Y

TREATISE ON .52
INVERTEBRATE PALEONTOLOGY

Prepared under Sponsorship of
The Geological Society of America, Inc.

The Paleontological Society ~ The Svciety of Economic Paleontologists and Mmeralogists

The Palaconrographical Society  The Palaeoniological Association

Directed and Edited by

Raymonp C. Moocre

Part U
ECHINODERMATA 3

By J. Wyarr Durnam, K. E. Caster, Harrier Exving, H. B. FeL, A. G.

Fiscuer, D. L. Frizzerr, R. V. Kesuing, P. M. Kigr, R. V. MzeLviiie, R. C

Moogrg, D. L, Pawson, GerHarp RecoNELL, W. K. SpeNcErR, GEorcEs UracHs,
CaroL D. WacoNEr, and C. W, WrIGHT

VOLUME 1

Tur GEcLocical SocieTy oF AMERICA, INc.
and

THE UnivirsiTy or Kansas Press

1966

29 MAI967

Aﬁuﬂe

ﬂ WMMMM}I




© 1966 vy Tue UniversrTy oF Kansas Press
AND
The GroLocicaL SocIETY oF AMERICA, INc.

ALL Ricurs RESERVED

Library of Congress Catalogue Card
Number: 53-12913

Text Composed by
THE UNIVERSITY OF KANSAS PRINTING SERVICE
Lawrence, Kunsas

Tllustrations and Offset Lithography
MERIDEN GRAVURE COMPANY
Mcriden, Cannecticut

Binding
RUSSELL-RUTTER COMPANY
New York City

Published 1966

Distributed by The Geological Saciety of America, Inc., 231 Fast 46 Strect, New York, N.Y.. 10017, to
which all communications should be addressed,

un



The Treatise on Invertebrate Paleontology has been made possible
by (1) grants of funds from The Geological Society of America
through the bequest of Richard Alexander Fullerton Penrose, Jr.,
for preparation of illustrations and partial defrayment qf organi-
zational expense and the United States National Science Founda-
tion, in December, 1959, for completion of the Treatise project;
(2) contribution of the knowledge and labor of specialists through-
out the world, working in co-operation under sponsorship of The
Geological Society of America, The Paleontological Society, The
Society of Economic Paleontologists and Mineralogists, The
Palaeontographical Socicty, and The Palaeontological Associa-
tion; and (3) acceptance by The University of Kansas Press of
publication without cost to the Socicties concerned and without
any financial gain to the Press.

it



TREATISE ON INVERTEBRATE PALEONTOLOGY

Directed and Edited by
Ravymonp C. Moorg

Assistants: Lavon McCornick, Rocer B. WirLiams

Advisers: R. C. Becker, Martin Russece (The Geological Society of America), Bern-
HarDd KummMEL, J. Wyatt Durnas ( The Paleontological Society), N. D, Newkr, R. M.
Jerroros ( The Saciety of Economic Paleontologists and Mineralogists}, C. J. STUBBLE-
rieLp, H. Dicnron Trowmas (The Palacontographical Society), M. R. House, C. H.
Horeano (The Palacontological Association), Crype K. Hyper (The University of
Kansas Press, Editor).

PARTS

Parts of the Treasise are distinguished by assigned letters with a view 1o indicating
their systematic sequence while allowing publication of units in whatever order each may
be made ready for the press. The volumes are cloth-bound with title in gold on the cover.
Copies are available on orders sent to the Publication Department of The Geological
Society of America at 231 East 46th Street, New York 17, N.Y. The prices quoted very
incompletely cover costs of producing and distributing the several volumes, but on receipt
of payment the Society will ship copies without additional charge to any address in the
world. Special discounts are available to members of sponsoring societies under arrange-
ments made by appropriate officers of these societies, to whom inquiries should be
addressed.

VOLUMES ALREADY PUBLISHED
(Previous to 1965)

Part C. Prorista 2 {Sarcodina, chiefly “Thecamoebians” and Foraminiferida), xxxi+ 900
P 3311 fig., 1964,

Part D). ProT1ista 3 (chiefly Radiclaria, Tintinnina), xii+ 195 p., 1050 fg., 1954

Part E. ARcHAEOCYATHA, PORIFERA, xviii+ 122 p., 728 fig., 1955.

Part F. CoOELENTERATA, Xvii-+498 p., 2700 fig., 1956.

Part G. Brvozoa, xii+253 p., 2000 fig.,, 1953.

Part H. Bracrioropa, xxxii +927 p., 5198 fig., 1965.

Part I, Morrusca 1 {Mollusca General Features, Scaphapoda, Amphineura, Monoplac-
ophora, Gastropoda General Features, Archaeogastropoda, mainly Paleozoic Caeno-
gastropoda and Opisthobranchia), xxiii+ 351 p., 1732 fig., 1960.

Part K. Morrusca 3 {Cephalopoda General Features, Fndoceratoidea, Actinoceratoidea,
Nautiloidea, Bactritoidea), xxviit+519 p., 2382 fig., 1964.

Part L. Morr.usca 4 (Ammonoidea), xxii+490 p., 3800 fig.. 1939.

Part O. Awrtaroropa | (Arthropoda General Featurcs, Protarthropoda, Euarthropoda
General Features, Trilobitomorpha), xix+ 560 p., 2880 fig., 1939.

Part P. AxThropopa 2 (Chelicerata, Pycnogonida, Palacoisopus), xvii+181 p., 565 fg.,
1955.

Part Q. Arrurorobpa 3 { Crustacea, Ostracoda ), xxiil 4 442 p., 3476 fig., 1961.

Part V. GRaPTOLITHINA, xvii 4+ 101 p.. 358 fig., 1955.

Part W. MisceLLanea { Conodonts, Conaidal Shells of Uncertain Affinities, Worms, Trace
Fossils, Problematica), xxv+ 259 p., 1058 fig., 1962

THIS VOLUME
Part U. Ecimnopeknmata 3 (Asterozoans, Echinozoans), xxx+695 p., 3485 fig., [966.

v



VOLUMES IN PREPARATION (1965)

Part A. InTrODUCTION.
Part B. Prorista 1 (Chrysomonadida, Coccolithophorida, Charophyta, Diatomacea, etc.).
Part ]. MotLusca 2 (Caenogastropeda, Opisthobranchia).

Part M. MoLrusca 5 (Coleoidea).
Part N. Morvrusca 6 {Bivalvia).
Part R. Artaroropa 4 (Crustacea, Branchiopoda, Cirripedia, Malacostraca; Myriapoda;

Hexapoda).

Part S. EchmoperMata 1 (Echinedermata General Features, Cystoidea, Cyclocystoides,

Part T. EcHivopermara 2 (Crinoidea).
Part X. ApDENDA, INDEX.

Paracrinoidea, Edrioblastoidea, Blastoidea, Edrioasteroidea, Eocrinoidea, Carpoidea).

CONTRIBUTING AUTHORS

(Arranged by countries and institutions. Accompanying numbers are for cross reference
from alphabetically arranged list, which follows.)

AUSTRALIA

. University of Adelaide: M. F. Glaessner.
. National University (Canberra): D. A.

Brown.

. University of Queensland (Brisbane):

Dorothy Hill.

. South Australia Geological Survey (Ade-

laide): N, H. Ludbrook.
BELGIUM

. Université de Liége: Georges Ubaghs.

5. Université de Louvain: Marius Lecompte.

[
LI

CANADA

. University of British Columbia (Van-

couver}: V. J. Okulitch.

. Geological Survey of Canada (Ottawa):

J. A Jeletzky, D. J. McLaren, G. W, Sin-
clair.

. National Museum (Omawa): A. H.

Clarke, Jr.
DENMARK

Universitet Kgbenhavn: Chr, Poulsen,
H. W. Rasmussen.

FRANCE

.1, British Embassy (Paris): R. V. Melville.
. Université de Paris (Sorbonne): Colette

Dechaseaux.

73, Unattached; André Chavan, Chante-

merie, Seyssel (Ain).
GERMANY

12 Universitit Bonn: H. K. Erben, K. J.

Mdller.

15

\

. Hamburg Staatsinstitut: Walter Hintz-
schel.

16. Senckenbergische Museum (Frankfurt):

17.

18.

19.

20

27.

Herta Schmidt, Wolfgang Struve.

Universitit Tibingen: O. H. Schinde-
wolf.

Universitit Witrzberg: Klaus Sdzuy.

ITALY
Universitdi Modena: Eugenia Montan-
aro Gallitelli.

JAPAN
Tohoku University (Sendai}: Kotora
Hatai.
. University of Tokyo: Tetsuro Hanai.

NETHERLANDS
. Rijksmuseum van Natuurlijke Historie
{Leiden): H. Boschma, L. B. Holthuis.
NEW ZEALAND
. Auckland Museum: A. W. B. Powell.
. Dominion Museum (Wellington): R.
K. Dell.
. New Zealand Geological Survey {Low-
er Hutt): C. A. Fleming, ]. Marwick.
NORWAY
Universitet Oslo: Gunnar Hennings-
moen, T. Soot-Ryen, Leif Stgprmer.
POLAND

. Panstwowe Wydawnictwo Naukowe
{(Warszawa): Gertruda Biernat.



29.
30.

3L

32

33.
34,

35.

36.

38.

39,
40.
41,
42,
43.
44,

45,
46,

47.

48,

49.

SWEDEN

Universitet Lund: Gerhard Regnéll.
Universiter Stockholm: Ivar Hessland,
R. A. Reyment.

Universitet Uppsala: Valdar Jaanusson.

SWITZERLAND
Universitit Basel: Manfred Reichel.

UNITED KINGDOM

University of Birmingham: L. J. Wills.
British Museum (Natural History):
Leslie Bairstow, L. R. Cox, Isabella
Gordon, S. M. Manton, N. J. Morris,
H. M. Muir-Wood,

British Petroleum Company (Middle-
sex): F. E. Eames.

University of Cambridge: O. M. B. Bul-
man, M. ]. 5. Rudwick.

. University of Glasgow: W. D. I. Rolfe,

C. M. Yonge.

Geological Survey of Great Britain
(London): Raymond Casey, C. ]. Stub-
blefieid.

Iraq Petroleum Company (London):
G. F. Elliott.

University of Leicester: P. C. Sylvester-
Bradley.

University of London: DD. V. Ager.
University of Nottingham: A, |. Rowell.
Queen’s University of Belfast: Margaret
Jope, Alwyn Williams, A. D. Wright.
Unijversity of Reading: H. L. Hawkins.
University of Swansea: F. . T. Rhodes.
Unattached: (England) Dennis Curry,
Middlesex; R. P. Tripp, Seven QOaks,
Kent; C. W. Wright, London; (Scot-
land) John Weir, Tayport, Fife.

UNITED STATES OF AMERICA
American Museum of Natural History
(New York): R. L. Batten, W. K.
Emerson, L. H. Hyman, N. D). Newell.
California Academy of Sciences (San
Francisco}: G. D. Haana, I.. G. Hert
lein, A. G. Smith.

California Institute of Technology
(Pasadena): A. J. Boucot, ]. G. John-

son, H. A. Lowenstam.

. California Research Corporation (La

Habra): A. R. Loeblich, Jr.

. University of California (Berkeley):

J. W. Durham, C. D. Wagner.

. University of California (Los Angeles):

W. D. Popenoe, Helen Tappan.

vi

53.

54,

S5.
56.

57.

58.

66,
67.
68.
69.

70,

71.

. Untversity of Florida

. Humble

University of California {San Diego, La
Jolla): M. N. Bramlette, A. R. Loeb-
lich, 11I.

Chicage Natural
Fritz Haas.
University of Chicago: . M. Weller.
University of Cincinnati {Cincinnati,
0.): K. E. Caster.

Cornell University (Tthaca, N.Y.): W.
S. Cole, J. M. Wells. -
Florida Geological Survey (Tallahas-
see): H. S. Pun.

History Museum:

{Gainesville):

H. K. Brooks.

. Florida State University (Tallahassee):
W. H. Heard.

. Harvard ~ University  (Cambridge,

Mass.}: F. M. Carpenter, W. J. Clench,
H. B. Fell, Bernhard Kummel, W. A.
Newman, R. D. Staton, Ruth Turner,
H. B. Whittington.

Oil & Refining Company
(Houston, Texas): H. H. Beaver, J. A,
Eyer, R. M. Jeffords, S. A. Levinson,
Joan Stough.

. Illinois Geological Survey (Urbana):

M. L.. Thempson.

. University of Illinois (Urbana): H. W,

Scott,

. Indiana Geological Survey (Blooming-

ton): R. H. Shaver.

State University of lowa (lowa City):
W. M. Furnish, B. F. Glenister.

Jersey Production Company (Tulsa,
Okla.): J. 8. Van Sant.

John Hopkins University (Baltimore,
Md.): Franco Rasetti.

Kansas Geological Survey (Lawrence}:
D. E. Nodine Zeller.

University of Kansas {Lawrence): A. B.
Leonard, R. C. Moore, Curt Teichert,
R. H. Thompsen.

Louisizna State University  (Baron
Rouge): W. A. van den Bold, H. V.
Howe.

. University of Massachusetts (Ambherst):

C. W. Pitrat.

. University of Michigan (Ann Arbor):

R. V. Kesling, E. C. Stumm.

. University of Minnesota (Minneapolis):

F. M. Swain.

. University of Missouri (Columbia):

R.E. Peck.



31,

9.

. Missouri School of Mines (Rolla): Har-

riet Exline, D. L. Frizzell.

. New Mexico Institute Mining & Geol-

ogy (Socorro); Christina Lochman-
Balk.

. New York State Museum (Albany):

D. W. Fisher.

. Ohio State University (Columbus):

Aurele La Rocque, W, C. Sweet.

30, Oklahema Geelogical Survey (Nor-

man): T. W. Amsden, R. O. Fay.
University of Oklahoma (Norman}): C.
C. Branson.

2. College of the Pacific (Dillon Beach,

Calif.): Joel Hedgpeth.

. Paleontological Research Institute (Itha-

ca, NUY.): K. V. W. Palmer,

. Philadelphia Academy of Natural Sci-

ences: A. A. Olsson, Rebert Robertson.

. Princeton University {Princeton, N.J.):

A. G. Fischer, B, F. Howell.

. Radford College (Blacksburg, Va.): R.

L. Hoffman.

. §t. Mary’s Callege (St. Mary’s College,

Calif.): A. S, Campbell.

. Shell Development Company {Hous-

ton, Tex.): R. W. Barker, H. B. Sten-
zel, fohn Wainwright

39, Sinclair Oil & Gas Company {Tulsa,

Okla.): A. L. Bowsher,

Smithsonian Institution (Washington,
D.C.): F. M. Bayer, R. H. Benson, R,
S. Boardman, G. A. Cooper, T. G, Gib-

9l
92.
93,

94.

95.

96.

98.

99.

son, P. M. Kier, R. B. Manning, David
Pawson, H. A. Rehder.

Stanford University (Stanford, Calif.):
Eugene Coan, A, Myra Keen.
Unattached: H. J. Harrington, Hous-
ton, Tex.

Tulane University (New Orleans, La.):
Emily Vokes, H. E. Vokes.

United States Geological Survey (Wash-
ington, D.C.): ]J. M. Berdan, R. C.
Douglass, Mackenzie Gorden, Jr., R. E.
Grant, K. E. Lohman, A. R. Palmer,
1. G. Sohn, E. L. Yochelson.

Western Reserve University (Cleveland,
0.): F. G. Stehli.
University of Wichita
Kans.): Paul Tasch,

(Wichita,

. Woods Hole Oceanographic Institution

{(Woods Hole, Mass.): R. R. Hessler,
V. A. Zullo.

Yale University (New Haven, Conn.):
A. L. McAlester, Alexander Petrunke-
vitch.

DECEASED

W. ]. Arkel}, R. S. Bassler, L. R. Cox,
L. M. Davies, Julia Gardner, W. H.
Hass, J. B. Knight, M. W. de Lauben-
fels, A. K. Miller, Emma Richter,
Rudolf Richter, W. K. Spencer, M. A.
Stainbrogk, L. W, Sitephenson, O. W,
Tiegs, Johannes Wanner, T. H. With-
ers, Arthur Wrigley.

Alphabetical List

(Numbers refer to preceding list arranged by countries and institutions. )

Ager, D, V. (41)
Amsden, T. W. (80)
Arkell, W. J. (99}
Bairstow, Leslie (34)
Backer, R. W, (88)
Bassler, R. 8. (99)
Ratten, R. L. {(47)
Baver, F. M. (90)
Beaver, H. H. (62)
Benson, R. H. (90}
Berdan, ]. M. (94)
Biernat, Gertruda (28)
Boardman, R. 8. (90)
Bold, W. A. van den (71)
Boschma, H. (22}
Boucat, A. J. (49)
Buwsher, A. L. (89)
Bramlette, M. N. (53}
Franson. C. C. (81)
Sraoks, H. K. (59)
Frown, D. A, (2)
Bulman, O. M. B, (36)
Campbell, A, 8. (87)

Carpenter, F. M. (01)
Cascy, Raymond {38)
Caster, K. E. (56)
Chavan, André (13)
Clarke, A. H., Jr. {9)
Clench, W. 1. (61)
Coan, Eugene (91)
Cole, W. 5. (57)
Cooper, G. A. (93)
Cox, L. R. (99)
Curry, Dennis (46)
Davies, L. M, (99)
Drechaseaux, Colette (12)
Dell, W. K. (24}
Douglass, R. C. (94}
Durham, J. W, (531)
Eames, F. E. {35)
Elliott, G. F. (39)
Emerson, W. K. (47)
Erben, H. K. (14)
Exline, Harriet (76)
Eyer, ]. A. (62)

Fay, R. O. (80}

vii

Fell, H. B. (61}
Fischer, A. G, (85)
Fisher, D. W. (78)
Fleming, C. A. (25)
Frizzell, 1. L. {76}
Furnish, W. M. (66)
Gardner, Julia (99)
Gibson, T, G. {90)
Glaessner, M. F. (1)
Glenister, B. F. (6i6)
Gordon, Isabella (34}
Gordon, Mackenzie, Jr. (94)
Grant, R E, {(94)
Haas, Fritz (54)
Hanai, Tetsuro (21)
Hanna, G. D. (48)
Hiintzschel, Walter (15)
Harrington, H. }. (592)
Hass, W, H. {9%)
Hatai, Kotora (20)
Hawkins, H. L. {44)
Heard, W. . (60)
Hedgpeth, Joel (82)



tlenningsmocn, Gunnar {27)
Hertlein, I G, (4%)
Hessland, Tvar {30)
Hessler, R, R, (87)

Hill, Dorathy (3)
Hotffman, R. L. (86}
Ilojthuis, L. B. (22)
Howe, 1. V. (71}
Howell, B. F. (83)
Hyman, L. H. (47)
Jaanussomn, Valdar (31)
Jeffords, R. M. (62}
Jeletzky, J. A. {8}
Joehnson, J. G. (49)
Jope, Margaret {43)
Keen, A. Myra (91)
Kesling, R. V. (73)
Kier, P. M. (50)

Knight, J. B, {99)
Kummeld, Bernhard (61)
La Rocque, Aurdle (79
Laubenfels. M. W, de {99)
Lecompte, Marius (6)
T.eomard, A. B. {70)
Levinson. $. A. (62)
Lochman-Balk, Christina (77)
Loeblich. A. R., Jr. (30}
Loeblich. A. R, 11T (53)
Lohman, K. E. (Y4}
Lowenstam, 1. A, (49)
Ludbrook, N. H. (4)
McAlester, A, L. (98)
McLaren, D. [, (8)
Manning, R. B. (90)
Manton, 3. M. (34)
Marwick, [. {25)
Melville, R. V. (11)
Miller, A. K. (69)

Montanaro Gallirelli, Eugenia {(19)

Moaore, R. C. (70}
Morris, N. J. (34)

Muir-Wood, H. M. (34)
Mijller, K. J. (14}
Newell, N. D, (47)
Newman, W, AL {61)
Okulitch, V. [. {7}
Olsson, A. A, (84)
Palmer, A. R. (94)
Palmer. K. V. W, (83)
Pawson, David (90}
Peck, R, E. (75)
Petrunkevitch, Alexander (98)
Pitrat, C. W. (72)
Popenoe, W. D. (32)
Poulsen, Chr. (10)
Powell, A. W. B. (23)
Puri, H. 8. {58)
Rasettl, Franco (68)
Rasmussen, H, W. (10)
Regnéll, Gerhard (29)
Rehder, 11, A. (90)
Reichel, Manfred (32)
Reyment, R. A, (30)
Rhades, F. H. T. (45)
Richter, Emma (99}
Richter, Rudnlf (99)
Robertson, Rubert (84)
Rolle, W. D, 1. (37)
Rowell, A, ]. £42)
Rudwick, M. [. 8. (36)
Schindewolt, O. H. (17)
Schmidt, Herta {(16)
Scott, IT, W, (64)
Sdzuy, Klaus (18)
Shaver, R. H. (27}
Sinclar, G, W, (8)
Smith, A G. (44)
Schn, I. G. (94)
Soot-Ryen, T. (27)
Spencer, W. K. (99)
Stainbrock, M, A. {49)
Staton, R. D. {G1)

Stehli, F. G, (95)
Stenzel, H. B. (88)
Stephenson, T W, (Y9)
Stgrmer, Leif (27}
Stough, Joan (62)
Struve, Wolfgang {16)
Swbblefield, C. 1. (3%)
Stumim, E. C. (73
Swain. F. M. (74)
Sweetr, W. C. (79)
Svivester-Bradley, P. C. (40)
Tappan, Helen (52)
Tasch, Paul (96)
Teichert, Curt (70)
Thompsen, M. L. (63)
Thompson, R. H. (70)
Tiegs, O, W, {99)
Tripp, R. P. (46)
Turner, Ruth (61)
Ubaghs, Georges (5)
Van Sant. J. F. (67)
Vokes, Emily (93
Vokes, H. E, (93)
Wagner, C. L. (51}
Wainwright. John (88)
Wanner. Johannes (9%)
Weir, John (46)
Weller, j. M. (35)
Wells, J. M, (57}
Whittington, H. B. (61)
Willaims, Alwn (43)
Wills, L. ). 133)
Withers, T. II. (99}
Wright, A. D. (43)
Wright, C. W, (46)
Wriglev, Arthur (99)
Yochelson, E, L. (94}
Yonge. C. M. (37)
Zeller, 1. E. Nodine (69)
Zullo, V. A. (97)

EDITORIAL PREFACE

The aim of the Treatise on Inverichrate
Paleontology, as originally conceived and
consistently pursued, is to present the most
comprehensive and authoritative, yet com-
pact staternent of knowledge concerning in-
vertebrate fossil groups that can be fermu-
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 censtitute an in-
dispensable text and refercnce book for all
persons who wish to know about remains
of invertebrate organisms preserved in rocks
of the earth’s crust. This applics to nce-
zoologists as well as palcozoologists and to
beginners in study of fossils as well as to
thoroughly trained, long-experienced pro-

viii

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 palcontology may be expected to yield
needed foundation for future research and
it is hoped that the Treasise will serve this
end.

The Treatise is divided into parts which
bear index letters, each except the initial
and cencluding ones being defined to in-
clude designated groups of invertcbrates.
The chief purpose of this arrangement 1s to
provide for independence of the several
parts as regards date of publication, because
it is jueged 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,
palececelogical 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. Lapop, Editor, Geological So-
cicty 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
undertaken to sponsor the Treatise. It is the
Editer’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 Socicty of America
tfor 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 Secience
Foundation of the United States, through
its Division of Biological and Medical Sci-
ences and the Program Durector for Sys-
tematic Biology, madc a grant in the amount
of $210,000 for thc purposc of aiding the
completion of yet-unpublished volumes of
the T'reatise. 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. Expenditurcs planned are pri-
marily for needed assistance to authors and
may be arranged through approved institu-
tions located anywhere. Important help for
the Director-Editor of the Treatise has been
made available {rom the grant, bur no part
of his stipend has come from it. Grateful
acknowledgment to the Foundation is ex-
pressed on behalf of the societies sponsoring
the Treatise, the University of Kansas, and
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ZOOLOGICAL NAMES

Many questions arise in connection with
zoological numes, 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 (hercinafter cited simply
as the Cede). The prime object of the
Code 1s to promote stability and univer-
sality in the scientific names of animals,
ensuring also that each name is distinet
and unique while avoiding restrictions on
freedom of taxonomic thought or action.
Priority is a basic principle, but under speci-
fied conditions 1ts application can be modi-
fied. This is all well and good, yet nomen-
clatural tasks confronting the zoological
taxenomist are formidable. They warrant
the complaint of some that zoology, includ-
ing paleazoology, is the study of animals
rather than of names applied to them.

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

TAXA GROUPS

Each taxenomic unit (taxen, 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 1o 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
scparately. FEspecially 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 speiling {Art. 33). Obviously,
original and subsequent spellings of a given
namec 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 unambigucus, 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 mect these require-
ments is defined as incorrect.

If a pame 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 mandatery stipulations of
the Code {Arts, 26-31), including its provi-
ston 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 nomenciature
and therefore cannot cnter into homeonymy
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 {rom 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 1o 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 eriginal
and subsequent spellings require correction
wherever found {(authorship and date of
the original incorrect speliing being rec-
tained).

If a subsequent spelling differs from an
original spelling in any way, cven by the
omussion, 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. ¥ demenstrably
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 arc 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 arc usefully recognized in
the Treatise, though not explicitly differ-
entiated in the Code, They are as follows:

(1) So-called “inviclate names” include
all available names that are not subject to
any sort of alteration from their originally
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
Chpikina).

(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
namies are! 4mong species-group names,
guerini (not  Guérini), obrienae  (not
(Y Bricnae), terrancvae (not terra-novae),
nunezi (not Nufiez), Spironema rectum
{not Spironema recta, because generic name
is neuter, not feminine); among genus-
group names, Broeggeria (not Bréggeria),
Gbrienia (not O'Brienia), Maccookites (not
McCookites; among family-group names,
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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 t0 common
practice of some paleontologists, gives rise
to imperfect names, which generally are
emendable (Code, Art. 43¢} 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,). Vain names have status
in nomenclature under their own author-
ship and date. They censtitute junior ob-
jective synonyms of names in their original
torm. Examples are: among species-group
names, geneae (published as replacement of
original unexplained masculine, geni, which
now is not alterable), oAioze (invalid change
from original ohioensis); among genus-
group names, Graphiodactylus  (invalid
change from original Graphiadactyllis);
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
transters 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, Spirifer  ambiguus
(masc.) to Composita ambiguz (fem.),
Neochonetes transversalis to N. granulifer
rransversalls or vice versa; among genus-
group names, Schizoculing to Oculing
(Schizoculing) 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 warks as
the T'reatise.

(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 imperlect names are given with the
discussion of group 3. Change from the
originally published ordinal name Endo-
ceroidea { TricuerT, 1933) to the presently
recognized Endocerida illustrates a “cor-
rected” suprafamilial name. Group 6 names
differ irom those in group 3 in not being
dependent on transfers in taxenomic rank
or assignment, but some names are classi-
fiable in both groups.

(7) "Substitute names” are available
names cxpressly 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 1o these
as “new names’ (moming nova) but they
are better designated as substitute names,
since their newness is temporary and rela-
tive. The frst-published substitute name
that complies with the definition here given
takes precedence over any other. An ex-
ample is Maseita Lorsticn & Tapray, 1964,
as substitute for Reicheling Manre, 1955
(non Erk, 1942).

(8) “Conserved names” include a rela-
tively small number of species-group,
genus-group, and  family-group  namcs
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 ta conserve a junior synenym in place
of a rejected “forgotten” name {nomen ab-
litum) (Art. 23,b). Currently, such names
are entered on appropriate “Official Lists,”
which are published from time to time.

It is useful for convenicnce and brevity
of distinction in recording these groups of
available zoological names to employ Latin
designations in the pattern of nomen nudum
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(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} nomina perfecta (nomen per-
fectum, nom. perf.), (3) nomina imper-
fecta (nomen imperfectum, nom. imperf.),
(4) nomina vana (no.:en vanum, nom.
van.}, (5) nomina translata {nomen trans-
latum, nom. transl.), (6} nomina correcta
(nomen corvectum, nom. correch}, (7}
noming  substituia  (nomen  substitutum,
nom. subst.), (B} moming conservaia
(nomen conservatum, nom, CONSEry. ).

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 pomenclature. None can be
used under authorship and date of their
original publication as a replacement name
{nom. subst.} and none preoccupies for pur-
pases 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 1ake
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 dcfinite
bibliographic refercnce to such a statement,
or that were not proposed expressly as re-
placement (nom. subst.) of a preexisting
available name (Art. 13a). Examples of
“naked names” are: aniong species-group
taxa, Valvuling mixta PARKER & JoNEs, 1863
(=Cribrobulimina mixta CUSHMAN, 1927,
available and wvalid): among genus-group
taxa, Orbizolinopsis SILVESTRI, 1932 (=0rbi-
tolinopsis  Hexson, 1948, available but
classed as invalid junior synonym of Orbi-
tolina p’OrBioNy, 1850); among family-
group taxa, Acquilateralidae p’ORBIGNY,



1846 {lacking type-genus), Hélicostégues
p’OreieNy, 1826 (vernacular not latinized
by later authors, Art. 11,e,iii), Poteriocrini-
dae AusTiv & AusTin, 1843 (=fam. Poterio-
crinoidea AusTin & AvsTiN, 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) “Dented names” include ali those that
are defined by the Code (Art. 32,c) as in-
correct original spellings. Examples are:
Specific names, nova-zelandica, miller:,
10-brachiatus; generic name, M 'Coyia, Stgr-
merella, Rémerina, Westgardia; family
name, ROzZickinidae. Uncorrected “im-
perfect names” are “denied names” and un-
available, whereas corrected “imperfect
names” are available.

(3) “lmpermissible names” include all
those employed for alleged genus-group
taxa other than genus and subgenus (Art
42,2) {e.g., supraspecific divisions of sub-
genera), and all those published afrer 1930
that are unaccompanied by definite fixa-
tion of a type-species (Art. 13,b). Examples
of impermissible names are: Martellispirifer
Gatmaup, 1949, and Mirzellispivifer Gatr-
vaup, 1949, indicated respectively as a sce-
tion and subsection of the subgenus Cyrro-
spivifer; Fusarchains Rurcmer, 1949, with-
out definitely fixed type-specics (=Fusarch-
ains RetcHer, 1952, with F. bermudezs des-
ignated as type-species).

(4) “Nuil 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.
23b) 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
IC7ZN.

Latn designations for the discussed
groups of unavailable zoological names are
as follows: (1) nomina nuda (sing., nomen
nudum, abbr., nom. nud.), (2} nomina
negaia (nomen negatum, noni. neg.), (3)
noming vetita (nomen vetitum, nom. vel.),
(4) nomina nulla (nomen nullum, nom.

null.), (3) nomina eblita (nomen oblitum,
nom. oblit. ).

VALID AND INVALID NAMES

Important distinctions relate to valid and
available names, on one hand, and t in-
valid and unavailable names, on the other.
Whereas determination of availability is
based entirely on objective considerations
guided by Articles of the Code, conclusipns
as to validity of zoological names partly may
be subjective. A valid name is the correct
onc 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 “doubrful
names,” “names under inguiry,” and ”for-
gotten names.”” Latin designations of these
are noming dubia, noming 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 secking such
remedy, the “wastebasket” names persist.,

SUMMARY OF NAME GROUPS

Partly because only in such publications
as the Treatise 1s 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 GROLUPS

nomen conservatum (nom. conmserv.). Name un-
acceptable under regulations of the Code which
is made valid, either with original or altered spell-
ing, through procedures specified by the Code or
by action of ICZN exercising its plenary powers.
nomen correctum (nom. cotrect.). Name with in-
tentionally altered spelling of sort required or
allowable by the Code but not dependent on trans-
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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 subscquent
identical spelling) meets all mandatory require-
ments of the Code but contains defect nceding
¢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 subscquent
identical spelling) constitutes invalid original spell-
ing, and although possibly meeting 21l other man-
datory requirements of the Code, cannot be used
and has no scparate status in nomenclature {“de-
nied name”}. It is 10 be corrected wherever found,
nomen nudum (nom. nud.). Name that as origin-
ally published (with or without subsequent iden-
tical spelling) fails 1o meet mandatory require-
ments of the Code and having no sutus in
nomenclature, is not correctable to establish orig-
inal authorship and date (“naked name”).
nomen nullum (nom. null.}. Name consising of
an unintentional alteration in form (spelling} of
a previously published name (cither available
name, as nom. inviol., nom. perf., nom. imperf,
nom. transl.; or unavailable name, as nom. neg.,
nom. nud., nom. van., or another nom. aull.)
(“'null name”}.
nomen oblitnm (nom. oblir.). Name of senior
synonym unused 1n primary zoological literature
in mare than 50 vears, pot 1o 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 is 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 onc taxo-
nomic rank to another within the group to which
it belongs (“transferred name”).
nomen pannm (nom. van.}. Name consisting of an
invalid intentiona! 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 (mnom. vet.). Name of genus-group
taxon not authorized by the Cede 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 nemina 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 classifable as nom-
ina negata or noming nuda, and numerous
junior synonyms which include both objec-
tive (nomina vana) and subjective types;
rejected names arc 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
unnccessary here because it is well under-
stood and relatively inconscquential. 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. transi. Likewise, transliteration of
a letter accompanied by a diacritical mark
in manner now called for by the Code (as
in changing originally published érégger:
to broegger) 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. [t is true that many
changes of generic and subgeneric pames
have been published, but virtually all of
these arc 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 letrer (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
are the following, which also illustrate
designation of type-species, as explained
later.

Kurnatiophyllum Tromeson, 1875 [*K. concentri-
cum,; SD Grecory, 19171 [=Kumatiophyllum
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TronpsoN, 1876 (nom. mull.); Cymatophyllum
ThompsoN, 1901 (nom, wan.); Cymatiophylum
Lavg, SyitH & THomas, 1940 {nom, pan.}).
Stichophyma PomzL, 1872 [*Manon turbingtum
Romer, 1841; SD Ravrr, 1893] [=Srychophyma
Vosmaer, 1885 (nom. null); Sticophyma MoREr,
1924 (nom. null.)].

Stratophyllum  Smyre, 1933 [*S. tenne] [=Ezh-
moplax Ssyre, 1939 (mom. van. pro Stratophyl-
lum); Stratiphyllum Lang, SMITH & THomas,
1940 {(nam. van. pro Stratophyllum SmyvH) (non
Stratiphyllum Scuerren, 1933}].

Placotelia Orrricer, 1907 [*Porostoma marconi
FroMinTEL, 1859; SD pELavBENFELS, herein]
[ =Plakotelia OrprLiceR, 1907 (nom. neg.)].
Walcottella pELavBENFELS, 1955 [mom. subst., pro
Rhopalicts Scuravu, 1936 (non FORSTER, 1856)].
Cyrtograptus CaRRUTHERS, 1867 [nom. correct.
LarworTH, 1873 {pro Cyrtograpsus CaRRUTHERS,
(1867, nom. consery. proposed Buiman, 1955
{ICZN pend.)].

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

The Code specifies the endings enly 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
belanging 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 lerter
combinations. These, if introduced subse-
quent to designation of a subfamily or fam-
ily based on the same nominate genus, are
nomina translata, 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 “mom. 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 enc 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
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publication of the author containing intro-
duction of the superfamily romen rrans-
latum is likely to furnish the information
on taxonomic considerations that support
definition of the unit.

Examples of the use of “nom. transt”
are the following. -

Subfamily STYLININAE d'Orbigny, 1851

[nom. rramst. Fowaans & HaMe, 1857 (ex Stylinidae
o' CreIcNY, 1831)]

Superfamily ARCHAEOCTONOIDEA
Petrunkevitch, 1949

[mom. transt. PETaUNkeviteH, 1955 (ex Archaeccionidae
PeTRUNKEVITCH, 1945)]

Superfamily CRIOCERATITACEAE Hyatt, 1900

[nont. transl. WricnT, 1952 {(ex Cricceratitidae Hyart, 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 stemn 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
“mom. correct.” are the following.

Family STREPTELASMATIDAE Nicholson, 1889

from. correct. Wipekine, 1927 (pro Streprelasmidae
NicHoLson, 1889, mom. imper.)]

Family PALAEOSCORPIDAE Lehmann, 1944

[nom. correct. PeTRUNKEVITCH, 1955 (pro Palaeoscerpionidie
LeHMARN, 1944, nom, mmperf.)]

Family AGLASPIDIDAE Miller, 1877

[mom. correct, Styrmer, 195G (pro Aglaspidae Miern, 1877,
rom. imger.)]

Superfamily AGARICIICAE Gray, 1647

[mom, eorrect. WELLS, 1956 (pro Agaricioldae YausHAN &
WErLs, 1943, nom. transl. ex Agariciidae Grav, 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 rctain the
otherwise invalid name, appeal to ICZN is
needful. Fxamples of use of nom, conserv,
in this connection, as cited in the Treatise,
are the following.

Family ARIETTTIDAE Hyatt, 1874

[ront. correct. Haug, 1885 {pro Arietidac Hyarr, 1873) nom.
comiery. propesed ARkELL, 1955 (ICZN pend.)]

Family STEPHANOCERATIDAE Neumayr,
1875

[zom. correct. Fiscuer, 1882 (pro Stephannceratinen Niu-
mavr, 1875, invalid vernacular name), mom. conserz. 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 he 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 ticd
to the nominate genus even if its name is
changed by reason of status as a junior
hotmonym or junior synenym, either abjec-
tive or subjective. Seemingly, the Code
(Art. 39) requires replacement oi 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 is 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 rake
the dare 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. 11,e).
These also demand replacement by valid
names.

The aim of family-group nomenclature is
greatest possible stability and unifermity,
just as in case of other zoological names.
Experience indicates the wisdom of sus-
taining family-group names based on junier
subjective synonyms if they have priority of
publication, for opinions of dificrent work-
ers as to the synonymy of generic names
founded on different type-specics 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 junier ob-
jective synonyms is less clearly desirable,
especially if a replacement name derived
from the senior ahjective synonym has been
recognized very long and widely. To dis-
place a much-used family-group name hased
on the senior objective synonym by disin-
terring a forgotten and virtwally unused
family-group name based on a junior objec-
tive synonym because the latter happens to
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have priority of publication is unsettling.

Replacement of a family-group name may
be needed it 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
namme.

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,
sublamily, 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 diffcrentiated subfamilies
must have a nominate (sensw 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-
farnily invariably are identical with those
of the family, without reference to whether
the author of the family or some subsequent
auther 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 Treasise it is
desirable to record the authorship and date
of the correction,

SUPRATAMILIAL TAXA

International rules of zoological nomen-
clature as given in the Code (1961) are
limited to stipulations affecting lower-rank
categories (infrasubspecies to superfamily}.
Supratamilial categories {suborder to phy-
lum) are either unmentioned or explicitly
placed outside of the application of zoolog-
ical rules, The Copenkagen Decisions on
Zoological Nomenclature (1953, Arts. 59-
649) 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 net 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-
terred 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 Collogquium on zoological nomen-
clature which met in London during the
week just before the XVth International
Congress of Zoology convened in 1958
thoreughly discussed the proposals for reg-
ulating suprafamilial nomenclature, as well
as many others advocated for inclusion in
the new Cade or recommended for exclu-

sion from it. A decision which was sup-.

ported by a wide majority of the partici-
pants 1n 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 illustraced
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
ameng zoologists, but where general prac-
tice 15 indeterminate or nonexistent our
own procedure in suprafamilial nomencla-
ture needs to be specified as clearly as pos-
sible. This pertains especially to decisions
about names themselves, about citation of
authors and dates, and abour 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 taxen
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,
Scorpicnes, Subselliflorae). No uniformity
in choice of ending for taxa of a given rank
is demanded {e.g., orders named Gorgon-
acea, Milleporrna, Rugoss, Scleracunia,
Strematoporoidea, 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., Bellerophentina, Nau-
tilida, Fungiina), or (¢} arbitrary combina-
tions of letters, {e.g., Yvania), but none of
these can bhe allowed to end in -idae or -inae,
reserved for family-group taxa. A class or
subclass (e.g., Nautiloidea), order (eg.,
Nautilida), or suborder (e.g., Nautilina)
named from the stem of an included genus
may be presumed to have that genus (e.g.,
Nantilus) 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
distincrion 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 Belierophantina Ul-
rich & Scofield, 1897; superfamily Bellero-
phontacca M’Coy, 1831; family Bellere-
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
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family-group level wherever they do nat
infringe on taxonomic freedom and long-
established usage.

{4) Authors who accept priority as a
determinant in nomenclature of a supra-
familial taxen 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 rto
alter the authorship and date of the raxon
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
[mam. rransd. Moorz. 1935 {ex suborder Corynexochida
Kobavaser, 19337
(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

[mam. corvect. Moone. 1952 (pro order Disparata MooRE &
Latpuy, 19434]

Suborder AGNOSTINA Salter, 1864
[mam. correer. HinRiNeTox & Lpwwva, 1957 {pro suborder
Agrostini SaLveR, 1864]]

(¢) 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 construcd to be primarily a nom,
transl. {compare change of cnding for fam-
ily-group taxa -idae to -inae, or vice versa,
and to superfamily} but if desired it could
be recorded as mom. fransl. et correct.

Order ORTHIDA Schuchert & Cooper, 1931

[mom. trand, Moore, 1937 (ex suhorder Orthoidea
ScnvcHERT & Coorrr, 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

[rrom. transf, Tricuert, 1964 (ex superorder Endoceratoidea
StuMANskiy & ZHURAVLEVA, 1961, mom. frand. ex arder
Endoceroidea TeicHerT, 1933} ]

Order ENDOCERIDA Teichert, 1933

[mam. carrect, TricherT, 1964 {pro order Endoceroidea
Teicnert, 1933)

Suborder ENDOCERINA Teichert, 1933

Tnum. gorreci, TelcHeky, 1904 {pro subcrder Fndoceracea
ScHivpewoLe, 19353, nom. tramsl. cx 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 docs,
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) arc
considered to have identical authorship and
date if the stem of names employed is 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

Tnum. corsect. Neweort, 1830 {pre class—not family -
Arachnidae Lamarck, 1801} (rype, Araneus Crenck, 1737,
validated 1CZN, 1948)]

Subclass CAULOGASTRA Pocock, 1893

[rype, draneas CLerer, 1757)

Superorder LABELLATA Petrunkevitch, 1949
[tvpe, drameas Cienek, 1757]

Order ARANEIDA Clerck, 1757

[nam. correct, Darnas, 18064 (pra  Araneidea DBLACKWALL,
1861, pro Araneides Latwnewle, 1801, pro Aranci CLERck,
1757, validated 1CZN, 1948) (tvpe, Ararens CLerer, 1757)]

Suborder DIPNEUMONINA Latreille, 1817

{nom. corveer. PETRUNREVITCR, 1955 (pro Dipneumones
LaTreicLe, 1817} [(type, Aranews Crerex, 1737}]

Division TRIONYCHI Petrunkevitch, 1933
[tvpe, Aranens CLerek, 1757]

Superfamily ARANEOIDEA Leach, 1815

[rum. fransl. PetRuNkevited, 1955 (ex Araneides Leach,
1815) (type, Araneus CLERCK, 1757)]

Family ARANEIDAE Leach, 1815

[mam. coreect. PETRUNREVITCR, 1955 (pro Arancaduc Leach,
1819, pro Aransides Leacu, 1815) (type, Aranezs CLERCK,
1757}]

Subfamily ARANEINAE Leach, 1815

[rom. trans!. Simon, 1892 (ex Arancidae 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,
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as has been reviewed, and (2) alteration of
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 intreduces
change of name withour necessary expan-
sion, restriction, or other modification in
applying the name. Litde 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 subspecics, 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 2 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-overloocked 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 Treatrse, the abbreviation
“emend.” is employed to record various
sorts of name emendations, thus conflicting
with usage of “emend.” for change in tax-
onomic application of a name without
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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
diagnesis, 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 nexst 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 is 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 1t
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 Nicuovsox, 1879 [*Favosites petropoli-
tanus Panper, 1830].

Chainodictyon FosrsTe, 1887 [*C. Jaxum].
If the cited type-species is a junior synonym

of some other species, the name of this
latter also is given, as follows:

Acervularia  Scuwewseer, 1819 [*A4,
(=*Madrepora ananas Linng, 1758)]1.*

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 hixed
in various ways originally (that is, in the
publication containing first proposal of the
generic name) or it may be fixed in speci-
fied ways subsequent to the original publi-



cation. Fixation of a type-species originally
may be classified as automatic if the new
genus was introduced for a single species
(monotypy), or if the names of species re-
ferred to the genus are objectively synony-
mous. In addition, fixation of a type-specics
originally may be established in several ways
by original designation, as by explicit state-
ment given by an author, by use of zypus or
typicts as a new specific name, and by ab-
solute tautonymy (e.g., Mesolobus mesolo-
bus). According to convention adopted in
the Treatise, the absence of indication as ta
the manner of fixing the type-species is to
be understood as signifying fixation of the
type-species in onc way or another origin-
ally. Where an author wishes to specify the
mode of original fixation, however, this may
be dane by such abbreviations as “M”
(monotypy), “OS” (objective synonymy),
and “OD” (original designation}, the first-
and last-menticned being meost common
and the other very rare.

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 sorne 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 assighment of species 1o
the genus which originally lacked any in-
cluded species is the one concerned in fixa-
tion of the type-specics, and if this named 2
or more species as belonging to the genus
but did not designate a type-species, then a
later “SD” designation 1is necessary. Ex-
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amples of the use of “SD” and “SM” as
employed in the Treatise follow.

Hexagonaria Gilricn, 1896 [*Cyathophyllum hexa-
gonum Gorpruss, 1826; SD Lawg, SmitThH &
Tromas, 1990].

Muriceides STUDER, 1887 [*M. fragilis WricHT &
Stuper, 1889: SM WriGHT & STupER, 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 Treazise 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
Harr, 1851, introduced for Paleozoic trep-
ostome bryozoans, is invalid because Gray
in 1848 published the same name for Cre-
taceous-to-Recent  cheilosteme  bryozoans,
and Basster in 1911 introduced the new
name Hallopora to replace Harl's homo-
nym. The Treatise style of entry is:

Hallopera Bassuer, 1911, nom. subst. [pro Callo-
pora HaLL, 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 1s
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
assigned index number, as shown in the
following example.

Mysterium or LAUBENFELS, nom. subst. [pro Mys-
wrium ScHramMMer, 1936 (ref. 40, p. 60} (won
Rocer, 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 jumior
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 Harr, 1851 [#on Sosukina, 193%]
| *D. eaespitosum ).

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

Homonyms by misidentification. When
an author uses a generic name for species
not congeneric with the type-species, it is
needful to record the misuse of the gen-
eric name, even though this is only deter-
minable subjectively. In the Treatise hom-
onyms by misidentification arc cited in
synonymies as illustrated in the following
example.

Asmussia Pacur, 1849 [*A. membranacea) [—=Posi-
donomya Pacut, 1852 (mon Bronw, 1834); Es-
theria Janes, 1856 (ron Roeineau-Desvoiny, 18303
nec RueppeLy, 1837)].

Synonymic homonyms. An auther 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
idcntical and therefore definable as homeo-
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 Treatise as in dealing
with generic names.

SYNONYMS

Citation of synonyms is given next fol-
lowing record of the type-species and if 2
or more synonyms of differing date are
recognized, these are arranged in chron-
ological order. Objective synonyms are
indicated by accompanying designation
“(obj.),” others being understood to con-
stitute  subjective synonyms. Lxamples
showing Treatise style in listing synonyms
follow.

Calapoecia BriLives, 1865 [*C. amticostiensis; SD
LivnsTrom, 18831 [==Coltemnopora NicHovsow,

1874; Houghtonia Romixcrr, 1876].

Staurocyclia Harckry, 1882 [*§. cruciata Tlarcrey,

1887) [=Coccostawrus Haicker, 1882 {(ob).};
Phacostaurns Harcker, 1887 (obj.)].

A synonym which also constitutes a homo-
nym is recorded as follows:

Lyopora NicnorsoN & ETHERIDGE, 1878 [*Palaco-
pora? javoia M'Coyv, 1850] [=Liopora laxc,
SmiTH & THonas, 1940 (#on Girry, 1915)].

Some junior synanyms of either abjective
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 gencric 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 Treasise citation
of such a conserved generic name is given
in the manner shown by the following ex-
ample.

Tetragraptus SaLTER, 1863 [#nom. correct. HaLri,
1865 (pro Tetragrapsus SaLter, 1863), nom.
consery. praposed Buraan, 1955, ICZN pend.]
[*Fucoides serra Browexiart, 1828 (=Grapro-
lithus bryonoides HaLr, 1858} ].
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ABBREVIATIONS

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

alphabetically arranged list.

Aalen,, Aalenian

abbrev., abbreviation

Abhand)., Abhandlung{en)

adj., adjective

aff., affinis (related w)

Afr., Africa, -an

Ala,, Alabama

Alb., Albian

Alg., Algera

Am., America, -n

Ann., Anfiaes, Annales, Annual

ant., antefior

approx., approximately

Apt,, Aptian

Agquitan., Aquitanian

Arbeit., Arbetten

Arch., Archipelago, Archives,
Archivos

archibenth., archibenthal

Arenig., Arenigian

Arg., Argentina

Argov., Argovian

art., article

Ashgill,, Ashgillian

Atl,, Atlantic

anctt., anctarum (of authors)

Aus., Austria

Austin., Austinian

Auvers., Auversian

Bajoc., Bajocian
Barrem., Barremian
Batesford., Batesfordian
Bathon., Bathonian
B.C., British Columbia
Bd., Band

Beil., Bellage

Belg., Belgium, Belgigue
Berrias., Berriasian
Blackriv., Blackriveran
Boh., Bohemia

Br.L, British Isles

Brit., Britain, British
Bulg., Bulgaria

Bull,, Bulletin
Burdigal., Burdigalian

C., Central

ca., circa

Cab., Cabinet

Calif., California
Callov., Callovian

Cam., Cambrian
Campan., Campanian
Can., Canada

Carb., Carboniferous
Carib., Caribbean

Carn,, Carnian
Cenoman., Cenomanian
cf., canfer (compare)
Charmouth., Charmouthian
Chemung., Chemungian
Chester., Chesterian

Abbreviations

¢, centimeter

Coll., Collection(s)
Coniac., Coniacian
Conttib., Contribution (s}
cosmop., cosmopolitan
Couvin., Couvinian
Cret., Crectaceous

Czech., Czechaslavakia

Dan., Danian

D.C., District of Columbia
dec., decade

Denkschr., Denkschrift{en)
Denm., Denmark

Dev., Devonian

Devon., Devonshire
diagram., diagrammatic
diam., diameter

Distr., District

Daoc., Document

Domer., Domerian

E., East

ed.y editor

edit., edition

e.g., exempli gratia {for cxample)

emend., emendatus(-a)

Eng., England

enl., enlarged

Eoc., Eocene

err., errore (by error}

Est., Estonia

et al., et alii {and other persons)

etc., ¢f cetera {and others,
objects)

Eu., Europe

Ex., Executive

ext., exterior

F., Formation

fam., family

Famenn., Famennian

fig., figure, -s

Fla,, Florida

Forhandl., Forhandlingar
Forhandl.. Forhandlinger

Fr., France, French, Franqais, -e

Ga., Georgia

Gaj., Gajian

G Brit., Great Britain

Geol., Geology, Gealogical,
Gealogische, etc.

Ger., Germany, German

Glos., Gloucestershire

Gotl., Gotland

Gr., Group, Great

Gt., Great

Handl., Handlingar
Hauteriv., Hauterivian
Helvet., Helvetian
Herefords., Herefordshire
Hettang., Hettangian

xxil

hom., homonym
horiz., horizontal
Hung., Hungary, Hungarica

I, Isle

ICZN, International Commission
of Zoological Nomenclature

i.e., id est (that is)

1IL, linois

incl,, including

Ind., Indiana

indet., indetermined

Ind.Q., Indian Ocean

Indon., Indonesia

int., interior

interamb., interambulacral

Internatl., International

Ire., Ircland

Is., Island, -s

jJahrb., Jabrbuch
Jahrg., Jahrgang
Jour., Journal
jr., junior

Tur., Jurassic
juv., juvenile

Kimmeridg., Kimmeridgian
Kinderhook., Kinderhookian
Ky., Kentucky

L., Low., Lower

lat., lateral

Lias., Liassic

litt., Ictters

Llandover., Llandoverian
long., longitudinal

Ls., Limestone

Ltd., Limited

Ludlov., Ludlovian
Lutet., [Lutetian

m., meter

M., Mid,, Middlc

M., monotypy

Maastricht., Maastrichtian

Madag., Madagascar

mag., magnification

Maurit., Mauritius

Maysvill., Maysvillian

Md., Marviand

Medd., Meddelanden, Meddelelser

Medit., Mediterranean

Mem,, Memoir -5, Memoria,
Memorie

Mém., Mémoire, -5

Mex., Mexico

Minn., Minnesota

Mio., Miocene

Miss., Mississippi, Mississippian

Mitt., Mitteilungen

mm., millimeter, -5

Mo., Missouri



Mon., Managraph, Monographia
Mont., Montana

n., new

N., North

N.Am., North America, -n

Nat,, Nawral

NE., Northeast

Necom., Neocomian

Neog., Neogene

Neth., Netherlands

Nev., Nevada

Newf., Newfoundland

N.J., New Jersey

no., number

NOIML. CONSErV., HOMEN CONSErya-
rum {conserved name)

nom. correct., #OMeEN COFECtm
(corrected or intentionally
altered name)

nom. dub., nomen dubinzm
(doubtful name)

nom, imperf., namen imperfectum
(imperfect name)

NOM, NEG., ROMER Negatiiti
{denied name)

nom. nov., nomen norum (new
name)

nom. nud., nomen nudum
(naked namc)

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

nom. oblit,, remen oblitum
{(forgotten name)

nom. subst.,, nomen substitutim
{substitute name)

nom. transk., nomien translatum
(transferred name)

NOML. van., nomen vanum (vain,
void name}

nom. vet., nopien vetitum
(impermissible name}

Nor., Norian

Notizbl., Natizblatt

Nouv., Nouvelle

N.Scotia, Nova Scotia

NW., Northwest

N.Y., New York

N.Z., New Zealand

0., Ocean

obj., objective

Occas., Occasional

OD, original designation

Qkla., Oklzhoma

Oligo., Oligocene

Ont., Ontario

op. cit., opere citate (in the
work cited)

Opin., Opinion

app., apposite

Ord., Ordovician

Ore., Oregon
Oxford., Oxfordian
Oxfords., Oxfordshire

Py DAge, -8

Pa., Pennsylvania

Pac., Pacific

Pak., Pakistan

Paleoc., Palcocene
Paleog., Paleogene

pend., pending

Penn., Pennsylvanian
Perm., Permian
Permocarb., Permocarboniferous
Philip., Philippines

pl., plate, -s, plural
Pleist., Pleistocene
Pliensbach., Pliensbachian
Plio., Pliocene

Pol,, Poland

Port., Portugal

Portland., Portlandian
post., posterior

Proc., Proceedings

Prof., Professional

Prov., Province

pl., part, -s

publ,, publication, published

Quart., Quarterly
Que., Quebec

Ranikot., Ranikotian
Raurac,, Rauracian

Rec., Recent, Record(s)
reconstr., reconstructed, -ion
Rept., Report

Rhaet., Rhaetian
Richmond., Richmondian

5., South, Sea

§.,Am., South America

Santon., Santonian

§.Car., South Carolina

Scot., Scotland

SD, subsequent designation

SE., Southcast

sec., section(-s)

Senon., Senonian

sep., separate

Sequan., Sequanian

ser., series. serial, etc

Sess., Session

Sh., Shale

Shrops., Shropshire

Sil,, Silurian

sing., singular

Sitzungsber., Sitzungsberichte

s.., sensu dato (in the wide
sense, broadly defined)

SM, subsequent monotypy

Somal., Somaliland

sp., species (spp., plural}

spec., sprcial, specimen

sT., seqior

5.5., sensi stricto (in the strict
sense, narrowly defined)

Str., Strait, -s

subfam., subfamily

subj., subjcctive

subtrep., subtropical

superfam., superfamily

suppl., supplement

SW., Southwest

Swed., Sweden

Switz., Switzerland

$¥N., synonym

tech., technical

Tenn., Tenncssee

Tert., Tertiary

Tex., Texas

Tithon., Tithenian
Toare., Toarcian
Torton., Tortonian
Trans., Transactions
transl., translated, translation
transv., transverse
Tremadoc., Tremadocian
Trenton., Trentonian
Trias., Triassic

trop., tropical

Turon., Turonian

U, Up., Upper

Univ., Universidad, Universitd,
Universitit, Université,
Universitets, University

Urgon., Urgonian

U.S., United States

USA, United States (America)

USSR, Union of Soviet Socialist
Republics

V., volume, -s

Valangin., Valanginian
var., varicty

Venez., Venczuela
Verhandl., Verhandlungen
Vesul., Vesulian

Vict,, Victoria

W., West
Wash., Washington
Wenlock., Wenlockian

Yorks., Yorkshire
Ypres., Ypresian

Z., Zone
Zeitschr., Zcitschrift
Zool., Zoologica), Zoology
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portance. The purpose of giving these ref-
crences 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 turh to
such aids as the Zoological Record or
Nrave's Nomenclator Zoologicus. Refer-
ences pgiven in the Treatse 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 accompanicd by a reference list con-
taining more than 2,000 cntries; the index
numbers for them are marked by an aster-
1sk.

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 uscful in library research werk.
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
Tibrary of Congress listing, and most li-
brary card catalogues. The names of serials
published in Cynillic 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 sertal
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. Tt 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 Trearise reference lists the alter-
native (unaccepted) form is given enclosed
by square brackets (eg., Chernyshev
[ Tschernyschew], T. N.; Gekker [ Hecker],
R.F.).
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Académie des Sciences Jde 'URSS, Comptes Rendus;
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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 auther.
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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 is vari-
able and unfirm as regards smaller divisions
(e.g., substages, stages, and subseries),

which are provincial in application. Users
of the Treazse 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

Evrope

ROCKS OF CENOZOIC ERA
NEOGENE SYSTEM'
Pleistocene Series {including Recent)
Pliocene Series
Miocene Series
PALEOGENE SYSTEM

Oligacene Series
Eocene Series
Paleocene Series

ROCKS OF MESOZOIC ERA

CRETACEQUS SYSTEM
Upper Cretaccous Series

Maastrichtian $tage®
Campanian Stage®
Santonian Stage”
Coniacian Sage®
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
Ozxfordian 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

CRETACEOQUS SYSTEM
Gulfian Series (Upper Cretaccous)
Navarroan Stage
Tayvleran Stage
Austinian Stage

Woodbiman {Tuscaloosan) Stage
Comanchean Series {Lower
Cretaceous)

Washitan Stage

Fredericksburgian Stage
Trinitian Stage

Ceahuilan Series (Lower Cretaceous)
Nuevoleonian Stage

Durangean 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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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 *
Kungurian Stage

Lower Permian Series
Artinskian Stage®
Sakmarian Stage

CARBONIFEROUS SYSTEM
Upper Carboniferous Series
Stephanian Stage

Woestphalian Stage

Namurian Stage

Lower Carboniferous Series
Viscan Srage

Tournaisian Stage
Strunian Stage

DEVONIAN SYSTEM

Upper Devonian Series

Famennian Stage

Frasnian Stage
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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

Ochecan 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 Scries (Lower
Mississippian)
Osagian Stage
Kindcrhookian Stage

DEVONIAN SYSTEM

Chautaugquan Series (Upper
Devonian)

Conewangoan Stage
Cassadagan Stage
Senecan Series (Upper Devonian)

Chemungian Stage
Fingerlakesian Stage



Middle Devonian Series
Givetian Stage

Couvinian Stage

Lower Devonian Scrics
Coblenzian Stage

Gedinnian Stage

SILURIAN SYSTEM
Ludlow Scries

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

EGCAMBRIAN SYSTEM

Erian Series (Middle Devonian)

Taghanican Stage
Tioughniogan Stage
Cazenovian Stage

Ulsterian Series (Lower Devenian)
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 Serics
lncludes age equivalents of lower
and middle Llandevery (in New
York)

ORDOVICIAN SYSTEM

Cinginnatian 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)

CAMEBRIAN SYSTEM

Croixian Series (Upper Cambrian)
Trempealcauan Stage
Francenian Stage
Dresbachian Stage
Albertan Series {(Middle Cambrian)
Wauceban Series (Lower Cambrian)

EOCAMBRIAN SYSTEM

ROCKS OF PRECAMBRIAN AGE ROCKS OF PRECAMBRIAN AGE

Raymono C. Mooke

1 Considered by some 1o exclude post-Pliocene depaosits,
2 Classed as division of Senonian Subserics.

% Includes some Lower Triassic and equivalent to upper
Thuringian {Zechstein} deposits.

7 Equivalent to lower Thuringian (Zechstein) deposits.

3 Equivalent to upper Autunian and part of Rotliegend
deposits.

3 Classed as division of Neacomian Subseries.
+ Includes Purbeckian deposits.
& Interpreted as lowermost Jueassic in some areas, ® Classed as uppermost Cambrian by some geologists.
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INTRODUCTION

By RayMonp C. Moore

The publication of Treatise Echinoder-
mata 3 in advance of two other volumes
allotted to this phylum, respectively num-
bered 1 and 2, seems anomalous, especially
when it is learned that 2 discussion broadly
dealing with characteristics and relation-
ships of echinoderms as a whole has been
assigned place at the beginning of Echino-

dermata 1. Such a chapter is logical as in-
troduction to all others concerned with in-
dividual groups however these may be de-
fined and arranged Accordingly, a com-
prehensive section entitled “General Fea-
tures of Echinodermata” has been prepared
by Georeces Usachs, of the Université de
Litge. Completed in 1961, it has subse-
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quently been revised twice, mostly in minor
ways but with some Important additions
and subtractions. In my opinion the con-
tribution by Usacts is one of outstanding
value, one which will be studied with profit
by neozoologists as well as paleontologists
when it becomes available. Unhappy delay
in its appearance is due to the tardy pace in
completing fossil groups—all Paleorzoic
echinoderms—which belong in the same
volume.

A disadvantage of the Treasise project is
the “packaged” nature of volumes planned
to contain designated taxonomic assem-
blages. So long as required parts of a
package are unavailable, others remain in
files with cumulative nceds for revision.
The fact that authors are not compensated
financially calls for other incentives in order
to finish tasks that have been accepted and
a burden is placed on the editor (also un-
paid) to plead for accomplishment of
assignments. Thus, some Treatise units
move at snail’s pace. On the other hand,
an advantage of arrangements is the possi-
bility of sending to the press any volume
as soon as it is readv. This explains the
appearance of Echinodermata 3 in advance
of Fchinodermata 1 and 2.

At the time many years ago (1948) when
the echinoderms were divided into three
groups [or purposes of the Treatise, the view
was accepted that the phylum was divisible
into two subphyla based essentially on maode
of life—forms prevailingly sessile on one
hand and others prevailingly free-moving on
the other. These have heen named Pelmato-
zoa and Eleutherozea, respectively. Pelm-
atozoans were planned for treatment in
Echinodermata 1 and 2, Eleutherozoa in
Echinodermata 3. Fleutherozoans were in-
terpreted to include starfishes, ophiureids,
echinoids, and holothuroids, with ophiocisti-
oids as an afterthought.

The assignment to prepare descriptions
and plan illustrations of fossil asteroids and
ophiuroids was accepted in 1950 by W. K.
Seencer, who had published extensive stud-
ies of them in monographs of the Palacon-
tographical Society. By 1951 he had brought
together rough notes, including directions
for securing desired figures, mostly new
drawings to be made under my direction.
The notes were organized by me into type-
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script suitable for use in the Treaszse and
with minor changes this was approved in
conferences at Dr. Spexcer’s residence at
Beaulieu-sur-Mer in southern France. This
was in 1951 and 1952. At this tme C. W,
Wricut, of London, was invited to con-
tribute information and some written dis-
cussions of post-Palcozoic asterozoans and
later Sprncir and Wricnt worked to-
gether to reshape classification that would
coordinate previously divergent arrange-
ments of suprageneric taxa based on the
separate worlds of fossil and extant forms.
In this important effort they were success-
ful, as recounted briefly in introductory
paragraphs of the contribution by SrEncER
and WricHT on asterozoans in this volume.
Not until ten years later, however, was a
final version made rcady, with numerous
changes and additions for which Wrient
15 to be credited and thanked.

Initially, a considerable part of the
Treatise presentation of Echinocidea was
planned to be secured from H. L. Hawrins,
of the University of Reading, in part with
the collaboration of R. V. MeLviLLE, of the
Geological Survey of Great Britain, one of
his former students, MeLviLLe in 1931 pro-
duced an excellent account of the general
morphology of echinoids, with notes for
preparation of figures, but Hawkins found
it infeasible to contribute. Then J. Wyarr
Duraam, of the University of California
{Berkeley) was invited to help and he ac-
cepted willingly. In 1954-55 he was awarded
a Guggenheim Fellowship for echinoid
studies in Europe and used this opportunity
as a primary means of advancing the
Treatise project in the realm of echinoids.
One result of this study was the develop-
ment of a revised classification of Echin-
oidea, published by Durnanm and MELvILLE
in a fournal of Paleontology paper (1957)
and proposed as the framework for taxo-
nomic arrangement in the Treatise.

In 1960 T asked Durham to assume lead-
ership in organizing the various needed
chapters on these echinoderms, some of
general scope and others for coverage of
major systematic groups. With help from
him various assighments were made, with
result that the team of workers was en-
larged to include P. M. Kier, H. B. FErL,
D. L. Pawson, C. D. Wacner, and A. G.
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Fiscuer. Subsequent chapters in this vol-
ume by these paleontologists and by Duz-
1ay and Mervitie speak for themselves,
but very much unseen and unrecorded effort
1s represented by correspondence on many
problems and by editorial coerdination of
wvpescript and illustrations. An example of
behind-the-scenes labor is preparation of an
exhaustive list of all nominal gencra of
echinoids, fossil and Recent, with author-
ships, dates, and literature references—work
done by Durnam and Waener, Obviously,
such a list is indispensable for achievement
in reasonable degree of the Treatise aims
of comprehensiveness and authoritativeness.

In connection with Kier's chapters on
noncidaroid Paleozoic echinoids and cassi-
duloids in this volume, it is appropriate to
mention two grants from the National Sci-
ence Foundation to him for museum and
field studies in Europe and work pursued
in Washington, because, as recorded by him
(Kirr, 1962, p. 2), the underlying purposc
of his researches was to provide a firm foun-
dation for his Treatise chapters. Also,
acknowledgment to the National Science
Foundation for help to other Trearise con-
tributers, in part through funds allotted
under my direction, should be made. In
aggregate the aid has been considerable and
thus extremely important.

Judgment that the division of Echino-
dermata into subphyla named Pelmatozoa
and Eleutherozoa, long accepted in text-
books and various monographic works, 1s
untenable has become firm in the minds of
at least several Treatise contributors who are
specialists in the study of various echino-
derm groups. This conclusion is not new,
but to date it has received little attention
and Is not vet generally accepted. In the
Treatise four subphyla are recognized—
Homalozoa, Crinozoa, Asterozoa, and
Echinozoa. The last two of those named
are assigned to the present volume., The
asterozoans contain a single class, Stel-
leroidea, composed of three subclasses,
Somastcrordea,  Asteroidea, Ophiuroidea;
the subphylum is well delimited. The echin-
ozoans arc less easily discriminated, though
the classes Echinoidea and Holothuroidea
unquestionably belong here. The content
of Echinozoa is discussed in a chapter hy
FeLr and Moore on “General Features and

U3

Relationships” of the subphylum and the
inclusion of chapters devoted to Helico-
placoidea (by Durnam and K. E. Castrr),
Fdrioasteroidea {by Grruarp REeowirr),
Ophiocistioidea (by Usacus), and Cyclo-
cysioidea {by R. V. Kesuing} indicates
classification of these groups in Echinozoa.

The homologies of morphological fea-
tures observed in the subphyla, classes, and
subclasses of echinoderms are very interest-
ing from the standpoints of efforts to adopt
uniform orientation, and reasenable corre-
spondence in designation of parts, and es-
pecially of inquiries as to “natural’” classi-
fication, cvolution, and phylogeny of all
groups. Difficulties and uncertainties are
many. Even so, a chapter on the “Homology
of Echinozoan Rays” is given by Moore and
FELL.

Description of the morphological features
of holothurian sclerites and typescript and
illustrations for systermnatic treatment of dis-
sociated fossil holothunan sclerites were
completed by Don L. Frizzrir and Haz-
rier ExLiNe (Mrs. Frizzecr) as long ago as
1955. This material lodged ?patiently and
Ppeaccfully in the editor's files for nine
years, until it was returned at request of
the authors for updating. Little change was
needed, burt at last this contribution was sent
10 the press. Meanwhile, D. L., Pawson, a
specialist on holothurians, who is an asso-
ciate and former student of H. B, FerL at
Victoria University of Wellington, New
Zealand, had joined the staff of the Smith-
sonian Institution in Washington, D. C. He
has assisted the FrizzeLrs and has been as-
sisted by them on some points and has con-
tributed a chapter of his own on “Phylo-
geny and Evolution of Holothureids.”

On behalf of the Geological Society of
America, of the four paleontological socie-
ties that sponsor the Treatise, and of paleon-
tologists and zoologists everywhere who will
benefit from reference to Echinodermata 3,
I express thanks and warm appreciation to
the authors of the volume. Not least in de-
serving praise are Mrs. Lavon McCormick
and Rocer B. WiLriams, of my staff, for
their prolonged, painstaking, able work on
typescript, illustrations, and proofs, as well
as work 1in libraries. Also, C. K. IHvyprr,
editor of the University of Kansas Press,
has continuously furnished very valuable

aid.
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INTRODUCTION

In 1950 the late W, K. SpeEncrr accepted
responsibility for the section of the Treasise
on Asterozoa. He invited me to prepare a
contribution on the Mesozoic and Cenozoic
members of the subclass Asteroidea. By
1953 he and I had, with great help from
the Fditor, R. C. Moorg, virtually com.
pleted final typescript and illustrations on
the basis of the then accepted classification,
under which, in particular, Paleozoic As-
teroidea were grouped in one ordinal ar-
rangement and post-Paleozoic Asteroidea in
a different and unrelated one.

In that year we both concluded that we
should fail in our responsibility to the
Trearse if we could not relate and inte-
grate these wtwo classifications. Much dis-
cussion and thought was devoted to this
end. Shortly before Dr. Spencer’s death
in 1954 we had reached firm conclusions
on the outline of a single classification and
on the place therein of nearly all families
of Asteroidea. Unfortunately the reorgani-
zation of the existing typescript could not be
completed before Dr. Sepencer died, al-
though he left copious notes with both the
Editor and myself. T have consequently
undertaken reorganization of the whole
text.

While this revision was proceeding Dr.
H. BarracrovcH FerL told me of his ex-
citing discovery that Platasterias is a living
somasteroid and of some of the phylogenetic
conclusions that flowed from his study of

this genus. His subsequent work on the
phylogeny of the sea stars, based on a thor-
ough re-examination of many living forms
of Asteroidea and Ophiuroidea, has led to
a new appraisal, fully in accord with the
paleontological evidence, of the funda-
mentals of the classification and evolution
of Asterozoa. I have endeavored to take
this inte account so far as possible through-
out the text.

In the original draft Dr. Sepexcer was
responsible for most of the introductory
matter and for the systematic description
of the Paleozoic Asteroidea and all Ophiur-
oidea. Since his death [ have rewritten most
of the general matter and revised all the
systematic part in the light of later infor-
mation. Moreover, all extant genera of
Asterozoa are now listed. Consequently the
whole text is attributed to us jointly.

A number of new names of higher cate-
gories are introduced in the text. The need
for this arises largely from the fundamental
reclassification referred to abave,

[ must express my decp gratitude to the
Editor, as I am sure Dr. Seexcer would
have wished to do, for his important con-
tribution to our work in the repeated or-
ganization of our material, to Dr. . B.
Fere for timely information and much
help, to Dr. Hans Hess, of Basel, for ad-
vance information about his work on fossil
Ophiuroidea and tw© Miss Aisa Craxrk, of
the British Museum {Natural History), for
ready assistance over Recent Asterozoa.
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GENERAL CHARACTERS

DIAGNOSTIC FEATURES
The asterozoans are echinoderms dis-
tinguished by radial extensions from a
central disc or body; the extensions are

ventral
shield 7=

Fic. 1. Recent astcrozoans, itlustrating characteristic distinctions in form ¢

1. Starfish, Anthenea flavescens, common in shal-
low watcrs of the southwestern Pacific, showing
features of its nearly flat underside {{a, oral surface)
and more convex upper side (1#, aboral surface),
w 1. The central dise is relatively large and the
arms short, Narrow ambulacral grooves bordered
by blunt spines radiate from the mouth. Pedicel-
lariae and tubcrcles aceur on both oral and aboral
surfaces; they arc arranged (n rows of clusters on
the upper surface {130}.

pedicellariae

ambulacral spines

ambulacral
groove

supported by calcified axes which are de-
veloped as sheaths around radial water ves-
sels, Generally, these extensions have a
distinet individuality and are called arms

iy

shield

o asterouds and ophiuroids.

2., Brittle-star, Ophiura, showing central disc and
proximal (inner) parts of slender arms (2@, oral
surface of one species; 2%, aboral surface of another
species ), approx. % 2. Relatively large buccal shields
are located interradially on the oral surface and
pairs of large radial shiclds on the aboral surface;
otherwise the disc is mainly covered by scalelike
plates and granular assicles. The arms bear rows of
ventral {oral side), dorsal (aboral side}, and lateral

arm plates {137).
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madreporite

stane canal ampulla

radial canal

ring canal

Tiedemann body

Fie. 2. Diagram of parts of starfish water-vessel
system (104).

(Fig. 1). The mouth faces downward to-
ward the sea floor and this stde of the ani-
mal is called oral. Extending radially from
the mouth along the oral surface to the ex-
tremities of the arms are rows of tube feet,
which are mobile projections of the water-
vessel system walled with soft tissue {Fig.
2). The surface opposite that bearing the

ui

mouth and tube feet is called aboral. In
most asteroids it is characterized by the
presence of a porous plate (madreporite)
which acts as inlet to the water-vessel sys-
tem; in mest ophiuroids this plate is on
the oral surface. Asterozoans are free-
moving animals in the adult stage. Full-
grown individuals range from a few milli-
meters to more than 30 cm. in diameter,
measured from tip to tip of the out
stretched arms.

Like other echinoderms, the asterozoans
are exclusively marine. Living kinds in the
main belong to two groups: asteroids, or
starfishes, characterized in most taxa by lack
of sharp separation of disc from arms; and
ophiuroids, or brittle stars, distinguished by
strong differentiation of the slender arms
and rounded centra! disc. A group of corre-
lative rank with primitive skeletal struc-
tures, the somasteroids, is represented by a
few Paleczoic genera and a single extant
species,

le la

1c la lc

Fic. 3. Cross section of madern Echrnocarditm-Turritella community found in shallow seas, showing
component groups of animals (101).

I. Animals living below surface of the sca floor,
some in well-dehned burrows: Ia, sea urchin, Echi-
nocardium cordatum; 1b, ophivroid, Amphiura fili-
formis; lc, pelecypod, Aéra nitida; 1d, gastropod,
Turritella terebra; le, worm.

2. Animals living on surface of sea floor; ophiur-
oid, Ophinra texturata.

3. Animals feeding in clear water above sea
fioor: anthozoan, Virgularia mirabiis, a suspension-
feeder.
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ambulacrals

mouth-angle plates

Fic. 4. Small Middle Qrdovician ophiurcid {7Taeri-

aster spinosus}, Trenton, Ohio, with arms upraised,

indicating withdrawal of animal into its burrow be-
fore death, X5 (133).

MODE OF OCCURRENCE AS
FOSSILS

The skeletal elements of Asterozoa con-
sist of discrete ossicles which readily sep-
arate from each other after death, and ac-
cordingly the greater part of our knowledge
of fossil forms is derived from specimens
preserved under exceptional conditions that
prevented the dissociation of interrelated
hard parts. In the Paleozoic such speci-
mens have been found particularly in low-
er Arenigian rocks of southern France, up-
per Arenigian of Czechoslovakia, Upper
Ordovician deposits of Girvan, in Scotland,
and in the Early Devonian Bundenbach
Slates of Western Germany. These beds
comprise sediments of ancient sca floors on
and in which vigorous animal commupities
lived, with starfishes an important element.
A corresponding community of the present
day is illustrated in Figure 3. Such com-
munities are divisible into three compon-
ents: animals living under the surface of
the sea Hoor, animals living on the sur-
face, and animals feeding in clear water
above the sea floor (2).

Preservation of intact skeletal parts re-
quires rapid burial after death. It is evi-
dent that animals living below the sea floor

Echinodermata—Asterozon

are best suited for preservation, for the sur-
tounding mud prevents scattering of dis-
crete hard parts and tends both to seal the
remains and to retard somewhat the decay
of soft parts; some fossil astcrozoans show
that fine mud had time to infiltrate internal
vessels, so that the original shape and course
of these soft parts can be traced in the form
of casts. The surrounding matrix also re-
tained the animal in postures comparable
to those assumed in life, as is well shown
by some fossil ophiuroids (Fig. 4).

Specimens consisting of external molds,
formed by solution of the calcite skeleton,
are very useful for study by means of rub-
ber casts which reveal the finest detail of
surface characters and by gentle bending
may show important features of ossicle
junctions. Fossils preserved as calcite or
pyrites may be less valuable because re-
crystallization tends to obliterate surface
and structural characters.

In the Mesozoic, an excellent source of
material, especially of Asteroidea, is the
chalk of the Upper Cretaceous. Whole
specimens occur, but are rare, while iso-
lated assicles or groups of ossicles, represent-
ing dissociated remains of single individ-
uals, are abundant. The soft chalk in which
they are embedded readily weathers away
or can be cleaned, exposing the ossicles in
perfece condition for examination. Many
studies and reconstructions have been made
from such ossicles (33, 74, 89). Since the
chalk was laid down as a continuous de-
posit during a very long time, it is possible
to follow in great detail the stages of evo-
lution of several asteroid lineages.

Many other occurrences are known in
Paleozoic and later rocks, in addition to
those alrcady mentioned. Occasionally,
“arfish beds” containing abundant in-
dividuals of one or more species are ob-
served, but, generally speaking, Asterozoa
are rare fossils and well-preserved speci-
mens are exceptional, In many marine for-
mations no individuals bave yet been dis-
covered. Inevitably, therefore, the detailed
history of the subphylum is rather poorly
known and a good deal of speculation is
necessary to make a connected story.
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MORPHOLOGY AND FUNCTION

SKELETAL STRUCTURES
MAIN ELEMENTS

The skeletal structures in Asterozoa de-
velop in the outer layers of the body and
thus outline its shape. Component elements,
or ossicles, may be classified in three groups:
axial elements, comprising ossicles formed
in the sheath of water vessels; adaxial ele-
ments, consisting of ossicles which adjein

mouth-angle roy

o virgals
plates f

buccal slit

interray

Fie. 5. Mctameric segmentation of the skeleton of a
primitive scarfish, as shown by the oral surface of
Villebrunaster thorali {reconstr.}, X5, The relatively
large assicles of the central disc and median part of
the arms belong to the axial skeleton; others shown
are adaxial elements. The double row of axial os-
sicles along cach arm are ambulacrals, with basins
for tube feet along their outer cdges. Near the cen-
tra! opening the ambulacrals diverge to form Vs of
the mouth frame. In series with the ambulacrals are
rod-shaped adaxial ossicles {virgals). Mouth-angle
plates are located interradially, projecting info the
central opening {131).

ring canal reservoir

ampulla

M%%%@ﬂ

b

water
stone Q A \vessel
canat muodreporite radiol

Fic. 6. Arrangemcnt of water vessels in an extant
asteraid (122).

and are in scries with the axial skeleton;
and extraxial elements, comprising all other
ossicles. The distinction berween these
groups is well shown in the early starhsh
Villebrunaster, in which the whole oral
surface is occupied by strongly contrasted
ossicles of the axial and adaxial skelerons
(Fig. 5). The components so closely follow
in similar series that they may be said to
be arranged in metameres.

The extraxial skeleton in Villebrunaster
comprises triradiate ossicles making a wide-
meshed network on the aboral surface, and
not in series with the axial skeleton (sec
Fig. 20,1). A special extraxial plate is the
madreporite which forms a sievelike open-
ing from the outside into the water circu-
latory system. If present, it is located in-
terradially; primitively, it was lateral in
position but is on the aboral surface in
most asteroids and on the oral surface in
meost ophiuroids and some early asteroids.
The tube from the madreporite to the main
water vessels is commenly calcified and is
termed the stone canal.

AXIAL STRUCTURES

Arrangement. The patiern of axial skele-
tal elements exactly follows that of the
main water vessels, one of which runs along
the mid-line of each arm; a canal which
encircles the mouth communicates between



0 Echinodermata—Asterozoa

nerve cord

water vessel radial
water vessel loteral

H
' /
1
inferior transverse muscle

ambulacrals
adambulacral

podial basin

ambulacral groove

lateral

sublateral

water vessel

Villebrunaster

podial basin

Fic. 7. Relationship between axial skeletal elements
and seating of 1wbe feet. I. Structures visible
along part of cne side of ambulacrum of an extant
starfish {Adstropecien irregularis} with tube feet and
spines attached to adambulacral and ambulacral os-
sicles removed and with parts of radial nerve cord
and water vessel also cut away to show underlying
structures (132). 2. Axia! ossicles of primitive
starfish (Archegonaster, U, Arenig.), showing struc-
tures corresponding with those m I {133} 3.
Axial and adaxial ossicles of one side of arm of an
early ophiuroid (Eephirra, U.Arenig.}, showing bas-
ins for tube feet (133).

Fic. 8. Axial structures and tube feet of primitive
somasteroids  (108). 1. Villebrunaster thovali
SpencER, L.Ord., Fr.; Ja, arm skeleton near tip, X6;
1, interpretation of mid-arm structure, X 10,
Chinianaster levyi Tronrav, L.Ord,, Fr. [Explanaticn:
2, capitulum of ambulacral; &, adambulacral virgal;
¢, shelf of cupule (basin for tube foot}; d, passage
from cupule to arm interior; e, radial water vessel;
{, mbe foot; g, adductor muscle; &, cupule; 4, virgal; Chiniangster

#, ambulacral.]
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the radial vessels of the arms and also con-
nects with the stone canal (Fig. 6). The
axial skeleton thus comprises the ossicles
located along the water vessels of the arm
and also the elements that form the mouth
frame,

The axial skeleten is divided into seg-
ments, each of which corresponds with a
branch water vessel approximately at right
angles to the main canal. The branches are
almost uniformly spaced. Each branch ves-
sel emerges in a basin or depression readily
recognizable in the skeleton. A tube foot is
situated in each basin. Fach of the ossicles
that carry the basins is calied an ambulacral
(abbrev., Amb, pl. Ambb), the whole series
along each arm forming an ambulacrum.

Relation of tube fect to their seatings.
Fossil asterozoans commonly show in great
detail the nature of the basins for the tube
feet, The course of the water vessels and
associated soft tissues can be determined by
comparison with living starfishes (Fig. 7).
The general relationship between water ves-
sels and the axial skeleton has changed little
since the time of the eatliest known astero-
zoans. In all these primitive forms, wheth-
er somasterotds, asteroids, or ophiuroids,
the scating of each tube foot was shared
uncqually between two ambulacrals, the
larger part of the basin being located on
the distal ossicles of the pair (Fig. 7,2,3).
In Recent asteroids the basin is very shal-
low but still situated mostly on the distal
ossicle (Fig. 7,1, shaded area, round pores).

The passage from the branch water ves-
scl to the tube foot is distinguishable in
many fossils as a break in the wall of the
basin, just behind its transverse wall and
situated on the proximal ambulacral, pre-
cisely as in extant asteroids. The derivation
of this passage from a gap between ad-
jacent ambulacrals can be seen from the
situation in primitive somasteroids (Fig. 8).

Relation of structure to activities of tube
feet. Minute details of the structure of the
basins, as indicated by comparison with
extant asteroids (71}, are correlated with
various activities of the tube feet. The chief
of these are defined as protrusion and point-
ing. Protrusion s vigorous and extensive
in extant forms. It is made possible by
division of the tube foot into an internal
sac, the ampulla, and an outward-directed
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closed tube, the podium. The tube foot is
protruded by squeezing water from the
ampulla into the podium and retracted by
the reverse process (Fig, 9,1ab).

It used to be thought that no Paleozoic
asterozoans possessed passages between ad-
jacent ambulacrals of the sort that imply
the division of the tbe foot into two parts,
such as characterize extant asteroids (Fig.
10,7}, It was necessary to suppose that if
ampullae existed in Paleozoic forms they
were  situated outside the body cavity.
JaEKEL {38) suggested that the deeply hol-
lowed basins in many Paleozoic asterozoans
held external ampullae (Fig. 10,2) and that
this provided a mechanism for protrusion

ampulla

ngm:ﬁw muscles
% ]‘KE podrum

2d

Fic. 9, Movements of tube feet (132). 1. Pro-
trusion and contraction; Ia, contraction of Jongitud-
inal muscle fibers in walls of the ampulla, reducing
its volume so as to cxpel water into the podium and
thus cause it to protrude; I, contraction of longi-
tudinal muscles of podium, expelling water into the
ampulla and thus causing retraction of the tube foat.
2. Directional pointing; 22, deflection of podi-
um accomplished by contraction of muscles on one
side and simultaneous relaxation of those on the
other; 25, muscle ring at base of pedium in oblique
view, contraction of fibers at X being accompanied
by relaxation of those at Y and similarly for any
other opposite parts of the ring; 2¢, diagram show-
ing wbe foot expanded in three directions; 24,
changes in direction of locomotion of a starfish ac-
companied by corresponding changes in direction of
pointing of podia, as indicated by the two sets of
arrows.
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Fig. 10. Position of ampullas in relation to the body
cavity of asterozoans. I. Inaternal ampullae
shown in cross section of arm of an extant asteroid
{1323, ——2. External ampulla of an early ophiuroid
(Eophiura) shown in cross section of arm, ampulla
lodged in hollow of the ambulacral basin {114).

and retraction of the tube feet comparable
with that of extant forms. In fact, most
somasteroids and probably all Paleozoic
asteroids had internal ampullae; the ex-
ternal ampullae are confined to Chinian-
asteridae (Fig. 8,I4) among somasteroids
and to ophiuroids.

