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ABSTRACT

The concepts of platytrabia/platybasia and tropibasia/tropitrabia in gnathostomes are
reviewed. The terms platytrabia and tropitrabia refer to developmental states of the embryonic
trabecular cartilages that can be determined only by ontogenetic studies. The terms platybasia
and tropibasia originally had this meaning, but have subsequently taken on additional
descriptive connotations involving morphological features in the prechordal part of the adult
chondrocranium. However, platybasia and tropibasia are not synonymous with platytrabia and
tropitrabia. In gnathostomes, platytrabia usually gives rise to a platybasic adult condition (but
not invariably; e.g., Lepisosteus), and tropitrabia usually gives rise to the tropibasic condition
(modern elasmobranchs may be an exception). Thus, ontogeny does not provide an absolute
guide to the adult condition, nor does adult morphology provide an accurate means to assess the
prior ontogenetic condition in gnathostomes. Platybasia and tropibasia are regarded here as
useful morphological terms that can be applied to fossils or to extant forms for which
ontogenetic data are not available (although it may still be possible to reach some ontogenetic
conclusions, based on morphological observations).

A well-preserved but disarticulated fossil symmoriiform shark braincase from the Pennsyl-
vanian of Arkansas is described under the informal generic designation *“Cobelodus”, using
digital reconstructions made from a high-resolution computerized-tomography (CT) scan. The
braincase is morphologically tropibasic and clearly represents a departure from the common
platybasic pattern found in elasmobranchs (e.g., Tamiobatis, Cladodoides, Orthacanthus).

The contribution made by the embryonic polar cartilage in “Cobelodus” was probably
extensive (unlike in modern gnathostomes), as in the platybasic Paleozoic shark Cladodoides.
Thus, tropibasia in “Cobelodus” seems to be superimposed on an already-specialized pattern of
cranial morphology found in some early platybasic elasmobranchs. The basicranial arterial
circuit in ‘“Cobelodus” was highly modified, and its internal carotids could not have
communicated with the cranial cavity via the bucco-hypophyseal chamber as in other
elasmobranchs. Internal carotids either were absent or met the efferent pseudobranchials within
the orbit before the combined vessel entered the cranial cavity via the orbital cartilage, but the
arrangement was certainly not osteichthyan-like (where the combined internal carotid/efferent
pseudobranchial arteries pass through the basisphenoid pillar).

“Cobelodus” and many other Paleozoic sharks possessed a postorbital palatoquadrate
articulation (possibly strengthened by ligaments above the articulation in “Cobelodus’), on
cartilage presumably formed in the embryonic lateral commissure. This arrangement differs
from that in amphistylic hexanchiform sharks, where the lateral commissure is absent and there
is no postorbital arcade; the postorbital articulation is located instead on the primary postorbital
process (an outgrowth of the supraorbital shelf). Hexanchiforms are the only extant
elasmobranchs with a postorbital articulation, but do not occupy a basal position in modern
morphological and molecular phylogenetic analyses. Amphistyly in hexanchiforms is therefore
viewed as a derived state rather than a highly conserved feature.

No hyomandibular facet has been identified in “Cobelodus”, suggesting that its epihyal had
only a ligamentous connection to the braincase. However, previous suggestions that symmorii-
forms were aphetohyoidean (with a complete hyoidean gill slit and “‘unmodified” hyoid arch)
are not supported by morphological evidence.

The systematic classification of symmoriiform sharks is in disarray. Symmoriiforms
collectively are probably monophyletic, but within them only the family Falcatidae is
characterized convincingly by synapomorphies. Remaining symmoriiforms have been tradi-
tionally classified as “‘stethacanthids’ and “‘symmoriids”, based respectively on the presence or
absence of a spine-brush complex, but that distinction seems artificial because no undisputable
“brushless male symmoriids” or “brushed female stethacanthids’ have been documented and
because sex-linked dimorphism of the spine-brush complex has been demonstrated only in
falcatids. The braincase in Cladoselache shares some unusual features with ““Cobelodus’,
suggesting that Cladoselache and symmoriiforms are closely related, but it has yet to be
determined whether Cladoselache was morphologically platybasic or tropibasic.
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INTRODUCTION

Fossil remains of chondrichthyan skele-
tons are extremely rare, and three-dimen-
sionally preserved specimens are truly excep-
tional. Consequently, new discoveries may
have considerable impact on previously en-
trenched views on the anatomy, diversity,
and phylogenetic relationships of early shark-
like fishes, and even have the potential to
affect the deeper phylogenetic significance of
certain features within gnathostomes (e.g.,
Pucapampella; Maisey, 2001a; Maisey and
Anderson, 2001). In this work, new observa-
tions are presented that will challenge pre-
vious interpretations of cranial morphology
in extinct sharks (e.g., Zangerl and Case,
1976; Zangerl, 1981; Williams, 1985; Coates
and Sequeira, 1998).

New fossil discoveries have also revealed
previously unsuspected patterns of structural
complexity among early chondrichthyans, for
example, the recent revelation that the
braincase is morphologically tropibasic in
some Paleozoic sharks (including at least
some of the forms described in this work),
i.e., with an interorbital septum separating
the prechordal part of the cranial cavity from
the basicranium, as in many actinopterygians
and tetrapods (Maisey, 2004a). Prior to this
discovery, chondrichthyans had all been
considered morphologically platybasic (with
the orbits completely separated by the cranial
cavity). A brief review of the criteria by
which tropibasia and platybasia have been
recognized will be presented below.

The main purpose of this paper is to
present detailed descriptions of cranial mor-
phology in extinct sharks belonging to the
order Symmoriiformes. Zangerl (1981) re-
garded these sharks as forming a monophy-
letic group, which has customarily been
defined using a combination of conserved
elasmobranch characters (e.g., fusiform body,
heterocercal tail) plus several presumably
apomorphic features having a more restricted
systematic distribution (e.g, spine-brush com-
plex, features of the postcranial endoskeleton,
lack of body squamation). Zangerl (1981)
erected the Order Symmoriida (= Apheto-
hyoidea of Zangerl and Case, 1976) to include
two extinct families, the Symmoriidae Dean
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1909 and the Stethacanthidae Lund 1974.
However, the informal term “‘symmoriid™ is
ambiguous, since it may refer to the order or
to the family. To avoid confusion and to bring
ordinal-level terminology into line with that
of other elasmobranchs, Zangerl’s (1981)
Order Symmoriida is here renamed the Order
Symmoriiformes. Thus, in the present work,
symmoriiforms include “‘stethacanthids™ (i.e.,
those Paleozoic sharks in which a distinctive
“spine-brush’ complex is present, but whose
monophyly is still in some doubt), “symmor-
iids” (a poorly resolved and potentially
artificial assemblage of stethacanthid-like
sharks thought to lack the ‘‘spine-brush”
complex, but otherwise indistinguishable
from ‘‘stethacanthids’), and falcatids (re-
garded as monophyletic on the basis of
several apomorphic characters; Zangerl,
1990).

Although symmoriiforms are morpholog-
ically distinctive and probably form a mono-
phyletic group, it is far from clear whether
“symmoriids” and “‘stethacanthids” are
monophyletic sister groups, or alternatively
that one is paraphyletic without the other.
This systematic uncertainty is exacerbated by
cases of apparent synonymy between taxa
supposedly lacking a spine-brush complex
and others that possess one (e.g., Denaca
meccaensis, Stethacanthulus longipeniculus).
For these reasons, most of the taxa described
below will not be assigned to a family, and
are considered Symmoriiformes incertae sedis
pending future phylogenetic analysis of the
entire group. The only exceptions are Falca-
tus and Damocles, highly specialized forms
that together are sufficiently distinct from all
other symmoriiforms to merit inclusion in
a separate family (Family Falcatidae Zangerl,
1990).

Coates and Sequeira (2001a, 2001b) iden-
tified one unambiguous symmoriiform syna-
pomorphy (posterior dorsal fin with delta-
shaped cartilage) and several other synapo-
morphies of some but not all symmoriiforms
(e.g., “physonemid” dorsal spine shape in
Akmonistion, Falcatus, and Damocles; pro-
coracoid directed posteriorly, pelvic plate
semicircular with anterior concavity, clasper
with clawed terminus in Cobelodus and
Denaea). They also identified two characters
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shared by Cobelodus, Denaea, and Cladose-
lache (caudal axis upturned steeply, support-
ing high aspect-ratio lunate fin; eurybasal
pectoral articular surface), one character
shared only by symmoriiforms and Cladose-
lache (laterally directed otic fossa on the
palatoquadrate), plus one character shared
by symmoriiforms, Cladoselache, and
Acanthodes (semicrescent-shaped hyomandi-
bula). Lund and Grogan (2004) also pre-
sented a phylogenetic analysis (primarily
intended to resolve interrelationships among
holocephalimorphs), in which Stethacanthus,
Falcatus, and Damocles were united (as
“stethacanthids’) by three characters (dorsal
fin squamation on crest of fin only; anterior
dorsal spine develops at puberty; anterior
dorsal spine enameloid absent) plus one
character shared with Echinochimaera mel-
toni (sexually dimorphic anterior dorsal fin,
resolved as an independently acquired fea-
ture). However, their analysis omitted sup-
posedly anacanthous (lacking a fin spine)
“symmoriids”, so the phylogenetic signifi-
cance of features shared only by ‘‘stetha-
canthids” and holocephalimorphs in their
analysis is unclear.

Articulated “‘stethacanthids™ occur from
the Upper Famennian to the Upper Pennsyl-
vanian Zangerl, 1981; Williams, 1985). No
“symmoriids” are known from the Devoni-
an, although several Mississippian and Penn-
sylvanian forms have been described. Falca-
tids are apparently restricted to the
Mississippian. No Mesozoic or younger
symmoriiforms have been recognized; the
last known records are from the Lower
Permian, including isolated teeth from the
Russian Arctic (“Denaea” decora Ivanov,
1999; see discussion of Stethacanthulus be-
low) and possibly the braincase of Dwykase-
lache oosthuiseni Oelofsen, 1986 (also dis-
cussed below).

ABBREVIATIONS

Institutional
AMNH American Museum of Natural
History, New York
CM Carnegie Museum, Pittsburgh
CMNH Cleveland Museum of Natural

History, Cleveland

NO. 307

FMNH Field Museum of Natural Histo-
ry, Chicago

MV University of Montana Paleon-
tology Museum, Missoula

NMNH New Mexico Museum of Natu-
ral History, Albuquerque

ouzc Ohio University Zoology Collec-
tion, Athens

SAM South African Museum, Cape

Town

Anatomical

aa anterior ampulla
acv anterior cerebral vein
add vy adductor y muscle and tendon

add md mandibular adductor muscle

adll foramen for anterodorsal lateral
line ramus

af aortic fenestra

art n articular notch of postorbital
articulation

art pr articular process of postorbital
articulation

asc anterior semicircular canal

ba basal angle

basa basilar artery

bas f basicranial fenestra

bf basal foramen (Acanthodes)

bpt pr basipterygoid process

br cartilage bridge between abdu-
cent and facial foramina

cc crus commune

c cav cranial cavity

cer cerebellar chamber

ch ceratohyal

cra wall of cranial chamber

da foramen or course of median
dorsal aorta

dc 1,2 dorsal constrictor 1, 2

dlof dorsolateral otic fossa

dor dorsal otic ridge

dppr dorsal paroccipital process

ds dorsum sellae

ea external ampulla

ect pr ectethmoid process

ehy efferent hyoidean artery

epsa efferent pseudobranchial foramen

esc external semicircular canal

eth os ethmoid ossification

fm foramen magnum

gc glossopharyngeal canal
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groove for efferent pseudobran-
chial artery

groove for hyomandibular trunk
of facial nerve

hypotic lamina

hyomandibular facet
hyomandibula

hypophyseal chamber

region occupied by hypothala-
mus

foramen or course of internal
carotid artery

infundibular lobe

internasal plate

interorbital fenestra

interorbital septum

jugular canal

ventral keel-process of basicra-
nium (Centroscyllium)

course of lateral dorsal aorta
lateral groove (for efferent pseu-
dobranchial?)

lateral otic fossa

lateral otic ridge

Meckel’s cartilage

medullary chamber
mesencephalic chamber
maxillary levator muscle

nasal ossification

notch for efferent pseudobran-
chial artery

occipital arch

occipital cotylus

occipital ossification

olfactory capsule

foramen of otic lateral line nerve
(= “otic ramus of trigeminal”)
orbitonasal canal

otico-occipital fissure

course of optic retinal artery
foramen for ophthalmic artery
orbit

course of orbital artery

orbital articulation for palatoqua-
drate

orbital ossification

posterior ampulla

posterior basicapsular commissure
posterior dorsal fontanelle
attachment area of optic pedicel
periotic process

pineal foramen

foramen for pituitary vein

plg

pnw
po art

po art gr
po artr
po lig
popr
o |

prcf
pre
prfc
prof
prsl

psc

pt

re

rec

rhy
sac
scr
sls
sof
son
soph

spir
ss
sub s
sup n
sup s
SV

t add vy

tel
unc

ur
ve 2
vic
vppr
11
11T
18%

V md

VI
VII

posterolateral groove (for inter-
nal carotid/lateral dorsal aorta?)
postnasal wall

postorbital articulation for pala-
toquadrate

postorbital articular groove
postorbital articular ridge
postorbital ligament

postorbital process
palatoquadrate

precerebral fontanelle

preorbital muscle

prefacial commissure

foramen for profundal nerve
presphenoid ledge

posterior semicircular canal
posterior tectum

pit for origin of external rectus
muscle

recess in posterior part of orbit
(Trigonognathus)

rays of hyoid arch

saccular chamber

sclerotic ring

sensory line scales
spino-occipital nerve foramina
spino-occipital nerve (endocast)
course of superficial ophthalmic
complex

spiracle

sinus superior

suborbital shelf

notch in supraorbital shelf
supraorbital shelf

region occupied by saccus vascu-
losus

attachment area of adductor vy
tendon

telencephalic chamber
uncalcified area of interorbital
septum

utricular recess

ventral constrictor muscle 2
vestibulolateral chamber

ventral paroccipital process
optic nerve

oculomotor nerve

trochlear nerve

trigeminal nerve

mandibular ramus of trigeminal
nerve

abducent nerve

facial nerve (undifferentiated)
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VII ar anterior palatine ramule of facial
nerve

VII h hyomandibular trunk of facial
nerve

VII hy hyoid ramus of facial nerve

VII pal palatine ramus of facial nerve
(undivided)

VII pr posterior palatine ramule of fa-
cial nerve

IX glossopharyngeal nerve

X vagal nerve

1-5 spino-occipital nerve canals

? indicates uncertain identification

(L), (R) left and right, respectively

PLATYBASIC AND
TROPIBASIC BRAINCASES

The terms “‘platybasic” and ‘“‘tropibasic”
refer to the general topology of the gnathos-
tome basicranium (platys, Gr. “broad, wide,
level, flat; tropis, Gr. “keel, ridge”; basis,
Gr. “pedestal, foundation’; Brown, 1965).
These terms have both morphological and
ontogenetic connotations, although they
were originally coined in order to distinguish
between two extremes of ontogenetic pattern-
ing found in the trabeculae of the developing
chondrocranium in gnathostomes (see De
Beer, 1937: 377). As originally intended, the
difference between a tropibasic and platyba-
sic braincase is one of degree; the embryonic
chondrocranium was said to be platybasic
where the paired trabeculae are wide apart,
and tropibasic when they are close together
and fused extensively at the midline, forming
a trabecula communis below the brain (De
Beer, 1937; Daget, 1964). Unconventional
criteria for these concepts can be also found
in the literature, for example, using cranial
proportions (Martin, 1972), or presence/
absence of a hypophyseal stalk (Rizkalla,
1976).

The terms “platytrabic” and “tropitrabic’
have also been advocated for these two
ontogenetic conditions, emphasizing the cru-
cial role played by the embryonic trabeculae
in determining which adult condition will
develop (Van Wijhe, 1922; De Beer, 1937).
Although those terms have not met with
widespread acceptance, they provide a useful
means to distinguish between the ontogenetic

NO. 307

and morphological aspects of the two ex-
tremes. This distinction is valuable because
tropibasia and platybasia have occasionally
been characterized using purely adult mor-
phological criteria when the ontogeny is
unknown or cannot be investigated (as in
fossils; e.g., Watson, 1937; Stensio, 1948,
1963a, 1963b; Maisey, 2004a).

Such a distinction between ontogeny- and
morphology-based criteria might seem un-
necessary, since in many extant gnathostomes
there is congruence between tropitrabia or
platytrabia in the embryo and platybasia or
tropibasia in the adult. For example, in many
actinopterygians, the embryonic chondrocra-
nium is tropitrabic and the adult braincase is
morphologically tropibasic (e.g., Salmo; De
Beer, 1937; Ristovska et al., 2006). In others,
the embryonic chondrocranium is platytrabic
and the adult skull is platybasic (e.g., cyprini-
forms; Vandewalle et al., 2005; catfishes,
some clupeomorphs; De Beer, 1937; Vande-
walle et al., 1999, and references therein;
Geerincks et al., 2005). In squamates other
than snakes, the embryonic chondrocranium
is tropitrabic, with a trabecula communis
extending throughout the length of the orbit,
and the adult skull is morphologically
tropibasic. However, snakes are ontogeneti-
cally platytrabic in that the embryonic
trabeculae are fused only anteriorly, forming
a short trabecula communis that does not
extend through the entire orbit; consequent-
ly, there is no roof or side wall to the
chondrocranium and an interorbital septum
is absent (De Beer, 1937; Rieppel and Zaher,
2000). In modern urodeles and salamanders,
however, the chondrocranium is platytrabic
and the adult skull is platybasic (usually
regarded as a phylogenetically secondary
condition, because early tetrapods are mor-
phologically platybasic; Watson, 1926; Case,
1933).

Nevertheless, it is not possible to view the
platytrabic and tropitrabic conditions simply
as the respective ontogenetic precursors to
morphologically platybasic and tropibasic
adult conditions, and there are important
exceptions. For example, according to Pehr-
son (1922), in Amia the embryonic chondro-
cranium is platytrabic and the adult brain-
case is platybasic, but in Lepisosteus an
interorbital septum develops very late in
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ontogeny (after Pehrson’s 70 mm stage);
however, the trabeculae do not form a tra-
becula communis and are separate (though
slightly convergent anteriorly), contributing
to the orbitonasal wall as in Amia. Pehrson
(1922: 33) concluded that in Lepisosteus “‘the
cranium is thus during its embryonic de-
velopment platy- rather than tropibasic,
which was hardly to be expected with regard
to the fairly pronounced tropibasia in the
adult.” In modern elasmobranchs, Holmgren
(1942) was reluctant to categorize modern
elasmobranchs as either tropibasic or platy-
basic, because he had previously discovered
(Holmgren, 1940) that the embryonic trabec-
ulae are initially separate but become fused
anteriorly in front of the bucco-hypophyseal
fenestra at a comparatively early stage during
ontogeny (as in some tropitrabic actinopter-
ygians; e.g., Salmo; De Beer, 1937). More-
over, this early fusion occurs whether the
prechordal part of the basicranium sub-
sequently becomes broad (e.g., Scyliorhinus,
Raja, Torpedo) or it remains comparatively
narrow (e.g., Squalus, Etmopterus). In addi-
tion, Holmgren (1940) noted an extensive
“medial area” (initially narrow and blaste-
mic, but becoming wider as it chondrifies)
forming much of the rostrum and anterior
part of the cranial floor, supposedly anterior
to the trabeculae and connected to them via
blastemic tissue. According to other investi-
gators (e.g., De Beer, 1931; El-Toubi, 1949;
Jollie, 1971), this “medial area” represents an
anterior extension of the trabeculae (appar-
ently an apomorphic character of elasmo-
branchs), although Holmgren (1940) found
the connection between them to be rather
tenuous at the earliest stages he investigated.
The “medial area” may nevertheless repre-
sent the anterior extension of a trabecula
communis into the ethmoid region, even
though no interorbital septum is developed
in the floor of the cranial cavity. On the basis
of these observations, the chondrocranium of
modern elasmobranchs could be character-
ized as tropitrabic in the embryo and
platybasic in the adult.

Holmgren (1942: 135) summarized the
situation succinctly: ““no conclusion as to
tropibasia or platybasia may be drawn from
the features of an adult skull” (but for
“tropibasia” and ‘‘platybasia” read ‘“‘tropi-
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trabia” and ‘“‘platytrabia’”, because he was
referring to the condition of the trabeculae in
the embryo). This dilemma arises both from
the absence of ontogenetic data for extinct
organisms, as well as from exceptions such as
those noted above. Under these circum-
stances it becomes problematic to infer the
precursor ontogenetic condition using only
adult morphological characteristics, as
Holmgren (1942: fig. 4) illustrated by super-
imposing the outline of an Acanthodes basi-
sphenoid on a ventral view of an adult
Oxynotus chondrocranium. He observed that
“if the skull of Acanthodes is a tropibasic
skull, that of this modern shark is at least
equally tropibasic”. Although ontogeny is
unknown (for different reasons) in both
Oxynotus and Acanthodes, his fundamental
point (that appearances may be deceptive) is
well taken.

The most widely cited morphological char-
acteristic of tropibasia in extinct gnathos-
tomes is the presence of an interorbital
septum formed in a trabecula communis
extending the length of the orbits. Stensid
(1963b) distinguished between morphologi-
cally platybasic and tropibasic braincases on
the basis of several adult features involving
the relationship of the cranial cavity to
surrounding structures. For example, the
platybasic braincase has a cranial cavity
extending anteroposteriorly throughout the
length of the interorbital wall as far as or
beyond the postnasal wall and extending
ventrally to the basis cranii forming the
ventral endocranial wall; by contrast, the
tropibasic braincase has a thin median bony
or membranous interorbital septum, the in-
terorbital part of the cranial cavity is
confined to the upper half of the interorbital
wall (also frequently restricted to its posterior
portion) far above the basis cranii, and the
bucco-hypophyseal fossa is deep. Stensid
(1963b) correlated these features in tropibasic
forms with upward and/or posterior displace-
ment of the telencephalon and the upper
parts of the diencephalon, along with in-
creased depth of the hypothalamus and
hypophysis.

Purely on the basis of morphological
evidence, it has been suggested that some
acanthodians were tropibasic. In fact, Wat-
son (1937: 117) stated emphatically that in
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Acanthodes and perhaps in Cheiracanthus
“the skull is tropibasic, there being a narrow
inter-orbital septum with a brain cavity
contained within its dorsal part”, unlike
elasmobranchs (including extinct forms such
as Cladodoides), which he regarded as platy-
basic. The median basicranial ossification in
Acanthodes resembles the basisphenoid of
osteichthyans and probably contained arteri-
al vessels supplying the brain (Miles, 1973:
figs. 8, 9).

It has also been claimed on morphological
grounds that some placoderms were tropiba-
sic (e.g., antiarchs, some arthrodires, ptycto-
dontids; Stensio, 1948, 1963a, 1963b). How-
ever, the evidence in antiarchs is very weak
and was mostly inferred from the position of
the eyes close to the dorsal midline. Young’s
(1984: fig. 9) more recent reconstruction of
the braincase in Bothriolepis suggests that it
was much deeper than Stensio (1948) sup-
posed, and instead resembled that of other
placoderms with a broad basicranium (based
on several proposed homologies in the skull
roof). Accordingly, the basicranium in Bo-
thriolepis was broad and flat or concave, with
a narrow interocular region dorsally behind
the rhinocapsular region. It is possible that
antiarchs possessed an interorbital septum
above the brain (analogous to that of modern
chimaeroids, although there is no evidence of
a chimaeroid-like ethmoidal canal passing
through this region). Among arthrodires,
Stensio (1963a) proposed that certain coccos-
teomorphs and pachyosteomorphs had a tro-
pibasic braincase (especially forms with large
orbits; e.g., Pholidosteus, Trematosteus). His
suggestion is certainly plausible, but the
evidence is equivocal and was inferred from
his hypothetical reconstructions of the neu-
rocranium rather than from actual speci-
mens. In ptyctodontids, there are large paired
chondral ossifications within in the floor of
the neurocranium (Qrvig, 1962; Miles, 1967;
Miles and Young, 1977; Long, 1997). Their
arrangement is unique among gnathostomes,
since the ossifications form a paired series on
either side of the midline that correspond
only loosely to the embryonic basicranial
cartilages in modern gnathostomes. These
ossifications are best known in Austroptycto-
dus gardineri (Miles and Young, 1977; Long,
1997), although corresponding ossifications
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are also known to be present in other
ptyctodontids (e.g., Ctenurella, Chelyo-
phorus). Behind the olfactory capsules there
are paired nasal ossifications, followed suc-
cessively by paired ethmoidal, orbital, and
occipital ossifications, collectively forming
a semicontinuous pavement below the neu-
rocranium (Long, 1997: fig. 34). However,
the relationship of these ossifications to the
neurocranium is controversial and there are
radically different interpretations of their
orientation in the orbit. In Austroptyctodus,
the orbital ossification met a mesial process
of the marginal plate, but opinions differ as
to whether it contributed to the side wall of
the cranial cavity or to the floor of the orbit
(cf. Miles and Young, 1977; Long, 1997).
However, there is agreement that the orbital
ossification provided an attachment area for
the optic pedicel (known to be present in
various placoderms; e.g., Radotina, Romun-
dina, Brindabellaspis, Buchanosteus;, Qrvig,
1975; Young, 1979, 1980, 1986; Gardiner,
1984b). Furthermore, the internal surfaces of
the orbital ossifications are perichondrally
lined and were therefore separated by an
intracranial space (i.e., they did not form the
opposing sides of an interorbital septum). In
modern elasmobranch embryos, the optic
pedicel is secondarily fused to the base of
the antotic pila just above the polar cartilage,
suggesting that the orbital ossification in
Austroptyctodus also includes the embryonic
antotic pila and perhaps the polar cartilage
(indirect support for this comes from the
inferred position of the pituitary vein in
Chelyophorus; Long, 1997: fig. 33D). Thus,
no evidence of an interorbital septum is
provided by the orbital ossifications in
Austroptyctodus. However, the suggestion
by Miles and Young (1977: 170) that the
ethmoidal ossifications farther anteriorly
“enclosed a high, narrow median space
representing the anterior continuation of the
cranial cavity” suggests that they formed
within a preorbital extension of a trabecula
communis (perhaps corresponding to the
rostrum in modern squaloids) and/or that
they contributed to the orbitonasal wall (as in
Lepisosteus). Thus, Austroptyctodus may
have been ontogenetically tropitrabic, with
fused trabeculae anterior to the hypophysis,
but it apparently did not possess an in-



2007

terorbital septum in the adult (i.e., it was
morphologically platybasic).

