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SYNOPSIS. The Extraxial/Axial Theory (EAT) of echinoderm skeletal homologies
describes two major body wall types: axial and extraxial. The latter is subdivided
into perforate and imperforate regions. Each of the regions has a distinctly differ-
ent source in early larval development. Axial skeleton originates in the rudiment,
and develops in association with the pentaradially arranged hydrocoel according
to specific ontogenetic principles. Perforate and imperforate extraxial regions are
associated with the left and right somatocoels respectively, are not governed by
ontogenetic principles of plate addition, and are products of the non-rudiment part
of the larval body. The morphology of even the most bizarre of the earliest echi-
noderms can be explored using the EAT. Among these, edrioasteroid-like taxa best
fit the idea that forms expressing archimery in the sequential arrangement of axial,
perforate extraxial, and imperforate extraxial regions are the first echinoderms.
Metamorphosis is especially marked in clades that have a high axial to extraxial
skeleton ratio because structures developing from the non-rudiment part are sup-
pressed in favor of the developing axial elements during this process. However, in
early echinoderms, extraxial skeleton makes up a far larger proportion of the body
wall than axial, implying that metamorphosis was not as significant a part of the
developmental trajectory as it is in more recently evolved taxa. Echinoderm ra-
diation consists of a succession of apomorphies that reduced the expression of
extraxial components but increased the influence of axial ones, with a concomitant
increase in the prominence of metamorphosis.

INTRODUCTION

The familiarity of a seastar or a sea ur-
chin belies their overall weirdness. Not only
are they quite different from each other, to-
gether with all the other members of the
Echinodermata, they form a clade very dis-
parate from all other phyla. Students of
metazoan evolution learn that echinoderms
can be distinguished by the possession of a
water vascular system, mesodermally de-
rived calcite plates with trabecular structure
(stereom) in the body wall, and a distinctive
embryology in which the typically bilateral
larvae seem to be magically transformed
into the pentaradial adults. The frequency
and oddity of these patterns is impressive.
But when echinoderms are viewed in the
light of some overarching principles that in-
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ciety for Integrative and Comparative Biology, 3-7
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tegrate all of these and other characteristics,
they form an excellent model for testing
ideas about the origins of evolutionary nov-
elty in general.

It is not surprising that the origin and
subsequent radiation of the Echinodermata
has become at once a compelling and per-
plexing research program. Even the briefest
of surveys of adult echinoderms, fossil and
extant, will reveal a clade rich in morpho-
logical disparity and unfamiliar structures.
Such fertile ground has yielded a diverse
crop of phylogenetic analyses drawn from
morphological {e.g., Paul and Smith, 1984;
Smith, 1988a, b, 1990; Sumrall, 1997), mo-
lecular {e.g., Raff et al, 1988; Wada and
Satoh, 1994), or total evidence data (e.g.,
Littlewood et ah, 1997). Works dealing
with morphology contain valuable data
about possible synapomorphies of major
echinoderm clades, but none of them incor-
porate the kind of overarching model of ho-
mologies that seems a necessary step in try-
ing to sort out the confusion that still exists.
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Phylogenetic analyses are only as good as
the characters they employ. They should
rest on careful character analyses, taking
advantage of all that we know about echi-
noderm anatomy, ontogeny, and paleontol-
ogy to test homologies. Attempts to accom-
plish these analyses have been hampered by
the lack of a detailed scheme of basic ho-
mologies such as the well-known model of
cranial and post-cranial elements in the ver-
tebrates.

Mooi et al. (1994) suggested a scheme
within which homologies of skeletal ele-
ments of the echinoderms could be evalu-
ated. Subsequent works (David and Mooi,
1996, 1998; Mooi and David, 1997) have
elaborated on these ideas, including a syn-
thesis with preliminary phylogenetic anal-
yses (Mooi and David, 1997). It is the pur-
pose of the present work to build on these
concepts by focusing on the earliest events
in the phylogeny of the Echinodermata. In
this way, we should be able to develop a
picture not only of how the phylum origi-
nated, but also of the salient features of the
first echinoderms. To explore these points,
we summarize the most significant parts of
a model of skeletal homologies and the
ways in which they relate to embryology.
We then apply these principles to a variety
of Cambrian taxa widely considered to rep-
resent the most basal members of the Echi-
nodermata. We also use the model to draw
some inferences about the significance of
embryology in understanding the origin and
diversification of the phylum.

