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rwo large stemless crinoid genera from the Cret-
aceons = Marsupites and Uintacrinus - although
recent interpretations favour a benthic habit. In the
Late Silurian to Early Devonian a bizarre group of
large camerate crinoids - the Scyphocrinitidae -
maodified the distal end of the stem into a large cham-
bered ‘bulb,” which has been interpreted as a flotation
structure,
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Introduction

Echinoids are a diverse and widespread group of
marine macroimnmvertebrates and one of the five classes
of echinoderm (see Fossil Invertebrates: Echinoderms
(Other Than Echinoids)). They are exclusively marine
and benthic, living either on or within the sea floor,
and with their mouth downward-facing. The group
includes such well-known animals as the sand dollar,
heart urchin and sea urchin. Like all echinoderms,
they have a calcitic skeleton constructed of a mosaic
of plates, and these are usually firmly bound rogether
to form a rigid and robust test. This skeleton is archi-
tecturally complex and, being mesodermal, is able to
provide a wealth of information about the muscula-
ture and soft-tissue anatomy. Because echinoids have
a rigid skeleton, they have left the best fossil record of
any echinoderm class. They are also the best under-
stood echinoderm group from a phylogenetic per-
specrive. This combination of a complex skeleton,
good fossil record and extensively studied phylogeny
has made echinoids the focus of many important
palacobiological studies in recent years,
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There are about 900 extant species equally divided
between regular torms (‘regulars’) whose anus opens
in the aboral plated surface and thar live epifaunally,
and irregular forms (‘irregulars’) whose anus is dis-
placed away from the aboral plares into the posterior
interambulacral zone and that live predominantly
infaunally (Figure 1). All echinoids have a well-
developed system of hydraulically operated tube-
feet that are important for respiration, feeding and
locomotion. Echinoids also have a dense and often
highly differenriared covering of calcitic spines used
for locomotion and defence.

Morphology of Post-Palaeozoic
Echinoids

Echinoids range in size from just a few millimetres in
diameter to over 350mm and come in a variety of
body forms: globular, heart-shaped, cylindrical, hemi-
spherical or even flattened discoidal (Figures 1 and 2).
However, irrespective of their overall shape, the skel-
eton (also known as the ‘test’) in post-Palaeozoic
echinoids is always constructed along the same stand-
ardized plan. At the apex of the test is a small cluster
of up to 10 plates known as the apical disc (Figure 1A).
In regular echinoids this series of plates surrounds the
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Figure 1 Morphology of (A} a regular echinoid — Stereocidans, an Upper Cretaceous cidaroid from England, and (B} an irregular
echinoid — Schizaster, an Eccene spatangoid from laly. amb - ambulacrum; ap — apical disc; gen - genital plate; iamb — interambu-
lacrum: ot — ocular plate; petl - petal; pp - pore-pair; ppt — periproct; pst - peristome; tub — tubercle, 1-V - numbered ambulacral zones,

anus but in irregular echinoids the anus is usually
outside and to the posterior (Figure 1B). The larger
genital plates are in part derived from larval skeleton
and are all that remains of the aboral plared surface
that is so well developed in other echinoderms. Geni-
tal plates are each perforared by a gonopore, which
acts as the outlet for the gonads. One of the five genital
plates is also perforated like a pepper pot, which forms
the opening to the water vascular system. The smaller
plates are also perforate, with their tiny opening
marking where the tip of the radial water vessel
reaches the exterior: these are the ocular or terminal
plates. Plates are added at the distal edge of ocular
plates during growth.

The remainder of the test 15 composed of 20
columns of plates arranged into alternate pairs of
ambulacral and interambulacral elements {Figure 1),
Ambulacral plates overlie the radial water vessel and
are pierced by single or double pores where tube-feer
connect to the interior. Interambulacral plates by con-
trast are generally larger and are imperforate, They
arise on either side of the ocular plate. The external
surfaces of both ambulacral and interambulacral
plates are covered in tubercles of various sizes and
these are the articulation points for spines. Regular
echinoids have only a small number of large tubercles
whereas irregular echinoids typically have uniform,
fine, dense tuberculation (Figure 1A, B). Ambulacral
and interambulacral columns of plates converge
around the mouth, which lies at the opposite pole
from the apical disc.

