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Clypeasteroid echinoids are widespread and abundant within Miocene sedimentary sequences of the Mediterranean area
within both siliciclastic and carbonate deposits. Herein, three clypeasteroid-dominated echinoid assemblages from the
mixed siliciclastic-carbonate succession of the Mores Formation (lower Miocene) cropping out within the Porto Torres
Basin (northern Sardinia) are described. These assemblages were compared to previously described clypeasteroid-bear-
ing deposits from the Miocene of northern Sardinia with the purpose of investigating their palacoecology and taphon-
omy along a shelf gradient. These goals are accomplished by various methods including (i) logging sedimentary facies,
(i1) analysing the functional morphology of sea urchin skeletons, (iii) comparing the relative abundance of taxa and
taphonomic features, and (iv) studying associated fauna, flora, and trace fossils. The clypeasteroid-bearing deposits differ
greatly with respect to echinoid diversity, accompanying fauna and flora, sedimentological signatures, and taphonomic
features. They also show variations in depositional environments and the mechanism of formation of the deposits. Three
different shelf settings are distinguished: littoral, inner sublittoral, and outer sublittoral environments. Furthermore, an
ecomorphological gradient along the shelf is recognized with respect to echinoid taxa and their morphologies. This
gradient ranges from shallow water to a moderately deep shelf and is interpreted with respect to both abiotic and biotic
factors as well as the taphonomy of the echinoid tests.
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the middle Eocene and are today a highly successful and
morphologically diverse group including such well-known
and highly derived forms as sand dollars, keyhole urchins,
sea biscuits, pea urchins, and cake urchins (Seilacher 1979;
Kier 1982; Ghiold 1984; Ghiold and Hoffmann 1986; Mooi
1989; Smith 2001; Nebelsick and Kroh 2002).
Clypeasteroid echinoids are common, if not very abun-

Introduction

Since their appearance in the Early Jurassic, irregular echi-
noids, with their morphological innovations and feeding
habits that have allowed for the exploitation of new eco-
logical niches (Kier 1982; Smith 1984; Saucéde et al. 2007,
Barras 2008), have represented an important component of

marine benthic communities in shallow, as well as deeper
water environments. Clypeasteroid echinoids are of more
recent origin compared to other irregular echinoids evolv-
ing from cassiduloids in the late Paleocene (Kier 1982;
Smith 1984, 2001; Kroh and Smith 2010). Clypeasteroids
rapidly diversified, reaching a cosmopolitan distribution in
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dant, within Oligo-Miocene sedimentary sequences in the
Mediterranean area, and have left an extensive fossil re-
cord of genera such as Clypeaster, Echinocyamus, Scutella,
Parascutella, and Amphiope. These clypeasteroids show a
widespread distribution within both carbonate and silici-
clastic deposits from shallow to deeper shelf settings. This
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distribution allows for palacoenvironmental reconstructions
and provides opportunities for investigating echinoid pa-
lacoecology and taphonomy along environmental gradients
(see Néraudeau et al. 2001; Nebelsick and Kroh 2002; Kroh
and Nebelsick 2003; Tsaparas et al. 2007; Belatstegui et al.
2012, 2013; Mancosu and Nebelsick 2013, 2015; Grun and
Nebelsick 2016 and references therein).

Herein, three clypeasteroid-dominated echinoid assem-
blages from the early Miocene of northern Sardinia were
studied with the aim of reconstructing palacoecological and
associated palacoenvironmental conditions. In addition, an
overview of the clypeasteroid echinoid assemblages from the
Miocene of northern Sardinia is provided in order to discuss
ecomorphological and taphonomic variations along an envi-
ronmental gradient in a mixed siliciclastic-carbonate shelf.

Clypeasteroids from the Miocene of Sardinia.—Sardinia
has a rich Miocene echinoid fauna with both historical
monographs and recent publications describing a large num-
ber of clypeasteroid species (e.g., see Comaschi Caria 1972
and references cited therein; Stara and Borghi 2014) with for
instance, Comaschi Caria (1972) listed thirty different spe-
cies of Clypeaster. More recently, Stara and Borghi (2014)
identified five Amphiope species in the Oligo-Miocene of
Sardinia. A number of studies have addressed the sedimen-
tological setting, taphonomy, and subsequent palacoenvi-
ronmental interpretation of Miocene echinoids, including
clypeasteroids from Sardinia (Stara et al. 2012; Mancosu
and Nebelsick 2013, 2015, 2016, 2017).

Taxonomic classification to the species level is notori-
ously difficult for clypeasteroids, especially Clypeaster (see
Imbesi Smedile 1958; Kroh 2005). This is due to high pheno-
typic plasticity, the fact that adaptive strategies are commonly
repeated, and varying taxonomic concepts (e.g., Poddubiuk
1985; Rose and Poddubuik 1987; Kroh 2005; Rahman et al.
2015). These factors have led to the designation of subgenera
(see Mortensen 1948b and discussion in Mihaljevi¢ et al.
2011) and numerous nominal species (see discussion in Kroh
2005; Mihaljevi¢ et al. 2011). Identification to species level
was attempted whenever possible in the present study.

Taphonomic processes affecting echinoids.—Echinoids,
in general, with their intricate multi-plated skeleton, are
potentially good indicators of taphonomic processes and
can be used as tools to reconstruct ambient ecological
conditions (e.g., Lewis 1980; Donovan 1991; Gordon and
Donovan 1992; Brett el al. 1997; Ausich 2001; Nebelsick
2004). A wide range of taphonomic processes influence
their preservation. These processes can be separated into
those affecting the test on the sediment surface, such as
spine and plate disarticulation, fragmentation, abrasion, en-
crustation, bioerosion, and corrosion, and those affecting
the skeleton after final burial including radial cracking by
sediment loading, implosion of the test, grain indentation,
and diagenesis (Nebelsick 1999, 2008).

Actualistic studies based on laboratory and field obser-
vations have helped to clarify the taphonomic processes
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influencing echinoid skeletons (Allison 1990; Kidwell and
Baumiller 1990; Greenstein 1991, 1993a, b, 1995; Nebelsick
1992a, b, 1995, 1996, 1999, 2008; Nebelsick and Kampfer
1994; Schein and Lewis 2000; Banno 2008; Dynowski 2012).
Preservation is related to both intrinsic factors, including
the architecture of test and nature of connective tissues,
and extrinsic factors, such as temperature, oxygen levels,
bacterial activity and transport mechanisms. Furthermore,
echinoids can potentially offer favourable substrates for skel-
etozoan colonization. Encrustation and bioerosion occur on
a wide variety of both recent and fossil echinoid tests (e.g.,
Santos et al. 2003; Borszcz 2012 and references cited therein;
Belaustegui et al. 2013; Mancosu and Nebelsick 2015;
Rahman et al. 2015; Thompson et al. 2015) particularly in
soft bottom environments where biogenic particles provide
the most important substrate for the settlement of epibionts.

