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Molluscan Phylogeny: The
Paleontological Viewpoint

The early Paleozoic fossil record shows how living and

extinct molluscan classes originated and diversified.

Bruce Runnegar and John Pojeta, Jr.

Mollusks are dominantly free-living
metazoans that utilize a calcareous exo-
skeleton to provide structural support
for a muscular foot or a specialized
derivative thereof, and to provide an
enclosed space outside the body (man-
tle cavity) that is used for feeding,
respiration, and sometimes locomotion.
They constitute the second largest, and
most variable, invertebrate phylum (I).
Our purpose in writing this article is
to indicate how mollusks evolved the
diversity of form that enabled them to
exploit the variety of habitats they now
occupy. This adaptive radiation began
in the earliest Cambrian, before the ap-
pearance of the first trilobites, and is
adequately shown in the fossil record
(Fig. 1).

There are seven classes of living
mollusks: Aplacophora, Polyplacoph-
ora, Monoplacophora, Gastropoda,
Cephalopoda, Pelecypoda, and Scapho-
poda (/). The Rostroconchia (2) may
be the only extinct class. We prefer to
assign the fossil classes Mattheva and
Stenothecoida (Probivalvia) erected by
Yochelson (3) and Aksarina (4) to
other molluscan classes. The Paleozoic
mollusk-like fossils known as tentacu-
lites, lapworthellids, cornulitids, hyo-
lithids, and hyolithellids (5) probably
belong to other phyla (6).

The Mollusca, Annelida, Arthropoda,
and Sipunculoidea are closely related
phyla (7). Although it has been sug-
gested that mollusks are neotenous an-
nelids (8), it is generally believed that
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the Mollusca developed from organisms
with the grade of organization and body
form of primitive turbellarian flat-
worms (I, 8). Thus, Stasek (I) de-
rived the Mollusca from free-living
flatworms that developed a protective
dorsal mucoid coat. This mucoid coat
probably changed gradually into a
tough cuticle that formed a substrate
for a subsequently developed calcareous
exoskeleton, With the advent of the
organic or calcareous exoskeleton, the
body increased in thickness, epithelial
respiration became inefficient, and gills
developed beneath the protective eaves
of the shell in a primitive mantle
cavity. The characteristic shell-attached
muscles of the molluscan foot probably
developed from the dorsoventral muscu-
lature of the ancestral flatworm. It
follows that in primitive mollusks such
as Neopilina Lemche (9) the exoskele-
ton is dorsal, the sole of the foot is
ventral, and the mouth and anus are,
respectively, at the anterior and pos-
terior ends of the body.

The Hyolitha are calcareous opercu-
late conical shells found in Paleozoic
rocks. They probably constitute a small
extinct phylum (6). Their skeletal ul-
trastructure resembles the crossed-
lamellar aragonite of some molluscan
skeletons (6), but the shape of the gut
(10) and the arrangement of muscle
insertions on the shell (1) also relate
the Hyolitha to the Sipunculoidea (6).
Because the Annelida are the closest
relatives of the Sipunculoidea (7), the
paleontological data suggest that the
Mollusca, Annelida, Sipunculoidea, and
Hyolitha were derived from a common
ancestral stock in the late Precambrian.

SCIENCE

The Oldest Fossil Mollusks

Russian stratigraphers divide the
Early Cambrian of the Siberian Plat-
form into four stages: Tommotian,
Atdabanian, Botomian, and Lenian (12).
The Tommotian deposits predate the
first trilobites in the Siberian succes-
sion, and they contain a characteristic
biota of archaeocyaths, mollusks, hyo-
liths, algae, and problematica (I3).
The base of the Tommotian appears
to reflect the first appearance of
an abundance of animals with cal-
careous skeletons, which is one defini-
tion of the beginning of the Cambrian
(12).