Holmgren (1942: 135) observed that the
basicranium in the Devonian shark Clado-
doides wildungensis (““Cladodus’) is much
wider than in Acanthodes, but in the shark
more than two-thirds of this surface is
formed in the suborbital shelves. He reached
no definite conclusion as to its ““platybasia’
in the absence of ontogenetic evidence for
platytrabia or tropitrabia, but inferred that
Cladodoides was no more ‘“platybasic’ than
Acanthodes. Now that cranial morphology
(including the endocast) of C. wildungensis is
known in detail from CT scanning (Maisey,
2005), it can be established that the section
through its cranium depicted by Holmgren
(1942: fig. 5) in fact passes below the main
cranial cavity and through the hypophyseal
chamber (cf. Maisey, 2005: fig. 12B, C), the
side walls of which presumably formed in the
polar cartilages as in modern gnathostomes.
Farther anteriorly, the cranial cavity has a flat
floor that separates the orbits completely.
Thus, there is no interorbital septum in C.
wildungensis and its chondrocranium is mor-
phologically platybasic. By contrast, in
Acanthodes an interorbital septum was prob-
ably present and the cranial cavity did not
extend fully between the orbits (Watson,
1937). We will probably never know for sure
whether the developing chondrocranium of
C. wildungensis was platytrabic or if that of
Acanthodes was tropitrabic, but we can
nevertheless characterize them respectively
as platybasic and tropibasic on the basis of
adult morphology.

A correlation has long been noted between
the platybasic and tropibasic conditions and
the relative size of the eyeballs and the extent
of the brain between the eyes (De Beer, 1937).
For Stensio (1963b: 10), “the shape and
position of the cranial cavity and brain in
lower vertebrates are...strongly influenced by
the general, structural type of the endocra-
nium and the position and size of the eyes”.
Such a “‘skeleton first” interpretational bias
has unfortunately pervaded vertebrate pale-
ontology for generations, despite the fact that
the soft tissues surrounding the skeleton that
are responsible for its existence (as well as for
its growth, maintenance, and form) are
themselves the products of highly conserved
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developmental pathways (e.g., neural crest,
the brain, dorsal nerve cord, myotomes, etc.)
whose evolutionary ancestry is far older than
the skeleton. The formation of the prechordal
part of the braincase is highly constrained by
surrounding soft tissues, reflecting differen-
tial growth trajectories in the developing
head (in particular, the brain exerts a power-
ful inductive influence on the final form of
the skull; Carlson, 1981). Many surrounding
soft tissues undoubtedly help specify the
existence, spatial patterning, maintenance,
and form of the endoskeleton and dermal
bones (Wolpert, 1983; Wedden et al., 1988;
Hall, 1988; Witmer, 1995).

In cyclostomes, the basicranium is essen-
tially flat below the brain, but most of the
basicranium is formed from the parachordal
cartilages. There is a long-standing contro-
versy whether cyclostomes possess trabeculae
(discussed by De Beer, 1937; Janvier, 1996),
but they certainly do not make a significant
prechordal contribution to the braincase.
Ontogenetically based definitions of platy-
trabia and tropitrabia are therefore inappro-
priate for modern agnathans (and probably
for some extinct agnathans as well), since
they are applicable only to craniates in which
the trabecular-polar cartilage makes a signif-
icant contribution to the prechordal basicra-
nium (e.g., crown-group gnathostomes).
From a cladistic perspective, therefore, cy-
clostomes are uninformative as to whether
platytrabia or tropitrabia is primitive for
gnathostomes. Whenever suitably early on-
togenetic stages in gnathostomes have been
investigated, however, the prechordal part of
the chondrocranium is initially platytrabic
and becomes tropitrabic only secondarily
(Marinelli, 1936; Holmgren, 1942). Further-
more, in Petromyzon, the paired cartilages
thought to be homologous to the orbital
cartilage in gnathostomes are completely
separated by the brain and cranial cavity
(De Beer, 1937: 46, pl. 10). The cranial cavity
also completely separates the orbits in
osteostracans (e.g., Norselaspis, Benneviaspis;
Janvier, 1981, 1985), galeaspids (e.g., Duyu-
nolepis; Janvier, 1984) and Pituriaspis
(Young, 1991), which seem to be closely
related to gnathostomes and perhaps even
possessed embryonic trabeculae. These ob-
servations suggest that the brain primitively
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separated the orbital cartilages in craniates
and that this arrangement was conserved in
gnathostomes following the acquisition of an
extensive trabecular basicranial component.
Thus, we may postulate the following de-
velopmental evolutionary scenario: a cladisti-
cally primitive craniate condition (trabeculae
absent/vestigial, orbital cartilages separated
by the cranial cavity) gave rise to a primitive
platytrabic gnathostome condition (including
the acquisition of extensive trabecular carti-
lages, but conserving the craniate arrange-
ment of the orbital cartilages), from which
a derived tropitrabic gnathostome condition
(involving trabecular fusion at the midline,
forming a trabecula communis below the
brain) probably arose in several lineages (e.g.,
actinopterygians, stem tetrapods, symmorii-
form chondrichthyans).

Besides the morphological criteria distin-
guishing between platybasia and tropibasia,
it is well known that other topographical
landmarks mark the former boundaries
between various embryonic cartilages of the
chondrocranium in extant gnathostomes.
These landmarks are frequently conserved
into adulthood and are recognizable both in
fossils and in extant forms for which onto-
genetic data are unavailable. Such features
provide wuseful clues (by the ontogenetic
equivalent of ‘“‘reverse engineering’’) about
certain aspects of cranial structure and
development (thereby extending classical
comparative anatomical observations infer-
entially into progressively earlier ontogenetic
stages).

In gnathostomes, the orbital cartilage
becomes attached to the basicranium at
several roots. According to De Beer (1937:
387), there are typically three such roots: the
preoptic pila (anterior to the optic foramen),
the metoptic pila (behind the optic foramen
and anterior to the metoptic foramen,
enclosing the oculomotor nerve, ophthalmic
artery, and pituitary vein), and the antotic
pila (anterior to the prootic foramen). The
ontogenetically earliest and most important
basicranial connection is formed by the
antotic pila, whereas the preoptic and me-
toptic pilae represent secondary connections
that form as chondrification extends farther
anteriorly and ventrally into the orbit. De
Beer (1931, 1937) and El-Toubi (1949)
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concluded that the antotic pila in modern
elasmobranchs becomes attached to the
anterior part of the parachordal, but Holmg-
ren (1940) argued that it fuses with the
dorsolateral surface of the acrochordal (a
secondary transverse condensation above the
anterior ends of the parachordals, to which
the polar cartilages and optic pedicel also
become fused). In either case, however, the
orbital cartilage in gnathostomes is first
attached to the chordal part of the braincase,
not to the (prechordal) trabeculae. In Petro-
myzon, the orbital cartilage is attached to the
“anterior parachordal” by two pillars, the
posteriormost of which may be homologous
to the antotic pila of gnathostomes (De Beer,
1937). Attachment of the orbital cartilage to
the trabeculae in gnathostomes is therefore
derived (in both a developmental and phylo-
genetic sense) in comparison with cyclos-
tomes. In many actinopterygians, the antotic
pila and pedicel are lost (and the polar
cartilage is lost or reduced) in conjunction
with development of a posterior myodome,
and the orbital cartilage retains only its
secondary connections with the trabeculae
(via the metoptic and/or preoptic pilae).
However, the arrangement of features in the
orbit of the early actinopterygian Ligulalepis
(Basden and Young, 2001) suggests that the
antotic pila and polar cartilage were both
present.

In modern elasmobranchs, the efferent
pseudobranchial artery passes between the
anterior border of the polar cartilage and the
posterior end of the trabecula, while the
pituitary vein lies between the posterior
border of the polar cartilage and the acro-
chordal or parachordal (De Beer, 1931, 1937;
Holmgren, 1940; El-Toubi, 1949). Their
foramina are therefore useful markers that
respectively help delimit the anterior and
posterior borders of the polar cartilage.
Furthermore, according to El-Toubi (1949:
242), the optic pedicel in Squalus becomes
attached secondarily to the base of the
antotic pila just above its contact with the
polar cartilage. Thus, at least three features in
the orbit of an adult elasmobranch braincase
help define the former extent of the embry-
onic polar cartilage: pituitary foramen pos-
teriorly, optic pedicel dorsally, and efferent
pseudobranchial foramen anteriorly. Addi-
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tionally, according to Sewertzoff (1899) the
optic foramen marks the approximate line of
fusion anteriorly between the embryonic
trabeculae and orbital cartilages. However,
his proposal that the oculomotor foramen
also lies along the contact between these
cartilages is less clear-cut, since it lies above
the optic pedicel and is enclosed secondarily
between the antotic and metoptic pilae as the
orbital cartilage becomes expanded above the
polar cartilage.

Other utilitarian landmarks include: the
row of superficial ophthalmic foramina
above the orbit, formed along the contact
between the supraorbital shelf and orbital
cartilage (typically at a late stage of de-
velopment; Holmgren, 1940); the orbitonasal
canal, which probably lies at the junction of
the orbital cartilage and nasal lamina (form-
ing the postnasal wall behind the olfactory
capsule, but not contributing to the side wall
of the cranium proper; Sewertzoff, 1899; De
Beer, 1931, 1937; Holmgren, 1940; El-Toubi,
1949), and the bucco-hypophyseal fenestra
and internal carotid foramina below the orbit
(both representing parts of an originally
continuous polar fenestra, whose posterior
border is defined by the postpituitary com-
missure below the level of the parachordals
and behind the internal carotids; Holmgren,
1940).

Using such topographic landmarks, it is
possible to map the hypothetical extent to
which various embryonic cartilages contrib-
uted to the adult chondrocranium. Examples
are presented here of four elasmobranch
braincases (figs. 1, 2), two of which are
modern (Squalus acanthias, Chlamydosela-
chus anguineus) and two are Paleozoic fossils
(Cladodoides wildungensis, ““Cobelodus’). In
all cases, the contributions made by various
embryonic cartilages indicated should be
considered very approximate, because they
chondrify and grow within blastemic tissues
that are interconnected and relatively contin-
uous, and in practice their precise limits are
somewhat nebulous. Moreover, ontogenetic
data for the head are available only for one
of these examples (S. acanthias; e.g., De Beer,
1937; Holmgren, 1940; El-Toubi, 1949; Jollie,
1971). The extent to which embryonic carti-
lages contributed to the adult chondrocrani-
um in Chlamydoselachus is completely in-
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ferential as its ontogeny has never been
described. Ontogenetic data are also unavail-
able for the two fossil examples, but their
chondrocranial morphology is now known in
considerable detail (for Cladodoides, see
Gross, 1937; Maisey, 2005, and below). The
“Cobelodus” reconstruction shown here is
based mainly on a three-dimensional Penn-
sylvanian braincase described later in this
work, with additional details of the ethmoi-
dal region and olfactory capsules based on
information obtained from other symmorii-
forms that are also described below. “Cobe-
lodus™ differs from the three other examples
shown here in having a deep interorbital
septum below the cranial cavity. Cladodoides
and “Cobelodus” both have an extensive
postorbital arcade that is hypothesized to
include at least two components of the
embryonic chondrocranium: the primary
postorbital process (sensu Holmgren, 1940)
and the lateral commissure (which encloses
the lateral head vein as in Oxynotus and
Squatina; in other squaloids it encloses only
the hyomandibular trunk of the facial nerve;
Holmgren, 1941). Another feature of interest
is the much greater extensive contribution to
the orbital wall apparently made by the polar
cartilage in Cladodoides and ““Cobelodus™ (see
below and Maisey, 2005: figs 10, 11).

Some modern squaloids in which cranial
ontogeny is unknown have an extremely
bizarre adult cranial morphology, with a deep
basal angle resulting in a marked ventral
prolongation of the orbital articulation and
the bucco-hypophyseal chamber (e.g., Trigo-
nognathus kabeyi; fig. 3E, F). This extreme
basal angle probably formed as in other
squaloids (e.g., Squalus, Etmopterus; Holmg-
ren 1940; El-Toubi, 1949), in which the polar
cartilages apparently become fused to the
anterior ends of the parachordals before the
trabeculae have finished migrating from their
embryonic to adult positions, creating a hump
ventrally between the trabeculae and polar
cartilages. A basal angle is developed only in
some elasmobranchs with an orbital articu-
lation for the palatoquadrate on the posterior
end of the embryonic trabeculae (Maisey,
1980, 2005). The deep basal angle in dalatii-
forms is probably related to specializations of
the feeding mechanism, enabling the jaws to
be protracted extensively at the orbital
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Approximate extent of contributions made by major embryonic cartilages in the adult

chondrocranium of two modern sharks. A, Squalus acanthias (based on ontogenetic data); B,
Chlamydoselachus anguineus (hypothesized). Not to scale.

articulation during prey capture (7. kabeyi
has a clutching-type dentition with extremely
long teeth instead of the usual squaloid
cutting-type dentition, and is suspected of
being a ram-feeder; Shirai and Okamura,
1992; Yano et al., 2002).

The region inferred to have formed in the
trabeculae in Trigonognathus kabeyi is arched
and elevated with respect to the parachordal
region, although it still forms the floor of the
cranial cavity. There is no interorbital septum
anterior to the basal angle, but in other
etmopterids there is a narrow median in-
terorbital process ventrally on the basicra-
nium (the keel process; Holmgren, 1940; e.g.,
Etmopterus, Aculeola, Centroscyllium, Miros-

cyllium; Shirai and Nakaya, 1990; see fig. 3A,
B). The keel process is probably not homol-
ogous to an interorbital septum, because
(according to Holmgren, 1940) in Etmopterus
it forms comparatively late in ontogeny,
chondrifying only at a comparatively late
stage (55 mm), and it is located on the ventral
rather than the dorsal surface of a narrow
median ‘“‘trabecular commissure” (a late-
forming structure, possibly arising from the
trabecula communis and resulting from
secondary growth of the trabeculae as the
hypophyseal fenestra begins to close late in
ontogeny). The keel process in etmopterids
(e.g., Etmopterus, Centroscyllium; fig. 4A, B)
is located anterior to the palatoquadrate
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Fig. 3.
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Left lateral and sagittal views of three modern dalatiiform elasmobranch braincases. A, B,

Centroscyllium excelsum; C, D, Squaliolus laticaudus; E, ¥, Trigonognathus kabeyai. After Shirai (1992),

Shirai and Okamura (1992). Scale bars = 10 mm.

symphysis and extends anteroventrally in
front of the jaws, whereas the preorbital
muscle (= suborbitalis of Shirai, 1992) arises
on the interorbital wall at the base of the keel
process and inserts on the anterior border of
the mandibular adductor muscle. The keel
process and the preorbital muscle are both
absent in Trigonognathus (figs. 3E, F; 4C),
and a keel process is also absent in modern
elasmobranchs, in which the preorbital mus-
cle arises on the antorbital wall or ectethmoid
process (e.g., Heptranchias, Echinorhinus,
Zameus). The internal carotids in 7. kabeyi
enter the hypophyseal chamber via basicra-
nial foramina (the usual arrangement in
modern elasmobranchs), and the efferent
pseudobranchial foramen is located in the
ventral process forming the side wall of the
hypophyseal chamber and inferred to have

formed between the dorsal margin of the
polar cartilage and the posterior end of the
trabecular cartilage. Thus, the basicranial
circuit in 7. kabeyi has the usual elasmo-
branch arrangement, including a union be-
tween the internal carotids and efferent
pseudobranchials dorsal to the trabecular
cartilage. The region presumably derived
from the antotic pila is well developed in
Trigonognathus, which has a deep recess
between the paired dorsal ends of the orbital
articulation in the back of the orbit (Shirai
and Okamura, 1992). This recess is superfi-
cially similar to the posterior myodome in
osteichthyans, but does not contain the eye
musculature (instead, the pedicel and the
ocular muscles originate on the lateral
surface of the cranium farther posteriorly,
where they are associated with the trigemino-
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Left lateral views of the mandibular musculature in four modern dalatiiform sharks to show

variation in the origin and extent of the preorbital (suborbital) muscle. A, Etmopterus spinax; B,
Centroscyllium excelsum (preorbital muscle originates above ventral keel process in A and B); C,
Trigonognathus kabeyai (preorbital muscle absent); D, Squaliolus laticaudus (preorbital muscle originates
on interorbital septum). After shirai (1992), Shirai and Okamura (1992). Scale bar = 10 mm.

facialis recess as in other modern elasmo-
branchs).

The floor of the braincase is comparatively
flat in Dalatias (Shirai, 1992: pl. 8), but in
other dalatiids there may be a very deep
interorbital septum below the cranial cavity
(e.g., Squaliolus; fig. 3C, D). In this form, the
preorbital muscle has an extensive origin
along the entire ventral part of the septum
and is inserted on the lower jaw anterior to
the mandibular adductor (fig. 4D). However,
the ontogeny of the braincase has not been
described, and it is therefore uncertain whether
the interorbital septum in Squaliolus repre-

sents a ventral extension of the embryonic
trabeculae (like the keel process in Etmop-
terus; Holmgren 1940) or a dorsal extension
arising from a trabecula communis (analo-
gous to the situation in many actinoptery-
gians).

To summarize, platytrabia in embryonic
gnathostomes wusually gives rise to an adult
platybasic condition (but not invariably; e.g.,
Lepisosteus, ophidians), and tropitrabia wusu-
ally gives rise to the tropibasic condition
(although modern elasmobranchs may be an
exception, if the ‘“‘medial area” represents
a trabecula communis anterior to the orbit).
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Thus, ontogeny does not provide an absolute
guide as to what the adult condition will be,
nor does adult morphology provide an
accurate means to assess the prior ontogentic
condition (although there are certainly many
cases of congruence among extant gnathos-
tomes). On the other hand, the terms
“platybasic” and “‘tropibasic’ can be applied
to fossils and extant forms in a purely
morphological descriptive context, even
where ontogenetic data are not available
and without making any ontogenetic impli-
cations (although it may still be possible to
draw some inferences about ontogeny, based
on particular morphological observations). A
platybasic braincase may be defined mor-
phologically as one with no interorbital
septum in the floor of the cranial cavity,
and in which the side walls completely
separate the left and right orbits. By contrast,
an interorbital septum is present in a tropi-
basic braincase, and the cranial cavity
separates the orbits only dorsally and poster-
iorly, while the basicranial fenestra may not
even communicate with the overlying hypo-
physeal chamber (as in ‘“Cobelodus”; see
below). Unless stated otherwise, the terms
platybasic and tropibasic will be used
throughout this work in a purely morpho-
logical context.

Finally, it is important to recognize
a distinction between tropibasia and the mere
presence of an interorbital septum. For
example, the interorbital septum in Squaliolus
may or may not be homologous with the
keel-process in etmopterids (i.e., a ventral
rather than dorsal extension of the trabecula
communis). Although the septum undoubt-
edly includes cartilage of trabecular origin
and extends below the floor of the cranial
cavity, ontogenetic studies are needed to
determine whether the orbital cartilages are
also involved in its formation. In chimaer-
oids, the orbital cartilages form a septum
only above the brain and cranial cavity, while
the side walls of the cranium arise from the
ventral part of the orbital cartilages on either
side of the cranial cavity and meet paired
upgrowths of a broad basicranial plate
(probably formed in the trabeculae; De Beer
and Moy-Thomas, 1935; Holmgren, 1942;
but cf. Allis, 1917). The interorbital septum
in chimaeroids therefore probably arises
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from the orbital cartilages and does not
include the trabeculae. Unfortunately, the
trabeculae are already fused into a continuous
plate in the earliest ontogenetic stages of
chimaeroids investigated thus far and their
original arrangement is unknown, although
there is no evidence of a trabecula communis
below the cranial cavity and the morpholog-
ical relationship of the brain to the prechor-
dal part of the braincase is therefore identical
to that in modern platybasic sharks.

CLASS CHONDRICHTHYES HUXLEY 1880
ORDER SYMMORIIFORMES
(= ORDER SYMMORIIDA ZANGERL 1981;
APHETOHYOIDEA ZANGERL AND CASE 1976)

“COBELODUS”

MATERIAL  EXAMINED: FMNH PF
13242: an isolated three-dimensional brain-
case of a symmoriiform shark in a pyritized
concretion, Fayetteville Formation (Chester-
ian, Upper Pennsylvanian), Town Branch
outcrops, Fayetteville, Arkansas (fig. 5).
Scanned at the University of Texas at Austin
by Richard Ketcham and Matthew Colbert
on 3/6/99. Scan data: P250D, 420 kV,
1.8 mA, 2 brass plate filters (1/8 inch total),
translate-rotate, integration time 16 ms, slice
thickness 0.25 mm, S.O.D. 752 mm, 1 ray
averaged per view, 1 sample per view, over-
sampling ratio 2.0, interslice spacing
0.25 mm, field of reconstruction 56.5 mm,
reconstruction offset 450, reconstruction
scale 120. Sample scanned in air. 8-bit and
16-bit scan files; 8-bit export parameters:
level 2047, width 4095.

GENERAL REMARKS: This unique spec-
imen was collected many years ago by Dr.
Harold E. Ewald (Geology Department,
University of Arkansas) from a streambed
that cuts through the Town Branch outcrops
of the Fayetteville Black Shale (Chesterian
Stage) in Fayetteville, Arkansas. This brain-
case came to the attention of Dr. Rainer
Zangerl, who first recognized that it came
from a symmoriiform shark and informally
referred it to the genus Cobelodus. He
prepared parts of the specimen by grinding
away areas of pyritic matrix, although this
exposed only a few external morphological
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features on one side and revealed nothing of
its internal structure. He did not publish his
findings and no further progress was made
on the specimen until the advent of reliable
high-resolution CT-scanning technology. In
1999, the braincase was scanned on behalf of
the author at the Geology Department of the
University of Texas at Austin (UTA). Three-
dimensional digital reconstructions of the
braincase were generated in Imaris/Surpass
as contour-based isosurface renderings made
from the 8-bit CT scan at the American
Museum of Natural History (for details of
this procedure see Maisey, 2005). The spec-
imen provided the first unequivocal evidence
of tropibasia in an extinct elasmobranch
(Maisey, 2004a).

Despite the unusual morphology of this
braincase, it shares many similarities with other
symmoriiforms such as Cobelodus aculeatus
(Zangerl and Case, 1976). FMNH PF 13242 is
therefore identified with some confidence as
having come from a symmoriiform shark, and
the specimen provides a wealth of informa-
tion about symmoriiform cranial morpholo-
gy, despite the uncertainty surrounding its
identity at genus or species level. The same
taxon may nevertheless be represented by
more complete but less well-preserved sym-
moriiforms from the Fayetteville Shale of
Arkansas (OUZC 5300-5305; see below).
That material is not yet described, but will
be discussed later in this work. FMNH PF
13242 will be left in open nomenclature and is
referred to as “Cobelodus™ simply for conve-
nience. It should be emphasized that there is
no evidence that this form was (or was not)
more closely related to Cobelodus aculeatus
than to other symmoriiforms.

At some time in the past, the right side of
the braincase was prepared mechanically
using a small grinding wheel. That prepara-
tion exposed some features in the orbit, but
also caused damage to surrounding struc-
tures (especially the right postorbital arcade,
which superficially appears intact but has in
fact suffered extensive damage and repair). In
places, mechanical preparation has also
created a misleading appearance; for exam-
ple, the specimen seems to have an extensive
supraorbital shelf, but scanning reveals that
most of this is really matrix. Fortunately, the
left side is unprepared and almost intact,
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providing more reliable data concerning the
original morphology of the braincase.

The braincase is remarkably well pre-
served, and there is an extremely high
contrast in density between the -calcified
cartilage and pyritized matrix as revealed by
X-rays. In order to reduce ““flares” in the
scan caused by deflection of lower-energy X-
rays hitting the pyritized specimen, the object
was shielded in a cast-iron cylinder that only
higher energy X-rays could penetrate. This
necessitated an exceptionally long scan time
(approx. 20 hours), but in all other respects
the much lower density of fossilized cartilage
provided optimum conditions for CT-scan-
ning. Pyritized matrix uniformly fills the
braincase and no voids or areas of secondary
crystallization were encountered. No evi-
dence of bioturbation, diagenetic compres-
sion, or other distortion was noted, but small
isolated fragments and flakes of calcified
cartilage were observed in the matrix filling
the orbit and cranial cavity.

