unknown as primary fossils in fresh-water
deposits. Some species occur in such large
numbers that they are among the most
characteristic organisms of diverse animal
populations. Echinoderms are found in all
seas, in all latitudes, on all types of sea bot-
toms, and at all depths from the littoral
zone to oceanic abysses. Oceanic expeditions
have collected representatives of the phy-
lum, chiefly Holothuroidea, at depths rang-
ing to more than 10,000 meters (Philippines
Trench). Almost exclusively, the echino-
derms belong to the vagile or sessile benthos;
only a few forms—both living and fossil—
have become pelagic or pseudoplanktonic.
Finally, they enjoy generally an important
role in the economy of the ocean, both as
consumers of great quantities of other ani-
mals and organic detritus and in them-
selves serving as food sources of various
animals, including man.

Inasmuch as outstanding comprehensive
reviews of our knowledge of echinoderms
have been given recently by Cugnor (1948)
and Hyman (1955), the present chapter is
confined to subjects that are judged to be
particularly significant for understanding
of the paleontology of echinoderms.
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MORPHOLOGY

SIZE, SHAPE, LIFE POSTURE,
AND MAIN DIVISIONS OF BODY

The echinoderms are animals of small to
large size, but never microscopic. The smal-
lest and the largest of their representatives
belong probably to the crinoids: fossil spe-
cies of crinoids are reported to have pos-
sessed stalks longer than 20 meters, whereas
others had their visceral mass enclosed in
a tiny cup of a few millimeters in diameter.

The body of echinoderms may show a
great diversity of shapes. It is spheroidal,
discoid, ovoid, or cordiform in echinoids;
it is flattened, pentagonal, or more generally
star-shaped in stelleroids, with a central
disc which either passes progressively into
five projections called arms or rays (Aster-
oidea) or is sharply set off from long, slen-
der flexible arms, simple or branched
(Ophiuroidea); it is cucumber-shaped or
vermiform and generally capable of con-
siderable changes of shape in holothuroids;
it is usually prolonged by a peduncle or
stem, and provided with more or less
branched arms in crinoids; it resembles
a flower bud in blastoids; it is ovoid or
spheroidal in most cystoids, discoid in
edrioasteroids; it is depressed in “carpoids,”
with simple contour or, on the contrary,
strange, complicated, and very asymmetrical
outlines.

Crinoids and most extinct classes are
typically attached directly or by a stalk with
the face carrying the mouth, termed oral
face, directed upward and the opposite or
aboral face turned downward. “Carpoids”
were free; most of them rested horizontally
on the substratum, with probably their
food-catching apparatus and anal opening
directed upward. Holothuroids generally
lie upon one side that consists of a flattened
creeping surface; their mouth is at one end
of the body and the anus at the other.
Asteroids, ophiuroids, and echinoids move
about on their oral surface, which is strong-
ly differentiated from the aboral surface.

Typically, the body of echinoderms is
divided into five rays, arms, grooves, or
zones that diverge radially or meridionally
from the mouth and carry rows of tentacles

or podia (sing., podion, from Greek, signi-
fying foot) belonging to the water-vascular
apparatus. Since the series of podia or tube
feet are ordinarily arranged like trees along
an avenue, sectors of the body bearing these
organs have been named ambulacra (Latin,
sing., ambulacrum, signifying promenade
bordered by trees). The mid-line of each
ambulacrum is termed radius (pl, radii); it
corresponds to the trace of a plane passing
through the oral-aboral axis of the body and
dividing the ambulacra into two equal
parts. Each structure (ray) bisected by this
plane is indicated as radial, or more exactly
as perradial. In similar manner, the five
sectors (interrays) comprised between the
five ambulacra are termed interambulacra
and their mid-lines are designated as inter-
radii; organs and structures located between
two adjacent radii are interradial. In all
regularly pentamerous echinoderms, an in-
terradius invariably lies opposite to a radius.

SYMMETRY

The subject of symmetry among echino-
derms involves much complexity, and study
of it calls for consideration of development
of this charatcer in the course of ontogeny.
The early larval stage of the classes Aster-
oidea, Ophiuroidea, Echinoidea, and Holo-
thuroidea outwardly exhibits a bilateral
symmetry that may be considered funda-
mental and primitive—that is to say, de-
rived from the common hypothetical an-
cestor of the phylum. However this sym-
metry is by no means perfect, for unequal
development of the right and left coeloms
gives a structural asymmetry to the larva
from its beginning, defining one of the
dominant traits in morphology of the
echinoderms. But this asymmetry, in spite
of its early appearance and great morpho-
logical importance, is secondary. Reasons
for this conclusion will be presented sub-
sequently.

On this asymmetry of the larva, the penta-
merously radial symmetry, so characteristic
of the phylum, comes to be imposed.
Genetically, the latter is therefore secondary.
Moreover, it is neither perfect nor complete,
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Fic. 1. Comparison of radial structures (sections of ambulacrum) in different echinoderm groups. A.

Crinoid. B. Asteroid. C. Opbhiuroid. D. Holothuroid. E. Echinoid (Ubaghs, n).
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since all echinoderms have organs or struc-
tures entirely escaping from any pentaradial
arrangement. No trace of radial symmetry
is ever found in the endoskeleton of archaic
echinoderms such as the “carpoids.” Varia-
tions of diverse sorts—mutations, atrophies,
reduplications of radii—may disturb penta-
merism and secondarily produce tetramer-
ous, hexamerous or polymerous forms, as
well as others that lack any discernible
radial symmetry. Finally, not to be over-
looked is the fact that in certain lines a
radial symmetry of another order may have
been acquired independently.

These alterations, however, do not hin-
der pentaradial symmetry from comprising
one of the most striking traits in the struc-
ture of most echinoderms. In the adult, this
symmetry is responsible for the remarkably
uniform plan manifested in the general dis-
position of the food grooves, the ectoneural
nervous system, the hyponeural coelomic
system, the circulatory or hemal (blood)
system, the water-vascular system, and the
axial endoskeleton of the rays. The parallel-
ism of these structures (Fig. 1), so extremely
different in their nature and origin, com-
prises one of the very prominent features
of echinoderm architecture.

Pentaradial symmetry, as we have said,
is by no means perfect. It is disturbed by
a more or less evident bilateral symmetry,
which should be recognized at once as hav-
ing no relationship to the fundamental bi-
laterality of the early larval stage. The larva,
which undergoes metamorphoses or follows
a more or less direct development to the
adult stage, tends to acquire a new median
plane which does not coincide with that
identified previously. Therefore, the defini-
tive bilateral symmetry of the organism is
secondary in relation to that of the larva
from which it was derived.

Comparison of different types of echino-
derms reveals in addition that the bilateral-
ity of adult individuals, when sharply de-
fined, is of adaptive nature and that the
plane of symmetry is not always the same
in different groups. In certain classes sev-
eral planes of symmetry may be distin-
guished, which are unrelated to others;
many examples may be observed. We will
see also that, within the limits of a single
class, a same structure—for instance, the

anal opening—may allow recognition of
several distinct planes by its diverse posi-
tions. It is even true that the organs or
parts of the body of certain echinoderms
present differently oriented symmetries.
These remarks suffice to show that we
may not attribute to bilaterality of echino-
derms, such as appears in the adults, any
far-reaching morphologic significance. In
some respects, choice of a plane for orienta-
tion and comparison of classes in the phy-
lum is arbitrary and does not postulate real
homologies between the parts that receive
the same orientation. For instance, the
interambulacrum containing the anus or
the madreporite (a skeletal perforated plate
connecting the water-vascular system with
the sea water) is not necessarily homologous
throughout the phylum. Yet it is conveni-
ent to have some system of reference al-
lowing comparison between the classes. The
plane passing through the oral-aboral axis
and the madreporite (or better the hydro-
pore in very young echinoderms, i.e., the
primary pore connecting the water-vascular
system with sea water through the medium
of the most anterior coelomic pouches on
the left side) may furnish such a reference.
This plane is designated as the madreporite
plane or M plane of Baruer (Fig. 2,2-6).
According to the nomenclature proposed
by P. H. Carrenter (1884) (Fig. 2,1), the
ray opposite to the interray containing the
hydropore is designated by the letter A4, the
other rays being then indicated by B, C, D,
E, in clockwise direction when the animal
is placed with its mouth upward. The
interrays are designated by the letters of
rays that bound them (4B, BC, CD, DE,
EA). The hydropore in the postlarval
growth stages occurs in interray CD, as

generally does also the madreporite in the
adule.?

1 Other systems of nomenclature for rays and interrays
have been proposed. Echinoid specialists commonly use a
numeration proposed by Lovén (1874), based on the antero-
posterior plane of irregular echinoids, Starting from the
interambulcrum containing the anus and going in clockwise
direction in oral view, they designate the ambulacra by
roman numerals 7 to ¥V and the interambulacra by arabic
numerals 7 to 5 or by listing the adjoining ambulacra (Fig.
2,6). Thus the interambulacrum following ambulacrum 1
in clockwise direction is designated as I or I-Il. Generally
it is admitted that ambulacrum [ in echinoids corresponds
to ambulacrum B of CARPENTER's system, but FELL & MooRE
(1965) correlate I with D for reasons which are given in
Part U of the Treatise. The same symbols have been em-
ployed by Jaeker (1895) and some other specialists for at-
tached echinoderms, but taking as a reference the interam-
bulacrum containing the hydropore and gonopore. As a
consequence, ambulacrum 7 of JAEKEL's system becomes
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ambulacrum D in CArPENTER's system. Finally, BaTHER
(1900) proposed directional terms that have been commonly
adopted by workers on fossil crinoids and other attached
forms. The organism is placed in its natural position with
mouth upwards and is viewed from the anal side; the anal
interambulacrum is called posterior and the opposite ambu-
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lacrum anterior; right and left corresponds with the right
and left of the observer; the other rays (or interrays) are
then termed right anterior, right posterior, left anterior and
left posterior; compared with CARPENTER'S system, anterior
ray corresponds to A4 ray and posterior interray to CD
interray.
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Fic. 2. Disposition of rays in relation to other structure in different echinoderm groups, all viewed from

oral side (Ubaghs, n).
proposed by P. H. CARPENTER.

1. Orientation of generalized echinoderm according to nomenclature of rays
2-6. Various planes of symmetry observed in (2) crinoids and other

attached radiate forms, (3) holothuroids, (4) asteroids, (5) regular echinoids, and (6) irregular echinoids
(with LovéN’s numerical designations in parentheses). [Explanation: Dotted area shows interambulacrum
containing hydropore or madreporite. ]
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Among most crinoids and many other at-
tached echinoderms a prominent plane of
bilateral symmetry is typically determined
by the mouth, anus, hydropore (if present)
and the apical pole. This is the plane, called
crinoidal plane (Cutwor, 1948) (Fig. 2,2),
which in modern crinoids contains the first
pore for passage of water and the first
embryonic indication of the gonad. It is also
in this plane, or immediately adjacent to it
that among many cystoids, edrioasteroids,
and archaic crinoids, one or two supple-
mentary pores open; these are respectively
interpreted as hydropore or gonopore, or a
combination of both. The crinoidal plane
thus coincides with the madreporite plane
as defined above.

Other more or less evident planes of
bilateral symmetry may exist among at-
tached echinoderms. Thus the crown of
some disparid crinoids tends to become
more or less symmetrical in relation to a
plane passing through the E ray and BC
interray (homocrinoidal plane) or through
the D ray and 4B interray (heterocrinoidal
plane) or through C ray and AE interray
(eustenocrinoidal plane) (Fig. 2,2). The
mouth of certain comasteroid crinoids 1is
displaced toward the AB interray, accom-
panied by modification of the opposite D
ray. Among cystoids and eocrinoids, the
anus may be shifted so as to open in an
interray (AB or BC) other than that char-
acterized by the occurrence of a hydro-
pore; this then determines an anal plane
distinct from that of the crinoidal plane.
Finally, the basal circlet of the theca com-
monly presents a local bilateral symmetry
in which the plane may not coincide with
the bilaterality of the remainder of the
body.

In holothuroids, the body, elongated
along the oral-aboral axis, is generally dif-
ferentiated into a “ventral” flattened sur-
face, on which the animal creeps, and an
opposite arched “dorsal” surface (Fig. 2,3).
The A4, B, and E rays, forming the trivium,
occupy the “ventral” surface; the C and D
rays comprise the bivium on the “dorsal”
surface. The median ambulacrum (4) of
the trivium and the opposed mid-dorsal
line clearly define a plane of symmetry
known as the holothurian plane (Cutwor,
1891). This plane passes through the ex-
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ternal orifice (gonopore) of the single geni-
tal gland, the “dorsal” mesentery in which
the gonad is included and among forms
retaining it in the adult stage, through the
hydropore or madreporite. It is therefore
considered as probably equivalent to the
crinoidal plane and madreporite plane.
Several planes of bilateral symmetry have
been recognized in echinoids. The madre-
porite plane seems generally to be ident-
fiable by the eccentric position of the madre-
porite which mostly occurs in the CD inter-
ray (in irregular echinoids, it may migrate
during early development into the 4B inter-
ray, but this is of course a secondary fea-
ture). On the other hand, in most echin-
oids, the anus does not open exactly at the
aboral pole; rather, it is found in the B ray
or AB interray. These two positions per-
mit determination of two anal planes. The
first, known among some Regularia
(Salenia, Heterosalenia), defines a salenian
plane (Cugnor, 1948), also known as the
echinid plane (Cuknor, 1891), passing
through the B ray and DE interray so as
to make an angle of 72 degrees with the
madreporite plane (Fig. 2,5). The second
determines the appearance of another anal
plane oriented in the D ray and 4B inter-
ray; the angle made by this plane with the
madreporite plane is then 36 degrees. Cui-
NoT (1891) has designated this as the Lovén
plane (Fig. 2,5,6). It is recognized as hav-
ing chief importance for orientation of
echinoids. In particular, the bilateral sym-
metry so clearly manifested exteriorly and
interiorly in numerous irregular echinoids
(clypeasteroids, spatangoids) is developed
in relation to this plane; their body tends
to show differentiated functional anterior
and posterior extremities and their am-
bulacra are divided into a trivium (C, D,
E) and a bivium (A4, B), which, according
to adopted premises, are different from the
trivium and bivium of holothuroids. As
applied to sea urchins, the Lovén plane
takes precedence over all others in its rela-
tion to organization of these echinoderms.
During ontogeny, however, in both regu-
lar and irregular echinoids, the newly meta-
morphosed urchin shows a bilateral arrange-
ment of the plates of the apical system ac-
cording to a plane corresponding neither
with the madreporite plane nor the Lovén
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plane. Similarly, on the oral side, the skele-
tal and water-vascular systems appear more
symmetrical with respect to this plane than
to all others. Called primordial plane by
voN Usiscu (1913), it makes an angle of
90° with the plane of symmetry of the
larva and passes through the C ray and EA
interray (Fig. 2,5). During further growth,
all morphological trace of this symmetry is
lost, except nearly always in the crystallo-
graphic orientation of the genital plates
that encircle the aboral pole (Raur, 1965).

Lovén (1874) in discussing the morph-
ology of echinoids has pointed out the ex-
istence of a distinctive axis (designated a-w)
passing through the E ray and BC interray
(Fig. 2,5).

Among Asteroidea, the madreporite, lo-
cated on the aboral side of the body in the
adult, defines the CD interray, but the anus
in all species possessing this vent opens
more or less excentrically in the BC inter-
ray on the aboral side. One then may define
an anal plane (asterid plane of Cuénor,
1891) which is distinct from the madre-
porite plane, making an angle of 72 degrees
with it. But, as Asteroidea are almost per-
fectly radiate animals, these two planes have
practically no morphological significance.

Among ophiuroids, one of the inter-
radially situated plates (buccal or oral
shield) covering the jaws acts as a madre-
porite, being pierced usually by a single
pore. As this pore, however, cannot gen-
erally be recognized on the outer side,
orientation is hardly determinable ex-
ternally.

Finally, the presence in an interray of
certain ophiocistioids of a madreporite or
a pore interpreted as a hydropore and gono-
pore, or a combination of these two, allows
orientation of these echinoderms according
to the madreporite plane. An anal vent
occurs in the same interray on the aboral
side of at least one genus.

The preceding discussion leads to the
following conclusions: 1) fundamental bi-
lateral symmetry of the larva, disturbed by
asymmetric development of the anterior
right and left halves of the body, cannot be
identified in adults; 2) pentamerously ra-
dial symmetry is secondary and superposed
on the larval asymmetry; 3) bilaterality de-
termined in young postmetamorphic indiv-
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iduals (and a forziori in adults) by the
hydropore, madreporite, anus, or any other
structure is secondary with respect to fun-
damental larval symmetry; 4) the selection
of any one plane as a plane of reference for
orientation of all the classes is more or less
arbitrary, and homologies based on such
comparisons are judged as not being proven;
5) varied influences may produce bilateral
symmetries of a third order, which in some
species acquire a great importance and even
may obscure other symmetries.

BODY WALL

The body wall of all echinoderms com-
prises three layers; an external epithelium
or epidermis, a thick median layer (con-
junctive, muscular, or calcareous) and an
internal epithelium (endothelium or peri-
toneum) lining the coelomic cavities.

The external epithelium, generally cov-
ered by a very thin superficial cuticle, ex-
hibits a rather variable organization with
respect to its place of occurrence and the
form considered. It may be relatively thick,
formed of long, narrow, nearly threadlike
cells, among which commonly neurosensory
cells and glandular mucus cells are inter-
mixed. On the other hand, it may be ex-
tremely thin, showing no definite cellular
organization, and it may even disappear in
adults of certain forms and in certain parts
of the body. Locally, or over its entire sur-
face, it may possess a covering of cilia pro-
ducing vibratile currents capable of carry-
ing particles toward the mouth or food
grooves, or, on the other hand, toward the
exterior; these currents play an important
role in nutrition and in cleaning the test,
as well as in respiration probably. At the
base of the epithelium and more or less
clearly differentiated from it, is a nervous
stratum of variable thickness that forms
part of the ectoneural nervous system. The
external epithelium continues into the me-
dian layer, or more rarely it is found sep-
arated from it by a delicate basal mem-
brane.

The median layer, as we have noted, con-
sists of muscular tissues, conjunctive non-
calcified (mesenchyme) tissues, and cal-
careous tissues.

(1) Muscle fiber, produced by differentia-
tion of a single mesodermic cell, displays
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the same characters in all classes. It is
smooth, straight, or faintly wavy, sharply
terminated at its extremities, and provided
with a lateral nucleus. Striated muscle fibers
have been distinguished among a certain
number of echinoids. In the body wall, the
musculature occurs under the dermis; it is
well developed among holothuroids, which
have a readily deformable body, but hardly
perceptible among echinoids, enclosed by
a rigid endoskeleton. Crinoids possess a
special tissue designated as ligamentary, be-
tween the skeletal plates. It has a connec-
tive function and is shown to be formed
of parallel hyaline nucleated fibers that
intermingle at their two extremities with
the organic network of skeletal ossicles; this
tissue, probably elastic, seems to have some
contractile ability.

(2) Noncalcified mesenchyme is com-
posed of a fundamentally noncellular sub-
stance, amorphous or fibrillar, gelatinous or
more or less firm, with disseminated, round-
ed or star-shaped connective cells and en-
closing numerous nucleated fibers.

(3) Calcareous tissue, found in all echino-
derms, except a few holothurians, is one of
the most important features of the phylum.
Its histologic constitution and crystallo-
graphic properties serve to establish the
unity of the group and allow identification
under the microscope of the smallest skele-
tal fragment.

