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ABSTRACT

The nature of taphonomic overprint affecting the fossil records
of the regular echinoid Families Cidaridae, Diadematidae,
Toxopneustidae and Echinometridae is investigated using a synthesis
of actualistic and literature-derived data. The actualistic portion of
this study focuses on the following extant members of the four fami-
lies: Eucidaris tribuloides, Diadema antillarum, Tripneustes ventrico-
sus and Echinometra lucunter. Population censuses of these animals
in tropical reef and near-reef environments demonstrate that the
distribution of macro- and microscopic skeletal material does not re-
flect the distribution of the living fauna. Field experiments with
freshly-killed carcasses of Eucidaris, Diadema and Echinometra indi-
cate that loss of all organic tissue occurs within six days after death
suggesting that fossil speciimens of these echinoids will be rare in fa-
cies analogous to the environments studied. Moreover, the loss of
organic connective tissue within six days' exposure in normal marine
conditions suggests that recognition of fossil material depends on A)
taxonomic differences in coronal rigidity related to sutural inter-
locking, and B) identifiability of isolated skeletal elements. Thus the
condition of fossil specimens will vary between taxa. The prediction
of rarity of occurrence of fossil echinoids is supported by exami-
nation of an exposure of Pleistocene reef and near-reef facies.
However, the scarcity of fossil material makes more specific tests of
the above predictions impossible.

Decay experiments with specimens of Diadema, Echinometra

and Eucidaris indicate that a similar sequence of disarticulation oc-
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curs as a result of the decay of connective tissues. The spines detach,
followed by the loss of the peristomial and apical plates, and
Aristotle's Lantern. Finally the corona disarticulates along ambu-
lacral plate sutures. The timing of disarticulation differs for each
species: spines of Diadema begin to detach after one day of decay
whereas those of Echinometra detach after three days and those of
Eucidaris detach after periods exceeding five days. Coronas of
Diadema and Eucidaris were observed to disarticulate within seven
and ten days of decay, respectively. Coronas of Echinometra did not
disarticulate after ten days of decay.

Tumbling experiments using bleached carcasses of the four
echinoids under study reveal that the amount of skeletal material
contributed to >_2 mm, 1-2 mm, 500 p - 1 mm, 125 p - 500 pu, and
<125 p size fractions does not differ significantly between tumbling
periods of one, ten and 100 hours. However, significant (o« = .05)
differences between species exist in the composition of the >2 mm
size fraction after tumbling. Carcasses of Diadema and Eucidaris
contribute primarily spines. Carcasses of Echinometra and
Tripneustes contribute primarily coronal material. For all echinoids,
the relative amounts of spine, lantern and coronal material con-
tributed to the >2 mm fraction do not differ significantly between
tumbling periods of one, ten and 100 hours. For each echinoid, the
amount of coronal breakage inflicted by tumbling does not vary sig-
nificantly between tumbling periods of one, ten and 100 hours.
However, the amount of breakage does vary significantly (o = .05)
between species. Diadema suffer the most breakage, with an average

breakage coefficient of 173.47. Echinometra suffer the least break-

i
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age, exhibiting an average coefficient value of 4.65. Specimens of
Eucidaris and Tripneustes fall within this range, with values of 89.36
and 34.31, respectively.

The results of the actualistic experiments are synthesized into
predictions of the condition of fossil material expected to represent
each group in the stratigraphic record. Members of the Family
Diadematidae are predicted to occur primarily as skeletal fragments,
mostly spines. Members of the Family Echinometridae are predicted
to occur as intact coronas without spines, lantern elements, or apical
and peristomial plates. Members of the Family Cidaridae are pre-
dicted to occur primarily as isolated spines, large coronal fragments,
and as intact coronas devoid of spines, lantern elements, or apical
and peristomial plates. Finally, members of the Family
Toxopneustidae are predicted to occur primarily as intact, partial or
fragmented coronas only.

Predictions of taphonomic bias predicted to affect the type
species described in the Families Cidaridae, Echinomteridae and
Toxopneustidae are supported by literature data on their preserva-
tional styles. Moreover, for the Family Cidaridae, the distribution of
preservational styles within subfamilies does not generally differ
from that of the family: a bimodal distribution exists between spines
and intact, denuded coronas. The prediction that members of the
Family Diadematidae will be represented primarily by skeletal frag-
ments is not supported by the literature data. This is because the
extreme fragility of the diadematoid corona dictates extraordinary
circumstances of preservation that are not accounted for in the ex-

periments performed.

1ii
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————

The evolutionary history of the Family Cidaridae has a char-
acteristic taphonomic overprint that has changed systematically since
the apparent origination of the family in the Middle Triassic. Early
members of the group are described primarily on the basis of spines.
An increase in the "diversity" of preservational styles (ranging from
exceptionally well preserved forms to isolated skeletal fragments)
coincides with an increase in generic diversity beginning in the
Middle Jurassic. Few type specimens, composed primarily of spines
and large coronal fragments, are described from the Neogene and
Pleistocene. The number of described type species decreases from
the Eocene through the Pleistocene, illustrating a "reversed Pull of

the Recent" stemming from the taxonomic utility of extant forms.

iv
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CHAPTER 1: INTRODUCTION

The fossil record of a clade is, in part, a consequence of tapho-
nomic processes that may obscure or alter the underlying evolution-
ary signal(s). Taphonomic processes may also yield patterns of
preservation that provide information on the organisms themselves
as well as the environments in which they lived (Brett & Baird,
1986). Thus, the diversity history of a group as deduced from fossil
data has a distinct taphonomic overprint. Clearly, to understand a
group's evolutionary history, a thorough knowledge of taphonomic
processes likely to affect it must be developed . Surprisingly, few
such studies of echinoids exist.

The purpose of this dissertation is to use several avenues of re-
search to assess the overprint of taphonomic bias on the fossil record
of echinoid echinoderms. To achieve this objective, the general
methodology comprises a synthesis of several analyses including:

1. Population censuses of selected echinoids in several reef and
near-reef environments to determine their live and dead distribu-
tions.

2. Decay experiments in the field and laboratory to observe the
timing of decay and disarticulation of the echinoids under study.

3. Tumbling experiments using bleached carcasses to determine
whether differences in skeletal durability exist.

4. Synthesis of results of field and laboratory work into predic-
tions of taphonomic overprint likely to affect fossil occurrences of the

echinoids under study.
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5. Test of the predictions, initially by determining the preser-
vational style of echinoids preserved in Pleistocene reef and near-
reef facies analogous to the Recent environments studied.

6. Further test of the predictions using literature-derived data
on the preservational style of the type material of species comprising

each family of echinoid studied.

General Background

The Class Echinoidea apparently originated in the Ordovician
and has a long and abundant fossii record. Bambach (1985) has out-
lined the diversity history of the group using Sepkoski's (1981) data.
The echinoids are an example of a group that diversified because of
adaptations that enabled exploitation of additional previously unoc-
cupied ecospace. The result is a clade diversity diagram with a thin
Paleozoic stem that mushrooms in diversity in the Mesozoic and
Cenozoic (Fig. 1). In general, the diversity history of the group since
the Triassic is one of diversity maintenance with replacement in one
subclass (Perischoechinoidea) and diversity expansion in a second,
more recent subclass (Euechinoidea) (Bambach, 1985). Detailed
analyses of the functional significance of the evolutionary trends
thought to be responsible for the group's diversity history have been
presented for Paleozoic and post-Paleozoic forms (Kier, 1965 and
1974, respectively).

Aside from general studies of echinoid preservation (Kier,
1977; Smith, 1984), specific research on echinoid taphonomy has
been conducted along three distinct, yet interrelated venues: 1]

Preservational style of fossil occurrences (e.g. Hawkins & Hampton,
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1927; Spencer, 1938; Aslin, 1968; Bantz, 1969; Bloos, 1973); 2]
Occurrences of exceptionally well-preserved fossils: Lagerstitten
(Wright, 1855-1880; Richter, 1931; Kier, 1958, 1966, 1968;
Rosenkranz, 1971; Seilacher, 1976), and 3] Field and laboratory ex-
perimentation with Recent specimens (Schifer, 1972; Kidwell &
Baumiller, 1989).

Work with Recent specimens, although valuable for providing
information on the nature of taphonomic bias inherent in the fossil
record, has been the most neglected area of echinoid taphonomic re-
search to date. There are two reasons for the paucity of such data:
1] The nature of taphonomic processes makes field experiments ex-
tremely difficult. Specimens are hard to maintain and monitor in
such a way that meaningful data can be obtained. Moreover, distur-
bance of specimens for examination imparts an unnatural tapho-
nomic element. Thus, beyond Schifer's (1972) study, field observa-
tions remain largely anecdotal. 2] Taphonomic research on many
vertebrate and invertebrate groups in Recent environments has ex-
perienced a renaissance in the last six years. Within this limited
time context, the scarcity of field research on a single group is less
remarkable.

The actualistic portion of this study focuses on four species of
regular echinoids inhabiting shallow Caribbean and tropical Western
Atlantic environments. Their epifaunal habit and distribution into
distinct and accessible reef and near-reef environments make it rel-
atively easy to study taphonomic processes affecting them in a vari-

ety of environments with different substrates and energy regimes.
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Moreover, the echinoids chosen vary morphologically in ways that
could affect their preservation potential.

The habitat preferences of the species under study have been
outlined by Clark (1933) and Kier and Grant (1965). Diadema antil-
larum Philippi (Family Diadematidae), is primarily a cryptic inhabi-
tant of high energy, shallow reef environments. However, prior to
the pan-Caribbean demise of populations of Diadema (Lessios, 1984),
the echinoid was ubiquitous in all near-reef environments except for
clean sand, from the intertidal zone to over 40 m depth. At night
this species grazes algae from reef surfaces and preys on live coral
(Bak & van Eys, 1975; Carpenter, 1981). Eucidaris tribuloides
Lamarck (Family Cidaridae) may be found under large sections of
coral rubble (or inside vacant gastropod shells), on sandy or rocky
substrates (but not clean sand) and in deeper forereef environments
to at least 30 m depth.. Echinometra lucunter Linnaeus (Family
Echinometridae) is very abundant in shallow water (maximum depth
3 m) near shore, along high energy intertidal and shallow subtidal
rocky shorelines. Echinometra is also present on shallow rocky
substrates created by reefs or shoals far from shore. This echinoid
excavates holes in hard substrates while grazing on algae.
Tripneustes ventricosus Lamarck (Family Toxopneustidae) live
primarily in, or adjacent to, seagrass beds in low energy lagoonal
environments. Its depth of habitation is resticted by the depth
tolerance of seagrass, fom 1 - 12 m.

The species studied represent families with different geologic
ranges and diversity histories. The Cidaridae have undergone diver-

sity maintenance with replacement since the middle Triassic as

-]
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members of the Subclass Perischoechinoidea. The Echinometridae
and Toxopneustidae have undergone diversity expansion (since the
Late Cretaceous and Eocene, respectively) as members of the
Subclass Euechinoidea. The Diadematidae, members of the Subclass
Euechinoidea, have undergone diversity maintenance with replace-
ment. Thus, the echinoids chosen represent a range of habitats and
evolutionary histories that can be used as a backdrop for the studies
of taphonomic processes affecting them.

To convey best the multifaceted nature of this research,
Chapter Two describes the methodology used in the field, in the labo-
ratory and for collecting the literature-derived data. Chapter Three
presents the results of field and laboratory work and a discussion of
their taphonomic implications. Predictions of taphonomic overprint
are presented in Chapter Four, along with tests of those predictions
using field- and literature-derived data. Finally, Chapter Five applies
the conclusions reached concerning taphonomic overprint to the ac-

tual diversity patterns of one of the groups selected for study.

Historical Background
Works by Buckland (1836), d'Orbigny (1849) and d'Archiac

(1869) indicate that the concept of differential fossilization has been
known to paleontologists for at least 150 years. More recently,
Efremov (1940) introduced the term taphonomy as the study of
"...the transition (in all details) of animal remains from the biosphere
into the lithosphere..." (Efremov, 1940 p. 85). The study of taphon-
omy may be divided into two subdisciplines: 1) biostratinomy -- the

study of processes (generally mechanical and physical) affecting an
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organism between its death and final buriai {(Weigelt, 1919); and 2)
diagenesis -- processes affecting organismal remains between their
final burial and discovery as fossils. Diagenetic processes are gener-
ally chemical in nature (see Miiller, 1979; Wilson, 1988 for reviews
of both subdisciplines).

Efremov's definition of taphonomy (1940) as well as an ex-
tended work towards establishing "laws" of taphonomy (1950) were
predated by taphonomic research conducted by two separate groups
in Germany that comprised several researchers. The "Halle School”
(Seilacher, 1973) included Johannes Weigelt who introduced the term
biostratinomy (1919) and applied the concept to vertebrates (1927)
and plants (1928b). A. H. Miiller expanded the study of biostrati-
nomy to include invertebrates (1951b, 1963).

The "Frankfurt School" can be traced to Rudolf Richter, who
founded the Wilhelmshaven Marine Station on the North Sea in 1928
to conduct "Aktuopaldontologie” (actualistic paleontology), the study
of the paleontology of living organisms. Richter's work on fossil ori-
entation (1922, 1937, 1942) expanded biostratinomic research to the
interpretation of depositional regimes. Wilhelm Schifer, also from
Frankfurt, produced a survey of biostratinomic processes affecting a
wide range of marine animals (1962). The translated edition (1972)
continues to serve as a taphonomic reference for current researchers
in the United States.

The legacy of the "Frankfurt School" is currently maintained at
the University of Tiibingen. Taphonomic research at Tiibingen is
characterized by Adolph Seilacher's work with Fossil-Lagerstitten

(Seilacher, 1970; Seilacher & Westphal, 1971; Seilacher et al., 1985),
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fossil orientation (Seilacher, 1973) and applications of taphonomy to
paleoecological research (A. & E. Seilacher, 1976).

In the United States, the study of taphonomy devloped inde-
pendently among vertebrate and invertebrate workers (Olson, 1980).
Study of invertebrate taphonomy was slow to develop but can be
traced to Boucot's comparison of size frequency distributions of living
and fossil populations (1953) as well as R.G. Johnson's research on
shell burial (1957) and conceptual work on the formation of fossil as-
semblages (1960). Subsequent taphonomic research emphasized the
role of taphonomy in cautioning paleontologists about the biases in-
herent in the fossil record (e.g. Fagerstrom, 1964; Lawrence, 1971;
MacDonald, 1976; Peterson, 1976; Stanton,1976; Kier, 1977; Schopf,
1978). This negative aspect of taphonomy is perhaps best illustrated
by the title of a 1968 paper by D. R. Lawrence "Taphonomy and
Information Losses in Fossil Communities."

D. L. Meyer and C. E. Brett organized a symposium, held at a
1984 section meeting of the Geological Society of America, entitled
"The Positive Aspects of Taphonomy." The symposium became a cat-
alyst for vigorous research that has extended the range of applica-
tions and subtlety of taphonomic analysis. The renewed research
activity of the last six years has resulted in an avalanche of tapho-
nomic literature, theme issues of two major journals (Palaios, 1(3),
1986 and Talaeogeography, Palaeoclimatology, Palacogeography
63(1-3), 1988), theme sessions on taphonomy at national scientific
meetings and has perhaps reached its zenith with a three-session
taphonomy symposium convened at the 28th International Geological

Congress by S. M. Kidwell and F. T. Fiirsich. It is against this
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background of energetic taphonomic research that this study is

presented.
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CHAPTER 2: METHODS

Field Methods

All fieldwork was based at the Bahamian Field Station, San
Salvador, Bahamas, and the West Indies Laboratory, St. Croix, U.S
Virgin Islands. Both localities were selected on the basis of their di-
verse and abundant populations of regular echinoids and the acces-
sibility of reef and near-reef environments. In addition, San
Salvador was selected because excellent exposures of well-preserved
Pleistocene reef and near-reef facies are present. Three types of
fieldwork were performed: 1] censuses of live and dead populations
of echinoids, to determine the amount of taphonomic bias affecting
the subfossil assemblages; 2] burial experiments, to assess the timing
of disarticulation of skeletal remains; 3] examination of Pleistocene
reef and near-reef facies to determine the amount and nature of fos-

sil echinoid material present.

Population Censuses

Censuses of echinoid populations were conducted along tran-
sects constructed in three areas: Graham's Harbour in San Salvador,
and Smuggler's Cove and Rod Bay in St. Croix (Figs. 2 & 3). Graham's
Harbor has been described as a high-energy lagoon by Colby and
Boardman (1989) and contains abundant populations of the echinoid
Tripneustes ventricosus in the seagrass beds and sand patches that
comprise the floor of the lagoon. A 700 m transect line was estab-
lished bearing 350 degrees from the Bahamian Field Station boat

ramp in Graham's Harbour (Fig. 2). Maximum water depth along the
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transect was 4 m. At stations 100 m apart, a 1 m2 quadrat was
placed adjacent to the transect line; live and dead echinoids within
the quadrat were counted and the condition of the dead material was
recorded (Fig. 4). The quadrat was then flipped over and another
square meter was studied. This process was repeated ten times at
each station resulting in a census of a 1 x 10 m? "column" situated
perpendicular to the transect line and occurring every 100 m.
Surficial sediment samples were collected from the first quadrat an-
alyzed at each station for later analyses to determine the contribu-
tion of echinoderm skeletal elements.

The Smuggler's Cove site was selected because several reef and
near-reef environments are present within a relatively short dis-
tance. A 720 m transect line was constructed heading due North
from the Smuggler's Cove dock (Fig. 3). Echinoids were counted in a
rocky shoreline zone, Callianassa-dominated sandy areas, Thalassia-
dominated grassbeds, patch reef, reef tract and shallow (water depth
1.5 m) and deep (water depth 12 m) forereef environments. Water
depth from shore to the reef tract in Smuggler's Cove reached a
maximum of 6 m. The echinoid population census was conducted in
the same manner as in Graham's Harbour except that sampling sta-
tions were 60 m rather than 100 m apart.

Populations of regular echinoids were observed to be particu-
larly diverse and abundant ai Rod Bay, the third census locality (Fig.
3). A 50 m transect was constructed and a population census was
conducted using the methodology outlined above at stations 10 m
apart. Within the transect, rocky shoreline, Thalassia-dominated

seagrass beds, a zone of coral-algal rubble and an environment of
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Figure 4 -- Square meter quadrat made of PVC pipe used for gath-
ering census data from each transect constructed. For the four echi-
noid groups under study, all live and dead material present within
the quadrat was recorded. The condition of the dead material was
also recorded.
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very small patch reefs were encountered. Maximum water depth
along the transect was 1 m.

Sediments obtained from stations along all three transects
were dried, impregnated with epoxy and ground into standard thin
sections. Thus, all size fractions were represented in thin section to
mitigate the possibility that different echinoids would break down
into different size fractions. The thin sections were point counted on
a 1 mm?2 grid following the method of Ginsburg (1956). Echinoderm
skeletal elements were counted by taking advantage of the unit ex-
tinction they exhibit in cross-polarized light, and their percent con-
tribution to the sediment was calculated. This method did not allow
for the differentiation of echinoid skeletal elements from those of

other echinoderms.

Burial Experiments

The purpose of the burial experiments was to determine the
timing of decay of organic tissues and consequent disarticulation of
the echinoid corona in natural surroundings. The backreef environ-
ment occurring along the transect in Smuggler's Cove was selected
because the occurrence of live individuals in the backreef and adja-
cent reef tract suggested that dead material might also be present.
Specimens of Diadema antillarum, Eucidaris tribuloides and
Echinometra lucunter were killed by placing them in a freezer
overnight. Although frozen solid upon removal from the freezer, the
specimens thawed completely during the interval between removal
from the freezer and placement on the backreef in Smuggler's Cove.

The echinoids were placed in cages with open tops, sides with mesh
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sizes of 2 cm? and floors of standard window screening material (Fig.
5). These "open" cages were used to allow scavenging and yet con-
tain the specimens for monitoring over a period of several days.
They were placed at 5, 10 and 20 cm depth below the sediment-
water interface in a wave-rippled, sandy substrate immediately be-
hind the reef tract in 4 m of water. The specimens were periodically

observed for 12 days before being removed for study.

Cockburntown Reef

The purpose of studying the Pleistocene reef and near-reef fa-
cies exposed in Cockburntown, San Salvador, was to assess the nature
of the echinoid fauna preserved in depositional environments analo-
gous to those Recent environments in which the population censuses
were conducted. The methodology for studying the outcrops was
therefore similar to that employed for the population censuses con-
ducted in the Recent environments.

The Cockburntown reef, exposed in a quarry just north of
Cockburntown, San Salvador, has been interpreted by White et al.
(1984) to represent an in situ coral reef and adjacent facies. Because
the strata are dipping slightly to the west (i.e. into the sea) excellent
bedding plane exposures of units interpreted to represent shallow
subtidal sands and backreef environments are present (Fig. 6). The
unit interpreted to represent the reef tract proper occurs at the
shoreline; it exhibits the black and deeply pitted appearance of a
phytokarst surface. Except for large, in situ coral heads, fossils are

difficult to study (Fig. 7).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5 -- Echinoid specimens prior to burial in the backreef of
Smuggler's Cove. A) Diadema antillarum. B) Echinometra lucunter
and Eucidaris tribuloides. Specimens were killed by freezing over-
night.
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Figure 6 -- Pleistocene reef and near-reef facies exposed near Cock-
burntown, San Salvador and described by White ez al. (1984). A)A.
palmata-dominated coralstone overlying A. cervicornis-dominated
rubblestone that represent reef tract and backreef environments,
respectively. B) Calcarenite interpreted as a shallow subtidal sand
(note trough cross-bedding).
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Figure 7 -- View of a bedding plane surface of the Pleistocene reef
tract facies exposed near Cockburntown, San Salvador. Note the
development of an extensive phytokarst. Aside from large in situ
coral heads, individual macrofossils are extremely difficult to iden-
tify.
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A total of three transects were constructed in the
Cockburntown Quarry (Fig. 8). Two were constructed along separate
exposures of the coral-rubblestone facies interpreted to represent a
reef/back reef environment (White et al., 1984). The first of these
followed the west wall of the quarry for 120 m. A square meter
quadrat was placed over the bedding plane exposure at 30 m inter-
vals and the type of echinoid and preservational style were recorded
for all fossil occurrences. The coral-rubblestone facies was also the
target of the second transect, which was constructed along a knoll di-
rectly opposite the quarry's west wall (Fig. 8). Along this transect,
the quadrat was placed every 10 m until the unit pinched out 50 m
around the knoll. Data on fossil echinoid occurrences were again
recorded. The third transect was constructed along a bedding plane
exposure of a calcarenite interpreted by White ef al. (1984) to repre-
sent a shallow subtidal sand. Because only nine meters of this unit
were exposed, fossil echinoid data were collected from the gquadrat
every meter along the transect line,

Rock samples were obtained from the different facies exposed
at Cockburntown. Samples were cut to standard blanks and vacuum-
impregnated with epoxy before being ground into standard thin sec-
tions. As with the surficial sediment samples collected in tandem
with the population censuses, the thin sections were point counted
on a 1 mm2 grid to determine the contribution of echinoderm skele-

tal elements.
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Laboratory Methods

Laboratory experiments were performed at the West Indies
Laboratory, St. Croix and at the University of Cincinnati. They were
intended to assess the relative timing of decay and skeletal disartic-
ulation of the echinoids under study. Three different experiments
were performed: 1] Tumbling experiments, to assess whether any
taxonomically-controlled differences in skeletal durability and size
distribution of skeletal material exist; 2] Decay experiments in sealed
and open containers, to observe the effect that organic deterioration
had on the integrity of the skeleton;
3] Time-lapse cinematography, to monitor the decay process contin-

uously over a period of several days.