As discussed by Nebelsick et al. (1997), Santos and May-
oral (2008), Belaustegui et al. (2013) and Rahman et al. (2015),
clypeasteroids with their rather sturdy tests are suitable sub-
strates for skeletozoan colonization in soft-bottom marine en-
vironments forming benthic islands (sensu Seilacher 1982),
which can be frequently encrusted and bioeroded.

Institutional abbreviations—MDLCA, Museo di Geologia
e Paleontologia Domenico Lovisato, Universita di Cagliari,
Italy.

Geological setting

The Oligo-Miocene sedimentary succession of Sardinia is
subdivided into three main sedimentary cycles and located
in the SSE-NNW oriented Sardinian Basin. This is a trough
extending from Cagliari in the south to the Gulf of Sassari in
the northwest and comprises a number of minor sub-basins
(Fig. 1B). The origin of the Sardinian Basin is due to the sub-
duction of Neotethyan oceanic crust to the east of Sardinia
and opening of the Western Mediterranean back-arc basin
(Cherchi and Montandert 1982; Thomas and Gennesseaux
1986; Facenna et al. 2002; Speranza et al. 2002).

The northern part of the Sardinian Basin consists of a
generally N to S striking halfgraben system, the western
branch of which consists of the Porto Torres Basin in the
North, which is separated from the southern Logudoro Basin
by the E-W oriented Ittiri Fault (Thomas and Gennesseaux
1986; Funedda et al. 2000; Benisek et al. 2009; Murru et al.
2015; Reuter et al. 2016). Magmatic activity accompanied
the halfgraben formation resulting in andesitic and basaltic
flows and pyroclastic and ignimbritic events, Aquitanian to
middle Burdigalian in age (Lecca et al. 1997; Funedda et al.
2000). Continuous subsidence led to marine conditions from
the Burdigalian onward forming a mixed siliciclastic-car-
bonate succession (Funedda et al. 2000; Casula et al. 2001).

The tectono-sedimentary development and the strati-
graphic framework of the Porto Torres Basin is partially
comparable to that of the well-known, adjacent Logudoro
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Fig. 1. A. Map of the Mediterranean showing location of studied area B. Distribution of Miocene sedimentary rocks in northern Sardinia and location of
echinoid assemblages cited within the text. C. Simplified geological map of the northern part of the Porto Torres Basin with the location of the clypeast-

eroid-echinoid assemblages of Bancali and Usini.

Basin (Martini et al. 1992; Funedda et al. 2000; Vigorito
et al. 2006; Murru et al. 2015). In both basins, the sec-
ond and third Miocene sedimentary cycles were recognized
by Mazzei and Oggiano (1990) and Funedda et al. (2000,
2003). The sedimentary sequence is subdivided into five
main lithostratigraphic units (Mazzei and Oggiano 1990;
Funedda et al. 2000; Fig. 2) and starts with fluvio-deltaic
conglomerate and litharenitic sand of the Oppia Nuova
Formation (?middle—upper Burdigalian) (Funedda et al.
2000). The overlying Mores Formation (late Burdigalian), to
which the studied sedimentary successions belong, consists
of calcarenite, bioclastic limestone and subordinate shallow
water, fossiliferous coarse-grained sandstone and conglom-
erate (Mazzei and Oggiano 1990; Funedda et al. 2000). The
Borutta Formation follows which is assigned to the Late
Burdigalian—Langhian following calcareous nannoplank-
ton (biozones NN4/NNS5 of Martini 1971) by Mazzei and
Oggiano (1990) and Francolini (1994) and planktonic fora-
minifera (biozone N7 of Blow 1969) by Bossio et al. (2006).
It contains calcareous siltstone, fine-grained sandstone, and
marl representing deeper shelf environments. The Borutta

Formation is overlain by the Florinas Formation (Langhian—
Serravallian) following an unconformity. This formation
mainly contains quartz-rich, coarse sandstone represent-
ing fluvial, lacustrine and brackish coastal environments
(Mazzei and Oggiano 1990; Funedda et al. 2000). The
Monte Santo Formation (Serravallian to ?Tortonian—lower
Messinian), which pertains to the third sedimentary cycle,
overlies with a transgressive contact the Florinas Formation
and consists mainly of bioclastic limestone, in part enriched
in rthodolith deposits accumulated within channels, with
slumps and olistoliths possibly indicating a platform slope
setting (Funedda et al. 2000).

Material and methods

Field and laboratory investigations were conducted with
respect to palacontology, taphonomy, and sedimentology.
Echinoid tests, both complete and fragmented, were col-
lected throughout the successions in 2016. Classification at
and above genus level follows Kroh and Smith (2010) and
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Smith and Kroh (2011). Echinoid fragments were identified
after comparison to complete specimens (e.g., Nebelsick
1992a, b; Donovan 2003). Two stratigraphic sections were
measured. The frequency of fragments and complete tests
was estimated per rock surface. The degree of close-packing
determined as dense, loose, or dispersed follows Kidwell
and Holland (1991). The orientation of complete specimens
was recorded relative to bedding planes. Various tapho-
nomic signatures (disarticulation, fragmentation, abrasion,
encrustation, and bioerosion) were evaluated in the field and
laboratory. The preservation of tubercles on the test surfaces
was used to evaluate abrasion. Palacoecological interpreta-
tions of echinoid faunas followed actualistic comparisons to
closely related extant taxa.

Results

Bancali Section.—The first and second clypeasteroid-
dominated echinoid assemblages (Bancali Assembalge 1
and Bancali Assemblage 2) occur within a sedimentary
succession which crops out near to the village of Bancali
(40°43'56" N, 8°26'55" E) (Fig. 1C), and belongs to the Mores
Formation (Figs. 2, 3A).

Bancali Assemblage 1 occurs within an approximately
1.4 m-thick conglomerate deposit consisting of abundant,
well-rounded, up to 5 cm large quartz pebbles, floating in
a medium- to coarse-grained sandstone. Within this ma-
trix-supported conglomerate, remains of the clypeasteroid
echinoids Amphiope (Fig. 4A—E) and Clypeaster (both highly-
and moderately-domed) as well as bivalves (Aequipecten sub-
malvinae and Spondylus) occur in large numbers. Reworked
barnacles can also be observed and calcareous algae are also
present.