Universally, where mesoderm exists in
the body, but especially in the body wall
itself, certain of its cells have the ability
to secrete calcium carbonate. As a result,
a skeleton is produced and this consequent-
ly is an endoskeleton. The endoskeleton,
generally well developed, is composed of
plates, ossicles, spicules, microscopic pieces,
and integumentary appendages such as
spines. It is to be understood that in life
the external appendages, like the main
skeleton, are clothed with epidermis and a
thin layer of dermis, although this covering
may rub off from prominently projecting
parts.

The plates and ossicles of the main skele-
ton generally bear spines, knobs, granules
or other projections. Particularly important
are the spines to which the name of the
phylum refers. Among the extant forms
they occur in asteroids, ophiuroids, and
echinoids, but they were also present in at
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least some species of most extinct groups.
They are of various shapes and structures,
and they have many functions, such as pro-
tection, locomotion, digging, burrow-build-
ing, production of currents, and brooding
the young. Detailed descriptions will be
found in chapters devoted to the different
classes.

Worthy of special mention are the pedi-
cellariae, which are tiny, grasping organs
of various sorts, found only in starfishes
and sea urchins. Typically they consist of
two or several jaws, articulated proximally,
and mounted on a movable stalk of varied
length; the jaws and at least in part the
stalk are supported by internal calcareous
pieces. According to their types, they act
as defense weapons or cleansing organs and
they assist in capturing small prey.

Throughout 1ts entire thickness the cal-
careous tissue consists of a spongy or reticu-
lated mass. Exceptions to this fundamental
rule include nonreticulate spicules, described
from most extant classes, and the teeth of
echinoids, formed by fusion of a series of
nested cones. During life, all of the pores
and small canals of the mineralized parts
are filled up with mesodermic tissue. This
is easily demonstrated by decalcifying a
skeletal piece of a living echinoderm; the
decalcification produces an organic residue
pierced by holes that correspond to the cal-
careous elements removed by the acid. Thus
the skeleton of echinoderms is composed of
two interlocked networks, one composed
of mineral substance (stereom) and the
other of organic matter (stroma). While
the stroma is continuous throughout the
body wall, the stereom, comprising distinct
skeletal pieces, is discontinuous.

The stroma may occupy as much as 60
percent of the volume of a particular skele-
tal element. It generally consists of an
essentially amorphous material, less com-
monly fibrillar, with numerous interspersed
mesodermic cells and in some instances
black pigments and excreted granules.
Permeable to nutritive fluids, it serves for
nutrition of the calcareous network, repair-
ing it when damaged and restoring it when
a skeletal part has been lost. This intimate
relation between stroma and stereom ex-
plains how the skeletal pieces enlarge dur-
ing development of individuals and how the
parts remain alive throughout the animal’s
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Fic. 3. Formation and biologic structure of echinoderm endoskeleton. 1a-d. Stages in development of

plate of young ophiuroid, Amphipholis squamata (Cuiaye); lab, X1,280; Ic,d, X640 (Woodland).

2a-d. Stages in development of ossicles of Cucumaria sp. (holothuroid), X750 (Woodland). 3. Regu-

lar stereom in cup plate of Holopus rangi p’OrsieNy (crinoid), X55 (P. H. Carpenter).—4a-%. Forma-

tion of typical echinoid spine, X 800 (Gordon). 5. Part of cross section of spine of Stereocidaris japonica

(DopErRLEIN) (echinoid), X 40 (Mortensen).——=6. Closely set and less compact stereom in cidaroid spine,
X 30 (Bather).
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existence. Commonly they show growth
lines which may demonstrate peripheral ex-
cretion of calcium carbonate without re-
quiring, as wrongly supposed by some, an
internal resorption. On the other hand, in
some echinoderms, the lime-producing cells
also have the power of resorbing and re-
depositing calcium carbonate so that the
form and structure of the skeletal changes
with growth of the animal. Finally, stereom
and stroma are adapted to functions of par-
ticular skeletal elements; their network
structure varies in different parts of an in-
dividual (Fig. 3,5,6), as well as from one
species to another. These variations are re-
lated to the dimensions, form, and mode of
grouping of meshes in the network. In
addition, the existence of isostatic lines of
stress may simulate conditions seen in the
spongy bones of mammals.

The endoskeleton is secreted by lime-
secreting cells of the mesenchyme (Fig. 3,
la-d). Each reticulate element is initiated
by forming a calcareous granule on the in-
side of a single cell, the granule becoming
transformed rapidly into a trifid spicule.
This spicule enlarges and bifurcates at its
extremities, while other lime-depositing cells
join in making the secretion. The bifurca-
tions fuse at their points of contact so as to
form a fenestrated small plate. This in-
creases along all of its periphery by the pro-
duction and fusion of numerous branches,
developed in all special directions. Thus,
from repeated branchings and fusions is
developed a three-dimensional network of
more or less regular nature (Fig. 3,3) in
which the meshes include calcite-producing
cells joined in a syncytium.

In most holothuroids, the main endo-
skeleton consists of microscopic calcareous
spicules scattered in the connective tissues,
chiefly in the superficial layers of the der-
mis. A compact skeleton, with stereom and
stroma, as in other echinoderms, is to be
found only in a ring of plates encircling
the pharynx, in the madreporite and in five
small “teeth” occurring in some genera
around the anus or within its rim. The
spicules occur in a great variety of shapes
(rods, crosses, plates, anchors, wheels) and
are useful in identifying species. Generally
an holothurian spicule begins as a minute
rod between two or more secreting cells.
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The rod takes an X-shape by forking of its
extremities, and repeated forkings and fu-
sion of the branches result in production of
a fenestrated plate, which subsequently is
variously transformed into definite ossicles
(Fig. 3,2a-d). The primordial rod of an
anchor forks at one end only and the wheel-
like spicules start as minute discs on which
the spokes differentiate by notching of the
margins. The lime-secreting cells that have
produced a spicule then migrate and the
spicule remains isolated in the soft tissues.

Spines are formed (Fig. 3,4a-k) some-
what differently from plates and spicules.
In a typical echinoid spine, for instance,
the primordial granule develops into a six-
rayed star, the branches of which divide
at their extremity, meet those of neighbor-
ing rays and thus form a complete ring that
constitutes the base of the spine. A process
grows vertically from the center of the star
and gives rise to three branches which grow
outward and upward, divide at their free
end, and fuse to form a hexagonal ring
more or less parallel to the base. From this
ring vertical prongs are sent out which are
joined by cross bars at more or less regular
intervals and the whole structure elaborates
to form the spine shaft. Spines in asteroids
originate in about the same way.

The chemical composition of the endo-
skeleton of living echinoderms, as deter-
mined by studies of CLARKE & WHEELER
(1922), is that of a limestone (71 to 95 per-
cent calcium carbonate) having a mod-
erate content of magnesium carbonate in
ionic substitution. The proportion of mag-
nesium carbonate (3 to 15 percent) seems
mainly to be determined as a function of
the temperature, individuals of warm seas
being more magnesian than those of cold
seas. Generally present, in addition, are
small quantities of phosphate and calcium
sulfate, salts of alumina, and iron, as well
as traces of strontium, barium, copper, zinc,
manganese, cobalt, nickel, cadmium, and
some other elements.

Each unit part of the skeleton of every
echinoderm comprises a single crystal of
calcite. This rule seems to have only a few
isolated exceptions and is supported by all
optical evidence. However, X-ray data sug-
gest that each skeletal element is actually
a composite of tiny crystal units, which are
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nearly parallel in the ¢ direction. In that
case, the optical measurements would repre-
sent orientations of large crystal aggregates
(Garripo & Branco, 1947; Nissen, 1963;
Raup, 1965).

In the living organism, the stereom does
not show the characteristic cleavages of the
calcite, because of its latticed structure and
the presence, in the meshes of the calcareous
network, of the organic stroma. But, after
fossilization, the stroma generally is re-
placed by secondary calcite, which invari-
ably is oriented crystallographically with
the calcite of the skeleton and thus makes
evident its cleavages. Fossilization does not
modify the original orientation of the cal-
cite unless the mineral was completely dis-
solved and reprecipitated.

The crystallography of echinoderm cal-
cite has been mainly studied by Kircuner
(1929) on crinoids, Scumipt (1925) and
Panning (1933) on holothuroids, MErkER
(1916), Scuurtz (1935), and Rauvp (1959,
1960, 1962) on echinoids. The crystallo-
graphic orienttaion seems to be more varied
than was formerly supposed. For instance
in echinoids, recent studies by Raup have
revealed that most species conform to one
or two types, according to orientation of
the ¢ axes of the coronal plates, the ¢ axes
being either uniformly perpendicular to the
plate surface or tangential to the plate sur-
face and aligned longitudinally (aboro-
adorally) on the test. Exceptions are found
in some cidaroid genera in which ambula-
cral plates have perpendicular ¢ axes and
interambulacral plates have tangential ¢
axes, whereas in other forms the orientation
is modified as a function of growth of the
individual, since it may pass, for instance,
from perpendicular in the first-formed am-
bulacral plates (located near the oral pole
in the adult) to tangential in the youngest
ambulacral plates (near the aboral pole)
within the limits of a single column of an
adult individual. According to present
knowledge, such c-axes orientation patterns
are constant at the species and genus levels,
mostly also at the family and even order
levels.

Also, in the apical system of sea urchins,
distribution of crystal orientations shows a
strong bilateral symmetry, which nearly
always is identical with the primordial plane
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of von Usiscu (Lucas, 1953; JEsioNEk-
Syzmanska, 1959; Raup, 1965).

The functional significance of these
crystallographic data is not understood. It
has been suggested that crystal orientation
of the coronal plates of echinoids may be
useful in building curved plates (Raup,
1962) or in controlling the amount of light
that can pass through the test (Raup, 1959,
1962). In the echinoid apical system, the
arrangement of ¢ axes may serve the
organism as a navigational aid (Raup,
1965).

The skeletal tissue of echinoderms often
has been compared with the bones of verte-
brates. Assuredly there are analogies be-
tween them, but only analogies, for the
stereom of echinoderms differs from bone
in three essential characters, (1) its typically
calcareous, nonphosphatic chemical com-
position, (2) the intracellular, rather than
extracellular, formation of spicules, and (3)
its very characteristic crystalline properties.

NERVOUS SYSTEM

The five classes of living echinoderms
show a common pattern in the gross mor-
phology of their nervous system. This is
somewhat artificially described as composed
of three related systems, namely the ecto-
neural, hyponeural, and entoneural systems,
located at different levels within the body;
all three are affected by radiate symmetry.

ECTONEURAL SYSTEM

The ectoneural or oral system consists of
a subepithelial nerve plexus, and five radial
cords united around the esophagus by a
nerve ring. The subepithelial, mainly sen-
sory, nerve plexus lies just beneath the epi-
dermis of almost the whole body. It may
thicken locally, where special activity is re-
quired, as, for instance, at the tip of some
tube feet or at the base of echinoid spines.
Among crinoids (Fig. 1,4) and asteroids
(Fig. 1,B) the five radial cords and the
ring around the esophagus have a super-
ficial place immediately under the epidermis
and they are in direct continuity with the
general subepithelial plexus.  Among
ophiuroids (Fig. 1,C), holothuroids (Fig. 1,
D), and echinoids (Fig. 1,E), they underlie
a tubular noncoelomic cavity (epineural
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canal). As in crinoids and asteroids, the
radial nerves of ophiuroids, holothuroids,
and echinoids are still joined to the sub-
epithelial plexus of the body wall by con-
necting branches. In all living representa-
tives, the nerve ring around the esophagus
gives off nerves into the digestive system
and into buccal podia (ophiuroids) or ten-
tacles (holothuroids) where such structures
exist.

HYPONEURAL SYSTEM

The hyponeural or deep oral system, pri-
marily motor in function, lies aborally to
the preceding. It is found among all extant
echinoderms except echinoids that lack a
masticatory apparatus. In crinoids, it con-
sists of a ring round the esophagus and two
longitudinal nerves, lying laterally, in each
arm (Fig. 1,4); these branches supply the
musculature of the water vessels, pinnules,
etc. In holothuroids (Fig. 1,D) each radial
nerve cord is divided by a longitudinal
partition into an outer (ectoneural) and an
inner (hyponeural) part, the latter supply-
ing muscle fibers of the body wall; there is
no hyponeural nervous ring. Among aster-
oids (Fig. 1,B), the hyponeural system is
represented by paired nerves (Lange’s
nerves) lying internal to the ectoneural
radial cord, and by five interradial thicken-
ings in the floor of the ring sinus that lies
aboral to the main nerve ring; the Lange’s
nerves supply the lower transverse muscles
between the ambulacral ossicles. Among
ophiuroids (Fig. 1,C), a thin membrane sep-
arates an outer thick ectoneural and an in-
ner thin hyponeural system in the nerve
ring and in radial nerves; it is from the
hyponeural system that the nerves to the
muscles that extend between the ambula-
cral ossicles are given off. Finally, the hypo-
neural system is represented in echinoids
having a masticatory apparatus by five cen-
ters radially located on the aboral surface
of the main ring; these centers send nerves
to the muscles activating the masticatory
apparatus.

ENTONEURAL SYSTEM

The entoneural or aboral system is the
main motor system in crinoids. It is joined
to an apical ganglionic nervous mass sur-
rounding a coelomic cavity divided into five
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chambers (chambered organ); this nervous
mass presents the characters and functions
of a nerve center; from it a nervous sheath
proceeds into the axial canal of the stem
and axial nerve cords are given off to the
arms; these cords are connected with each
other by ring commissures within the theca
that envelopes the viscera. Except for holo-
thuroids, an entoneural system exists also in
the other classes, but it is not known
whether this is exactly equivalent to that
of the crinoids. Moreover, it is more or less
continuous with the hyponeural nervous
system.

The echinoderms possess few sharply de-
fined sensory organs. However, they are
known to be sensitive to touch, to light, to
odors, to quality of the water, and to ori-
entation. Tactile sensibility is furnished by
the podia, radioles, pedicellaria (or micro-
scopic claws of echinoids and asteroids) and
by the integuments themselves, often rich
in cells considered as touch or chemical re-
ceptors. Light-sensitive receptors exist in
holothuroids, asteroids, and echinoids. Cer-
tain holothuroids have statocysts and the
sphaeridia of echinoids possibly serve for
orientation of these organisms.

DIGESTIVE SYSTEM

Mouth and anus of nonradiate echino-
derms are located at or near opposite ex-
tremities of the body in Stylophora and
Homoiostelea, but they are near each other
at the same end in Homostelea.

In radiate echinoderms, the mouth in-
variably is found in the oral surface and
generally at its center, at the point of con-
vergence and ending of the ambulacra. It
is secondarily displaced from the center
along the A radius or toward the 4B inter-
ray in certain crinoids and forward along
the D radius in spatangoid echinoids. It
opens directly to the exterior, but in numer-
ous Paleozoic fixed echinoderms it may
become secondarily internal by develop-
ment of a tegumentary ceiling.

The anus has a much more variable posi-
tion. It is never located at the aboral pole
in fixed forms, but generally is found in
the upper or adoral half in the CD inter-
rays, typically located laterally in cystoids,
blastoids, eocrinoids, and paracrinoids, and
on the oral face in crinoids and edrioaster-
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oids; among crinoids it may occur sec- ray or 4B interray among a few cystoids
ondarily at the center of the oral face, and eocrinoids. It opens at or near the
whereas it migrates toward the BC inter- aboral pole in holothuroids and some regu-

A
diverticula ] ambulacral tract sHk 7% tentacl
. ' v \% outh \\\\\\W/[Zi calcare:ss i
N % : longitudinal H‘ s Ting

. ‘\ B muscle bands ,_\ hemal ring

= dorsal
mesentery

hemal
lacunae

diverticula

cardiac stomach y pyloric stomach

respiratory
trees

intestinal caeca 2

D
4 diverticulum 5

Fic. 4. Digestive systems of echinoderms. 1. Crinoid (Antedon), showing many diverticula (Chad-

wick). 2. Holothuroid, with respiratory trees and hemal system (main lacunae, solid black) (Ludwig).

3. Asteroid (Culcita) (Hamann & Ludwig).———4. Regular echinoid (Echinus) (Cuénot). 5.

Irregular echinoid (Brissus) (Cuénot). [Orientation according to P, H. CARPENTER’s nomenclature, except
2 and 3.]
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lar echinoids. It is aboral but somewhat
excentric in other regular echinoids (E ray
or AB interray) and most asteroids (BC
interray). In a few ophiocistioids where it
is known, it is aboral, located near the mar-
gin or at mid-distance between center and
margin. It is lateral or on the oral side in
irregular echinoids and invariably in the
AB interray. It is lacking in somasteroids,
ophiuroids, and certain asteroids which dis-
charge excrements through the mouth.

The digestive tract consists of a more or
less elongate tube, spirally enrolled in a
clockwise direction (the organism present-
ing its oral face to the observer) in attached
echinoderms, holothuroids, and very young
echinoids. In adult echinoids, it is extended
and this extension more or less masks the
preceding arrangement. The stelleroids have
a short straight digestive tube with a pro-
nounced stomach enlargement, subdivided
in asteroids by a horizontal constriction into
two portions.

The digestive tube is differentiated more
or less clearly into an esophagus, stomach,
intestine, and rectum. It is modified by
adjoined appendices that perform particular
functions or simply augment secreting sur-
faces: diverticula of crinoids (Fig. 4,1);
gastric brachial caeca of asteroids, somaster-
oids, and the ophiuroid Ophiocanops (Fig.
4,3}; diverticulum and siphons in many
echinoids (Fig. 4,4,5); and respiratory trees
of holothuroids (Fig. 4,2). In general, cords
or mesenterial bands composed of two peri-
toneal layers attach the digestive tube to the
body wall; but, although present in the
embryo, they are generally more or less lack-
ing in adults.

COELOM

The general cavity of echinoderms of
coelomic origin forms a large free space,
except in crinoids, where it is secondarily
filled by strands and membranes of connec-
tive tissue.

This cavity, carpeted by peritoneum, en-
closes the principal organs of the body, es-
pecially the digestive tube and the gonads
(except in living crinoids where the gonads
have migrated to the arms, or more gen-
erally their appendages, the pinnules). It
extends broadly into the arms of asteroids,
narrowly into those of ophiuroids, and by
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four canals into those of crinoids. It is
traversed by mesenteries or strings diverse-
ly placed between the viscera and walls.
Partitioning may serve partly or completely
to isolate small compartments, such, for ex-
ample, as the perivisceral spaces and cavi-
ties of the chambered organ in crinoids,
the peripharyngeal sinus of echinoids and
holothuroids, the periesophageal sinus of
asteroids and ophiuroids, the periproctal
sinus of echinoids, the perianal sinus of
echinoids and holothuroids, and the aboral
or genital sinus in the form of a pentagon
ring in asteroids, ophiuroids, and echinoids,
which furnishes for each gonad a genital
branch.

The general cavity is by no means the
only one that may be of coelomic origin.
Likewise derived from the coelom, as proved
from their development and the fact that
they are lined by peritoneum, are the axial
sinus, the hyponeural sinuses, the madre-
poric vesicle, and the water-vascular system.
Because of its importance, this last will be
discussed in a special section.