Tumbling Experiments

Specimens of D. antillarum, E. lucunter, E. tribuloides and T.
ventricosus were preserved in 95% ethanol for transport back to
Cincinnati. Each specimen was placed'in a 4:1 solution of water and
household bleach to oxidize all of the organic tissue contained w’ hin
its skeleton. The denuded skeleton was then dried for several days
under a laboratory hood. Dried skeletons were weighed and then
placed in room temperature (22° C) synthetic seawater (Instant
Ocean) in a baffled plastic tumbler attached to a variable speed mo-
tor (Fig. 9). The baffle ensured that the contents would tumble once
with each rotation rather than slide around the outer wall. Five tri-
als of 1, 10 and 100 hours each were run at 25 rpm. for each echi-

noid. At the end of each trial, the contents of the tumbler were wet-
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Figure 9 -- Apparatus used for all tumbling experiments. Container
was filled with 1/2 gallon of seawater (Instant Ocean) and variable-
speed motor was set at 25 r.p.m. A ruler 1.5" wide was epoxied to
the inside of the container to make the echinoids fall through the
water with every rotation.
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sieved through a stack of nested sieves, and the stack was dried for
several days under a laboratory hood. Once dry, the >2 mm, 1-2
mm, 500 p-1 mm and 125 u-500 p size fractions were isolated for
analysis. Spines, coronal material and lantern elements in the three
larger size fractions were counted and weighed. Because of the
minute grain size, the 125 p-500 p size fraction was weighed without

identifying different skeletal elements.

Decay Experiments

Frozen specimens of Diadema, Eucidaris and Echinometra were
placed in glass containers with fresh seawater and allowed to decay
for ten days at room temperature (22° C). Aecrobic (open containers)
and anaerobic (sealed containers) trials were performed for each
echinoid. Specimens were placed in the containers with either no
sediment, sediment from the fore-reef in Smuggler's Cove or sedi-
ment from the backreef in Smuggler's Cove. Thus, for each echinoid,
three aerobic and three anaerobic trials were conducted. All were
carried out under darkened conditions except when removed for
photographs. Open containers were kept under a darkened hood
while sealed containers were kept in a closet. Both sealed and open
containers were removed as carefully as possible for observations
and photographs of the decay process every two days. Although this
added disturbance could possibly have promoted disarticulation, no

appreciable destruction of carcasses was observed to occur.
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Time-lapse Cinematograph

Frozen specimens of Diadema, Echinometra and Eucidaris were
placed in a flowing seawater aquarium to ensure the presence of
bacteria. Water temperature in the aquarium was 30° C. The speci-
mens were photographed with a super-8 movie camera (Sankyo
Model EM60XL) loaded with 50 ft. cassettes of Kodak Ektachrome,
and the built-in timing mechanism of the camera was set on one
frame per minute. Thus set, the camera would expose one cassette
of film over two day-night cycles. Illumination at night was pro-
vided by a 75 watt bulb in a lamp suspended over the aquarium. A
total of three cassettes of film were used to photograph the speci-

mens over a one week period.

Construction of the Literature Database

The purpose of assembling data on the preservational style of
fossil echinoids is to provide a test of the taphonomic predictions de-
rived from the field and laboratory work. Moreover, the data can be
used to explore patterns of preservation with respect to taxonomic,
stratigraphic and lithologic factors.

Lambert and Thiery (1909-1925) produced a monograph list-
ing all fossil and living echinoid species known through 1924 and a
reference to an adequate description of each. All of the references
given for species in the four families under study that are described
using fossil material are type descriptions. I have reconciled the
taxonomy of the Lambert and Thiery monograph with that of the

Treatise. Kier and Lawson (1978) compiled an update to Lambert
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and Thiery's list that included fossil and living species described
between 1924 and 1970 and followed the taxonomy given in the
Treatise. I have updated the list of fossil species to include those de-
scribed between 1970 and 1988 by checking citations in the
Zoological Record. The result is a list of all species known in the
Families Diadematidae, Echinometridae, Cidaridae and
Toxopneustidae that have been described on the basis of fossil mate-
rial, and a reference to the description of the type material.

Each primary echinoid literature reference was obtained to
study the taphonomic condition of the type material on the basis of
the photographic plates included in the reference. A taphonomic
code ranging from 1 (whole corona with spines attached) to 7
(skeletal fragments) was assigned to each specimen based on the rel-
ative completeness of the test (Figs. 10A, 10B). A description of each
code follows.

Code 1 -- Whole corona, intact with spines attached, little to no
abrasion of the corona (Fig. 10A).

Code 2 -- Whole corona, intact, no spines attached. Corona may
be abraded to unabraded (Fig. 10A).

Code 3 -- Whole corona, compressed and/or fractured, spines
attached, little to no abrasion (Fig. 10A).

Code 4 -- Whole corona, compressed and/or fractured, no
spines attached. May be abraded to unabraded (Fig. 10B).

Code 5 -- Partial corona, ranging in completeness between a
complete interambulacrum and a corona intact with the exception of
a few adapical or adoral plates. Spines attached, little to no abrasion

(Fig. 10B).
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Figure 10A -- Examples of the taphonomic codes discriminated for
assignment to the literature-derived data. All of these specimens
were photographed from Wright's monographs of British fossil Echi-
nodermata (1855-1860). Code 1) intact corona with spines attached;
Code 2) intact denuded corona; Code 3) complete corona either com-
pressed or fractured, spines attached.
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Figure 10B -- Examples of the taphonomic codes discriminated for
assignment to the literature-derived data, continued. Code 4) com-
plete denuded corona either compressed or fractured; Code 5)
Coronal fragment larger than an interambulacrum, spines attached;
Code 6) Coronal fragments larger than an interambulacrum; Code 7)
Fragments smaller than an interambulacrum.
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Code 6 -- Partial corona, distinguished as for Code 5, no spines
attached. May be abraded to unabraded (Fig. 10B).

Code 7 -- Coronal fragments, ranging in size between a single
plate and an incomplete interambulacrum (Plate Fig. 10B).

Presence/absence data on spines, test, Aristotle's lantern, api-
cal plates and peristomial plates were collected. For example, if a
lantern was described to occur associated with an intact corona, and
no spines were attached to the corona, the fossil would be assigned
to taphonomic code 2 and the "present” category contained in the
"lantern” field of the appropriate record would be selected. Finally,
additional information on stratigraphic horizon, enclosing lithology

and locality was recorded when the information was contained in the

reference.
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CHAPTER 3: RESULTS & DISCUSSION

Field Results
Population Censuses

Although the echinoids under study are generally recognized as
ubiquitous in shallow reef and near-reef environments (Kier & Grant,
1965), their distribution at all three localities is patchy. A total of
130 m2 in Smuggler's Cove, 60 m2 in Rod Bay and 800 m2 in
Graham's Harbor were analyzed for the presence of live and dead
echinoids. Raw data are presented in Appendix III.

Few living echinoids, and no dead echinoids, were present in
Smuggler's Cove and live echinoid occurrences were concentrated at
three of the 13 transect stations. Echinometra lucunter were ob-
served in low numbers (average of 2.6 per square meter) in five of
the ten quadrats analyzed at transect Station 0 (Fig. 11) along the
rocky shoreline. No additional echinoids were observed until the
reef tract was reached at Station 540, where live individuals of E. lu-
cunter were again observed, in slightly higher numbers (average of 6
per square meter) in eight of the ten quadrats counted. One live
Tripneustes ventricosus was also present. Highest echinoid diversity,
but at low abundance, occurred at Station 600, in the shallow for-
ereef environment; D. antillarum, E. lucunter and E. tribuloides were
all present. No intact or partial coronal material was observed any-
where along the transect.

Sediment samples were obtained from all the transect stations
in Smuggler's Cove except Stations 360 and 600. Because the first

quadrat of each of these stations was located directly on a coral head,
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Figure 11 -- Schematic representation of the Smuggler's Cove
transect. Symbols to the left of the transect line indicate live
echinoid abundance. Histogram to the right of the transect line
shows the percent echinoderm grains point-counted in sediment
samples.
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associated with a small patch reef at Station 360 and in the forereef
at Station 600, no sediment was available.

Constituent particle analysis of the sediments teveals that
echinoderms are minor contributors to the sediments in all of the
environments encountered in Smuggler's Cove, averaging 1.2% of the
total constituents. The two highest concentrations of echinoderm
material, 3.2% at station 420 and 3.0% at Station 540, are outside the
95% confidence interval computed for the mean value for all stations.

Examination of the echinoid fauna in Rod Bay yielded compara-
ble results (Fig 12): no dead material was associated with living in-
dividuals.  Live echinoids were present at three of the six transect
stations analyzed. Relatively high numbers of live Echinometra were
present in all 10 of the quadrats analyzed at Station 0, averaging
28.1 per square meter. One Tripneustes was also present.
Individuals of Echinometra occurred, in low abundance (average of
3.8 per square meter), in five of the ten quadrats studied at Station
40; two Tripneustes were present in one quadrat. Finally, echinoids
were present on a small patch reef encountered at Station 50. Low
numbers of Echinometra (average of 3.4 per square meter) were
counted in five of the ten quadrats, while two Eucidaris were ob-
served in each of two quadrats.

The coral rubble-pavement that predominantly comprises the
substrate in Rod Bay made sediment sampling difficult. As a result,
samples were obtained from only two of the six stations. The results
of constituent particle analysis are comparable to those obtained at

Smuggler's Cove: echinoderms are minor contributors to the sedi-

[~ -
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abundance. Histogram to the right of the transect line shows the
percent echinoderm grains point-counted in sediment samples.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

ment, comprising 1.7% and 1.1% of the constituents in samples ob-
tained from Stations 40 and 50, respectively.

Tripneustes ventricosus was the only regular echinoid found in
the census of Graham's Harbour. Although only one live individual
was counted (at Station 400), eight dead individuals, in various states
of degradation, were observed distributed along the transect at
Stations 300, 400, 500 and 700 (Fig. 13). Condition of the dead ma-
terial ranged from freshly killed with organic tissue still preseni, to
isolated fragments of interambulacrum encrusted with algae (Fig.
14). Except in the case of the freshly-killed individual, spines, apical
system and elements of the Aristotle’s Lantern were not associated
with coronal material. Without exception, all relatively intact coro-
nas observed along the transect (and in Graham's Harbor in general)
exhibited bore holes.

Constituent particle analysis of sediment samples obtained at
each station revealed that the contribution of echinoderm material is
lower in Graham's Harbor than either Smuggler's Cove or Rod Bay.

At all stations where sediment was available to sample, echinoderm

grains comprise less than 1% of the sediment.

Burial Experiments

Specimens of D. antillarum, E. lucunter and E. tribuloides buried
to 5 and 10 cm sediment depths were observed after exposure on
the backreef for one, six and twelve days. Specimens buried to 20
cm were observed after one and twelve days only. Results are illus-

trated in Figures 15- 16.
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Figure 13 -- Results of population census in Graham's Harbour.
Tripneustes venticosus was the only echinoid present. Echinoids
were found alive ( 3ft), freshly killed @B, as an intact bleached
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interambulacra ( <«, and as smaller coronal fragments ( VA
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Figure 14 -- Dead Tripneustes ventricosus observed in various
states of degradation in Graham's Harbour, San Salvador. A) Fresh
kill, the spines were still moving on this specimen; B) Intact bare
corona (note probable gastropod bore hole); C) Relatively intact and
heavily encrusted corona. Arrow points to the alga Acetabularia
growing from the corona. Presence of this alga as well as the degree
of encrustation suggests that the corona remained intact for a rela-
tively prolonged period on the sea floor; D) Large coronal fragments
encrusted with algae; E) Small encrusted coronal fragments.
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Although all three Diadema specimens were intact after one
day of exposure, cassid gastropods were present on the specimens
buried to 5 and 10 cm depth (Fig. 15). After six days, the Diadema
specimen at 5 cm was denuded of spines, apical system and
Aristotle’s Lantern. The corona, although intact, was full of sediment
and was starting to separate along its ambulacral plate sutures. No
organic tissue remained. Although the connective tissues of the
Diadema specimen buried to 10 cm had undergone some decay, it
was not sufficient to cause loss of spines; the corona was still intact.
After 12 days, the corona of Diadema at 5 cm had been reduced to
large fragments of interambulacra. Spines and lantern elements
were not present. The coronas of specimens buried to 10 and 20 cm
depth remained intact. Decay of organic material resulted in the de-
tachment of spines (which were present in the cage), apical system
and Aristotle's Lantern (which were not present).

When compared to one another, all three specimens of
Echinometra exhibited essentially the same pattern of disarticulation
(Fig. 16). After one day, specimens buried to 5 and 10 cm were in-
tact whereas the specimen buried to 20 cm had lost approximately
50% of its spines as a result of organic decay. After six days, coronas
of specimens buried to 5 and 10 cm were intact and devoid of or-
ganic matter. Spines, lantern elements and apical plates were not
present in the cage, although numerous echinoid spines were present
in the sediment of the backreef. After 12 days, all three specimens
had been reduced to intact empty coronas.

All specimens of Eucidaris remained intact after one day of ex-

posure (Fig. 16). After six days, decay had proceeded sufficiently so
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Figure 15 -- The sequence of decay of Diadema antillarum placed in
the baf:kreef in Smuggler's Cove. A-C) Specimen buried to 5 cm after
one, six and twelve days; D-E) Specimen buried to 10 cm after one
and t.welve days; F) Specimen buried to 20 cm after twelve days.
Specimen buried to 10 cm was not disturbed for observation after six
days. Specimen buried to 20 cm was not disturbed for observation
until the conclusion of the experiment.
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Figure 16 -- The sequence of decay of Echinometra lucunter and
Eucidaris tribuloides placed in the backreef in Smuggler's Cove after
one, six and twelve days. A-C) Specimens buried to 5 cm; D-F) Speci-
mens buried to 10 cm; G-I) Specimens buried to 20 cm. Two speci-
mens of Echinometra and one specimen of Eucidaris were placed in
each cage.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

that the spines, lantern and apical system had disarticulated from
the corona. Spines were present adjacent to the specimens at all
depths. Apical plates were absent from all three cages while
demipyramids of the Aristotle’s Lantern were absent from the cage
buried to 5 cm and present immediately adjacent to the test of the
specimen buried to 10 cm. After 12 days, only coronal material and
disarticulated spines remained of all three specimens The coronas
buried to 5 and 20 cm were intact, whereas the corona buried to 10

cm consisted of fragments of interambulacra.

Taphonomic Predictions based on Field Work

The absence of recognizable echinoid remains in Smuggler's
Cove and Rod Bay suggests that, in the environments studied, echi-
noids are rapidly acted on by biostratinomic processes. This has
been previously demonstrated for Diadema by Greenstein and Meyer
(1985a, b) and Greenstein (1989). The presence of recognizable re-
mains in Graham's Harbor indicates that post-mortem degradation
may not be as rapid in that lagoon. Thé ubiquitous presence of bore
holes in dead Tripneustes implies that predation is an important
source of mortality. Cassid gastropods are present in Graham's
Harbor and have been shown to prey, with few exceptions, exclu-
sively on echinoids (Hughes & Hughes, 1981). Once preyed upon,
tests of Tripneustes lose their spines, apical system and Aristotle's
Lantern. Although loss of these elements results primarily from de-
cay of organic tissues, spine loss can also result from the feeding
technique of cassids (Hughes & Hughes, 1981). The observaticn of

Tripneustes tests encrusted with algae (see Fig. 14) indicates that,
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once denuded, tests of Tripneustes can remain intact long enough to
become encrusted with algae. Large segments of interambulacra can
also survive further degradation long enough for encrustation to oc-
cur.

Constituent particle analyses reveal that sediment composition
is an unreliable indicator of the distribution of the living fauna at all
three localities. The low percentages of echinoderm material in the
sediment would make changes in live echinoid abundance statisti-
cally difficult to recognize in the sedimentary record. Moreover, re-
sults from Smuggler's Cove suggest that even statistically significant
deviations from normal levels of echinoderm material do not accu-
rately reflect the distribution of the living fauna. This conclusion
extends my earlier finding (Greenstein,1989) that a pulse of excep-
tional amounts of echinoid material were not preserved in the sedi-
ments of the fringing reefs of Bonaire, Netherlands Antilles.

Burial experiments indicate that, under normal marine condi-
tions, six days is sufficient time to "bleach” an echinoid of its organic
material. This process, as well as the method of predation of
Tripneustes, results in rapid loss of organic connective tissues and
consequent breakdown of the echinoid skeleton into essentially two
parts: a corona lacking connective tissues and disarticulated skeletal
elements (spines, lantern and apical system). It is this material that
will be further acted upon by biostratinomic and diagenetic pro-
cesses; the fate of this material determines the condition of pre-
served recognizable remains of the echinoids under study.

Once organic connective tissue has decayed, the rigidity of an

echinoid corona is determined by taxonomically-controlled variations
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in the interlocking of stereom across plate sutures (Smith, 1984).
Extensive interlocking of stereom occurs in echinaceans such as
Echinometra and Tripneustes (Régis, 1977), while very little is pre-
sent in cidarids (Eucidaris) and diademataceans (Diadema) (Smith,
1980; 1984). The contrast between degraded coronas of Diadema
and Eucidaris buried to 5 and 10 cm, respectively, and intact coronas
of Echinometra in burial experiments as well as the presence of in-
tact coronas of Tripneustes in Graham's Harbour corroborates this
fact. The lack of disarticulation of Diadema tests buried to 10 and 20
cm may be the result of burial, but no definitive statement can be
made on the basis of one experimental trial. The fragile tests
(because of a lack of sutural interlocking) and low abundances of
Diadema and Eucidaris in the environments studied are responsible
for the lack of recognizable coronal remains.

Echinometra and Tripneustes represent the other end of the
"durability spectrum" for the echinoids studied. No intact coronas of
Echinometra were found associated with the living fauna. Because
these echinoids live in high energy environments (rocky shoreline
and reef tract) in Smuggler's Cove and Rod Bay, a high degree of su-
tural interlocking and relatively high abundance do not necessarily
make their preservation any more likely than preservation of
Diadema or Eucidaris.

In Graham's Harbor, the association of relatively low numbers
of livingTripneustes with several occurrences of skeletal remains
may be related to their source of mortality, as well as to the degree
of sutural interlocking: predation by boring gastropods results in a

relatively intact corona. In the lagoon, coronas can remain intact
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long enough to become encrusted, which may further enhance their
chances of preservation. Thus, for these echinacean skeletons, pos-
sessing a relatively high degree of sutural interlocking, physical and
ecological differences in the two environments may play a role in
determining their preservation potential.

The patchy distribution of echinoids at all three localities can
be expected to produce a scattered distribution of disarticulated
skeletal elements that, even though time-averaged, comprise a small
portion of the sediment. If these elements possess characteristics
useful for taxonomic classification, they may become the only fossil
data upon which the presence of echinoids may be inferred.
Although this would be particularly true for cidarids and diademat-
aceans, echinaceans living epifaunally in high energy environments
(i.e. Echinometra), may also be preserved in this manner.

On the basis of field results and in the absence of unusual cir-
cumstances of preservation, the following taphonomic predictions can
be made for echinoids preserved in analogous facies:

1. In general, fossil specimens of the echinoids under study will
be rare.

2. The loss of organic connective tissue after six days' exposure
in normal marine conditions suggests that the recognition of fossil
material depends on A)] taxonomic differences in coronal rigidity re-
lated to sutural interlocking, and B] identifiability of isolated skeletal
elements. As a result, the condition of fossil specimens will vary
between taxa.

3. Fossil occurrences of Diadema and Eucidaris are likely to be

as disarticulated spines, lantern elements, apical plates or coronal
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fragments. Although Echinometra possesses a relatively robust
corona, in facies analogous to the environments studied, fossil occur-
rences will also be as disarticulated skeletal elements. Fossil
Tripneustes are likely to be present in lagoonal facies as intact tests
or segments of interambulacra; coronal material may be encrusted
and bored. Although not attached to intact coronal material, addi-
tional skeletal elements will be distributed in low abundances in the
sediment.

4. In rocky shoreline, reef and near-reef facies, the distribution
of fossil material will not represent that of the living populations,
and echinoderm material will represent a small proportion of the

constitutents forming the rock.

Laboratory Resuits

Decay Experiments

As noted earlier, the initial set-up for decay experimentation
constituted a 6-way test for oxygenation (sealed vs. open containers)
and sediment conditions (no sediment, backreef sediment and fore-
reef sediment) for each of the three echinoids used in the decay ex-
periments. However, other than an obvious difference in grain size,
no further characteristics of the sediments obtained from the back-
reef and fore-reef were noted. Moreover, Allison (1988) demon-
strated stoichiometrically that decaying carcasses have a tremendous
oxygen demand which cannot be compensated for by diffusion alone.
Kidwell & Baumiller (in press) found that the oxygen demand of a
single 6.5 g echinoid carcass in a 4 liter container was so great that

tap water (initially 3.75 mil/l O,) was reduced to an anoxic state in
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less than 24 hours. Using ophiuroids, Jones (1987) also determined
that decay experiments performed in open containers proceeded un-
der anaerobic conditions. Thus for each echinoid, the decay experi-
ments were reduced to a test of two sediment conditions
(presence/absence) under conditions of anaerobic decay.

Six semi-quantitative states of decay, ranging from intact,
freshly-killed specimens (State 1) to disarticulated fragments with
varying amounts of organic tissue (State 6), were discriminated on
the basis of experimental observations (Fig. 17). The pattern of de-
cay of specimens placed in containers with no sediment mirrored
that of specimens decaying in the presence of reefal sediments (Fig.
18). For specimens of Diadema and Eucidaris, the order of decay pro-
ceeded in much the same fashion as described for the regular echi-
noids Echinus by Schifer (1972) and Arbacia punctulata by Kidwell
& Baumiller (1989). After detachment of pedicellariae and spines,
the peristomial and periproctal membranes disintegrate, the lantern
disarticulates, the apical system collapses and finally the corona
splits along plate sutures as a result of decay of connective tissues.
Specimens of Echinometra also followed this pattern with the excep-
tion that they were not observed to disarticulate along plate sutures.

Spines of Diadema began to detach within one day of decay
(Fig. 18A) with detachment continuing over the next five days. After
seven days, specimens of Diadema were present in four of the six
states of disarticulation, ranging from an intact corona missing <50 %
spines to a corona split along ambulacral plate sutures. After 10

days, two additional coronas had disarticulated, and none retained

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 17 -- The six states of decay discriminated during the decay
experiments performed in jars. A) intact corona with spines at-
tached; B) intact corona with < 50 % spine loss; C) intact corona with >
50 % spine loss; D) intact corona denuded of spines, apical system
and/or peristome attached; E) intact corona denuded of spines, apical
system and peristome; F) coronal fragments. Examples A-D are
specimens of Echinometra lucunter. Example E is a specimen of

Eucidaris tribuloides. Example F is a specimen of Diadema antil-
larum.
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Figure 18A -- Decay of carcasses of D. antillarum in jar experi-
ments. Presence in one state does not imply that the echinoid went
through all preceding states. Each rectangle represents one echinoid
specimen. Echinoids in jars with no sediment are represented by
diagonal pattern.
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any spines. All specimens but one were missing their lantern and
apical system.

In contrast to Diadema, specimens of both Echinometra and
Eucidaris retained their spines for longer periods. This is particularly
true for Eucidaris, whose initial rate of disarticulation was the lowest
of the three echinoids (Fig. 18B). Specimens of Eucidaris remained
intact through three days of decay. After five days, one specimen
had lost <50 % of its spines while the other five individuals continued
to remain intact. Spine loss continued through seven days of decay,
but no further disarticulation was observed until the tenth day,
when four specimens had separated along ambulacral plate sutures.