Directional protrusion or pointing of the
tube feet is characteristic of living astero-
zoans. For example, in crawling, the podia
are pushed outward in the direction of

fulcrum dorsal water

muscles vessel

radial

outward outward

swing swing
¥, ventral A

/ muscles

T -(—""
inward swing

Fic. 11. Lever action of ambulacral ossicles (134},
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movement and in burrowing a sideways
scooping action may be scen. SMITH (71)
has shown that pointing of the podia is
achieved by reciprocal contraction and re-
faxation of fibers on opposite sides of a ring
of muscles between the wall of the upper
part of the podium and the adjeining am-
bulacral (Fig. 9,22-d). Thus, the angle of
protrusion and the direction of pointing
can be modified. Ancient asterozoans were
probably able to point their tube feet like
extant ones, for a well-defined narrow
groove can be seen just inside the ambula-
cral basin in various early fossil asteroids
and ophiuroids. This groove is plausibly
interpreted as the line of insertion of the
ring of muscle that controlled pointing.
Lever action of ambulacral ossicles. As-
teroids are characterized by an arrange-
ment of muscles attached to ambulacrals

Amb

Infm

Infm” Adamb

Fic. 12. Cross section of asteroid arms showing evo-
lution of the ambulacral greove (133), 1. Pla-
tanaster (Ord.), with ambulacrals and adambulacrals
at the same level. 2. Schuchertia (Ord.-8il.),
with ambulacrals arched above adambulacrals and
rising well into the arm cavity. 3. Astropecten
{Rec.}, with steeply arched ambulacrals underlain
by adambulacrals.
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Fic. 13. Chinianaster leryi TuoraL, L.Ord., Fr.; oral

side of juvenile specimen, X 6.3 {108). [Explana-

ton: g-c, 1st, 2nd, 3rd ambulacrals, 4 and ¢ united

syeygially; &, tegminal; e, inferred madreporite; £,
oral pinnule; g, 4th retapinnule.]

that by a lever action allows opening or
closing of the ambulacral groove. A pair of
levers is formed by opposed bar-shaped
ambulacrals arranged in an inverted V
aleng the ambulacral groove on the oral
surface of the arm; the fulcrum is near the
tip of the V (Fig. 11). Excavations above
and below the fulcrum provide for the in-
sertion of dorsal and ventral muscles. Con-
traction of the dorsal muscles produces an
outward swing of the lower ends of the
bars, thus widening the ambulacral groove
and assisting the protrusion of the tube
feet. When the ventral muscles contract,
the bars swing inward, narrowing the
groove and sheltering the retracted tube
feet.

The mouth-angle plates of primitive
ophiuroids have a similar lever action,
which was doubtless useful in digging bur-
rows,

Ambulacral groove. The ambulacral
groove with its arch formed by the ambula-
crals is characteristic of asteroids. In this
subclass the ambulacrals are invariably op-
posite one another, never alternating, as in
somasteroids and early ophiuroids. In the
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earliest asterotd stage, exemplified by Plata-
naster (Fig. 12,I), the underside of the
arm 1s flat and in substance of the ambula-
crals interrupted by a shallow groove that
carried the radial water vessel and radial
nerve. A later stage, exemplified by Schu-
chertia {Fig. 12,2), shows a broad trough
formed by transversely elongated ambula-
crals, making an almost level roof of the
groove which is bounded on either side by a
wall of adambulacrals as innermost part of
the adaxial skeleton. Subsequent deepening
of the groove is accompanied by inward
bending of these walls to make a nearly en-
closed tube (Fig. 12,3).

Mouth frame. The mouth frame consists
of the proximal ends of the rows of axial
ossicles, more or less modified inte an in-
dependent structure. There has been much
argument about the origins and homologies
of parts of the mouth frame, but a trust
worthy conclusion appears to have been
reached as a result of the latest studies by
Frre (13) on primitive somasteroids. The
following account is based on this work
and therefore differs from standard de-
scriptions.

Juvenile Chimgnacter (Fig. 13) and
Villebrunaster show that the proximal mem-
ber of each ambulacral series is an acutely

Fre. 14,

showing system of muscles that allows mouth-angle

plates to be moved in and out (133). [Explana-

ton: &, radial muscles between 1st ambulacrals; &,

¢, radial and interradial muscles attacked to apoph-

yses of mouth-angle plates; &, mouth-angle plate;
e, st ambulacral; f, odontophore. ]

Diagram of mouth frame of asteroid
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radial currents —>

interradial currents —>

Fic. 15. Oral surface of recent asteroid Porania,
showing large interradii and cillate grooves; arrows
indicate ditection of flow of water currents (111).

triangular ossicle bordering the buccal slit
and touching the adjacent ossicle of the
neighboring axial series. These triangular
ossicles are termed mouth-angle plates. The
next two ambulacrals are united by syzygy
into a massive ossicle which carries a com-
plete cupule for a tube foot, as well as half
cupules at either end. The differentiation
of these elements of the mouth frame seems
to be less distinet in adult Chmianaster and
Villebrunaster. In the Recent Platasterias,
the mouth-angle plates of each axial series
have moved apart and superficially appear
to be enlarged adambulacrals; the mouth
frame thus appears to consist of powerful
interradial “jaws” (pairs of mouth-angle
plates of adjoining axial series) projecting
between ends of the ambulacra. This is the
typical appearance of the mouth frame of
most Asteroidea, known as the adambula-
cral type; the mouth-angle plates have the
appearance of specialized adambulacrals,
whereas the apparent first ambulacrals are,
in origin, fused second and third ambula-
crals (Fig. 13).

A second type of mouth frame, termed
ambulacral type, confined to the asteroid
order Forcipulatida, is known. In this the
mouth-angle plates are insignificant and
most of the frame consists of the proximal
ambulacrals, either straight or projecting
into the mouth (see Fig. 63).

Tn some early Asteroidea with adambula-
cral mouth frames, an additional plate, the
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torus, is mounted on cach pair of mouth-
angle plates, projecting inward to the cen-
ter of the mouth. Normally it carries sev-
eral long spines. In Cremidactis, for ex-
ample, the five tori completely close the
aperture. Forms without tori may have
large spines that serve the same function,

In many forms the mouth frame was
clearly more or less flexible, so that the
mouth-angle plates could be moved in and
out. The muscular system which allows
this to be done (Fig. 14) involves an addi-
tional ossicle in each interradius, the odon-
tophore, prominent in many early groups.
Presumably this ossicle originally was an
inframarginal which in the course of phy-
logeny became occluded from the margin
and adapted as part of the “jaw” system.
An analogous T-shaped plate is seen in
somasteroids and some asteroids, but this
may have a different origin.

The earliest Ophiuroidea (Stenurida)
have deep radial Vs, forming buccal slits,
as in Somasteroidea, and somewhat similar
mouth-angle plates. The “jaws” resemble
those of Asteroidea of adambulacral type,
hut always have a torus.

ADAXIAL STRUCTURES

The adaxial skeleton of the somasteroid
Chinianasteridae provides broad interradial
tracts of grooves between parallel rows of
parrow plates termed virgals. The rows are
termed metapinnules and the whole struc-
wure is referred to as metapinnular. This
arrangement of grooves persists in the extant
somasteroid Platasteriidae but tends to be
reduced and fnally lost in the Paleozoic
somasteroids. The sides of the grooves

ambulaeral adombulacral
Fic. 16. Adaxial essicles, termed adambulacrals,
standing as wall at side of ambulacral groove; cross
section of arm of Archegonaster (U.Arenig.}, a som-
asteraid, Shelter for tube feet is provided by hollows
between overhanging adambulacrals (133).
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were ciliated, and thus water currents were
produced from the periphery to the center
of the arm. Many fossil and extant asteroids
have analogous, if not homologous, systems
for the production of such water currents,
In principle, the currents serve two pur-
poses—they bring small food particles to
the ambulacral channel and thence to the
mouth, and they also bring respiratory
water to the tube feet and associated nerves,
without which the tube feet become flaccid
and do net function (70). The pattern of
the oral surfacce and the arrangement of
ciliary currents in the living asteroid Pora-
nig is much like that in Chimanaster (Fig.
15).

In later somasteroids and all asteroids
some specialization of the primitive adaxial
skeleton is observed. The row of ossicles
next to the ambulacrals becomes continu-
ous in a radial direction and the ossicles
thicken to form a wall overhanging the
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ambulacral groove (Fig. 16); these ossicles
are termed adambulacrals. They increase
the depth of the ambulacral groove and
shelter the podia when retracted; they are
commonly armed with prominent spines.
The outermost row of virgals may simi-
larly become continuous and form a row
of inferomarginals ({nfm, pl. Infmm). The
intermediate rows may form a mosaic of
ossicles, which in the most primitive aster-
oids (Platyasterida) retains the transverse
series; but in most asteroids this pattern has
been replaced by one composed of longi-
tudinal (ie., radial) gradients. The virgals
of the row next to the adambulacrals, how-
ever, have become occluded in Platasterias,
the living somasteroid, and rest across the
internal surfaces of ambulacrals and ad-
ambulacrals; they are known as super-
ambulacral ossicles. These persist in Platy-
asterida and Paxillosida but have disap-
peared in all but a very few other asteroids.

Fic. 17. Pinnate structure in Ophiuroidea (Fell).

1. Eophinra bohemica, X2.3 (133).

2. Trichaster palmiferus, X4 (108).

3. Ophinraster symmetricus, %135 (108).

4. Astrophyton sp., arm base, X2 (119).

5. Asteronyx loveni, adoral view of arm skeleton

disseetion, X 6.7 (108).

[Explanations: 4. ambulacral; &, virgal (sublater-
al); ¢, virgal (lateral); 4, 3rd virgal; e, 4th virgal;
f. hyponcural groove; g, lateral (secondary) spine;
A, tentacle scale; 7, ventral arm plate.]
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Eophiura

Toeniaster
Fic. 18. Evolution of ambulacrals inte vertebrae in

Palaeura

arms of Ophiuroidea (133). 1. Pradesura (L.
Arenig.), oidest known ophiuroid, has the basins for
tube fect shared subequally by two ambulacrals with
L-shaped ridges between, and an open ambulzcral
groove, 2. Eophimra (U.Arenig) has more
equally shared basins, T-shaped ridges between, and
closed ambulacral groove. 3. Palaenra (U,
Arenig.) has the basins mosily on a single ambulac-
ral, intervening ridges boot-shaped, and groove
closed.——4. Taeniaster, much like Palseura, has
deeply excavated ridges for attachment of strong
ventral muscles, and basins confined to single
ambulacral.

Echinodermata—Asterozoa

OPHIURQID ARM (AXIAL AND ADAXIAL)

The most primitive ophiuroids show close
resemblance to the contemporary somaster-
oids and, in particular, have a pinnate arm
structure that is clearly derived from an
ancestral metapinnular type. Feii  has
shown that several extant ophiuroids
also preserve a distinctly pinnate arm struc-
ture, and he has demonstrated the homol-
ogies with the somasteroid arm (Fig. 17}
(13). Even in a typical modern ophiureid,
the homology of lateral shicld with a virgal
can be made out (Fig. 17,5).

The critical development in the ophiur-
oid arm comprises fusion of the opposite
ambulacrals to form single pieces that oc-
cupy most of the interior of the arm; these
pieces, called vertebrae, articulated by a ball-
and-socket joint. Associated with this step
is transformation of the two inner rows of
adaxial ossicles {(homologues of first and
second virgals) into side plates hinged to

Fic. 19, Ossicles of extraxial skeleton of asterozo-
ans. 1. Triradiate ossicles of aboral skeleton of
an early somastercid, Chinianaster {(Arenig.) (133).
2. The devcloping network for comparison
with an echinoid plate, which at this stage consists
of discrete radiate ossicles ([12}. 3. Network
of ossicles on sides and aboral surface of an extant
starfish, Astertas rubens (139).——4, Ossicles from
aboral surface of an early ophiuroid, Encrinaster,
showing stellate ridges (133).
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the vertebrae to act as cover plates; the side
plates are known as sublaterals (Sw&L, pl.
SublL) and laterals (L, pl. LL). The stages
of alteration of ambulacrals into vertebrae
are shown within the order Stenurida (Fig.
18). (One suborder, Proturina, shows no
sign of the change. For convenience the
arm segments of all Stenurida are referred
to as ambulacrals.)

The vertebral type of axial skeleton per-
mits increased mobility, for with it the arm
can twist and turn. Each arm segment be-
comes an independent unit, since seating
of the tube foot is no longer shared by two
ossicles. Ability to twist is provided by
muscle bands which border the ball-and-

socket joints.

EXTRAXIAL STRUCTURES

The extraxial skeleton comprises ossicles
not associated with the tube feet, mainly
ossicles of the aboral surface. In their sim-
plest form these are spicules with three
narrow rays diverging from a small center,
together forming a wide-meshed net (Fig.
19). The holes of the network provide for
respiratory exchange between the body
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fluids and the surrounding water. Many
asteroids have a network similar to that of
Chinianaster (Fig. 19,]) but more sub-
stantially built, in which the nodal points
of the ossicles commonly carry a small knob
surmounted by a spine or group of spine-
lets (paxilla). The knobs may be arranged
in diagonal rows marking the course of
channels on the aboral surface, along which
water currents are driven by cilia; these
currents flow over holes in the network,
which generally are occupied by external
gills (papulae) (Fig. 20}, consisting of pro-
jecting folds of the body wall.

This general type of respiratory arrange-
ment characterizes the Paxillosida, Spinulo-
sida, and Forcipulatida of all periods. In
the Valvatida, however, from Paleozoic
Hudsonasteridae to living Goniasteridae,
the aboral surface tends to be more or less
completely covered by large solid ossicles.
The papulae emerge as a rule from specific
papular pores between them and these may
be grouped into special papular areas. There
may also be other arrangements to compen-
sate for the reduction of the respiratory area.
In Hudsconasteridae a looscly built group

ambulacral

2

Fic. 20. Extraxial skeletal elements of the aboral surface of asteroids in relation to respiratory currents.

1. Diagenal channels on aberal surface of the ex-
tant Chaetaster, showing paxillae along borders of
the channels and pores for papulae along the floors
(118).

2. Cross section through a papula which has been
withdrawn (118}.

3. Diagonal channels on surface of the early Pa-

leozoic Plazanaster with the bordering paxillae fallen
on their sides (133).

4, Diagram showing the way in which water col-
lected on the aboral surface of a recent Astropecten
is carried 10 the oral surface by intermarginal chan-
nels (111).
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Fig. 21, Respiratory structures on aboral surface of early Valvatida (129).

1. Protapalacaster  (Hludsanasteridae), showing
protrusible cone in center of dis¢, hinged ta supero-
marginals through primary intercachals (109).

2. Siluraster (Hudsonasteridae), showing central
and adradial papular areas (133).

of large ossicles in the center of the disc
forms a protrusible cone, apparently for
respiratory purposes; its ossicles are hinged
to the superomarginals through the primary
interradials {Fig. 21,1).

In Siluraster an adradial papular area oc-
curs between carinals and superomarginals
(Fig. 21,2). Xenaster has interradial inter-
marginal arcas additionally (Fig. 21.3).
Some Mesopalacaster have an intermarginal
area and in Devonaster they are of consid-
erable extent; the abundant growth mate-
rial of all ages found at Saugerties (57)
shows that in ontogeny the young have an
aboral surface like that of Hudsonasteridae
and that older individuals develop suc-
cessively adradial and intermarginal papu-

3. Xenaster {Xenasteridae) showing the addicion
af intermarginal papular areas (128).

4. Palacaster (Palacasteridac), showing radial
papular areas consisting of numctous small ossicles

(129).

lar areas. In Palacaster (Fig. 21,4} and Neo-
palaeaster, however, the whole of the mid-
dle of the upper surface of the arms be-
comes a respiratory area, being filled with
small irregular ossicles. Generally, the ap-
pearance of additional respiratory areas
seems to be correlated with a phylogenetic
increase in size.

The extraxial skeleton of ophiuroids gen-
erally consists of overlapping scales which
may show traces of their origin as com-
ponents of a spicular web; scales on the
aboral surface of Encrinaster (Ord.-Dev.)
show the spicular rays surviving as stellate
ridges with a shallow infilling between (Fig.
19,4). In many modern ophiuroids extraxial
scales occupy considerable areas of the oral
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digestive sac

gonad

bursa
genital slit ventral wall

genital plate bursal scale

base of arm

Fro. 22. Cross section of an ophiureid disc showing
gills and associated structures (115).

surface; this is mainly the consequence of
extensions of the aboral skeleton downward
to form pockets or pouches (bursae) for
the internal gills. These constitute one of
the main differences between ophiureids
and asteroids and presumably arose to meet
the requirements of life in burrows. Dam-
age to the delicate membrane of the respira-
tory surface is avoided by sinking it within
the body wall (Fig. 22). Narrow slits al-
low the entry of water which is circulated
within the cavity by ciliary action. The
space for these internal gills is provided by
secondary enlargement of the disc during
ontogeny and by downgrowth of the aboral
surface referred to above; during this proc-
ess the madreporite migrates from a near-
marginal aboral position to one very near
the mouth. Since these characters are seen
in the oldest known ophiuroid, Pradesura,
they must be very stable features (Fig. 23,3).

Whereas early ophiureids are charac-
terized by a uniform covering of small
scales, over a presumably flexible disc, a
majority of later ophiuroids have a rela-
tively stout and rigid covering (Fig. 24).

Fic. 23. Respiratory structures in ophiuroids. 1.
Part of oral surface of the disc of Ophirra (Rec.);
la, arms covered ventrally by side shields (arm
plates) and hexagonal small ventral shields, with
pores fur emergence of tube feet (or tentacles) sur-
rounded by circlets of tentacle scales; gill slits along
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cach side of arms with long genital bars at their
outer edges; 15, radial shields on either side of basc

of arm, in aboral view (141). 2. Asteroschema
glutinosum (Rec.); 2a, part of disc and arms show-
g small cpenings of gill slits (shaded dark) in in-
terrays; 26, entire animal, X0.5; 2¢, disc and arm
in aboral view, showing pairs of large radial shields,
w07 (1200 3. Oral surface of disc of Prade-
stira, oldest known ophiureid, showing downgrowth
of aboral surface of disc and accompanying move-
ment of madreporite from lateral position, associated
with internal positien of gills, X7 (133). [Explan-
ation: Amb, ambulacrum; bs, buccal slit; L, later-
al; Mad, madreporite; MAP, mouth-angle plate;
Subl, sublateral.]
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genital bar

Frc. 24, Part of disc and arm base ot Opliomyxa

anisacantha {Rec.); aboral view with radial shields

(appearing as large marginal scales) upturned,

showing simple articulation of the shields and genl-

tal bars and primitive jaws with feeble intcrradial
musculature (120).

Scales persist but tend to become fused into
larger ossicles. These normally include
radial shields on the aboral surface of the
disc and genital bars adjoining gill open-
ings on the oral side. Each radial shield
articulates with a genital bar, the shields
being raised and lowered by muscles in aid
of respiration; the shields are directly above
the gill pouches, and by pressing against
their fexible walls provide for the empty-
ing and refilling of the pouches with water.
Both paleontological and embryological evi-
dence indicates that the radial shields are
derived from fusion of scales at the edge
of the disc. The marginal frame of cn-
larged scales in some Ordovician ophiuroids
(e.g., Euzonosoma) was probably associated
with pulse movement of the disc to cir-
culate water in the burrow. Genital bars
first appear in the Devonian,

In some early forms {e.g., Stenaster and
Stuertzaster) and in Euryalina, the oral in-
terrays of the disc are much reduced and
the shape of the body and even some of the
internal organs may resemble those of aster-
oids (14). In these forms the madreporite
tends to retain its primitive lateral position
and the gill pouches are concentrated about
the center of the disc.

The density of calcification of the aboral
skeleton varics considerably. In early mem-
bers of the asteroid orders Paxillosida and
Spinulosida the calcification of the central
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area of the disc is so weak that the mouth
frame in the fossils is exposed in aboral
view. Similar views of the mouth frame
are commonly seen in early ophiuroids.
Various extant asteroids and ophiuroids
have the aboral surface covered by skin
without any distinct ossicles in or below it.

Madreporite.  As  already mentioned,
the madreporite was originally lateral but
it migrated to the aboral or ora! surface in
various lineages. In early Spinulosida and
Paxillosida, the madreporite, when recog-
nizable, is a medium-sized rigid ossicle
closely associated with a primary inter-
radial but overlying neighboring ossicles
(Fig. 25). In early Valvatida and Forcipula-
tida, however, it is a large thin, apparently
flexible, plate situated in most genera on
the oral edge of the side. This peculiar type
of madreporite may bave been concerned
with both the water circulation and the
hemal circulation. In modern Asteroidea

mouth-angle plate 73 /

adambulacral

interrodiul/" madreporite

Fic. 25. Part of interradial aboral surface of Palas-

tering primeva (Sil.) showing flat madreporite over-
lying other ossicles (133).

[Fxplanation of Figure 26]

1. Comatulid crinoid, Promachocrinus kerguclen-
ensis, pentacrinoid stage, X12; lasb, lateral and
dorsal views.

2. Ophiuroid, Ophiopyrgus wyvillethomsoni,
% 10; 24,6, lateral and aboral views.

3. Comamlid crincid, Eunmorphomeira aurora,
late pentacrinoid stage, X 12; 3a,b, lateral and dorsal
views.

4. Ophiuroid, Ophiomastus stellamaris, aboral
view, X 30.

5. Ophiuroid, Qphiomyra sp., aboral view of
juvenile, X 15,

6. Asteroid, dsterina sp., X 15; 6a,5, aboral views
of larval stages.

7. Comamlid crinoid in early pentacrinoid stage,
dorsal view showing circlet of infrabasals.

8. Ophiuroid, Ophiosteira cchinulota, immature
stage with basals still conspicuous, X6.

[Explanation: &, basal; ¢, centrodorsal; £, infra-
basal; #, radial; ¢, terminal.]
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superomarginal and
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enlarged ultimate terminal

superomarginal
{us.m.}

median superomarginals

median inferomarginals

terminal

infercmarginals corresponding edge (lateral) view

to ultimate superomarginal

Fic. 27, Morphology of marginals in Metopaster
{134).

it is almost solely concerned with the for-
mer function but in ontogeny a stage with
both functions is seen; the very young aster-
oid has a heart, the dorsal sac, which lies
near the opening of the water canal. In later
life the activity of this heart is much
diminished and it becomes embedded in
the substance of the madreporite. The heart
is very like that of Balanoglossus. The large
flexible madreporite referred to above could
well have capped a pulsating vesicle which
retained its activity well into adult life. The
primary interradial in juvenile asteroids
forms such a cap, and this presumably ac-
counts for the association of madreporite
and a primary interradial in certain early
forms.

Primary circlets, In early growth stages
of both Asteroidea and Ophiuroidea the
first-formed plates of the aboral skeleton
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are a few relatively large ossicles arranged
in a pattern reminiscent of the structure
of the calyx of Crinotdea. A centrale is sur-
rounded by a circlet of five interradial plates
and one of five radial plates. The homol-
ogies of these primaty circlets, which in
many groups persist in one form or another
into the adult {Fig. 21), has been much dis-
cussed. It is clear that radial series (cari-
nals) in adult asteroids are not homologous
with the radials of crinoids or ophiuroids,
bur the basic calycinal system seems to be
common to all three groups (Fig. 26) (13).

Marginals. At the edge of the body of
many asteroids is a frame of enlarged os-
sicles called marginals (M, pl., MM ). There
may be only a single row or a lower row,
homologous with the single row, and an
upper one; the ossicles of the lower row are
called inferomarginals (/#fM, pl., InfMM)
and of the upper superomarginals (SupM,
pl, SupMM). The marginals may be
rounded and sloping or square, forming a
vertical wall at the edge of the bedy. Gen-
erally the marginals form a continuous
frame, but in some early forms the arms
are not fused together at their bases, so that
the marginal frame is broken. In many
Paxillosida, a central ridge occurs on each
marginal, so that channels are developed
over the edge of the frame, connecting with
ciliated channels on the oral surface; in
Cribellina similar grooves between mar-
ginals are occupied by papillated skin folds
called cribriform organs. In some Goni-
asteridae (Valvatida) several distal mar-
ginals may be united in single enlarged
ossicles, called ultimate superomarginals or
inferemarginals (Fig. 27).

Superomarginals are normally placed di-
rectly over corresponding inferomarginals,
but distally the correspondence may be less
exact: in a few forms (e.g., Trichasteropsis,
Paxillosida), the number of marginals dif-
fers markedly between upper and lower
series. ‘There is normally an equal number
of marginals on either side of an inter-
radial mid-line, but in a few families an
odd interradial or axillary marginal is seen
in either or both series.

In Natomyota the distal marginals are
imbricate, thus allowing considerable flex-
ure of the arms, by which means it is pre-
sumed that the animal swims.
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Phylogenetically inferomarginals are de-
rived from virgals and they arc therefore
part of the adaxial skeleton, whereas supero-
marginals are differentiated members of the
extraxial skeleton of the aboral surface.

"Terminals. Many and probably all aster-
oids have a single terminal ossicle at the
tip of the arms, which in living and pre-
sumably fossil forms covers the base of an
unpaired ocular tentacle. In some cases
the terminals are large and have a char-
acteristic shape.

Spines. Apart from protuberances that
are one with the ossicles, most asterozoans
bear spines. These originate, like ossicles
of the aral and aboral skeleton, from radiate
spicules, but they are formed at a higher
level in the bady wall than the ossicles.
Paleontological evidence suggests that the
spines are later-evolved skeletal elements
that are secondarily attached to the older
primary skeleton. A form of attachment
common to all asterozoans is the ball-and-
socket joint, very similar to that of echin-
oids (Fig. 28).

An important function of asterozoan
spines is to clean the surface, especially in
areas concerned with respiration. This is
done by cilia on the spines that produce
water currents from the base to tip of the
spines, debris being thus lifted from the
animal’s surface. It is thus not surprising
that spines and respiratory channels are
commonly associated, particularly in astero-
zoans that have spines on paxillar shafts.

Various modifications of spines character-
ize different groups in Asteroidea and are
of great classificatory importance. Paxille-
sida, many Valvatida, and some other
groups carry, on the aboral surface or the
margins, small ossicles with a ridged or
pillar-like protuberance crowned by a tuft
of spinelets or granules which are linked
by muscles; these ossicles with their spines
are known as paxillae. The tuft of spines
can be opened or closed; when open, the
network of paxillar spines provides effec-
tive protection for the papulae. In Prerasteri-
dae (Spinulosida} the spines support a con-

tinuous supradorsal membrane, within
which young are brooded.
Many Asteroidea carry pedicellariae,

minute stalked, sessile, or sunken pincers.
The stalked pedicellariae are formed of

Fic. 28. Spines of Promopalecaster bellulus showing
perforated ball-and-socket attachment, like that of
echinoids (129).

straight (forceps-like) or crossed (scissor-
like) members embedded in tissue and at-
tached to ossicles or spines; they occur in
Forcipulatida (Fig. 29). Sessile pedicellariae
consist of two or more opposed movable
spines, Particularly in Valvatida, groups of
such spines may be fused to form hivalved
pedicellariae. Bivalved and other types oc-
cur in depressions in the aboral and mar-
ginal ossicles of Valvatida; such alveolate or
foraminate pedicellariae are the only types
commonly found in fossils.

SOFT PARTS

Following is a bri¢f account of the soft
parts of asterozoans other than those already
dealt with in discussion of skeletal struc-
tures.

The mouth of asterozoans is in the center
of the lower, oral, surface and opens into a
sac-shaped stomach, which may be divided
by a constriction. Paired extensions of the
stomach reach into the arms in Asteroidea,
where they form a liver. Most Asteroidea
have an anus on the aboral surface, either
in the center or close to it in an infer-
radius, but some lfack it, as do all Ophiur-
cidea.

In asteroids a ring nerve around the
mouth gives rise to radial nerve cords that
run along each ambulacral groove. The
radial nerve is continuous with a general
plexus of nerve fibers just under the epi-
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pedicellariae

Fic. 29. Pedicellariae of Recent asteroids; I, forceps-
like (forcipulate) pedicellana of Oreaster, enlarged;
2, bivalved (valvate) pedicellariae of Culcita, X1

dermis of the whole body wall, including
the podia; the plexus is thickened to form
a marginal nerve cord along each side of
the arms. In ophiureids the nervous sys-
tem is basically similar, but in forms with
vertebrae the radial nerve has a ganglionic
swelling in each vertebra; it gives off a
branch into each podium and separate
branches to the body wall and spines.

The asterozoan epidermis is liberally
supplied with sensory cells, which are high-
ly sensitive to touch or chemical stimuli
The ophiuroids have no special sense or-
gans, but asteroids have a lightsensitive
organ, generally pigmented, at the base of
the terminal tentacle of each arm,

Asterozoa have a rather simple ring-and-
radial hemal system.

ORIENTATION

Traces of bilateral symmetry are singu-
larly few in Asterozoa. Secveral families of
asteroids and all ophiuroids lack an anus;
in most asteroids it is central or nearly so.
There is no preferred direction of move-
ment. Formally, orientation could be based
on the position of the madreporite, save in
the species or genera of asteroids with more
than ope, for example, Acanthaster, which
has many. However, it is impossible to be
certain that the position of the madreporite
is homologous with that in other echino-
derms. In any case, orientation in Asterozoa
is of no practical and litde theoretical im-
portance.

FEEDING

Primitive somasteroids have a system of
grooves on the oral side between the meta-
pinnules, which are covered by small spines
or plates and lead to the radial groove.
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These grooves clearly conduct water from
the upper, aboral surface, primanly for
feeding. Detrital particles falling on or
near the sea star are thus swept by ciliary
action, probably entangled in threads of
mucus, to the mouth by way of the gaps
between the aboral paxillae, along the inter-
pinnular food grooves to the radial food
groove and then to the mouth (Fig. 30).
The living somasteroid Platasterias retains
this method of suspension feeding and, in
addition, captures relatively large feod with
its tube feet and passes it along the radial
grooves to the mouth. The petaloid shape
of the arms of somasteroids is probably as-
sociated with this system of food capture
(11).

Similar methods of ciliary suspension-
feeding persist in some living asteroids (e.g.,
Porania, Fig. 15). The frequent mult-
armed forms among Paleozoic asteroids
may also have been suspension-feeders,
since the arms could constitute an effective
net to catch drifting particles of food.

A development of this ciliary feeding is
seen in mud-eating asteroids; Ceenodiscus
(Goniopectinidae) plows through the upper
layer of mud of the sea floor, entangling
material in threads of mucus, which are
then swept by ciliary action along channels
on the oral surface to the radial groove and
then to the mouth.

Typically, however, asteroids eat large
food. Two main methods are observed in
living forms. In the first, prey is passed to
the mouth by the tube feet or the sea star
positions itsclf with the mouth directly
over the prey and the lips of the stomach

= transverse food grooves

radiol groove

meuth

Fic. 30. Side view of Villebrunaster thorali (L.Ord,,

Fr.) with body flexed, showing transverse food

grooves leading to radial groove and thence to
mouth (133).
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adambulacrals dorsal muscle

mouth frame

Fie. 31. Diagrammatic cross section of astereid in
position of feeding on large food, illustrating forces
and resistances invalved. The body is in the form of
a dome supported by ¢nds of the arms which give a
firm grip on the sea floor. Resistance to collapse of
the dome is provided by strong muscles which run
from tips of the arms to the center of the dome,
where they are firmly atrached to each other, and
by the chains of adarbulacrals jeined to each other
by muscles, which run from a strong mouth frame
below the center of the dome to tips of the arms

(133).

arc then everted through the mouth and
draw the prey into the stomach. Living
Astropecten has been observed 1o fill itself
so full of small mollusks by this method
that the upper surface is distended (42).
This type of food capture is as old as the
Ordovician, for specimens of Girvanaster
have been found (U.Ord.,, W.Scot.) simi-
larly dilated with small gastropods. Many
modern asteroids eat other asteroids, ophiur-
oids, and echinoids. The predator digests
the soft parts and ejects the hard remains.
Fossil “pellets” consisting of such remains
have been found in Upper Cretaceous
chalks of western Europe; these are prob-
ably attributable to carnivorous asteroids.
One specimen included identifiable remains
of nine species of asteroids, two ophiuroids,
and one echinoid (89).

The second methad is that employed by
Asterias and other members of its family.
The sca star straddles a pelecyped and pulls
open the upper valve with its tube feet; the
lips of the stomach are then everted and
inserted between the valves of the prey; the
soft parts are then digested outside the
mouth of the sea star, and the product is
sucked in. This form of external digestion
is applied to a variety of other prey, such
as brachiopods, sickly fish, or coral polyps.
An example of this system of feeding is
supplied by a find of more than 400 Devon-
aster individuals associated with a bed of
pelecypods (M.Dev., N.Am.}.

25

How the strains involved in opening such
large food are met is explained by Figure
31. The body, raised into a dome, is sup-
ported on the tips of the arms and pre-
vented from collapse partly by long and
strong dorsal muscles and partly by the
chains of adambulacrals united by short
muscles. The firm mouth frame supports
the center of the dome. A specimen of

e —
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2a Z2b

Tis. 32. Movements of echinoderm mouth parts
useful for digging. 1. Ophiuroid mouth-frame
movements associated with digging action of mouth-
angle plates (133). 2. Movements of an echi-
noid’s teeth showing position protruded (24) and
partly retracted (26) (111). 3. Movements of
second pair of buccal tentacles of an ophiurnid dur-
ing digging action of mouth-angle plates; the ten-
tacles are placed favorably for lateral scooping of
lnosened sediment and in some forms they are en-
larged considerably {133},
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stone canal

madreporite

Fic. 33. Arrangement of buccal tentacles in Eophi-
ura; these consist of tube feet disposed along edges
of the buccal slits (133).

Ordovician Salteraster has been found in
approximately this position.

Divergence of the first ophiuroids from
the common stock of somasteroids may be
associated with their living in burrows in
the sea floor. The earliest ophiuroids
(Arenig.) are found in nodules which show
molds of some of the interior soft parts,
indicating that the animals may have been

Fic. 34. Cheiropteraster (L.Dev.), showing down-

ward projection of small mouth-angle plates for

anchorage and diverging proximal ambulacrals next
to the deep buccal slits, x0.6 (133).
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buried in sediment at the time of death;
moreover, central parts of the animal are
preserved while distal parts of the arms
are missing. The Recent Amphiura lives in
a burrow with tips of the arms above or
very near the sea bottom (Fig. 3). Where

2a

Fic. 35. Arm structure and movement in active
bottom-dwelling ophiuroids  (135). 1. Inter-
vertebral joints of zygophiuroid vertebrae showing
(lab) dorsal ball-and-socket and ventral peg-
and-socket elements, latter maintaining linkage of
vertebrae when the arm is used to push against the
sea floor. 2. Position of arms in crawling; 2a,
Ophinra (Rec.) in first position (black) and at end
of arm stroke (outline), showing inactive arm in
front or rear (arrow shows direction of movement);
2b, Ophiaulax (Dev.) in similar positions.

Fic. 36. Onychaster flexilis MEex & Worrnen (L.
Carb.), intertwined in the arms of the crinoid
Baryerinus hoveyi (103).
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arm tips of early ophiuroids are preserved,
they are generally pressed closely to the
aboral surface of the disc, as if the arms
had been withdrawn into the burrow before
death (Fig. 4). As in living Astropecten
(70), the tube feet may have been used
as scoops in excavating, but the sediment
was perhaps loosened by thrusts of the
mouth-angle plates (Fig. 32,7) operating as
do echinoids’ teeth (Fig. 32,2); withdrawal
of the cone of mouth-angle plates would
swing the buccal tentacles into place to
scoop away the loosened sediment (Fig.
32,3). While digging, the arms are bent
upward and the disc is elongated to accom-
modate the animal to its narrow burrow.

Once in its burrow an ophiuroid can use
only the tube feet of the tips of the arms
for the capture of food; this is then passed
along the series of tube feet protected by
the lateral and sublateral plates and by rows
of spines, until it reaches the mouth which
is well provided with buccal tentacles (Fig.
33). The tunnel thus formed also serves
for the passage of respiratory water. Arenig-
ian ophiuroids (e.g., Eophiura, Palacura)
have been found in this position of feeding.

Other early ophiuroids, such as Stenaster
(M.Ord.-U.Ord), had large soft slightly
calcified discs providing a large food-col-
lecting surface on the aboral side, which
was connected by channels with the rows
of tube feet on the oral surface. Presumably,
they were sessile bottom-dwellers, living
either as suspension-feeders or gathering
organic detritus with their buccal tentacles,
or both. Cheiropteraster (L.Dev., W.Ger.)
had a large swollen disc anchored to the
bottom by the mouth-angle plates (Fig. 34).
The widely open buccal slits were bordered
by buccal tentacles (only tube feet present
in the genus) in a position to grasp food
from debris floating near the bottom.

By Devonian time two groups had de-
veloped, with feeding habits associated with
considerable structural modifications of the
arms that allowed for active movement on
the sea floor in one group and for a com-
mensal life attached to crinoids and other
hosts in the second. In the first of these
(Ophiurida), the zygophiuroid joint is de-
veloped with a peg and a socket on the
lower half of the vertebra, which allow the
arm to swing downward rapidly (Fig. 35,

Fic. 37. Dense populations of ophiuroids in shallow

water near Plymouth, England. 1. Ophiothrix

fragilis in an area of 0.25 sq.m. at depth of 55 m.;

about 100 individuals to 1 sq.m. 2. O. fragilis in

an area of 0.25 sq.m. at depth of 48 m.; about 340

individuals to 1 sq.m. (from submarine photographs
by H. G. Vevers, 1952).

I); the vertebral segments interlock dur-
ing the swinging movement of the arm tip
so as to push the animal along the sea floor.
The arms are held in a characteristic pos-
ture during this process, two pairs of arms
being used for propulsion and the fifth
being inactive (Fig. 35,2). An abrupt
change of direction is accomplished by
using the inactive unpaired arm and the
adjacent one of a pair, leaving the other
arm of the pair to become inactive. Ophiura
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can attain a speed of about 6 feet a minute,
many times faster than an asteroid of
comparable size using only its tube feet.
Specimens of Ophiaulax (Dev.) have been
found fossil in this “hunting” position (Fig.
35,26). The system of vertebrae also al-
lows the tips of the arms to coil around
large prey and bring it to the mouth, like
an elephants trunk; in these forms the
mouth-angle plates, used in earlier forms
for digging burrows, now become jaws for
crushing and tearing prey. Another im-
portant modification is the development of
the laterals, which wrap around and are
fixed to the vertebral axis. The laterals
carry spines which may aid the grip of the
arm on the bottorm during movement; nor-
mally they do not entirely encase the arms,
the gaps being filled by small dorsal and
ventral plates.

The sccond of the two new groups in
the Devonian (Phrynophiurida) had arms
that could climb up and grip onto hosts
such as crinoids by means of the vertical
rolling of the arms and small hooked spines
(Fig. 36). This group consists of suspen-
sion-feeders, collecting organic particles by
their own ciliary action, aided by that of
their hosts. Some extant members of the
order, the “basket stars” (Gorgonocephali-
dac), have complex branched arms forming
a tangle; they do not need the support of
stalked animals but can support their food-
gathering apparatus above the sea floor
themselves.

Many living members of the order
Ophiurida also retain the habit of suspen-
sion-feeding. Submarine photographs (Fig.
37) have shown very high densities of
Ophiothrix in layers one above the other,
apparently forming nets 1o capture food
brought by tidal streams.

GLOSSARY OF MORPHOLOGICAL
TERMS APPLIED TO ASTEROZOANS

The complex structures of asterozoans
have given rise to many special terms. Varia-
tion in nomenclature and usage by special-
ists has greatly increased the number fikely
to be met in the literature. In the Treatise
the number of such terms is kept to a mini-
mum and in the following glossary many
terms are mentioned merely as synonyms.
Classification of terms is indicated typo-
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graphically, boldface for most commonly
used terms and italics for terms not recom-
mended.

Many authors treat the names of particu-
lar ossicles ending in “al” as Latin nouns
with a plural ending in “da” (e.g., am-
bulacral, pl. ambulacralia). In the Treatise
such terms are treated as English words
and the plurals formed by adding “-s” (e.g.
ambulacrals}.
abacrinal. See aboral.
aboral. Applicd to surface (or structures on i1} op-

posite that bearing mouth and ambulacral grooves,

or to dircction away from mouth (syn., abactinal,
apical, dorsal).

accessory. Applied 1o ossicles of oral or aboral sur-
facc other than ossicles of primary circlet, cari-
nals, ambulacrals, marginals, or terminal.

actinal, See oral.

actinostomial ring. See mouth frame.

adambulacral. Ossicle of series on oral surface of
ray, next to ambulacrals {abbrev,, Adamb., pl.,
Adambd): derived from first virgal of primitive
somasteroids.
adaxial. Applicd 1o ossicles actually or in origin in
ransverse series wiih axial ossicles (ie., with
ambulacrals).

adoral. Directed toward mouth.

adradial, Ossicle of series on aboral surface of ray,
between carinals and marginals {sym., accessory
radial, dorsclateral); also, directed toward axis
of ray,

ambital. Pertaining to edge of body in plan view.

ambulacral. Ossicle of axial skeleton, one of double
scries of opposite or alternate ossicles formed
along radial water vessel that constitutes axis of
ray or arm (abbrev., Amb&, pl., Ambb); also, per-
taining o series of ambulacral essicles.

ambulacral groove. Axial depression along oral
surface of ray that is roofed by series of ambula-
cral ossicles.

ambulacral channel. Median channel betwcen am-
bulacrals that houses radial water vessel and ac-
companying soft tissues,

ampulla (pl, ampullae). Dorsal saclike part of
tube foot, either seated cxternally in cupule or
internally and connecting with podium through
podial pore: ampullae may be single or double.

anus. Vent of digestive tract, present only in some
asteroids in which it is an Inconspicuous pore
near middle of aboral surface of disc.

apical. See aboral.

arc. Curved part of margin of asteroids in which
arms are more or less distinct from disc in plan
view; generally as interbrachial arc.

arm. Radial extension of body surrounding axis
consisting of ambulacra; arms may be distinct
from disc or not.

axial. Pertaining to axis formed by ambulacrals in
sheath of radial water vessel in ray.
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axil. Angle formed by junction of rays or arms in
asteroids that have straight-sided arms and ne
interbrachial ares.

axillary. In axil; generally applied to single Jarge
assicle in axils of certain asteroids.

bivigm, Dart of asterozoan containing madreporite
and ray on each side of it.

body wall: Integument, with any included calcarcous
skeleton, that encloses disc and arms,

brachial, See carinal,

buccal shield. Large, more or less triangular ossicle
in interradial position adjoining mouth in ophiur-
oids {sp#n., buccal plate).

buccal slit. Fxtension of mouth along axis of ray,
bordered by single row of ambulacrals on each
side (sy#n., oral slit).

buccal tentacle, Tube foot an border of buccal slit,

bursa (pl., bursae). Internal gill pouch in ephiur-
oids, entered by gill slit.

caecal pore. See papular pore.

carinal. Ossicle of series along mid-line of aboral
surface of ray, in line with primary radial if pres-
ent (syn., brachial, median dorsal, radial).

central plate. See centrale.

centrale. Prominent plate at center of aboral sur-
face of disc in many asterozoans, center of pri-
mary circlet (syn., central plate, centrodorsal),

centrodorsal. See centrale.

covering plate. Sometimes applied to laterals in
certain primitive ophiuroids in which they can
swing over ambulacral groove or to adambula-
crals in certain asteroids.

cryptozonate. Referring to asteroids in which mar-
ginals are not conspicuously larger than other
ossicles.

cupule. Cup-shaped depression on oral surface of
ambulacrals in which whe foot 1s seated,

dental papilla. Scalchike ossicle projecting from jaw
in ophiureids.

disc. Central part of body, more or less distinctly
separable from arms.

disc ambital. See intermarginal.

distal. Situated relatively farther away from mouth
or center of disc; opposite of proximal.

dorsal. Same as aboral.

dorsal shield. Ossicles of series along mid-line of
aboral surface of arm in ophiuroids (sym., dorsal
arm plate).

dorsolareral. See adradial,

fasciole. A specialized, heavily ciliated tract; applied
te the intermarginal channel in some asteroids,

faoring plate. See ambulacral.

genital bar. Elongate ossicle along oral edge of gill
slit at base of arm in ophiuroids.

genital papilla. Minute scalelike process adjoining
gill slit.

genital shit. See gill slit,

gill slit. Fissure in disc of ophiurcids along side of
base of arm, leading into bursa.
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granules, Minute, more or less spherical skeletal
elements situated on surface of ossicles, generally
in pits or distributed in covering skin.

groove spine, Short blunt spines, generally recum-
bent, in clusters or rows bordering ambulacral
grooves in Imany asteroids.

inferomarginal. Ossicle of a series along the oral
edge of arms or disc or both (abbrev., InfM, pl.,
InfMM); in origin part of the adaxial skeleton,
L.c., a virgal.

interactinal. See oral intermediate.

interbrachial, Between arms; applied to margin or
surface of disc or to internal structures.

intermarginal. Small ossicle between rows of in-
feromarginals and superomarginals in  some
astcroids; also as epither, applied to surface of
one marginal adjoining next marginal.

intermediate, Apart {from its common usage, ap-
plied specifically to ossicles of oral surface be-
tween adambulacrals and inferomarginals (see
oral intermediate).

interradial. Indicating position midway between
axis of adjacent rays or area between such rays,

interray. Area between a pair of adjacent rays.

jaw. Compound ossicle projecting inte the mouth
cavity in ophiuroids.

lateral. Ossicle of a series along the side of the arm
in ophiuroids (abbrev., L, pl, LL) (syn., side
shield); in origin a virgal.

madreporite. Spongy or sievelike ossicle that serves
as inlet to the water vascular system (abbrev.,
Mad); 1t 1s located interradially, lateral in some
primitive asterozoans, but on the aboral sur-
face in most asteroids and a few ophiuroids and
on the oral surface in other ophiurods,

marginal. Ossicle of a series along the ambitus
(abbrev., M, pl., MM): either of infcromarginal
or superomarginal series.

median dorsal. See carinal.

metapinnule, Structure running transversely out-
ward from ambulacral and compesed of scries
of more or less cylindrical ossicles called virgals:
metapinnules constitute adaxial skeleton in most
somasteroids and persist more or Jess modified
in many asteroids and ophiurvids.

mouth. Entrance to digestive tract, invariably lo-
cated in center of oral, or under, side of animal,

mouth-angle plate. More or less prominent wossicle
projecting into mouth from proximal end of in-
terray, forming pair with adjacent mouth-angle
plate {(abbrev,, MAP, pl,, MAPP); in origin part
of series of ambulacrals.

mouth frame. Angulated girdle of ossicles surround-
ing mouth (sy»., actinostornial ring}.

mouth shield. See buccal shield.

odontophore. Single axillary on distal edge of pair
of mouth-angle plates in astercids.

oral. Applicd to surface of animal thar contains
mouth and in asterozoans is directed downward
(syn., actinal).
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oral intermediate. Applied to ossicles of oral sur-
face hetween adambulacrals and infcromarginals
in asteroids, constituting part of adaxial skele-
ton (sym., interactinal, ventrolateral).

oral papilla. Minute scalelike projection near mouth
in ophiuroids.

oral shit. See buccal slit.

ossicle. Any individual calcified clement ef skele-
ton, but normally used for larger of such ele-
ments.

papilla (pl., papillae). Scalelike minute ossicle in
ophiuroids.

papula (pl, papulae). Short protuberance of inte-
gument between ossicles of aboral or oral surface
of asteroids that functions as external gill,

papular pore. Gap between ossicles for protrusion
of papula (sym., caecal, respiratory pore).

paxilla {pl, paxillae}. Ossicle of extraxial skele-
ton with shaft surmounted by tuft of spinelets.

paxillose. With paxillae.

pedicellaria (p., pedicellariae;, Minute forceps- or
pincer-like or valvate calcareous appendage borne
on or in skin, ossicles, or spines of asteroids.

phanerozonate. With marginals conspicucusly larger
than other ossicles.

plate. See ossicle.

podial opening, podial pore. Passage between am-
bulacrals for emergence of tube foot.

podium (pl., podia). Cyclindrical outer part of tube
foot.

primary circlet. Ring of prominent ossicles on aboral
surface, typically consisting of five radials and
five interradials surrounding centrale.

proximal. Nearer mouth or center of dis¢; opposite
of distal.

pustule. Minute boss on ossicle with central depres-
sion in which spine artculates.

radial, Prominent assicle on aboral surface of aster-
oids, in line with mid-line of arm, forming part
of primary circtet; commonly used in older lit-
erature for any ossicle in series with primary
radial (see carinal); also applied o organs (e,
canal, nerve) extending along arms.

radial shield. Relatively large ossicle comprising one
of pair adjacent to base of arm on abaral surface
of disc in many ophiuroids.

ray. Scgment of body that includes onc ambulacral
axis.

respivatory pore. See papular pore.

ring canal. Part of water vascular system that forms
canal around mouth, from which radial canals
radiate.

side shield. See lateral.

spicule. Very minute irregular, cylindrical, or radi-
ate skeletal clement.

spine. Sharp or blunt, short or long skeletal ele-
ment, attached to ossicle by muscle.
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spine pit. Coarse or finc depression in ossicle in
which spine or granule articulates.

stone canal. Calcified tube leading from madreporite
to ring canal.

streptospondyline. Type of articulation between
vertebrae in some ophiuroids, in which there is
simple ball-and-socket joint.

sublateral. Small ossicle between ambulacral and
latera! on side of arm of some primitive ophiur-
oids, homologons with adambulacral of asteroids
(abbrev., SubL, pl., SubLL).

superambulacral. lnternal ossicle lying across the
inner junction of ambulacral and adambulacral in
same asteroids; originating from occluded virgal.

superomarginal. Ossicle of series along edge of disc
or arms or both, above series of infecromarginals
(abbrev., SupM, pl, SupMM); modified ossicle
of extraxial skeleton in origin.

supramarginal. See superomarginal.

tentacle. May be used for tube feet in general or
specialized one.

tentacle pore. Same as podial pore, but more com-
monly used than that term in describing ophiur-
oids.

terminal. Single ossicle at tip of arm, appearing
very early in ontogeny; in asteroids it protects
ocular tentacle (syn., ocular plate).

tooth papilla. See dental papilla.

torus {pl., torij, Flat ossicle, commonly carrying
spines, projecting intv mouth from mouth-angle
plate in some asteroids and from jaws of all
ophiuroids.

trivinm. Part of body containing three rays, exclud-
ing bivium.

tube foot. Extensible water-filled organ consisting
of cylindrical podium and sac-shaped ampulla,
connected with radial water canal; tbe feet
farm two or four rows along ambulacral axis.

ventral. See oral.

ventral shield, Ossicle of secondary origin on oral
side of arm in ophiuroids.

pentrolateral. See oral intermediate.

vertebra (pl,, vertebrae). Fused pair of opposite
ambulacrals, articulating with neighboring verte-
brae by ball-and-socket joints.

virgal, More or less rod-shaped ossicle of meta-
pinnule.

water-vascular system. Assemblage of water-filled
canals comprising stone canal, ring canal, radial
canals, and tube feet.

zygophiuroid. Type of articulation of vertebrae in
some ophiureids in which are several peg-and-
sacket joints that limit movement in horizontal
plane between vertebrae {sy#., zygospondyline).

zygospordyline. See zygophiureid,
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REPRODUCTION AND ONTOGENY

Liule is yet known of reproduction and
ontogeny of somasteroids, but Feir has
published a remarkable figure of a juvenile
stage of the most primitive genus, Chinian-
aster, which shows many features resemb-
ling those of comatulid crinoids (Fig. 13).

Most Asteroidea are bisexual, but her-
maphroditic individuals occur and some
species are always hermaphrodites. Genital
organs {gonads) vary in number and posi-
tion from a pair in each interradius to large
numbers arranged in two rows along each
arm. In bisexual forms these gonads nor-
mally discharge ova in very large numbers
ar sperm into the water where fertilization
occurs. Some astercids, however, broed
their young and these generally have rather
few eggs: the method of fertilization is
unknown. Certain cold-water species hatch
the eggs under their arched body; some
Astropectinidae brood young among the
paxillae of the aboral surface; some Brisingi-
dae brood them in cages of long spines be-
tween the bases of the arms; a few specics
even brood young in their stomachs. In
Pterasteridac, a supradorsal membrane sup-
ported on tops of the paxillae forms the roof
of a brood chamber.

Normaily the embryo, when it escapes
from the egg, develops a ciliated band and
projections known as larval arms; this dis-
tinguishes the bipinnaria stage. Later, three
short arms appear with a sucker between
them (brachiolaria stage). The embryo at-
taches itself to some object by the sucker
and metamorphoses into a minute star at
one end, which then breaks free from or
absorbs the remainder. The bipinnaria or
the brachiolaria stages may be omitted in
certain genera,

The skeleton begins to form as rods or
spicules that cxpand to form flat plates
with holes, typically 11 at first on the aboral
surface (five terminals, five interradials,
and one centrale). Later ossicles form be-
tween these original ones and push out
the terminals so that they remain at the
tips of the arms. In Goniasteridae the mar-
ginals are formed immediately proximal to
the terminals. A series of very young Up-
per Cretaceous Mezopaster is known from
Denmark and England (55).

Many starfishes reproduce by fission and
regeneration of the missing parts. Linckia
(Ophidiasteridac) normally casts off single
arms, which then regenerate the whale of
the rest of-the body.

Ophiuroidea are typically bisexual but
some species are hermaphrodites. A few
bisexual species have minute males per-
manently attached to the much larger fe-
males. Stenurida and Oegophiurida have
gonads arranged serially inside the arms.
More advanced forms have few to many
gonads attached to the inner wall of the
bursae; when ripe, they discharge into the
bursae and thence through the bursal slits
into the water. Some species brood their
young in the bursae or the ovaries.

In forms in which the eggs arc discharged
into the sea, the embryo escapes from the
egg in the blastula stage, much earlier than
in Asteroidea. The free larva gradually de-
velops into a pluteus similar to that of
echineids, with arms supported by skeletal
rods. The hard and soft parts of the final
stage gradually develop within the pluteus,
the larval arms are absorbed, and the larva
falls finally to the sea floor.

Reproduction by fission also occurs in
some ophiuroids.

PHYLOGENY AND EVOLUTION

Recent work bas demonstrated that the
major subdivisions of sea stars appeared
very early in geological history and that
most of the higher taxa were extraordinarily
long-lived (Fig. 38). Somasteroids and
platyasterid asteroids persist to the present
day, while the earliest known asteroids and
ophiurcids are almost contemporary with

the earliest somasteroids. One cannot there-
fore rule out the possibility that Stelleroidea
had a long history in the Cambrian. If,
however, as seems to be true, somasteroids
are derived directly from crinoids, which are
not yet known before the Ordovician, it is
natural to assume that somasteroids orig-
inated no earlier than the Late Cambrian
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and that divergence from them of asteroids
and ophiuroids was relatively rapid.

Only in the case of Platyasterida can we
trace the course of this divergence in any
detail. Platanaster differs little from some
somasteroids, and even in its asteroid am-
bulacral furrow it is not really far from
the condition seen in the living somasteroid
Platasterias. Thereafter, Platyasterida are
known only from the Devonian Palasteris-
cus, which seems to be merely a decalcify-
ing offshoot of Platanaster, and by the Re-
cent family Luidiidae, Luidia has diverged
more fundamentally, by the development of
strap-shaped arms and by telescoping and
reduction of the metapinnules to form a
pavement of squarish plates on the oral sur-
face of the arms.

Paxillosida, Valvatida, and Forcipulatida
arc all present by the end of the Ordovician
and at their first appearance they are very
distinct from one another and from Som-
asteroidea. We do not yet know enough
even to speculate usefully on the sweps by
which they diverged from Somasteroidea or
its derivative, Platyasterida. There are un-
doubtedly whole groups of Late Cambrian
and Farly Ordovician sca stars of which
so far we know nothing. However, the
presence of superambulacral ossicles in
many Paxillosida suggests their derivation
from Luidig-like Platyasterida, a supposi-
tion supported by the regular occurrence in
both groups of intermarginal fascioles. So
far as morphology is concerned, it is con-
ceivable that the other two suborders were
derived from the same source, but there is
nothing in geological occurrence to support
this.

The Spinulosida include some Recent
forms that retain suggestive somasteroid
features, such as traces of metapinnular
structure and interradial slots, and the sub-
order presumably, therefore, was derived
from primitive Platyasterida or directly
from the Somasteroidea.

The earliest known asteroid is, in fact,
a member of the Paxillosida (Hemizonina)
—namely, the Lower Qrdoviclan Petraster.
The Petrasteridae persisted into the Silur-
ian, occurring in Europe, North America,
and Australia. From Early Silurtan to
Triassic there is a widespread group, Pal-
asterinidae, whose latest member, the
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Triassic Trichasteropsis, may by paedo-
morphy have given rise to the important
stock of the Diplozonina, which first ap-
peared in the Early Jurassic; the morpho-
logical gap, however, is considerable. Al-
though the numerous Jurassic members can
be distinguished generically from Recent
forms, they all seem to belong to the Re-

cent family Astropectinidae, which s
abundant and widespread at the present
day.

In living faunas two distinct groups gen-
erally are associated taxonomically with the
Astropectinidae. ‘They are here separated,
following Fisuer (17), as the suborders
Cribellina and Notemyotina. The Cribellina
show a number of apparently primitive
characters, which in the Porcellanasteridae
arc combined with a highly specialized ap-
pearance. All members of the suborder are
characterized by cribriform organs, a type
of spectalized fasciole, between some or
all of the marginals. Crenodiscus (Gonio-
pectinidae) has channels between all mar-
ginals, with simple cribriform organs that
consist of webbed spinelets, and the chan-
nels continue across the oral surface to the
ambulacra. Ctenodiscus also has super-
ambulacrals and true paxillae. These tea-
tures suggest derivation from early Astro-
pectinidae by development of the marginal
fascioles in the direction of cribriform or-
gans. Indeed, Craspidaster (Astropectini-
dae) differs from other members of its fam-
ily in having the marginal channels cov-
ered by webbed spinelets; it thus neatly
represents a transitional type between the
Astropectinidae and Goniopectinidae. The
Porcellanasteridae would then be derived
from Ctenodiscinae by further specializa-
tion and localization of the cribriform or-
gans, accompanying a change of ecology
that allowed the general disappearance of
spinulation of the bedy surface. If the
Cribellina were thus derived from Diplo-
zonia, one must assume that they reverted
secondarily to having single ampullae. The
only alternative possibility, an unlikely one,
would be that they originated independ-
ently from early Somastcroidea and never
passed through a stage with double am-
pullae. However, until early fossil repre-
sentarives are found, one cannot speculate
further about the suborder’s history.
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Fic. 38. Phylogeny of Astcrozea (134).

Notomyotina arc characterized chiefly by
longitudinal muscles in the arms; these
with associated imbricate marginals are pre-
sumably an adaptation fer swimming. The
only known fossils consist of dissociated
ossicles from the Cretaccous. They show
close resemblance to certain living species.
Thus, no useful discussion of phylogeny is

possible, but it is likely that the suborder
had a leng history.

Species assigned to the order Valvatida
provide a large proportion of known fossil
Asteroidea, but, even so, our knowledge
of the succession of species and genera is
very limited. The frst Valvatida {Palae-
asteraceae) generally are small, having short
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wedge-shaped arms with inferomarginal
frame extending to the arm tips; the aboral
surface is composed of rather few large
ossicles and is thus markedly paedomorphic.
Such forms characterize the Middle and
Upper Ordovician. Later forms tend to be
larger and to lose the paedomorphic char-
acter of the aboral surface by intreduction
of accessory ossicles between the initial
large ones; in addition, the bases of ad-
joining arms fuse and the large interbrachial
axillary ossicles are occluded from the mar-
gin,

Promopalaeasteraceae  have the infero-
marginal frame limited and not extending
to the arm tips; the arm becomes rounded
in section, with the ambulacral segments
compressed and the proximal ambulacrals
in four rows, as in Forcipulatda. Presum-
ably, this superfamily represents a continu-
ation of the trends seen already in Palue-
asteraccae. The Monasteridae, however,
found only in the Permocarboniferous of
Australia, have diverged in a different
direction; here the adambulacrals are ex-
ceptionally wide and occupy most of the
oral surface of the arms.

The Mesozaic Stauranderasteridae closely
resemble Monaster, except that they have
adambulacrals of more normal width. Tt
would seem that the Stauranderasteridae
are less aberrant descendants of the same
group from which Monaster had diverged.

Early in the Jurassic the family Sphaer-
asteridae appeared, including forms with
a closely fitting armature of ossicles and
with no produced arms. The Jurassic
Sphaeraster was hemispherical but an al-
most spherical genus survives to the present
day. This group is probably derived {rom
early Stauranderasteridae.

The Goniasteridae include many Meso-
zoic and Recent gencra, whose general simi-
larity is marked. They presumably orig-
inated in Palaeasteraceae, but there is a
large gap in the late Paleozoic. The abund-
ant Cretaceous forms allow recognition of
some phyletic series which include links
with a few Recent genera, but the detailed
phylogeny of most of the family remains
unknown, It was among Upper Cretaceous
Goniasteridae that parallel evolution in sev-
eral species series led to an orthogenetic
interpretation. Many features that supported
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this interpretation are now known to be
consequences of allometric growth, and
there is no reason to postulate any process
other than normal selection operating on a
number of separate stocks in various niches
in one broad environment.

The Oreasteridac are characterized by a
high swollen disc, some with large tubercles
or stout spines. They may have a super-
ficial resemblance to cerrain Staurander-
asteridae, but their young stages are flat and
have inferomarginals and superomarginals
like those of Goniasteriadae. They are thus
probably derived from that family, but their
coarsely reticulate aboral skefeton has di-
verged considerably from the tessellate one
of the Goniasteridae.

The Ophidiasteridae are common in Re-
cent seas but are known as fossils only from
the Upper Cretaceous and Cenozoic. With
their long cylindrical arms, they much re-
semble some Paleozoic forms, such as
Promopalaeaster, but it is impossible to say
if there is any direct connection,

The Spinulosida include a wide range of
living forms that mostly have not evolved
pedicellariae but tend to have groups of un-
modified spinelets on their surface. This
is a primiuve feature, and the order seems
to include a variety of stocks that separated
at different times from the Platyasterida or
even perhaps Somasteroidea. The Recent
Tremasterinae retain metapinnular struc-
ture, and the Lower Jurassic Tropidasteri-
dac show considerable resemblance 1o
Palasteriscidae (Platyasterida).

Most of the known fossil Spinulosida be-
long to a suborder characterized by large
spade-shaped mouth-angle plates, which
persists from Ordovician to the present day.
It includes several multiarmed genera, Re-
cent and fossil, and already by the Silurian
it had produced forms with reduced skele-
ton that apparently lived anchored by the
jaws as suspension-feeders. The other sub-
order, characterized by small mouth-angle
plates, includes some Recent forms of very
primitive type but is virtually unrepresented
by fossils.

The source of the Forcipulatida, all mem-
bers of which have an “ambulacral” mouth
frame, is unknown. They appeared early
in the Ordovician, The Paleozoic suborder
Uractinina mostly have very small discs and
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long narrow arms. They seem to be closely
related to ecach other and to form in gen-
eral a single evolving series. The only ex-
ception is the family Compsasteridae, which
has spindle-shaped arms and somewhat re-
sembles the Asteritdac {Asteriadina). How-
ever, there is no evidence among Comp-
sasteridae of the pedicellariae which char-
acterize the later suborder. The Compsas-
teridae and Asteriidae overlap in the Early
Jurassic, and it may therefore be reasen-
able to derive the latter from the former.
One stack of Uractinina, the Arthrasteridae,
persisted until late in the Late Cretaceous.

The Brisingina, virtually unknown as
fossils, comprise most peculiar forms. With
their long narrow arms, small disc, and
high axillary ossicle, they certainly resemble
the Uractinina, and it is likely that they
originated before the end of the Paleozoic.

The earliest order of Ophiuroidea, the
Stenurida, includes forms that show a dis-
tinct metapinnular structure reminiscent of
the Somasteroidea, but even the Pradesuri-
dae (Early Ordovician) are quite distincr
from Somastervidea in their typically
ophiuroid disc, covered with scales, and long
slender arms. The arder also includes forms
that are losing the metapinnular aspect of
the arms and tending toward typical ophiur-
oids in their arms structure.

The development of vertebral type of
axial structure is carried further in Qego-
phiurida as early as the Ordovictan and
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this order has recently been shown to per-
sist to the present day (12}. A single known
Recent species retains a number of primi-
tive “‘nonophiuroid” features.

Various specialized offsheots in  both
these early orders occur, particularly forms
with globose or bag-shaped discs that seem
to have been sessile suspension-feeders,

The remaining ophiuroids fall intw two
orders, Phrynophiurida and Ophiurida,
with fully developed vertebrae of various
types. Both these orders first appeared at
the beginning of the Devonian and have
persisted in large variety to the present day.
They were derived presumably from dit-
ferent stocks within the Oecgophiurida, but
the detailed course of their evolution is not
yet known. The Euryalina (Phrynophiur-
ida) developed a type of vertebra that al-
lowed vertical coiling of the arms and thus
the ability to cling to other sessile organ-
isms, particularly crinoids; this attribute is
first seen in the Carboniferous. Ophiurida,
on the other hand, became adapted for free
movement on the sea floor, though many
forms are actually sessile suspension-feeders.
Although considerable evolutionary radia-
tion of a miror sort has occurred in both
groups, the earliest forms are much like
modern ones, and there have been no
changes of fundamental importance. More-
over, the fossil record is poor compared
with the abundant and varied Recent fauna,
most members of which probably have a
long history.

CLASSIFICATION

TawnE in 1758 grouped all sea stars
known to him in a single genus, Asrerias,
which was divided into three sections, of
which the second, Stellatae, was equivalent
to Asteroidea as now known, and the third,
Radiatae, to Ophiuroidea plus Comatulae.
The Stellatae corresponded o Linck'’s
(1733) Stellae fissae and the Radiatae to his
Stellae integrae. Lamarck (1801) recog-
nized a “family” called les Stellérides, coor-
dinate with his les Echinides; he established
Ophiura, leaving asteroids and curyalids in
Asterias. Furyale was set up by Okex in
1815. Lanarck in 1816 within an order
termed radiaires échinodermes distinguished
a section {les Stellérides) thav included

comatules, euryales, ophiures, and asteries.
He thus finally separated Asteroidea and
Ophiuroidea. By 1835 Acassiz had proposed
Stellérides as an order of echinoderms, in-
cluding in it the two families Asteriadac
and Ophiuridae. Two years later Bur-
MEISTER named the combined group Aster-
oidea, of which Idypostoma Grav, 1840 (as
2 class), is a synonym. Forers (1840), first
in post-Linnean times, named Ophiurcidea
at the suprafamilial level.

Zirrer (1879}, largely following Bronn
(1860), divided a class Asteroidea nto two
orders, Ophiuridae, with suborders LFury-
aleac and Ophiureae, and Stelleridae, with
suborders  Encrinasteriae  and  “Asteriae



U36

verae” (91). The Encrinasteriae included
a group of fossil forms, mainly Devonian,
with marginals and stout petaloid arms.
Scuénporr (62) divided this group into
two parts, one including forms with oppo-
site ambulacrals, which he referred to
Asteroidea, and the other with alternate
ambulacrals, which he thought could not
be referred either to Astervidea or Ophiur-
oidea and therefore assigned to a new sub-
class, Auluroidea. Subsequently Sprncer
(1930) showed that these forms had good
ophiuroid characters and so he abandoned
Scuonpore's subclass. ZrrTer’s “Asteriae
verae” were long known as Euasteriac
{ Bronw's term) or Euasteroidea, in contrast
with Encrinasteriae.

Lunwic demonstrated that the Asteraidea
and Ophiuroidea were built on a common
plan, and he found in the ontogeny of
Ophiuroidea what he regarded as an aster-
oid stage (42).

Grecory {1899) cstablished a class Stel-
leroidea with subclasses Asteroidea and
Ophiuroidea: he recalled (25, p. 238) that
these taxa are usually ranked as distinct
classes but stated carrectly that “no definite
line of separation can be drawn between
them” and that they are “constructed upon
the same fundamentual plan,” “contain the
same variations from the typical arrange-
ment,” and have “not a single constant
difference between them.” This is the view
adopted in the Treatise and generally ac-
cepted by palacontologisis. Some neontolo-
gists, however, have argued for a wider
separation of Asteroidea and Ophiuroidea,
primarily on embryological grounds. The
facts of palacontology and alse the occur-
rence among living forms of certain Ophiur-
oidea with asteroid characters outweigh the
embryological evidence. That ophiuroid
larvae at certain stages differ from asteroid
larvae and rescmble those of echinoids is
presumably due to scparate evolution of
the pelagic larvae of Ophiuroidea (on which
the pressures of sclection operate just as
much as on the adults) and convergence
with echinoid larvae. Some biochemical
evidence suggests closer affinity between
ophiuroids and echinoids than between
ophiuroids and asteroids (36, p. 700): but
even if this is found to be valid in wider
investigation it still would not autweigh the
morphological and paleontalagical evidence.

Echinodermata—Asterozoa

Finally, Spenesr (77) based a third sub-
class, Somasteroidea, on certain Lower
Ordovician sea stars and demonstrated that
they were ancestral both to Asteroidea and
to Ophiuroidea. FeiL subsequently recog-
nized a living species of somasteroid (11)
and put the relationship of the threc sub-
classes on a firm basis (13).

Subdivision of Astervidea above family
level began in 1875, when PErrikr estab-
lished two unnamed sections, one with
stalked and straight or crossed pedicellariae
and quadriserial tube feet (family Asteril-
dae), the other with sessile pincer-shaped
or valvate pedicellariae and biserial tube
feet {six other familics),

Vicuier (1878) had two subclasses of a
class Asteroidea based on nature of the
mouth ring (86). The first, “Asteries am-
bulacraires,” was characterized by predomi-
nance of the proximal functienal ambula-
cral plates in the mouth ring and feebleness
of the mouth-angle plates, by staiked,
straight, or crossed pedicellariae, and by
quadriserial tube feet (families Asteriidae,
Heliasteridae, Brisingidae), the second by
the predominance of adambulacral plates,
to which the mouth-angle plates are as-
similated, in the mouth ring, by sessile
pincer-shaped or valvate pedicellariae and
by biserial tube feet (seven families).

Perrizk in 1884 regarded the pedicel-
lariae, although on fallacious grounds, as
morc important than other characters for
classification and amplified his previous
scheme (33). He divided the Asteroidea
into four orders according to characters of
the pedicellariae as follows: Forcipulatae
(families  Brisingidae, Pedicellasteridae,
Astertidae, Heliasteridae), Spinulosae {Ech-
inasteridae, Pterasteridae, Asterinidae), Val-
vatae (Linckiidae, Goniasteridae, Asteropsi-
dae), and Paxillosac (Archasteridae, Astro-
pectinidae).

Srapen (1889) rejected PErrIR’s classi-
fication and established only two orders:
Phanerozonia characterized by conspicuous
marginals, and Cryptozonia, with marginals
reduced or absent in the adult. Since some
Cryptozonia have a phanerozonate stage in
ontogeny, he regarded Phanerozenia as the
more primitive order {67). A number of
families cannot be definitely assigned to
the Phanerozonia or Cryptozonia and in
practice SLADEN's classification has been
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combined in various ways with Prrrier’s.
Frsuer, for example, maintained the Phan-
erozonia to include Perrier’s Paxillosae and
Valvatae and ranked it with Spinulosae and
Forcipulatae (17).

The classification adopted for Asteroidea
in the Treatise is essentiaily a combination
of that of Perrier and Vicuier, modified
in the light of paleontwlogical evidence and
the work of Ferr, The four Recent orders
of PERRIER are seen on a variety of evidence,
including characters of the mouth ring and
mouth-angle plates, to have their roots in
Paleczoic familics. The Luidiidae, how-
ever, are Recent survivors of the Paleozoic
order Platyasterida, which represent the
simplest modification of Semasteroidea to
asteroid status. The Asteroidea are thus

divided into five orders, Platyasterida,
Paxillosida, Valvatida, Spinulosida, and
Forcipulatida.

Above family level, the Ophiuroidea were
split by most 19th-century authors into two
divisions, ophiurids and euryalids, variously
graded. Berr (1892), however, was struck
by the importance of the system of articula-
tion of the vertebrac. Accordingly, he div-
ided the Ophiuroidea into three groups,
Streptophiurae, with simple ball-and-socket
articulation; Cladophiurae, with hour-glass-
shaped articulatory surfaces; and Zygo-
phiurace, in which free lateral movement of
the arms was limited by processes and pits
at sides of the vertebrae (1). Grrcory
{1897) added Lysophiurae for Paleozoic
form, with a double series of alternating
ambulacrals instcad of vertebrae (24).

Jaeker, in 1923, erected a class “Brachioi-
dea,” divided into two subclasses, Paro-
phiura, for certain carly Paleozoic forms,
and Ophiura (38). Howcver, Matsumoto
{1915) proposed an entirely new classifica-
tion based on internal skeletal structures
(45). Within the class Ophiuroidea he
established two subclasses, Oegophiuroidea,
for a group of Paleozoic forms, and Myo-
phiuroidea, for the remainder. The latter
subclass contained four orders, Phrynophi-
urida, Laemophiurida, Gnathophiurida, and
Chilophiurida.

Spencer (1951) recognized the subclass
Ophtiurcidea containing an order, Stenur-
ida, with tweo suborders, co-ordinate with
an order Ophiurida for the rest; within the

{37

Ophiurida he included as suborders Marsu-
moro’s Oegophiuroidea and Myophiuroidea
(77).

Ferr (1962) has shown that Marso-
Moro’s Oegophiurcidea and Phrynophiur-
oidea should stand as orders co-crdinate
with the Stenurida, while Martsumoro’s
other orders could, if accepted, best be
regarded as suborders of the Ophiurida (of
which  Marsumoro’s  Myophiuroidea  is
really a synenym, 12). This is the classifi-
cation adopted in the Trearise. However,
Murakamr has recently (1963} published a
classification of extant ophiuroids derived
from that of Matsumoto but based pri-
marily on details of the jaw structure (52),
He has distinguished the following orders
and suborders: Phrynophiurida, Laemoph-
iurida, Gnathophiurida, and Chilophiurida,
with three suborders set up by himself in
1947, Trematophiurina, Holophiurina, and
Agmatophivrina. Whether this rearrange-
ment will find general acceptance remains
to be seen.

OUTLINE OF CLASSIFICATION

The figures in parentheses indicate num-
bers of included genera. Where there is
no oblique stroke, the figure represents fos-
sil genera, some of which may have Recent
species, Where there is an oblique stroke,
the figure before it represents genera known
as fossils (possibly including Recent spe-
cies), while the figure after the oblique
stroke represents Recent genera with no
known fossil species. Figures after a colon
{:) indicate numbers of subgenera exclu-
sive of nominotypical subgenera,

Asterozoa (subphypinm) (182/556:14). L.Ord -Ree.
Stellernidea (class) (182/536:14). L.Ord -Rec.
Somasteroidea (subclass) (7/1). L.Ord.-Rec.
Goniactinida (order) {7/1). L.Ord.-Rec.
Chinianasteridae {1). L.Ord.
Villebrunasteridae (2). L.Ord.
Platasteriidae (/1). Rec.

Archegonasteridae (1). L.Ord.
Archophiactinidae (3). U.Ord.-U.Dew.
Asteroidea (subclags) (111/288:12). L.Owd.-Rec.

Platyasterida (erder) {3). M.Ord-Rec.

Palasteriscidae {2), M.Ord.-L.Dev.
Luidiidae (1). Mio.-Rec.
Paxillosida forder} (13/41:2). L.Ord.-Ree,
Hemizonina (suborder) (6), L.Ord.-Trias.
Petrasteridae (1}, L.O#d.-Sil,
Lepidasteridae {2). M.Si.-U.Dev.
Palasterinidae (3). S#.-Trias,
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Diplozenina {suborder) (7/20:2). Ljur-Rec.

Astropectinidae (7/20:2). L.Jur.-Ree.
Astropectininae (7/19:2). L.Jur.-Rec.
Craspidasterinae (/1). Ree.

Crihellina fsuborder) (/13). Rec.
Goniopectinidae {/4). Rec.
Goniapectininae (/2}. Rec.
Ctenadiscinae {/2). Rec.
Porcellanasteridae (/9). Ree.

Notomyvotina (suborder] {1/8). L.Cret.-Rec.
Benthopectinidae (1/8}. L.Cret.-Rec.

Valvatida forder) (69/93:2). L.Ord-Rec.

Pustulosina fsuborder) (27). L.Ord.-L.Carb.

Palacasteraceae (saperfamily) {22). L.Oxd.-L.

Carb., ?Permocar.
Palacasteridae (2). M.Sil., ?Permacaré,
Budsonasteridae {63, L.Ord.-U.Sil.
Hudsonasterinae (4}, L.Ord.-U.Ord.
Coccasterinze (1), M.Si.-U.Sil.
Silurasterinae (1), M.Ord.
Neopalaesteridae (1), L.Carb.
Mesopalaesteridae (6). U.Ord.-U.Der.
Mesapalacasterinae (3). U.0rd.-U.Dev.
Lepidactininae (2), M.Si.-L.Dex.
Clarkeasterinae (1), U.Dee.
Nenasteridae (5). L.Dee.
Family Uncertain (2).
Promopalacasteraceae (superfamily) (5). M.
Ord -Sil.
Promopalacasteridae (3). M.Ord.-Sil.
Foactinidae (2). Sil.

Tumulosina {suborder) (6/1). Permocarb.-Rec.
Monasteridac (1), Permocarb.
Staurandcrasteridae (3). M. Jur.-U.Cret.
Sphaerastericlae (2/1). M. Jur -Rec.

Granulosina (suborder) (36/92:2). L.Jur.-Rec.
Odontasteridae (1/5). M. Jur.-Rec.
Chactasteridae (/1}. Rec,

Archasteridae (1}. ?Mio., Rec.
Goniasteridae (30/44:23. L.Jur.-Rec.
Goniasterinae (5/11:1). U.Cret.-Rec,
Chitonasterinae (/1). Rec.
Athenoidinae (/5). Rec.
Hippasteriinae {1/2:1). U.Cret.-Rec,
Nectritnae (/2). Rec.
Pseudarchasterinae (2/2). UJur.-Rec.
Pycinasterinae (2). L.jur.-Mio.
Subfamily Uncertain (20/22}.
Oreasteridae (/20). Ree.

Ophidiasteridae (4/19), U.Crer.-Rec.

Radiasteridae {/2). Rec.

Spinulosida {order) (15/72:2). M.Ord.-Rex.

Fugnathina (suborder) (13/23:2). M.Ord.-Rec.
Taeniactinidae (4), U.0rd.-L.Carb.
Lepyriactinidae {1}, L.S4.
Schuchertiidae (1). M.0rd.-Si,
Helianthasteridae (3). Der.
Solasteridae {2/7). L.Jur .-Ree.
Tropidasteridae (1). L.Jur.
Korethrasteridae (/4). Rec.
Pythonasteridae (/3), Rec.
Pvthonasterinae (/1). Rec.
Myxasterinae {/2). Kee.

Pterasteridae (/9:2). Rec.

Leptognathina (suborder) {2/49). L.Jur.-Rec.
Asterinidae {/17}. M.Jur.-Rec.
Asterininae {/12}). Rec.
Anseropodinae (/3). Rec.

Tremasterinae {/2). M.jur., Rec.
Ganeriidac (/8). Rec.
Poraniidae (/13). Ree.
Echinasteridae (1/1). ?U.Cret., Rec.
Valvasteridae (1/1). L.Jur.-Rec.
Acanthasteridae (/1). Rec.
Mithrodiidae (/1). Ree.
Metrodindae {/1). Ree.

Forcipulatida (erderj (11/82:6). L.Ord.-Rec.
Uractinina (suborder) (10). L.Ord -U.Cret.
Cnemidactimdae (1}, Ord.

Urasterellidae (5). L.Ord -Permocarb.
Calliasterellidac (3). L.Carb.-U.Cret.
Protarthrasterinae (1), I..Carb.
Cailiastercllinae (1), U.Carb.
Arthrasterinae (1). U.Cret.
Compsasteridae (1). L.Dev.-I. Jur.

Asteriadina {suborder) (1/65:6). L.Jur-Ree.

Fleliasteridae ¢/1). Rec.

Zoroastendae (/7). Ree.

Asteriidae  (1/57:6). ?L.Jur., M.jur.-Rec.
Asteriinae (1/45:6). ?L.Jur., M.Jur.-Ree,
Pedicellasterinae (/5). Ree.
Labidiasterinae (/4). Rec,
Pyenopodiinae (/2). Ree.
Neomorphasterinae (/1). Rec.

Brisingina {swborderj (/17). L.Oligo.-Rec.
Brisingidae (/17). L.OMigo.-Rec.

COphioroidea (subclasst (63/266:2). L.Ord.-Rec.

Stenurida {order) (10). L.Osd.-U.Der.

Proturina (suborder) (6). L.Ord.-U.Dev.
Pradesuridae (2). L.Grd.-L.-Dev.
Phragmactimdae (1), U.Ord.
Rhopalocomidae (2}, U.Si.-U.Dee.
Bdellacomidae {1}, U.Sd.-L.Dev.

Parophiurina { suborder) (4). L.Ord.-L.Dev,
Fophiaridae (1), L.Ord.

Palzeuridae (2). L.Ord.-f..Dev.
Stenasteridae (1}, M.Ord.-U.Ord.

Oegophiurida {order) (21/1). L.Ord.-Rec.

Lysophiurina (suborder} (15} M.Ord -L.Carb,
Encrinasteridae (7). U.Qrd.-L.Carb.
Protasteridae (8). M.Ord.-L.Card.

Zeugophiurina (suborder) (6/1). L.Ord.-Rec.
Lapworthuridae {3). L.Ord.-L.Dez.
Furcasteridae {2). U.Ord.-L.Carb.
Klasmundae (1), D.Dew.

Ophiocanopidac (1). Rec.

Phrynophiurida forder} (4/69). L.Dev.-Rec.

Ophiemyxina fsuborder) (/23). Rec.
Ophiomyxidae (/23). Rer.

Ophiomyxinae (/16). Rec.
Ophiobyrsinae (/7). Rec.

Eurvalina (suborder) (4/46). L.Dev.-Ree.
Eospendylidae (2). L.Dee.
Onychasteridae (1), Miss.

Asteronychidae (1/1). ?17.Cret., Rec.
Asteroschematidae (/6). Rec.
Gorgonocephalidae (/33). Oligo.-Rec.
Euryalidac (/6). Ree.

Ophiurida {orderj (26/194:2). Sil.-Ree.

Chilophiurina {seborder} (18/90:2). Sil.-Rec.
Ophiurinidac (5). Si.-L.Carb.
Ophiuridae (10/48). L.Carb.-Rec.
Aganasterinae {1}, I[.Carb.

Ophiurinae (7/30). L.Carb.-Rec.
Ophiolepidinae (2/18). ?Perm., Rec.
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Ophioleucidae {(/8). Rec.

Ophiocomidae {1/6). ?U.Crer., Rec.

Ophicnereididac (/5:2). Ree.

Ophiodermatidae (2/23). [.Jur.-Rec.
Laemophiurina (suborder} (4/45). L.Jur.-Rec.

Ophiacanthidae (3/37). L.Jur.-Rec.

Hemieuryalidae (2/8). ?L.Jur., Ree.
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Gnathephiurina (soborder) (4/59), ?LJur.,
Ree,
Amphilepididae (/2). Rec.
Ophiactidae {/3). Rec.
Amphiunidae (3/36). U.Cret.-Rec.
Ophiothricidae (1/16). ?L.fur., Rec.
Suborder and family Uacertain (1}.

SYSTEMATIC DESCRIPTIONS

Subphylum ASTEROZOA Zittel,
1895

Echinoderms characterized by generally
depressed star-shaped body, composed of
central disc with mouth on underside and
symmetrical radiating arms; axial skeleton
along arms protects radial water vessels and
nerves; tube feet normally confined to lower
side of body. L.Ord-Rec.

In addition to genera known as fossils,
Recent genera are listed with author, date,
type-species, and synonymy, but generally
diagnoses of gencra not yet found fossil are
omitted, despite the probability that most
Recent asterozoan genera are of consider-
able geological age. Many fossil asterozoans
have been referred to extant gencra. Not all
of these attributions are justified and some
have been omitted here.

Class STELLEROIDEA Lamarck,
1816

[nonz, tranil. et corvect. Grecory, 1900 (pro les Stellérides
Lamarck, 1816)]

Characters of subphylum. L.Ord.-Rec.

Subclass SOMASTEROIDEA
Spencer, 1951

Asterozoans with oral surface bearing
shallow radial channels formed by recum-
bent ambulacrals, which in at least some
forms can be raised to form temporary
ambulacral furrows; tube f{eet seated in
broad basins, which may or may not com-
municate with body cavity; radial water
vessel enclosed to varying extent between
ambulacrals. Axial skeleton consisting of
ambulacrals in double series, generally in
opposite pairs but apparently alternaring in
some forms, each ambulacral typically giv-
ing rise to transverse serics of ossicles (meta-
pinnules), consisting of more or less rod-

like elements (virgals), which may be un-
differentiated ({Chinianasteridae) or differ-
entiated into adambulacral, intermcdiate,
and marginal ossicles; between metapin-
nules are food-groove channels on oral sur-
face covered with small plates or protected
by spines; jaws composed of proximal pairs
of ambulacrals and their reduced meta-
pinnules; aboral surface typically bearing
paxillae with tetraradiate bases (11, 13, 77).
L.Ord.(Tremadoc. }-Rec.

Order GONIACTINIDA Spencer,
1951
Characters of subclass. L.Ord.-Rec.

Family CHINIANASTERIDAE Spencer,
1951

Ambulacral skeleton of stout barrel-
shaped ossicles, not forming any groove;
tube feet exclusively external, set in cupules,
pointed and covered with minute plates (as
in Ophiocistividea). Arms petaloid, formed
from simple metapinnules which end in free
marginal radiole; undifferentiated virgals
flanged, carrying row of small plates on
either side which cover chanpels. Mouth-
angle plates subtriangular, elongate. Buccal
slits extending into arm bases. Aboral sur-
face with widely spaced paxillae. L.Ord.
{ Tremadoc.)-L.Ord.( Arenig. ).