The Tommotian mollusks are small
or minute limpet-shaped, planispiral or
helically coiled univalves (13). They
include forms resembling the well-
known Cambrian genera Scenella Bill-
ings, Helcionella Grabau and Shimer,
and Pelagiella Matthew, which have
been thought to be monoplacophorans,
gastropods, or representatives of other
primitive classes of mollusks (14, 15).
Rozanov et al. (13) referred all of
these univalves to the Gastropoda; we
prefer to regard most of them as
Monoplacophora for the following
reasons.

1) Rasetti (I16) illustrated internal
molds of a small limpet-shaped shell
from the Middle Cambrian of British
Columbia. These specimens have a
number of small muscle insertions (17)
which are effectively bilaterally sym-
metrical and thus similar to mono-
placophorans. Rasetti referred the speci-
mens to Scenella and concluded that
they were monoplacophorans. A re-
construction of the body, modeled from
Neopilina, vindicates this decision
(Fig. 2).

Knight et al. (18) referred Helcio-
nella to the Gastropoda and Scenella
to the Monoplacophora. There is,
however, a gradation in external shell
from Helcionella through the Tom-
motian genera Bemella, Ginella, and
Tannuella  Missarzhevsky (13) to
Scenella. We therefore believe that the
Helcionellacea are monoplacophorans,
not gastropods; unfortunately their mus-
cle scars are as yet unknown.

2) One of the Tommotian mollusks,
the genus Anabarella Vostokova (Fig.
3D), is a laterally compressed plani-
spiral univalve with a ventral margin
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Fig. 1. Historical record of the initial radiation of the Mollusca, scaled against time

divisions based primarily on the succession
two largest molluscan subphyla (Crytosoma,

of fossil archaeocyaths and trilobites. The
fine-shaded columns, and Diasoma, coarse-

shaded columns) separated in the Early Cambrian.

that is obviously curved when the shell
is viewed laterally; thus it is like the
rostroconchs and pelecypods rather
than the monoplacophorans or gastro-
pods. Anabarella is intermediate in
shell form between more typical Cam-
brian univalves such as Helcionella,
Latouchella Cobbold,  and Igorella
Missarzhevsky, and the first ribeiriid
rostroconch, Heraultia Cobbold, from
the Early Cambrian of France (Fig. 3,
E to G; Fig. 4). We believe that
Heraultia is derived from Anabarella
and thus maintain that Anabarella was
not a gastropod, because the Cambrian
and Ordovician descendants of Heraul-
tia show no evidence of torsion (Fig.
4).

3) Middle Cambrian planispiral uni-
valves illustrated by Fleming [in Hill
et al. (19), plate 2, figures 29 and 30]
are intermediate in shell form between
Early Cambrian helcionellids such as
Latouchella and the tightly coiled Early
Ordovician monoplacophoran Multi-
fariites Byalyi (20).

4) Additional support for the mono-
placophoran placement of the Helcio-
nellacea comes from a previously un-
described helcionellid, Yochelcionella
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n. gen. (21) (Fig. 3, A to C), which
differs from other helcionellaceans by
having a tube attached to the concave
side of the shell. By analogy with cther
mollusks, the tube probably -carried
water in or out of the mantle cavity.
It could not have functioned in this
way if Yochelcionella were a gastropod,
because torsion would have shifted the
mantle cavity to the opposite side of
the shell. But if Yochelcionella were a

“shell apg*)'(' -

anus

monoplacophoran, the tube could have
been used to channel clean water into
the anterior end of the mantle cavity
21).

We conclude that most Tommotian
mollusks were tiny monoplacophorans
belonging to the superfamily Helcio-
nellacea. We view them as the direct
or indirect ancestors of all molluscan
classes except the Aplacophora.

Aplacophora and Polyplacophora

The Aplacophora probably never ac-
quired a continuous calcareous exo-
skeleton (/) and so are unlikely to be
preserved as fossils. However, Glaess-
ner (22) has illustrated a late Pre-
cambrian surface locomotion trail
which, he speculates, may have been
formed by an organism resembling a
neomenioid aplacophoran. He named
the trial Bunyerichnus.