Loss of spines from the coronas of specimens of Echinometra
began after three days of decay (Fig. 18C), with continued loss
through five days. After seven days, two specimens had lost all of
their spines. The remaining specimens retained varying numbers of
spines, although not to the degree that specimens of Eucidaris re-
tained their spines after seven days. After ten days, all Echinometra
coronas were intact, but devoid of spines. Two specimens still re-
tained their lantern and apical system while these elements had dis-

articulated from the remaining specimens.

Time Lapse Cinematography

Difficulties with the camera equipment resulted in three ex-
tended intervals of continuous observation punctuated by two gaps
in observation rather than continuous observation over a six day pe-
riod. Of the total 148 hours during which the echinoids were allowed

to decay, 115 hrs., 16 min. were observed. The first interval began
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with the initial placement of the specimens in the flowing seawater
aquarium and lasted 42 hr.,, 22 min. The second interval began after
a 25 hr., 25 min. gap in observation, beginning 67 hr., 47 min. into
the experiment and continuing for 14 hr., 36 min. until 82 hr., 23
min. into the experiment. The final interval began after a gap of 6
hr., 42 min., beginning at 89 hr., 5 min and continuing for 58 hr., 18
min. until the experiment was concluded. Observations were ham-
pered during daylight by changes in film exposure, and facilitated at
night by consistent exposure levels.

The development of algal (or possibly bacterial) "jackets" on all
three specimens was first observed within 30 hours after placement
in the aquarium. The algal coatings continued to thicken over all
specimens forming a cap that appeared to bind the spines of the
echinoids to the corona and interfere with disarticulation (Fig. 19).
This observation was inadvertently shown to be correct when, upon
removal of the echinoids after 168 hours, the specimen of
Echinometra slipped out from underneath its "algal jacket" leaving its
spines imbedded in the scum. The lantern and apical system conse-
quently fell out of the corona (Fig. 20). Thus, decay had proceeded
sufficiently to cause the disarticulation of skeletal elements. No
buoyancy or movement of the corona as a result of bubbles produced

by decay gases was observed.

Tumbling Experiments
Size Distribution of Skeletal Material -- When subjected to

tumbling, skeletal material was distributed into the five delineated

size fractions within one hour. For all echinoids, additional tumbling
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Figure 19 -- D. antillarum, E. lucunter and E. tribuloides after six
days of decay in a flowing seawater aquarium. Note extensive algal
"jackets".

Figure 20 -- The same specimems after removal from the aquarium
after six days of decay. When removed from the aquarium, the
specimen of Echinometra lost its spines.
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resulted in neither statistically significant (a0 = .05) increases nor cor-
responding decreases in the size fractions when expressed as weight
percent of the entire skeleton (Figs. 21 & 22). Eighty percent of the
weight of skeletons of Diadema and Echinometra was present in the
>2 mm size fraction after one, ten and 100 hour periods of tumbling
(Fig. 21A, B). The same results were obtained for skeletons of
Eucidaris (Fig. 22A): the >2 mm size fraction contained approxi-
mately 80% of their weight. Eighty percent of the weight of
Tripneustes skeletons was divided between the >2 mm and 1-2 mm
size fractions (Fig. 22B). These fractions contained approximately
60% and 20% of skeletal weight, respectively.

Composition of the >2 mm Size Fraction-- For all echinoids, the
>2 mm size fraction was composed of spines, corona and elements of
the Aristotle’s Lantern. As might be predicted from Figures 21 and
22, the relative contributions of these skeletal elements to the frac-
tion do not vary significantly with tumbling time. Significant (a =
.05) differences do exist, however, in the contributions of these ele-
ments when the different echinoids are compared (Figs. 23 & 24).
For Diadema, spines comprise approximately 60%, corona 25% and
lantern 15% of the weight of the fraction (Fig 23A). This contrasts
with Echinometra (Fig. 23B) where the corona comprises approxi-
mately 50%, spines 35% and lantern 15% of the weight of the frac-
tion. The results for Eucidaris resemble those for Diadema, with
spines comprising approximately 65%, corona 25% and lantern 10% of
the weight of the fraction (Fig. 24A). Finally, the >2 mm fraction of
tumbled Tripneustes skeletons is, by weight, approximately 80%

coronal material, 10% spines and 10% lantern elements (Fig. 24B). In
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Figure 21-- The distribution of echinoid skeletal elements into the
discriminated size fractions as a function of tumbling time. Values
are means of five trials. Al Diadema antillarum; Bl Echinometra lu-
cunter.
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Figure 22--The distribution of echinoid skeletal elements into the
discriminated size fractions as a function of tumbling time. Values
are means of five trials. A] Eucidaris tribuloides, Bl Tripneustes ven-
tricosus.
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the sense that coronal material predominates, the results for
Tripneustes resemble Echinometra.

Degree of Breakage-- Differences in the degree of breakage in-
curred by the different echinoid species became apparent immedi-
ately as coronas of Diadema were observed to disarticulate within a
few minutes of tumbling whereas other echinoid coronas exhibited
variations in durability, some remaining intact for periods of 100
hours. Differences in the magnitude of disarticulation are qualita-
tively expressed in Figures 25 and 26. Quantitative assessment of
breakage was obtained by calculating a coefficient of breakage for
coronal material present in the >2 mm size fraction. The coefficent
was calculated according to the formula:

CB=gr*w=

where N = the number of pieces of corona in the >2 mm size fraction,
W = the weight of those coronal pieces and WP = the weight percent
of the coronal pieces in the >2 mm fraction relative to the entire
echinoid skeleton. Higher coefficient values represent relatively

. 1 .
more breakage. The inclusion of the second term (W_P-) normalizes

the coefficient for differences in test size. For example, a small
corona could conceivably break into many pieces that were less than
2 mm in size. In an extreme case, suppose only one coronal plate

remained in the >2 mm size fraction. Calculating the coefficient sim-

ply by using

|z
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Figure 25 -- Echinoid specimens after 1 hour of tumbling. A) Dia-

defna antillarum; B) Echinometra lucunter; C) Eucidaris tribuloides; D)
Tripneustes ventricosus.
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Fi.gure 26 -- Echinoid specimens after 100 hours of tumbling. A)
Diadema antillarum; B) Echinometra lucunter; C) Eucidaris tribuloides;
D) Tripneustes ventricosus.
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would yield a small value and an inaccurate representation of the
amount of breakage. However, the weight percent of that coronal

plate would be quite small. Thus, incorporating
1
wP

into the formula would increase the coefficient to represent the high
degree of breakage.

Although there is no significant increase in coronal breakage
with increased tumbling time (Fig. 27), significant (x=.05) differences
exist between the echinoid species in the amount of breakage in-
curred (Fig 28). Diadema coronas underwent the most breakage,
with a mean coefficient value for all tumbling periods of 173.47 +/-
45.79. Echinometra underwent the least amount of coronal disartic-
ulation, with a mean coefficient value of 4.65 +/- 2.31 for all tum-
bling intervals. Eucidaris and Tripneustes fell between these two
extremes. FEucidaris exhibited relatively high amounts of breakage
over all tumbling periods, with a mean coefficient value 89.36 +/-
26.25. Coronas of Tripneustes suffered less damage than Eucidaris
and more damage than Echinometra. The mean coefficient obtained

over all tumbling intervals forTripneustes was 34.31 +/- 25.51.

Taphonomic Predictions based on Laboratory Work

Many (perhaps most) echinoids die from conditions that inflict
little skeletal damage. These include senescence, desiccation, tem-
perature fluctuations and disease (see Smith, 1984, for a review).
Even death by predation, which normally accounts for a small pro-

portion of deaths in a population (Himmelman & Steele, 1971;
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Figure 27 -- Breakage coefficients calculated for test material >2
mm in size plotted as a function of tumbling time. Error bars repre-

sent 95% confidence intervals about the mean.
5. A)Diadema antillarum; B] Echinometra lucunter; C] Eucidaris

For all echinoids, N =

tribuloides; D] Tripneustes ventricosus. Note the change in scale of
the vertical axis for both Diadema and Echinometra.
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Hendler, 1977; Smith, 1984), can produce relatively intact coronas, as
attested to by the condition of dead Tripneustes in Graham's Harbor.
In natural systems, therefore, intact dead carcasses are probably the
rule at the start of the post-mortem interval.

The sequence of disarticulation observed during anaerobic de-
cay is similar to that observed by Schifer (1972) and Kidwell &
Baumiller (1989) (for aerobic and both aerobic and anaerobic condi-
tions, respectively) and suggests that, in the absence of physical
and/or biological disturbance, regular echinoids disarticulate in a rel-
atively predictable sequence in both oxygen regimes. Lack of distur-
bance, however, may be limited to quiet,' anoxic environments, where
biological activity is restricted or prohibited. The condition of fossil
regular echinoids preserved in such environments may then repro-
duce the states of disarticulation observed under controlled circum-
stances. This hypothesis has been initially tested by Kidwell &
Baumiller (in press) who identified all experimental states of carcass
disintegration discriminated in the laboratory among the regular
echinoids housed in the white chalk collections (Cretaceous) of the
British Museum of Natural History.

More specifically, the results of the decay experiments suggest
that although the pattern of resulting skeletal disarticulation is simi-
lar for a variety of regular echinoids, its timing is different for the
three echinoids observed in this study. Diadema disarticulates
rapidly, with noticeable spine loss within 24 hours and degradation
into interambulacral fragments after seven days. However, Eucidaris
exhibits a "disarticulation threshold" of seven days before which the

skeletons remain fairly intact. Once the threshold is reached, how-
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ever, spines are lost and the corona rapidly degrades into interam-
bulacral fragments. Coronas of Echinometra never become frag-
mented, but the timing of skeletal disarticulation is intermediate to
Diadema and Eucidaris: Specimens incurred noticeable spine loss af-
ter three days and further degradation to intact, empty coronas after
seven days.

The use of the results of the decay experiments for making
general taphonomic predictions (i.e. in aerobic environments) is jus-
tified because it has been suggested that the effects of aerobic and
anaerobic decay are indistinguishable for macroinvertebrate car-
casses (Plotnick, 1986; Kidwell & Baumiller, in press). Moreover, for
proteinaceous skeletons, Allison (1988) found that anoxia in itself is
ineffective as a conserving medium. The primary importance of
anoxia was not in retarding decay, but in promoting early mineral-
ization after initial decay.

Few of the observations made using time-lapse cinematogra-
phy can be applied to predictions on the condition of fossil echinoid
material. It should be noted, however, that the concept of suspen-
sion transport of echinoderms has received attention in the tapho-
nomic literature. The idea was introduced with work on crinoidal fa-
cies (Miiller, 1955; Ruhrmann, 1971a,b; Seilacher, 1973) and has
been much debated in both the literature (e.g. Ruhrmann, 1971b;
Blyth Cain, 1968; Meyer & Meyer, 1986) and in anecdotal observa-
tions. The structure of stereom is thought to facilitate the entrap-
ment of gas bubbles produced by the decay of tissues within it
(stroma). However, examination of the time-lapse films reveals that

the echinoid coronas never become buoyant. Thus, buoyant trans-
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port as a result of decay gases alone should not occur during the first
6 days of decay. The apparent "pinning" of the echinoids by the algal
jackets probably did little to prevent floating since none of the 18
echinoid specimens used in the decay experiments developed algal
jackets or floated.! Echinoids that die from desiccation have been
observed, in nature, to float (Reyment, 1986), but this is a conse-
quence of air entering the test rather than a result of the accumula-
tion of gas bubbles in the stereom (Smith, 1984).

Results of transect work at all three localities and burial ex-
periments conducted on the back reef in Smuggler's Cove indicate
that intact dead echinoids do not decay slowly and undisturbed in
the reef and near-reef environments under study, but instead
rapidly become bleached carcasses. It is in this condition that they
are exposed to subsequent biostratinomic processes. Therefore, car-
casses of echinoids in natural systems can be expected to disintegrate
into various sizes in a manner similar to that observed during tum-
bling experiments, primarily as a function of coronal rigidity and the
morphology of spines, test and lantern elements.

Results of the tumbling experiments indicate that after organic
tissues have been removed, physical disturbance of the echinoids re-
duced the majority of the skeleton to elements >2 mm in size. In
terms of recognizing echinoids in the fossil record, a size of 2 mm is a

logical cut-off value, since fragments smaller than 2 mm would prob-

1 Two specimens of Diadema were observed to float during the decay
experiments, but they did so at the outset of the experiment (i.e. as a result of
being frozen) before any organic decay had begun.
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ably go undetected in outcrop and are unlikely to retain features that
permit identification at lower taxonomic levels.

Coronal Material--Tumbling results indicate that the amount of
coronal disarticulation varies significantly between the echinoids
(Fig. 28). Style of disarticulation was evaluated semi-quantitatively
using a scale developed on the basis of observations of all specimens;
four states of disarticulation are discriminated (Table 1, Figure 29).
Coronas of Diadema occur as fragments less than the size of an inter-
ambulacrum (State 4). Auricles are intact and connected to ambu-
lacral plates. Coronas of Echinometra are usually whole (State 1) but
are occasionally missing a few adapical test plates (State 2) and occur
once as whole interambulacra separated along ambulacral sutures
(State 3). Eucidaris are most commonly present in State 3 and occa-
sionally present in State 4. Finally, coronas of Tripneustes are rela-
tively evenly distributed among States 1, 2 and 4, as manifested in
the wide range of values obtained for the breakage coefficient dis-
cussed earlier.

A quantitative test of the differences in the amount of coronal
disarticulation suffered by each echinoid was performed using the
Kolmogorov-Smirnov two-sample test on the frequency distributions
of the states of disarticulation distinguished above. The test deter-
mines whether histograms generated by two frequency distributions
represent samples from significantly different populations. Results
of testing the distributions obtained for each echinoid corroborate
the conclusions of Smith (1980, 1984) that differences in sutural in-
terlocking occur at higher taxonomic levels. The echinoids may be

divided into two groups, those with relatively extensive interlocking
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Table 1-- Distribution of test material >2 mm in size into four states
of disarticulation and the frequency with which these states occurred
for each echinoid. N = 15.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 29 -- Four states of coronal breakage discriminated from the
results of tumbling experiments. State 1) intact corona; State 2)
coronal fragment larger than an interambulacrum; State 3) corona
split along ambulacral plate sutures resulting in distinct interambu-
lacral fragments; State 4) coronal fragments smaller than an interam-
bulacrum. States 1, 2, 3 and 4 correspond to taphonomic codes 2, 6,
6 and 7, respectively. Thus only taphonomic codes 2, 6 and 7 were
used for statistical comparison of tumbling results to literature-
derived data.
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of stereom across plate sutures (Echiﬁometra and Tripneustes), and
and those with little or no sutural interlocking (Diadema and
Eucidaris). There are no significant (o« = .05) differences in the dis-
tribution of states of disarticulation exist within each group (Table 2).
Significant differences do exist, however, between the frequency
distribution obtained for Diadema and those obtained for both
Echinometra and Tripneustes. Additionally, the distribution of states
of disarticulation obtained for Eucidaris is significantly different than
that obtained for Echinometra, but not for Tripneustes (however, the
test of the null hypothesis was very close: comparison of histograms
generated for Eucidaris and Tripneustes produced a value of D = .400
which was compared to D (.05) = .496 -- see Table 2).
Characterization of the differences in coronal disarticulation in this
fashion is useful in that it provides predictions of taphonomic over-
print that can be tested quantitatively.

Additional Skeletal Material-- Spines of Diadema and Eucidaris
are the primary contributors to the >2 mm size fraction. Diadema
possesses large numbers of spines which contributed numerous
(500-600) intact and broken pieces to the fraction. Eucidaris pos-
sesses fewer, more robust spines, which are commonly encrusted and
contributed fewer (25-50) pieces to the fraction. Thus, spine abun-
dance is responsible for the pattern observed for Diadema, whereas
spine weight is responsible for producing that observed for Eucidaris.
Spines of Echinometra are secondary contributors to the >2 mm
fraction because they are relatively small and few in number.
Tripneustes spines are exceedingly small; they were therefore minor

contributors to the >2 mm size fraction.
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Tripneustes < »Echinometra

Diadema = » Fucidaris

For all samples, n = 15, therefore D (.05) = .496
Tripneustes vs. Echinometra, D = .333, fail to reject Ho
Diadema vs. Eucidaris, D = .267, fail to reject Ho
Tripneustes vs. Eucidaris, D = .400, fail to reject Ho
Tripneustes vs. Diadema, D = .667, reject Ho
Echinometra vs. Diadema, D = 1.000, reject Ho
Echinometra vs. Eucidaris, D = .733, reject Ho

Table 2 -- Schematic representation of statistically significant and
insignificant differences in the frequency distribution of states of
disarticulation distinguished on the basis of tumbling experiments;
where Ho is that the histograms represent samples from statistically
similar populations. Differences for species connected with lines are
not significant at the o = .05 level.
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The contribution of Aristotle’'s Lantern material to the >2 mm
fraction is relatively minor for all echinoids, and presumably mirrors
their percent contribution in the initial skeleton. The elements pre-
sent were rarely broken and commonly consisted of the ten
demipyramids and, occasionally, teeth. For all echinoids, lantern el-
ements were intact in all three size fractions studied. This suggests
that after initial disarticulation by bleaching, tumbling had no effect
on the condition of lantern material. The size of the various lantern
elements ( e.g. demipyramids, teeth, compasses, epiphyses) dictated
their size distribution.

Consideration of all experimental results yields the following
predictions of the condition of fossil echinoids in the absence of un-
usual taphonomic circumstances:

1. Diadema-- Tumbling results indicate that fossil occurrences
of this echinoid will usually consist of fragmented material composed
of spines and, secondarily, coronal material. Individual elements of
the lantern, particularly demipyramids and teeth, may also be pre-
sent. Observations of the sequence of decay and disarticulation sug-
gest that occurrence of intact coronas with spines attached does not
necessarily indicate anoxic decay but rather exceedingly rapid cessa-
tion of all decay (within 24 hours). The occurrence of intact bare
coronas implies that decay was halted less than one week after
death.

2. Echinometra-- Tumbling results demonstrate the durability
of the echinometrid corona, and intact coronas (without peristomial
or apical plates) are likely .to occur (possibly transported) as fossils.

Spines of echinometrids will be recognizable as fossils but not as

————
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abundantly as diadematoid spines; lantern elements may also be
present. Observations of the timing of disarticulation as a conse-
quence of decay suggest that individuals preserved with spines at-
tached could not have decayed longer than five days. No predictions
can be made as to the timing of disarticulation of the corona.

3. Eucidaris-- Results of tumbling indicate that the robust
spines of Eucidaris will be the most common representative of this
echinoid in the fossil record. Coronas, when present, are most likely
to be preserved as complete interambulacral segments that have
broken along their ambulacral sutures. Coronal fragments may also
occur. Lantern elements will rarely be preserved as fossils.
Observations of decay suggest that, of the echinoids studied,
Eucidaris is most likely to occur with spines attached. Such occur-
rences, as well as that of intact empty coronas imply decay of no
longer than one week.

4. Tripneustes-- The relatively minor contribution of spine and
lantern material to the >2 mm size fraction indicates that recogniz-
able fossils of this echinacean will be composed almost entirely of
coronal material. Moreover, tumbling‘results suggest a wide varia-
tion in condition of the material, including intact coronas lacking
peristomial or apical plates, large sections of the corona and isolated
test fragments.

5. In general, the preservational styles of Echinometra and
Tripneustes will be similar, and those of Diadema and Eucidaris will
be similar. However, significant differences in style of preservation
can be expected to occur if either echinacean is compared to

Diadema, and if Echinometra is compared to Eucidaris.
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CHAPTER 4: SYNTHESIS

Taphonomic Predictions

The purpose of this chapter is to synthesize the results of field
and laboratory analyses into predictions of taphonomic overprint,
and to test the predictions. Examining exposed Pleistocene reef and
near-reef facies for fossil occurrences of the same species studied in
the field and laboratory experiments allows for a specific test of the
predictions derived for each of them. Determination of the preser-
vational style of the occurrences of all type species described for
each family in the literature provides a general test of the predic-
tions extended to each family in that it includes fossil occurrences in
many different facies representing many different environments.

The preceding chapter has demonstrated that, in the environ-
ments studied, echinoids are rapidly reduced to two constituents
which are then exposed to subsequent post-mortem processes: a
corona devoid of organic matter and disarticulated skeletal elements
(Aristotle’s Lantern, spines and apical and peristomial plates).
Consequently, the recognition of fossil material is largely a function
of coronal rigidity and identifiability of individual skeletal elements.
Taxonomic control of both coronal rigidity and the relative contribu-
tion of various skeletal elements to a recognizable (>2 mm) size frac-
tion has been demonstrated. Moreover, degree of sutural interlock-
ing and the morphology of lantern elements for each species are con-
sistent at the familial level (Smith, 1980, 1981; Durham et al., 1966).

Thus the following predictions of taphonomic overprint, summarized
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in Table 3, are extended to each family represented by the species
studied in the field and laboratory.

Cidaridae -- Fossils assigned to this family will occur, in order
of decreasing relative frequency, as skeletal fragments (taphonomic
code 7), fragments of corona larger than one interambulacrum in size
(taphonomic code 6) and as intact coronas with no spines attached
(taphonomic code 2). The frequency with which fragments (code 7)
occur will be much higher than either of the two other preservational
styles. The majority of the fragments described will be spine mate-
rial followed by coronal material. Isolated lantern elements, apical
plates and peristomial plates will rarely be described.

Diadematidae -- Diadematid fossils will be described primarily
on the basis of fragmented material (code 7). Other taphonomic cat-
egories will be rare. The majority of the fragmented material will be
spines followed by corona. Isolated lantern elements will be moder-
ately rare in the data set; apical and peristomial plates will be rare.

Toxopneustidae -- In order of decreasing relative frequency,
fossils will occur as intact bare coronas (code 2), fragments of corona
larger than one interambulacrum in size (code 6) and as skeletal
fragments (code 7). Skeletal fragments will almost entirely consist of
coronal material. Unlike the Cidaridae, which are also predicted to
exhibit these three styles of preservation, the distribution of fossil
toxopneustids into the three taphonomic categories will be relatively
equitable. Isolated spines, lantern elements, apical and peristomial
plates will be described very rarely.

Echinometridae -- Fossils assigned to this family are predicted

to occur as either intact coronas with no attached skeletal elements
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Family

Spines

Qggrgma

!,antgr!!

Diadematidae Abundant as fossils, both Moderately abundant, Moderately rare.  Occurring
as whole and broken but only as fragmented as individual intact elements,
pieces. remains. Individual plates primarily demipyramids and

or groups of plates teeth.
broken along sutures.

Echinometridae Moderately abundant as Intact corona without apical Moderately rare.  Occurring
whole pieces. system or peristome abun- as individual intact elements,

dant. Large coronal frag- primarily demipyramids and
ments moderately rare. teeth.
Coronal fragments rare.

Toxopneustidae Whole or broken pieces Intact corona without apical Rare.
rare. system or peristome, large

sections of interambulacra,
and test fragments all moder-
ately abundant.