The clypeasteroid echinoids all lack spines and, although
complete tests are present (Fig. 4A), they consist mainly of
test fragments (Fig. 4B—E). The echinoid remains range from
loosely packed and dispersed to very densely packed (sensu
Kidwell and Holland 1991). Imbricated specimens are not
present. The orientation of echinoids ranges from concordant
to perpendicular (Figs. 4A, B, 5A). Test fragments are also
present and include small fragments, pie-shaped segments
and larger fragments up to half test size (Fig. 6: states 6—10).
Both inter and intra-plate fragmentation is present.

Different degrees of abrasion were observed, ranging
from specimens showing well preserved surface details to
highly abraded fragments with rounded margins (Fig. 4E).
Fragments show evidence of encrustation by barnacles
(Fig. 4C), serpulids, and coralline algae; skeletozoan coloni-
zations can affect both the oral and aboral surface of the test.
Bioerosion is present as circular to sub-circular Oichnus-
like holes (sensu Wisshak et al. 2015; Fig. 4D). Collapsed
central areas of the test (Fig. 4A) and radial cracking can

also be present.

The deposit containing the second clypeasteroid-domi-
nated echinoid assemblage (Bancali Assemblage 2) is found
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within a ca. 1.8 m-thick poorly sorted medium- to coarse-
grained mixed siliciclastic-carbonate sandstone with abun-
dant, scattered quartz granules and pebbles and disarticu-
lated and densely packed bivalves. Bancali Assemblage 2
consists of Clypeaster (Fig. 4F), with different morphotypes,
and Echinolampas. A single complete specimens of the echi-
noneid Koehleraster was also found (Fig. 4G). Other major
biotic constituents are the pectinid Aequipecten submalvinae,
the spondylid Spondylus and large oysters. Reworked barna-
cles also occur in large numbers.
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Complete tests and fragments all lack spines. Echinoid
remains are dispersed showing parallel to perpendicular
orientations both in cross section and plan view (Fig. 5B).
Complete tests are usually well preserved (Fig. 6: states 1-3).
Fragments, from small test remains to half skeletons, show a
wide spectrum of preservation ranging from well-preserved
surfaces to highly abraded fragments with rounded margins
(Fig. 6: states 4—6). Both inter- and intraplate fragmentation
occurs. Complete tests and fragments are encrusted by bar-
nacles (Fig. 4E) and coralline algae. Bioerosion is present
as circular Oichnus-like holes. The rest of the section is
composed of a ca. 3 m-thick fine-grained sandstone with
pectinid bivalve remains.

Usini Section.—The third clypeasteroid-dominated echi-
noid assemblage (Usini Assemblage) occurs within a sed-

imentary succession which crops out along the road from
Sassari to Ittiri near the village of Usini (40°39'30" N,
8°31'00" E) (Fig. 1C) and belongs to the Mores Formation
(Fig. 3B).

The echinoid assemblage occurs within an approximately
1.5 m-thick fine-grained sandstone (mixed siliciclastic-car-
bonate) with abundant bivalves, coralline algal fragments and
rhodoliths lying on a 2 m-thick rudstone also composed of
coralline-algal branches, rhodoliths and bivalves. Abundant
remains of the pectinid Aequipecten submalvinae and the
spondylid Spondylus were observed within both deposits.

Echinoids are abundant and dominated by different mor-
photypes of Clypeaster (Fig. 7A-D). In addition, a single
specimen of a poorly-preserved flat and relatively thin-shelled
Clypeaster was found. The echinolampadoid Echinolampas
(Fig. 7F) occurs subordinately. Fragments of spatangoids are
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Fig. 4. Bancali Assemblage 1 (A-E) and Bancali Assemblage 2 (F, G); early Miocene, Bancali, Sardinia, Italy. A. Amphiope sp. showing collapse of the
central area of the test. B. Chaotically oriented test fragments of Amphiope sp. C. Encrustation by barnacles (arrow) on Amphiope sp. remains. D. Circular
holes on Amphiope sp. fragment. E. Highly abraded fragment of Amphiope sp. F. Clypeaster (C. intermedius morphotype) encrusted by barnacles (arrow).

G. Koehleraster sp. (MDLCA 23583).

rare (Fig. 7E). Regular echinoids consist of small spines of
the cidaroid Eucidaris and a single specimen of the small
trigonocidarid echinoid Genocidaris. The echinoids consist
mainly of complete tests lacking spines although test frag-
ments also occur. The echinoid remains are dispersed within
the matrix (sensu Kidwell and Holland 1991) and with orien-
tations ranging from perpendicular to parallel to the bedding
plane (Figs. 5C, 7).

A wide range of preservation states from complete spec-
imens with exquisitely preserved surface details to highly
abraded tests is present for both complete tests and fragments
(Fig. 6: states 1-10). Fragment size varies from smaller test
remains to half skeletons. Both inter- and intraplate frag-
mentation occurs. Encrustation by coralline algae and bryo-
zoans (Fig. 7A, D) is found on both complete tests and frag-
ments. High degree of encrustation on complete tests can
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Amphiope Clypeaster

El aboral side up
- overturned

Clypeaster Echinolampas
Clypeaster Echinolampas

Fig. 5. Orientation data of complete tests. Early Miocene echinoids
within Bancali Assemblage 1 (A), Bancali Assemblage 2 (B), and Usini
Assemblage (C). N, number of counted specimens.

be present with skeletozoan colonization affecting both the
oral and aboral surface of the same specimens. Bioerosion
occurs as 8-shaped and circular borings (Fig. 7D).

The echinoid-bearing sandstone deposit is overlapped
by an approximately 4.5 m-thick bioclastic limestone (float-
stone to rudstone) with coralline-algae and accumulations
of pectinid and oyster shells.

Discussion

Functional morphology of echinoid test and actualistic
comparison.—Clypeasteroids: Amphiope from Bancali As-
semblage 1, which has been described by Stara and Borghi
(2014) as Amphiope sp. 2, is a large lunulate sand dollar
interpreted as a shallow burrowing, deposit feeder, based
on its flat test and the presence of branched well-developed
food grooves, which reach from the ambital areas of the test
to the peristome and serve to transport food particles (e.g.,
Ellers and Telford 1984).

The robust test construction of Amphiope, with thick
test walls and internal supports, and the presence of broad
lunules, is interpreted as an adaptation to high energy,
wave-swept, sandy environments (Seilacher 1979; Telford
and Mooi 1987). There has been an intense debate as to
the function of lunules. As discussed by Smith and Ghiold
(1982) and Telford (1981, 1983) ambulacral lunules are
mainly involved in food gathering and hydrodynamic sta-
bility since they reduce lift.