The axial sinus of crinoids comprises a
vertical space enclosed by the ring of the
digestive tube and surrounding the esopha-
gus orally. Also, it contains a characteristic
elongated organ, the axial gland, to be de-
scribed presently. Some authors report that
in holothuroids the axial sinus disappears
during ontogeny, whereas in echinoids it
is lacking entirely. Among asteroids (Fig.
5,1,2) and ophiuroids, it contains, in addi-
tion to the axial gland, an essential com-
ponent of the water-vascular system known
as the stone canal; thus in stelleroids it com-
prises a complex of cavities and organs, the
axial complex, enclosed in an interbrachial
septum of the CD interray or intimately
joined to it. At its aboral extremity the
axial sinus communicates with the ampulla
of the stone canal, located on the internal
face of the madreporite, and it ends in the
genital or aboral sinus already mentioned.
At its oral extremity, it opens into a large
circumoral ringlike sinus that lies on the
aboral side of the nerve ring surrounding
the mouth. In asteroids this sinus is divided
by an oblique partition into internal and
external rings. The axial sinus opens into
the internal ring, which thus appears as an
extension of the axial coelom.
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The hyponeural sinuses (hyponeural sinus
system) consist of a group of tubular cavi-
ties forming typically and essentially, a
circumoral sinus, from which lead five
radial sinuses located on the aboral face of
the five radial nerve cords (ectoneural)
(Fig. 5). These radial sinuses may gtve off

transverse branches that penetrate the podia.
The ensemble of tubes has often been con-
sidered as constituting a second circulatory
system designated perihemal (also pseudo-
hemal or perilacunar), because tubules of
this sinus system encloses distributional
lacunae of the hemal system or are closely
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Fic. 6. Organization of water-vascular, hemal, and hyponeural-sinus systems in asteroid (diagram.)
(Ubaghs, n).

associated with them. In reality, between
the entire hyponeural sinus system, which is
of coelomic nature, and the hemal (blood)
circulatory system, formed of spaces de-
veloped in the mesenchyme, there exists
only a simple physiologic analogy resulting
from the fact that the hyponeural sinuses,
like all coelomic cavities, contribute some-
what to the functions of nutrition, respira-
tion, and excretion of the tissues.

The madreporic vesicle or dorsal sac of
echinoids, asteroids (Fig. 6), and ophiuroids
envelops the aboral part of the axial organ
already mentioned. We shall refer to it
again in later discussion.

The coelomic cavities are carpeted by an
endothelium which ordinarily is ciliated.
In the liquid contained by the cavities are
numerous free cells or coelomocytes, classi-
fiable according to morphologic types and
varied functions; they are amoebocytes,
capable of wandering through all the tis-
sues and acting as carriers of food, as calci-
genous cells, as phagocytes, and as bearers
of waste products. Hemocytes (red nu-

cleated globules with hemoglobin) exist in
holothuroids.

WATER-VASCULAR SYSTEM

The water-vascular or ambulacral system
is one of the most characteristic features of
echinoderms. It essentially represents a
hydraulic mechanism and consists of an
assemblage of canals, which we have seen
are part of the coelom. The system includes
the following structures: 1) oral water ring
with the polian vesicles and other accessory
organs; 2) radial water canals from which
arise lateral branches leading to special
evaginations of the body wall comprising
the tube feet or podia; and 3) stone canal
with the hydropore or madreporite,

The oral water ring may be considered
as the central part of the system. It sur-
rounds the esophagus (Figs. 6, 7). Among
echinoids it is slightly displaced inward by
development of the masticatory apparatus
and in holothurcids by that of the pharyn-
gean bulb. As a rule, it bears the large
pedicellate vesicles known as polian vesicles,
located interradially and probably serving
to maintain the turgescence in the ap-
paratus. These vesicles are lacking in crin-
oids and echinoids; among ophiuroids four
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Fic. 7. Internal view of peristomial region of Asterina gibbosa (PENNANT) (asteroid), showing water-
vascular and hemal systems, X 10 (Cuénot).

such vesicles normally occur, and in aster-
oids there are generally five, but in holo-
thuroids the number is highly variable (one
to more than 50). Connected with the oral
ring or related to it, some lymphoid organs
are found in echinoids forming the so-called
spongy body or spongy ring, that is pene-
trated by caecal diverticula given off by the
oral ring; in asteroids, the interradial Tiede-
mann’s bodies, of unknown function, en-
close tubules that terminate blindly but open
into the oral ring.

The oral water ring gives off five radial
water canals (Fig. 6) located aborally with
respect to the hyponeural coelomic sinus
and hemal lacuna (Fig. 1). Among holo-
thuroids and echinoids, the canals and ac-
companying radial structures lie in the
inner part of the body wall (holothuroids)
or on the inner surface of certain plates of
the endoskeleton (ambulacral plates) which
are closely associated with the water-vascu-
lar apparatus. Among crinoids and steller-

oids, on the other hand, they are external to
the brachial (crinoids) or to the ambula-
cral endoskeleton (stelleroids), resting in a
ventral groove (ambulacral groove) open
to the exterior, except in ophiuroids where
it is secondarily closed by soft integument
or by ventral arm plates and transformed
into an epineural canal. (In living and
probably fossil somasteroids, there is no
permanent ambulacral groove, but a mus-
cular mechanism permits temporary erec-
tion of the ambulacral plates to form an
open furrow, homologous with the ambula-
cral furrow of asteroids).

Throughout their course the radial water
canals give off (to right and left) branches
that end in the ambulacral tube feet or
podia. In crinoids, each branch divides into
three smaller branches that give rise to
three podia or tentacles. The podia are
found in all living classes, and probably
were present in most, if not all, of the ex-
tinct groups. They exhibit a truly remark-
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Fic. 9. Scheme of hemal system in regular echinoid (mod. from Cuénot).

able polymorphism that corresponds to
their varied functions as feeding, respira-
tory, locomotory, burrow-building, or sen-
sorial organs. Yet they are constructed ac-
cording to the same basic plan. Each tube
foot comprises (from outside to inside) an
epidermis, which is continuous with that
of the rest of the body, a nervous plexus, a
conjunctive layer, a layer of longitudinal
muscle fibers, and a flat vibratile endo-
thelium that covers the internal cavity or
lumen (Fig. 8,4,B). The nervous plexus is
thickened on one side to form the longi-
tudinal tube foot nerve, and generally at
the distal and proximal ends to form nerve
rings. The conjunctive layer may contain
a spicular endoskeleton of its own; the
collagen connective tissue of which it is
made up constitutes the framework of the
tube foot. The longitudinal muscular fibers
are retractor muscles, apparently serving

also for bending the tube foot. The cilia of
the endothelium lining the lumen in many
forms are arranged in two longitudinal
bands which, as they are beating in oppo-
site directions, determine a circulation of
coelomic fluids in the internal cavity.

In crinoids and ophiuroids, the epidermis
of the tube feet is raised at intervals into
papillae which contain mucous cells and
sensory elements (Fig. 8,4). Secretion of
mucus is brought about in the crinoid
papilla by the contraction of a single longi-
tudinal muscle fiber, and in the ophiuroid
papilla probably by a flattening of the epi-
dermis resulting from normal protraction of
the tube foot (NicHors, 1963).

In many holothuroids, echinoids, and
asteroids, the free end of the podia is ex-
panded into a disc having the properties
of a sucker, serving for locomotion and
feeding. In asteroids, the main framework
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of the sucker consists of connective tissue;
in echinoids, it comprises a complicated
calcite skeleton, consisting of a terminal
rosette of five or more ossicles, and a series
of much smaller ossicles arranged around
the tube-foot lumen (Fig. 8,C,D); in ophi-
uroids, the skeleton supporting the disc is
generally made up of a single ossicle. Ad-
hesion in holothuroids is obtained by the
stickiness of mucus secretions from cells
belonging to the epidermis of the disc. In
asteroids and echinoids, the sucker is op-
erated by special muscles which create a
suction when they contract. As the func-
tioning and structure of the suctorial tube
feet are different in the three classes just
mentioned, one may conclude that they
have evolved independently.

The podia of holothuroids, echinoids,
asteroids and of the only known surviving
member of the somasteroids (Platasterias)
are each provided with an internal con-
tractile vesicle, the ampulla (Fig. 6, 7). The
wall of the ampulla consists of an inner
coelomic epithelium, a sheath of muscles
(antagonistic in action to the retractor mus-
cles of the tube foot), commonly a thin
layer of connective tissue, and a flat cover-
ing peritoneal endothelium. When the am-
pulla contracts, the tube foot is protracted
by hydraulic pressure. A valve at the point
where the branch from the radial water
canal ends into the tube foot prevents am-
bulacral fluids from flowing back into the
rest of the system (Fig. 8,B,E).

Since the ampulla is internal and the tube
foot external, their union is effected by a
canal extending through the body wall
(holothuroids) or passing through a pore
(generally doubled in echinoids) that lies
between the ambulacral plates or perforates
them (Fig. 9). The existence of similar
pores in fossil forms suggests the former
presence of ampullae.

In groups lacking ampullae, such as crin-
oids and ophiuroids, other devices may be
functional equivalents of the ampullae
(Fig. 8,4,E). In crinoids, muscle fibers
stretch across the cavity of the radial water
canal, except along its axis; when the muscle
fibers contract, they first divide the canal
into a series of compartments; then they
reduce the volume of each compartment
and force out the ambulacral fluid to the
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tube feet (Nicuors, 1960). In ophiuroids,
the radial water canal may be also con-
stricted at intervals, but this is done by
muscular sphincters; as no muscle fibers
traverse the canal, it is elasticity of its walls
that forces fluid back to the tube feet. More-
over, the musculature of each tube foot is
differentiated into two systems, one in the
long distal part of the tube foot and the
other in the proximal part of it, which is
more or less swollen; these systems seem
to be antagonistic and the proximal part
acts as an ampulla; a valve cuts off the
ampulla and its tube foot from the water
radial canal. In species with considerable
power of podial protraction, the radial canal
bears nonmuscular vesicles which are
housed in special cavities in the ambulacral
ossicles and probably takes excess fluid when
the tube feet retract (BucHanan & Woob-
LEY, 1963; NichoLs, 1963).

Now, to return to the oral ring, we find
that into this opens (in the CD interray) a
canal, secondarily multiplied in some echino-
derms, called the stone canal, because cal-
careous spicules generally encrust its con-
junctive wall. This canal opens outward in
a vibratile funnel, the hydropore, or it con-
nects with the internal face of a perforated
calcareous plate, the madreporite, generally
through the medium of a rather large col-
lecting space, called the ampulla (Fig. 5,1).
This ampulla maintains definite connec-
tions with the axial sinus, as already indi-
cated. The presence of a hydropore or
madreporite is the only indication that per-
mits conclusion as to the existence of the
water-vascular system in several extinct
classes such as the cystoids or the eocrinoids.
In most holothuroids the madreporite is in-
ternal, its pores opening into the coelom.
This condition is secondary, for in the larva
the water tube opens externally. In some
forms, the hydropore of the madreporite
may be secondarily multiplied.

HEMAL SYSTEM

The elements of the mesenchyme are
throughout the body separated from one
another by interstitial spaces that form a
plexus of interconnected lacunae known as
the hemal or lacunar system. At some
points these lacunae are enlarged as canali-
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form passageways organized in a compli-
cated network of channels and sinuses. The
absence of an internal endothelial lining and
the fact that their wall is composed essen-
tially of connective tissue prove that they
are neither part of the coelom nor true ves-
sels but simple cylindroid spaces. The lat-
ter form a system particularly evident in
holothuroids and echinoids but less clearly
defined, perhaps, in other classes (Fig. 9).
In such echinoderms, one may recognize,
at least typically, the following principal
parts: 1) a periesophagal hemal ring or an
oral annular plexus closely associated with
the nervous, hyponeural, and water-vascular
oral rings; 2) five radial hemal lacunae,
leading from the hemal ring and accom-
panying (beneath each of the ambulacra)
the hyponeural radial sinuses and the radial
hydrovascular canals with branches given
off by the radial lacunae in the direction of
the podia; 3) absorbent lacunae of the di-
gestive tube, opening also into the hemal
ring, developed as a network on the sur-
face of the digestive tube; 4) springing from
the hemal ring in the CD interray, another
lacuna that penetrates the axial gland con-
sidered by some authors as a center of the
entire lacunar system; 5) at the outlet of
this organ, the just-mentioned lacuna re-
formed into a channel that centers an ab-
oral hemal ring; and 6) the genital lacunae
developed from this aboral ring but lost by
branching in the conjunctive wall of the
gonads. Finally, to the hemal lacunae one
or several lymphoid organs may be joined,
filling perhaps a purifying function,

AXTAL GLAND

The axial gland or organ (termed also
ovoid gland, brown gland, heart) occurs in
all modern echinoderms except holothuroids,
which are said to have none or at most a
poorly developed one. It is an organ closely
related morphologically and functionally to
the hemal system.

The axial gland is a vertically elongated
mass, covered by peritoneum and formed
of lacunar connective tissue. As Fepotov
(1924) has shown, it is composed in echin-
oids and stelleroids of an oral and aboral
portion. Among asteroids and ophiuroids,
the oral part is enclosed in the axial sinus
(Fig. 5, 6), placed in a longitudinal fold
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of the wall in contact with the stone canal
in the CD interray; it represents one of the
components of the axial complex of these
organisms. Among echinoids (Fig. 9), it
is also in close contact with the stone canal
but not enclosed in a coelomic cavity; on
the other hand it contains an irregular
cavity, lined by endothelium, and therefore
of coelomic origin. The aboral portion of
the axial gland is well developed only
among ophiuroids; in the two other classes
mentioned it is reduced to a digitiform ap-
pendage (Fig. 5, 6, 9); in all it is enclosed
in another coelomic cavity, the dorsal sac
or madreporic vesicle, reported to have a
contractile wall.

The axial gland of crinoids is an elon-
gated body consisting of tubules of glandu-
lar epithelium set in conjunctive tissue and
covered exteriorly by peritoneum; it occurs
inside the axial sinus. The gland is pro-
longed at its aboral extremity by a conjunc-
tive cord located in the axis of the cham-
bered organ (portion of the general coelom
surrounded by the aboral nerve center) and
it continues inside of the stem; at its adoral
extremity it enters into close relation with
the oral plexus of the hemal system. Accord-
ing to CukNor, the axial gland of crinoids
is not homologous to that of other echino-
derms, but this view is not generally ac-

cepted.
REPRODUCTIVE SYSTEM

The genital organs originate in the wall of
one of the compartments of the general
cavity. The facts that in ontogeny of living
echinoderms the first indication of the geni-
tal apparatus makes appearance in the same
interray as that containing the anus and
hydropore, and further, that among numer-
ous ancient echinoderms, one finds in the
same place a single orifice interpreted as a
gonopore, lead to the conclusion that orig-
inally echinoderms possessed a single gonad,
opening in the CD interray. This primitive
condition is retained by the holothuroids.
Among all other classes the genital organs
are multiplied and have been affected by
pentameral radial symmetry. They are pri-
marily interradial structures, though they
are located in the arms of adult asteroids
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and of some ophiuroids, and in the arms
or, more generally, in the genital pinnules
(appendages of the arms) of crinoids.

In asteroids and ophiuroids, they are con-
nected by an annular stolon enclosed by a
hemal lacuna surrounded by a coelomic
sinus; the same arrangement is seen in
crinoids, where the genital cords, similarly
sheathed, traverse the arms and penetrate
into the central visceral mass, where they
are lost. The genital cords uniting the
gonads disappear in adult echinoids.

The sexes of echinoderms ordinarily are
separate, although certain species of holo-
thuroids and ophiuroids are hermaphroditic.
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The sexes cannot be distinguished on ex-
ternal characters except in species (known
in all classes) that show anatomical features
designed for care of the young and in cases,
quite rare, of sexual dimorphism observed
in echinoids, asteroids, and ophiuroids.

An asexual mode of reproduction by
spontaneous fission of the body has been
observed in a few holothuroids, asteroids,
and ophiuroids. This may have relation to
the great power of regeneration manifested
in all echinoderms following accidental in-
juries, spontaneous eviscerations (holothur-
oids) and autotomies (Crinoidea, Aster-
oidea, Ophiuroidea}, observed among many.

ONTOGENY

SEGMENTATION AND
GASTRULATION

The eggs of echinoderms are small and
poor in deutoplasm (Fig. 10,4), although
a rather large number of species, particular-
ly those that incubate their young or attach
their eggs to foreign bodies, produce large
eggs filled with yolk (vitellus).

As a general rule, cleavage is complete,
almost equal, and of the radial type (Fig.
10,B,C). It results in the formation of a
coeloblastula, ordinarily covered by long
flagella (Fig. 10,D,E), and later this is trans-
formed by invagination (emboly) into a
gastrula (Fig. 10,F). At this stage, or even
in the blastula stage, the embryo throws off
its ovular envelope and becomes a free-
moving pelagic larva.

From the beginning of gastrulation, some
isolated cells become detached from the
wall of the gastrular invagination (archen-
teron) and invade the blastocoel. They are
mesodermal elements which have the aspect
and serve the function of a mesenchyme.
This indicates that the mesenchyme of
echinoderms is of entodermal origin and
thus is an entomesoderm. Not uncommonly,
however, blastoderm cells migrate into the
blastocoel before gastrulation and form a
localized or diffused basis of an ectomeso-
derm, within cells of which occur calcareous
granules destined to form the larval skele-
ton. A primary mesenchyme (Fig. 11) de-
rived from the blastoderm, or true mesen-

chyme, appears then to exist in echinoderms,
as well as a secondary mesenchyme derived
from the archenteric wall (Fig. 11,C).
Since these two mesenchymes shortly lose
their identity, however, it is not possible to
delineate their respective roles in morpho-
genesis.

FORMATION AND FIRST
DEVELOPMENT OF COELOMS

An evagination from the upper surface
of the archenteron soon becomes separated
into the form of a closed sac (doubled in
some forms) (Fig. 11,D; 12), the cavity of
which is the coelom, thus produced by
enterocoely.! This sac, when unpaired, be-
comes divided into two vesicles which are
symmetrically placed on each side of the
part of the archenteron that persists (Fig.
12,B). Theoretically at least, each of these
two vesicles becomes divided into three
successive compartments, that in anterior
position being termed the axocoel, that in
the middle known as the hydrocoel, and
the posterior compartment known as the
somatocoel (Hemer, 1912) (Fig. 12,C.D).
As a rule, however, the division 1s incom-
plete except in the left half of the body,
only the posterior coeloms being invariably

1 In species with large, yolk-rich eggs, the archenteron
may remain rudimentary. The coelom then may open
through slitlike gaps in the mesenchyme (schizocoely).
Development of this sort in echinoderms is almost univer-
sally regarded as secondary. [Sece, however, Direct Develop-
ment in the chapter by FeLL, p. §77.]
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coelom

larval skeleton

Fic. 11. Optical sections showing three stages (A4-C) in formation of gastrula and mesenchyme of Para-
centrotus lividus (echinoid) (Boveri); and young pluteus larva (D) of Echinocyamus pusillus (echinoid)
showing formation of coeloms, X270 (Théel).

paired; the right hydrocoel is ordinarily
absent or represented only by a transitory
rudiment, whereas the right axocoel (absent
in holothuroids and crinoids) remains much
less developed than the left one. Moreover,
the separation of the axocoels and hydro-
coels is by no means always sharp and they
may more or less function as though they
constituted a single unity. We see, then,
that the embryo exhibits a profound asym-
metry which appears very early, since it is
already manifest in initial stages and even
in the nonsegmented egg of some species.
This is considered to be secondary asym-
metry, however, because abnormal larvae
are known that show either a division of
the coelom as perfect on the right as on
the left side or the development of the
functional hydrocoel, not on the left but
on the right side.

The ultimate fates of the diverse coelomic
compartments are very dissimilar. The left
axocoel remains in direct communication
(except among crinoids where communica-
tion is established later on) with the left
hydrocoel by means of a canal (stone canal)
while it gives off a tubelike diverticulum
(hydroporic canal) that opens dorsally on
the left side in an orifice (hydropore). It
is seen, then, that the hydrocoel, lacking a
pore of its own, can communicate with the
outside only by means of the axocoel. The
right axocoel regresses, but not without
having budded off a small contractile vesicle
that will become, as observed later, the
dorsal sac or madreporic vesicle of the axial
organ. While normally the right hydrocoel,
when present, plays no part in organogene-
sis, the left hydrocoel develops to form the
water-vascular system of the adult (whence
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Fic. 12. Formation and first evolution of coeloms in echinoid larva (diagram.) (von Ubisch).

its name). The two somatocoels, both well
developed (but the left generally larger than
the right) have symmetrical positions in
some but strongly asymmetrical in others;
where they adjoin, their walls combine to
form the principal mesentery.