Chinianaster THoRAL, 1935 [*C. levyi; OD]. Char-

acters of family., L.Ord., S.Ir. Fic. 39,4. *C.
levyi: oral surface (reconstr.), X 3.5 (133). (See
also Fig. 8,2: 13.)

Family VILLEBRUNASTERIDAE Fell,
1963

Tube feet not plated, with internal am-
pulla; cupules communicating with internal
cavity between wings on ambulacrals; water
tube enclosed by capitula of ambulacrals;
virgals differentiated into adambulacral,
oral intermediate, and marginal elements;
metapinnules of distal part of arms ending
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in distinct marginals without terminal
radioles. Intermediate virgals forming walls
of food grooves, apparently without cover
plates. L.Ord.

Villebrunaster Seencer, 1951 [*V. thorali; OD].
Arms petaloid. Metapinnules of slender virgals,
undifferentiated except for marginals on distal
part of arms and adambulacrals; ambulacrals
changing in shape along arms. L.Ord., S.Fr.
Fic. 39,1, *V. thorali; ambulacrals showing podial
basin and virgals, enl, {133). (See also Fig. 8.)
Ampullaster Feue [*A. wbaghsi; OD). Body more
or less pentagonal, with rhombic arms separated
by deep, narrow interradial clefts. Proximal meta-
pinnules of slender virgals except for adambula-
crals; distal ones of few strong virgals of which
outermost are marginals, L.Ord., S.Fr. Fic,
40,1, *4. whaghst; oral view, X5 (108).

Family PLATASTERIIDAE Caso, 1945

Arms petaloid, separated by deep inter-
radial fssures. Metapinnules consisting of
virgals differentiated into adambulacral,
occtuded superambulacral, marginal, and
termina! elements; adambulacrals and mar-
ginals forming walls of interpinnular
grooves, covered by erectile series of small
plates on either side; ambulacrals with ad-
ambulacrals erectable to form temporary
ambulacral furrow of asteroid type. Ree,
Platasterias Gray, 1871 [*P. lafiradiata; OD].
Characters of family. Rec., Nicaragua.

Family ARCHEGONASTERIDAE
Spencer, 1951

More or less pentagonal in outline with no
interradial clelts; continuous series of mar-
ginals running along edge of body and
adambulacrals along shallow radial grooves
but metapinnules otherwise reduced to few
rows of virgals near distal ambulacrals.
Capitula of ambulacrals imbricating. L.Crd.
(U.Arensg.).

A few specimens are preserved as hori-
zontally flattened pentagons but most are
elongated vertically, with distal ambulacrals
flexed over the aboral surface so that up-
ward stretched tube feer could grasp food
(Fig. 39,3a). The mouth frame, as in
primitive ophiuroids, has deep clefts at sum-
mit of mouth-angle plates, which indicate
position of muscles for digging; the frst
pair of buccal tube feet projected directly
into the mouth. The reduction of ossicles
denotes transition to the Archophiactinidae.

U41

Ampullaster

Fic. 40. Villebrunastenidae (p. /413,

Ball-and-socket joints between axial ossicles
allowed flexing when the animal assumed
a feeding posture.

Archegonaster  JaekeL, 1923 [*A.  pemiagonus
Spevcer, 1951; SM]. 1.Ord.(U.drenig.}, Czech.
Fi. 39.3. *A. pentagonns; 3a, diagram of
arms flexed over aboral surface in fecding pos-
ture; 36, part of mouth frame from inner side,
% 3; 3¢, part of eral surface reconstructed, X3

(133).

Family ARCHOPHIACTINIDAE
Spencer, 1927
Adaxial skeleton reduced te adambula-

crals only. No buccal slits. U.Ord.-U.Dev.
The aboral surface was probably much
swollen and nearly devoid of skeleton. The
family was probably scssile.
Archophiactis Spencer, 1925 [*d. gravee: QD).
Adambulacrals broad; aboral surface of ambula-
crals rounded; mouth-angle plates elongate, stout.
U.Ord., Scot, Fic. 39.5. *A. grayae 5ab, ab-
oral and oral surfaces of proximal part of arm
and part of mouth frame, X5 {133}
Stuertzura GRrEGorY, 1897 [*Protaster brisingoides
GErGorY, 1889; OD] [=St#rrzeera GREGORY,
1857]. Adambulacrals narrow; aboral surface of
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ambulacrals  ridged; mouth-angle plates long,
narrow. §i., Australia. Fie, 39,2. *3. brising-
oides (GrEcORY); Za,6, aboral and oral surfaces
of proximal part of arm and part of mouth frame,
x5 (133).
Lepidasterina Rurprvann, 1916 [*L. gracilis; OD].,
Multiarmed, with ossicles of radial groove as in
Stuertzrra. U.Dev., USA(NY.).

Subclass ASTEROIDEA
de Blainville, 1830

[mom. rraasl. Grrcoay, 1900, p. 239 {ex order Asteroidea
BURMEISTER, 1837, p. 467, nom. correct. pro order Asteriden
ok Brarwvieee, 1830, p. 216 [==arder Astroides pe Braix-
vitLe, [822; order Asteriodea Fresuwg, 1822, order Cirrhi-
wrida Fomeis, 1841; cluss Asterioidea Hrown, 1860, p. 240]
“Dingnosis prepared by W. K. SpxmneeR & C. W, WRIGHT.
Research on authorship and synonymy of subclass by H. B.
FELL & ]. WvaTT DuRHAM]

Asterozoans having relatively broad arms
with considerable hollow space within ossi-
cular frame; arms normally not separated
from central disc; oral side bearing open
ambulacral grooves which carry rows of
tube feet, proximal tube feet in some early
stocks forming buccal tentacles. Respiration
through skin of aboral -surface, which is
commonly folded into external gills (papu-
lac). Spines ar granules generally well dis-
tributed over surface both of skin and of
bare ossicles. Later genera commonly carry-

ing pedicellariae. L.Ord -Rec.

Order PLATYASTERIDA
Spencer, 1951

Arms 5 to many; ossicles in transverse
gradients emerging from axial ossicles; am-
bulacrals erect and ambulacra furrowed;
single row of marginals, when present,
channeled so that marginal grooves link
with vestigial food grooves on oral surface,
which persist as respiratory fascioles (13).
M.Ord.-Rec.

Family PALASTERISCIDAE Gregory,
1900

[ =Palzechinasteridae  Stirrz. 1890 (invalid because not
founced on generic name); Platanasteridae Spencer, 1919]

Arms 5, adambulacrals very broad, with
flat spines on long transverse ridge; ambula-
cral grooves very shallow, aboral surface
swollen, with many parallel rows of paxil-
lae; axillary broad, breastplate-shaped. M.
Ord.-L.Dev.

Platanaster Spencer, 1919 [*P. ordovicus; OD].
Single row of marginals present. M.Ovd,, Eng.
(Shrops.). Fi. 41,1, 42,1, *P. ordevicus;
4],1a, oral side of arm, X2; 41,14, part of same,
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X 6; 42,1, aboral surface, X1 (133). (See also
Fig. 12,1}

Palasteriscus  SviirTz, 1886 [*P. devonwcns; OD].
Like Platanaster but lacking marginals, L.Dev.,
Ger, Fic. 41,2: 42,2, *P. devonicus; 41,2,
apical view of ambulacrals showing pegs, X3;
42,2, aboral surface, x0.5 (133).

Family LUIDITDAE Verrill, 1899

Arms 5 to many, normally strap-shaped,
adambulacrals, oral intermediate ossicles,
and inferomarginals in regular transverse
series as in Platanaster, recalling metapin-
nules; superambulacrals present, Aboral sur-
face covered with paxillae not in wholly
regular rows. Mio.-Rec,

Infm

Plotonaster

Fic. 41. Palasteriscidae, [Explanation: Adamé,
adambulacrum; Amb, ambulacrum; _Irz)’m, infero-
marginal; MAP, mouth-angle plate.} (p. U42).
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Luidia Forses, 1839 [*L. fragillissima (=*Asterias
ciliaris PriLieer, 1837); OD ICZN Opin. 129]
[=Hemicnemis MiULLer & TroscHEL, 1840;
Petalaster Gray, 1840; Luydia Disen & Korew,
1847; Astrella PeRrriEr, 1882; Integraster, Quin-
aster, Penangaster, Denudaster, Senegaster, Altern-
aster, Armaster, Maculaster Doperiein, 1920].
Except for Hemicnemis, Luydia, and Armaster,
synonyms may all be justifiable names for sub-
genera. Mio.,, Hung.; Rec. Fic. 42,3. L. hun-
garica Rakusy; oral surface of arm showing trans-
verse gradients of ambulacrals, adambulacrals,
oral intermediate ossicles, and inferomarginals,

X5 (124).

Order PAXILLOSIDA Perrier,
1884

[nmo. correct. Spencer & WricHT, herein (pro Paxillosa) ]

Mouth frame adambulacral, mouth-angle
plates prominent, in many forms with keel
and median furrow, marginal frame (when
present) separated from mouth frame by
interradial area with small ossicles. No
transverse gradients. Interradial arc even,
without axillary. Ambulacral areas never
compressed. Tube feet in 2 rows. L.Ord.--
Rec.

Many of this order have marginals chan-
neled to form more or less specialized in-
termarginal fascioles, normally connecting
with furrows on the oral side, presumably
to conduct respiratory water from aboral
to oral surface.

Suborder HEMIZONINA Spencer,
1951

[nom, transl. et correct. Srencer & Wriaut, herein (pro
Hemizonida)] [=Gnathasterina SeeNcer, 1951]

No superomarginals or only on arms.
Aboral surface generally with well-devel-
oped stellate ossicles. L.Ord.-Trias.

Family PETRASTERIDAE Spencer, 1951

[ =Uranasteridae Seexcer, 1916]

Arms 5; inferomarginals well developed;
axillary area on oral surface with small
ossicles or granules. L.Ord.-Sil.

Petraster BiLrines, 1858 [*Palasterina rigidus
BiLLincs, 1857: OD] [=Uranaster GREGORY,
1899]. Characters of family. L.Ord.-Sil., Wales-
Eire-Czech.-Australia. Fic. 43,4. P. kinahani
(BarLy), L.Ord., Wales; 4a, part of aboral surface
of arm, X4; 44, oral surface of arm and mouth
region, X2; 4¢, part of aboral surface, including
aboral view of inferomarginals, adambulacrals,
and mouth-angle plates, x4 (133).

U43

Family LEPIDASTERIDAE Gregory,
1899

Arms many, inferomarginals well devel-

Luidia

Palasteriscus

Fic. 42. Palasteriscidae (1,2); Luidiidae (3). [Ex-

planation: Adamb, adambulacrum: Amb, ambula-

crum; [Infm, inferomarginal; MAP, mouth-angle
plate; msp, marginal spine.] (p. U42-U43).
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oped; oral interradial areas with large or  Fic. 436. *L. grayi; part of oral surface, X2
small ossicles. M.Sil.-U.Dev. (133).

Lepidaster Forees, 1850 [*L. grayi; OD]. Inter- Devonistella Spencer, 1927 [*Helianthaster filici-
radial areas with small ossicles. M.Sil., Eng. formis Woopwarp, 1874; OD]. Interradial areas

MAP
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Tic. 43. Petrasteridae (4); Lepidasteridae (5,6); Palasterinidae (1-3). [Explanation: Adamé, adambulacral;
Amb, ambulacral; Infm, inferomarginal; Intm, intermarginal; Inir, interradial; Mad, madreporite, MAP,
mouth-angle plate; R, radial; Supm, superomarginal; T, torus.] (p. U43-U45).
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with few large ossicles, U.Dev., Eng, Frc. 43,
5. *D. fliciformis (Woopwarn); part of oral sur-
face, X3 (133).

Family PALASTERINIDAE Gregory,
1899

[=Palaesterinidae StirTz, 1890 (not founded on included

genus);  Lindstroemasterininae  Grrcory, 1899; Palaeosolas-

teridae  ScmuenkkT,  1914;  Pratactininae  Srewcer, 1926;
Palacosoiasteridae LeHmann, 1957]

Arms 5 to many; interradial arcs without
differentiated marginals. Sil.-Trias.

Palasterina M'Cov, 1831 [*Uraster primacvns
Forees, 1848; OD] [—=Palaeastering ETHERIDGE,
1881; Lindstroemaster GreGory, 1899; Hisnger-
aster, Psendopalastering STiRTZ, 19005 ?Protactis
SPENCER, 1927: ?Archasterina Lenmanw, 19371,
Arms 5, more or less cylindrical, bounded distally
by adambulacrals; interradial areas aborally with
few to many well-calcified ossicles. Odontophore
weak to strong. Aboral surface of arms with rather
large hexagonal marginals and carinals, in some
forms with small intermediate ossicles, Farger
ossicles may be pustulose and bear various spines.
L. Si.-1.. Der., Ger,-Eng.-Sweden. Fic, 43,2,
*Palasterina  primaeva {Forsrs), USil, Eng.;
Za,h, oral and aboral surfaces of arm and part of
disc, K3; 2¢, ossicles of aboral surface, X135
(133). Fic. 43,2d. P, antigus (HisiNGER),
U.8il.,, Eng.: oral surface, X5 (133).
Palacosolaster StiiRTz, 1899 [*P. gregoryi; OD]
[=FEchinasterias, Echinostella StOrTe, 1899;
Echinodiscts STURTZ, 1899 {(non WoORTHEN &
MirLer, 1883); Echinodiscaster DELaGE & HErov-
ARD, 1904; Echinodiscites Scrucuert, 1914},
Arms many. Oral and aboral intermediate ossicles
subequal, each carrying single spine, L.Dew., Ger.

Fic. 43,i. *P. gregoryi; part of oral surface,

% 0.5 {133).
Trichasteropsis Eck, 1879 [pro Trichaster (Quen-
sTEDT, 1875 (nen Acassiz, 1836)) [*Asrerias

cilicia QuensTEDT, 1832 (=*Asterias weissmanni
MinsTER, 1843); OD]. Superomarginals much
longer than inferomarginals, row of minute in-
termarginals present proximally. Ossicles in axil-
lary areas in regular rows. Trius., Ger. Fii. 43,
3. *T. weissmannt (MUNsTER); 3a, part of oral
surfuce, diagrammatic; 3b,., oral surface and
aboral view of arm, X1 (128},

Suborder DIPLOZONINA Spencer
& Wright, new suborder

Regular double rows of marginals; aboral
skeleton typically of true paxillae but early
forms may have granular tessellate plates;
superambulacral plates present, Tube feet
pointed, without sucking discs; ampullae
double. L.Jur-Rec.

U4s

Family ASTROPECTINIDAE Gray, 1840

fincl. Plutonastetidae Stapewn, 1889 Priamasterinae KOEEILER,
1812 {som. transl, er correct. Fisuer, 1917 {ex Priamastér-
iddes KoenLER, 1912)]

Disc generally rather small; arms long
and potnted, normally straight-sided, rarely
petaloid; contact facets between marginals
smaller in most genera than sides of these
plates, leaving ridges on them and narrow
channels between adjacent marginals for
marginal fascioles; aboral surface covered
with tessellate ossicles in some Mesozoic
genera but otherwise with true paxillae;
oral interradial areas with flac ossicles ex-
ternding greater or less distance into arms;
superambulacral ossicles present. Tube feet
pointed, without sucking discs; ampullae

double (26). L.Jur-Rec.
Subfamily ASTROPECTININAE Gray, 1840

[nom. trand. Siapen, 1899 (ex Astropectinidae Gray, 1840} )
Marginal fascioles not webbed. L.jur.-

Rec.

Genera known as fossils are described
first in alphabetical order, after the type-
genus; those known only as extant genera
are then listed in alphabetical order.

Astropectert Grav, 1840 [*dsrerias aranciaca Linng,
1758; SD Fisker, 1908] [=Steilaria Narpo, 1834
(non ScHMIDT in MO&LLER, 1832); Asrropectinides
Verrrer, 1914]. Intermarginal facet small, not
angular; inferomarginals with irregularly dis-
tributed horseshoc-shaped tubercles, which bear
leng spines of varying size. Typical paxillae. U.
Mia.(Torton.)-Rec. Fic. 12,3, 4. sp., Rec;
cross section of arm, enl. (133},

Advenaster Hess, 1955 [*4. inermis; OD]. Lateral
facets of marginals large so that intermarginal
fasciole is very small: outer face only of marginals
and all other ossicles except ambulacrals with
pustules bearing fine spines. L.Jur.fBajoc.), Switz.

Fic. 44,1. *A4. inermis; oral surface {reconstr.},
w1 {113).

Cuneaster Hess, 1955 [*C. hanteriviensis; OD].
Intcrmarginal facets small, mere or less quad-
rangular; ridge on marginals high and narrow
so that intermarginal channel is wide, L.Cret.
(Hauteriv.)-L.Eoc.(Ypres.), Fu- Fic. 44,2, *C.
hauteviviensis, LHauteriv., Switz.; side views of
superomarginal and inferomarginal, X4 (113).

Lambertella Mrrcier, 1935 [*L. Valeitei; OD].
Ridge on marginals projecting laterally in club-
shaped prominence with narrow neck, few or no
spines or granules. [Known only from isolated
marginals.]  M.Jur.{Bathon.), ?PU.Cret.(Turen.),
Fr.-?Eng. Fic. 44,5. *L. valeitei, Bathon., Fr.;
Sab, aboral and profile views of Psuperomarginal,
w3 (121).
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Lophidiaster Spencer, 1913 [*L. ormatus; OD]. tubercles; typical paxillae. L.Cret.(L.Alb.)-L.Mio.
Intermarginal facet small, rounded; inferomar- ( Burdigal.), Eu.-Can.
ginals with rugosities but no horseshoe-shaped — Pentasteria VALETTE, 1929 [mom DE BLAINVILLE,
1834, in syn. in D'OrsicNY, 1852 (ex Pentasterias

Acassiz, 1842, nom. correct. pro Pentastéries DE
BraiwviLLE, 1830)] [*P. boisteli; OD] [=Cren-
aster D'OrBiGNY, 1850; ?Triboletia pE LomrioL,
1908; ICZN pend.]. Lateral facets of marginals
large; inferomarginals with rugosities and irregu-
lar row of large horseshoe-shaped tubercles;
superomarginals with fine spine pits and (in some
forms) large socket for stout spine; aboral sur-
face covered by tessellated plates with pits; no
paxillae. L.Jur.-L.Eoc., Eu.

P. (Pentasteria). Some though not all superomar-
ginals with short stout spine in large socket.
M.Jur.( Oxford.)-L.Cret.( Valangin.), Eu. Fic.
44,3, P. (P.) rectus M'Coy, Oxford,, Eng.; ab-
oral view of part of arm showing large sockets
for spines on superomarginals, X1 (139).

P. (Archastropecten) Hess, 1955 [*dstropecten
huxleyi T. WricHt, 1862; OD]. No stout spines
on superomarginals. L.Jur.(?Pliensbach., Aalen.)-
L.Eoc.[Ypres.) Fic. 444. P. (A.) cottes-
woldiae (Buckmax), Bathon., Eng. (Oxfords.);
4a, part of aboral, surface of arm showing supero-
marginals without large sockets, X2; 4&, oral
surface of part of disc and arm, X3 (139).

Plesiastropecten PEVER, 1944 [*P. hallovensis; OD].
Only specimen too badly preserved for characters
to be ascertained; marginals with long spines;
aboral paxillae having stellate bases with 4 or 6
points. L.Jur.(Hettang.), Switz.

Astromesites FisHer, 1913 [*4. compactus; OD].
Rec.

Bathybiaster DanieLsson & Koren, 1883 [*dstro-

¥ pecten  pallidus Dawiersson & Koren, 1877
—*Archaster  vexillifer  WyvILLE - THoMSON,
1873); OD] [=Phoxaster Sraben, 1885 (nom.
nud.); Phoxaster SuaDEN, 18893 Pllyaster Dan-
1ELssoN & Koren, 1883]. Rec.

} Blakiaster Perrier, 1881 [*B. conicus; OD]

: [ =?Bunodaster VERRILL, 1909]. Rec.

Ctenophoraster . Fisuer, 1906 [*C. hawaiiensis;
OD]. Ree.

Ctenopleura Fisuer, 1913 [*C. astropectinides;
OD]. Ree.

&) Dipsacaster Arcock, 1893 [*D. sladeni; OD]. Rec.

@ > Dytaster SLapeN, 1889 [*D. nmobilis; SD FisHER,
1919] [ =Crenaster PErrIER, 1885 (non p’ORrBIG-
Ny, 1850); Dyraster Suapen, 1885 (nom. nud.)].
Rece.

Koremaster Fisaer, 1913 [*Dytaster (Koremaster)
evanlus; OD]. Rec.

Leptychaster Smrrn, 1876 [*L. kerguelenensis; OD]
[=Leptoptychaster  SmrtH,  1879;  Priamaster
KoeHLER, 1912]. Ree.

) L. (Leptychaster). Rec.

Advenaster ? L. (Parastropecten) Lupwic, 1905 [*Parastropec-
Fic. 44. Astropectinidae (Astropectininac) ten inermis; OD] [=Glyphaster Verrirr, 1909].

(p. U45-U46). Rec,

Cuneaster
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L. (Trophodiscus) FisHER [*Trophodiscus almus;

OD]. Rec.
Lonchotaster Svrapen, 1889 [*L. rartareus; SD
Fisuer, 1919] [=Lonchotaster SLaDEN, 1885

(nom. nud.)]. Rec.
Macroptychaster H.E.S. CrLark, 1962 [*Leptopty-
chaster accrescens KoeHLER, 1920; OD]. Rec.
Mimastrella Fisaer, 1916 [*Mimaster cognatus
SrLapen, 1889; OD]. Ree.
Patagiaster Fisuer, 1906 [*P. nurtingi; OD]. Rec.
Persephonaster Woop-Mason & Avcock, 1891 [*P.
craceus; OD] [ =Psilasteropsis FisHer, 1906]. Rec.
Plutonaster Stapen, 1885 [*Archaster bifrons Wy-
viLLE-THomsoN, 1873; OD]. Rec.
Psilaster SLapen, 1885 [*Astropecten andromeda
MULLER & TroscHEL, 1842; OD] [=Ripaster
KoeHLER, 1906; Phidiaster KorHLER, 1909]. Rec.
Tethyaster Scapen, 1889 [*Asterias subinermis
PuiLiepl, 1837; SD A, M. CLarRk & A. H, CLARK,
1954] [=Moiraster SrLapen, 1889; Sideriaster
VerriLL, 1899; Anthosticte Fismer, 1911]. Rec.
Thrissacanthias Fisaer, 1916  [*Persephonaster
penicillatus Fisuer, 1904; OD]. Ree.
Tritonaster FisHer, 1906 [*T. craspedotus; OD].
Ree.

Subfamily CRASPIDASTERINAE Fisher, 1916

Marginal and oral fascioles webbed. Rec.
Craspidaster Svapen, 1889 [*Archaster hesperus
MoLLer & Troscuer, 1840; OD] [?=Nauricia
Gravy, 1840 (nom. dub.)]. Rec:

Suborder CRIBELLINA Fisher, 1911

Arms five, short or long, disc large; mar-
ginals normally thin and lamelliform, high,
naked or covered with membrane, smooth
or with few large spines; cribriform organs
between all or some marginals. No intestine
or anus in most forms; tube feet pointed,
* without sucking disc; ampullae single. Ree.

Family GONIOPECTINIDAE Verrill,
1889

Abactinal surface paxillose; cribriform
organs between all marginals; oral surface
with transverse rows of ossicles separated
by channels covered by webbed spinelets,
continuous from cribriform organs to am-
bulacrals; superambulacral ossicles present.
Rec.

Subfamily CTENODISCINAE Sladen, 1889

Marginals moderately solid; cribriform
organs consisting solely of webbed spinelets.
No intestine. Rec.

Ctenodiscus MULLER & TroscHEeL, 1842 [*Asterias
polaris Samine, 1821 (=*A4. crispata Retzius,
1805); OD] [=Anodiscus PerriEr, 1869]. Rec.

U47

2 Ctenodiscus

Fic. 45. Goniopectinidae (Ctenodiscinae) (2);
Porcellanasteridae (1) (p. U47-U48).

Fic. 45,2. *C. crispatus (Retzius); part of
aboral surface, enl. (110).

Pectinidiscus Luowig, 1900 [*P. annae; OD]. Rec.

Subfamily GONIOPECTININAE Verrill, 1889

Cribriform organs composed of discrete
spinelets covered by single-webbed series.
Well-developed intestine and intestinal cae-
cum. Rec,
Goniopecten PERRIER,

OD]. Rec.
Prionaster VerriLL, 1889 [*P. elegans; OD]. Ree.

1881

[*G. demonstrans;

Family PORCELLANASTERIDAE
Sladen, 1883
Marginals very thin; cribriform organs
highly developed but (with single excep-



Valvatida—Pustulosina

short quadrangular adambulacrals. Infero-
marginal frame reaches to ends of the arms.
L.Ord -L.Carb., ?2Permocarb.

Family PALAEASTERIDAE
S. A. Miller, 1889

Single axillary in each arc dividing row
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of inferomarginals that borders arms, which
are thus not fully fused at base; superomar-
ginals lying within inferomarginals; no
carinals present but irregular small plates
occurring along mid-line of arms; aboral
surface of disc with distinct primary circlets,
ossicles of which are separated by many

for. o)

N s e L P

Fic, 47. Palaeasteridae {2 }; Hudsonasteridae (Hudsonasterinae) {1,3-4) {p. U50).
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Macroporaster

Coceaster Neopaloeaster

Fic. 48. Hudsonasteridae (Hudsonasterinae) (1), {Coccasterinae} (2}, Neopaleasteridae (3) (p. U513.

small plates, probably forming rigid strue-
ture, M .Sil., ?Permocard.

Palaeaster Harr, 1852 [*P. wniagarensis; OI}].
Characters of family, M.5id., N Am. tic. 21,4,
*P, miagarensis, USA(N.Y.); aboral side, X2

(129).

?Australaster Scuaucuert, 1914 [*Palecaster (Mon-
aster) gigantens ETHERIDGE, 18Y2; QD] [=Mon-
aster GRTGORY, 1899 (non Eraermar, 1892; ICZN
pend.)]. Large, with slender arms; adambulacrals
increasing in width and inferomarginals decreas-
ing distally; aboral surface unknown. Permacarb.,
New 8. Wales. Fic. 47,2, *4. gigantens
(ETeERIDGE); oral view, X1 (129).

Family HUDSONASTERIDAE
Schuchert, 1914

{ =Protopalacasteridae  RasMUsSEN,

1962]

Single axillary with free distal edge di-
viding strong frame of inferomarginals bor-
dering arms which generally are unfused but
tend to join at base In some genera; supero-
marginals within frame of inferomarginals;
aboral surface of arms generally consisting
of superomarginals and row of carinals only,
but with additional rows of ossicles in Silu-
rasterinae; aboral surface of disc with cen-
trale and primary circlets which may form
protrusible cap, presumably for respiratory
purposes; ambulacrals rarely exposed; in
some genera apparently blocky, without
large basins for tube feet, in others with
strong T-shaped ridges and basins between;

ampullar pores present in some genera but
minute and may occur generally despite em-
phasis in descriptions on their absence.
L.Ord-U.SilL

The strongly calycinal aboral skeleton of
hudsonasterids is probably due to paedo-
morphic evelution from the young of an
ancestral form and 1s not in itself necessarily
a primitive feature.

Subfamily HUDSONASTERINAE Schuchert, 1914

Aboral arm skeleton composed of supero-
marginals and carinals only; protrusible cap
present on central disc. L.Ord -U.Ord,

Iludsonaster StOrtz, 1900 [*Palastering rugosa
Brivivegs, 1857; OD). Arms subtriangular, with
broad base, clearly not fused, U.0rd., N.Am.
Fic. 474, H. incomjiius (Mrex), U.Ord.(Rich-
mond.); Ohio; 4a,b, oral and aberal sides, X2
(129).

Girvanaster Spencer, 1916 [*G. sculptus; OD].
Axillaries very large; proximal supcromarginals
large: protrusible cap narrow. U.0rd., Scot.
Fic. 47,1, *G. sculprus; 1a b, oral and aboral sides,
X6 (133).

Pratopalaeaster Hupson, 1912 [*P. marraway: QD]
| =Beluster SpExcrr, 1916; Ordoviciaster Fepo-
Tav, 1936). Proximal superomarginals not con-
spiceously large; arms tending to fuse; ambula-
crals apparently withoet T-shaped ridge. L.Ord.-
U.0rd., N.Am.-Eng.-Turkestan. FiG. 47,3. *P.
narrawayi, L.Ord,, USA(Minn.); 3a-r, aboral, lat.
view, oral view, X2: 34, cross section of arm, X4

{40). (See also Thg. 21,1.)
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?Macroporaster  Ravmonp, 1921 [*Asterias matn-
tinus Haiy, 1847; OD]. Similar to Hudsonaster
but ambulacrals with T-shaped ridges forming
wide basins for tube feet. 3.0¢d., N.Am. Fic.
48,1, *M. matutinns (Hairp); oral surface, X1.5
(126).

Subfamily COCCASTERINAE Spencer & Wright,
new subfam.

Like Hudsonasterinae but no protrusible
cap on dise. M .S5¢.-U.5id.
Coceaster Spexcer, 1916 [*C. bulbiferus; QD).
Primary radials much swollen. M.5:4.-U.5i/., Eng.
Fra. 48,2, *C. bulbijerus, Herefords.; 2a.5,
aboral and oral sides, x5 (133).

Subfamily SILURASTERINAE Spencer & Wright,
new subfam.

Aboral arm skeleton with rows of small

intermediate ossicles between carinals and
superomarginals. M.Ord,
1903 [*5. perfectns; OD]
| =Caractacaster SPEnNCER, 1916]. Characters of
subfamily. M.Ord., W Eng.-Czech. Fic. 21.2.
8. caractaci {SPEncrr), Eng.{1leref.}; aboral side,
%3 (133).

Siluraster  Jaexer,

Family NEOPALAEASTERIDAE
Schuchert, 1915

Very like Palacasteridae except that su-

peromarginals overlie inferomarginals, but it
15 not certain whether axillary has free edge
or is enclosed by inferomarginals. [A doubt-
tul family. Lower Silurian species from
Sweden ascribed to Neopalacasier probably
belongs to Palaeasteridae.| L.Card.
Neopalaeaster ScuucHErT, 1915 [*Palacaster craw-
fordsviflensis S, A, Muarr, 1880; OD], Char-
acters of family, Miss, N.Am. Fic. 48,3, *N.
crawfordsvillensis  (MriLER), Miss.,, USA(Ind.);
aboral side, X2 (129).

Family MESOPALAEASTERIDAE
Schuchert, 1914

|nom. transl, SPENCER & WERiGHT, herein (ex
Mesopalseasterinae StHucHerT, 1915)]

Axillaries enclosed by first pair of infero-
marginals and arms fused at base; aboral
skeleton with rows of small intermediate
ossicles separating carinals from supero-
marginals. U.Ord.-U.Dee.

Large numbers of Devonauster found at
Saugernies, N.Y. (Ruepemaxx, 1915) show
various stages of development. The earliest
has stellate aboral ossicles, as in Petraster. In
the next, the aboral surface passes through a
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Hudsonastey stage. Finally, the [arge ossicles
become separated by lightly calcified areas,
which allowed the extrusion of papulae.

Subfamily MESOPALAEASTERINAE Schuchert,
1915

With papular arcas on aboral surface at

base of arms on either side of primary ra-
dial. U.Ovrd -U.Dev,

Mesopalacaster  Scuucnert, 1914 [*Palaeaster
shaflert TlaLL, 1868; OD) [=PArgasrer HaLlL.
1868 ).Disc compact, small; arms narrow, straight-
sided. [Foerste (1919) distinguished Hemipalae-
wster as a subgenus (wype, H. schucherti, OD),
sihee its row of carinals is not continuous but
interrupted proximally, This seems to be of only
specific importance.] U.0vd,, N.Am.-Scot. Fis.
49,2a. M. primus Spencer, UOrd., Scot.; part
of oral surface, X6 (133). Fic. 49,26,c. *M.
shaffert (1arr), U.Ord., USA(Ohio); 24, oral side
of young individual, X5; 2¢, aboral side of adult,
x2 (133},

Arisaigaster SPENCER, 1953 [*Palacaster parvinsculus
BriLives, 1860; OD|, Disc large; arms short and
broad.  U.0rd.-I7.8d., E.Can.-Scot.-Eng. Fiei.
9.3, A. leintwardinensis Seexcer, USIl., Eng.:
aboral side, X9 (133).——Tic. 4935, *A. purvi-
wseuls (BiLtings), L.Sil., N.Scotia;
x4 (129).

Devonaster ScuucHerT, 1914 [*Palacaster encharis
Hari, 1868; OD). Disc large, arms broad and
slightly petaloid; aboral surface of disc covered
with small irregular plates which also  extend
between carinals and superomarginals which arc
well within frame of inferomarginals, M.Der.-
U.Der., N.AM. Fic. 494, *D.  eucharis
(Harr), M.Dev., USA{N.Y.}; 425, aboral and
aral sides. X1 (129).

aral  side,

Subfamily LEPIDACTININAE Spencer, 1918
“mam. frensd, SPENCTR & WRIGHT, herein (ex Lepidactinidae
Srencer, 1918)]

Differs from Mesopalaeasterinae in having
no papular arcas at base of arms. M.Sil
L.Dev,

Lepidactis SPexcER, 1918 [*L. wenlocki; O], In-
feromarginals not extending to cnd of arms. A,
Sil., Eng. Fio. 49,1, *L. wenlockiy lab, oral
and aboral sides of arm, X2 (133).

Spaniaster Scuonporr. 1907 [pro Coclaster Sawn-
BERGER, 1855 (mon Acassiz, 1835)] [*Coelaster
latisentatus SaNDBERGER, 18553 OD] | =%Mis-
master  ScuoNporF, 1909], Inferomarginals ex-
tending to end of arms. L.Dee., W.Eu.

Subfamily CLARKEASTERINAE Spencer &
Wright, new subfamily
Like Mesopalaeasterinae but with double
row of narrow carinals; primary radials
swollen as in Coccaster. U.Des,
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Clarkeaster Ruepemany, 1916 [*Palacaster clark:
CLARKE & Swartz, 1913; OD|, Characters of sub-
family. U.Dev., EN.Am, Fia. 49,5, *C. clarki
(CLARKE & SwaRTZ): aboral side, X2 (127).

Family XENASTERIDAE
Gregory, 1899

{invalid because not

[ =Falveogoniasteridae  Sv0rtz, 1890

founded on peneric name); Palaeostellidae Lemmany, 1957]

Like Mcsopalacasteridae but with more
than single ossicle in each axillary area;
arms wedge-shaped, flattened orally and with
narrow ambulacrals. L.Dev.

s
Ada b\ljt('

Devonaster Clarkeaster

Fic. 49. Mesopalaeasteridae  (Mesopalacasterinae) (24}, (lepidactininae} (1}, {Clarkeasterinac)

Xenaster SIMONGVITSCH,

Echinodermata—Asterozoa—Asteroidea

1871 [*X. margaritatus,
[=drchaeasterias MOLLER, 1855; Arch-
SinonowIrscH, 1871]. Two pairs of
inferomarginals  incorporated  within  marginal
frame; swperomarginals subordinate 1o infero-
marginals; few intermediate ossicles on oral side
L.Dev., Ger——F1c. 21,3, *X. margaritatus; part
of aboral surface showing intermarginals between
rows of superomarginals and small arc of infero-
marginals; also lightly caleified space between
carinals and superomarginals, X 1.5 (128},

Agalmaster Scudnpory, 1909 [*A4. muellensiss SD
ScuucHerT, 1914]. Two pairs of inferomarginals
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5],

Xenasteridac (6). [Explanation: .ddemé, adambulacraly Infm, inferomarginal; M, marginal; M.P, mouth-
angle plate; O, addontophaore; R, radial T, torus.| {p. L31-U53).
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inside marginal frame; superomarginals promi-
nent; oral intermediate plates numerous. L.Dee.,
Ger.

Palacostella Stiirtz, 1890 [*P. solide: 0OD]
[ =Palaenectria StTORrTZ, 1893, Eifelaster Schon-
porF, 1909]. Like Agalmasier but with no oral
intermediate  plates. L.Der., Ger. Fi. 49,6,
P. follmanni (ScHoNDORE}; oral side, X 1.5 (128),
(128).

Rhenaster Scudnvory, 1909 [*R. schwerdr; OD].
No interray accessory plates on oral or aboral
side. L.Dev., Ger.

Trimeraster Scuénpory, 1909 [*T, parrulus; OD],
Only single pair of inferomarginals inside mar-
ginal frame, L.Dey., Ger.

Family and Subfamily UNCERTAIN

Eostella Lenrsaxy, 1957 [*E. hunsrueckiana; OD),
Marginals apparently ‘T-shaped. [The single
known specimen is too badly preserved fer its
characters and affinities to be made out.] L.Des.,
Ger.

Hunsrueckaster Lrumann, 1937 [*H. peregrinus;
OD]. [The single knawn specimen is too badly
preserved for its characters and aflinities to be
made out.] L.Dew., Ger,

Superfamily
PROMOPALAEASTERACEAE
Schuchert, 1914

[rom. transl. Srewcer & WerisHT, herein {ex
Promapalaeasteridae ScHUcHERT. 1914)]

Marginal frame not reaching end of arms;
adambulacrals broad; ambulacrals exposed
and proximally may form 4 rows; arms well
produced. M.Ord.-Sil.

Family PROMOPALAEASTERIDAE
Schuchert, 1914

[ =Anorthasterinae ScrucHerT, 1915]

Arms fused at base and generally more or
less cylindrical; armbulacrals compressed and
proximally in 4 rows; adambulacrals broad.
M.Ord -Sil.

Promopalaeaster Scuuvcurnr, 1914 [*Palacaiter
granulosus  Merk, 1872 {#om Harr, 1868)
(=*Palucaster speciosus Meex, 1872}, OD]. Char-
acters of family, M.Ord.-Si., N.Am.-Scot.-Aus-
tralia. Fig. 50246, P. magnificus {MILLER),
U.Ord.(Richmond.), USA(Ohio); 2a, aboral side
of distal part of arm, X 3; 25, oral side of inter-
radial area, X3 (129}. Fis. 50,2¢,d. P. elizae
Seencer, U.Ord., Scot.; 2¢, oral view of ambula-
crals and adambulacrals; 24, part of oral side
showing inferomarginals enclosing 2 axillary os-
sicles between interradial arc and mouth frame,
%6 (133),

Anorthaster ScHucHeRT, 1914 [*Palacaster mivmi-
ensts S, A. Mmvrer, 1880]. Original diagnosis

Fic. 50. Promopaleasteridac (2); Eoactinidac (1},

[Explanation: Adumé, adambulacral; Amb, ambula-

cral; MAP, mouth-angle plate; €, odontophore; pé,
podial basin.] (p. U/53).

states “aberrant Promopalacasteridae  with the
axillary and interbrachial areas composed enurely
of adambulacral pieces” but may be founded on
a pathological or damaged individual. U.0rd.,
JSA (Chio).

?Kyraster Leswaxy, 1937 [*K. OoD].
Single known specimen badly preserved, may
belong in this family, L.Dew., Ger,

Family EOACTINIDAE Spencer, 1919

Marginal frame confined to few ossicles in
arm axils. S¢/.

Eoactis SeencEr, 1914 |*E. smplex, OD). Axillary
large, hexagonal. L.3il., Eng.-N.Am, Fre. 50,7,
*E. simplex, part of oral surface near mouth,
X8 (133).

Yarravaster SPENCER, 1950 [*Caracracaster yarraen-
sis Wirners & Keearr, 1934; OD]. Axillary
rounded, swollen. Si1., Australia.

inermis;
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Suborder TUMULOSINA
Spencer & Wright, new suborder

This suborder is erected for a presumed
phyletic assembly of peculiar forms charac-
terized by a high swollen disc covered with
rather large ossicles notched in one way or
another to allow for extrusion of papulae.
The Monasteridae in many ways resemble
early Palaeasteraceae, from which presum-
ably they were derived. The Stauranderaste-
ridae, though lacking the characteristic

Stauranderaster
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Echinodermata—Asterozoa—Asteroidea

wide adambulacrals of Monasteridae, closely
resemble the family in other important
characters. The Sphaerasteridae probably
were derived from Early Jurassic Staurande-
rasteridae and tended to a closely plated
spherical form. Permocarb.-Rec.

Family MONASTERIDAE
Schuchert, 1915
Disc large, tumid; arms club-shaped, with
steep lateral borders formed by inferomar-
ginals, which are visible in aboral aspect and

Monaster

Fic. 51. Monasteridae (1); Stauranderasteridae (2-4) (p. U55).
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are twice as numerous as superomarginals, a
series of which adjoins row of swollen cari-
nals; adambulacrals exceptionally wide, oc-
cupying most of oral surface of arms; disc
with centrale and primary interradials larger
than remaining ossicles, most of which are
spindle-shaped. Permocarb.

Monaster EtHERmGE, 1892 [*Palacaster clurkel DE
Koxmvex, 1877; SD Scuuchert, 1914: ICZEN
pend.] [=Etheridgaster Grecory, 18%9]. Char-
acters of familv. Permc-Carb., Austrabia(New S,
Wales) ., Fia. 51,0, *M. clarkei (vr Koxivex )
aboral surface, X 1 (107).

Family STAURANDERASTERIDAE
Spencer, 1913

Some forms closely resembling Monaste-
ridae except that adambulacrals are square
and inferomarginals are ne more numerous
than superomarginals; other forms with
long narrow arms and intermarginals may
occur; aboral skeleton of disc consisting of
massive spindle- or breastplate-shaped os-
sicles notched at corners to allow protrusion
of papulae and including prominent centrale
and primary interradials. M .fur.-U.Cret,
Stauranderaster Seencer, 1907

Yorees, 1848: OD]. Arms long, narrow, and
straight-sided; carinals weak or absent. I.Jur,
(Kimmeridg.)-U. Crer.{ Maastricht.), Eu.- N, Am,
{Tex.). Fie. 51.2. 8. cororatus (ForsEs), U,
Cret.{Cenoman.), Eng.; 2a, aboral surface: 26,
lat. view of arm showing intermarginals, X 0.75

(131).

Aspidaster pE Lorton, 1884 |*d. delgader; OD].
Dise high and swollen; arms club-shaped with

[*Oreaster boysil

large carinals: marginals and ossicles of  disc
generally  with  smeath  rabbet  edge.  M.jur,
(Bathon . j-U.Cret.{ Dan.}, Eu. Fie. 51,3 A

bulbiferss (Forzes), U.Cret.(Santon.), Eng., ab-
aral side, X1 (131).
Hadranderaster Srexcrr, 1907 [*Pentaceros abbre-
viattts SPENCER, 1905 {=*Orcaster simplex GE1-
~itz, 1871); 0D} [="Stauraster VarerTE, 1928],
Marginals hexagonal or rounded, extremely thick,
lacking smooth rabbet edge. ?L.jur./ Charmouth.),
M. Jur.(Bathon.) - U. Cres.{ Campan.), W. Eu.
Fro. 51,4. *H. samplex (Gemirz), U.Cret.{San-
ton.), Eng.; 4ab, lat. and profile views of mar-
ginal, X2 (133); 4¢, aboral side of arm, X1
(131).

Family SPHAERASTERIDAE
Schondorf, 1906
Body high, domed, and slightly penta-
gonal to globular, without produced arms,
covered with close-fitting plates (3, 58).
M Jur-Rec.
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Sphaeraster QuexnstenT, 1875 [pro  Sphacrites
QueNsTeDT, 1852 (0 DuFmscHynp, 1805)]
[*Sphaerites  puncratys Quexsrepr, 18320 SD

A. M. CLark, 1962]. Domed. with flat or slightly
concave base, square inferomarginaly and high.
short, wide superomarginals forming ambital mar-
gin, broken only by ends of ambulacra; aboral
surface covered by large thin hexagonal plates
with pores for papulae along their sutures; oral
interradial areas with close-fitting small  plates.
Uiy Oxford.), Ger. Frc. 32,2, *5. puncta-
tus (QuevstrpT); 24,0, upper and lower views
of fragment, X1 (123).
Podosphaeraster A, M, Cranrk, 1962 [*P. polyplar;
OD]. Spherical, with no ambital margin or dis-
tinct marginals, ambulacra reaching equator; more
abactinal plates than in Sphacraster, covered with
thin skin containing granules, Rec——TG. 32,3.
*P. polyplax; dorsolateral wview, x2.5 (102).
Valettaster Lambert, 1914 {pro Tholaster SPENCER,
1913 (rom Seuxes, 1896}, [*Oreaster ocellatus
Forpes; SD Rasmussew, 1950: ICZN Opin. 331]
| =7 Adsteriaceros Vavrerte, 1934).  Apparently
hke Sphaeraster in shape but aborsl ossicles thck,
irregular, gencrally low cones. M. jur.( Barhon. p-
U.Cret.f Maastricht. ), Fu. Ti. 52,1, *Y. ocella-
ties (Forves), U.Cret.(Santon.), Eng.: Ia4, oral
side, X 13 74, ossicle, X2 (131).

Suborder GRANULOSINA
Perrier, 1894

cnum. trand. et correcr, Svexten & WiioHs, hiorcin {ex
Granulos Pearsir, 1895

Marginals conspicuous, invariably fewer
than adambulacrals, in two series, opposite;
aboral essicles arranged in calycinal system
in young, which generally cannot be distin-
guished in adults, ossicles generally covered
with spines or granules in shallow sockets.
Pedicellariae, if present, generally valvate
and sunk in ossicles. L.fur.-Rec.

Family ODONTASTERIDAE
Verrill, 1889
[=Gnathasterinae Prrreer, [894)

Pentagonal or broadly stellate, with odd
interradial marginal in cach series, more
paxillose than most Goniasteridae; mouth-
angle plates triangular, generally bearing re-
curved spines with glassy tips. M.fur.-Rec.
Odontaster  VErrILL, 1880 [*O. Aispidus; OD)]
[=Grathaster SrLabpen, 1889: Grathodon VER-
RILL, 1899; Peridontaster Korurrr, 1920; Epi-
dontaster  KorHLER, 1921; Gymnognathaster
DéperLEiN, 1928]. One spine common to cach
pair of mouth-angle plates. [A [Jurassic species
doubtfully  belongs  here.) °M.Jur.(Bajoc. or
Barhon.), N.Z.; Rec.
Acodontaster VerriLL, 1899 [*Grathaster elongatus
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SLapeN, 1889; 0D
Pseudodontaster  KOLLILER,

[ =Henresaster Bery, 1908;
1912; Tridontaster

KoesvLer, 1920 Meradontaster KopnLer, 19211,
Rec.

Fic. 52. Sphaerasteridae (p. U53).

Echinodermata—Asterozoa—Asteroidea

Asterodon Terrier, 1891 [*Gomodiscus singularts
MULLER & TRescHern, 1842: 8D Feir, 1953]
| =Dipladantias Fisurr, 1908 (pro Goniodon
Penrraek, 1894, nor Herrick, 1988)]. Rec.

Eurygonias Farouar, 1913 [*E. Aylacanthus; OD).
Ree.

Haplaster Perrier, 1882 [*H. sprnosus; OD]. Rec.

Family CHAETASTERIDAE
Staden, 1889

1897 (ex Chaetasterinae SLADEN,
1889

Marginals small, with odd interradial
marginal in each series; spinelets of paxillae
slender and glassy; superambulacral plates
present; calcareous interbrachial septa. Am-
pullae single, Ree,

The position of this family is altogether
doubtful.

Chaetaster MiiLLER & TroscHerL, 1840 [*.dsverias

subtlata Tavanck, 1816 (=*Asterias longipes
Rerzws, 1805); OD], Rer.

Family ARCHASTERIDAE Viguier, 1878

Superficially like Astropectinidae but tube
feet with sucking discs; aboral ossicles tabu-
late and paxilliform, with internal imbr-
cating ridges, arranged in oblique transverse
rows on either side of conspicuous radial
series. ?Mio. Rec.

Archaster MULLER & TRoscHFL, 1840 | *A. typicus;
0D}, Characters of {amily. Interradial arcs pointed.
Mic., S.Alr., Rec.

|rom.  pranst, Lunwia,

Family GONIASTERIDAE Forbes, 1841

Pentagonal to narrowly stellate forms gen-
erally with large disc; marginals prominent,
opposite, normally with no odd interradial
marginal; plates on both oral and aboral sur-
faces in close contact; aboral plates flat, tabu-
late or paxilliform, with or without spines or
granules but in several genera they may be
tumid. Pedicellariae most commonly alveo-
late or valvare. L.Jur.-Rec.

Many Mesozoic genera belong here, but
their phylogeny and therefore detailed taxon-
omy are determined only for a few groups.
Few Cenozoic forms are known and it is
therefore difficult to link the Mesozoic with
abundant Recent genera. Hence, organiza-
tion into subfamilies can only be provisional;
certain groups of genera are distinct but
there remain a large number of genera that
must still be assigned to Goniasteridae, #2-
certae sedis, but which probably ought to be
grouped into several subfamilies.
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Subfamily GONIASTERINAE Forbes, 1841

Shape varying from pentagonal to rather
long-armed but all genera agree in having
rather few and large marginals, normally
with slightly sunken edge (“rabber edge” of
Seencer) and raised smooth or distantly
granulate central area; aboral plates may be
flat and smooth, granulate or papillate, or
may be raised into round tubercles. There
is a strong tendency to specialization of dis-
tal superomarginals which may represent up
to 7 marginals fused into an enlarged ulni-
mate superomarginal, The subfamily com-
prises a series of genera radiating or second-
arily derived from the Cretaceous and
Cenozoic Metopaster. U.Cret-Rec.

Goniaster  Acasstz, 1835 [*Asterias  tesselatus
Laniarck, 1816; OD) |[=Phaneraster PERRIER,
1894, Prominent rounded or bluntly pointed

tubercles on aboral plates, particularly on primary
circlet and carinals; enlarged ultimate supero-
marginals, Ree.
Ceramaster VERrILL, 1899 [*Asterias granularis
Revzivs, 1783; OD] [=P?Petalastrum DE Grec-
orro, 1895; Phionaster Kornrzr, 1909]. Like
Metopaster in shape and marginal ornament but
with no enlarged ultimate superomarginals and
many more marginals (up 10 18 in half arc)
and with tabulate {(not flat} aboral ossicles; arms
not upturned strongly as in Recwrvaster. PU.
Cret.f Maastricht.), Eu., Eec Fre. 53,1. ¢C.?
dividuns {RasmussEn), Maastnicht., Denm.; Iab,
side and aboral views, X1 (125).

Metopaster Sianey, 1893 [*Goniaster ( Gonlodis-
cns)  parkinsoni Forees, 1848: 8D Rasmussew,
1950 (ICZN Opmin. 331)| [=»Mitraster S1ADEN,
1893:  Rarmasier  BrRUNNICH-NI1ensex,  1943;
20icrydaster MEercier, 1935]. Peatagonal, with
sharp-pointed arms; rarely with arms slightly pro-
duced: marginals very large and few (2 to 3
supernmarginals in half arc); enlarged ultimarte
superomarginals ¢orresponding to 2 to 7 infero-
marginals; central area of marginals with fine
pits for granules or smooth, surrounded by dis-
tinct narrow area with several rows of sewe. U.
Cret.(Cenoman.j-Mio., Eu.-N.Am.-N.Z, Fie.
33,3. *M. parkinsomi (Forses), Santon., Eng.;
3a,b, aboral and lat. views, X1 (131); 3¢, profile
inferomarginals, X2

of  superomarginals  and
{133). (8ee also Fag. 27.)
Recurvaster BRUNNICH-NigLseN, [943 [*R. sreren-
sehisis (=*Metopaster tumidus radiatus SPENCER,
1913); OD]. Differs tfrom Metopaster 1n having
ne enlarged ultimate superomarginals, more mar-
ginals, and arms produced and upturned, making
distal  marginals  skew., U.Cret.(Campan.)-Eoc.,
NW.Eu. Fic. 53,2. *R. radiatus (SPENCER),
Campan., Denm.; 24/, aboral and Jat. views of
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Ceramaster

Metopaster

Fi6. 53. Goniasteridze (Goniasterinae) (p. U57).

arm, X 1; 2¢, profile of supcromarginal and in-
feromarginal, X1 (123).

Spenceria Fouwrtrau, 1914 [*Metopaster teilhards
pe Lorror. 1908; OD]. Ultimate inferomarginals
seemingly enlarged like superomarginals. [Prob-
ably a young Metopaster.] U.Cret.( Santon.), Lng.

Sphaeriodiscus Fisner, 1910 | *Srephanaster botsrgu-
et PERRIFR, 1894}, Only differs from Meropasier
in that last few supernmarginals are not united
in single ossicle, penultimate  superomarginals
normally  larger than median  cnes.  U.Cres.
{Campan.}, Eng., Rec.

Cladaster Vrrrn1, 1899 [*C. rudis; OD]. Rec.
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Fic. 54 Goniasteridae (Pycinasterinae) (p. U59).

Iconaster SLADEN, 1889 [*.Astrogoninm longimantim
Mén1us, 1859; OD]. Rec.

L (Iconaster). Ree.

L {Glyphodiscus) Fusnur, 1917 [*lconasier periec-
trs Fisuer, 1913; OD]. Ree.

Pentagonaster Grav, 1840 [*P. pauichellng OD)
[ =Asirogomium  MULLER & TroscHeL, 1842
Stephanaster Avres, 1851]. Pentagonal or with
moderately long arms, which have broad rounded
ends; marginals with smaoth central area; distal-
maost or one proximal to it in upper and lower
series may be enlarged; inferomarginals corre-
sponding with supernmarginals except at extreme
tip of arm. [There is very little difference be-
tween Pentagonaster, Tosia, and Metopaster.] Rec.

Pergamaster Koenvzr, 1920 [*P.  essellatus
(=7Pentagonasier incertus Brrr, 1908)]. Rec.

Plinthaster Verrirr, 1899 [*Pentagonaster perriers
Sraven, [889; OD] [=Pyremaster VERRILL,
1889 . Rec.

Pontioceramus  Fistier, 1911 [*P. grandis; OD].
Rec,

Tesselaster H. L. CLARK, 1941 [*T. norabilis; OD],
Ree.

Toraster A. M. CLark, 1952 [*Astrogonium tuber-
culatum Gray, 1847], Rec.

Tosia Gray, 1840 [*T. australis; OD]. Ree.

Tosiaster VERRILL, 1914 [*Tosta arciicus VERRILL,
1909; OD]. Rec.

Echinodermata—Asterozoa—Asteroidea

Subfamily CHITONASTERINAE Fisher, 1911

Disc small, arms moderately long, straight-
sided, covered by membrane; aboral ossicles
each with stout spine, like those present in
vertical series on marginals; 3 similar spines
on cach adambulacral. Rec.

Chitonaster SLaDEN, 1889 [*C. cataphractus; QD]
[=Chitonaster SLaDEN, 1885 (nom. nud.)]. Rec.

Subfamily ANTHENOIDINAE Fisher, 1919
[=Lleprogonasterinae Prrmirw, 18--]

Body enclosed by thin membrane, gener-
ally covering or covered by granules; plates
of aboral surface tending to be stellate;
secondary aboral plates generally present.
Rec,

Anthenoides Perrizr, 1881
| =leptogonasier SLADEN,
VereiLr, 18997, Ree.

Atelorias Fisuer, 1911 (*4. anacanthns; OD]. Ree,

Ogmaster voN MARTENs, 1865 [*Goniodiscus capella
MCLLER & TroscueL, 1842; OD] [=—Dorigona
GRray, 1866]. Rec.

Siraster H. L. CrLark, 1915 |*S, tuberedatus; QD).
Ree.

Stellaster Gray, 1840 [*S. childreni (=*Asterias
equestris REvzivs, 1805)). Ree.

[*A4. peircer; OD)
1889;  Auzheniaster

Subfamily HIPPASTERIINAE Verrill, 1899

Aboral surface covered by well-spaced
larger ossicles packed with intercalated
smaller ones, in internal view forming coarse
network; marginals with conical tubercles
or stout spines. U.Crer-Rec.

Hippasteria Grav, 1840 [*H. europaca (=* Asierias
phrygiana Parevivs, 1768); OD (other included
species is symonym)]. Disc large, arms short;
marginals bare except for few large tubercle-like
spines and granules around edge; larger aboral
ossicles tumid and smooth except for marginal
granules, U.Cret., N.Z., Rec.

H. (Hippasteria) [=Euhippasteria Dons, 1938].

U.Cret,, NZ., Rec.

H. (Nehippasteria) Doxs, 1938 [*H. (N.) in-
signis; OD). Rec.
Cryptopeltaster  FisHEr,

OD]. Rec.
Evoplosoma Fisuer, 1906 [*E. forcipifera; OD].
Ree.

1504 [*C. lepidonotus;

Subfamily NECTRIINAE Perrier, 1894
Superambulacral plates present; with in-
termarginal as well as aboral papulae. Ree,
Nectria Grav, 1840 [*Asterias ocellifera LaMarck,
1816: OD]. Ree.
Nectriaster H. L. Crarx, 1946 |*Mediaster mona-
canthus 11, L. CLarg, 1916; QD). Rec.
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Subfamily PSEUDARCHASTERINAE Sladen,
1859
Abactinal plates paxilliform or tabulate;
superambulacra present, at least in rudimen-
tary form. Pedicellariae, if present, spini-
form, fasciolar, or incipiently bivalved.

U.Jur-Rec.
Pseudarchaster  Stapex, 1889 [*P. disens; SD
Fisuer, 1911] [=Psendarchaster Sranen, 1885

{nom, nud.}]. Aboral plates paxilliform, in radial
rows of which several extend along arm; mar-
ginals thick, with fasciolated grooves between;
oral intermediate plates in transverse and longi-
tudinal  serics; mouth-angle  plates  Jarge  and
prominent, U .Foc.-L.Mio., N.Z., Rec.
Aphroditaster Stapen, 1889 [*4. graeilis; OD]
[=dphroditaster Stapex, 1885 (mom. nud.)].
Doubtfully distinct from Pserdurchaster. Rec.
Paragonaster SLaneN, 1885 [*P. cremipes; 51D
Fisuer, 1919]. Single series of flav granulose
plates extending along aboral surface of arm be-
tween superomarginals. U.Jer-Mio., N.Z., Rec.
Perissogonaster FisHER, 1913 |*P. /iasignis; OD].
Only differs from Paragonaster in having odd in-
terradial marginal in each series. Ree.

Subfamily PYCINASTERINAE Spencer & Wright,
n. subfamily

Very robust forms with rather small disc
and loag arms; supcromarginals high, swol-
len, with rounded profile, and with large
hollows for intermarginal muscles; spines
almost absent; marginals and aboral ossicles
may have feehle rugosities. Alveolar pedi-
cellariae, L.Jur-Mio.

This group seems to have no close rela-
tionship with any other Mesozoic Goeniaste-
ridae.

Pycinaster Spencer, 1907 fpro Pyvenaster SLADEN,
1891 (non Pouer, 1883)] [*Goataster (Conio-
discns) angustatus Furees, 1848; OD], Characters
of subfamily. L.jer.-Mrio., W Ea. Fic. 54,2, *D.
angustatus  (Forpres),  U.Cret.(8anton.), Eng.
(Kent); 2a,4, aboral and lat. views, X 1; 2¢, pro-
file of superomarginal and inferomarginal, X2
(131).

*Phocidaster Spexcer, 1913 |*P. grandis: OD].
Known only from large interradial superomar-
ginals, which arc high. short, club-shaped, with
swollen abaral end: surface consisting of fine
shallow spine pits separated by rugosities. Cret.
(U Alb-Cenoman.), Eng. Fio. 54,1, *P
grandis, U.Alb., Devon; Ta,b, profile and lat, views
of superomarginal, X2 (139).

Subfamily UNCERTAIN

Without thorough revision of the family
the remaining fossil and Recent members
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cannot be satisfactorily placed in subfami.
lies. Some of the following genera might
perhaps be placed in Goniasterinae, but most
of them should obviously be assigned to one
of several unnamed subfamilics. The sub-
familial name Mediasterinae Verriry, 1914,
is available for one group. In the following
account genera known as fossils are listed
first in alphabetical order, then those known
only as living forms.

Calliaster Gray, 1840 [*C. cheldrens; QD). Arms
rather long; mmarginals large, with large hosses
that carry short stout spines; radial lines of stout
spines on aboral surface and sill larger spines
on ossicles of primary crclet. U.Eoc.-U.Oligo.,
N.Z., Rec.

Calliderma Gray, 1847 [*C. emma; QD] [=Tomi-
duaster SLADEN, 1891], Disc large, with short arms
passing evenly into wide interradial arcs; mar-
ginals short, wide, larger than in
Compromia and wider than in Tylasteria, with
fine hexagonal spine pits and, irrcgularly, large
shallow depressions; tessellate close-fitting  oral
and aboral plates. Valvate pedicellariae may be
abundant. U.Cret(Cenoman.)-Oligo., Eu., KRee.
Fie. 59,6. €. smithige (Forses); 6ap, oral
and aboral sides, X1 (Cenoman., Fng., Sussex)
(131); 6¢, profile of superomarginal and infero-
marginal, X2 (Turon., Eng., Devon} (133).
Cenomanaster WricHT, 1951 [pro Jucobella MER-
cier, 1935 (non Jeawwer, 1908)] [*Jucebella
cenomanensis MERcIER, 1935; OD]. Disc rather
large; arms narrow at base, long, straight-sided.
tpering very gradually, with superomarginals
not in contact; marginals short, wide, with gran-
ules; single large tuberele on abural side of supero-
marginals; aboral ossicles granulose, irregularly
rounded: some with conical tubercle.  U.Crer
{ Cenoman.}, Fr. Fii. 56,4. *C. conomanensis
(Mercier), Sarthe; aboral side, X1 (121).
Chomataster SpENcER, 1913 |*C. wcrdes: OD]
[ =?Huraeaster Varerre, 1913]. Long slender
arms sharply demarcated from disc; interradial
margins  generally straight, with wedge-shaped
superomarginal at junction with arm: marginals
tall, those of arm and interray differing in pro-
file, generally with fine close spine pits, U.Cres.
{ Santon.-Maastrickr.), NW . Eu. Fie. 33.3. €.
sp.. Campan., Eng.(Norfolk); aberal side. X1
(139).

Comptonia Gray, 1840 [*C. elegans: OD]. Arms
long. slender, distinct from shghtly curved or
straight interradial arcs; marginals square and
rather small on arms, short and wide in interravs,
with fine, close spine pits. Large valvate pedi-
cellariae commaon, L.Crer.(dpe.-U.Alb.), ?U.Crer.
fSanton.}, Eng.-?Egypt-FCan. Fig, 55.5. C.
comproni (Forzrs), U.Alb., Eng; 5ab, aboral
amd lat. views, X1 (131).

relatively
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Calliderma

Fic, 55. Goniasteridae (subfamily uncertain} {p, U59, U62-U63).
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Cottreanaster WricHT, 1951 [pro Spenceraster Cor- lamarei (CorTTREAU), Orne; aboral side, X2
TREAU, 1929 (mon Lamsert, 1913)] [*Spencer- (105).

aster lamarei CorTREAU, 1929; OD]. Disc small,  Crateraster SPENCER, 1913 [*Asterias quinqueloba
arms long, narrow, straight-sided, flexible; mar- GoLpruss, 1822; OD, ICZN Opin. 331] [=Aus-
ginals small, tumid with fine granules; supero- tinaster Apxkins, 1928]. Pentagonal to stellate,
marginals with tubercles or spines, aboral plates with arms slightly produced; marginals large,
irregular, M.Jur.(Bathon.), Fr. Fic. 56,3. *C. rather few (4 to 7 in half arc), more or less op-

Fic. 56, Goniasteridae (subfamily uncertain) (p. U539, U61-U63).



Pachyaster

Fii. 37, Goniasteridae {(subfamily uncertain)

(p. U62-U63),

posite, last few superomarginals in contact on
trid-line of arm; marginals with distinct lateral
and oral or aboral faces, lateral faces at least
with shallow crater-like pits; profile of marginals
like that of some Jur. Tylasteria; oral and ahoral
ossicles large, tessellate, Cret.f U.Alb-Campan.),
Eu.-N.Am. Fic. 56,6, *C. guingueloba (Gorp-
Fuss), Santon., Eng.(Kent); 6a, cral side, X1
(131); 65, lat, face of marginal, X2 (131}; 6¢,
profile of superomarginal and infcromarginal, X2
(133).

Forbesiaster ne Lorior, 1909 [*F. awight; OD].
Arms wide at base, rounded at tip; no distinet
interradial arc; marginals twice as wide as long,
with widely spaced pits for granules and short
spines around edges; aboral essicles irregular,
rounded or tumid, largest with granules and
round conical spines. Large bivalved pedicellariae
on maost superomarginals, U.Cret.{ Santon.), Egypt.
Fic. 56,5. *F. wrighti; 5a, aberal side, X1;
56, part of aboral surface, X4; 5¢, superomar-
ginals, X2 (117).

Indiaster Rao, 1957 [*1. krishna; QD). Small, very
short marginals; interradial areas on oral surface
with rows of rod-shaped ossicles chat simulate

metapinnules. M.Jur.(U.Bathon.}, India{Cutch).
Fic, 56,2. *I, krishima; oral surface, X6
(Rao).

Leptogonium Pomrr, 1887 [*L. mawritanicum;
QD]. Tigure only; not recognizable bevond fam-
ilv. Plio.(Sahelian), N.Afr.(Alg.).

Mastaster Mercier, 1935 [*M. eillersensis; OD].
Like Tylasteria but with fewer, bulkier marginals
amd 2 wery large highly swollen superomarginals
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in center of cach interrav. U.Crer.{ Cemoman.-
Turon.), Eng.-Fr. Fic, 55.2. *M. willersensis;
2a, aboral side, X1 (Cenoman., Fr.); 24.c, pro-
fiic and lat, views of interradial superomarginal,
¥ 2 {Cenoman., Eng.) (139).

Mediaster Stineson, 1857 [*M. aegualis; QD]
[=lsaster VerrirL, 1894 (mom Dxsor, 1858)].
Long slender arms with several series of sboral
ossicles  separating superomarginals, one series
generally resching tip of arm; aboral ossicles
tabulate. Rudimentary superambulacral  ossicles
present, LMio., NZ., Rec.

Miopentagonaster Mercien, 1935 [*M, callowiensis;
OD]. Small, nearly straight interradial margin
farmed by 4 long, narrow, low granulose mar-
ginals 1n each series: distally much smaller mar-
ginal is followed by large terminal; aboral ossicles
hexagonal, granulose, with marked spaces for
papulae; carinals slightly raised and larger than
other ossitles, U.Jur.f Callov.;, Tr. Fic. 36.1.
*M. calloviensis, Calvados, aboral side, X2 (121},
Noviaster VaLerte, 1929 [*N. lLsajousi; OD].
Arms long, straight-sided, moderately wide at
base, tips blunt; interradial arcs rounded; supero-
marginals regular, disunctly skew, tumid, with
large tubercles on faces between adjoining ossicles.
surface with fine hexagonal pits; carinals promi-

neat, 3 rows, reduced to 1 distally. along arms
ending in large tumid oval ossicle. M. jur.
{Bathon.}, Eng.-Fr. Fic. 57,2, *N. lissajouss,
Fr.; 2a, aboral side, X1; 24, tip of arm, X4,
2¢, profile of superomarginal, X4 {136).

Nymphaster Suapen, 1889 [*Nymphaster protenius
Svapen, 1889 (=*Pentagonaster arenatus PERRIER,
1881 {obj.); SD Fisurr, 1917] | =Nymphaster
Svuape~, 1885 (nom. ned.}|. Arms long, slender,
sharply distinct from disc; superomarginals in con-
tact for whole length of arms; aboral plates tessel-
late. L.Mig., N.Z.-Cuba, Kee.

Ophryaster Spevcer, 1913 [*Nymphaster oligo-
plax Stapen, 18%91; OD). Long slender arms
passing into evenly rounded interradial arcs, mar-
ginals large, long, narrow, blocky, slightly tumid,
with close or distant hexagonal or circular spine
pits, which are generally absent from edge of
superomarginals next to aboral ossicles; supero-
marginals in contact along distal part only of
arms; no space for papulae between aboral ossicles.
Long low bivalved pedicellariae common. U.Cres.
(Turon.-Campan.j-Mia., NW.Eu, Fia. 354,
Q. magnnus SPENCER, Campan., Denm.; 4a,%, ab-
oral and lat. views of arm, X1; 4¢, profile of
superomarginal and 1nferomarginal, X1 (125).

Pachyaster ne Lorion, 1909 | *P. gegypriacus; OD].
Aboral side resembling Forbestaster, of which 1t
may be synonym, based on juvenile. Fie. 57,3.
*P. aegypiiacus; 3a, arm, X3; 36, aboral side,
X 13 3¢, aboral ossicle, X20 (117).

Spenceraster  Lamsert, 1913 - |pro
Spencer, 1913 (men Poxrer, 1883))
asrer rugosts SPeNcERr, 1907;

Trachyaster
[ *Nymph-
SD SPENCER &
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WericHT, herein]. Small, with short narrow arms
and rounded interradial arcs; seuperomarginals in
contact along mid-line of arms; marginals few,
low, nearly as long as wide, with evenly curved
profile, surface covered with rugosities but gen-
erally with narrow smooth band around edge.
Cret(U.Alb.-Cenoman.), Eng. Fis. 57,7, *§.
rugosus (SpENCER), aboral side of superomarginal,
X4 (133).

Teichaster SPENCER, 1913 [*T. farosus; QD |, Arms
more produced than in Crateraster, {rom which
it is derived; body high but flat; marginals with
high vertical lateral facc; spine pits large, shal-
low, close, hexagenal or circular.  U.Cret.
{ Camparn,}-Mio., Eu. Fro, 56,7, *T. favosus,
U.Cret.{Maastricht.), Eng.(INorfolk); lat. view of
fragmene, X1 (139).

Tylasteria Varerre, 1930 [pro Tylaster SPENCER,
1913 (won Daviersson & Korux, 1881)] |*As-
tevigs jurensis GoiprFuss, 1822; OD], Robust, with
large disc and tapering arms, moderately broad
at base; interradial arc well rounded; marginals
wider than long, slightly tumid, profile evenly
curved or square or undercut, densely covered by
generally  hexagonal spine pits; aboral plates
large, flat, with hexagonal pits. M.Jur.{Bajoc.)-
I.Cree.f 4l5.), Eu. Fic. 59,1, *T. jurensis
(GoLoruss), UJur.(Oxford.), Ger.; fac, oral and
lat. views: I%, profile of superomarginal and in-
feromarginal (123).

Amphiaster VERrIL, 1868 [*4. rasignis; OD. Rec.

Astroceramus Fisner, 1906 [*.4. callimorphus; OD].
Ree.

Astrothauma Fusurr, 1913 [*A. euphylacteum:
OD]. Ree.
Circeaster Koeurrr, 1909 [*Crceaster marcelli

KorHLER, 1909; 8D Spexcer & WricHT, herein].
Eugoniaster VerriL, 1899 [*Pemfagonaster in-
vestigatoris Alcock, 1893 OD], Rec.

Gigantaster Daprriemn, 1924 [*G. weberr; OD].
Rer.

Gilbertaster Fisuer, 1906 (*G. anacanthus; OD].
Rec.

Johannaster KoeuiER, 1909 [*]. superbus; OD].
Ree.

Lithosoma FisHer, 1911 [*L. actinometra;
Ree,

Litonotaster VErru1, 1889 [*Pentagomaster inter-
medins Perrier, 1884; OD1. Rec.

Lydiaster KogiLer, 1909 [*L. johannae; OD]. Rec.
Mahabissaster Macax, 1938 [*M. zergi; OD], Rec.
Mariaster A, H. Crark, 1916 [*]ohannaster gigan-
tens Goto, 1914; OD]. Ree.
Milteliphaster Avcock, 1893
OD). Ree.

Notioceramus FrsHER, 1940 [*N. anomalus; OD].
Ree,

Peltaster VErgmwr, 1899 [*P. hebes = (*Goniaster
nidarosiensis Storxnt, 1881): OD]. Rec.
Progoniaster DéprrieN, 1924 [*P. aravus; OD].
Ree.

on).

[*M. woodmasont;

Ue3

Pseudogoniodiscaster Livincstoxe, 1930 [*P. wards;
OD. Ree.

Rosaster Perrirr, 1894 |*Pensagonasicr alexandr:
Perrier, 1881; OD]
1899]. Kee.

Sibogaster Déperizry, 1924 [*3, diguarus; OD],
R{‘.’C.

Styphlaster . L. Craxk, 1938 [*S. notabilis; OD].
Rec.

Family OREASTERIDAE Fisher, 1911

[ =Pentaceroticie Grav, 1841, Anrheneinae Fiser, 1511]

Disc large, generally high and swollen,
even cushion-like in adult, with robust arms
or none; younger stages generally resembling
Goniasteridac; body normally covered with
thick granulose membrane; marginals large;
intermarginals may be present; abactinal
skeleton reticulate, composed of stellate
plates, in many forms bearing stout spines.
Papulae numerous, in special areas; calcare-
ous interbrachial septa. Ree.

Oreaster MULLR & TRoscHEL, 1842 [*Asterias
reticularns Linwg, 1758; OD] [ =Pentaceros
(Scuurze, 1760 (won. binem. )} Gray, 1840 (#on
CuvIER & VALENCIENNES, 18529)]. Ree,

Anthaster DoperLeN, 1915 | *Oreqster valvunlatus
MiiLLER & TroscuiL, 1843; OD]. Ree.

Anthenea Gray [*A. chinensis (=*Asterigs penta-
gonle Lamarck, 1816); OD] [=Hosia Grav,
18407 Hosea Grav, 1866]. Rec. Fic. 1,1, A.
Harescens (Grav), Rec.; Iab, oral and aboral
surfaces, X 1 (130).

Asterodiscus Gray, 1847 [*A. elegans: O], Rec.

Bothriaster DDépERLEIN, 1916 [*B. primigenius;
OD]. Rec.

Choriaster Litren, 1869 [*C. gramulatus; O
Ree,

Culcita Acassiz, 1836 [*Asterias discoidea Laviarcx,
1816 (=*Adsterias schmideligna Revzics, 1803):
0OD] [=Randasia Gray, 1810; Goniodiscus MtL-
Ler & Troscuer, 1842: Goniodiscvides FisHFR,
19067, Ree.

Goniodiscaster H. L. Crark, 1909 [*Adsteriar pleva-
della Lavarck, 1816: OD . Ree,

Gymnanthenea II. L. Crarx, 1938 [ *duthenca
globigera DopERLEIN, 19162 QD7 Rec,
Halityle Fisuer, 1913 [*H.  regularis:
| =Culcitaster H. L. CLark, 1915]. Kee
Monachaster DovrrLrin, 1916 [*Gonfodiscus sand-
eri MEssNER, 1892; OD]. Rec.

Nidorellia Gray. 1840 |*Pentaceros
armatus; OD]. Rec.

Paulia Gray, 1840 |*F. horsida; OD) | =Pauliclla
Lupwic, 1905}, Rec.

Pentaccraster DOpERLEIN, 1916 | *Asrerias mam-
millatus Aupoulx, 1827; OD]. Rec.

Pentaster DGDERLEIN, 1933 [pro Pentaceropsis Sua-
DEN, 1889 (mon STEINpACHNFR & DODERLEIN,

[=Nereidaster VermiiL,

on)

f Nidoreitia j
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Fic. 38, Ophidiasteridae (p. U64).

188+4) ] [*Asterius obrusata Bory DE SanT Vix-
cextT, [827: QD Ree.

Poraster Doneriris. 1G16  [*Oreaster  productus
BeLt, 1884 (==*Oreaster superbus Mobsivs, 1839);
OD. Rec.

Protoreaster D3perLEIN,
Lixxt, 1738: OD]. Ree.
Pseudanthenea Dovrriemx, 1916 [*Anthenea grayi
PerriFr, 1876: OD]. Rec.

Pseudoreaster Virmiir, 1899 [¥.Asrerias obrusang-
tdus Lantarck, 1816, OD]. Rec.

Stellasteropsis Dovrrus, 1936 [*S. jounadi; OD].
Rec.

1916 [*Asterias nodosa

Family OPHIDIASTERIDAE
Verrill, 1867
[==Linckiidae Pzemirr, 1875]

Disc small, arms long and slender, gener-
ally more or less cylindrical; body normally
covered by granulose membrane; marginals
small; aboral skeleton ressellate; small su-
perambulacral plates generally present. Pedi-
cellariae foraminate or cxcavate, or lacking.
U.Cret.-Rec.

Ophidiaster Acassiz, 1835 [*Asterias ophidianus
Lamarck, 1816: OD| |=2Tamaria Gray, 1840;
Chione Gisti, 1847], Rec,

Austrofromia H. L. Crarg, 1921 [*Fromia poly-
pora H. L. CLark, 1916, OD]. Rec.

Bunaster DéperLrin, 1896 [*B. reztersi; OD). Rec.

Certonardoa H. L. Crarx, 1921 |*Scyraster semi-
regularis MULLER & Troscuri, 1842; OD]. Like
Nurdoa, but oral surface of arms flat, not convex,
and cross section of arms triangular at base;
aboral ossicles in regular radial series on proximal
part of arms. Papulae in groups, as in Nardea,
but none on ora! surface. Mis., Formaosa, Rec.

Chariaster nE Lomor, 1909 [*C. elegans; OD].
Marginals in 2 prominent rows, with large mam-
millate tubercles generally on alternate ossicles:
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aboral surface flat but with median row of
tubercles on distal part of arm formed by swollen
intersections of long ossicles; adambulacrals with
2 rows of spines. U.Cres.( Santon.), Egypt. Fic.
58,2. *C. elegans; 2a, aboral side, X 1; 24, tip of
arm, X4 (117).

Cistina Gray, 840 [*C. columbie; QD). Rec.

Copidaster A. H. Crarg, 1948 [*C. lymani; OD].
Rec.

Dactylosaster Gravy, 1840 [*Adsterias  eylindrica
Lamarck, 1816: SD H. L. Crarg, 1921], Rec.

Dissogenes Fisuer, 1913 [*D. styracia; ODY], Rec.

Ferdina Gray, 1840 [*F. flavescens Gray, 1840;
ST} Fisurr, 1919), Ree.

Fromia Gray, 1840 [*dorerias
Lamarck, 1816; 0D}, Rec.

Gomophia Grav, 1840 [*G. egypriaca; OD). Rec.

Hacclia Gray, 1840 [*Ophidiaster (Hacelia) ar-
tenuatus, OD). Rece,

Leiaster Perims, 1852 [*L. coriacens; SD FISHER,
1919] [=Lepidaster VERRILL, 1871 (no#n FoRBEs,
1850} ]. Rec.

Linckia Narvo, 1834 [*L. fvpus (==*Asterius lae-
vigats Linng, 1758): OD) [=Cribells Acassiz,
1835 (mon Forues, 1841): Aealia Grav, 1840;
Catantes, Undina Gisri, 1847). Arms cylindrical;
aboral assicles not in regular longitudinal series;
adumbulacrals with 2 or 3 rows of granules, No
pediceliariae, U.Crer., Log., Rec.

Nardea Guav, 1890 [*Asterias variolata Rycetus,
1805; SD H. L. Crarx, 1921] [=Melia GuiTL,
18471, Rer.

Narcissia Gray, 1840 |*N. reneriflae (=*Asterias
canariensis p’Oreiony, 1839): OD]. Rec.

Neoferdina Livinestong, 1931 [*Ferdina cumings
Gray, 1840; OD]. Ree.

Pharia Gray, 1840 [*Ophidiaster (Pharia) pyra-
nudaties; OD]., Rec.

Phataria Gray, 15810 [*Linckia
fascialis; ODY. Rec.

Plenardoa H. L. Cranrk, 1921 {[*Linckia semiseriata
MarTEns, 1865; OD]. Rer.

Pscudophidiaster H. L. Crarx, 1916 [*P. rhysus;
OD| [=Pseudoiinckia H. L. Cuarx, 1916, lap-

milleporella

{ Phatarig) wuni-

sus], Rec.
Sladenia pe Loriov, 1909 [*Nardoa? jourteani pE
Lerior, 1904; OD]. Arms broadly flattened,

rounded at tip; marginals rather large, mostly
bearing short, stout spines; aboral ossicles oval,
tumid, spincse; adambulacrals with 2 rows of
spines. U.Crer.( Santon.), Egypt. Fre. 58,1
*S. fourtears (pE LorioL); Ia, aboral ossicle, enl,;
16, aboral side of arm, X1 (Loriol).

Family RADIASTERIDAE Fisher, 1916
[ =Mimasterinae S.apty, 1889]

Marginals  small and  subpaxilliform;
membranous interbrachial septa and super-
ambulacral plates present; aboral plates con-
sisting of penicillate paxillae; oral interme-
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diate plates imbricated in transverse series.
Ree.

Radiaster Perxier, 1881 [*R. elegans] [=Mimaster
Svapen, 1882]. Rec,
Gephyriaster  FISHER,
Tisner, 1905]. Ree.

1910 [*Mimaster  swift:

Order SPINULOSIDA Perrier, 1884

[nom, correct, SpeNcER & WRiGHT, herein (pro Spinolosa
Perrier, 1884)] [ =Velata Perrizy, 1894]

Mouth frame adambulacral; mouth-angle
plates prominent, not keeled; marginal
frame only rarely present except in juve-
niles; mouth-angle plates placed on promi-
nent axillary if marginals are present. Pedi-
cellariac, if presene, generally consisting of
grouped spines. Aboral skeleton reticu-
late, imbricate or absent, in many forms
consisting of regular rows of paxiltae, but
in early family Taeniactinidac consist-
ing of 3 rows of rather large plates in each
radius. M.Ord -Rec.

Since so few fossil forms are yet known,
classification of this order must be provi-
sional.

Suborder EUGNATHINA
Spencer & Wright, new suborder

Mouth-angle plates large, spade- or plow-
share-shaped, with conspicuous marginal
and suboral spines; ambulacral furrows
wide; adambulacral spines pectinate. M.
Ord.-Rec.

Family TAENIACTINIDAE Spencer,
1927

[=Calyplactininae Sesneur, 1930]

Aboral surface of arms with 3 rows of
prominent ossicles in each radivs. U.0Ord-
Miss.

Taeniactis Srexcer. 1927 [*T. wenlocki; OD].
Oral interrays with few scattered ossicles; aboral
skeleton confined to disc and bases of arms. LS.,
Scot. Fic. 59,3, *T. wenlocki; 3a, individual
with arms flexed upward, X3; 3%.¢, oral and ab-
oral surfaces, X 7.5 (133).

Baliactis SpenceEr, 1922 [*B. ordowicus; QD]
[ =I.civactis, "Palaeactis Lennann, 19571, Oral
interrays bearing large broad axillarv. U.0#4.-Dev.,
Fong,-Ger. Fre. 59,246, B, devonicies SPENCER,
L.Dev., Ger.; oral side of proximal part of arm,
w1 (133).

Calyptactis Svevcer, 1930 [*C. spimosus; QD).
Aboral skeletan of closely ftting ossicles; arms

Ues

apparently normally enrolled in life. L.Carb.
(Miss.), Eng.-N.Am. Fic. 594, C. demisius
(MiLLER), Miss,, USA; aboral side of enrolled
specimen, X1 (133).

Lepidasterella Scuvcuert, 1914 [*L. babeocki
(=*Heltanthaster gvalum Crarke, 1908); OD].
Arms 24 or more, with 3 rows of carinal and
superomarginal ossicles on aboral surface. U.Der.,
N.Am. Fre. 59,5 *L. gyalum (Crarkg), USA
(N.Y.); aboral side, }1 (129).

Family LEPYRIACTINIDAE Spencer &
Wright, new family

Aboral skeleton reduced, none preserved
in fossils; adambulacrals very narrow,
mouth-angle plates much elongated. L.54,
Lepyriactis Spe~cer, 1927 [¥L. moudus; QD). Arms

5. L.Sd., Scot. Fic, 59,6, *1.. nudus; 6a,b, oral
and aboral views of proximal part of arm, X3;
6c, aboral view of 2 neighboring mouth-angle
plates showing grooves for water vascular ring
and neural ring, X3 {i33).

Family SCHUCHERTHDAE Schuchert,
1915

Aboral skeleton not differentiated and all

ossicles alike; inferomarginals present, with
large axillaries abutting mouth-angle plates,
M.Ord -Sil.
Schuchertia Grecory, 1899 [*Palastering stellata
BiLLines, 18581 [=Trentonaster StirTz, [900].
Characters of family, M.Ord,-Sil., N.Am.-Scot.-
Australia, Fic. 59,1, 8. wenlocki "SPENCER,
Sil., Scot.; oral view of arm, X3 (133),

Family HELIANTHASTERIDAE
Gregory, 1899

inpm. transd., SeeNc¥R & WrIGHT, herein {ex Helianthas-
terinue GREGORY, 189%)] [=Palacchinasicridac Syt'rTz, 1890
{invalid because not based on included genus)|

Adambulacrals narrow, with single large
spine or several at outer edge; aboral sur-
face reticulate or granular. Dev,
Helianthaster RoeMER, 1863 [*F. rhenanus: OD].
Arms 14 to 16, rather rigid; disc moderately

large; aboral surface granular, L.Dev., Ger.
Fic. 59,7. *H. rhenannus: oral surface of arm,

® 1 {133).

Echinasterella Stirtz, 1890 [*E. sladen:; OD].
Arms 35, rather long and slender; adambulacrals
with single spine; aboral surface reticulate, with
small spines. L.Deo.-U.Der.,, Ger. Fic, 60,2.
*E. sladeni, LDcv.; X-ray view, X0.5 (116).
Hystrigaster Lennany, 1957 [*H. horridus; OD].
Arms 5, rather short, broad at base: long spines on
aboral surface and in 2’s or 3’s on outer edge of
adambulacrals, L.Dev., Ger. Fic. 60,1. *H.
horridus; X-ray view, X0.5 (116).




o6 Echinodermata—Asterozoa—Asteroidea

Family SOLASTERIDAE Perrier, 1884 ing paxillate plates; oral intermediate plates

Disc rather large, arms long, 5 to many; present; single or double row of marginal
aboral skeleton normally open and irregu-  paxillae. L.fur.-Ree.

larly reticulate, rarely with large imbricat-  Solaster Forars, 1830 [*.sterias endeca LInNE,

1st Amb
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disk
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Lepidasterella

Helianthaster

Fre. 59. Taeniactinidac {2-5); Lepyriactinidae (6): Schuchertiidae (1) Helianthasteridae (7). [Explana-

tion: Adamb, adambulacral; Adr, adradial; Amd, ambulacral; Infa, inferomarginal: Ierr, Interradial; M,

marginal; Mad, madreporite; MAP, mouth-angle plate; nr, nerve-ring groove; 0, odonwphore; R, radial;
wer, water-vessel-ring groove.] (p. U65).
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o,

Echinasterella
Fic. 60. Helianthasteridae (p. U65).