The oldest chiton, Preacanthochiton
Bergenhayn, is known from disarticu-
lated plates from the Late Cambrian of
Missouri (23). Although referred to a
different family by Bergenhayn (23),
Preacanthochiton appears to be closely
related to the Early Ordovician genus
Chelodes Davidson and King (18, 23).
Collins (24) has observed that dis-
articulated plates of an undescribed
chelodid chiton (25) from the Austra-
lian Early Ordovician are intermediate
in form between Chelodes and the enig-
matic Late Cambrian fossil Matthevia
Walcott. Yochelson (3) erected the
molluscan class Mattheva for Matthevia
and suggested that its exoskeleton con-
sisted of two unequal pieces.

We agree that the Australian chelodid
(Fig. 3, M to O) suggests that Mat-
thevia is a primitive chiton; conse-
quently, it probably had an exoskeleton
composed of seven or eight plates. Re-
constructions of Chelodes, the Austral-
ian chelodid, and Matthevia are shown
in Fig. 5. Yochelson (3) has illustrated
specimens of Matthevia that show the
insertions of the dorsoventral pedal
muscles; all other muscles shown in the

Fig. 2. Reconstruction of Rasetti’s Middle
Cambrian  monoplacophoran  Scenella,
modeled from Neopilina. Stippled ring
represents incipient pallial line indicated
by change in slope of shell. Radial fluting
of shell outside pallial line reflects weak
radial mantle muscles (shown on left side
only by short stippled lines). Also shown
are radial and circular muscles of the foot
as well as muscles controlling the head
(anterior pair hypothetical). Arrows indi-
cate probable direction of water flow
through the mantle cavity.
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reconstructions are hypothetical and
are modeled on the musculature of liv-
ing chitons.

Specimens of Matthevia occur in
rocks that are approximately the same
age as those yielding Preacanthochiton.
We speculate that Matthevia may be
more primitive than the Preacanthochi-
ton, and may thus give some indication
of the way chitons evolved. Its skeleton
appears to have consisted of a series of
conical valves, each reminiscent of a
tall monoplacophoran shell. These
conical valves were probably rapidly
modified to form the overlapping skele-
ton of the chelodid genera and Preac-
anthochiton. As Stasek (/) noted, the
large overlapping parts of the chelodid
valves are homologous with minute
apical areas on the valves of modern
chitons. These homologies are shown
in Fig. 5 and by Stasek (1).

If this sequence of form reflects the
evolutionary history of chitons, the
first chitons probably had a linear series
of conical valves, each composed of
two main shell layers like the shell of
the Monoplacophora. We suggest that
chitons may have evolved from primi-
tive Monoplacophora when several
centers, instead of one center, of calci-
fication appeared in the larval shell
gland. We invoke a comparable sudden
appearance of left and right centers of
calcification to explain the appearance
of the Pelecypoda from the Rostro-
conchia and believe that such changes
would be accompanied by relatively
minor changes in body form. The
existence of the bivalved Gastropoda
(26) provides support for this view.

Monoplacophora

Rasetti’s Middle Cambrian Scenella
(Fig. 2) and Early Ordovician genera
such as Lenaella Byalyi (20) closely
resemble the living monoplacophoran
Neopilina (9). These limpet-shaped
shells form one major lineage of the
Monoplacophora. The extinct plani-
spiral Bellerophontacea (18) may be a
second major lineage. These fossils are
usually referred to the Gastropoda (14,
15). Recent discoveries of bellerophon-
toid shells with multiple muscle inser-
tions like those in Multifariites Byalyi
(20) suggest that the whole group may
have been untorted.

Gastropoda

The class Gastropoda comprises ani-
mals with a distinct head, a solelike
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foot adapted for creeping, a radula,
and a visceral mass that is apparently
rotated 180 degrees with respect to the
head and foot so that the gut becomes
twisted, the left and right gills come
to lie, respectively, on right and left
sides of the body, and the nervous
system forms a figure eight. This twist-
ing of the visceral mass is known as
torsion; in living gastropods it occurs
in early ontogeny by rapid contraction
of the asymmetrical right larval re-
tractor muscle and by differential
growth (27). Torsion distinguishes

gastropods from their presumed an-
cestors, the Monoplacophora.