Cidaridae Intact primary spines Large sections of interambu- Rare.
very abundant. lacra abundant. Intact corona

without apical system or peri-
stome moderately abundant.
Coronal fragments moderately
rare.
Table 3 -- Summary of taphonomic overprint predicted to affect fossil occurrences of species

belonging to the four families under study. For all echinoids, the presence of apical or peristomial
plates is expected to be very rare.
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(code 2) or as large pieces of corona (code 6). Intact coronas will oc-
cur more frequently than partial coronas. Fragmented material (code
7) will occur rarely and be composed primarily of spines. Isolated
lantern elements, apical and peristomial plates will be rare.
Differences between groups -- The families under study will
fall into two groups on the basis of the frequency distribution of the
taphonomic codes that I have discriminated for the literature data.
Families Echinometridae and Toxopneustidae comprise one group;
Families Diadematidae and Cidaridae comprise the second group. The
distribution of preservational styles will be more similar within the

defined groups than between them.

The Cockburntown Reef: A First Test of Taphonomic Predictions
Because of its Pleistocene age (White et al., 1984), the fossil
reef exposed at Cockburntown, San Salvador represents a logical
"first step back" to test the taphonomic predictions derived from
work in the field and laboratory. The same species of echinoids
studied in the Recent existed in the Pleistocene and, with the excep-
tion of the lagoonal environment encountered in Graham's Harbor,
the facies studied at Cockburntown are considered analogous (White
et al., 1984) to the environments encountered along the transects.
Along the three transects constructed in the Cockburntown
quarry, a total of 13 m2 of coral-rubblestone (backreef/reef) facies
and 9 m2 of calcarenite (shallow subtidal) facies were studied for
the presence of echinoids. Fossil echinoids of any kind were rarely
observed. The most common occurrence were intact tests whose in-

tensely weathered condition made taxonomic assignment difficult
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but may have been the irregular holectypoid Echinoneus. The coral
rubblestone facies yielded one of these echinoids and one fossil
Eucidaris tribuloides (Fig. 30A). The specimen of Echinoneus oc-
curred as an intact corona without spines or apical system. Absence
of lantern elements was not the result of any taphonomic process;
only juveniles of this group possess an Aristotle's Lantern (Rose,
1978). The fossil Eucidaris was represented by a lone, complete
spine. A fragment of a mellitid sand dollar was also present in the
coral-rubblestone facies. The calcarenite yielded five additional
Echinoneus occurring as intact empty tests without spines or apical
system. Sand dollar fragments were present in two of the quadrats
superimposed on the calcarenite bedding plane, as was an intact,
bare corona of (probably) a spatangoid (Plate 30B).

Constituent particle analyses of thin sections reveal that echin-
oderms are minor contributors to the rock comprising all facies, av-
eraging 0.21% of the constituents. Values for the percent of echino-
derm grains counted did not exceed 0.55% for any of the samples
obtained.

Consideration of the preservational style and frequency of oc-
currence of echinoids at Cockburntown supports the taphonomic pre-
dictions derived from field observations and laboratory experimen-
tation in the following ways:

1. Rare occurrence- - Results of population censuses and field
experiments predicted that fossil echinoids would be rare in facies
analogous to the environments under study.

2. Lack of Echinometra and Diadema-- Assuming that these

echinoids were both common components of tropical reef ecosystems
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Figure 30 -- Examples of fossil echinoids observed in Pleistocene
reef facies exposed near Cockburntown, San Salvador. A) Cidaroid
spine (arrow) in the shallow subtidal facies; B) Corona of a probable
spatangoid. Note abraded nature of the material.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



45

during the Pleistocene, their absence from the reef facies is a result
of the taphonomic factors delineated by the field and laboratory ex-
periments. For both of these echinoids at the Cockburntown reef it
may be stated that "lack of evidence is not evidence of lack"”, and ad-
ditional bulk samples would be expected to contain spines and frag-
mented coronal material >2 mm in size.

3. Condition of Eucidaris tribuloides-- The presence of an intact
spine of this echinoid agrees with predictions made from the results
of tumbling experiments. Results of tumbling experiments suggest
that examination of additional bulk samples from Cockburntown
would yield additional spines.

4. Minor constituent of the rock-- Low values for the percent-
age of echinoderm material comprising the rock corroborate the re-
sults of constituent particle analyses performed on Recent sediment
samples.

Echinoids are minor contributors to reef and near-reef facies
analogous to the environments studied in the Recent. As a result,
there is little direct evidence to support derived taphonomic predic-
tions other than rarity of occurrence. The literature-derived data on
preservational style provide a test of the predictions concerning the

type of skeletal material likely to be present and its condition.

A Test of Taphonomic Predictions Using Literature-Derived Data
Through 1988, there have been 985 species of fossil echinoids
described on the basis of fossil material and assigned to the families
Cidaridae, Echinometridae, Toxopneustidae and Diadematidaec. The

distribution of the species into the families is not equitable (Table 4).
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Cidarinae 13 609 443 72.7
Rhabdocidarinae 9 195 131 67.2

Cidaridae Stereocidarinae 4 74 54 73.0 (72.0)
Goniocidarinae 1 14 12 85.7
Histocidarinae 2 9 8 88.9
Diadematidae 6 32 21 65.6
Toxopneustidae 8 38 25 65.8
Echinometridae 6 9 8 88.9
TOTAL 60 081%* 701 ** 71.4

Table 4 -- The distribution of fossil species in the database into higher taxonomic categories and the
number of species for which taphonomic information is complete (stratigraphic information is complete
for all species). The cidaroid Subfamily Ctenocidarinae, comprised predominantly of Recent genera, is
excluded from the analysis since only one species has been assigned to that family on the basis of fossil
material. Three species of cidaroid not assigned to any cidaroid subfamily by the original authors are

also excluded.. The exclusion of these 4 species results in total numbers of species slightly different
than reported in the text (delineated by * and *¥*).
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At the time of this writing, stratigraphic information has been com-
piled for all species. Taphonomic information has been compiled for
704 species, or approximately 71% of all known species. The com-
pleted subset of the entire database was sorted for each family on
the basis of taphonomic condition (see Plate 6 for description of the

taphonomic states discriminated).

Family Cidaridae

The cidaroids are the most diverse and abundant family for
which preservation data were collected, comprising 91% of all echi-
noid species studied. A total of 648 type species of Cidaridae, repre-
senting 72% of known species, were characterized on the basis of
their preservational style. Over 60% of the type species described
fall into taphonomic code 7: skeletal fragments (Fig. 31). Intact
whole tests with no skeletal elements attached (taphonomic code 2)
comprise 20% of described type species. Broken coronal material at
least as large as one interambulacrum comprisesl0% of the type
species. The remaining 10% of species are distributed into other
taphonomic categories at relatively low numbers.

Further analysis of the type descriptions based on fragments
indicates that 77% of the fragments described are isolated primary
spines (Fig. 31). Coronal fragments (isolated plates broken along
their boundaries or groups of plates still sutured but comprising a
piece of corona no larger than an interambulacrum) represent an ad-
ditional 13.2% of the species described. Isolated spines and coronal
fragments occurring together are the material with which an addi-

tional 8.6% of type species are described. These three categories ac-
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Taphonomic Condition

Spines & Lantern 0.7%
Spines & Test 8.6% Spines & Apical Plates 0.2%
Apical Plates 0.2%

Test 13.2%

Spines 77%

Figure 31 -- The distribution of preservational styles obtained from
the literature for the Family Cidaridae. A) Relative frequency of each
taphonomic code. B) Composition of taphonomic code 7 (skeletal
fragments). For comparison with other families, frequencies of ta-
phonomic codes are expressed as the percent of total species.
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count for 98.8% of the species described on the basis of fragmented
skeletal material. Isolated lantern elements are rarely described (3
species) as are isolated apical plates (2 species). Individual peristo-
mial plates are not described in the literature examined.

Analysis of the fossil material on the basis of the presence or
absence of selected skeletal elements (lantern, apical system and
peristomial plates) reveals that they are rarely present with fossil
cidaroid material. Of 650 fossil occurrences, lantern elements are de-
scribed for 14 species. Three of these occurrences are as the isolated
elements described above, while lanterns described for the remain-
ing 11 species were inside (but not attached to) the peristome of an
intact corona. Plates comprising the apical system were described as
rarely as lantern elements, a total of 14 times. Two of the described
occurrences were as isolated apical plates (described above) while
the remaining 12 occurrences were complete apical systems, still at-
tached to an intact corona. Finally, peristomial plates were exceed-

ingly rare in the data set, described twice as attached to intact tests.

Family Diadematidae

A total of 21 species assigned to the Family Diadematidae were
characterized on the basis of their preservation. The resulting data
set represents 66% of known fossil species. Approximately 38% of
the species examined are described on the basis of fragmented mate-
rial (taphonomic code 7), the majority of which are spines (Fig. 32A,
B). Intact tests with no skeletal elements attached (taphonomic code
2) are described for an additional 33% of examined species. With the

exception of taphonomic code 1, each additional taphonomic condi-
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Figure 32 -- The distribution of preservational styles obtained from
the literature for the Family Diadematidae. A) Relative frequency of
each taphonomic code. B) Composition of taphonomic code 7 (skele-
tal fragments). For comparison with other families, frequencies of
taphonomic codes are expressed as the percent of total species.
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tion is represented by one occurrence in the data set analyzed.
Lantern elements, apical or peristomial plates do not occur as iso-
lated skeletal elements.

Study of the presence/absence data collected for additional
skeletal elements described for species of Diadematidae reveal that
they rarely occur. Lantern elements are described once as occurring
within the peristome of an intact corona. Apical plates are described
twice, occurring as a complete apical system attached to an intact and

a partial corona. Peristomial plates are not described in the data set.

Family Toxopneustidae
A total of 25 species (65.8% of known species) assigned to the

Family Toxopneustidae were characterized according to preserva-
tional style. The condition of type fossil material is distributed into
four taphonomic categories in relatively high percentages (Fig. 33).
Forty percent of the species investigated are described on the basis
of intact coronas with no attached skeletal elements (taphonomic
code 2). Coronas that have been fractured or compressed but are
otherwise complete and have no skeletal elements attached
(taphonomic code 4) represent 28% of described species, while in-
complete coronal material (taphonomic code 6) accounts for an addi-
tional 24% of the described species. Finally, isolated skeletal frag-
ments (taphonomic code 7) have been used as type material for 8%
of the described species. Fragments present are spines (for one
species) and test plates (for one species). Analysis of pres-
ence/absence data obtained for additional skeletal elements reveals

that the apical system has been described for 3 species, occurring
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Figure 33 -- The distribution of preservational styles obtained from
the literature for the Families Echinometridae (A) and Toxopneusti-
dae (B). For comparison with other families, frequencies of tapho-
nomic codes are expressed as the percent of total species.
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attached to an intact test. Lantern elements and peristomial plates
have not been described for the type material included in the data

set.

Famil hinometri

Compared to the three other families investigated, the
Echinometridae are the most depauperate in terms of the number of
species described on the basis of fossil material. A total of nine
species placed in six genera have been described on the basis of fos-
sil material through 1988. I have obtained taphonomic information
for eight of the nine described species. Six of the eight species are
described on the basis of an intact corona with no skeletal elements
attached (taphonomic code 2) (Fig. 33A), while the remaining two
species are described on the basis of incomplete tests (taphonomic
code 6). No spines have been reported associated with the coronal
material. Lantern elements were associated with (but not attached
to) one intact corona and the apical systcms were still attached to

two additional intact coronas described.

Differences Between Groups

The Kolmogorov-Smirnov two-sample test was used to deter-
mine if statistically significant differences between the frequency
distributions of preservational styles observed for each family oc-
curred. There are no significant (o« = .05) differences between the
histograms obtained for the Families Toxopneustidae, Echinometridae
and Diadematidae (Table 5). Additionally, there is no significant

difference between the histogram obtained for the Cidaridae and that
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Toxopneustidae » Echinometridae

Diadematidae <4 —» Cidaridae

Toxopneustidae vs. Echinometridae, D(.05) = .552, fail to reject Ho
Toxopneustidae vs. Diadematidae, D(.05) = .413, fail to reject Ho
Echinometridae vs, Diadematidae, D(.05) = .572, fail to reject Ho
Diadematidae vs. Cidaridae, D(.05) = .316, fail to reject Ho
Toxopneustidae vs. Cidaridae, D(.05) = .277, reject Ho
Echinometridae vs. Cidaridae, D(.05) = .483, reject Ho

Table 5-- Schematic representation of statistically significant and
insignificant differences in the frequency distribution of states of
disarticulation distinguished on the basis of literature-derived data;
where Ho is that the histograms represent samples from statistically
similar populations. Differences for species connected with lines are
not significant at the o = .05 level.
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for the Diadematidae. The histograms obtained for the
Toxopneustidae and Echinometridae are both significantly different

than the histogram obtained for the Cidaridae.

Di ion

Comparison of predicted and observed taphonomic states indi-
cates that, at the familial level, the distribution of described species
into the discriminated taphonomic categories corresponds to the pre-
dictions derived from field and laboratory analyses. A correspon-
dence also exists between the predicted and observed frequency of
occurrence of the skeletal elemenfs studied during tumbling experi-
ments. The agreement is particularly good for the Families Cidaridae,
Echinometridae and Toxopneustidae.

The general condition of fossil cidaroid material was predicted
to occur (in order of relative frequency) as fragmented material, sec-
tions of interambulacra separated along ambulacral sutures, and in-
tact coronas with no skeletal elements attached (Table 3). Moreover,
the majority of fragmented material was predicted to be spines.
Observed taphonomic styles follow this pattern with the exception
that taphonomic state 2 (intact corona) occurs more frequently than
taphonomic state 6 (the category that includes complete sections of
interambulacra) (Fig. 31A,B). Predicted styles of preservation were
characterized quantitatively by generating a histogram of frequency
distribution using the data obtained on the amount of test breakage
incurred during tumbling experiments (Table 1). For comparison,
disarticulation state 1 corresponds to taphonomic code 2, disarticula-

tion states 2 and 3 correspond to taphonomic code 6, and disarticu-
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lation state 4 corresponds to taphonomic code 7 (Compare Figures
10A,B and Fig. 29). A statistical comparison using the Kolmogorov-
Smirnov two-sample test of the three state histograms obtained for
predicted and observed preservational styles indicates that there is
no significant difference (o« = .05) between predicted and expected
values (Fig. 34A). The bimodal character of the histogram of ob-
served preservational styles corroborates the conclusion, drawn from
the decay experiments, that a disarticulation threshold of short du-
ration exists for cidaroids: final burial prior to the threshold results
in an intact corona whereas burial subsequent to the threshold re-
sults in coronal fragments. Occurrences of coronal material in inter-
mediate states of preservation are rare because intermediate states
of decay either do not occur or do not persist long enough to be pre-
served. Finally, the rarity of occurrence of lantern elements and api-
cal and peristomial plates is in concurrence with the conclusions
reached from field and laboratory work.

Any discussion of the correspondence or lack of correspon-
dence of taphonomic predictions derived for the Family
Echinometridae and observed fossil material must be prefaced with a
reminder of the small number of observations. Only nine species
have been described on the basis of fossil material, and data from
eight of those have been recorded. The fact that few fossil species
have been assigned to this family should not, however, invalidate a
discussion of the condition of the material described. Fossil echi-
nometrids were predicted to occur predominantly as intact coronas
with no skeletal elements attached and, secondarily, as large coronal

fragments (at least as large as an interambulacrum). Although
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Figure 34 -- Comparison of the predicted distribution of preserva-
tional styles obtained from tumbling experiments with observed pre-
servational styles obtained from the literature using the Kolmogorov-
Smirnov two-sample test. Comparisons were made for taphonomic
codes 2, 6 and 7 only. A) Family Cidaridae, B) Family Echinometri-
dae. The distributions do not come from significantly different popu-
lations (at a = .05).
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spines were predicted to be moderately abundant, apical plates and
lantern elements were predicted to occur rarely. The Echinometridae
were the only family for which coronal fragments were predicted to
be rare. The observed taphonomic condition of type echinometrid
material corresponds to these predictions with the exception that no
spines are described associated with the fossil material. Six of the
eight described species occur as intact coronas (Fig. 33A); two of
these still possess their apical system while one contains its lantern
within (but not attached to) the peristome. As with the Cidaridae, a
histogram of expected frequency distributions of preservational style
was generated using the data obtained from the tumbling experi-
ments (Table 1). Comparison of predicted and observed values using
the same statistical analysis reveals no significant (a = .05) difference
in the histograms (Fig. 34B). The fact that fossil echinometrids oc-
curred as either intact or partially intact coronas emphasizes the ro-
bustness of the corona rather than the presence of a disarticulation
threshold -- recall that the results of decay experiments performed
on Echinometra were inconclusive as to the timing of disarticulation.
After varied periods of tumbling, coronas of Tripneustes oc-
curred in 3 of the 4 states of disarticulation discriminated for the
tumbling experiments (Table 1). This led to the prediction that
preservational styles of fossil material assigned to the Family
Toxopneustidae would be equitably distributed between intact coro-
nas with no attached skeletal elements (taphonomic code 2), large
fragments (taphonomic code 6) and skeletal fragments (taphonomic
code 7). The described fossil material corresponds to this prediction

and, additionally, occurs as whole coronas lacking attached skeletal
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elements that have been fractured or compressed but are otherwise
intact (taphonomic code 4). The correspondence is quantitatively
demonstrated by again using the Kolmogorov-Smirnov two-sample
test to compare the histogram of observed styles of preservation
with a histogram of predicted styles of preservation generated using
data obtained from the tumbling experiments (Fig. 35A). No signifi-
cant (o = .05) difference was obtained. The observation of relatively
large numbers of fractured and/or compressed coronas lacking
spines (taphonomic code 4) is also logical: when subjected to varied
periods of tumbling, coronas of Tripneustes were shown to suffer less
breakage than all the echinoids studied except Echinometra (Fig. 28).
The toxopneustid corona is weak enough to show the effects of de-
structive forces during preservation and yet strong enough to allow
the preservation of intermediate states of disarticulation.

The "pan-taphonomic code" nature of fossils assigned to the
Toxopneustidae is particularly apparent if the family's preservational
style is compared to that of the other three families (compare Fig.
33B with Figs. 31A, 32A, and 33A). As already discussed for the
Cidaridae and Echinometridae, the other families essentially have a
bimodal distribution of taphonomic styles (taphonomic codes 2 and 7
for the Cidaridae and Diadematidae, codes 2 and 6 for the
Echinometridae), while no such bimodality occurs in the
Toxopneustidae. Finally, the rarity of occurrence of spines, lantern
elements and peristomial plates predicted for the Toxopneustidae is
borne out by the literature data. These elements are not described
in the literature, although three species are described with their api-

cal system attached.
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Figure 35 -- Comparisons of the predicted distribution of preserva-
tional styles obtained from tumbling experiments with observed pre-
servational styles obtained from the literature using the Kolmogorov-
Smirnov two-sample test. Comparisons were made between taphon-
omic codes 2, 6 and 7 only. A) Family Toxopneustidae -- distribu-

tions do not come from significantly different populations. B) Family
Diadematidae -- distributions are significantly different (at o = .05).
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Type fossil material of species assigned to the Diadematidae
was predicted to occur primarily as fragments, the majority of these
being spines. Although the majority of the fragmented material is
indeed spines (Fig. 32B), study of Fig. 32A reveals that the relative
frequency of intact coronas with no skeletal elements attached (code
2) is greater than predicted. This is demonstrated quantitatively
using the Kolmogorov-Smirnov two-sample test. The frequency dis-
tribution of observed styles of preservation is significantly different
than that obtained using experimental data (Fig. 35B).

However, the bimodal histogram of observed preservational
styles corroborates the conclusions obtained from the decay experi-
ments: the diadematoid corona is so fragile that unless final burial
occurs very rapidly (resulting in exceptional preservation) only
fragments will remain to be preserved. Recall that bleached echinoid
carcasses were subjected to tumbling in order to approximate the
condition of skeletal material observed during field experiments.
The lack of correspondence between predicted and observed styles
of preservation indicates that preservation of intact diadematoid
coronas does not usually occur under the circumstances observed in
the field, where tests are rapidly denuded of all organic (connective)
tissues. Put another way, the histograms that are compared repre-
sent "normal” taphonomic conditions (predicted preservational
styles) vs. extraordinary taphonomic circumstances (observed
preservational styles) in addition to normal disarticulation, and
would not be expected to be statistically similar. While this would
also be true for all the families studied, the extreme fragility of the

diadematoid skeleton magnifies this discrepancy.
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If extraordinary circumstances of preservation are required for

the presence of intact fossil coronas, they should occur much more
rarely than fragmented material representing more common tapho-
nomic conditions. There are two interrelated reasons for this dis-
crepancy: 1) a bias exists in the condition of material used for type
descriptions, and 2) lower level taxonomic classification of family
members requires the presence of certain skeletal elements.

Type specimen bias -- The purpose of accumulating the litera-

ture data was to obtain representative taphonomic information for

each family under study in the Recent. Since consideration of all fos-

sil occurrences is beyond the scope of this study, the type material
serves as a proxy for the entire family. The underlying philosophy
of the typological species concept requires description of a type
specimen so that it may be used for comparison with newly discov-
ered fossil material. It is therefore possible that all families have
been subjected to a "type specimen bias" in that taxonomists can be
expected to choose the best material for descriptions of new species.
Examination of the preservation styles exhibited by the four
families reveals that, without exception, a relatively high proportion
of the described type material occurs as intact coronas lacking at-
tached skeletal elements (taphonomic code 2). This agrees with the
taphonomic predictions for the Toxopneustidae and Echinometridae.

Although intact coronas of fossil Cidaridae were predicted to occur

less frequently than large coronal fragments (i.e. sections of complete

interambulacra, taphonomic code 6), the discrepancy was not suffi-
cient to produce any statistically significant difference between pre-

dicted and observed distributions of preservational styles. However,
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relatively frequent occurrences of intact coronas of fossil
Diadematidae were not predicted. Consideration of the distribution
of taphonomic states while acknowledging a possible bias towards
intact coronas has no effect on the agreement between predicted and
observed styles of preservation for the Toxopneustidae and
Echinometridae: the Toxopneustidae would still exhibit a wide vari-
ation in the condition of fossil material and the Echinometridae
would continue to be represented by a large proportion of intact
coronas. However, a reduction in the frequency of occurrence of in-
tact coronas relative to occurrences of fragmented material brings
the observations from the literature data into closer agreement with
the predictions derived for the Diadematidae. Similarly, a reduction
in the frequency of occurrence of intact coronas relative to occur-
rences of large sections of corona would further reconcile predicted
and observed styles of preservation of fossils assigned to Cidaridae.

Taxonomic factors -- The skeletal material required for taxo-
nomic placement of specimens within the families under study is
different in each group. A discussion of the relevant characteristics
is important for determining the role that the discrimination of taxo-
nomically useful features by echinoid workers has had on my as-
sessment of the taphonomic overprint affecting fossil material de-
scribed by those workers.