1771; OD] [=Ewndeca, Polyaster Gray, 1840].
Arms 7 to 17 in Recent species; series of large
marginal paxillae, with or without second smaller
series. [Jurassic specimens rare, one with ab-
normally small disc and 33 arms.] L.jur.
(Pliensbach.)-M .Jur.( Bathon.), Eu.; Rec., cosmop.

Ue7

Fic. 61,2. S.? moretonis Forses, Bathon,,
Eng.(Glos.); part of oral surface, X1 (139).

Crossaster MULLER & TroscHer, 1840 [*Asterias
papposus LINNE, 17673 OD]. Ree.

Cuenotaster Taitry, 1920 [pro Leucaster KoEHLER,
1912 (non Gauvrnier, 1877)] [*Leucaster involu-
tus KoEHLER, 1912; OD]. Rec.

Heterozonias Fisuer, 1910 [*Crossaster alternatus
Fisuer, 1906; OD]. Rec.

Laetmaster Fisuer, 1908 [pro Crenaster PERRIER,
1881 (non Acassiz, 1836)] [*Ctenaster spectabilis
PERRIER, 1881; OD]. Rec.

Lophaster VERRILL, 1878 [*Solaster furcifer DUBEN
& Koren, 1884; OD]| [=Sarkaster Lupwic,
1905]. Arms 5:; marginal paxillae in 2 well-de-
veloped rows. Plio., Eng.: Rec.

Paralophaster Fisuer, 1940 [*Solaster godefroyi
KoeHLER, 1912; OD| [=Myoraster Fisuer, 19407,
Ree.

Rhipidaster SLapEN, 1889 [*R. vannipes; OD]. Rec.
Xenorias Fisuer, 1913 [*Rhipidaster (Xenorias)
polyctemis; OD]. Ree.

Family TROPIDASTERIDAE Wright,
1880

Arms 5 to many; adambulacrals broad,
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Solaster

Plumaster

. Solasteridae (2); Tropidasteridae (1,3) (p. U66-U68).
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with transverse ridge carrying single row of
spines; aboral surface with rows of spines.
L.jur.

Tropidaster Forpes, 1850 '*T. pectinatus; OD].
Srnall, with 5 blantly petaloid arms; ambulacral
grooves wide, bordered by wade adambulacrals
bent in micldle and bearing 5 small spines which
project into ambulacral furrow: continuous with
adambulacrals  are  short inferomarginals
with ratsed nidge and 8 or more lung spines cov-
ering ntermarginal grooves: mouth-angle plates
prominent, plowshare-shaped: aboral surface with
radial double row of overiapping rounded plates,
atherwise covered with transverse rows of blunt
conical spines, L.fur.f Pliensbach.), Eng. Fic.
61,1, *T. pectinatus, Eng (Glos)s 1a, aboral side.
w1 Ihe, dagrammatic aboral and oral views,
w2 (139).

Plumaster WricHT, 1861 [*F. ophiuroides: O
Arms many, parrow at base, widest at mid-length:
adambulacrals short, wide, with row of 8 long
slender spines and row of small spines on <hstal
margins: mouth-angle  plates  prominent. L. fer.
{ Pliensback.}, Fog. Fic, 61.3. *P. ophinroides,
Eng.(Yorks): 3a, oral side, X1; 36, adambula-
crals, enl, (139).

wide

Family KORETHRASTERIDAE
Danielsson & Koren, 1884

Superficially like Solasteridae but with-
our oral intermediate plates and with spines
of adambulacrals and inferomarginals form-
ing single series; aboral skeleton formed of
rounded plates or wide mesh of isolated
tufts of spinelets; marginals not paxilliform.
Rec.

Korethraster Tiossox, 1873 [*K. Jlispidus; OD.
Rer.
Anareaster FELL & H. E. §. Crarg, 1959 [*A.
ganymede; OD). Ree.
Peribolaster Suapes, 1889 [#*P. jollicadarus; O]
[ =Peribolasrer SLavin, L1885 (nom. #ind.)]. Rec.
Remaster Perwier, 1894 | *Korethraster ¢ R.j palma-
s OD. Ree.

Family PYTHONASTERIDAE Sladen,
1889

Prerice, 1M (ex Pythonasterinae ScaoeN,
19 |

Arms 5 to 10, long, cylindrical; abaral
surface with bundles of long spinelets in
webbed or ensacculated  groups; mouth-
angle plates and adambulacrals with combs
of webbed spinelets. Ree.

| nevn,  tramst.

Subfamily PYTHONASTERINAE Sladen, 1889

Pythonaster Spapexs, |89 [*7. On|
| =Pythonaster StapiN, 1885 fnom. and.)]. Rec.

ﬂll!)'}‘{()ff‘;
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Subfamily MYXASTERINAE Perricr, 1894

Myxaster PERRIER, 1685 [*M, sof; OD}]. Ree.
Asthenactis Fisnewr, 1906 [*A. papyracens; OD].
Rec.

Family PTERASTERIDAE Perrier, 1875

Cross-shaped or lobed aboral plates bear-
ing groups of spinelets which support mem-
brane, distinct from aboral surface, forming
cavity for young which escape by central
valved aperture, termed osculum; lateral
spines on adambulacrals either supporting
oral web or merging in oral surface; no
aral intermediate plates; mouth-angle plates
broad and plowshare-shaped; internal septa
membranous. Rec.

Pteraster MitLiLFrR & TroscHEL, 1842 [*dsierias
militaris O, F, MOLLER, 1776; OD]. Rec.
P. (Pteraster) | =Prerasterides VERrILL,
2Lophopteraster VerRiLL, 1895], Rec.
P. {(Retaster) PerrIER, 1878 [*Preraster capensis

Gray, 1847; S Fusner, 1911] | ==Hexaster PER-

RIFR, 189]1: Temnaster VirriLr, 1894]. Kee
P. (Apterodon) Tusurr, 1940 [*Pteraster stellifer

Seapry, 1882: O], Rec.

Benthaster Siaves, 1882 [*Benthasier  wyville-
thomsons SLapex, 1882; SD Serxcrr & WERIGHT,
herein]. Ree.

Calbyptraster SLapex, 1882 [*C. coa; OI2]. Rec.
Cryptaster Prrrier, 1885 [*C. persomarus; OD].
Rec.

Diplopteraster VerriLy, 1880 [*Prevaster multipes

Sars, 1877, OD . Rec.

Eurctaster Fisnrr, 1930 | *Retaster nsignis SLADEN,

1442; OD). Ree.

Hymenaster Tromson. 1873 [*H. pellucidus; OD].

Ree.

Hymenasterides  Fisner, 1011
OD]. Ree.
Marsipaster  Svapex, 1882 [*M.  spirosisiimus

SLapry, 14#82; SI) Spencrr & WricnT, herein].

Ree.

Suborder LEPTOGNATHINA
Spencer & Wright, new suborder

1909,

[*H. zenognathes:

Mouth-angle plates small, triangular; am-
bulacral furrows narrow. L.Jur.-Rec.

‘I'his suborder includes a varicty of iso-
lated families, of which some are clearly
very primitive, but their geological record
is poor.

Family ASTERINIDAE Gray, 1340

Minute  marginals  normally  present;
aboral skecleton composed of imbricated

plates bearing grouped or single spinelets
or granules; eral intermediate plates in reg-
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ular transverse series, in some species con-
sisting of virgals; interradial slits or dorsal
depressions present in Tremasterinae. M,
Jur-Ree.

Known genera of this family are Recent
except for a yet undescribed Middle Jurassic
form from Switzerland.

Subfamily ASTERININAE Gray, 1840

Papulae widely distributed. Aboral os-
sicles thick, Rec.

Asterina Narpo, 1834 [*.Asrerias minuta (=%dster-
fas gibbosa PENNANT, 1777); OD) [=Crenaster
Acassiz, 1835 Asteriscus MULLER & TROSCHEL,
1840; Asterimides VermiLe, 1914, Rec.

Allopatiria VerriLL, 1913 [*Patiria ocellifera Gray,
1840; OD]. Rec.

Asterinopsis VeRriLL, 1914 [*Asterias penicillaris
Lamarck, 18§16; OD]. Rec.

Desmopatiria  VerriLe, 1914 [*D. fexilis; OD].
Rec.

Disasterina Perrien, 1875 [*D. abnormalis; OI]
| =Habroporina H. L. CLarg, 1921], Ree.

Manasterina H. L. Crark, 1938 |*M. longispina;
OD]. Rec.

Nepanthia Gray, 1840 [*Nepanthia maculata Gray,
1840; SD Verrir, 1914) [=Parasierina FisHER,
1908]. Rec.

Paranepanthia Fisuzxr, 1917 [*Nepanthia plarydisea
FisHER, 1913: OD]. Ree.

Patiria Gray, 1840 [*P. coccrnea Gray, 1840
(=*sterias miniata BranoT, 1833); OD]
[ =Callopatirta, Enoplopativia VeErrir, 1914].

Ree.

Patiriella VerriLL, 1914 [*Asterinag { Asteriscus)
regularis VerriLL, 1867; OD]. Ree.
Pscudonepanthia A, H, Cuank, 1916 [*P, gotol;
OD7. Rec.

Tegulaster LivinustoNe, 1933 [*T. emburyr; OD].
Ree,

?Socomia Gray, 1840 (#om. dub.). Rec.

Subfamily ANSEROPODINAE Fisher, 1903
T=Palmipedinae Staden, 1889]

Papulae in narrow radial band. Ossicles
of papular area stellate. Other aboral ossicles
thin, scalelike, with a downward prejection
that meets an upward process from an oral
ossicle, forming or supporting pillar for
disc. Rec.

Anseropoda Naroo, 1834 [*Adsterias membranacea
Rerztus, 1805; (=*Asterias placenta PENNANT,
1777y QDY [=Palmipes Acassiz, 1835; Carna
GistL, 1848). Ree,

Kampylaster KoeHLEr, 1920 [*K. rncrreains; OD .
Ree,

Mirastrella Fisurr, 1940 [*M. biradialis; OD). Ree.

Ues

Subfamily TREMASTERINAE Fisher, 1903
{ex SLapexw, 18BY, provisional ]

Papulae in radial areas, wider than in
Anseropodinae. With interradial slits or
aboral depressions. M fur., Ree.

Tremaster VERRILL, 1879 [*T. mirabilis: OD]. Rec.

Stegnaster Svapex, 1889 [*Preraster inflarns Hut-
Tox, 1872; OD]. Rec.

Genus undescribed assigned to this subfamily, M.
Jur.i Bajoc.), Switz.

Family GANERIIDAE Sladen, 1889

[ingl. Cryasteridae Kornier, 1906 (as Cryasteridds, nom.
correct. FisHer, 1911)]

Large marginals normally present but
may be small and confined to interrays;
aboral skeleton imbricate, reticulate, or re-
duced to minute plates in skin. Rec.
Ganeria Gurav, 1847 [*G. faiklandica; OD), Rec.
Aleutiaster A. H. CLark, 1939 [*A4. schafferi; OD].

Ree.

Cycethra BeLr, 1881 [*C. simplex (=*Goniodiscus
perrucosns PuiLieet, 1857): OD) [=Lebrunaster
Pekrikr, 1891), Ree.

Leilaster A, H, Crark, 1938 [*Korethraster radians
PeRRIER, 1881: OD]). Rec.

Magdalenaster Koenier, 1907 [*M. arcticus; OD].
Rer,

Perknaster SLapex, 1888 | *P. fuscss Svapex, 1889;
SD Fismer, 1940] [=Cribraster PERRIER, 1888;
Cryaster WorHLER, 1906; Cribellopsis KOEHLER,
1917]. Ree.

Scotiaster KornLer, 1908 [*S. faornatis; OD]. Ree,

Tarachaster Frsugnr, 1913 [*T. tenuisy OD]. Rec.

Family PORANIIDAE Perrier, 1894
[ =Gymuasteriidac S1aney, 188%9; Asteropidae Fisnen, 1508

Marginals varying from prominent, more
or less overlapping, smooth, or with few
spines, to absent; aboral skeleton loosely
tesscllate or reticulate, covered by skin
which is smooth, granulose, or spinulose;
extreme forms may have no solid skeleton
except some axial elements. Rer,

Porania Grav, 1840 [*Asterias gibbosus LEach,
1817 (=*dAsterias puivillus O. F. MiLLer, 1788);
OD| | =GClabraster A. H. CLarg, 1916].Rec.
Fic. 15,1. P. sp., Rec.; oral surface (111).

Asteropsis MOLLER & TROSCHEL, 1840 [pro dsterope
MiLLER & Troscter, 1840 (non HUsxrr, 1819)]
[*dsterias  carinifera  Ladarck, 1816; OD]
[ =Gymnasteria Gray, 1840, December (non
PHiierr, 1840, June)]. Ree.

Chondraster VERRILL, 1895 [*Porania grandis VER-
riLL, 1878: OD]. Ree.

Dermasterias Prrrier, 1875 [*D. inermis (=*As-
teropsis imbricata GRuBs, 1857): QD). Ree.

Marginaster Perrier, 1881 [*M. pectinatus Prer-
RIER, 1881; S Siapen, 1B889] [=Chedlaster
Brry, 1892]. Ree.
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Diclidaster

Fu. 62, Valvasteridae (p. &70).

Petricia Grav, 1847 [*P. puncrara (=*Asterias
vernteina Lasarck, 1816); OD]. Ree.
Poraniella Verriie, 1914 [*P. regrdaris; OD]. Rec.
Poraniomorpha Davxrmpsson & Korex, 1881 [*/
rosear 1] [ =Rhcgaster SLADEN, 1883: Lasiaster
SLanen, 1889: Culcitopsis Verriun, 1914, Kec.
Poranisca VrrriLL, 1914 [*P. leprdu; OD]. Rec.
Pseudoporania Dows, 1936 | *P. srormi; OD]. Rec.
Sphaeriaster Doxs, 1939 [pro Sphaeraster Dons,
1938 (mom Quunsrepr, 1875)) [*Sphacraster
herthae Doxs, 1938; O], Rec.
Spoladaster Fisuer, 194G [*Cryaster  brachyactis
H. L. Crark, 1923; OD|. Rec.
Tylaster Davizisson & Korex, 1881 [*T. willer;
OI]. Rec.

Family ECHINASTERIDAE Verrill, 1867

[#on Echinastering Gray, 1840, based on Eckirasrer Gray,
1840 (mon MOrLrn & Troscwrn, 1840} ]

Disc small, arms long and slender; aboral
ossicles reticulate, with spines single or in

Echinodermata—Asterozoa—Asterotdea

small groups. Pedicellariae lacking; ampul-
lae single. PU.Crez., Rec.

Echinaster MCLLER & TRroscHEL, 1840 [*Asterias
seposita Lamarck, 1816 (mom Revzivs, 1783)
(=*Asterias sagena Retzius, 1805); SD FisHER,
1913) [non Echinaster Gray, 1840 (see Acanth-
aster)| |=Oth:dia, Rhopra Gray, 1840; Henricides
VEeRRILL, 1914], Rer.

Cribraster PErr1ER, 1891 [*C. sladeai; QI}]. Rec.

Dictyaster Woop-Mason & Avrcock, 1891 [*D.
reraphilus; QD). Rec.

Henricia Gray, 1840 [*H. ocwvlata (=*Astcrias
sanguinolenta Q. K. MCLLer, 1776); QD]
[=Cribella Forses, 1841 (non Acassiz, 1839);
Cribrells LiTkeN, 1857 (nor Acassiz, 1833);
Magdalenaster KoenrEr, 1907; Cyllaster A, IL
Crark, 1916; Spinehenricta Heping, 1936]. Mar-
ginals more or less distinguishable; aboral surface
with many spinelets in groups or on ridges; single
doubtful specimen  found fossil (7). 2U.Cret.
(Cahi.), Ree.

Plectaster SLapEN, 1889 [*Echinaster decanus MiL-
L.ek & TroscHEL, 1843; OD). Rec.

Poraniopsis Perrier, 1890 [*P. echinaster; OD
{other included species 1s synonym)| [=Poran:-
opsis Permivk, 1888 (wom. nud.): Lafillea br
Lowor, 1904; Alexandraster Lvowis, 1905; Ors-
mannia b Lorlow, 1906], Ree.

Rhopiella Fisuer, 1940 [*R. kochleri; OD). Rec.

Thyraster Ives, 1890 [*Echinaster serpentarins
MULLER & TroscHeL, 1842: QD). Rec.

Family VALVASTERIDAE Viguier, 1878

[ram. correcs, Fisavw, 1911 (pro Valcasierfdds Vicuner,
187RY | [=Valvasterinae Kornter, 1910)
Marginals  conspicucus; aboral ossicles

regularly arranged, with small triangular
papular arcas between, with isolated spinc-
lets. Pedicellariae large, low, bivalved on
superomarginals and small, 2-jawed on
aboral surface; ampullae double. L.fur.-
Rec,

Valvaster Pereier, 1876 [*.Asterias striata asianck,
1816; O3], Ree

Diclidaster pe Lorior, 1897 [*D. gerreyi; QD).
Shart wide imbricating plates at base of arms;
some aboral ossicles bearing  perforations  (?for
stalked  pedicellariae).  L.Jur.( Hettang.}, Fr.
Fic. 62,1. *D. gevreyi, Ardéche; Ta, oblique ab-
oral view, arms turncd down, X2: I/, part of
arm, X4 {117},

Family ACANTHASTERIDAE Sladen,
1889

Many arms; madreporites numerous. Up-

right, 2qawed pedicellariac; well-developed

interbrachial septa; ampullae double. Rec.

Acanthaster Gurvaws, 1841 |pro Echinaster Gray,
1840 (#on Minrer & Troscuer, 1840)] [*4.
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echinus {=*Asterias planci Linw{, 1758}; OD].
Ree.

Family MITHRODIIDAE Viguier, 1879

[n#om. rensl. Prreier, [894 (ex Mithrodiipac Viculer,
1 7

Whale surface, including spines, overlaid
with rough granules, tubercles or spinelets;
no interbrachial septa; ampullae double.
Rec, :
Mithrodia Gray, 1840 [*M. spintdosa (=*Asterias
clavigera Lamarck, 1816); OD] [=Heresaster

MicueLIx, 1844]. Ree.

Family METRODIRIDAE Sladen, 1889
[nom. transl. Fisuer, 1917 (ex Metrodisinae Suapey, 1859)]
Abactinal surface and marginals covered
with skin, bearing isolated skin-covered
spines. Rec.
Metrodira Gray, 1840 [*M. swhudara;
[ =Scaphasier b Lorior, 1899], Ree.

Order FORCIPULATIDA
Perrier, 1884

[aom. correct, SerNceR & WaicHe, herein (pro Forcipulatae
PerrIER, 1884)]

Mouth of ambulacral type; madreporite
always on aboral surface. Pedicellariae,
when present, always straight or crossed.
L.Ord.-Rec.

Suborder URACTININA
Spencer & Wright, new suborder

{=Crasterina Seencrr, (951 (name misleading because
Uraster is synonym of Asterias of suborder Asteriadina) ]

Arms typically narrow and well produced
with parallel sides; aboral ossicles with
numerous paxillae set on shafts in diagonal
rows; in Arthrasterinae aboral ossicles are
redaced to 5 rows and paxillar shafts broad-
ened to form ridges; ambulacrals, except in
some late Devonian and Carboniferous
forms, not compressed; adambulacrals typi-
cally with median ridge carrying row of
stout spines; single primary interradial pres-
ent in eariier genera; odontophore high and
wedge-shaped. Pedicellariae unknown. [For
comparison of mouth frame with thar of
Asteriadina see Fig. 63, 64. Most Uracti-
nina are Paleszoic but Compsasteridae lin-
ger into L. Jur. and a genus of Calliasteri-
dae is rather common in U.Cret.] L.Ord.-
U.Cret.

Family CNEMIDACTINIDAE Spencer,
1918

Arms steep-sided, with upper row of

o)
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close ossicles (Pinferemarginals) kmit with
row of adambulacrals which have flat oral
surface; aboral surface with rows of small
paxillae; oral side with wide mouth and sev-
eral divergent ambulacrals arranged as 1f
bordering buceal slits, aborally fused into
closed girdle. Most apertures closed orally
by 5 flaps, in same position as tor1 in
ophiurcids but in herizontal plane. [The
only described genus is M.Ord.-U.Ord. but
undescribed material is known from L.Ord.
of Czech.] Ord.

Cnemidactis Spexcer, 1918 |*Usrasterclla girvanen-
sis ScHucperT, 1914; OD). Characters of family.
M.Ord.-U.Ord., Can.-Scot. Fio. 63,4; 04,1, *C.
gireanensis {Scuuchert), U.Ord.,, Scot.: 634,
part of mouth frame; 64,7, cross section of arm,
oral surface of interray, X5 (133).

Family URASTERELLIDAE Schuchert,
1914

[ =Roemerasierinae Grecory, 1900]

Arms rounded in scction; adambulacra
disc-shaped, with transverse ridge carrying
stout spincs, aboral ossicles paxilliform, sub-
equal, in diagonal series, each correspond-
ing with segment of ambulacral skeleton;
ambulacrals not compressed. L.Ord.-Permo-
carb.

Urasterella M’Cov, 1851 [*Uraster ruthveni ForeEs,
1838; ©QIY] [=Reoemeraster, Palasteracanthion,
Protasteracanthion STURTZ, 1886], Aboural side of
arms flat, many paxillae with uncqual-sized bases,
M. Ord. - Permocard., Can.-Scol.-Ger -USSR.
Fic. 64,626, *U. ruthreni (Forses), U.SIL, Eng.;
6a, oral side of arm, X2: 64, aboral side, X5
(133), Fic. 64,6c,d. U. thrairensis SPENCER,
U.0rd., Scot.; 6o, oral side, X2; 6d, aboral side.
X3 (133). Fic. 6d,6e. U. verrticuivsa Len-
aaxy, L.Dev., Ger.; aboral side, X1 (116). (See
Fig. 63.2.)

EBohemaster JagxkeL. 1923 [*B. primula: OD]. Un-
recognizable member of family, L.Ord., Czech.
Phillipsaster Sprncir, 1950 | *Palacasior coronella
SarTer, 1837; OD]. Like Salteraster but with only
slightly swollen arms, Si., Eng.-I.Can.-Australia.
Fie. 64.3. *P. {SarTer), L.SiL.

Eng., part of aboral surface, X5 (133).

Salteraster  StiRTZ, 1893  [*Pulweaster aspervima
SaLTER, 1857; OD]. Arms strongly swollen, with
single row of carinals separated fram marginals
by many paxillae. M.Ord-8i., N Am-Eng.-Aus-
tralia. Fii., 64,4a,b. *S. asperrimus {SALTER),
L.0rd., Eng.(Heref.); 4a, cross section of armn,
w3; 46, oral sile of arm, X2 (133). Fic.
64.4¢c. S. grandis {Meex), U.Ord.(Richmond.),
USA(Ohio); specimen with arms folded together,
w1 (1293,

coronclla
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4

Crnemidoctis

nr

muscle
water vessel

O

Brisinga

FiG. 63. Mouth frames of ambulacral type. 1. Aboral aspect of frame of Marthasterias glacialis, Rec.
(56). 2g-h. Frame of Urasterclla in oral aspect (133). 3. Diagram of ambulacral type of mouth
frame as in Asteriadina, oral aspect {Spencer, n).——4. Part of frame of Cremidgens, Ord.. showing flap-
like torus (29}. 5. Part of frame of Brisinga, Rec.. oral aspect (133). [Explapation: A, apophyvsis;
Adamb, adambulacral; Adr, adradial: Amb, ambulacral; ap, articular peg (lateral hinge): dm, dental mus-
cle attachment; tm, doral transverse muscle attachment: ffs, lateral buccal shicld; Mad, madreporite;
M.4P, mouth-angle plate; MS, mouth spine; v, nerve-ring groove: O, odontophore: p, podial (tube foot)
basin: pe, podial canal (to tube foot): T, torus; #, tooth (teeth); s/m, ventral longiwdinal muscle attach-
ment; wer, water-vessel-ring groove.] {p. U7, U76-U77).
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Fic. 64. Cnemidactinidae {13 Urasterellidae (2-4.6 )5 Calliasterellidac (Protarthrasterinac) 5), (Calliaster-
ellinae) (7), Arthrasterinae (4). [Explanation: Adamb, adambulacraly Adr, adradial: dm/, ambulacral:
Infm, interomarginal; I, interradial; Mad, madreporite; 0, odentophere; K

marginal.) (U71, U74),

. radialy Sapmr. supero-



Compsaster

Fii. 63, Compasteridae (p, U74).

ulrichi

Ulrichaster Spexcer, 1930 [*Urasterella
ScHucrErT, 1915]. Median oral surface of arms
with 2 rows of osicles, highly swollen in adules,
M. Ord -1 5., N, Am.-Scor Fi. 64,2, *U.
wlrichi  (Scuvcuerr), M.Ord (Blackriv.), USA
(Minn.); 2a, oral side, % 3; 2%, aboral side. X2
(129).

Family CALLIASTERELLIDAE
Schondeorf, 1910
"= Arthrasteridee Svescer, 1918]

Disc small; arms long and straight-sided;
oral face of adambulacrals with prominent
transverse ridge; aboral ossicles of arms
transverscly elongate and bearing median
ridge; with 3 primary radials. L.Card.-U.
Cret,

Subfamily PROTARTHRASTERINAE Spencer,

1918

Aboral ossicles in several rows, those
along mid-line of arms with transverse
ridge, others with paxillae. L.Carb,

Protarthraster Spewcer, 1918 [*Palacaster lungi-
manus WHIDBORNE, 1896; OD{. Arms well
rounded in section, inferomarginals on oral sur-
face. L.Carb., Eng. Fic. 64,5. *P. longimanus
(WHIDBORNE); aboral surface, X5 (133).

Subfamily CALLIASTERELLINAE Schondorf,
1910

Aboral ossicles of arm reduced to 3 rows,
no superomarginals present. U. Card.
Calliasterella  Scrvucuenr, 1914 [pro Calliaster
Travtscuon, 1879 {mon Gray, 1840}) [*Calli-
aster mirus TRAUTSCHOLD, 1879; OD]. Arms en-
rolled toward oral side, as in Calyptactis. U.Carb.,
Eu.{USSR}, Frec. 64,7, *C. mira (TRaUT-
scHOLD); 7a, section of arm, X 1; 75, ossicles of

FEchinodermata—Asterozoa—Asteroidea

mouth region from oral side, x2: 7¢, reconstruc-
ton, X5 {128},

Subfamily ARTHRASTERINAE Spencer, 1918

Aboral ossicles of arm in 5 rows of in-
feromarginals, superomarginals, and cari-
nals. U.Cret,

Arthraster Fornrs, 1848 |*A. divoni; QD). Arms
semicireolar in section; arm ossicles more or less
equal, short and wide, with tumid surface rising
to smooth or rugose or pitted rounded transverse
ridge.  U.Cret.f Tiron.-Maastricht,), Eng.-Lr.
Fre. 64,8 *4, dixond, Turon., Eng.: %, side of
arm, X |; 8%,¢, op and side of marginal, X 2: &4,
cross section of arm, X2 (133).

Family COMPSASTERIDAE Schuchert,
1914

Arms swollen and fusiform; ambulacrals
and adambulacrals numerous, compressed;
ambulacrals transversely elongate, almost
linear; aboral surface bearing many paxillae,
with tall shafts. L.Dev.-L.Jur.
Compsaster WorTHEN & MiLLer, 1883 [*C. jormo-
susy OD) [=Jackeluster SvirTz, 1900 Schineter-
aster LEnMmanw. 19571, Characters of family. L.
Dev.-L. Jur. { Bathon.}, Eng.-Ger.-N. Am. T6.
65,Ja,6. *C. formosus, U.Miss.(Chester.), USA
(I1.}; 1a, oral side, X1; 1b, part of same, X2
(129). ric. 65, 7c. C. spiwviger (WRIGHT),
Rathon., Eng.; f¢, oral side, X2 (139).

Suborder ASTERIADINA
Fisher, 1928

Many ossicles of aberal surface modified
to form crossed pedicellariae, basal plate
representing spine, pincers on Its summit
comprising modified spinelets. L.fur.-Rec.

Family HELIASTERIDAE Viguier, 1878

Dise large, with many {up to 50) short
arms, divided internally from disc by wall.
Ree,

Heliaster Gray, 1890 [*Asterias helianthus la-
makck, 1816; SD H, T, Crark, 19091, Rec,

Family ZOROASTERIDAE Sladen, 1889

Disc small, arms normally long, subcy-
lindrical, with ossicles in close radial series.
Pelicellariae straight only. Rec.

Zoroaster WyvniLe Tuomson, 1873 [*Z. fulgens,
QD |. Ree.

Bythiolophus Fisuer, 1916 [*B. acanthinus; OD].
Ree.

Cnemidaster Siapen, 188% [*C. wyeillel; OD].
Rec.
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Mammaster Pexrier, 1894 [*Zoroaster sigsbeel
DPernrier, 1881; QD). Rec.

Myxoderma Fisaer, 1903  [*Zoroaster {(Myxo-
derma) sacculatus; QD). Rec.

Pholidaster Scapen, 1889 [*P. sguamarus;, SD
FisHer, 1919, Rec.

Prognaster Perrir, 1891 [*P. grimaldi; QD).
Rec.

Family ASTERIIDAE Gray, 1540

Arms 3 to many; body swollen; ambulac-
rals and adambulacrals numerous, com-
pressed; adambulacrals transversely elon-
gate, ambulacrals narrow. Tube fect nor-
mally in 4 rows; pedicellariae straight and
crossed. Abora! skeleton generally reticulate.
Division into subfamilies is difficult. Neo-
morphasterinae and  Pedicellasterinae  are
distinet groups, but Labidiasterinae and
Pycnopediinae perhaps less so. Attempts to
divide the remainder have not been wholly
successiul, and therefore here they are all
left in Asteriinae. 7L.Jur., M.jur-Rec.

Subfamily ASTERIINAE Gray, 1840

Pramisr, 1583;. Coscinastoriinac,
teriinae Fisuer, 1923]
Characters most closely similar te those

ol Asterias. [Includes a wide range of gen-

era which lack features of other subfam-
tlies.] PL.Jur., M fur.-Rec.

Asterias LinnF, 1738 [*A. rubens; SD Norman,
1865 [=S8rellonia Narbo, 1834 Uraster Acassiz,
1835; Asteracanthion MULLER & Troscher, 1840;
Allasterias VErru1, 1909; Parasterias VERRILL,
1914]. Disc fairly large, arms 5 or 6, rather
bread and short: aboral skelcton open network
with spines in nearly regular scries along mid-
line and margin of arms but elsewhere spaced

[Fossils can only be provisionally
placed in the restricted genus.] PL.Jur(Pliens-
bach.), MJur.{Oxford.), Rec., Fic.
66.1. 4.7 garey! (Fores}, L.jur., Plicnsbach., Eng.
(Glas.): Ia, oral side of arm, X 1; 18, ambulacrals
and adambulacrals, X3 (139).

Adelasterias Koziitr, 1914 [*Diplasterias papillosa
KoeHLER, 19063 OD]. Rec.

Allostichaster  VerriLL, 1914 [*Asteracanthion
polvplax MOLLER & Troscwrr, 1844; OD7. Ree.
Anasterias  Perrier, 1873 [*A. minmwa, OD]
{=dsteroderma  Preruier, 1888; Parasiichasier
KneHLER, 1920: Eremasterias Fisier, 1930]. Rec.
A. (Anasterias). Rec.

A. (Sporasterias) Perrirr, 1894 [*Astertas rugi-
sping STIapsoN, L860; (=*Asterqcanthion ani-
arcticum LoTkeN, 1856); OD]. Ree.

A. (Kalypuasterias) Kornvesr, 1923 [*K. conferta;
OD]. Ree.

Aphanasterias Fisuer, 1923 [*. pyenopodin: QD]
Ree.

=Stichasteridae Notas-

irregularly,
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Fic. 68. Asteriidae (Asteritnae) (p. U75).

Aphelasterias  Fisnirr, 1923 | “Adsterias japonica
BeLr, 15881; O], Ree.
Astremetis  Fisurr, 1923 [®odsterias  sertulifera

Xantus, 1860; OD . Ree.

Astrostole Fisugr, 1923 | *Margarasicer? scaber Hut-
ToN, 1872; OD]. Rec.

Australiaster Fiswer, 1923 [*Coscinasterias dubta
H. L. Crarg, 1509: OD]. Rec.

Caimanaster A, M. CLark, 1962 [*C. acntus; O],
Rec,

Carlasterias na Costa, 1932 [*Movtensenta lusitanica
pa CosTa, 19415 QD] [=Mortenseniz pa Costa,
1941 (#on DoperLEIN, 1903)]. Rec.

Calvasterias Prrrier, 1873 [*C. asterinoides; QD)
| =Suchorella KoEHLER, 1920]. Rec.

Coscinasterias Verriry, 1867 [*C. muricata; OD].
Rec.

C. (Coscinasterias). Ree.
C. (Stolasterias) Stapxn, 1889 [*Asrerias renui-
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spma Lastarck, 1816; SD Fuseer, 1923)
[ =Lyraster, Folyasterias Prrrigr, 1894]. Rec.

Cosmasterias SLapex, 1889 [*direracanthion sulci-
fer DPEeRRrIER, 1865 (=*Asteracantiion luridum
Pumirer, 1858; SD FisHer, 1930)1 [=Comaster-
tas Perrirr, 1891; Quadvaster PeRRIeR, 1E96].
Ree.

Cryptasterias Verrivt, 1914 [*Diplasterias turgueti
Kornixr, 1906; OD]. Ree.

Displasterias FERRIER, 1888 [*Asterias brandi Beir,
1881; TICZN pend.} [=——Podasrerias PERRIER, 1834;

Kochleraster Fisuer, 1922; Bathyasterigs FISHER,
1930]. Rec.

Distolasterias DPexrien, 1896 [*.dsterias (Stolaster-
ias) stichantha SLADENR, LBEY; OD . Rec.

Evasterias Verniir, 1914 | *dsrerias
Stiapsax, 1862; OD]. Rec.

Gastraster PERRIER, 1894 [ *Pedicellaster murgarita-
cetrs PrrrIEr, 1582 OD]. Ree.

Granaster  Perrier, 1894 [*Srickasier  nuirix
Stuper, 1885; OD] [=Hemiasterias VERRILL,
1914]. Rec.

Icasterias Frsnen, 1923
BERG, 1878; OD]. Ree.

Kenrickaster A. M, Crank, 1962 [*K. pedicelluris;
OD]. Ree.

Leptasterias VERRILL, 1B66 [*Asteracanthion muel-
leri Sars, 1844; OD] [=Ctenasterias VERRILL,
19147, Rec.

L. (Leptasterias). Rec.

L. {(Endogenasterias) Dyaroxov, 1938 [*dstera-
canthion groenlandicum Strrwstrue, 1857; OD L
Ree.

L. (Eoleptasterias} Djaronov. 1938 [*Adstera-
canthion ocherense Braxnt, 1835; O], Kee.
L. (Hexasterias) Fisuer, 1930 [*dsteracanthion
polaris MULLER & Troscurr, 1842; OD]. Kee.

L. (Nesasterias) Fiseier, 1930 [L. (N} sofa-
canifia; 0D, Rec.

troschell

[*A4sterias panopla STUX-

Lethasterias Tistier, 1923 [*.dsrerias  wanimensis
Verrie, 1914; OD]. Rece.

Lysasterias  Fisuer, 1908 [*Anasterias  perrier
$tener, 1848%; OD [ =.drmasterias Lupwig, 1903
(rnom  Prreier, 1885);  Puedusterias  VERWLL,
1914]. Kee.

Marthasterias JuirLiexn, 1878 [*A. joliacea {(=*.s-
terias glacialis LINNE, 1758): CD]. Rec.

Meyenaster Vinrirr, 1913 |*dsterias gelatinosus
MEeven, 1834; OD}]. Rer.
Neosmilaster Frsizen, 1930 [*Asterias georgianus

Stuper. 1885: 0D, Ree.

Notasterias  KoeeLER, 1911 |*N. armute; O]
[ =Aurasterias KoeLer, 1911, Kee.
Orthasterias  VerriLL, 1915 [*0.  columbiana

(—*Asterias Boehleri v Lorior, 1807 OD]. Kec.
Perissasterias H, L. CLark, 1923 |*P. polvacantha
H. L. Crark, 1923; SD Fusuirr, 1926], Rec.

Pisaster MoOt1Lrr & TroscHer, 1840 [*dsrera-
canthion  margaritifer —*Asterias  ochracens
Brawpy, 1835); OD] [=Calliasterias FEWKES,

L889]. Rec.

Echinodermata—Asterozoa—Asteroidea

Psalidaster Fisaer, 1940 [*P. mordux; OD), Rec.
Pseudechinaster H. E. §. Crark, 1962 [*P. subens;
OD]. Rec.

Saliasterias Koruvrrer, 1920 |*S. dracheqta; OD].
Ree,

Sclerasterias PERRIER, 1891 [*S. guerner;
[ =Eustolasterias Fisuer, 1923). Rec.
Smilasterias SLapnN, 1889 [* Asrerias (S.) scalprifera
SLapen, 1889; SD Fisuer, 1930] [=Nanaster
PerRrIER, 1894]. Rec.

Stenasterias VERRILL, 19149 [*Astertas { Leptasterias)
macropora VERRILL, 1909; QD]. Kec.

Stephanasterias VerriLr, 1871 [*Asteracanthion al-
brlis STisrsoN, 1833, Rer.

Stichaster MOLLER & TroscHEL, 1840 |*S. striars
(—=*Asterias aurantiace MEevEN, 1834 (not invali-
dated by A. aranciaca Lixxg, 1758); OD]
[=Toniz Gray, 1840; Coclasterias VeRrILL, 1867
(nom. nud.j; Coelasterias Vermir, 1871]. Rec.

Stichastrella VerriLL, 1914 [*Asterias rosea 0. F.
MULLER, [776; OD]. Rec.

Stylasterias Verairi, 1914
Lortor, 1887; OD]. Rec.

Tarsastrocles FisHer, 1923
Fiswer, 1903; OD). Ree.

Triplasterias Froris & SCHROEVERS,
mercatoris; OD). Ree.

Uniophora Grav, 1840 [*U. globifera (=*Asterias
grantfera Lamarck, 1816); OD]. Kee.

Urasterias VERRILL, 1909 [*Asterucunthion Hncku
MuULLER & Troscurr, 1842, OD|. Rec.

oDn)

| *.4sterius  forreri DE
[*Hydrasterias verrili

1961 |*T.

Subfamily PEDICELLASTERINAE Fisher, 1918
Alone in family with first proximal ad-
ambulacrals wholly or partly separated in-
terradially.  Tube feet may be biserial
throughout. Rec.
Pedicellaster Sars. 1861 | *P. typiens: O], Rec.
Ampheraster Fisurr, 1923 [*Sporusterias marianus
Lupwic, 1905: O3], Rec.
Anteliaster Fisuxr, 1923 [ *.f, coscrnaetis; O], Ree.
Hydrasterias Svaven, 1889 [*dsterias (H.} ophi-
dion; OL)|. Rec.
Peranaster Fisaer, 1923 [*TPedicellaster chivophoris
Fistrr, 1017; O], Ree,
Tarsaster SLave~, 1889 [*T. sroichmdes; O], Ree.

Subfamily LABIDIASTERINAE Verrill, 1914

Arms many, long and slender. One spine
on each inferomarginal, wreathed with
crossed pedicellariac, No oral intermediate
plates. Aboral skeleton very open or ob-
solescent. Rec.

Labidiaster LUtkrx, 1871 [*L. radiosus: OD]
[=7Gymnobrisinga Stuver, 1884; Labidiasirella
Virkicr, 1914], Ree.

Coronaster Prxrier, 1885 [*C. parfaiti;
[=Hererasterias VERRILL, 19147, Rer.

oD]
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Plazaster Fisuer, 1941 borealis
UcHipa, 1938; OD]. Rec.
Rathbunaster Fisuer, 1906 [*R. californicus; OD].

Rec.
Subfamily PYCNOPODIINAE Stimpson, 1862

[mom. transl. VerriLi, 1914 (ex Pycnopodiidae StiMpson,
1862)]

[*Labidiaster

Inferomarginals with two spines, heavily
wreathed with pedicellariae. No oral inter-
mediate plates. Aboral skeleton obsolescent.
Ree.

Pycnopodia Stivpsow, 1862 [*dAsterias helianthoides
Branpt, 1835; OD]. Ree.
Lysastrosoma FIsHER, 1922 [*L. anthosticta; OD].
Rec.
Subfamily NEOMORPHASTERINAE Fisher,
1923

Primary aboral plates conspicuously en-
larged. Aboral skeleton of closely imbri-
cated, sparsely granulated ossicles in regu-
lar radial series. Rec.

u77

Brisinga

Fic. 67. Brisingidae (p. U77).

Neomorphaster Stapen, 1889 [pro  Glypraster
SLapeEN, 1885 (mom Harv, 1852)] [*N. eustichus
(=*Stichaster talismani PermIER, 1891); OD]
[=Calycaster PERRIER, 1891]. Rec.

Suborder BRISINGINA
Fisher, 1928

[=Euclasteroidea TortoNEsE, 1958]

Arms many, sharply distinet and readily
separated from very small disc; odontophore
visible on edge of disc; ambulacrals and
adambulacrals not compressed; pairs of am-
bulacrals articulated end to end; aboral
skeleton weak. Crossed pedicellariae abun-
dant; papulae in many species lacking. L.
Oligo.-Rec..

Family BRISINGIDAE Sars, 1875

Characters of suborder. [A single fossil
of unidentified genus is known from Cali-
fornia.| L.Oligo.-Rec.
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Brisinga AspJornsew, 1856 [¥B. endecacnemas:
0D .Rec. Fic. 67.1. B. mediterranea PERRIER;
aboral surface, slightdy enlarged (Perrier). Ree,

Astrocles Frsnzr, 1917 [*A. actinodetus: O, Rec.

Astrolirus Frsuer, 1917 | *Brisinga panamensis Lco-
wig, 1905, OD]. Rec.

Astrostephane Fisuer, 1917 }*Brusinga moluccana
Fisgen, 1916; OD]. Rec.

Belgicella Lupwic, 1503 [*B. racowitzana; OD].
Ree,

Brisingaster pE Lorior, 1883 [*B. robillardr; O3 .
Rec.

Brisingella Fister, 1917 [*Brisinga fragilis FIsHER,
1406: OD]. Rec.

Brisingenes Tiwaien. 1917 [*Brisinga mimica FISHER,
1G916; OD]. KNece.

Colpaster Siavry, 1839 [*C. sensigerulus; OD].
Ree,

Craterobtisinga Fiscrer. 1916 [*Brisinga panopla
Frsuzr, 1906: QD Kee

Freyella Porrizr, 1885 [ “Freyella spinosa PERRIER,
1555: 810 Frsfer, 1917, Rec.

Freyellaster Fisner, 1918 [*Frevella jecunda Tispen,
1905; OD]. Rec.

Hymenodiscus Prrrier, 1881 [ *H. agaessizi; OD],
Hee.

Odinia Prrricr. 1885 [*Odine semicoronata Per-
RIER, 1883: SD Fistien, 1917, Kee.

Odinella Fisner, [0 [*O. aupiz; OD]. Rec.

Parabrisinga Ilavasin, 1948 [*P. peilncida; OD].
Ree.

Stegnobrisinga Fisuer, 1916 | *Bruinga Stegno-
brisinga) placoderma Fisneg, 19160 QD] Ree.
Genus? Brisingid species. Oligo., USA (Calif.).

GENERIC NAMES OF
INDETERMINATE OR
UNRECOGNIZABLE STATUS
APPLIED TO FOSSIL ASTEROCIDEA

Coclaster Acassiz, 1836 [*C. condoni; OD] Not
figured. Unrecognizable, J..Cret.( Neocom. j, Switz,
Cribellites Tate, 1864 |*C. cwrbonarius; OD]. No
species figured. Possibly a urasterellid. Card., Eire.
Cupulaster Frirscu, 1893 [*C. panper: OD] Un-
ilentifiable juvenmile, U.Creed Turon.), Czech,
Palmasterias Savi & Myvramne 1831 [won BLaix-
viLeg in Grrvats, 1842, unrecognized asteroid|].
Stated by Neave t be a crinond.

Rumanaster Doprscu-Voiresr:, 1911 [*R. ablig:
O |, Unidenuliable terminals and Pmarginals of
a phanerozonate {forni. Foc.,, Rumania.

Subclass OPHIUROIDEA Gray,
1840

Tnom. trand. Grroory, 1900, p. 259 (ex order Ophivroides
p'Orpicey, 1852, pn. 132, nom. correes. pro arder Ophiurida
Grav, 1840, p. 1321 [—order Cphiuridue ZitTer, 1880, p.
439] [Diagnosis prepared hy W, K. SPENCER & . W, WrgHT,
Research on authorship and syoonvmy by H. B, FeLr]

Asterozoa with disc in almost all forms
sharply distinct from slender elongate arms;

Echinodermata—Asterozoa—Ophinroidea

most primitive forms retaining traces of
metapinnular structures in arms, derived
from Somastereoidea, but in most of subclass
bulk of arm caviry filled with complex os-
sicles of axial skeleton; essicles of adaxial
skeleton forming side plates, primicvely
movable but in advanced forms firmly fixed
1o axial ossicles. Respiration by means of
gills which typically are placed in enlarged
interrays. Spines inconspicuous or absent
except on lateral edges of arms and jaws.
L.Ord.(Arenig.)-Rec.

Some ophiuroid stocks contain forms in
which the internal gills are concentrated
near the center of the body, the interrays be-
ing then much reduced and the general
body shape stellate. Some Paleozoic {ossils
apparcntly of this type have often been
classified as asteroids. Although the general
shape of most ophiurcids has been remark-
ably constant since the time of their earliest
appearance (Pradeswra, L.Arenig.) to the
present, profound changes have aflected the
skeletal, particularly axial, structure of the
arms, resulting in production of the so-
called vertebrae, which permit the snake-
like movements of the arms that give the
subelass 1ts name.

Order STENURIDA Spencer, 1951

Basins for seating tube feet shared, usual-
ly subegually, by 2 ambulacrals; arm joints
and musculature allowing only simple
movements; buccal slits present in many
genera. L.Ord.( L. Arenig.j-U.Dev.

In one of the two suborders, Proturina,
the ambulacrals remain in a primitive con-
dition; in the other, Parophiurina, some
stocks have ambulacrals that appreach the
condition of vertebrae.

Suborder PROTURINA
Spencer & Wright, new suborder

Tube cnclosing radial water vessel not
strengthened along its adradial edges; am-
bulacral basins shallow. L.Qwd .(L.Arenig.)-
U.Dev.

The Pradesuridac are the oldest known
Ophiurcidea. When first introduced they
exhibited a typical ophiuroid disc and long
slender arms; these were burrawing forms,
They were then absent from known faunas
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until the Late Silurian when they appeared
in the lagoonal fauna at Leintwardine
(Shropshire). Their general form was com-
pletely changed, for they exhibited high
swollen aboral surface and short swollen
arms. Evidently they had emerged to live
on the sea floor. Several fossil specimens
may be [ound crowded together on one slab,
an indication of suspension feeding. The
Rbopalocomidae, Phragmactinidae, and
Bdellacomidae, whose ancestry is still un-
known, are found in the same fauna as
Pradesuridae, as well as later.

Family PRADESURIDAE Spencer, 1951

Laterals subventral, with only narrow
swing. L.Ord.-L.Dev.

Earliest forms have a typical ophiuroid
disc, undifferentiated proximal ambulacrals
and laterals with narrow oral edges, where-
as later ones have a swollen disc with re-
duced oral interrays, differentiated proxi-
mal ambulacrals and laterals with broad
oral edges. All are assumed to have been
sessile but not living in burrows.

Pradesura SeenNcer, 1951 [*Paleenra jacobi THORAL,
15935; OD]. Mouth-angle plates subtriangular; oral
interrays large; aboral surface of disc covered with
overlapping scales, each with central spine; madre-
porite small and thick with few grooves; proximal
ambulacrals undifferentiated, buccal slits elongate;
laterals with narrow oral cdge. L.Ord.f .. Arenig.),
S.Fr. Fre. 18,1, 23,3, *P. jacobi (THoRAL),
18,7, basins for tube feet; 23,3, oral surface of
part of dise and arm, X7 (133).

Stucrtzaster FETHERIDGE, 1899 [pro  Palacocoma
Savter, 1857 (#om p'ORsloNy, 1850)] [*Palaco-
coma marstoni SaLTER, 18357; 8D ScHUCHERT,
1914] | =Erinaceaster Lraavann, 19571, Arms
rather sho:t, with rounded ends; aboral surface
of disc highly swollen, with widc-meshed net-
work of radiate spicules; oral interrays slight;
mouth-angle plates  subtriangular to elongate;
proximal ambulacrals differentiated; laterals with
broad aral edge. U.Si.-L.Der., Eng.-Ger. Fia.
68.Ja-d. *S. marstoni (SavTEr), U.Sil, Eng.
(Heref.); la, profile, X2; 15, part of aboral
skeleton, X 8: lc, oral surface of arm; Id, am-
bulacrals and meuth frame in aboral view, X3

(133). Fic. 68,7e. §. spinosissimns (RormER},
L.Dev., Ger.; ossicles of aboral surface, )5 {133},

Fic. 68.17-A. 8. colpini (SavLrer), U.Sil, Eng,

(Heref.}; 1f, oral surface of arm, X 1; Ig, aboral

surface of part of arm, X5; 14, aboral ossicles

(133).




Stenurida—Parophiurina

podial
groove

Eophiura

ambulacral
groove

Stenaster

Fie. 70. Eophiuridae {I), Stenasteridas {2). [Explanation: Adamb, adambulacral; Amb, ambulacral; bs,
buccal slit; L, lateral; Mad, madreporite; MAP, mouth-angle plate; pb, podial basin; Suéf, sublateral:
wer, walct-vessel-ring groove.] (p. U82).

Family PHRAGMACTINIDAE Spencer,
1951

[rom. correct. SPENCER & WRIGHT, herein [ex Phragmacri-
dae Srencer, 1951}]

Laterals embracing sides of arms; proxi-
mal buccal tentacles well developed; no
aboral skeleton, UJ.0rd.

Phragmactis Serncer, 1940 [*P. grayae; QD]
Laterals with spines on low ridge: single inter-
radial ossicles in position of buccal shields; mouth-
angle plates short, deeply excavated for first buccal
tentacles; proximal ambulacrals differentiated. O.
Ord., Scot. Fic, 69,1, *P. grayae, Girvan; lab,
oral and aboral surfaces of arm, 10 {1333,

Family RHOPALOCOMIDAE Spencer &
Wright, new family

Laterals subventral, with wide swing,
bearing row of spines along their oral edge;
ambulacral grooves wide; sublaterals well
exposed. U.S#.-U.Dev.
Rhopalocoma SaLTer, 1857 [*Palacocoma (R.)
pyrotechnica, OD]. Arms 5, short and blunt; disc
with large aral interrays bordered by more or less
cvlindrical marginals, each bearing large club-
shaped spine; proximal ambutacrals not differ-

entiated; mouth-angle plates ¢longate; laterals
articulating  with sublaterals by ball-and-socket
joints, U.Sil., Eng.(Heref.). Fic. 08,2, *R.

pyrotechnica; 2a, oral surface of arm, X6; 2b,c,
aboral ossicles, X6, X8 {133).

Ptilonaster Hara., 1868 [*P. princeps; QD). Arms
10; conical spine on each lateral; disc domed, with
spicular skeleton; madreporite well developed near
edge; mouth-angle plates elongate, wedge-shaped.
U.Der., USA(N.Y.).

Family BDELLACOMIDAE Spencer &
Wright, new family
Laterals embracing sides of very long nar-
row arms and bearing long spines; aboral
skeleton composed of stout ossicles, U.Si.-
L.Dev.
Bdellacoma SavLter, 1857 [*Palacocoma (B.) ver-
miformis; OD], Characters of family. U.S:.-1..
Dee., Eng.-Ger. Fic. 69,2, *B. vermiformis,
U.Sil., Eng.(Heref.); 22, oral sarface of arm,
X4, 26, aboral ossicles, X4 (133).

Suborder PAROPHIURINA
Jaekel, 1923

{mom, (ransl. SPENCER & WricuT, herein (ex subclass Paro-
phiura JarkeL, 1923)]

Ambulacrals with strong median {adradi.
al) ridges, completely enclosing radial chan-
nel; their distal ends not sufficiently elon-
gated to form complete cups for seating tube
fect. L.Ord.-L.Dev.

Members of this suborder have undiffer-
entiated ambulacrals adjoining the buccal
slits and thus all these plates resemble one
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| Medusaster

Fic. 71. Palaeuridae (p. U82).

another, as in Pradesura and early somas-
teroids. The canal leading to the madre-
porite is calcified, simulating the stone canal
of asteroids; it is most readily seen in
Eophiura.

Rather than coin a new subordinal name,
it seems best to revive, redefine, and trans-
late JAEKEL's name for a subclass that was
erected primarily for Eephiura and
Palaeura.

Family EOPHIURIDAE Schondorf, 1910

|nun Eophiuridae Stirrz, 1900 (recte Eophiuritidie)
=Furcasteridae Srirre, 1900]

Extremities of arms blunt; ambulaterals
alternating; laterals and sublaterals in inde-
pendent series. L.Ord.

Eophiura Jaexer, 1903 [*E. bohemica ScuucHERT,
1914; SM]. Well-developed ball-and-socket joints
between laterals and sublaterals, giving them wide
swing; spines on laterals forming continuous bor-
der except at ends of arms where they are broadly
scattered: buccal slits very deep. bordered by 5
or (6 ambulacrals; basins for tube feet deep, round-
ed. L.Ord.(U.Arenig.), Czech. Fie. 70,1. *E.
bohemica; 1a, part of oral surface, X 1; 1, angle
of mouth frame from side, % 2.5; I¢, mouth frame
and ambulacrals from above, X1 (133). (See Figs.
7,3:10,2; 18,2.)

Family PALAEURIDAE Spencer, 1951

Like FEophiuridae but arm extremities
tapering and no sublaterals visible; ambu-
lacrals with incipient boot-shaped median
ridge; disc rounded, with conspicuous in-
terradial areas and well-defined scales. L.
Ord.-L.Dev.

Palacura Jaexker, 1903 [*P. neglecta Scnveninr,

1914; SM]. Arms 5. L.Ord.(U. Arenig.), Czech.
Fie. 18,3. *P. neglecra Scnucnert: ambula-
crals (133).

Echinodermata—Asterozoa—O phiuroidea

Medusaster Stortz, 1890 [*M. rhenanus; OD].
Arms many. L.Dev., Ger. Fic. 71,1. *M. rhen-
anus; aboral surface (116).

Family STENASTERIDAE Schuchert,
1914
Ambulacrals oposite, not alternating; lat-
erals broad, each with several rows of pus-
tules; disc with swollen aboral surface and
reduced oral interrays. M.Ord-U.Ord.

Stenaster Brirines, 1858 [*S. salteri (=*Uranaster

obtusus Forees, 1848; SD Scuucwert, 1914]
[=Tetraster NicuoLson & Eruerivce, 1880].
M.Ord.-U.Ord., Can.-Eu.-W.Asia. Fic. 70,2.

*S. obtusus (Forees), U.Ord., Scot.; 2a,b, aboral
and oral surface of arm, X2.5; 2¢, mouth frame
from aboral side, X5; 24, aboral surface of arm,

X5 (133).

Order OEGOPHIURIDA
Matsumoto, 1915

[nom. transl. et correct. Fer, 1962 (ex Oegophiuroidea
MaTtsumoto, 1915)]

Hyponeural groove covered by soft skin,
forming canal not closed over by ventral
arm plates; disc covered by skin with or
without granules or by imbricating scales;
in Encrinasteridae scales at margin may
fuse to form narrow frame of stout ossicles;
madreporite lateral in early forms, though
not so heavily calcified as in Stenurida, tend-
ing to move to oral side; no oral or radial
shields, dorsal or ventral arm plates, genital
plates or bursae; each ray with only 2 buccal
tentacles; paired serial gonads extending
along proximal part of arms. Gastric caeca
entering arms (12). L.Ord.-Rec.

The laterals are fused with the sublaterals
but junction of the components can be rec-
ognized in some cases (Fig. 73,3). The
inner ends of the fused ossicles are articulat-
ed to the axial ossicles and can rotate to act
as cover plates; as in Stenurida, they may be
subventral in some families and wrapped
round the side of the arms in others.

Firl’s recognition of Ophiocanops as a
living member of this largely Paleozoic or-
der allows the soft-part characters to be
diagnosed.

Large-scale models of vertebrae of fossil
ocgophiurids demonstrate their general re-
semblance to those of most modern ophi-
uroids (Fig. 72). An important functional
difference lies in the very weak development
of the ventral peg-and-socket joint; if any
fossil oegophiurids had emerged from living



Ocgophiurida—Lysophinrina
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Fic, 72, Sur

1. Encrinaster grayae, U.0rd., Scot.: aberal sur-
face showing marginal frame with slight spicular
skeleton within frame, also showing ambulacrals
with vertchrac and mouth frame from aboral side,

x2.
2. Vertebrae of Hallusrer sp., Sil.. N.Am.; Ze,

in burrows, they could not move speedily on
the sea floor, The vertebrae have charac-
teristic boot-shaped median ridges, under
which lies the radial water vessel. As in
Stenurida, the structure and muscles of the
mouth frame allowed biting movements by
the interradially placed mouth-angle plates,
but the radial components, which remain
passive in the bite, are different; in Stenuri-
da, they comprise several ossicles in each ray
but in Oegophiurida oniy a single pair. They
move backwards in the initial stages of the
bite, overriding the vertebrae (Fig. 73,1.2).
The single row of long horizontal spines en

pb — podial basin
W~ wing

abh— aboral hinge
adh— adoral hinge
dm— dorsal muscle
ventral muscle
lateral muscle
dorsol groove
ventral groove
dorsal nose

ventral hose

re radial canal

disc and arm bases from oral side, X2.5; 251,
vertebra in adoral, aboral, apical, oral, and lateral
views, enlarged.

3. Ophivra sp., Rec.; 3a, oral surface of arm and
part of disc, X3; 3b-f, vertebra in adoral, aboral,
apical, oral, and lateral views, cnlarged.

the torus are quite unlike the vertically
pointed teeth of typical Ophiurida.

Suborder LYSOPHIURINA
Gregory, 1896

[mom. correct. SprNten & WricHT, herein {pre Lysophiurae
Gresery, [896) ]

Halves of vertebrae alternating. M.Ord.-
L.Carb,

Family ENCRINASTERIDAE Schuchert,
1914

[==Palacobrisingidae Svizrz, 1890 (not founded on generic

named f(mom. nand.);  Aspidospmatidie  Grecory, 1899
{Asprdwioma s junior homonym): Schoepasteridac Scoo-
cHERT, 19135; Euzoncsomatidae SprNcer, 1930; Cheiropeer-

asteridae Srencen, 1930]
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Fic. 73. Mouth frame, ambulacrals, and laterals of fossil Cegophiurida (133},

1, Encrinaster; lab, E. grayae, U.0Ord., Scot,
apical and oral views of mouth frame showing low
first pair of ambulacrals, reduced second ambulac-
rals, large cups for second buccal tentacles, and per-
forations in each cup for branch water vessel, X 10;
Ie, ambulacrals of E. grayae showing cups for tube
feet and groove for cutward swing of laterals, X10;
1d, L. effelensis, L.Dcv., Ger., showing Jaterals in
outward position.

2. Lapworthura sp.; 2a, inner views indicating

Laterals subventral, commoenly with
broad oral face, elongate transversely and
with curved sutures, producing appearance
of rope twists; oral interrays well developed;
margin commonly bounded by frame of
ossicles, U.Ord.-L.Caré.

Typical forms first discovered in the Low-
er Devenian of Germany were assigned to
Aspidosoma or Encrinaster and thought to
have affinities with Asteroidea. ScHONDORF
(62) showed that they differed from mod-
ern Asteroidea and Ophiurcidea by having
the radial water vessel enclosed as a canal
within the ambulacrals but he gave too
much importance to this feature in erecting
a new suborder, Auluroidea; most eatly

large first two buccal tentacles and first ambulacral
overriding next one, X 10.

3. Euzonosoma; 3a, laterals of E. tischbeinianum
formed by fusion of two components, oral view,
X 61 3b-d, laterals of E. orbitoides, apical and two
oral views, X 10; 3e, rows of pustules on laterals and
grooves between adjacent ossicles of young B, ordi-
raides, %x20. [Explanation; Adamé, adambulacral;
Amb, ambulacral; MAP, mouth-angle plate; #r,
nerve-ring groove; ph, podial basin; wer, water-
vessel-ring groove.]

Ophiurcidea have such a feature and it per-
sists in modern Euryalidae; the Encrinaster-
idae also have typical ophiuroid vertebrae,

Laterals of most genera of the Encrinas-
teridae have broad oral faces bearing rows
of pustules, superficially resembling adam-
bulacrals of Asteroidea (Fig. 73, Ic). The
stenurid Stenaster has laterals with similar
oral face and with typical ophiuroid attach-
ment to ambulacrals, so that they operate as
caver plates with wide lateral swing.

A tendency for the disc to become swollen
15 carried to an extreme in Cherropteraster,
which also has tube feet confined to proxi-
mal parts of the arms and alongside deep
buccal slits.



Oegophinrida—Lysophinrina

Encrinaster 11aeckeL, 1866 [*Aspidosoma arnoldi
Gorbruss, 1848; SD ScHucHERT, 1514 [=Aspido-
soma GoLpruss, 1848 (non Frrzingegr, 1845)].
Arms with many axial and adaxial elements;
strong musculature between ambulacrals; marginal
frame well marked. U.Ord.-L.Carb., Eng.-Scot.-
Ger. Fic. 73,1a-¢c; 74,3a-c. E. grayac SPENCER,

]
B

A T
RS PEER

Cheiropteraster

Tt B T
iy >

Ugs

U.0rd., Scot.{Girvan); 73,la-c, mouth frame and
ambulacrals, X10; 74,3, oral side of arm and
part of disc, X 3.3; 34, part of oral surface of arm,
% 10; 3¢, adambulacrals and ambulacrals in wide
part of arm, X 10 (133). Frc. 73,/d. E. etfelen-
sis ScudNoor¥F, L.Dev,, Ger.; laterals (128).
Cheiropteraster StirTz, 1890 [*C. giganteus; OD].
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Mastigactis

Fic. 74. Encrinasteridae |Explanation: Adumb, adambulacral; 4mé, ambulacral; M, marginal; MAP,
mouth-angle plate.] (p. U85-UE7).
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Vertebral boots elongate; lateral ‘T-shaped, with
prominent small spines at edge; proximal ambula-
crals divergent, barely differentiated, disc highly
swollen, covered by thick skin with granules but
no visible scales; tube feet confined to bases of
arms. L.Derv., Ger. Fro, 74,6, *C. giganteus;
area near mouth showing ambulacrals and laterals,
M1 (133). (See also Fig. 34.)

Crepidasoma Spexcer, 1930 [*C. aenlocki; OD].
Like Exzonrosoma but mouth frame weaker, 154,
PL.Der., Scot.-Ger. Fio. 74.2. *C. wenlocki,

L.Sil., Scot; oral surface, X7.5 (133).
Euzonosoma Sepencer, 1930 [*E. orbifoides; OD]).
[=?8choenaster MeEx & WorTHEN, 1860 (vir-
wally uarecognizable):; Joraster Keves & Breane,
Arms dis-

1934; Hymenosoma LEHMaNx, [937],

N

Protaster

Echinodermata—Asterozoa—Ophinroidea

tinctly petaloid; laterals widest at middle of arm
length; proximal ambulacrals well developed;
fewer axial and adaxial elements in arms than
in Encrinasters mouth frame strong; marginal

frame strong. U.O#d.-U. Der,, Scot.-Ger.-USA
(N.Y.-1H.). Fic. 73,3; 744, *E. orbitoides,
U.Ord., Scot.{Girvan): 73,3, laterals; 744245,

aboral and oral surfaces of arm and part of disc,
x5 {133}

Loriolaster SvCrrz, 1886 [*L. mirabilis; OD]. Like
Cheiropteraster but vertebral boots short; laterals
deep, with short spines at edge; proximal ambula-
crals in form of bow. L.Der., Ger.

Mastigactis Spexcer, 1930 [*Ewgasterella aranea

Ruepemann, 1916; OD]. Arms long, narrow,

straight-sided; vertcbral boots elongate: mouth-

Taeniaster

Fra. 75. Protasteridae, ]Explanation: ddamé, adambuluacral; Amd, ambulacral: L, lateral: Mad. madre-
porite; MAP, mouth-angle plate; wer, water-vessel-ring groove.| (p. U87).



Oegophiurida—Zeugophiurina

angle plates stout, U.Ord.-U.Der., Scot.-N.Am.

Fic. 74,5. *M. aranea (Ruepemann), U.Ord,,
Scot.(Girvan); 54,6, aboral and adoral surfaces of
arm, X4 (133).

Urosoma Spencer, 1930 [*Uraster hirudo FoRBES,
1848; OD]. Like Crepidesoma but no marginal
frame. M.Ord.-U.Dev., Eu.-N.Am. Fic. 74.1.
*1J, hirudo (Forses), U.Sil,, Eng.; part of oral
surface, X 7.5 (133).

Family PROTASTERIDAE S. A. Miller,
1889

[=Palacophiuridae Grecory, 1897; Taeniasteridae GREGORY,
1899; Palacophyomyxidae Srirrz, 1900]

Laterals wrapped around sides of arms,
forming side shields; edges of disc may be
thickened but have no well-developed mar-
ginal frame; oral edges of ambulacrals nar-
row; laterals with vertical ridge bearing
short or long spines; groove spines common-
ly present. M.Ord.-L.Carb.

Protaster ForeEes, 1849 [*P. sedgwickii; OD]
| =Eugaster HaLt, 1860; Eugasterella SCHUCHERT,
1914]. Depressions for attachment of dorsal arm
muscles weak; laterals with articulating nose near
oral edge. M.Ord.-L.Carb., Eng-USA(N.Y.).
Fic. 754ab. *P. sedgwickii, U.Sil,, Eng.; 4a,b,
oral and aboral sides of arm and part of disc,
x0.6 (133). Fic. 75,4c. P. salteri (ForBEs),
M.Ord., Wales; part of arm showing ambulacrals
and laterals, X20 (133).

Aulactis Spencer, 1930 [*A. orthopaeda; OD].
Vertebrae with wide shallow median groove on
aboral side. M.Ord., Wales.

Bohemura Jaker, 1903 [*B. jahni; OD]. Muscu-
lature like that of Protaster but articulating nose
of laterals plain, distant from oral edge. U.Ord.-
L.Carb., Eu.-W.Asia. Fie, 75,2a. *B. jahni,
U.Ord., Czech.; oral side of arm and part of disc,
X1 (133). Fic. 75,2b. B. groomi SPENCER,
U.Ord., Wales; part of arm showing ambulacrals
and laterals, X10 (133).

Drepanaster WHIDBORNE, 1898 [ *Protaster scabrosus
WrinsorNE, 1896; OD]. Arms very long and nar-
row; muscle depressions as in Taeniaster. U.Ord .-
L.Carb., N.Am.-Eng.-Scot. Fic. 75,la. *D.
scabrosus, L.Carb., Eng.(Devon.); part of arm
showing ambulacrals and laterals, X10 (133).

Fic. 73,1b. D. grayae Spencer, U.Ord., Scot.;
oral side of arm and part of disc, X2 (133).

?Inyoaster PHLEGER, 1936 [*I. bradleyi; OD]. Un-
recognizable. Ord., Calif.

Mastigophiura LExmann, 1957 [*M. grandis; OD].
Differs from Taeniaster only in having large spines
on disc, perhaps only a specific difference. L.Dev.,
Ger. Fic. 76,1. *M. grandis; oral side, X0.5
(116).

Palaeophiura Stirrz, 1890 [*P. simplex; OD].
Vertebral boots long, narrow; laterals with spine-
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1 Mastigophiura

Fic. 76. Protasteridae (p. U87).

like ridge projecting considerably outward. L.
Dev., Ger.

Taeniaster Bririvcs, 1858 [*Palecocoma spinosa
Birvines, 1857; SD Scuucuert, 1914] [=Alepi-
daster MEEk, 1872; Protasterina Urricu, 1878;
Bundenbachia  Stirrz, 1886; Palacophiomyxa
StiirTz, 1890]. Arms not conspicuously narrow;
depressions for aboral muscles deep. M.Ord.-L.
Dev., N.Am.-Ger. Fics. 75,3. *T. spinosus
(BiLLives), M.Ord.(Trenton.), Ont; 3a, aboral
side and part of disc, X2; 36, part of arm show-
ing ambulacrals and laterals, 20 (133). (See
also Fig. 4, 18,4.)

Suborder ZEUGOPHIURINA
Matsumoto, 1929

[nom. transl. et correct. Feiv, 1963 (ex Zeugophiuroidea
MaTsumoro, 1929)]

Halves of vertebrae opposite, separate or
fused. L.Ord -Rec.

Members of this suborder in general
structure closely resemble Protasteridac ex-
cept in position of the vertebral halves.
They are distinguished from early Ophiuri-
da only by position of the laterals; in Zeugo-
phiurina they are separated by a wide
groove that exposes the oral surface of the
vertebrae, except for a covering of soft skin,
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groove for
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and
pseudohemal

Fic. 77. Lapworthuridae (3-4); Furcasteridae (2);

Klasmuridae (1). [Explanation: 4Amb, ambulacral;

MAP, mouth-angle plate; nr, nerve-ring groove;

P, podial basin; wer, water-vessel-ring groove.] (p.
U88-U89).

Echinodermata—Asterozoa—Q phiuroidea

whereas in Ophiurida the laterals meet and
cover the oral surface of the vertebrae.

Specimens of the earliest genus, Hallaszer,
are found with arms upflexed, indicating a
burrowing habit. Later genera (e.g., Lap-
worthura, Klasmura) were probably emerg-
ent. Klasmura seems to have lived com-
mensally with crinoids.

Family LAPWORTHURIDAE Gregory,
1897

[=Hallasteridae SreNcEr, 1925]
Disc large, arms robust, with short or
long conical spines, generally set in row not
parallel to arm axis. L.Ord.-L.Dev.

Lapworthura Grecory, 1897 [*Protaster miltoni
SaLter, 1857; OD]. Arms low, broad; basins
for tube feet large; laterals with elongate noses,
vertical spines long, in rows at wide angle to arm
axis, U.Ord.-Sil., Eng.-Scot.-Australia. Fic. 77,
4. *L. miltoni (SaLTER), M.Sil., Eng.(Heref.), 4a,
aboral side of disc and arm, X1.5; 4b-d, arm
showing ambulacrals and laterals, enl. (133).
Hallaster StUrTz, 1886 [*Protaster forbesi Havry,
1861 (=*Palaeocoma cylindrica BiLrLings, 1857);
OD] [==Taeniura Grecory, 1897 (mon MiL-
LER & Heurg, 1837); Hypophiura Jarxer, 1903].
Vertical spines longer than arm segment; basins
for tube feet narrow, boots with blunt toe; lat-
erals with short noses. L.Ord.-L.Dev., N.Am.-
Scot. Fic. 72,2. *H. cylindricus (BiLrings),
M.Ord.(Trenton.), Ont.; 24, oral side of disc and
arm bases; 24-f, vertebrae (133).

Miospondylus Grecory, 1897 [*Ophiura rhenana
SttrTz, 1893; OD]. Arms moderately high;
vertical spines mostly short and unequal, long
spines lying across ambulacral groove. L.Dev.,
Ger. Fie. 77,3. *M. rhenanus (StirTz),
Bundenbach; 3a, side view of arm, X3; 35, oral
side, X 0.7 (133).

Family FURCASTERIDAE Stiirtz, 1900

[ =Eoluidiidae Grecory, 1897; Eophiuridae (recte Eophiuri-
tidae), Palacospondylidae Srirrz, 1900)

Like Lapworthuridae but with subequal
needle-shaped spines in rows close to sides
of arms and parallel to arm axes. U.Ord.-
Miss.

Furcaster StirTz, 1886 [*F. palacozoicus (=*Pro-
taster leptosoma SLATER, 1857); OD] [=Palastro-
pecten, Eoluidia StUrTz, 1886; Squamaster
RINGUEBERG, 1886; FEophiurites StirTzZ, 1900;
Palaespondylus, Palacospondylus StirTz, 1900
(non 'Traquair, 1890); Sympterura BaTHER,
1905; Gregoriura CuHapman, 1907; Rhodostoma
Sorras & Sorras, 1912]. Interior of laterals with
long vertical ridges normal to adoral edge; verte-
brae with median hollow; mouth frame petaloid;



Phrynophiurida—Ophiomyxina

Tremataster la

Fic. 78, Furcasteridae (p. U89).

fossils showing arms stiffly upright. U.Ord.-Miss.,
Eu.-N.Am.-Australia. Fic. 77,2. *F. leptosoma
(SaLtER), L.Dev., Ger.; 2a, specimen with raised
arms, X1; 25, part of aboral surface of arm,
X2.5 (133).

Tremataster WoRTHEN & MILLER, 1883 [*T. diffi-
cilis; OD]. Imperfectly known but apparently like
Furcaster except that arms are flexuous. Miss.,
USA(IL). Fic. 78,1. *T. difficilis; la, oral
surface; 15, part of arm, enl, (138).

Family KLASMURIDAE Spencer, 1925

Laterals with single long flat hollow
spine; disc and arms covered by thick skin
and long spines; mouth frame stout; madre-
porite ventral. U.Dev.

Klasmura Ruepemann, 1916 [*K. mirabilis; OD].
Arms generally enrolled; specimens found in as-
sociation with crinoids, with which they probably
lived commensally. U.Dev., USA(N.Y.). Fic.
77,1. *K. mirabilis; la, part of oral surface, X10;
15, oral side of mouth frame, X 10 (133).

Family OPHIOCANOPIDAE Mortensen,
1933

Laterals with rather few stout spines
more or less parallel to arm axis, those on
oral surface hooked and with course serra-
tions, as in Euryalina; madreporite margin-
al; articulation of vertebrae tending to
euryaline type (streptospondylous) (12).
Rec.

Ophiocanops KoeHLER, 1922 [*O. fugiens; OD].
Rec.

U89

Order PHRYNOPHIURIDA
Matsumoto, 1915

Disc and arms covered with skin; radial
shields and genital plates articulating by sim-
ple facet or transverse ridge on each plate;
peristomial plates large, entire or double or
triple; oral frames entire, without well-de-
veloped lateral wings; dorsal arm plates ab-
sent or rudimentary; lateral arm plates ven-
tral or subventral. L.Dev.-Rec.

Suborder OPHIOMYXINA Fell, 1962

Disc and arms covered by thick soft skin
overlying plates and scales. Rec.

Family OPHIOMYXIDAE Ljungman,
1866

Characters of suborder. Rec.

Subfamily OPHIOMYXINAE Ljungman, 1866

[nom. transl. Marsumoro, 1915 (ex Ophiomyxidae Ljunc-
MAN, 1866)

Oral shields small; adoral plates long and
slender; vertebrae long and slender, articu-
lar peg well developed. Rec.

Ophiomyxa MULLER & TRoscHEL, 1840 [*Ophiura
pentagona LaMarck, 1816; OD]. Rec.
Astrogeron VERRILL, 1899 [*Ophiogeron supinus
LyMman, 1883; OD]. Rec.

Neoplax Berr, 1884 [*N. ophiodes; OD]. Rec.
Ophiodera VerriLL, 1899 [*Ophiomyxa serpentaria
LymMan, 1883; OD]. Rec.
Ophiogeron Lyman, 1878
Rec.

Ophiohelus Lyman, 1880 [*Ophiokelus umbella
LyMman, 1880; SD H. L. Crark, 1915]. Rec.

Ophiohyalus Matsumoro, 1915 [*O. gotoi; OD].
Rec.

Ophiohymen H. L. CLark, 1911 [*0. gymnodiscus;
OD]. Rec.

Ophioleptoplax H. L. Curarx, 1911
pora; OD]. Rec.

Ophiolycus MorTENSEN, 1933 [*O. inermis; OD].
Rec.

Ophiomora Koenrer, 1907 [*O. elegans; OD].
Rec.

Ophiosciasma Lyman, 1878 [*O. attenuarum; OD].
Rec.

Ophioscolex MoOLLER & TroscHEn, 1842 [*O.
glacialis; OD] [=Ophiocynodus H. L. CLaRK,
1911]. Rec.

Ophiostiba Matsumoro, 1915 [*O. hidekii; OD].
Rec.

Ophiostyracium H. L. Crark, 1911 [*O. trachya-
canthum; OD]. Rec.

Ophiosyzygus H. L. CLark, 1911 [*O. disacanthus;
OD]. Rec.

[*O. edentulus; OD].

[*O. mega-
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Kentrospondylus

Fic. 79. Eospondylidae. [Explanation: Amb, am-
bulacral; MAP, mouth-angle plate.] (p. U90).

Subfamily OPHIOBYRSINAE Matsumoto, 1915

Oral shields and adoral plates fused to-
gether, massive; vertebrae short and thick,
articular peg rudimentary or lacking. Ree.
Ophiobyrsa Lyman, 1878 [*O. rudis; OD]. Ree.
Astrogymnotes H, L. Crark, 1914 [*A. carasticta;

OD| [=O0phiovesta Koenrer, 1931], Rec.
Ophiobrachion Lymax, 1883 [*0. uncinatus: OD].
Ree.

Ophiobyrsella VerriLL, 1899 [*Ophiobyrsa serpens
Lyman, 1883; OD]. Rec.

Echinodermata—Asterozoa—Ophiuroidea

Ophiophrixus H. L. Crark, 1911 [*O. acanthinus;
OD]. Rec.
Ophioschiza H. L. Crark, 1911 [*O. monacantha;
OD]. Rec.

Ophiosmilax Matsuntoro, 1915 [*O. mirabilis;
OD]. Rec.
Suborder EURYALINA

Lamarck, 1816

[nem. correet. FeLL, 1962 (pro Euryalae MOLLer & TROSCHEL,
1840, nom. transl. ex curyales LAMARck, 1816)]

Disc small, with no plates or, in later
forms, scales; disc and arms covered by
thick skin, with or without granules; meta-
pinnular structure in arms persisting in
some genera; vertebrae typically articulating
by broad hourglass-shaped surfaces but
Onychasteridae retaining reduced zygophi-
uroid peg; arms coiling vertically and may

branch. L.Dev.-Rec.

Family EOSPONDYLIDAE Spencer &
Wright, new family

Arms 5 or 10; laterals well separated on
aboral surface but closely approximated on
oral surface of arms; laterals large and
sickle-shaped. L.Dev.

Eospondylus Grecory, 1897 [pro  Ophiurella
Stiirtz, 1886 (nom Acassiz, 1834] [*Ophiurella
primigenia Stimrz, 1886; OD]. Arms 53; vertical
spines unequal, some very long; disc covered with
smooth overlapping scales. L.Der., Ger. Fic.
79,1. *E. primigenius (StirTZ); lab, proximal
part and side of arm; Ie,d, oral and aboral surface
of arm; Ie, part of disc, X5 (133).
Kentrospondylus Letnany, 1957 [*K. decadacty-
lus; OD]. Arms 10, very long and slender, round
in section; vertical spines more or less equal, very
long; disc with granules, some bearing long slen-
der spines. L.Dev., Ger. Fic. 79,2. *K, decad-
actylus; 2a, aboral surface, x0.5; 24, arm, enl
(116).

Family ONYCHASTERIDAE Miller, 1889

Arms 5, but may branch; laterals small.

L.Carb.

This family closely resembles Recent
Euryalina in the narrow high vertebrae
with intervertebral articulation concentrated
in the center of the ossicles, small laterals,
small basins for the tube feet, and branching
of the arms. The movement of the arms in
Onychaster, however, was restricted by the
small zygophiuroid peg (Fig. 80,2).
Onychaster Meek & WorTaEN, 1868 [*0. flexilis;
O]. Characters of family. L.Carb.(Miss.), N.
Am.-Eng.-Scot. Fic. 80,1. O. barrisi (Harp),




Phrynophiurida—Euryalina

3, Gorgonocephalus

dg- dorsal groove

dh- distal hinge

dm-dorsat muscle attachment
vg - ventral groove

dn-dorsal nose

L - lateral

hd-herizontal dumbbell
Im-lateral muscle

pb-pedial basin

ph-proximal hinge

vm-ventral muscle
attachment

vn-ventral nose

vd-vertical dumbbell

attachment

Fic. 80. Onychasteridae (1-2); Gorgonocephahidae (3) (p. U90-US1).

Eng.(Devon.); side view, X2 (133). Fic. 40,
2.3. *0). flexilis, USA{Ind.); vertebrae (2a-f;
compared  with Gorgonocephalus (Rec.) (3a-f),
enlarged: @, proximal face: &, aboral side (arrow
toward mouth): ¢, distal face; d, oral side, wath
laterals removed; e, oral side with laterals in posi-
tion; f, lateral view (arrow toward mouth) (133).

Family ASTERONYCHIDAE Miiller &
Troschel, 1842

Arms not branched; distinct metapinnular
structure; vertebrae with wventral furrow;
distal arm joints not long and slender; dis-
tally lateral arms spines may be transformed
into hooklets that do not have perforated
lamina. Gonads restricted to disc. ?U.Cree,,
Ree,

Asteronyx MULLER & ThoscHEL, 1842 [*A4, lovens;
ON|. Ddsc and arms covered aborally by naked
skin; more than 3 arm spines, outer ones maoli-
fied as hooklers, |Dolated assicles from Upper
Cretaceous may belong here.| 2U.Cred(Senon.),
W.Eu., Ree.

Astrodia Vernioe, 1899 [*A. renaispina; OD ). Rec.

Family ASTEROSCHEMATIDAE Verrill,
1899

Similar to Asteronychidae but gonads ex-
tending at least midway along arms. Rec.
Asteroschema Qers1rp & LUTKEN, 1836 [*.dsterias
oligactes Pavvas, 1788; OD] [=Laspalia Lyv~e-
Man, 1872 (nom Gray, 1840)]. Rer.
Astrobrachion Dopeririy, 1927 [*Ophiccreas con-
strictus Farouar, 1900; OD], Ree,
Astrocharis KoeHLEr, 1904 [*A4. sirge: QD). Rec.
Astroscolex MounrteNsen, 1933 | *Ophiccreas ad-
hacrens STUDER, 1884: OD|. Rec.
Ophiocreas Lyxian, 1879 [ *0Q. Zuwidwicus; OD).
Rec.
Ophiuropsis STuprr, 1884 [*0. lymani; O], Rer.

Family GORGONOCEPHALIDAE
Ljungman, 1867
finel, Astrotominae MatrsuMore, 1513)

Arms simple or branching; ventral fur-
row open; dorsal surface of arms bearing
hooks without lamina of regularly arranged
holes. [An undescribed genus occurs in the
Oligocene of New Zealand (Fsiw, iz lizz.). |
Oligo.-Rec.



92

Gorgonocephalus Leacw, 1815 [*Asterias caput-
medusae Linng, 1758: SD H, L. Crark, 1915].
Rec. Fic. 80,3. G. sp.; 3a-f, vertebrac (sce
under Onychaster, p. U90 for details),

Asteroporpa Orwstep & LUtkes, 1856 [*4., an-
nudata LUTREN, 1856; OD]. Ree.

Astracme Déperiein, 1927 [*Asrophyton mucro-

natem Lysman, 1869; OD]. Rec.

Astroboa DopervLeis, 1911 | *Aswrophyton clavatum
Lywman, 1861; OD] [=-Astrorhaphis DIDERLEIN,
1911]. Rec.

Astrocaneum  Dopeririv, 1911
spinosum  Lyman, 1873; OD]
A. H. Crarx, 1918]. Rec.

Astrachalcis Kormerr, 1905
oD, Ree.

Astrachele Vrrrii, 1878 [*A. fymant; OD). Ree.

Astrochlamys KortLir, 1911 [*A. branens; OD.
Rec.

Astrocladus VerriLL, 1899 [*Euryale wverrtcosum
LaMarck, 1816 (=*dsterias euryale RetzIus,
1783); OD]. Rec.

Astroclon Lyman, 1879 [*4. propugnatoris; OD],
ERec.

Astrocnida Lymax, 1872 (*Trichaster istdis DucH-
ASSAING, 1850; OD]. Ree.

Astroconus Dovrriein, 1911 [*Astrophyton australe
VEerRiLL, 1876; O], Rec.

Astrocrius DOpErLEIN, 1927 [*Astroroma sobrinas
MaTsumora, 1912; OD]. Rec.

Astrocyclus DSpErLEIN, 1911 [*Astrophyton caccilia
LoTkew, 1856; OD]. Rec.

Astrodendrum DoperLEIN, 1911 [*Gorgonocephalus
saganitnus DOpERLEIN, 1902; OD ). Rec.

Astrodictyum  DéperLeiN, 1927 [*Astrophyton
paniamense VERRILL, 1867; OD]. Rer.

Astroglymna Doperuery, 1927 [pro Astrodactylus
DéperLeN, 1911 (mor Hooo, 1839)] [*Astrophy-
ron sculptnm DoOperLEIN, 1896; OD]. Rec,

Astrogomphus Lvayaw, 1869 [*4. wallarus; QD]

| * Astrophyton
[ =dAstrocynodus

[*A. bercilosus;

Ree.

Astrogordius  Doprruen, 1911 [*dserophyton
cacaottcum Lyman, 1874: QD). Ree.

Astrchamma  Déperieix, 1930 [*Astrothamnus

ttiberenlatus Kornvrr, 1923; ON). Rec.
Astrohelix DéoperieiN, 1930 [*Astrotoma bellator
KorHLEer, 1904; OD ], Rec.

Astrophyton FLeruwsc, 1828 [*Furyale muricatum
Lamarck, 1816; SD H. L. Crark, 1915]. Rec.
Astroplegma DoperLeN, 1928 [*4. expansum,
OD]. Rec.