THE EXTRAXIAL-AXIAL THEORY (EAT)

The EAT encompasses two main sources
of data from both fossil and extant taxa.
The first concerns body wall morphology
and the contained skeletal elements. The
second concerns embryological patterns.
The following is an abbreviated account of
these main aspects of the EAT.

Skeletal homologies
The EAT grew out of observations of ba-

sic ontogenetic differences in two main
types of echinoderm skeleton: extraxial and
axial (Mooi et al., 1994). In extraxial skel-
eton, new skeletal elements can be added
anywhere within the extraxial region. There

are no ontogenetic organizing principles ap-
plicable to all echinoderms that govern the
timing and pattern in which extraxial ele-
ments are added during growth. Extraxial
skeleton can be further subdivided into two
recognizable portions. Perforate extraxial
skeleton is pierced by several types of ori-
fices not found in any other type of skele-
ton. These openings include epispires, hy-
dropores, gonopores, and the periproct
(which contains the anus). Because of great
variation among echinoderm clades, a large
number of plate systems have been named
that fall under the general category of per-
forate extraxial skeleton. The most impor-
tant of these are thecal plates such as the
radials and basals of some pelmatozoans,
and plates associated with the aboral sur-
faces of arms such as the abactinals of as-
teroids and the brachials of crinoids. An ex-
panded list can be found in Mooi and David
(1997, Table 1). Imperforate extraxial skel-
eton is virtually absent in the living taxa
except crinoids. It appears to be restricted
to stems, holdfasts, and the surface opposite
the mouth in earlier forms such as edrioas-
teroids.

In contrast to extraxial skeleton, axial
skeletal elements are added according to an
empirically derived set of principles gath-
ered under the Ocular Plate Rule (OPR).
The OPR embodies a number of broad con-
cepts applicable to all members of the phy-
lum: 1) axial elements form in association
with the growing radial canals of the water
vascular system; 2) new axial plates are
added in a blastema at the end of growing
ambulacral series (this can occur in asso-
ciation with an ocular, or terminal plate, but
this region is not calcified in all clades); 3)
the newest plates in the series are at the tip
of the ambulacrum, and the oldest are ad-
jacent to the mouth (in taxa with a calcified
ocular or terminal, this axial element al-
ways appears before the first ambulacral el-
ements proper); 4) in almost all echino-
derms, the new plates form a biserial se-
quence of ambulacral plates, and each am-
bulacral is associated with a tube foot
(departures from this pattern, such as uni-
seriality or multiple podia per plate, are de-
monstrably derived); 5) the paired columns
of each axial series are staggered, so that
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there is a zig-zag suture separating the 2
columns in the biserial sequence; 6) a very
important consequence of the OPR-driven,
staggered addition of plates in each biserial
ray of the axial system is that one of the
two first plates must appear before the other
in the early juvenile. This creates a strongly
canalized pattern in all echinoderms in
which this phenomenon has been investi-
gated, and is known as Loven's Rule. The
implications of Loven's Rule have been dis-
cussed in the context of echinoderm evo-
lution by David et al. (1995) and Hotchkiss
(1995). Axial skeleton includes all elements
in the body wall added according to the
OPR, such as terminals (oculars), ambula-
cral flooring plates, cover plates, basicoron-
al (=mouth frame) plates, and adambulacral
plates (Mooi and David, 1997, Table 1).

Embryological homologies
The morphological criteria for recogniz-

ing the major skeletal types in echinoderms
are grounded in underlying embryological
patterns that are correlated with these body
wall regions (David and Mooi, 1996, 1998).
So much has been written on echinoderm
embryology (summarized in Hyman, 1955;
Giese et al., 1991, inter alia) that we cannot
hope to produce a better precis here except
to highlight events relating to the EAT.