The different function allotted to each of
the coelomic compartments proves that
division of the coelom in no way corre-
sponds to segmentation in the strict sense.
Further, it is not accompanied by seg-
mentation or repetition in series of any of
the body structures. The mesoblast especial-
ly shows no fundamental tendency to give

rise to somites. Therefore, Hyman (1955)
is entirely correct when she insists on the
nonsegmented nature of the echinoderm

body.
LARVAE

Notwithstanding the strong asymmetry
of its coelomic elements, the embryo be-
comes transformed into an externally sym-
metrical larva. The part of the archenteron
not involved in forming the coelom be-
comes the larval digestive tube, entirely
formed of entoderm. The blastopore, which
remains open (except in crinoids, where
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it is closed), becomes the larval anus and
this serves to place the echinoderms among
true Deuterostomia. The other extremity
of the archenteron curves backward and
opens to the exterior by way of the mouth.
The appearance of this new orifice deter-
mines the ventral face of the larva, to which
the anus, at first apical, soon becomes trans-
ferred. Finally, the digestive tube, which
has become curved inward dorsally, is

divided into an esophagus, a stomachic ex-
pansion, and an intestine (Fig. 13,4).

On the initially ovoid ventral face of the
larva, a shallow, saddle-like depression is
formed that encloses the mouth but leaves
the anus outside of its limits. Accompany-
ing disappearance of general ciliation, an
ectodermic rim provided with flagella or
cilia is produced, completely surrounding
the ventral depression, following all of its
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sinuosities. The portion of the larval body
in front of the mouth comprises the pre-
oral lobe. A sensory plate, provided with
nerve elements and sometimes a tuft of cilia,
may be differentiated at its apex. The larva,
thus characterized, belongs to the dipleurula
stage of development (Fig. 13,4). Note-
worthy is the absence of any sort of nephri-
dial apparatus. It is active and feeds on
microplankton.

Truthfully, this so-called dipleurula stage
has no real existence, for, as shown by
MuLLer (1848), it rather represents the
common characteristics or the basic pattern
of the diverse sorts of swimming larval
forms which externally are strongly differ-
entiated from one another and highly varied
as to the order and degree of development
of their internal structures. They provide
for the dispersal of species having very re-
stricted powers of locomotion in adults and
are to be regarded as special adaptations.

These larave, considered formerly as dis-
tinct organisms, have received special
names; they are: auricularia of the Holo-
thuroidea (Fig. 13,B), bipinnaria (Fig. 13,
C) and brachiolaria (Fig. 13,D) of the
Asteroidea, echinopluteus (Fig. 13,E) of
the Echinoidea, and ophiopluteus (Fig. 13,
F) of the Ophiuroidea. All have character-
istic small lobes on the surface and many
exhibit very long projections (larval arms),
which in ophiopluteus and echinopluteus
are supported by a very complex larval
skeleton; this skeleton is only slightly de-
veloped in auricularia and entirely lacking
in bipinnaria and brachiolaria.

Another type of larva exists in crinoids,
certain holothuroids and a few ophiuroids.
They are the barrel-shaped larvae or vitel-
laria (Fig. 13,G) of FevrL, characterized by
their subeylindrical form, as well as opacity
of their walls (owing to presence of deuto-
plasm), complete absence of arms, and
replacement of the continuous ciliated band
by several ciliated or flagellated parallel belts.
The barrel-shaped larva, which is only
slightly active and cannot feed itself, is
generally considered as a larval dipleurula
profoundly modified by coenogenetic char-
acters.

We may notice finally that the free larval
phase characteristic of the indirect develop-
ment of echinoderms may be much altered
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or (a single case known) entirely omitted,
development working in a condensed man-
ner termed direct development; this may be
observed in the ontogeny of species having
large yolk-rich eggs. Since ordinarily, how-
ever, direct development is accompanied by
appearance of structures characteristic of
the larvae, one admits generally that it is
secondary as compared to indirect develop-
ment.

METAMORPHOSIS
GENERAL CHARACTERS

The transformation (metamorphosis) of
the larva into the definitdve young organ-
ism, is effected in various ways that cannot
be described here. Discussion is limited to
consideration only of fundamental aspects
of metamorphosis and principal features of
organogenesis.

Metamorphosis of crinoids and numerous
asteroids is preceded by fixation of the larva
to the substratum, whereas the larvae of
other echinoderms are transformed while
continuing to swim about. The whole body
of the larva of holothuroids participates in
the formation of adult structures; among
other echinoderms, a larger or smaller part
of this larval body is rejected or resorbed.

In agreement with Hemer (1912), sev-
eral phases may be distinguished in meta-
morphosis of the echinoderms.

ASYMMETRIC PHASE

After an inital larval phase characterized
by a more or less perfect bilateral symmetry
(Fig. 14,la,6), an asymmetric phase ap-
pears. We have already taken account of
the preponderant development of the left
anterior coeloms in the embryo. At begin-
ning of the metamorphosis, the mouth,
which was located in the mid-ventral plane
of the larva, tends to be shifted toward the
left side of the body (Fig. 14,24,6). This
displacement, very slight in holothuroids
and ophiuroids, amounts to nearly 90 de-
grees in asteroids and echinoids, among
which the mouth becomes actually lateral
in position. When the larval mouth turns
into the definitive mouth, the displacement
is real; but the larval mouth and esophagus
may also be replaced by a mouth and esoph-
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agus newly formed on the left side of the
larval body, as especially seen in echinoids
and asteroids. Whatever the way this
change is accomplished, it produces a left-
ward deviation of the front part of the
digestive tube, very characteristic of all
echinoderms. As for the anus, whether it
remains in the mid-plane of the body, being
pushed strongly forward, or, as is generally
the case, undergoes a shift toward the right,

right axocoel
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3a,b. Phase of secondary symmetry (Heider).
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its displacement is in a direction opposite
to movement of the mouth. The digestive
tube takes then the form of a loop turned
around on itself.

The displacement of the mouth carries
with it the left hydrocoel, which acquires
a horseshoe shape and tends to grow around
the esophagus. Likewise, the two somato-
coels take on a crescent shape, with develop-
ment of terminal horns that play an im-
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portant role in organogenesis, as we shall
observe.

The larva, arrived at this stage, no longer
presents a bilateral symmetry. It has be-
come asymmetrical. A new median plane,
marked by the mouth and hydrocoelic
crescent, tends to be distinguishable, how-
ever. This does not coincide with the mid-
plane of the larva but makes a more or less
large angle with it, which in asteroids and

echinoids may attain approximately 90 de-
grees (Fig. 14,25).

PHASE OF SECONDARY SYMMETRY

The phase of asymmetry is followed by
one in which secondary symmetry is de-
veloped. The mouth tends to return to the
ventral surface and to recover more or less
the medioventral position that it occupied
in the dipleurula larva (Fig. 14,32,6). This
return, however, is accompanied by dis-

placement of the hydrocoel and the two
somatocoels. All together, this amounts to
what Hemer has termed a torsion of the
entire visceral complex around the longi-
tudinal axis of the larval body, so that the
median plane of the echinoderm in course
of development comes to coincide with the
primitive mid-plane of the larva. However,
the symmetry thus produced does not corre-
spond to the primitive bilateral symmetry.
The digestive tube is no longer found in
the median (sagittal) plane of the dipleu-
rula larva, but rather extends in its frontal
plane; the principal mesentery is not now
dorsoventral but is also frontal; the orig-
inally left somatocoel is moved to the oral
side, while the originally right one becomes
aboral.

ELEVATION AND FLEXION

The further course of development differs
among the classes of echinoderms. We will
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here consider only crinoids and asteroids
having fixed larvae, because of phylogenetic
significance commonly accorded to these
larvae.

Among crinoids, and especially coma-
tulids (a very specialized group but the
only one for which we have knowledge of
development), the larva becomes fixed by
an adhesive pit carried on the ventral sur-
face of the anterior part of its body, and
this part thus becomes the attached or ab-
oral surface, while the morphologically pos-
terior part of the larva, with all its organs
concentrated in it, turns 90 degrees about a
transverse axis so as to become oriented to-
ward the upper pole, now the free oral end
of the larva (Fig. 15). The two somato-
coels and the mesentery between them
(principal mesentery) are disposed hori-

zontally. Their crescentic form 1is ac-
centuated and their blind extremites be-
come located in the neighborhood of what
was the original mid-ventral line, forming
two short vertical mesenteries termed acces-
sory mesenteries. Heiper has used the term
elevation for this process by which the fixed
larva becomes erect and takes the inverted
vertical position characteristic of crinoids
and other fixed echinoderms.

On the other hand, Hemer has desig-
nated as flexion (bending) the morpho-
genetic movements of asteroids which pass
through a fixed stage. Here also the echino-
derm body turns around a transverse axis
in relation to the preoral lobe which assures
temporary fixation of the organism (Fig.
16). This movement is accomplished in
an opposite sense to that of crinoids, how-
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ever; it bends the body toward the provi-
sional peduncle (flexion), turning first the
mouth toward it and then deflecting the
body downward (Fig. 16). By this dis-
placement, the organ of fixation comes to
be planted on the side of the mouth that
forms the oral face of the young starfish,
whereas in crinoids it is inserted at the cen-
ter of the aboral face. The anus appears
subsequently on the aboral face and the
somatocoels, by reason of their location with
respect to the digestive tube, become dis-
tinguished as hypogastric (left) and epi-
gastric (right). The principal mesentery is
also disposed horizontally and the junction
of their terminal projections produce acces-
sory mesenteries perpendicular to the prin-
cipal mesentery (Fig. 16,25). These acces-
sory mesenteries are important, for they
determine the madreporite interray (CD)
and are closely associated with the axial
sinus (derived from the left axocoel), as
well as the axial organ (mesenchymentous
origin), the madreporic vesicle (derived
from the right axocoel), the stone canal,
and the madreporite; in brief, they are the
seat of the axial complex.

ROTATIONS

Internal morphogenetic movements of
rotational nature may be produced in the
course of ontogenetic development of echi-
noderms. For example, in certain asteroids
a rotation of the hydrocoelic ring has been
described with displacement in a clockwise
direction, accompanied by an opposite dis-
placement of the aboral parts of the arms.
Among holothuroids, the hydrocoelic ring
undergoes a rotation that modifies relations
of the radial canals and radii.

PENTARADIAL SYMMETRY

Fivefold radial symmetry is introduced
in the echinoderm organism in the course
of development by very special evolution of
the left hydrocoel (see below) and by its
morphogenetic influence on neighboring re-
glons, serving to determine a final identical
distribution of food grooves (or epineural
canals), ectoneural radial cords, endoskele-
tal structures joined to the ambulacral ap-
paratus, and hyponeural canals.

835

DEVELOPMENT OF PRINCIPAL
ORGANS

VESTIBULE

In the larvae of all echinoderms, except
asteroids, a deep ectodermal invagination is
formed in front of the mouth, sheltering
development of the first radial structures
of the water-vascular apparatus. This is the
vestibule (improperly called amniotic sac
in echinoids) (Figs. 13; 15; 17,B,C).

COELOMS

Right axocoel. A small vesicle, termed
dorsal sac or madreporic vesicle, located be-
neath the madreporite and enclosing the
aboral extremity of the axial organ is de-
rived from the right axocoel, either directly
or through the medium of mesenchyme.

Left axocoel. Derived from the left axo-
coel are: 1) the hydroporic canal, 2) a smail
ampulla located at its junction with the
stone canal, 3) the axial coelom or sinus,
and 4) in asteroids, the internal ring of the
circumoral sinus (the external ring being
hyponeural, i.e., produced by the left som-
atocoel).

Right hydrocoel. In normal echinoderm
larvae, the right hydrocoel disappears with-
out taking any part in organogenesis.

Left hydrocoel. The water-vascular sys-
tem, including all its dependent structures,
is derived from the left hydrocoel. The
original left hydrocoelic vesicle, very early
in development, is bent into a horseshoe
shape around the esophagus and tends to
be closed in a complete ring (future oral
ring of the water-vascular apparatus). Five
diverticula representing the five primary
tentacles (forerunners of the radial canals)
are extended from the outer border of the
hydrocoel vesicle. These five tentacles push
back the subjacent integument (floor of the
vestibule where this structure exists) and
acquire in this way their ectodermic cover-
ing; thus the radii begin to be defined. On
the other hand, the oral ring preserves its
relations with the exterior by means of the
larval stone canal and the left axocoel. Re-
gression of this latter, however, permits the
placement of the stone canal and hydroporic
canal of the larvae end to end. In this way,
finally, the water-vascular system opens
directly to the exterior and at the junction
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of the two canals a small ampulla, as we
have seen, may persist as a remnant of the
left axocoel. The polian vesicles and Tiede-
mann’s bodies, like the radial canals, are
outgrowths of the oral ring. The podia are
developed as evaginations from the radial
canals.

Somatocoels. We have seen that the two
somatocoels are displaced in such manner
that the right becomes the aboral (epigas-
tric) part of the principal coelom or general
cavity of the adult and the left the adoral
(hypogastric) part (Figs. 15; 16,2a,6). We
have observed also that the principal mesen-
tery is disposed horizontally and that ter-
minal horns of each produce, on meeting,
the accessory mesenteries perpendicular to
the principal mesentery (Fig. 16,26).

The right (aboral) somatocoel presents
little complication; among crinoids it sends
into the mesenchyme which invades the
cavity of the stem, the five tubes of the
chambered organ; these tubes, from the be-
ginning of metamorphosis, are separated
from the cavity in which they are devel-
oped. The left (oral) somatocoel produces
in the interradii caecal evaginations that
come to be placed above the hydrocoel ring,
themselves joined in a ring and giving rise
to the ensemble of the hyponeural sinus.
The left somatocoel also participates in
forming the genital coelom of free forms
and among echinoids produces between the
five lobes of the hydrocoel five diverticula
(the dentary sacs), which represent the
primordium of the masticatory apparatus
(called Aristotle’s lantern).

DIGESTIVE TUBE

The digestive tube of the definitive echi-
noderm organism is more or less developed
from that of the larva. Among crinoids,
the cavity of the digestive sac, closed in the
larva, connects to the exterior by an esopha-
gus produced by meeting through the
hydrocoel ring of an ectodermic diverticu-
lum and an entodermic diverticulum pro-
duced by its wall; only later on is the anal
opening developed within the madreporic
interradius near the hydropore. Among
holothuroids, the digestive tube of the larva
becomes that of the adult, but the larval
anus (blastopore) disappears and the defini-
tive anus is opened near the site of the
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blastopore without an ectodermic invagina-
tion. In asteroids and echinoids the larval
mouth closes, and the larval esophagus,
mostly resorbed, is replaced by an esopha-
gus produced by an evagination of the
stomach on the original left side of the
larva through the hydrocoel ring; in aster-
oids this evagination opens directly to the
outside; in echinoids it joins an ectodermic
invagination which it meets; in various
groups the new anus is produced (very be-
latedly) on the aboral face. In the ophiur-
oids, the larval anus and intestine become
atrophied and entirely disappear; the mouth
of the adult may be derived directly from
the larval mouth or in some species may be
a newly developed feature; a part of the
larval esophagus seems to persist and to
give rise to the definitive esophagus.

HEMAL SYSTEM AND AXIAL ORGAN

The hemal (or blood lacunar) circulatory
system is produced by the mesenchyme. The
axial gland is produced from connective
tissues accumulated along the wall of the
axial sinus in the accessory mesentery, sur-
rounded by a fold of the wall of this sinus.
[ts aboral portion is intimately related to
the madreporic vesicle (derived from the
right axocoel), which surrounds it like a
hood; in addition, it communicates (though
secondarily) with the genital stalk, the
origin of which we shall see is quite differ-
ent.

GENITAL ORGANS

In the larvae of crinoids, a transitory first
indication of the gonad appears in the
principal mesentery close to anus and hydro-
pore—accordingly in the madreporic inter-
radius. This primordial structure is re-
placed by that of the definitive gonad,
which seemingly lacks relation with the
first. This second structure is differentiated
from the aboral vertical or accessory mesen-
tery in close association with the peritoneum
of the right somatocoel. It gives rise to a
compact cellular cord which migrates into
the arms where it buds off the true gonads.

Among holothuroids, the genital struc-
ture makes appearance and develops in the
dorsal mesentery in the neighborhood of
the stone canal and in contact with the left
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somatocoel, therefore with almost the same  sory mesentery, located in the madreporic
morphologic position as the gonad of interray (CD interray) and in close rela-
crinoids. tion with the wall of the left somatocoel.

In other echinoderms, one finds the first  After its differentiation this structure gives
genital cells in the aboral (vertical) acces- rise to a cellular cord, the genital stolon or
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stalk, This cord pushes toward the aboral
surface inside a coelomic evagination of the
left somatocoel so that a space, completely
separated from the coelom that produced
it, becomes a genital sinus. The genital
stalk, with its coelomic envelope, forms a
ring beneath the aboral pole and from this
ring the true gonads are budded off into
the interradii.

ENDOSKELETON

The first indications of the definitive
endoskeleton appear before, during, or after
metamorphosis. In echinoids, calcium car-
bonate of the pluteus larval rods is used for
construction of the elements. We have al-
ready noted how the secretion of endo-
skeletal ossicles is produced by lime-de-
positing cells in the mesenchyme.

Comparable, but not necessarily homol-
ogous, development is found in the living
echinoderms, except the holothuroids, pro-
ducing a somewhat similar arrangement
of plates around the apex of young echino-
derms (Fig. 18). This arrangement persists
more or less undisturbed in the adult stages
of crinoids and echinoids but in the major-
ity of ophiuroids and asteroids the pri-
mary plates are either resorbed or lost
among a host of intercalary plates which
arise around or between them. Among
crinoids, around the larval stem, appear two
cycles of five plates, both interradial in
position, encircling the viscera: an aboral
cycle of basal plates and an oral cycle of
oral plates; generally also, inserted between
the basals and the stem, are three to five
small radially located plates, the infrabasals,
that soon are resorbed or fused with the
proximal skeletal piece of the stem or
centrodorsal. Somewhat later on, five radial
plates arise in the radii between the basals
and the orals, prior to the outgrowth of the
arms from the periphery of the oral sur-
face. As the arms grow, brachial plates are
formed in linear succession with the radials.

Among asteroids, on the aboral side of
the young star, one may observe, around a
central plate, five conspicuous interradial
plates or basals, one of which incorporates
the hydropore; there are no plates equiva-
lent to the radials of crinoids and ophiur-
oids, but in later stages, just as in crinoids,
infrabasals are introduced between central
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and basals, and then lost again. Early in
the development appear also five radially
located plates, the terminals, which, when
the animal grows, move distally to the ex-
tremity of the arms, where they surround
the terminal tentacle. The first ambulacrals
are laid down on the oral side of the young
star in close relation with the hydrocoel
lobes and the first pairs of podia.

Among ophiuroids, the primary skeleton
of the aboral side consists of a central plate
and five radials, many species develop also
a circle of interradially located basals be-
tween the central and the radials. Five
terminals appear early; they are carried
away to the arm tips. Vertebrals, represent-
ing fused ambulacrals, are secreted imme-
diately adoral to the terminals; in adults,
they constitute an internal row of ossicles
supporting the arms.

Among echinoids, five interradial plates,
termed basals or genitals, appear on the
dorsal surface of the pluteus, and on the
outer side of the primary podia, which they
later surround, develop five radially situated
terminals or oculars. Genitals and oculars
remain in close contact, making a special
system of plates (called the apical system)
around the aboral end of the test in the
adult. One of the genitals embraces the
hydropore and becomes the madreporite.