There is a small, helically coiled shell
known as Pelagiella that is widely dis-
tributed in Early Cambrian rocks (18).
Although it resembles younger gastro-
pods in shape, most authors have pre-

e e

ferred to regard it as an end product of
early molluscan experimentation rather
than as a primitive member of the
Gastropoda (i4, 18, 28).

The oldest zone of the Tommotian
stage yields ribbed and smooth helically
coiled pelagiellids called Aldanella
Vostokova (13). Coarsely plicated
helcionellids referred to the genus
Latouchella occur in the same beds
(13). Both genera are preserved as
minute phosphatic internal molds; we
assume they were closely related. Speci-
mens of Pelagiella (Fig. 3L) from the
Early Cambrian of Britain are inter-
mediate in form between Aldanella and
Latouchella.

The univalve Latouchella has a bi-
laterally symmetrical shell and probably
lived with its plane of symmetry verti-
cal. Aldanella has an asymmetric shell

Fig. 3. Cambrian (A to L) and Early Ordovician (M to O) mollusks. (A to C)
Yochelcionella, Australian Cambrian monoplacophoran with anterior tube; (D) Ana-
barella, laterally compressed monoplacophoran, basal Cambrian, Siberia; (E to G)
Heraultia, oldest known rostroconch, Early Cambrian, France; (H) Opikella, oldest
known technophorid rostroconch, Late Cambrian, Australia; (I) Fordilla, oldest
known pelecypod, Early Cambrian, United States; (J) Ribeiria, descendent of Her-
aultia, Late Cambrian, Australia; (K) Aldanella, oldest known gastropod, basal
Cambrian, Siberia; (L) Pelagiella, gastropod, Early Cambrian, Great Britain; (M to
O) ventral, right lateral, and dorsal views of intermediate valve of chelodid chiton,
Early Ordovician, Australia. Bars equal 1 millimeter.
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coiled in a low dextral spiral (Fig. 3K).
Although the shells of Aldanella are
very small (maximum diameter about
2 millimeters), they are significantly
larger than the larval shells of living
prosobranch gastropods that remain for
an unusually long time in the plankton
(27). Some species of Pelagiella are
much larger (29), suggesting that the
whole group were benthonic as adults.

In most existing theories of the his-
torical origin of torsion, the extinct
planispiral univalves (Bellerophontacea)
(14, 15, 18) are presumed to be inter-
mediates between planispiral mono-
placophorans and helically coiled primi-
tive gastropods (30). Planispiral coil-
ing thus precedes torsion and helical
coiling follows it. We prefer Ghiselin’s
(31) suggestion that torsion is a neces-
sary consequence of helical coiling. He
argued that a planktonic larva with a
helical shell coiled over its head would
have difficulty settling because the spire
would interfere with its locomotion.

During its planktonic larval life, the
shell of Aldanella could have coiled
forward over the head. During settling,
this orientation would be awkward, be-
cause in living prosobranchs the foot
is poorly formed at this stage (27, 31),
and the larva would have difficulty in
balancing the shell vertically. Further-
more, to creep along the substrate it
would have to carry the spire and
visceral mass, instead of dragging them
behind (31).

In Aldanella, the shell is consistently
coiled dextrally and the animal proba-
bly rested with its umbilicus downward
during and after settlement. If the body

Aldanellg
/

CEPHALOPODA GASTROPODA

Tannuella

Knightoconus Anobc’:rella Heraultia
—Plectronoceras
%,
* Subphylum Cyrtosoma

of Aldanella were organized in the
same way as the body of Latouchella,
the head and foot of Aldanella would
need to rotate about 90 degrees in the
shell aperture to compensate for the
change in orientation with respect to
the substrate. This would allow the ani-
mal to protract its foot over the func-
tionally ventral edge of the shell aper-
ture and to move the coil from an
anterior to posterior position. It would
also initiate torsion. We suggest that
torsion resulted from a simple change
in the orientation of the shell after
settlement; upright symmetrical uni-
valves (helicionellacean monoplacopho-
rans) became prostrate, torted, helically
coiled gastropods when the head-foot
projected laterally instead of anteriorly
from the shell aperture (Fig. 4). We
conclude that the small, dextrally coiled
Early Cambrian shells Aldanella and
Pelagiella were the first gastropods;
they gave rise to the sinuopeids, raphis-
tomatids, and eotomariids (18) of the
Late Cambrian.