The generalized pattern of development
for echinoderms can be summarized as fol-
lows: 1) the zygote passes through typical
deuterostome blastula and gastrula stages;
2) three pairs of coelomic compartments
appear along the longitudinal axis of the
gastrula, the first pair forming a prosome,
the second a mesosome represented most
conspicuously by a hydrocoel on the left
side of the larva, and the third a metasome
consisting of left and right somatocoels (ar-
chimery of Nielsen, 1995); 3) the hydrocoel
forms a torus (which becomes the ring ca-
nal in adults) around the larval esophagus;
4) five primary lobes appear along the pe-
rimeter of the hydrocoel ring, elongating to
form the five radial canals of the adult; 5)
the left somatocoel, which comes to lie un-
der the hydrocoel, interacts with the latter
to produce the rudiment; 6) the rudiment
evaginates and interacts to varying degrees
with the non-rudiment part of the larval

body to produce the adult morphology
(metamorphosis).

Axial skeleton is strictly associated with
the rudiment. The first skeletal elements of
the axial system appear adjacent to the pri-
mordial lobes. New plates in the developing
ambulacra! system are laid down according
to the OPR in the zig-zag pattern described
above. As plates are added, the radial canals
elongate, increasing the distance between
the base of the primordial lobe (the terminal
tentacle in the adult) and the ring canal.

During metamorphosis of living taxa
much of the non-rudiment portion of the
body is lost or histolyzed. However, signif-
icant portions of non-rudiment coelomic
and skeletal components are retained into
adulthood in some clades, such as crinoids
and asteroids. Calcified portions of the lar-
val body wall develop into the extraxial
skeleton. Therefore, the two major divisions
of echinoderm body wall, axial and extrax-
ial, are derived from the rudiment and the
non-rudiment parts of the larva, respective-
ly, indicating that the two skeletal types are
distinguished by early ontogenetic diver-
gences (David and Mooi, 1996).

THE EARLIEST ECHINODERMS

Previous works on the morphology and
relationships of early echinoderms have
greatly expanded our knowledge of these
enigmatic forms. Smith (1985, 1988a, b,
1990) provided cladistic treatments and
carefully rendered reconstructions. Sprinkle
(1992) reviewed features of the early radi-
ation of echinoderms, and Sumrall (1997)
published comments and provided a tree for
many taxa, including the earliest forms. The
EAT has been used to construct a basic phy-
logeny upon which more focused analyses
can be based (Mooi and David, 1997; Da-
vid and Mooi, 1998). Here we integrate ear-
lier works with that scheme in order to
comment on specific taxa of early echino-
derms, and to elucidate some of the ho-
mologies that are revealed through appli-
cation of the EAT.

Some taxa thought to be basal echino-
derms are not considered so here. For ex-
ample, homalozoans are frequently placed
in a sister clade to the rest of the echino-
derms {e.g., Paul and Smith, 1984; Sprin-
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kle, 1992). The strangeness of the homa-
lozoans has made it difficult to find homol-
ogies shared with other echinoderms. The
absence of recognizable synapomorphies is
frequently responsible for the removal of
odd taxa from a given group, so the hom-
alozoans have, almost by default, been
placed basally in echinoderm phylogeny.
Like Sumrall (1997), we feel that homalo-
zoans originate higher up in the tree, and
that their morphology, interpreted through
the EAT, is much better understood as high-
ly specialized rather than as indicative of
basal forms. They are clearly a very old
group, but evidently no older than other
early echinoderms {e.g., Smith, 1988£>), so
their removal from the base of the tree does
not introduce significant stratigraphic gaps.
We have been able to use the EAT to make
some sense of these bizarre fossils and have
found that our interpretation is largely in
accord with that of Ubaghs (1968) and
Parsley (1997). The EAT provides no sup-
port for the calcichordate scenario (see, for
example, Jefferies, 1997), nor does it sug-
gest that homalozoans shed light on the or-
igins of the phylum itself.