GROWTH AFTER
METAMORPHOSIS

The growth stages following metamorph-
osis and ending in the adult organism have
very great interest for paleontologists. First,
this is because they are the only ontogenetic
stages that can be collected from geologic
formations, but also it is because growth
stages reveal important morphologic
changes in endoskeletal elements—changes
in form, proportions, number, placement,
and topographic relations—and  these
changes may especially illuminate problems
relating to hemology and phylogeny.

An interesting application of CHILD’S
concept of axial gradients to the growth
patterns exhibited by the endoskeletal ele-
ments and the soft parts more directly re-
lated to the endoskeleton of echinoderms
recently has been made by Ferr (196). He
has shown that two major patterns of domi-
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nant gradients are to be recognized among
echinoderms: a meridional pattern as ex-
emplified in echinoids and holothuroids, a
radial pattern as exemplified in crinoids and
stelleroids. In young echinoids and young
holothuroids, during metamorphosis, the
hydrocoel encircles the esophagus, and sends
five meridional water tubes which encircle
the body cavity. Thereafter the endoskele-
ton, the nervous system, and part of the
coelom differentiate under the same in-
fluence, and the whole body becomes more
or less globose. In young crinoids and
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asterozoans, on the other hand, the five pri-
mary tentacles, which become the radial
canals, instead of growing meridionally, are
radiating more or less horizontally from
the oral ring, carrying the body wall, coe-
lom, nervous system, and the largest part
of the endoskeleton with them, and result-
ing in a star-shaped body with arms. Then
transverse growth gradients emerge from
the main radial gradients, giving a pinnate
structure to the arms, as well exemplified
by the pinnulate arms of crinoids or the
frondlike arms of somasteroids.

PHYSIOLOGY

Movements of echinoderms are provided
by the podia, spines, or work of muscles.
The podia are especially utilized by holo-
thuroids, echinoids, and asteroids, but their
locomotive function is weak or lacking in
ophiuroids and entirely absent in crinoids.
Only echinoids make use of spines for loco-
motion; otherwise these may serve many
functions such as digging, burrow-building,
protecting, harboring the developing larvae
or as tactile and defensive organs. Creeping
movements are effected in certain holothur-
oids by the general musculature of the body
wall, while muscles interposed between the
endoskeletal pieces govern movements of
the rays of ophiuroids and the arms of crin-
oids; in the last-mentioned group, action of
these muscles combined with the antagonis-
tic action of ligamentary fibers may result
in swimming or creeping motion (Comatu-

lida).
LOCOMOTION

The locomotive function of the podia has
been especially well studied in the asteroids
by J. E. Smith (1948). The movements of
protraction, retraction, and bending of each
podion are controlled by a motor nerve lo-
cated in the neck of the ampulla and
connected with Lange’s nerves and radial
nerves. When the animal is moving, podia
are extended first in the direction of locomo-
tion until attached by their terminal sucker
disc to the substratum, and then shortened
in a backward direction so as to carry the
animal forward. After contraction, the po-

dia relax their adhesion and extend forward
again. Progress of the animal requires that
activities of the podia be coordinated. This
coordination is accomplished by the radial
nerves and the nerve ring, although a cer-
tain degree of coordination exists among the
podia of an isolated arm. Presumably, a
coordination center is located at the junction
of each radial nerve with the nerve ring.
Each center controls the longitudinal mus-
cles that work unilaterally in a given direc-
tion, but the center that directs activity of
the arm placed in the direction of forward
progress exercises a temporarily dominant
action. Thus, direction of movement is de-
termined by the particular center having
control at a given moment.

Individual movements of the radioles or
spines of echinoids are governed by the ac-
tion of muscles attached to their base and
locally controlled by nerve-fiber bundles of
the subepidermic system. The indispensable
coordination of their movements in locomo-
tion, however, is assured by the radial
nerves.

NUTRITION

Most echinoderms are nourished by mi-
nute food particles (plankton and detritus),
but some are active predators or scavengers
which ingest large particles or capture living
prey. They display a large array of feeding
mechanisms, none of which are restricted
to any particular group; furthermore each
group, including many species, may use sev-
eral ways of getting food.
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MUCOCILIARY MECHANISMS

Among crinoids, powerful play of vibra-
tile cilia produce centripetal currents that
transport mucus-imbedded food particles
along the ambulacral grooves toward the
mouth. The tube feet produce and spread a
mucus net in the surrounding water; then
they collect the net loaded with food parti-
cles and discharge it into the groove. The
same type of nutrition occurred probably in
most, if not all, fossil-attached echinoderms.
Among stelleroids, microphagous ciliary
feeding, performed by the action of pinnate
food grooves, is a fundamental feature of
somasteroids. Some asteroids, e.g., Porania,
Ctenodiscus) feed also by the mucociliary
method, the food particles being entangled
in mucus strands that are carried into the
digestive tract. In many living starfishes,
mucus protects the surface of the body and
serves to collect small particles which may
be carried by ciliary currents into the mouth.
The mucociliary method of feeding has been
also described among clypeasteroid and
spatangoid echinoids; in numerous species
mucus secretion and ciliary currents on the
surface of the body are part of the feeding
mechanisms.

TENTACULAR MECHANISMS

As just mentioned, tentacles or tube feet
play an essential role in catching food par-
ticles in crinoids. Many holothuroids living
in crevices or buried in mud entangle plank-
ton and fine particles by means of the sticky
tentacles surrounding the mouth; at inter-
vals, the tentacles are thrust into the mouth
and the adhering food is wiped off and
ingested. Some ophiuroids are plankton-
feeders, fishing with tube feet extended
from the arms as they are swept through
the water. Possibly the “carpoid” echino-
derms used a similar feeding method.

INGESTION OF BOTTOM MATERIAL

Many holothuroid species push bottom
material into the mouth with the buccal
tentacles and burrowing forms swallow the
mud in large quantity as they crawl along.
The heart urchins (spatangoids) live buried
in sandy bottoms. By means of specialized
tube feet of the buccal region, they explore
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the walls of their burrow and catch small
particles which are directed to the mouth.
The digestive tract of the many species ex-
amined is invariably stuffed with bottom
material. Most ophiuroids appear to be
selective detritus-feeders, burrowing in the
soft substrate for organic material. The
starfish Crenodiscus (see above) feeds pri-
marily on mud particles which are stuck
together with mucus and are carried along
special grooves between the marginal plates
to the podia and then to the mouth. Its
stomach is generally distended with swal-
lowed mud.

SCRAPING

Numerous echinoids equipped with strong
teeth nibble on plants or masticate mostly
sessile and encrusting animals. Similarly,
some starfishes feed on coral polyps or
sponges.

CAPTURE OF PREY

Most asteroids are predators, feeding on
bivalves, gastropods, crustaceans, poly-
chaetes, other echinoderms, sponges, and
the like. Some swallow their prey whole,
but others evert their stomach through the
mouth and digest the captured animal ex-
ternally. Most of the starfishes which feed
in this way are able to capture bivalved
molluscs, which are too big to be swal-
lowed. To open the shell they use strong
but intermittent pulls on the valves by
means of their podia and they insinuate
their stomach through tiny gaps between
the valves. The use of toxins to produce
relaxation of the adductor muscles of the
prey is a possibility that is not yet sup-
ported by conclusive evidence. Many ophiur-
oids are carnivorous, preying on small
worms and crustaceans, less commonly on
young echinoderms and mollusks. The seiz-
ing of prey may be effected by an arm loop
and the carrying of it to the mouth either
by coiling of the arm or by the podia. The
gorgonocephalids, which have extremely
ramified and flexible arms, form an open
bow-net in which small swimming animals
become entrapped.

CIRCULATION

The coelomic cavities, including those of
the water-vascular system, are carpeted by
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an endothelium, generally ciliated, vibratile
movements of the cilia assuring slow cir-
culation of internal fluids. Since echino-
derms are generally in osmotic equilibrium
with their environment, these fluids have
a composition very close to that of sea
water, except that they include products of
metabolism and may contain numerous
floating coelomocytes of varied sorts that
perform diverse functions. These cells pene-
trate all tissues and all organs and one may
find them also in the hemal system.
Throughout the body, the liquids of in-
ternal cavities show a large degree of
homogeneity.

The fact that the hemal system shows its
greatest development in connection with
the digestive tube and, further, that this
system exhibits close relationships with im-
portant organs such as the podia and
gonads, seems to indicate that it plays a
considerable role in the distribution of the
products of digestion. Recently, BooLooTiaN
& CampBELL (1964) have demonstrated that
a pulsating vessel occupying the lumen of
the axial organ and terminating aborally in
a compartmented contractile chamber pulses
several times a minute and thus moves
coelomic fluid from the perivisceral cavity
into and throughout the hemal system of
the sea urchin Strongylocentrotus purpura-
tus.

The cavities of the water-vascular system,
which is involved in locomotory, feeding,
respiratory, and burrowing activities, en-
close a liquid that differs very little from
the coelomic liquid. Observations of
Strongylocentrotus purpuratus have shown
that a direct communication exists between
the lumina of the axial organ and the stone
canal which contracts simultaneously with
the pulsating vessel of the axial organ. The
rhythmic contraction of this vessel, together
with pulsating of the stone canal, may be
important in moving fluids throughout the
entire water-vascular system (3a).

RESPIRATION

Echinoderms possess a few specialized or-
gans that function for respiration. Some
gaseous exchanges can be effected through
the body wall when it is sufficiently thin,
as among certain holothuroids, or by means
of local infolds or outfolds of this wall.
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Infolds (invaginations) include: 1) the ten
pouches or branchial sacs (bursae) of ophi-
uroids, opening toward the exterior by
slits placed along the bases of the arms
and constantly traversed by water currents
maintained by ciliary action and (in some
species) by body movements that pump
water in and out; 2) probably also the
hydrospires of blastoids; and 3) the pore
rhombs of rhombiferan cystoids. Outfolds
(evaginations) are represented by: 4) the
podia (see below); 5) the papulae or dermal
gills of asteroids, which are simple or
divided pockets that project exteriorly be-
tween plates of the skeleton, each enclosing
a diverticulum of the general body cavity;
6) the external gills of echinoids (except
cidaroids and irregular echinoids), contain-
ing branches of the peripharyngeal coelom;
and 7) the organs (possibly like papulae)
which probably covered the diplopores of
diploporitan cystoids and the sutural pores
and epispires of eocrinoids and some other
archaic forms.

The digestive tube also may play a role
in respiration. This is especially so in the
case of the holothuroids (except Elasipodida
and Apodida) which possess two very thin-
walled, extremely ramified tubes, the res-
piratory trees, originating in the rearmost
{cloacal) part of the digestive tube and ex-
tending into the general body cavity. By
rhythmic contractions, the respiratory trees
are alternately filled and emptied of water
introduced into the cloaca through the
anus. The rectum of living crinoids, en-
closed in a conical projection (anal tube)
developed on the oral surface of the animal,
offers comparable activities; it alternately
takes in and ejects sea water, thus produc-
ing a current that may be presumed to have
some respiratory functions. Among certain
fossil crinoids, the anal tube is enormously
developed, its endoskeleton being provided
with numerous perforations or very thin-
walled infolds through which exchange be-
tween the exterior environment and the
interior medium could be effected.

In most echinoderms which lack special
respiratory structures, the tube feet are
probably the main organs to have a respira-
tory function. In such asteroids as Asterias,
half respiratory exchange takes place

through the tube feet. When they are ex-
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tended, the walls of the tube feet become
extremly thin, and exchanges of gases take
place between the sea water and the fluid
filling the lumen; when the tube feet are
retracted, exchanges take place between the
fluid of the ampullae (or other internal
parts of the water-vascular system if am-
pullae are lacking) and the fluids of the
general body cavity. Maintenance of a
current within the tube feet and ampullae
is therefore advantageous: in many tube
feet two bands of cilia, beating in opposite
directions inside the lumen, and in most
echinoids two canals connecting each tube
foot and its ampulla are features of prob-
ably respiratory significance.

In many forms, especially in burrowing
species, respiration (and other functions
such as nutrition and sanitation) is greatly
assisted by ciliary currents on the body sur-
face or by special devices. For instance, in
the phanerozone starfishes, the dorsal sur-
face is covered by closely set plates, the
paxillae, that consist of raised ossicles,
each with a crown of more or less
movable spinelets; these spinelets when
lying horizontally form a covering under
which an open space is maintained for pur-
pose of respiration, feeding, and excretion.
In the asteroid family Pterasteridae, the
spinelets are united by a membrane; they
form the outer roof of a brooding chamber
that is aerated by pumping of water. In
echinoids of the order Spatangoida, closely
set minute spines, the clavulae, that carry
lengitudinal bands of cilia and occur in
narrow tracts, or fascioles, create water cur-
rents that assist in respiration, feeding, and
removing of foreign particles.

EXCRETION

Echinoderms possess no excretory system,
although the function of excretion may seem
to be quite active. Waste is generally evac-
uated by the coelomocytes or by cells having
large capacity as phagocytes, the principal
exits being by way of the podia, stone canal,
madreporite (especially in echinoids), papu-
lae of asteroids, pouches of ophiuroids,
digestive tube, gonads, and respiratory trees
of holothuroids. This eliminative action,
however, does not always suffice to rid the
organism entirely of its waste products; the
deposition of melanoid pigments in the tis-
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sues, a feature which becomes more pro-
nounced with increasing age, may be re-
lated also to an excretory activity. Most
nitrogenous matter excreted by echinoderms
occurs in the form of ammonia, with little
urea and purines and only traces of uric
acid; large quantities of amino acids are
loosed also.

BIOCHEMISTRY

Studies in comparative biochemistry have
led to formulation of conclusions of phylo-
genetic character. We will here consider
only problems introduced by the distribu-
tion of phosphagens and sterols in animal
groups, including echinoderms.

PHOSPHAGENS

Until a few years ago, it was believed
that most invertebrates possessed a type of
phosphagen (arginin phosphate), whereas
vertebrates have another kind (creatin
phosphate). The presence of phosphocreatin
and phosphoarginin both in echinoderms
and stomochordates seemed then to indicate
that these groups were connected with one
another and with the Chordata. We know
now that other phyla (Porifera, Sipuncul-
oidea, Annelida) also show this character
and that the distribution of phosphagens in
several phyla is by no means constant; in-
stead, it varies among related genera, among
species of the same genus, and even in dif-
ferent organs of the same animal. Conse-
quently, the type of phosphagen found in
a given phylum cannot be regarded as a
useful criterion in considering phyletic re-
lationships.

STEROLS

According to the nature of their con-
tained sterols, echinoderms examined to
date may be divided into two large groups:
one, characterized by the presence of delta-7
sterols, comprises the asteroids and holo-
thuroids; the other, characterized by the
presence of delta-5 sterols, includes the
ophiuroids, echinoids, and crinoids. This
grouping is conformable to that suggested
by comparative characters (excluding crin-
oids) of larval forms belonging to these
classes. It is seen to be completely discordant
with other evidence, however, especially that
based on comparative anatomy and paleon-
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tology, according to which the asteroids
and ophiuroids are much more closely re-
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lated to one another than either of them to
the echinoids.

PHYLOGENY

Remains of authentic echinoderms are
found throughout the geologic column from
the Lower Cambrian upward. The oldest
known representatives of the phylum, al-
ready diversified and showing essential
characteristics of the group, throw no light
on the affinities and origins of the echino-
derms, or on the manner in which their
essential organization has been developed.
Embryology (and in smaller degree com-
parative anatomy) provide more precise
evidence bearing on these questions, which
calls, however, for great caution in inter-
pretation.

AFFINITIES OF ECHINODERMS

Retention of the blastopore or its em-
placement as the definitive anus and the
enterocoelic formation of the coelom accom-
panied by its division into three pairs of
sacs, are characters generally considered to
comprise a trustworthy basis for assignment
of echinoderms with deuterostomian in-
vertebrates, which include (in addition to
echinoderms) the Stomochorda (or Hemi-
chorda), and perhaps the Pogonophora. In-
clusion of the Chordata (Protochordata and
Vertebrata) in this assemblage presents
another problem foreign to present con-
siderations.

The most probable relationships of echino-
derms are, in the judgment of many zool-
ogists, with the Stomochorda (Enteropneu-
sta, Pterobranchia, ?Graptolithina). The
early larval stage of echinoderms (dipleurula
larva), in fact, offers striking similarities
with the tornaria larva of Enteropneusta,
for these have the same general aspect, in-
cluding: 1) similar placement of the cir-
cumoral ciliated band, 2) the same emplace-
ment of the apical sensory plate, 3) the same
shape and subdivisions of the digestive tract,
4) the same mode of appearance and divi-
sion of the coelom, 5) identical presence of
a coelomoduct with asymmetrical external
orifice connecting the anterior coelom with
the exterior, 6) the same general behavior
of the dorsal pulsatile vesicle (madreporic

vesicle of echinoderms, cardiopericardial
vesicle of Stomochorda) developed from the
anterior coelom, and finally, 7) absence in
both of any sort of nephridial apparatus. If,
moreover, the ambulacral system of echino-
derms—the most distinctive feature mark-
ing these organisms—is to be compared
with any other structure, it is with the
lophophore of Pterobranchia, since both are
derived from the middle coelom and both
one and the other have the form of coelomic
tentacle-bearing evaginations. Such complete
resemblances can hardly be construed as
fortuitous. They suggest real affinities ex-
isting between the Stomochorda and Echino-
dermata, but beyond this, alignment to-
gether is not justified, because the nature of
complex modifications impressed on the
latter in the course of their metamorphoses
and the fact that no close comparison be-
tween adult echinoderms and other groups
of the animal kingdom is possible suffi-
ciently prove that at a certain stage in their
history the echinoderms became radically
and definitively separated from the ancestral
type that possibly united them with the
Stomochorda. It seems evident, moreover,
that all adult echinoderms, both living and
fossil, as well as larvae, in so far as we
know them, are much too specialized to
have been able, through later evolution, to
give rise to another phylum.

Numerous authors have noted or now
admit the possibility of genetic relationships
between chordates (Protochordata and
Vertebrata) and echinoderms. We will not
undertake here a review of arguments,
mainly based on embryological and bio-
chemical considerations (see above) ad-
vanced in favor of this hypothesis. If we
refer to it, it is because certain authors have
judged that among some Paleozoic echino-
derms indication of a common parentage
between these two phyla can be found.
Grecory (1934, 1951) has drawn attention
to the resemblance that exists between the
theca of the stylophorans Placocystites or
Mitrocystella and the body covering of a
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Fic. 18. Comparison of aboral endoskeletons of echinoderms.

1. Promachocrinus kerguelensis (crin-
oid); Ia, very young larva, X48 (Clark); lb,c, lateral and dorsal views of 2-year pentacrinoid stage, X8

(Fell). 2. Asterina sp. (asteroid); 2a,b, two stages, X 10 (Fell). 3. Cnemidaster wyvillii (asteroid),

X3 (Sladen).——4. Ophiosteria echinulata (ophiuroid), immature specimen, X4 (Fell). 5. Amphi-

pholis squamata (ophiuroid), very young individual, enl. (Cuénot, after Ludwig).——6. Austrocidaris
canaliculata (echinoid), immature specimen, X26 (Lovén).
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Devonian ostracoderm, Drepanaspis. In the
view of GisLEn (1930), the asymmetries in
organization of the “carpoids,” especially in
the position of the multiple orifices of the
upper face of Ceratocystis and Cothurno-
cystis, offer close resemblances with the
asymmetries and arrangement of the branch-
ial slits of Amphioxus larvae. These com-
parisons are based either on superficial
analogies or on erroneous interpretations of
the “carpoid” organization. Equally objec-
tionable is the assertion by Spencer (1938)
that the polygonal canaliculated plates of
certain cystoids (e.g., Aristocystizes) closely
resemble the bony scales (tesserae) in the
armor of ostracoderms or the view of
Caster & Eaton (1956) that plates of the
stylophoran Paranacystis exhibit a micro-
structure like that of the superficial layer
of plates of the ostracoderm Procephalaspis
oesolensis. As a matter of fact, the plates
of echinoderms and tesserae of ostracoderms
show entirely different histologic structure,
quite aside from the fact that the bones of
vertebrates and stereom of echinoderms have
fundamental distinctions that should not
be forgotten.