Cephalopoda

Cephalopods have the mouth and
anus juxtaposed, but the body is not
torted, it is still bilaterally symmetrical.
Most living cephalopods lack a cal-
careous exoskeleton and are thought to
be derived from more primitive shelled
forms (32). Apart from the enigmatic
fossil Vologdinella Balashov (32), no
septate shells which could be cephalo-
pods have been found in rocks older
than the Late Cambrian (32, 33).

PRIMITIVE
MOLLUSK

MONOPLACOPHORA

Ribeiria

ity
-

y,
o\

Subphylum Diasoma

Fordilla

These primitive cephalopods, referred
to the family Plectronoceratidae, have
elongate, straight or curved shells with
closely spaced septa, and a large ven-
tral siphuncle (32, 34). The apparently
oldest and most primitive genus is
Plectronoceras Ulrich and Foerste, in
which the shell expands rapidly toward
the aperture (Fig. 4).

Most monoplacophorans have shells
that coil forward over the head. How-
ever, the Late Cambrian—-Early Ordo-
vician genera Hypseloconus Berkey,
Yochelsonella Flower, and Khnighto-
conus Yochelson, Flower, and Webers
are tall, laterally compressed shells that
appear to have been curved away from
the head (33, 35). Such shells first
appear in the early Late Cambrian
(36). Knightoconus has apical septa
(33), and Yochelson et al. have sug-
gested that such septate monoplacoph-
orans became primitive cephalopods
when they developed a siphuncle. This
is a device that allows the organism to
control its buoyancy (37); it thus pro-
vided the key for the rapid subsequent
radiation of the shelled Cephalopoda
(32). We believe that the hypseloconids
were derived from Early Cambrian
cone-shaped shells like Tannuella (13).
As Yochelson et al. (33) suggested, it
is unlikely that the class Cephalopoda
appeared before the Late Cambrian.

Rostroconchia

Rostroconchs are a diverse group of
extinct mollusks that grew an effectively
bivalved shell from a univalved proto-

Pinnocaris
™

SCAPHOPODA

I Plagioglypta

Eopteria
Cyclocon;:ha

ROSTROCONCHIA

PELECYPODA

Fig. 4. Schematic view of the origin of the univalved and bivalved molluscan classes. Most drawings are based on internal molds of
the shells. Thick lines show extent of shell apertures; stippled areas represent muscle insertions; shaded areas show probable position

of gut with mouth indicated by asierisk.
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conch (2, 38). They lack a ligament,
hinge teeth, and paired adductor mus-
cles but resemble pelecypods in other
respects. They probably had an an-
terior mouth, posterior anus, lateral
gilis, and a pelecypod-like foot. Most
are believed to have been deposit-
feeders that used hypertrophied an-
terior mantle tissue and perhaps cephalic
tentacles to collect food (38).

The French Early Cambrian genus
Heraultia (Fig. 3, E to G) is a tiny lat-
erally compressed shell with gaping an-
terior, ventral, and posterior margins. It
is the oldest known rostroconch. We en-
visage a laterally compressed mono-
placophoran with the shell form of
Anabarella (Fig. 3D) giving rise to
Heraultia by the Atdabanian stage of
the Early Cambrian. The internal mor-
phology of Heraultia is not well known,
but it clearly has a small fold in the
shell between the dorsal edge of the
anterior gape and the protoconch (Fig.
4). It apparently gave rise to the Late
Cambrian and Ordovician genus Ribei-
ria Sharpe (Fig. 3J) when the fold of
shell beneath the protoconch thickened
internally to form a transverse plate,
and the shell gapes became concen-
trated at anterior and posterior ends
of the shell (Fig. 4).