"Edrioasteroid-like taxa"
The Edrioasteroidea is an extinct class of

echinoderms that had relatively small, flat-
tened, disk-shaped bodies. They were ses-
sile, with the aboral surface attached to a
hard substrate. The mouth, with five, often
curved ambulacra radiating from it, faced
upwards (Fig. 1). The Edrioasteroidea have
been considered to include taxa such as
Camptostroma, Stromatocystites, Edriodis-
cus, and Cambraster (Sprinkle, 1992;
Guensburg and Sprinkle, 1994). Smith
(1985) showed phylogenetically that the
first two of these taxa should be excluded
from the Edrioasteroidea, and placed more
basally than the rest of the edrioasteroids.
Although we agree with this assessment,
Mooi and David (1997) question the place-
ment of Edriodiscus in a position that
would imply its involvement in the origin
of the seastars and would remove Cam-
braster from this position as well. The syn-
apomorphies that link Edriodiscus and
Cambraster to the seastars (Smith, 1985)
are undermined by the application of the

EAT, particularly those concerning the pos-
session of a marginal ring (Mooi and Da-
vid, 1997; see below).

Mooi and David (1997, Fig. 7) use the
term "edrioasteroid-like taxa" to refer to
early echinoderms with a basic edrioaster-
oid body plan, but that are not necessarily
part of the more crownward Edrioaster-
oidea. In addition to crownward edrioaster-
oids, taxa such as Cambraster and Edrio-
discus fall into this category, as do Camp-
tostroma and Stromatocystites. Although
we do not consider the latter two as mem-
bers of the Edrioasteroidea, their morphol-
ogy and age suggest that they are among
the earliest echinoderms (Smith, 1988a, b,
1990; Sumrall, 1997). Here we examine as-
pects of the major skeletal types of the EAT
that support this assertion.

Axial skeleton in basal echinoderms
The axial skeleton of the earliest echi-

noderms is relatively poorly expressed
when compared to that of extant taxa such
as asteroids and echinoids. In edrioasteroid-
like taxa, the rays are very narrow, and their
surface area is only a small percentage of
the oral region (Fig. 1). However, axial el-
ements of these basal forms are subject to
the same principles that govern ontogenetic
patterns of living echinoderms, as exempli-
fied by Stromatocystites depicted in Paul
and Smith (1984) and Smith (1985). The
rays are made of flooring plates laid down
in a biserial, zig-zag pattern according to
the OPR, with the oldest plates adjacent to
the mouth, and the youngest at the tips of
the rays. The flooring plate series was em-
bedded in the surrounding body wall that
constitutes the rest of the oral surface (Fig.
1). The radial water vessel lay externally
along the perradial suture of the flooring
plates and evidently terminated adjacent to
the youngest plates in each ray (Fig. 1). Be-
cause the ring canal of the water vascular
system encircles the esophagus internal to
the axial system, the radial canals must
have passed through the proximal notches
between the first pair of axial plates that
constitute the circum-oral mouth frame
("primordial ambulacral plates" of Smith
[1985, Text-Fig. 7]). The flooring plates of
edrioasteroid-like taxa are homologous with
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FIG. 1. Morphology of an edrioasteroid-like early echinoderm (based primarily on Stromatocystites). Extraxial
elements are labeled on the left side of the figure, axial elements on the right.

the ambulacral plates of asteroids and echi-
noids, and the zig-zag suture is homologous
with the perradial suture of extant forms.
The outer edges of the flooring plates sup-
ported 2 series of cover plates forming thin,
contiguous sets that could be folded to meet
over the center of the flooring plates (Paul
and Smith, 1984) (Fig. 1). Their association
with tube feet (Paul and Smith, 1984, Fig.
13) further supports the axial nature of cov-
er plates. The axial rays of the earliest echi-
noderms were not perfectly pentaradial, ex-
hibiting instead a bilateral arrangement
known as the 2-1-2 pattern (Sprinkle,
1973, Text-Fig. 16, 1992). This pattern ap-
pears to be plesiomorphic for the echino-
derms in general. It is modified into a more
perfectly stellate, pentaradial pattern in later
taxa such as blastoids and independently in
the clade containing asteroids and echi-
noids.