Fell (1966, p. U315) has stated that the only parts of a cidaroid
skeleton of value in paleontology are whole or partial tests, ambu-

lacral and interambulacral plates and primary spines.2 Examination

2 This is interesting from a taxonomic viewpoint since the primary type of the
order and family, Cidaris cidaris, belongs to a small group of extant Atlantic
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of the systematic taxonomy described in the Treatise reveals that, in
general, overall appearance and ornamentation of the corona are im-
portant for discriminating between subfamilies, while spine mor-
phology becomes important for distinguishing between genera (my
experience with the literature data suggests that spine morphology
becomes even more important at specific levels). Because coronal
material is so important in classification, it becomes even more prob-
able that species descriptions based on coronal material do indeed
suffer the type specimen bias discussed above. The overwhelming
number of species described on the basis of fossil spines is the prod-
uct of their usefulness in taxonomy multiplied by their taphonomic
resilience as demonstrated by the tumbling experiments. Similarly,
the rarity of described lantern, apical system and peristomial plates
may be considered the product of their lack of taxonomic usefulness
at the subfamily and generic levels and the taphonomic vulnerability
that I have demonstrated. This latter suggestion is corroborated by
the observations, initially discussed above, that 1) the two occur-
rences of peristomial plates are described associated with a corona,
2) of 14 occurrences of apical plates, 12 are described associated
with a corona and 3) of 14 occurrences of lantern elements, 11 are
associated with a corona. Finally, both taphonomically and taxonomi-

cally, the two cidaroid species described on the basis of isolated api-

forms characterized by the presence of end teeth on a particular type of
pedicallariae. = These features are of very slight paleontological significance
since pedicellariac are exceedingly rare as fossils. As a result no valid fossil
species have yet been described for the genus Cidaris. However, as the
primary type genus, generations of workers have assigned to it species whose
precise generic position has not been established. Therefore, the name is
without taxonomic validity.
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cal plates and the three species described on the basis of isolated
lantern elements must be viewed as extraordinary.3

Within the Order Diadematoida, two families have fossil
records, the Diadematidae and the Aspidodiadematidae (Durham et
al., 1966; Smith, 1984). Although these families are distinguished
mainly by the internal structure of their spines, the arrangement of
apical plates in the apical system is also used (Durham et al., 1966).
Genera are primarily distinguished on the basis of overall shape and
ornamentation of the corona: characters that require more than an
isolated plate or small coronal fragment to identify. As with cidaroid
subfamilies, the importance of coronal material for distinguishing
genera within the Diadematidae may have resulted in a bias towards
the best-preserved material. Moreover, as discussed above, the
fragility of the diadematoid test suggests that occurrences suffi-
ciently complete to exhibit taxonomically useful characters also
record exceptional taphonomic circumstances. This conclusion may
be tested by further study of the sedimentological aspects of the
units that contained the type material, and may explain the overall
lack of described species in a group that has existed since at least the
Lower Jurassic.4# The limited usefulness of isolated spines at the
generic level helps to explain the lack of described occurrences even
though results of the tumbling experiments indicated they are the

most taphonomically resilient element of the diadematoid skeleton.

3 This is particularly true of the species based on lantern elements, since the
morphology of the cidaroid lantern becomes taxonomically important at the

level of Superorder. :

4 It should be noted, however, that paucity of species does not reflect lack of
abundance. The literature data I have collected contains no information as to
abundance of preserved representatives of any of the families under study.
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Finally, the lack of peristomial plates and association of the rare oc-
currences of both lantern elements and apical systems with coronal
material is a product of their lack of taxonomic usefulness at the
generic level and their demonstrated taphonomic vulnerability.

Coronal morphology is generally the most important character-
istic for distinguishing fossil members of both the Toxopneustidae
and Echinometridae. As a result, type specimen bias may have oc-
curred in descriptions of new species. The good correspondence
between predicted and observed preservational styles is the product
of the usefulness of coronal material for taxonomic purposes and its
demonstrated robustness when subjected to tumbling. Given this
conclusion, the lack of described species assigned to the
Echinometridae is perplexing. The Echinometridae is one of four
families in the order Echinoida that were distinguished on the basis
of the morphology of pedicillariae on extant forms by Mortensen
(1943). Because such characters are essentially nonexistent in the
fossil record, generic characters are presented in the Treatise so as to
be mutually exclusive. Thus, taxonomists have been forced to work
through classification in an "inside out" fashion: determining the or-
dinal assignment of fossil material, then generic placement, and fi-
nally familial placement. Perhaps these difficulties have resulted in
an artificially depauperate family (in terms of species).

Differences between groups -- The conflicting results obtained
by comparing predicted and observed preservational styles between
families is best understood by considering differences in coronal
rigidity. The Order Temnopleuroida (which contains the Family

Toxopneustidae) differs from all other orders of regular echinoids in
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having peg and socket structures on plate suture faces, and these
bind the plates together after death (Smith, 1984). Echinoids be-
longing to the Order Echinoida (e.g. the Echinometridae) lack peg and
socket jointing, but stereomic knobs interlock more extensively be-
tween plates in this group than in the cidarids and diadematids. The
effect of these differences in skeletal microstructure on preservation
potential has been demonstrated qualitatively by Kier's (1977) com-
parison of the number of echinoid species in the Miocene and Recent.
The differences are quantitatively demonstrated by analyzing tum-
bling results on the basis of the amount of coronal breakage incurred
(Fig. 28) and comparing the style of coronal breakage suffered among
the four echinoids (Table 2). As predicted from results of that com-
parison, the observed distribution of preservational styles among the
four families distinguishes two groups (Table 5). The Toxopneustidae
and Echinometridae comprise group 1 and the distribution of preser-
vational styles does not differ significantly between them. Similarly,
the Cidaridae and Diadematidae comprise group 2 because the distri-
bution of preservational styles does not differ significantly between
them. Furthermore, the distribution of preservational styles ob-
served among the Cidaridae is significantly different than that ob-
served among the Echinometridae. Styles of preservation observed
for the Cidaridae also differ significantly from those observed for the
Toxopneustidae. Although this was not the case when tumbling re-
sults were analyzed, recall that the null hypothesis was not rejected
only by a narrow margin. Moreover, this observation corroborates

the findings of Kier (1977) and Smith (1984) discussed above.
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The greatest departure of observed from predicted compar-
isons of the distribution of preservational styles occurs for the
Family Diadematidae. Styles of preservation observed among the
Diadematidae do not differ significantly from any other echinoid
family. Results of decay and tumbling experiments indicated the
extreme fragility of the diadematid corona in the absence of any
connective tissues. As discussed above, the fragility of the diade-
matid corona dictates exceptional circumstances for its preservation;
in the absence of unusual circumstances, only fragments will be pre-
served. The relatively high frequency of occurrence of exceptional
taphonomic circumstances results in a bimodal distribution of
preservational styles observed for the Diadematidae. This, in turn,
accounts for the correspondence with the other three echinoid fami-
lies, which, to varying degrees also have bimodal distributions of
preservational styles.

In sum, members of the Echinometridae and Toxopneustidae
have similarly robust coronas as a result of sutural interlocking. The
corona is sufficiently sturdy to preserve the spectrum of preserva-
tional styles between an intact corona and disarticulated fragments.
Members of the Cidaridae possess a corona which is not as robust as
the echinacean groups but is still sufficiently sturdy to preserve a
spectrum of preservational styles. Differences in skeletal mi-
crostructure among these three families are reflected by a range of
preservational styles. Members of the Diadematidae possess coronas
that are so fragile, only end members of the spectrum of taphonomic
circumstances are preserved by fossil material (i.e. final burial is the

cause of death or occurs extremely quickly -within days- after
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death). Thus predictions of the distribution of preservational styles
expected to occur under "normal" circumstances as well as predic-
tions comparing that distribution to those of other echinoid families

cannot be made.

A f prediction lower taxonomic level

Given the patterns of preservation determined using literature
occurrences, it is useful to test whether taxonomic level has an effect
on the distribution of preservational styles. Put another way, since
style of preservation has been shown to differ between families, is it
consistent within families? The Family Cidaridae is recognized to
contain six subfamilies by Durham et al. (1966). It is therefore ap-
propriate to use the literature data obtained for the Cidaridae to test
whether preservational styles within a family are consistent.
Completed records of Cidaridae in the database were sorted to obtain
taphonomic information for four of the six subfamilies.>

Histograms of the frequency distribution of preservational
styles for each subfamily are presented in Figures 36 and 37. The
Kolmogorov-Smirnov two-sample test was used to compare the fre-
quency distributions generated with the subfamily data with that
obtained using familial data. With the exception of the Subfamily
Stereocidarinae, the distributions of preservational styles observed
for the subfamilies do not differ significantly (o« = .05) from that ob-

tained for the family. Thus the effects of skeletal microstructure,

5 Two subfamilies are excluded from the analysis. The Ctenocidarinae are
comprised largely of Recent genera, while the Histocidarinae are a very small
group (9 species).
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Figure 36 -- The distribution of preservational styles obtained from
the literature for the Subfamilies Cidarinae (A) and Rhabdocidarinae

(B).
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Figure 37 -- The distribution of preservational styles obtained from
the literature for the Subfamilies Stereocidarinae (A) and Goni-
ocidarinae (B).
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type specimen bias and taxonomic bias are generally reflected for

the Cidaridae at the next lower taxonomic level. This is logical since
factors affecting preservational style such as extent of sutural inter-
locking are present at higher, and therefore lower, taxonomic levels.

The distribution of preservational styles in the Stereocidarinae
differs from that of the family as a whole in the relative frequencies
of occurrence of taphonomic codes 2 and 6 (Fig. 37A), suggesting that
the Stereocidarinae possess a more robust corona relative to the rest
of the family; the description of the characteristics of the subfamily
describes the test as "robust and well-arched” (Fell, 1966, p. U235).
Alternatively, members of the subfamily may be ecologically re-
stricted to environments that favor preservation. The first hypothe-
sis is testable, since the subfamily contains extant members that can
be collected and subjected to additional tumbling experiments. The
second hypothesis can also be tested by 1) determining the ecological
occurrences of extant forms, and 2) assigning environments of depo-
sition to the units enclosing fossil species for which taphonomic data
has been collected.

It should be noted that extending taphonomic analyses to lower
taxonomic levels increases the risk that taxonomic problems will ob-
scure any pattern. As discussed earlier in this section, the Cidaridae
as a group are without taxonomic validity. Assigning fossil species at
increasingly low taxonomic levels becomes increasingly tenuous
since, as discussed earlier, primary spines play an increasingly im-
portant role. Considering that more than one type of spine occurs on
the same echinoid and that the spine ornamentation used to distin-

guish species is quite likely to be taphonomically vulnerable sensu
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Brandt (1989), discussions of taxonomic control over taphonomic

condition must be undertaken with caution.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

64



65

CHAPTER 5: APPLICATION

A logical application of the results of this study is to assess the
diversity history of each group with respect to the characteristic
modes of taphonomic bias that have been demonstrated. The data on
preservational style can be used to ascertain whether certain strati-
graphic intervals are characterized by specific modes of preservation.
By comparing such an analysis to the actual diversity history of a
family, it can be determined what effect, if any, taphonomic bias has
had on that family's diversity history. Because the data on type
specimen preservation is particularly robust for the Family
Cidaridae, the group was chosen for comparison of its diversity his-
tory with the preservational style of type species occurrences.

Using unpublished data on generic diversity kindly supplied by
J. John Sepkoski (Univ. of Chicago), I have generated a spindle dia-
gram of generic diversity for the Family Cidaridae (Fig. 38). At the
series level, generic diversity increases relatively quickly from the
origination of the family in the Middle Triassic through the Mesozoic.
From the Paleocene through the Pleistocene, diversity remains rela-
tively constant. The number of fossil genera ranges from one to
twelve. The number of extant genera (33) was determined using
lists compiled by Kier (1974) Kier and Lawson (1978), and the
Zoological Record (1975-1988).

The number of type species of Cidaridae described from each
stratigraphic interval is plotted along the left margin of the diversity
diagram (Fig. 38). Although diversity increases towards the Recent,

the number of type species described decreases as the Recent is ap-
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Figure 38 -- Generic diversity of the Family Cidaridae. Diversity
of fossil forms from Sepkoski (unpublished data). Recent echinoid
diversity compiled from Kier (1974), Kier & Lawson (1978) and the
Zoological Record (1974-1988). The number of type species
described from each series is plotted along the left margin of the
spindle diagram. Results of cluster analysis are superimposed on
the right margin of the diagram. See text for discussion.
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proached. Raup (1979) was able to demonstrate that, as progres-
sively younger rocks are sampled, the more likely it is that the fauna
obtained will have an extant relative. This is one aspect of "Pull of
the Recent”, an apparent increase in diversity in progressively
younger stratigraphic intervals. As discussed in Chapter 4, charac-
ters important for descriptions of cidaroids at the specific level are
generally found on extant forms only. Thus, as progressively
younger rocks are sampled, it is more likely that a fossil cidaroid will
have an extant relative that exhibits characters that allow for taxo-
nomic assignment at the specific level. Therefore, fewer new type
species are described as the Recent is approached. Although per-
fectly logical, this "reverse” Pull of the Recent phenomenon was not
expected.

To explore further the relationship of preservation to strati-
graphic interval, Q-mode and R-mode cluster analysis of 13 samples
(mid-Triassic-Pleistocene series) and 7 variables (taphonomic codes
1-7) was performed on all type species of Cidaridae described from
each stratigraphic interval (Unweighted Pair-Grouyp Method with
Arithmetic Averaging; percent transformation of samples; quantified
Dice similarity coefficient). Raw data are given in Appendix IV, and
results are presented in the form of a two-way cluster analysis (Fig.
39).

Three distinct clusters are delineated on the basis of preserva-
tional style (Fig. 39).

I) "Spine-Dominated” -- These samples cluster together as a re-
sult of the overwhelming predomiriance of taphonomic code 7

(skeletal fragments) relative to all other preservational styles and a
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Fig. 39 -- Two-way cluster analysis of series and taphonomic code.
Cophenetic correlation coefficient, Q-mode = .8482; R-mode = .9437.
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lack of intermediate states of preservation. Recall that for the
Cidaridae, 77% of the occurrences of skeletal fragments were spines
(Fig. 31B). Large coronal fragments and intact denuded coronas also
occur in the samples comprising this cluster. The middle and Upper
Triassic, and Lias (Lower Jurassic) are characterized by this style of
preservation.

II) "High Diversity” -- The samples cluster together because
they contain the entire spectrum of preservational styles observed
for fossil cidaroids. Skeletal fragments and intact denuded coronas
(the end members of the preservation spectrum) are most common,
and are represented by the bimodal distribution of preservational
styles discussed in Chapter 4. All other styles of preservation occur
in relatively low numbers in this cluster. With the exception of the
Paleocene, all series from the Dogger (Middle Jurassic) through the
Oligocene are characterized by this style of preservation.

III.) "Depauperate” --The final cluster contains samples char-
acterized by relatively low numbers of described species that are
represented by few preservational styles. Skeletal fragments and
large coronal fragments are most common and intermediate states of
preservation are rare. Note the virtual absence of intact denuded
coronas (code 2) in this cluster as compared to Cluster I. The
Paleocene, Miocene, Pliocene and Pleistocene are characterized by
this style of preservation.

Comparison of the results of cluster analysis with the diversity
history of the group (Fig. 38) indicates that, with the exception of the
Paleocene, the dominant styles of preservation sort out stratigraphi-

cally. During their early history (Middle Triassic-Early Jurassic),
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cidaroids are primarily represented by spines. This was apparent
before the cluster analysis was performed since virtually all cidaroid
type species described from the Triassic are spines collected from the
St. Cassian beds of the Italian alps. The initial diversification of the
family in the Middle Jurassic and generally. continuing through the
Eocene (from 4 to 12 genera) is characterized by an increase in both
quality of preservation as well as the number of different preserva-
tional styles recorded. The few new fossil cidaroids described from
the Miocene-Pleistocene are primarily represented by spines and
large coronal fragments

If taphonomic overprint were a random phenomena, strati-
graphic intervals would not be expected cluster from lowest to high-
est on the basis of preservational style of a particular invertebrate
group. Thus the primary conclusions to be drawn from this analysis
are: 1) there is a taphonomic signal affecting the diversity history of
cidaroids, and; 2) taphonomic bias has changed systematically
through time. Explaining these changes, however, is quite difficult
since many factors are probably involved. For example, their are
two alternative explanations for the coincidence of the initial adap-
tive radiation of the family and a change from "spine-dominated”
preservation to "high taphonomic diversity” in the Middle Jurassic
(Fig. 38):

A) The initial post-Paleozoic diversification of the cidaroids was
the result of evolutionary changes that allowed for expansion into
new ecospace (Kier, 1974). This expansion is perhaps expressed
taphonomically by an increase in diversity of preservational style for

two reasons: 1) environment can increase or decrease the preserva-
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tion potential of an organism; some of the environments newly in-
habited by cidaroids allowed additional modes of preservation; 2)
Evolutionary changes that permitted ecologic expansion may also
have produced a more robust skeleton. In either case, diversification
of the group causes the diversification of preservational styles.

B) Alternatively, the diversification of preservational syles,
particularly larger coronal fragments and intact coronas, provided
additional material for the description of new taxa. As discussed in
Chapter 4, overall appearance of the corona as well as its ornamen-
tation are important for identification of cidaroids at lower taxonomic
levels. Thus, in this scenario, the diversification of preservational
styles causes a perceived diversification of the group.

Choosing between these contrasting hypothesis requires the ac-
cumulation of additional data and provides an agenda for future re-
search on echinoid taphonomy in general. Specifically:

1) Accumulate data on general fossil cidaroid occurrences and
test whether their preservational styles are different than those ob-
tained for type species. This will help determine whether type
species preservation provides a reasonable proxy for the entire
group.

2) Complement the literature data with environmental infor-
mation. Do cidaroids expand into environments that are sufficiently
different to affect their preservation?

3) Evaluate the evolutionary trends in post-Paleozoic echinoids
to determine whether subsequent morphological changes would en-

hance preservation potential.
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4) Examine extensive cidaroid collections to refine taphonomic
information further. Much compementary information (e.g. abrasion,
boring, associations) is lost in the photographic (and in many cases
lithographic) plates that accompany descriptions of type specimens.

5) Accumulate literature data on preservation of another con-
temporaneous echinoid group with an abundant fossil record to: A)
determine whether any taphonomic bias can be demonstrated, and:

B) compare the nature of that bias with that observed for cidaroids.
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CHAPTER VI: CONCLUSIONS

1. The distribution of macro- and microscopic skeletal material of
Diadema antillarum, Echinometra lucunter, Eucidaris tribuloides
and Tripneustes ventricosus does not reflect the distribution of
the living populations in tropical reef, near-reef, lagoonal and
near shore envioronments.

2. Organic connective tissues of freshly killed specimens of D. antil-
larum, E. lucunter and E. tribuloides decay within six days in
tropical reef environments. This results in a reduction of the
skeleton to a corona devoid of spines, lantern elements and
peristomial plates.

3. The above field observations suggest that fossil specimens of the
echinoids under study will be rare. Moreover, the loss of or-
ganic connective tissue within six days' exposure in normal ma-
rine conditions suggests that recognition of fossil material de-
pends on A) taxonomic differences in coronal rigidity related to
sutural interlocking, and B) identifiability of isolated skeletal el-
ements. Thus, the condition of fossil specimens will vary be-
tween taxa.

4. The prediction of rarity of occurrence of fossil echinoids is sup-
ported by examination of an exposure of Pleistocene reef and
near reef facies. However, the scarcity of fossil material made
more specific tests of the above predictions impossible.

5. A similar sequence of disarticulation of Diadema, Echinometra and
Eucidaris occurs as a result of the decay of connective tissues.
The spines detach, followed by the loss of the peristomial and
apical plates, and Aristotle's Lantern. Finally, the corona disar-
ticulates along ambulacral plate sutures. The timing of disartic-
ulation differs for each species: spines of Diadema begin to de-
tach after one day of decay whereas those of Echinometra de-
tach after three days and those of Eucidaris detach after periods
exceeding five days. Coronas of Diadema and Eucidaris were ob-
served to disarticulate within seven and ten days of decay, re-
spectively. Coronas of Echinometra did not disarticulate after
ten days of decay.

6. Decay of organic tissue does not result in the flotation of echinoid
skeletal material as has been reported in the literature.
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7. The observations of Smith (1980, 1984) that echinacean groups
have more extensive interlocking of stereom across plate suture
faces than either Diadematoids or Cidaroids is corroborated by
tumbling experiments. Echinometra undergoes the least amount
of coronal damage, followed by Tripneustes, Eucidaris and
Diadema.

8. The amount of skeletal material contributed to >2 mm, 1-2 mm,
S00 p - 1 mm, 125 p - SO0 u, and <125 p size fractions does not

differ significantly between tumbling periods of one, ten and
100 hours.

9. Significant (o = .05) differences between species exist in the com-
position of the >2 mm size fraction after tumbling. Carcasses of
Diadema and Eucidaris contribute primarily spines to the >2 mm
fraction. Carcasses of Echinometra and Tripneustes contribute
primarily coronal material. However, for each echinoid, the rel-
ative amounts of spine, lantern and coronal material do not
differ significantly between tumbling periods of one, ten and
100 hours.

10. For each echinoid the amount of coronal breakage inflicted by
tumbling does not vary significantly between tumbling periods
of one, ten and 100 hours. However, the amount of breakage
does vary significantly (o = .05) between species. Diadema suf-
fer the most breakage, with an average breakage coefficent
value of 173.47. Echinometra suffer the least breakage, ex-
hibiting an average coefficient value of 4.65. Specimens of
Eucidaris and Tripneustes fall within this range, with values of
89.36 and 34.31, respectively.

11. Tumbling experiments suggest that the preservational styles of
fossil occurrences of the echinoids under study will vary be-
tween taxa. Members of the Family Diadematidae are predicted
to occur primarily as skeletal fragments, mostly spines.
Members of the Family Echinometridae are predicted to occur as
intact coronas without spines, lantern elements, or apical and
peristomial plates. Members of the Family Cidaridae are pre-
dicted to occur primarily as isolated spines, large coronal frag-
ments, and as intact coronas devoid of spines, lantern elements,
or apical and peristomial plates. Finally, members of the
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Toxopneustidae are predicted to occur primarily as intact, par-
tial or fragmented coronas only.

Four states of coronal disarticulation are discriminated from the
tumbling experiments for quantitative comparison with litera-
ture-derived data of taphonomic bias affecting. fossil echinoid
occurrences: 1) intact corona; 2) coronal fragments larger than
an interambulacrum; 3) complete interambulacrum; and, 4)
coronal fragments smaller than an interambulacrum.

Through 1988, there have been 901 species assigned to the
Family Cidaridae, 32 species assigned to the Family
Diadematidae, 38 species assigned to the Family Toxopneustidae
and 9 species assigned to the Family Echinometridae on the basis
of fossil material.

The style of taphonomic bias predicted to affect type species de-
scribed in the Families Cidaridae, Echinometridae and
Toxopneustidae on the basis of field and laboratory analyses of
extant species is supported by the literature data of their fossil
occurrences. Moreover, for the Family Cidaridae, the distribu-
tions of preservational styles within subfamilies do not generally
differ from that of the family: a bimodal distribution exists be-
tween spines and intact, denuded coronas.

The prediction that members of the Family Diadematidae will be
represented primarily by skeletal fragments is not supported by
the literature data. This is because the extreme fragility of the
diadematoid corona dictates extraordinary circumstances of
preservation that are not accounted for in the experiments per-
formed.

The evolutionary history of the Family Cidaridae has a charac-
teristic taphonomic overprint that has changed systematically
since the apparent origination of the family in the Middle
Triassic. Early members of the group are described primarily on
the basis of spines. An increase in the "diversity” of preserva-
tional styles (ranging from exceptionally well preserved forms to
isolated skeletal fragments) coincides with an increase in generic
diversity beginning in the Middle Jurassic. Few type specimens,
composed primarily of spines and large coronal fragments, are
described from the Neogene and Pleistocene.
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17. The number of described type species decreases from the Eocene
through Pleistocene, illustrating a "reversed Pull of the Recent"
stemming from the taxonomic utility of extant forms.
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APPENDIX 1

This appendix contains a list of all type species described for
the Families Diadematidae, Cidaridae, Echinometridae and
Toxopneustidae on the basis of fossil material. Taxonomy follows
that of the Treatise. This list is complete through 1988 and was
compiled using information from Lambert and Thiery's (1909-1925)
monograph and Kier and Lawson's (1978) update. Species described
since 1974 were obtained from the Zoological Record. Stratigraphic
information and primary reference are included with each entry.
Species marked with a * are those for which taphonomic information
is complete and were used in the analysis of preservational style
presented in the text. The references listed here are fully cited in
the bibliography. Local stage names not incorporated in the Harland
et al. (1982) time scale are followed by the Harland et al. equivalents
in parentheses. '

Two reference works proved invaluable for fleshing out the
often-times sketchy bibliographic information in the Lambert and
Thiery monograph. These were Wiesbord's Bibliography of Cenozoic
Echinoidea including some Mesozoic and Paleozoic Titles (1971), and
Journal Title Abbreviations: By Abbreviation (Alkire, 1988).
Obtaining primary references would have been difficult without
these sources.