Living sand dollars inhabit tropical to temperate envi-
ronments in both exposed and protected soft-bottom coastal
areas (e.g., Salsman and Tolbert 1965; Weihe and Gray
1968; Bell and Frey 1969; Ebert and Dexter 1975; Lane and
Lawrence 1980; Steimle 1990; Bentley and Cockcroft 1995;
Pomory et al. 1995; Guilherme et al. 2015) although the sand
dollar Echinarachnius parma has an extended bathymetric
range to depths of about 1600 m (Mortensen 1948b; Ellers
and Telford 1984). These clypeasteroids are mainly shallow
burrowing deposit feeders living just below the sediment
surface (e.g., Bell and Frey 1969; Ebert and Dexter 1975;
Telford and Mooi 1987; Bentley and Cockcroft 1995), though
semi-infaunal suspension feeders such as Dendraster and
more rarely Encope also occur (e.g., Timko 1976; Mooi
1997; Lawrence et al. 2004; Fodrie et al. 2007).

Sand dollars are common bioturbators (Stanley and
James 1971; Reidenauer 1989; Li et al. 2013; Brustolin et
al. 2014, 2016) and are known to ingest sediment parti-
cles and a variety of small micro-organisms and organic
particles (Telford and Mooi 1986; Challener et al. 2009;
Hilber and Lawrence 2009). These clypeasteroids can reach

State 1 State 2 State 3 State 4 State 5
)
I\
Surface preservation
apical system 0 0 0 0 2
tubercles 0 0 0 1 1
pore-pairs 0 0 0 0 0
petalodium 0 0 0 1 1
Biostratinomy
spine disarticulation 3 3 3 3 3
abrasion 0 0 0 1 2
encrustation 0 1 0 2 2
bioerosion 0 0 1 0 2
State 6 State 7 State 8 State 9 State 10
Surface preservation
ambitus 0 0 0 1 2
tubercles 0 0 0 1 2
pore-pairs 0 0 0 0 2
petalodium 0 0 0 1 2
Biostratinomy
spine disarticulation 3 3 3 3 3
abrasion 0 0 0 1-2 3
encrustation 0 1-2 0 1-2 0
bioerosion 0 0 1-2 1-2 0
( ) Surface preservation
Q. i /_; S 0 = complete, well preserved
00 - -.\( 1 = partially preserved
i 2 = destroyed/missing
f;sftrsa (cr:ggpilste encrustation Biostratinomy
9 0 = absent
o) 1 = moderate
ST 2 = high
bioerosion abrasion 3 = total

Fig. 6. Taphonomic gradient recognized on complete tests and fragments
of clypeasteroid echinoids by using the qualitative analysis of the surface
characters.
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Table 1. Major test features of the four Clypeaster morphotypes recognized within the echinoid assemblages from early Miocene sections at

Bancali and Usini, Sardinia, Italy.

Morphotype Test size | Ambital outline | Marginal tumidity Test profile Assemblage
Clypeaster scillae medium | subpentagonal / high higly mﬂated' concave oral surface large Bancali 2, Usini
to large elongated infundibulum
. . highly inflated/elevated petals flat oral surface Bancali 1,
Clypeaster calabrus large pentagonal relatively high relatively small infundibulum Bancali 2, Usini
. - . moderately inflated slightly concave to flat oral Bancali 1,
Clypeaster intermedius | large pentagonal relatively low surface relatively small infundibulum Bancali 2, Usini
Clypeaster marginatus smal.l to pentagonal to | low thin an.d sharp | very depressed flat .to slightly concave oral Usini
medium subcircular margin surface large to relatively small infundibulum

very high population densities as a result of gregarious
behavior and commonly show patchy distributions related
to sediment grain-size, hydrodynamic regime, availabil-
ity of food resources (Bell and Frey 1969; Pomory et al.
1995; Swigart and Lawrence 2008; Guilherme et al. 2015;
Brustolin et al. 2016). Mass accumulations of hundreds
or even thousands of individuals per m? are documented
for the sand dollars Mellita quinquiesperforata, Encope
grandis, Echinarachnius parma, Dendraster excentricus,
and Scaphechinus mirabilis (Salsman and Tolbert 1965;
Chia 1969; Merril and Hobson 1970; Stanley and James
1971; Ebert and Dexter 1975; Seilacher 1979; Steimle 1990;
Nebelsick and Kroh 2002; Takeda 2008). In addition to
wave exposure, which is seen as a major factors shaping
benthic community structure and diversity in shallow
water environments (Smith 1981; Bentley and Cockcroft
1995), sand dollars can be an important factor in structur-
ing benthic communities by dominating habitat and detrital
food resources (Steimle 1990), by reducing the primary
productivity of the microphytobenthos (Li et al. 2013) and
by disturbing and excluding some invertebrates with their
burrowing activity (Smith 1981; Creed and Coull 1984;
Morin et al. 1985; Reidenauer 1989).

Clypeaster shows a high morphological variability within
the three studied assemblages. Four morphotypes (named C.
scillae morphotype, C. calabrus morphotype, C. intermedius
morphotype, and C. marginatus morphotype), were recogni-
zed based upon major test features as summarized in Table 1.

The genus Clypeaster has a number of specialized mor-
phological features common to clypeasteroids and a non-pro-
trusible Aristotle’s lantern (Mooi 1989) which is used for
crushing rather than scraping (Smith 1984; Telford et al.
1987; Ellers and Telford 1991). Rose and Poddubiuk (1987)
explored the morphological variations in fossil Clypeaster
and considered several features of the test, such as the ambi-
tal outline, test profile, petal shape and tuberculation in order
to infer the mode of life of fossil species. Six different mor-
photypes were recognized ranging from the Eocene to the
Miocene present either in the Caribbean or Mediterranean
areas (Rose and Poddubiuk 1987). Corresponding morpho-
types can be in part recognized in the studied assemblages.

Thick-shelled and highly-domed Clypeaster, represented
by C. scillae and C. calabrus morphotypes, are interpreted
as epibenthic to ploughing forms, comparable to the Recent
Clypeaster rosaceus, which feeds by ingesting biogenic par-
ticulate material, such as fragments of corals and coralline
algae, and dead leaves of Thalassia (Telford et al. 1987,
Hendler et al. 1995; Kampfer and Ott 1995). C. rosaceus
lives epibenthically and is rarely found buried up to its ambi-
tus only (Telford et al. 1987). Its thick skeleton is interpreted
as an adaptation to high energy environments (Kampfer
and Ott 1995; Néraudeau et al. 2001). Clypeaster with flat
profiles, thin margins and flat ventral surfaces, represented
by the C. marginatus morphotype, are interpreted as shal-
lowly buried deposit feeders such as the extant C. humi-
lis and C. subdepressus. C. humilis is a shallowly buried
echinoid living in sand patches within seagrass meadows
(Nebelsick 1992b) and sand filled lagoons of the Indo-West-
Pacific (James and Pearse 1969). C. subdepressus occurs
commonly at depths 1-50 m (Serafy 1979; Hopkins 1988;
Hendler et al. 1995; Rodriguez-Barreras 2014) living in
sandy shelly substrates, but also in muddy sediments and
seagrass meadows in the warm water of the Caribbean Sea
and Atlantic Ocean (Hendler et al. 1995). It lives epiben-
thically to shallowly buried (Chesher 1969; Seilacher 1979;
Telford et al. 1987; Velluttini and Bigotto 2010) feeding on
organic material such as diatoms. Accessory podia of the
oral surface collect sand particles, which are transported to
the mouth and crushed by the Aristotle’s lantern (Telford
et al. 1987). Moderately high test profiles with relatively
flat ventral surface with a small infundibulum and rela-
tively thick and tumid margins are represented by the C.
intermedius morphotype. These are interpreted as partially
burrowed deposit feeders.