Astrospartus DoperLen, 1911
raretis Risso, 1826; OD]. Rec.

[*Enryale mediter-

Astrostephanus  DoperiLey, 1930 [*Asrotoma
recors KoeHrer, [904; OD]. Rec.

Astrothamnus  Matsusoro, 1915 [*Astrotoma
echinacea Matsunorte, 1912: OD]. Ree.

Astrothorax Déprruery, 1911 |*d4,  misakiensis;
OD]. Rec.
Astrothrombus H. L. CrLsnk, 1909 [*4, rugosus;

OD]. Rec.
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Astrotoma Lyman, 1875 [*4, agassizid, OD]. Rec.
Astrozona  DoéperiziN, 1930 [*Astrogomphus
munits KoeHoer, 1904; OD]. Rec.

Conocladus Il. L. Crark, 1909 [*C. orycenns;
OD]. Ree.

Ophiocrene BrLr, 1894 [*0, aenigma; OD). Rec.
Schizostella A. H. Crark, 1952 [*S. bifurcata;
OD). Rec.

Family EURYALIDAE Gray, 1840
[ =Trichasteridae DiverLEIN, 1911]
Metapinnular  structure may  survive;
Trichaster, for example, has metapinnules
consisting of 3 wvirgals; ventral groove
closed and radial canal and nerve enclosed
within vertebrae; distal arm joints long and
slender; no dorsal hooks on arms but dis-
tally lateral spines may be modified into
hooklets, which have a perforated lamina.
Gonads extending into arms. Ree.
Euryale? lisica Quenstenr, 1876, of
which the figures suggest Trichaster, is
reported by SeiacHer (1953) to consist of
casts of resting places of normal ophiuroids,
the traces of moving arm tips simulating
branching arms.

Euryale Oxen, 1815 [*Eurvale asperuni LaMARCK,
1816; 8D H. L. CLarxk, 1913]. Rec.

Asteromorpha  LiTtien, 186% [*dA. steenstrupit
—*Asteroschema romsseari MicHeLIn, 1862);
OD|. Ree.

Asterostegus MoRTENsEN, 1933 [*4. ruberculatus;
OD]. Ree.

Astraceras Lymax, 1879 [*A. pergamena; OD].
Rec.

Sthenocephalus Koxuien, 1898 [*S. indicus; OD].
Rec.

Trichaster Acassiz, 1836 [*Ewryale palmiferum
LaMaRck, 1816; OD]. Rec.

Order OPHIURIDA
Miiller & Troschel, 1840

[nom. correce. Ferv, 1960 (pro Ophiureze MULLER & Tro-
scueL, 1840} ] [ =Myophiuroidea Marsusmoro, 1917]

Ambulacral grooves closed by growth of
laterals on oral side toward mid-line of
arms. Vertebrae subcylindrical, generally
with zygophiuroid joints; vertehral halves
opposite and united in pairs; dorsal and
ventral shields (arm plates) present in all
except most primitive forms. Radial shields,
genital plates and buccal shields also gen-
erally present; no independent madreporite;
stone canal opens on buccal shield. Si.-Rec.

Earliest Ophiurida occur in  Silarian
rocks of the Argentine, followed by those



Ophiurida—Chilophinrina

of Devonian rocks in Belgium and western
Germany. Minute details visible in Belgian
specimens (35) show some features transi-
tional between Oegophiurida and Ophiuri-
da and others typically ophiurid. All stages
in differcntiation of aboral skeletal elements
of disc into large units are found; the proc-
ess begins at the margin and continues in-
ward, Ophiurinag (I.Dev.) has merely a
thickened margin, whereas Ophiaulax (U,
Dev.) and Stephanoura (U.Dev.) have a
strong marginal frame not unlike that of
FEuzonostoma. Ossicles in the marginal
frame of Stephanowra are incipient radial
shields, for they articulate with a genital
bar. In Aganaster (Miss.) the radial shields
are fused in pairs and cover most of the
disc except the center, which is occupied
by a centrale and a primary cirelet, as in
some early Mesozoic ophiunds. Stephanou-
ra also has small buccal shields.

Generic names were proposed for many
of the early Mesozoic ophiurids by Acassiz
(1833) and p'Oreicny (1830). They were
founded on somewhat peneralized charac-
ters. Later it was recognized thar these
groups had a distinctly modern aspect and
T. Wricrr and others placed them in Re-
cent genera. With stricter standards of
generic diagnosis, these identifications can-
not all be maintained and in many cases
essential diagnostic characters are not suf-
ficiently exposed or preserved in the fossils.
Artribution to Recent genera, or even fami-
lies, is therefore often doubtful,

Suborder CHILOPHIURINA
Matsumoto, 1915

[#one, tranmsl. e correct. SeEscek & WRIGHT herein (ex
Chilophiurida Marsumore, 1915))

Radial shield and genital plate articulate
by 2 condyles and 1 pit on cach plate. Geni-
tal plates and scales barlike. Peristomial
plates large or small, normally double of
triple. Oral frames with or without well-
developed lateral wings. Oral papillae very
well developed. Sil.-Rec.

The above is MatsunmoTo’s diagnosis, ap-
plicable to the Recent forms. As here ar-
ranged, the suborder includes also the primi-
tive transitional Paleozoic genera which lack
fully developed radial shields.

Family QPHIURINIDAE Gregory, 1897
Disc tending to have marginals length-
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ened in some genera to form incipient short

radial shields. Lateral shields wrapped well

around arms but narrow dorsal and ventral
shields may be present. Spines short, paral-
lel or at slight angle to arm axis. Sil.-Miss.

Ovphiuring StirTz, 1890 [*0. lymani; OD]. Disc
with thickened margin but no plates visible;
covered by granulose skin, No dorsal or ventral
shielils,  Arm spines on low ridge. L.Der., Ger,

Fic. 81,2, *0. lymani; 2a,b, parts of aboral
and oral surfaces, %1 (133).

Argentinaster RUFEDEMANN,
benders; QD]
shields high. swollen. 5i/., Arg.

Ophiaulax Usacus, 1941 (*Protaster dechent DE-
walorE, 1881; OLY]. Like Ophrwring but disc
bordered by well-developed marginals, dorsal
shields present and arm spines on distinet ridge.
U.Der., Belg.-Fr. Fis. 81,0, *0. decheni
(DywarLque), DBelg.; Jeb, oral and aboral sur-
faces, X1 (135).

Silesiaster ScUWARZBACH & ZIMMERMANN, 1936
[*5. longivertehralic; OI¥]. Only poor rateral
known, but close to OQphiigina, L.Card., Ger.

Stephanoura Usacns, 1941 [*$. belgica; OD], Disc
covered by slight skeleton, with incipienc radial
shields and interradial plates at margin; center
with weak skcleton. Arms with ventral shields,
arm spincs on strong ridge, tentacle pores large.
LU.Der., Belg. Frc. 81,3, *S. belgica; 3ab,
oral and aboral surfaces, X1 (135).

1916 [*4. boden-

Marginal frame narrow. Lateral

Family OPHIURIDAE Lyman, 1865

Disc covered with thick scales or plates;
primary circlet commenly prominent, No
granulation. Radial shields nermally stout,
Genital papillae commonly present; oral
papillae few; no dental papillae; an un-
paired infradental papilla at apex of each
jaw. Arms inserted laterally in and fused
with dise. Arms short or mederately long,
stont, widest at base, tapering rapidly. Arm
plates all well developed. Arm spines short,
flat on arm. L.Carb.-Rec.

Subfamily AGANASTERINAE Stiirtz, 1900

[mom. trans. SeeNcer & WRIGHT, herein (ex Apganasteridac
SturT?, 1900)]

Disc with large radial shiclds, united in
pairs. Muss,

Aganaster MiLLER & GurLEy, 1890 [*Prosaster?
gregarins  Mezx &  Worthex, 1869; OD]
[=Ophiopege Bonm, 1893 (obj.)]. Characters
of subfarmly, Miss, N.Am.-Scot. Fic. 81,4
*A. gregavius {MEEK & WorTHEN), L.Miss,, USA
(Ind.}; 4a,b, aboral surface; 4c, oral surface of
disc with exposed jaws; 9d, side of arm; 4e, oral
surface of arm; /g, part of oral and aboral sur-
faces; all X1 (133).
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Aspidura Ophiomusium

Fic. 81, Ophiurinidae (1-3): Ophiuridae (Qphiurinae) (5-6), (Aganasterinac) (4), (Ophivlepidinae)} (7}
(p. U93, U93-U96).



Ophiurida—Chilophiurina

Subfamily OPHIURINAE Lyman, 1865

Troms. transl. Frir, 1960 (ex Ophiuridae Lyman, 1865)]
[=Cholasteridae WorTHEN & MiLLer, 1883, Ophiomastinae
MaTsumoto, 1915]

Second oral tentacle pore opening more
or less entirely outside oral slit. U.Miss.-
Ree,

Marsumoro divided Recent genera into
two groups, the first with several proximal
lateral shields extracrdinarily wide and the
disc merely with primaries and radial
shields, the second without any wide lateral
shields and with secondary scales on the
disc,

Ophinra Lavarck, 1801 |*Asterias ophinra LINNE,
1738; QDY) [=0phioglypha Lymaxn, 1860; Ophio-
glyphina Luowic, 1886; Opliozea A. H. CLaRrk,
1920]. Disc <overed with scales; primary plates
inconspicuous. Fdge of disc notched at base of
arms, notch being filled with rudimentary dorsal
arm plates. Ventral shields generally triangular,
broader than long, not touching cach other. Arm
comb normally present but not continuous acress
arm base. Arm spines vestigial. |Many Intle-
known Mesozoic forms have been referred to this
genus.] ?fur., U.Cret-Rec., cosmop. Fic, 1,2,
Ophiura spp., Rec.; 2a,8, oral and aboral surfaces,
%2 (137,

Amphiophiura Marsumoro, 1915 [*Ophioglypha
buldlaza WyviLLE-THoMmson, 1873 OD]. Arms
gradually tapering with blunt end. Arm spincs in
single row, well spaced. Oral shield large, Oligo.,
N.Am.; U.Mlo., Sakhalin; Rec.

Anophiura H. L. Crarxk, 1939 [*4. simplex; OD].
Rec.

Anthophiura H. L. Crarx, 1911
OD]. Ree.

Aplocoma ©'Orsieny, 1852 [*Aerowra agassizi
MitnsTER, 1831; OD]. Arms maoderately long.
Dorsal and ventral shields small and well sep-
arated. [A doubtful genus.] L.fur., Eng.-Ger.
Fic. 82,7a. A. leckenbyi (Fonpges), Pliensbach.,
Eng.; aboral side, X1 (139). TG, 82.16,c. A.
murravil {Forsis), Pliensbach., Eng.; oral and
aboral surfaces, X1 (139).

Aspidophiura Matscmoro, 1915 [*A4. watasei; ODY].
Rec.

Aspidura Acassiz. 1835 [*Ophiura loricata Golp-
Fuss, 1626; OD]. Arms short, very broad st base.
Disc surface consisting solely of centrale, primary
circlet and radial shields, M.T#ias., Bulg.-Ger.
Fic. 81,5, *A. loricara (Gouvruss); Sa, slab with
specimens showing aboral surface, X1; 56, oral
side, ¥ 10 (141).

Astrophiura SLADEN,
Ree.

Cholaster WortieN & MILLEr, 1883 [*C. peculi-
aris; OD). Disc apparently much as in Aepidira
except that secondary scales occur. Arms abrupdy
truncated, ending 1n enlarged ossicles in only

| *4. axivloga;

1879 [*A4. permira; OD].

o5

Fic. 82. Ophiuridae {Ophiurinac) (p. U%5).

known specimen, but this may be pathological.
U.Miss., USA(IL). Fis, 83,1, *C. peeultaris;
Ia, aboral view, X1: 1&, part of arm, enl. (138).
Dictenophiura H. L. Crark, 1923 [*Ophira carnea
Liirkewn, 1858; OD]. Ree.

Euvondria Frir, 1961 [*E. floretta; OD]. Rec.
Geocoma Dp'OrBicny, 1850 [*Ophiwra  carimata
MiUNsTER in Gorpruss, 1833; OL¥]. Rachal shields
large, reaching almost to center of disc. L.fur,
Fic., 81.6. *G. carinata (MUNSTER); 61, ab-
oral side, X 1; 6&, aboral surface of disc, X7;
6¢, oral surface of arm, X7 {(141).
Gymnophiura LUTKEN & MorTExsEN, 1897 [*G.
mollis; O], Rec.

Haplophiura Matsunmorte, 1915 [*Ophiozona
gymnopora, H. L. CLark, 1909; OI}]. Rec.
Homalophiura H. L. Crark, 1915 [*Oplicglypha
inornata Lymaw, 1878, OD]. Rec.
Ophiochalcis Koenvier, 1931 [*0.
Ree.

Ophiochorus H. L. CLark, 1939 [*O. granulatus;
OD]. Ree.

Ophiochrysis Koznver, 1904 [*0. ormata: OD].
Ree.

Ophiocrossota H. L. CLark, 1928 [*Ophioglypha
mudtispina Lyuneman, 1867; OD]. Rec.
Ophiocten LOTREN, 1935 [*0. kroyeri (=*Ophitra

aspera; OD].
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Fic. 83. Ophiuridae (Ophiurinaze) (p, U93).

serices ForBEs, 1852); OD]. Primary plates mare
or less conspicuous. Disc not notched at arm base,
Arm comb normally continuous across arm base,
Jur., Ger.-Eng.: Mio., USSR; Rec.

Ophiogona Sruper, 1876 [*0. laevigata; OD]
[=Ophiagona Lirkex, 1877, Ophiomaria A, H.
CLarg, 1916]. Ree.

Ophiomastus Lyarax, 1878 [*O. tegulitins; OD].
Ree.

Ophiomisidiurn KorHLER,
OD]. Rec.

Ophionotus BELL, 1902 [*O. victoriac; OD]. Rec.

Ophiophycis Koenver, 1901 [*0, mirabilis; OD].
Ree,

Ophiopleura Daviersson & Korex, 1877 [*0.
borealis; OD) [=Luetkenia DuNcarw, 1878 (non
Craus, 1864} |. Kee.

Ophioplinthus Lymax, 1878 [*Ophicplinthus me-
dusa Lysan, 1878; SD H. L, Crarx, 1915}, Rec.

Ophiopyrgoides I1. L. Crarx, 1939 [*Opliopyrgns
trispinosns KoeHLER, 1904; O], Ree.

Ophiopyrgus Lysan, 1878 [*Q. wyeillethomsoni;
0OD). Rec.

Qphiosteira BeLL, 1902 [*0. aatarctica;
[=Ophiomages Kornrer, 1923], Ree.

Ophiotjalfa MorrENsEN, 1915 [*Q. #ivipara; OD].
Ree.

Ophiotypa KoeuvLrr, 1897 {*0. simplex; OD|. Rec.

Ophiuraster I1. L. CLark, 1939 [*Q. perissus; O],
Ree.

Ophiuroglypha Hentz, 1926 [*Ophioglypha lymani
LrunceMman, 1870; OD]. Rec.

Ophiurelepis MaTsumoto, 1915 [*Gphiclepis cari-
nata Sreper, 1876; OD]. Ree.

Stegophiura MaTsumaro, 1915 [*Qphinra nodosa
LUTKEN, 1855; OD]. Rec.

Theodoria Frrr, 1961 [*Amphiophinrg relegata
KorHLER, 1922: OD]. Ree.

1914 [*O. speciostm;

oD]

Subfamily OPHIOLFPIDINAE Ljungman, 1867

[nom. iransi. Matstmoto, 1915 (ex Ophiolepididie Lyunc-
MaN, 1867)]

Second oral tentacle pores opening inside
oral slits. ?Perm.Rec.

Ophiolepis MiLier & Troscuer, 1840 [*Ophrura
annulosa DE BrainviLre, 1834 (non LaMaRCK,
I816); SD Lymaxn, 1865 (=*Ophiolepis superba
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H. L. Cuark, 1913)]). 7U.T#ias.(Rhaet.), Fr,;
Rec.
Amphipholizona H. L. Crarx, 1915 |*A. delicara;
OD]. Rec.
Ophioceramis Lymax, 1865 [*Ophiolepis januarii
LoTtrEw, 1856; OD]. Rer.
Ophioceres KorHLER, 1922 [*O. imcipiens; OD).
Rec,
Ophiocrates Koenrer, 1904 [*0. lenta; OD]. Rec.
Ophiocypris  KoerrLer, 1931 [*O. tfuberculosus;
OD]. Ree.
Ophiolebella MorTeNsEN, 1036 [*Ophiclebes bis-
cuttfer E. A, SaithH, 1879; OD]. Ree.
Ophiolipus Lynax, 1878 [*0. agassizii; OD]. Rec.
Ophiomidas Korucer, 1904 [*0. alatus KoruLER,
1904; SD H. L. Crarx, 1915), Rec.
Ophiomusium Lyman, 1869 [*O. cburneum; QD]
[=Ophiomusa Hertz, 1927; 2Ophinraster MiL-
LFR, 1958 (men H. L. Crark, 1939)]. Disc and
arm plates not cbscured by skin, disc covered by
regular porcelaneous plates and radial shields.
Dorsal and ventral arm plates minute, not de-
veloped in distal part of arm where lateral arm
plates meet on dorsal and ventral mid-lines.
Tentacie pores 2 to 5. Centinuous ridge of fused
oral papillae round edge of jaw. ?Perm.-?Trias.,
L.Jur.-Ree., cosmop. Fie. 81,7. O. granulosum
(RoeMmer), U.Cret.{Scnon.), Eng.; oral surface
of proximal part of arm, X5 (125).
Ophiopenia H. L. Crarx, 311 [*0O. disacantha;
OD]. Rec.
Ophiophyllam Lysax, 1878 [*0. perdfum; OD],
Rec.
Ophioplocus Lyaraw, 1861 [*Opkiolepls imbricata
MUrrer & TroscHiL, 1842; OD]. Rec.
Ophiosphalma H. L. Crarx, 1941 [*Ophiomusinm
planum Lyxiax, 1878; OD). Ree,
Ophioteichus H. L, Crark, 1938 [*O. parvispinum;
OD). Eee.
Ophiothyreus Lyuxeman, 1871 [*G. goesi; OD].
Ree.
Ophiotitanos Srencer, 1907 [*O. zenuis; OD]. Disc
heavily granulace, except for feebly swollen radial

shields. Dorsal arm  plates distincly  swollen,
Five short arm spines, Tentacle pores along
whole length of arm. U.Cret., Eng. Fic. 84.7.

*0. tennds, Cenoman,, Eng.(Kent}; aboral view,
x2 (113).
Ophiozona Lyman, 1865 [*Ophiolepis impressa
LiurTken, 1859; SD H. L. CLark, 1915]. Rec.
Ophiozonella Matsunmoro, 1915 [*Ophiczona longi-
spina H. L. CLarg, 1908; OD|. Rec.
Ophiozonoida H. L. Crark, 1915 [*0. picra; OD]
[=O0phiotylos Mumakami, 1943], Rec.

Family OPHIOLEUCIDAE Matsumoto,
1915

Arms long and slender, commonly con-

stricted at nodes, inserted ventrally below

disc and not firmly fused with it. Arm

spines few, small and adpressed. Disc with
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granules and spinules. Continuous series of
oral papillae along free margin of jaws.
Rec. .
Ophioleuce Koemrer, 1904 [*Ophiclence semi-
nudum KoenLer, 1904; SD H. L. Crarg, i915].
Rec.

Amphitarsus H, L. Crarx, 1941 [*4. mirabilis;
OD]. Rec.

Ophiocirce Koenrer, 1904 [*0. inutihis; OD]. Rec.
Ophiernus Lyman, 1878 [*0. pallincola; OD]. Rec.
Ophiapallas Koewrer, 1904 [*0. paradexa; OD].
Rec,

Ophioperla Koenvrr, 1912 [*O. ludawigi (=*0phi-
ura koehleri BrLL, 1908); OD]. Rec.

Ophiopyren Lyman, 1878 [*Ophipyren longispinus
Lyman, 1878; STY H, L. CLark, 1915]. Rec.
Ophiotrochus Lywmax, 1878 [*( panniculus; OD].
Rec.

Family OPHIOCOMIDAE Ljungman,
1867
[=Ophiospilinae MatsuMoTo, 1915]

Arms stout, widest at same distance from
base. Arm spines long, at angle to arm.
Oral frame with well-developed lateral
wings. Teeth stout, quadrangular. Oral
papillae border each jaw. Dental papillae in
clump at apex of each jaw. PU.Cret Rec.
Ophiocoma Acassiz, 1836 [*Ophivra  echinata
Lamarck, 1816; SD H. L. Crark, 1913]. Disc
granulate, Arm spines solid. tentacle scales short,
leaflike. 2U.Cret. Cenoman.), Eng.; Rec.
Ophiarthrum PeTers, 1851 [*O. dlegans; OD]. Rec,
Ophiocomella A, . Crark, 1939 [*0. caribbaca;
0D}, Rec.

Ophiocomina KoenLer, 1920
ABILDGAARD, 1789; OD]. Rec.
Ophiomastix MUcLIr & Troscrer, 1842 [*Ophin-a
annulosa Lavarck, 1816, QD) [=Acantharachna

E. A. Ssurw, 1877, Ree.

Ophiopsila Forses, 1843 [*0. aranea;
[=Cphianoplas M. Sams, 1857]. Rec.
Ophiopteris F. A. Smrrn, 1877 [*0. aniipodum;

QD]. Ree.

Family OPHIONEREIDIDAE Ljungman,
1867

[nom. wransl. SpEnces & WwigHT, herein (ex Ophionereidi-
nae Lyunamax, 1867)] [=O0phiochitonidie Marstmore, 1915]

Arms robust, not constricted at nodes,
widest some distance from base, Keel on
mid-line of ventral and commonly also on
dorsal shields. Arms inserted ventrally be-
low dis¢ and not fused with it. Arm spines
long, at angle to arm. Disc large and flat,
with no granules or spines. Rec.

Ophionereis LOTREN, 1859 [*Ophinra reticuluta
Sav, 1825; SD Lymax, 1865]. Rec.
Q. (Ophionereis). Rec.

[*Asterias  nigra

0D]

Cphiotitanos
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Q. (Ophiotriton) DoprrLeix, 1896 [*0, semoni;
OD]. Ree.

Q. (Ophiocrasis) H. L. Crarx, 1911 |*O, diciy-
disca, O], Ree.

Ophiochiton Lyyan, 1878 [*0. jastigatus; OD].
Rec.

Ophiedesmus ZieseNHENNE, 1940 [*O. amphilogns;
OD]. Rec.

Ophiodoris Koruier, 1904 [*Ophiodoris malignus
KoeurEr, 1904; SD H. L. Crarx, 1915], Rec.

Ophioplax Lyyan, 1878 [*O. Ljnngmani; QD). Rec,

Family OPHIODERMATIDAE
Ljungman, 1867
[=0Ophiarachninae Matsumere, 1915

Arms inserted laterally and firmly fused
with disc, moderately long, stout, widest at
base. Granules cover disc scales of both
surfaces and commonly jaws also. Unpaired
infradental papillae at apex of cach jaw.

L. Jur.-Ree.

Ophioderma MUrLER & TRoscHEL, 1840 [*dsrerias
longicanda Rrrzivs, 1805; 8D H. L. CLarxk,
1915). Rer.

Bathypectinura H. L. Crark, 15909
lacertosa Toymax, 1883; OD]. Rec,

Cryptopelta H. L. Crark, 18309 [*Oliopeza aster
Lynan, 1879; ODY [=?O0phiodyscriza H. L.
Crark, 1938]. Rec.

Diopederma H. L. CLark, 1913 [*Ophitra daniana
VERrILL, 1867; OI}]. Rec.

Distichophis ELv, 1942 [*D. clarks; OD]. Rec.

Ophiarachna MOLLER & TRoscHEL, 1842 [*Ophinra
inerarsata LaMarck, 1816; SD Lirtkewn, 1869).
Rec.

Ophiarachnella LyuncMan, 1872 [*Ophisrachna
gorgonig MULLER & Troscher, 1842; 8D H. L.
Crark, 1915]. Ree.

| *Pectimira
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Ophiopetra

Fic. 85. Ophiodermatdae (p. U98).

Ophiochaeta LitreN, 1869 [*0. hirsuta; OD]. Rec.
Ophiochasma Grusk, 1868 [*O. adspersa (=*Ophi-
arachna stellata Lyuncmax, 1867); OD] [=0phi-
opinax Berr, 1884]. Rec.

Ophioclastus Muraxkani, 1943 [*0. hatair; OD].
Rec.

Ophioconis LOTKEN, 1869 [*Pectinura forbesi HeL-
LER, 1862; OD]. Rec.

Ophiocormus H. L. Crark, 1915 [*0. notabilis;
OD] [=Ophiostegastus Murakami, 1944]. Rec.
Ophiocryptus H. L. CLarg, 1915 [*O. maculosus;
OD]. Rec.

Ophioncus Ives, 1889 [*¥0. granulosus; OD]. Rec.
Ophiopaepale Lyuncman, 1871 [*0. goesiana; OD].
Rec.

?Ophiopetra Hess, 1962 [*0. lithographica; OD].
Arm spines 3. Ventral shields pentagonal, dorsal
shields triangular. [Perhaps belongs t Ophionerei-
didae.] U.Jur.(Kimmeridg.), Fr. Fig. 85,1.
*0. lithographica; aboral surface, X 10 (Hess).

Ophiopeza Peters, 1851 [*0. fallax; OD]
[ =Ophiopsammus Lurken, 1869] M. Jur.
(Bathon.), Rec.

Ophiopezella Ljyuncnman, 1871 [*Ophiarachna

spinosa Lyuneman, 1867; SM Lyman, 1882]. Rec.
Ophiurochaeta Matsuntoro, 1915 [*Ophiochacta
mixta Lyman, 1878; OD]. Ree.
Ophiuroconis Matsumorto, 1915
OD]. Rec.

Ophiuredon  Matsumoro, 1915 [*Ophioconis
grandisquama KoeHLER, 1904; OD]. Ree.
Palaeocoma ©p'Oreicyy, 1850 [*Ophivra milleri
Prieies, 1829; OD]. Arms cylindrical. Disc with
or without granules. Radial shields large; other
parts of disc lightly calcified. Dorsal shields broad,
touching along most of length of arm. Ventral
shields similar, Lateral shields high. Arm spines
rudimentary. L.Jur., Eu. Fic. 80,1, *P. milleri
(PurLuips); Pliensbach.,, Eng.(Yorks.): Ia, part
of aboral surface of arm, % 3; 14, aboral surface of
disc, X1 (139). Fic. 86,1c. P. escheri (HEER),
Hettang., Switz.; oral side (reconstr,), X3.6
(113).

[*0O. monolepis;

Echinodermata—Asterozoa—QO phiuroidea

Pectinura Forees, 1843 [*P. vestita; OD]. Rec.
Schizoderma Nriersen, 1932 [*S. diplax; OD]. Rec.
Toporkovia Dyaronov, 1954 [*T. fragilis; OD].
Rec.

Suborder LAEMOPHIURINA
Matsumoto, 1915

[nom. transl. et correct. SPENCER & WRIGHT, herein (ex
Laemophiurida Matsusoro, 1915)]

Radial shields and genital plates articu-
late by means of transverse ridge or simple
facet on either plate. Peristomial plates
large, normally entire. Oral frames entire,
without well-developed lateral wings. Dor-
sal arm plates commonly very small; lateral
arm plates well developed, generally meet-
ing in pairs dorsally and ventrally, L.Jur.-
Ree,

Family OPHIACANTHIDAE Perrier,
1891
[=Ophiomycetidae Verrirr, 1899]

Arms slender, commonly constricted at
nodes. Dorsal and ventral arm plates very
small.  Arm spines long, numerous, at
angle to arm, commonly glassy and serrate.
Disc with granules and spinules. Distal
vertebrae may be partly divided longitudi-
nally by series of pores. L.jur-Rec.
Ophiacantha MOLLER & TRoscHEL, 1842 [*0. spinu-
losa 1842 (—=*Asterias bidentata Retzius, 1805);
SD H. L. Crark, 1915] [=Ophicctodia, Ophi-
entodia, Ophiopristis, Ophioscalus, Ophiotreta
VEerriLL, 1899; Ophiodiplax Koenrer, 1911].
Disc covered with thin skin bearing granules and
stumpy spines. Arm spines hollow, L.Jur.(Pliens-

bach.), Switz.; Rec.

Amphipsila VerriLr, 1899 [*4. maculata; OD],
Ree.

Glaciacantha Ferv, 1961 [*G. jason; OD]. Rec.

Microphiura Mortensen, 1911 [*M. decipiens;
OD]. Ree.
Opbhiacanthella ~ Verricr, 1899  [*Ophiacantha

troscheli Lyman, 1878; OD]. Rec.

Ophialcaca Verrir, 1899 [*Ophiacantha tubercn-
losa Lyman, 1878; SD H. L. CLark, 1915]. Rec.
Ophiambix Lywman, 1880 [*0. aculearus; OD].
Ree.

Ophientrema VerriLr, 1899 [*Ophiacantha scolo-
pendrica Lyman, 1883; OD]. Rec.

Ophioblenna Litken, 1859 [*0. ansllensis; OD].
Rec.

Ophiocamax Lymaw, 1878 [*0. vitrea; OD]. Rec.
Ophiochondrella Verrir, 1899 [*Ophiochondrus
squamosus Lyman, 1883; OD]. Rec.

Ophiocopa Lynawn, 1883 [*0. spatula; OD]. Rec.
Ophiocymbium  Lymax, 1880 [*0. cavernosum;
OD]. Rec.

Ophiodaces KoeHLER, 1922 [*0. inanis; OD]. Ree.
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Ophiodelos Koearrr, 1931 [*O. insignis; O], Rec.

Ophiodictys Koerrer, 1922 [*0. wncinarus; OD].
Ree.

QOphiogema Korurer, 1922 [*0. punciate; QD]
Rece.

Ophioglyphoida Crharnman, 1931 | *Ophiacantha
{ Ophioglyphoida) fosteri; OD]. Doubtiul, as ab-
oral surface unknown, L.Crer.(Alb.), Australia.

Ophiolebes Lyncax, 1878 [*Oplivlebes scortens Lv-
araw, 1878; SD H. L. Crark, 1913]. Ree.

Ophiolimna Verrinr, 1899 [*Ophiacantha baird:
Lynsan, 1883; ODJ. Rec.

Ophiolegimus H. L. Crarx, 1911 [*O. hexgetis;
OD]. Rec.

Ophiomedea Koenver, 1906 [*0, duplicata; OD].
Kee.

Ophiomelina  Koenrer, 1922
placida Koenrer, 1904, OD]. Rec.

Ophiomitra Lymax, 1869 [*Ophiomitra valida Lx-
Man, 1869; SD VerriLr, 18%9]. Rec.

Ophiomitrella Versiir, 1899 [*Ophiacantha lae-
vipellis Lyamax, 1883; OD|. Rec.

Ophiomyces Lyvvan, 1863 [*Ophiomyces frutecto-
s Lyman, [869; SD H. L. Crark, 1915]. Rec.

Ophiomytis KorrLer, 1904 [*O. weberi; OD]. Rec.

Ophiophrura H. L. Ciarx, 1911 [*O. lodisca;
OD]. Rec.

Ophiophthalmus MaTsunoto, 1917 [*Ophiacantha
cataleimmoida H, L. CLarg, 1911; OD] [ —Ophio-
semuntes Matsunmoro, 19177, Rec.

Ophicpinna Hrss, 1960 [*Geocoma elegans Her-
LER, 1856; OD]. Dis¢ covered with small thin
scales. Base of arms with cuff of shorr wide
plates, Teeth rather weuk, skittle-shaped, Four
square and 2 elongate mouth papilae, Proximal
part of arm with about 10 arm spines, but on mud-
dle part dorsal ann plates are rudimentary or
absent and some normal spines are transformed
into tall feather-shaped spines. arranged in double
dorsal row. Ventral arm  plates kecled. Distal
part of arm excessively loeng and thn, ?LJur
{ Pliensbach.), M.Jur.(Callor.), Fr.-Switz. F1a.
88,1, *0. elegans (Herrer), Callov.,, Fr.
(Ardéche): Ta,b, aboral and oral surfaces of dise,
% 35: Iecd, ahoral and lateral views of arm, X35;
Iz, growth stages in natural positicn, X2 (Hess).

Ophioplinthaca Verrir, 1899 [*Ophiomitra dipsa-
cos Lyman, 1878; OD]. Rec.

Ophioprium H. L. Crark, 1915 [*Ophiacantha
cureicornds Lysawn, 1883; OD]. Rec.

Ophioripa KoesrLer, 1922 (*O. marginata; OD],
Rec.

Ophiosparte KornLer, 1922 [*0Q. gigas: OD]. Rec.

Ophiothamnus Lyatan, 1865 [*O. eicarins; OD]
| =Ophioleda KorHLER, 1906]. Ree.

Ophiothauma 1. L. Crark, 1938 [*O. Acpracris;
OD]. Rec.

Ophiotholia Lysar, 1880 [*0. supplicans; OD].
Rece.

Ophiotoma Lynan, 1883 [*Ophiotoma coriacea
Lymax, 1883 (=*Ophictoma bariletti Lymax,

[*Ophiomitrella

Uy

Fic. 86. Ophiodermatidae {p. LI798).

1883); SD H. L. Crarx, 1915] [=OQphiopora
Verrivr, 18997, Ree.
Ophiotrema KoeriLexr, 1898 [*Q. alberti; OD]. Ree.
Ophiurothamnus MarsuMoro, 1917 [*Ophiomitra
dicyla H. L. CLark, 1911; QD). Rec.

Family HEMIEURYALIDAE Verrill, 1899

[ =—Ophicchondrinae Vireie, 1899)

Disc and arm plates very stout. Vertebrae
very stout, articulating as in Euryalina and
arms coil in vertical plane. [Epizoic.]
PL.Jur.(Pliensbach.), Rec.

Hemieuryale von Martens, 1867 [*H. pustulata;
OD]. Darsal arm  plates completely  divided,
forming mosaic. Arm spines 3, short, fla. [A
Jurassic species known only from isolated ossicles
may belong here.] PL.Jur.(Phensbach.), Switz.;
Ree,

Ophiochondrus
OD]. Rec.

Amphigyptis NieLsen, 1933 [*4. perplexa; OD]
[=?0phiocyelus H. L. CLark, 1939). Rec.

Ophivgyptis KoEHLER, 1905 | *0. nodosa; QD). Rec,

Ophicholcus H. L. Crarg, 1915 [*Sigsbeia sex-
radiata KoraLER, 1914; OD]. Rec.

Ophioleila A. H. CLarx, 1949 [*O. elegans; QD].
Rec.

Ophiomoeris KoeaLer, 1904 [*Ophiomoeris spinosa
Koruregr, 1904; SD H. L. CrLark, 1915) | =0phi-
wrases H. L. CLARK, 1911]. Ree.

Ophioplus VerriLL, 1899 [*Hemieuryale tubercu-
losa Lyman, 1833; OD). Rec.

Quironia A. H. Crarx, 1934 [*Q. johnseni; OD].
Rec.

Sigsbeia Lywmax, 1878 [*S. meorhina; QD). Large
supplementary plate present on either side of each

Lyman, 869 [*0Q. convolutus;
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Nullamphiura

Fie. 87, Amphiuridae {p. UL12).

dorsal arm plates 2 genital clefts in cach 1nter-
racdius. [Fossil doubtfully referred here.] ?Mie.,
Victoria: Ree.

Suborder GNATHOPHIURINA
Matsumoto, 1915

[nom. wansl. er eorrecr. Svencyr & WriaHT, herein (e
Grathophineida Maosvmoro, 1915)]

Radial shield and genital plate articulat-
ing by conspicuous socket in former and
large balllike condyle on latter. Genital
plates normally fixed firmly to vertcbrae,
Peristomial plates generally small and en-
tire, rarcly large or double. Oral frames
normally with well-developed lateral wings.
2L Jur., Rec.

Family AMPHILEPIDIDAE Matsumoto,
1915

Arms long and slender, inserted ventral-
ly below disc and net firmly fused with ir,
Vertebrae leng and slender, commonly di-
vided longitudinally by series of pores.
Disc without granules or spines. Rec,
Amphilepis Lyuscaran, 1866 [*4mphinra norpe-
giea LyuNnaaan, 1864: QD). Ree.

Ophiochytra Lyatan, 1880 [*Q. epigrus; QD). Ree.

Family OPHIACTIDAE Matsumoto, 1915
[rum. fransd. Feig, 1960 (cr Opliactinae Matsomoto, 1913))
Arms slender, commonly constricted at
odes. Disc with granules or spinules.
ws with lateral oral papillae separated by

Echinodermata— Asterozoa—Ophiuroidea

gap from dissimilar infradental papillae at

apex. Ree.

Ophiactis LuTtkex, 1856 [*0. krebui (=*Ophio-
lepis savignyi MiLier & Troscurn, 1842); SD
H. L. Crark, 1915] [=dAmphiactis MaTsumoro,
1915]. Ree.

Hemipholis Tysax, 1865 [*Ophitra elongata Sav,
1825; OD}. Ree.

Ophiodaphne Korurrr, 1931 |*O. materna; OD].
Ree,

Ophiopholis MtCLLER & TroscurL, 1840 [*Ophio-
lepls scolopendrica MULLER & TroscHEL, 1840
(=*Asterias aculearns Rerzivs, 1783); SD H. L.
CLARK, 1915]. Rec.

Ophiopus Lyuxcaan, 1866 [*O. arericus; QD)
[==Ophiaregma Sars, 1872]. Rec.

Family AMPHIURIDAE Ljungman, 1867

Disc covered by fine imbricating scales or
with minute spines or naked. Arms in-
serted ventrally in disc. Arm spines conical
and stout. No dental papillae. Paired in-
tradental papillae at apex of each jaw (10).
U.Cret-Rec.

Amphiura Fornrs, 1843 [*4. chigjii; SD VermriLy,
1899]  [=Henuleprs Lyuncaaw, 18717, Oral
papillac mot forming continuous row aluong jaw
buc having single infradental separated by gap
from single outer papilla with internal one in-
visible abave gap. Disc with fine, flat, imbricating
scales. Tentacle scales 2. [Jurassic and Cretaceous

fossils referred 10 this genus are all doubtful.]
Kere
Acrocnida  Gusfx, 1926 [*Asterias  brachiata

Monracur, 1804; OD] [=Ophiocentrus Lyvnc-
Man, 1867]. Rec.

Allsaria  Frvri, 1962 |*Amphioplus  echimudatus
MonteNsen, 1930; OD |, Rec.
Amphiacantha Matsusioto, 1917 [*Admphioplus

acanthinus H. L. CLark, 1911: O], Ree.

Amphichilus Marstmoro, 1917 [*A. rrichoides:
Ol3f. Ree.
Amphichondrius Nirisen, 1933 [*4. granvlosus;
QD]. Rec.

Amphicontus Hivry, 1940 [*4. minuins; OD). Ree.

Amphilimna VerriLi, 1899 [*Ophicenida olivacea
Lymax, 1869). Ree.

Amphilycus MorTtexsen, 1933 [*4. androphorus;
OD]. Ree.

Amphinephthys Feiy, 1962 [*dmphinra crossote
Murskastr, 1943; OD). Rer.

Amphiocnida VerrILL, 1899 [*Ophiccnida prtnami
Lyran, [871; OD]. Rec.

Amphiodia Verrinr, 1899 [*Amphiiva puichella
Lyatan, 1869: OD|. Rec.

Amphiomya H, L. Crarx, 1939 |*d. noabilis;
OD]. Rec.

Amphioncus H. L. Crarx, 1939 [*A. plarydiscus;
QD) Ree.
Amphipholis 1866 [*A,

LyUNGMAN, fantarit
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(=*0phiolepis gracitlima Stinpsox, 1852); OD.
Ree.

Amphioplus VerriLr, 1899 [*Amphinra tumida
Lyman, 1899; OD]. Four or 5 oral papillae,
cutermost on adoral shield, small. Radial shields
divergent, Mio., Venezucla; Rece.

U101

Anamphiura H, L. Crarg, 1935 [*A. relida: OD].
Ree.

Ctenamphiara VerrinL, 1899 [*Amphinra maxima
Lyman, 1879; OD ], Rec.
Diamphiodia Frrr, 1962

{*dmphigra violacea

Lirren, 1856; OD]. Ree.

le

Fre. 88, Ophiopinnag elegans (HeLLen}, Ujur, Fr. (113) (p. U99).
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Gymnodia FeLr, 1962 [*dmphiodia rabogae NieL-
sex, 19327 0D, Ree.

Icalia Feri, 1962 [*Admphiura denticulata Korn-
LER, 1896; OD]. Kee.

Monamphiura FeLr, 1962 [*Admphivra alba Mor-
TENSEN, 19244 0D, Hee.

Monopholis Frrr, 1962 [*Amphiwra vitax Koes-
LER, 1901: OD|. Ree.

Nannophiora MorTENsEN, 1933 [*N, Jagani; OD].
Ree.

Nullamphivra Feur, 1962 [*Amphivia palopora
H. L. CrLagk, 1911: OD]. Like Amphizra but no
tentacle scales or onlv few rudimentary oncs. Cret.-
Rec. Fra. 87.1. N, felii Skwarko, Ccnoman.,
Australia(Bathurst L), oral view of arm, X10
(129a).

Nullepholis ¥Ferv. 1962 [*Amphipholis nudipora
KorHLER, L9+ QD). Ker.

Ophiocentrus  LTUNGAaN,
OD]. Rer.

Ophiocnida Lyvuax, 1865 [*Ophlolepis hispida Le-
Coxte, 18515 SD Vermnr, 1899] [=O0phio-
cnidelle Lyvvewax, 1872). Three ar 4 subequal
aral papillac. Disc with numerous scattered spines.
Pleist., Eng.: Rec.

Ophiomenas Dyaxovov, 1952 [*0. bathybiz; OD].
Rec,

Ophionema ILOtxke~, 1869 [*O. intricata; OD].
Rec.

Ophionephthys LiTrex, 1869 [*0. limicola; OD].
Rer,

Ophiophragmus Lyyiax, 1865 [*Amphinra wirde-
manii Lysan, 1860; SD I1. L. Crark, 1915]
[=Amphispina NieLsen, 1933]. Rec.

Ophiostigma  LiTrex, 1856 [*Q. tenue;
[=¢Amphistigma H. L. CLark, 1938]. Rer,

Pandelia Ferr, 1962 [*Amphinra hinemoae Moz-
TENSEN, 1924; OD |, Rec.

Paracrocnida Mortensex, 1940 | *P. persica; OD].
REC.

Paramphiura Koenrer, 1893
rure Fornes, 1841: OD]. Ree.

Silax Ferr, 1962 | *Aphinra vervilli Lysax, 1879;
ODY. Ree.

Unioplus Frui, 1962 [*Amphioplus falcatzs Mor-
TENSEN, 1933; ODD]. Rec.

1867 [*O.

aculeqtus;

OD]

t*Ophiocoma punc-

Family OPHIOTHRICIDAE Ljungman,
1866

Teeth stout, quadrangular, spiniform
tooth papillae clustered at apex of each jaw.
No oral papillae. ?L.fur., Rec.

Ophiothrix MULLFR & Troscier, 1840 [*Ophiwa
rosula FLEMING, 1828 (=*Asterius pentaphylla
Prxwavt, 17773: SD Lyman, 1865] [=0phionyx
MELLER & Troscuer, 18401, Both sides of disc
with many plates, bearing spines; abaral surface
granular. Radial shields small or partly concealed.
Dorsal anm plates smooth. Arm spines 4 or more,
P Jurd Sequan. ), Froy Ree,

Echinodermata—Asterozoa—Ophinroidea

Amphiophiothrix H. L. Crazrx, 1946 [*Ophiothrix
demessa Lyman, 1861; OD]. Rec.

Gymnolophus Brock, 1888 [*Ophivthels holds-
worthi E, A, SM1TH, 1878; OD]. Rec.

Lissophiothrix H. L. Crarxk, 1938 [*L. delicate;
OD]. Rec.

Macrophiothrix H. L, Curazk, 1938 [*Ophiura
Jongipeda Lantarck, 1816: OD] [=Placophio-
thrix H, L. Crark, 1938]. Kec.

Ophioaethiops Brock, 1888 [*0. umicolor; QD]
[=Ophiokelix KormLrr, 1893, Ree.

Ophiocnemis MULLER & TroscHiL, 1842 [*Ophinra
marmorata Lavarck, 18163 OD). Ree.

Ophiogymna Lyuxesan, 1866 [*O. elegans; OD]
[=0phiocampsis Duxcan, 1887, Ree.

Ophiolophus MaRKTANNER-TURNERETSCHER,
[*O. novarae; OD]. Rec.

Ophiomaza Lywman, 1871 [*0. cacaotica; OD]
[=Luethenin Brock, 1888), Rec.

Ophiopeltis DOprn & KoreN, 1846 [*O. securigera,
OD]. Rec.

Ophiophthirius DéperLeIN, 1898 [*0. actinometrae;
QD). Ree.

Ophiopsamminum Lynan, 1874 [*0. semperi; OD].
Rec.

Ophiopteron Lupwig, 1888 [*0. elegans; OD. Ree.
Ophiosphacra Brock, 1888 [*O. imsigmis; OD].
Ree.

Ophiothela Vrrrna, 1867 [*0. mirabilis; OD]
{=O0phioteresis BErL, 1892]. Rec.

Ophiotrichoides Lupwic, 1882 [*O. lymani; OD].
Ree.

1887

GENERIC NAMES OF
INDETERMINATE OR
UNRECOGNIZABLE STATUS
APPLIED TO FOSSIL OPHIUROIDEA

Acroura Acassiz, 1836 [*Ophinra prisca MUNSTER

in GoLpruss, [831: OD]. The holotype of the
type-species is quite indeterminable and the genus
must therefore be treated as nom. dub. Trias,
Ger,

Ataxaster Jarxer, 1903 [*4. pygmiaens; OD]. Un-
described ophiureid. Ord., Czech.

Ephipiellum Lomnyickl, 1899 [*E. symmetricuim;
QD). Unidentifiable ophiurcid vertebrae. Mo,
Pol.-Crimea.

Dolicharthra Brrry, 1938 [*D. bemelenica; OD].
Based on isolated ossicles of several genera, in-
cluding vertebrae that may belong to Ophiomu-
sium. U.Cret.{ Maastricht. }.

Ophiaxina MULLrr, 1950 [*O. intercarinata; OD].
Hased on vertebrae only, which somewhat resemble
those of Ophiomyxa. U.Cret.{ Campan.), Rigen.

Ophioma PowvErL, 1887 [*Ophioma juliensis; OD].
No description, only a figure of unidentifiable
arm fragment. Plio., Algeria.

Ophiotrigonum Hrss, 1960 [*O. oxfordiense; OD7.
Disc not known, Arms sharply triangular in sec-
tion. Dorsal and lateral arm plates smouth. Spines
rudimentary. M.Jur.(Oxford.), Switz. Fic, 89,




Ophiurida—Gnathophiurina

1. *0. oxfordiense; 1a-d, lat., dorsal, ventral views
and cross section of arm, X3 (Hess).

Ophiurella Acassiz, 1836 [*Ophiura speciosa MUN-
sTER in Gorpruss, 1831; OD]. Material is too
poorly preserved for characters to be assessed.
M.Jur.-U.Jur., Ger. Fic. 89,2, *0. speciosa,
Kimmeridg.; oral surface, X1 (111a).

Ophiuriocoma VaLETTE, 1929 [*O. mazenoti; OD].
Description insufficient for affinities to be decided.
L.Jur.(Aalen.), Fr.

Platyarthra Berry, 1938 [*P. jekerica; OD]. Based
on ossicles of several genera, including lateral arm
plates perhaps belonging to Ophiomusium. U.Cret.
(Maastricht.), Neth.

Pseudaspidura Kovosviry, 1941 [*P. hangarica;
OD]. Unidentifiable. Oligo., Hung.

Schizospondylus MiULLER, 1950 [*S. jasmundiana;
OD]. Based on vertebrae only, which are similar

to those of Ophiocamax. U.Cret.(Campan.),
Riigen.

Transspondylus MtiLLER, 1950 [*T. bubnoffi; OD].
Based on unidentifiable vertebrae. U.Crez.

(Campan.), Rigen.
Xenura ScuoxporF, 1938 [*X. kebuldi; OD]. Un-

recognizable, Dev., Ger.

GENERIC NAMES OF
INDETERMINATE OR
UNRECOGNIZABLE STATUS
APPLIED TO FOSSIL ASTEROZOA

Asteriatites voN ScuroTHEIM, 1813 [=Asteriacites
voN ScHrLoTHEIM, 1820; lapsus]. The name was
first published (p. 68, nom p. 109, for a fora-
minifer), with three included species, names for
which apparently were based on nonbinominal
names in KNoRr, since the only description was
an indication to Knorr's figures. These are of
Solenhofen fossils (U.Jur., Kimmeridg.) all crin-
oids (Saccocoma) except for a single ophiuroid;
the figures on the plate are not separately identi-
fied in  ScHrotHEIM's indication. In 1820
ScurotHEIM published Asteriacites with a single
included species, 4. ophiurus, which is an un-
identifiable ophiuroid from the “Muschelkalk.”
If, as NEeave maintains, Asteriacites, 1820, is a
lapsus for Asteriatites, 1813, the type-species must

Ophiurella

Fic. 89. Ophiotrigonum and Ophivrella; 1a-d,

Ophiotrigonum  oxfordiense Hess, U.Jur., Switz,

(113) (p. U102); 2, Ophiurella speciosa (Min-
sTer), U.Jur., Ger. (113) (p. U102-U103).

be found among the 1813 species, if any of their
names are available, Although ScHroTHEIM's in-
dications to K~omrr's figures are in puzzling form,
it seems that at least two of the names could be
fixed among the crinoids and could therefore be
treated as available from 1813. One of them,
pennatus, was attributed by ScurortHemm in 1820
to Ophiurites, with again an indication to KNorr's
figures, It seems best to place Asteriaties
ScrroTtHEM, 1813 [=Asteriacites SCHLOTHEIM,
1820; lapsus| as a nom. dub. in the synonymy
of Saccocoma Acassiz, 1836,

Stereoaster Foerste, 1919 [*S. sguamarus; OD].
Not asterozoan. Si/., Ohio.

Trichotaster T. Wricnur, 1873 [*T. plumiformis:
OD] [=Trochitaster Woopwarp, 1874; lapsus].
Specimen not traced. Probably not asterozoan. Sil.,
Eng.
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Subphylum ECHINOZOA Haeckel in Zittel, 1895

[Diaynasis prepared by H.O B Feog

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

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

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

GENERAL FEATURES AND RELATIONSHIPS OF ECHINOZOANS
By H. BarracLouct FeLL and Raymono C. MooRE

[Flarvard University: Unisersity of Kansas]

INTRODUCTION

Echinczoans are fundamentally globoid,
cylindroid, or discoid echinoderms which
entirely lack outspread rays, such as char-
acterize asterozoans, and arms or brachioles,t
such as occur in most ¢rinozoans.

U The calearcous scile-covered podia of ophiodsuoids
cannot be compared closely with the arms of crinoids, sup-
ported by an inrernal Wkeleton of solid assicles, or with
similar srructures of orher cringzoans.

Earliest cchinozoan classes have the
mouth and anus at oppasite extremities of
the body, thus defining an anteroposterior
axis, but in some later classes these orifices
of the alimentary tract are found 1o be sec-
ondarily displaced. Meridionally disposed
water vessels traverse the body wall in the
direction of the anus, such vessels originally
lying on the surface of the theca (as inter-
preted by Fery, strongly doubted by Dur-



General Features and Relationships

HaM) but in later Paleozoic and all post-
Paleozoic groups sinking inte its substance,
Skeletal elements, reproductive organs, and
the muscular and nervous systems tend to
be differentiated in meridional patterns, al-
though an underlying bilateral symmetry
almost invariably is evident.

The echinozeans are defined as a sub-
phylum and included classes are designated
Helicoplacoidea (L.Cam.), Edrioasteroidea
{L.Cam.-L.Carh.), Ophiocistividea (L.Ord.-
U.Ord.}, Cyclocystoidea (M.Ord-L.Sil),
Holothuroidea (?M.Ord., Dev.-Rec.), and
Echinoidea {M.Ord.-Rec.).

BACKGROUND

Until  recently, zoologists customarily
have divided the phylum Echinodermata
into two contrasted subphyla, respectively
named Pelmatozoa and Elcutherozea, The
Pclmatozoa, predominantdly represented by
fossil forms, have becn construed to include
groups that throughout all or at least part
of their postlarval life are attached in fixed
manner to the substrate and that carry the
oral and anal openings of the spirally
twisted gut on the upwardly directed sur-
face of the body or the anus may be located
laterally on the theca (this side being de-
fined as posterior).  Crinoids, cystoids,
blastoids, and the much less commen fossil
groups known as eccrinoids, paracrinoids,
and edrioblastoids are typical pelmatezoans.
The Eleuthervzoa comprise almost exclu-
sively free-living echinoderms in which the
mouth is directed downward or anteriorly
and the anus (if present) 1s usually placed
on the upper surface or posteriorly at end of
the body opposite the mouth. Best-known
eleutherozoans are the sea urchins (echin-
olds), sea cucumbers (holothurians), star-
fishes (asteroids), and brittle stars {ophiur-
oids).

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

The discovery of a class of echincderms
named Helicoplacoidea by Durnam & Cas-
TR (3), found in oldest known (Qlenellus
Zone) fossil-bearing rocks of California, has
shown that primitive, {ree-living members
of the Echinodermata already had become
differentiated in earliest Cambrian time.
The morphological characters of the I1elico-
placoidea partly resemble those of Echin-
videa, Holothuroidea, and Edricasteroidea,
suggesting a rclationship of all {four classes
to a common ancestral stock, This stock,
then, is inferred 1o be the source of clen-
therozoan helicoplacoids, helothurians, and
echinoids en one hand and to prevailingly
pelmatozean edricastercids on the other.
On the basis of common features of body
form, however, cspeeizlly absence of ray-
like and armlike extensions {from i, all are
assignable 1o the subphylum Echinczoa,

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

Relatonships of the carly Paleozoic
Homalozoa examined critically by Uraens
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{13) are doubtful. These are asymmetrical
echinoderms which in specialized torms
show a tendency toward bilateral sym-
metry, though none fully attain it, They
were evidently frecliving (eleutherozoan)
in habit (Fig. 90,7), for none fixed per-
manently to the substrate are known. Classi-
fication as homalozoans is not based on life
habit of the animals.

In summation, FerL (7) has pointed out
that four contrasted structural patterns are
clearly discernible in echinoderms as fol-
lows (see also chapter by Usacus on “Gen-
eral Characters of Echinodermata,” Treatise,

Part §).

distal face 15 29

Homostelea

HOMALOZ OA
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(1) A homalozoan pattern, represented
by early Paleozoic forms with skeletal parts
arranged asymmetrically or displaying
some degree of bilateral symmetry, is seen
in classes named Homostelea (Fig. 90,1),
Stylophora, and Homoiostelea, formerly
grouped together as “Carpoidea.” They
are assigned o the subphylum named
Homalozoa WrrrrHoust, 1941, Other
classes named Cyamoidea, Cycloidea, and
Machacridia, have very doubtful status.

(2) A crinozoan pattern comprises pre-
vailingly globoid forms with partial ra-
diate meridional symmetry from which
ambulacral feeding appendages (arms,

AR S
Strongy locentrotu
5b

Strongylocentrotus

/, szvElla
—
5 6a

Volchovid
Echinoidea A
8o

:\u"achovic‘
8b

Y psilothurie Ypsilothuria
Fa %b QOphiocistioidea

Astercidea Gucumaria . Cucumaria A
: 1

Pentacrinus 10h Hol ?f "

PA olothurcidea

A Helicopl @ M

: placus §
/7/\ 1 13b A I

Pyrgocystis

Crinoiden

//’L‘

Ophivroided

CRINOZOA 12a
ASTEROZOA

Explanation: @ mouth;

Fic. 90, Types of thecac representative of echinoderm subphyla {diagrammatic, not to scale),
3,4. Asterozoa (ophiuroid, astervid).

Homalozoa (carpoid}. 2. Crinozoa {crineid).

A

Cyclocysteidea

A anus;

Helicoplacoidee

4 15

N
=
< TS U
m 126 136~ 14a
Cyclocystoides C%
v 15a

Edricosteroiden
ECHINQZOA

* madreporite

I
5-15. Echi-

nazoa (5-7, echineids; &, ophiocisticid; 9,10, holothurians: J7, helicoplaceid; 12, cyclocystoid; 1315,
edrioasteroids).



General Features and Relationships

brachioles) extend upward or outward.
Most of them are attached to the substrate
in fixed location throughout postlarval life,
but some are free-moving (eleutherozoan)
as adults. They include classes named
Eocrinoidea, Paracrinoidea, Cystoidea,
Crinoidea (Fig. 90,2), Edricblastoidea, and
Blastoidea. These are grouped in the
subphylum Crinozoa Matsumoro, 1929
{=Pelmatozoa Lruckart, 1848, partim}.

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

(4) An echinozoan pattern consists of
globoid, cylindroid, and discoid forms with
well-marked radial meridional symmetry
which entirely lack outspread extensions
comparable to the arms or brachioles of
crinozoans or the rays of asterczoans.
The classes Helicoplacoidea (Fig. 90,17),
Holothuroidea {Fig. 90,9,10), Ophiocist:-
oidea {Fig. 90,8), Cyclocystoidea (Fig. 99,
12), Edricasteroidea (Fig. 90,/3-15), and
Lchinoidea (Fig. 90,3-7) are divisions of
the subphylum Echinozoa Harckrr in ZrT-
TEL, 1895. Most echinczoans arc free-mov-
ing throughout life, but some edricaster-
oids and dendrochirote holothurians are
recognized as sessile animals.

In agreement with Feew (7), it seems
evident that the mode of life adopted by
various echinoderm assemblages is not ac-
ceptable as the governing criterion for classi-
fication of them in first-rank divisions (sub-
phyla), even though this may affect morph-
olegical features importantly. Eleuthero-
zoan tendencies cxclusively characterize
Homalozoa, Asterozoa, and nearly all
Fchinozoa, whereas they are confined to a
minority of Crinozoa (comatulid and vari-
ous other crinoids, possibly a few blastoids
and cystoids}. Clearly, the four patterns of
symmetry which have been described briefly
are entirely unrelated to these tendencies.
Free-living echinoderms acquire locomoter
mechanisms that facilitate quest for food by
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browsing on algae, by preying on other ani-
mals, and by swallowing large quantities
of mud in order to extract its small organic
content. This is accompanied generally by
the development of jaws or special oral ap-
pendages suited to gross (macrophagaus)
fecding. The anus, if present, tends to be
placed remote from the mouth, commonly
on the opposite side of the body. Among
sessile cchinoderms locomotor organs are
partly or entirely lost, forcing the animals
to depend on such planktonic food sources
as sea currents may provide. Feeding is of
microphagous type, food particles being
carried by some ciliary or cemparable mech-
anism with aid of the tube feet along food
grooves of appendages and the upper body
surface to the mouth. The alimentary canal
has a more or less contorted U-shape, with
mouth and anus directed upward 1 loca-
tiens not far apart. These features char-
acterize most Crinozoa, in contrast to the
Asterozea and Echinozoa,

EVOLUTION OF ECHINOZOA

The oldest known organism classed as
an echinozean is Helicoplacus (L.Cam,,
Olenellus Zone, Calif-Nev,), although a
locally associated fossil  (edrivasteroid,
PStromatocysttes) 15 also classed as an
echinozoan (2, p. 52}. Eocrinoids are other
echinederms found in this ancient fauna.

The mouth of Helicaplacus is located at
the broadly rounded end of its fusiform
body (therefore interpreted by Durnam &
CasTer, 1963, as anterior] and the anus
probably oceurs at the tapered oppesite ex-
tremity (Fig. 91,7). The very numerous
small plates of the theca are disposed in
closely adjoined spiral rows twisted counter-
clockwise. A single narrow band of minute
platelets (bifurcated in some individuals)
which winds around the body is interpreted
by Fere {7) to denote an external water
vessel, although observations by DurHAM
(personal communication} indicate a possi-
bility that this water vessel may have been
internal. The narrow band of platelets,
identified as an ambulacrum, divides the
thecal surface into halves that define a sort
of bilateral symmetry greatly affected by tor-
sion. It is combined wtih an apparent radial
symmetry defined by arrangement of the
theca] plates. Ferr (7) has noted that simi.
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Fic. Y1. Helicoplacus, L. Cam,, USA (Calif.); lat.
view of theea {reconstr.), x0.33 (3).

Jar torsion is chserved in earliest echinoids
{e.g., Fothuria) of Ordovician age, although
in them the symmetry is overtly radial
{more correctly meridional) as deflined by
the five twisted ambulacral meridians, reg-
ularly spaced at intervals of 72 degrees.
Analogous torsion also is seen in the Erido-
asteroidea, persisting to their extinction in
the Lower Carbeniferous, but it has not
been reported in the Holothuroidea and
Ophiocistioidea, The torsion seon was Jost
in the echinoid line. The oldest known
edrioasteroid  (Stromarocystites, 1.Cam,,
Czech., 2Calif.; M.Cam., France, Sweden)
had straight ambulacra, rather than curved
ones. Also, the echinoid Aulechinus, a con-
temporary of Eothuria, and the somewhat
older Bothriocidaris exhibit no signs of
torsion.

Helicoplacus may have been an cleuthero-
zoan bottorn-feeding echinoderm  rather
similar to 2 plated dendrochirete holothur-
jan. Its thecal plates formed a complete,
robust, flexible test. The varying degrees of
expansion and contraction observed in the
fossils (3) imply existence of musculature
capable of altering thecal shape in a manner
comparable to operation of a concertina.
Perhaps Helicoplacus crept over the sea
floor like an annelid. The occurrence of the
fossils in a very fine clastic matrix denotes
a mud-bottom habitat and suggests that
this echinoderm may have been a mud-
swallower, like many nondendrochirote
holethurians. The small size of the mouth
has led Durnam (personal communication)
to guess, rather, that these echinoderms de-
pended for food on small organic particles
gathered from surrounding water by a
mucus-secreting or ciliary mechanism, such
food particles being then passed along the
ambulacrum o the mouth. Helicoplacus
may thus have lived much of the time in
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an upright position as 2 somewhat sedentary
inhabitant of the muddy sea bottom, only
occasionally assuming a horizontal attitude.

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

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

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

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

Rec.;

1. Placothura,
lateral view of fine-plated theca. X3 (Pawson).

Fic. 92. Holothurians.

2. Ypsilothuria, Rec.: lat. view showing large
spine-bearing plates of theca, X3 (Ludwig).
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Oldest known fossil remains of Holo-
thurcidea consist of isolated diminutive
skeletal plates. However, recent studies
(12; see also p. U646) indicate strong prob-
ability that the Ordovician and later Paleo-
zoic holothurians closely resembled some
modern members of the Dendrochirotida
(e.g., Placothuria; Fig. 92,1) and of a new
order named Dactylochirotida (12), the
latter exemplified by Ypsilothuria (Fig. 92,
2). These holothurians cited for compari-
son are all heavily plated forms with a com-
plete test made up of large plates which
commonly are provided with rigid spinous
processes. The early holothurians are
judged to be similar also to Helicoplacus
and to the Ordovician echinoids with flex-
ible theca (e.g., Eothuria, originally con-
sidered to be a holothurian). Suctorial tube
feet probably were lacking in earliest holo-
thurians, judging from their rudimentary
state in extant plated genera, but this is un-
certain. If such tube feet had not yet been
developed, locomotory movement of the
animals must have been effected by con-
traction and expansion of the body wall
and its flexible test (7). When they were
provided with sucterial tube feet, move-
ment on the echinoid plan would have been
possible, Morphological evidence indicates
that some kind of jaw apparatus compar-
able to the echinoid lantern was developed
early in evolution of the holothurians, but
with development of the dendrochirote
type of tentacles, apparently the apparatus
was abandoned and its elements served the
new purpose of providing attachments for
the radial and retractor muscles. In this
fashion the organ persisted in later holo-
thurians as the calcareous ring surrounding
the pharynx.

Probably the many-branched dendrochir-
ote type of tentacle was evolved from
initially simple tube feet of finger-like form
in the oral region (12). Repeated dicho-
tomy could lead to the very complex den-
dritic tentacles of the Dendrochirotida,
which are efficient for collecting planktonic
food and conveying it to the mouth by cili-
ary action accompanied by contractions of
the tentacles and spoening movements of
the two ventral tentacles. The dendrochiro-
tids, whether motile or net, are able to trap
sufficient nourishment by fltering of sea
water, provided that currents replace the
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Plane of Bilateral Symmetry

i darsal

ventral
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Fic. 93. Anterior and cross section views of holo-
thurians showing differentiation of ventral and dor-
sal siddes and vertical plane of hilateral symmetry.
1. Crcumaria, Recent dendrochirotidan from
front, showing pair of reduced ventral tentacles and
crowded twbe feet of five rays (A4-E, designations of
rays. Carpenter system) (diagram.}. 2. Cross
section  {(diagram.) of body of Holothuria, Rec.
aspidochirotidan, showing ventral locomotory tube
feet and paxillate tube feet of dorsal and lateral sur-
faces (A-E, Carpenter designations of rays).

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

A oral plate

R

33

o5

periproct

Fic. 94. Comparison of psolid haolothurian with
edricasteroid  (diagram.). I. Deorsal view of
Prolus, a dendrochirotidan, showing oral and anal
plates near cppusite extremitics and imbricated ma-
ture of other thecal plates (A-F, Carpenter designa-
tions of rays). 2. Isorephus, upper {oraly sur-
face of tyvpical edrioastcroid showing prominent
curved ambulacra and periproct in posterior (CD)
interray (10).
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Fic. 95, Calcareous rings of edrioasteroid and holothurians,
oid, shewing calcareous ring and associated ambulacral plates (10).

1. Oral side of Iorphus, U.0rd, edrioaster-
2.4, Side views of pharyngeal

region ot dendrochirotidan holothurians Penradactyla, Placorhnria, and Neothyonidium, showing calcarecus

rings and associated structures, all Rec. (Pawson).

5-8. Diagrammatic outlines of part of calcareous

rings of Euthyonidiella, Peolus, Thyonidinm, and Mitsuknriella, from side (all Rec. dendrochirotidan hola-
thurians) (5,78, from Heding & Panning, 1954; 6, Pawson}. [Explanatien: ¢, radial piece of calcareous

ring; &, nterradial piece; o,

posterior process of radial; 4, madreporic duct {or stone canal); ¢, Polian

vesicle; /, madreporite. ]

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

Another possibility is for the locomotory
system to be converted to a purely adhesive
role, thus leading to a sessile { pelmatozoan)
habit, though no known holothurian fully
attained this. It is illustrated by the psolid
dendrochirotes, some genera of which ex-
hibit a Hattened limpet-like body which
adheres by its broad wventral surface 10 a
firm substrate (Fig. 94,7). They may be

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

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

Comparative studies of pharyngeal skele-
tal elements found in the dendrochirote
helothureids suggest that original repre-
sentatives of the class must have possessed
external ambulacra formed by modified
thecal plates similar to these of edrio-
asteroids illustrated by Kesiing & Mintz
(10) (Fig. 95,7). Scemingly, the evolution
of large dendrochirote tentacles required
the existence of a protective mechanism
suited to allow withdrawal of them into
the body. This was achieved by the intro-
vert, which comprises a telescoping of the
anterior part of the body with retraction
induced by muscles derived from the radial
muscle group. Evolution of the introvert
implies a conversion of the original external
ambulacral areas of the test into internal
structures  surrounding the pharynx and
these structures scrve for insertion of the
retractor muscles. In primitive dendrochir-
otes the pharyngeal skeleton is still recog-
nizable (in the opinion of Pawson and
Few) as equivalent to the ambulacral
plates of an edrivasteroid, but in most sur-
viving holothurians the mechanism is very
much reduced or vestigial (Fig. 95,2-8).

Although the edrioasteroids (Fig. 94,23
95,1) adopted a habit similar to that of
psolid holothurians (Fig. 92), as previously
noted, their ambulacral tracts remained ex-
ternal, instead of sinking inward, and this
permitted an alternative method of feeding
suited to the pelmatozoan way of life. The
fecding mechanism was provided by the
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whole complex of tube feet distributed along
the five ambulacra which extended outward
from the mouth as meridians on globoid
forms (see Fig. 102,246} but confned to
the upper (oral) surfacc generally, as on
discoid forms (Fig. 94,2). Each ambula-
crum carried a median groove that was
bordered on cither side by tube fcet which
must have funcrioned in manner similar to
those of crinoids, waving about in the
water 0 as to entrap small organic particles
on their mucous surface, sweeping this food
inward to the mouth along food grooves
of the ambulacra. Ferr (7) has stressed
that no introvert structure evolved in edrio-
asteroid stocks, and consequently tentacles
of dendrochirote type doubtless never de-
veloped.

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

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

{Fig. 96. Cantinteed from facing page.)

fied frum Fell). [Explanation: Highly conjectural reconstructions of some genera indicated by star, Num-
bers zre for ilentification of genera sclected to illustrate class and order groups, forms known only as fossils
in post-Paleozoic part of chart marked by underlined nurabers, 1, Volchowia; 2, Sollasina; 3, Rhenosquama;
4, Helicoplacus; 5, Eothuria! 6, Avlechinus: 7, Bothriocidaris; 8, Echinocystites; 9, Palaechinus: 10, Pholi-
docidaris: 11, Lepidocidaris; 12, Archacocidaris; 13, Miocidaris; 14, Cidaris: 15, Holaster; 16, Echinacardi-
wm: 17, Nucleolites; 18, Holeceypus: 19, dvachnoides; 20, Colobocentrotus: 21, Diadema; 22, Thurokolia;
23, Protocauding: 24, Stichopus; 23, Deima. 26, Thallatocanthus; 27, Molpadia; 28, Chiridota; 29, Ypsilo-

thuria; 30, Calclamna; 31, Cucumaria; 32, Placoth
38, Cystaster; 37, Cyathocystis; 38, Walcottidiscus:

wria; 33, Lepidopsolus; 34, Psolus: 35, Cyclocystoides;
39, frorophus; 40, Agelacrinites; 41, Heniieystites; 42,

Lepidodiscus; 43, Hemicystites; 44, Edrioaster; 43, Stromatocystites.)
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on the introvert, just behind the muouth.
The corresponding pesition in edricasteroids
is that in which a pore is known to occur,
although hitherto this pore has been sup-
posed to be a hydropore. Since psolids re-
spire (at least in part) by means of respira-
tory trees, it seems likely that similar trees
occurred in edricasteroids, and it is prob-
able that the hydropore was internal, as in
dendrochirate holothurians. Trrespective of
these inferences, in Fril’s opinion the
Edricasteroidea should be recognized as
bona hde members of the subphylum
Fchinozoa, exhibiting various pelmatozoan
features no more fundamental than the
same features in psolid holothurians, where
undoubtedly they constitute purely second-
ary responses to demands of a sessile habit,

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

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

[University of Kansas; Harvard University)

INTRODUCTION

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

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

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

The Lovén system of marking the rays
and interrays of echineids, explained and
illustrated 1n the subsequent chapter on
echinoid morphology (p. U/220), has been
employed very widely by specialists and
in our opinion wisely has been adopred in
the Treatise for descriptions and figures of
members of the Echinoidea. This is because
its application to both regular and irregular
echinoids is trustworthy and unambiguous
(Fig. 97). In this system the plane of bi-
lateral symmetry passes through the an-
terior ray {designated I} and posterior
interray (designated 3), which in irregular
echinoids contains the anus. In cdockwise
order on the oral surface interrays {Arabic
numbers) and rays (Roman numbers) are
5 (posterior), I, 1,11, 2, 11T (anterior), 3, 1V,
4, and V. The arrangement of rays in many
irregular echinoids shows a well-defined
grouping of the threc antertor rays, form-
ing a so-called trivium, and the two pos-
terior rays, making an opposed bivium
(Fig. 97,12,E). Between rays of the bivium
is interamb 3 containing the anus. The
plane of bilateral symmetry, which coin-
cides with the Lovén plane, is emphasized,
whereas this is much less readily discerned
in the regular echinoids, among which 1t
15 positively determinable by the symmetri-
cal pattern of large and small plates of rays
at the peristomial margin and by location
of the madreporite in interamb 2.

A trivium and bivium are defined by
junction of the oral plates of many crinoids
{e.g., Haplocrinites, Fig. 98,1) and by the
pattern of ambulacral grooves or plate rows
on the tegmen of numerous crinoids (e.g.,
Cyathoerinites, Fig. 98.2; modern Antedon,
and others). Tn our view it is highly sig-
nificant that the grouping of pelmatozoan
rays in threesome and twosome is not by
any means at random, for as in irregular
echinoids the median ray of the trivium
invariably coincides with the anterior part
of the plane of bilateral symmetry and like-
wise the interray enclosed by the bivium
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plane of bilateral symmetry
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A 5 Clidaris 5
11
RY 1
A |
C
Cidaris
anus
Holasfer
11} 11
‘rri\(i?m
AT l
i} \_—
A v !
oral anus aboral
I Haolaster
D E

Explanation: @mouth; Aanus; * madreporite
¥ migration of anus teward rear

Fic. 97. Lovénian numerical notations for rays and

interrays of regular echineid fCidaris, A-C) and

irregular echineid ( Holaster, 1-F), latter showing

trivitm and bivium; enlargements of apical systems
shown in € and F.

contains the anus. [t may also contain other
small openings identified as hydropore,
gonopore, or hydrogonopore. If the Fchino-
zoa, as well as Asterozoa, have been de-
rived from ancestral echincderms that gave
rise also to the Crinozoa, 1t is not sur-
prising to find in the different subphyla
commen features of bilateral symmetry, and
this should aid in reaching trustworthy
conclusions concerning homologies. Reason-
able proof of the descent of members be-
longing to one subphylum from stocks
classified in another 1s not demanded, for
the purpose here is simply to find ccmmeon
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denominators. The anteroposterior plane of
bilateral symmetry is thought to be para-
mount among these,

A system for designating the rays and
interrays of echinozoans, similar to that de-
vised by Lovéxw in being somewhat arhi-
trarily defined, uses capital letters instead of
nutierals, This was introduced by P. H.
CarpENTER (1884) for identifying main
divisiens of the thecal skeleton of crinoids
and the procedure has been found equally
well suited to other pelmatozoans. Various
authors have extended the Carpenter sys-
tem to echinozoans and even to asterozoans
(e.g., Cutvotr, 1948; Hyman, 1955; Arsa
Crarg, 1963), but in a manner decidedly
open to question. As applied to crinoids (Tig.
98), the Carpenter letters are very simple,
unambiguous, and convenient. The ray
coinciding with the anterior part of the
plane of bilateral symmetry (opposite to the
interray containing the anus) is marked by
A, and ther on the oral surfacc other rays
arc designated in clockwise succession by
B, C, D, and E. Interrays can be indicated
in terms of their bordering rays, as 4B, BC,
ete. To echinoderm workers this is cle-
mentary; they do not need to be reminded
that in aboral views of crinoids the sequence
of Carpenter letters runs counterclockwise.

CARPENTER LETTERS APPLIED
TO ECHINOIDS

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

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

plane of
bilateral symmetry

Cyathocrinites

Hoploerinites

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

sils rarcly if ever provide evidence of soft
parts—no clues are provided for distinguish-
ing one ray or interray as different from
others, The 4 ray cannot be discriminated
and accordingly others are unidentifiable,
Such perfect symmetry is found in some
crinozoans that in them it is possible only
to determine oral {ventral) and aboral (doz-
sal) sides of the test. The vast majority of
echinoderms exhibit one or more asym-
metrical features, which in turn may lead
to recognition of bilateral symmetry super-
posed on the basic pentameral symmetry of
the phylum. Here we may employ as guides
for recognizing significant dcpartures from
perfect pentameral symmetry any single ex-
centrically located structure (e.g.,, mouth,
anus, hydropore, gonopore, madreparite,
etc.), any distinctive skeletal element (e.g.,
posterior oral plate differing in shape and
size from other orals), and any groups of
such features (e.g, insert oculars on one side
of periproct of echinoid, exsert oculars en
other sides). Greatest in value is modifica-
tion of thecal outline and the pattern of
rays and interrays (e.g., trivium, bivium) in
some manner that clearly defines overriding
bilateral symmetry with respect to the an-
teroposterior plane perpendicular to the oral
and aboral surfaces of the theca. This may
be accompanied and accentvated by such
surface features as fascioles, grouped areas
of specialized spines, and tracts of particular
kinds of pedicellariac. In varying degree
this pattern is clearly evident in all of the
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subphyla, possibly excepting the Homale-
zoa, and it is discernible in nearly all
echinoderm classes. Reliable recognition of
ray homologics depends on correct correla-
tien of the available guides.

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

Brissopsis

Clypeaster
Explanation: & modreporite; A anus; %% periproct.
¥ migration of anus toward rear

Fic. 99. Apical systems of regular echinoids (Ci-
daris, Heliocidaris, 1,2) and irregular echinoids
{Clypeaster, Brissopsis, 3,4} showing Lovénian
numerals for desighation of rays accompanied on
inner side by Carpenter letters recognized by Trea-
tse and on outer side different placement of these
letters according to common usage of authors. The
diagrams show (in 1} nearly perfect rachal sym-
metry, {(in 2) incipient bilateral symmetry marked
by exsert oculars II, IIl, TV and insert oculars I and
V, (in 3) central “monebasal” madreporite, and (in
43 rearward migration of madreporite.
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Correlation by Treatise

Correlation by Authors

Explanation: @ meuth

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

nuids showing divergent correlation of Carpenter

letters with Lovénian numerals by authors and by
Treatise.

Regular echincids have been regarded
universally as a group that differs markedly
from necarly all irregular echinoids. Their
ncarly perfect pentaradiate symmetry is dis-
turbed only by differentiation of one of the
genitals in the ocular ring as a madreporite.
It Jies next 1o the periproct in the Lovén
interamb 2 (Fig. 97,C; 99,4 ). Regular ur-
chins creep over the substrate with any ray
forward and they can reverse the direction
of their movement without turning around
(Hymavn, 1955, p. 530), although some
have a very slight preference for locomotion
with the IIT ray in front. Application of the
Lovén numerals to the rays and interrays
of the regular echinoids has been accepted
by all on the basis of the single clue fur-
nished by position of the madreparite, for
if this element of the theca prevailingly (not
quite universally) occurs in interamb 2 of
irregular echinoid tests, it is entirely rea-
sonable to infer the same location for it in
the tests of regular echineids. Then, other
Lovén numerals for the rays and interrays
can be assigned with measurable confidence
{Fig. 97,4-C). This is not the last word
with respect to the regular echinoids, how-
ever, for in many of them signs of incipient
bilateral symmetry corresponding 1o that
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marked by the anterolateral axis of irregu-
lar echinoids (ray III, interray 5) can be
recognized, though it has becn overlooked
as a significant feature by specialists (Fig.
97,D-F; 959,2).

Granting that application of the Lovén
numerical designations of rays and interrays
in irregular and regular cchinoids is the
same, as agreed by all authers who have
emploved this system, substitution of Car-
penter letters for the numerals is unaccept-
able—certainly so if the letters are placed
in the manner adopted by such authors as
Cuiror (1948}, Hynax {1955), and Arwsa
Crazx (1963). The disposition of letters for
rays shown in Figure 100,J2,24 15 based on
the assumption that interamb 2 (Lovén),
which typically contains the madreporite,
corresponds to interray €D (Carpenter),
which typically contains the excentric anus
and may also have a hydropore, gonopore,
or hydrogonopore. No account is taken
of pervasive bilateral symmetry defined by
the anteroposterior axial plane, expressed
not only by the location of various excentric
structures but commonly by characters of
the whole skeleton. In our view correct
placement of Carpenter letters, identical in
crinezoans and echinozoans, is unequivocal-
ly indicated by relationships to the funda-
mental antcroposterior bilateral symmetry.
Thus A (Carpenter) corresponds to Il
(Lovén), rather than 1o V, and the posterior
interray €D (Carpenter) is equivalent to
interamb 5 {Lovén), and not to intcramb 2
{Fig. 100,14,26). 'The importance of these
conclusions with respect to ray homologies
is obvious, especially in connection with
studies of echinoderm evolution and phylo-
geny.

Witk an initially skeptical approach, one
of us (FerL, who is author of the Treatise
chapters on cidaroids and other echinoid
groups) undertook a special study of the
regular echinoids aimed at finding out
whether this group furnishes independent
evidence that the axis passing through amb
1T and interamb 5 corresponds to the an-
teroposterior axis defined by ray A and in-
terray CD of the Carpenter system. Some
of the results were communicated to Mook
in a letter {7 January 1963), excerpts from

which follow.
“Propositions that seem pertinent initial state-
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tents are the following. (1} Lovénian symmetry
15 a universa! characteristic of echinoids, with only
very minor exceptions. (2) Bothriocidaris, if not an
echinoid in strictest sense, is so close to one that
all writers who have referred to it in the past
decade are unanimous in regarding it as best classi-
fied among echinoids and at least susceptible to
analysis as an cchinoid. [Evidence published by
Myannin  (1962) indicates bevond doubt that
Bothriocidaris is an echinoid.] {3) Bothriocidaris ex-
hibits full Lovénian symmetry. (4) Cidaroids, as
the only known group of Palenzoic echinoids 10
cross into the Mesozoic, must be the ancestors of
all post-Paleozaic cchinoids. (5) The plane of bilat-
eral symmetry of all post-cidaroid echinoids passes
through amb III and interamb 5 (Lovémian nota-
tion). It is required to ascertain whether the post-
cidaroid plane of symmetry presents a stable rela-
tionship to other structures in all known echinoids
including Paleozeic forms in which the Lovénian
planc has proved recognizable, and whether the
madreporite  (or hydroporc) presents a similar
stable relationship.

“My approach to this problem is outlined in suc-
ceeding paragraphs, (1) It is self-evident that if any
morpholagical proof of the fundamental character
of the plane of bilateral symmetry in post-cidaroid
echinoids exists, such prool can only be sought in
the apical system of regular echinoids, for it 15 in
this region that the first observable signs of move-
ment of the anus into an interambulacrum are
found, and it is such movement that enables us to
recognize the anteroposterior axis. {2) LovEN estab-
lished his law on the basis of the plate arrange-
ment of the ambulacra at the peristome in spatang-
oids, ameng which bilateral symmetry s conspicu-
ous. He extrapolated backward on the basis of the
position of the madreporite in spatangoids, show-
ing that if a regular echinoid is oriented with the
madreporite in the same relative position, then the
only possible planc of symmetry yielding the
Lovénian sequence is that passing through the apex,
amb III, and interamb 5, which defines the antero-
posterior axis and plane in spatangoids and also
exists in regular echinoids, By extending his in-
quiry to the apical region, LovEN was able to show
that a bilateral symmetry generally exists in adapical,
as well 2s adoral, parts of the test, and that it
corresponds to the plane derived by him from
adoral plate arrangement. (3) Cidaroids generally
have been regarded as exhibiting aborally an almost
perfect radial symmetry, not susceptible to Lovénian
analysis, Therefore, it has been inferred that the
anteroposterior axis and plane s a feature evolved
in post-cidaroid groups. Since the madreporite is
nccessarily to be regarded as a pre-cidaroid strue-
ture, its significance as a morphological “marker”
has been given much importance, and as others are
lacking, it has been used as the moin reference
point in attempting ta correlate echinoid crienta-
tion with that used in other groups,
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“I have investigated the symmetry of the apical
system of regular echinoids as part of my Treatise
assignment, paying special attention to signs of
incipient bilateral symmetry. I have reached the
judgment that the common method of describing
the apical system of any regular echinoid by state-
ments such as ‘oculars 1 and V insert” actually
puts the cart before the horse. As pointed cut by
MorreNsEN in the first volume of his monograph
on Echinoidea, the embryonic cidaroid apical sys-
tem 1s monocyclic, with all cculars inserted between
genitals {one comprising the madreporite) so as
to form a single ring. With increasing growth the
genitals overtake the aculars, intruding upon the
periproct so as to exclude the oculars effectively
from this region, thus converting the apical system
into a dicyelic type. The dicyelic type clearly 1s
secondary to the monocyclic,

Post-cidaroid cchinoids generally inherit a dieyelic
type of apex as their juvenile pattern, but commonly
thev tend to depart from it (as a tertiary modifica-
tion} by developing one or more insert oculars in
adults. Why is this so? The answer, in my opinion,
is found by referring to such groups as the pygaster-
oids, nucleclitids, and others in which the first
signs of migration of the anus out of the apex
can be abserved, The postembryonic development
of the surviving nucleolind Apatopygus shows in
the life history of the animal how the anus leaves
the apex, beginning to descend interamb 3, with
new plates introduced between the periproct and
apical system, No one can doubt that this is an
example of recapitulation and that it was the way
in which the so-called irregular echinuids arose,
with conspicuous bilateral symmetry coming to
involve the whole test. I interpret the ‘insert oculars
1 and V' 1o mean, not that these oculars moved
back inward so as to adjoin the periproct, but that
in virmally all regular echinoids a censtant tend-
ency exists for the periproct w move ont toward
oculars T and V. Resorption of the neighboring
genitals vecurs and the emargination of their ad-
apacal edges is the real reason why oculars I and ¥V
come into contact with the periproct. Hence, 11 1
easy to understand why irregular echinoids arose
{rom more than one stock of regular echinoids, as
stressed by DurHAM & Mewvice (1950
because the periproct for some reason tends con-
stantly to move toward oculars 1 and V, which is
rearward in spatangoids and all other irregular
echincids, Accordingly, any tendency 1n a regular
cchinoid for oculars I and V to become insert must
be treated as prima-facie evidence of an antero-
posterior axis.