Family Diadematidae
Genus: Diadema
Unknown
D. calamare Déderlein, 1902
D. desori "
* D. desjardinsi Michelin, 1845
Miocene
D. ficheuri Pomel, 1887
D. regnyi Lambert, 1907-1909
* D. vetus (Aquitanian) Lambert, 1931c
Eocene
* D.principeana Weisbord, 1934
Genus: Centrostephanus
Senonian
* C. ebroicensis Caffin, 1867
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Oligocene

* C.

Miocene

C.
C.
C.
* C.
* C.

nanus

calarensis

airaghii

saheliensis

sacyi (Burdigalian)
habanensis

Genus: Eodiadema

Carnian

* E.

regulare

L. Jurassic

* E

lacostei

Hettangian

* E.
* E.
E.
E.
* E.

collenoti
lobatum
olifax
parvatum
thorali

Charmouthian (L. Jur.)

* E.
* E.
E.

laqueatum
minutum
sondelfingense

Toarcian

E.

pusillum

Genus: Palaeodiadema
Turonian

P.

gauthieri

Senonian

* P
* P.

fragile
geinitzi

Paleocene/U. Cret

* P. multiforme
Oligocene
P. reingarde

Sandberger, 1863

Lambert, 1907-1909

Pomel, 1887

Lambert, 1928

Lambert & Thiéry, 1909-1925
Laube, 1864

Lambert, 1933b

Cotteau, 1880-1885
Wright, 1855-1860
Tornquist, 1908

Petitot, 1961

Quenstedt, 1875
Cotteau, 1880-1885
Tornquist, 1908

Lambert, 1899

Lambert, 1931ic¢

Wright, 1864-1882
Lambert & Thiéry, 1909
Geinitz, 1871

Ravn, 1928

Kutscher, 1988
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Genus: Pedinothuria
Jurassic
* P. cidaroides Gregory, 1897a
* P. barottei Lambert & Thiery, 1909-1925

Family _Cidarid

Genus: Minicidaris
Minicidaris minihagali Deraniyagala, 1961

Subfamily _Hi idari
Genus: Histocidaris
Duntroonian-Waitakian (Olig.)

* H. mckayi Fell, 1954
Miocene
* H. oranensis (Tortonian) Lambert, 1931c

Helvetian (Pleist.)
H. geneffensis Lambert, 1931d

Genus: Polycidaris
Charmouthian (L. Jur.)

* P. edwardsi Wright, 1855-1860
Bajocian
* P. collenoti Cotteau, 1875-1880

* P. gauthieri

Bathonian
* P. blainvillei "

Oxfordian
* P. nonarius Quenstedt, 1875

Rauracian (M. Jur.)

* P. trouvillensis Cotteau, 1875-1880
Subfamil tenocidarinae
Genus: Notocidaris
Pliocene
* N. vellai Fell, 1954
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Subfamil Goniocidari
Genus: Goniocidaris
Eocene
* G. habanensis

Oligocene
* G. hebe
* G. holguinensis
* G. murrayensis
* G. pusilla

Miocene
*x

*
™

affinis
depressa
granulata
halaensis
noetlingi
praecipua

*
*

RESERIRESE

Pliocene
* G. mortenseni
* G. tubaria hallettensis
G. jorgensis

Subfamily Stereocidarinae
Genus: Stereocidaris
Cenomanian
* S. carteri
S. hannoverana
* S. hudspenthensis
* S. sarracenorum

Turonian
* S. lallieri
* S. sceptrifera
S. silesiaca
S. subhercynica

Senonian

filamentosa
griffei
pseudohirudo
Jaekeli grandior
merceyi

hureoe

sancti

*
“

* *

*

Cretaceous
S. rugensis
S. jaekeli undulifera
S. jaekeli latior

Sanchez Roig, 1949

Fell, 1954

Sanchez Roig, 1949
Chapman & Cudmore, 1934
Fell, 1954

Duncan & Sladen, 1883

Archaic & Haime, 1853
Roman, 1976
Philip, 1964

Chapman & Cudmore, 1934
Philip, 1964
Loriol, 1902

Wright, 1864-1882
Schliiter, 1892
Cooke, 1955
Fourtau, 1921

Lambert, 1909a
Cotteau, 1862-1867
Schliiter, 1892

Cotteau, 1862-1867
Lambert, 1909a
Cotteau, 1862-1867
Krenkel, 1928

Cotteau, 1862-1867
Valette & Lambert, 1913
Valette, 1920

Krenkel, 1928
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S. Jjaekeli
S. bolli
* §. baileyi
Eocene
S. destefanni
* S. cudmorei
* 8. fosteri
* S. hispida
* S. inermis
* S. intricata
Pliocene

* S. grandis fusana
* S. hutchinsoni

Genus: Phalcrocidaris
Cenomanian
* P. atropha
* P. insignis

Turonian
P. wollemanni

Senonian
P. darupensis
* P. punctillum
* P. senonensis

Eocene
* P. nummulitica

Plio-Pleistocene
* P. japonica multipora

Genus: Typocidaris
Sequanian (M. Jur.)
* T. marginata

Valanginian
* T. folcariensis

Neocomian
* T. malum

Barremian
* T. baumbergeri

Aptian
* T. arduennensis
* T. farringdonensis
* T. proxima
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Fell, 1962a

Innocenti, 1924a
Philip, 1964

Nisiyama, 1966
Fell, 1954

117

Cotteau, Peron & Gauthier, 1879

Cotteau, 1862-1867
Schliiter, 1892

Schliiter, 1892
Cotteau, 1862-1867
Gauthier, 1891

Cotteau, 1889-1894

Nisiyama, 1966

Cotteau, 1875-1880
Gauthier, 1891
Cotteau, 1862-1867
Jeannet, 1933d

Lambert, 1892

Fourtau, 1921



* T. gauthieri

Albian
* T. thalebensis

Cenomanian
* T. beyrouthensis
* T. cenomaniensis
* T. essenensis
T. praehirudo
* T. vesiculosa

Turonian
* T. hirudo
* T. strehlensis
Senonian
* T. ambigua
* T. boriesi
* T. campaniensis
T. chercherensis
* T. ovata
* T. pseudohirudo
T. pseudopistillum
* T. royanus
* T. serrata
* T. spanophyma
* T. subvesiculosa
T. wrighti
* T. corbaricus
Maastrichtian

* T. falgarensis

Danian
T. rosenkrantzi
T. danica

Genus: Temnocidaris
Senonian
* T. magnifica
* T. baylei
* T. danica

Subfamily Rhabdocidarinae
Genus: Rhabdocidaris
Unknown
R. ovata

Carmouthian (Pliensbachian)

* R. impar
* R. moreaui

Lambert, 1931c

Loriol, 1909
Cotteau, 1862-1867

Lambert, 1894
Wright, 1864-1882

Cotteau, 1862-1867
Geinitz, 1871-1875

Cotteau, 1862-1867
Lambert, 19092
Cotteau, 1862-1867
Fourtau, 1909
Lambert, 1909a
Cotteau, 1862-1867
Amaud, 1898
Cotteau, 1862-1867

Lambert, 1909a

Wright, 1864-1882

Lambert & Thiery, 1909-1925

Lambert, 1933d

Ravn, 1928

Cotteau, 1862-1867

Philipi, 1860

Cotteau, 1875-1880
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Liassic (L. Jur.)

* R. villae Meneghini, 1867-1881
Domerian (L. Jur)

* R. chouberti Lambert, 1937b
Toarcian

* R. heuvelini Cotteau & Triger, 1855-1869

* R. major Cotteau, 1875-1880
Bajocian

* R. crassissimi Cotteau, 1875-1880

* R. ferryi Cotteau, 1880-1885

* R. fowleri Wright, 1855-1860

* R. horrida Cotteau, 1875-1880

R. lafayi Lissajous, 1903-1904

* R. rhodani Cotteau, 1875-1880

* R. turbeti Lambert, 1933b
Bathonian

* R, helicoides Gauthier, 1903a

* R. kisombyensis Lambert, 1936¢

* R. bigoti Mercier, 1931
Callovian

* R. copeoides Cotteau, 1875-1880

* R. gregoryi Gregory, 1893

* R. guttata Cotteau, 1875-1880

* R. lusitanica Lambert, 1913f

R. sagresensis Loriol, 1890-1891
* R. thurmanni Cotteau, 1875-1880

Rauracian (M. Jur.)
* R. censoriensis Cotteau, 1875-1880
* R. megalacantha "
* R. ritteri "
* R. trigonacantha “

Sequanian (M. Jur.)

R. arrudaensis Loriol, 1890-1891
R. arsenoensis "

* R. asperrima Desor & Loriol, 1872
R. boccagei Loriol, 1890-1891

* R. clavator Desor & Loriol, 1872

* R. maxima "
R. mira Loriol, 1890-1891

* R. mitrata Quenstedt, 1875

* R. nobilis Desor & Loriol, 1872

* R. orbignyana Cotteau, 1875-1880
R. pereirae Loriol, 1890-1891
R. roquettei "

* R. triaculeata Quenstedt, 1875

* R. trilatera "
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* R. triptera
* R. trispinata
* R. virgata
* R. bononiensis
* R. durandi
R. yailensis
Oxfordian

* R. caprimontana
* R. cristata
* R. herculis

* R. janitoris

* R. sarthacensis

* R. tricarinata
Kimmeridgian

* R. boehmi

* R. cotteaui

* R. desori

* R. mayri

* R. nunlisti

* R. orbignyformis

* R. rauraca

* R. stingelini
Hauterivian

R. arginensis
R. buraganensis

Neocomian
cascaensis
delgadoi
delphinensis
gevreyi
insuetus
Jjauberti
kiliani
lacertosus
pavimentatus
petitclerei
salvae
thunensis
tournali
triangularis
tuberosa

*
*x*

EEEEEEEE T

*

Urgonian (L. Cret.)
* R. cortazari

Aptian
R. jacobi

Albian
* R. brasiliensis

Cotteau, 1875-1880
Quenstedt, 1875
Cotteau, 1875-1880

Cotteau, 1880-1885
Weber, 1934

Cotteau, 1875-1880
Desor & Loriol, 1872

Cotteau, 1875-1880

Quenstedt, 1875

Bantz, 1969
Jeannet, 1929
Bantz, 1969
Jeannet, 1929

"
"

Weber, 1934

1

Loriol, 1887-1888

Savin, 1905
Savin, 1902
Loriol, 1887-1888
Cotteau, 1862-1867
Cotteau, 1882-1893
Loriol, 1887-1888
Loriol, 1873a
Savin, 1902
Nickles, 1892
Loriol, 1873a
Cotteau, 1862-1867
Schliiter, 1892
Cotteau, 1862-1867

Cotteau, 1879d
Savin, 1905

Maury, 1936
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Cenomanian
R. abdaensis
R. libanoticus
R. orientalis

Senonian
R. cometes
R. schlonbachi

m
Q
o
]
=]
o

gaillardoti
libyensis
lorioli
mespilum
navillei
oxyrine
posthumus
pouechi
ranikoti
sindensis
rovasendai
ugolinorum
vidali
zitteli

* % X * *

* ¥ ¥ ¥ * ¥ ¥

EEEEE LT

Oligocene
* R. anhaltina
* R. deserta

Miocene
* R. compressa

Pliocene
R. rosaria

Genus: Chondrocidaris
Miocene
* C. clarkii
* C. marianica
* C. problepteryx

Genus: Megacidaris
L. Jurassic
* M. cottreaui

Genus: Parhabdocidaris
U. Jurassic
* R. vorusensis

Loriol, 1900

Boll, 1846
Schliiter, 1892

Gauthier, 1902c
Gregory, 1898
Mayer-Eymar, 1898a
Cotteau, 1889-1894
Cotteau, 1882-1893
Meneghini, 1862
Pavay, 1874

Cotteau, 1889-1894

Duncan & Sladen, 1882-1886

Airaghi, 1902a
Oppenheim, 1902b
Cotteau, 1886a
Loriol, 1882b

Ebert, 1889

Cotteau, 1895

Lambert, 1907-1909

Cahpman & Cudmore, 1934

Nisiyama, 1966
Clark, 1945

Mercier, 1937c¢

Thiery, 1928
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Genus: Phyllacanthus
Aptian
P. tysoni Whitney & Kellum, 1966
P. texanus "

Duntroonian (Olig.-Mioc.)

* P. titan Fell, 1954
Janjukian (Olig.-Mioc.)

* P. duncani gambierensis Philip, 1963d
Oligocene-Pliocene

* P. ducani Chapman & Cudmore, 1934
Miocene

* P. clarkii impersus Philip, 1963d

* P. dubius sundaica Jeannet & Martin, 1937

* P. priscus Brito & Ramirez, 1974

* P. wellmanae (Kapitean) Fell, 1954
Pliocene

* P. serratus Philip, 1963d
Pleistocene

* P. tylotus Clark, 1945

Genus: Aulacocidaris
Ptérocerian (L. Cret.)

A. lamberti Savin, 1903b
Valangian
* A. sanctae-crucis Cotteaun, 1862-1867
Cenomanian
* A. schlumbergeri Cotteau, 1883

A. thomasi Cottcau, 1858-1880

Genus: Leiocidaris

Oxfordian

* L. cartieri Desor & Loriol, 1872
Kimmeridgian

* L. tobleri Jeannet, 1933d
Sequanian (M. Jur.)

* L. rollieri Jeannet, 1933d
Cretaceous

* L. leoni Sanchez Roig, 1926b
Neocomian

L. hilsi Schliiter, 1892
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Barremian
L. karakachi

Albian
* L. thiebaudi
* L. doncieuxi

Cenomanian
L. angulata

L. balli
L. bonolai
* L. ludovici
L. stefannii

Turonian
* L. subvenulosa

Senonian
aegyptica
capelloi
crameri
hemigranosus
morgani
pouyannei
venulosa

sEEbEEE

* ¥ % ¥

Maastrichtian
* L. tripolitana
L. sanfilippoi
* L. madrugensis

Eocene

. abbatei

almerai

altal

balestrai
blancheti
boffilli

boussaci
canaliculata
carolinensis
cottreaui
granulata

itala

mezzoana
minichensis
mitchelli
montserratensis
mortensoni
oppenheimi
pentacrinorum
pseudojurassica
scampicchioi

* H O X ¥

* ¥

shEEEEEEEEEREEERENESS
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Weber, 1934

Jeannet, 1955
Lambert & Thiery, 1909-1924

Gauthier, 1889a
Fourtau, 1914b
Gauthier, 1902c
Fourtau, 1912c
Shalem, 1933

Cotteau, Peron & Gauthier, 1879

Fourtau, 1914b
Loriol, 1887-1888
Clark, 1893b
Gauthier, 1902a
Cotteau, 1862-1867

"

Checchia-Rispoli, 1933c
Checchia-Rispole, 1932¢
Sanchez Roig, 1949

Gauthier, 1902c

Lambert, 1902a

Dames, 1878

Oppenheim, 1902b

Cotteau, 1889-1894
Lambert, 1902a

Castex & Lambert, 1920
Duncan & Sladen, 1882-1886
Clark & Twitchell, 1915
Lambert & Pérébaskine, 1929
Gauthier, 1902c

Laube, 1868

Gauthier, 1899b

Clark & Twitchell, 1915
Lambert, 1902a
Lambert, 1933a
Lambert, 1912-1915
Lambert, 1916d

Laube, 1868

Taramelli, 1874
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Oligocene
* L. spinidentalus Sanchez Roig, 1949
* L. cojimarensis "
Miocene
* L. adamsi Wright, 1864
L. antarctica Loriol, 1902
* L. loveni Cotteau, 1875
L. scillae Lambert, 1907-1909
L. sismondai "
L. thyrsiger Simonelli, 1889

Genus: Porocidaris

Paleocene
P. farafrensis (Landinian) Hassan, 1969
Eocene
* P. anomola Duncan & Sladen, 1882-1886
* P. lopezi Sanchez Roig, 1953a
P. ruinae Oppenheim, 1902b
P. schmideli Loriol, 1880b
* P. tuberculosa Michelin, 1850

Genus: Prionocidaris

Eocene
* P. marshalli (Bartonian) Fell, 1954
Duntroonian-Otaian (Olig.)
* P. haasti Fell, 1954
Miocene
* P. cookei Cuttress, 1976
* P. katherinae Cuttress, 1980
* P. scoparia Chapman & Cudmore, 1934
* P. praeverticillata (Aquitanian) Stephenson, 1968

Plio-Pliestocene
* P. malindiensis Stephenson, 1968

Subfamily Cidarinae
Genus: Prophyllacanthus
Miocene
* P. eocenicus Cuttress, 1980

Genus: Zardinechinus

Carnian
* Z. lancedelli Kier, 1977
* Z. giulini Kier, 1984
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Genus: Leurocidaris
Carnian
* L. montanaro Kier, 1977

Genus: Paurocidaris
Carnian
* P. rinbianchi Kier, 1977

Genus: Cidaris

Unknown
C. hawkinsi Hawkins, 1912f
* C. mortoni Clark & Twitchell, 1915
Permian
C. jonkeri Wanner, 1941
C. bitauniensis "
Triassic :
* C. anellatus De Gregorio, 1930b
* C. ecki Assmann, 1925
* C. longispina Assmann, 1937 _
* C. mirandus De Gregorio, 1930b
* C. percostatus "
= C. remifera Assmann, 1937
* C. shastensis Clark & Twitchell, 1915
* C. tuberculinus De Gregorio, 1930b
Carnian
* C. aculeata Zardini, 1976
* C. aculeata fusiformis "
C. adunca Sandor, 1981
C. aggtelekensis "
* C. alata Laube, 1864
* C. alpina Zardini, 1976
* C. austriaca Desor, 1855-1858
C. batheri Sandor, 1981
* C. bionica Zardini, 1976
* C. coralliophila "
* C. costalarensis "
* C. costata "
* C. costeanensis "
* C. crenulata Leonardi & Lovo, 1950
* C. dorsata coronata "
* C. dorsata jugulata !
* C. forminensis Zardini, 1976
* C. fustis Laube, 1864
* C. giauensis Zardini, 1976
* C. glabra "
C. gladius Sandor, 1981
* C. leonardi Zardini, 1976
* C. magna Leonardi & Lovo, 1950
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milierensis
ovata
. palaformis
petersii
plana
pusilla
pyramidalis
quadrialata
qudariserrata
raiblana capitata
reticulata
roemeri

*

seelandica
semicostata
serraedentata
spongiosa
staulinensis
sulcata
tenuicostata
trapezoidalis
triserrata
trigona
trigona cuspidata
undulatus
verticillata
zardinii
decorata
decoratissima
fasciculata
linearis
mayeri
parastadifera
schwageri
similis
subspinulosa
waechteri
wissmanni

LK K BE BE BE 2 2R K R BN B
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¥ OH R X X K ¥ K ¥ ¥ O ¥ X OF * * X F ¥ ¥ F ¥
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gilletae
regnyi
C. transversa

an

Rhaetian
C. alternata
C. caudex
C. lanceata
C. spina-christi
C. stipes

Jurassic
* C. plumasensis
C. spathulatus

scrobiculata rumerlensis

Zardini, 1976

Sandor, 1981
Laube, 1864
Zardini, 1976
Leonardi & Lovo, 1950

"

Zardini, 1976

Leonardi & Lovo, 1950
Zardini, 1976
Laube, 1864
Leonardi & Lovo, 1950
Zardini, 1976
Laube, 1864
Sandor, 1981
Zardini, 1976
Leonardi & Lovo, 1950
Zardini, 1976

"

Laube, 1864

Leonardi & Lovo, 1950
Quenstedt, 1875
Zardini, 1976
Leonardi & Lovo, 1950
Bather, 1909¢

Lambert, 1927a
Vinassa de Regny, 1903
Schafhautl, 1859

Stoppani, 1860-1865

Clark & Twitchell, 1915
Auerbach, 1846
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Sinemurian
* C. erbaensis Meneghini, 1867-1881
* C. itys Cotteau, 1875-1880
* C. jarbus "
Charmouthian (Pliensbachian)
* C. deslongchampsi Cotteau, 1875-1880
* C. terrenzii Parona, 1892
Toarcian
C. impressa Lambert, 1899b
* C. pandarus Cotteau, 1875-1880
* C. posidoniae Quenstedt, 1875
Domerian (L. Jur.)
* C. gemenosensis Lambert & Thiéry, 1909-1924
Liassic (L. Jur.)
* C. rouxi Lambert & Thiéry, 1909-1924
Bajocian
C. andreae Lissajous, 1903-1904
C. cesaredensis Loriol, 1890-1891
* C. honorinae Cotteau, 1875-1880
* C. lamellosa Cotteau, 1875-1880
* C. ovispina Quenstedt, 1875
C. quiosensis Loriol, 1890-1891
* C. torulosus Quenstedt, 1875
C. truculenta Loriol, 1890-1891
Bathonian
* C. aspernata Desor & Loriol, 1872
* C. guerangeri Cotteau, 1875-1880
* C. julii "
C. mattosensis Loriol, 1890-1891
* C. mulleri Desor & Loriol, 1872
* C. taxacantha Loriol, 1873a
Callovian
* C. allobrogica Desor & Loriol, 1872
C. sagresensis Loriol, 1890-1891
Rauracian (M.Jur.)
* C. schlumbergeri Cotteau, 1875-1880
* C. silicea "

Sequanian (M. Jur.)