Living Clypeaster species inhabit tropical and subtropi-
cal regions (e.g., Ghiold and Hoffman 1984, 1986; Nebelsick
1992b; Hopkins 1988) living in mobile substrates down to
ca. 500 m, although most species are confined to shallow
waters (e.g., Mortensen 1948b; Endean and Pope 1964;
Serafy 1970; Hopkins 1988; Nebelsick 1992a). Modern
representatives of the genus Clypeaster do not seem to
form such dense aggregations described for sand dollars

Fig. 7. Usini Assemblage; early Miocene, Usini, Sardinia, Italy. A. Complete test of Clypeaster (morphotype Clypeaster scillae) encrusted by (arrow)
bryozoans (MDLCA 23584). B. Clypeaster (morphotype C. scillae) perpendicularly oriented. C. Clypeaster (morphotype C. calabrus). D. Encrustation
by bryozoans (black arrow) and figure of 8-shaped boring (white arrow) on Clypeaster sp. (MDLCA 23585). E. Spatangoid remains. F. Echinolampas sp.
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(see references cited above). Field studies on the Caribbean
echinoids C. rosaceous and C. humilis from the Red Sea,
have reported maximum population densities of 27 indi-
viduals per 100 m? and 2 individuals per m?, respectively
(Kampfer and Ott 1995; Nebelsick 2008). This may explain
the lower density observed in Bancali Assemblage 2 and
Usini Assemblage compared to that of the sand dollar-dom-
inated Bancali Assemblage 1.

Echinolampadoids: Echinolampas barcinensis, which
occurs both in assemblages Bancali Assemblage 2 and the
Usini Assemblage, is interpreted as a partially buried de-
posit feeder. It has a large test, low arched in profile, with
long petals and conjugate anisopores associated with respi-
ratory tube feet (see Smith 1980b), and a slightly concave
oral surface with phyllodes and weakly inflated bourrelets
as a means to facilitate deposit feeding.

Echinolampadoid echinoids have not been observed to a
great extent in their natural habitats (e.g., Mortensen 1948a;
Higgins 1974; Thum and Allen 1975; Gladfelter 1978; Mooi
1990a). They have been described as bulk sediment swal-
lowers feeding on organic material coatings of coarse sedi-
ment grains (De Ridder and Lawrence 1982; Mooi 1990a).

Modern representatives of Echinolampas live epifau-
nally to shallowly burrowed in subtropical to tropical en-
vironments (e.g., Mortensen 1948a; Thum and Allen 1975;
Mooi 1990b). Most Echinolampas species occur between 8
and 400 m, with the exception of E. rangii found between
1570 and 1670 m (Mooi 1990a). The Caribbean E. depressa
is typically found living in relatively coarse coralline algal
sands from 30 to over 310 m (Mooi 1990a). E. ovata occurs
in the littoral zone of the Red Sea and the Indian Ocean
from 9 to 75 m depth (Mortensen 1948a; Mooi 1990b) liv-
ing partially to shallowly burrowed in carbonate sands.
Echinolampas crassa, reported at depths from 12 to 500
m off South Africa, is a shallow burrowing, deposit-feeder
which lives in biogenic substrates (Thum and Allen 1975;
Mooi 1990b). McNamara and Philip (1980) suggested that
some fossil species of Echinolampas may have lived bur-
ied into the sediment similar to the extant Rhyncholampas
pacificus which lives buried only below the petals.

Echinoneoids: Koehleraster from Bancali Assemblage 2
is a small to medium-sized ovoid echinoneoid with a con-
cave oral surface and is interpreted to be a shallow bur-
rower in sandy sediments. This interpretation is due to its
strong morphological affinity to the Recent echinoneoids
Koehleraster abnormalis and the very similar Echinoneus
cyclostomus (see Smith and Kroh 2011). As noted by Rose
(1976) and Smith (1980b) suckered tube feet in Echinoneus
are primarily used in feeding and burial activity. Oral tube
feet are also used to adhere to rocks or large shell frag-
ments, possibly for stability. Koehleraster abnormalis is
rare and its ecology is poorly known. This echinoid (pre-
viously attributed to the genus Echinoneus) occurs in the
Indo-Pacific and exhibits a highly disjunct geographical
distribution (Ghiold 1989). It is reported to inhabit sands un-
der coral heads in lagoon grass flats and under boulders in
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shallow sublittoral environments (Sloan et al. 1979; Lane et
al. 2000). Its occurs from the intertidal to 85 m (Mortensen
1948a; Lane et al. 2000).

Koehleraster can be compared to the much better known
Echinoneus cyclostomus which is nearly ubiquitous through-
out the tropics from the Atlantic Ocean to the Indo-Pacific
(Mortensen 1948a; Rose 1976; Ghiold 1989; Hendler et al.
1995). It can be found underneath rocks or corals or be shal-
lowly burrowed in sandy sediments (Westergren 1911; Rose
1976; Liao 1978; Sloan et al. 1979; Smith 1980a; Chao 2000;
Rodriguez-Barreras et al. 2012). Echinoneus cyclostomus is
reported from shallow waters to 570 m of depth (Liao 1978;
Hendler et al.1995; Chao 2000; Lane et al. 2000; Rodriguez-
Barreras et al. 2012). Rose (1976) reported E. cyclostomus
from a low-energy microenvironment within an otherwise
high energy sublittoral tropical reef. Fontaine (1953) and
Rose (1976) interpreted E. cyclostomus as indicative of reef
proximity. The co-occurrence of Echinoneus with Brissus
has been recorded in reef associated bioclastic sediments
in extant (Kier and Grant 1965) and fossil environments
(Challis 1980; Donovan and Veale 1996; Kroh 2004).