GENERAL MORPHOLOGY: The specimen
is almost complete except for the ethmoid
region, which probably consisted originally
of membranous or uncalcified tissues (fig. 5).
No teeth or denticles are associated with the
braincase, which appears to be completely
isolated. However, the delicate nature of this
specimen suggests it underwent very little
postmortem disturbance or transportation.
Several other articulated symmoriiform ske-
letons have been recovered from the same
horizon at a nearby locality (see below),
suggesting Lagerstdtten-like conditions.

Only a few general features can be
discerned on the dorsal, ventral, and poste-
rior surfaces of the braincase. Additionally,
a few large foramina are evident within its
partially excavated right orbit, but many of
the smaller ones are obscured by matrix and
could be observed only in the scan. On the
dorsal surface, the broad and slightly domed
braincase roof is visible. It is continuous with
the prominent postorbital arcade laterally
and is tapered both anteriorly and poster-
iorly. Its pointed anterior margin includes
a small precerebral fontanelle dorsally. The
orbits are roofed by cartilage although its
original extent is uncertain. The right orbit
has been partially excavated to reveal a large
uncalcified region centrally (which presum-
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Fig. 5. Arkansas symmoriiform braincase FMNH PF 13242 (“Cobelodus’). A, dorsal view; B, ventral
view; C, lateral view, right side. Scale bar = 10 mm.
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Fig. 5.

ably enclosed the optic nerve in life), behind
which the orbital wall forms a low, ante-
roposteriorly oriented bulge similar to the
pedicel attachment area in Cladodoides (Mai-
sey, 2005). Posteriorly, the braincase roof is
raised at the midline where it meets a small
posterior dorsal fontanelle, behind which is
a short posterior tectum. The wall of the right
otic capsule has been prepared, revealing
several features including a lateral otic ridge
that bears a short process midway along its
length, and a weak dorsal otic ridge extend-
ing posteromedially from the level of the
postorbital process. The occipital arch is
separated from the otic region dorsally and
dorsolaterally by an otico-occipital fissure,
although only parts of it can be observed
directly on the specimen. The entire braincase
is remarkably well preserved, but because so
few external features can be seen on the
specimen it is not particularly informative
from an anatomical or phylogenetic point of
view without CT scanning.

Scanning reveals that the cartilage is
perichondrally mineralized throughout most
of the braincase, apart from a few areas such
as the medial capsular walls of the otic
region, the ethmoid region, and the anterior
parts of the orbital walls. Where calcification
is present it is tesselated as in modern
chondrichthyans, and as far as can be
determined only a single continuous layer of

Continued.

tesserae is present throughout the braincase.
No evidence was found for multiple layering
of the tesserae, nor for internal calcified
struts like those occasionally found in mod-
ern elasmobranchs (Summers, 2000).

The following remarks are almost entirely
based on observations made from digitally
generated contour-based surface reconstruc-
tions (figs. 6-11, 13). While these reconstruc-
tions are considered accurate, the contour
plotting is necessarily subjective. Wherever
possible, therefore, morphological features
identified in contour-based surface recon-
structions were checked repeatedly against
individual CT scan slices and volume render-
ings created from the raw image data (e.g.,
figs. 12A, 17, 18, 20B). Relatively few mor-
phological features can be directly observed
on the specimen.

In lateral view (fig. 6), the suborbital shelf
extends farther ventrally than the rest of the
braincase, and the large orbit forms approx-
imately half the preserved length of the
braincase. The interorbital septum is deep
but narrow from side to side, and contains
several uncalcified or unchondrified areas,
especially anteriorly. A single layer of tesser-
ae covers each external surface of the septum,
but there is no evidence of deeper calcified
layers, suggesting that the entire thickness
of the septum was cartilaginous and that
the orbital cartilages were fused medially (if
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from CT-scan slices.

these had been separate, another calcified
layer would be expected over their inner
surfaces). Thus, there is no evidence that the
cranial cavity extended between the orbits
ventrally; instead, the interorbital septum
supports the floor of the cranial cavity and
separates it from the basicranium (as in many
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FMNH PF 13242 (““Cobelodus’). Lateral view of contour-based surface rendering generated

actinopterygians). There is a deep recess for
the efferent pseudobranchial artery in the
suborbital shelf, immediately in front of
which is an articular surface for the palato-
quadrate. A similar relationship seems to
exist between the middle palatoquadrate
articulation and the efferent pseudobranchial
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Fig. 7. FMNH PF 13242 (““Cobelodus™). Dorsal view of contour-based surface rendering generated
from CT-scan slices.
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Fig. 8. FMNH PF 13242 (““Cobelodus”). Ventral view of contour-based surface rendering generated
from CT-scan slices.
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surface rendering generated from CT-scan slices.

foramen in Buchanosteus (Young, 1986: fig.
9A,B).

The postorbital arcade in “Cobelodus™ is
extremely short anteroposteriorly, forming
a wide rim surrounding the large jugular
canal. In the floor of the orbit there is a small
opening that connects ventrally with the
basicranial fenestra. The otic and occipital
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FMNH PF 13242 (““Cobelodus™). Medial view made from sagittal section of contour-based

regions are both short, unlike in Cladodoides,
Tamiobatis, and Orthacanthus. Other sym-
moriiform sharks also seem to have compar-
atively short otic and occipital regions
(Zangerl and Case, 1976; Williams, 1985;
Coates and Sequeira, 1998). In “Cobelodus”,
the lateral part of the otico-occipital fissure is
directed ventrally toward the opening of the
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Fig. 10. FMNH PF 13242 (““Cobelodus’). Anterior view of contour-based surface rendering generated

from CT-scan slices.

glossopharyngeal canal and the metotic part
of the fissure is closed, as in Cladodoides
(Maisey, 2004a, 2005). There is no clearly
defined hyomandibular fossa.

In dorsal view (fig. 7), the cranial roof is
relatively featureless, apart from a small
median opening that corresponds to the
posterior dorsal fontanelle in Cladodoides

and to the endolymphatic (parietal) fossa in
modern elasmobranchs (Maisey, 2004a,
2004b, 2005). The orbitotemporal region is
strongly tapered anteriorly and a narrow,
elongated precerebral fontanelle is present,
although it is much smaller than in most
modern sharks or in extinct ones such as
Hybodus and Orthacanthus. Comparison
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Fig. 11.
from CT-scan slices.

with X-ray plates of flattened symmoriiform
braincases suggests that the ethmoid region
(including the olfactory capsules) were orig-
inally extensive and that may have extended
the length of the braincase by as much as
30%. The orbital region broadens posteriorly
and is widest between the postorbital pro-
cesses, which form complete but narrow
arcades surrounding a large space that pre-

FMNH PF 13242 (““Cobelodus™). Posterior view of contour-based surface rendering generated

sumably housed the lateral head vein and
other structures (i.e., it functioned as a jugular
canal). The arcade projects posterolaterally
rather than laterally from the braincase and
is confluent with the supraorbital shelf
dorsally, suggesting that it formed as in
modern elasmobranchs (where the embryonic
lateral commissure fuses secondarily with the
primary postorbital process arising at the
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posterior end of the supraorbital cartilage;
Holmgren, 1940).

In the otic region, the positions of the
semicircular canals are marked by low ridges.
The ridges of the anterior and posterior
canals converge dorsally just behind the
dorsal fontanelle rather than at the fontanelle
itself. On the lateral wall of the otic capsule,
approximately midway along the ridge for
the external (horizontal) semicircular canal,
a small process (the periotic process; see
below) extends laterally and slightly poster-
iorly. The otic region is separated from the
occipital arch by a persistent otico-occipital
fissure as in many other Paleozoic sharks
(e.g., Orthacanthus, Tamiobatis, Cladodoides,
Akmonistion), but the posterior tectum be-
tween the fissure and the posterior dorsal
fontanelle is much deeper anteroposteriorly
than in these other taxa. Thus, the posterior
dorsal fontanelle is completely isolated from
the otico-occipital fissure both by the poste-
rior tectum and by the dorsal part of the
labyrinth (crus commune).

The ventral view (fig. 8) reveals a constric-
tion in the basicranium immediately behind
the postorbital process, forming a distinct
waist. The ventral arm of the postorbital
arcade is directed laterally rather than poster-
olaterally and meets the side wall of the
braincase somewhat posterior to the dorsal
arm. The interorbital cartilage is narrow and
comparatively short, forming an ovoid area
with large, paired lateral recesses, which
probably housed the efferent pseudobran-
chial arteries. A large central basicranial
fenestra is also present, but no grooves or
canals for internal carotid arteries are dis-
cernible on the ventral surface. Furthermore,
the fenestra has no connection with the
overlying hypophyseal chamber. Farther
posteriorly, the basicranium below the otic
capsules forms a broad hypotic lamina (pre-
sumably derived from the embryonic para-
chordal cartilage, as in modern elasmo-
branchs). The posterior region of the
basicranium is pierced by paired aortic canals
that merge to form a single median canal
farther posteriorly. Paired occipital condyles
are present on either side of the aortic canal.

In medial view (sagittal section, fig. 9), the
tropibasic arrangement is clearly evident
from the depth of the interorbital septum
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below the cranial cavity. The ventral surface
of the braincase is gently curved, with
a convex anterior part between the orbits,
a gently concave area below and slightly
behind the level of the dorsum sellae, and
another slightly convex region posteriorly,
below the otic capsules. The dorsum sellae
represents an important developmental land-
mark; in modern elasmobranchs, it marks the
position of the embryonic polar cartilage
between the prechordal trabeculae and para-
chordals (De Beer, 1931, 1937; Holmgren,
1940; El-Toubi, 1949). On that basis, the
convex anterior part of the basicranium in
“Cobelodus” can be regarded as having
formed from the embryonic trabecular-polar
cartilage and the convex posterior part from
the parachordals, while the concave area
between them may represent the region of
embryonic cranial flexure. The basicranial
fenestra is located more or less in the center
of the anterior convex area and forms a small
pocket within the thickness of the basicranial
cartilage. Although the fenestra does not
communicate with the hypophyseal chamber
farther dorsally, there are paired openings in
its roof leading to the floor of the orbit on
either side of the interorbital septum. Thus,
there is no contiguous bucco-hypophyseal
chamber as in many other gnathostomes, but
rather two separate chambers: a buccal
fenestra ventrally and the hypophyseal cham-
ber (continuous with the cranial cavity)
farther dorsally. Consequently, there is no
possibility of a direct internal carotid supply
to the brain via the basicranial fenestra and
hypophyseal chamber (discussed further be-
low).

The dorsum sellae forms a prominent
internal partition that curves above the
expansive internal hypophyseal chamber
and separates it from the otic region. In the
digital reconstruction, a small canal seems to
pass transversely through the dorsum sellae
from orbit to orbit. However, inspection of
CT scan slices shows that this is merely an
artefact resulting from digital smoothing of
the computer-generated isosurface. In life,
a thin cartilaginous floor probably divided
this ““canal” into left and right pits. Corre-
sponding pits are present in Cladodoides and
probably housed the external rectus muscle;
in Cladodoides, however, cartilage forming
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this part of the basicranium is much wider
and the pits do not coalesce at the midline
(Maisey, 2005: figs. 17B, 18A). The dorsum
sellae is typically much smaller in modern
elasmobranchs, hybodonts, and Ortha-
canthus, and it is absent in adult batoids,
but it is large in Cladodoides (Maisey, 2004a,
2005).

The general morphology of the vestibular
region in “Cobelodus™ is similar to that in
Cladodoides, although it differs in its propor-
tions (especially in length). The median aortic
canal is visible in the posterior part of the
basicranium below the occipital cotylus.
Where the canal seems to terminate anteri-
orly, it actually branches into left and right
lateral aortae, and therefore moves out of the
sagittal plane. The occipital arch in “Cobelo-
dus” is short anteroposteriorly, but the
occipital pila (containing at least four spino-
occipital foramina) extends farther anteriorly
between the otic capsules than the exposed
dorsal part of the arch. The internal surface
of the posterior dorsal fontanelle forms
a short ventral extension above and anterior
to the crus commune, which lies below and
behind the fontanelle.

In anterior view (fig. 10), absence of the
ethmoidal and olfactory region helps reveal
the massive size of the orbits, as well as the
narrowness of the interorbital septum related
to the tropibasic arrangement, the narrow-
ness of the precerebral fontanelle and the
ethmoid region, and the enormous size of the
jugular canal. The floor of the precerebral
fontanelle is elevated and separated from the
basicranium by the deep internasal/interor-
bital septum.

In posterior view, the extent of the post-
orbital arcade and jugular canal is again
evident (fig. 11). An articular surface for the
palatoquadrate can be observed on the
ventrolateral part of the postorbital arcade,
in the same general location as in Ortha-
canthus and Cladodoides (Schaeffer, 1981;
Maisey, 2004a, 2005). The dorsal and lateral
otic ridges are both very evident in this view,
as is the shallow dorsolateral otic fossa and
the periotic process. The posterior dorsal
fontanelle is surrounded by a curious raised
lip, forming a short ‘“chimney”, which
elevates the opening above the general level
of the cranial roof. Behind the otic capsule,

the occipital arch completely surrounds the
foramen magnum. The arch is separated
from the otic region by the otico-occipital
fissure, which extends ventrally to include the
glossopharyngeal canal (represented by an
expansion within the fissure below the otic
capsules).

EtHMoID REGION: Very little of the
ethmoidal region is preserved. The entire
cartilaginous roof of the braincase is ex-
tremely thin anteriorly, and some local areas
are incomplete or broken (probably a result
of postmortem damage). Despite this, the
remains of a narrow, slotlike precerebral
fontanelle are discernible.

The sagittal view of the braincase shows
the precerebral fontanelle opening into a nar-
row precerebral fossa. This is continuous
with the cranial cavity posteriorly, as in
elasmobranchs generally, with no evident
boundary between the cerebral and precer-
ebral regions (fig. 9). The side walls of the
fontanelle are continuous and are not pierced
by basal communicating canals. The chon-
drified roof of the braincase behind the
fontanelle is also continuous (although it is
extremely thin), and there is no evidence of
a separate pineal opening, suggesting that the
epiphysis probably extended anteriorly to the
chondrified region and may have opened into
the “‘precerebral” fossa, as in Notorynchus
and certain other modern elasmobranchs
(Maisey, 2004b). In that case, the dura mater
surrounding the brain in “Cobelodus” prob-
ably extended into the posterior part of the
fossa, but this cannot be established with
confidence because topographic features de-
limiting the former extent of the dura are
lacking.

The internasal plate is extremely narrow
from side to side, suggesting that olfactory
capsules lay close to the midline. The floor of
the braincase behind the internasal septum is
very short and was membranous or unchon-
drified beneath the precerebral fontanelle.
There is only a narrow transverse platform
here, possibly a remnant of the internasal
plate anterior to the hypophyseal chamber.
There is a gap in the side wall of the braincase
between the internasal plate and the hypo-
physeal chamber farther posteriorly. The
posterior border of this space is marked by
a vertical cartilaginous projection adjacent to
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the optic foramen, corresponding topograph-
ically to the presphenoid ledge (Praesphe-
noidvorsprung of Gegenbaur, 1872) in mod-
ern elasmobranchs. The internasal plate is
broad in some modern elasmobranchs but
narrow in others. The distance between the
olfactory capsules is consequently quite vari-
able. This also seems to be the case in
symmoriiforms. The internasal plate in “Co-
belodus™, Stethacanthulus, and Falcatus 1is
extremely narrow from side to side, suggest-
ing that olfactory capsules lay close to the
midline. However, it is much broader in
Cobelodus aculeatus, where the olfactory
capsules are spaced widely apart (Zangerl
and Case, 1976: figs. 2, 3, 7). As shown
below, the internasal plate is also compara-
tively broad in Stethacanthus altonensis, S. cf.
S.  productus, and Akmonistion zangerli
(Lund, 1974: fig. 3; 1985b: fig. 1; Coates
and Sequeira, 1998: 68: fig. 5; 2001a: fig. 2).
A broad internasal plate is present in
Orthacanthus, Tamiobatis vetustus, Gutturen-
sis nielsoni, and Doliodus (Schaeffer, 1981;
Sequeira and Coates, 2000; Miller et al.,
2003; Maisey, 2005). A narrow internasal
plate is comparatively unusual and is a po-
tential synapomorphy of “Cobelodus”,
Stethacanthulus meccaensis, and Falcatus
falcatus within symmoriiformes.

The telencephalic chamber in “Cobelodus™
is extremely short and narrow above the
internasal plate (see description of endocast
below). Its side walls are thin areas and parts
were probably membranous and unchondri-
fied. The anterior course of the terminal
nerve, profundal nerve, and anterior cerebral
vein are unknown. There is no evidence of
a lateral hypophyseal ridge along the inner
wall of the telencephalic region like that
found in Cladodoides and some modern
elasmobranchs.

No parts of the postnasal wall, ectethmoid
chambers, ethmoid and/or ectethmoid pro-
cesses, orbitonasal canals, olfactory capsules
or olfactory tracts are preserved.

ORBIT AND INTERORBITAL SEPTUM: The
orbits in “Cobelodus” are remarkably large
and comprise half the length of the preserved
part of the braincase. The orbits are almost
circular and only their upper parts are
separated by the cranial cavity. Very large,
round orbits are also present in other
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symmoriiforms (e.g., “Cobelodus”, Cobelodus
aculeatus, Stethacanthulus meccaensis, Falca-
tus falcatus, Damocles serratus, Stethacanthus
altonensis; Lund, 1974, 1985a, 1985b, 1986;
Zangerl and Case, 1976; Williams, 1985).
Large eye size is sometimes indicated by a ring
of what is probably sclerotic cartilage (e.g.,
C. aculeatus, Stethacanthulus meccaensis), or
by a ring of numerous small bony plates (e.g.,
Falcatus, Damocles, Pennsylvanian ‘‘stetha-
canthids” from Arkansas). It is clear from
such structures that the eye was extremely
large and almost filled the orbit in the
majority of symmoriiforms. No comparable
ring of sclerotic cartilage or plates has been
identified in Akmonistion (Coates and Se-
queira, 2001a).

As in other gnathostomes, the entire
trabecular region in “Cobelodus’ is prechor-
dal in position. In “Cobelodus’, a narrow but
extremely deep interorbital septum separates
the orbits below the cranial cavity and
connects the basicranium to the overlying
cranial wall. Comparison with modern elas-
mobranchs suggests that the upper part of
the septum in “Cobelodus” formed from the
embryonic orbital cartilage, which became
fused with the trabeculae ventrally. However,
unlike in most modern elasmobranchs, the
trabeculae in the floor of the orbit of
“Cobelodus” must have been very narrow,
forming a trabecula communis as in modern
tropibasic osteichthyans (the trabecular re-
gion is also extremely narrow in some
modern dalatiiforms; e.g., Miroscyllium she-
koi, Trigonognathus kabeyi; Shirai and Na-
kaya, 1990; Shirai and Okamura, 1992).

In “Cobelodus”, the region presumed to
have formed in the preoptic and metoptic
pilae (respectively anterior and posterior to
the optic foramen) were not completely
chondrified. Instead, there is a large, irregular
interorbital fenestra extending posteriorly as
far as the lateral projection forming the base
of the optic pedicel. A chondrified triangular
dorsal projection partially separates the optic
foramen from an unchondrified space farther
posteriorly, possibly representing part of the
trabecula communis below the metoptic pila.
The optic pedicel is presumably attached to
the base of the antotic pila between the
embryonic metoptic and prootic foramina, as
in Squalus (El-Toubi, 1949). From the posi-
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tions of the efferent pseudobranchial fora-
men, optic pedicel attachment, and the
interorbital canal, the polar cartilage pre-
sumably formed a significant part of the
interorbital septum posteriorly.

SUPRAORBITAL SHELF: A supraorbital
shelf is present anteriorly, but the CT scan
reveals that what seems to be the shelf on the
specimen (fig. 5) consists mostly of matrix,
and the shelf extends anteriorly only as far as
the middle of the orbit (figs. 6, 7), possibly an
indication that the eyeball was extremely
large. The lateral margin of the supraorbital
shelf is irregular and contains foramina and
notches for ascending branches of the super-
ficial ophthalmic ramus. Since these rami
pass between the embryonic orbital and
supraorbital cartilage in modern sharks, the
presence of open notches suggests that the
supraorbital cartilage was very poorly de-
veloped in “Cobelodus’ and probably did not
reach the postnasal wall. Distinct foramina
for the superficial ophthalmic rami are
present only in the posterior part of the
orbit, where the supraorbital cartilage merges
with the dorsal part of the postorbital arcade
as in elasmobranchs generally.

SUBORBITAL SHELF: The “Cobelodus”
braincase superficially appears to have a con-
tinuous suborbital shelf, extending below the
orbit from the ethmoidal region to the
postorbital process (fig. 5). However, CT
scanning reveals that much of this area
consists only of matrix and that the actual
shelf is very narrow, with separate anterior
and posterior regions divided by a deep notch
close to the basicranial fenestra (figs. 6, 8,
10). The anterior region tapers anteriorly and
includes an anterior articular surface for the
palatoquadrate. The posterior region is
continuous with the ventral arm of the
postorbital arcade and is interrupted only
by a canal that probably contained the
orbital artery and the anterior ramule of the
palatine ramus (fig. 10). A groove passes
medially from the notch separating the
anterior and posterior regions of the sub-
orbital shelf and extends to the foramen of
the efferent pseudobranchial artery, suggest-
ing that the vessel passed across the dorsal
surface of the shelf toward the interorbital
septum. In modern elasmobranchs, the effer-
ent pseudobranchial artery usually enters the
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braincase directly from the orbit, and only
rarely passes through the suborbital shelf
(e.g., Scyliorhinus; Holmgren, 1940). Howev-
er, the artery also probably passed through
the shelf in Cladodoides and Orthacanthus
(Maisey, 2005), suggesting that this was
a common pattern in Paleozoic sharks.

The suborbital shelf is also narrow in other
symmoriiforms (e.g., Cobelodus aculeatus,
Stethacanthulus meccaensis, Damocles serra-
tus, Falcatus falcatus, Akmonistion zangerli,
Zangerl and Case, 1976; Williams, 1985;
Lund, 1985a, 1986; Coates and Sequeira,
1998, 2001a), although its extent is unknown
in Denaea fournieri, Symmorium reniforme,
and Bear Gulch specimens referred to
Stethacanthus (Fournier and Pruvost, 1922;
Williams, 1985; Lund, 1974, 1985b). In
Akmonistion zangerli, the basicranium is
constricted slightly behind the internasal
plate in the expected position of the palato-
basal articulation (= ‘‘posterior ethmoid
process” of Coates and Sequeira, 1998), and
in Falcatus falcatus there are openings in the
floor of the orbit adjacent to the palatobasal
articulation that may have contained the
efferent pseudobranchial and ophthalmic
arteries (Lund, 1985a: fig. 10).

In “Cobelodus”, the articular surface for
the palatoquadrate is small and lacks the
vertical ridges found in some other Paleozoic
sharks (e.g., Cladodoides, Orthacanthus;
Gross, 1937; Schaeffer, 1981; Maisey, 2005).
The orientation of these ridges suggests that
vertical translation of the palatoquadrate was
possible, but that other ranges of motion
were probably very limited (protrusion would
also have been restricted by the postorbital
articulation). Despite the absence of ridges
on the facet in “Cobelodus, limited vertical
translation of the palatoquadrate may have
been possible, but the postorbital articulation
probably precluded jaw protrusion as in
Notorynchus, in which palatoquadrate move-
ment along the orbital articulation is limited
to translation down the long axis of the
articular surface and is constrained by its
contact with the cranium, while ventral
translation is controlled by the extent to
which surrounding ligaments can be extended
(Wolfram, 1984).

OpTIC NERVE, OPTIC PEDICEL, OCULOMO-
TOR NERVE, AND PITUITARY VEIN: Above
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the notch for the efferent pseudobranchial
artery, the interorbital septum is widened and
contains short passages for the efferent
pseudobranchial and ophthalmic arteries.
These passages extend dorsally toward the
optic foramen and the pedicel attachment
area. However, in “Cobelodus” there is no
direct course for the internal carotids into the
cranial cavity as in other elasmobranchs. The
optic (retinal) artery and optic nerve pre-
sumably emerged from the braincase centrally
in the orbit via the large optic foramen. This is
located immediately anterior to a distinct
horizontal ridge in the outer calcified layer of
the orbit wall that probably forms the pedicel
attachment area. This ridge is uncalcified
anteriorly (presumably where the pedicel was
attached in life), unlike the underlying in-
ternal surface of the orbit wall, which is
completely calcified. The pedicel ridge is
positioned lateral to the hypophyseal cham-
ber, as in Cladodoides and unlike in modern
sharks, whose pedicel attachment is typically
located above the level of the chamber
(fig. 12; see also Maisey, 2004a, 2005).

The oculomotor foramen is located just
above the pedicel ridge almost directly below
the trochlear foramen, and leads into the
cranial cavity adjacent to the dorsal margin
of the dorsum sellae as in Cladodoides and
modern sharks. In modern elasmobranchs,
the oculomotor nerve typically divides within
the orbit into a dorsal ramus, which passes
above the optic pedicel to supply the superior
and internal rectus muscles, and a ventral
ramus that passes behind and below the
pedicel to supply the inferior rectus and
inferior oblique. The pituitary vein foramen
in “Cobelodus” is located just below the
pedicel ridge, again as in Cladodoides and
modern elasmobranchs (Maisey, 2005).