* C. acrolineata Cotteau 1875-1880

* C. basseto "
C. choffati Loriol, 1890-1891
C. gomesi "

* C. millepunctata Cotteau, 1875-1880
C. submarginata Felix & Lenk, 1891
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Oxfordian
* C. cartieri
* C. psammosa
* C. rarefacta

Kimmeridgian
* C. normanna

Tithonian
C. aizyensis
* C. bellefourchensis
* C. californicus
* C. catenifera
C. mauritanicus
C. moravica
* C. nesseldorfensis
C. savini
C. subpunctata
* C. zetes
Cretaceous

* C. dixiensis

Hauterivian-Valangian
C. theodosiae
C. enissalensis

Valangian
* C. bernouillensis

Neocomian
C. avenacea
* C. campichei
C. cherennensis
* C. cornifera
* C. cydonifera
C. gevreyi
C. guiasensis
* C. heteracantha
C. hirsuta
C. jacobi
* C. justiana
* C. lardyi
* C. ligeriensis
C. maresi
C. mexilhoeirensis
* C. neocomiensis
* C. pretiosa
* C. problematica
* C. puntatissima
Aptian

C. coxwiellensis

Desor & Loriol, 1872

Quenstedt
Cotteau, 1875-1880

Loriol, 1902

Whitfield & Hovey, 1906
Clark, 1893b

Desor & Loriol, 1872

Loriol, 1902
Remes, 1905
Loriol, 1901
Loriol, 1902

Cotteau, 1884a
Loriol, 1901

Clark & Twitchell, 1915

Weber, 1934

Lambert, 1916b

Savin, 1905
Loriol, 1873a
Savin, 1905

Cotteau, 1862-1867
Savin, 1905
Loriol, 1887-1888
Cotteau, 1862-1867
Schliiter, 1892
Savin, 1905
Loriol, 1873a
Cotteau, 1862-1867
Cotteau, 1858-1880
Loriol, 1887-1888
Cotteau, 1862-1867

Hawkins, 1912f
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*
*

C.
C.
C.
C.

Albian

* C.
C.
C.

kiliani
plexa

mullerriedi
sinea

gaultina
stylophora
vafellus

Cenomanian

*
*

*

*

A00NNANAANANANAAANAAA

* ¥ ¥ ¥ * *

*
*

angulata
berthelini
cragini
dallonii
daglensis
dixiensis
dixoni
eliasensis
figueirensis
junqueiroensis
leenhardti
mamarozensis
mourguei
pseudospinulosa
rousseli
sorigneti
tehamaensis
texanus
thomasi
velifera
zumeffeni

Turonian
* C. fusiformis

Santonian
* C. meslei

Campanian
* C. mahafalensis

Maastrichtian

C.

majungensis

Senonian

* ¥ X ¥ *

C.

a

aftabensis
asperula

C. baltica

C. beaugei
C.
C
C
C

beausetensis
coronglobus

. excavata

faujasi
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Cotteau, 1882-1893
Lambert, 1892
Lambert, 1935d
Fourtau, 1921

Wright, 1864-1882
Gras, 1848
Loriol, 1888a

Cotteau, Peron & Gauthier, 1879
Cotteau, 1862-1867

Loriol, 1904

Lambert, 1924b

Gauthier, 1889a

Cragin, 1893

Cotteau, 1862-1867

Loriol, 1901

Loriol, 1887-1888

Loriol, 1900
Loriol, 1887-1888
Cotteau, 1882-1893
Cotteau, 1862-1867
Cotteau, 1887d
Cotteau, 1862-1867
Clark & Twitchell, 1915
Clark, 1893b
Gauthier, 1899b
Cotteau, 1862-1867
Lorio, 1901

Cotteau, 1862-1867
Lambert, 1931c
Besairie, 1930b
Lambert, 1933a

Cotteaun & Gauthier, 1895
Roemer, 1840-1841
Schliiter, 1892

Seunes, 1888b

Cotteau, 1882-1893
Quenstedt, 1875

Cotteau, 1862-1867

Desor, 1855-1858
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*

A0NNANANNNNAARANANNNARANNNDN

Montien
. distincta

* ¥ ¥ X ®

A0NANAANAANAANNANANAN

Jresvillensis
gigas
hagenowi
husseini
Jjeani
lingualis

. mamillata

minuta
mountainvillensis
nigelliensis
numidicus
pennetieri
pteracanthoides
pseudohirudo
pseudosceptrifera
ratisbonnensis
rejaudryi
rennensis

rholfsi

serrifera
spinosissima
splendens
squamifera
subpyriformis
venulosoides
vibrayei

walcotti

(Danian)

forchammeri

. valettei

acanthica
alabamensis
attenuata
blaicherei
belgica
bielzi
blandus
cervicornis
daguini
dubaleni (Bartonian)
eugeniae

. feliciae
. foveata

grolanus

grossouvrei

gymnozona

handiensis

hemispinosa (Lutetian)
hungarica

interlineata

Lambert, 1909d
Schliiter, 1892
Desor, 1855-1858
Cotteau & Gauthier, 1895
Savin, 1902
Desor, 1855-1858
Cotteau, 1862-1867

Lambert, 1892

Lambert, 1909d
Bucaille, 1882-1883
Schliiter, 1897b
Cotteau, 1862-1867

Gumbel, 1868
Cotteau, 1882-1893
Lambert, 1911f
Wanner, 1902
Cotteau, 1862-1867

Clark, 1893b

Schliiter, 1897b
Bucaille, 1882-1883
Schliiter, 1897b
Cotteau, 1862-1867
Clark & Twitchell, 1915

Cotteau, 1862-1867

Lambert, 1908c

Fritsch, 1877

Clark & Twitchell, 1915
Cotteau, 1858-1880
Cotteau, 18895-1894
Cotteau, 1880a

Koch, 1885

De Gregorio, 1890
Schauroth, 1865

Castex & Lambert, 1919-1920

Castex, 1947a

Castex & Lambert, 1919-1920

Cotteau, 1882-1893
Jackson, 1922
Oppenheim, 1902b
Cotteau, 1889-1894
Amold & Clark, 1927

Castex & Lambert, 1919-1920

Lambert, 1933d
Pavay, 1874
Cotteau, 1889-1894
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ANAANNANANNNAANAAANANANANNAAANNAN

*

Oligo
*

* ¥ ¥ * #*

isnardi (Bartonian)
Jjanus
leptacantha
. longicollis

. lorioli
matronensis
. merriami

. modestus
moerens

. mortoni
ordinatus
pannoniae

. perdubius
pomeli

pratti
prionata
rossii
sabaratensis
scampicii
sigillum
spileccensis
spinigera
subacicularis
subprionata
subularis
Striatogranosa
taramellii
tuberculosa
van den heckei
veronensis
vincenti
websteriana

cene
acicularis
assulaeformis
duncani
lucifera
pelettensis
peloria
lorenzanus
sollengensis
subcylindrica
vepres

AnNAANNANAN

Paleogene

C. bielzi
C. potserdisensis

Miocene

*

*

aculeata
anguillae
canavarii
clevei

annn

Lambert, 1924a
Fritsch, 1877
Cotteau, 1889-1894
Fritsch, 1877
Cotteau, 1889-1894
Quenstedt, 1875
Kew, 1920

De Gregorio, 1890

Conrad, 1850

De Gregorio, 1890
Pavay, 1874

De Gregorio, 1890
Cotteau, 1889-1894
Clark & Twitchell, 1915

Oppenheim, 1901
Cotteau, 1889-1894
Taramelli, 1874
Lambert, 1931¢
Dames, 1878
Cotteau, 1889-1894
Pavay, 1873
Cotteau, 1889-1894

"
"

"

Taramell, 1874
Lambert, 1907-1909
Quenstedt, 1875
Cotteau, 1880a
Forbes, 1852

Cotteau, 1889-1894
Malaroda, 1951
Socin, 1942
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Castex and Lambert, 1919-1920

Castex, 1947a
Jackson, 1922
Kew, 1920

Ebert, 1889
Cotteau, 1889-1894
Lambert, 1931c

Koch, 1885

Jeannet & Martin, 1937
Cotteau, 1875
Loriol, 1882a
Cotteau, 1875



cojimarensis
cubensis
eliae
hollandei
Jjullianensis
melitensis
pungens
rugata
sardica
schwabenaui
tournoueri

*
AannnNANANAAN

Pliocene
* C. desmoulinsi

Genus: Dorocidaris

Unknown
D. schweinfurthi
Cretaceous
* D. demujiensis
D. garciai
* D. madrugensis
* D. molineti
* D. rohlfsi

Hauterivian
D. wurcustensis

Urgonian (Barremian)
* D. pyrenaica

Barremian
D. bitakensis

Aptian
D. julieni

Cenomanian
D. ciryi
D. eybrumensis

* D. nomadicus

* D. rhotomagensis

* D. taouzensis

* D. thieryi
Turonian

* D. besseae

* D. granulostriata
* D. othensis

* D. perornata

Campanian
* D. besairiei
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Sanchez Roig, 1926b
Lambert & Thidry, 1909-1924
Lambert, 1907-1909
Cotteau, 1877

Loriol, 1902

Wright, 1855a
Pomel, 1887
Herklots, 1854
Lambert, 1907-1909
Laube, 1871
Cotteau, 1858-1880

Desor, 1855-1858

Fourtau, 1914b

Sanchez Roig, 1949
Sanchez Roig, 1952a
Sanchez Roig, 1949
Lambert, 1931
Wanner, 1902

Weber, 1934

Cotteau, 1862-1867

Weber, 1934

Cotteau, Peron & Gauthier, 1876

Lambert, 1935f
Dacqué, 1939
Duncan, 1886
Cotteau, 1862-1867
Lambert, 1933b
Lambert, 1909d

Besairie & Lambert, 1930
Cotteau, 1862-1867

Lambert, 1936¢c
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Senonian
* africanus

. arnaudi

. brasili
cornutensis
defrancei

faujasi

faurai

herthae

hureae
longispinosa
malheiroi
periatambonensis

perlata

persica
perornata
petrocoriensis
regalis
turonensis
vendocinensis

* K ¥ ¥ ¥ ®

*
SERTETETEISISISISTSIISIES

*

* % H ¥ *

Montien (Danian)
* D. bazerquei

Eocene
* D. excelsa
* D. opipara
* D, staadti

Oligocene

ederae
exilis
georgiana
smithi

SULL

* * *

Miocene

allardi

balearis
deydieri

mariae
mazzettii
gattungae
henjamensis
saheliensis

* ¥ ¥ ¥ ¥

SOoLLEEL

Pliocene
D. cerulli
* D. margaritifera

Genus: Balanocidaris
Ladinian
* B. migliorini
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Lambert, 1909a

Lambert, 1909d

Cotteau, 1862-1867
Lambert & Thiéry, 1909-1924
Desor, 1855-1858
Lambert, 1924b
Schliiter, 1892

Valette, 1911

Lambert, 1909a

Loriol, 1888a

Steinmann, 1881a
Cotteau, 1862-1867
Cotteau & Gauthier, 1895
Forbes, 1850

Lambert, 1909a
Goldfuss, 1826-1844
Cotteau, 1862-1867

Lambert, 1908a

Duncan & Sladen, 1882-1886

Lambert & Thiery, 1909-1925

Castex & Lambert, 1919-1920
Lambert, 1931
Clark & Twitchell, 1915

Lambert, 1910-1916
Lambert, 1907
Lambert, 1910-1916
Lambert, 1907-1909
Stefanini, 1909
Lambert, 1907-1909
Clegg, 1933

Pomel, 1887

Woods, 1908
Checchia-Rispoli, 1907

Venzo, 1934b
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Carnian
B. bronni
* B. dorsata
B. globifera
* B. hausmanni
* B. scrobiculata

* B. subdorsata

Jurassic
* B. californica

Bajocian
* B. besairie
* B. cucumifera
* B. roysii

Bathonian
* B. episcopalis
* B. euthymei
* B. meandrina
* B. michaleti

Callovian
* B. japonica

Rauracian (M. Jur.)
* B. icaunensis
B. glandifera

* B. sturi

Sequanian (M. Jur.)
B. strambergensis

Tithonian
B. ayzyensis

Cretaceous
* B. tehamaensis

Valangian
* B. tingitana

Neocomian
B. cerioi
* B. ryzacantha

Aptian
* B. darderi

Albian
deserti
pilum

E 3
* rebouli

%% %

Klipstein, 1843
Laube, 1864
Klipstein, 1843
Laube, 1864

Venzo, 1934b
Clark & Twitchell, 1915

Lambernt, 1933a
Cotteau, 1875-1880

"

Cotteau, 1875-1880

Nisiyama, 1966

Cotteau, 1875-1880

Cotteau, 1884
Cotteau, 1884
Loriol, 1902
Kew, 1920
Lambert, 1933b

Airaghi, 1905d
Cotteau, 1862-1867

Lambert, 1935b

El-Din Mahmoud, 1955
Cotteau, 1862-1867
Lambert, 1920f
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Cenomanian
B. glandaria
B. velifera

Senonian
B. miqueli
* B. gibberula
* B. pteracantha
* B. schliiteri

Genus: Alpicidaris
Hauterivian
* A. cureti

Genus: Cyathocidaris
Senonian
* C. cyathifera
C. erebus
C. nordenskjoldi
C. ortmanni
C. patera
* C. pistillum
C. septemtrionalis

Eocene
* C. crateriformis

Miocene

* C. avenionensis

Genus: Eucidaris
Eocene
* E. strobilata

Oligocene
* E. coralloides

Miocene

* E. strombilata felli (Janjukian)

Genus: Paracidaris
Rhaetian

* P. jeanneti

* P. toucasi

Sinemurian
* P. crossei
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Loriol, 1902
Cotteau, 1865b

Lambert, 1911c
Cotteaun, 1862-1867

Lambert, 1911f

Lambert & Thiéry, 1909-1925

Cotteau, 1862-1867
Lambert, 1910a

Loriol, 1902
Lambert, 1910a
Cotteau, 1862-1867
Schmitz, 1970

Cotteau, 1889-1894

Loriol, 1875a

Fell, 1954

Fell, 1954

Philip, 1963d
Lambert, 1924c
Cotteau, 1875-1880

Cotteau, 1875-1880
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Bajocian
* P. bajocensis
* P. bouchardi
* P. caumonti
* P. spinulosa
* P. varusensis
* P. zschokkei

Bathonian

* P. babeaui
* P. sublaeris

Callovian

P.

lagorgettei

Argovian (M. Jur.)

* P

nunlisti

Rauracian (M. Jur))
* P. florigemma
* P. moeschi

Sequanian (M. Jur)

P.

loppei

* P. suevica

Oxfordian

%
E 3
#

P.
P.
P.
P.

alpina
smithi
spinosa
vallata

Kimmeridgian
* P. poucheti

Portlandian (U. Jur.)
* P. legayi

Genus:

Triassic

Plegiocidaris

* P. dilleri

Carnian

%*

* X O X X *

DU BT e B
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biforis
decorata
fasciculata
flexuosa
linearis
raibliana rhodiensis
wissmanni

Cotteau, 1875-1880
Wright, 1855-1860
Cotteau, 1875-1880

Cotteau, 1875-1880

Lambert, 1933c
Jeannet, 1927

Cotteau, 1875-1880
Desor & Loriol, 1872

Castex, 1947a

_ Desor & Loriol, 1872

Cotteau, 1875-1880
Wright, 1855-1860
Cotteau, 1875-1880
Quenstedt, 1858

Cotteau, 1875-1880

Cotteau, 1875-1880

Clark & Twitchell, 1915

Laube, 1864

Venzo, 1934b
Laube, 1864
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Norian
P. lanceolata

Rhaetian
cornaliae
curionii
fumagalli
ombonii
senex
stoppanii

vI™I™Y

*x

Hettangian
* P. angulatus
* P. falsani

Sinemurian
* P. armata
* P. domeriensis
* P. pellati

Pliensbachian
* P. marizensis
* P. termieri

Charmouthian (Pliensbachian)

* P. caraboeufi
* P. striatula
* P. subundulosa

Toarcian
* ilmensterensis

jurensis

. moorei

P
P. morieri
P
P

v

. morieri nodosa
telrhemtensis

* X ¥ ¥ x

Aalenian
¥ P. tingitana

Domerian (L. Jur.)
* P. bigoti
* P. pichaurisensis
* P. valabrequei

Bajocian

* P. bradfordensis

* P. chanterei

* P. charmassei
P. cymosa

* P. dumortieri

* P. gingensis

* P. locardi

Schafhauetl, 1859

Stoppanni, 1860-1865

Lambert, 1899b
Desor & Loriol, 1872a

Quenstedt, 1875
Cotteau, 1875-1880

Cotteau, 1875-1880
Meneghini, 1867-1881
Cotteau, 1875-1880

Lambert, 1973b

Cotteau, 1875-1880

"

Wright, 1855-1860
Quenstedt, 1875
Cotteau, 1875-1880
Mercier, 1937c
Lambert, 1937b

Lambert, 1933b

Lambert & Thiéry, 1909-1925

"

Wright, 1855-1860
Cotteau, 1875-1880
Loriol, 1890-1891
Cotteau, 1875-1880
Desor & Loriol, 1872a
Cotteau, 1875-1880
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* P. munieri

P. palliata

P. penichensis
* P. pacomei
* P. praenobilis
* P. saemanni
* P. welschi

P. wrighti

Bathonian

* P. babeaui granulosa
* P. bathonica
* P. bifrons
* P. caeuliculus
* P. cellensis
* P. daroustiana
* P. desori
* P. koechlini
* P. langrunensis
* P. microstoma
* P. mercieri
* P. minor
* P. pseudohorrida
* P. noyensis

P. payebini

Callovian
P. ardesica
1928

* P. briconensis
* P. calloviensis
* P. claviceps
* P. desnoyersi
* P. jacodi
* P. ornata

Rauracian (M. Jur.)

*

* X * ¥ ¥

* ¥ ¥ ¥

*
TIVIIIIIIIRIYYY

blumenbachi
cervicalis
coronata
elegantulus
granulata
houllefortensis
kuchkaensis
liesbergensis
lineata
monilifera
propinqua
Dseudospina
valfinensis
vogdti

Sequanian (M. Jur.)

* P.

beltremieuxi
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Loriol, 1890-1891
Cotteau, 1880-1885
Quenstedt, 1875
Cotteau, 1875-18380
Lambert, 1935a
Wright, 1851a

Mercier, 1932
Cotteau, 1875-1880
Lambert, 1936¢

Lambert, 1933

Lambert & Thiéry, 1909-1925
Lambert, 1936¢

Cotteau, 1875-1880
Lissajous, 1903-1904

Thiery, Lambert & Collignon,
Cotteau, 1875-1880

Quenstedt, 1875
Cotteau, 1875-1880
Lambert, 1936¢
Quenstedt, 1875

Desor & Loriol, 1872a
Cotteau, 1875-1880
Cotteau, 1875-1880
Valette, 1898
Cotteau, 1875-1880
Weber, 1934
Loriol, 1885
Cotteau, 1849-1856
Cotteau, 1875-1880
Valette, 1907-1908
Cotteau, 1875-1880
Weber, 1934

Cotteau, 1875-1880
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carinifera
constricta
cucumis
dagordaensis
depicta
ducreti
flabellata
gibbosa
guimaraesi
guirandi
louleensis
nevesensis
panasqueirensis
pasquieri
perlata
pilleti
platyspina
pseudocervicalis
subteres
thyrsiger
tithonia
tuberculosa
taybrensis

* ¥ ¥ * *

TIYIIIIIIIIIVNNYEVITNNYY

3
%*

Oxfordian
* abichi
bruni
chalmasi
elegans
escheri
filograna
laeviuscula
marioni
matheyi
monusteriensis
oppeli
schlonbachi
segrini
subhistricoides

* K ¥ ¥ O ¥ K ¥ ¥ ¥

TIVIIIYRYTIYY

*

Kimmeridgian
* P. beaugrandi
* P. kimmeridgiensis

Tithonian
P. chomeracensis
* P. helviorum
P. noyarezensis
P. mauritanicus
* P. remesi

Hauterivian
P. lamberti
P. lemoinei

Cotteau, 1880-1885
Quenstedt, 1858
Loriol, 1902
Quenstedt, 1875
Cotteau, 1875-1880
Quenstedt, 1875
Cotteau, 1884a
Loriol, 1890-1891
Cotteau, 1875-1880
Loriol, 1890-1891

Loriol, 1902
Quenstedt, 1875
Cotteau, 1875-1880

Lambert & Thiéry, 1908
Quenstedt, 1852-1885
Loriol, 1890-1891
Cotteau, 1884a
Quenstedt, 1875

Clark, 1893b

Desor & Loriol, 1872a
Lambert, 1909c
Cotteau, 1875-1880

Desor & Loriol, 1872a
Cotteau, 1875-1880

"

Desor & Loriol, 1872a
Cotteau, 1875-1880

Lambert, 1909c¢
Quenstedt, 1875

Cotteau, 1875-1880

Loriol, 1902
Lambert, 1932
Loriol, 1902

Loriol, 1901

Weber, 1934
Démoly, 1928
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Neocomian
* P. friburgensis
P. gevreyi

* P. gillieroni
P. gourdonensis

* P. lineolata

* P. loryi

* P. meridanensis
P. muricata

* P. punctata

* P. pustulosa

* P. spinigera

Barremian
P. biassalensis
* P. huguenini

Aptian
* P. amalecitae
* P. kiliani

Albian
* P. baculina
P. delatourei
P. orientalis

Cenomanian
* P. dissimilis
* P. heva

* P. uniformis

Senonian
P. antarctica

* P. beaussetensis
* P. nahakalensis
* P. ramoneti
* P. teilhardi
Eocene
P. einsiedelensis
* P. infratertiarus
* P. oosteri
P. porcsesdensis
* P. subserrata
* P. unterbachensis
Miocene
P. cureti
P. peroni
Pliocene

P. zea-mays

Loriol, 1873a

Savin, 1905

Loriol, 1873a

Lambert & Savin, 1906
Cotteau, 1862-1867

Schliiter, 1892
Loriol, 1873a
Cotteau, 1862-1867

Weber, 1934
Lambert, 1931c

Fourtau, 1921
Cotteau, 1882-1893
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Cotteau, Peron & Gauthier, 1876

Cotteau, 1858-1880
El-Din Mahmoud, 1955

Wright, 1864-1882
Bucaille, 1882-1883
Cotteau, 1862-1867

Loriol, 1902
Cotteau, 1882-1893
Loriol, 1887

Cotteau, 1883
Lambert, 1909a

Ooster, 1865
Quenstedt, 1875
Laube, 1868
Koch, 1885
Cotteau, 1889-1894
Loriol, 1875a

Lambert, 1907-1909

Lambert, 1907-1909



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Genus: Stylocidaris
Tertiary
* S. chapmani

Genus: Menocidaris
* M. compta

Genus:  Echinometra
Miocene
* E. handoana

Genus: Ellipsechinus
Cretaceous
* E. palmeri

Miocene
E. miocenicus

Genus: Echinostrephus
Unknown
* E. pentagonus

Miocene
* E. saipanicum

Genus: Evechinus
Pliocene
* E. palatus

Genus: Heliocidaris
Miocene
* H. variolosa
* H. ludbrookae

Genus: Zenocentrotus
Miocene
* Z. peregrinus

Philip, 1963d

Philip, 1964

Family _Echi d

Nisiyama, 1966

Sanchez Roig, 1949

Loriol, 19502

Yoshiwara, 1898a

Cooke, 1957a

Philip, 1969

Herklots, 1854
Philip, 1965b

Philip, 1965b

141



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

E .]l I -]

Genus:  Lytechinus
Miocene
* L. coreyi
L. lovisatoi
* L. milleri

Pliocene
L. afer
* L. crassus
* L. okinawa

Pleistocene
* L. variegatus plurituberculatus

Genus: Mirechinus
Eocene
* M. mirabilis

Genus: Oligophyma
Miocene (Tortonian)
O. oranense

Helvetian (Pleistocene)
0. cellense

Genus: Pseudocentrotus
Miocene
* P. stenoporus

Genus: Schizechinus

Miocene
S. balestrai
S. burdigalensis
* S. duciei
* S. hungaricus
S. maurus
* S. mortenseni
* S. pentagonus (Burdigalian)
S. saheliensis
Pliocene

S. angulosus
* S. bazini
* S. chateleti
S. serialis
* S. candeli

Grant & Hertlein, 1938b

Lambert, 1907-1909

Grant & Hertlein, 1938b

Pomel, 1887
Clark, 1945
Cooke, 1954

Clark, 1945

Nisiyama, 1966

Pomel, 1887

Pomel, 1887

Nisiyama, 1966

Oppenheim, 1902
Lambert, 1912a
Wright, 1855a

Laube, 1871
Pomel. 1887
Lambert, 1906b
Kier, 1972
Pomel, 1887
Pomel, 1887

Cotteau, 1882-1893
Lambert, 1910-1916
Pomel, 1887
Lambert, 1931c
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Genus: Scoliechinus
Oligocene
* S. dallonii

Eocene
* S. axiologus

Genus: Sphaerechinus
Eocene
* S. leymeriei

Miocene (Aquitanian)
* S. burdigalensis

Genus: Tripneustes

Miocene

* T. antiquus

T. californicus
T. gahardensis
T. magnificus
T. parkinsoni
T. planus
T. proavia

T. schneideri
* T. tobleri

T. ventricosus austriacus

* % % ¥ ¥
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Lambert & Thidry, 1909-1925

Amold & Clark, 1927

Cotteau, 1889-1894

Lambert, 1928b

Duncan & Sladen, 1882-1886
Pomel, 1888b

Lambert, 1906b

Nisiyama, 1966

Lambert, 1910-1916

Duncan & Sladen, 1882-1886
Boehm, 1882

Jeannet, 1928a

Tauber, 1951
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Appendix II: Tumbling Data

144

Raw data obtained from the tumbling experiments are

presented in this appendix.