The change in shell form from a
univalved monoplacophoran such as
Latouchella to an effectively bivalved
ribeiriid such as Heraultia must have
been accompanied by a change in life
habits. Both Harry (39) and Stasek
(1) described hypothetical animals that
might have existed as intermediates be-
tween monoplacophorans and pelecy-
pods; both authors accurately described
the morphology of Anabarella, Heraul-
tia, and other ribeiriid rostroconchs.
They argued that some primitive mono-
placophorans enlarged their mantle
cavities and began to feed on organic
detritus and phytoplankton. Finding a
largely unexploited source of food,
these animals developed rapidly into
laterally compressed, deposit- or filter-
feeding, semi-infaunal to infaunal or-
ganisms. We speculate that decephali-
zation may have accompanied this
change in shell form, allowing for the
production of a pelecypod-like body in
a ribeiriid shell (38).

The ribeirioid rostroconchs became
extinct at the end of the Ordovician
(38). By the early Late Cambrian the
first technophorid ribeirioid, Opikella n.
gen. (40) (Fig. 3H), had appeared.
This genus has the inflated mantle
cavity of younger conocardioid rostro-
conchs (2), but differs significantly in
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Matthevid

Outer shell layer
a Myostracum

Inner shell
layers

Intermediate valves

MATTHEVIA

Paired :i\orsovemml muscles

No anterior terminal
valves known

Paired obligue muscles

Anterior terminal
valve CHEL(J\LDES

Australian chelodid

Chelodes

Fig. 5. Reconstructions of primitive Cambrian and Early

only from disarticulated plates.

shape. The conocardioids diversified
during the middle Paleozoic and then
died out at the end of the Permian
(2, 38).

Pelecypoda

The small Early Cambrian genus
Fordilla Barrande is the oldest known
pelecypod (41); it first appears in the
late Atdabanian stage of the Siberian
succession (13). Fordilla has a laterally
compressed shell with prominent co-
marginal ornament. It is about the
same size and age as the ribeiriid ros-
troconch Heraultia, and the two genera
have similar lateral profiles (Fig. 3, E

_to G, and I; Fig. 4). Fordilla has a bi-

valved larval shell, a simple ligament,
pelecypod-like pedal muscle insertions,
and well-developed mantle musculature
(41). There were no shell gapes; when
the adductors contracted, the valve
margins were tightly closed. By con-
trast, Heraultia has a univalved larval
shell, a pseudobivalved adult shell, and
an anterior through posterior shell gape.
By analogy with younger ribeiriids,
Heraultia probably had radial pallial
retractor muscles but lacked adductors
(38).

The main difference between pelecy-
pods and rostroconchs is that in pelecy-
pods the shell is bivalved from the
very beginning of its growth. Once a
flexible ligament was established in the
larval shell, the adult would inevitably
resemble a pelecypod. The concho-
logical differences between early pelecy-
pods like Fordilla, Redonia Roualt,
Babinka Barrande, Cycloconcha Miller,
and Lyrodesma Conrad (42) are con-

Ordovician chitons known

siderable, but most of the differences
relate to the geometric effects of growth
from two centers of calcification. We
believe that a single mutation produc-
ing a flexible hinge in the larval shell
would have been sufficient to convert
a ribeiriid into a pelecypod, if we can
judge the differences on shell form
alone. This change probably occurred
in the Atdabanian stage of the Early
Cambrian when Fordilla evolved from
Heraultia or some closely related form.

Scaphopoda

Scaphopods have a tubular shell
which is often gently curved and is
invariably open at both ends (Fig. 4).
Growth proceeds by the deposition of
new shell at the larger end of the tube,
simultaneous resorption occurring at
the opposite end.