ORIGIN AND DEVELOPMENT
OF ECHINODERM
ORGANIZATION

The origin of echinoderms and the man-
ner in which their organization (structure)
has developed have been subjects of nu-
merous speculations. For the ancestor and
for representatives of initial phases in the
history of the phylum rather widely diverse
pictures have been proposed. Figures 19-20
represent some of these. The best-known,
almost classic representation is the dipleu-
rula, a hypothetical pre-echinoderm stage
which should be reproduced in ontogeny
(Fig. 13,4). All these representations help
in understanding the genesis of the organi-
zation of echinoderms; this is their virtue.
There is trouble, however, in distinguishing
in them the part that is purely speculative
from welljustified interpretation of facts.
It seems more in accord with modern scien-
tific procedures to be limited by interro-
gating in critical manner the diverse sources
of our information and by drawing from
them guidance in efforts to clarify some-
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what initial phases in the history of the
phylum.

The important foundation of common
characters presented by the first ontogeneti-
cal stages of living forms and the organi-
zation of the only zoological group to
which one may usefully compare echino-
derms—that is to say, the Stomochorda—
lead us to agree that echinoderms are de-
rived from free bilaterally symmetrical
forms with three pairs of coelomic pouches
(or perhaps only two pairs, for division of
the anterior two pairs is not always sharp)
and that these pouches are developed by
unequal division of a pair of sacciform
evaginations of the archenteric wall. We
may still agree that from the beginning the
three (or two) pairs of coeloms were more
or less well differentiated and, as in the
Pterobranchia, of quite different size. Also
generally acceptable is the conclusion that
the coeloms in each pair were probably
equally developed from the beginning, al-
though in Recent larval forms only the left
anterior coelom undergoes a complete divi-
sion. As we have seen, certain observations
from embryology require that we regard
this asymmetry as secondary. Nevertheless,
it constitutes a fundamental ontogenetic
character which controls all stages of de-
velopment, and which may be traced back
to the egg. This precocity and its organo-
genetic importance leads to query as to
whether the bilateral symmetry of the an-
cestral forms was not already disturbed.
In any case, asymmetry must have been
acquired very early by the phylum.

As an indication of this, we find no fossil
echinoderms possessing two hydropores,
which would allow the conclusion that two
functional hydrocoels existed. The endo-
skeleton of “carpoids” and helicoplacoids,
which probably may be considered as the
most primitive of all known echinoderms,
since they have no radial symmetry, lacks
bilateral symmetry; although in some “carp-
oids” it tends to acquire a certain bilateral-
ity, this never masks its profound and
multiple asymmetries. If, then, a pre-echino-
derm symmetrically bilateral stage existed,
it could only have been well before the be-
ginning of Cambrian time. It is surprising,
then, that Warrenouse (1941) judged that
in an enigmatic Middle Cambrian fossil of
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Fic. 19. Theoretical reconstructions of echinoderm ancestor. 1. Dipleurula ancestor; Ia,b, from left

side and after fixation (primitive pelmatozoic ancestor) (Bather). 2. Dipleurula ancestor (Heider).

3. Pentactaea ancestor; 3a-c, from left side, dorsal view, and after torsion to radial stage (half of
vestibule and two tentacles supposedly removed) (Bury).




Phylogeny

Queensland (Peridionites) he had found a
form corresponding morphologically to the
stage of dipleurula in larval development
of the phylum, a quite erroneous and im-
proper interpretation, as shown clearly by
Gistin (1947), Hyman (1955), NicHoLs
(1962), and others.

In order to explain the morphologic and
ontogenetic peculiarities of echinoderms, it
is commonly supposed that their ancestors
have passed through a fixed stage. This
condition refers to (1) the radial organiza-
tion of the adults, (2) the asymmetrical de-
velopment of many structures, (3) the rota-
tions and torsions undergone by organs dur-
ing ontogeny, (4) the possession of a cal-
careous well-developed endoskeleton neces-
sary to protect a sessile organism, and (5)
the fixation that actually precedes or accom-
panies the metamorphosis of the larvae of
crinoids and numerous asteroids and that
one generally agrees to recognize as having
great phylogenetic importance.

In order to explain the preponderant de-
velopment of organs belonging to the left
half of the body, at expense of those of the
right half, and the displacement of the
mouth to the left of the larva, diverse
authors (BUTscHLi, Lanc, BaTHER, vON
Usiscu) have supposed further that fixa-
tion was effected by the right part of the
anterior extremity or that the ancestral
forms came to rest on the right side of the
body or became fixed with that side (Gis-
LEN).

As a consequence of this, it is supposed
that (1) the preoral part of the body be-
came elongated in a peduncle, undeveloped
or entirely lost in most free echinoderms;
(2) the mouth was displaced toward the
left and eventually to the morphologically
posterior pole; (3) the principal organs
underwent a torsion by which the originally
left side became the oral part of the de-
veloped organism, and the originally right
side, the aboral part; (4) the structures in
the right anterior part of the body were
reduced, with preponderant compensatory
growth of the lefc half. In summation, if
we follow the most generally accepted in-
terpretation, the event marking the origin
of the echinoderm phylum would have
been adaptation to a sessile or sedentary
mode of life.
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This hypothesis, of course, cannot be
founded on present paleontological evi-
dence. As a matter of fact, the “carpoids”
and the Helicoplacoidea, which are prob-
ably the most primitive known echino-
derms, were not attached to the sea bottom.
But this does not imply that their ancestors
were not fixed. It does simply show that,
if a fixed stage ever existed in the common
history of the phylum, this stage must be-
long to such remote past that it is unlikely
that it could be represented in the fossil
record. It is true that certain Ordovician
cystoids (e.g., Aristocystites) have been con-
sidered sometimes (Baruer, 1900, 1901,
1929) as presenting the structure of this
primordial form forecast by theory. But it
appears more and more evident that cystoids
in general and the Aristocystitidae in par-
ticular comprise a specialized group that
does not possess this generalized organiza-
tion from which could be derived the basic
structure of @/l other echinoderms.

The above theory is almost entirely founded
on ontogenetic considerations. It postulates
that the changes which occur in the devel-
opment of Recent echinoderms possess, at
least to some extent, a recapitulative sig-
nificance. It must be noted, however, that
(1) the morphologic orientation and asym-
metry of the embryo are found to be already
determined in the egg of certain echino-
derms, then before any development; (2)
all traces of a fixed stage have disappeared
from the ontogeny of holothuroids, echin-
oids, ophiuroids, and even many asteroids;
(3) the fixation of asteroid larvae is re-
garded by some zoologists as a cenogenetic
specialization without phylogenetic  sig-
nificance; (4) the attachment of the crinoid
and asteroid larvae takes place in the mid-
dle line (not on the right side) of the an-
terior part of the larval body; (5) the ap-
pearance of a protective endoskeleton prob-
ably results less from a special cause such
as the discovery of the bottom by direct
ancestors of echinoderms than from a more
general factor responsible for the produc-
tion of skeletal structures in many unrelated
invertebrates in late Precambrian time or at
about the beginning of the Paleozoic Era.

The appearance and development of
radial symmetry in echinoderms generally
is also attributed to adaptation for a fixed
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mode of life. Such a conclusion is not ob-
ligatory, however, since fixed organisms
exist which are not radial and radial organ-
isms are found, which, like the ctenophores,
probably never have been sessile. In addi-
tion, radial symmetry of the echinoderms
is superimposed in the course of ontogeny
on asymmetry of free-swimming, as well as
fixed, larvae. For the rest, if a fixed mode
of life is attributed to ancestors of the
echinoderms, it is not so much for explain-
ing their radial symmetry as for taking ac-
count of the hypertrophy in growth of the
left side as compared to the right side, cor-
related with torsions shown by the organs
in the course of metamorphosis. What
embryology suggests appears to be entirely
different. It indicates that radial symmetry
is introduced by development of the left
hydrocoel and by the morphogenetic modi-
fications that this part of the coelom exer-
cises on other organs, as well shown by
Runnstrgm (1918). Now the left hydro-
coel develops the water-vascular apparatus,
which in initial stages of its growth is
represented by the five primary tentacles
and resembles the lophophore of ptero-
branchs. At most, we can suppose that
fixation of the free bilaterally symmetrical
ancestor by the right anterior part of the
body and accompanying reduction of the
right hydrocoel provided the conditions
needed for the left hydrocoel to grow
around the esophagus into a ring from
which proceeded the five primary radial
structures. In this way, we may recognize
the possibility of some indirect relation be-
tween radial symmetry and the presumed
passage through a fixed stage during the
history of the phylum, but all the same
nothing in this assumption explains why
the left hydrocoel acquired a fivefold
(rather than a three-, four-, or sixfold)
organization.

Barmer (1900, 1901, 1929), followed by
Hewper (1912), has maintained the view
that the pentamerous condition of the
echinoderms must have been preceded by
a triradiate condition of the subvective sys-
tem. This opinion is based on interpreta-
tion of a morphological series consisting of
certain attached fossil echinoderms (cyst-
oids) and on some theoretical considera-
tions. Initially, three food grooves (three
arms, according to HEIDER, two primitive
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lophophores and a third added later) would
be spread out on the theca diverging from
the mouth, one in a direction opposed to
the anus, and the other two on each side of
the mouth; the development of a groove on
the posterior side would have been pre-
vented by the presence of anus and hydro-
pore. Eventually, the two lateral grooves
would be divided, increasing the number
of alimentary furrows to five. These grooves,
fringed by tentacles (podia) produced from
the left hydrocoel, would gradually lengthen
outward. Other coelomic extensions would
accompany them, serving as blood vessels,
while the ciliated epithelium covering the
floor of the grooves would produce the five
radial ectoneural cords. The tentacles would
remain as small soft structures, or contrari-
wise, would be enlarged and come to be
supported by endoskeletal plates. The
ciliated grooves would then be extended
along these giant podia developed as
brachioles. Finally, this pentactiny, at first
superficial, would have gradually affected
internal organs and eventually the whole
organism.

Two sorts of objections may be opposed
to these considerations. The first is that
they find no support in embryology. The
other objections are based on paleontology.
A triradiate condition of the subvective sys-
tem observed in a very small number of
fossil echinoderms, represents a secondary
character, without doubt. Archaic fixed
forms show an important range of varia-
tion in the number of brachioles and food
grooves. Moreover, the cystoids to which
Bather referred comprise a strongly spe-
cialized group preceded in time by other
classes, namely that of the helicoplacoids,
“carpoids,” edrioasteroids, and eocrinoids.
Now, only one food groove starts from the
mouth in helicoplacoids, and in mitrate,
cornute, and solute carpoids. The edrioaster-
oids exhibit a well-defined pentamerism
from the time of their first appearance in
the Lower Cambrian and the eocrinoids
possess multiple brachioles generally dis-
tributed in five groups. We may add that
in all earliest known representatives of the
blastoids, crinoids, stelleroids, echinoids,
and ophiocistioids, pentaradial symmetry is
already very well developed. This indicates
that paleontology offers no solution to the
problem of the origin of the pentamerous
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condition in echinoderms. In fact most
representations of the source stock of echino-
derms admit the existence in it of either
two tentacles-bearing arms, as in Rhabdo-
pleura (Hemer) (Fig. 19,2), or a group of
five tentacles (Pentactaca of SEmon and of
Bury) (Fig. 19,3ac), or two groups of
tentacles, one right and the other left
(Btrtscuil, Groeeen, von Usisch) (Fig.
20,1-2).

The entirety of the preceding considera-
tion brings out more what is not known
than what is known. It is true that the
phylogenetic phases that we have tried to
trace must belong much farther back in
geological time than the earliest terrains
found to contain fossils. Interpretations
based on embryology cannot, for the most
part, be confirmed by this evidence; in no
case should they be considered as a cer-
tainty. The phylogenetic theories, even the
most ingenious, may be useful as working
hypotheses, but one cannot minimize the
important part of speculation which they
contain.

ORIGIN AND
INTERRELATIONS OF
ECHINODERM CLASSES

The differentiation of classes among
echinoderms belongs to Precambrian time,
or, at least, was accomplished during the
earliest Paleozoic. Remains of Helicoplac-
oidea, Edrioasteroidea, and Eocrinoidea are
found in the lower half of the Lower Cam-
brian. Slightly later, but still in the Lower
Cambrian, occur two genera (Campto-
stroma and Lepidocystis) which may repre-
sent two other classes. In Middle Cambrian,
other major groups are recorded: Homo-
stelea, Stylophora, along with the enigmatic
Australian forms Cymbionites and Peri-
dionites. Homoiostelea, Crinoidea, Steller-
oidea and Ophiocistioidea are first observed
in the Uppermost Cambrian or in the
Lower Ordovician. All other classes of
echinoderms,  including  Holothuroidea
(identified by isolated spicules), are known
from the Middle or Upper Ordovician on-
ward, and no new class has been introduced
since the close of that period.

Next, we may observe that these classes,
from the time of their appearance in the
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geologic record, are generally well delimited
in fundamental and distinctive characters.
The assignment of a fossil to one of these
classes is rarely doubtful if its morphology
has been adequately elucidated. It is true
that forms reputed to be intermediate be-
tween the defined classes exist, for they com-
bine certain structural characters consid-
ered as distinctive of the different classes.
But these so-called intermediate forms, al-
though relatively numerous among early
echinoderms, are only morphological inter-
mediates; none of them indicate true phylo-
genetic links between the classes (REGNELL,
1960). The origin of the classes is un-
known.

Another very important observation re-
lates to the great antiquity of the architec
tural plan on which each of the echinoderm
classes is constructed. The earliest crinoids
and first echinoids, for example, exhibit
structural organization essentially similar to
that of living crinoids and echinoids. With-
out doubt, in the course of phylogeny of
each of these groups, important transforma-
tions that represent functional and morpho-
logical adaptations to different modes
of life have been introduced as response to
ecologic conditions. But fundamental ana-
tomical plans have remained unchanged
throughout the history of these classes.
Even structures as complex as the Aristotle’s
lantern of echinoids may be traced back to
the very distant past.

Extreme antiquity of essential structures
of the classes is matched by like antiquity
of their main systematic divisions. As soon
as they appear, the “carpoids” are repre-
sented by three classes (Homostelea, Homoi-
ostelea, Stylophora) and the cystoids by
their two orders (Rhombifera, Diploporita);
the Crinoidea (already in the Middle Ordo-
vician) by three of their four subclasses
(Camerata, Inadunata, Flexibilia); the
Echinoidea by two of their orders (Bothrio-
cidaroida, Echinocystitoida); the Steller-
oidea, by their three subclasses (Somaster-
oidea, Asteroidea, Ophiuroidea). This so-
very-early diversification carries far back in
time the actual origin of the classes and
shows that their differentiation must be
much earlier than the moment represented
by actual remains found in rock strata.

Another observation seems worthy of rec-
ord, namely, that from the time of their
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appearance in the stratigraphic record, the
echinoderms have been distributed into two
large groups according to their habits with
respect to environment—free forms, such as
the mitrate and cornute “carpoids,” steller-
oids, and echinoids, and attached forms,
such as the crinoids, cystoids, and blastoids.
Already in earliest Cambrian time, free-
living (helicoplacoids) and sessile forms
(eocrinoids, edrioasteroids) were repre-
sented. The attached mode of life is gen-
erally referred to as pelmatozoic' (from
Pelmatozoa, a term proposed by LEUCKART,
1848, and meaning animal, zoon, provided
with a stalk, pelma) and the free mode of
life as eleutherozoic (from Eleutherozoa, a
name introduced by Bert, 1891, and mean-
ing animal that moves freely, eleutheros).
Typically pelmatozoic mode of life char-
acterizes those echinoderms which, during
the whole or at least the early portion of
their existence, are attached either directly
by the aboral surface or by an aboral jointed
stalk; their oral surface is directed upward;
their podia serve primarily as food-catching
organs, their regimen is microphagous and
their ambulacra, acting as food-grooves,
carry food particles to the mouth by mucus-
ciliating mechanisms; their anus generally
opens on the oral surface or laterally, but
never aborally. On the other hand, adop-
tion of a free-living or eleutherozoic habit
means that the animal develops locomotor
mechanisms and a mode of nutrition which
generally is nonciliary; the oral surface is
directed downward or is located at one end
of the body (holothuroids); the anus, if
present, is typically aboral.

Customarily such contrasting characters
as those just mentioned have been used as
a basis for a division of the phylum Echino-
dermata into two subphyla, the Pelmatozoa
and the Eleutherozoa. It has become more
and more evident, however, that this group-
ing is less supported by real genetic affini-
ties than by structural and functional analo-
gies. Pelmatozoan and eleutherozoan char-
acters have probably arisen independently,
and at different times, in various echino-
derm groups. Therefore, it does not seem
possible to build a natural classification on

1 More rarely, statozoic (from Statozoa, a name coined
by BeLn, 1891, and meaning animal which is stationary,
statos).
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the basis of the described characters alone
(FELL, 1963, 1965).

Evidence furnished by comparative anat-
omy, embryology, and paleontology sug-
gests that symmetry and patterns of domi-
nant gradients of growth, which may be
considered as innate features initially inde-
pendent of the environment, probably con-
stitute a better criterion for grouping of
the classes in more comprehensive wunits.
On such grounds, for subphyla® recently
have been recognized by Ferr (1965). They
have been adopted in the present Treatise,
as indicated in the following table.

Subphyla of Echinodermata

Subphylum HomaLozoa. Echinoderms with-
out radial symmetry and with funda-
mentally asymmetrical body. Included
classes: HowmorosteLea, HOMOSTELEA,
StyLopHorAa (these three classes collec-
tively called “carpoid” echinoderms), and
possibly MACHAERIDIA.

Subphylum Crinozoa. Echinoderms with
radial symmetry, showing a partial merid-
ional pattern of growth tending to pro-
duce an aboral cup-shaped or globoid
plated test (theca) and a partial radially
divergent pattern of growth forming ap-
pendages (brachioles or arms) which
carry exothecal extensions of feeding
ambulacra. Included classes: BrasToipea,

2 Many other groupings of echinoderm classes have been
proposed in the past. Most of them deserve no more than
historical interest. Some seem worth recording because they
have played a part in shaping basic concepts of the present
classification. In the famous work in which he demonstrated
that the echinoderms are to be regarded as a main division
of the animal kingdom, Leuckarr (1848) divided the phylum
into three classes, termed Pelmatozoa (including “Cystideen’”
and ‘‘Crimoideen’’ as orders), Actinozoa (including “‘Echi-
niden’’ and ‘‘Asteriden’ as orders) and Scytodermata (in-
cluding Holothuriae and Sipunculida as orders). In 1891,
BeLL proposed a rather complicated classification, in which
the term Eleutherozoa (used for the first time) is opposed
to the term Statozoa (practically a synonym of Pelmatozoa).
This procedure seems to have initiated the dualistic division
into Pelmatozoa and Eleutherozoa, popularized by BaTHER
(1899, 1900) and adopted in most treatises and textbooks
published subsequently. In presenting his classification,
BarHER was fully aware of the phylogenetic heterogeneity
of the Eleutherozoa, but he judged the Pelmatozoa to com-
prise a closely related group, In 1929, however, he recog-
nized the nonpelmatozoan nature of the ‘‘carpoids’ (invari-
ably placed among the Pelmatozoa until then) and recom-
mended that they should be separated (along with the
Machaeridia) from all other echinoderms. This led WxiTe-
HOUSE (1941) to propose a new subphylum, Homalozoa, for
both the ‘‘carpoids’ and the machaeridians. On the other
hand, Zitrer (1895), following HAEckEeL, recognized three
subphyla—Pelmatozoa, Asterozoa, and Echinozoa, distributing
the free-living echinoderms in two subphyla instead of one.
A similar grouping was advocated by Jaeker (1918), Mar-
suMoTo (1929), and especially by FeLr (1962), who furnished
evidence of the fallacious nature of the presumed significant
similarities of the eleutherozoans.
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CriNoiDEA, CYSTOIDEA, EDRIOBLASTOIDEA,
EocrinoipEa, ParaBLAsTOIDEA, PARACRIN-
OIDEA, and LEPIDOCYSTOIDEA.