David et al. (1995) and Hotchkiss (1995)
virtually simultaneously discovered compli-
ance with Loven's Rule in Stromatocystites.
Loven's Rule appears to represent deep-
seated expression of a pattern fundamental
to the OPR. The discovery that it operates
in basal taxa as well as in most crownward
extant forms suggests that it should also be
expressed in some way or another in inter-
vening clades such as crinoids and cystoids.
That it has not yet been found in these
groups underscores the pragmatic difficul-
ties of a search that needs to be conducted
in precisely the right place. Lovenian pat-
terns must be sought in the order in which
flooring plates are laid down. This is es-

pecially problematic for the crinoids, in
which flooring plates of modern species are
evidently uncalcified, and for cystoids in
which the pattern is obscured by cover
plates, extraxial elements, or by reduction
in the number of rays. The report by Hotch-
kiss (1995, Fig. 3) that Loven's Rule occurs
in the cover plates of the edrioasteroid As-
trocystites may or may not be a valid ex-
pression of the Rule. Until flooring plates
of Astrocystites are observed, adherence to
Loven's Rule cannot be proven. In contrast,
cover plate or brachiole origination patterns
in cystoids cannot be used to falsify the oc-
currence of Loven's Rule in these taxa
without determining the pattern of forma-
tion of the first flooring plates.

Extraxial skeleton in basal echinoderms
In the earliest echinoderms, extraxial

skeleton is by far the greatest constituent of
the body wall, and the distinction between
perforate and imperforate extraxial regions
is more clearly expressed (Fig. 1). The
boundary between the two extraxial regions
can be marked by a change in the type of
plating, as beautifully reconstructed in
Camptostroma and Stromatocystites by
Paul and Smith (1984, Figs. 5, 6), or by a
distinct marginal ring as shown in Cam-
braster (Smith, 1985, Text-Fig. 2).

The perforate extraxial skeleton of ed-
rioasteroid-like taxa surrounds the axial
skeleton on the oral surface. In Campto-
stroma, it is constructed of two major plate
types: stellate elements and secondary ele-
ments (Paul and Smith, 1984). These plates
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Etinotfiscus ~W CO
Helicoplacoids

imperforate
extraxial
marginal ring

axial skeleton

perforate extraxial skeleton

imperforate extraxial skeleton

water vascular system constructed from 5 primary lobes in rudiment

FIG. 2. Morphology of basal echinoderms mapped onto a provisional phylogeny of these forms and selected
major clades. Pending further analysis, helicoplacoids are provisionally shown without shading except for axial
skeleton. Topology adapted from Mooi and David (1997). Scale bars in mm.

form a monolayered lattice with sutural
pores known as epispires that probably sup-
ported respiratory "soft, papulae-like ex-
tensions" (Sprinkle, 1973, p. 30) similar to
those of modern seastars. In early forms,
the hydropore and gonopore were situated
near the mouth, and the periproct near the
edge of the oral surface, all in the same
posterior interradius (Fig. 1).

Previous surveys of the relative expres-
sion of body wall regions in all the Echi-
nodermata (e.g., Mooi et al., 1994), suggest
that an enhanced capability to modify de-
gree of expression is a hallmark of extraxial
skeleton. Imperforate extraxial skeleton is
particularly variable in the degree to which
it is expressed, even among the Cambrian
taxa discussed so far. In Camptostroma, it
is strongly developed, extending as an ab-
oral sac composed of numerous, isotropi-
cally arranged platelets (Fig. 2). In Stro-
matocystites, the plates are larger and tes-
sellate, and the entire imperforate extraxial
skeleton makes up a smaller percentage of
the overall body wall (Fig. 2). As Paul and
Smith (1984) implied, it is relatively easy
to move from the morphology of Stroma-
tocystites to that of Camptostroma. The
EAT supposes that this transition occurred
by enhancing the production of imperforate
extraxial skeleton. Other differences among

the early echinoderms can be ascribed to
alterations in the expression of perforate
and imperforate extraxial regions.