All weights are given in grams.

Data

entered for skeletal elements present in each size fraction are listed

as number of elements followed by their weight in parentheses. In
most instances, spines in the 500 p - 1 mm size fraction were
weighed without being counted. This method was also used for
undifferentiated skeletal elements.
A. Diadema antillarum, 1 hour of tumbling

Trial 1 2 3 4 5
Wt. >2 mm fraction 27.87 15.58 17.05 17.35 19.69
Wt. 1-2 mm fraction 1.59 1.18 2.21 1.56 1.93
Wt. 500 p - 1 mm fraction 0.19 0.21 0.34 0.21 0.37
Wt. 125 4 - 500 o fraction 0.14 0.06 0.67 0.50 0.44
Wt. <125 p fraction 0.91 0.91 0.52 1.05 1.51
>2 mm Fraction

Spines 507(16.62) | 416(6.80) {485(10.334438(11.58)512(11.28)

Corona 164(7.40) | 127(3.38)| 118(4.34)} 181(3.55)| 77(5.57)

Lantern 34(3.85) 30(5.40) | 30(2.38) | 31(2.22) | 31(2.84)

Undif. 0 0 0 0 0
1-2 mm Fraction

Spines 166(1.39) | 252(1.10)| 766(1.94)| 371(1.12)] 379(1.81)

Corona 26(0.05) 26(.08) 44(0.07) | 117(0.44)| 46(0.09)

Lantern 9(0.11) 6(<.01) 13(0.04) | 14(0.07) | 13(0.03)

Undif. 16(0.01) 0 16 g 0 0
500 p - 1 mm Fraction

Spines 419 (0.19) | 230(0.21) 14 g 281(0.21)) 449(0.30)

Corona 12 (<.01) | 70 (<.01)]| 5(<.01) 12(<.01) 8(<.01)

Lantern 1 (<.01) 7(<.01) 3(<.01) 4(<.01) 12(<.01)

Undif. 7(<.01) 6(<.01) 23(<.01) 20 g Q4 g
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B. Diadema antillarum, 10 hours of tumbling

Trial 1

2

3

4

145

5

W 8.18 22.51 29.05 21.37 34.32

t. >2 mm fraction
Wt. 1-2 mm fraction 0.99
Wt. 500 p - 1 mm fraction 0.21
Wt 125 p - 500 p fraction 0.15

Wt. <125 p fraction 0.61
>2 mm Fraction
Spines 287(4.07)
Corona 120(2.28)
Lantern 31(1.83)
Undif. 0
1-2 mm Fraction
Spines 184(0.58)
Corona 132(0.41)
Lantern 0
Undif. 4(<.01)
500 p - 1 mm Fraction
Spines 419 (0.19)
Corona 12 (<.01)
Lantern 1 (<.01)
Undif. 76 (<.01)

1.69
0.40
0.15
0.79

3.27
0.43
0.16
0.68

1.71
0.20
0.41
1.13

2.97
0.29
0.32
1.14

454(13.52)4632(16.63)529(13.06)628(21.05)

212(6.03)
29(2.96)
0

315(1.48)
40(0.11)
11(0.10)

0

453(.40)
13(<.01)
10(<.01)
16(<.01)

267(8.02)
34(4.40)
0

1199(2.56) 558(1.60)

73(0.34)
12(0.03)
34 g

464(0.32)
6(<.01)
6(<.01)

09 g

98(5.36)
31(2.95)
0

22(0.03)
13(0.04)
004 g

0.11 g
7(<.01)
8(<.01)

07 g

216(9.31)
30(3.90)
0.06 g

899(2.53)
61(0.15)
16(0.11)

0.18 g

023 g
1(<.01)
9(<.01)
0.04 g
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C. Diadema antillarum, 100 hours of tumbling

Trial

Wt. >2 mm fraction
Wt. 1-2 mm fraction

Wt. 500 p - 1 mm fraction 0.19
Wt. 125 p - 500 p fraction 0.06

Wt. <125 p fraction

>2 mm Fraction
Spines
Corona
Lantern’
Undif.

1-2 mm Fraction
Spines
Corona
Lantern
Undif.

500 p - 1 mm Fraction
Spines
Corona
Lantern
Undif.

146

1 2 3 4 5
13.49 5.55 31.86 21.62 19.64
1.37 0.95 1.35 2.60 1.54

0.01 0.31 0.24 0.23
0.11 0.23 0.28 0.11
1.19 0.46 4.27 1.12 1.17

312(618) | 220(3.25)663(21.03) 579(13.13)527(11.34)

211(4.25) | 92(1.24) | 285(6.89)| 203(5.62)| 228(5.48)

30(3.06) | 29(0.96) | 29(3.94) | 31(2.87) | 29(2.82)

0 0 0 0 0
181(0.92) | 133(0.58)| 945(0.94)| 826(2.31)| 449(1.23)
108(0.36) | 148(0.37)| 64(0.27) | 74(0.25) | 63(0.24)
7(0.09) | 5(<.01) | 12(0.10) | 10(0.04) | 6(0.07)

0 0 04 g I 0
279(0.19) | 152¢0.10)| 026 ¢ | 018 ¢ | 020 g
13 (<01) | 18(<.01) | 3(<.01) | 3(<0D) | 7(<0D)
8 (<01) | 8(<.01) | 9<.01) | 1(<.01) | 4(<.01)
16 (<01) | 10<0D) | 03 ¢ 04 g 0.01 g
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Trial 1
Wt. >2 mm fraction 2.16
Wt. 1-2 mm fraction 0.49

Wt. 500 p - 1 mm fraction 0.13
Wt. 125 p - 500 p fraction 0.10

147
D. Echinometra lucunter, 1 hour of tumbling
2 3 4 5
e e
4.43 5.00 12.98 5.79
0.60 0.58 1.37 1.01
0.18 0.12 0.43 0.16
0.16 0.07 0.20 0.11
0.09 0.08 0.16 0
147(1.50)| 47(2.21) | 264(4.29)]| 159(2.18)
1(2.25) | 10(2.10) | 3(6.40) 8(2.97)
25(0.68) | 24(0.69) | 30(2.29) | 24(0.84)
0 0 0 0
203(0.55)] 157(0.56)} 352(1.33)] 513(0.90)
5(<.01) 7(<.01) 18(0.03) | 16(0.02)
6(<.01) 5(<.01) 4(0.01) | 11(0.09)
0 0 0 0
191(0.10)| 191(0.10)} 041 g 0.15 g
4(<.01) 4(<.01) 6(<.01) 9(<.01)
1(<.01) 1(<.01) 5(<.01) 5(<.01)
0 0 0 0

Wt. <125 u fraction 0.02
>2 mm Fraction
Spines 91(0.85)
Corona 1(1.02)
Il.antern 17(0.29)
Undif. 0
1-2 mm Fraction
Spines 173(0.43)
Corona 5(<.01)
Lantern 11(0.06)
Undif. 0
500 w - 1 mm Fraction
Spines 302(0.11)
Corona 19 (0.01)
Lantern 8(0.01)
Undif. 0
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E. Echinometra lucunter, 10 hours of tumbling

Trial

Wt. >2 mm fraction
Wt. 1-2 mm fraction

148

Wt. 500 p - 1 mm fraction 0.11
Wt. 125 p - 500 p fraction 0.20

Wt. <125 p fraction

>2 mm Fraction
Spines
Corona
Lantern
Undif.

1-2 mm Fraction
Spines
Corona
Lantern
Undif.

500 p - 1 mm Fraction
Spines
Corona
Lantern
Undif.

1 2 3 4 5
2.15 1.02 3.50 7.27 2.89
0.40 0.28 0.84 0.96 0.62

0.09 0.14 0.19 0.10
0.13 0.06 0.10 0.08
0 0 0.12 0 0.07

95(0.82) | 46(0.37) | 109¢1.18)| 152(2.40)| 105(1.20)
1(1.10) | 1(0.53) | 1(1.78) | 2(3.18) | 5(1.28)

14(0.23) | 13(0.12) | 24¢0.54) | 28(1.69) | 18¢0.41)

0 0 0 0 0

139(0.33) | 111(0.25)| 274(0.80)| 303(0.91)| 295(0.54)
5(<.01) | 4(<.01) | 5(<.01) | 12¢0.01) | 7(0.01)

16(0.07) | 15(0.03) | 8(0.04) | 8(0.04) | 11¢0.07)

0 0 0 0 0

254(0.11) | 219¢0.09)f 013 g | 018 g | 0.10 g

18(<.01) | 13(<.01) | 16¢0.01) | 10(0.01) | 20(<.01)
5(<.01) | 5(<.01) | 4<.01) | 7(<.01) | 6(<.01)
0 0 0 0 0
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F. Echinometra lucunter, 100 hours of tumbling

149

Trial 1 2 3 4 5
Wt. >2 mm fraction 1.91 1.12 2.64 4.08 3.03
Wt. 1-2 mm fraction 0.51 0.41 0,02 0.81 0.77
Wt. 500 p - 1 mm fraction 0.11 0.09 0.09 0.16 0.13
Wt 125 pu - 500 p fraction 0.13 0.10 0.12 0.17 0.08
Wt. <125 p fraction 0.32 0 0.24 0.31 0.12
>2 mm Fraction
Spines 69(0.82) 38(0.32) | 98(1.01) | 93(1.32) | 82(1.08)
Corona 1(0.94) 1(0.60) 1(1.31) 1(2.12) 7(1.63)
Lantern 9(0.15) 15(0.20) | 15(0.32) | 20(0.64) | 15(0.32)
Undif. 0 0 0 0 0
1-2 mm Fraction
Spines 166(0.45) | 143(0.36)| 254(0.82)} 222(0.70)} 226(0.68)
Corona 5(<.01) 6(<.01) 5(0.06) 4(<.01) 6(<.01)
Lantern 15(0.06) 17(0.05) | 17(0.10) | 13(0.11) | 15(0.09)
Undif. 0 0 0 0 0
500 p - 1 mm Fraction '
Spines 170(0.11) | 203(0.09)} 0.09 g 0.14 g 0.12 g
Corona 17(<.01) 29(<.01) | 17(<.01) | 18(0.01) | 18(<.01)
Lantern 6(<.01) 4(<.01) 7(<.01) 7(0.01) 8(<.01)
Undif. 0 0 0 0 0




G. Eucidaris tribuloides, 1 hour of tumbling

Trial

1

Wt. >2 mm fraction
Wt. 1-2 mm fraction

5.32
0.61

Wt. 500 p - 1 mm fraction 0.42
Wt. 125 p - 500 p fraction 0.15

Wt. <125 p fraction

>2 mm Fraction
Spines
Corona
Lantern
Undif.

1-2 mm Fraction
Spines
Corona
Lantern
Undif.

500 p - 1 mm Fraction
Spines
Corona
Lantern
Undif.

0.18

50(3.46)

14(1.56)

12(0.30)
0

192(0.36)
7(0.02)
20(0.08)
0

192(0.36)
7(0.02)
20(0.08)
015 g

150

2 3 4 5
P
7.29 2.17 4.52 2.83
1.05 0.12 0.40 0.32
0.38 0.21 0.38 0.26
0.17 0.08 0.08 0.12
0 0.04 0 0.05
62(3.86) | 39(1.43) | 46(3.01) | 32(1.87)
16(2.54) | 6(0.59) | 19(1.18) | 15(0.77)
24(0.89) | 15(0.15) | 14(0.33) | 14(0.19)
0 0 0 0
478(0.72)| 64(0.08) | 145(0.28)] 80(0.22)
16(0.05) | 8(0.02) | 16(0.05) | 9(0.02)
10(0.09) | 13(0.02) | 18¢0.07) | 14(0.03)
0 0 0 0.05 g
026g | 018g | 032g | 022 ¢
12(<.01) 0 33(0.02) | 18(<.01)
5(<.01) | 5(<.01) | 7¢0.01) | 6(<.01)
019g | 003¢g | 003g | 004¢
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H. Eucidaris tribuloides, 10 hours of tumbling

3

4

151

Wt. >2 mm fraction
Wt. 1-2 mm fraction

Wt. <125 p fraction

>2 mm Fraction
Spines
Corona
Lantern
Undif.

1-2 mm Fraction
Spines
Corona
Lantern
Undif.

500 p - 1 mm Fraction
Spines
Corona
Lantern
Undif.

4.00
0.28
Wt. 500 o - 1 mm fraction 0.39
Wt. 125 p - 500 p fraction 0.09

0.20

43(2.62)
7(1.09)
15(0.29)
0

108(0.22)
6(0.01)
15(0.04)

001 g

0.36 g
1(0.01)
7(<.01)
0.03 g

38(2.45)

22(0.77)

13(0.16)
0

30(0.08)

15(0.02)

16(0.02)
0

028 g
27(<.01)
5(<.01)
0.02 g

1.55
0.14
0.13
0.07
0.11

26(1.02)
7(0.43)
11(0.10)
0

25(0.12)

11(0.01)

12(0.01)
0

0.12 g

1(<.01)

10(<.01)
0.01g

1.97
0.08
0.15
0.06
0.06

38(1.47)

5(0.39)

15(0.11)
0

17(0.04)

12(0.02)

14(0.02)
0

013 g
1(<.01)
8(0.01)
0.02 g

30(1.29)

10(0.37)

14(0.10)
0

20(0.06)

11(0.02)

12(0.01)
0.02 g

0.10 g
10(<.01)
6(<.01)
003 g
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I. Eucidaris tribuloides, 100 hours of tumbling

152

Trial 1 2 3 4 5
Wt. >2 mm fraction 1.69 1.69 1.53 2.06 2.55
Wt. 1-2 mm fraction 0.18 0.13 0.28 0.14 0.21
Wt. 500 p - 1 mm fraction 0.28 0.24 0.22 0.24 0.36
Wt. 125 p - 500 1 fraction 0.11 0.05 0.06 0.04 0.08
Wt. <125 p fraction 0.08 0.11 0.05 0.08 0.09
>2 mm Fraction
Spines 35(0.93) | 29(1.00) | 25(1.00) | 30(1.42) | 43(1.72)
Corona 6(0.60) 5(0.53) | 11(0.41) | 7(0.52) 7(0.67)
Lantern 13(0.16) 13(0.16) | 13(0.12) | 13(0.12) | 13(0.16)
Undif. 0 0 0 0 0
1-2 mm Fraction
Spines 22(0.12) | 24(0.09) | 40(.21) | 37(0.11) | 34(0.11)
Corona 16(0.03) 3(0.01) | 13(0.04) | 5(0.01) 8(0.03)
Lantern 17(0.03) 15(0.03) | 18(0.03) | 12(0.02) | 17(0.03)
Undif. 0 0 0 0 0.04 g
500 o - 1 mm Fraction
Spines 025 g 021 g 0.18 g 020 g 031 g
Corona 0 64(0.01) | 23(0.01) | 8(0.01) 5(<.01)
Lantern 6(<.01) 6(0.01) 5(0.01) 7(0.01) 7(0.01)
Undif. 003 g 0.01 g 0.02¢g 0.02 g 0.04 ¢
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J. Tripneustes ventricosus, 1 hour of tumbling

153

1 2 3 4 5
>2 mm fraction 3.04 1.59 1.54 1.32 1.01
Wt. 1-2 mm fraction 0.66 0.76 0.70 0.36 0.38
Wt. 500 p - 1 mm fraction 0.57 0.22 0.23 0.20 0.18
Wt. 125 p - 500 p fraction 0.43 0.22 0.30 0.13 0.16
Wt. <125 p fraction 0.03 0.07 0 0 0
>2 mm Fraction
Spines 150(0.45) | 73(0.18) | 47(0.11) | 70(0.14) { 5(0.01)
Corona 2(2.33) 1(1.28) | 18(1.27) | 1(1.04) 1(0.88)
Lantern 17(0.26) 11(0.13) | 16(0.16) | 15(0.14) | 14(0.12)
Undif. 0 0 0 0 0
1-2 mm Fraction
Spines 312(0.54) ] 532(0.68)| 606(0.61)| 332(0.28)] 456(0.31)
Corona 12(0.03) 5(<.01) | 12(0.02) | 6(0.01) | 12(0.02)
Lantern 18(0.09) | 23(0.08) | 18(0.07) | 17(0.07) | 17(0.05)
Undif. 0 0 0 0 0
500 p - 1 mm Fraction
Spines 055 g 0.19 g 0.19 g 0.17 g 0.15 g
Corona 19(0.03) 16(0.01) | 13(0.01) | 23(0.01) | 12(0.01)
Lantern 5(<.01) 6(0.01) 7(0.01) 9(0.01) 8(0.01)
Undif. 001 g 001 g 0.02g 0.01 g 0.01 g
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K. Tripneustes ventricosus, 10 hours of tumbling

Trial 1

p—- ..
Wt. >2 mm fraction 0.93
Wt. 1-2 mm fraction 0.25

Wt. 500 p - 1 mm fraction 0.18
Wt. 125 p - 500 p fraction 0.15

Wt. <125 p fraction 0
>2 mm Fraction
Spines 36(0.05)
Corona 2(0.78)
Lantern 14(0.10)
Undif. 0
1-2 mm Fraction
Spines 329(0.20)
Corona 9(0.01)
Lantern 13(0.04)
Undif. 0
500 w - 1 mm Fraction
Spines 015 g
Corona 17(0.01)
Lantern 11(0.01)
Undif. 001 g

154

2 3 4 5
S R
1.82 1.32 1.54 0.56
0.54 0.38 0.48 0.25
0.22 0.24 0.34 0.13
0.21 0.13 0.33 0.15
0 0.03 0.01 0.01
116(0.28) 103(¢0.17)| 66(0.13) | 5(0.01)
1(1.34) | 1(1.00) | 1(1.23) | 10(0.48)
17¢0.20) | 17¢0.15) | 16¢0.18) | 12¢0.07)
0 0 0 0
498(0.44)| 348(0.32)| 483(0.40)| 271(0.15)
11(0.02) | 9¢0.01) | 6¢0.01) | 42(0.06)
18(0.08) | 13(0.05) | 18(0.07) | 20(0.04)
0 0 0 0
0.19 g 0.21g 028¢g | 0.11¢g
17(0.01) | 24(0.01) | 20¢0.01) | 26(0.01)
7¢0.01) | 10¢0.01) | 10¢0.01) | 7(0.01)
001 g | o.01g 0.04 g 0
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L. Tripneustes ventricosus, 100 hours of tumbling

Trial 1

_ _
Wt. >2 mm fraction 1.25
Wt. 1-2 mm fraction 0.61

Wt. 500 p - 1 mm fraction 0.26
Wt. 125 p - 500 p fraction 0.19

Wt. <125 p fraction

>2 mm Fraction
Spines
Corona
Lantern
Undif.

1-2 mm Fraction
Spines
Corona
Lantern
Undif.

500 p - 1 mm Fraction
Spines
Corona
Lantern
Undif.

0.15

72(0.14)

36(0.98)

13(0.13)
0

522(0.43)
56(0.11)
20¢0.07)

0

022 g
45(0.02)
7(0.01)

001 g

173(0.52)

68(2.04)

20(0.26)
0

593(0.77)
63(0.15)
12(0.07)

0

038 g
38(0.02)
12(0.02)

001 g

155
3 4 5
1.09 0.79 0.64
0.55 0.31 0.40
0.23 0.17 0.15
0.18 0.08 0.07
0 0.01 0.07
49(0.09) | 32(0.04) | 39(0.06)
3(0.90) | 46(0.70) | 23(0.51)
10(0.10) | 13(0.05) | 12(0.07)
0 0 0
56(0.35) | 321(0.21)] 335(0.20)
11(0.08) | 34(0.05) | 86(0.15)
20(0.12) | 22(0.05) | 21(0.05)
0 0 0
022g | 015g | 013 ¢
3(0.01) | 40(0.02) | 52¢0.01)
10<.01) | 9(<.01) | 8(0.01)
0 0 0
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APPENDIX III: Transect Data

A. Smuggler's Cove Data

Quadrat #

Station (m) Substrate Echinojd 1 2 3 4 5 6 7 10
0 Dense seagrass E. lucunter 3 1 3
60 Dense seagrass No echinoids
120 Sparse seagrass No echinoids
180 Dense seagrass No echinoids

240 Dense seagrass No echinoids

300 Mod. seagrass No echinoids

360 Patch reef No echinoids

420 Bare sand No echinoids

480 Sparse seagrass No echinoids

540 Reef Tract E. lucunter 10 4 9 10 9 1 1

(sand/rubble) T. ventricosus 1
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A. Smuggler's Cove Data -cont-

Quadrat #
Station (m) Substrate _Echinoid 1 2 3 4 5 6 7 8 10
600 Fore-reef D. antillarum 4 1
(bare sand) E. lucunter 5 5 4 2 2 2
E. tribuloides 2 2 1 2

660 Bare sand

720 Bare sand

No echinoids

No echinoids
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B. Rod Bay Data

Quadrat #
Station (m) Substrate Echinoid 1 2 3 4 5 6 7 8 10
0 Rubbly pavement E. lucunter 59 28 26 32 17 48 30 33 5
T. ventricosus 1
10 Dense seagrass No echinoids
20 Dense seagrass No echinoids
30 Dense seagrass No echinoids
40 Coral rubble E. lucunter 13 2 1 1 2
T. ventricosus 2
50 Patch reef E. lucunter 2 4 5 4 2

(coral rubble)

E. tribuloides
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C. Graham's Harbour Data

T. ventricosus was the only regular echinoid observed along the transect. Therefore, the taphonomic
condition is recorded.

Quadrat #
Station (m) Substrate Taph. Conditionl 2 3 4 S 6 1 8§ 9 10
0 Beach rock No echinoids
100 Sparse seagrass No echinoids
200 Sparse seagrass No echinoids
300 Sparse seagrass Intact corona 1
Fresh kill 1
400 Sparse seagrass Alive 1
encrusted corona 1
coronal fragments 1
500 Dense seagrass fragments 1 1
600 Dense seagrass No echinoids
700 Sparse seagrass fragments 1 1
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APPENDIX IV: Multivariate Data

Listed below are the number of cidarid type species characterized
with each taphonomic code from each geologic series from the Middle
Triassic through the Pleistocene.

—Serijes Code 1 Code 2 Code 3 Code 4 Code 5 Code 6 Code 7

Pleistocene 1 2

Pliocene 2 6

Miocene 2 2 3 6 22
Oligocene 1 4 3 17
Eocene 20 1 3 12 45
Paleocene 1 2

U. Cretaceous 1 36 1 3 1 13 67
L. Cretaceous 1 15 1 1 2 38
U. Jurassic 1 14 2 1 1 5 31
M. Jurassic 2 35 2 2 3 9 73
L. Jurassic 2 1 4 30
U. Triassic 1 1 46
M. Triassic 1 1 3 23
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