Cidaroids: Eucidaris from Usini Assemblage is a small
cidaroid echinoid with short spines which is interpreted here
as living in sandy substrates with coralline algae. Extant
species of Eucidaris, such as E. galapagensis, E. metularia,
E. thouarsii, and E. tribuloides, are particularly abundant
from the intertidal zone to depths of 20-30 m (Mortensen
1928; Kier and Grant 1965; Nebelsick 1992a, b; Samyn 2003;
Sciberras and Schembri 2007), although their distribution
can reach 450 m of depth (Mortensen 1928; Phelan 1970).
E. tribuloides is found in a variety of substrates including
sands, rocky bottoms, and within Thalassia meadows (Kier
and Grant 1965; Smith 1978) but also in muddy substrates
and detrital bottoms (Tanti and Schembri 2006; Sciberras
and Schembri 2007). This cidaroid wedges itself in crevices
or takes shelter under coral or rocks (Hendler et al. 1995;
Rodriguez-Barreras 2014). E. metularia occupies a variety of
substrates, most commonly coral reefs and carpets as well as
sand with coral patches (Smith 1978; Nebelsick 1992a, b), but
is also found in lagoons with sea-grass beds (Samyn 2003).

Eucidaris is an opportunistic omnivore which consumes
mostly corals, non- and coralline algae, sponges, sea grasses,
and comatulid crinoids (McPherson 1968; Glynn et al. 1979;
Santos et al. 2002; Sonnenholzner et al. 2009; Baumiller
et al. 2010; Cabanillas-Teran et al. 2016; Stevenson et al.
2017). Although this genus has a pantropical distribution
(Lessios et al. 1999), E. tribuloides has only recently been
observed in the shallow water of the Maltese Islands (Tanti
and Schembri 2006).

Camarodonts: The palacoenvironmental interpreta-
tion of the small camarodont echinoid Genocidaris is de-
scribed in detail in Mancosu and Nebelsick (2016). Recent
occurrences are found down to 500 meters (Tortonese 1965;
Grubelic 1998; Como et al. 2008; Sciberras et al. 2009;
Smith and Gale 2009; Hernandez et al. 2013). The Recent
Mediterranean G. maculata is found on a variety of soft
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and hard substrates in moderate depths (Pérés and Picard
1964; Tortonese 1965; Koukouras et al. 2007) including
seagrass (Como et al. 2008) and coralline algal dominated
sediments (Sciberras et al. 2009) consuming bryozoans and
other bioclastic fragments (Mortensen 1943; De Ridder and
Lawrence 1982).

Palaeoenvironmental interpretation.—The three clypea-
steroid-rich echinoid assemblages studied herein show clear
differences with respect to taxonomic composition as well
as sedimentological and taphonomic signatures (Table 2).

Bancali Assemblage 1 indicates a littoral environment
dominated by soft substrates (Fig. 8A). The clypeasteroid
assemblage, dominated by the sand dollar Amphiope, occurs
in coarse-grained sediments suggesting high energy condi-
tions. The chaotically arranged orientation of the echinoid
remains and the wide spectrum of preservation suggest mul-
tiple episodes of shell reworking.

Circular to sub-circular borings (Oichnus-like holes)
could potentially be the result of either predation or post-
mortem bioerosion. Similar boreholes are described on the
clypeasteroids Mellita, Leodia, and Clypeaster (Moore 1956;
Lindsay 1996; Tewfik and Scheuer 2013; Tewfik 2014) and
the much smaller Echinocyamus and Fibularia (Nebelsick
and Kowalewski 1999; Ceranka and Ztotnik 2003; Grun
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et al. 2014, 2017). These have been interpreted as the result
of the lethal predation of cassid gastropods, which prey
upon echinoids by drilling into the test and leaving circu-
lar to subcircular bore holes. In the Bancali Assemblage 1,
however, circular holes occur in large number on the same
specimens (Fig. 4D), which is highly unusual for cassid pre-
dation on echinoids, suggesting post-mortem colonization
by macro-endolithic organisms. This is consistent with the
fact that the bored echinoid remains are also affected by en-
crustation by barnacles, serpulids, and coralline algae. Post
mortal encrustation and bioerosion suggest extended resi-
dence times before final burial (see Kidwell and Baumiller
1990; Nebelsick et al. 1997). Repeated episodes of shell re-
working can also be inferred since encrustation and bioero-
sion are present on all sides of the same specimens. Radial
cracking and the central test collapse are post-burial fea-
tures (Nebelsick 1999) resulting from sediment loading (see
Miiller 1951 for the same effect on spatangoids).
Sedimentological, palacontological and taphonomic
features as recognized in Bancali Assemblage 2 and Usini
Assemblage, respectively, suggest an inner sublittoral envi-
ronment (Fig. 8B, C). The chaotically arranged orientation of
the echinoid remains and the wide spectrum of preservation
suggest multiple episodes of in situ reworking. The deposi-
tional environment is inferred as a moderate energy setting

Table 2. Summary of taxonomic, sedimentological, and taphonomic features of the clypeasteroid assemblages from early Miocene sections at

Bancali and Usini, Sardinia, Italy.

Bancali Assemblage 1 Bancali Assemblage 2 Usini Assemblage
Sedimentary environment siliciclastic/carbonate siliciclastic/carbonate siliciclastic/carbonate
Accumulation thickness (cm) 140 180 150
Taxonomic composition
Eucidaris absent absent rare
Genocidaris absent absent rare
Koehleraster absent rare absent
Echinolampas absent rare common
Amphiope abundant absent absent
Clypeaster common common very common
Spatangoids indet. absent absent rare

Sedimentary fabric

Density densely packed to dispersed loosely packed to dispersed loosely packed to dispersed
Imbrication absent absent absent
Orientation of complete specimens chaotic chaotic chaotic

Detailed taphonomy

Spine disarticulation total total total
Fragmentation high moderate moderate

Surface abrasion moderate low moderate
Encrustation low low high
Bioerosion low low moderate
Post-depositional features

Grain indentation absent absent absent

Radial cracking present absent absent
Ilrlr;ptlé)sstmn of the central area of present absent absent
Paleoenvironment littoral (high energy) inner sublittoral (moderate energy) | inner sublittoral (moderate energy)

Genesis of the accumulation

multiple in situ reworking events

multiple in situ reworking events

multiple in situ reworking events
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Fig. 8. Palacoecological reconstruction of the echinoid assemblages recognized within early Miocene sections at Bancali and Usini, Sardinia, Italy.
A. Bancali Assemblage 1. B. Bancali Assemblage 2. C. Usini Assemblage.
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in which echinoid tests would have been moved about and
overturned, buried and exposed again by episodic storms.

The exquisitely preserved test surface of some complete
specimens, even in those affected by encrustation and bio-
erosion, suggests that dead echinoids were present on the
sediment surface for a longer period of time without being
affected by severe and/or long transport. This is also consis-
tent with the occurrence in the Usini Assemblage of some
large and thick-shelled Clypeaster showing highly abraded
aboral surfaces, affected by encrustation and bioerosion, and
exquisitely preserved oral surfaces. These features suggest
that echinoid tests remained on the substrate in a position of
maximum hydrodynamic stability under lower transport ve-
locities for an appreciable period of time. Repeated episodes
of shell reworking in situ can be inferred since encrustation
and bioerosion occurs on both the aboral and oral side of the
same specimens.