Forms such as Edriodiscus and Cam-
braster evolved a specialized set of extrax-
ial plates called marginals by Smith (1985)
and Smith and Jell (1990) who homolo-
gized them with similar structures in Ar-
chegonaster and certain seastars. The EAT
does not support this proposed homology
(Mooi and David, 1997) because the rings
of edrioasteroid-like taxa appear to be de-
rived from imperforate extraxial elements.
As such, the ring forms a boundary be-
tween perforate and imperforate regions
(Fig. 2). In asteroids, the ring is derived
from perforate extraxial elements, and is
wholly enclosed by perforate extraxial
plates. The strong negative correlation be-
tween the thickness of an echinoderm's
body and the degree to which marginal
rings are expressed suggests selection for
peripheral elements that contribute to the
structural integrity of a flattened body. Ed-
rioasteroid-like echinoderms also seem to
be subject to this phenomenon.

Arkarua and the helicoplacoids: Even
earlier echinodermsi

Arkarua is a poorly preserved, tiny Pre-
cambrian (Ediacaran) fossil that has been
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described as an echinoderm (Gehling, 1987;
Smith, 1990; Smith and Jell, 1990; Mooi
and David, 1997; David and Mooi, 1998;
but see Sprinkle and Guensburg, 1997).
However, it appears to have lacked one of
the synapomorphies most often used to sup-
port monophyly of the Echinodermata: the
presence of calcium carbonate stereom.
This does not negate the possibility that Ar-
karua is a basal edrioasteroid-like taxon
that has a water vascular system, but falls
below the node supported by the appear-
ance of the stereom (Mooi and David, 1997,
Fig. 7).

Arkarua exhibits features like those of
other early echinoderms. There seems to be
an axial region expressing pentaradial sym-
metry (although the existence of the 2—1—2
pattern is as yet undetermined) embedded
within an oral region of what could be in-
terpreted as perforate extraxial skeleton
(Fig. 2). Gehling (1987, Fig. 3) depicted se-
rial elements in his reconstruction, but it is
difficult to say that these elements were laid
down according to the OPR. Positional cri-
teria of homology suggest a perforate ex-
traxial region in Arkarua, but the fossils
show insufficient detail to reveal any open-
ings. Finding the periproct in one of the
"interradial" regions of this surface would
be a major step in determining the affinities
of Arkarua. The aboral side corresponds to
the imperforate extraxial body wall of other
edrioasteroid-like taxa.

The presence of a pentaradial axial com-
ponent and perforate and imperforate ex-
traxial elements in the earliest verifiable ed-
rioasteroid-like taxa is remarkably concor-
dant with the morphology of Arkarua. The
above discussion would be much less ten-
able if Arkarua had some echinoderm fea-
tures such as pentaradiality, but a radically
different body wall configuration from that
seen in the earliest Cambrian edrioasteroid-
like taxa. The supposition of Fortey et al.
(1996) that crucial innovations in body
plans occurred in tiny taxa before the in-
crease in disparity at the base of the Cam-
brian partially fits the idea that Arkarua is
a stem lineage of small echinoderms that
evolved before the appearance of stereom
(Fig. 2). The evolution of stereom in echi-
noderms greatly enhanced their fossiliza-

tion potential, but does not rule out the pos-
sibility that rarely-preserved, soft-bodied
echinoderms originated in the Precambrian.