The mouth is sitvated in a large opening termed
the peristome. This is covered in life by a flexible

membrane with embedded plates that is rarely fossil-
ized. All regular echinoids and many irregular echin-
oids have an internal jaw apparatus that largely fills
the peristome. The lantern is a pentaradially symmet-
rical and highly complex in structure (Figure 3), being
composed of 50 skeletal elements and 60 individual
muscles. There are five teeth, each braced in a hemi-
pyramid, and the entire structure can open and close
like a grab, as well as moving in and out of the test,
Because echinoids have a rigid test of fixed internal
volume, having a large and active lantern that moves
in and out creates problems. To compensate for
changes in internal volume there are 10 expandable
soft-tissue sacs around the edge of the peristome that
connect directly to the interior and that accommodare
any displaced body cavity fluids. Each sac passes to
the exterior at a small notch in the peristome {buccal
notch). Echinoids that either lack a lantern or have an
entirely internal lantern lack buccal notches.

The primary muscles that move the lantern attach
to the interior of the test around the nim of the peri-
stome. Enlarged skeletal flanges mark the site of mu-
scle artachment (Figure 3). Flanges developed from
the adoral ambulacral plates are termed auricles while
those developed from interambulacral plates are
termed apophyses. These lantern muscle attachments
rogether form the perignathic girdle,

Appendages thar attach to the test include both
spines and pedicellariae. Spines vary tremendously in
size and shape according to their function (Figure 4).
They can be either hollow or solid and either smooth
or ormmamented externally. There may be a central
ligament binding the spine to its articulation ball,
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Figurea 2 Representative lossil post-Palaeozoic echinoids. (A} the spatangoid Micraster in oral and apical views, from the Upper
Cretaceous of England {=0.7). (B} the clypeasteroid Encope in lateral and apical views, from the Pliocene of the U.S.A. (=0.4). (C) the
holasteroid Echinocorys in lateral and oral views, from the Upper Cretaceous of England (= 0.4). (D) the holasteraid Hagemowia in lateral
view from the Upper Cretaceous of England { = 2). (E) the salenicid Movosalenia in apical view, from the Cretaceous of the Czech Republic
{ =2). (F) the pedinoid Hemipeding in apical view, from the Lower Jurassic of England (= 3). (G) the temnopleuroid Vigudechinus in apical
and lateral views, from the Miocene of France [=2). (H] the echinoid Heterocentrolus in lateral and apical views from the Recent of the
Indo-West Pacific { =0.7}. (I} the arbacioid Murravechinus in apical view from the Miocene of Australia [=1.5).

in which case the associated rtubercle is perforate
(Figure 1A) and the surrounding platform may be
smooth or crenulated. Grearest funcrional differenti-
ation is found in irregular echinoids where spines
perform a variety of different roles. Pedicellariae are
microscopic stalked, jawed appendages that resemble
tulips in shape and that are used to deter small ecto-
parasites. They evolved from clusters of spines and
are present in all echinoids from the Silurian onwards.,
There are many different forms of pedicellania
making them very useful species-level indicators bur,
unfortunately, they are rarely preserved in fossils.

Morphology of Palaeozoic Echinoids

Although Palaeozoic echinoids mostly retain a pen-
taradiate pattern of alternating ambulacral and in-
terambulacral zones, the precise way their test

Parignathic
girdle

Retractor
muscles

Figure 3 Test of a modern echinoid (Echinus) broken apan o
show the internal lantern and parignathic girdle.



FOSSIL INVERTEBRATES/Echinoids 353

Figure 5 Representative fossil Palasozoie echineids. (A} Aulechinus (internal mould) from the Upper Ordovician of Scaotland (= 1).
(B8) Maccoya from the Carboniferous of England ( <0.5). (C) Lepidesthes from the Carbonilerous of the USA { « 1). (D) Bromidechinus from
the Uppear COrdavician of the USA (= 1). (E) Bathnocsdaris trom the Upper Ordovician of Estonia [ =3).