Subphylum Asterozoa. Echinoderms with
radial symmetry, showing a radially di-
vergent pattern of growth which produces
projecting rays and a star-shaped body.
Included class: STELLEROIDEA, containing
subclasses Somasteroidea, Asteroidea, and
Ophiuroidea.

Subphylum EcHinozoa. Echinoderms with
radial symmetry, meridional pattern of
growth producing an essentially globoid
body, but no arms or projecting rays. In-
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cluded classes: CycLocysToEs, EcHIN-

OIDEA, EpRrioasteEroipes, HeLicopLac-

omea, HoLorauromea, OpPHIOCISTIODEA,

and CAMPTOSTROMATOIDEA.

The stratigraphic distribution of the sub-
phyla and classes of the Echinodermata is
shown graphically in Figure 21. However,
this diagram has not been redrawn to in-
clude newly recognized classes defined by
DurnaM—the curious CAMPTOSTROMATOIDEA
(L.Cam.), added to the Echinozoa, and
Lermocystomea (L.Cam.), assigned to the
Crinozoa. Also, the Holothuroidea pos-
sibly range into the Ordovician.

MAIN DIVISIONS OF ECHINODERMATA

HOMALOZOA

The subphylum Homalozoa—a term pro-
posed by WarteHoUusE (1941) and mean-
ing flat (homalos) animal (zoon)—com-
prises the exclusively fossil group (Middle
Cambrian to Middle Devonian) of “car-
poid” echinoderms and perhaps the enig-
matic Machaeridia (Fig. 21).

As stated previously, the Homalozoa lack
any trace of radial symmetry, a feature the
importance of which had already been
emphasized by Batuer (1930), who pro-
posed to divide the Echinodermata into two
contrasted groups: the Echinoderma bilat-
eralia comprising the “carpoids” and
Machaeridia, and the Echinoderma radiata,
containing all the other echinoderms. If the
concept is sound, the term “bilateralia” is
inappropriate, for it fails to recognize an-
other of the most important features of these
echinoderms, namely, their fundamental
asymmetry.

The Machaeridia were marine animals
with body enclosed in an elongate, bilat-
erally symmetrical shell composed of an
even number of longitudinal columns of
plates. They have been referred to the
Mollusca, Annelida, Arthropoda, and (be-
cause their plates are composed of crystal-
line calcite showing, in at least one genus,
the cleavage characteristic of echinoderms)
to the Echinodermata. Among echino-
derms, they have been regarded either as a
distinct group representing an early off-
shoot from the echinoderm stem (BaTmEr)
or as isolated parts of the body of forms

belonging to other classes. On this last
hypothesis, some of them have been con-
sidered as the stem of “carpoids” (Woob-
warp), the cover plates enveloping the
spines of mitrate “carpoids” (PorE), or the
tube feet of ophiocistioids (NicHoLs).

If the assignment of Machaeridia to
Echinodermata remains an open question,
the same doubt regarding the “carpoids”
would not be permissible, for (1) their
stereom is formed of crystalline calcite dis-
playing the reticulate microstructure char-
acteristic of this phylum, and (2) most of
them possess an ambulacral groove organ-
ized according to the typical echinoderm
pattern.

The “carpoids” have been and still are
commonly classed with the pelmatozoan
echinoderms. No morphologically inter-
mediate forms are known between them
and the other echinoderms, however. They
constitute a very isolated group, character-
ized primarily by their asymmetry, on
which radial symmetry has never been im-
posed. This lack of radial symmetry is
probably related to the fact that their water-
vascular system did not produce five pri-
mary tentacles, but sent only one extension
into a single ambulacrum, which may be
looked upon as an unpaired lophophore
structure. All of them are depressed and
they seem to have experienced some sort of
eleutherozoic existence. They probably be-
long to another and apparently much more
primitive adaptive radiation than those that
produced the radiate echinoderms.



Main Divisions

< i < <
o i< o O
N 8 ~ N
8 10 ©) o
= iz &5 Z
= 1= = =
o s 2 U
T 3 S e}
%
'
o !
> I
= I
X ]
o
8 |
& l
+—
L]
I
% |
g
< |
[}
X ]
&
2 |
— 3
u 0 T |
£ 2 1
= B
£ = o
(= @
3 | b
— 1 2

¢ : 8 %

c o o

(9] el <)

e e o =]

= = oo
Erog . s 53
DAl s 9 B 8 17 °

al v.-c D o o P
Zl 8 gii.= £ 1
|52 L9 o ")

O > — 0 O ) 0
18 2~ 9% k= % =

s ’-2"" o O [N 3
> E O 2
a 2 g

°
58 2
ob]2 2 =
= O ofi O <
v © (=4 173 o
ok]ls = °
ck]B.-2 I
sRls 2
ioklzs &

3 w 8
= . ]
S o a2

& 8 &9
L o ] i
8 o o ' ©0o
g o=t O _ 044G
=16 o of g2 o] &
Q

. = el B DS &1 2
£ ‘5i 0 o= 'O (<]

¥ ) oF = <
] = 1’8‘ [} S
(OF 2 1; (9)

Fic. 21. Stratigraphic distribution of subphyla and

class of Echinodermata (Ubaghs, n). [Added groups

include the echinozoan class Camptostromatoidca

(L. Cam.) and crinozoan class Lepidocystoidea (L.
Cam.).]

853

The “carpoids” were first recognized as
an independent class by Jaexer (1901),
who divided it later (1918) into four orders:
Cincta, Cornuta, Mitrata, and Soluta. To
these, GEKKER (1938) added the new order
Digitata to include Rhipidocystis. Now it
appears that this assemblage is quite hetero-
geneous. Firstly, Rhipidocystis differs from
all other “carpoids” in having strongly de-
veloped brachioles and other crinozoan fea-
tures; it seems preferable to place it among
the Eocrinoidea (Usacus, 1961). Secondly,
whereas the Cornuta and the Mitrata pre-
sent the same basic organization, they dif-
fer as much from the Cincta and Soluta as
the two latter differ between themselves.
These orders, except the two first ones, are
so widely apart that relationships between
them cannot be satisfactorily proven. They
may represent unrelated, or at least remote,
remnants of an early preradiate echinoderm
stock. Therefore, it seems better to treat
them as separate classes: Homostelea, con-
taining the Cincta; Homoiostelea, compris-
ing the Soluta; and Stylophora, grouping
together the Cornuta and Mitrata.

CRINOZOA

The Crinozoa, a name proposed by Mart-
sumoTo (1929), are echinoderms which are
1) affected in varying degree by radial (gen-
erally pentamerous) symmetry; 2) typically
characterized by a globoid, pyriform, or cup-
shaped body (theca) enclosing the visceral
mass or the main part of it, and 3) provided
with food-gathering appendages which are
either simple exothecal projections (brach-
ioles of noncrinoid Crinozoa) or evagina-
tions of the body wall carrying extensions
of the coeloms and various systems of
organs with them (arms of crinoids). In
the theca, the meridional pattern of growth
appears dominant, whereas in the food-
gathering appendages (particularly the
arms of crinoids), it is the radially divergent
pattern which 1s prevalent. Crinozoa are
attached more or less permanently to the
substrate, either directly by their aboral sur-
face, or more generally by an aboral jointed
stalk. Their oral surface 1s typically directed
upward. Their podia serve primarily as
food-catching organs; their regimen is
microphagous and their ambulacra act as
food grooves. The anus generally opens on

© 2009 University of Kansas Paleontological Institute
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the oral surface and, though it may be
found on the side of the theca, is never
strictly aboral. All members of this sub-
phylum, except crinoids, are exclusively
Paleozoic.

The subphylum Crinozoa, as here defined,
corresponds to the subphylum Pelmatozoa
of many other classifications, except that
it does not include the “carpoids,” which
are classified among the Homalozoa, and
the classes Edrioasteroidea and Cyclocyst-
oidea, which are transferred to the Echino-
zoa. As so restricted, it comprises eight
classes: Eocrinoidea, Paracrinoidea, Cyst-
oidea, Blastoidea, Parablastoidea, Edrioblast-
oidea, Lepidocystoidea, and Crinoidea. Such
classes seem to have unequal value, whether
one considers numbers of their representa-
tives, diversity within each group, distribu-
tion in geologic time, or importance in
stratigraphic paleontology. To judge them
according to purely morphological criteria,
certain classes, such as the Crinoidea and
Blastoidea, seem to form natural groups
having well-defined morphological attri-
butes, but others may well represent arti-
ficial or heterogeneous assemblages.

EOCRINOIDEA

The oldest known crinozoans are Lower
Cambrian members of the Eocrinoidea (Fig.
21). This group, introduced by JaExEL
(1918) as a subclass of the Crinoidea, was
elevated to class rank by ReonELL (1945).
It comprises heterogeneous assemblage of
genera, some of which are still inadequately
known. Though the organization of at least
many of their representatives is essentially
cystoid-like, they differ from typical cystoids
etther in their entire lack of thecal pores or
in the presence of sutural pores which are
basically different from the diplopores and
pore rhombs of the true cystoids. On the
other hand, most of their so-called crinoidal
features are demonstrably homoplastic re-
semblances—especially one cannot homol-
ogize their brachioles with the arms of
crinoids. Therefore, it does not seem pos-
sible to refer eocrinoids to the Cystoidea,
as now restricted, and still less to the Crin-
oidea. Thus, it appears convenient to re-
gard them, at least provisionally, as a sep-
arate class. Remains of Eocrinoidea have

Echinodermata—General Characters

not been found in terrain younger than
Middle Ordovician.

PARACRINOIDEA

The Paracrinoidea are exclusively Middle
Ordovician in age (Fig. 21). Like the
eocrinoids, they are neither true cystoids
nor true crinoids. Their theca is constructed
mainly like that of cystoids, but they possess
a thecal pore system of a peculiar nature,
and their uniserial or biserial pinnulate
“arms” seem to differ as well from cystoid
brachioles as from crinoid arms. They may
represent a line of development parallel
with that of these groups or they may form
an artificial entity. Recognition of them
as a separate class constitutes probably the
most practical way to deal with them.

CYSTOIDEA

The Cystoidea comprise one of the most
important classes of the Crinozoa. Formerly
they included in addition to all noncrinoid
Crinozoa, the “carpoids,” Ednoasteroidea,
and Cyclocystoidea. Nowadays, the class
generally is restricted to noncrinoid Crino-
zoa that possess special pores piercing the
thecal skeleton (diplopores, pore rhombs)
and biserial brachioles; radial symmetry af-
fects their food grooves and, only in ad-
vanced members, the thecal plates. Patterns
of growth are dominantly meridional in
many of them. They are divided into two
orders, the Rhombifera and the Diploporita,
of unknown origin, which may have devel-
oped independently.

BLASTOIDEA

Blastoidea are a fairly distinct class of
Crinozoa characterized by 1) their highly
developed pentamerous symmetry, 2) pre-
vailing meridional pattern of growth, 3)
uniformity of arrangement of their 18 to 21
thecal plates in four definite cycles, 4) spe-
cialized nature of their recumbent ambula-
cral areas, which are provided with great
many small biserial brachioles, and 5) par-
ticularly distinctive structures and locali-
zation of their hydrospires (calcareous in-
folds of the thecal wall which hang into
the body cavity beneath each ambulacrum).
They are known from Silurian to Permian
(Fig. 21). It has been maintained mainly
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by Jaeker (1918) and RecnfrL (1945)
that the blastoids should be considered as
a subclass or order of the Cystoidea, especial-
ly because the hydrospires may be regarded
as a variety of thecal pores and because
biserial brachioles are present in both
groups. While thecal pores and biserial
brachioles exist also in many Eocrinoidea,
the distinctiveness of the Blastoidea as a
whole and the very special structure and
arrangement of their hydrospires make it
desirable to separate the group as a class,
as now usually is done.

PARABLASTOIDEA

The Parablastoidea are a very small group
erected by Hupson (1907) (as an order of
the Blastoidea) for the Middle Ordovician
(Chazyan) genus Blastoidocrinus BiLriNgs
(Fig. 21). This form, which recalls the
Blastoidea in many respects, differs from
them in important features, such as num-
ber of thecal plates and structure of the
ambulacra. Of unknown ancestry and
descent, these echinoderms may well repre-
sent an aberrant and unsuccessful offshoot
of an early blastoid stock.

EDRIOBLASTOIDEA

The Edrioblastoidea contain so far a
single genus, Astrocystites WHITEAVES, from
the Middle Ordovician of North America
(Fig. 21). This genus, of an exclusively
meridional pattern of growth, differs from
all other Crinozoa in lacking arms and
brachioles and in having ambulacral pores,
as in the Edrioasteridae, a family of Edrio-
asteroidea. It is separated, however, from
typical members of this class in being pro-
vided with a well-defined jointed stem and
in having a theca superficially like that of
blastoids. Customarily it has been placed
among the Edrioasteroidea, but Fay (1961)
erected a new class, the Edrioblastoidea, to
receive it.

CRINOIDEA

The Crinoidea constitute the most diversi-
fied class of the Crinozoa. They are stalked
or {but secondarily) stalkless pentamerous
echinoderms. Their theca, reduced to an
aboral cup covered orally by a vault or teg-
men, bears radially outspread food-gather-
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ing arms, which generally are branched.
Therefore, the theca alone retains the merid-
ional pattern of growth. The arms differ
fundamentally from brachioles of noncrin-
oid Crinozoa. Whereas brachioles are sim-
ple external processes of the theca sup-
ported by their own small endoskeletal
pieces, crinoid arms are evaginations of the
body wall containing extensions of the food
grooves, coelom, and nervous, water-vascu-
lar, hemal, and reproductive systems, and
they are supported by plates directly con-
tinuous with the radial plates of the theca.
The fact that crinoid arms and the brach-
ioles of noncrinoid Crinozoa are not homol-
ogous renders particularly puzzling the
problem of the origin of the crinoids. They
first appear in the Lower Ordovician with
all of their essential features, and no
morphological intermediates are known
which suppress or reduce the gap existing
between them and older, more primitive
crinozoans. The crinoids, like other classes
of Crinozoa, flourished especially during the
Paleozoic Era, contributing in large areas
to the formation of thick sedimentary de-
posits. Since the Early Triassic, they have
been represented only by the Articulata,
one of the four subclasses which may be
distinguished among them (Fig. 21).

The morphologic and phylogenetic hia-
tuses that separate the classes of the subphy-
lum Crinozoa from one another are prob-
ably not of the same importance. Some are
widely apart, whereas others seem to be
somewhat closely allied. The precise origin
of all of them is unknown and their inter-
relationships are very puzzling. Yet the
unity of general crinozoan organization
supports judgment that the classes may be
derived from a common, though uncertain,
source belonging undoubtedly to the very
distant past. The eocrinoids sometimes have
been interpreted as such a possible source.
This concept finds support in the fact that
they precede known representatives of other
classes in time. They may indeed contain
ancestors of the cystoids, from which some
of them are kept apart by rather artificial
distinctions. But possible relationships with
other classes, and particularly with the
crinoids, remain purely conjectural. The so-
called crinoidal features of eocrinoids seem
generally based on superficial resemblances.
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One does not know any intermediate be-
tween eocrinoids and crinoids, or between
eocrinoids and paracrinoids, blastoids, para-
blastoids, and edrioblastoids. It must be
emphasized that the time of origin of all
classes, each of which possesses its distinc-
tive features from first appearance in the
geological record, must be much more re-
mote than it is presently known. The prob-
lem of origins remains an open question.

ASTEROZOA

The Asterozoa are radiate free echino-
derms that possess a depressed, pentagonal
or star-shaped body, consisting of a cen-
tral disc and typically five rays or arms.
This shape results from the fact that growth
operates in the horizontal plane along five
radially divergent axes around the oral pole,
and not, as in Echinozoa, along meridional
directions. As a rule the mouth is inferior
and always central in position. The tube
feet are restricted to the undersurface of
the rays. The radial water canals and other
radial structures lie on the oral side of the
ambulacral plates.

They comprise the asteroids, ophiuroids,
and somasteroids. Among modern animals,
the asteroids and ophiuroids constitute two
well-separated groups, to which most zool-
ogists accord the rank of class. The ophiur-
oids, however, after metamorphosis, pass
through an asteroid stage, characterized
among other things by an aboral skeleton
closely comparable to that of a juvenile
asteroid. Comparative anatomy also shows
that the two groups are constructed essen-
tially on the same plan and indicates, with
the full support of paleontology, that they
converge toward the same source (somaster-
oids) from which the segregation of asteroid
and ophiuroid characters seems to have de-
veloped in progressive, divergent manner.
It appears, therefore, advisable to consider
the somasteroids, asteroids, and ophiuroids
as subclasses of a single class, the Steller-
oidea, rather than as separate classes.

Some zoologists, in opposition to this
view, completely separate the ophiuroids
from asteroids so as to align them with the
echinoids. This is based on 1) resemblance
of the ophiopluteus and echinopluteus larval
stages, 2) the existence of a vestibule in the
larvae of echinoids and vestiges of it in the
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larvae of ophiuroids, whereas this structure
is absent in the larvae of asteroids, 3) the
presence of an epineural canal (instead of
the open ambulacral furrow of asteroids) in
echinoids and ophiuroids, and 4) observa-
tion previously noted that the sterols of
ophiuroids (at least of examined species)
belong to the same type as those of studied
echinoids, whereas the sterols of asteroids
are of a different type. These arguments
do not seem to be convincing. Indeed, they
lend to embryologic and biochemical analo-
gies a phylogenetic meaning that remains
to be demonstrated, and they overlook al-
lowance of the possibility that the common
features just mentioned between ophiuroids
and echinoids could have been acquired in-
dependently. As a matter of fact, they
strongly conflict with all other evidence,
such as that derived from postlarval onto-
geny, morphology, and paleontology. Pale-
ontological observations, in particular, sug-
gest a very clear morphological convergence
of ophiuroids and asteroids in the direction
of a common source, whereas comparison
of the history of ophiuroids and echinoids
shows that the two groups have followed
very distinct pathways since their known
initial appearance.

JaexeL (1918), Batuer (1901, 1915), and
others have postulated the Edrioasteroidea
as a possible source of the Asterozoa. It is
the nature of their ambulacral furrows, the
presence of pores interpreted as ambulacral
pores, and the absence of free arms and
brachioles that seems to bring them nearer
the asterozoans in the same degree as these
characters separate them from crinozoans.
Besides, the first edriocasteroids considerably
precede in time the earliest known astero-
zoans, and if some of them were firmly at-
tached to the substratum, others could have
simply rested on the sea bottom. However
this may be, the transformation of an edrio-
asteroid into an asterozoan would have im-
plied very considerable structural and
adaptative modifications, as shown by
Batrer (1915) with considerable ingenuity.
This hypothesis, we must say, has not re-
ceived the confirmation that discovery of
the most ancient known stelleroids by
Spencer (1951) should have furnished in
its support. Contrariwise, as demonstrated
by FeLr (1963), the endoskeleton of archaic
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asterozoans has a fundamental pinnate
structure entirely different from that shown
by edrioasteroids. If, therefore, some super-
ficial resemblance exists between edrio-
asteroids and asterozoans, it seems to be
ascribed to convergence, rather than genetic
relationship.