“With these considerations in mind, I have re-
examined the apical systems of all cidaroids avail-
able to me, studyving also the photographic plates
in MorTENSEN's monograph and plates in my own
carlier papers, Soon, most decisive witness to the
existence of an anteroposterior axis in the cidaroids
became evident, despite my earlier belief that this

i was
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Fic. 101. “Misshapen” regular echinoids of the

Echinometridae indicated by outlines of thecae in

aboral views showing elongation in three different

directions (A-C) and enlarged apical system belong-

ing to these with exsert and insert oculars which

denote bilateral symmetry with respect to the antero-
posterior plane.

was not so. A recurrent tendency of oculars T and V
toward Jailure to hecome exsert during growth
constitutes evidence that this axis is presemt in
many genera of such diverse subfamilics of the
Cidaridae as the Histocidarinae {most primitive
surviving group), Goniocidarinae, Stereocidarinae,
Rhabdocidarinae, and Ctenccidarinae, as well as
other families. Therefare, I do not doubt that it is a
universal features of the cidaroids, even though
expressed sporadically, some adults showing insert
oculars I and V, athers with all oculars exsert but
1 and V nearest o the periproct, and stll others
with evenly disposed insert or exsert oculars,

“If differences among the oculars are due to
purely chanee variations during growth, all oculars
should be affected equally, but this is not the case.
An unmistakable bias—almost an exclusive one—
caused only oculars I and V o become insert, or
rather, to fail in being exsert. Unavoidably, there-
fore, I must conclude that an anteroposterior axis
of symmetry already exists in the cidaroids, It is
defined by the recurrent tendency of oculars I and
V to remain next to the periproct, or expressed
otherwise, by the recurrent tendency of the cidaroid
periproct to move rearward in the direction of
interamb 5. That this anteroposterior axis of the
cidaroids exactly matches the Lovénian axis on the
oral surface cannot be emphasized toe strongly,
for it means that we are dealing here with a true
plane of symmetry identical with the one found in
all post-cidaroid echinoids [Fig. 99].

“A test now can be applied to the reasening
which has been outlined. Certain regular echinoids
(e.g., Parasaleniidae, Echinometridae) are ‘mis-
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shapen’ in exhibiting a bilateral symmetry of the
whole test expressed by markedly ovat outlines in
many species when viewed from the oral or aboral
sides. In the Echinometridae (MoRTENSEN, v. 3,
pt. 3, p. 278, fig. 130} the axis of elongation
plainly differs from that of spatangoids and ather
irregular echinoids, for in different forms it is
cbserved to coincide with amb I and interamb 3,
or with amb II and interamb 4, or with amb IV
and interamb 1 [Fig. 101]. Now if the bilateral
symmetry associated with elongation of the test in
any of these directions is as fundamental as that
postulated for symmetry with respect to the amb III
and interamb 5 axis, the insert oculars cught then
to be located in the appropriate ambulacra—not in
I and V. But this is nor so [Fig. 101,D]. Instead,
the echinometrids are entirely characterized by in-
sertion of oculars I and ¥V, just as in other cidaroid
groups, Hence, the slightly displaced periproet
completely ignores the new symmetry along axes
other than that marked by amb III and interamb 5,
remaining faithful to this latter. Thus, I conclude
that the amb lll-interamb 5 plane of symmetry is
a fundamental feature of all orders of echinoids
from the Cidaroida onward, It was already present
in at least one of the Paleczoic orders, for we know
that cidaroids as defined in the strictest sense range
back into the Permian {Miocidaridae), and the
Archaeocidaridae, which generally are classed as
cidaroids, extend back to the Lower Carboniferous
and possibly to the Silurian.

“Including the Bothriocidaroida, three orders of
Paleczoic echinoids in addition to the Cidaroida are
discriminated, The Lovénian law seems to be ob-
served exactly in Bothriocidaris, as stressed by Jack-
sox, Hawkins, MorTENSEN, and DurHaM & MEL-
vitLE. Fossils now available t show characters
of the Paleozoic orders Echinocystitoida and Palae-
chinoida are wo fragmentary to allow determina-
tion of the presence in them of Lovénian sym-
metry, The archaic Bothriocidarss (Ord.} at least
alrcady exhibited the same anteroposterior plane
of symmetry that 35 manifested in the Cidaroida
and in post-cidaroid groups, as indicated by the
potential, incipient, or consummated migration of
the anus into interamb 5.

“What about the madreporite, to which so far
relatively little notice has been given? In Bothrio-
cidaris, which we might reasonably expect 1 show
such a structure in interamb 5, it 15 located rather
in ane of the ambulacra, not even in interamb 2,
as customarily in echinoids, By definition, a pos-
terior direction is indicated by the location of the
anus, and observation of other cchinoderms indi-
cates that the hydropore tends to move into the
interarmbulacrum containing the anus, The hydro-
pore itself thus may be regarded as a marker of
posterior  direction, though of sccondary value.
When we trace the post-Paleozoic history of the
echinoid hydropore (madreporitc), we find that it
fulfills expectations, albeit belatedly and in a maost
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uncertain, devious manncr, expcrimenting, so to
speak, with various locations but ultimately yield-
ing to interamb 5 after crossing the middle of the
apical disc. It set out from genital 2 (seemingly
reached as a post-bothriocidaroid translocation),
toyed briefly with genital 4 (with pores developed
on both genitals 2 and 4, as seen 1n Jjuvenile
Apatopygus, MorTENSEN, Vid. Medd. 73, p. 187,
fig. 20), or invaded all of the geniral plates, pro-
ducing pores in each of them simultanecusly {e.g.,
Discoidea, MorTENSEN, monaograph) and even con-
verted all of them into a single compound ‘mono-
basal’ plate at the apex [Fig. 99.3]. or 1t sailed
across the apex into interamb 5 with a long trail-
ing lobe joined to its old host (genital 2) [Fig.
99.4]. The last-mentioned arrangement represents
the so-called ethmolytic condition of sparangoids.
Finally, the madreporite may swallow up all of the
residual genitals, pushing a long process into the
posterior interambulacrum {e.g., Palacopnenstes,
Heterobrissus, and other spatangoids of more
specialized nature).

“This brief sketch shows that the history of the
hydropore {madreporite) in echinoids is one of
continuing migration, with interamb 2 1ts longest
occupled home and interamb 5 its ultimate desti-
nation. As a trigonometric landmark, the madre-
porite is hopeless. As an indicator of posterior
direction and position, the anus is far superior in
guidance to correct orientation, for its morphelogic
relanionships are entirely consistent. By its in-
fluence on the behavior of oculars 1 and V, the anus
very early indicated the tendency to migrate into
interamb 5, enabling us to recognize the antero-
posterior axis and plane of bilateral symmetry in
many of the oldest regular echinoids. The great
adventure in evolution of the echinoid anus was
its slide from dead-center location on the aboral
surface to a place on the underside of the test
within sight of the mouth, where finally it halted
futile pursuit of the mouth, which was seeking 10
escape forward.

“In summation, it seems 1o me that inescapably
we must recognize the anteroposterior plane passing
through amb HI and interamb 5 of Lovéman nota-
tion as the fundamental plane of symmetry in all
echinoids. Therefore, corresponding notations of the
Carpenter system equate amb 4 with amb 111,
interamb AB with interamb 3, amb B with amb
IV, and so on, Interamb €D is not the equivalent
of interamb 2, as commonly supposed by authors,
but corresponds to interamb 5.”

CARPENTER LETTERS APPLIED
TO EDRIOASTEROIDS

The ambulacral rays of some edrioaster-
oids, for example as seen on the globose test
of Cystaster (Fig. 102,2). are straight and
they diverge radially in nearly perfect pen-
tamerous manner. Actually, the interray
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Fic. 102. Edrioasteroids, showing side view of cyl-

indroid form (1} and D-ray side view and oral view

(2a,6) of globose form, anteroposterior plane of hi-

lateral symmetry strongly definred in all, not tw

scale (1, from Aurivillius; 24, from Jaekel; 28, from
Kesling).

containing the prominent anal pyramid of
Cystaster is wider than others. Bilateral sym-
metry with respect to the vertical plane that
bisects this interamb and that coincides with
the opposite ambulacrum is clearly evident.
The oral surface is directed upward, and
Carpenter letters are applicable without any
question, beginning with 4 for the ray in
the plane of anteroposterior bilateral sym-
metry and proceeding clockwise for desig-
nation of others in alphahencal sequence.
An aperture next to peristomial plates at
summit of the test is located in interray CD,
like the anus. It has been distinguished as a
hydropore by Kesuine (1960) but desig-
nated noncommittally as “third aperture”
by Reeniry (p. U150). If the supposition
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Frs. 103, Ophiocistioidea and Cyclocystoidea show-

ing anterodorsal plane of bilateral symmetry. 1.

Volchovia {ophiocisticid}. aboral view showing ap-

plication of Carpenter letters to rays, reconstr,, X 0.5

(from Gekker), 2. Cyelocysiordes, oral sur-

face, reconstr., showing Carpenter letters, X2.25
(from Kesling).

expressed by Ferr & Moore (p. Ull7) is
correct, that respiration of the edricasteroids
probably resembled that of holothuroids,
utilizing internal respiratory trees not pre-
servable in fossils, this opening may very
well be 2 gonopore. Whatever its physiologi-
cal function may have been, this structure
fits in with the A-CD plane of symmetry.
The same symmetry is definable on the
oral surface of cylindreid edrioasteroids
(e.g., Pyrgocystis, Fig. 102,1} and discoid
forms, which include a majority of genera
belonging to the class. The latter are char-
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acterized by more or less strongly curved
ambulacra, as well known. Bilateral sym-
metry defined by the anteroposterior plane
is less evident, but nonetheless uniformly
marked by location of the anus in interray
CD.

CARPENTER LETTERS APPLIED
TO OPHIOCISTIOIDS

Usacus (p. U176) has reported that nota-
tion of rays and interrays of the ophio-
cistioids presents no difficulty or ambiguity.
In Volckovia (Fig. 103,1), for example, the
anteroposterior plane of bilateral symmetry
is defined by the arrangement of plates on
the aboral surface and position of the anus,
supplemented by presence in the same in-
terray of a small aperture doubtfully identi-
fied as a hydropore, gonopore, or hydro-
gonopore. Carpenter letters have been em-
ployed by Usaecus, therefore, in describing
fossils of this class.

CARPENTER LETTERS APPLIED
TO CYCLOCYSTOIDS

Although most specimens of cyclocystoids
are not very well preserved, enough is
known concerning structure of their tests
to establish definitely nearly perfect pentam-
eral symmetry of the many-branched rays
{Fig. 103,2). No system of notation for the
rays has been adopted by authors, however,
even though a vertical plane of bilateral
symmetry transecting the nearly flat dis-
coid test is recognized. This coincides with
the mid-line of one of the rays and an
opening in the opposite interray that must
be the anus. Accordingly, the ray just men-
tioned is here defined by the letter .4 of the
Carpenter system and cther rays can then be
distinguished in customary manner, Three
cyclocystoid genera have been described, but
in the view of Kesuine (p. U188) they are
synonymous and in the Treqrice all are m-
cluded in Cyclocystordes.

CARPENTER LETTERS APPLIED
TO HOLOTHURIANS

The holothurians prevailingly comprise
cylindroid echinozoans, as indicated by their
common name sea cucumbers; some are de-
cidedly wormlike in form and others thick
discoid to globoid. They differ in modc of
life from echinoids and eleutherozoan
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plane of bilateral symmerry\l
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gonopar dorsol

bivium

ventral
HOLOTHUROIDEA

Frc. 104. Diagrammatic oral and aboral views of

holathurian showing plane of bilateral symmetry

and Carpenter letters for designation of rays belong-
ing to trivium and bivium,

cchinoderms generally in  displaying a
strongly marked fore and aft orientation,
with the mouth at one extremity and the
anus at or near the other. The animals crawl
or burrow with one of their sides lowermost
and the opposite side directed upward.
Accordingly, the lower side is designated as
ventral and the other as dorsal. Three rays
on the lower side are differentiated as a
trivium and the oppasite two comprise a
bivium, and between rays of the bivium a
gonopore commonly is recognized near the
anterior end of the body.

Authors who have employed Carpenter
letters for the different rays of holothurians
agree in adopting A for the median ventral
ray, others then being identified in clock-
wise sequence around the mouth. This re-
sults in application of € and D to rays of
the bivium (Fig. 104). The tenuous basis
for this agreed application of Carpenter let-
ters seems to be the premise that the gone-
pore corresponds to the genital plate of the
echinoid apical disc which prevailingly (but
not exclusively) includes the madreporite,
and on the additional premise that the in-
terray containing the echinoid madreporite
corresponds to the Carpenter €D interray.
The first-mentioned premise may be correct,
whereas the second is judged by us 1o be
incorrect. The truly significant, and there-
fore basie, consideration is that the obvious
vertical plane of bilateral symmetry in the
holothurian body which coincides with the
median ventral ray (middle one of the triv-
ium) and which bisects the bivium is iden-
tical in its relationships to the vertical an-
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teroposterior plane of symmetry recognized
in all echinoids (now including regulars as
well as trregulars), in crineids, and in near-
Iy all other crinozoans. The placement of
the holothurian gonopore is the same as in
crinoids but not at all equivalent o the
common location of the madreperite in
echinoids which would call for finding the
holothurian gonopore in interamb 4B of
the trivium, Fortuitously, it seems, because
we have been guided by criteria entirely at
variance with those accepted by other au-
thors, the application of Carpenter letters
to holothurians happens to be in complete
agreement. Designation of the rays of holo-
thurians adopted in the Treatise is as shown
in Figure 104, and this is identical to desig-
nation given by Cufwnor, Hyman, and
others.

CARPENTER LETTERS APPLIED
TO ASTEROZOANS

So uncertain and insecure is identification
of individual rays and interrays of somaster-
oids, asteroids, and ophiuroids that authors
generally have declined to use any system
of notatons for them. In many of these
echinoderms radial symmetry appears to be
pertect, with no clue whatever for the adop-
tion of orientation other than oral and ab-
oral, Asteroids commonly possess an easily
distinguished madreporite in one of the
interrays on the aboral side of the body,
and in addition, some show the presence of
an anus, also located on the aboral surface
in the intcrray at left (in aboral view) of
the one containing the madreporite. Some
asterolds (e.g., Acanthaster) carry several
madreporites scattered about on the aboral
side. Ophiureids commenly appear to be
perfectly symmetrical radially, but the pres-
ence of a madreporite in one of the inter-
rays next to the mouth can be determined.,
Several genera of the suborder Euryalina
{order Phrynophiurida), however, have five
madreporites, one in each interray, or simi-
larly dispesed hydropores not associated
with any skecletal clement may he found
{e.g.. Trickaster) (Hyman, 1935, p. 613).

In asteroids and ophiuroids having a sin-
gle madreporite, authors (c.g., Cuiwor,
1948; Hyman, 1935; Amwsa Crark, 1963)
have accepted this as basis for defining the
interray containing it as CD (Fig. 105).
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ASTEROIDEA CPHIUROIDEA
Fio. 105. Diagrammatic aboral view of asteroid and
aral view of ophiuraid showing doubtfully identified
plane of hilateral symmetry and application of Car-
penter letters to rays, inner letters as here identified
and outer letters according to authors,

Guidance for conclusions on homology is
the same as accepted by these and ather
authors—{irmly fixed location of the madre-
porite in all echinoderm groups—even
though this has been shown by us to be
untrustworthy, cemmenly serving to mis-
lead rather than to point out homologous
skeletal parts carrectly. Since the rays of
no asterozoans are grouped in trivia and
bivia, and since a vertical plane of bilateral
symmetry defined by such arrangement is
unavailable to help us, only guesswork con-
cerning orientation remains for use. When
account is taken of earliest known astere-
zoans, which in all classes exhibit struc-
tural affinities with pinnulate  crinoids
(Fer, 1963) and which indicate inter-
relationships  pointing to a common an-
cestry, judgment is reached that lacation
of the anus outweighs that of the madre-
porite as marker for orientation. Thus we
are led to apply Carpenter notations of rays
as shown in Figure 105.1 (letters distributed
sutside of the outline) for asteroids, and
on assumption that the interray bearing a
madreporite in ophiuroids corresponds 1o
the madreporite-bearing interray in aster-
oids, Carpenter letters may be applied to
ophiuroids as shown in Tigure 105,2.
Whereas great confidence can be expressed
as to the correetness of ray and interray
homalogies fur echinozoans as here pre-
sented, surely this cannot be extended to
include the asterozoans, al least on the basis
of present knowledge.
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SUMMARY

A vertical plane of bilateral symmetry
which is clearly defined in the Crinoidea
and various other classes of the Crinozoa
provides the basis for applying in uniform
manner letter symbols introduced by Car-
reNTER for the different rays and interrays.
The system is especially suited for descrip-
tion and illustration of echinederms helong-
ing to this subphylum, many of which dis-
play arrangement of the rays in a well
marked trivium and biviam. The anus is
invariably located in the CD interray, de-
fined as posterior, and commonly a hydro-
pere or gonopore or both occur in the same
interray (Fig. 98; 106,1),

An identical plane of bilateral symmetry
is demonstrated to exist in echinoids, in-
cipiently expressed in the regular echinoids
(Fig. 97,B,C; 99,1,2; 101; 106,2,3) but
strongly marked in the irregular echinoids
(Fig. 97,D-F; 99,4; 106,6,7), most of which
display grouping of the anterior three rays
in a trivium and the posterior two rays in
a bivium, the latier enclosing the anus. The
Lovén system of notation, using Roman
nunerals for rays and Arabic numerals for
interrays, is adopted in the Treatise (Fig.
97: 100; 106,2,6), but correlation of it with
the Carpenter system is indicated (Fig. 100,
16,2h; 106,2,6). In addition, authors’ ap-
plication of Carpenter letters to echinoids
in manner judged to be entirely erronecus
is discussed and illustrated (Fig. 995 100;
106,3.7). Reasons are presented for rele-
gating the madreporite to a very subordi-
nate status as a structure to be considered
in studies of homology, and accordingly
conclusions mainly or entirely based on this
are rejected,

The application of Carpenter letters to
edrioasteroids  (Fig. 102}, ophiocistioids
(Fig. 103,1), and cyclocystoids (Fig. 103,2)
offers no problems and is straightforward.

For the holothurians (Fig. 104; 106,4)
recognition of far-reaching homologies and
use of Carpenter ray notations to express
them are curious in that identical conclu-
sions have been reached in different ways.
one being quite faulty and the other strong-
ly supported by trustworthy evidence. The
faulty approach is that generally accepted
by authors, based on trust in the significance
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of gonopore placement, in our opinion
erroncously correlated with the madreporite-
bearing genital 2 clement of the echinoid
apical disc. The differentiation of holo-
thurian rays into a ventrally oriented triv-
ium and dorsal bivium defines a funda-
mental vertical plane of bilateral symmetry

la aral 1b oral
PELMATOZOA - Crinoideo
A A

C
4b aboral

ECHINOCZOA - Holothuroidea

aboral

A oral

ASTEROZOA - Ophivuroidea

Explanation: @ mouth;

A anus;
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equivalent to that in echineids, crinoids, and
most other echinoderm classes, The presence
of a gonopore in the CD interray corre-
sponds to the gonopere in crinoids, for
example, and not 1o genital 2 of echinoids.

Asterozoans are doubtfully oriented in
terms of Carpenter ray notations, but phylo-

i HI

Zb aboral
ECHINOCZOA- regular echineoid
D
D

A
orol 3b aboral
ECHINOZOQA - regular echinoid

111 i

oral aboral
ECHINOZOA - irregular echinoid

D D

2y A
C/E BA\E E BﬁE
C 4 C D

B A 7b A A
oral A aboral

ECHINQZOA - irregular echinoid
* madreporite (hydropore}

>l

Fic. 106. Summary of ray designations applied to echinozoans and other echinoderms brought together for

comparison, [Ray designations cutside of test outlines indicate usage of authors; those inside of these out-

lines show designations adopted in the Treasise, except that for echinoids Carpenter letters merely indicare

correlation with Treatise-adopted Lovénian numerals. Arrows pointing to some figures call attention 1o ray
designations which are judged to be crroneous.]
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genetic considerations support tentative  Hawkins, H. L.

identification of the anus-bearing interray  {(10) 1931, The first echinoid: Biol. Reviews, v.

of asteroids with the CD interray of crino- 6, p- 443-158.

zoans and interamb 5 of echinoids (Fig. Hyman, L. H.
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HELICOPLACOIDS

By J. Wyatt Durnam and Kennetn E. CasTer

[University of Calilornut {Berkeley); University of Ciacinnati,

Class HELICOPLACOIDEA
Durham & Caster, 1963

[Helicoplacoidea Durnaam & Castir, 1963, p. 820]

Free-living, fusiform to pyriform placoid
echinoderms with spirally pleated, expan-
sible and flexible test; apical and oral poles
at opposite extremities; columns of plates
disposed spirally; ambulacra and “inter
ambulacra” present, new “interambulacral”
plates originating at apical pole and becorm-
ing more oral in position as subsequent
plates are added, arigin of ambulacral plates
obscure, but possibly similar. L.Can.({ Olen-
cllus Zone ).

In the retracted state the known species
of this specialized extinet group are pyri-
form, but when expanded they become fusi-
form. The plates are not firmly sutured to
one another as in the echinoids and many
pelmatozoans, and in the expanded state
(Fig. 107) the body was flexible, much as
in the holethurians. Because the plates were
not sutured to onc another the test usually
became  disassociated upon death. In con-
sequence, the small isolated plates are much
more abundant in the fossil record than
partial or entire tests.

The “interambulacral” areas are com-
posed of three columns of plates extending
from the oral to the apical pole. Tn the re-
tracted state (Fig. 108,4) the central col-
umn is external and the two lateral col-

umns folded internally; in erder to expand,
the lateral column folded outward laterally
and formed the floors of troughs adjacent
to the ridgelike medial column (Fig. 108,B).
The three columns of an area originate from
a single center in the apical area. The min-
ute plates when first recognizable appear in
a multiscrial (Furiserial) column. As the
apical pole becomes more distant and the
plates grow larger, the single column differ-
entiates into three columns, with the medial
plates forming the central column. In each
of the two described species there are 10
“interambulacral” areas.

The principal ambulacrum makes at least
two full spiral turns, starting at the mouth,
but does not reach to the apical pole. The
secondary ambulacrum first appears about
180 degrees along the spiral from the mouth
and then continues for approximately an-
other 18{} degrees, being separated from the
first by two “interambulacral” areas through.-
out most of its length. Tn one specimen
{Fig. 109.B) the two ambulacra clearly
join, apparently adapically {although theo-
retical objections can be made to this in-
terpretation ), and the principal ambulacrum
continues, In the retracted state the medial
“interambulacral” columns imbricate ad-
apically posterior to the branching of the
ambulacrum, and slightly adorally anterior
to this peint. The ambulacra are composed



U132

oral areg

Echinodermata—Echinozoa

"interambulacral” spines
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Fic. 107. Helicoplacus gilberti Duruant & CastEr, L.Cam. (Olenellus Zone), USA (Calif.); well-preserved
adoral portion of theca showing clockwise spiral torsion of plate rows interpreted as “interambulacral” and
small part of ambulacrum, oral pole upper right at center of spiral, X 6.6 (2).

of four or more rows of small plates. As yet
no podial pores have been recognized cer-
tainly, although possible grooves for tube
feet seem to be present on adjacent ambula-
cral plates on one poorly preserved speci-
men.

Anal and genital orifices have not been
recognized. The structure of the peristome
is uncertain, but the mouth apparently was
not more than 1 mm. in diameter. No sup-

portive or masticatory structures have been
recognized in the oral area. Likewise no
tentacular or brachial appendages have been
found, and no evidence of any attachment
area for such structures has been discovered.

The symmetry of the test, at least as far
as the “interambulacra™ are concerned, is
radial, modified by torsion to a spiral form.
However, the single primary ambulacrum
imposes a distinct bilaterality upon the
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Fic. 108, Diagrammatic sections of thecal plates of Helicoplacus gilberti parailel to oral-aboral axis, show-
ing {A4) infolded “interambulacral™ columns in retracted state of theca, and (B) spread-out lateral “inter-
ambulacral” columns in expanded state of theca, X 18 (1),

original radial pattern of the “interambula-
cra.” Nevertheless, it should be noted that
the two “interambulacral” arcas separating
the branch for most of its length from the
primary ambulacrum are strongly sug-
gestive of possible subsequent development
of a pentameral pattern. If a similar branch-
ing were repeated three additional times,
and if the appearance of branching were ac-
celerated in ontogeny, the result would be
the usual pentameral echinoderm pattern.

The small area of the ambulacra in com-
parison with the total bulk of the animal
suggests that the ambulacra were primanly
respiratory structures. Inasmuch as most
fiving echinoderms have a ciliated epider-
mis, it seems probable that the integument
was likewise ciliated in this group. The
small mouth indicates that Helicoplacus,
the type and presently only known genus of
the class, was a small-particle-feeder, This
seems likely in view of the lack of indica-
tion of other food-gathering organs, and 1t
may be inferred that Helicoplacus was
usually in the expanded state, with organic
particles gathered by its cilia being passed
along the spiral “interambulacral” grooves
towards the mouth. Presumably, enly in
times of danger from predators or in en-
countering an unfavorable environment or
in periods of inactivity would the retracted
state be assumed.

The small size of the apical pole, the fact
that it is the point of origination for new
plates, the lack of any specialized structure
for adhesion, and the small-particle size of
the enclosing sediments indicate that the

known helicoplacoids were free-living.
Their mode of life is unknown. They may
have been stationary, with the apical pole
buried in the soft substrate upon which
they lived, or they may have lain on the
sea floor, crawling about like many holo-
thurians. Another possibility is that they
rested passively on the sea fleor when in the
retracted state but when expanded slowly
pulsed through the water by rhythmic con-
tractions of the accordien-like test. With
respect to the last-suggested hypothesis 1t
may be noted that in the completely ex-
panded state the volume of the body was
probably more than twice that of the re-
tracted state and the specific gravity of in-
dividuals then may not have been much
above that of sea water.

In California Helicoplacus occurs in the
same beds as the eocrinoid Eocystires, as
well as various trilobites, a few archaeocya-
thids, and inarticulate brachiopods. Strat-
graphically, the shales in which 1t occurs
are intercalated in a thick sequence of
archaeocyathid-bearing beds, and the known
occurrences are located at levels about one-
third of the thickness of the sequence above
the base of the olenellid-trilobite-bearing
beds. In nearby western Nevada, a Srrom-
atocystites-like edrioasteroid occurs in asso-
ciation with numerous disarticulated plates
of Helicoplacus. Seemingly, these occur-
rences of Edricasteroidea, Focrinoidea, and
Helicoplacoidea represent the oldest known
records of the Echinodermata, The presence
of these disstmilar echinoderm types close
to the beginning of the good fossil record
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indicates that differentiation within the
phylum must have been initiated before the
beginning of the Cambrian. The free-living
character of Helicoplacus suggests that,
contrary to usual concepts, ancestzal echino-
derms may have been free-living. Whatever
their character, the common ancestor must
have had the potential to give rise to such
divergent types as Helicoplacus, Eocystites,
and the edricasteroids,

Because of the highly specialized nature
of the expansion-contraction mechanism
which is judged to distinguish the Helico-
placaidea, this group probably represents a
branch of the echinaderm stock that left
no descendants. The imbrication of the
test in the reiracted state, however, 1s strong-
ly reminiscent of such edricasteroids as
Lepidodiscus and Agelacrinus, suggesting
that the Edrioasteroidea may be related to
the Helicoplacoidea. Also, it seems pos-
sible that the holothurians might have been
derived from the immediate, pretorsion an-
cestor of the helicoplacoids. The test of the
adherent but fexible holothurian Psolus,
with its heavy imbricating plates, is sug-
gestive of the retracted test of Helicoplacus.
The origination of new plates from the api-
cal pole, the lack of circumoral appendages,
and the probable body shape of the pre-
torsion ancestor also suggest such early
echinoids as Aulechinus and the equivocal
echinoid-holothurian  Eothurie. i these
similarities are significant, they suggest that
the Fdrioastcroidea, as well as the Helico-
placoidea, belong in the subphylum Echine-
zoa and that this group probably was de-
rived from the immediate pretorsion an-
cestor of the Helicoplacoidea.

Family HELICOPLACIDAE
Durham & Caster, n. fam.
Characters of the class. L.Cam. ( Olenelfus
Zone).
Helicoplacus Durniam & CasTER, 1963, p. 82¢c [*H.
githerti; OD]. Test of 10 “interambulacra” and
single ambulucrum with short branch; peristume

Fic. 109. Side views (reconstr.) of species of Heli-
coplacts, both 1.Cam. (Olenelins Zone), USA
(Calif.), showing strong torsion of theca, oral ex-
tremity at top. pointed aboral end directed down-
ward. A, H. curtisi Duraam & CasTER, partially
expanded, a spinuse species (1), B. *H. gilbert
Dereav & CasTer, individual in retracted state (1},
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Fic. 110. Specimens of Helicoplacus, L.Cam. (Olenellus Zone), USA (Calif.).——A. Flattened, nearly
complete specimen, H. sp., showing pointed apical pole and partly dissociated upper part of test with oral

pole, X4 (2).

B. *H. gilberti DurnHam & CAaSTER, incomplete flattened specimen with branching ambu-

lacrum, lowermost ambulacrum being continuation of this, X7 (2).

small; type-species with longitudinal ribs on
plates of medial “interambulacral” column; ran-
dom nonarticulating spines on plates of medial
interambulacral column, especially near peristome.
L. Cam. (Olenellus Zone), USA (Calif.-W. Nev.).
Fic. 107; 108, 109, 110,A. *H. gilberti; 107,
flattened and expanded oral pole of incomplete
specimen, oral area at center of spiral, showing

a few plates of incomplete ambulacrum in lower
right, and spines on random plates of medial in-
terambulacral column, X6.6 (2); 108,4,B, sec-
tions of test parallel to oral-aboral axis, in re-
tracted state (A4) showing infolded “interambula-
cral” columns, and in expanded state (B) show-
ing lateral “interambulacral” columns in ex-
panded position, both }18 (1); 109,B, restora-
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tion, retracted state X 3.75 {(1}; 110,B, incom-
plete, flattencd specimen showing branching of
ambulacrum same as
uppermost but on next volution, X7 (2). Fic.
109,4. H. cwrtisi; restoration of spinose species
partially expanded, X2.5 (1). Fic. 110,4.
H. sp., fattened, nearly complete specimen, show-
ing apical pole and partially dissociated cral pole,
x4 (2).

ambulacrum, lowermost
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Class EDRIOASTEROIDEA
Billings, 1858

[as suborder Edricasteridae] [=Thyroidea Cuarman, 1860,
Agelacrinoidea 5. A. Mnier, 1877, Cystasteroidea STRIN-
manN, 1890; Agelacystida Harexen, 1895 (partimg; Thec-
oldea Jaekiy, 1895; Cystostelleroidea STemwmany, 1903 [ex-
cludes forms now referred to class Edrioblastoideal]

1 The stelked genus  Astrocystites  WHitesves, 1897
(=Sreganvblasins  Wnaneaves, 1897) has formerly  been
placed with the Ednoasteroidea as the single representative
of the fumily Astrocystitidae Bassler, 1935, Since Asgrocysiites
differs in several respects from typical Edrioasteroidea R. O.
Favy (14) found reason to institule a new cluss, Edrioblast-
videx Fav, 1962, to reecive the genus. This procedure will
be followed here, thuugh not without a certain reluctance,

Many-plated echinoderms with well-de-
veloped (normally) quinqueradiate endo-
thecal ambulacral system; no thecal pores,
but pores may be present between ambula-
cral elements (thus not picrcing substance
of plates); no arms or brachioles; anal open-
ing in posterior interradius, generally cov-
ered by valvular pyramid; a third aperture,
interpreted generally as a hydropore, may
be recognizable between mouth and anus;
unstalked (Fig. 111,1). L.Cam.-L.Carb.
(Miss.).

INTRODUCTION

The pelmatozoan nature of the Edrio-
asteroidea, although some of them show
eleutherozoic tendencies in mode of life,
is clearly demonstrated by the following
observations. Even so, the class here is in-
cluded in the dominantly eleutherozoan
subphylum Echinozoa.

{1} The adoral surface, with mouth,
anus, and a third opening, was directed up-

ward. In some genera the theca was
modified so as more or less to simulate a
sterm.

{2) The Edrioasteroidea fed as whirlers,
according to REMANE {Spencer, 38), that is,
food was brought to the mouth by a sub-
vective system of ciliated grooves protected
by cover plates.

{3) Evidence is found in some genera
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(e.g., Edrioaster) of an aboral motor nerve
center, but it may be assumed a priors that
this system is strongly reduced because it has
little or no importance in sessile or almost
sessile forms wanting a stem and movable

arms (7, pt. 7).
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The most significant features of the Edrio-
asteroidea, by which they differ from all
other pelmatozoans, are the nature of am-
bulacral structures and absence of all exo-
thecal appendages.

MORPHOLOGY

GENERAL FEATURES OF THECA
AND AMBULACRA

As in other noncrinoid pelmatozoans, the
viscera are enclosed in a capsule, termed
theca. However, unlike the theca of the
Rhombifera, this 15 not clased, for the am-

bulacra are lodged between the thecal skele-
tal elements and do not rest upon them
(Fig. 111,2}. Tt may be that, morphogenetic-
ally, the ambulacral skeleton is not different
from the other thecal plates.

As mentioned already, the adoral surface

interambulacroi plate pore canal

B TN
({"i‘-_ ) ambulacral
Ly, "" tloor plates

g"‘

1)
P
=Y
)

ambulgeral
cover plates

‘--'
&7
SRARA ll"
l [ hydropore ]

“third operture’’

periproct

Fic. 111, Typical edrioasteroid, Edrioaster bigebyi (BiLines), M.Ord., Ontario, illustrating some mor-
phological features. 1. Adoral surface showing ambulacra with biserially arranged cover plates adjoined
on each side by row of adambulacral plates, interambulacral areas distinguished by relatively large irregularly
arranged plates; ambulacra marked by letters of Carpenter system; ill-differentiated plates of peristomial
region unshaded: posterior interambulacrum with low anal pyramid {periproct} and near peristome with
“third aperture’ interpreted as hydropore; X 2.5 (after 24, modified from 7, pt. 4}. 2. Transverse sec-
tion of ambulacral Acor plates showing their relation to adjvining interambulacrals; floor plate at lefo viewed
on its sutural surface, showing pore canal, floor plate at right viewed on cut surface; X5 (7, pt. 4).
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Fic. 112, Trimerous arrangement of ambulacra
rarcly exhibited by edrioasterouds, 1. Pattern of
ravs shown in diagram of aderal surface of Thresh-
eradiscns ramosns Foerste (M.Ord., Ontario), X4
(16). 2. Adoral part of theca of Carmeyella
pilenrs (HarL) (U.Ord., Ohio), with somewhat dis-
guised trimerous disposition of ravs owing to sepa-
ration by large orotegminal plates (Jeft and right
anterior, 1,2; posterior, 3), X8 (40).

(known also as oral, ventral, or actinal sur-
face—"‘adoral” should be preferred to “oral”
because the latter term refers primarily to
the area occupied by the mouth and its
skeletan, the peristome) contains the aper-
tures of the thecal wall and was directed
upward (hence sometimes referred to as
“upper surface”), whereas the aboral sur-
face (known also as apical, adapical, dorsal,
or abactinal surface) was directed down-
ward (“lower surface”). In most genera,
the ambulacral grooves are restricted te the
adora! surface and do not reach the aboral
surface except in the family Edricasteridae.

Echinodermata—Echinozoa

In the oldest known edricasteroid, Strom-
atocystites {L.Cam.-M.Cam.), and in many
later genera, the theca is depressed semi-
globular, having the shape of a slightly
convex disc. The theca developed variously,
however, being cither very thin and almost
flat in some forms (e.g., Agelacrinites), or
saclike in others (e.g, Cystaster). The
tendency to elevate the adoral surface over
the sea bottom has found its extreme ex-
pression in Pyrgocyszis. In this genus the
theca is transtormed into a high turret, the
height of which is many times the diameter
of the adoral surface.

Pentamerous symmetry in these forms is
demonstrated mainly in the disposition of
the ambulacral grooves, which differentiate
the theca into 5 ambulacral (radial) and 5
interambulacral (interradial) fields, called
ambulacra and interambulacra, respectively,
One or more extra rays may occur in several
genera. The ambulacra will be referred to
by the letters A-E in agreement with the
system tntroduced by P. H. CarpEnTER
(1884). The ambulacrum opposite to the
posterior interradius {CD) is designated by
A; ambulacra B-F follow in clockwise dirce-
tion when the oral surface is directed up-
ward. The interambulacra have the sym-
bols AB, BC, etc. (Fig. 111,1).

Pentamerism 15 not reflected generally by
the arrangement of thecal plates. A trimer-
ous disposition of the radial extensions, with
one anterior ray and two forking lateral
ones, is apparent in Thresherodiscus (M.
Ord.) (Fig. 112,7) and it can be distin-
guished in  Carneyells (M.Ord-U.Ord.)
{Fig. 112,2) Dinocystis (U.Dev.), and Lepi-
dodiscus squamosus (Miss.). This has been
interpreted by BartHer and others as an
archaic pattern, but that view is not in ac-
cord with recent opinion which regards
trimerism in echinoderms as a secondary
feature. [Tribrachidium Grarssner, 1959,
from the Precambrian of S. Australia, which
is characterized by perfect threefold sym-
metry, has a superficial resemblance to disc-
shaped edriocasteroids. HHowever, there is no
ground for assuming that Tribrachidium
developed into some primitive echinoderm.
Rather was it an aberrant coelenterate {cf.
this Treatise, p. W228)].

All Edrioastercidea are small or moder-
ate in size. The thecal diameter of adult
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specimens varies generally between 5 and
60 mm.; in Pyrgocystis it may be less than
5 mm.; the largest of the two known speci-
mens of Timeischytes is 4.5 mm,

THECAL SKELETON

As a rule, the interambulacral (inter-
radial) sections are broad as compared with
the ambulacral (radial) ones. Their strue-
ture therefore largely controls constitution
of the theca. Where the ambulacra are ex-
ceptionally broad, as in Hemicystites, the
interambulacra are narrow, in consequence.
Very commonly, the posterior (€L} inter-
ambulacrum  differs in shape from the
others,

GENERAL CHARACTER

The plates of the interambulacra are called
interambulacrals (interambulacralia, inter-
radials, interradialia)., They may be scale-
like and more or less imbricating, which
provides the theca with a cerain degree of
flexibility. In the oldest known family
(Stromatocystitidae), flexibility is achieved
by other means; as by weak calcification of
the skeleton ar by presence of stroma strands
between the polygenal nonimbricate plates,
which thereby admitted some mobility. At-
tachments aof the stroma strands are marked
generally by two or three diplopore-like
depressions that extend across the sutures
of adjoining plates. Because of the super-
ficial resemblance of these structures to
diplopores, Stramatocysttes has been sup-
posed to Indicate relationship between
edricasteroids and diploporite Hydrophon-
dea. This interpretation is quite implausible
in view of the fact that true diplopores only
exceptionally cross sutures between thecal
plates (e.g., Glyprosphaerites). It is not
more convincing to compare the dumbbell-
shaped depressions on edrioastcroid suture
faces with the pore canals of the Rhombi-
fera {as suggested by Cuénor, 10).

A weakly calcified theca, with minute
plates, is also present in the saclike Cysaaster.

It is noteworthy that flexibility of the
theca among discoidal and hemispherical
forms surely is not correlated with their
temporary fixation. Otherwise, one might
suppose that the purpose of flexihility was
to allow the theca to act as a sucking disc,
as indeed it may have becen in Stromato-
cystites,
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The turret-shaped Pyrgocyseis  cannot
have been able to relinquish its arttachment
at an adult stage. In spite of this, its theca
is formed by imbricating plates, which are
not markedly different from those of the
interradial areas of the adoral surface. The
skeletal elements in this genus show a
tendency, although not absolute, to develop
phylogenetically toward greater plasticity
without loss of firmness. This is effected by
moedification of the inosculating plates of
early species into obliquely disposed plates
arranged in distinct columns separated by
grooves and in late forms by dense crowd-
ing of smail plates without overlapping.
Development of this sort seems 1o have oc-
curred independently in Lower Ordovician
and Silurian stocks of Pyrgocystis. The im-
proved flexibility of the theca thus acquired
may have served for adjustment of the
theea to the substratum and for directing
the oral region toward food-bearing water
currents. It may be that fexibility of the
theca had some importance also for the
mechanism regulatung the opening and
closing of the ambulacral grooves.

In forms where the interambulacrals com-
prise a mosaic of polygonal plates, the theca
gencrally is characterized by greater rigid-
ity. In the Cyathocystidae, the lateral plates
are fused into a solid saclike mass cemented
to the substratum so as to {orm, with plates
of the adoral surface, an extremely firm
theca, The stalked Astrocystizes has a very
rigid theca composed of relatively few
plates, which are extraordinarily large and
thick as compared with the plates of all
Edricasteroidea (Astrocystites now assigned
to Edrioblastoidea).

INTERAMBULACRALS

The interambulacrals arc either polygonal
plates arranged in a mosaic, or scalelike im-
bricating ossicles. Some genera, however,
have interambulacrals intermediate between
thesc types, with polygonal, shghtly imbri-
cate plates (e.g., Walcortidiscus, Ulrichudis-
czs). Species with mosaic plates and species
with imbricate plates may belong to ane
and the same genus {eg., Lebetodiscus,
Isorophus, Agelacrinites).

In most genera, the interambulacrals are
tolerably uniform, but in some they are
clearly differentiated in size and shape. The
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interambulacral plates of Hemicystites and
Anglidiscus have a tendency to become
larger in a centrifugal direction, whereas
in Leberodiseus and Thresherodiscus the
largest plates are found near to the center;
in Agelacrinites they vary strongly in shape.

Minute plates bordering on the valvular
plates of the periproct are found in several
genera {e.g., Anglidiscus, Isorophusella).
Not seldom (c.g., Edrivaster) an agglom-
eration of numerous small irregular plates
on the right side of the anus marks the
position ol an expanded rectum.

Further, one or more rows of small ad-
radial plates may line the ambulacra (e.g.,
Anglidiscus, Isorophus, Lepidodiscus, Stro-
matocystites).

A definite arrangement of the interradial
plates is usually not recognizable. A note-
worthy cxception is found among members
of the Cyathocystidae and Timelschyzes
among the Hemicystitidae. Cyathotheca and
Cyathocystis have only one large, triangular
plate in each interambulacrum. Whether
these have developed from a number of
ordinary interambulacrals fused into larger
solid plates or are primary structures is not
obvious from the fossil material, in which
not the slightest indication of sutures can
be traced. Yct it is easy to realize that an
amalgamation of moesaic interambulacrals
(as in Stromatocystites) would produce
plates like those present in the Cyathocysti-
dae, just as has been suggested to explain
the sides of saclike thecae by fusion of lat-
eral plates corresponding to those in Cys-
taster. This seems reasonable. Although
corresponding  morphologically and func-
tionaily to the orals of certain crinoids, the
interambulacrals of the Cyathocystidae are
not necessarily homologous with orals.
Cyathocystis also possesses an inner circle
of five interradially disposed plates which
cover the oral field. These probably do not
belong to the interambulacral series, how-
ever, for they seem to have originated by
coalescence of the most proximal ambula-
cral cover plates of each two adjeining rays,
like the oral cover plates of other Edrio-
asteroidea.

Timeischytes is remarkable in that all
interambulacra save the posterior one are
each covered by a single large sublunate or
sublinguiform plate. In interambulacrum
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€D five differently shaped interambulacrals
are disposed around the anal pyramid.

In forms with imbricating plates, the over-
lap is invariably in a proximal direction,
and greater toward the periphery, A diag-
onal arrangement of the interambulacrals
may be discerned in some species.

Advocaring the view that the Edrioaster-
oidea were derived from some cystoidean
ancestor, FoersTE (16) observed that imbri-
cation of thecal plates can hardly be con-
sidered a primitive feature, because the
plates of cystoids have polygonal outlines
and are arranged in a mosaic. He suggested
that the change was duc to “assuming of
the sessile habit, together with the enormous
shortening of the theca in a vertical direc-
tion. This caused the distal edge of one
plate to collapse within the proximal edge
of the adjoining plate.” Without entering
now on a discussion of the supposed phylo-
geny of the Edrioasteroidea, it should be
pointed out, in objection to this theory, that
an extraordinarily strong imbrication of the
thecal plates is found in Pyrgocystis, in
which the vertical axis of the theca 15 ex-
tremely long.

PERIPHERAL RING

Plates of the adoral surface (excluding
those of the ambulacra) commonly are dif-
ferentiated into interambulacrals proper
and distal plates forming a peripheral ring.
This is true of most discoidal 1o hemispheri-
cal forms. Naturally, a peripheral ring is
lacking among the edrioasteroids in which
the ambulacra pass on to the aboral surface.

Generally, plates of the peripheral ring
decrease in size in a centrifugal direction.
It is a common feature that those nearest to
the central part of the adoral surface are
even bigger than the interambulacrals and
are extended tangentially, especially in
Agelacrinites and Timeischytes. Plates of
the border nearest to the periphery are
minute.

The outer portion of the peripheral ring
undoubtedly was mobile and thus capable
of adjusting to the surface of the sub-
stratum. The larger plates forming an in-
ner band of the peripheral ring in many
Fdricasteroidea had much greater rigidity;
they were rather firmly locked horizontally
but capable of some vertical extension.
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Most plates of the peripheral ring bear
one or more processes on their aboral sur-
face. These processes may have served for
attachment of muscles of the muscular wall
in which the plates were imbedded.

The peripheral ring of Cyathocystis is
formed by a single row of subquadrate mar-
ginals. In Cyathotheca it is wanting entirely.

Not seldom the peripheral ring is raised
over the central portion of the theca. This
is a post-mortem feature due to sinking in
of the central body after decay of the ani-
mal,

ABORAL SIDE

Among cdrioasteroids which lack a defi-
nite peripheral ring, the aboral side of the
theca is made up of plates more or less con-
unuous with and similar to the interambu-
lacrals.

In Stromatocystites the aboral center is
occupled by a fairly distinet dorsocentral
{not necessarily homologous with the dorso-
central of other echinoderms) surrounded
by large polygonal plates; toward the
periphery the plates decrease somewhat in
size and tend to be more rounded,

The aboral surface of Cooperidiseus is
bordered by a projecting periphery of more
prominent plates. The surface enclosed in
this ring is covered with squamose plates,
the imbrication of which is centrifugal and
thus continuous in direction with the imbri-
cation of the oral face. This suggests that
Cooperidiscus developed from some more or
less globular body covered by plates over-
lapping in a direction from the base toward
the oral pole.

The Edrioasteridae are characterized by
differentiation of the aboral surface inta
three regions: a central area covered with
more flexible integument, bearing smaller-
than-average plates; a circular frame of rel-
atively stout plates {corresponding to the
peripheral ring?); and a peripheral area of
plates serially homologous with the inter-
ambulacrals of the oral face but a little smal-
ler than the majority of these (Fig. 113,1).

Tn Pyrgocystis (Pyrgocystis) the basal-
most plates are closely amalgamated so as
to form a sort of ferrule (Fig. 113,2), while
in P. (Rhenopyrgus) numerous minute
plates arc scattered in a coriaceous skin
forming a saccate base.
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2
Pyrgocystis

Discocystis

Tic. 113, Aboral surface of edrioasteroids. 1.
Edrioaster buchianus Forpes, M.Onl., Wales, anal
interradius at left, 1.6 (7, pr. 2). 2. Pyrgocystis
{ Pyrgocystis) snlcata {AvmiviLiius), U8l (Wen-
lock.), Sweden (Gotl.), from side, showing smooth-
ly rounded aboral extremity below, X3 (2). 3.
Discocystis kaskaskiensis {Harr), U.Miss. (Ches-
ter.), USA (Ala), x2 (4).

Little information is available about the
structure of the aboral side of most other
Edricasteroidea. Conditions similar to those
in the Edricasteridae have been traced in
Lebetodiscus (7). The lower side of Disco-
cystis kaskaskiensis is remarkable in having
been described originally as an echinoid,
“Echinodiscus optatus” WorTHIN & MiL-
LER, 1883. It is composed of many rows of
fused imbricating plates (interambulacrals
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Cystaster

Lepidodiscus

Fio. 114, Edricastercids with straight and curved
ambulacra. 1. Cystaster granulatus Havr, U.
Ord,, USA (Ohio), a simple type characterized by
relatively wide, short, and straight rays, ¥ 4.5 (20).
3. Lepidodiscus ephraemovianus {RocoLuBoOv),
U.Dev. (Famenn.), USSR, showing contrasolar cur-
vature of long, narrow ambulacra in all rays except
¢, which is solar, X2.8 (18).

of the adoral surface mosaic) and a central
area of attachment (Fig. 113.3).

In species attached by the entire aboral
surface to somc foreign object, the lower
suriace is, of course, not accessible for in-
vestigation in complete specimens. FoErstE
(16) has reported scveral specimens of
Carneyella cincinnaticnsis in which a few
plates of the adoral surface of the theca
were missing. On etching away the clay in-
side the theca, he found no trace of aboral
plates, even though the finest details in
sculpture of the shell of Rufinesquina sup-
porting the theca were preserved, From this
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FoerstE concluded that “it may be assumed
that in those forms which assumed the
sessile habit, the original plates of the ab-
oral surface became obsolete, a fleshy sur-
face, unprotected beneath, being much bet-
ter adapted for atachment to an underlying
surface.”

AMBULACRA
GENERAL CHARACTER

It has been pointed out above that the
thecal skeleton is not completely continu-
ous but is interruped by the skeletal ele-
ments of the ambulacra enclosing the am-
bulacral groove (subvective groove, food
groove). The ambulacral structures are in-
tercalated between (not extended over) the
interradial plates. It is likely, however, that
from the outset the floor plates formed part
of the thecal wall, having acquired later the
appearance of a separate system. According
to this view, the grooves were originally
epithecal, very much as in the Diploporita.

The primitive candition of the ambulacra,
as displayed by Stromatocystites and by im-
mature stages of several species assigned to
other genera, is characterized by a straight
course. Straight ambulacra are further
found in the Cyathocystidae, some Hemi-
cystitidae (c.g., Pyrgocystis, Cystaster, Cin-
cinnatidiscus, Hemicystites, and Timei-
schytes) (Fig. 114,1). In Isorophus the am-
bulacra may be almost straight; in Thresh-
erodiscus they are straight and repeatedly
branch dichotomously, which is quite
unique among the Edricasteroidea.

Tn all other genera, the ambulacra are
moare or less curved. The curve may be
contrasolar {counter-clockwise, to the left}
or solar (clockwise, to the right). All rays
may curve in the same direction, or they
may behave differently in this respect (Fig.
114,2). All ambulacra curving in a contra-
solar direction are found in Lebetodiscus,
Lepidocoma, Streptaster, Ulrichidiscus, and
Dinocystis. There is evidence that contra-
solar curvature is a primitive feature among
specics with curved rays, for in many forms
(if not all) in which ambulacrum B has a
solar curve, its proximal part has a distinct
tendency to be directed contrasolarly.

Solar curvature of the rays is character-
istic of Foerstediscus, Cooperidiscus, and
certain species of Fdrioaster (Fig. 113).
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Fic. 115. Adoral views of Middle Ordovician edrioasteroids.

ing all ambulacra curved in solar (clockwise) direction, X2.7 (24).

showing at upper right cover plates of ambulacrum B and at lower right those of ambulacrum C; relatively
large “third aperture” near peristome in posterior interambulacrum at lower left, X3.3 (24).

Where the rays curve in different directions,
the most common case is that the rays
A, B, D, and E are contrasolar and C solar
(e.g., Walcottidiscus, Bassleridiscus, Carney-
ella, Anglidiscus, Isorophus, Lepidodiscus,
Discocystis, Edrioaster bigsbyi). Two rays
(B, C) that curve in a solar direction and
others in a contrasolar direction occur in
Isorophusella and Agelacrinites (and, may-
be, Xenocystites).

Provided that ambulacra € and D curve
in opposite directions and are long enough
to approach each other, their tips are seen
to meet approximately on the same level
(e.g., Carneyella and some Lepidodiscus).
The distal portion of ambulacrum C runs
proximally to the distal part of ambula-
crum D (thus nearest to the periproct) in
Anglidiscus, Discocystis, Edrioaster and
some Lepidodiscus. This is also true of some
species of [sorophus and Agelacrinites,
whereas in other members of these genera
the distal part of ambulacrum C passes on
the distal side of ambulacrum D. There
may be a certain variation in this respect.

The diagnostic significance of mode of
curvature of the ambulacra has been called
in question, most recently by Sincramr (36).
It is evident that direction of curvature is
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2 Edrioaster

1. Foerstediscus splendens BassLER, show-
2, Edrioaster levis (BaTHER),

not constant in all species; nevertheless it
seems legitimate to maintain that disposi-
tion of the ambulacra follows a pattern
characteristic of each genus and species, al-
though curvature is subject to a certain
variation in the same way as number of
ambulacra, for example.

The solar coiling of ambulacrum C has
been postulated to originate from a differ-
ential pull of gravity on different rays of
the growing animal in position attached
to the sloping valve of a brachiopod with
interradius BC assumed to be directed up-
ward and with the anus at right of the
mouth. Apart from theoretical considera-
tions, such a position is indicated by the
fact that the theca rather commonly ex-
hibits a sag toward the left side.

By slight turning of the theca so that
ambulacrum B became directed more to the
right, this ray as well came under the pull
of gravity of that side and acquired a solar
curve, too. Once acquired, the mode of
curving of the ambulacra might have re-
mained unchanged, on principle, in later
generations in the state fixed in ancestral
forms and thus unaffected by the more or
less at random position of the theca. The
deeper explanation of the varying (but ap-
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Lepidodiscus

Edrioaster

Anglidiscus

Edricaster

Fic. 116. Ambulacral Hoor plates ot edrioasteraids.
!. Edricaster bigshyvi {BiLLincs). M.Ord., On-
tario; upper (adoral) surface of floor plates showing
grooves that lead from pare depressions to perradial
canal, X 10 (7, pt. 4). 2. lepidodiscus beccheri
{CLarkE), Miss,, USA (Pa.); lower (aboral) side
of Roor plates, X6 {9). 3. Anglidiscus fistulosus
{A~persox ), L.Carb., Eng., diagrams of floor plates,
arrow pointing toward mouth, X30 (1}; 3a, plan
of mature foor plates from center of ambulacrum;
3b,c, transverse sections of Aoor plate at suture and
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parently specific) orientation of the theca
an the sloping surface of the substratum as
probably controlling the bend of the rays
is not obvious, nor is it easy to comprehend
the origin of solar or contrasolar curvature
affecting all rays of a theca (7).

The ambulacra are grooves underlain by
floor plates, and both walled in and rocfed
over by cover plates which could open or
close at will.

AMBULACRAL FLOOR PLATES

The plates forming the ambulacral grooves
are known as floor plates {ambulacrals, am-
bulacralia awcrorum, adambulacrals, adam-
bulacralia ascrorum—terms that should be
avoided because of their 1nconsistent usage
~—subambulacral plates}.

In the primitive condition (e.g., Szromato-
cystizes), these are arranged in a double
series (two rows) of alternating plates
meeting in a perradial (mid-radial) line.
Biserial foor plates are further met within
the Edrioasteridae and, doubtfully, in the
Cyathocystidae. The perradial suture is
more or less zigzag, In the Edricasteridae
a lateral pore occurs between successive
floor plates on each side, thus not piercing
the plates but situated in the tangential su-
ture between them (Fig. 116,7). The Stro-
matocystitidae are probably devoid of such
pores, whereas the Cyathocystidae are not
known in this respect.

The Hemicystitidae and Agelacrinitidae,
on the other hand, are characterized by a
single row of concave floor plates (Tig.
16,2} which may partly have become fused
but still separated at intervals. An apparent
exception to the rule that no pores are
present between the uniserial floor plates
is offered by Angldisens, according to a
statement by Awperson (1) (Fig. 116,3).
Bartner {7) pointed out that the floor plates
of Lebetodiscus were disposed in a double
series of alternating plates with intervening

through center.——4, Kdrioaster sp., diagrammatic
transverse section acress ambulacrum showing rela-
tions of cover plates, floor plates and inferred water
vessel {ampulla) with its connection to tube foot
through pore (natural suture surfaces stippled, cut
surfuces solid black, supposed soft parts indicated by
broken line) [4. ambulacral groove; 4, ampulla: ¢,
cover plate; &, fluor plate; e, interambulacral plate:
1, peeradial water vessel: g, tube foot] (7, pt. 2},
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pores. As first observed by Raymonn (28),
this proposal is due to misinterpretation of
the ambulacral skeletal structure in this in-
stance.

The floor plates of Stromatocystites are
fairly polymorphous but invariably more or
less elongated in a radial direction, alter-
nating irregularly. These structures are
more fully known in the Edrioasteridae,
thanks to Baruner’s thorough investigations.
Edricaster bigsbyr may be taken as an ex-
ample {condensed from Batmer). In this
species the floor plates are clongate at right
angles to the perradius. Their outer mar-
gins are convex and their abutting margins
straight. The plates rise sharply up from the
interradial areas, forming a rounded mar-
gin on cach side of the groove and then they
dip almost straight dewn to the perradial
suture. Proximally, the depression thus
formed is more marked, whereas distally
it becomes slighter and almest disappears.
The suture between two floor plates on the
same stde of the groove is depressed from a
point just within the rounded margin right
down to the perradial suture. The depres-
sion s deepest at its outer end, where also
it is slightly cxpanded in circular manner
to form a pore under lateral margins of the
cover plates. The perradial suture also is
depressed. At the extreme distal end of a
ray, the floor plates diminish considerably
m size but continue to alternate and are
arranged fanwise. The canals of the lateral
pores passing into the thecal cavity run
obliquely downward about parallel with the
sutures between the floor plates and the
adjacent interambulacrals, that is, sloping
trom the exterior inward toward the per-
radius, The pores must have been podial
pores housing a tube foot connected with
a perradial water vessel and an endothecal
ampulla {(Fig. 116,4).

Other members of the Edricasteridae
agree, on principle, with Edrioaster bigsbyi
with regard to structure of the floor plates,
though, of course, minor differences occur.

It is evident that the development of floor
plates as described is largely influenced by
the presence of a tubefoot ampulla system.
Where such a system is absent, as in the
Hemicysuudae  (Anglidiscus  apparently
making a bewildering exception) and the
Agelacrinitidae, the skeletal elements be-
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neath the ambulacral groove are less dit-
ferentiated. As pointed out above, the floor
plates are uniserial in the families just re-
ferred to. There is hardly anything 1o indi-
cate whether the uniseriality arose by a
“straightening” of the biserial row or by
fusion of a pair of more or less opposed
plates of the biscrial row.

In some forms the uniserial floor plates
exhibit a considerable overlap in a proximal
direction as scen from above. Foerste (16),
who paid much attention to intimate struc-
ture of the Edrioasteroidea, obscrved that
the “proximal overlapping suggests that the
floor plates may be modified thecal plates
belonging to the upper face of the theca—
the food grooves extending over the thecal
plates themselves, without intermediate
flooring.” Ilowever that may be, the ambula-
cral system has to be treated as a morpho-
logical unity.

Not uncommonly, the individual floor
plates (speaking of the uniserial type only)
were formed in fact by fusion of two primi-
tive floor plates, one proximal and another
distal. The floor plates are not invariably
broad enough ro underlie the entire width
occupied by the cover plates and thus basal
extensions of the cover plates may project
beyond their margins (e.g., Carneyella
pileus). The floor plates arc quadrangular
or are much wider thao long (in distal and
proximal regions of the ambulacra). The
median portion of their adoral surface is
excavated radially. The (ambulacral)
groove thus formed may be fairly wide
(eg., C. cincinnatiensis) or extremely nar-
row (c.g., Strepraster, in which each whole
ambulacrum s very narrow), A much
fainter groove has been stated to run, in
several species, along the border of the
floor plates, on each side of the ambulacral
groove. These lateral grooves had some
connection with the fulera of the cover
plates, by means of which the latter were
opened and closed over the ambulacral
furrow.

AMBULACRAL COVER PLATES

Irrespective of the biseriality or uniserial-
ity of the floor plates, the ambulacral cover
plates  (adambulacrals,  adambaulacralia
aunctorum, —cf. “Ambulacral Floor Plates”
above—~Saumplittchen) are invariably bi-
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Fie. 117. Form and rclationships of edrioasteroid
cover plates. 1. Anghidiscus fistulosts (ANDIR-
son ), 1..Carb., Eng., showing development of cover
plates in different parts of single ambulacrum, ar-
rows pointing toward mouth, X28 (1} la-c, prox-
imal, medial, distal. 2. Streptaster septembia-
chiafus Miirr & Dyer, U.Ord., USA (Ohio), 3
vertically disposed palisade-like cover plates borne
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serial, although this is concealed in some
very few special examples. These plates
form the walls and roof of the canal made
up of the ambulacral skeletal elements.

The cover plates stand on the upper mar-
gin or outer extension of the floor plates,
which, more or less, form lateral shelves
(Fig. 116,4). In various genera (e.g., Edrio-
aster), the cover plates have been reported
to articulatc on a heveled facet just within
the edge of the radial groove. Primarily, a
single cover plate matches each floor plate
amonyg thosc arranged biserially and a pair
of cover plates corresponds to each floor
plaie among those arranged uniserially.
The crowding and doubling of the cover
plates seen in many edrioasteroid species is
correlated with the aforementioned fusion
in a radial direction of uniserial floor plates
(40).

In Anglidiscus and, less pronounced, in
Lepidodiscus lebours, there is an apparent
uniseriality of the cover plates in the proxi-
mal region of the ambulacrum (Fig, 117,1).
However, as observed by Axpersox (1) in
Anglidiscus, structural details indicate that
this is very likely a masked biserial arrange-
ment. ‘This interpretation is corroborated
by the fact that, in Anghdiscus, a gradual
transition is observed in a distal direction
into very regular pentagonal plates inter-
locking along the perradius.

The type of cover plates last mentioned
is characteristic of many early Edrioaster-
oidea, although the cover plates may, of
course, vary a good deal in general outline
according to width of the ambulacrum,
number and length of the floor plates, and

by ambulacral floor plates, scen from side, enlarged
(16). 3. Carnevella pilens (Harp), U.0rd.,
USA (Ohic); peristomial region with orctegminals
(a, b, left and right ant.; ¢, post.}, proximal part of
ambulacrum B showing boot-shaped lateral cover
plates, X12 (37— Lebetodiscns  dicksont
(BiLLives), M.Ord., Ontario, part of ambulacrum,
artow pointing toward mouth (4, ambulacral
aroove; e, lateral cover plate: /. median cover plate;
&, pore between lateral cover plates), %6 (7, pt. 3).
5. Anglidiscns fistulosus; hypothetical trans-
verse sections of ambulacral grovve and adjacent
Jkeletal elements indicating supposed mechanism of
cover-platc movements, enlarged; Sz, animal de-
fAatecl. with groove closed; 34, animal inflated. with
groove open (A4, ambulacral cover plate; 2, ambu-
lacral floor plates §, ampulla; %, interambulacral
plate; I, radial canaly m, tube foot} (1).
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other characters. They are very regular and
symmetrical in the Edricasteridae as well.
In Seremarocystites they are siill linle ad-
vanced, being minute and less regular.

However, in many species cxamined in
this respect, the cover plates are differen-
tiated further morphologically. They are
more or less boot-shaped, with the "sole”
of the boot proximal and the “we” ad-
median (Fig. 117,3). In conscquence, they
cannot effect closure of the groove as com-
pletely as do the symmetrical cover plates
ot the Edrivasteridae, Cyathocystidae (e.g.,
Cyathocystis), and others. Bur this draw-
back is counteracted in many instances by
the presence of additional cover plates along
the median line (first and foremost in Lebe-
todiscus, Carneyella, and Thresherodiscus,
turther 1n Isorophus, Isorophuselia, and
Edrioaster) The ordinary cover plates have
been interpreted by Forrste (16) to be dis-
tinguished as “lateral cover plates,” in oppo-
sition to “median” or “inrercalated cover
plates” (Fig. 117,4). Those last mentioned
are smaller, and only their triangular tips
may be scen intercalated between the tips
of the lateral cover plates, interlocking along
the perradius. Some evidence indicates that
the additional cover plates abutted against
the Avor plates by means of facets. How-
ever, a perfect closing mechanism could also
be achieved in forms provided with both
medial and lateral projections of the lateral
cover plates proper, as described by SincLaIR
(36) in a new specics of Foerstediscus. The
medial projections interlock in a closely
fitting perradial zigzag suture,

Streptaster 1s aflected by a conspicuous
elongation of its cover plates so as to cause
a palisade-like effect, especially along the
concave curvature of the distal parts of the
rays, when observed in lateral view (Tig.
117,2), A similar tendency is obvious in
Rassleridiscus.

In Timesschytes only four or five cover
plates occur on each side of the perradial
line.

The movements of the cover plates
may have been brought about by the action
of muscles. Small processes interpreted as
points of muscular attachment have been
recognized at the lateral end of the lower
side of the cover plates in several species
(36, 40). Tt has also been suggested, how-
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ever, that the movements were less due to
muscular activity of the cover plates than
to contraction and relaxation of the thecal
skeleton as a whole in forms with over-
lapping interambulacrals. The lateral edges
of the cover plates appear to have been over-
lair, in some forms, by inner edges of the
adradial interambulacrals. Inflation of the
test would result in “pressure on the outer
edge of the covering plates, causing them
to rotate about the upper cdge of the Hoor-
ing plates, so that their inner ends become
elevated and the ambulacral groove un-
covered” (1) (Fig. 117,5). Whether the
specifically developed cover plates in the
distal part of the ambulacra in Anglidiscus,
stretching over the entire width of the
ambulacrum, were actually affected by the
movement mechanism may be questioned.

Pores between the ambulacral cover plates
appear in some few genera (e.g., Lebeto-
discus, Lepidoconia). In Lebetodiscus, a
single large pore occurs in the suture be-
tween each pair of lateral cover plates (Fig.
117,4), whereas in Lepidoconia there are 5
pores. In so far as can be ascertained, these
are opposite on either side of each plate,
but those of adjacent plates are alternate
(41).

As opposed to the pores connected with
the floor plates, those of the cover plates
cannot possibly have been openings for tube
feet, for obvious reasons. They may have
played a role for circulation of water carry-
ing food particles to the subvective groove,
The most probable explanation may be that
they were outlets for excessive water rather
than intakes for water. But why the genera
mentioned, and only those, were provided
with such pores remains obscure.

PERISTOME

From a strictly morphological point of
view, plates constituting the peristome
should not be separated frem the ambula-
cral and, in part, interambulacral skeleton.
Yet it is convenient to deal separately with
elements integrated in the peristomial (and
substomnial) structures. These have been
described and discussed fully by Barwmer
{7}, following whom very little informa-
tion has been added until 1960, when a
study by Kesuinc & Mimnrz (26) was pub-
lished.
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Fie. 118. Morphological teaturcs of peristomial re-
gion, viewed f{rom abave (adorally). 1. Edrio-
aster bigsbyi (BILLINGs), with proximal parts of B
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The peristome is more or less similarly
develaped in all genera examined. The in-
ternal peristomial skeleton consists of a
firm subcircular or subpentagonal mouth
frame (“substomial chamber”), through
which the gullet receiving the ambulacral
graoves passed into the stomach. This was
evidently artached to the inner adcentral
border of the mouth frame. This frame is
made up of five perradial plates, triangular
as viewed from above (after removal of
the plates covering the mouth} (Fig. 118,1),
and five interradial plates, seen enly in ab-
oral aspect. Morphogenetically, all plates
mentioned, apart from the elements in in-
terradius €D, are undoubtedly fused por-
tions of Hoor plates. In the interradius CD
{posterior) the frame is integrated by part
of the large interradial plate that is pierced
by the canal interpreted generally as a hy-
dropore canal (stone canal), and, con-
tingently, by further peristomial interradial
plates.

Also the peristomial cover plates forming
a tegmen were derived mainly from the
primitive ambulacral elements, namely
cover plates which were modified along
somewhat different lines in various groups
of Edrioasteroidea.

Batuer (6, p. 100) has outlined three
stages in the evolution of the tegmen in
Crinoidea (Fig. 118,2): (1) tegmen com-
posed of five large plates {deltoids or orals)
covering the ambulacra and mouth {e.g,
Haplacrinites); (2) deltoids as in the pre-
ceding but the ambulacra with alternating
cover plates and the mouth covered by an
indefinite number of medified ambulacral
cover plates (e.g., Hybocrinus); (3} as in
the preceding but with plates covering the
mouth enlarged and reduced in number,
usually five (e.g., Cyathocrinites).

and € ambulacra at right (I, ambulacral cover plate;
2, ambulacral floor plate; 3, interradial peristomial
clement; 4, radial peristomial element; 3, “third ap-
erture’’), X4 (7, pt. 4). 2. Stages in evolution
of crinaid tegmen for comparison {diagrammatic);
2a, Haplocrinites; 2b, Hybocrinus; 2e, Cyathocrin:
ires (6, delwoid or oral plate; 7, ambulacral cover
plate; 8, madreporite, 9, periproct) (6). 3.
Hemicystites rectiradiatus (SHIDELER), part of ad-
oral surface, arrow indicating probable location of
“third apertare” (inferred hydropore) (Lpz, lefr,
posterior, and right orotegminals); (., ambulacral
cover plates of B and C ambulacra, respecuvely; ia,

interambulacrals), X9 (40).
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A certain parallelism may be pointed out
between development of the orotegminal
plates in the Crinoidea and Edrioasteroidea,
although the phylogenetic significance of
this is not very evident in the latter. In the
Stromatocystitidac  the  peristomial cover
docs not agree with the primitive type just
indicated but consists of four large plates
and an indefinite number of smaller ones.
Whether the large plates held a definite
position cannot be made out on the evidence
available.

However, the first stage recognized by
Batuer is apparent in Cyathothecs. The
second stage 1s represented by the Agela-
crinitidae, Edrioasteridae, and, perhaps, by
the Stromatocystitidae, The third stage 1s
found first and foremost in Cyarhocystis,
but also the Hemicystitidae can properly be
included, Both in Cyathocrinizes and in the
Hemicystitidae the mouth slit opens trans-
verscly with respect to the sagittal plane
(Fig. 118,3). The posterior orotegminal,
located in interradius CD, is the largest
one, its adeentral margin forming more or
less a straight line transversely to the sagit-
tal plane. In Cyathocysiis five orotegminals
arc seen, as in Cyathocrinites, but in the
Ilemicystitidae the number is reduced to
three, according to interpretation by Bass-
rer and others. The anterolateral oroteg-
minals, which are thus smaller in size than
the posterior one, were probably derived
morphogenetically from ambulacral cover-
plate elements belonging to the ambulacra
E, A, and B. They border on each other
by a straight suture in the perradius of the
anterior ambulacrum (4 ).

Kestive & Envess (25) and BEuiirs &
Kzstrwe (13) have the opinion that, in
Carneyella  pileus, one additional plate,
namely that designated by Foerste (16) as
plate “X” and representing according to
him one of the interambulacral plates m
the posterior interambulacrum, is probably
part of the peristomial region. This would
be true also of Hemicysutes and related
genera. A still greater number of peristomi-
al cover plates are present in Timeischytes,
including two large, elongate, subpentag-
onal ones in the anterior part of the pert-
stome and six diversiform plates in the pos-
terior part of the peristome. However, these
orotegminals are arranged in a definite pat-
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tern unique of its kind, Additional investi-
gation is required before it can be stated
that all genera included in the Hemuicystiti-
dae are characterized by having more than
three plates covering the peristome.

PERIPROCT

In disc-shaped edricasteroids the periproct
is invariably located on the same surface as
the peristome. Also in the saclike Cyatho-
cystidae it lies on the adoral surface, where-
as in Cystaster it has a lateral position. It is
located in the posterior interambulacrum
(CD). In many genera {the bulk of these
belonging to the Hemicystitidae, apart from
Cystaster and Anglidiseus and further in
Ulrichidiseus, Discocystis,  Isorophusella,
Agelacrinites, Dinocystis, and others) it lics
fairly central in this interambulacrum,
whereas in others (e.g., Stromatocysutes,
Lepidodiscus,  Cooperidiscus, Edrioaster,
and others) it is more or less close to the
posterior margin of the interambulacrum.
In Timeischytes the pyramid is in contact
with the peristomial region and occupies a
good deal of the posterior interambulacrum.
Cyathotheca differs from all other known
Edrioasteroidea in that the periproct oc-
cupies a lunate area of the adoral surface
behind the posteriar orotegminal. In Cy-
athocystis the anal opening lies on the
border of the posterior and adjacent mar-
ginals.

Not unicommonly, two sets of periproctal
plates can be recagnized, namely the cir-
cumanal plates proper, which form a more
or less pyramidal cover of the anal opening
(anal pyramid), and the distal periproctal
plates surrounding the anal pyramid (e.g.,
Lebetodiscus, Anglidiseus, Foerstediscus,
Isorophusella, and others). But in many
genera the anal area is occupied entirely by
the anal pyramid. On the other hand, no
distinct anal pyramid may be present, the
anus being covered by a number of irregu-
lar plates (e.g., Edrioaster) (Fig. 119,1).
The construction of the anal cover in Cy-
athotheca is unknown, but the anal open-
ing differs from that of all other Edrio-
asteroidea in being lunate. Otherwise, the
periproct—whether consisting of a simple
pvramid or of numerous plates—is more or
less circular, oval, ar polygonal in outline.
The shape of the anal pyramid is dependent
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Fig. 119. Features of periproct and “third aperture.’
1. Periproct of Edrivaster bigsbyi {Brrines),
M.Ord., Ontario, X6.5 (7, pt. 4). 2. 1nner side
of anal pyramid of Anglidiscus fistulosus (ANDER-
son}, L.Carb., Eng., showing at right impression (r)
which may denote rectum, arrow pointing toward
mouth}; X16 (1). 3. Part of posterior inter-
ambulacrum of Edrioaster bigsbyi adjacent 1o peri-
stome, showing sc-called third aperture, X6 (7, pt.
4

on the number of plates composing it. Most-
ly, these are regularly triangular pieces. In
Timerschytes they are only four in number;
in Cyathocysiis they are five, but other
genera have a pyramid made up by 6 to 15
plates, The distal periproctal plates are
usually smaller and more irregular in out-
line than those of the pyramid, and this is
true also of plates protecting the vent in
genera devoid of a regular anal pyramid.

The structure of the anal pyramid war-
rants the conclusion that respiration through
the anus played at least a certain role in
edricasteroids (Fig. 119,2).

THIRD APERTURE

The noncommittal designation “third
aperture” (the other two apertures in the
thecal wall of the adoral surface being the
mouth and anus) has been preferred far the
small opening which for a long time has
been known to be present in the posterior
interambulacrum, behind the mouth, nota-
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bly in the Edrioasteridae (Fig. 111, 131). It
is reasonable to assume that a third aperture
was present in many other Edrivasteroidea,
although not noticed—possibly obliterated
—in the actual fossil material. Lately, Kgs-
LING {24) has published 4 very careful study
of a number of edricasteroids in which he
was able 1o demanstrate the presence, in the
right posterior part of the peristomial re-
gion or in the nearby part of the posterior
interambulacrum, of a structure that he in-
terpreted as a hydropore. Additional com-
ments were presented by Kesive & Minrz
{26). However, in some genera an external
pore may have been wanting throughout
ontogeny. If so, we have to reckon with a
stone-canal opening 1n the body cavity, per-
haps differentiated into a number of weak
tubes hanging down from the water ring,
as in most holothurians.

The structure of the third aperture was
well known only in Edrioaster prior to the
appearance of Kesting’s {24) 1960 paper.
BatHer (7, pt. IV) reported the presence
of a small, obliquely transverse, slightly
curved slit that crossed at right angles the
suture between two plates at the adoral end
of the interradius CD (Fig. 119,3). A slight
widening and deepening of the aperture in
an adoral direction indicates that the canal
for which it served as intake {or outlet,
according to the function assigned to the
pore} passed obliquely through the test
from right to left,

To illustrate the nature of the third aper-
ture in different edrioasteroids (Fig. 120)
it may be well to quote in full the para-
graphs of Kestine (24) in which he sum-
marizes the six basic types of hydropores
(the third aperture is referred to through-
out as the “hydropore™) that his study has
led him to recognize.

Type I.—Hyvdropore within the posterior inter-
ambulacrum, in the right proximal region, con-
sisting of a large permanent opening shared by
twa plates. Edricaster the only known genus hav-
ing this type.

Type H—Hydropere within the posterior in-
terambulacrum near ambulacrum V [i.e., ambula-
crum €], not a large opening., Subtype A. ex-
emplificd by Thresherodiscus, consists of two
large “bordering plates,” each semioval, with a
long juncture between them. When submersed
in xvlol, the holotype of T, ramosns shows a dark
area along the juncture, suggesting that a larger
opening underlies the thin margins of these
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plates, Subtype B, exemplified by Foerstediscus interambulacral plate and, judging from the ap-
splendens, apparently involves three plates in the pearance in xvlol, is very thin. The arrangement
posteriar interambulacrum around a short slot is such that the larger of the two fused plates
set perpendicular to the edge of ambulacrum V. may have acted like a hinge.

The anterior of these plates is fused to another Type HI—Hydropore a small opening along

s

Edricaster (M.Ord.)

LD
s

t=' f’c ';,
5
=

Timeischytes {Dev.) Discocystis  (Miss.) Lepidodiscus  (Miss.)

Fic. 120. Types of hydropores distinguished by Kestixe, illustrated by restorations: 1 (1); A (2a), 1B
(2b); THA (3a); MB (35); IV (4); VA (Saa’a”), VB (56); V1 (6ad’) (24},
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the boundary between the posterior interambula-
crum and the edge of ambulacrum V. In subtype
A, found in Cystaster granwlatns, it is bounded
posteriorly by a very large interambulacral plate
and anteriorly by a long lateral extension of an
ambulacral plate. In subtype B, noted in Sirep-
taster, the opening is much smaller and extends
along the edge of ambulacrum V to the right of
an unusuaily large interambulacral plate,

Type IV.—Hydropore along the juncture be-
tween an expanded proximal ambulacral plate
and a large plate of the peristomial region, The
posterior part of the peristomial region projects
into the posterior interambulacrum, but s not
distinctly set off from it, and includes two plates
with raised edges that form a vaulted structure
where they join, Possibly, one of these plates
hinged on the other to expase mare of the hydro-
pore. Agelacrinites 1s the only genus in which
this type oceurs,

Type V. —Hydropore along the juncture be-
tween a short proximal ambulacral plate and the
right posterior plate of the peristemial region, In
subtype A, exemplified by Carneyelia pilea, Hemi-
cystites chapmant, lsorophus cincinnatiensis, and
Anghdiseus  fistulosns, the peristomial plate is
aligned with the left series of covering plates of
ambulacrum V, so that it appears to be the
proximal left plate of the ambulacrum. However,
if the plate arrangement is more carefully
analyzed, it will be seen that the ambulacrum
is sharply indented to accommodate this plate,
and the plate must then be regarded as the night
posterior extension of the peristomial region. In
subtype B, represented by Timeischytes mega-
pinacotus and Hemicystites devonicus, the right
posterior plate 1s larger and more clearly asso-
ciated with the peristomial region. Althaugh the
praximal plates on the left side of ambulacrum V
are shorter than those on the righe side of ambu-
tacrum 1 [i.e., ambulacrum D], directly epposite,
they do not completely accommodate the anomal-
ous unpaired plate, which does not appear to be
a continuation of the ambulacrum.

Type VI—Hydropore within the right posteriar
part of the peristomial region, Ahhough this
transverse structure 1s in part bordered by the
covering plates of ambulacrum V, it is not closely
related o the ambulacrum. Discocystis landoni
and Lepidodiscus squamosnus furnish good ex-
amples, and L. epliracmovianns also seems ta be-
long to this type {cf, Fig. 120 reproduced from
Krsiwg, 24).

Various alternatives can be suggested in
interpreting the nature of the third aper-
ture. Either it was the intake for warer
feeding the water-vascular system (ie. a
hydropore}, or it was the outlet for the sex-
ual product (i, a gonopore). Contingent-
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ly, it was a common opening for the stone
canal and gonoduct (iec., a hydrogoncpore).

The hydropore alternative, which is the
orthodox and at the same time the prevalent
one, includes the possibility that the gam-
etes, if produced in a single gonad, were
discharged through the mouth or anus but,
if produced in five gonads, through the
ambulacral grooves. In this case there was
only one stone canal.

The gonopore alternative implies that
there was a single gonad, since we would
hardly expect a common opening for, say,
five gonads. The probable behavior of the
stone canal in this case has already been
touched upon ahove. A hydropore piercing
the outer wall of the theca may also have
been lacking on account of having migrated
into the rectum (as probable in the Rlast-
oidea), or into the mouth.

The hydrogonopore alternative, finally,
would mean an organization very much the
same as in certain cystoids in which the
hydrocoelic and genital openings have
joined together 10 form a common aper-
ture lying between the mouth and anal
opening, as shown by GisLin (15),

It is difficult to decide which alternative
should be given preference; in faet, it seems
impossible to give a definite answer. In sup-
port of interpretation of the third aperture
as & hydropore, Baruer (7) pointed out
that the presence of this structure correlates
with the presence of pores between the am-
bulacral Hoer plates, whereas in the Agela-
crinitidae the apparent absence of a hydro-
pore is corrclated with the absence of porcs
between the ambulacral foor plates. Barn-
ER’s reasoning does not hold good in full
any longer because a third aperture is found
in several Agelacrinitidae, as demonstrated
by KesLine (24), On the other hand, the
argument is not decisively weakened by the
fact that the Fdrioasteroidea very likely
had only one gonad {as judged by Cuinor,
10, who, also, favors the gonopore hypoth-
esis}). Morphologically, the slitlike third
aperture in Edrioaster, for example, recalls
the aperture generally interpreted as a hy-
dropore in the Hydrophoridea, which ex-
hibit two openings between the mouth and
anus, that nearest the mouth being consid-
ered as the hydropore {cf. GisLén, 19).
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STEM

A stem of normal pelmatozoan character
is not found in any edrioasteroid (Astro-
cystites having been removed to the class
Edrioblasteidea). In a few genera, the ver-
tical axis of the theca itself is prolonged
very pronouncedly as compared with the
diselike theca of most Edrioasteroidea. In
the case mentioned, the theca, exclusive of
the adoral surface, functionally served as a
stem. Such conditiens are met within the
Cyathocystidae, in which this portion of
the theca forms a solid mass, as well as in
Cystaster and Pyrgocystis among the Hemi-
cystitidae. The most extreme manifesta-
tion of the tendency toward thecal pro-
longation shows up in the turret-like form
of Pyrgocystis, the aboral pole of which is
covered with a ferrule-like structure.

ORNAMENT

The ornament of edrioasteroids, if pres-
ent, commonly is found on all plates of the
adoral face bur it may be restricted mainly
to the interambulacrals and marginals.
Spines may have been present m species of
various genera. Because of their fragility,
however, such structures are not likely to
be preserved in the fossil state. As a matter
of fact, the only known example of genuine
spines is afforded by Pyrgocystis sardesoni,
in which the ambulacral cover plates were
provided with spines articulating on tuber-
cles. Their function as structures protective
of the ambulacral groove is not as obvious
as in the case of the adambulacral spines in
Asteroidea, which have open grooves with-
out cover plates. Spinules seem to have
been present on the edges of the turret
plates in this and other species of Pyrgo-
C'y.ftl.f.

Pustules, produced more or less into papil-
lae or spines, are found in Carneyella {es-
pecially in C. vetusta and C. wlrichi, in
which the ornament has been interpreted
erroneously as a coating of the stromato-
poroid Dermatostroma) and in Edrioaster.
Knobs, so small as to be classified as gran-
ules, accur on the plate surfaces in Lepido-
discus. In Foerstediscus calderi all plates
are rather coarsely granulose.

Interambulacrals sculptured with heavy
ribs, a type of ornament otherwise not
typical of the Edrioasteroidea, occur in
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Agelacrinites hamiltonensis and a couple of
other species assigned to this genus.

More or less minutely pitted plates are
found in Carneyellz and Anglidiscus, and
in some species of Hemicysures (eg.. H.
paulianus).

GLOSSARY OF MORPHOLOGICAL TERMS
APPLIED TO EDRIOASTEROIDEA
[Terms of lesser imporwnce are priated in italics.]

A ray (CarpenTER). Ray {anterior) located oppo-
site interray designated €D (posterior) that con-
tains the periproct; corresponds to ray I in sys-
tern advocated by JAEKEL.

AB interray (CarpENTER). Interray {anterior right)
pext adjoining A ray in clockwise direction when
edricasteroid 15 viewed from adoral (ventral)
side: between A and B rays: corresponds to inter-
ray HI-IV in system advocated by Jaexer,

wbactingl, Applied to side of theca or plate opposite
actinal {oral} surface of edrivasteroid (svn., ab-
oral, adapical, apical, dorsal},

aboral. Applied to part of theca or plate directed
away from mouth, surface of theca opposite that
bcaring mouth, in cdricasteroids directed down-
ward (syn., abactinal, adapical, apical, dorsal).

actinal. See oral.

adambulacral (adambulacralium, pl.
cralia). See (loor plate.

adapical. See aboral,

admedian. Applied to skeletal element located along
median line of ray.

aderal. Applicd to surface of theca or plate directed
toward mouth.

adradial. Applicd tv small plates lining ambulacra
in some edrivasteroid genera.

ambulacral (ambulacralium, pl., ambulacraiiaj. See
floor plate.

ambulacral elements. Plates forming ambulacral sys-
tem,

ambulacral groove. Groove formed by double or
single row of floor plates of ambulacra; served
to convey food particles to mouth by means of
ciliary currents (syn., food groove, subvective
aroove) .

ambulacral system. Organ system peculiar to echino-
derms, its main elements being a ring canal en-
circling the mouth, and 5 radial ambulacral ves-
sels radiating from the ring canal and lodged
in the ambulacral grooves.

ambulacrum {(pl.,, ambulacra). Any of 5 straight or
curved skeletal zones in rays (radil) of theca, en-
closing ambulacral groove; adj., ambulacral.

ampulla. Vesicle protruding into perivisceral coe-
lom and asscciated with a tbe foot so that, on
contraction of the ampullz, fluid can pass into
the tube foot, or, reversely, on contraction of the
tube foot, into the ampulla.

anal pyramid. Cover of anal opening composed of

adambula-
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several more or less triangular plates forming
conical elevation.

apical. See aboral,

arm, Portion of ray extending from theca (not pres-
ent in Edrioasteroidea).

B ray {CarpeNTER). Ray (right anterior) next to A4
(anterior) ray in clockwise direction when edrio-
asteroid is viewed from adoral (ventral) side:
corresponds to ray IV in system advocated by
JaEKEL,

BC interray (CarPENTER). Interray (posterior right)
next adjoining B ray in clockwise direction when
edrioasteroid 15 viewed from adoral (ventral)
side; between B and C rays; corresponds to inter-
ray [V-V in system advocated by JarkEL.

brachiole, Biserial, nonpinnulate exothecal append-
age springing independently from surface and
containing no extension of the body systems;
Edrionasteroidea are deveid of brachioles.