TROCHLEAR NERVE: In modern gnatho-
stomes (though not in placoderms; Young,
1986), the trochlear nerve originates in the
anterior part of the orbit to supply the
superior oblique eye muscle. The trochlear
foramen in “Cobelodus™ is located high in the
posterior part of the orbit, directly above the
oculomotor foramen and the pedicel ridge.
Its general configuration is therefore similar
to that in modern elasmobranchs, Clado-
doides, and Orthacanthus (Maisey, 1983,
2005; cf. Schaeffer, 1981).
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Fig. 12. Transverse CT scan slices through the
orbit in the vicinity of the optic pedicel (arrowed).
Star indicates bucco-hypophyseal fossa. A, “Co-
belodus” FMNH PF 13242; B, Cladodoides;
C, Notorynchus.

EXTERNAL RECTUS MUSCLE: Below the
posterior part of the pedicel ridge is a shallow
recess containing the foramen of the pituitary
vein anteriorly, and a small, deep pit farther
posteriorly (figs. 6, 13). Similar paired pits in
Cladodoides probably housed the origin of
the external rectus muscle, although they are
widely separated by the cranial walls (Mai-
sey, 2005: fig. 17). Nevertheless, these pits
probably correspond to part of the trige-
mino-facialis recess in modern elasmo-
branchs and osteichthyans, but in Clado-
doides and “Cobelodus” they do not contain
the trigeminal or facial foramina.
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TRIGEMINAL, PROFUNDAL, AND ANTE-
RODORSAL LATERAL LINE NERVES: In lat-
eral view, the trigeminal foramen can be seen
in the posterior part of the orbit, just anterior
to the postorbital arcade and above the
pedicel ridge (fig. 6). The middle cerebral
vein may also have left the braincase via the
trigeminal foramen, as in modern elasmo-
branchs. Since the arcade is swept back
posterolaterally and the jugular canal is
expanded, however, the trigeminal foramen
in “Cobelodus” is actually located behind the
arcade, as in certain other Paleozoic sharks
(e.g., Cladodoides, *“Tamiobatis sp.” AMNH
2140). In Cladodoides, the trigeminal foramen
is located behind the orbit and is separated
both from the pituitary foramen and the pit
for the external rectus muscle by the post-
orbital process (Gross, 1937; Maisey, 2005).
The arrangement of these nerve foramina in
“Cobelodus” and Cladodoides is therefore
similar, despite the obviously different pro-
portions of their postorbital regions.

In many modern elasmobranchs the
profundal, trigeminal, and anterodorsal lat-
eral line nerves often leave the braincase
together. A separate profundal foramen is
absent in “Cobelodus”, but there is a notch
in the anterior margin of the trigeminal
foramen, suggesting that the profundal and
trigeminal nerves separated as they entered
the orbit (figs. 6, 9, 13). A separate profun-
dal foramen has been identified in Clado-
doides (Maisey, 2005; = abducent foramen
of Gross, 1937).

The trigeminal nerve in “Cobelodus was
probably accompanied by the anterodorsal
lateral line nerve as it left the braincase, since
there is no evidence of a separate foramen for
the latter nerve, although there is an opening
for its superficial ophthalmic ramus directly
above the trigeminal foramen, leading to
a short anteroposteriorly directed canal
through the dorsal part of the postorbital
process. A shared exit for these nerves has
also been suggested in Cladodoides, and a very
similar arrangement is also possible in
“Tamiobatis sp.” (except that its superficial
ophthalmic ramus probably passed just
beneath the roof of the arcade instead of
through it; Maisey, 2005). It cannot be
determined whether the superficial ophthal-
mic ramus of the trigeminal nerve was
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separate as in Squalus (Norris and Hughes,
1920), or intimately associated with the
superficial ophthalmic ramus of the antero-
dorsal lateral line nerve as in Chlamydosela-
chus (Allis, 1923).

The course of the maxillary ramus of the
trigeminal nerve is speculative, but it pre-
sumably turned anteriorly and ventrolater-
ally to pass into the orbit (perhaps as part of
a bucco-maxillary complex, as in modern
elasmobranchs). Alternatively, it may have
continued farther laterally to reach a canal in
the lateral part of the postorbital arcade
(fig. 13), after which it probably separated
from the rest of the bucco-maxillary complex
and extended laterally below and in front of
the postorbital articulation (i.e., in a compa-
rable position to modern hexanchiforms;
Luther, 1908). From there it probably
extended posteriorly across the lateral surface
of the jaw adductor musculature toward the
jaw joint. A similar arrangement of the
trigeminal and anterodorsal lateral line
nerves has been suggested in Cladodoides
(Maisey, 2005: 34). A bucco-maxillary com-
plex is commonly found in modern elasmo-
branchs, but none of its constituent nerves
pass through either the postorbital arcade
(where present) or its embryonic precursors;
instead, the nerves emerge in the trigemino-
pituitary fossa of the orbit and pass in front
of the postorbital process (although ramules
arising from the buccal ramus of the ante-
rodorsal lateral line nerve sometimes pene-
trate the postorbital process, as in Chlamy-
doselachus; Allis, 1923). There is no evidence
that buccal ramules entered the postorbital
arcade in “Cobelodus™.

To summarize, in “Cobelodus” the tri-
geminal trunk (which perhaps formed a nerve
complex with the profundal and anterodorsal
lateral line nerves) probably emerged from
the braincase via a single foramen and then
branched to form separate dorsal (superficial
ophthalmic) and ventral (bucco-maxillary)
complexes. The mandibular branch of the
trigeminal nerve presumably then separated
from the bucco-maxillary complex and tra-
versed the jugular canal, passing through the
postorbital arcade laterally. The remainder of
the complex probably turned anteriorly
within the jugular canal and entered the
orbit, passing beneath the rectus muscula-
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Fig. 13. FMNH PF 13242 (“Cobelodus). Oblique anterolateral view of contour-based surface
rendering generated from CT-scan slices to show arrangement of foramina within the orbit.

ture. The superficial ophthalmic complex gnathostome fashion. The profundal nerve in
passed through a short canal in the dorsal “Cobelodus” probably separated from the
part of the postorbital arcade and emerged trigeminal trunk soon after entering the orbit,
below the roof of the orbit in the usual whereas in Cladodoides these nerves separat-
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ed inside the braincase and emerged in-
dependently.

FAciAL AND ABDUCENT NERVES: In
“Cobelodus”, the foramen for the main
(hyomandibular) trunk of the facial nerve is
located at the base of the ventral arm of the
postorbital arcade, below and behind the
trigeminal foramen (fig. 13). Inside the cra-
nial cavity, this foramen lies behind the
dorsum sellae and just medial to the base of
the utricular recess (see description of the
cranial cavity, below). Below the facial-
abducent foramen is a shallow but distinct
concavity that probably contained the genic-
ulate ganglion, indicating the point at which
the main facial trunk divided into anterior
(palatine) and posterior (mandibular-hyoi-
dean) rami after leaving the braincase. A
canal for the palatine ramus passes dorso-
ventrally through the floor of the postorbital
arcade and divides ventrally within this
cartilage, forming two divergent passages
for the anterior and posterior ramules of
the palatine ramus. Both passages open into
the groove for the orbital artery, which
traverses the basicranium close to the base
of the postorbital arcade. The mandibular-
hyoidean ramus of the facial nerve pre-
sumably passed medial and ventral to the
lateral head vein (as in gnathostomes gener-
ally) and subsequently divided into separate
mandibular and hyoidean rami, but it is
unclear whether the posterior ramus passed
lateral to the hyomandibula as in modern
chondrichthyans, or medial to it as in
modern osteichthyans (see Goodrich, 1930:
fig. 446).

The abducent and facial foramina in
“Cobelodus” are separated only by a narrow,
oblique bar of cartilage (fig. 13) and lie much
closer together than in Cladodoides (Maisey,
2005: figs. 7, 17). It is possible that the
abducent nerve was accompanied by the
mandibular ramus of the facial nerve, as in
modern elasmobranchs. In both “Cobelodus”
and Cladodoides, the abducent foramen is
located just behind the pedicel attachment
area and the presumed origin of the external
(posterior) rectus muscle of the eye (supplied
by the abducent nerve), low down on the
outer wall of the utricular recess.

The bar of cartilage separating the abdu-
cent and facial foramina in ‘““Cobelodus”
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probably formed in membranous tissue with-
in the embryonic prootic fissure, as in modern
elasmobranchs (e.g., Squalus, Scyliorhinus;
Holmgren, 1940: 114, 154). The abducent
nerve passes through the base of the embry-
onic antotic pila in some amniotes (e.g.,
Lacerta; Goodrich, 1930: figs. 263, 271), but
such an arrangement is unknown in fishes and
is considered implausible in “Cobelodus™.
Comparison with modern elasmobranchs also
suggests that the facial foramen in Clado-
doides and ““Cobelodus” represents parts of
the embryonic prootic fissure that became
separated from the trigeminal foramen by the
prefacial commissure. However, in ““Cobelo-
dus” this region is located close to the pedicel
attachment area, and the area between the
oculomotor foramen and utricular recess is
comparatively smaller than in Cladodoides.
Consequently, in “Cobelodus” the dorsum
sellae rises much more steeply in front of the
utricular recess than in Cladodoides, and the
prefacial commissure (separating the recess
from the rest of the endocranial cavity) is
comparatively narrow.

The palatine ramus of the facial nerve in
Squalus initially arises extracranially from the
hyomandibular trunk, then passes ventrally
through the embryonic lateral commissure
(which later chondrifies, so this part of the
nerve becomes intracranial; Holmgren, 1941).
The palatine ramus divides into anterior and
posterior ramules only below the lateral
commissure and lateral head vein (Norris
and Hughes, 1920; Holmgren, 1941). In
many other modern elasmobranchs, the
lateral commissure is unchondrified or only
weakly chondrified. In Squalus, the anterior
ramule of the palatine ramus passes between
the braincase and palatoquadrate anteriorly,
to supply the dorsal oral epithelium. The
posterior ramule extends around the mesial
ventral border of the palatoquadrate toward
the spiracle, then turns and passes along the
dorsolateral surface of Meckel’s cartilage
(Norris and Hughes, 1920). The courses of
the anterior and posterior ramules in ““Cobe-
lodus” and Cladodoides below the neurocra-
nium were presumably similar, the only
notable difference from Squalus being the
division of the anterior and posterior ramules
within the lateral commissure rather than
below it.
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In embryonic chimaeroids, the palatine
and mandibular-hyoidean rami of the facial
nerve pass downward through a space be-
tween the trabecular-polar cartilage and the
otic process of the palatoquadrate (the
cranioquadrate passage of De Beer and
Moy-Thomas, 1935). In adult chimaeroids,
this space is reduced to three foramina in the
floor of the orbital region, containing (from
front to back) the efferent pseudobranchial
artery, the palatine ramus and orbital artery,
and the mandibular-hyoidean ramus and
lateral head vein (see also Schauinsland,
1903; Goodrich, 1930; De Beer, 1937;
Holmgren, 1942). The mandibular-hyoidean
ramus divides into mandibular and hyoidean
ramules only as it passes lateral to the
(nonsuspensory) epihyal (De Beer and Moy-
Thomas, 1935: fig. 1). Although the visceral
arches lie essentially behind the neurocra-
nium in elasmobranchs but beneath it in
chimaeroids, the fundamental relationship of
the facial nerve to the hyoid arch is the same
in both groups.

POSTORBITAL ARCADE: A complete post-
orbital arcade is present in ‘“Cobelodus”,
suggesting that the embryonic lateral com-
missure was completely chondrified during
ontogeny (a widespread condition in Paleo-
zoic chondrichthyans). The topographic re-
lationship of the postorbital arcade to the
cranial roof suggests that the embryonic
lateral commissure was attached dorsally to
the posterior end of the supraorbital carti-
lage (which forms the primary postorbital
process in modern elasmobranchs; Holmg-
ren, 1940).

In certain respects, the postorbital arcade
in “Cobelodus” is unusual in comparison
with other elasmobranchs. The ventral at-
tachment of the arcade in *“Cobelodus”
apparently extended to the ventrolateral
border of the polar cartilage, instead of
meeting the ventrolateral wall of the otic
capsule as in modern elasmobranchs (Holmg-
ren, 1940). The postorbital arcade in “Cobe-
lodus™ is extremely large, but is also very
slender, forming a wide hoop surrounding an
unusually wide and deep jugular canal behind
the orbit. Dorsally, the arcade is attached to
the braincase at the posterior end of the
supraorbital shelf, where it is penetrated
anteroposteriorly by the superficial ophthal-
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mic canal. Ventrally, the base of the arcade
broadens where it meets the basicranium
lateral to the groove for the orbital artery.
The arcade projects posterolaterally from the
braincase and is swept back slightly, with the
result that the trigeminal and facial foramina
can be seen within the arcade in lateral view
although they actually lie behind it (fig. 6). A
slender “Cobelodus’-like postorbital arcade
is also present in many other symmoriiforms
(e.g., Cobelodus aculeatus, Stethacanthulus
meccaensis, Symmorium reniforme, Falcatus
falcatus, and Damocles serratus; see below),
but the arcade is apparently more robust in
Akmonistion zangerli (Coates and Sequeira,
1998).

In “Cobelodus”, there is an articular
surface for the palatoquadrate on the poste-
rior surface of the ventrolateral part of the
arcade. The articular surface consists of two
parts, an upper transverse ridge containing
the canal for the bucco-maxillary nerve
complex, and a lower transverse groove.
The ridge and groove are both angled down-
ward ventrolaterally (fig. 11), in such a way
that an axis drawn through the width of
each articular facet would meet its antimere
some distance above the cranium. This
orientation of the principal postorbital facets
effectively precludes the possibility of any
anteroposterior shifting of the jaws and no
translation is possible, since motion in the
plane of one articular surface would be
inhibited by the alignment of the other.
However, limited palatoquadrate rotation at
the postorbital articulation may have been
possible, providing a restricted arc of
rotation along the orbital articulation far-
ther anteriorly.

At the lateral end of the articular surface
there is a short, rounded process above
a shallow, rounded notch in the margin of
the postorbital arcade (figs. 10, 11, 13). The
lateral process corresponds topographically
with a “short cartilaginous prong originating
from the ventrolateral surface of the arcade™
in Cobelodus aculeatus (Zangerl and Case,
1976: 117). Consequently, the “prong” prob-
ably represents the lateral part of the post-
orbital articulation as in “Cobelodus”, rather
than “‘a third, hitherto unknown attachment
point of the palatoquadrate to the neurocra-
nium’ as they suggested.



2007

The lateral part of the postorbital arcade
in “Cobelodus™ is comparatively straight and
extends almost vertically above the post-
orbital articulation. The posteromedial sur-
face of this region is slightly raised, forming
a faint, narrow vertical platform. This area
presumably faced the anterolateral margin of
the palatoquadrate otic process and may
even have contacted it, possibly forming
a supplemental attachment surface above
the principal postorbital articulation. Post-
orbital movement in “Cobelodus” may there-
fore have been restricted by ligamentous
connections dorsal to the principal post-
orbital articulation and extending from the
otic process to the vertical platform of the
postorbital arcade. An ‘“‘articular” surface
has also been reported high on the lateral
surface of the palatoquadrate otic process in
other symmoriiforms (e.g., Cobelodus aculea-
tus, Symmorium reniforme, Stethacanthulus
meccaensis, Akmonistion zangerli; Zangerl
and Case, 1976; Williams, 1985; Coates and
Sequeira, 200la). This surface seems to
correspond to the narrow vertical platform
on the postorbital arcade in “Cobelodus”, but
not with its primary articular surface farther
ventrally. The supposedly lateral articular
surface on the palatoquadrate in symmorii-
forms may therefore represent a secondary
attachment site rather than the principal
postorbital articulation. According to Coates
and Sequeira (2001a), the articular fossa is
directed laterally in Cladoselache, but this has
not been verified.

ARTERIAL SUPPLY TO THE HEAD: The
aortic canal in ‘“Cobelodus” is unpaired
where it enters the basicranium posteriorly
between the paired ventral occipital condyles
(figs. 6, 9, 11, 14). The canal is visible in the
sagittal view of the braincase (fig. 9), but it
disappears from view where the aorta divides
below the otic capsules. Paired aortic canals
emerge beneath the basicranium and contin-
ue anteriorly as grooves except where they
pass briefly through short canals at the
narrowest part of the basicranium (fig. 8).
The paired grooves diverge anterolaterally
and each extends to the margin of the
suborbital shelf. Canals for the anterior and
posterior ramules of the palatine ramus open
in the roof of each groove as it reaches the
postorbital process. These parts of the
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grooves/canals are clearly homologous to
those for the orbital artery in Cladodoides
and Tamiobatis vetustus. However, there are
no grooves or other features in the basicra-
nium to indicate the positions of the internal
carotid and efferent hyoidean arteries, and
reconstructing the entire basicranial arterial
circuit is therefore somewhat speculative.

A median aortic canal is also present in
Cobelodus aculeatus, in a Virgilian symmorii-
form from Texas, and in Pennsylvanian
symmoriiforms from Arkansas (see below),
as well as in Akmonistion zangerli (Coates and
Sequeira, 1998) and in Cladoselache (see
below). Previous reconstructions of Cobelo-
dus aculeatus showing paired aortic canals are
erroneous (e.g., Zangerl and Case, 1976: 117;
Schaeffer, 1981: fig. 13). Most modern
elasmobranchs have paired aortae, but a me-
dian aorta extends beneath the basicranium in
the squaloid Aculeola nigra, almost reaching
the bucco-hypophyseal fenestra before di-
viding into short lateral aortae that meet the
internal carotid and efferent hyoidean arteries
as in other elasmobranchs (personal obs.).

There are no basicranial grooves for
internal carotids in “Cobelodus’, nor is there
any communication between the basicranium
and hypophyseal chamber (figs. 8, 9, 12A).
Even if internal carotid arteries were present,
they could not have entered the basicranium
via the chamber as in modern elasmobranchs,
where these arteries typically enter the
hypophyseal chamber via the bucco-hypo-
physeal fenestra or via a separate opening
behind it (when a precarotid commissure is
present; Holmgren, 1940).

It is conceivable that internal carotid
arteries were absent in ““Cobelodus’, in which
case the brain presumably received its blood
supply entirely via the efferent pseudobran-
chial arteries. Absence of internal carotids is
certainly unusual, but in modern chimaeroids
(where there is no hyoid pseudobranch) the
embryonic internal carotids become atro-
phied and do not enter the braincase (De
Beer and Moy-Thomas, 1935); instead, the
brain receives a supply of blood from the
uninterrupted efferent “pseudobranchial” ar-
tery (= mandibular efferent of Jollie, 1962).
However, the presence of a spiracular notch
in the palatoquadrates of some symmorii-
form sharks (Lund, 1985b) suggests that
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Fig. 14. Reconstruction of the basicranial arterial circuit in ““Cobelodus’ assuming that internal carotid
arteries were present. A, lateral view; B, ventral view. Exposed portions of arteries shown in red. Note the
unusual position of the connection between the internal carotid and efferent pseudobranchial arteries
within the orbit.
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Fig. 15.
efferent pseudobranchial artery.

a hyoid pseudobranch was present, in which
case the symmoriiform efferent artery was
probably interrupted, as in modern elasmo-
branchs.

The basicranial fenestra in “Cobelodus™ is
also unusual in having paired openings in its
roof on either side of the interorbital septum
and medial to the notch for the efferent
pseudobranchial artery in the suborbital shelf
(ica: figs. 6, 8). Since this fenestra has no
connection with the overlying hypophyseal
chamber, it clearly did not provide the
internal carotids with direct access to the
cranial cavity, but may instead have allowed
the internal carotids to connect with their
respective efferent pseudobranchial arteries
within the orbit before the combined vessel
entered the cranial cavity via the efferent
pseudobranchial foramen. Internally, the
combined vessel may then have branched as
usual into optic, ophthalmic, cerebral, and
basilar arteries (figs. 14, 15).
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View of anterior part of the orbit in “Cobelodus” showing the proposed arrangement of the

Such a connection between the internal
carotid and efferent pseudobranchial would
still have been dorsal to the embryonic
trabecular cartilage (as in modern elasmo-
branchs), but would have lain outside rather
than inside the cranial cavity, i.e., lateral to
the embryonic trabecula communis forming
the interorbital septum (fig. 16D). This re-
markable arrangement has no modern
gnathostome paradigm. In modern elasmo-
branchs (fig. 16B), the efferent pseudobran-
chial enters the cranium before meeting the
internal carotid. The efferent pseudobran-
chial in osteichthyans primitively meets the
internal carotid below the trabeculae, irre-
spective of whether the braincase is morpho-
logically platybasic (fig. 16A) or tropibasic
(fig. 16C). Thus, the basicranial circuit hy-
pothesized in “Cobelodus” implies a unique
ontogenetic pattern in which the embryonic
trabecula communis represents an extension
of the trabecular plate medial to the internal
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Fig. 16.

Diagrams summarizing variation in the relationships of the internal carotid and efferent

pseudobranchial arteries to the basicranium in: A, platybasic osteichthyan (arteries meet ventral to
trabeculae); B, platybasic shark (arteries meet dorsal to trabeculae); C, tropibasic osteichthyan (brain
receives arterial blood via basisphenoid pillar); D, “Cobelodus™ (brain receives arterial blood via orbit).

carotid/efferent pseudobranchial arteries. By
contrast, the internal carotid in tropibasic
osteichthyans enters the cranial cavity within
the trabecula communis (typically passing
through the basisphenoid pillar; fig. 16C),
a completely different arrangement from that
hypothesized in “Cobelodus™.

Grooves for internal carotid arteries are
also absent in Cobelodus aculeatus and
perhaps in Stethacanthulus meccaensis (see
below), but are present in Akmonistion
zangerli (Coates and Sequeira, 1998). It is

uncertain whether the internal carotids in 4.
zangerli entered the cranial cavity directly or
passed into the orbit as hypothesized in
“Cobelodus™ (figs. 14, 15).

Another unusual feature of the arterial
supply to the head in “Cobelodus’ is evident
only in CT scan slices through the otico-
occipital region below the posterior ampulla,
where the canal for the dorsal aorta gives off
a single pair of small canals dorsally between
the first and second spino-occipital nerve
foramina (described below). These canals
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Fig. 17. Transverse CT scan slice no. 167,

through the otico-occipital region of the ““Cobelo-
dus” braincase FMNH PF 13242. Note paired
canals arising dorsally from the dorsal aortic canal.

pass directly through the hypotic lamina and
enter the glossopharyngeal canal (their posi-
tion is marked by arrows in fig. 17). They
probably contained encephalic occipital ar-
teries that passed vertically through the
anteriormost part of the otico-occipital fis-
sure, between the occipital cartilage and the
inner wall of the posterior ampulla, possibly
meeting the basilar artery within the cranial
cavity. The canals are positioned anteropos-
teriorly between the first and second spino-
occipital nerve canals, suggesting that the
occipital artery in ““Cobelodus’ was probably
associated with the second permanent myo-
mere as in osteichthyans, Acanthodes, and the
placoderm Brindabellaspis (discussed in Gar-
diner, 1984a: 208). Corresponding paired
canals are also present in Tamiobatis and
Cladodoides. Similar canals for encephalic
occipital arteries have been identified in
osteostracans, just medial to the vagobrachial
canal and apparently anterior to all the
spino-occipital canals (e.g., Norselaspis, Tre-
mataspis; Janvier, 1981, 1985).

Otic REGION: The otic region of “Co-
belodus™ is extensive, comprising about half
the overall preserved length of the braincase
(figs. 6-9). Its dorsal surface is gently arched
above the cranial cavity. Paired dorsal otic
ridges extend posteriorly from the postorbital
arcade and converge on either side of the
posterior dorsal fontanelle toward the occip-
ital arch, but die away before meeting the
otico-occipital fissure (figs. 7, 11). Dorsal otic
ridges are strongly developed in other extinct
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Fig. 18. Transverse CT scan slice no. 144,
through the otic region of FMNH PF 13242 to
show periotic process overlying the external semi-
circular canal. This section also shows the transi-
tion from median to paired aortic canals.

sharks (e.g., Orthacanthus, Tamiobatis;
Schaeffer, 1981), where they overhang a con-
cave area (dorsolateral otic fossa) that merges
posteriorly with the dorsal surface of the
lateral otic process, whose lower margin is
defined by the lateral otic ridge. In ““Cobelo-
dus”, the dorsolateral otic fossa forms the
steeply sloping upper lateral part of the
capsular wall above the well-defined lateral
otic ridge. Below this ridge is another
concave area, corresponding topographically
with the lateral otic fossa in other Paleozoic
sharks. “Cobelodus” thus shares the presence
of dorsal and lateral otic ridges, dorsolateral
fossa, and lateral otic fossa with platybasic
Paleozoic sharks such as Orthacanthus and
Tamiobatis.

“Cobelodus” nevertheless differs from
many Paleozoic sharks in lacking a postero-
laterally directed lateral otic process (sensu
Schaeffer, 1981, enclosing the loop of the
posterior semicircular canal immediately in
front of the otico-occipital fissure, and
forming the posterior part of the hyoman-
dibular articulation). Instead, there is a deli-
cate calcified process (here termed the perio-
tic process), located on the lateral capsular
wall, about halfway along the lateral otic
ridge (figs. 6-8, 11) and overlying the exter-
nal semicircular canal (fig. 18). It is uncertain
whether the periotic process is homologous
to the lateral otic process in other sharks. No
case of conjunction between them is known
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to falsify that possibility, but they differ in
their topographic relations to the otic cap-
sule. A periotic process may also be present
in Stethacanthus altonensis (Lund, 1974: fig.
3) and in Falcatus falcatus (Lund, 1985a: fig.
9C), and seems to occur only within symmor-
iiforms. The only symmoriiform shark in
which a lateral otic process has been identi-
fied is Akmonistion zangerli (Coates and
Sequeira, 1998), which lacks a periotic pro-
cess.