Coarsely silicified replicas of tusk-
shaped shells resembling undoubted
scaphopods are known from the Mid-
dle and Late Ordovician of Kentucky,
and Ordovician representatives of
Plagioglypta Pilsbry and Sharp (43)
may be a related form. We believe the
class was probably well differentiated
by this time,

The ontogeny of the living scapho-
pod Dentalium Linné shows that the
larval mantle and shell first appear
dorsally and then grow right and left
lobes, which eventually coalesce ven-
trally to produce the tubular juvenile
and adult shell (44). It is this embryo-
logical observation that has led to the
belief that the scaphopods are more
closely related to the Pelecypoda than
to any other group of living mollusks.
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We also rely on this embryological evi-
dence to postulate that the Scaphopoda
developed from the ribeiriid rostro-
conchs. If the inner edges of the mantle
lobes of a ribeiriid fused ventrally, the
shell could still grow normally as it
does in pelecypods with ventrally fused
mantle margins. Subsequent fusion of
the outer edges of the mantle could
have produced a ventrally fused shell.
As soon as this happened the post-
larval shell would become tubular, as
all subsequent growth would proceed
as in living scaphopods.

Stenothecoida

Yochelson (3) and Aksarina (4)
placed a group of enigmatic Early to
Middle Cambrian fossils in a separate
molluscan class called Stenothecoida or
Probivalvia. Genera referred to this
taxon include Stenothecoides Resser,
Bagenovia  Radugin, Cambridium
Horny, Bagenoviella Aksarina, Sulco-
carina Aksarina, Kaschkadakia Aksa-
rina, and Makarakia Aksarina (3, 4).
Stenothecoids are demonstrably or in-
ferentially bivalved shells that are nor-
mally found disarticulated. The valves
resemble coeval limpet-shaped tergo-
myan monoplacophorans in shape, ex-
cept that they are slightly asymmetrical,
and it is usually possible to distinguish
valves that look like the right and left
valves of some pelecypods. The few
ariculated specimens known are slightly
inequivalved.

Externally, stenothecoids vary from
relatively smooth shells (3) to elongate
oyster-like forms ornamented by di-
vergent angular folds in the shell (4).
These folds interlock at the valve mar-
gins and may be homologous with
radial markings on the interiors of the
smoother shells (3). Yochelson inter-
preted Stenothecoides as a brachiopod-
like mollusk. We offer the alternative
suggestion that it may have been a
bivalved monoplacophoran, with the
lower (smaller?) valve formed by the
sole of the foot. A few living limpets
form a second valve in this way (45),
although in these cases the lower valve
is cemented to rocks.

Conclusions

Stasek () theorized that the extant
mollusks are the progeny of three
separate lineages that separated before
the phylum was well established. He
wrote that no known intermediate
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forms, fossil or living, bridge the “enor-
mous gaps between any two of the
three lineages,” and therefore treated
each as a separate subphylum. These
subphyla are (i) the subphylum Acu-
lifera Hatscheck 1891, containing only
the class Aplacophora, derived from
the most primitive ancestors of the
Mollusca; (ii) the subphylum Placoph-
ora von Jhering 1876, containing only
the class Polyplacophora, and empha-
sizing the pseudometamerism of its
more advanced premollusk ancestor;
and (iii) the subphylum Conchifera
Gegenbaur 1878, containing the Mono-
placophora and the other classes de-
rived from it.

We point out that the Polyplacophora
may be derived from the Monoplacoph-
ora instead of a more primitive an-
cestral stock. We also suggest that the
Conchifera can be separated into two
major lineages, each worthy of the
rank of subphylum. The fossil record
indicates that the Monoplacophora
gave rise to the Gastropoda, Cephalo-
poda, Rostroconchia, and possibly Poly-
placophora, and that the Pelecypoda
and Scaphopoda are derived from the
Rostroconchia. These last three classes
thus form a lineage that diverged from
the Monoplacophora in the Early Cam-
brian. They emphasized a shell form
that in all groups is primitively open
at both ends, allowing the gut to re-
main relatively straight, with an an-
terior mouth and posterior anus. They
became burrowing (infaunal) deposit
or filter feeders. We coin the term Dia-
soma (through-body) for the subphy-
lum containing these three classes (Ros-
troconchia, Pelecypoda, and Scaphopo-
da). The remaining three classes
(Monoplacophora, Gastropoda, and
Cephalopoda) emphasize a conical uni-
valved shell, usually twisted into a
spiral. The relatively small single aper-
ture forces the anus to lie close to the
mouth, and the gut is bent into a
“U.” Most are surface-dwelling (epi-
faunal) grazers or carnivores. We coin
the name Cyrtosoma (hunchback-body)
for the subphylum containing these
three classes. Strictly speaking, the
cyrtosomes are the ancestors of the
diasomes but, in fact, both subphyla
appeared and began to diversify within
a few million years in the Early Cam-
brian.