C ray (CakpeNTER}. Ray (right posterior) next to
B ray in clockwise direction when cdricasteroid
is viewed from adoral {ventral) side; corresponds
to ray V in system advocated by JaRKEL.

CD interray (CarPENTER). Interray {posterior) next
adjoining € ray in clockwise direction when
edricasteroid 15 viewed from eral {ventral) side;
between € and D rays; differs frequently in shape
from the other interrays and contains the peri-
proct; corresponds to interray V-1 in system ad-
vocated by JarxEL.

cover plate, Any of biserially arranged plates form-
ing walls and rool of ambulacral groove {syn.,
adambulacral, ambulacral, Saumpliuchen).

D ray (Carpenter), Rav (left posterior) next ta
C ray in clockwise direction when edrioasteroid
15 viewed from adoral (ventral) side; corresponds
to ray I in svstemn advocated by JakeL.

DE interray (CarPENTER). Interray (posterior left)
next adjoining I ray in clockwise direction when
edrioasteroid is viewed from adoral (ventral)
side: between D and E rays; corresponds to inter-
ray I 1n system advocated by Jaexer.

deltoid. See oral.

[diplopore. Any of double pores piercing thecal
plates in Diploporita (Hydrophoridea); absent
in Edrioasteroidea but employed for a morpholog-
ically remotely similar structure in Stromato-
cystizes.)

dorsal. Referring to direction or side away from
mouth, in edrioasteroids directed downward, See
ahoral.

dorsocentral. Plate in the aboral center of Stromato-
cystites; not necessarily homologous with dorso-
central of other echinoderms,

E ray (CarreENTER)., Ray (left anterior) next to D
ray in clockwise direction when edrioasteroid 1s
viewed [from adoral (ventral} side; corresponds
to ray 1I in system advocated by Jarkrr,

EA interray (CarpenTER). Interray (anterior left)
next tw E rav in clockwise direction when edrio-
asteraid s viewed from adoral {ventral) side;
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between E and A rays; corresponds to interray
II-IIT in system advocated by JAEKEL.

eleutherozoic, Applied to free-living cchinoderm.

endothecal.  Applied to ambulacral plates that pass
between thecal plates.

[epithecal. Applied 10 ambulacral plates that rest
on thecal plates (absent in edricasteroids).]

[exathecal, Applied to structures, like brachicles,
not incorporated in theca proper (does not occur
in edrioasteroids). )

floor plate. Any of double or single row of plates
forming an ambulacral groove {syn., adambula-
cral, ambulacral, subambulacral}.

food groove, See ambulacral groove.

gonopore. Simple opening serving as exit from
genital system.

hydrogonopore. Supposedly common opening for
stone canal and genoduct,

hydrapore. Pore or slit serving as adit to water-
vascular system.

interambulacral (interambulacralinm, pl., interam-
bulacralia). Any of thecal plates forming inter-
ambulacra (syn., interradial).

interambulacrum (pl, interambulacra). Any of 3
interradial sections of theca (syn., interradius,
interray); adj., interambulacral,

interradial (interradialinm). See interambulacral.

interradius, See interambulacrum (syn., interray):
adj., irterradial.

lateral groove. Faint groove running at each side
along border of floor plates in many cdrioaster-
oids; served articulaton of cover plates an floor
plates.

lateral pore. Any of pores 1n tangental suture of
successive floor plates in Edricasteridae and some
other edrioasteroids; cf. podial pores.

marginal. Any platc in peripberal ring.

oral. Any of 5 interradially disposed plates form-
ing circlet on tegmen surrounding or covering
moutht  (syn., deltoid); ady., surface of theea
bearing mouth, in edricasteroids directed upward
(syn., actinal, adoral, ventral).

orotegminal {orotegminal plate). Any of peristomial
cover plates forming tegmen.

pelmatozoan., Applied 1o echinederm fixed to sub-
stratum, with or without stem.

pentameral. See quinqueradiate.

pentamerous. See quingueradiate,

peripheral ring. Peripheral zone formed by distal
intcrambulacral plates in most edricasteroids.

periproct. Space in CD interray in which anal open-
ing 1s located.,

peristeme. Space in which mouth opening s lo-
cated.

perradius. Center line of ambulacrum; adj., perra-
dial.

podial pore. Pore admitting passage of twhe foot
(podiurn); lateral pores must have been podial
pores,

podium. See tube foot.

quingueradiate. Applied to radial symmetry char-
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acterized by 5 rays extending from mouth (syn.,
pentameral, pcntamerous ),

radial, radius. Radial plates together with all struc-
tures borne thereupon (syn., ray); as adjective,
belonging to, or in direction of radius,

ray. See radial.

sagittal plane. Plane extending antercposteriorly and
dorsoventrally in mid-line, dividing bilaterally
symmetrical animal into two similar halves,

Saumplitichen, See cover plate,

sessile, Of animal fixed to substratum, sedentary.

stone canal, Canal leading from hydropore {madre-
porite} to ring canal of ambulacral systern.

stroma, Endoskeletal mesenchyme,

subambulacral. Sce floor plate,

substomial chamber. Frame formed by internal
peristomial skeleton, through which gullet re-
ceiving ambulacral grooves passed 1nto stomach.

subvective groave. See ambulacral groove.

subvective system {HatckerL). Applied to organ
system serving transportation of food particles o
mouth; from marphological point of view, sub-
vective system cannot be separated from ambula-
cral system.

suture, Straight line along which adjacent plates
meet,

tegmen. Term applied to oral cover of edrioaster-
oids; strictly roof in crinoid theca.

theca. Capsule of mesodermal skeleton enclosing
intestine; in cdricasteroids, the theca is no closed
structure, because the skeleton of ambulacra is
lodged between the thecal skeletal elements,

thecal plate. Any of numerous plates, mosaic or im-
bricating, that form theca,

[thecal pare, Porc picrcing substance of thecal plate
(not present in Edricasteroidea). ]
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“third aperture.” Noncommittal designation for
small opening in CD interray behind mouth: may
represent a hydropore.

trimerous. Applied to radial symmetry characterized
by three primary rays cxtending from mouth,
each of two lateral rays giving off two branches.

tube foot. Muscular cylinder protruding through
pore between ambulacral floor plates in some
Edrioasteroidea; have served locomotion,
and may alse have had other funcuion (syn.,
podium),

valvolar. Applied to anal pyramid composed of
several more or less triangular plates (valvules).

ventral, See oral.

whirler {Renane). Animal feeding by aid of cilia
producing an eddy 1n which particles are eventu-
ally caught by other «cilia, and, helped by a
secretion of mucus, conducted inta the place of
digestion.

may

SOFT PARTS

A few points relating to the internal
anatomy of the Edrioastercidea have been
touched upon cursorily, mainly in discussing
the third aperture. For further information
reference may be made to papers by Anper-
soN (1), Foerste (16}, Jaeker (22), and
Wirrtams (40}, Even if we assume that
the internal organization was much the
same, on principle, in all Edrioasteroidea,
it is obvicus that the location and extent of
several organ systems must have varied
considerably in the disc-shaped theea of,
say, Agelacrinites and the theca of the
wrret-shaped Pyrgocysiis,

ONTOGENY

Growth stages have been observed i a
number of specics, the smallest one measur-
ing no more than 0.7 mm. (Isorophus au-
stini ) in diameter.

A most prominent feature in the onto-
geny of forms with curved ambulacra is
that the curvaturc is acquired gradually,
which, in fact, is only what should be ¢x-
pected. Wieriams (40) studied a series of
successively larger (and hence more full-
grown) individuals of Isorophus austin: in
abundant specimens, most of which exhibit
the aboral side (Fig. 121). In the smallest
larva (diam., 1.3 mam.) examined with re-
gard to development of the ambulacral sys-
tem, only the most proximal floor plate of
each ambulacrum was present, encircling
the so<alled “substomial chamber.” During
larval development new floor plates are in-

troduced in a distal direction, forming (in
this case) a uniserial row. It may be as-
sumed that a pair of ambulacral cover plates
was developed simultancously with addition
of a floor plate. On reaching the peripheral
limit of the theca, the growing ray, hither-
to straight, was turned aside either 11 2
solar or in a contrasalar direction in a way
specific of each ambulacrum.

In forms characterized by straight am-
bulacra, the rays stopped growing at the
moment of coming into contact with the
peripheral ring or, as in Szromatocystites,
when the margin of the adoral surface was
reached. Contingently, the rays had ceased
to extend in a radial direction even before
reaching so far.

WiLLiams {40) has noted that differen-
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tiation into radial and interradial skeletal
elements cannot be recognized in very smalt
specimens. Also, they cannot be oriented
properly, because the anal pyramid is not
found until in later growth stages.

It should be noted that the proportions
between different parts of the theca may
shift during development. Thus, in [so-
rophus, the oral area is proportionally
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broader in immature than in mature forms
(4). In larval {forms of some species (e.g.,
Lepidodiscus buttsi, Agelacrinires hamilton-
ensis), the marginal ring Is proportionally
wider than the central disc of the adoral
surface, which is much contracted (9).
The ontogeny of Edrivasteroidea in com-
parison with other pclmatozoans has been
discussed by Recniie {31) elsewhere.

EVOLUTIONARY TRENDS

Iscrophus

Fic. 121. Successive stages in development of Lsoro-
phns austini (ForrsTe) shown o aboral views, all
X 12 (40). fa. Substomial chamber and peri-
stomial ring of modified floor plates distinet, no
ather floor plates separable. 14, Stage with ad-
ditional fAoor plate in ambulacra €, 13, and E, loca-
tion of anal pyramid {p) indistinct. Ie. Stage
showing 2 floor plates in each ambulacrum and
presence of peristomial ring. id. Stage with all
plates distinguishable, 3 Aoor plates in ambulacra
¢ and D but others less complete,

A general trend in respect of thecal con-
struction is not obvious in phylogenetic de-
velopment of Edricasteroidea. A tendency
towards prolongation of the vertical axis
of the theca serves to elevate the adoral sur-
face over the substratum. Contemperaneous
with this tendency, however, most evident
in Pyrgocystis (L.Ord.-LDev.), which clear-
ly was a successful edrioasteroid well

adapted to environmental requirements, the
more or less discoidal type of theca was in
existence from the very first appearance of
Edricasteroidea (e.g., Stromatocystites) in
Early Cambrian ume and it persisted
throughout most of the Paleozoic (eg.,
Anglidiscus, Lepidodiscus, UMiss.). Essen-
tially the same observation applies to hemi-
spherical forms. Thus, once brought into
shape, the various modtications of thecal
development were remarkably persistent,

Nor is any positively discernible trend
distinguished within each of the thecal
types. This may be exemplified by Pyrgo-
eysus, which does not consistently follow
up the line of development operating at in-
creased plasticity of the theca without loss
of firmness (29).

A reduction of the ambulacral grooves,
brought about in various ways, is a phenom-
enon met with in several groups of echine-
derms. Not so in the Edrioasteroidea, On
the contrary, the lengthening of the ambula-
cral grooves during ontogenetic develop-
ment is paralleled by a similar trend in
phylogeny. This may be correlated with
the fact that in the Edricastervidea the
ambulacral grooves retained their primary
function of collecting nourishment and
transporting food particles to the mouth.
So an extension of the distal part of the
ambulacra was an advantage in the econ-
omy of the animal, the more so since these
arganisms were mostly sedentary. In the
Edrioasteridae, which were surely not per-
manently fixed, the ambulacra even passed
on to the aboral surface. A similar effect
was achieved by branching in the wunique
genus Thresherodiscus,

A limit for extension of the ambulacra
in a radial direction was set by the inner
zone of the peripheral ring, which in many
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genera was rigid. In consequence, the am-
bulacra had to deviate in a rangential direc-
tion, thus producing curved structures, The
curvature of rays seen in adult specimens
may have been initiated well before reach-
ing maturity. An explanation possibly is
found in the fact, referred 1o above, that the
peripheral ring is proportionally much
broader in young individuals of certain spe-
cies than in fully grown individuals,

The trend toward enlargement of food-
collecting areas is demonstrated by the pre-
dominance of curved ambulacra in geologic-
ally younger genera. It is true that forms
with curved ambulacra are met with cven
in the Middle Cambrian (e.g., Walcottidis-
cus) and some Ordovician edricasteroids
developed extremely long ambulacra. But
until Devonian time there is sull a com-
paratively large number of genera in which
the ambulacra are not affected by curving.
The tollowing fgures support this state-
ment, though available material provides
only a narrow basis for generic judgment.
Of known pre-Devonian genera, 9 have
curved ambulacra out of a total of 17, ie,
53 percent. Of known post-Silurian genera,
8 have curved ambulacra out of a total of
11, i.e,, 73 percent. {No awention has been
paid to the fact that, in Hemicysuies, the
ambulacra may tend to curve stightly, and
Thresherodiscus is left out of account.)

The direction of curvature of the ambula-
cra is not governed by any apparent trend,
It has been pointed out in discussion of
ambulacral structures that the primitive
condition of ray curvature conjecturally was
a contraselar one. To this one may object
that in the oldest genus in which curving
of the ambulacra has been observed (viz.,
Walcottidiscus, M.Cam.) one ray, ambula-
crum C, curves in a solar direction, In view
of the very scarce material of Hdrioaster-
oidea obtained from Cambrian strata, how-
cver, it may be justified in this case to refer
to the incompleteness of the fossil record
available for study. In fact, the various types
of ambulacral curving are distribured fairly
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equally, as known now, throughout the
stratigraphic column, from Middle Cam-
brian to Upper Mississippian, as appears
from the following survey. (1} All contra-
solar: Middle Ordovician (Leberodiscus,
Lepidocania); Upper Ordovician (Strep-
tuster); Upper Devenian (Dinocystis); Up-
per Mississippian (Ulrichidiscus). (2) A, B,
D, E contrasolar, € solar: Middle Cambrian
{ Walcoutidiseus ); Middle Ordovician (Bass-
leridiscus, Carneyella, lsorophus, *Edrio-
aster bigsbyi); Upper Ordovician (Carney-
ella, Isorophus); Middle Devonian (Lepido-
discus), Upper Devonian (Lepidodiseus);
Lower and Upper Mississippian (Angiidis-
cus, Lepidodiscus, Discocystis). (3) 4, D E
contrasolar, B, € solar; Middle Ordovician
(Isorophuseila), Lower w Upper Devonian
{ Agelacrinites, ?Xenocystites); Lower Mis-
sissippian { Agelacrinites) (4). All solar:
Middle Ordovician (Foerstediscus, Edrio-
aster in part); Upper Ordovician (Foerste-
discus, Ldrioaster in part); Upper Devonian
{ Cooperidiscus ).

The structure of the ambulacra also seems
not to have changed in a distinct direction.
A tendency toward uniseriality of the am-
bulacral cover plates may have operated
during phylogeny of Edricasteroidea, haw-
ever. As to the floor plates of the ambula-
cral grooves, it is difficult to trace a general
line in development of their arrangement
in the actual fossil material; however, they
seem to have progressed from a biserial to
uniserial plan, rather than the reverse, in
conformity with the cover plates (30).

It should be remarked, finally, that a
tendency toward a free-living mode of life
is apparent in a few forms (e.g., Edrio-
asteridae), although this is met with even in
some early types (e.g., Stromatocystitidae).
Cagpierr, TERMIER & TERMIER (8) have sug-
gested a line of evolution leading from
Stromatocystires (which they consider an
eleutherozoan) through Eikosacystis Capl-
pir, TERMIER & TERMIFR, 1939 (incertae
sedis) to the Carpoidea Cincta (Trocho-
cystitida), which, too, are thought to have
been free-living.

ECOLOGY

Edrioasteroidea lived in various litho-
topes, their fossil remains having been met
within sandstones {more or less pure, mica-

ceous, calcareous, etc.), shales (sandy, mica-
ceous, calcareous, ctc,, black, brown, etc.),
marls, and limestones. Optimal edaphic con-
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ditions apparently prevailed on a calcarecus
substratum. Sandy bottoms seem not to have
appealed to most Lidrioasteroidea, since rel-
atively few forms have been found in sand-
stones (which in part may be due to poorer
chances of preservation in this kind of
rock}. As far as known, only Stromatocy-
stites seems to have been restricted to sandy
bottoms. This genus may have lived in the
intertidal zone. A few genera (e.g., Pyrgo-
cvstis, Edrioaster) were tolerant of varied
lithological characters of the substratum,
but the bulk of genera were fairly selective
in this respect. Most, if not all, species of
Edricasteroidea had speciic demands on
the nature of the substratum,

Some edrioasteroids seemingly were at-
tached directly to the indurated bottom sur-
face {18, 36). Pyrgocystis mostly may have
stuck in soft mud or coze. In general, how-
cver, the Edriocasteroidea were attached to
some hard foreign object, preferably the
shell of some organism. Most commonly
valves of brachiopods (especially Rafines-
quina alternata where forms contemporane-
ous with that species are concerned, and in
additien  Chonetes, Hebertella,  Plary-
strophia, Spirifer, etc.) were suited for this
purpose. Other examples are afforded by
sponges, corals, bryozoans, conulariids, pele-
cypods, cystoids, and crineids, Most Mays-
ville {Upper Ordavician) specimens from
North America are found on Rafinesguina
alternata (40), and most Hemicystites from
Bohemia on conulariids (22). Cn the
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whole, all species seem 10 have heen strictly
selective in their cheice of host, This raises
question as to what sort of symbiotic rela-
tions cxisted between the two organisms,
The edrivasteroid might be suspected of
parasitism, but, as observed by GEKKER
{(17) in the case of Cyathocysts plautinae,
which he found both on species of Helio-
crinites and on the bryozoan Dianulites
(Monticulipora) petropolitanus, undoubted-
ly we have to do with commensalism, Tt is
possible also that edricasteroids were at-
tached to exoskeletons of dead animals, but
this probably was not the rule, because it
would then have been reasonable to find
Edricasteroidea attached to, for example,
trilobites, the exuviae of which were un-
doubtedly often abundantly available, That
they did not attach themselves tw living
trilobites s easy to realize.

The assoctated fauna and sediments in-
dicate clearly that the Edrioasteroidea lived
in a littoral environment. From compari-
son with the habitat of pelmatozoans in
general we may assume that the water was
neither polluted nor turbid.

Most Fdrioasteroidea were permancntly
attached. Others were evidently capable of
restricted shifts in position. This must be
true for the Edrioasteridae provided with
pores between the ambulacral flver plates,
in which the presence of a tube-foot-ampulla
systent is indicated and in which the ambula-
cra pass on to the marginal arca of the
aboral surface.

DISTRIBUTION

The Edrioasteroidea range from Lower
Cambrian to Mississippian, where they dis-
appear abruptly. They reached a very pro-
nounced acme in the Middle Ordovician
and in smaller degree in the Upper Ordo-
vician, as 15 evident from the graph (Fig.
122) based on the number of genera repre-
sented in each division of the geological
systems. Another high point, but far less
extreme, was attained in the Upper Deven-
jan. ‘The edrioasteroid stock was subjected
to severe crises in Late Cambrian and the
Late Silurian time. The curves showing
number of new genera appearing in each
division and the rate of appearance of gen-
era during the several periods mutually
conform, on the whole, as shown by the

diagram. [t is noticeable that, just before
becoming extinet, the Edricasteroidea rose,
in a way, to new activity. It should be ob-
served that essentially coincident patterns
are obtained in this instance, whether a
graph of this kind is based on the strati-
graphic range of families, genera, or species.
If we construct a curve based on number of
species and this curve be resolved into its
North American and European compen-
ents, we hind that the maximum develop-
ment of the Edrioasteroidea in the Middle
Ordavician is due almost exclusively to the
prolificity of the North American stock,
mainly the Hemicystitidae. The second high
point of the joint curve transpires as due to
an accumulation of the two individual
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curves, so that for North America alone the
high point appears in the Lower Mississip-
pian (no European representatives being
known) instead of in the Upper Devonian.
Apart from the peaks mentioned, the two
curves also show other, minor, differences
which indicate that the Edrioasteroidea at
various times contributed in a varying de-
gree to the Paleozoic biota of North Amer-
ica on the one hand and Europe on the
other.

It is a remarkable fact that Edrioaster-
cidea have not been recorded so far from
any areas outside of North America and
Europe'. Further, it is striking that forms

1 Exeept 4 unique find in Victoria, Austrzlia, of a form
(Upper Silurian?) said to resemble Ceneinnatidiseus (G. M.
Fhilip, 1963. Austral. Jour. Sci,, v. 26, p. 23},
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with a more or less a turret-shaped theca
are, on the whole, very scanty in North
American deposits. Clearly, this group had
an eastern Baltic origin, In spite of the
great predominance of Hemicystites in
North America, there is evidence that this
type arose in central European seas in Early
Ordovician time. Otherwise, the more or
less discoidal forms are mainly character-
istic of North America, which undoubtedly
was the center of evolution and dispersal of
the Agelacrinitidae and Stromatocystitidae,
since most genera belonging to these fam-
ilies, as well as to Hemicystitidae, are con-
fined to North America. The Edrioaster:-
dac are less significant from a biogeographi-
cal point of view (30).

U d
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Fig. 122. Stratigraphic distribution of edricasteroid genera (knowa to 1963) shown in column A, with bro-

ken line indicating appearance of new genera, and origination ratc of new genera in 10-miliion-year inter-

vals, shown in column B (height of systemic divisions plotted proportional to estimated duration of periods

but subdivisions within them arbitrarily equal; the diagram was prepared before publication of revised time
scale by Kure, §961) (Regnéll, n).
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CLASSIFICATION

In several textbooks and indices (e.g.,
BassLer & Moobry, 1943, 3), the Edrio-
asteroidea have been ranked as an order
of the class Cystoidea. On the other hand,
most specialists have credited them with a
rank equal to that of the Cystoidea. Un-
doubtedly, this latter opinion is supported
by many features in the structural organiza-
tion of the Edrioasteroidea, especially the
presence of pores between the ambulacral
skeletal elements and the absence of skeletal
subvective appendages (29).

The current classification of the Edrio-
asteroidea was established by BassLer (3, 4)
with due attention to proposals made by
previous authors, This classification seems
to be useful and therefore its essential fea-
tures have been retained in the present
Treatise, although other arrangements call
for notice. For example, two main divisions
might be recognized, one group having
pores between the ambulacral floor plates,
the other group having none. But how,
then, should we classify the Stromatocystiti-
dae and Cyathocystidae, which are insufh-
ciently known in this respect? In my opin-
ion, we lack evidence needed for assigning
the families here recognized to units of
suprafamilial rank.

For the definition of families, it would be
preferable to make consistent use of some
one morphological character, or, rather, set
of characters, if such were available. Leav-
ing out of account the Edricasteridae which
are known to be characterized, among other
features, by pores intervening between the
ambulacral floor plates, remaining families
are in fact distinguished from each other,
mainly on the basis of the structure of the
mouth cover. There is no reason why this
feature should not be as valid from a taxo-

nomic point of view as any other expres-
sion of morphological differentiation. The
nature of the oral tegmen demonstrates
namely a modification of the ambulacral
cover plates resulting in morphologically
distinct types of orotegminal construction.
One consequence of a classification on this
basis is the recognition of two lines of de-
velopment, parallel in many respects, repre-
sented by the Hemicystitidae, on the one
hand, and the Agelacrinitidae, on the other.

The behavior of the ambulacra—whether
straight or curved and if curved, in what
direction—has been deemed to be a feature
of importance for discrimination of species,
as agreed by previous authors. A variation
in the direction of curvature of the ambula-
cra does exist in some species, but this may
be compared with the occasional excess of
the normal number of rays, for example,
As pointed out above, the ambulacra ob-
served in early growth stages of forms hav-
ing curved ambulacra in the adult state are
not affected either by solar or contrasolar
curvature. As noted by Batuer (7, pt. 8),
“The distribution, however, being char-
acteristic of species separated by other char-
acters, cannot be fortuitous, There must
have been some structures or habit in each
species predisposing in turn of the coil in a
solar or contrasolar direction.”

Outline of Edrioasteroid Classification

[Figures enclosed by parentheses indicate numbers of known
genera and subgenera)

Edrioasteroidea (class) (27; 1), L.Cam.-L.Carb.

{Miss. ).

Stromatocystitidae {3). L.Cam.-U.Der.

Cyathocystidae (2}, ?L.0rd., M.Ord -L.Sil.

Hemicystitidae (12; 1). Ord.-L.Carh.{ Miss.).

Agelacrinitidae (8). M.Ord -L.Carb.{U.Miss.).

Edrioasteridae (2). M.Ord.-U.Dev.

SYSTEMATIC DESCRIPTIONS

Family STROMATOCYSTITIDAE
Bassler, 1936

Mouth surrounded and covered by 4 large
imperforate plates and many small ones;
theca flexible, subpentagonal or circular,
adoral side depressed convex, aboral side
slightly concave, enclosing a shallow cavity;
interambulacral areas and aboral side most-

ly composed of polygonal plates; ambulacra
5, narrow, straight or curved, confined to
the upper surface; unstalked and wun-

attached. L.Cam.-U.Dev.

Stromatocystites Pompecky, 1596, p. 505 [*S. pent-
angularis; OD} [=Stromatocystis Batuer, 1900;
PCambraster JaEREL, 1923]. Theca subpentagonal,
reaching about 35 mm. in diam.; skeleton of
numercus nonimbricate plates, usually 5- or 6-
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Stromatocystites

Fic. 123, Stromatocysttidae (p. U160-U161).

sided (on aboral side larger toward center, which
is occupied by a more or less well-defined centro-
dorsal plate), or indistinctly differentiated and
weakly calcificd (8. balticus JaEkeL, 1899); su-
tures of interamhulacrals crossed by 1 to 3 diplo-
poroid structures, which undoubtedly are places
of stroma strands uniting individual plates; am-
bulacra straight, terminating in angles of theca;
ambulacral floor plates in 2 rows of elongate al-
ternating plates; side plates long, abour equal in
number to floor plates and alternating with them;
ambulacral grooves roofed over by small cover
plates; anal opening pentagonal, covered by a
pyramid of {about 9) small plates (35). L.Cam.-
M. Cam., N. Am,{(Newf}-Eu.(Baltic-Czech.-?Fr.).
Fic. 123,1. *S. pentangularis, M.Cam., Czech.;
la, adoral side (restored), X 1.5 (6); 15, detail of
ambulacrum and adjacent plates, X6; Ir, median
section of theca, X 1.1 (27).

[The name Cambraster was introduced by Jazksr, 1923
(Palacont. Zeitschr., vol. 5, p. 34d), for a fossil from the
Middle Cambrian of Herault, south France, that was con-
sidered to be a primitive asterczozn. [sEKEL gave ocoly 2
very generalized description and no figure. Therefore, the
rmeaning of Cambraster retains ebscure. Probably it must
be locked upon as a romen nudnm. Only with great hesi-
tation bas it been entered here as a synonym of Siromato-
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cyseites (cf. Recnirr, 29, p. 199, and Capwer, TrRMIER &
TerMIER, 8, p- 284)].

Walcottidiscus BassLEr, 1935, p. 3 [°W. zypicalis;
OD). Theca as in Stromarocystites but larger (up
te 60 mm,), its edge formed by small imbricate
plates; interambulacrals and plates of aboral side
polygonal, slightly imbricate; ambulacra mare or
less curved, 4, B, D, E, contrasolar, C, solar. In-
sufficiently known (3,4). M.Cam.(Burgess Sh.),
Can.(B.C.).

Xenocystites BassLir, 1936, p. 3 [*X. carters; OD].
Theca circular, about 45 mm, in diam.; inter-
ambulacral areas and aboral side covered by pely-
gonal and mosaic plates; ambulacra slightly
curved, 2 of them probably solar; ambulacral floor
plates long, narrow, in single row. Insufhciently
known (4). [G. W. SincLar doubts assignment
of this genus to Stromatocystitidae, suggesting it
may actually belong to Cooperidiscus (persenal

communication).] U, Dew, (Chemung.), USA
{N.Y.).
Family CYATHOCYSTIDAE Bather,

1899

[ =Thecocystidae JArKEL, 1918, emend. 1927, by error as
Cyathathecidae JaEker, 1927, in ReGNELL, 1945]

Adoral face with 5 short, straight ambula-
cra, which have ecither a triangular plate
between each two ambulacra, adoral sur-
face being surrounded by a border of mar-
ginal plates, or are covered by 5 triangular
interradial plates; theca saclike, forming a
solid mass permanently attached at aboral
end to some foreign object; no third aper-
ture observed. PL.0rd., M.Ord.-L.Sil.

Cyathocystis F. ScimioT, 1879, p. 2 [*C. plautinae;
8D Harcker, 1896, p. 115]. Theca up to about
15 mm. high, attached by broad or tapering
aboral surface more or less drawn out into root-
like processes; delteids as in Cyathotheca but not
covering ambulacra, which are straight, shorg,
braad or comparatively broad, and taper distally;
2 rows of alternating ambulacral cover plates;
mouth covered by 5 large plates; anal pyramid of
5 wiangular plates located in posterior interradius
between deltoid and adjacent marginals; adorat
surface bordered by frame of about 40 marginals
{4). [A couple of the skeletal elements of the
adoral surface recall strongly the conditions in
Stephanocrinus, possibly affording an example of
homeomorphism.] M.Ord.-U.0Ord., Eu.(Est.)-N.
A, (Okla.-Tenn.). Fic. 124,2. *C. plantinae,
M.Ord., Est.; 2a, adoral, X3; 2b, lat, view of
two specimens attached to bryozoan, X3 (22).
Cyathotheca JaEker, 1927, p. 4 [*C. suecica; OD].
Theca irregular, goblet-shaped, height up to 8§
mm.,, with irregular or pointed attachment sur-
face; ambulacra apparently very narrow, prac-
tically hidden at surface, adoral face covered by
very flat pyramid of 5 triangular delteids (orals),




Cyathotheca

F16, 124, Cyathocystidae (p. U161-U162).

behind which is lunate space with anal openring;
no marginal plates (29). ?L.0#d., LS., Eu.
(Swed.-USSR), Fic. 124,1, *C. suecica, 1..5il,,
Sweden; Jab, adoral, left lac. views, X6 (23).

Echinodermata—FEchinozoa

Family HEMICYSTITIDAE Bassler,
1936

Peristome covered by 73, 4, or more
plates, #3, 4 of which have definite arrange-
ment; 3 meeting in center of peristomial
region, 1 lying over posterocentral part of
peristome, other 2 with 1 on each side of
ambulacrum A4; theca flat, saclike or turret-
shaped, composed of thin plates, attached
permanently (or ftemporarily) to some for-
eign object by greater part of aboral surface;
ambulacra normally 3, straight or curved;
single row of ambulacral floor plates more
or less overlapping proximally. Grd.-L.Carb.
{ Miss. ).

Hemicystites Havr, 1852, p. 245 [*H. parasiticus;
OD| [=Hemicystis Careentir, 1891). Theca
subcircular, depressed or disclike, 5 to 20 mm.
10 diameter, attached preferably to shells of
Rafinesquina and other brachinpods, or to cephalo-
pods; thecal plates polygonal, squamose, imbri-
cating, differentiated into larger interambulacrals
{mainly increasing in size toward periphery) and
zone of smaller marginals; ambulacra 5 or morc
(H. multibrackiatres ), in which rays B, D, and E
bifurcate anomalously (“normal™ specimens with
5 rays do occur), typically short, broad, in some
forms tapering), and straight (or with a tendency
to slight solar curvature of € and solar or contra-
salar curvature of A especially); floor plates deli-
cate, probably one for each pair of cover plates;
anal pyramid elevated, of triangular plates ar-
ranged in regular circle; third aperture near the
posterior oral plate (4). [Most prolific of all
known edrioasteroid genera.] Ord.-M.Dev., ?Miss.,
N.Am.-Eu.(Fr.-Czech.). Fre. 125,7; 126,1.
H. chapmani {Raymonn), M.Ord.(Trenton.), Can.
(Ont.}; 125,7, adoral, view of holotype, X3{4};
126,1, same (reconstr.) X3(24). [See also Fig.
118,3; 120,5q".}

Anglidiscus Reanévy, 1950, p. 226 [*Lepidodiscus
frstulosus ANpERrsoN, 1939, p. 68; OD). Like Car-
neyella, but theca not attached (at least not per-
manently); ambulacral cover plates varying in dif-
ferent regions so that proximally only single row
present but distally with 2 rows of interlocking
plates, those necar middle of ambulacrum being
broad, wedge-shaped and relatively shorter than
regular, pentagonal distal ones; ambulacral floor
plates apparently pierced by lateral pores (for
tube feet); periproct located farther back; peri-
pheral ring less definite (30). L.Caré., Eu.(Eng.).

Fic. 125,4; 126,2. *A. fistwlosus (ANDER-
son); 1234, adoral view (reconstr.), ca. X5(1);
126,2, same, X5 (24). [See also Fig. 116,3; 117,
1,5; 119,2; 120,54".]

Bassleridiscus Fisuer, 1951, p. 691 [*B. mohawk-
ensis; OD]. Intermediate between Strepraster and
Carneyella in that ambulacra are strongly curved
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Edrioasteroids—Systematic Descriptions

with sharply elevated ambulacral cover plates in
2 rows (as in Streptaster}, ambulacrum € curving
in solar direction, other ambulacra in contrasolar
direction (as in Carneyellay: theca depressed sac-
like, diam, about 15 mm.; interambulacrals small
{0.25 to I mm.), slightly imbricating, polyganal
to circular; ambulacra rather broad and very long,
extending to aboral side (15). M.Ord.{Trenton.),
USA(N.Y.}.

Carneyella Foerste, 1916, p. 340 [*Agelacrinus
pilens Havr, 1866, p. 7; OD]. Theca subcircular,
typically elevated, saclike, attached by broad basal
part, but also forming depressed epizoic discs
usually on brachiopeds, diameter reaching 30 mm.
but usually 15 to 20 mm.; thecal plates more or
less imbricating, differentiated into interambulacral
ficlds and marginal zone; ambulacra normally S,
varying in length, curved, ambulacrum € solar,
others contrasolar, some {as in figured species)
with small additicnal cover plates along mid-line
of ambulacra; surface of plates minutely pitted
and commonly ornamented with ridges and con-
spicuous nodes (spiniferous tubercles}; anal pyra-
mid of about 7 {or more} triangular picces {4,
26), M.Ord.-U.Ord., N.Am. Fic. 1252. C.
cincinnatiensis  {Hair), U.Qrd.(Maysvill), USA
(Ohio); adoral view (reconstr.), X3{20).——
Fig. 126,3. *C. pilews (Han), U.Ord., USA
(Ohio); adoral view (reconstr.), X3 (26). [Sce
also Fig, 112,2; 117,3; 120454; 129,1,5.]

Cincinnatidiscus Bassier, 1935, p. 3 [*®dgelacrinus
(Hemicystites) stellatus Harr, 1866, p. 8; OD].
Like Cystaster except that the theca is depressed
or flat, subpentaganal, up to 10 mm, in diameter,
attached by the whole aboral surface, and that the
interambulacral plates are squamose, imbricating
distinetly, being surrounded by a marginal zone of
small nodosc plates; casually more than 5 ambu-
lacra (4). M.Ord.-U.0Ord., USA(Ky.-Ohio).
Fic. 1251, *C. stellarus  (Harr), U.Ord.
{Maysvill.}, USA(Ohio); adoral view, X9 (20),

Cystaster Harx, 1871, p. opp. pl. 6 (as subgenus of
Henmcysutes) [*C. grannlarus (=Thecocystis sac-
culus JAEKEL, 18Y9): QD] [ =Thecocystis JAEKEL,
1899]. Theca saclike (height and width about
6 mm.), attached by aboral surface to some foreign
object {or Pfree}; interambulacrals minute (0.25
mm.), fused, rounded or polygonal, forming
mosalc; ambulacra 5, short, straight, with rather
coarse, alternating cover plates supported by small
side plates; raised anal pyramid composed of about
10 small, elongate, nodase plates (22), I7.0vd.,
USA(Ohio-Ky.). Frc. 125,5; 126,4. *C granu-
ltarus, Maysvill,, Ohio; 125,5, posterolateral view,
X 9(22); 126,4, adoral view (reconstr.), X7.5
(24). [See also Fig. 114,1; 120,3a.]

U165

Foerstediscus BassLer, 1935, p. 6 [*F. grandis;
OD]. Theca depressed to flatiened, diameter 6 to
30 mm.; nterambulacrals relatively large, poly-
gonal, only slightly imbricating in center, piled up
on edge along margin; plates generally smooth;
ambulacra 3, short or long, all strongly curved in
solar direction, with elongate cover plates: anal
pyramid a narrow elevated tube or flat broad area
of small plates (4). M.Ord.-U.0Ord., USA(Minn.-
Ky.)-Can.(Ont.}. Fic. 125,6; 126,5. F. splen-
dens BassLer, M.Ord.{Blackriver.); USA(Minn.);
125,6, adoral view of holotype, x4.5 (4); 126,35,
same (reconstr.), X2.2 (24). |Sec also Fig, 113,
1;120,25.)

Lebetodiscus Batrer, 1908, p. 543 |[*Agelacrinites
dicksoni Pivings, 1837, p. 294; OD]. Theca dis-
coidal, up to 24 mm. in diameter, adoral surface
conveX, aboral surface attached to some foreign
body; Interambulacral plates large, with slight
adoral imbrication or forming mosaie, decreasing
in size toward marginal zone of very small plates;
ambulacra 5, long, contrasolar, reaching periphery
but not passing it; ambulacral cover plates in 2
scts, smaller median ones and larger lateral ones
with single large pore between each pair; anal
opening large, covered with small plates (28, 41).
M.Ord., N.Am.(Can.). Fie. 1274 *L. dick-
soni (BiLLiNes), (Trenton.), Ont.; adoral view,
X225 (28}, [See also Fig. 117,47

Lepidoconia Wisow, 1%46, p. 21 [*Lebetodiscus
loriformis RayMown, 1915, p, 56; OD] Similar to
Leberodiscus but with 5 pores on either side of
ambulacral cover plates; theca about 23 mm. in
diameter; marginal ring wide; ambulacra curving
in a contrasolar direction, long and stout, cover-
ing large part of disc surface and rising consider-
ably abave it, tip of each ambulacrum touching or
nearly touching coil of adjacent one so that inter-
ambulacrals have lntle or no contact with peri-
pheral plates (413, M.Ord.; N.Am.(Can.}.
Fie. 1271, *L. loriformis(Raymexn), Trenton.,
Ont.; adoral view; 22.25(4).

Pyrgocystis Bathrr, 1915, p. 5 [*P. sardesoni; OD].
Theca elevated, subcylindrical or polygonal [P
(Rhenopyrgus?) octogona R, Ricurer, 1930],
turret-shaped, with subparallel or aberally taper-
ing sides which are curved or nearly straight, com-
posed of scalelike plates that imbricate from below
upward, disposed in spirals or columns which in-
vsculate or are separated by groouves; ambulacra 5,
restricted to adoral surface, broad and straight:
plates of (incompletely known) oral face, as well
as free borders of turret plates may bear spines
(7, 293, L.Ord M. Dev., Eu.-N.Am.

P. (Pyrgocystis), Theca of moderate size (ranging
upward to 20 mm. in Ordovician species, 11 mm.

{ Facing page.)
Fre. 126. Hernicystitidae, adoral views (rcconstr., 24), I-4 showing posterior orotegminals {numbered 1,

2) and proximal cover plate of C ambulacrumn (numbered 3), with “third aperture” between them
(p. U162, U165, U167},
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in Silurian species); basal part of theca developed
as sort of ferrule formed by small number of
closely amalgamated plates. L.Ord.-M.Dev. Eu.
(USSR-Norway-Czech.-Br.L.-Gotl.)-N.Am. (USA).
(AURIVILLIUS),
Sweden(Gotl.); long. sec.,

Fic. 127,26, P.(P.)sulcata
Sil.(U.Wenlock),

2b

Rhenopyrgus

Echinodermata—Echinozoa

% 4.7(29). [See also Fig. 113,2.] Fic. 127,
2a. *P. (P.) sardesoni, M.Ord. (Blackriver.); USA
(Minn.); adoral view, X5.5(7).
P. (Rhenopyrgus) Demm, 1961, p. 16 [*P. coro-
naeformis Rievers, 1961, p. 10; OD]. Theca

big (ranging to 95 mm.), widening in adoral

Pyrgocystis

Lebetodiscus

Fic. 127. Hemicystitidae (p. U165-U167).



Edrioasteroids—Systematic Descriptions

Isorophusella

U167

Fic. 128, Agelacrinitidae (p. U167-U169, U171).

direction; basal part of theca saccate, composed
of numercus minute plates scattercd in corlaceous

skin,  L.Der., Fu.(Ger.). Fic. 1273 P
(Rhenopyrgus) coronacformis; lat. view, X1
(32).

Streptaster Hatr, 1872, p. following pl. & (as sub-
genus af Agelacrinus) [*Agelacrinus vorticellatus
Hart, 1866, p. 7; OD]. Likc Carneyella
but ambulacra revolving strongly in contrasolar
direction (except solar ambulacrum C in S. re-
versatus, which may be a random variation) and
composed of highly elevated plates; interambu-
crals polygonal, small (0.5 w 1 mm. diameter},
forming mosaic; ambulacra nermally 5, but S.
septembrachiatns (MiLLir & Dyrr, 1878) having 7
{not constantly); single set of ambulacral cover
plates (2 rows), which show pronounced palisade-
like elongation in lateral view (16). U.Ord., USA
(Ohio-Tenn.-?Ky.}. Fic. 123.3. *S. vorticel-
Jarus (Harr), Maysvill,, Ohio; adoral view, X3.75
(20). Fre. 130,2. 8. sp., cf. *S. vorticellatus
(Hary), Maysvill,, Ohio; adoral view (reconstr.},
X6 (24). [Sce also Fig. 117,23 120,35.]
Timeischytes EHLERs & KEsLing, 1958, p. 934 [*T,
megapinacotus; QD). to Hemicystites
from which it differs in having several plates in
the posterior half of peristome, and in having only

Similar

one large sublunar or sublinguiform interambu-
lacral in all interambulacra except the posterior
one; theca very small (4 o 4.5 mm. in 2 speci-
mens known); anal pyramid proportionally very
large, quatrefoliated (13}, M.Dev., USA(Mich.).
Fic. 126,6. *T. megapinacotus; adoral view
(reconstr.), X 15.5(24). [See also Fig. 120,55.]

Family AGELACRINITIDAE Clarke,
1901
[ —Agelacrinidae auctt. (pertim})

Theca as in Hemicystitidae except that
plates covering mouth are small, numerous,
and without any definite order; ambulacra
normally 5, more or less curved, rarely
branching; ambulacral floor plates in single
row, overlapping proximally, M.Ord.-L.
Carb.fU.Miss.).

Agelacrinites Vanuxenm, 1842, p. 138 [*A. hamil-
tonensis; QD) [=Agclacrinus Roemer, 1831,
Haplocystites Roemer, 1855; Haplocyitis, Agela-
cystis Harcker, 1896]. Theca developed as thin
cpizoic disc attached by entire aboral surface,
chiefly on Rafiresgruina, subcircular to oval in out-
line; marginal zone formed by several rows of
small plates bordering on ring of tangentially ex-
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tended submarginal plates (diam., 10 to ca. 32
mm.) in single row; interambulacrals typically
polygonal, with very slight overlap forming
mosaic, sculptured, but in some species smooth
and imbricating; ambulacra 5, long, usually nar-

Echinodermata—Echinozoa

row, much curved, 4,D,E contrasolar, B,C solar;
ambulacral cover plates in double row; anal area
circular, covered by about 10 triangular plates
regularly arranged in circle located approximately
at center of posterior interambulacrum which may

4 ' Té

|sorophus

Discocystis

4
Dinocystis

5a

Carneyella

Fic. 129, Adoral views of edrioasteroids. 1. Carneyella pileus (Harr), U.Ord., USA(Ohio); Ia, part of
exterior surface, peristomial region (upper central) with posterior orotegminals indicated by numerals 1
and 2, proximal cover plate of C ambulacrum by 3, X3; I5-j, photos of tangentially ground sections in suc-
cession toward aboral side of skeleton, showing “third aperture” (interpreted by KesLing as hydropore) be-
tween posterior orotegminals (numbered 1, 2) and proximal cover plate of C ambulacrum (3, X5.5 (26).
2. Isorophus cincinnatiensis (Roemer), U.Ord., USA(Ohio); 24, entire specimen, X 1.5; 26, peristom-
ial region, X6 (24)- 3. Discocystis laudoni BassLer, L.Miss., USA (Iowa); central and posterior parts
of specimen, X 1.5 (24).—4. Dinocystis barroisi Baruer, U.Dev., Belg.; all ambulacra curved in éontra-
solar direction, X 1.5 (Regnéll, n). 5. Carneyella pilens (Harr), U.Ord., USA(Ohio); 5a, entire speci-
men, ¥ 1.5; 56, peristomial region with posterior orotegminals numbered 1.2, and proximal cover plate of
€ ambulacrum, 3, X6 (24).
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be entirely surrounded by ambulacra C and D
(3,4). L.Dev.-LMiss., N.Am.(N.Y.-Mo.-lowa-
Ont.)-Eu.(Ger.). Fic. 128,6. *A. hamiltonen-
sis, M.Dev.(Chenango), USA(N.Y.); adoral view,

X2.25(9). Fre. 130,6. A. sp.,, M.Dev.(Tra-
verse), USA(Mich.); adoral view (reconstr.),
X 4.5(24). [See also Fig. 120,4.]

Cooperidiscus BassLer, 1935, p. 8 [*Lepidodiscus
alleganius CLARKE, 1901, p. 194; OD]. Theca
semiglobose, diameter about 40 mm., not attached,
even temporarily; interambulacrals strongly im-
bricating; ambulacra 5, long, very narrow, strong-
ly curved, all solar; ambulacral cover plates in
double row; anal pyramid distinct, composed of
10 triangular plates in circle located near posterior
margin (3). U.Dev., USA(N.Y.-Pa.). Fic.
128,2. *C. allegantus(CLARKE), Chemung., USA
(N.Y.); adoral view, X 1.5 (9).

Discocystis GrREGory, 1897, p. 131 [*Agelacrinus
kaskaskiensis Harv, 1858, p. 696 (=Echinodiscus
optatus WORTHEN & MILLER, 1883); OD] [=Echi-
nodiscus WORTHEN & MiLLER, 1883 (non LESKE,
1778, nec p’OrBIGNY, 1854, StiiRTZ, 1900); Agela-
discus S. A. MiLLER, 1897]. Theca subcircular in
outline, diameter to at least 30 mm., somewhat
saclike, attached by central part of aboral side, with
many rows of closely imbricated marginal plates;
interambulacrals polygonal, forming mosaic; am-
bulacra normally 5, long, narrow, with strong cur-
vature directed as in Isorophus; ambulacral cover
plates in double row or forming cyclic pattern on
each side of zigzag perradial line, with each cycle
composed of 6 plates (e.g., D. laudoni BassLER,
1936); periproct encircled by ambulacra C and D,
anal pyramid distinct, composed of 7 or 8 triangu-
lar plates in circle located relatively near oral field
(4, 12). [EnLers & Kestine (12) have suggested
that Discocystis might be a junior synonym of
Lepidodiscus on evidence of the remarkable re-
semblance in shape and cyclic arrangement of the
ambulacral cover plates in D. laudoni BasSLER,
1936, and Lepidodiscus squamosus (MEEK &
WoRrTHEN, 1868).] Miss., USA(Ala.-Ky.-Ill.-Mo.-
Towa). Fic. 128,3. *D. kaskaskiensis(HaLL),
U.Miss.(Chester), Ala.; adoral view, X2(4).
Fic. 130,5. D. laudon: BassLer, L.Miss. (Kinder-
hook.), USA(lowa); adoral view (reconstr.),
% 1.8 (24). [See also Fig. 113,3; 120,6a; 129,3.]

Isorophus Forrste, 1916, p. 340 [*Agelacrinus
cincinnatiensis ROEMER, 1851, p. 372; OD]. Theca
circular in outline, diameter 8 to 40 mm., attached
by entire aboral surface to Rafinesquina and other
shells, disc-shaped to hemispherical, usually bor-
dered by wide peripheral ring; interambulacrals
scalelike, imbricating or nearly forming mosaic;
ambulacra 5, almost straight to strongly curved,
ambulacrum € solar, others contrasolar, relative-
ly short and broad in most species; extra series of
ambulacral cover plates commonly present be-
tween usual pair of rows; anal pyramid well de-
fined, composed of 6 to 12 plates, in some specimens

U169

surrounded by zone of small plates, in species
with curved rays periproct encircled by ambulacra
C and D (4, 26, 30). [As illustrated by RoEMER
(1851, pl. 5, fig. 3), curvature of the ambulacra
is opposite to the true direction, owing to reversal
of the image by the camera lucida used.] M.Ord.-
U.Ord., USA(N.Y.-Ky.-Tenn.-Ohio-Ind.). Fic.
128,1; 130,1. *I. cincinnatiensis (RoEMER), U.
Ord. (Maysvill.), Ohio; 128,1, adoral view, X1.5
(4); 130,1, same (reconstr.), X2.4 (26). [See
also Fig. 121; 129,2.]

Isorophusella BassLEr, 1935, p. 5 [*Lebetodiscus
inconditus Raymonp, 1915, p. 61; OD]. Theca
circular in outline, diameter up to 20 mm., slight-
ly convex, resting on or attached by entire aboral
surface to a hard substratum; with broad border
of closcly imbricating plates which decrease in
size toward periphery; interambulacrals scalelike,
strongly imbricating; ambulacra 5, short and stout,
curving slightly in same direction as in Agela-
crinites; median cover plates commonly present;
oral area broad; anal pyramid distinct but almost
flat, composed of about 10 elongate triangular
plates arranged in circle located approximately at
center of posterior interambulacrum (3, 4). M.Oxd.,
Can.(Ont.-Que.). Fic. 128,4. *l. incondita
(Raymonp), Trenton, Que.; adoral view, X3 (3).

Lepidodiscus MEex & WorTHEN, 1868, p. 357
[*Agelacrinites (Lepidodiscus) squamosus; OD].
Theca subcircular or oval in outline, diameter 7
to 25 mm. in most species but 45 mm. in type-
species, depressed, mostly with flat marginal rim
by which it was attached to hard objects; inter-
ambulacrals strongly imbricating, with granular
ornamentation in some species; ambulacra nor-
mally 5 (except for some specimens of L. lebouri
SLADEN), long, narrow, much curved in same
direction as in Isorophus, more seldom relatively
short and broad; in L. squamosus ambulacral
cover plates of one side are divided from those
on other by prominent zigzag perradial line and
are disposed in regular cycles of 6 throughout
most of ambulacrum; ambulacral cover plates of
other species arranged in double row, in some
bordered by series of small side plates; anal pyra-
mid distinct, composed of 9 to 15 triangular plates,
usually not surrounded by ring of small plates,
located near posterior margin and encircled by
ambulacra C and D (4, 25, 30). M.Dev.-U.Miss.,
N. Am. (N.Y.-Pa.-Mich.-Ind.)-Eu. (Eng.-USSR).
[EnLers & Kesting (12) have expressed doubt
that many species assigned for the present to
Lepidodiscus are correctly classified.] Fre. 130,
4. *L. squamosus (MEER & WORTHEN), L.Miss.
(Keokuk), USA(Ind.); adoral view (reconstr.),
X 1.5 (24). [See also Fig. 114,2; 120,64".]
Thresherodiscus FoersTE, 1914, p. 433 [*T. ramo-
sus; OD]. Theca discoid, with gently convex
adoral surface, diameter about 16 mm.; inter-
ambulacrals large, squamose, imbricating in cen-
tral region, decreasing in size distally so as to
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Fic. 130. Hemicystitidae (2); Agelacrinitidae (1,3-6), adoral views (reconstr.) (p. U167-U169, U171).



Edrioasteroids—Systematic Descriptions

merge with much smaller plates of marginal zone;
ambulacra 5, rather broad, of pronounced trimer-
ous origin, branching dichotomously with bifur-
cations of 1st, 2nd, and probably 3rd order;
ambulacral cover plates in 2 sets consisting of
very small median ones and much larger lateral
ones; periproct unknown (16). M.Ord., Can.
(Ont.). Fic. 130,3. *T. ramosus, Trenton.;

adoral view of holotype (reconstr.), X4 (24).
[See also Fig. 112,1; 120,24.]

Ulrichidiscus BassLer, 1935, p. 8 [*Agelacrinus
pulaskiensis MiLLER & GuURLEY, 1894, p. 16; OD].
Theca semiglobose, diameter about 26 mm.; in-
terambulacrals relatively large, polygonal, slightly
imbricating; ambulacra 5, narrow but well de-
fined, very long, all strongly curving in contra-
solar direction; anal pyramid well defined, com-
posed of many long triangular plates in circle
(3). U.Miss,, N.Am.(USA). Fic. 128,5. *U.
pulaskiensis (MILLER & GuURLEY), Chester.,, Ky.;
adoral view, X1 (3).

Family EDRIOASTERIDAE Bather,
1898

Theca shaped like tam-o’-shanter, not per-
manently attached; central part of aboral
surface excavated, covered by flexible inte-
gument; interambulacrals polygonal, form-
ing mosaic, continuous with those of aboral
face; ambulacra 5, very long, strongly
curved, passing on to aboral surface; am-
bulacral floor plates in double rows of alter-
nating plates that meet along zigzag median
suture, with pores between floor plates and
each cover plate corresponding in position
with a floor plate; third aperture located in
posterior interambulacrum. M.Ord.-U.Dev.

Edrioaster BiLrLincs, 1858, p. 82 [*Cyclaster bigsbyi
BrLLiNgs, 1857, p. 293; OD] [=Cyclaster BiLL-
incs, 1857 (non Cotreav, 1856; mec MaLLoRY,
1904); Aesiocystites MILLER & GURLEY, 1894;
Edriocystis Haeckir, 1896; Aesiocystis BATHER,
1900]. Theca subcircular to subpentagonal, diam-
eter 14 to 50 mm., height 0.25 to 0.5 of width;
interambulacrals generally more or less pustulose or
granulose, separated from central aboral region
by frame of stouter plates; peripheral plates of
aboral face variable in size but not minute but
central plates minute and tending to imbricate;
ambulacra comparatively broad, raised or not
raised above the general surface, 4, B, D, E curv-
ing in a contrasolar direction, € in solar direction
(type-species only), or all curving solarly; small
median cover plates may be present; peristome
covered by solid tegmen of plates serially homolog-
ous with ambulacral cover plates; anus well de-
fined, covered by variable number of irregular
plates (7). [Forms in which all of the ambulacra

U171

Dinocystis

Fic. 131. Edrioasteridae (p. U171-U172).

curve in a solar direction possibly should be
separated generically from Edrioaster.] M.Ord., ?U.
Ord., N.Am. (Ont.-Que.-Ky.-Mich.-Minn.-N. Y.)-
Eu.(N.Wales). Fie. 131,1. *E. bigsbyi (BiLL-
1NGs), M.Ord.(Trenton.), Ont.; la,b, adoral, post.
views, X 1.7 (7, pt. 4). [See also Fig. 111; 113,1;
115,2; 116,1,4; 118,1; 119,1,3; 120,1.]

Dinocystis BaTuer, 1898, p. 547 [*D. barroisi; OD].
Theca elliptical in outline, diameter to about 40
mm., like Edrioaster but with frame on aboral
surface slighter and surrounding region com-




U172

posed of thin flexible integument containing nar-
row imbricating plates; ambulacra narrow, all
curving strongly in a contrasolar direction (7).
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U.Dev., Eu.(Belg.). Fic. 131,2. *D. barroisi,
Famenn.; 131,24, oral, X1 (Regnéll, n); 131,25,
ant, X1.2 (7, pt. 1).
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INTRODUCTION

Ophiocistioids, named from the Greek
words ophis (“snake”) and kiste (“box”),
are a small group of pentaradiate free-mov-
ing echinoderms known only as fossils in
Paleozoic strata. Their body may be en-
tirely enclosed, except for the peristome, by
a test composed of plates like that of echin-
oids, or it may be covered by plates on one
side only, the other being protected by an
integument that is little calcified if at all.
A resemblance to echinoids does not include
the mode of union of the test plates, for in
the ophiocistioid Sollasina, at least, junction
of the plates seems to differ from that ob-
served in echinoids. Ophiocistioids have no
arms comparable to those of asterozoans
and crinoids or brachioles like those of
cystoids. Instead, they bear hollow tubular
organs with a cover of small imbricated
plates, and despite their relatively large
size, these organs are interpreted to be am-
bulacral tube feet.

The test has an oral surface, on which
the animal rests or travels about, and an
aboral surface. One is approximately equal
to the other in area, but otherwise the two
surfaces are quite dissimilar. Plates of the
aboral surface are irregularly disposed in
some ophiocistioids, whereas they exhibit a

DEVELOPMENT

Ophiocistioids were first differentiated
from other echinoderms by SorLas (15) in

more or less definite radial arrangement in
others. The anus is located on this surface
or at its edge in genera represented by speci-
mens with the anal vent preserved. At the
center of the oral surface is the mouth,
equipped with a masticatory apparatus con-
sisting of five interradially placed jaws, each
of which is composed of two pieces. The
buccal apparatus is surrounded by a flexible
peristomial membrane not unlike that of
echinoids. Beyond the peristomial area, the
oral surface is divided into five large
ambulacral tracts and five narrow inter-
ambulacral ones. No ambulacral grooves are
present. The ambulacra terminate at the
border of the test without extending onto
the aboral surface. Each ambulacral tract
contains three columns of plates, one per-
radial and the other adradial. A single pore
for each ambulacral tube foot is located at
the intersection of adradial and perradial
plate pairs. One of the oral interrays in
two genera contains a madreporite asso-
ciated with one or several orifices inter-
preted as gonopores. In another genus a
single orifice on the aboral surface is pos-
sibly a gonopore, or hydropore, or combined
gonopore-hydropore.

OF KNOWLEDGE

1899 when he proposed recognition of them
as an order named Ophiocistia in the class
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Ophiuroidea. In 1912 SorrLas & Sorras (16)
elevated the group to class rank, even
though up to that time it included only
three Silurian species from Great Britain.
These are now judged to represent three
monotypic genera: Eucladia 'WoobwaRrD,
1869; Euthemon Sorras, 1899; Sollasina
Feporov, 1926. In 1930 Ricurer (13) in-
troduced the name Rhenosquama for or-
ganic remains from the Middle Devonian
of Germany which he interpreted as am-
bulacral tube feet of an otherwise unknown
ophiocistioid. The assignment of Rheno-
squama to the ophiocistioids is by no means
certain, however. In 1938 and 1940 GEkkER
(6, 7) described certain fossils from the
Lower Ordovician (Skiddavian) in the
vicinity of Leningrad. Earlier, JaEKEL
(1901, 1918) and Baruer (1913) had con-
sidered these fossils to be thecas of the
fantastic Rhipidocystis JaEkeL, 1901, Gex-
kiR concluded that in reality they are frag-
ments of the test of a quite different organ-
ism, which he named Volchovia and classi-
fied among the ophiocistioids even though
it differs greatly from typical ophiocistioids
from the British Silurian. Subsequently,
Volchovia has been discovered in Lower
Ordovician rocks of Norway (RecnELL, 12)
and in Upper Ordovician deposits of Ohio
(Popx, 1960). Finally, a fossil from the
Lower Devonian (Helderberg) of New
York which Scuucuerr (1915) described
as Eucladia? beecheri and attributed (14)
doubtfully to the ophiocistioids, is an enig-
matic form impossible to classify in the
state of present knowledge.

Owing to the strange features and rarity
of ophiocistioids, interpretation of these
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echinoderms has been very difficult. Only
a single specimen of Eucladia and one of
Euthemon are known. Other genera are
represented by a mere handful of specimens
including fragments. First descriptions
(Woopwaro, 18; Grecory, 8) are partly
erroneous. Sorras (15) may be credited
with having shown accurately the structure
of most typical genera and Barmer (1,2)
with having been first to indicate that the
tubular appendages of these forms are not
arms but equivalents of the tube feet found
in other echinoderms. More recently, Fepo-
Tov (4), Gexker (7), and ReontLL (12)
have contributed important new informa-
tion concerning the morphology of ophio-
cistioids and discussion of their systematic
position has been published, especially by
l(:‘E;);)Tov (4, 5), ReonErL (12), and Usacns

17).

For many years the ophiocistioids were
placed among the ophiuroids, as suggested
by their name, or in a separate group allied
to the Ophiuroidea. At present they are
accorded the rank of a distinct class, co-
ordinate taxonomically with the Stelleroidea,
Echinoidea, and Holothuroidea, for ex-
ample. This is the view adopted by SorLas
& Sorras (16), Feporov (4, 5), Ricurer
(13), Gexker (6, 7), ReenEre (12) and a
majority of modern treatises and manuals.
Although they have been almost universally
considered as Eleutherozoa, Marsumoro
placed them in his subphylum Crinozoa,
corresponding to Pelmatozoa less Edrio-
asteroidea. FeLL (1963) has assigned them
to the Echinozoa, and this classification is
accepted in the Treatise.

MORPHOLOGY

GENERAL FORM AND SIZE

In outline the theca of ophiocistioids may
be elliptical (Sollasina), suboval (Vol-
chovia), subpentagonal (Euthemon), or
faintly pentalobate (Eucladia). The border
is sinuous and somewhat angulated in Vol-
chovia but evenly regular in other genera.

The test bears no arms or rays corre-
sponding to those of starfishes or crinoids,
and, as previously noted, its downwardly
directed oral surface with central mouth
is very unlike the opposite aboral surface

on the upper side. The oral surface of
Eucladia (Fig. 132) and Euthemon (Fig.
133) is flat or gently convex medially but
progressively curved upward near the bor-
der so as to grade into the unknown, prob-
ably arched aboral surface. In Sollasina
(Fig. 134) both surfaces of all observed
specimens are crushed, yet position of the
appendages suggests that the theca in un-
distorted condition was low dome-shaped.
The central part of the aboral side of Vol-
chovia has the form of a moderately ele-
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styliform processes

podial pores

Fic. 132. Eucladia joknsoni Woopwarp, U Sil.(L.Ludlov.), Eng.; part of oral surface showing morpho-
logical features, 1.3 (Ubaghs, n).

vated mound which grades peripherally
into very gently sloping, nearly flat mar-
ginal areas (Fig. 135). The sharply de-
fined border of the theca is indented by
angular embayments between the several
pointed extensions of its circumference.
The oral surface, not observed in this
genus, is doubtless flat or concave. The
theca of Rhenosquama is entirely unknown.

The size of tests belonging to ophio-
cistioids is small to modest, as shown by
following measurements: Euthemon, diam-
eter 7 or 8 mm.; Sollasina, length 30 mm.,
width 20 mm., Eucladie, length 50 mm.,
width 40 mm.; Volchovia, maximum diam-
eter, 90 mm.

SYMMETRY

The oral surface of all genera in which
it is known exhibits pentaradiate symmetry.
This is marked by (1) distribution of plates
in five radial and five interradial areas, (2)
distribution of tube feet in five groups, and
(3) presence of a buccal armature com-

posed of five pairs of interradially disposed
plates. A tendency toward pentaradiate
symmetry appears also in the arrangement
of aboral plates in Volchovia, but as noted
later, this symmetry is far from perfect.
Orientation of the test can be determined
in various ophiocistioids belonging to dif-

adradial
buccal armature

Fic. 133. Euthemon igerna Sorvas, U.Sil.
(Wenlock.), Eng.; adoral side, X3.5 (4).
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interradials adradial

perradial

U177

peristome

buccal armature

madreporite

2

podial pores

Fic. 134, Sellasina woodwardi (Sorvras), U.Sil.(L.Ludlov.), Eng.; 1,2, aboral and oral sides, %2; 3, peri-
pract, X 15 (all Ubaghs, n).

ferent genera. In Eucladia (Fig. 132) and
Sollasina (Fig. 134,2) the presence of a
madreporite accompanied by one or more
perforated tubercles (7?gonopores) in an
interray of the oral surface serves to
identify this interray as CD, in terms of the

Carpenter system. Moreover, some speci-
mens of Sollasina (Fig. 134,1,3) show pres-
ence of the periproct on the aboral side of
the test adjacent to the border and located
in this interray or one next to it (decision
as to which being difficult). The CD inter-
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periproct
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marginal /

;. dorsocentral

periproct
pore

periproct

Fie. 135. Volchovia, L.Ord., Euv.; 1-3, V. mobilis Gexxer, USSR (7); 4, V. norvegica REGuELL, Norway
{12); all x1.

ray is identifiable also in Volchovia (Fig.
135) by the presence of an orifice previously
mentioned as probably a gonopore or hydro-
pore or a combined gonopore-hydropore;
this opening occurs between two marginal
plates on the aboral surface. The anus oc-
curs in the same interray approximately
midway betwecen the supposed gonopore
and the summit of the theca. The major
axis of the test is perpendicular to the CD
interradius in Volchowia and oblique to it in
Sollasina.

ABORAL SURFACE

The upper surface of the theca is known
only in Sollasina and Volchovia,

In Soflasina many irregular polygonal or
rounded plates form the aboral surface (Fig.
134,1). The plates are thin and do not ex-
ceed 5 mm. in diameter. Their surface is
smooth or covered by very minute scattered
granules. Arrangement of the aboral plates
scems to fit no determinable pattern, and
no sign of an apical system resembling that
of echinoids and many starfishes can be dis-

cerned. The small plates probably over-
lapped one another when the animals were
alive, but the extent of their overlap clearly
has been increased by postmortem flatten-
ing of the test found in all specimens stud-
ied, An anal pyramid, described below,
accurs between two groups of tube feet on
a certain part of the margin.

In Volchovia the aboral surface, evi-
dently rigid, is composed of large plates
{Fig. 135). A flat framework formed by
ten pentagonal or subtrigonal plates sur-
rounds a central dome, composed of 20 to
approximately 30 plates in different species.
The dome plates are arranged in an
outer, submarginal circle and an inner
central area. Recwére (12) has shown
that the placement of aboral plates in-
dicates a degree of pentaradiate symunetry,
and evidence previously noted (location of
periproct and ?gonopore) permits deter-
mination of the CD interray. Inasmuch as
the two marginal plates adjoining the sup-
posed gonopore beleng to this interray, it
is reasonable to conclude that the eight
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mouth piece
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madreporite
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U179

mouth piece

adradial
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perradial

Tic. 136, Eucladia johnsoni Woovwarp, USHL. (1. Ludlov.), Eng.; I, part of B ray and BC interray, X2
(4): 2, part of CD? interray, X 2.7 (4). [Explanation: Pi, Pu, ist, 2nd pairs of podia.]

other marginal plates also are interradial,
each interray having two such plates. Plates
of the ecntral region seemingly include (1)
a “dorsocentral” located between the geo-
metrical center of the test and the periproct,
(2) a ring of five “radial” plates, which, in
company with the firstmentioned element,
form a kind of apical system, and (3) an-
other circle of plates which in each ray
contains a supplementary “radial” and in
each interray one or more “interradials.”
The rays and interrays thus defined differ
from one anather, for plates of the C and
D rays are smaller than those of other rays,
which also are distinctly longer than the
C and D rays. In V. norvegica the D ray
contains only a single “radial,” whereas in
V. mobilis the € ray has three such plates.
The “radials” and “interradials” are dis-
similar in shape and size and the latter vary
in number from one interray to another.
These inequalities are distributed in such a
way as to indicate a tendency toward acqui-
sition of bilateral symmetry with respect to
an anteroposterior axis {through A ray and

CD interray).

ORAL SURFACE

The lower surface of the theca is known
in Eucladia, Sollasina, and Euthemon, but
unohserved in any specimen of Velchovia,
doubtless owing to absence or very weak
development of an oral skeleton in this
genus.

The three genera in which the oral sur-
face has been studied show that this part
of the ophiocistioid theca consists of cen-
tral peristome, described subsequently, and
surrounding plates divisible into five radial
or ambulacral tracts and five interradial or
interambulacral tracts. The radial tracts are
large, and as previously stated, contain a
median column of perradial plates and two
lateral columns of adradial plates (Fig. 134,
2,3; 136,1). The interradial tracts are nar-
row, consisting of few plates disposed in
single columns. The radial areas are pierced
by double rows of simple circular orifices
{ambulacral or tube-feet pores} with thick-
ened borders, each pore being adjoined by
two perradial and two adradial plates. In
addition, an unpaired orifice occurs at the
aboral extremity of each ambulacrum; it 1s
adjoined by two plates, which in Sollasina
are adradials but in other gerera unde-
termined. In living ophiocistioids this ori-
fice must have been located at the margin
of the theca, but in fossils it is near the edge
of the aboral side owing te compression
which the specimens have undergone. From
each orifice, including the unpaired terminal
one of each ambulacrum, arises one of the
tubular organs with scaly skeletal cover
which is inferred to be a tube foot,

Around the peristome of Sellasina, and
probably of Euthemon also, is a circle of
15 or 16 plates, of which five are perradial,
ten adradial, and presumably one in addi-
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tion with madreporite and gonopore. In
Eucladia the 15 radial plates are accom-
panied by five interradial plates, making 20
in all. The radial tracts of Ewcladia con-
tain seven plates in each column, whereas
in Euthemon these are reduced to three.
Sollasina has three plates in each perradial
column and four in each adradial column,
Five or six plates accur in each interradial
area of Eucladia, two in Sollasina, and a
single one in Euthemon.

The pores of each ambulacral area are
placed opposite one another or in slightly
alternating position (e.g., Ewcladia, Fig.
136,2). Those of the pair farthest from the
peristome are closely adjoined, with enly
a thin calcareous partition between them,
and accordingly, the perradial plate in this
position has a cruciform outline.

TUBE FEET

The nature of relationships to the theca
of appendages distributed along the ambu-
lacral areas proves that these organs, in
spite of their appearance and considerable
size, are homologous with the ambulacral
tube feet ar podia of other echinederms,
Each is cylindrical, undivided, and hol-
low, and probably was flexible in the liv-
ing animal. A skeletal cover consists of
minute scalelike calcareous plates with im-
bricate arrangement, overlap being directed
toward the distal extremity. Since the pres-
ence of such organs is unknown in Vol
chovia, its tube feet may have been naked
or protected only by a very weak skeleton,

In Ewxcladia, the first pair of podial ap-
pendages, ncarest to the mouth, are much
smaller than others, with length of ap-
proximately 9 mm. and diameter of 2 mm.
(Fig. 132; 136,2; 137,3). They are dis-
tinguished otherwise in being associated
closely with the jaw plates and in forming
part of the peristomial area; thus they have
been termed buccal tentacles. Their imbri-
cated cover of very minute plates extends
to a distal flattened expansion that possibly
denotes a sucker. These podia are compar-
able to the oral tube feet of stelleroids.
Equivalent tube feet of Sollasina are too
poorly preserved for description but their
cxistence seems to be indicated by depres-
sions corresponding to their insertions and
by rows of tiny plates apparently belonging
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to them (Fig. 137.1). No trace of buccal
tube feet is discernible in the single avail-
able specimen of Euthemon,

Other ambulacral wbe feet are close to-
gether 1 slightly alternating position in
Eucladia (Fig. 132), which has five pairs
in each ray, though some rays show the
presence of an additional single tube foot
which may correspond to the unpaired
tentacle of Sellastna noted subsequently,
The diameter and length of the tbe foot
appendages increase toward the periphery
of the theca, largest ones having a length of
approximately 40 mm. and a diameter up
to 6 mm. Their surface is completely cov-
ered by small shingled plates which over-
lap distally and are divisible into two
groups. A set of larger, more salient cover
plates ends distally in a conical point. An-
other set consists of much smaller, less
salient plates which terminate in a gently
rounded extremity. The distal end of these
tube feet is not well preserved and there-
fore of an uncertain nature.

The tube feet of Sollasina other than
those associated with the buccal apparatus
number seven in each ray: three pairs in
opposed positions and an unpaired terminal
tentacle in perradial position at the extreme
edge of the theca. The two proximal tube
feet differ from others in their smaller size
—length approximately 12 mm, and diam-
cter 2 mm.—and 1 their extretmely numer-
ous, densely crowded, and strongly imbri-
cated thin cover plates. Remaining tube
feet and the unpaired tentacle resemble one
another in consisting of tubes approximate-
ly 25 mm. in length and 2 mm. in diam-
eter at the base. They end in points. Their
skeleton consists of small imbricate plates
arranged in more or less even longitudinal
rows. Distally there are four rows: median
aboral, median oral, and two lateral. Teo-
ward the base of the appendage the number
of rows Increases to six or more, with sup-
plementary much smaller plates intercalated
between them. All these plates have rhom-
boid outlines. The largest are patelliform,
with an excentrically pointed distal apex.
In the view of Nicuors (11), pores prob-
ably existed between these plates, serving
for passage to papillae like those of modern
crinoids and ophiureids.

In Euthemon only two pairs of tube
feet are present in each ray (Fig. 133),
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Those next to the mouth are smallest, with
length not more than 5 mm., and they are
covered with greatly crowded, very thin
calcareous scales. The distal pair of tube
feet in each ray attain a length of 12 or 13

madreporite

mm. and diameter of 1.5 mm. or a little
more. Their skeleton consists of four rows
of plates, dorsal, ventral, two lateral, re-
sembling in structure the arms of ophiur-
oids.

ieui styliform processes

Fic. 137. Sollasina and Eucladia, U.Sil.(L.Ludlov.), Eng.; 1.2, S. woodwardi (SoLLas), features of oral
side, X5; 3, E. johnsoni WoopwarD, part of oral side, X5 (all Ubaghs, n).
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Finally, the tube feet of Rhenosquama—
assuming that this genus belongs with the
ophiocistioids—are covered by imbricated
plates which are all of similar nature, They
are arranged in longitudinal and transverse
rows, those of the latter alternating with
one another in adjacent rows. Since four
plates occur in each transverse row, their
alternating placement produces eight longi-
tudinal rows. The small arcuate plates have
a small median point distally.

PERISTOME

The peristome occupies the center of the
oral surface. It is circular or subcircular
in outline as seen in Eucledia and Euthe-
mon but is clearly elliptical in Sollasina.
Its diameter equals 0.4 to 0.5 that of the
test in Eucladia and Euthemon, respective-
ly, and its longer axis in Sollasina is equal
to, or slightly greater than, one-half that of
the test.

A pentagonal rosette (Eucladia, Euthe-
mon) or elliptical apparatus (Soilasina} at
the center of the peristome is formed by
five strong jaws, each of which is rhombeid
in outline and located interradially (Fig.
132, 133, 136, 137). Each jaw consists of
two pieces united along the interray axes.
The adradial edge of each piece projects
aborally in a styliform process, between
which and the body of the jaw is a rather
small podial pore. Whether the process is
actually a separate ossicle is difficult to de-
termine. The presence of the pore is firmly
established in Ewcladia, probable in Sol
lasina (Fig. 137,1), and possible but un-
certain in Euthemaon,

A flexible membrane extending from the
buccal apparatus to borders of the peristome
1s very wide in Sollasina but much nar-
rower in Eucladia and Euthemon. It is well
preserved in  the first-mentioned genus,
where the membrane Is reinforced by a
pavement of many polygonal small plates
arranged irregularly (Fig. 134,2; 137,1).

PERIPROCT

A periproct has been observed only in
Volchovia and Sollasina.

In Volchovia (Fig. 135) the periproct con-
sists of a cone composed of some 20 cunei-
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form plates surrounded by a circle of very
small plates. It covers a rounded vent on
the aberal surface located in the €D inter-
ray just behind the dorsocentral.

In Sollasina (Fig. 134,1,3) the periproct
also is found on the aboral side but in mar-
ginal position close to one of the two ex-
tremities of the test, It is located in an
interray doubtfully identified as CD. Nar-
row and elongate small plates form a pyra-
mid, at the base of which irregularly poly-
gonal small plates constitute a transition to
other plates of the aboral surface.

MADREPORITE

One of the interrays of the oral surface
bears a madreporite not far from the edge
of the peristome, according to observations
of Eucladia and Sollasina.

In Eucindia (Fig. 136,2, 1373) it is
found on the second plate of the CD inter-
ray, proceeding distally from the peristome,
Edges of the madreporite, which has a
diameter of 4 mm., are indented and its
surface bears several irregularly forked
grooves, reminiscent of the meandriform
pattern of the madreporite in living aster-
ocids.

The madreporite of Sollasina (Fig. 137,2)
accurs on a special plate located between
the peristome border and adjacent adradial
plates of the CD interray. It consists of a
stnall truncate cene, 1.2 mm, in diameter
at the base, with a low, probably perforate
summit,

GONOPORES

On the interradial plate which next fol-
lows that bearing the madreporite in
Eucladia four prominent papillae with hol-
lows filled by sediment may be observed
(Fig. 136,2; 137,3). In Sollasina the cone
interpreted as a madreporite is accompanied
on the same plate by a large, seemingly
perforated tubercle (Fig. 137,2). The papil-
lae and tubercle probably represent genital
pores, GERKER (6, 7) has recorded the pres-
ence behind the periproct of Velchovia of
a second orifice, located between the two
posterior marginals (Fig. 135). This open-
ing may be a gonopore, hydropore, or gono-
pore-hydropore (ReenéLL, 12),
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MODE OF LIFE

Ophiocistioids were free-moving echino-
derms, as demonstrated by the absence of
a stem or other means of fixation, by lack
of ambulacral furrows, by the development
of enormous tube feet, by the aboral location
of the anus, and by the seemingly mastica-
tory buccal apparatus. Almost certainly
these animals rested and moved about on
their oral surface. The extraordinary size
of the ambulacral tube feet and their super-
ficial resemblance, in Euthemon at least,
to the arms of ophiuroids suggests that
ophiocistioids  belonged to the vagile
benthos. This may not apply to Velchovia,
however, for its form and weak develop-
ment of an adoral skeleton denote a passive
existence, possibly like that of patelloid
gastropods or such ophiurcids as Astro-
phiura, which in resting position attach
themselves by the ventral surface to hard
surfaces so that the whole body acts as a
cupping glass (ReenELL, 12).

The structural diversity of the podia even
in a single individual evidently reflects

differences of funetion. The buccal ten-
tacles, smaller than others, possibly were
sensory organs mainly, like the buccal podia
of sea urchins used for exploring the sea
bottom over which the animal crawls. Other
tube feet may have served as locomotory
organs, aiding also in grasping prey and in
pushing it to the mouth. Fevorov (4)
judged that the podia of Euthemon and
Sollasina provided creeping movement like
the arms of ophiuroids, whereas those of
Eucladia behaved like the ambulacral tube
feet of asteroids. That the podia were very
mobile is indicated by the highly varied
positions in which they are found in fos-
sils, Perhaps the importance of their activi-
ties 1s related to dimensions of the madre-
porite (Reengrr, 12),

Finally, respiration of these animals may
be explained very possibly by the presence
of papillac which extended out between
scales of the skeletal cover of their tube feet
(Nicnovs, 11).

SYSTEMATIC POSITION

The body of ophiocistioids has often been
compared, as by Barmer (1, 2), to the
central disc of ophiuroids. Tn line with this
concept, developed by Feporov (4, 5), the
perradial and adradial plates of ophiocisti-
oids are judged respectively homologous to
orals and laterals in the ophiureid arm,
and interradial plates would correspond to
the skeletal pavement of interbrachial areas
in ophiuroids. Since the ophiocistioids
lacked arms, however, comparison can be
made only with proximal segments of the
rays incorporated in the disc of ophiuroids.

These resemblances are balanced by
countervailing differences. Whereas inter-
radial areas are narrow and radial areas
wide in ophiecistioids, the opposite is true
of ophiuroids. The ambulacral pores of
ophiocistiotds are not found on a level with
plates postulated as corresponding to the
ventrals and laterals of ophiuroids, but in-
stead, each occurs at the juaction of two
perradial and two adradial plates. More-
over, the perradials of ophiacistioids cannot
be homologous with oral plates of ophiuroid

arms, since the latter certainly are a sec-
ondary development produced late in the
history of the group—consequently, with-
out possible genetic relationship to ophio-
cistioid perradials. Such resemblance as ap-
pears between the disc of ephiureids and
the body of ophiocistioids therefore seems
to be of superficial nature, pertaining to
some aspects only, and even this disappears
when comparison is extended to the archaic
ophiuroids, which ought to be most similar
to ophiocistioids if truly they were derived
from ophiuroids.

ReonirL (12} is the one who has shown
that the dispesition of plates on the ahoral
surface of Volchovia offers analogies with
the apical skeletal organization of very
young ophiuroids and of some adult ophiur-
oids, such as Astrophiura. In each of these
the apical system is predominantly com-
posed of radial elements. However, in addi-
tion to question as to placement of Vol
chovia as an ophiocistiold (Nicuovs, 11),
the nature of the apical system in this genus
can hardly denote more than topographic
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similarities to the system of ophiuroids,
since similar morphogenetic potentalitics in
this part of the body tend to be manifested
in almaost all echinoderm groups.

Furthermore, various other characters
serve to distinguish the ophiecistioids from
ophiurcids and from stelleroids generally.
Among these are (1) entire absence of arms
in ophiocistioids and of any structure al-
lowing supposition that growth of the body
at any stage was dorminated by five diverg-
ent radial axes; (2} the presence in ophio-
cistioids of a well-developed aboral anus
protected by a pyramid of small plates,
which probably is 2 fundamental character
of the group strikingly in contrast to the
absence of such an orifice in ophiuraids,
archaic astercids, and somasteroids; (3)
nature of the ophiocistioid buccal apparatus,
which is very unlike that of stelleroids and
differs from thesc in lacking any feature
suggestive of its derivation by a transforma-
tion of primary ossicles belonging to the
rays; and (4) the probable presence in
ophiogistioids of an unpaired interradial
gonad, a character that allies them with
archaic pelmatozoans or helothuroids much
more than with stelleroids.

If the ephiocistioids thus differ in numer-
ous ways from asterozeans, resembling them
only superficially, various characters typical
of echinoids are not ta be overlooked, Both
assemblages possess a cap- or dome-shaped
test formed of plates that enclose the entire
body, except for the peristomial region, and
this test, lacking arms, is divided on the
oral side at least into five ambulacral
areas and five intervening interambulacral
areas. The buccal apparatus of ophiocistioids
is closely analogous 1o that of echinoids in
its seemingly different origin from the ray
skeleton, its association with a peristomial
membrane inlaid by small plates, and its
structure and probable function as a mastic-
atory mechanism. The presence of a well-
developed periproct and its resemblance to
the anal pyramid of archaic urchins such
as Aulechinus and Ectinechinus is also an
echinoid character, for the existence of a
periproct on the test is one of the funda-
mental features of these echinoderms that
dates from their origin. Interradial arcas
consisting of a single column of plates in
cach tract are restricted to the echinoid
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Bothriocidaris. Finally, if it is true that
only a single gonad existed in ophiocisti-
oids, this character perhaps is matched in
certain archaic echinoids which possessed
only one genital plate.

Evidently, such similarities do not imply
dircct  parentage honds, for they could
have been acquired independently. As a
matter of fact, other morphological aspects
indicate that the ophiocistioids are far re-
moved from cchinoids. Especially important
among these is division into ambulacral and
interambulacral areas only on the lower
side of the body, structure of the opbiocisti-
otd ambulacrum, the gigantic size and dis-
tinctive construction of the ambulacral tube
feet, the eccentric and even marginal loca-
ton of the periproct, the oral placement
of the madreporite and gonopores, the na-
ture of the madreporite in closely resemb-
ling that of astweroids, the absence of any
apical system, at least in most typical forms
——all thesc characters suffice to show that
ophiocistioids cannot be closely allied to
echinoids.

The presence of certain features sugges-
tive of archaic pelmatozoans also char-
acterizes the morphology of ophiocistioids.
Such features include structure and posi-
tion of the anal pyramid, close association
of the mouth with the madreporite and
genital pores, and the probable existence of
a single gonad.

Finally, Fenorov (4, 5) has emphasized
general resemblances of the ophiocistioids
to very young stelleroids and echinoids, in
which the discoid body exhibits equally
well-developed oral and aboral faces and
bears some relatively very large podia. Ulti-
mately, the stelleroids develep arms and
acquire the star-shaped outline that char-
acterizes them. Among echinoids, the
oral part of the body undergocs enormous
expansion, as result of which the aboral
part becomes reduced to a very restricted
area at the summit of the test. The inter-
brachial areas of ophiurcids expand most-
ly in aderal directions so as to modify pro-
foundly the oral side of the disc. The
ophiocistioids appear to have become fixed
in their evolution at the stage when the
disc, devoid of arms but provided with
podia of considerable size in relation to the
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body, had developed subequal oral and
aboral sides. Their unpaired gonad corre-
sponds to the primary gonad of stetleroids
and echinoids, which developed subsequent-
ly into five pairs of distinctive geniral or-
gans. Interpretable as a juvenile character
are the large dimensions of the terminal
teatacle, which are somewhat comparable
to the primary podia of echinoderm larvae.
The remarkable resemblance of ophiocisti-

SYSTEMATIC

Class OPHIOCISTIOIDEA
Sollas, 1899

{rame., correct. Unacus, 1953 (pro class Ophiocistia Sorras
& Sovuras, 19i2, nom. transl. ex order Ophiocistia SnLLAs,
1899)] [=class Ophiocista MatsvMare, 1929 (nom. nall.);
Ophiocistioides Lamerere, 1931 (nomr. neg.); class Ophio-
cystiz MOORE, LALIcKER & Frecier, 1992 (nom. nall.))]

Unattached  pentaradiate  echinoderms
with more or less depressed dome-shaped
body entirely covered by plated test or with
cover of plates on one side only, lacking
arms or comparable projections; center of
oral face occupied by peristome with
buccal apparatus consisting of 5 interradially
dispased jaws, each consisting of 2 pieces;
remainder of oral surface divided into 5
large ambulacral tracts composed of 3 plate
columns (1 perradial, 2 adradial} and 5
narrow interradial tracts composed of a
single plate column; ambulacra confined to
oral face; ambulacral pores simple, each
located at junction of 2 perradial and 2 ad-
radial plates; podia of relatively enormous
size, covered by imbricated plates; periproct
aboral, eccentric or marginal; madreporite
and gonopores in same interray, typically
on oral face. L.Ord -U.Sil., M .Dev.

Family EUCLADIIDAE Gregory, 1896
[ =Eucladidae Svcias, 1899 fnom. nuil.)]