There is no clearly defined hyomandibular
fossa in “Cobelodus”, despite the fact that the
lateral wall of the otic capsule is well
preserved. This is of interest because it has
been claimed that symmoriiform sharks were
aphetohyoidean (i.e., with an “unmodified”
nonsuspensory hyoid arch; Zangerl and
Williams, 1975; Zangerl and Case, 1976;
Zangerl, 1981; see discussion). Absence of
a pronounced facet suggests that the epihyal
in “Cobelodus” was less strongly braced
against the neurocranium than in modern
elasmobranchs and may only have been held
in place by ligaments (possibly attached to
the periotic process and/or to the posterolat-
eral part of the capsular wall).

The internal arrangement of the vestibular
chambers and semicircular canals will be
described along with the cranial endocast
(below).

OccIPITAL REGION:  There is no occipi-
tal half-centrum in “Cobelodus” and the
occipital cotylus simply forms a shallow
fovea as in many other Paleozoic sharks
(figs. 11, 19). The CT scan suggests that
a notochordal canal was probably absent.
There is also no evidence in the scan of
a subnotochordal septum or paired subno-
tochordal chambers like those described in
Cladodoides or ““‘Tamiobatis sp.” (Maisey,
2005). Above and below the occipital fovea
there are small, paired dorsal and ventral
paroccipital processes that presumably con-
tributed to the craniovertebral joint. Each
dorsal paroccipital process lies just behind
the last spino-occipital nerve foramen (fig. 6).
The ventral processes flank a median canal
for the dorsal aorta and are evident in ventral
view (figs. 5B, 4). Below the fovea is the
median opening for the dorsal aorta. The
occipital arch is separated from the otic
region by a persistent otico-occipital fissure
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dorsally and laterally, but is fused to cartilage
derived from the embryonic parachordals
ventrolaterally (figs. 5A, 6, 7,9, 11). Forma-
tion of the posterior basicapsular commissure
appears to have involved secondary over-
growth of the fissure by cartilage, because
individual CT scan slices reveal a secondary
cartilaginous plug within the metotic fissure,
connecting the floor of the saccular chamber
to the hypotic lamina, suggesting that the
metotic fissure was initially filled by mem-
branous tissue continuous with the perichon-
drium (figs. 20, 21). There is no ventral otic
fissure.

A comparison of the occipital region in
“Cobelodus” and Cladodoides reveals several
important differences (fig. 19). First, the
occipital cotylus in “Cobelodus™ is located
directly between the glossopharyngeal canals,
whereas in Cladodoides it is located farther
ventrally. Consequently, the occipital arch
and foramen magnum are situated above the
level of the glossopharyngeal canals in
“Cobelodus” but between them in Clado-
doides (this arrangement can also be observed
in transverse sections through the otico-
occipital region; e.g., figs. 20, 22). Second,
the hypotic lamina in “Cobelodus” curves
below the canal and extends from the
occipital region to the posterior basicapsular
commissure. The glossopharyngeal canal is
therefore oval in posterior view, except where
the saccular chamber bulges into its roof
dorsally and dorsolaterally (fig. 11). By
contrast, in Cladodoides wildungensis, Tamio-
batis vetustus, and Orthacanthus, the glosso-
pharyngeal canal is much wider than deep
and the hypotic lamina meets the occipital
region laterally instead of ventrolaterally.
Third, the occipital cotylus in “Cobelodus™
is about the same width as the foramen
magnum, whereas in Cladodoides it is more
than three times wider. Consequently, the
lateral part of the occipital arch overhangs
the glossopharyngeal canal in ““Cobelodus™ to
a greater extent than in Cladodoides. Fourth,
the cotylus in “Cobelodus” is flanked dorso-
laterally and ventrolaterally by paroccipital
processes, but these are generally absent in
Paleozoic sharks with an elongated occipital
region (e.g., Cladodoides, Orthacanthus, Ta-
miobatis). Finally, the aortic canal in “Cobe-
lodus” is medial rather than paired.
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oc cot

Fig. 19. Posterior views of the occipital region in A, “Cobelodus’; B, Cladodoides. Occipital cotylus in
yellow, occipital arch in orange, hypotic lamina in red, glossopharyngeal canal represented by dashed
white line. Not to scale.

Fig. 20. Transverse CT scan slices through the posterior basal commissure. A, Cladodoides wildungensis
slice 240; B, “Cobelodus” FMNH PF 13242, slice 181.
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Fig. 21.
rendering generated from CT-scan slices.

The unusual arrangement of the otico-
occipital region in “Cobelodus’ suggests that
extensive developmental remodeling has oc-
curred, leading to a narrowing of the
occipital region and elevation of the occipital
arch above the level of the glossopharyngeal
canals. Similar deepening and narrowing
characterizes the prechordal part of the
basicranium, especially within the orbit,
where the interorbital septum separates the
cranial cavity from the basicranium. Thus,
similar ontogenetic changes were probably
responsible for tropibasia in the prechordal

sac

FMNH PF 13242 (““Cobelodus’). Oblique posterolateral view of contour-based surface

region and for the peculiar morphology of
the otico-occipital region in ““Cobelodus’.
The occipital arch in “Cobelodus” is much
shorter anteroposteriorly than in Ortha-
canthus, Tamiobatis, Cladodoides, and Clado-
dus (Maisey, 2004a, 2005). A relatively short
occipital region is also present in other
symmoriiforms (e.g., Stethacanthus altonen-
sis, Damocles serratus, Falcatus falcatus,
Cobelodus aculeatus, Stethacanthulus mec-
caensis, Symmorium reniforme, Akmonistion
zangerli, Gutturensis nielsoni; Lund, 1974,
1985a, 1985b, 1986; Zangerl and Case, 1976;
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Williams, 1985; Coates and Sequeira, 1998;
Sequeira and Coates, 2000). Dorsal and
ventral paroccipital processes like those in
“Cobelodus” are also present in Cobelodus
aculeatus, Stethacanthulus meccaensis, and
Akmonistion zangerli (Zangerl and Case,
1976: fig. 5; Williams, 1985: figs. 3, 6; Zidek,
1992: fig. 4; Coates and Sequeira, 1998: fig. 4).

OTICO-OCCIPITAL  FISSURE: Schaeffer’s
(1981: fig. 26) suggestion that a persistent
otico-occipital fissure is a synapomorphy of
Orthacanthus and Tamiobatis has been re-
futed by discovery of the fissure in several
other Paleozoic sharks (e.g., Cladodoides
wildungensis, Cladodus elegans, Akmonistion
zangerli, Gutturensis nielsoni; Coates and
Sequeira, 1998; Sequeira and Coates, 2000;
Maisey, 2004a, 2005), as well as in the
primitive chondrichthyan Pucapampella (Jan-
vier and Suarez-Riglos, 1986; Maisey, 2001a;
Maisey and Anderson, 2001). In “Cobelo-
dus”, the upper part of the otico-occipital
fissure is narrowest where it passes between
the posterior semicircular canal and the
occipital arch. The fissure expands just
medial to the posterior ampulla, in the
expected position of the wvagal nerve
(fig. 21). A corresponding expansion of the
fissure is present in Cladodoides wildungensis
(Maisey, 2005: fig. 28). Farther ventrally, the
fissure broadens considerably and opens into
a wide glossopharyngeal canal that extends
laterally beneath the floor of the saccular
chamber.

In Cladodoides wildungensis and ‘Cobelo-
dus”, most of the ventrolateral (metotic) part
of the fissure is closed, and there is no ventral
otic notch like that described by Schaeffer
(1981) in Orthacanthus. Closure of the
posterior basicapsular commissure in ““Cobe-
lodus” and Cladodoides apparently involved
secondary chondrification of membranous
tissue within the metotic fissure (fig. 20).
The much longer ventral otic notch in
Orthacanthus may also have been filled with
membranous tissue that simply failed to
chondrify in the adult (i.e., there is no
posterior basicapsular commissure). In Puca-
pampella, the metotic part of the fissure
extends along the entire lateral margin of
the parachordal plate and meets the ventral
otic fissure (a posterior basicapsular commis-
sure is again absent).
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SPINO-OCCIPITAL NERVES: The occipital
arch in “Cobelodus” is comparatively short,
with only two spino-occipital foramina being
visible externally (fig. 6). However, CT scan-
ning reveals five canals within the occipital
block (fig. 22), showing how easily the total
number of spino-occipital nerves in fossil
sharks may be underestimated simply from
external appearance. The precise number of
spino-occipital nerve canals is unknown in
the majority of symmoriiforms, as in most
cases only the externally visible foramina
have been recognized. Only a single pair has
been identified in Akmonistion zangerli
(Coates and Sequeira, 1998: fig. 4), one
unpaired foramen was found in Gutturensis
nielsoni (Sequeira and Coates, 2000: 160),
and two (probably paired) foramina have
been illustrated in Cobelodus aculeatus (Zan-
gerl and Case, 1976: fig. 9a). Presumably, the
deeper-lying spino-occipital canals have sim-
ply not been detected in these forms.

In Cladodoides wildungensis, five spino-
occipital canals are present (Maisey, 2005),
although only the last three are visible
externally (fig. 23). There are four (possibly
five) paired spino-occipital canals in ““Tamio-
batis sp.” (AMNH 2140) and in Cladodus
elegans (Maisey, 2005; Ginter and Maisey,
2007). Three or four paired canals are seen in
CT scan sections of Pucapampella, in which
the occipital arch is comparatively short
(Janvier and Suarez-Riglos, 1986; Maisey,
2001a; Maisey and Anderson, 2001). In the
well-preserved serially sectioned xenacanth
braincases investigated by Schaeffer (1981),
however, only three spino-occipital canals
were identified, despite the considerable
length of its occipital region. Three have also
been identified in CT scans of the hybodonts
Tribodus limai and Egertonodus basanus, but
up to six canals may be present in Hybodus
reticulatus (Maisey, 1987).

The number of nerves incorporated into the
occipital region in elasmobranchs is evidently not
a simple correlation with length; a relatively high
number may be present in “short” forms (e.g.,
“Cobelodus’), and a lower number is some-
times present in “long” forms (e.g., Ortha-
canthus). Three or more canals may represent
a cladistically primitive condition for chon-
drichthyans, and a lower number (one or two)
is probably derived, but the number is far less
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Fig. 22. Spino-occipital nerve canals in “Cobelodus”. A—E, CT scan slices through successive canals. A,
canal 1 (incompletely formed; CT scan slice 163); B, canal 2 (slice 172); C, canal 3 (slice 181); D, canal 4
(slice 190); E, canal 5 (slice 201); F, medial view of digital reconstruction, showing location of spino-

occipital canals.

variable than the proportions of the occipital
region. A “long” occipital region with at least
three spino-occipital foramina occurs in some
placoderms (Goujet, 2001), although as many

as seven may be present (e.g., Buchanosteus;
Young, 1979: fig. 11). Three may represent
the primitive condition for gnathostomes
(Bemis and Forey, 2001).
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Fig. 23.
A-D, CT scan slices through successive canals. Canal 1 is represented only by a slight embayment in the
reconstruction and is poorly resolved in sectional views. A, canal 2 (does not widen or divide; CT scan slice
246); B, canal 3 (divides into dorsal and ventral branches; slice 260); C, canal 4 (widens externally but does
not divide; slice 272); D, canal 5 (does not widen or divide; slice 287); E, medial view of digital
reconstruction, showing location of spino-occipital canals.

Schaeffer (1981: 59) argued that the number
of spino-occipital canals in the occipital arch
may not accurately reflect the total number of
nerves because some of them “leave the
braincase through the vagal canal or behind
the condyles”. However, even the anteriormost
occipital nerves in Squalus acanthias pass
through the side wall of the occipital cartilage
prior to entering the vagal canal (Norris and
Hughes, 1920: 373f.), and it is unclear why
a nerve located ““behind the condyles” would
be regarded as anything other than a normal
spinal nerve. In modern elasmobranchs with

Spino-occipital nerve canals in Cladodoides wildungensis for comparison with previous figure.

a short occipital arch (e.g., Squalus), only two
or three paired occipital nerves are typically
present and even fewer are visible externally
(Firbringer, 1897; Norris and Hughes, 1920).
In modern sharks with a relatively long
occipital region (e.g., Chlamydoselachus, No-
torynchus, Gegenbaur, 1872; Allis, 1923),
three paired nerves are often present although
the number is not constant; for example, three
or four have been reported in Notorynchus
(Firbringer, 1897; Daniel, 1934).

Firbringer (1897) identified three occipital
nerves, X, y, and z (with x anteriormost), in
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Squalus acanthias. All three arise from the
ventral motor column (unlike the visceral
motor roots of the vagus) and supply the
interbasal muscles (see also Norris and
Hughes, 1920). Firbringer (1897) found four
occipital nerves in Notorynchus (w, X, y, and
z), but according to his findings only w and x
are purely motor (i.e., completely ventral in
origin), whereas y and z have a small sensory
dorsal root (see Daniel, 1934: fig. 204).
Although Firbringer (1897) and Norris and
Hughes (1920) found slightly differing pat-
terns in Squalus, they agree that all three
occipital nerves supply the first and perhaps
the second and third interbranchial muscle.
By contrast, the first three spinal nerves in S.
acanthias include both motor and sensory
components, and the motor root of each
nerve divides into a dorsal and ventral ramus
after leaving the vertebral column. According
to Norris and Hughes (1920), the ventral
ramus of the first spinal nerve joins occipital
nerves y and z to supply the first interbasal
muscle. The ventral ramus of the second
spinal nerve fuses with the trunk formed by
the occipital and first spinal nerves, forming
the cervical plexus (which is eventually also
joined by the third spinal nerve). The dorsal
ramus of each motor root passes around its
respective spinal ganglion, apparently with-
out receiving any sensory elements. Thus, the
occipital nerves in Squalus differ from the
spinal nerves farther posteriorly in lacking
any sensory component, in not forming
dorsal and ventral rami, and in lacking the
equivalent of a spinal ganglion. Only the two
anteriormost occipital nerves in Notorynchus
agree in all respects with those in Squalus,
however, since the last two have a dorsal
ramus with a sensory component (although
they still lack ganglia, the only remaining
difference from “‘true’ spinal nerves farther
posteriorly).

The canals in “Cobelodus” show no
evidence of branching (fig. 22), but in Cla-
dodoides (fig. 23C), canal 3 includes dorsal
and ventral branches and canal 4 is signifi-
cantly wider at its outer end; canals 1, 2, and
5 are unbranched and narrow for their entire
length. The branching of canal 3 within the
cartilage is certainly unusual for an occipital
nerve, but does not clarify whether a sensory
dorsal ramus was present as in nerves y and z
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of Notorynchus, as it is possible that the
motor root in canal 3 simply branched earlier
than usual, before leaving the cartilage.

The otic capsule and occipital arch are
both comparatively longer in Cladodoides
than in “Cobelodus™ (fig. 58). The presumed
anteroposterior extent of the synotic tectum
is also greater in Cladodoides, but by contrast
its posterior tectum was comparatively small.
This difference may be related to the different
size and shape of the posterior dorsal
fontanelle in these forms.

CRANIAL ENDOCAST: The cranial and
labyrinth cavities in ““Cobelodus” have been
reconstructed digitally using two different
methods: first, by creating a sagittal view of
the contour-based surface rendering (figs. 9,
22); and second, by making a separate
rendering of the cranial endocast as a solid
object (figs. 24-30). The medial capsular wall
is unmineralized and the labyrinth chamber is
therefore confluent with the cranial endocast,
as in Cladodoides wildungensis (Maisey, 2005:
figs. 23-26). The semicircular canals were
omitted from one side of the reconstruction
in order to show features of the labyrinth that
would otherwise be obscured. Comparison
with the endocast in other elasmobranchs is
still seriously impaired by the fact that very
few taxa have been investigated. Further-
more, there is often little correlation between
internal and external morphological features
of the braincase in those forms that have
been investigated (Maisey, 2004b, 2005).

The telencephalic region in “Cobelodus™ is
very narrow (figs. 27, 28A) and the floor of
the precerebral cavity is short, sloping poster-
iorly downward toward the origination of the
optic foramen (which is only partially pre-
served), immediately anterior to the efferent
pseudobranchial foramen (figs. 24, 25). The
floor of the braincase was probably mem-
branous and weakly chondrified anteriorly,
as in Cladodoides. In many modern elasmo-
branchs, this entire region is well chondrified
and is often quite thick (e.g., Notorynchus;
Maisey, 2004b: fig. 11). It is also heavily
chondrified in Tamiobatis vetustus (NMNH
1717), “Tamiobatis sp.” (AMNH 2140), the
xenacanth Orthacanthus, and hybodonts such
as Tribodus (Schaeffer, 1981; Maisey, 2004a).

In “Cobelodus’, a small precerebral fonta-
nelle is present, forming a narrow vertical slot
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Fig. 24. FMNH PF 13242 (“Cobelodus”). Contour-based surface reconstruction of cranial endocast
generated from CT-scan slices. Right side, with semicircular canals and ampullae.

anteriorly. The fontanelle is poorly known in
other symmoriiforms although one is present
in Cobelodus aculeatus, Stethacanthulus mec-
caensis, and Falcatus falcatus (Zangerl and
Case, 1976: fig. 2; Williams, 1985:92; Lund,
1985a). A wide precerebral fontanelle is

present in many platybasic Paleozoic sharks
including Cladodoides, Orthacanthus, and
Tamiobatis (Gross, 1937; Schaeffer, 1981;
Maisey 2004a, 2004b, 2005), as well as in
Mesozoic hybodonts and modern elasmo-
branchs.
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Fig. 25.
(cut surfaces shaded).

There is no evidence of a pineal opening in
“Cobelodus”. A small median opening is
present in the roof of the neurocranium in
Cladodoides, but is too far posterior to have
contained the epiphysis (Maisey, 2005: 40). A
pineal opening is absent in ‘“Cobelodus”,
Akmonistion, Orthacanthus, Tamiobatis vetus-
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FMNH PF 13242 (““Cobelodus’). Cranial endocast, left side, with semicircular canals removed
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tus, Egertonodus, Tribodus, and Tristychius
(Dick, 1978; Schaeffer, 1981; Maisey, 1983,
2004a), but one is known in a few modern
sharks (e.g., Scymnorhinus, Etmopterus;
Holmgren, 1941). Although the ‘‘fronto-
parietal” fontanelle in batoids lies behind
the precerebral fontanelle, it represents a per-
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sistent unchondrified space in the braincase
roof that lies between the embryonic epiph-
yseal bridge and synotic tectum in all
elasmobranchs, and is not homologous to
the epiphyseal foramen (e.g., Etmopterus;
Holmgren, 1940: fig. 97).

The telencephalic chamber in “Cobelodus™
is presumably short, although its precise
extent is difficult to delineate because it
merges posteriorly with the mesencephalic
chamber and there is no constriction between
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FMNH PF 13242 (““Cobelodus’). Cranial endocast, dorsal view.

them as found in some modern sharks. A
presphenoid ledge is present along the inner
wall of the telencephalic chamber near the
anterior margin of the hypophyseal chamber
(fig. 9). Cladodoides may also have had
a weak presphenoid ledge below the optic
foramen (Maisey, 2005: fig. 7). In Ortha-
canthus, the presphenoid ledge may be
represented by a low ridge in the floor of
the cranial cavity anterior to the hypophyseal
chamber (Schaeffer, 1981: fig. 14), but in the
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hybodont Tribodus this region is virtually flat
and the ledge is probably absent (Maisey,
2004a: fig. 5a). A presphenoid ledge is present
in some modern sharks (e.g., Heptranchias,
Squalus, Dalatias, Deania, Mustelus; Maisey,
2004b: 42), but is absent in others. No
phylogenetically consistent signal can be
discerned regarding the presence/absence of
the presphenoid ledge.

esc

FMNH PF 13242 (““Cobelodus”). Cranial endocast, ventral view (also shows aortic canals).

The configuration of nerve openings in the
mesencephalic part of the endocast is similar
in “Cobelodus” and Cladodoides, despite
obvious differences in the associated parts
of the braincase. The trochlear nerve entered
the cartilage directly above the oculomotor
nerve (figs. 24, 25), as in Orthacanthus
(Maisey, 1983: fig. 13A), not anterior to it
as in modern elasmobranchs and hybodonts
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Fig. 28. FMNH PF 13242 (“Cobelodus’). Cranial endocast, anterior views. A, entire endocast;
B, endocast with anterior half removed.
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(in the latter, the trochlear foramen is located
even farther anteriorly; Coates and Sequeira,
1998). The trigeminal and facial nerves
entered the cartilage respectively above and
below the utricular recess, just above and
behind the dorsum sellae (see also fig. 9).

In dorsal view, the ‘““Cobelodus” endocast
broadens sharply in the cerebellar region, but
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FMNH PF 13242 (““Cobelodus’). Cranial endocast, posterior view.

there is a distinct constriction between the
posterior ends of the cerebellar chamber and
the vestibulolateral (auricular chambers) lo-
cated farther posteriorly (vlc, fig. 26). By
contrast, in Notorynchus and Cladodoides
endocasts, the cerebellar and vestibulolateral
chambers are indistinct (Maisey, 2004b: fig.
7; 2005: fig. 24). Optic lobes are not evident
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Fig. 30. FMNH PF 13242 (““Cobelodus”). Endocast of otico-occipital and labyrinth regions, oblique
orthographic views. A, postero-dorsolateral view; B, anterolateral view.
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in the “Cobelodus” endocast, and the mesen-
cephalic and metencephalic regions simply
merge. The crus commune (connecting the
anterior and posterior semicircular canals) is
confluent with the dorsolateral part of the
anterior medullary region. Medial to the
crus, the endocast is raised into a distinct
“chimney” representing the posterior dorsal
fontanelle. The anterior semicircular canals
converge on the crus and each is located
within a recess along the posterior margin of
the vestibulolateral chamber. The medullary
region can be viewed when the semicircular
canals are removed, and it extends behind the
otic capsules. Canals for the spino-occipital
nerves are represented in the endocast by
a series of short bridges between the medul-
lary chamber and glossopharyngeal canal
anteriorly, and by distinct ventrolateral
projections farther posteriorly.
DIENCEPHALON AND HYPOPHYSEAL CHAM-
BER: The diencephalic region (including the
hypophyseal chamber) in “Cobelodus™ is as
extensive as in Cladodoides (Maisey, 2005:
fig. 23), and much larger than in modern
elasmobranchs (fig. 31). However, the hypo-
physeal chamber is much narrower from side
to side than in most platybasic sharks
(probably related to the development of the
interorbital septum; fig. 27), and as noted
earlier it lacks any communication with the
roof of the mouth. Most of the hypophyseal
chamber in “Cobelodus’ was probably filled
by the hypothalamus, except for small
regions for the saccus vasculosus (poster-
iorly) and the pituitary gland (ventrally).
Immediately behind the hypophyseal
chamber, the floor of the cranial cavity is
formed by the sloping upper surface of the
dorsum sellae. This surface forms a low
median ridge, which is represented in the
endocast by a distinct concavity visible in
ventral view (fig. 27) and in anterior view
after the ethmoidal region is digitally re-
moved (fig. 28B). In modern elasmobranchs,
the basilar artery is paired as it loops around
either side of the hypothalamus, but the
branches merge into a single median vessel
that traverses the dorsum sellae behind the
hypophyseal chamber. Since the basilar
artery presumably followed a similar path
in “Cobelodus”, the median ridge may
therefore represent the point at which the
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paired arteries merged (suggested in fig-
ure 28B; ba).

The hypothalamus (forming the walls and
floor of the third ventricle of the brain) is
a prominent feature of the diencephalon in
modern elasmobranchs, in which it is located
below the posterior commissure of the brain
at the base of the optic lobe and beneath the
level of the cerebellum (e.g., Notorynchus;
fig. 31C). In Orthacanthus (Schaeffer, 1981:
fig. 14) and hybodonts (e.g., Tribodus;
Maisey, 2004a: fig. 5), the cerebellar and
hypophyseal chambers lie one above the
other, suggesting that the hypothalamus lay
below the cerebellum as in modern elasmo-
branchs. In “Cobelodus” and Cladodoides,
however, the hypophyseal chamber is located
completely anterior to the level of the
chamber housing the cerebellum (fig. 31A,
B). In modern elasmobranchs, the polar
cartilage forms the side walls of the hypo-
physeal chamber and meets the acrochordal
or parachordal posteriorly (Holmgren, 1940;
El-Toubi, 1949). Hypertrophy of the polar
cartilage in ““Cobelodus” and Cladodoides
probably led to the anterior displacement of
the hypophyseal chamber and adjacent parts
of the cranial wall, as well as to enlargement
of the dorsum sellae. By contrast, Ortha-
canthus does not have a deep dorsum sellae
and there is no evidence of an enlarged polar
cartilage, despite the general similarity of its
neurocranium to those of Cladodoides and
Tamiobatis (Schaeffer, 1981).