The Early Cambrian helicoplacoids have
also been placed at or near the base of the
echinoderm clade (Paul and Smith, 1984;
Holland, 1988). We follow Paul and
Smith's (1984, Fig. 4) reconstruction of hel-
icoplacoids as triradiate echinoderms (Fig.
2). The flooring and cover plates of heli-
coplacoids are homologous with the same
axial elements seen in edrioasteroid-like
taxa, with the oldest elements near the
mouth, and the youngest at the ends of the
helical rays coiling around the elongate
body. The rest of the plates in the body are
likely extraxial, but the lack of orifices
makes it impossible to say more. Ascertain-
ing the position of the anus, hydropore, or
gonopore would assist in differentiating the
two main extraxial regions.

With or without the EAT, certain lines of
investigation must be followed to clear up
some inconsistencies in previous arguments
concerning helicoplacoids and Arkarua. In
previous phylogenetic analyses of echino-
derms, both helicoplacoids and Arkarua are
seldom, if ever, shown simultaneously in
the tree. For example, in works such as Paul
and Smith (1984, Fig. 19) that predate the
discovery of Arkarua, helicoplacoids are
depicted in the evolutionary tree. However,
when Arkarua is added to such a tree
(Smith and Jell, 1990, Fig. 53; Smith, 1990,
Fig. 12.3), helicoplacoids are curiously
omitted from the explicit scenario. The
question is, where would they go if both
taxa were included? If triradiality is ple-
siomorphic for the phylum (Paul and Smith,
1984; Holland, 1988; Smith, 1988a), then
helicoplacoids should fall below the node
that joins the pentaradial Arkarua to the rest
of the Echinodermata. However, if the lack
of stereom is plesiomorphic for the phylum,
then Arkarua falls below the node that links
the helicoplacoids to the rest of the echi-
noderms (Fig. 2), a position that is also
more congruent with the stratigraphic re-
cord. One way out of this conundrum is to
suggest that helicoplacoids represent de-
rived, aberrant forms that have secondarily
lost rays, and that the consistency with
which they find themselves at the base of
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the tree in most previous analyses is at least
partially a result of the same "forcing" phe-
nomenon noted above for homalozoans.
That is, the obfuscation of obvious syna-
pomorphies with other echinoderm taxa by
the adoption of an unusual morphology er-
roneously forces helicoplacoids downward
and out of the more crownward clade.

THE EARLIEST DEVELOPMENTAL PATTERNS

The consequences of developmental
studies for our understanding of echino-
derm evolution have been discussed in
many contexts (e.g., Strathmann, 1988;
Holland, 1988; Nielsen, 1995), but the most
common approach has been to explore lar-
val characters separately from those of the
adults. However, David and Mooi (1996,
1998) noted a correlation between overall
developmental pattern (especially in degree
of metamorphosis) and the ratio of axial to
extraxial skeleton in the body wall of the
adult. In spite of a wide variety of devel-
opmental trajectories (reviewed in Hyman,
1955; Giese et al, 1991), events in the early
ontogeny of all echinoderms suggest fun-
damental characteristics that illuminate this
correlation.

Echinoids, in which the body wall is al-
most entirely axial in origin (Mooi et al,
1994), undergo pronounced metamorpho-
sis. We ascribe this to the fact that in echi-
noids, the non-rudiment part of the larval
body contributes virtually nothing to the
body wall of the adult. The rudiment is then
pressed into rapid construction of the adult
body during the act of metamorphosis (Da-
vid and Mooi, 1996, 1998). Because echi-
noids are derived relative to the rest of the
Echinodermata, choosing them as para-
digms for "maximal indirect" development
(Peterson et al, 1997) yields a skewed pic-
ture of the role of metamorphosis in the or-
igin and radiation of the Echinodermata.
However, it is this very trait of the echi-
noids (the "exception that proves the rule")
that represents the point of departure for
any extrapolation down the tree towards
features that might characterize the devel-
opment of the earliest echinoderms.