1s constructed shows a huge amounr of variation
(Figure 5). Only the Permian genus Miocrdaris has a
test constructed of 10 ambulacral and 10 interambu-
lacral columns like that of post-Palacozoic echinoids.
In all others the number of columns of plares, both
ambulacral and interambulacral, tremen-
dously. Some, such as Palaechinus and Asdechinus
(Figure 5A) have biserial ambulacra and multiple
columns of non-ambulacral plates. Others, such as
Proterocidaris and Lepidesthes (Figure 5C), have
wide ambulacra of up rw 20 columns of
plates, and narrow interambulacra. Bothriocidaris

VATICS
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(Figure SE) has no interambulacral plates ar all,
but there is an imperforate series of ambulacral
plates. Primitive echinoids also, interestingly, have
the radial warter vessel enclosed within the ambulacral
plates rather than being fully internal, as ir is in
all post-Palacozoic forms. A lantern 1s present, but
the teeth are very primitive in structure and no
Palacozoic echinoid has a perignathic girdle. Finally,
plating is imbricate (Figure 5D) and so the test ra-
pidly fell apart at death so that even partially
articulared specimens are rare except in Lagerstitte
deposits.
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Echinoid Palaeobiology
Locomotion and Burrowing

Regular echinoids are vagile benthos, moving by
means of their oral spines over the sea floor and
using their tube-feet to climb and grip hard substrara,
In forms living in high-energy, rocky, shore environ-
ments, the oral tube-feet that provide grip are highly
muscular and also densely packed, an adaptation
that is easily recognizable from fossil tests. Only a
few regular echinoids, notably cidaroids and arba-
cioids, evolved specialized aboral respiratory tube-
feet: for the most part tube-feet are undifferentiated.
Spines would have been the primary means of
locomotion in Palacozoic echinoids, although some
of the most primitive presumably used their tube-feet,

Irregular echinoids rely entirely on their spines for
locomotion, and most burrow into unconsolidared
sediment. This raises a number of problems: locomo-
tion is harder, and circularion of oxvgenated warer
and removal of waste products more difficult, particu-
larly in tiner-grained, more impermeable sediments.
Infaunal echinoids have highly specialized aboral
tube-feer for gascous exchange and these regions
torm characreristic petals on the surface of the rest
(Figure 1B}). However, only heart urchins have suc-
cessfully adapred for life in fine-grained sediments. In
order to do this they have specialized aboral tube-feer
that are used to build and maintain an open shaft to
the surface down which fresh warter can be drawn.
Water is drawn into the burrow by bands of highly
ciliated spines, termed fascioles, These fascioles also
generate 3 mucous coat that is held over the tips of
the spines and prevents fine-grained sediment from
falling berween the spines. The mucous coat thus
allows heart urchins to maintain a water-filled space
within the burrow.

The traces of burrowing echinoids have been
described in rocks from the late Lower Cretaceous
onwards,

Feeding

Regular echinoids feed using their lantern. Palaeozoic
echinoids had relacively weak lantern musculature
and feeding must have largely involved scooping ma-
terial from the sea floor. With stronger lanterns ech-
inoids were able to utilize new food sources and could
rasp encrusting organisms from hard substrata. Ech-
inoid tooth bire marks first appear as trace fossils in
the late Triassic, at abour the same time that well-
developed perignathic girdles and stronger lanterns
evolved. During the Mesozoic the biting force rhar
lanterns could exert was further increased through
the development of teeth with a stronger T-shaped

cross-section, and the stronger and more extensive
bracing of hemipyramids. Mesozoic and Tertiary
echinoids were mostly either algivores or predatory
on sessile organisms.

Deposit feeding may have evolved in the Carbon-
iferous, when echinoids such as Proterocidaris evolved
large numbers of massive oral tube-feet whose most
likely function was in detritus gathering. However,
this clade became extinct towards the end of the Per-
mian and deposit feeding was not adopted again by
echinoids until the Early Jurassic. The evolution of
irregular echinoids in the Jurassic is really the story
of adapration towards improved deposit feeding,
Some irregular echinoids (cassiduloids) are bulk sedi-
ment swallowers, passing a continuous stream of
sediment through the gut in order to extract the
small quantities of organic mater it might contain.
Orthers (spatangoids and holasteroids) evolved as se-
lecrive deposir feeders using specialised tube-feet to
pick out organic-rich detritus. Sand dollars are rather
special in thar they appear to be using their aboral
spine canopy as a sort of sieve to separate fine organic
material from amongst the sand grains. The finer
particles fall between the spines and are swept to-
wards the mouth and entrapped in mucous strings
that run towards the mouth. These food grooves are
casily visible even on a denuded test.