If the architecture of the cranial endocast in
“Cobelodus’ reflects the morphology of the
brain, however, this explanation alone is
insufficient, since the hypothalamus is also
anterior to the level of the cerebellum in
lampreys and osteichthyans (where the polar
cartilage is absent or small). The cranial
endocasts of “Cobelodus” and Cladodoides
suggest that the ventral part of the brain was
organized somewhat differently from modern
elasmobranchs, so that the tegmentum was
elongated above the dorsum sellae and the
hypothalamus was displaced anteriorly. The
mesencephalon is generally straighter in
modern lampreys and osteichthyans than in
modern elasmobranchs, where it is folded into
a tight ““S” around the posterior commissure
of the brain. A comparatively straight mes-
encephalon is also inferred from the shape of
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Fig. 31. Left lateral view of cranial endocast in: A, “Cobelodus” (extinct tropibasic shark braincase); B,
Cladodoides (extinct platybasic shark braincase); C, Notorynchus (modern platybasic shark braincase).
Views are aligned at the level of the utricular recess. Note the relatively anterior position of the
hypophyseal chamber and nearby nerve foramina relative to the otic capsule and the trochlear foramen in
“Cobelodus” and Cladodoides, implying elongation of the tegmentum and anterior displacement of the
hypothalamus in the brain. This may have been correlated developmentally to hypertrophy of the polar
cartilage, since it occurs in both tropibasic and platybasic forms. Not to scale.

the endocast in Cladodoides and *“ Cobelodus™ modern elasmobranchs that may be shared
(fig. 31). Presence of a tight “S” in the with hybodonts and xenacanths.

mesencephalon around the posterior commis- The bucco-hypophyseal chamber is very
sure is a potentially apomorphic character of  deep in Dalatiiformes with an exaggerated
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basal angle (e.g., Trigonognathus), but unlike
in “Cobelodus” the chamber has retained its
primitive connection with the roof of the
mouth. The walls of the chamber contain
foramina for the efferent pseudobranchial
and internal carotid arteries, which presum-
ably unite before supplying the brain as in
other modern elasmobranchs.

LABYRINTH ENDOCAST:  Certain features
of the labyrinth region are best viewed in
oblique views (fig. 30). The labyrinth displays
the general gnathostome arrangement, in-
cluding anterior, posterior, and external
(horizontal) semicircular canals and their
ampullae, and a large vestibular chamber
ventrally. As in Cladodoides, the medial part
of the vestibular region is not separated from
the cranial cavity in the endocast, suggesting
that there was no cartilaginous medial
capsular wall (unlike in modern elasmo-
branchs and in placoderms). The external
(horizontal) semicircular canal lay within the
capsular wall just beneath the lateral otic
ridge and was overlain by the periotic process
as described earlier. The external and anteri-
or ampullae only just meet each other and
probably had separate openings into the
utricular recess. The latter is represented by
a low bulge on the lateral part of the endo-
cast, but is less distinct than in Cladodoides.
A wide connection between the cranial cavity
and labyrinth presumably housed the octaval
nerve, but there is no evidence of a narrow
octaval nerve canal like that found in
Cladodoides, (Maisey, 2005: fig. 18E). The
recess for the octaval canal reported in
Cobelodus aculeatus by Zangerl and Case
(1976: figs. 8, 9) opens into the utricular
recess, and therefore corresponds to the wide
opening for this nerve in “Cobelodus™.

The posterior semicircular canal in “Cobe-
lodus” passes close to the anterior face of the
otico-occipital fissure (seen as a continuous
wall in the endocast). Its ampulla is confluent
with the vestibular chamber, and there is no
evidence of a preampullary extension of the
canal. The vestibular chamber is not clearly
divided into utricular and saccular chambers
(apart from the utricular recess). As in
Cladodoides, the anterior and posterior am-
pullae in “Cobelodus’ lie approximately the
same distance from the midline (in modern
elasmobranchs and hybodonts, the posterior
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ampulla is closer to the midline; Maisey,
2005). The external semicircular canal in
“Cobelodus™ turns inside the loop of the
posterior canal before it merges with the
endocast (as in gnathostomes generally), but
the two canals approach each other more
closely than in Cladodoides (Maisey, 2005:
fig. 23). The orientation of the labyrinth in
these taxa is also different (relative to the
anteroposterior axis of the braincase). This is
best illustrated by comparing the angular
relationship of the plane containing the
external semicircular canal to a longitudinal
axis drawn through the occipital region
(fig. 32). In “Cobelodus”, this plane is tilted
upward anteriorly and intersects the axis
approximately at the level of the external
ampulla, but in Cladodoides, the plane
intersects the corresponding axis only behind
the occipital region. Furthermore, in “Cobe-
lodus™, the external semicircular canal lies
mostly below the level of the axis whereas in
Cladodoides it lies mostly above the axis.
However, the posterior ampulla lies below
the axis in both forms, while the anterior and
external ampullae lie approximately lateral to
it. Since this axis corresponds to the principal
axis of the vertebral column (and therefore
the principal axis of thrust), its consistent
orientation with respect to the ampullae
suggests an important biomechanical rela-
tionship between them.

These illustrations also show that the floor
of the vestibular chamber and the glosso-
pharyngeal canal in “Cobelodus” extends
much farther ventrally than the hypophyseal
chamber (the posterior view of the endocast
also shows the vestibular chamber extending
below the level of the medullary region;
fig. 29). Elevation of the hypophyseal cham-
ber relative to other structures is undoubtedly
related to reorientation of the entire cranial
cavity associated with the formation of a deep
interorbital septum. The vestibular chamber
and glossopharyngeal canal also extend
below the level of the medullary chamber in
Cladodoides, but not to the same extent as in
“Cobelodus”. By contrast, in Notorynchus
and Squalus, the plane of the external semi-
circular canal is almost parallel to the
braincase long axis, the hypophyseal cham-
ber extends farthest ventrally, and the ves-
tibular region extends only slightly below the
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Fig. 32.
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Lateral view of the endocast in “Cobelodus” (A) and Cladodoides (B), showing different

angular relationships of the plane containing the external semicircular canal (heavy line) to the endocast

long axis (thinner line). Not to scale.

floor of the medullary region. The semi-
circular canals in both “Cobelodus” and
Cladodoides are slender, which may be
correlated with a high turning speed as in
Squalus (Young, 1981).

Despite these unusual features, the vestib-
ular apparatus in “Cobelodus” and Clado-
doides conforms to the conserved crown-
group gnathostome pattern seen in modern
chimaeroids and osteichthyans (Maisey,
2005: 86). In particular, there is no evidence
of the specializations toward low-frequency
phonoreception found in modern elasmo-
branchs (for details, see Maisey, 2001b).

OTHER SYMMORIIFORM REMAINS
FROM ARKANSAS

MATERIAL EXAMINED: OUZC 5300-
5305, articulated symmoriiform heads, all
with braincase, visceral skeleton, and pecto-
ral girdle, somewhat compressed laterally
and obliquely, Fayetteville Formation (lower
shale member), Chesterian, Upper Pennsyl-
vanian, outcrops in the bed of Trace Creek,
Leslie 7', ft Quadrangle, Arkansas.

GENERAL REMARKS: These articulated
symmoriiform specimens from the Fayette-
ville Shale of Arkansas (Desmoisnian, late
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Fig. 33.

A, X-ray of the head in a Pennsylvanian symmoriiform (possibly the same taxon represented

by the “Cobelodus’ braincase), from the Fayetteville Shale of Arkansas, OUZC 5300. B, same with orbit,
palatoquadrate, and Meckel’s cartilage outlined in white. Anterior to right.

Pennsylvanian) possess teeth that are very
similar to those of Stethacanthus and Akmo-
nistion, and the median cusp is as slender as
in Stethacanthus described from the Sunbury
Shale (Williams, 1985). The head of some
specimens is covered by ““Lambdodus’ denti-
cles like those described in Stethacanthus
altonensis and Akmonistion zangerli (e.g.,
Williams, 1985: pl. 15, fig. 2; Coates and
Sequeira, 2001a: fig. 13). However, none of
the Fayetteville Shale specimens is associated
with a dorsal spine, and so far no isolated
“stethacanthid” spines have been reported
from these deposits. The Fayetteville Shale
material (much of which is still unprepared)
will be left in open nomenclature until a more
detailed investigation can be completed.
DESCRIPTION: In several of the Fayette-
ville Shale specimens, the braincase and
visceral skeleton is preserved intact and all
the major elements are still articulated.
Although the specimens are all obliquely
compressed and slightly flattened, they have

suffered much less compaction than coeval
fossils from the Pennsylvanian black shales of
Indiana. The Arkansas material is still being
investigated at the time of writing and only
a few observations are presented here.
X-rays of these specimens show an ex-
tremely large orbit and a palatoquadrate with
a very deep otic process and a comparatively
slender tooth-bearing palatine ramus (e.g.,
OUZC 5300, 5301; figs. 33, 34). Further-
more, CT-scanning provides strong evidence
that the braincase in these sharks is tropi-
basic, revealing the presence of a slender
interorbital septum between the cranial cav-
ity and suborbital shelf (e.g., OUZC 5300;
fig. 35). As far as can be determined, the
cranial morphology of the Fayetteville mate-
rial resembles that in ““Cobelodus™ (it is even
possible that the “Cobelodus” braincase and
the Fayetteville Shale “Stethacanthus™ speci-
mens represent the same species, since they
all come from the same stratigraphic unit and
general collecting area). These articulated
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Fig. 34. A, X-ray of the head in a Pennsylvanian symmoriiform from the Fayetteville Shale of
Arkansas, OUZC 5301. B, Same with orbit, palatoquadrate, and Meckel’s cartilage outlined in white.
Anterior to right. Large opaque structure running across the orbit is the palatoquadrate of the
opposite side.
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Fig. 35. Transverse CT-scan slice 395 through
the midorbital region of the head in a Pennsylva-
nian symmoriiform from the Fayetteville Shale of
Arkansas, OUZC 5300. Note the presence of a thin
but continuous interorbital septum between the
cranial cavity and the suborbital shelf.

remains from Arkansas are therefore impor-
tant, because they provide the first conclusive
evidence of a tropibasic braincase in a shark
with Stethacanthus-like teeth.

VIRGILIAN
SYMMORIIFORM BRAINCASE

MATERIAL EXAMINED: OUZC 5204, an
isolated and incomplete but three-dimension-
al symmoriiform braincase including parts of
the cranial endocast and chondrocranium,
Graham Formation, Finis Shale Member
(Upper Mississippian, Virgilian), New Jacks-
boro Lake Spillway, Texas. Collected by Dr.
Royal Mapes (Ohio State University). This
locality has also produced numerous well-
preserved specimens of actinopterygian brain-
cases similar to those described by Watson
(1925) and Poplin (1974) from the Carbonif-
erous of Kansas.

DEscrIPTION: The specimen consists
mostly of the cranial endocast to which
pieces of the chondrocranial walls are still
attached (fig. 36). Unfortunately, no associ-
ated teeth or other dermal elements are
available to aid in its identification. Its salient
morphological features are nevertheless re-
markably similar to those of “Cobelodus™,
suggesting that it also came from a symmorii-
form shark.

Similarities with “Cobelodus’ include: the
medullary region is aligned below the level of
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the mesencephalic and telencephalic regions
farther anteriorly, and the floor of the
diencephalic region slopes steeply upward
anteriorly; the occipital fovea and the fora-
men magnum are approximately equal in
width; dorsal and ventral paroccipital pro-
cesses are present adjacent to the occipital
fovea; a median aortic canal is present below
the fovea; the posterior dorsal fontanelle is
very small, triangular in dorsal view and
widest anteriorly, and is widely separated
from the otico-occipital fissure by a long
posterior tectum; there is a crus commune
behind the posterior dorsal fontanelle; the
dorsal otic ridge is weak, and runs just above
the upper part of the anterior semicicular
canal; the glossopharyngeal canal is wide and
rounded, with no lateral otic fissure; and the
plane containing the external semicircular
canal (which admittedly can be estimated
only from the position of its broken extrem-
ities) intersects an axis through the medullary
region at the approximate level of the
utricular recess rather than behind the
occiput as in Cladodoides.

Diftferences from “Cobelodus” include: the
capsular wall is much thinner around the
posterior semicircular canal, which is conse-
quently recessed into the vestibular wall (in
“Cobelodus™, the endocast of the canal is
widely separated from the vestibular cham-
ber); the outer wall of the cranial vestibulo-
lateral chamber is much thinner, and the
anterior semicircular canal is recessed deeply
into its surface (in “Cobelodus”, the canal is
separated by a space from the vestibulolateral
chamber); the mesencephalic and telence-
phalic region does not taper anteriorly to
the extent that it does in “Cobelodus”; the
margins of the posterior dorsal fontanelle are
not raised into a ‘“‘chimney’’; and only one
pair of occipitospinal foramina can be
observed on the outer surface of the occipital
arch between the foramen magnum and the
glossopharyngeal canal.

Some features cannot be compared in
“Cobelodus” and OUXC 5204, including:
the ethmoid region (not preserved in either
specimen); the interorbital septum and sub-
orbital region (not preserved in OUZC 5204);
the dorsum sellae (although from the shape
of the diencephalic chamber floor in OUZC
5204, the dorsum sellae was probably as deep
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as in “Cobelodus’); and features of the lateral
capsular walls (e.g., lateral otic ridge, periotic
process, lateral otic process; not preserved in
OUZC 5204).

It is concluded that OUZC 5204 belongs to
a tropibasic symmoriiform shark and there-
fore represents an incertae sedis member of
the Order Symmoriiformes. It is morpholog-
ically similar to ““Cobelodus™ although it
considerably older and possibly represents
a different genus.

COBELODUS ACULEATUS (Cope, 1894)

MATERIAL EXAMINED: Holotype FMNH
UF576, partial skeleton with most of chon-
drocranium, jaws, pectoral girdle, and ante-
rior part of vertebral column, plus X-rays
(prepared by R. Zangerl); Court Creek, NE
of Knoxville, Illinois; Mecca Quarry Shale,
Liverpool cyclothem, Des Moines series,
Westphalian Upper C, Pennsylvanian. Col-
lected by F.R. Jelliffe, described by Cope
(1894) and by Zangerl and Case (1976);
FMNH PF3090, anterior portion of articu-
lated skeleton in calcareous concretion, with
partially exposed three-dimensional chondro-
cranium, silicone endocast of chondrocrani-
um, plus X-rays; Hesler Quarry, Wabash
Township, Parke County, Indiana (field
number HQ 77); probably from the Velpen
Limestone above the Mecca Quarry Shale,
Westphalian (uncertain stratigraphic level),
Pennsylvanian;, FMNH PF7324, flattened
chondrocranium associated with parts of
vertebral column; FMNH PF7345, flattened
chondrocranium and visceral arch elements;
FMNH PF8011, gastric residue mass with
chondrocranium and teeth, plus “Smoothon”
peels and X-rays of all specimens; City Wide
Rock and Excavation Co. (Hansen Quarry,
Quarry 6), on route 370 between Papillion
and Bellevue, Sarpy County, Nebraska; Wea
Shale, Westerville formation, Kansas City
group, Missourian, Westphalian D, Pennsyl-
vanian; FMNH PF7347, excellent partially
disarticulated skeleton (male individual ac-
cording to Zangerl and Case, 1976), plus
“Smoothon” peel and X-rays of chondrocra-
nium; Logan Quarry, Parke County, Indiana
(Zangerl and Richardson, 1963); Logan
Quarry Shale, Lower Wiley cyclothem
(Staunton formation), Des Moines Series,
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Westphalian Upper C, Pennsylvanian;
FMNH PF7472, isolated chondrocranium
plus “Smoothon” peel and X-ray; City Wide
Rock and Excavation Co. (Iske quarry),
River Road from Offutt Airbase, La Platte,
Sarpy County, Nebraska; Wea Shale, Wes-
terville formation, Kansas City group, Mis-
sourian, Westphalian D, Pennsylvanian.
“Smoothon” peels were coated with black
graphite and whitened with ammonium
chloride to improve resolution.

GENERAL REMARKS: The genus Cobelo-
dus was erected by Zangerl (1973) to distin-
guish Styptobasis aculeata Cope, 1894 from
the type species S. knightiana Cope, 1891 (for
an account of the systematic history, see
Zangerl and Case, 1976: 108). The genus was
differentiated from other symmoriiforms
chiefly on the basis of its distinctive dentition
with numerous rows of minute teeth, and
supposedly by unusual fanglike upper teeth
with very small bases and simple pulp
cavities. However, these “upper teeth” are
not found associated with the palatoqua-
drates, and more likely represent dermal
denticles from the head (M. Ginter, personal
commun., 2006) Cobelodus aculeatus is the
type species of the genus and is known
principally from the Pennsylvanian (West-
phalian and Stephanian) black shales of
Illinois and Nebraska, although a partial
skeleton from the Wild Cow Formation
(Madera Group, late Missourian or early
Virgilian) of New Mexico has been referred
to the same species (Zidek, 1992; see below).

The braincase of Cobelodus aculeatus was
described by Zangerl and Case (1976), based
mainly on numerous compression fossils
which were studied from X-rays and silicone
peels, supplemented by data provided by
a single three-dimensional endocast preserved
in a concretion. Unfortunately, the cranial
anatomy described in that work is so much at
variance with the present findings in ““Cobe-
lodus” that a revision is clearly necessary
(particularly since Zangerl firmly believed
that these fossils were congeneric; various
personal communications with the author).
The material collected by him and now
deposited in the Field Museum (including
his extensive archive of X-ray plates) was
therefore examined in order to compare the
cranial morphology of C. aculeatus and
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Fig. 36. Virgilian symmoriiform braincase from Texas, OUZC 5204. A, lateral view of right side; B,
anterior view; C, posterior view; D, dorsal view; E, ventral view. Scale bar = 10 mm.

“Cobelodus”. The material listed above re-
presents only the most informative specimens
forming the basis of the present description.
One of Zangerl’s specimens (FMNH PF
3090) is uniquely preserved inside a concre-
tion and includes parts of an uncrushed
neurocranium, whose endocast has been
partially excavated (Zangerl and Case, 1976:
figs. 7-10). That specimen is more readily
compared with the “Cobelodus™ braincase
than the almost flat compression fossils.
CONCRETION SPECIMEN: According to
Zangerl and Case (1976: 120), the three-

dimensional concretion specimen FMNH PF
3090 was discovered only after they had
reconstructed the braincase of Cobelodus
aculeatus from stereo X-rays of compression
fossils. Although they attempted to incorpo-
rate new information provided by that spec-
imen into their reconstruction, it is clear in
hindsight that they made two crucial errors in
their final version: first, they assumed that the
braincase was morphologically platybasic (as
in all elasmobranchs known at that time); and
second, they concluded that the three-dimen-
sional endocast had been split open along the
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sagittal plane and did not show any left-right
symmetrical features (Zangerl and Case, 1976:
125). In consequence, they effectively tried to
fit a quart into a pint pot by reconstructing the
endocast between the orbits and by doubling
the number of structures, especially in the otic
region (fig. 37). In addition, some features
were misidentified in the original description,
and several others were left without explana-
tion. A new silicone endocast prepared from
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FMNH PF 3090 provided the basis for
a comprehensive revision in which many
previously unidentified structures and several
bilaterally symmetrical features are recog-
nized.

Once the cranial endocast is oriented
correctly, its morphology is more readily
established (fig. 38). In many respects, it is
remarkably similar to the digitally generated
endocast of “Cobelodus” and to the Virgilian
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Fig. 37. Original reconstructions of the neurocranium in Cobelodus aculeatus, after Zangerl and Case
(1976: figs. 7, 10). A, ventral reconstruction of endocast in FMNH PF 3090; B, dorsal reconstruction of
endocast; C, lateral view of the endocast, with nerve canals identified; D, dorsal outline of the braincase
with the endocast inexplicably shown in ventral view, and positioned completely between the orbits as in
a platybasic braincase. Once the midline of the endocast is recognized (indicated here by heavy dashed lines
added to the original reconstructions in A and B), the doubling-up of structures is immediately evident.

braincase OUZC 5204 described above fracture surface is close to the midline only
(figs. 24-30, 36). Crucially, the specimen has ventrally, but then passes obliquely through
not split through the sagittal plane as Zangerl the left side of the braincase farther dorsally.
and Case (1976) suggested; instead, the Consequently, considerably more than half
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Fig. 38. A new silicone cranial endocast of Cobelodus aculeatus FMNH PF 3090. A, lateral view, right
side; B, anterior view; C, dorsal view; D, ventral view; E, posterior view.
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of the endocast is present (including the
telencephalic, mesencephalic, and diencephal-
ic chambers) and almost two-thirds of its
dorsal surface is exposed. The right side is
essentially complete, although some features
have unfortunately been obliterated during
earlier preparation and are seen only on the
left side (e.g., the glossopharyngeal canal).
Several bilaterally symmetrical structures are
evident, including both sides of the large
hypophyseal chamber (although its distal
extremity is still filled with matrix and cannot
be seen), the main exit of the facial nerve, the
abducent foramen, and parts of both saccular
chambers.

Many features in the endocast are readily
identified by comparison with *““Cobelodus™
and OUZC 5204. One obvious landmark is
the deep notch formed by the apex of the
dorsum sellae (fig. 38A), adjacent to the
oculomotor foramen (misidentified as the
optic foramen by Zangerl and Case, 1976;
in fact, that feature is not preserved). Only
the proximal part of the hypophyseal cham-
ber is preserved, so its depth is uncertain
(although it must have been as long and
narrow as in “Cobelodus™). Zangerl and Case
(1976: 121) remarked that ““the specimen does
not exhibit a fossa hypophyseos”. They
attributed this to an artefact of preservation
and did not understand the true nature of the
specimen, but their observation is neverthe-
less important because the preserved part of
the hypophyseal chamber certainly lacks any
communication with the basicranium, as in
“Cobelodus’.

The roof of the hypophyseal chamber
merges with the telencephalic region ante-
rodorsally. This is very narrow from side to
side (its broken cross section is indicated by
a dashed line in fig. 38B). The olfactory
tracts presumably diverged farther anteriorly,
since there is no trace of them in the endocast
but the olfactory capsules are spaced widely
apart in X-rays of compression fossils (see
below). The roof of the cerebellar chamber is
fairly featureless, apart from a small mass of
calcified cartilage along the dorsal midline
that may represent the position of a pineal
foramen. The position of the trochlear
foramen (correctly identified by Zangerl and
Case, 1976) is evident on the lateral wall of
this region, more or less dorsal to the
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oculomotor foramen. The feature identified
by them as the oculomotor foramen is
identified here as the combined exit for the
trigeminal and anterodorsal lateral line
nerves. Farther ventrally, the foramen for
the facial hyomandibular trunk lies just in
front of the anterior ampulla. The abducent
foramen (correctly identified by Zangerl and
Case, 1976) is located even farther ventrally,
near the base of the dorsum sellae.

Very little of the labyrinth endocast is
preserved, apart from low mounds represent-
ing the anterior and external ampullae and
the utricular recess. However, the position of
the anterior semicircular canal is indicated by
a deep diagonal groove in the roof of the
vestibulolateral chamber. This shows that the
canal was only thinly sheathed by cartilage,
as in OUZC 5204 and unlike in “Cobelodus™.
The vestibulolateral chamber was not recog-
nized as such by Zangerl and Case (1976:
121), although they correctly determined that
it is a paired structure; they simply described
it as ““a very pronounced, posteriorly facing
pit in the roof of the neurocranial cavity”,
but had “no idea as to its significance”. The
posterior end of this chamber seems un-
natural and may have been slightly over-
excavated during preparation.

The dorsal surface of the medullary region
is poorly preserved and the area surrounding
the fontanelle has been overexcavated during
its original preparation. Consequently, some
of its features are difficult to interpret. At the
dorsal midline, medial to the vestibulolateral
chamber there is a rounded projection,
corresponding to the ‘“chimney” for the
posterior dorsal fontanelle in “Cobelodus™
(pdf: fig. 38). It would have been flanked by
the anterior semicircular canal after they
passed over the roof of the vestibulolateral
chamber (there is a shallow groove for the
right canal in the roof of the vestibulolateral
chamber). At the left posteriormost extremity
of the endocast, there is a small protuberance
that probably represents part of the (largely
unexcavated) left posterior semicircular canal
(?psc: fig. 38). Unfortunately, the posterior
part of the medullary chamber has not been
excavated and none of its features are
evident. It cannot be determined from the
endocast whether a persistent otico-occipital
fissure was present, and passages for the
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Fig. 39.

vagal and occipital nerves cannot be seen.
Most of the left glossopharyngeal canal has
been excavated, but the right one is still filled
with matrix. The specimen has split longitu-
dinally through the occipital cotylus, which
can be seen in sagittal section (Zangerl and
Case, 1976: fig. 8A). Below the cotylus is
a continuous unexcavated line of tesselate
cartilage, which probably represents the
basicranium. The space between this cartilage
and the occipital cotylus probably contained
an aortic canal, although this cannot be
observed. Inspection of the counterpart
suggests that parts of the basicranium and
interorbital septum are preserved intact, but
are still unprepared.

X-RAYS: Zangerl (1965) advocated the
use of X-ray stereo images as a means of
obtaining anatomical data in strongly com-
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Cobelodus aculeatus FMNH PF 7347. Enlarged image of braincase, positive print from an
original X-ray by R. Zangerl. Scale bar = 10 mm.

pressed fossils, and much of his subsequent
investigation of Cobelodus aculeatus was
based on analysis of X-ray stereopairs
(Zangerl and Case, 1976). Indeed, many of
the best compression fossils of C. aculeatus
are unprepared and can be investigated only
from X-ray plates (including FMNH PF
7347, on which the original reconstruction
was mainly based; fig. 39). Some specimens
have been prepared mechanically to remove
calcified cartilage leaving natural impres-
sions, and silicone casts of these specimens
are informative (see following section). The
fossils have clearly suffered considerable
diagenetic compression, which can be mim-
icked by reducing the y-axis dimension of the
digital ““Cobelodus” contour-based surface
rendering by 90-95%, to create an ortho-
graphic “biscuit” that closely resembles the
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Fig. 40.
unaltered dimensions along x and z axes) for comparison with compression fossils. A, dorsal view; B,
ventral view; C, slightly tilted lateral view.

compression fossils (fig. 40). Assuming that
the braincase in C. aculeatus was originally as
deep as in “Cobelodus”, only 5-10% of the
original depth is available for stereographic
analysis of the X-rays. Despite this limita-
tion, Zangerl and Case (1976) probably
established the original depth of the neuro-
cranium fairly accurately.