The 8-shaped boring apertures observed on Clypeaster
are possibly made by endolithic gastrochaenid bivalves
which bore in hard substrates and secret an aragonitic chim-
ney showing an 8-shaped form (Schiapparelli et al. 2005;
Belaustegui et al. 2013, 2017; Rahman et al. 2015; Casoli et
al. 2016).

Ecomorphological and taphonomic gradient along a
mixed siliciclastic-carbonate shelf.—A wide variety of
echinoid-bearing deposits from the Miocene of northern
Sardinia studied recently (Mancosu and Nebelsick 2013,
2015, 2017) differ greatly with respect to taxonomic makeup,
sedimentary facies and fabric, density of the occurrences,
taphonomic signatures, size frequency distributions and ac-
companying fauna and flora. These differences are inter-
preted with respect to both biotic and abiotic factors includ-
ing life habit and population ecology, energy conditions and
substrate relationship. These factors can be correlated to an
onshore-offshore gradient. Further factors are related to the
architecture of the test and taphonomic processes, including
transport and time-averaging which determine the origin of
accumulations and the preservation potentials of echinoid
tests.

Three different habitats with differing echinoid faunas
can be distinguished pertaining to the littoral, inner sublitto-
ral, and outer sublittoral environments (Fig. 9). In littoral en-
vironments with mobile substrates and higher energy condi-
tions, represented by assemblages of Bancali Assemblage 1,
Chiaramonti and Ardara, echinoid diversity appears low.
The echinoid assemblages are characterized by few genera
including the shallow infaunal deposit feeding sand dol-
lars Amphiope, with different species (see Stara and Borghi
2014), Parascutella and various Clypeaster morphotypes
(see Mancosu and Nebelsick 2013, 2015 and herein) which
lived shallow infaunally to epifaunally in coarse-grained
siliciclastic substrates. Sand dollars were well adapted to
soft-bottom habitats with high energy conditions with little
competition from other deposit feeding macroinvertebrates,
particularly irregular echinoids other than clypeasteroids.
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Fig. 9. Distribution of clypeasteroid echinoids and associated echinoid taxa
along a depth gradient as recognized in the Miocene sedimentary succes-
sion of northern Sardinia (based on Mancosu and Nebelsick 2013, 2015,
2017, and this paper).

The infaunal spatangoid Agassizia is a significant com-
ponent of the echinoid fauna within the sand dollar as-
semblage of Chiaramonti (Stara et al. 2012; Mancosu and
Nebelsick 2013) which has been interpreted as an in situ ac-
cumulation of a shallow water environment with relatively
low energy conditions (Mancosu and Nebelsick 2013).

A similar association of clypeasteroids and spatangoids
was reported by Bentley and Crockcroft (1995) with the
co-occurrence of the sand dollar Echinodiscus bisperfor-
atus and the spatangoid Echinocardium cordatum which
dominate the benthic communities in sheltered, sandy sub-
tidal settings along the South African south coasts. In the
Northern Red Sea, the shallow burrowing clypeasteroids
Sculpsitechinus auritus and Clypeaster humilis similarly
share sandy, shallow water substrates with the burrowing
spatangoid Lovenia elongata (Nebelsick 1992b).

Inner sublittoral environments, represented by assembla-
ges Bancali Assemblage 2 and Usini Assemblage, respec-
tively, are characterised by sandy substrates and moder-
ate water energy, and appear to be dominated by different
morphotypes of Clypeaster living epibenthically to shal-
low infaunally and the deposit feeding echinolampadoid
Echinolampas. The epibenthic regular echinoids Eucidaris
and Genocidaris, which lived on secondary hardgrounds
(coralline algal carpet), are also present. The echinoneoid
Koehleraster and spatangoids rarely occur.

A similar situation occurs at Padru Monzu (SE of Plo-
aghe, northern Sardinia) where Miocene fine-grained sand-
stones with abundant coralline algae remains are dominated
by different morphotypes of Clypeaster and associated
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Echinolampas and the spatangoid Schizaster (AM personal
observation).

In outer sublittoral habitats at moderate depth, more di-
verse echinoid-dominated benthic communities occurred.
The echinoid assemblage of Ittiri (Mancosu and Nebelsick
2015) occurs within fine-grained sandstone and was domi-
nated by Clypeaster calabrus and C. marginatus morpho-
types which lived epifaunally and shallow infaunally re-
spectively. The deep burrower spatangoid Ova and the
echinolampadoid Hypsoclypus, which ploughed the sedi-
ment surface, also occurred (Mancosu and Nebelsick 2015).

A comparable outer sublittoral environment was rec-
ognized in the Porto Torres area (Mancosu and Nebelsick
2017). Here, fine-grained sandy substrates are dominated
by mostly infaunal spatangoids together with the minute
clypeasteroid Echinocyamus having a shallow infaunal life-
style. The shallow- to semi-infaunal flat Clypeaster margi-
natus also occurs sporadically. Thick-shelled Clypeaster
(Clypeaster scillae morphotype) and Echinocyamus were
also observed within the heteropic rhodolith beds associ-
ated with the regular echinoids, Prionocidaris, Eucidaris,
Psammechinus; trigonocidarids and diadematoids were also
found (Mancosu and Nebelsick 2017).

The co-occurrence of clypeasteroid species was observed
in all assemblages. Interspecific competition may have been
limited by different feeding strategies and food selection
among deposit-feeding clypeasteroid echinoids which de-
veloped complex feeding strategy (e.g., Telford and Mooi
1986; Barras 2008) utilizing their morphologically special-
ized Aristotle’s lantern (Mooi 1989). Differences in selective
feeding behaviour based on different feeding mechanisms
and grain selection provide a basis for resource partition-
ing in clypeasteroid echinoids, such as Echinocyamus,
Clypeaster and sand dollars (De Ridder and Lawrence 1982;
Findlay and White 1983; Telford et al. 1983, 1987; Ghiold
1984; Telford and Mooi 1986; Hilber and Lawrence 2009;
Guilherme et al. 2015; Brustolin et al. 2016).