The most likely sister group to echinoids,
the sea cucumbers (Fig. 2), displays a rad-
ical truncation of the developmental trajec-

tory shown by the other extant classes (Da-
vid and Mooi, 1996). Their lack of distinct
metamorphosis reflects paedomorphic re-
tention of non-rudiment components into
adulthood—components that give the hol-
othuroids a morphology almost diametri-
cally opposed to that of echinoids, consid-
ering that holothuroids are almost entirely
extraxial skeleton. Because this is derived
in holothuroids, it is not indicative of ple-
siomorphic morphologies in the first echi-
noderms.

Asteroids and ophiuroids lack imperfo-
rate extraxial skeleton, but retain the per-
forate extraxial as a major component of the
adult body wall (Mooi et al, 1994). Al-
though metamorphosis can be significant in
some asteroids and ophiuroids, the rudi-
ment evaginates far less than in echinoids
(David and Mooi, 1996), and the non-ru-
diment part of the larva plays a larger role
in construction of the adult body wall than
in echinoids. However, crinoids continue to
express imperforate extraxial skeleton in
the form of the stem (Mooi and David,
1997). All crinoids in which development
has been studied have non-feeding larvae,
introducing uncertainty concerning how
much this affects the applicability of cri-
noid developmental patterns to questions of
phylogeny (Strathmann, 1988). Crinoids
exhibit reduced metamorphosis partly as a
result of their lecithotrophic reproduction,
but largely because they have plesiomorph-
ically retained so much extraxial skeleton
into adulthood. Because extraxial body wall
comes from the non-rudiment larval body,
metamorphosis does not need to occur to
the same degree as in forms such as echi-
noids and asteroids.

The lowest branches of echinoderm phy-
logeny contain groups in which the rudi-
ment contributes less to the body wall of
the adult than the non-rudiment part of the
larva (Fig. 3). This agrees well with a de-
crease in the amount of axial skeleton rel-
ative to extraxial as we move down the tree
towards the earliest edrioasteroid-like taxa
(Fig. 2). In these forms, the non-rudiment
part of the larva contributed much more ex-
traxial material to the adult body wall. This
in turn implies that metamorphosis in the
earliest echinoderms was virtually absent
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EARLIEST

ECHINODERM

Bhydrocoel (axial)

left somatocoel (perforate extraxial)

right somatocoel (imperforate extraxial)

GENERALIZED
EXTANT

ECHINODERM

FIG. 3. Generalized schematics of basal and extant echinoderms showing expression of body wall types. A,
larva showing archimery; B, pre-metamorphic larva of basal echinoderm; C, adult basal echinoderm; D, pre-
metamorphic larva of extant echinoderm, specialized larval structures in light outline; E, adult extant echinoderm.
In all figures, axocoels are represented by small, open circles.

(Fig. 3). The predominance of the axial
skeleton observed in crownward taxa such
as asteroids and echinoids is a product of
apomorphies that suppressed the extraxial
skeleton in favor of axial. Another product
of these apomorphies is more pronounced
pentaradiality, as axial skeleton increasingly
constrained the shape of the remaining ex-
traxial component of the body wall.

Study of extant forms with recently ac-
quired dominance of the pentaradial axial
skeleton has obscured the primordial line-
arity still exhibited in larval development
and adult edrioasteroid-like fossil taxa
(Mooi and David, 1997; David and Mooi,
1998). Therefore, a basic attribute of the
earliest echinoderms was not pentaradiality
per se, but an essential linearity in coelomic
archimery (Nielsen, 1995) reflected by the
sequence of axial (hydrocoel), perforate ex-
traxial (left somatocoel), and imperforate
extraxial (right somatocoel) regions (Fig.
3). Although all of these elements corre-
spond to set-aside cells (reviewed in Peter-
son et ai, 1997), it would appear that the
origin of echinoderms lies in the way that
these set-aside cells were themselves ap-
portioned into axial and extraxial compo-
nents. Later radiation of the echinoderms
rests in part on how the axial component
comes to dominate most aspects of the adult
morphology, thereby making metamorpho-
sis a more and more conspicuous part of

early ontogeny (Fig. 3). This makes sense
given that axial skeleton has become one of
the most important elements in interactions
between an echinoderm and its environ-
ment.
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