Stereo X-rays of the neurocranium in
Cobelodus aculeatus have been reinterpreted
here using the three-dimensional ““Cobelodus”
braincase as a guide. The braincase in
Cobelodus aculeatus is wide and blunt anteri-
orly, with a short ethmoidal region that
includes a subtriangular precerebral fonta-
nelle (widest anteriorly), flanked by the
olfactory capsules. Most of the ethmoidal
region is lightly calcified and transparent to
X-rays. More radio-opaque regions (which
are strewn with minute pyrite crystals) include
the margin of the precerebral fontanelle and
parts of the olfactory capsule walls (especially
laterally). Mesial and slightly posterior to the
capsules are paired pyrite-lined channels.
These are bilaterally symmetrical and appear
to be real anatomical structures, possibly

“Cobelodus biscuit”’; digitally flattened contour-based surface rendering (90% along the y axis,

marking the course of the orbitonasal canal
through the postnasal wall.

Immediately behind the ethmoidal region
in Cobelodus aculeatus X-rays is an extensive
radio-opaque central area extending back
behind the orbits. This area consists of two
distinct regions, but one is located directly
above the other and they can be distinguished
only in stereo images. The larger dorsal area
extends from the postnasal wall, narrowing
and then broadening again within the orbit
and eventually merging with the upper part
of the postorbital arcade. This is interpreted
as the main cranial endocast, since it is
apparently restricted to the upper part of the
neurocranium as in “Cobelodus”. The more
ventral area runs posteriorly from the ante-
rior part of the orbit and widens slightly
toward the ventral part of the postorbital
arcade, and probably represents the hypo-
physeal fenestra. This region is flanked by the
suborbital shelf, which is narrower than in
“Cobelodus” although its anteroposterior
extent is about the same.

X-rays of Cobelodus aculeatus reveal a row
of pyrite crystals along the margins of the
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supraorbital shelves, following a symmetrical
course above both orbits. The row passes
almost straight back from the ethmoid re-
gion, then makes a distinct midorbital inward
flexure around a notch in the supraorbital
shelf (possibly for the dorsal part of the
eyeball) before continuing posterolaterally
toward the lateral part of the postorbital
arcade. A similar notch is present in the
supraorbital shelf of “Stethacanthulus” mec-
caensis (Williams, 1985: plate 2, fig. 1; see
below). There is no evidence of a pineal
foramen in C. aculeatus.

As in “Cobelodus’, the postorbital process
in Cobelodus aculeatus is delicate, narrow,
and directed posterolaterally. The lateral
commissure was chondrified, forming a con-
tinuous postorbital arcade around a volumi-
nous jugular canal and bearing an articular
surface for the palatoquadrate otic process
ventrolaterally.

In X-rays, some parts of the otic and
occipital regions are much clearer than others
(fig. 39). Faint traces of a median aortic
canal are evident in the floor of the braincase
beneath the occipital cotylus, and can be
traced anteriorly between the otic capsules.
Behind the postorbital arcade, this canal
apparently branches into short, paired canals
that open into elongated areas corresponding
to the basicranial foramina observed in peels
of other compression fossils (see below).
However, it would be extremely difficult to
interpret the aortic canal in these compres-
sion fossils without prior knowledge of the
arrangement in “Cobelodus”. The semicircu-
lar canals are difficult to follow in X-rays, as
only those parts that are lined by pyrite
crystals are seen clearly. Comparison with
“Cobelodus™ suggests that the central region
of the medullary chamber has collapsed onto
underlying structures, so that very little is
discernible apart from a small triangular area
in the expected position of the posterior
dorsal fontanelle. A periotic process is faintly
visible on the widest part of the otic capsule,
but is partly obscured by the postorbital
arcade, which has collapsed over it.

The occipital region is generally well pre-
served and has resisted compaction better
than the otic capsules. Paired dorsal and
ventral paroccipital processes are evident
surrounding the occipital cotylus. The latter

is as narrow from side to side as in
“Cobelodus”, not expanded laterally as in
Cladodoides, Tamiobatis, and Orthacanthus.
The occipital arch is short, and is separated
at least posterolaterally by a narrow clear
band just behind the posterior semicircular
canal, probably representing a narrow otico-
occipital fissure. A broad opening is present
on each side of the occipital region, probably
representing the glossopharyngeal canal. No
canals for occipital nerves are discernible.

COMPRESSION SPECIMENS: The brain-
case in all the compression fossils of Cobelo-
dus aculeatus examined was invariably
crushed dorsoventrally. Its appearance in
lateral view is therefore conjectural, although
the original depth of the orbit can be
estimated from associated elements (e.g.,
depth of the palatoquadrate otic process).

The “Cobelodus biscuit’ (fig. 40) does not
allow for differential diagenetic compaction
and consequently lacks certain features that
commonly show up in the compression
fossils. Taphonomic artefacts formed by
diagenetic compression are so common in
compression fossils of Cobelodus aculeatus
that some have been misinterpreted as
anatomical features. For example, curved
ridges extending posterolaterally from the
posteriormost paired basicranial foramina
were thought to mark the position of paired
internal carotids (Schaeffer, 1981: fig. 13B).
These ridges are interpreted here as the
borders of paired collapse structures, where
thinner parts of the basicranium associated
with the glossopharyngeal canals, orbital
arteries, and palatine rami became crushed
against resistant internal structures such as
the occipital cartilage and dorsum sellae,
forming shallow craters on each side of the
ventral midline (fig. 41). The same pattern of
internal features is revealed when a clipping
plane is introduced into the ‘Cobelodus”
surface rendering to remove part of its
ventral surface (fig. 42), as well as in ortho-
graphic three-slice mode views of the CT scan
(fig. 43). Taphonomic artefacts may also
have affected the interpretation of the brain-
case in Ornithoprion presented by Zangerl
(1966).

Comparison of Cobelodus aculeatus com-
pression fossils and the “Cobelodus” surface
rendering suggests that the shape of the
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Fig. 41.
top. Dashed black outlines indicate paired collapse structures in the hypotic lamina. Smaller anterior and
larger posterior craters are separated by curved ridges. Scale bar = 10 mm.

basicranium behind the postorbital arcade is
very similar, and some of the compression
specimens show a distinct ““waist” where the
arcade merges with the margins of basicra-
nium (e.g., FMNH PF 8011; fig. 44). The
area lateral to this “waist” probably repre-
sents a flattened lateral otic fossa in the outer
capsular wall.

NO. 307

Cobelodus aculeatus FMNH PF 7345. Silicone peel of braincase ventral surface, anterior to

Most of the compression fossils examined
are broken at the level of the postorbital
arcade, so canals and foramina farther
anteriorly are usually missing. A narrow
suborbital shelf is discernible in the peel of
FMNH PF 7345 (fig. 41) as well as in the X-
ray of FMNH PF 7347 (fig. 39), although in
both cases it is narrower than in “Cobelodus™
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Fig. 42.

“Cobelodus” contour-based surface rendering, ventral view with clipping plane introduced to

remove parts of the basicranium, exposing the canal for the palatine ramus and the glossopharyngeal
canal. Collapse of the basicranium below these structures (dashed white lines) creates paired ridges and

depressions in compression fossils (see fig. 37).

(cf. fig. 8). In the peel of FMNH PF 7345
there is an uneven area of cartilage in the
expected position of the basicranial fenestra,
but no features could be identified with
certainty. Although the presence of an in-
terorbital septum cannot be confirmed from
the compression specimens, their interorbital
region is clearly too narrow to accommodate
the endocast in the manner suggested by
Zangerl and Case (1976: fig. 7). As in
“Cobelodus”, the ventral ramus of the post-
orbital arcade is short anteroposteriorly but
projects a considerable distance posterolater-
ally (fig. 37D). At the distal end of this
arcade is a transverse articular surface for the
palatoquadrate, corresponding to the ridge
and groove in “Cobelodus™.

The paired foramina within the anterior
paired collapse structures are considered to be
real morphological features rather than taph-
onomic artefacts because they match foram-
ina in the “Cobelodus” braincase. Zangerl and
Case (1976: 117) described a single pair of
foramina, more or less posteriorly directed
with “ very short canals behind them which
converge and appear to meet a short distance
behind the foramina.” They suggested that
the larger paired collapse structures repre-
sented passages for the internal carotids and
concluded that the pair of foramina farther
anteriorly housed the orbital arteries. That
interpretation is clearly at odds with the
arrangement of foramina and canals in
“Cobelodus” and 1is probably erroneous
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Fig. 43.

“Cobelodus” CT scan, three-slice mode (digital reslicing of original transverse CT scan slices),

showing orthographic views of the glossopharyngeal canal and surrounding cartilage. A, transverse slice;
B, sagittal slice; C, horizontal slice. White lines correspond to x-y-z axes. Compare horizontal slice with

figs. 37 and 38.

(though understandable, since their compar-
ison was limited to platybasic Paleozoic
elasmobranchs in which paired aortic canals
are present; e.g., Cladodoides wildungensis,
Tamiobatis vetustus;, Gross, 1937, Romer,
1964). Schaeffer (1981: fig. 13) presented an
alternative interpretation of the basicranial
circuit in Cobelodus aculeatus in which the
posterior depressions supposedly marked the
entrance of the internal carotids rather than
their exit, and the (paired) aortae were not
enclosed by cartilage. The problem with both
hypotheses is that the posterior collapse
structures show no evidence of real openings
in the cartilage. Furthermore, in specimens in
which these collapse structures are weak or
absent, there are no foramina behind the pair
already noted (e.g., FMNH PF 7324; fig. 45).
However, a second pair of foramina is present
farther anteriorly within the smaller anterior

collapse structure, anterolateral to the main
pair. Comparison with “Cobelodus’ suggests
that the paired foramina described by Zangerl
and Case (1976) probably housed the aortae
shortly after they diverged, and the second
pair farther anterolaterally probably housed
the orbital arteries as they re-entered the
basicranium (lda, ora; figs. 41, 44-46). As in
“Cobelodus”, there are no basicranial grooves
for the internal carotids, suggesting that the
basicranial circuit in C. aculeatus was simi-
larly specialized (fig. 14).

Many of the compression fossils show
a posterior median opening for the dorsal
aorta, flanked by paired ventral paroccipital
processes. Some specimens also show part of
the basioccipital fovea (e.g., FMNH PF 7472;
fig. 46). The lateral walls of the otic capsule
are usually crushed in compression speci-
mens, splitting along the external semicircu-
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Fig. 44. Cobelodus aculeatrus FMNH PF 8011. Silicone peel of braincase ventral surface, anterior to

top. Scale bar = 10 mm.

lar canal, but in the counterpart to FMNH
PF 7345 (which provides a rare opportunity
to examine the dorsal surface of the brain-
case) there is evidence of a periotic process
like that in “Cobelodus™ (fig. 47). The supra-
orbital shelf in this specimen is wider and
extends farther anteriorly than in ““Cobelo-
dus”, and there is a notch in the midorbital
part of the supraorbital shelf (confirming the
earlier observation of X-rays). In most of the
compression specimens, prismatic calcifica-
tion of the otic capsules is usually broken and
the individual tesserae can be scattered,
possibly explaining why the periotic process
is rarely observed.

It is concluded that the general morphol-
ogy of the braincase in Cobelodus aculeatus
and “Cobelodus” was probably similar, but
diagenetic compaction of compression fossils
has generated a suite of taphonomic artefacts
(especially in the basicranium), obscuring or
even obliterating many features. Crucially,

the concretion specimen of C. aculeatus
shows many similarities to ““Cobelodus” in
endocast morphology (once its orientation is
properly established), showing that there was
a deep dorsum sellac and an interorbital
septum. X-rays and compression fossils also
confirm the presence of a median dorsal
aorta and a periotic process. Such unusual
features indicate a close phylogenetic re-
lationship and probably represent symmorii-
form synapomorphies. Cobelodus aculeatus
has a wider supraorbital shelf and a narrower
suborbital shelf than “Cobelodus”, suggesting
that they are not conspecific and may not
even be congeneric.

A new reconstruction of the braincase in
C. aculeatus is presented here in which it is
shown as tropibasic (fig. 48), somewhat
different from previous interpretations, al-
though Zangerl and Case (1976: 115) deserve
credit for noting the presence of a narrow
interorbital septum in their preliminary (un-
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Fig. 45.
top. Scale bar = 10 mm.

published) reconstruction founded on X-rays
and compression fossils. In hindsight, it was
only their misinterpretation of the three-
dimensional endocast discovered later that
misled them into thinking C. aculeatus had
a much wider interorbital region.

Since the cranial morphology in “Cobelo-
dus” and Cobelodus aculeatus was probably
very similar, it is likely that much of the
cranial cartilage in “Cobelodus” is missing
anteriorly, which would account for its
somewhat squat appearance, the incomplete
precerebral fontanelle, and lack of olfactory
capsules (figs. 6-8). The supraorbital shelf is
wider and better developed in C. aculeatus,
and merges gradually with the postorbital
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Cobelodus aculeatus FMNH PF 7324. Silicone peel of braincase ventral surface, anterior to

arcade. By contrast, the arcade in “Cobelo-
dus” is angled sharply outward from the
supraorbital shelf, and forms a distinct lateral
projection in dorsal view (cf. figs. 7, 48A). In
dorsal view, the otic and occipital regions in
C. aculeatus and ““Cobelodus’are remarkably
similar apart from the slightly more anteriorly
positioned periotic process and the slightly
longer occipital arch in C. aculeatus. Ventral
views of the “Cobelodus” and C. aculeatus
braincases are also similar (figs. 8, 48B),
except that the orbital arteries were more
completely enclosed by cartilage in C. aculea-
tus. Since the lateral view is conjectural in C
aculeatus there is little point in comparing it
with “Cobelodus™.
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Fig. 46.
top. Scale bar = 10 mm.

SYMMORIUM RENIFORME COPE, 1893

MATERIAL EXAMINED: Holotype FMNH
UF 574, plus X-rays; Court Creek, NE of
Knoxville, Illinois; Mecca Quarry Shale,
Liverpool cyclothem, Des Moines series,
Westphalian Upper C, Pennsylvanian. Col-
lected by F.R. Jelliffe, described by Cope
(1893) and by Williams (1985); FMNH PF
2582, chondrocranium with rostrum; FMNH
PF 2633, chondrocranium with rostrum, plus
partial pectoral skeleton (both specimens X-
rays only); Logan Quarry, Parke County,
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Cobelodus aculeatus FMNH PF 7472. Silicone peel of braincase ventral surface, anterior to

Indiana (Zangerl and Richardson, 1963); Lo-
gan Quarry Shale, Lower Wiley cyclothem
(Staunton formation), Des Moines Series,
Westphalian Upper C, Pennsylvanian; FMNH
PF 8274, chondrocranium (X-ray only); Hajji
Hollow, Wabash Township, Parke County,
Indiana; Logan Quarry Shale, Lower Wiley
cyclothem (Staunton formation), Des Moines
Series, Westphalian Upper C, Pennsylvanian.
GENERAL REMARKS: This genus and
species is founded on the disarticulated
anterior part of a skeleton, plus numerous
teeth clustered around the jaws (Cope, 1893).
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Fig. 47.
(same specimen as ventral view shown in fig. 37). Scale bar = 10 mm.

Williams (1985) referred several additional
specimens to this species, although they differ
from the holotype in overall tooth size and
shape (Ginter, 2002). Nevertheless, morpho-
logically intermediate teeth have now been
found and these differences are now consid-
ered to be growth-related (M. Ginter, per-
sonal commun., Feb. 2006). Some large
isolated teeth were also referred to Symmor-
ium reniforme by Williams (1985), but these

NO. 307

Cobelodus aculeatus FMNH PF 7345. Silicone peel of braincase dorsal surface, anterior to top

differ profoundly from the teeth in the
holotype and are now referred to the
ctenacanthiform genus Glikmanius (Ginter,
1998, 1999, 2002; Ginter et al., 2005), a form
considered closely related to Cladodus (sensu
Duffin and Ginter, 2006). The teeth in S.
reniforme lack apical buttons, labiobasal
projections, and a median labial concavity;
instead, the upper side of the kidney-shaped
tooth base has a long, low, crescent-shaped



2007 MAISEY: BRAINCASE IN PALEOZOIC SHARKS 79

prcf |np
oﬁcap*;::§§:;? oﬁcap
pnws\z\
or art
sups
supn sub s
popr basf
ﬁJ
pdf ( S po art pepr
A oof/ Q/ oca
m vppr |~ “da
oc cot
supn j
prcf f\%j/ oca
dppr
oﬁcap = __occot
_;~\.., A\ vppr
VII pepr

or art

Fig. 48.

ora VI

popr

Reconstruction of the braincase in Cobelodus aculeatus, interpreted as tropibasic following

comparison with the digital reconstruction of the “Cobelodus” neurocranium. A, dorsal view; B, ventral
view; C, lateral view. The “Cobelodus” reconstruction was used as a template, and the shape and
proportions were adjusted from features identified in dorsal and ventral views in X-rays and compression
fossils. In lateral view, the braincase depth and positions of foramina in the back of the orbit were

established from the cranial endocast.

lingual ridge, the main cusp is flattened
labiolingually, and there is a corresponding
shallow, curved basal concavity. By contrast,
Glikmanius teeth have a lingually directed
base with two widely separated apical but-
tons, two corresponding labiobasal projec-
tions, and a median labial concavity between
the projections.

DESCRIPTION: The braincase in Symmor-
ium reniforme is not preserved in the holotype

and can be observed only in X-rays of other
specimens (listed above). In the most com-
plete specimen (FMNH PF 2428), the head is
preserved intact and has been compressed
dorsoventrally, but the braincase cannot be
distinguished from the underlying visceral
skeleton. Williams (1985: 104) noted only
that the otic region is short (approximately
one-third the braincase length), that there is
“a short, but well developed rostrum”, and
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that the posterior process is “‘a stout, tri-
angular projection and bears a thickened,
transverse keel on its posterior border”. As
far as can be determined, however, the
braincase resembles that of ‘“Cobelodus”
and may also have been tropibasic (especially
since the palatoquadrate otic process is
equally deep). Unfortunately, no direct in-
dication of eye size can be established,
because sclerotic cartilages are not preserved
and the braincases are all dorsoventrally
compressed. Consequently, it is not possible
to confirm the presence of an interorbital
septum (although one was probably present).
No reconstruction of the braincase in S.
reniforme will be presented here.

STETHACANTHULUS MECCAENSIS
(Williams, 1985)

MATERIAL EXAMINED (X-rays only):
FMNH PF 2621, disarticulated chondrocra-
nium and pectoral girdle;, FMNH PF 8013,
incomplete disarticulated skeleton (male in-
dividual according to Williams, 1985); Logan
Quarry, Parke County, Indiana (Zangerl and
Richardson, 1963); Logan Quarry Shale,
Lower Wiley cyclothem (Staunton forma-
tion), Des Moines Series, Westphalian Upper
C, Pennsylvanian; FMNH PF 7429, disarti-
culated chondrocranium and branchial ar-
ches (male individual according to Williams,
1985), Hesler Quarry, Wabash Township,
Parke County, Indiana; Mecca Quarry Shale,
Liverpool cyclothem, Des Moines series,
Westphalian Upper C, Pennsylvanian;
FMNH PF 8124, isolated chondrocranium
referred to the species by Williams (1985);
strip mine headwall north of Barrett Ceme-
tery, Pike County, Indiana; Acaule Shale,
Carbondale formation, Des Moines series,
Westphalian Lower D, Pennsylvanian.

GENERAL REMARKS: Other symmorii-
form shark remains from the Pennsylvanian
black shales of central North America have
been referred to the genus Denaea Pruvost,
1922 (in Fournier and Pruvost, 1922) and
described as a new species (D. meccaensis in
Williams, 1985: 88). While there is little
doubt that D. fournieri (the type species) is
a symmoriiform, its teeth differ in some
important respects from those of the Amer-
ican form. The tooth base in D. fournieri has
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a single apical button and a corresponding
labiobasal projection, and the tooth base
narrows lingually. However, in “Denaea”
meccaensis the tooth base lacks an apical
button and a labiobasal projection, and is
expanded lingually forming a broad plate
with a lingual depression and basal promi-
nence (Williams, 1985: fig. 7). Very similar
teeth have been described from the Lower
Permian (Sakmarian) of the Russian Arctic
(as “Denaea” decora; Ivanov, 1999). It has
been suggested that both “D.” meccaensis
and “D.” decora should be assigned to
a separate genus on the basis of these shared
features and because of the unusual manner
in which successive teeth articulate with each
other (Ivanov, 1999).

Zangerl (1990) erected a new genus and
species of stethacanthid symmoriiform,
Stethacanthulus  longipeniculus, based on
a small, complete skeleton from the Acaule
Shale (Petersburg Formation, Westphalian
D) of Bethel Quarry, Indiana. About 32
other specimens were also referred to this
taxon, although all are either badly mutilated
individuals and gastric residues possibly
containing the remains of more than one
taxon. Very few features of its skeletal
anatomy were described, and little can be
discerned from the original X-rays. Crucially,
Zangerl (1990) went to great lengths to point
out that the “cladodont” teeth in this form
were indistinguishable from those of *““De-
naea” meccaensis. However, he also believed
that relatively large “fanglike” teeth were
also present in S. longipeniculus, noting their
similarity both to the upper ““fanglike teeth”
in Cobelodus aculeatus and to ““Cladodus
pattersoni” denticles forming the “brush”
and head denticle patches in fossils referred
to Stethacanthus altonensis by Williams
(1985). Such fanglike teeth are not present
in specimens referred to ““D.” meccaensis;
however, it should be noted that Zangerl
(1990) based his description of these “‘teeth”
on macerated or coprolitic specimens, rather
than on the holotype of S. longipeniculus.
Consequently, it is not clear whether these
“teeth” are present in the holotype of S.
longipeniculus, or that they represent teeth at
all (they could be head or “brush” denticles).
The only remaining differences between “D.”
meccaensis and S. longipeniculus are: (1) the
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supposed absence of a dorsal spine in the
former; and (2) the comparatively long
palatoquadrate otic process in the latter.
Both of these differences could represent
sexual dimorphism (it is also possible that
palatoquadrate proportions changed during
growth) and neither of them provides com-
pelling evidence that two genera are repre-
sented. Consequently, “D.”” meccaensis and
“D.” decora are referred here to the genus
Stethacanthulus, since it is the first generic
name available for sharks with this charac-
teristic tooth morphology. The species long-
ipeniculus is provisionally placed in synony-
my with meccaensis, pending the discovery of
more complete specimens that might allow
them to be separated.

DeEscripTIiON:  The braincase in Stetha-
canthulus meccaensis is known only from
a few compression specimens. However, un-
like in Cobelodus aculeatus, the braincase is
preserved in different orientations, some
being dorsoventrally compressed while others
are seen more or less in lateral view
(Williams, 1985: fig. 3). The gross morphol-
ogy of the braincase is similar to that of
“Cobelodus” and Cobelodus aculeatus, but its
otic region is extremely compact and com-
paratively short. In ventral view, the cranium
is slightly expanded posteriorly, and there is
evidence of a pair of basicranial foramina just
behind the postorbital arcade, possibly cor-
responding to those housing the orbital
arteries in ‘“Cobelodus”. The postorbital
arcade is delicate and surrounds a large
jugular canal as in “Cobelodus, and has an
articular facet for the palatoquadrate ven-
trolaterally. The occipital cotylus is very
narrow, and is flanked ventrally and perhaps
dorsally by paroccipital processes. Traces of
the hypotic lamina are present at the
posterolateral margins of the otic capsules,
suggesting the presence of a wide glossophar-
yngeal canal.

The orbital region is strikingly similar to
that in “Cobelodus’, with a deep interorbital
septum (sometimes showing a large oval
fenestra; fig. 49A). X-rays clearly show a con-
centration of radio-opaque material in the
dorsal part of the orbit, suggesting that the
cranial cavity and its surrounding cartilage
lay in above the interorbital septum, i.c., the
braincase is tropibasic. In fact, Williams
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(1985: 91 and fig. 6) alluded to this possibility
in his reconstruction of the braincase (slightly
modified here; fig. 49B, C), but did not
discuss its significance despite commenting
on the presence of the interorbital fenestra.
The depth of the orbit in laterally compressed
specimens and the dimensions of sclerotic
cartilages suggest that the eye in Stetha-
canthulus meccaensis was extremely large,
with a maximum diameter greater then the
depth of the braincase. The eyes were pre-
sumably large, filling the orbits and bulging
from each side of the head. The supraorbital
shelf in larger specimens contains a deep,
concave midorbital recess similar to that seen
in some specimens of Cobelodus aculeatus
(figs. 39, 41), but this is absent in smaller
individuals.

LATE PENNSYLVANIAN
SYMMORIIFORMS FROM
NEW MEXICO

GENERAL REMARKS: Zidek (1992) de-
scribed two symmoriiform sharks from the
Kinney Brick Co. Quarry, Manzanita Moun-
tains, Bernalillo County, New Mexico (Pine
Shadow member, Wild Cow formation, late
Missourian or early Virgilian, Upper Penn-
sylvanian). One of these (NMMNH P-19182)
is an almost complete skeleton, approximate-
ly 45 cm long, lacking only the anterior part
of the chondrocranium and dorsal part of the
tail. Zidek (1992) referred this specimen to
Cobelodus aculeatus on the basis that it has
monocuspid teeth similar to the supposed
palatoquadrate teeth of C. aculeatus de-
scribed by Zangerl and Case (1976). Howev-
er, no multicuspid teeth seem to be present,
and the supposed teeth may be denticles from
the top of the head (see earlier comments
regarding the dentition in C. aculeatus). The
other specimen (NMMNH P-19180) is less
complete and lacks teeth, but includes part of
the occipital region as well as parts of the
visceral arches, pectoral endoskeleton, verte-
bral column, and dorsal fin. Both specimens
undoubtedly represent symmoriiform sharks
and may represent a single species, but
neither can be referred convincingly to C.
aculeatus.