Predation and Defence

Echinoids today are preyed upon by a variety of
animals (including humans), and predarion has, pre-
sumably, been a major factor since the Devonian,
when the first echinoids with long, lance-like spines
evolved. Long, sharp spines (Figure 4A) are effective
deterrents to many predators, but alternative strat-
egies have also been evolved. Cidaroids have spines
that are not covered in a living tissue, and rhat, con-
sequently, can become heavily encrusted with algae
and sessile organisms. This encrusration on flattened,
paddle-shaped spines provides very effecrive camou-
Hage. An alternative ploy has been 1o develop very
thick club-shaped spines that cannor easily be snapped
or broken ott (Figure 4B). A few regular echinoids have
abandoned spines in favour of poisonous pedicellariae
as their first line of detence. Toxopmenstes has a
very short, uniform coaring of spines and their highly
venomous pedicellariae are almost as long. The aboral
surface of this animal thus presents a formidable
battery of dense, poisonous pedicellarial jaws.

Spines can also provide a first level of protection
against impact in high-energy environments, and both
in the Jurassic and in the Tertiary echinoids evolved
that were short, stout and umbrella-like, forming
a ressellate pavemenrt over the surface of the test.
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Reproduction

In echinoids the sexes are separate, but it is usually
impossible to tell the sexes apart visually. Reproduc-
tion occurs by broadcast spawning: eggs and sperm
are released into the water column where fertilization
takes place. The fertilized egg then develops into a
plankronic larva termed pluteus, which feeds in sur-
face waters for a few weeks before metamorphosing
into the adult form and settling to the bottom, A small
number of species, most from high-latitude, do not
pass through a planktronic larval stage, but develop
directly. In such cases the female produces large yolk-
rich eggs that are brooded on the rtest. Females
then have special brood pouches termed marsupia
where the eggs are protected, and these form sunken
zones around the gonopore openings. Sexual di-
morphism first evolved in the Late Cretaceous and
was particularly prevalent in Australian faunas in the
Early Tertiary.

Geological History

The closest living relative of the echinoids are holothur-
1ans (see Fossil Invertebrates: Echinoderms (Other
Than Echinoids)) and their ancestry presumably lies
amongst the ‘asterozoan’ taxa of the Early Ordovician.
When echinoids first appear in the Upper Ordovician,
there were already three very different body forms,
Bothriocidarids have a small globular test composed
of thick plates of the ambulacral series only (Figure
S5E), lepidocentnds have narrow biserial ambulacra
and wide zones of irregularly arranged imbricate inter-
ambulacral plates (Figure 5A), and Bromidechinus has
biserial interambulacra and triserial ambulacra (Figure
SDj. Clearly the earliest phase in the history of
echinoids has yet to be uncovered.

During the Lower Palaeozoic, echinoids remained a
minor component of marine benthic communties,
never becoming diverse or abundant. By the Devon-
ian one lineage had developed enlarged adoral tube-
teet and appears to have specialized as a deposit
feeder, and this group thrived through to the Permian
before going extinct. In the Carboniferous another
important group, the archaeocidarids, made their ap-
pearance. Archacocidarids have a single large tuber-
cle on each interambulacral plate and possessed long
highly muscular spines. On functional grounds they
were probably the first active predators. Miocidaris,
the only Palaeozoic echinoid with the test architec-
ture of post-Palaeozoic forms, evolved directly from
Archaeocidaris by reduction of plating columns in
each interambulacral zone,

The modern crown group was initiated and had
already begun rto diversify before the end of the

Permian, with both a cidaroid and a non-cidaroid
lineage passing into the Trassic. The cidaroids
(Cidaroidea) developed rigid test plating in the Trias-
sic and have been an important constituent of deeper-
water, shelf communities ever since. Despite attaining
a modest diversity, cidaroids have always remained
very conservative in their morphology.