According to FrLL (1963), analysis of the
growth patterns exhibited by the endo-
skeletal elements and related soft structures
in fossil and extant stelleroids allows recog-
nition of the original characters of the class.
These characters, as illustrated by somaster-
oids, are exclusively crinozoan. They indi-
cate that the Asterozoa must have arisen
from some pinnulate crinozoan stock, name-
ly from some pinnulate crinoid. Indeed, the
oral skeleton of the arms of somasteroids
resembles that of a pinnulate arm of crin-
oids to some extent. It is built of elongate
rods (virgalia) arranged in obliquely trans-
verse rows on either side of the axial series
of ambulacral ossicles, as are pinnular
ossicles to the brachial ossicles of crinoids.
The rows of virgalia form the lateral walls
of intervening grooves, protected by cover
plates inserted on adjacent virgalia. In these
grooves ciliary activity conveys water cur-
rents to the main radial groove, and thence
to the mouth. Thus, a microphagous ciliary
feeding, involving pinnately arranged food
grooves, is found in archaic asterozoans, as
in pinnulate crinoids.

The analogy is admittedly great, but, to
my mind, of a rather superficial nature.
Virgalia and pinnulars differ in many re-
spects. The pinnate food grooves of som-
asteroids have not the same organization as
those of the pinnules of crinoids, for 1) they
are not carried on the virgalia, but lie be-
tween them; 2) they are not accompanied
by extensions from the water-vascular and
other systems of organs or cavities as are
the food grooves of the pinnules of crinoids,
but are just ciliated furrows; 3) they are
not small arms, like the pinnules of crinoids,
which morphologically are dwarfed arms,
and 4) they are apparently of a primary
origin, whereas the pinnules of crinoids are
demonstrably of secondary origin. Many
other and important differences exist be-
tween the general anatomy of somasteroids
and that of crinoids, and earliest known rep-
resentatives of the two groups, associated in
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the same Lower Ordovician beds, far from
showing a closer resemblance, appear more
distinct than their extant relatives. How-
ever appealing they may be, such explana-
tions as those given by FeLL remain hypo-
thetical to a large extent, and as long as
one has to rely only on them, it seems ad-
visable to reserve judgment.

ECHINOZOA

Echinozoa are typically radiate echino-
derms, with a cylindrical, ovoid, fusiform,
pyriform, globose, cordiform, or discoid
body. Divergent radial axes of growth never
arise, but a meridional pattern of develop-
ment appears to be a fundamental feature
of the subphylum. The Echinozoa differ
radically from the Asterozoa in their com-
plete lack of outspread rays and from Crino-
zoa in never having feeding appendages,
such as the arms of crinoids or brachioles
of cystoids projecting from the body. Most
of them are free-moving, but some, like
the cyclocystoids and edrioasteroids, are
pelmatozoic animals. According to the clas-
sification adopted in the present Treatise,
they comprise seven classes—Helicoplac-
oidea, Holothuroidea, Ophiocistioidea, Cy-
clocystoidea, Edrioasteroidea, Camptostrom-
atoidea, and Echinocidea.

HELICOPLACOIDEA

Helicoplacoidea comprise a few genera
from the Lower Cambrian Olenellus zone
of California, Nevada, and Canada. They
were free-living echinoderms, characterized
by a fusiform (when expanded) to pyriform
(when contracted) spirally coiled and
heavily plated body, with an expansible and
flexible test and with oral and apical poles
at opposite extremities. The lack of arms,
shape of the body, the origination of new
plates from the apical pole and the free-liv-
ing character suggest that these echinoderms
are related to the subphylum Echinozoa.
They differ however from all other known
Echinozoa by the presence of generally sin-
gle ambulacrum—a character which they
share with the “carpoid” echinoderms Stylo-
phora and Homoiostelea—the spiral ar-
rangement of both the ambulacral and “in-
terambulacral” columns of plates, and the
nature of the ambulacrum, covered by a
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pavement of small plates. Podial pores ar-
ranged in a row on each side of the ambula-
crum which indicate the presence of an in-
ternal “radial” water vascular canal have
recently been recognized. The origin of
Helicoplacoidea is unknown and their re-
lation with other echinoderms problemati-
cal. They may well represent an aberrant
offshoot from some Precambrian echino-
derm stock.

EDRIOASTEROIDEA

The Edrioasteroidea appear also in the
Lower Cambrian, with all of their typical
features (Fig. 21). Their origin is not
known. They are pelmatozoic echinoderms,
and it is in the subphylum Pelmatozoa that
they have been included customarily. They
differ however from most representatives
of this now rejected subphylum in having
a purely meridional pattern of symmetry
—they lack arms, brachioles, or protruding
rays—and in having ambulacral pores
which suggest the existence of tube feet
provided with ampullae, as in many echino-
zoans and asterozoans. Besides, they are
stemless, or at least never have a typical
stem, such as characterizes crinoids and
cystoids; some of their earliest representa-
tives may even have rested loose on the
sea bottom. In some dendrochirote holo-
thuroids the pharyngeal skeleton is not un-
like the calcareous oral ring and the asso-
ciated ambulacral plates of some edrio-
asteroids—an analogy regarded by FrLp
(1965) as suggesting that the Edrioaster-
oidea, like the Holothuroidea, descended
from a common echinozoan stock. The
inclusion of edrioasteroids in Pelmatozoa
has been questioned by Matsumoro (1929),
Lameere (1931), and Feip (1965), who
consider that their pelmatozoan features
are purely secondary responses to adoption
of a sessile mode of life. Reasons for includ-
ing them (and Cyclocystoidea) in the
FEchinozoa are given in Part U of the pres-
ent Treatise.

HOLOTHUROIDEA

The origin and relationships of the other
classes included in the subphylum Echino-
zoa offer problems for which no satisfying
answers have been given. From a morpho-
logical point of view, the holothuroids,
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which do not move about on their oral
surface and have only a single gonad, are
unlike other free-living radiate echinoderms
which travel on their oral surface and
exhibit a genital system (at least in Recent
representatives) influenced by radial sym-
metry. The Holothuroidea are identified as
primitive in having only a single gonad and
the observation that their gonopore and
hydropore have retained original positions
in the CD interray. The fact that their
ambulacra are closed does not indicate any
particular relationship, since this feature has
been independently acquired in ophiuroids
and echinoids. Comparative study of the
internal endoskeleton of the pharyngeal re-
gion of dendrochirote holothurians sug-
gests, however, that this endoskeleton pos-
sibly represents invaginated remnants of
ambulacral ossicles similar to those found
in some edrioasteroids (Feri, 1965). Never-
theless, the existence of real connections be-
tween these two classes remains hypotheti-
cal, since the paleontological history of the
Holothuroidea is very inadequately known.

ECHINOIDEA

Echinoids form a well-defined group and
no known representatives, fossil or living,
exhibit features suggesting close relation-
ships to any other class of echinoderms. As
rightly observed by Duraam & MerviLLe
(1957), the ancestral form of echinoids
should have evolutionary potentialities able
to produce in the Late Ordovician two types
as different as Bothriocidaris and Aule-
chinus. This observation requires reference
of the origin of the class to such a remote
time that knowledge of it is at present
conjectural. Diverse hypotheses have been
formulated, such as derivation of the echin-
oids from edrioasteroids, from a primitive
holothurian stock, or from diploporite cyst-
oids. Each of these hypotheses has received
appropriate critical review and none appears
convincing at the present time.

OPHIOCISTIOIDEA

The class of the ophiocistioids include five
genera, exclusively Paleozoic, the general
organization of which does not seem ex-
pressed by that of other echinoderm classes.
An affinity of the ophiocistioids with ophiur-
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oids has been suggested by several authors,
but the points of similarity between the two
groups are demonstrably superficial. The
resemblance to archaic echinoids seems
somewhat greater, but it is with the very
young echinoids, in process of metamorpho-
sis or just after metamorphosis, that they
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show the most remarkable likeness. One
may question whether they are not neotenic
Echinozoa. Yet the differences from other
classes are such as to warrant the appropri-
ateness of regarding the ophiocistioids as a
distinct group that became extinct without
leaving known descendants.
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GENERAL FEATURES

Development in echinoderms may be
indirect, involving pelagic, bilaterally sym-
metrical, larval forms, or more or less direct,
with the larval stage either reduced or
omitted. Of the extant classes, only the
Echinoidea are characterized by being pre-
dominantly of the type with indirect de-
velopment. The main features of develop-
ment and the interrelationships of echino-
derm larvae were elucidated by JoHaNNES
Morier (30), who demonstrated that four
chief types of larvae exist, and that in each
the final larval form arises from a preced-
ing simpler form, now known as the
dipleurula.

The fundamental plan of development
is represented in Figure 22. The dipleurula
arises from the preceding gastrula stage by
the formation of a ciliated (or vibratile)
band (Fig. 22,1) which forms a closed loop

about the mouth. A simple alimentary
canal is present, comprising stomodeum,
archenteron or stomach, and proctodeum;
the anus is generally, but not invariably,
formed from the blastopore. In its subse-
quent development the dipleurula under-
goes a transformation varying in accordance
with the systematic position of the parent
species.

In the Echinoidea and Ophiuroidea, the
development of paired processes, or arms
on either side of the body, upon which the
ciliated band becomes extended, leads to
formation of the simple pluteus (Fig. 22,2).
Further development of paired arms,
strengthened by internal calcareous rods,
leads to the final larval forms, distinguished
by MorTensen (1898) as echinopluteus and
ophiopluteus.
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Fic. 22. General scheme illustrating relationships between bilaterally symmetrical larvae of echinoderms

inferred from their morphology. I, Dipleurula; 2, pluteus; 3, echinopluteus, which metamorphoses into 4,

young echinoid; 5, ophiopluteus, which metamorphoses into 6, young ophiuroid; 7, early auricularia; 8,

fully developed auricularia, which metamorphoses into 9, young holothuroid; 10, bipinnaria, which meta-
morphoses into 11, young asteroid (8).
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Fic. 23. Convergent larval forms. 1, Ophiuroid, Ophiothrix; 2, echinoid, Diadema (8).

The echinopluteus usually possesses four
pairs of arms (Fig. 22,3), though more or
fewer may be present in certain forms. The
four principal pairs of arms comprise two
anterior pairs, the anterolateral and preoral
pairs, and two posterior pairs, the postoral
and the posterodorsal pairs. In addition, at
the extreme posterior end of the body are
commonly found a pair of posterolateral
processes, which may be elongated to form
distinct posterolateral arms. Anterodorsal
arms occur in certain forms as a still fur-
ther complexity (compare Fig. 29,11, a
spatangoid echinopluteus). These various
arms are supported by slender calcareous
rods, which may form a mesh about the
archenteron at their inner extremities with-
in the body; commonly a special posterior
transverse rod is formed between the pos-
terolateral processes. Certain portions of
the ciliated band may become thickened
dorsally and ventrally to form the paired
dorsal and ventral vibratile lobes; or these
may become separated from the main band
to form prominent epaulets (see Fig. 29,7).

The ophiopluteus (Fig. 22,5), if fully
developed, is of rather similar appearance,
having four pairs of arms, which, however,
do not correspond altogether to the four
pairs commenly present in the echino-
pluteus. It is usual that the most promi-
nent and enduring arms are those termed
the posterolateral pair, which MorTENSEN
has shown to be homologous with the pos-
terolateral lobes of the normally formed
echinopluteus. The other arms are the
anterolateral, postoral, and posterodorsal
pairs, respectively. The preoral arms of the

echinopluteus are not represented. The in-
ternal skeleton takes the form of a pair of
calcareous rods in the body, each sending
branches into the four arms on its corre-
sponding side; the posterior transverse rod
is not represented.

In larvae of the Holothuroidea and As-
teroidea no comparable development of
paired arms occurs. Initially the dipleurula
becomes rather barrel-shaped (Fig. 22,7),
and the ciliated band is thrown into folds
in an anterior and posterior loop. Further
sinuous growth of the ciliated band leads
to the characteristic larval forms designated
as auricularia in holothurians and bipin-
naria in asteroids.

The auricularia (Fig. 22,8) is character-
ized by the formation of two lobes bordered
by the folded ciliated band, the preoral lobe
anteriorly, and the anal lobe posteriorly,
the latter bearing the anus. The mouth lies
in a depression on the ventral side, between
the preoral and anal lobes. Smaller postero-
lateral lobes occur in the same relative posi-
tion as in the preceding larvae.

The bipinnaria is much more variable in
structure. In some, especially primitive
starfish, it is scarcely distinguishable from
the simple auricularia. More frequently
the sinuous lobes of the ciliated band be-
come drawn out into prominent arms (Fig.
22,10) which, however, lack skeletal rods.
Consequently, they are not rigid and are
utilized as flexible swimming organs. Pos-
terolateral lobes are usually found as in the
auricularia. Median arms often appear an-
teriorly to the mouth, on the preoral lobe.
It is usual for the bipinnaria stage to be
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followed by what is termed a brachiolaria
larva, distinguished principally by the de-
velopment of median sucking arms (or
disc) anterior to the mouth, by means of
which the larva may become temporarily
attached.

Metamorphosis in each case involves
either discarding or absorbing the paired
larval structures, while a secondary radial
symmetry is initiated through encirclement
of the gut by the five lobes of the hydrocoel.

The embryology of crinoids, so far as
known, does not include a comparable bi-
laterally symmetrical larva, and the mode
of development is so different that it can-
not be treated in the scheme just outlined.
Many echinoderms other than crinoids also
undergo development of an entirely differ-
ent character from the basic plan described
above. In species with large yolky eggs the
larva is commonly a simple cylindrical form
with a number of transverse ciliated bands.
This type, which is sluggish and does not
take food, has been termed the vitellaria.
It is formed variously, and the internal
organogeny differs according to the class.
Echinoderm larvae occasionally grow to a
considerable size. Thus the bipinnaria of
Luidia sarsi reaches a length of 2.4 ¢m.

The above facts offer interesting prob-
lems. The general occurrence of a pelagic
bilaterally symmetrical dipleurula stage in
four of the existing classes has been inter-
preted as a recapitulation of the hypothetical
dipleurula form from which all echino-
derms are supposed to have descended. This
view has not been seriously questioned and
remains acceptable to taxonomists and em-
bryologists alike. But beyond this point
matters are less clear. Are the succeeding
larval stages to be interpreted in the same
light? 1f so, we would be led to conclude
that ophiuroids and echinoids, with their
similar pluteus stages, are more closely re-
lated to each other than to any of the re-
maining classes. Neither taxonomic nor
paleontological evidence supports such a
deduction. The only alternative is to re-
gard the characteristic postdipleurula larval
stages as digressions from the original path
of development, which have arisen inde-
pendently in the various classes. They may
have arisen in response to the need for a
temporary food-gathering stage as a pre-
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liminary to further development; for they
almost invariably arise from eggs which
are deficient in yolk and cytoplasm.

A more specific examination of modes of
echinoderm development also leads inevit-
ably to the conclusion that special larval
evolution has occurred, often quite inde-
pendently of natural groupings, as the fol-
lowing cases illustrate.

It is instructive to compare the larval de-
velopment of an ophiuroid such as Ophio-
thrix with that of echinoids of the genus
Diadema. The echinopluteus of the latter
is greatly modified through unusual devel-
opment of the postoral arms and reduction
of the other arms, so that it superficially re-
sembles an ophiopluteus (Fig. 23). This
case, in which adults conspicuously distinct
and only remotely related possess surpris-
ingly similar larval forms, permits of only
one interpretation: convergent embryonic
evolution has occurred in the echinoid,
which temporarily resembles an ophiuroid
stage.

Even more striking is the case of the
vitellaria larva (Fig. 24). This characteristic
cylindrical larva with ciliated annulations,
derived from a yolky egg, occurs in three
classes, holothurians and crinoids common-
ly, and ophiuroids rarely. Although Grave
(17) regarded this larva as representing an
original primitive form, this view has re-
ceived much less attention than it deserves.

Divergent evolution in larval develop-
ment is also strikingly illustrated through-
out the phylum. In ophiuroids, for example,
quite diverse modes of development occur
(Fig. 25). The case of Amphiura is illus-
trative. Two closely related species of this
genus develop so differently that, were the
adults unknown, the young stages could
hardly be recognized as belonging to the
same class, certainly not to the same genus.
Nor is this an isolated case, for examples
can be found in other genera, such as
Ophiura.

The conclusion to be drawn from such
data is that embryos and larvae of echino-
derms are extremely plastic, often exhibit-
ing convergence, divergence, and adapta-
tion susceptible to evolutionary modifica-
tions of structure which may act quite in-
dependently of the adult stage. Ancestral
structure cannot be deduced from such
forms.
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Fic. 24. Convergent patterns of development in unrelated echinoderms. I, Ophiuroid (Ophioderma); 2,

holothuroid (Cucumaria); 3, crinoid (Antedon). In each the larva is a banded vitellaria, which is a

widely shared larval form now known to occur in three families of ophiuroids, most holothuroids, and four
families of crinoids (8).

LARVAL FORMS AND PHYLOGENY

The auricularia larva presents close and
striking resemblances to the tornaria larva
of some enteropneusts; the enterocoelous
development of the coelom parallels that
found in primitive chordates. Hence echino-
derms and chordates have long been re-
garded as related groups. This conclusion,
though well established in the literature,
is hardly as well grounded on fact, and at
present is in dispute.

The significance of similarities in the
larvae of echinoderms and protochordates
may be viewed in the following context. If
the echinoderms are arranged to express
their inferred relationships on the basis of
their larval similarities and differences, the
result places the ophiuroids near the echin-
oids, and apart from the asteroids. But this
totally disagrees with evidence from paleon-
tology and morphology, both of which in-
dicate that ophiuroids and asteroids are

closely related taxa. Further, the paleon-
tology of echinoids, at least as well known
as that of any other group of animals, in-
dicates that echinoids have followed an
entirely independent development since the
early Paleozoic. On the other hand, ophiur-
oids and asteroids share common early
Paleozoic ancestors. Therefore, the re-
semblances between larvae of echinoids and
ophiuroids, striking though they may be,
can be the result only of convergent larval
evolution. Similarly, differences between
the larvae of ophiuroids and asteroids, cer-
tainly very great differences, must be the
result of a secondary larval divergence, be-
cause the fossil history of these two groups
shows a common derivation at a later date
than the divergence of the other groups of
echinoderms. It follows inevitably there-
fore that within the phylum Echinodermata
larval characters are no guide to phylog-
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Fic. 25. Divergent patterns of developraent in ophiuroids. Above, with ophiopluteus larva, as in Ophio-

thricidae, some Amphiuridae, Ophiocomidae, and some Ophiuridae. Middle, with vitellaria larva, as in

Ophiodermatidae, Ophionereidae, and some Ophiuridae. Below, with no larval form, as in Ophiomyxidae
and probably most (or ?all) Phrynophiurida (Fell, n).

eny, and, indeed, run contrary to phylog-
eny. Since ontogeny does not reflect phylog-
eny within the phylum, it is obviously in-
admissible to try to extrapolate beyond the
phylum, or to infer phylogenetic affinity
between hemichordates and echinoderms
solely because the auricularia closely re-
sembles the tornaria. The foregoing analy-
sis, with detailed evidence, has been put
forward by FerL (8) and subsequently
has been accepted and supported on other
grounds by N. J.