Test subpentalobate; peristome rather re-
stricted, surrounded by ring of 20 plates (5
perradial, 10 adradial, 5 interradial); am-
bulacra with at least 7 plates in perradial or
adradial columns and 6 pairs of slightly al-
ternating podia, plus unpaired terminal
tentacle, most proximal pair of podia re-
duced in size and placed in peristomial area,
others increasingly large toward periphery
of test; interambulacra with 5 or 6 plates
in single column; strong buccal apparatus
occupying nearly entire peristome; madre-
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oids to some Recent echinoderms shortly
after metamorphosis is perhaps the most
typical feature of their organization.

In conclusion, it is obvious that ophio-
cistioids cannot be assigned to any class of
living echinoderms. They comprise an ex-
tinct, entirely separate class of unknown
origin, but on the whole seeming to offer
greater similarities to echinoids than to
stelleroids.

DESCRIPTIONS

porite well developed, with branched
grooves, located in adoral interray that also
contains several gonopores. U.Sil.

Eucladia Woopwarn, 1869 [*E. jokasoni; OD].
Characters of family, U.S/.(L.Ladlor.), Eu,
(Eng.). Fro. 132; 136; 137,3. *E. johnsoni;
132, part of oral surface, X1.3 (Ubaghs, n);
136,1, part of B ray and BC interray, X2 (4);
136.2, part of €D interray, X2.7 (4); 137,3, part
of oral side, X5 {Ubaghs, n}.

Family SOLLASINIDAE Fedotov, 1926

Well-developed peristome surrounded by
ring of 15 (or 16} plates comprising 5 per-
radials, 1¢ adradials, and possibly additional
plate bearing madreporite and gonopore;
podia located opposite one another, ending
in point and covered by small plates ar-
ranged typically in longitudinal rows, podia
next to buccal tentacles (if present) unlike
all others. U.S/1,
Sollasina  Feportov, 1926 [*Ewdadic woodwardi
Sorras, 1899; OD]. Test elliptical in outline;
aboral surface covered by irregular plates; oral
surface with 3 perradials and 2 rows of 4 ad-
radials in each ambulacrum, which bears pair of
?buccal podia, 3 other pairs, and terminal tentacle
wentical with adjacent podia; each interambula-
cral tract with 2 interradials; elliptical peristome
with relatively small oval buccal appuaratus sur-
rounded by membrane reinforced by minute ir-
regular plates; periproct with anal pyramid dorso-
marginal; madreporite and gonopore on single
plate in interray at border of peristome. {7.854,
(L.Ludlor.), Eu.(Eng.). Fre. 134; 137,1,2;
138. *S. woodwardi (SoLnas); 134,12, aboral
and oral sides, X2 (Ubaghs, n); 134,3, peri-
proct, X5 {(Ubaghs, n}; 137,7.2, buccal appara-
tus, peristome, madreporite, and gonopores, X5
{Ubaghs, n); 138, ambulacral tube feet, X5,
K10 (Ubaghs, n).
Euthemon Souras, 1899 |*E. igerna; OD]. Test
rounded, each ambulacrum with 3 perradials and
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Fic. 138. Sollasina woodwardi (Soiras), U.Sil.(L.Ludlov.), Eng., ambulacral podia and pores; 1, unpaired

pore for terminal tentacle and paired pores for 3rd podial pair, X5; 2, part of surface showing terminal and

associated paired podia, »5; 3, first pair of podia (at left) and one of following pair, X5; 4, part of

podium, 10 (all Ubaghs, n). [Explanation: Pi, Pu, Pur, 1st, 2nd, 3rd pairs of podia; #, terminal
tentacle. ]

?3 adradials adjoined by 2 pairs of podia, small
near peristome, other pair very large; inter-
ambulacral areas containing single interradial;
buccal apparatus large, strong. U.Sil.(Wenlock.),
Eu.(Eng.). Fic. 133. *E. igerna; oral side,
X3.5 (4).

Family VOLCHOVIIDAE Gekker, 1938

Body oval dome-shaped; aboral face of
test showing 10 subpentagonal or subtri-
angular marginals which form flattened

border with indentations on outer side,
central area composed of 20 to 30 plates
well uparched medially; anal pyramid ex-
centrically placed in CD interray with
single pore interpreted as gonopore, hydro-
pore, or gonopore-hydropore in same inter-
ray nearer margin; oral surface and podia
unknown. L.Ord -U.Ord.

Volchovia Gexkkr, 1938 [*V. mobilis; SD GEKKER,
1940]. Characters of family. [Genus differs from
others referred to class much more than these
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differ from one another; therefore its assignment
to the ophiocistioids is not entirely firm.] L.Ord.-
U. Ord., Eu. (USSR-Norwayv)-N, Am. (Ohio).
Fic. 135,1-3. *V. mobilis, 1L.Ord,, USSR; 1, ab-
oral view; 2, plate diagram; 3, oblique post. view
(reconstr.); all X1 (7). Fic. 1354, V. norve-
gica ReeNfLL, L.Ord., Norway; post. view from
slightly left of CD interray, X1 (12).

?Family RHENOSQUAMIDAE
R. Richter, 1930

Organs doubtfully identified as ophiocisti-
oid podia terminating distally in point, cov-
ered by mutually similar scales arranged in
transverse rows of alternately placed plates
so as to produce 8 longitudinal rows. M.Dewv.

The inclusion of this taxon and its single
presently known genus among the ophio-
cistioids is reasonable but decidedly open
to question.

Rhenosquama R. Ricuter, 1930 [*R. westfalica;
0D, M]. Characters of family. M.Dev.( Convin.),
Eu.(Ger.). Fic. 139,1. *R. westfalica, Eifel;
impressions of ?podia, X3 (13).

Fic. 139. Rhenosquama westfalica R. Ricurer, M.
Dev., Ger.; impressions of ?podia, X3 (13).
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INTRODUCTION

The cyclocystoids are an enigmatic group
of Paleozoic fossils, most of which are
known primarily from the well-preserved
ring of submarginal plates. They are small
disc-shaped objects, apparently without col-
umns and attached by the fat aboral side,
Central covering layers, called discs, of both
oral and aboral sides, seem to have been
weakly calcified. Food-gathering structures
are also inadequately represented. Never-
theless, the Cyclocystoidea are extinet echi-
noderms, which authors generally have
classed as Pelmatozoa, considered by some
to be related more closely to Cystoidea than
to other classes. In the Treatise, however,
they are transferred to the subphylum
Echinozoa.

Although Cyclocystoidea range from
Middle Ordevician to Middle Devenian,

relatively few specimens are known, This
scanty record may be due in part to their
small size and poor preservation, but mostly
it may be atiributed to lack of interest in
fossils so imperfectly understood and to con-
sequent perfunctory collecting.
Classihcation is deficient for two reasons.
First, paucity of the record does not reveal
much of the diversity that probably existed
in the taxon. Second, essential systems of
the animal cannot be discerned in sufficient
detail to permit clear recognition of differ-
ences. Only one genus, Cyclocystoides, is ac-
cepted by all workers on the group. And
this is perhaps a matter of nomenclatorial
necessity, rather than taxonomic conviction.
Certain characteristics of cyclocystoids in-
vite comparison with other ancient echino-
derms. The discoid shape and the marginal
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ring of tiny plates forming a “shagreen,”
imbricating and partly embedded in a flex-
ible integument, are remarkably like those
in edrioasteroids. The facets lying within
the submarginal ring, small tubercles with
surrounding grooves, resemble the brachiole
facets of cystoids. T'he sharp differentiation
of oral and aboral surfaces and the rami-
fication of the ambulacral system are more
nearly like thase in crinoids.

Differences, however, sct the cyclocystoids
apart as a class discrete from any of these
groups. Multiple branching of the ambula-
cral system is unknown In edrioasteroids;
the flattened shape is foreign to cystoids;
and the flat aboral (dorsal) surface is un-
like that in crinoids. Other points of dis-
similarity could be mentioned. Despite our
ignorance of parts of their morphology, we
can clearly separate cyclocystoids from other
echinoderms.

PREVIQUS STUDIES

Contributions to the knowledge of cyclo-
cystoids are few. They are marked by ten-
tattve interpretations and confessions of
doubt. The first published account of which
I know was made by James Harr in Fos-
TER & WHITNEY'S Report of the Geology of
the Lake Superior Land District (1851).
Harr briefly described a specimen from the
Escanaba region of Michigan and con-
cluded, “This curious body is evidemly
Crinoidean. . . . It is possible that it may
be the elevated marginal ring of some one
of the sessile Crinoids. . . .” In 1858, J. W.
Satrer & Eikanan Biipincs named Cy-
clocystoides and presented a remarkably
good znalysis of its organization. They dis-
tinguished the “integument of the upper
side” from the “integument of the under
side,” and accurately described the ring of
submarginal plates (which they called
“marginal plates”) as bearing a channel
with “marginal excavations” and “connected
with the interior by small pores penetrating
through the marginal plates.” Incorrectly, 1
believe, they regarded a dissociated tubelike
fossil as a part of Cyclocystoides, but on the
whole their account is more lucid than sev-
eral which appeared more than half a cen-
tury later. SarLTer & Birrines thought that
“regarding the affinities of the fossils, the
choice scems to be between Star-fishes and
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Cysudeae™; they also compared Cyclocyst-
oides with Amygdalocystites, now regarded
as a paracrinoid.

Harr (8) figured an oral disc with an
eccentric oval opening, which he interpreted
as the mouth. In a modified version of this
figure, F. A. Batuir (1) called this open-
ing the “supposed region of anus.” Al
though incontestable evidence on the loca-
tion and nature of the anal opening has not
yet been offered, I am inclined to agree
with BatHEer,

S. A, MuLer & C. B. Dyer (12) con-
firmed the presence of ducts or pores
through plates of the submarginal ring. In
1882, MrLier created the family Cyclo-
cystoididae, without pertinent distinctions
from other families. In 1895, MiLer &
W. F. E. GurLey erected the order Cyclo-
cystoidea, more or less as a convenience in
directing attention to the singular features
of Cyelocystoides. Baruern (1) discussed
the genus in his chapter on Edricasteroidea,
stating that it “probably belongs to this
class, thongh not to any of the recognized
families,” This concept of diverse forms
in the edrioasteroids reflects BaTuer's con-
viction that the “Edrioasteroidea are alone
among Pelmatozoa in presenting a type of
ambulacrum from which the holothurian,
stellerid, and echinoid types may readily be
derived.”

P. E. Ravymonp (14) believed that he
could discern small plates covering the
facet-bearing channel, or circular canal, in
the distal part of the submarginal plates,
redescribing and refiguring one of SavTer
& Biirmvgs' specimens. He paid special at-
tention to the oral disc, and distinguished
five main ridges that by successive bifurca-
tions lead to the submarginal ring. Regard-
ing the ambulacral system, he wrote, “These
ridges probably cover duets which lead
from the [submarginal] plate 1o the centre,
and the inference might be that through
them, food, in water, was carried from the
series of collecting basins in the outer cir-
cular canal to the mouth, which would be
central and beneath the plates of the disk.”
Concerning the affintties of Cyclocystoides,
Ravymownn's contribution was less significant,
He thought the animal might be a “free
Cystidean or Edricasteroid,” “highly special-
ized root of a free crinoid,” or “it is even
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possible, if one is sufficiently imaginative,
to think of this disk as a swimming organ,
the method of propulsion being on the same
principle as in some of the cephalopods.”

In his comprehensive review and revision
of the Pelmatozoa, Otro JaksL (9) ig-
nored Cyclocystoides.

A. F. Foerste (3) assigned the Cyclo-
cystoididae to the Edrioasteroidea, and dis-
tinguished two new genera, Narrawayella
and Sgvagella, and an unnamed genus ex-
emplified by Cyelocystoides  illinoisensis
MiLLer & GurLEY, in addition to the type
genus. As discussed later, Forrste's new
genera have not been awarded general ac-
ceptance.

FoerstE (6) also gave particular atten-
tion to Cyclocystoides huronensis BiLLiNGs,
in which he described “spoutlike append-
ages” at the border of the submarginal and
marginal rings, equal in number to the
facets in the channel of the submarginal
ring. He described an unnamed species
from Tennessee as having marginal plates
sloping outward, and went on to say, “This
outward sloping of the marginal plates is
so frequent in Cycloeystoides as to suggest
that these plates could be moved at will,
etther so as to slope inward, thus covering
the outer margin of the submarginal ring
of plates, or so as to slope outward, ex-
posing the margin.” On the basis of this
account, ForrsTE has been credited with
support of SaLrer & Briwwes' (17) and
Ravmono’s (14) contention of plates cover-
ing the circular channel in which the facets
are located. No author has elaborated on
these plates, and no convincing figures have
been given to support this very important
consideration. Inadvertently, FoERsTE seems
to have mistaken the coliapsed oral disc for
the ventral side of the aboral disc in his
figure of C. Auronensis (6, pl. 6, fig. 3).
Ten years later, this figure was copied by
Becc (2, pl. 9, fig. 7), who relied heavily
on 1t for certain aspects of orientation; as
a result, parts of Brce’s descriptions are
rather confused.

In 1926, E. Marrieux reported the oc-
currence of cyclocystoids in the Devonian
of the Ardennes in Belgium, thus greatly
extending the known geologic range.

Beoc (2) compared Cyclocystoides with
the carpoid Cothurnocysus, referring to the
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oral disc as the “lower plate” and the aboral
disc as the “upper plate” but describing the
submarginal ring as “beyond the spoon-
shaped depressions [facets], and sloping
downward and outward.” At least part of
the oral-aboral confusion was undoubtedly
occasioned by the preservation of many of
his specimens as external molds; yet some
of Sarter & Birrines’ original specimens
were similarly preserved, and I am unable
to follow some of Bece’s comparisons.

Hertia Sieverts (later Sieverts-Doreck)
in the same and the following years re-
viewed Brec's article. She further pro-
posed that the facets were places for attach-
ment of brachioles.

Geriarp ReonELL (15) reviewed assign-
ments of Cyclocystoides and described two
species from Gotland in considerable detail.
Concerning facets, he stated, “The mamil-
lary elevations cannot have been facets of
brachioles, as supported by Sieverts 1934,
nor is there anything to indicate that they
are bases of spines. Both theories are made
impossible by the fact that the canal, in
which they are located, was evidently
roofed over by small movable plates.”” Re-
cently, ReonxiLr (16) seems to have
changed his mind, for he wrote, “In the
opinion of the present writer, Cyclocystoides
differs so radically from the edrioasteroids
that an attribution to that class is definitely
not advisable. . . . The theca of the edrico-
asteroids is not differentiated into a dorsal
and a ventral disk; the ambulacral cover-
plates are invariably biserial; the ambulacral
system is never tetraradiate; brachioles do
not occur in edrioasteroids.” The implica-
tion is clear that Cyclocysroides does possess
brachioles.

ReonErn (1948) presented a table of oc-
currences of known species of Cyclocyst-
otdes both geographically and geologically.
He emphasized the North American origin,
the early migration to Britain, the Silurian
spread to Gotland, and the final appearance
in the Devonian of Belgium.

Sieverts-Doreck (20) gave an excellent
summary of previously described specimens
and analysis of morphology, revising ordi-
nal, familial, and generic diagnoses, and
describing a new Devonian species in min-
ute detail. Unquestionably, her work is the
best founded, most penetrating, and concise
of all that have appeared.
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To date, many morphological features
which one would expect in these fossils have
not been substantiated. The peristome and
periproct are known only from poorly pre-
served, Inconclusive evidence. The hydro-
pore is not represented by any preserved
structures in the circumoral region, where
logically it would be expected. Nothing of
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the gonopore has been found, nor has any
suggestion of its nature been made. It
would be very helpful to know if the chan-
nel in the submarginal plates is roofed by
movable plates, as suggested by Ravymonp
(14), or bears brachioles, as suggested by
Sieverrs-Doreck (20),

MORPHOLOGY

GENERAL ORGANIZATION

The cyclocystoid bears at least superficial
resemblances to the edricasteroid. Both of
these echinoderms, now referred to the
Echinozoa, are disc-shaped and both acquire
rigidity from peripheral rather than central
elements.

The cyclocystoid theca was somewhat
like a thin, inflated drum. The submarginal
ring of stout plates formed relatively rigid
sides, the oral disc arched across one side
(Fig. 140) and the aboral disc extended
across the opposite side (Fig. 141) like a
drumhead. Although the two discs are col-
lapsed in the fossil state and lie in close
proximity, presumably space between them
accommodated soft organs of the living
animal. The oral disc appears to have had
greater flexibility or elasticity than the ab-
oral disc, at least in some species. Possibly,
it took on the shape of a blister, expanding
in response to internal pressure {Fig. 142).

The submarginal ring is made up of
numercus thick, complex plates, which have
surfaces exposed on both oral and aboral
sides of the theca (Fig. 140-142}. Aborally,
the submarginal plates appear as truncated
wedges; orally, in many species they have
distal beveled or concave surfaces that to-
gether constitute a circular channel. In the
channel, each plate bears one of three
facets, presumably for attachment of brach-
ioles. In forms having a well-developed
channel, the proximal part of the submar-
ginal plate is elevated, overhanging, and
flat-topped. Grooves lead from the facets
to ducts or pores penetrating the proximal
part of the plate, and these in turn connect
wih eénclosed passageways just under the
surface of the oral disc. These structures—
facets, grooves, ducts, and passageways—
are considered 10 be elements of the ambu-

lacral system. The passageways proximally
unite as they approach the center of the
oral disc, and are properly regarded as
ambulacral grooves,

Surrcunding the submarginal ring and
forming the border of the cyclocystoid is
the marginal ring, a band of small imbri-
cating platelets that were probably em-
bedded in flexible integument (Fig. 140,
141).

Orientation of the cyclocystoid is only
inferred. Most paleontclogists believe that
the oral disc, which contains the hidden
ambulacral grooves leading to the mouth,
was uppermost, and that the more rigid,
flat, aboral disc, which possesses no essen-
tial openings, was lowermost in the living
animal. Thus, brachicles (or whatever
aother kind of food-gathering structures were
present at the ends of the ambulacral con-
duits) were on the upper side. The cyclo-
cystoid probably remained attached to the
sea bottom in limpet fashion, creating suc-
tion under its aboral disc by muscular con-
traction of the marginal ring. Other aspects
of orientation and application of Carpenter
letters to the rays have been presented by
Moore & FerL (p. U119).

ORAL DISC

The oral disc has two significant char-
acteristics—it contains a complicated am-
bulacral system and it undoubtedly pos-
sessed great elasticity. This is an unusual
combination in pelmatozoans but not un-
expected in echinozoans. The edricasteroids,
in which some degree of flexibility is indi-
cated by the imbrication of interambulacral
plates in many species, seem also to have
had limited expansion of the flooring and
covering plates of the ambulacra.

On the oral surface, which is the one
commonly exposed in a well-preserved



U192

marginal ring
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submarginal ring

Fro. 140. Hypothetical reconstruction of oral side of Cyeloeystoides halli BiLLines, X 4.5 (Kesling, n).

specimen, the dominant feature of the dise
is a set of low ridges which bifurcate suc-
cessively from the center and radiate to
the surrounding submarginal ring. This
system of branching was well described by
Raymonp (14}, “Upon analysis, it is seen
that there are one or two ridges in front
of each of the submarginal plates, and that
cach two adjacent ridges quickly unite to
form a single ridge. T'wa of the ridges thus
formed unite a little nearer the centre and
are joined quite close to the centre by an-
other long ridge formed from four shorter
ones.” Steverts-Doreck (20) was particu-
larly concerned as to whether the branch-
ing was isoternous or heterotomous; un-

fortunately, so few specimens show the
complete pattern that the branching cannot
be determined for all species or its taxo-
nomic value tested,

Some details of the plates are not clear,
for they are thin and their edges are not
sharply delineated, as emphasized by Sie-
verts-Doreck (20). This condition of the
plates is much like that in Recent helo-
thurians, and supports the hypothesis that
the plates of the oral disc may have been
embedded within an integument. At any
rate, a sharp difference distinguishes plates
of the oral disc and those of the submar-
ginal ring. In his description of Cyelocys:-
oides halli, BiLLings (in SavrTer & BiLrines,
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Fic. 141. Hypothetical reconstruction of aboral side of Cydlocysteides halli Birings, X 4.5 (Kesling, n).

17) early established that “the integument
of the upper side, supposed to be the side
on which the marginal plates are excavated,
is connected to the inner edge of those plates
[submarginal ring] and does not extend
over them,” This relationship of oral disc
and submarginal ring has been confirmed
in other species, REeNELL (15) reported that
in C. lndstroemi “the inner margin of the
ossicles [submarginal platesj overlap slight-
ly the adjacent rays of the central disk.”
The number of ridges at the periphery of
the oral disc was at first thought to equal
the number of submarginal plates, With
respect te Cyclocystoides davisi, SaLTER (in
SaLTrk & BiLiines, 17) said, “This species
shows the complete surface, on which about

as many radiations mark the margin as
there are ossicles.” In C. decussatus, Bece
(2) stated, “The submarginal area is com-
posed of thirty-two plates or ossicles, corre-
sponding to an equal number of rays on the
central disc.” It seems plausible, however,
to assume that all species were constructed
similar to C. devonicus. In that species, as
described by Sieverts-Doreck (20} each
facet is aligned with a duct through the
proximal, elevared part of the submarginal
plate and each duct leads to an ambulacral
groove. Thus, the peripheral number of
ridges equals the number of facets, rather
than the number of submarginal plates.

As Sieverts-Doreck (20) has pointed
out, the plates composing the ridges are
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Fic. 142, Hypothetical cross section of Cyelocystoides halli BiLLings, X 4.5 (Kesling, n).

ambulacrol groove

submarginal ring

Fie. 143, Hypothetical reconstruction of Cyelocystoides halli BiiLines as viewed orally, 34.5; ambulacral
covering plates removed to show ambulacral grooves {(black) (Kesling, n),

uniserial and serve to cover the ambulacral
grooves or ducts. Thus, they are ambulacral
covering plates, fulflling the same pro-
tective function as the biserial covering
plates in cystoids. The outer surface of the
ambulacral covering plates may vary from

one species to another. Thoese in Cyclocyst-
oides devonicus were said by SIEVERTs-
Doreeck (20) to be somewhat papillate or
tuberculate.  Reontrn (15) stated that
“cach ray is divided medially by a faint
groove . . .” but added, “The rays seem to
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have been solid.” Bees (2) described C.
decussatus thus: “Each ray is probably div-
ided medially, for the greater part of its
length, by a thin narrow longitudinal
ridge.” From the sides of each ambulacral
covering plate, one or possibly more lateral
processes extend to meet similar processes
on plates of the adjacent ridge or row, at
least in €. decussatns, C. lindstroemi, and
C. devonicus. These processes taper dis-
tally, so that they resemble spines. Those
of most plates seem to be set directly oppo-
sitc, but some wvariations have been re-
ported. Together, the ridges and lateral
procsses give the outer surface of the oral
disc a reticulate appearance, the ridges being
radial and the processes being more or less
concentric (Fig. 140).

Little is known about the junctions of the
ambulacral plates in cach row. Foerste (6)
stated that in C. (llinoisensis MiLLER & Gus-
LEY, “the ventral or upper disk consists of
numerous scutellate plates imbricating to-
ward the centre of the disk.” No other au-
thor has suggested imbrication in these
plates, and one may question whether
FokrsTE's specimen was normally preserved.

Between distal parts of adjacent ridges
and extending proximally unul the ridges
join (F1g. 140} is a narrow band of small
plates, the interambulacrals. Although edges
of these plates, like those of the adjoining
ambulacral covering plates, are poorly de-
fined, it appears that these interambulacrals
are uniserial. They are set somewhat below
the general level of ambulacral plates and
their sutures may be hidden by spinose
processes of the latter.

Neither ambulacral covering plates nor
itervening interambulacrals have any pores
through them, insotar as known. They seem
to have provided a plated cover, ribbed like
an umbreila, over soft parts of the animal.

As Reonérr (15) and Sieverrs-Dorrcr
(20) have stressed, the oral disc is com-
posed of more than one layer of plates. To
cnclose the ambulacral grooves, troughlike
ambulacral flooring plates are attached un-
der the ambulacral covering plates (TFig.
143). In Cyclocystoides devonicus no divi-
sions of these flooring plates have been
discerned, perhaps because they were com-
posed of continuous, weakly calcified sec-
tions of the integument. In this species
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Sievirts-Doreck  (20) reported that the
flooring plates were supplied with lateral
processes like those of the overlying cover-
ing plates.

The actual number of ambulacra in the
circumoral region may not have been the
same in all cyclocystoids. In Cyelocystoides
dapisii, SALTER (in SALTER & BiLLings, 17)
said, “The center of the flat disk is occupied
by a star of about cight narrow rays.” In
C. decussarus, Broe (2) described the cen-
tral area as having “four rays in the form
of a St. Andrews’ Cross.” Ravmono (14)
stated that in C. huronensis BitLinegs “only
5 branches reach the centre.” Sieverts-
Dorrex (20) also discerned 5 ambulacra
in C. devonicus, originating at the center of
the oral disc.

The oral region is poorly known, pri-
marily because the plates there are small,
thin, and fragile. In my reconstruction (Fig.
140) T have supposed that tiny plates in
interambulacral positions covered the peri-
stome, more or less corresponding to those
of certain cystoids.

The cccentric space between two ambula-
cral ridges figured by Hare (8) and sup-
posed by him to be the mouth can scarcely
be interpreted thus, inasmuch as it is re-
moved from the place where the ambulacra
converge. Instead, as Baruer (1) suggested,
it is probably the periproct. No anal pyra-
mid has been discovered in cyclocystoids,
and the anus may have been surrounded by
tiny plates no larger or thicker than the
ambulacral covering plates and interambula-
crals.

ABORAL DISC

Underlying the body of the animal, on
the aboral or dorsal side of the theca, the
aboral disc is a circular layer of plates fill-
ing the space wtihin the submarginal ring
(Fig. 141). In Cyclocystoides lindstroem!,
Reowire (15) determined from cross sec-
tions that the aboral inner edge of each sub-
marginal plate extends as two lappets on
the oral side of the aboral disc, so that on
the aboral (or basal} surface of the theea,
the aboral disc overlaps the border of the
submarginal ring.

Most writers who have commented upon
the matter agree that the aboral disc had
greater strength and rigidity than the oral
disc. In some cyclocystoids, the plates of
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this disc are definitely thicker and have
better-defined edges than those of the oral
disc above.

The plates in the aboral disc are of two
kinds. Some cyclocystoids (e.g,, Cyclocyst-
oides wrighti Beea, C. halli BiLrines) have
plates in a mosaic; others (e.g., C. devonicus
SieverTs-Doreck) have them Imbricating
in a radial arrangement. As Smverrs
Doxreex (20) believed, mosaic plates prob-
ably made a stronger, less flexible layer than
did imbricating plates. In both kinds the
size of plates decreases away from the cen-
ter.

The imbricating plates are interpreted to
have an arrangement corresponding to the
branching of the ambulacra in the oral disc.
They seem to have been at least partly em-
bedded in integument, so that the structure
is somewhat indistinct. Nevertheless, Sie-
verTs-Doreck (20) discerned certain fea-
tures in C. devonicus; she reported that the
aboral disc is marked by strong radial
ridges, which in places are not in contact
but are separated by radial grooves. Around
a small central area that cannot be de-
ciphered, five plates appear in the shape of
a pentagon. One row of plates that could
be traced without interruption to the mar-
gin of the aboral disc contains 11 to 13
plates. She distinguished two kinds of
plates in the aboral disc; (1) these in ele-
vated rows, cach subquadrate or elongate
oval to rounded pentagonal or hexagonal
in outline, with nodose or tuberculate sur-
face, many of the corners depressed, numer-
aus plates broader distally than proximally,
lateral processes extending to processes of
adjacent plate rows like those of oral disc,
at many places the plates imbricating to-
ward the margin, and (2) elongate oval,
rather flat plates corresponding to the inter-
ambulacrals of the oral disc. A small struc-
ture near the center in an interambulacral
plate was questionably called a hydropore
by Sieverts-Doxeck, but this location would
indeed seern impossible for intake of water.

Some kind of central structure was pre-
viously Indicated by Ravymonp (14) who
said that in €. Aalli the center of the aboral
disc contained *a minute opening, sur-
rounded by an elevated ring of 5 plates, , . .”
He added, “The remainder of the disk is

covered by small plates which seem to be
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arranged in a somewhat radial fashion,
with larger plates towards the centre and
very small ones at the outer margin. Ad-
joining the sub-marginal ring, there seem
to be two very small plates in {ront of each
sub-marginal plate. These small plates do
not make a solid covering, but have large
pores betwcen them. Around the small
mound which resembles an anal pyramid,
there are five small, deep depressions, which
may indicate the main trunks of the sinuses
which extend beneath the integument.” Tt
15 possible, of course, that the minute cen-
tral opening and the pores near the sub-
marginal ring were features of preservation
in the specimen studied by Ravmono.

The aboral disc in an unnamed species
from Tennessee was described by Foerste
(6) in somewhat different terms, He stated,
“The dorsal [aboral] disk within the sub-
marginal circle consists of numerous erect
plates, like fence-palings in form, which
incline inward sufficiently to be said to
imbricate in that direction. The height of
these more central plates is such as to have
produced a strong support though stll per-
mitting a certain amount of flexibility.” It
would clarify several points of structure if
authors prepared high-quality photographs
or accurate drawings to show how plates fit
together.

The mosaic type of aboral plates is best
exemplified by Cyclocysioides wrighti, as
illustrated by Bece (3), in which rather
close-itting plates constitute a pavement.
Such an arrangement is indicated in the
reconstruction shown in Figure 141,

Tt might be well to point out that of ap-
preximately 21 valid scientific names for
cyclocystoids, enly six have been applied
to fossils for which both oral and aboral
sides are known. This helps to explain some
of the difhculties in attempting to compare
the opposite sides of the same specimen. No
evidence has been presented as to whether
the imbricating type of aboral plates dupli-
cate the exact pattern of ambulacra in the
oral disc or whether they follow a general
plan of branching from five central stems.

SUBMARGINAL RING

Because the submarginal ring of plates
is the best-preserved part of the cyclocysteid,
it has received exceptional attention in
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definition of species—undue attention in
my opinion. According to SieverT-Doreck’s
(20) summary, three species are each
known from one specimen showing only
the oral side of the submarginal ring, and
five species are each known from one speci-
men showing only the aboral side of the
submarginal ring.

Because plates of the submarginal ring
are exceptionally thick, they have been re-
ferred to as “ossicles” by several authors
{Table 1}). They extend from one side to
the other of the theca, being exposed on
both oral and aboral sides (Fig. 140-142},
Although not absolutely rigid, they were
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evidently attached firmly to ene another and
provided the frame for maintaining the
shape of the theca.

The shape of each submarginal plate 1n
radial cross section is not the same in all
species. ForrsTe (5) attached considerable
importance to this feature in erecting Nar-
rawayells and Savagella. According to his
classification, Cyclocystordes s.s. (exempli-
fied by C. anteceptus Havrr, C. halli BrLr-
ines, G, bellulus MuLer & Dver, and oth-
ers) has submarginal plates with the proxi-
tal half strongly elevated above the distal
half, Narrawayella {exemplified by €. cin-
cinnatiensis MILLER & Famer, C. nitidus

TasLe 1. Morphological Terms Used by Various Authors for Cyclocystoidea.

Sub-
i Oral Aboral marginal | Marginal Facets Channel | Ambulacral
| Disc Disc Ring Ring Grooves
|
. |
SALTER & Integument “Underside Marginal Marginal ““Circular Tubuvlar “Small pores
BrLLinves, of the {ac least the | nssicles plaung, pit with a channel peEnetraling
1858 upper side flacter and plated tubercle through
less orna- integument in it marginal
mented side)’™ nlates,"”
connecting
channe
BaTHER, Ventral Daorsal Ring of Border of with the
1990 metnbrane membrane stout smaller interior
vssicles plates
RAYMOND, Upper Lower Submarginal {*'Narrow Spoen-shaped Cirenlar “Sinuses
1913 side side ring hand . . . of |depressions canal which extend
imbricating i eneath
plates . . . ! integument;
“shagreen’ “probably
horder” peres
through
plates™
FOeRSTE, Ventral Dorsal Submarginal | Marginal “Oval Outer,
1624 disc; upper disc, lower ring zone of depressions lower
disc disc very small cccupied hy part of
plates; corresponding plates
marginal Gva
plates elevations”
Bren, Central Upper Submarginal | Marginal Spoon-shaped Canal "“Ducts beneath
1934 disc: lower plate arca, ring zone; depressions ; the surface of
plate of ossicles Hsinuous the disc"
threads or
passibly . . .
imbricating
plates”’
REGNELL, Central Lower Submarginal | Marginal Mamillary Canal "Thicts penetrate
1945 disc plate arca; 26ne elevations the vauits
submarginal radially to open
assicles en the—]ikewise
excavaled—inner
side of the
ossicles’
SIEVERTS- Ventral- Darsal- Submarginal | Randsaum Warzenférmige | Platform; Ambulakral-
Doreck, Scheibe Scheibe Ring Hiicker *Ring- System;
1931 Kanal or ““Strzhlen”
Hahlung
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Faper, and C. mundulus MLer & Dyer)
lacks depressions in the distal halves of the
plates, Savagella (with type-species C. orna-
fus Savage) shows subtriangular cross sec-
tions with a steep inner face on the sub-
marginal ring, and an unnamed genus
represenied by C. illinoisensis has submar-
ginal plates with a “flattened elliptical
form” in cross section. SieverTs-Dormck
(20) described C. devonicus as lacking deep
depressions in the distal parts of the plates,

The oral side of the submarginal plates
is more complex than the aboral side. The
sides of each plate converge slightly toward
the center of the oral disc, so that adjacent
plates have nearly parallel sides, On ex-
ternal molds, the spaces between plates arc
filled with matrix, which takes the form of
radial partitions; this is the preservation in
many specimens, the whole of the plates
having been dissolved away. The oral part
of the submarginal plates is divided into
two parts: {1} proximal elevated part, form-
ing a prominent ring, and (2} distal part
bearing facets (Fig. 140). The division he-
tween the two parts is sharp, tending to be
emphasized by the overhanging edge of the
proximal part, so that Harr (8) concluded
that two circles of plates were present, How-
ever, as convincingly shown by REeenfLL
(15) in cross sections, only one circle or
ring of plates exists.

In many species, the proximal part of
cach submarginal plate is elevated as a sub-
quadrate block. The oral surface is various-
ly ornamented. Most species bear numerous
low tubercles or papillae (c.g., Cyelocyst-
oides salterr Harr, C. halli Biivas, C.
magnus Muiver & Dver, C. decussatus
Brce, C. Lindstroem: Rioniry, and C. dev-
onicus StevERTs-Ioreck); one has radial
grooves dividing the surface into four or
five low ribs (C. ornatus Savace); another
was described by Bece (3) as having litde
round punctae (C. wrighti); and stll an-
other was said by Foexrste (5) to be “coarse-
ly pitted” (C. ermeinnatiensis MiLr &
Faprr). The ornamented part overhangs
both the outer plates of the oral disc on the
proximal side and the edge of the rest of
the submarginal plates on the distal side in
C. lindstroemi and probably in some other
species, but not in C. devonicus and some
of the species referred 1o by Fozrste (5).

The distal part of the oral side of sub-
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marginal plates bear facets, small circular
to elliptical elevations (Fig. 140). No plate
is known which lacks a facet, some plates
having only one facet, and some as many
as four., In some specimens, each of the
plates has two facets. Whether this con-
stancy of facet-to-plate relationship is a
character of species or of maturity has not
been proved. In C. halli and C. lindstroem:,
facets lie in a circular trough called the
channel. In C. devonicus, however, they are
on the shallowly excavated, beveled edge
of the plate, called by Sieverts-DorEck (20)
the platform. Those facets within a chan-
nel are surrounded by some kind of de-
pression. C. halli was described by BriLines
(in SaLrer & Brivineas, 17) as having the
outer half of each submarginal plate “deep-
ly excavate, smooth, divided by a radiating
ridge into two shovel-shaped portions,
which at their inner base are each deepened
into a circular pit, with a tbercle in it.”
Other authors (Table 1) have referred to
similar areas surrounding facets as “spoon-
shaped depressions.” Even in C. devonicus
(see Fig. 147,1-2), external molds show that
the facets are in shallow excavations,

Lack of a well-incised channel in Cyclo-
cystoides devonicus led Sieverts-Doreck
(20) to postulate that parts of submarginal
plates under the facets werc hollow and
that a channel was a secondary fcature
caused by collapse of the facet-bearing sec-
tion. She concluded that the channel was
not connected with the ambulacral system.
The regularity of the channel in specimens
of C. halli illustrated by SALTER & Briines
(17 and by Ravmonp (14), and the lack of
any cavities shown in the cross section of C.
lindstroemi illustrated by RpavirL (15)
raises considerable doubt about her inter-
pretation. SieverTs-Doreck  stated, how-
ever (my translation), “Should my inter-
pretation not prove correct, then there exists
a conspicuous contrast between those species
of Cyclocystoides which possess a peripheral
ring-canal and those which lack it.”

Tnsofar as known, facets are invariably
aligned with radial ducts or holes through
the proximal part of the submarginal plate.
These ducts appear to connect with the
ambulacral grooves. Authors agree that foed
entered the ambulacral system through the
channel or platform of the submarginal
plates. The presence of “small pores” lead-



Cyclocystords—Morphology

ing from the channel to the interior of the
theca and perforating the submarginal
plates was made part of the definition of
Cyclocystoides by SaLter & Biirives (17).
Reontrr (15) found a groove in C. lind-
stroemi leading from the facet to the duet,
but in C. insularis he failed 10 find such a
groove,

One of the unsolved problems of cyclo-
cystoids concerns the function of covering
plates aver the channel, if indeed they exist.
Supposition that the channel was covered
by movable plates originated with Savter
& Biirivgs (17), who based their interpre-
tation on small isolated plates in the chan-
nel of one or two submarginal plates. From
his study of the same specimen, Ravaronn
{14) also concluded that the channel was
rocfed over by small plates. Fozrste (6)
described some curious structures just out-
side the submarginal ring as “spoutlike ap-
pendages,” and proposed that these could
be moved at will to enclose or expose the
depressions containing the facets. The illus-
trations of these structures are not suffi-
ciently distinct to show the details of their
configuration; possibly, they could be frac-
tured outer edges of spoon-shaped depres-
sions, which in C. lindsgroemi form an ele-
vated rim.

The general resemblance of the ambula-
eral system in cyclocystoids to that in cyst-
oids supports their assignment to the Crino-
zoa, rather than Fchinozoa. In cystoids
and blastoids, food was gathered by brach-
ioles; in crinoids, the ambulacral system was
further branched outside the calyx and food
was gathered by pinnules on the arms. Only
in edrioasteroids was food gathered directly
into the ambulacral grooves. Enclosure of
ambulacral grooves in cyclocystoids scems
irrefutable evidence that food entered from
the channel, specifically at the facets. The
form of the facets is strikingly like that in
cystoids. It is difficult t conceive of brach-
ioles sufficiently developed to gather ade-
quate food and still so small as to be re-
tractable beneath covering plates of the
channel.

Perhaps an alternative interpretation will
explain both the small plates and the facets.
In some species the facets are not in con-
tact with the ducts, but ser a short distance
away from the openings. Possibly, small
plates served as ambulacral covering plates
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over this part of the ambulacral system.
There is no reason to deny that small plates
may have also covered parts of the channel
between facets. As pointed cut later, the
complexity of the submarginal plates may
be regarded as evidence of their having
evolved by fusion of several plates.

On the sides of the submarginal plates—
the surfaces facing the adjacent plates—the
oral margin is marked by striae normal to
the edge. These have heen interpreted as
scars of ligaments which bound the plates
of the submarginal ring together and yet
allowed appreciable fexibility. These mark-
ings are promincnt on some cyclocystoids,
but have not been found in others.

On the aboral side of the theca, the ex-
posed part of the submarginal ring has less
radial extent than that on the oral side.
Each submarginal plate is slightly convex
and trapezoidal in outline. The plates are
in contact or nearly in contact only at their
distal corners; sides of adjacent plates di-
verge toward the center of the theca (Fig.
141). As illustrated by Reanérs (15}, each
submarginal plate in €. lindszroemi has two
lappets concealed by the aboral disc along
its proximal edge; probably, some such ar-
rangement was present in other species.

MARGINAL RING

Around the periphery of the theca, the
cyclocystoid has a ring of imbricating plates
remarkably similar to that present in scv-
eral edrioasteroids. On both oral and aboral
sides, plates decrease in size toward the
outside edge. Apparently, they were em-
bedded in a thick integument which formed
a seal against the bottom and enabled the
cyclocystoid to hold fast by suction. No evi-
dence has been presented to indicate wheth-
er the marginal ring was composed of two
layers or one. For it to have functioned in
attachment, much of it must have con-
sisted of muscles.

AMBULACRA

The ambulacral system began, I believe,
with brachioles set in a circle in the distal
part of the submarginal ring. Fossils show
only the facets (Fig. 143), on which I pre-
sume brachioles articulated. From the facets
in some species, a groove leads to the duct
perforating the proximal part of the sub-
marginal plate. Undoubtedly, this groove
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was provided with some kind of covering
plates. In species which show no such
groove, some sort of enclosed passageway
probably led from the facet to the duct.
Ducts are said to have a funnelike adit
from the channel. Sreverts-Doreck (20)
found that in submarginal plates having
three ducts, the central one is truly radial
and the lateral ducts converge somewhat
proximally. Each duct connects with one
of the ambulacral grooves under the surface
of the oral disc. By successive convergences,
the number of ambulacral grooves is re-
duced to only four or five at the mouth.

UNSUBSTANTIATED AND
UNKNOWN STRUCTURES

In this category must be listed the hydro-
pore, gonopore, periproet, and brachiotes,
structures which might be expected in a
pelmatozoan, but net brachicles in an
echinozoan. The space between ambulacra
noted by Hart (8) and interpreted by
Batuer (1} as the anus, very likely was
occupied by small, rather undifferentiated
plates of the periproct. In comparison with
pelmatozoans, one would expect the hydro-
pore and gonopore to be present on the oral
side of the theca, probably in the circumoral
regl()n.

GLOSSARY OF MORPHOLOGICAL
TERMS APPLIED TO
CYCLOCYSTOIDEA

Relative importance of terms is indicated
by the type in which they appear: first rank
by boldface capital letters, second rank by
boldface small letters, and third rank (in-
cluding obsolete terms, terms having cross
references, and synonyms) by italic small
letters.
aboral. Located away fram mouth; used to refer

to flat side presumed to have been base of animal;

from inferred position of mouth in center of one
side, aboral is same as dorsal on cyclucystoids.

ABORAL DISC, Subcircular scction of integument
and associated plates stretched across dorsal side
of submarginal ring, more or less like a drum-
head, also known as dorsal disc. Plates within
aboral disc may be rather Armly set as a mosaic
or flexibly arranged in imbrication, in latter ar-
rangement showing radial symmetry similar to
that in oral disc.

ambulacral covering plates. Small plates, probably
uniserial, roofing over ambulacral grooves and
embedded in iategument of oral disc; in at least
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some species, each plate had lateral processes ex-
tending to similar processes on the adjacent
ambulacral branch, forming a reticulation to
strengthen the disc.

ambulacral fiooring plates. Small plates or fused
plates serving as internal walls of enclosed am-
bulacral grooves, trongh-shaped and joined by
their edges to ambulacral covering plates.

ambulacral groove. Any of branched passageways
through which food was conveyed from channe!
to mouth, aborally bounded by ambulacral floor-
ing plates and orally bounded by ambulacral
covering plates; presumably, ambulacral grooves
led adorally from brachioles; technically, ducts
or perforations through submarginal plates are
parts of ambulacral groaves.

AMBULACRUM. Structure in which food was con-
veyed to mouth, normally applicd to one of
major structures and afl its branches, so that
most cyclocystoids may be said to have five
ambulacra.

border. See marginal ring,

brachiole. Inferred crect structure by which food
was gathered and transmitted to ambulacrum,
although none have been found, presence of
brachiales is strongly indicated by form of facets
in channel of submarginal ring; presumably,
these structures were very similar to those in
cystoids.

canal. See channel.

central disc. See oral disc.

CHANNEL. Distal part of submarginal ring, bear-
ing facets, in most cyclocystoids troughlike. Vary-
ing degrees of indentation exist; if the facet-
bearing surface is very shallow, or if it is more
or less expressed as a beveled border of the sub-
marginal ring, it is calied a platform.

channel covering plate. One of supposed series of
plates roofing cver channel in some species; ex-
istence of covering plates suggested by dis-
arranged small plates in channel of ane of type
specimens of Cyclocysioides halli described by
SALTER & Birnincs (17}, who salid in their
definition of the genus, “Those [oval excava-
tions], in perfect specimens, are covered over by
minute polygonal plates, thus forming a tbular
channel around the whole animal.” From restudy
of this specimen, Ravmonp (14) also thought the
channel was covered by small plates. Evidence
far a continuous roof, which would enclose the
facets and make brachioles ineffective, 15 far from
convincing.

covering plate. See ambulacral covering plate,
channel covering plate.

dorsal. Located away from mouth; in cyclocystoids
synonymous with aboral.

dorsal dise. See aboral disc.

dorsal memébrane. See aboral disc.

duct. Perforation through proximal part of sub-
marginal plate, radially aligned with facer and
forming part of ambulacral groove.
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FACET. Small protuberance, circular or oval, set
within channel and connected with ambulacral
system, Probabiy, facets served for attachment of
brachioles, like those in cystoids; each facet sur-
rounded by moatlike groove in some species,
whole lying within spoon-shaped depression in
channel.

hydropore. Small opening very near center of oral
disc whereby water was admitted to water-
vascular system. Preservation very poor, but
hydropore strongly suggested in specimen  de-
scribed and figured by Steverts-Doreck (20),
in which it is in interambulacral position.

imbricating. Qverlapping, like shingles; applicable
to plates in marginal ring and, in somc species,
to plates in abaral disc.

integument. Supposed exterior Jayer of tissue in
cyclacystoids which secrcted plates and probably
formed leathery “skin" encasing plates of certain
parts; poorly-preserved edges of ambulacral cover-
ing plates suggest that much of thickness of oral
disc was made up of integument,

interambulacral. One of small plates between am-
bulacral covering plates, uniserial insofar as
known.

lower plate. Used by Bree (2) for oral disc.

mammillary elevation. See facet.

MARGINAL RING., Distal part of cyclocystoid, bor-
dering submarginal ring, composed of small im-
bricating plates that distally decrease in size.
Marginal ring forming part of oral and aboral
surfaces; whether made of one or two layers is
not clear.

marginagl zone. See marginal ring.

mosaic. Arrangement of plates more or less in
plane, not imbricating and presumably rather
rigid; plates of aboral disc in some species dis-
posed as mosaic, in other species imbricating.

mouth. Presumed aperture through which food en-
tered body from ambulacra, situated at center of
oral disc, probably covered by small peristomial
platcs as in cystoids.
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ORAL DISC. Subcircular section of integument and
associated plates cxtending across center of oral
side and attached to inner surface of submarginal
ring, also known as ventral disc; in ambulacral
positions, oral disc consists of two lavers: ambula-
cral covering plates and ambulacral flooring
plates; in interambulacral positions, disc consists
only of interambulacrals. Presumably, mouth was
in center of oral disc and anus was offset w one
side. In known species, ambulacral covering
plates give disc a reticulate appearance, with
radial elements made of muliiple branching of
ridgelike ambulacra and concentric ¢Jements made
of lateral spinose processes.

ossicle. See submarginal plate.

periproct. Presumed circumanal area in oral disc.

plate. Any calcareous secrction, normally flat, in
cvclocystoids,

platjorm. See channel.

SUBMARGINAL PLATE. Onec of thick plates in
submarginal ring, exposed on both oral and ab-
oral sides of theca, in many specimens, only
submarginal plates preserved; on oral side, distal
part of plate bears facets and proximal part is
elevated as part of thick rim around oral disc,
each submarginal plate perforated by radial ducts
leading from facets to ambulacral grooves in
oral dis¢; on aboral side, each plate cxpressed as
truncated wedge diverging proximally from ad-
jacent plate. Because of thick form, submarginal
plates called ossicles by many workers.

SUBMARGINAL RING. Prominent ring of sub-
marginal plates, most conspicuous and best-pre-
scrved feature of cyclocystoids.

THECA. Enclosure of plates and integument in
which body of cyclecystoid was housed; gencrally
applied to all fossilized parts.

upper plare. Used by Becs (2) for aboral disc.

ventral. Located toward mouth, in cyclocystoids
syncnymous with oral.

ventral disk. See oral disc.

ventral membrane, See oral disc,

ONTOGENY

Practically nothing is known about onto-
geny of cyclocystoids, but Reewfir (15)
and Sieverrs-Dorrek (20) have suspected
that the number of submarginal plates in-
creases with size and age in each species,
and that several of the “species” based sole-
ly on number of submarginal plates may
represent growth stages of a single species.
The latter authar also directed attention to

a specimen with one submarginal plate hav-
ing the shape of a thin wedge, as though it
were being intercalated into the ring. If
plates were added during ontogeny, the
process was intimately correlated with
branching of the ambulacra, so that the
ambulacral grooves joined to the ducts
through the submarginal plates.

COMPARISON WITH PELMATOZOANS

Several students of cyclocystoids have
been puzzled by the circular, rather than
radial, terminus of the ambulacral system
and by the great thickness of the submar-

ginal plates, extending from oral to aboral
sides of the theca. These have been re-
garded as anomalous characters in a pelma-

tozoan.
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Cyclocystoides

Fic. 144. Hypothetical vertical cross sections of halves of thecae, showing inferred derivation of Cyelocyst-
aides and Tholocystis from a diplopore-bearing cystoid ancestor. Plates shown in solid black, integument
stippled.

Although certain diplopore-bearing cyst-
oids do not duplicate those unusual fea-
tures they show exceptional similarities. The
genus most closely reflecting cyclocystoid
organization is Tholocystis, of the order
Diploporita, superfamily  Sphaeronitida,
and family Sphaeronitidae (Fig. 144). This
cystoid was described by Crauver {4) as
shaped like a kettle, with large, orderly dis-
posed radials, orals, and peristomial cover-
ing plates corresponding to the lid of the
kettle. The broad base of Tholocystis,
known only from its impression, was prob-
ably composed mostly of integument and
was called by Cxauver the “sole.”” It is of
special interest that Thelocystis has (1)
branched ambulacra leading to brachioles
arranged in a broad-angled pentagram,
more or less a circle except for the re-
entrants necessary for the radials, (2) brach-
iole facets borne on quadrangular plates, or

“adambulacrals,” which are thicker than
other plates, and (3) a large circular base
that was flexible. Presumably, the ambula-
cral grooves across the oral region were
covered by sutures between adjacent oral
plates or by small covering plates which
left no record.

Cyclocystoides may have descended from
a pelmatozoan not very different from
Tholocyseis. The aboral disc and marginal
ring of cyclocystoids seem analogous with
the base or “sole” of Tholocystis and the
facet-bearing part of the submarginal ring
with the thick quadrangular plates. The
ducts through the submarginal plates are
novel features for pelmatozoans, but they
may have originated by fusion of other
plates; their function, protection and en-
closure of the ambulacral groove, suggests
that the part of the submarginal plate oral
to the ducts may have been derived from
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ambulacral covering plates and that the part
aboral to the ducts may have been modi-
fied from ambulacral flooring plates. Ob-
viously, Cyeclocystoides did not attain the
exceptional symmetry of Tholocysts, and
the outer part of its base became more dif-
ferentiated.

Both Tholocysus and Cyclocystoides ap-
peared in Middle Ordovician time. The
oldest known relative of Tholocystis is
Sphaeronites, from Lower Ordovician strata.
Even this genus, however, shows specializa-
tion of structures in the circumoral region;
the theca is more or less round and attached
by the basal surface, which in many speci-
mens retzins the imprint of objects to which
it was fastened. The Cambrian ancestor of
both Sphaeronites and Tholocystis probably
had a theca composed of numerous plates,
none of which was highly specialized; such
a primitive diploporitan cystoid is conjec-
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tured as the possible ancestor of both Tholo-
cystts  and  Cyclocystoides  (Fig.  144).
Whereas no diplopores have been observed
in plates of Cyclocystordes, integument in
which plates of the oral disc are embedded
may have {ulfilled the same functon as
diplopores. At any rate, strongest similari-
ties to cyclocystoids occur in this group of
sphacronitid cystoids.

According to this hypothesis, the cyclo-
cystoid is a derivative of the Diploporita in
which the theca has undergone extreme
oral-aboral compression, the oral region has
greatly expanded without plate specializa-
tion, submarginal plates have resulted from
fusion of “‘adambulacrals” with proximally
adjacent ambulacral flooring and covering
plates, the aboral side of the theca has been
greatly extended, diplopores have degener-
ated, and brachioles have migrated outward,
assuming’ circular distribution.

PALEOECOLOGY

Very little can be deduced from occur-
rences of cyclocystoids. None have been
found attached to other organisms. Many
have been reported in association with other
marine animals, such as corals, brachiopods,
and trilobites. No reason exists to suspect

that cyclocystoids were not {ree-living, nor-
mal marine creatures.

Because cyclocystoids have been discov-
ered in several kinds of sedimentary strata,
it seems likely that they inhabited a variety
of depths and thrived under a range of cur-
rent conditions.
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devonicys SIEVERTS - DORE CK
Ludlovien
Wenlocks insularss REGRELL
enfockran Angstroemi ReGNELL N
OINAIYS SAVAGE
Liandoverian hurgnensis BILUINGS | dtvisii SaLTer (MS)
Winoisensis M.BG.
corcinationsis MBE decussatus Bese
\minor MiLLER B Dver] wrightt Beso
. munginus M.BD.
Ashgitlian nitighis FaBER
parves MBO,
bellutys MBD
magnus M0
Caradocian solteri HaLL caraclacs SALTER
marstord SaTer (MS)
roymondi FOERSTE
anfecepius Haw
Trenton saiten Ha
halti BiLLINGS
Lillingss WILSON

Fic. 1453, Stratigraphic and geographic distribution of Cyclocystoides (modified from Regnéll, 1948).
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Fic. 146. Cyclocystoididae (p. U206-U209).

STRATIGRAPHIC AND GEOGRAPHIC DISTRIBUTION

The paleontological record of cyclocyst-
oids is [ragmentary and interrupted. Never-
theless, the distribution compiled by Rec-
nNELL (1948) is essentially unaltered today,
and probably is nearly correct.

As shown here (Fig. 145), Cyclocystoidea
seem to have originated in North America.
The oldest known species is Cyclocystoides
billingsi WiLson (1946), from late Black-
riveran or early Trentonian deposits in the
St. Lawrence Lowland of Canada. The
genus persisted in eastern North America
until Early Silurian time; the last survivor
on this continent seems to have been C. illi-

noisensis MiLLER & GurLey (1895), in the
Girardeau Limestone of Illinois.

The first migration of Cyclocystoides oc-
curred in the Caradocian, when it reached
England. There it persisted into the Llan-
doverian. The genus continued to move
northward and eastward, reaching Scot-
land in Ashgillian time, Gotland in Wen-
lockian time, and Belgium in the Early
Devonian. The final stand of Cyclocyst-
oides was in Belgium and the Rhineland,
where it is present in Lower and Middle
Devonian strata.
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Fic. 147, Cyclocystoididae (p. U206-U209).

CLASSIFICATION

Admittedly, classification of cyclocystoids
is unsatisfactory. Fragmentary nature of
most fossils rules out an assessment of char-
acteristics. Whereas workers are aware of
variations in plate arrangement in the ab-
oral disc, number and shape of plates in
the submarginal ring, depth and form of
the channel, number and shape of facets,
and ornamentation of submarginal plates, it
has been impossible to establish the asso-
ciation of these variations. Many species are
known only from one side.

Genera were set up by Foerste (5) pri-
marily on shape of submarginal plates in
cross section. He distinguished Narraway-
ella, which lacks depressions in the distal
halves of the plates, and Savagella, which is

subtriangular in section, from Cyclocyst-
oides s.s., which has the proximal part
strongly elevated and block-shaped. Rzc-
~ELL (15) thought that Narrawayella might
prove to be a valid genus, but expressed
doubt about Savagella. Sieverts-Doreck
(20) placed both of FoErste’s genera in
synonymy with Cyclocystoides.

Probably, the cyclocystoids with mosaic
plates in the aboral disc are generically dif-
ferent from those with imbricating plates.
And forms with deeply excavated channels
may prove distinct from those with shallow
“platforms.” Until the association of char-
acteristics in each species is discovered, it
seems best to put all forms into one genus.

SYSTEMATIC DESCRIPTIONS

Class CYCLOCYSTOIDEA
Miller & Gurley, 1895

[#nom, transl. KesLing, herein (ex order Cyclocystoidea
MiLLer & GurLEY, 1895, p. 61)]

Small, disc-shaped echinoderms, lacking
columns of any kind, probably attached by
suction on nearly flat aboral side. Theca

composed of numerous calcareous plates,
distinctly separated into central oral and
aboral discs, submarginal ring, and mar-
ginal ring, Submarginal ring of thick plates,
exposed on both oral and aboral surfaces of
theca, forming stout frame for attachment
of thin oral and aboral discs. Oral disc cir-
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cular, flexible, containing very numerous
small plates, weakly calcified, serving to
cover soft parts of animal and incorporating
radiating, multiply branched, enclosed am-
bulacra. Aboral disc less flexible than oral
disc, serving as floor under body. Submar-
ginal plates complex; proximal part of each
plate radially perforated; distal part bearing
facets on oral surface. Perforation connected
with ambulacral passageways and aligned

with facets. Marginal ring very flexible,
covered with tiny imbricating plates. M.

Ord.-M.Dev.

Family CYCLOCYSTOIDIDAE
S. A. Miller, 1882
[Cyclocystoididae S. A. MiLLer, 1882, p. 223]
Characters of class. M.Ord.-M .Dew.
Cyclocystoides SaLTER & Biriings, 1858, p. 86 [*C.
halli Bririncs, 1858; OD] [=Narrawayella
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Fic. 149. Cyclocystoididae (p. U206-U209).

Foerste, 1920, p. 59 (type, Cyclocystoides cin-
cinnatiensis MILLER & FaBER, 1892, p. 84; OD);
Savagella Foerste, 1920, p. 61 (type, Cyclocysi-
oides ornatus Savacg, 1917, p, 265; OD)]. Oral
disc with 4 or 5 ambulacra, each branched several
times from circumoral region to periphery, cover-
ing most of disc except small area presumed to
be periproct. Ambulacra enclosed between floor-
ing plates and covering plates, those of adjacent
branches separated by small interambulacral plates.
Aboral disc containing plates disposed in either

mosaic or imbricating radial pattern. Submarginal
plates with shape of truncated wedges, joined to-
gether by ligaments, in cross section subtriangular,
elliptical, or subquadrate; distal part of oral
surface deeply excavate to form circular troughlike
channel or shallowly depressed to form platform,
each plate bearing 1 to 4 facets, which are radially
aligned with perforations through proximal parts
of submarginal plates, leading to ambulacral pas-
sageways in oral disc. Hydropore, gonopore, and
brachioles not known. M.Ord.-M.Dev., N.Am.(Ill.-
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Fic. 150, Cyclocystoididae (p. U206-U209).

Mich.-Ohio-N, Y.-Ont.-Que.)-Eu.(Eng.-Scot.-Gotl.-
Belg.-Ger.). Fic. 146,1-5; 147,6. *C. halli, M.
Ord.(Trenton.), Can.(Ottawa); 146,I, oral side
of ring of submarginal plates, 2 spoon-shaped de-
pressions on each plate, vertical marginal plates,
X3 (14); 146,2-4, oral side of marginal plates,
enlarged (17); 146, 5, oral view, X02 (14);
147,6, oblique view of half of theca (reconstr.),
“drawing copied from Salter & Billings, 1858. Here
the authors err in showing, by dotted line, the
upper plate passing under the lower plate” (Begg
has made his correction in this drawing), mag.
unknown (2). Fic. 1466. C. raymondi
FoersTE, M.Ord.(Trenton.), Can.; aboral side,

% 3.5 (14, wherein this fig. called C. halli).
Fic. 146,10-11. C. bellulus MiLLEr & DyEer, U.
Ord., Ohio; 10, oral side of submarginal plates,
enlarged; 11, oral side, submarginal plates, X1
(12). Fic. 146,7-9. C. davisti SavLTer, L.Sil.
(Llandover.), S.Wales; 7, mold of specimen with
perfect margin, X 1; &, ideal section of Cyclocyst-
oides, mag. unknown; 9, mold of part of margin,
enlarged (17). Fic. 146,12. C. salteri Havry,
M.Ord.(Trenton.), USA(N.Y.): oral side, X2
(21). Fie. 147,1-5. C. decussatus Bece, U.
Ord.(Ashgill.), Scot.; I, aboral side, X2; 2, draw-
ing of mold of part of marginal and submarginal
rings with spoon-shaped depressions, casts of pores,
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Fic, 151. Cyclocystoididae (p. U206-U209).

and flling of spaces between submarginal plates,
enlarged; 3, oral side, X2: 4,5, molds of oral
sides, marginal rings not preserved X2 (2).
Fic. 148,1-5; 149, I-5. C. devonicus SIEVERTS-
Doreck; 148,1-4, M.Dev., Ger.(Westphalia); 148,
1, aboral side, marginal ring, X6; 148,2, mold
seen aborally, X6; 148,3, cast of aboral side, 32;
148,4, mold of aboral side, X2; 148,5, upper L.
Dev., Ger.(Rhine Prov.); mold of oral side, X2;

149,1-3, M.Dev.(Westphalia); molds of oral
sides, X6, X5, X2; 1494, LDev., Belg.
(Ardennes); mold of oral side, x2.5; 149,5,

L.Dev., Ger.(Rhine Prov.); cast of aboral side,
X2 (20). Fic. 149,8. C. billingsi WiLson, M.
Ord. (Blackriv.-Trenton.), Can.(Ottawa); oral side,
x1 (22). Fic. 149,6-7. C. magnus MILLER &

Dyer, U.Ord., Ohio; 6, oral side, submarginal
plates, enlarged; 7, oral side, submarginal ring,
X1 (12). Fic, 150,3. C. wrighti Becs, U.Ord.
Ashgill.), Girvan, Scot.; aboral side, magn. un-
known (20). Fra. 150,1-2. C. huronensis
Biirings, U.Ord.(Richmond.), Rabbit Is, Lake
Huron; oral sides, X2.5 (6), X1 (20). Fic.
151,1-2. C. insularis REonfrr, USil, Gotl; I,
oral side, X1; 2, drawing of oral side of marginal
and submarginal plates, X8 (13). Fie. 150,
4-6; 151,3-4. C. lindstroemi Reconfrr, U.Sil.,
Gotl.; 150,4, cross section, X1; 150,5, lat., iso-
lated submarginal plate and part of aboral disc,
X 8: 150,6, oral side of 2 submarginal plates,
X 8; 151,3-4, oral sides, X1 (15).
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INTRODUCTION
By R. V. MeLviLie and J. W. DurnaM

[British Embassy, Paris; University of California (Berkeley)]

Echinoids are freeliving echinoderms
with a test which is subspherical or modi-
fied subspherical in shape, built of inter-
locking calcarecus plates. The test bears
movable appendages {spines, pedicellariae,
spheridia) externally and commonly a mas-
ticatory apparatus internally, The mouth is
directed toward the substrate. The two
principal groups of plates composing the
test are known as the apical system and the

coronal system, the former invariably in-
cluding five radially situated ocular plates
and five or fewer interradially siruated geni-
tal plates, and the latter composed of five
radial ambulacral and five interradial inter-
ambulacral areas built of contiguous meri-
dional columns of plates. In addition, two
less conspicuous plate systems, termed peri-
stomial and periproctal, are present. The
plates of the ambulacral areas are perforated
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for the passage of tube feet. The ambulacral
plates bordering the peristome are arranged
i constant manner according to a plan
which has come to be known as Lovixn's
law. An anus is situated either within the
apical system or in the posterior interambu-
lacrum. The mouth is nearly always on the
lower surface, but, rarely, it is anterior. The
mouth and anus are each surrounded by a
membrane which usually bears imbricating
or dissociated plates of the peristomial and
periproctal systems. The gonads are five or
tewer and are interradial in position. Radial
canals of the water-vascular system are in-
ternal to the test in all except a few early
genera. All known types are exclusively
marine. The geological range of echinoids
is Ordovician to Recent.

The basic features of echinoids are so
universal and distinctive that the affinity
between the most varied types (Eehinus and
Spatangus) was recognized by ARISTOTLE,
but modifications of these features are very
profound. In general, the Echinoidea fall
readily into two main morphological groups
which formerly were assigned subclass rank
(Regularia and Irregularia), each char-
acterized by position of the anus with re-
spect to the apical system. In recent years
the so-called [rregularia have been shown
to be palyphyletic and the two subclasses
have been abandoned. Nevertheless, these
familiar terms serve a useful descriptive
purpose and are retained here as informal
divisions. The term regular {or endocyclic)
is applied to echinoids in which the anus
is enclosed in the apical system. In this
group the jaw system (Aristotle’s lantern})
is well developed, pentamerous radial sym-
metry predominates, and the equatorial
(ambital) outline is more or less circular,
slightly elliptical, or regularly pentagonal.
Irregular (or exocyclic) echinoids are forms
having the anus outside of the apical sys-
tem. In this group bilateral symmetry pre-
dominates, the ambital outline s usvally far
from circular, and the Aristotle’s lantern
is absent in many.

The skeleton is compased of thousands
of separate skeletal elements, more than
3,000 in Goniocidaris, of many different sizes
and shapes. Each piece is crystallographical-
ly a single crystal. Some have claborate
microscopic detail. The plates of the test,
elements of the lantern, and the external ap-
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pendages account for most of the skeletal
parts, but some cccur in internal organs as
spicules and other isolated elements. All
skelctal elements except teeth and spicules
have the typical echinodermal meshwork, er
stercom, through which the living tissue or
stroma ramifies. The principal structure
(test) in the form of a shell is composed
of ten meridional areas, each including one
ot more meridional columns of plates. The
five alternating areas with plates perforated
by pores for passage of the primary tube
feet of the water-vascular system are the
ambulacra; the other five are the interam-
bulacra. In post-Paleozoic genera two col-
umns of plates normally are present in each
area, bur many Paleozoic genera (e.g,
Archacocidaris, Melonechinus) have a larg-
er number and are termed pluriserial,

The mouth is usually on the lower sur-
face of the test but in some genera is in an
anterior position. The lower surface is
usually termed the oral surface and the op-
posite side, with the apical system, the ab-
oral surface. The greatest circumference of
the test in a horizontal sense is termed the
ambitus. Plates on the ambitus, which are
usually the largest ones of the test in regu-
lar echinotds, are termed ambital plates.
New plates are always formed on the aboral
surface, at the head of each area. In contrast
to all other living echinoderms except the
Holothuroidea, the radial water vessel is
internal to the test in all except a few early
Paleozoic genera.

The sexes are normally separate and re-
production is always sexual. The regenera-
tive powers are strong, new spines replac-
ing those lost by injury or predation and
damaged tests being repaired or lost sec-
tions healed over.

Symmerry is normally pentameral but
rare aberrant individuals may be either
completely or partially abnormal (affecting
only some systems}, with trimerous, tetram-
erous, and hexamcrous types known.
R. T. Jackson (1927} and others have made
extensive studies of these variations.

No echinoid is known to live in fresh
water or water of very low salinity. Most
living specics occur in the littoral and sub-
littoral zones, but a species of Pourtalesia
has been dredged from a depth of 7,200 m.
Various other abyssal and numerous bathyal
species have been found.
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ANATOMY
By J. Wyattr Durnam

[University of California, Berkeley]

The anatomy of the Echinoidea, as en-
terocoelous coelomate organisms with a
mesodermal skeleton and several distinet
organ systems, is complex. Because echin-
oids are readily available, of moderate size,
and relatively easy to manipulate, they have
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been the subjects of much experimental
work. Nevertheless, details and functions
of some systems, such as the hemal, are
still poorly known,

The anatomy of echinoids has been con-
sidered at length in the modern works of
Hyman (1955) and Cuinor (1948) and
in a more condensed manner by NicHoLs
(1962) and Arsa Crark (1962). The mate-
rial presented here has been condensed
largely from these publications and is in-
tended to serve as a background for under-
standing and interpreting the skeletal re-
mains found in the fossil record. These in-
terested in more detailed information should
consult the abovecited references,

BODY WALL
The body wall of the Echinoidea con-

sists of an external epidermis (ectoderm),
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Fic. 153. Diagrammatic vertical section of regular echinoid, based on Echinus {5).



Anatomy

Lovenian axls
anterio

large intestine

small intestine

mouth

siphon

5
I

Fic. 154. Intestinal tract of Echinus (semischemart-
ic), oral view (modified after 3).

a middle dermis (mesoderm}, and a coelo-
mic lining (endoderm). The major portion
of the various organ systems is internal to
the body wall, but extensions of these sys-
terns, such as the tube feet or podia of the
water-vascular system, may pass through
the wall and be in contact with the external
medium. Various appendages, all covered
with epidermis, arc attached 1o the body
wall. These include the spines (radiocles),
pedicellariae, spheridia, and gills.

The epidermis is composed of a single
layer of cells, and appears to be ciliated
throughout, except near the outer ends of
mature spines. It is usually said to be pro-
vided with a cuticle. Although the meso-
derm is largely occupied by the calcarecus
plates of the test, a complex and extensive
nerve plexus is present external to the
plates and beneath the epidermis, Around
the base of the spines and pedicellariae are
two sets of muscles and a perve ring (see
Fig. 190}, The outer muscle serves to man-
ipulate movements of the spine, whereas
the inner {cog muscle) holds the spine
rigid if it is touched, When the tubercle
supporting a spine is perforate, an elastic
ligament extends from the base of the
spine into the pit. The attachment of the

U215

pedicellariae is similar to that of the spines,
but the muscles for the spheridia seem to be
simpler in their organization. Branches
from the nerve ring extend up the spines
and pedicellariae,

The interstices of the plates are filled
with connective tissue and stellate cells. In
living echinoids no muscles are present in
the body wall (the vertical muscles of the
echinothurioids not forming part of the
bedy wall proper) except for those around
the base of the spines and pedicellariae, In-
ternally, the body wall is covered by a
flattened, flagellated epithelium  which
forms the coclomic lining. In the Echino-
thurioidea the imbricating plates of the test
are controlled by a complex sct of meri-
dional muscles (Fig. 152) that protrude
into the coclom. Peristomnial muscles are
also present in this group, extending along
the inner surface of the peristomial plates
and attaching to the auricles.

BODY CAVITY

The body cavity enclosed by the test of
echinoids is divisible into several differently
named spaces or hollows (coelomata). The
main or perivisceral coelom includes most
of the interior of the test (Fig, 153). The
lantern and immediately adjacent organs
of echinoids with external gills are en-
closed within the peripharyngeal coelom
(Fig, 155). In addition, in regular echin-
oids a small perianal coelom surrounds the
anus, and is in turn enclosed in a shghtly
larger periproctal coelom. Another ring-
shaped sinus, the aboral or genital coelom,
occurs on the inner surface of the plates of
the apical system and encloses the aboral
hemal ring and the hemal network supply-
ing the gonads. These aboral coelomic cavi-
ties may be fused into a single aboral sinus
in irregular echinoids.

The coelomic spaces are filled with a fluid
similar to sea water, the coelomic mem-
branes being more or less permeable. The
coelomic fluid centains various types of
wandering coelomocytes which can move
freely throughout the body tissues and or-
gans. Experiments show that the coelomo-
cytes originate from the mesoderm of the
body wall. No special excretory organs are
present in echinoderms, and it is apparent
that the coelomocytes must play a majer
role in getting rid of waste materials.
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Fic. 155, Vertical section through oral arca of
Paracentrotus, showing peripharyngeal coelom and
relationship of tecth to buccal cavity (medified after

3).

The digestive tract is prominent (Fig.
153) within the body cavity, extending from
the mouth in the middle of the buccal mem-
brane to the anus in the center of the apical
system (in regular echinoids). The in-
testine is twisted in a loop (Fig. 154), being
folded back alongside itself for part of the
distance and is usually suspended by mesen-
teries from the interior of the test. The loop
is twisted 1n a counterclockwise directian
when viewed from the aboral side. In
echinoids provided with a lantern, a small
buccal cavity is present just inside the
mouth and free ends of the teeth project
into it (Fig. 155). A pharynx extends from
the buccal cavity through the axis of Aris-
totle’s lantern and then merges immediate-
ly into the esophagus. The esophagus then
descends adorally and leads into the large
intestine. This intestine continues around
counterclockwise 1o the bend in the tract
where the small intestine starts and then
loops back, eventually leading to the anus,
If a lantern is absent (Fig. 156), there is
no buccal cavity and the esophagus connects
directly to the mouth. A siphon for the
passage of water to the posterior end of
the large intestine branches off the main
tract near the distal end of the esophagus.

The peripharyngeal cavity encloses the
complex masticatory apparatus known as
Aristotle’s lantern (see “Morphology” sec-
tion for description, p. U243) suspended
within the test by a series of muscles {Fig.
157), both lantern and muscles being sur-
rounded by a coelomic membrane. The
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lumen of the external gills (when present)
is connected with the peripharyngeal cavity,
The compasses and their muscles de not
function in mastication but serve in respira-
tion, expanding and contracting the peri-
pharyngeal cavity and thus forcing fluid in
and out of the gills. The absence of the
compass in clypeasteroids is correlated with
the absence of external gills. Stewart’s or-
gans, present in cidaroids and echinothur-
ioids, are connected to the peripharyngeal
cavity.

WATER-VASCULAR SYSTEM

The ring canal of the water-vascular sys-
tem encircles (Fig. 153} the digestive tract
just above the lantern and the hemal ring.
The stone canal connects it to the hydro-
pores in the madreporite and is closely as-
sociated with the axial organ., The polian
vesicles arise from the ring canal in an in-
terradial position. The radial water canals
branch from the ring canal in perradial
positions, run beneath the rotules and de-
scend the sides of the lantern outside the
interpyramidal muscles. The radial canal
then runs between the avricles and follows
up the interior of the test in perradial posi-
tion to the ocular pore, passing through the
latter and ending as the terminal or ocular
tentacle (the so-called “eye”). The primary

large intestine

\siphcn

mouth

esophagus

small

caecum intestine

anus

Fic. 156, Intestinal truct of Meoma (semischematic),
aral view (modihed after 4).
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podia of the late pluteus and early larval
metamorphosis become the terminal ten-
tacle of the adule. Proximally from the
auricles the canal gives off an unpaired
branch to the buccal tube feet and distally
there are alternating branches to each tbe
foot and its ampulla (Fig. 158). There 15
a valve just in front of the ampulla. Two
canals pass through the rest from the am-
pulla and unite to form the single tube foot
or podium. The relationship of the canals
leading to the accessory tube feet in the
clypeasteroids is uncertain, but it seems
probable that they are secondary branches
from the primary branches.

In regular echinoids the ambulacral tube
feet are undifferentiated, being of the
“suckered type,” although the suckers may
not be present on the younger tube feet near
the apical disc. The suckered tube feet are
complex (Fig. 159),. for the sucker disc
bears calcareous strengthening structures,
as well as muscles, a sensory ring, and
mucus glands. These include a frame and
{distal to it} the rosette. Calcareous spicules
and other supporting structures may also be
present (Fig. 160-162).

In irregular echinoids the tube feet be-
come specialized for various functions. The
primary tube feet within the petals may be
bladelike or pinnate and serve for respira-
tion (Fig. 160,24; 161,4-6). Adoral tube feet
are used for feeding and chemoreceptive
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retroctor muscle
protroctor muscie

Oblique view of muscles and lantern of Echinus escrlentus (3},

purposes (Fig. 160,2c; 161,1,2), whereas
tube feet within the subanal and internal
fascioles (Fig. 160,26; 161,3) are modi-
fied to serve in constructing and maintain-
ing sanitary and respiratory tubes. These
latter types, like those of some regular
echinoids, may be very extensile, sometimes
extending for a distance of as great as five

erradial suture valve .
P adradial

suture

sinus

epinevrl 4
radial nerve

hyponeyral sinus

radial hemal vessel ampuila

radial water eanal branch from radial cana
to tube foot
branch from hemal vessel

Fie. 158, Transverse section of ambulacrum and
tube foat of regular cchinoid {modified after 3 and
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Fic. 159. Diagrammatic longitudinal section of a
suckered tube foot (5).

times the diameter of the test. Still other
types of tube feet of undetermined function
(e.g., umbrella tube feet of Micropyga, Fig.
162) are known.

HEMAL SYSTEM

The hemal system of echinoids is closely
associated with the warter-vascular system,
A hemal ring rests on top of the lantern,
with the ring canal just above it (Fig. 153).
A radial vessel passes down inside the
lantern between it and the csophagus, then
radially along the inner surface of the buc-
cal membrane to the radial water canal, and
finally accompanies it (Fig. 158) in an im-
mediately external position with branches
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to the tube feet. In the interradial position
a branch from the hemal ring leads 1o the
polian vesicles. An aboral hemal ring is
also present, located just under the apical
system. A canal {from the aboral hemal ring
leads to the axial organ, where it branches
into a highly anastomesing network of
small vessels enclosing the organ. These re-
join at the oral end and then connect to
the oral hemal ring. Branches from the ab-
oral hemal ring connect with the gonads.
A highly complex system of hemal vessels
with many fine dendritic ramifications
branches off the oral hemal ring and
accompanies the intestinal tract. Some un-
certainty exists with respect to the status
of the radial hyponeural sinuses (Fig. 158).
NicroLs (5) and others consider it to form
a separate circulatory system, the perihemal
system, Hyman (4) interprets it as a coelo-
mic canal that cushions the radial nerve
and perhaps supplies it with nutrition.
The function of the axial organ (or axial
gland} has been in dispuze, but recently
BooLorian & Camerere (1) have shown by
time lapse photography that it pulses sev-
eral times per minute and is a “primitive
heart.” Goelomic fluids arc moved from

scraper

2b 2c
Fic. 160. Top and lateral views of tube foot. 1.
Plan views of top of suckered tube feet, showing
caleareous rosette; la, Eckinus: 1&, Brissapsis; Ie,
Schizaster; 14, Echinocardiun. 2. Lateral views
of terminal disc of wbe fect; 24, respiratory tube
foot of spatangoid; 24, funnel-building tube foot of
spatangoid; 2e, feeding tube foot of spatangoid (3).
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Tube {feet, 1. Trontal tube foot of
Echinocardim. 2, Penicillate tube foot of Pa-
lacotropus. 3. Subanal tbe foat of Palacotropus.
-——4, Respiratory tube foot from petal of Spatan-
giis. 5. Plan view of respiratory tube feet in
petal of Clypeaster.——6. Lateral view of respira-
tory tube feet and associated accessory tube feet in
petal of Clypeaster (from 4, after various authors).

the perivisceral cavity into and throughout
the hemal system. These authors also ob-
served regular pulsations of the stone canal
and verified a direct connection between it
and the axial gland. They consider that the
axial gland and pulsating stone canal are
ptobahly responsible for moving fluids
throughout the water-vascular system also.

NERVOUS SYSTEM

The nervous system is external to the
hemal system in position (Fig. 158), being
separated from it in the radil by the hypo-
neural sinuses and enclosed externally by
the epineural sinus and the body wall. The
circumoeral nerve ring surrounds the buccal
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cavity or lower end of the pharynx adjacent
to the mouth and inside the lantern. The
radial nerves follow the radial water canal
and hemal vessels, separated from the lat-
ter by the hyponeural sinus. The epineural
sinus, lying between the test and the radial
nerve, possibly functions as a cushion. The
radial nerves give off a branch to each tube
foot and other branches that after passing
through the pores for the tube feet connect
to the extensive subepidermal nerve plexus,
Another plexus of nerves from the cir-
cumoral ring ascends the digestive tract and
forms a layer beneath the epithelial lining.
Other branches, in radial positions, lead
from the aboral surface of the ring into the
muscles of the lantern. An aboral nerve
ring with branches leading to the gonads
has been observed in a few regular echin-
oids just below the apical system.

REPRODUCTIVE SYSTEM

The reproductive system consists of
gonads suspended by mesenteries from the
inner surface of the interambulacra, and
connected by a short gonoduct to the pore
in the genital plate of the apical system. In
regular echinoids there are five gonads, but
in irregular echinoids they may be reduced
in number to as few as two. Schizaster

spicules
supporting
anchor spicules umbreliq

of stalk

Fig. 162. Umbrella tube foot of Micropyga (from
4, after Doderlein).
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canaliculatus has gonads in interambulacra
I and 4 only. The gonoducts are closely
associated with the aboral nerve and hemal
rings, as well as the aboral coelomic sinus.
When ripe, the gonads are very voluminous,
but after spawning they are greatly reduced
in size. Echinoids are normally dioecious
but hermaphroditic individuals have been
reported as abnormalities. In most echineids
the sexes cannot be distinguished externally
but in some a sexual dimorphism is present.
In Psammechinus miliaris and a number of
other regular echinoids the gonoduct ter-
minates in a short papilla in the males but
not in the females. These papillae are pres-
ent in both sexes of Echinocyamus pusillus
but those of the males are longer. In some
clypeasteroids the genital pore is larger in
the females than in males. Eggs and sperm
arc discharged into the water and fertiliza-
tion and development follow immediately,
In temperate and boreal climates most
echinoids seem to have an annual breeding
cycle, but some reports indicate the prob-
ability of lunar cycles in some species in
tropical areas. The spawning period may
extend over several months and may take
place at different times in different locali-
ties. Lytechinus variegaius 1s ripe in March
and April in the West Indies, but does not
spawn in the Carolinas until June and July.
Some echinoids (e.g., Lytechinus variegatus,
Echinus esculentus) are known to move in-
shore and aggregate prior to spawning.
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Like other echinoderms, echinotds possess
considerable regenerative powers. Spines,
pedicellariae, and tube feet are readily re-
placed. Broken spines may have the lost
portion replaced. At times, owing to un-
favorable conditions, nearly all the spines
may be shed and then with the return of
a favorable environment, a complete set is
regrown. Damage to the test 15 repaired
by filling the wound with coelomocytes,
followed by depositien of calcareous plates.
Seemingly, however, the new plates are ir-
regularly arranged and do not duplicate
the pattern of the lost plates.
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SKELETAL MORPHOLOGY
By R. V. MevviLLE and |. W. DUrHAM

[British Embassy, Parls; University of California, Berkeley|

SHAPE

EXTERNAL

Although the external aspect of an echin-
oid is generally characteristic of the order
to which it belongs, the geometrical farm
alone is not commonly of greater diagnostic
value. The primitive shape, as in the order
Cidareida, is spheroidal, with slightly fat-
tened apical and oral surfaces. In some
Cidaroida and also in some Paleozoic genera
(e.g., Melonechinus) the test may be tall,
with reduced adapical and adoral surfaces,

and in some genera it is vertically fluted.
In most other regular echinoids the test is
roughly hemispherical, but in the Echino-
thuriidae it is more or less depressed, as in
the majority of Paleozoic forms {Lepido-
centridae). In one regular order {‘T'emno-
pleuroida) the test is deeply sculptured.
Among irregular echinoids the test may be
depressed-hemispherical or tall and conical
(Holectypoida), thin and flattened (Cly-
peasteroida), heart-shaped or clongate oval
(Spatangoida), or bottle-shaped with an-
terior rostrum (some Holasteroida).
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Fic. 163. Apical system of Strongylocenivorus show-

ing Lovéman orientation and numerical designa-

tions of ocular plates (Roman numerals) and genmi-
tal plates (Arabic numerals) (9).

INTERNAL

The inner surface of the test in regular
echinoids, apart from the perignathic girdle,
shows little to indicate the disposition of
the soft parts. The mesenteries supporting
the intestine are attached to minute projec-
tions from the inner surface of the test. In
some well-preserved internal molds of fos-
sils these may be seen as pits. In the holec-
typoid family Discoididae and in one
clypeasteroid family {Fibulariidae} the base
of the test supports ten simple internal
radiating partitions. In other ¢lypeasteroids
the test is reinfarced by a more or less elab-
orate internal skeleton of pillars and proc-
esses, from the arrangement of which it is
possible to deduce the course of the in-
testine and associated organs and the posi-
tion of the gonads.

ORIENTATION

In paleontology the Lovénian system (12)
of orienting the test has been widely used,
particularly because it agrees well with the
anteroposterior axis of irregular forms. If
an irregular echinoid is placed in the nor-
mal position of life, that is, with the apical
surface uppermost, the plane of bilateral
symmetry passes through the mouth, anus,
and apical system. Study of living speci-
mens shows that they move with the mouth
in a forward position and with the anus
posterior. Within the apical system (Fig.
163) this axis passcs through the ocular
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plate to the left of the madreporite and
through the opposite genital plate, and
usually corresponds with the longest dimen-
sion of bilaterally symmetrical forms. The
ocular and genital plates are numbered in
relation to this axis, the former with Roman
and the latter with Arabic numerals. In
aboral view, the right posterior ocular is I,
the right anterior 11, the anterior 111, the left
anterior 1V, and the left posterior V. The
right posterior genital is 1, the right anterior
(with the madreporite} 2, the left anterior
3, the left posterior 4, and the posterior 5.
The anteroposterior axis thus passes through
ocular IIT and genital 5. The ambulacral
and interambulacral areas are similarly
designated. Utilizing the madreporite (geni-
tal 2) as a point of reference, this same
system can be applied to regular echinoids.

In the adoral view of the test, the left
posterior ambulacrum is I, and the others
are I, III, IV, and V in clockwise suc-
cession {Fig. 164). Left and right rela-
tionships are reversed with respect to those
just noted on the aboral surface. The
two columns of each area are designated by
the letters @ and # in the same clockwise
order. Examination of the first-formed am-
bulacral plates (on the peristomial edge of
the test) shows that five are larger than

Aristetle’s lantern

Fic. 164. Diagrammatic oral view of peristomial

region of regular echinoid showing Lovénian orien-

tation and numerical designations of ambulacral and

interambulacral plates; larger plates of ambulacral

tracts at peristome margin joined by long-dashed

lines, and smaller plates of these tracts joined by
short-dashed lines {12).
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others and five smaller. The larger are (with
rare nversions) those which begin the col-
umns la, [Ia, HIb, IVa, and Vb, joined in
Figure 2 by long-dashed lines; the smaller
are Ib, Hb, Iila, IVb, Va, joined in Figure
2 by short-dashed lines. By means of this
arrangement, termed Lovén’s law, which
applies to all echinoids, it is usually possible
to identify each ambulacrum and inter-

periproctal system

corona