Small non-cidaroid forms flourished in reefal set-
tings in the Late Triassic, but it was not until the early
Jurassic that the other lineage (Euechinoidea) started
to diversify in a major way. Irregular echinoids make
their first appearance in the Lower Jurassic and rap-
idly evolved as deposit feeders. The earliest irregular
echinoids still possessed a lantern like that of regu-
lar echinoids, but by the Middle Jurassic both cassi-
duloids and spatangoids had evolved. Cassiduloids
specialized as bulk sediment feeders using dense tube-
feet for handling sediment particles. Sand dollars arose
in the Early Tertiary from cassiduloid ancestors and
specialized for life in the near-shore, Unique amongst
echinoids, they developed large numbers of micro-
scopic tube-feet to each ambulacral plate and adopred
a very singular method of sediment sifting to obtain
their food. Spatangoids and holasteroids on the other
hand evolved a special kind of tube-foot around the
mouth for selective deposit feeding. Modern heart
urchins first appear at the base of the Cretaceous
and have diversified more or less constantly since
then. The end-Cretaceous extinction (see Mesozoic:
End Cretaceous Extinctions) affected echinoids se-
lectively, with deposit feeders being hardest hit. Regu-
lar echinoids also thrived throughout the Mesozoic,
although today’s major modern groups did not
become established until the Late Cretaceous.

Phylogeny and Classification

Major groups and their characteristic features are
listed below and their geological ranges are shown
in Figure 6:

e Cidaroida :Fig-url: 1A) (Permian — Recent): regular
echinoids with simple ambulacral plating and inter-
ambulacra with a single large primary tubercle;
teeth U-shaped in cross-section.

® Echinothurioida (Jurassic — Recent): regular echin-
oids with hollow spines and an imbricate plated
test; tubercles perforate and non-crenulated; teeth
U-shaped in cross-section.

® Diadematoida (Jurassic = Recent): regular echin-
oids with rigid, thin-plated test, compound ambu-
lacra and perforate and crenulated tuberculation;
reeth U-shaped in cross-section.

¢ Pedinoida (Figure 2F) (Triassic — Recent): regular
echinods with perforate non-crenulate tubercles,
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Figure 8 Stratigraphic range charis lor the major groups of echinoid. Width of bars is proportional to laxic (genus level) diversity.

The dashed lines show their phylogenetic relationships.

compound ambulacral plaring and teeth U-shaped
iN Cross-section.

¢ Arbacioida (Figure 21) (Jurassic — Recent): regular
echinoids with imperforate, non-crenulate tuber-
cles, compound ambulacral plating and teeth
T-shaped in cross-section.

e Salenioida (Figure 2E) (Jurassic — Recent): regu-
lar echinoids with imperforate tubercles, com-
pound ambulacral plating and teeth T-shaped in
cross-section. The apical disc is large and cap-like
and has extra plates incorporated into it.

® Temnopleuroida (Figure 2G) (Upper Cretaceous —
Recent): regular echinoids with compound ambu-
lacral plating, imperforate tuberculation that
is either crenulated or non-crenulate, and teeth
T-shaped in cross-section. The test surface is often
highly ornamented with pits.

¢ FEchinoida (Figure 2H) (Upper Cretaceous — Recent):
regular echinoids with compound ambulacral plat-
ing, imperforate, non-crenulate tuberculation and
teeth T-shaped in cross-section.

® Holectypoida (Jurassic — Cretaceous): irregular
echinoids with a large functional lantern, no petals,
and peristome with buccal notches. The periproct
is large and tubercularion relatively coarse.

¢ Cassiduloida (Jurassic — Recent): irregular echinoids
with no lantern and small peristome; tube-feet con-
centrated around the mouth to form phyllodes;
aboral ambulacra petaloid; spines fine and dense.

® Clypeasteroida (Figure 2B} (Palacocene — Recent):
irregular echinoids, often flattened and disc-like,
characterized by having petals, a fully internal
lantern and small peristome and very many micro-
scopic tube-feet to each ambulacral plate.

¢ Holasteroida (Figure 2C, D) (Cretaceous — Recent):
ovate to heart-shaped irregulars, but may be more

elongate; no lantern; apical disc elongate with
ocular plates II and IV meeting behind anterior
genital plates.

® Spatangoida (Figures 1B, 2A) (Cretaceous -
Recent): ovate to heart-shaped irregulars; no lan-
tern; apical disc compact.
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