Note added in proof: After proofs
were corrected we were informed that
the new genus Opikella (40) is preoc-
cupied by (Opikella = Oepikella) Thors-
lund 1940, an Ordovican ostracod. We
rename the mollusk genus Oepikila.
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Marijuana and Driving
in Real-Life Situations

The effect of marijuana on driving is bidirectional

and dependent on compensatory ability and dose.

There is a marked paucity of pub-
lished research dealing with the effects
of marijuana on driving in a real-life
situation. Le Dain (I) was the first to
report a study of the effects of two
levels of smoked marijuana and a
single dose of alcohol on 16 subjects
who drove a vehicle in a restricted
traffic-free area. All other published
studies relevant to marijuana and driv-
ing have employed some type of labora-
tory driving simulator (2) or a psycho-
motor model (3). Studies dealing with
the monitoring of heart rate during
real-life driving conditions have been
reported, but infrequently (4-6).

The purposes of the present study
were to determine: (i) the effects of low
and high doses of marijuana on driving
performance in both a restricted, traf-
fic-free area—that is, a driving course—
and on the streets of Vancouver, in-
cluding the downtown area, during peak
hours of traffic flow; and (ii) the effects
of marijuana and driving on heart rate.
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Methods

Characteristics of subjects. For the
driving course portion of the study,
64 volunteers (43 men and 21 women)
were assigned to one of three groups
as follows: a group given low doses of
the drug, 13 men and 8 women; a group
given high doses of the drug, 14 men
and 8 women; and a group given a
placebo, 16 men and 5 women. Of
these volunteers, 38 (25 men and 13
women) also participated in the street
driving portion of the study, and were
assigned to one of four groups as fol-
lows: a group given low doses of the
drug prior to the first driving session
and then placebo prior to the second
session, 5 men and 4 women; a group
given placebo first and then low doses
of the drug, 7 men and 3 women; a
group given high doses of the drug
then placebo, 6 men and 2 women; and
a group given placebo then high doses
of the drug, 7 men and 4 women. Thus
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the four groups participated in both
sessions and in each session they were
approximately counterbalanced.

The mean age of the volunteers was
23.89 years (standard deviation, 2.99,
range 19 to 31). Their educational level
was as follows: 22 percent had finished
high school; 12 percent had completed
1 year of university education; 30 per-
cent had completed 2 to 4 years of
university education; 30 percent had a
bachelor’s degree; 3 percent had a mas-
ter’s degree; and 3 percent had a doc-
torate. Thus the group as a whole was
a highly educated one. The volunteers
could be classified into six categories
according to their occupation: postsec-
ondary students, 38 percent; profes-
sional, 20 percent; semiprofessional, 3
percent; service, technical, and clerical,
20 percent; skilled and semiskilled, 11
percent; and housewife, 8 percent. Of
the group, 62 percent were single, 32
percent were married, and 6 percent
were divorced, separated, or living com-
mon-law.

All of the subjects had had prior
driving experience; the mean number of
years of driving experience was 6.92
(S.D., 3.14 years).

Marijuana and placebo. For the low
doses of marijuana, standardized Can-
nabis sativa containing 0.70 percent of
A9-tetrahydrocannabinol (A?-THC) was
used; for the high doses, 1.2 percent of
A%-THC was used. The physical charac-
teristics of the placebo were identical
to those of the Cannabis sativa plant
material, but the placebo was free of
cannabinols. When smoked, the placebo

The author is professor in the psychiatry de-
partment and head of the psychology division of
the University of British Columbia, Vancouver,
British Columbia.
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