The sympatric occurrences of different Clypeaster
species have been described in different tropical environ-
ments. In shallow-water environments of the Florida coast
and the Gulf of Mexico, two Clypeaster species with very
different morphologies are present (Kier and Grant 1965;
Kier 1975; Telford et al. 1987): the inflated C. rosaceus,
an epibenthic deposit feeder (see Kampfer and Ott 1995),
and the flattened C. subdepressus, a shallow infaunal bur-
rower. In the Northern Bay of Safaga, Red Sea, three sym-
patric Clypeaster species with differing morphologies occur
(Nebelsick 1992b). A further example for the differentiation
of forms and possible burial depths is given by Kroh (2005)
with the sympatric Clypeaster campanulatus, C. scillae and
C. calabrus from Miocene assemblages.

Sedimentological and taphonomic overprinting of pres-
ervation potentials.—The ecomorphological gradient dis-
cussed above could be biased by sedimentological and ta-
phonomic overprinting which affects the preservation of
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the various echinoid taxa. The preservation potential of
echinoids is related to a complex interplay of factors includ-
ing test architecture, life habits and population ecologies,
environmental conditions affecting taphonomic processes
as well as and other factors including time averaging (e.g.,
Donovan 1991; Nebelsick 1995; Brett et al. 1997; Ausich
2001).

Regular echinoids such as echinothurioids, cidaroids,
diadematoids and most Paleozoic echinoids (Thompson
and Ausich 2016; Thompson and Denayer 2017) dissoci-
ate rapidly when subjected to post-mortem transportation
and reworking due to the fact that they have imbricate or
only slightly interlocking plates. Complete tests of these
taxa are thus rare (see discussion in Mancosu et al. 2015
and references cited therein). Clypeasteroid echinoids with
plate interlocking, internal supports and thick shells show,
in contrast, high preservation potentials (Seilacher 1979;
Nebelsick and Kroh 2002; Belatstegui et al. 2012; Mancosu
and Nebelsick 2013, 2015). Spatangoid echinoids fall be-
tween these extremes, having a thin-shelled and rigid co-
rona with sutured plates (McNamara 1987).

Apart from skeletal architecture, further factors influ-
encing the preservation potential of echinoids are environ-
mental conditions and life habit (e.g., Greenstein 1993b,
1995; Nebelsick 1995). Regular echinoids have a relatively
poor fossil record compared to that of irregular sea urchins
(Kier 1977). Furthermore, regular echinoids diversified on
hard substrates in areas dominated by erosion while irregu-
lar echinoids diversified within soft sediments where active
sedimentation takes place (Smith 1984). Hard substrates
may show higher diversities of epifaunal regular echinoids
than soft substrates dominated by irregular echinoids. The
fauna of the former, however, is often preserved as frag-
ments while complete test can be preserved in the latter
(e.g., Nebelsick 1996).

The origin of high density clypeasteroid assemblages in
higher energy, shallow environments is promoted by con-
centration of skeletal material and rapid burial (Moffat and
Bottjer 1999; Nebelsick and Kroh 2002; Belatstegui et al.
2012; Mancosu and Nebelsick 2013, 2015). Different possi-
bilities for the generation of the studied clypeasteroid dom-
inated accumulations range from proximal storm deposits,
to multiple reworked and in situ accumulations. Thus, in
addition to reflecting ecological relationships of the living
benthic communities, the low diversity in littoral environ-
ments is interpreted to reflect high energy environmental
conditions to which clypeasteroids are adapted. Taphonomic
loss is difficult to evaluate, but fragmented tests of echinoid
taxa, other than clypeasteroids, whether regular or irregular
forms, are not present in the studied littoral environments
with the exception of the infaunal spatangoid Agassizia in
the assemblage of Chiaramonti.

The echinoid assemblages which occur in inner and
outer sublittoral environments are interpreted as parautoch-
thonous in origin. These settings, with moderate to low
energy and only sporadic major storms allowed for the pres-
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ervation of echinoid remains other than clypeasteroids, such
as regular echinoids and irregular echinolampadoids and
thin-shelled spatangoids.

Conclusions

Three clypeasteroid-rich echinoid assemblages from two
different mixed siliciclastic-carbonate sedimentary succes-
sions from the Miocene of northern Sardinia show clear
differences in taxonomic composition as well as in sedimen-
tological and taphonomic signatures.

A low-diversity assemblage (Bancali Assemblage 1),
points to a shallow water, high energy environments and
consists exclusively of the clypeasteroid echinoids Amphiope
and Clypeaster. A slightly higher diversity is found in the
inner sublittoral communities, represented by the Bancali
Assemblage 2 and Usini Assemblage, which are dominated
by different morphotypes of the clypeasteroid Clypeaster
and the echinolampadoid Echinolampas. Associated minor
echinoid taxa include the echinoneoid Koehleraster (Bancali
Assemblage 2) and the cidaroid Eucidaris, the trigonocid-
arid Genocidaris and spatangoids (Usini Assemblage). The
co-occurrence of different irregular echinoids within each
assemblage suggests resource partitioning among deposit
feeders. The clypeasteroid assemblages studied herein orig-
inated by multiple in situ reworking events.

The echinoid-bearing deposits described in this paper
represent only three of a wider variety of clypeasteroid-bear-
ing deposits from the Miocene of northern Sardinia, which
differ greatly with respect to taxonomic make up, sedi-
mentary fabrics, bed morphology, density of occurrence,
taphonomic signatures, size frequency distributions and ac-
companying fauna and flora.

An ecomorphological gradient has been recognized. The
sand dollar Amphiope is restricted to and often dominates
littoral environments with coarse-grained mainly siliciclas-
tic sediments, where it forms mass occurrences. Clypeaster,
with its thick-shelled morphotypes, had a wider tolerance
of habitat and substrate preference occurring both in lit-
toral environments with high water energy characterised
by coarse-grained siliciclastic substrates, as well as in low
energy, inner and outer sublittoral environments with fine-
grained mixed siliciclastic-carbonate substrates. The flat,
relatively thin-shelled Clypeaster forms, such as C. mar-
ginatus, and the minute fibulariid Echinocyamus seem to
be restricted to fine-grained sediments of moderate to low
energy, outer sublittoral environments.

With respect to accompanying non-clypeasteroid taxa,
the echinolampadoids Echinolampas and Hyspsoclypus
are a minor components within the inner and outer sublit-
toral clypeasteroid assemblages. The spatangoid echinoid
Agassizia occurs in large number in littoral environments
dominated by sand dollars. Spatangoids also occur in inner
and outer sublittoral environments in association with the
clypeasteroids Clypeaster and Echinocyamus and regular

echinoids. The echinoneoid Koehleraster occurs rarely in
littoral and outer sublittoral environments with mobile sub-
strates.

Echinoid preservation within specific environments is
determined by numerous factors including ecological pref-
erences, gregarious behavior, differential preservation po-
tentials and the nature of the sediments which they occur.
These factors lead to different genetic mechanisms underly-
ing the formation of echinoid-bearing deposits as well as the
respective representation of echinoid taxa.
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