CRANIAL MORPHOLOGY: The otico-oc-
cipital region is preserved in NMNH P-19182,
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Fig. 49. Stethacanthulus meccaensis FMNH PF 2621. A, braincase in oblique dorsolateral view,
positive image from X-ray, anterior to right; B, C, reconstruction of braincase (after Williams, 1985); B,
lateral view; C, ventral view. Note interorbital septum and fenestra in lateral view and midorbital notch in
dorsal view. Dotted line defines cranial cavity, dashed line defines orbit.

but few morphological features are discernible
and Zidek’s (1992) interpretation is based on the
erroneous reconstruction of Cobelodus aculea-
tus from Zangerl and Case (1976). Neverthe-

less, several features can be identified that
agree with both C. aculeatus and ““Cobelodus™,
including: a narrow occipital cotylus with
pronounced paired paroccipital processes,
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a large but anteroposteriorly short postorbital
arcade surrounding a wide jugular canal, and
paired depressions on either side of the ventral
midline (presumably collapse structures in the
hypotic lamina beneath the glossopharyngeal
canal, as in C. aculeatus compression fossils).
Zidek’s (1992: fig. 4B) reconstruction of the
basicranium showed paired basicranial fo-
ramina (supposedly for lateral aortae) plus
a median opening supposedly for internal
carotids, but these are probably collapse
structures. The braincase of NMMNH P-
19182 therefore displays some symmoriiform
features shared by C. aculeatus and ““Cobelo-
dus” and it may have been tropibasic although
this cannot be verified. No reconstruction of
the braincase is presented here.

DENAEA FOURNIERI Pruvost
(in Fournier and Pruvost, 1922)

GENERAL REMARKS: Based solely on
Fournier and Pruvost’s (1922) somewhat
inadequate description, Denaea fournieri
seems to have a short, high braincase in-
cluding a very large, round orbit. The shape
of the palatoquadrate resembles that of other
symmoriiforms in having a very narrow
anterior moiety below the orbit, and a much
deeper otic process posteriorly. The braincase
of D. fournieri is tropibasic, with deep orbits
and a narrow ethmoid region (in preparation).
No reconstruction of the braincase is pre-
sented here.

AKMONISTION ZANGERLI
Coates and Sequeira, 2001a

GENERAL REMARKS: Spectacular skele-
tal remains of a “‘stethacanthid” shark have
been recovered from the Manse Burn For-
mation (Serpukhovian, Lower Carbonifer-
ous) of Bearsden, Scotland (Wood, 1982).
The braincase in this form was first described
by Coates and Sequeira (1998), who referred
it to Stethacanthus sp. Unfortunately, Stetha-
canthus is founded upon isolated dorsal
spines whose diagnostic characters are of
uncertain taxonomic value. Coates and Se-
queira (2001a) referred the Bearsden material
to a new genus and species Akmonistion
zangerli, which was diagnosed on the basis of
alleged differences from Stethacanthus in the
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spine-brush complex (especially the presence
of a rodlike element within the brush), the
arrangement of radials in the tail and paired
fins, and the structure of the neurocranium.
However, its teeth seem identical to those
referred elsewhere to Stethacanthus (e.g.,
Lund, 1974; Ginter, 1999).

CRANIAL  MORPHOLOGY: Coates and
Sequeira (1998, 2001a) reconstructed the
braincase in A. zangerli as platybasic (fig.
50) based on four specimens, all of which are
flattened to some degree and their original
depth cannot be observed directly (although
none is compressed as much as the Pennsyl-
vanian sharks from North American black
shales). Coates and Sequeira (1998: fig. 2)
illustrated several oblique sections through
one of these braincases, but only two of them
reach the orbit and neither passes through
the interorbital region. From their descrip-
tion it is not possible to determine whether an
interorbital septum like that of “Cobelodus™
was originally present, nor whether the
basicranial fenestra opened into the floor of
the orbit as in “Cobelodus’.

Similarities between the braincases of
Akmonistion zangerli, ““Cobelodus”, and C.
aculeatus include: the large size of the orbits;
compact and boxlike otic region (unlike in
Cladodoides, Tamiobatis vetustus, and Ortha-
canthus, where the otic region is elongated
and the orbital region is comparatively short);
presence of a median aortic canal, extending
from below the occipital cotylus and dividing
just behind the postorbital arcade before
leaving the basicranium; and dorsal otic
ridges are weak or absent. In addition, the
roof of the braincase in Akmonistion is
elevated posteriorly, on either side of the
posterior dorsal fontanelle, although it does
not seem to form a dorsal “chimney’ as in
“Cobelodus”. The depth of the palatoqua-
drate otic process in Akmonistion is less than
in C  aculeatus but is still considerable,
suggesting that the depth of the orbit may
be greater than shown in the reconstruction.

The suborbital shelf in Akmonistion is
more extensive than in “Cobelodus” and
forms a continuous floor to the orbit. The
supraorbital shelf is more extensive antero-
posteriorly than in “Cobelodus” and forms
a broad platform extending to the broad
postnasal wall, but it apparently lacks a mid-
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Akmonistion zangerli. Reconstruction of braincase from Coates and Sequeira (1998), with

abbreviations changed to agree with those used in the present work. A, dorsal view; B, ventral view; C,

lateral view, right side.

orbital notch as in Cobelodus aculeatus and
Stethacanthulus meccaensis. The supraorbital
shelf of Akmonistion is wider than in C.
aculeatus, although in both forms it expands
posteriorly to meet the postorbital process. A
jugular canal is undoubtedly present in A.
zangerli although its size has not been
accurately determined. The otic region in A.
zangerli is parallel-sided rather than “‘waist-
ed” as in “Cobelodus” and C. aculeatus.
Consequently, in ventral view the lateral otic
fossa in A. zangerli can be seen running along
the entire length of the otic region (fig. 50B).
By contrast, in “Cobelodus™ and C. aculeatus,
the hypotic lamina expands posteriorly and
obscures the lateral otic fossa in ventral view
(cf. figs. 8, 48B). Sections through the otic
region in A. zangerli suggest that a strong

lateral otic ridge extended along most of the
lateral capsular wall, and there is no evidence
of a periotic process. Coates and Sequeira
(1998) depict the posterior dorsal fontanelle
in A. zangerli posterior to the crus commune,
a difference not only from ““Cobelodus” and
C. aculeatus but also from platybasic sharks
such as Cladodoides and Orthacanthus (where
the fontanelle is flanked by the left and right
crus commune). In modern elasmobranchs,
the endolymphatic fossa (considered homol-
ogous to the posterior dorsal fontanelle;
Maisey, 2001b, 2004b) is also located be-
tween the upper part of the posterior semi-
circular canal rather than behind it (although
a crus commune is absent; e.g., Notorynchus,
Squalus). The location of the posterior
fontanelle in A. zangerli is therefore unusual
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for elasmobranchs, but the posterior dorsal
fontanelle also lies posterior to the crus
commune in some early actinopterygians
(e.g., Mimia; Gardiner, 1984a: fig. 26).

The arterial circuit in Akmonistion zangerli
as interpreted by Coates and Sequeira (1998)
is clearly at odds with the arrangement
hypothesized here in “Cobelodus”, and C.
aculeatus. In all these forms, however, the
dorsal aorta was unpaired where it entered the
basicranium and divided before it emerged
from the cartilage. Akmonistion zangerli and
C. aculeatus are also similar in having only
two pairs of basicranial foramina. According
to Coates and Sequeira (1998), the posterior
pair contained only the efferent hyoidean
artery in A. zangerli, but the corresponding
foramina in C. aculeatus probably contained
the lateral aorta (figs. 41, 44-46).

The presence of internal carotid arteries in
Akmonisition is suggested by paired basicra-
nial grooves that converge behind the basi-
cranial fenestrae (Coates and Sequeira, 1998:
fig. 3). Faint depressions occupy a corre-
sponding position in some specimens of
Cobelodus aculeatus (fig. 46). Coates and
Sequeira (1998) suggested that the efferent
pseudobranchials in A. zangerli exited via
separate foramina, a different arrangement
from that postulated in ““Cobelodus’.

“STETHACANTHUS”

GENERAL REMARKS: The genus Stetha-
canthus (type species S. altonensis) is founded
on isolated but distinctive dorsal spines from
the Mississippian of North America (New-
berry, 1889). The spine in Akmonistion is
nevertheless virtually identical to those of
Stethacanthus, suggesting that spine mor-
phology is a poor criterion for recognizing
genera. The earliest endoskeletal remains
referred to S. altonensis (also representing
the earliest symmoriiform fossils) are from
the Famennian (late Devonian) Cleveland
Shale of Ohio (Williams, 1985). The majority
of fossils referred to Stethacanthus are of
Mississippian age, including some specimens
with a braincase, e.g., a laterally compressed
head from the Waverly Black Shale (AMNH
1734) referred to S. altonensis (Zangerl, 1981;
Williams, 1985), and three specimens from
the Bear Gulch Limestone of Montana
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(Serpukhovian, Namurian E2b, Upper Mis-
sissippian; MV 2830, CM 23654, CM 37680;
Lund, 1974, 1985b), the stratigraphic equiv-
alent of Akmonistion from Scotland. Lund
(1974) identified MV 2830 as a male in-
dividual and considered that CM 23654
represented a female, but subsequently com-
mented that its “‘clasper cartilages are un-
known” (Lund, 1985b: 2). He originally
referred both specimens to S. altonensis, but
subsequently referred CM 23654 to S. cf. S.
productus (Lund, 1985b). The stratigraphi-
cally youngest skeletal fossils that have been
referred to S. altonensis are from the Logan
Quarry Shale of Indiana (Desmoisnian,
Westphalian Upper C, Pennsylvanian; Wil-
liams, 1985).

Lund (1974) and Williams (1985) consid-
ered that many of the nominal species of
Stethacanthus founded on isolated dorsal
spines may be synonymous, and suspected
that differences between them are attribut-
able either to taphonomic effects or to
individual variation. The teeth of Stetha-
canthus have a characteristic cusp and basal
plate morphology (M. Ginter, personal com-
mun., February, 2006). The median cusp of
the tooth is moderately thick in Bear Gulch
specimens referred to Stethacanthus (Lund,
1974: fig. 11a; note, however, that isolated
teeth referred to Stethacanthus in Lund
[1985b: fig. 8] are probably not even sym-
moriiform; Ginter et al., 2005). The median
cusp is also thick in teeth associated with
a partial skeleton with a “‘stethacanthid”
spine-brush complex from Oklahoma, re-
ferred by Zidek (1993) to S. cf. S. altonensis,
as well as in Gutturensis nielsoni and Akmo-
nistion zangerli (Sequeira and Coates, 2000:
fig. 6; Coates and Sequeira, 200la: fig. 4).
The teeth in AMNH 1734 have a slightly
more slender median cusp and relatively
longer lateral cusps than in the aforemen-
tioned specimens, but these differences may
represent variation related to age or position
in the jaw. Williams (1985) referred some
Upper Mississippian teeth from the Sunbury
Shale to Stethacanthus, but did not figure the
teeth of the Pennsylvanian specimen (FMNH
PF 2207).

CRANIAL MORPHOLOGY: Lund’s (1974,
1985b) illustrations of braincases referred to
Stethacanthus are reproduced here (fig. 51;
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Outline dorsal views of the braincase in three specimens that have been referred to Stethacanthus,

all from the Bear Gulch Limestone (Chesterian, late Pennsylvanian). A, Specimen referred to S. altonensis,
MV 2830 (from Lund, 1974: fig. 3); B, specimen referred to S. cf. S. altonensis (from Lund, 1985: fig. 4); C,
specimen referred to S. cf. S. productus (from Lund, 1985: fig. 1). Anterior to top. The original illustrations
have been adjusted to approximately the same scale (scale bar = 10 mm). See text for details.

note that the illustrations have been scaled
according to information in the original
papers and annotated to agree with other
figures in the present work). The information
content of these specimens is low and only
their dorsal surfaces can be compared. There
is an enormous disparity in size between these
individuals; the braincase in CM 37680 is
about half the length of that in MV 2830 and
one third that of CM23654. Also, the
smallest specimen has narrower supraorbital
shelves than the others (possibly an age-
related feature, since the shelf appears late in
modern elasmobranch ontogeny and fre-
quently does not attain its full extent until
maturity; Holmgren, 1940). Otherwise, the
specimens are similar in overall morphology
and proportions, with a short otico-occipital
region and relatively longer orbital region. As
illustrated by Lund (1974, 1985b), there is no
indication of a persistent otico-occipital
fissure, but the shape of the posterior margin
of MV 2830 suggests that the occipital
cotylus is flanked by large, paired glosso-
pharyngeal canals comparable to those in
“Cobelodus’.

AMNH 1734 (fig. 52) is a laterally com-
pressed symmoriiform head from the Wa-

verly Black Shale (early Mississippian), re-
ferred by Zangerl (1981) and Williams (1985)
to Stethacanthus altonensis. The postcranial
skeleton is not preserved and it is unknown
whether this individual possessed a “‘stetha-
canthid” spine-brush complex, but the top of
the head is covered by a thick-set patch of
“Lambdodus™ denticles arranged geometri-
cally in alternating rows. The large orbit size
in this specimen is reminiscent of ““Cobelo-
dus”, suggesting that an interorbital septum
is present (although it is extremely difficult to
find traces of cartilage beneath the dense
teeth and denticles filling the orbit, and CT-
scanning was uninformative).

FMNH PF 2207 is an articulated symmor-
iiform from the Pennsylvanian of Indiana
(fig. 53). The specimen includes a spine-brush
complex and teeth that are identical to those
referred elsewhere to Stethacanthus, which
led Williams (1985) to refer this specimen to
Stethacanthus altonenis. Although the orbits
are large, few other features can be recog-
nized in X-rays Nevertheless, the outline of
the braincase is similar to that of “Cobelo-
dus”. A large, circular shadow within the
orbit in the X-ray is provisionally interpreted
as sclerotic cartilage, but there is no evidence
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Fig. 52. Lateral view of AMNH 1734, a complete head referred to Stethacanthus altonensis, from the
Sunbury Shale (= “Waverly Black Shale”, Tournaisian, Lower Mississippian) of Ohio. A, left side; B, right
side. The specimen has a deep, round orbit, a deep postorbital otic process, and a slender palatine ramus.

Scale bar = 10 mm.

of separate ossifications as in falcatids (see
below).

Coates and Sequeira (2001a: 439) consid-
ered that the morphology of the braincase in
Akmonistion zangerli differed “‘significantly’
from specimens referred to Stethacanthus
(including AMNH 1734 and FMNH PF
2207), but many of the supposed differences
are equivocal. For example, although they
claimed that the postorbital process in
Akmonistion projects ““farther from the main
body of the neurocranium’ than in the Bear
Gulch specimens (ibid: 440), Akmonistion
seems to be intermediate between MV 2830
and CM23654 in this respect (figs. 50, 51).
They also suggested that the supraorbital
shelf was ‘“more extensive’ in Akmonistion,
but it seems no larger than in MV 2830 or
CM23654. The posterior dorsal fontanelle in
Akmonistion is supposedly wider and better
defined than in other ‘“‘stethacanthids”, but

this feature was not illustrated or described
by Lund (1974, 1985b) and is unknown in
other material referred to Stethacanthus. The
only remaining cranial feature by which
Coates and Sequeira (2001a) distinguished
Akmonistion from Stethacanthus is the sup-
posedly narrower span of the olfactory
capsules in the former. The ethmoidal region
certainly appears wider in MV 2830 and
CM23654, but its overall breadth is not
a reliable indicator of the distance between
the capsules or the width of the internasal
septum, as shown by Cobelodus aculeatus and
Stethacanthulus meccaensis (figs. 39, 49). The
ethmoidal region is broad in both those
forms, but in C. aculeatus the capsules are
positioned at the lateral extremities of the
ethmoid region whereas in S. meccaensis they
lie closer to the midline (unfortunately, the
arrangement of the olfactory capsules cannot
be compared in material referred to Stetha-
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Fig. 53. A, X-ray of the head in FMNH PF 2207, an almost complete skeleton referred to
Stethacanthus altonensis, from the Logan Quarry Shale (Desmoinesnian, Westphalian Upper C,
Pennsylvanian), Parke County, Indiana. B, same view, with outlines of the orbit, braincase, olfactory
capsule, palatoquadrate, and Meckel’s cartilage outlined in white. Note the extremely deep postorbital
arcade, the large, round orbit, the deep palatoquadrate postorbital flange, and the comparatively slender
palatine ramus below the orbit. Anterior to right.
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canthus). The putative differences in cranial
morphology between Akmonistion and
Stethacanthus proposed by Coates and Se-
queira (2001a) need to be verified from better
material.

DWYKASELACHUS OOSTHUISENI
Oeclofsen, 1986

GENERAL REMARKS:  Dwykaselachus oos-
thuiseni is founded on a single specimen of
a chondrichthyan braincase (SAM K5840),
from the Prince Albert Shale Formation in
Cape Province, South Africa (Artinsian-
Sakmarian, Lower Permian; Oeclofsen,
1986). The specimen is well preserved in three
dimensions as a hollow cast within a radiolar-
ian-rich nodule. From Oeclofsen’s (1986) de-
scription, it is not possible to resolve the
systematic position of Dwykaselachus satis-
factorily although it may represent a symmor-
iiform (making it the youngest example
known from cranial material). Unfortunately,
as described, its features represent a curious
anatomical mixture unknown in any other
shark, and it was not possible to obtain the
specimen for investigation. Therefore, the
inclusion of Dwykaselachus in this work is
highly provisional and the following remarks
are inconclusive, but the affinities of this
enigmatic Permian shark may nevertheless be
closer to symmoriiforms than to modern
elasmobranchs.

CRANIAL MORPHOLOGY: The overall
shape of the braincase in Dwykaselachus is
reminiscent of ‘““Cobelodus”, especially the
broad postorbital arcade, the short and
narrow otic region with a narrow “waist”
immediately behind the postorbital arcade,
and the extremely large orbits. The chordal
part of the basicranium is exposed as far as
the prominent dorsum sellae. In front of this
is a median opening, interpreted by Oelofsen
(1986) as the hypophyseal fossa. He identified
traces of paired canals (supposedly for in-
ternal carotid arteries) in the fossa, as well as
paired grooves for lateral dorsal aortaec on
the ventral surface of the basicranium farther
posteriorly. He also interpreted the glosso-
pharyngeal nerve as leaving the basicranium
beneath the otic capsules, an extremely
unusual position for a shark (Oeclofsen,
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1986: fig. 10). Comparison of his illustrations
with the “Cobelodus” braincase suggests that
the glossopharyngeal nerve in Dwykaselachus
passed between the cranial cavity and otic
capsule and then above a wide hypotic
lamina below the occipital arch. The feature
identified by Oeclofsen (1986) as the floor of
the saccular chamber may instead be the
dorsal surface of the hypotic lamina below
the capsule, and the passage he identified as
a glossopharyngeal foramen may have al-
lowed that nerve to enter an extensive canal
below the capsule, as in “Cobelodus™.

The labyrinth in Dwykaselachus shares an
interesting plesiomorphic feature with “Co-
belodus” and platybasic Paleozoic sharks
such as Cladodoides, namely, the presence
of a crus between the anterior and posterior
semicircular canals (Oelofsen, 1986: fig. 12).
Although this feature has little phylogenetic
significance, at least it shows that Dwykase-
lachus did not possess the specialized inner
ear morphology that characterizes modern
elasmobranchs and hybodonts (Maisey,
2001b; Maisey et al., 2004). The posterior
dorsal fontanelle in Dwykaselachus is small
and rounded, and is located at the highest
part of the cranial roof, as in “Cobelodus”
(Oeclofsen, 1986: fig. 40). The region pre-
sumably formed by the posterior tectum is
long, again as in ““Cobelodus’ .

Oeclofsen (1986) identified paired occipital
condyles in Dwykaselachus, and claimed this
was a synapomorphy with modern sharks.
However, the ‘“condyles” may instead be
paired epioccipital processes like those of
“Cobelodus” (although it cannot be deter-
mined from his illustrations whether these are
dorsal or ventral in position). The position of
the posterior ampullae can be determined,
but from the published figures it is unclear
whether a persistent otico-occipital fissure
was present. Dwykaselachus apparently lacks
a lateral otic process, but there is no evidence
of a periotic process like that in “Cobelodus™.

The postorbital arcade in Dwykaselachus is
wide and deep, with a large central jugular
canal (though apparently smaller than in
“Cobelodus”; see Oeclofsen, 1986: fig. 7).
There is a canal in the ventral part of the
arcade, lateral to the jugular canal, which
possibly housed the buccal branch of the
trigeminal nerve. Oelofsen (1986: fig. 3)
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reconstructed Dwykaselachus with a postor-
bital articulation low on the ventrolateral
part of the postorbital arcade as in ““Cobelo-
dus” (i.e., on cartilage presumably formed in
the lateral commissure), but did not describe
or illustrate the articular facet.

The interorbital region in Dwykaselachus is
narrow, although Oelofsen (1986: figs. 3, 4)
interpreted the braincase as platybasic. How-
ever, there could be an interorbital septum
below the main cranial cavity at the level of
the postorbital arcade (Oelofsen, 1986: fig. 7).
Furthermore, as Oeclofsen (1986: 116) noted,
Dwykaselachus resembles Cobelodus aculea-
tus (and “Cobelodus”) in lacking a suborbital
shelf. Dwykaselachus possesses an extensive
transverse postnasal wall, anterior to which
the paired olfactory capsules are located
fairly close to the midline.

Oeclofsen (1986: fig. 13) suggested that
Dwykaselachus was closely related to Syne-
chodus and modern elasmobranchs, based on
several putative synapomorphies including:
paired occipital condyles; a ““true’ rostrum;
location of the occipital arch wedged between
the otic capsules; short “parietal” fossa; and
“adult hypophyseal duct closed externally”.
However, the “condyles” may be homolo-
gous to the epioccipital processes in “Cobe-
lodus”, a prominent rostrum is present in
falcatid symmoriiforms (although it is usually
uncalcified), a “‘short” occipital region is
common in symmoriiforms (and also occurs
in basal chondrichthyans such as Pucapam-
pella; Maisey and Anderson, 2001), and the
hypophyseal region is closed off from the
cranial cavity in “Cobelodus”. Within the
“hypophyseal duct”, Oelofsen (1986: 122, fig.
9) identified a pair of laterally situated
foramina supposedly within the floor of
fenestra, although from his illustration these
appear to be in its roof (a similar arrange-
ment to “Cobelodus™?).

FAMILY FALCATIDAE ZANGERL 1990
FALCATUS FALCATUS
(St. John and Worthen, 1883)

MATERIAL EXAMINED: MYV 4793, well-
preserved head, part and counterpart, later-
ally compressed; MV 5448, head and dis-
articulated visceral skeleton, part only, later-
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ally compressed; MV 5392, anterior region of
body including a large dorsal spine, and head
preserved in lateral oblique view, part and
counterpart; MV 6156, almost complete
laterally compressed individual with dorsal
spine and poorly preserved axial skeleton,
part and counterpart; MV 6951, broken
specimen of anterior part of body, with
braincase in dorsoventral view, part and
counterpart; MV 6956, almost complete
individual with impression of large dorsal
spine, laterally compressed, part only; MV
7689, complete individual with well-devel-
oped dorsal spine, laterally compressed, part
and counterpart; MV 7690, complete in-
dividual with small (presumably immature)
dorsal spine, laterally compressed, part and
counterpart; all from Fergus County, Mon-
tana; Bear Gulch Limestone, Bear Gulch
member, Heath Formation, Upper Chester-
ian, Namurian E2b, Upper Mississippian.
GENERAL REMARKS: Lund (1985a)
erected the genus Fualcatus for a species
originally referred to Physonemus (P. falcatus
St. John and Worthen, 1883), and described
several fairly complete specimens from the
Bear Gulch Limestone of Montana (Serpu-
khovian, Namurian E2b, Upper Mississippi-
an). Zangerl (1990) considered Falcatus and
Damocles (discussed below) sufficiently dis-
tinct from other “‘stethacanthids’ to warrant
placing them in a separate Family Falcatidae.
The braincase is preserved in many speci-
mens of Falcatus falcatus, in a variety of
orientations that collectively provide a good
idea of its overall shape and morphology
(figs. 54-56). A peculiar recurved dorsal
spine is present just behind the head, but in
Falcatus the spine is not associated with
a “brush complex™ of fin rays and denticles
like that of Stethacanthus. Instead, the dorsal
spine supports a rodlike structure composed
of long, hollow tubes. These tubes seem to
consist of fused fin rays that Lund (1985a)
considered homologous with the “brush” in
Stethacanthus (disputed by Coates and Se-
queira, 2001a). Lund (1985a) presented con-
vincing evidence that the spine-brush com-
plex is present only in male F. falcatus, and
only in individuals above 124 mm standard
length. F. falcatus is a comparatively small
shark, the largest individuals being about
140-150 mm in length. The teeth of F.
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Fig. 54. Features of the head and braincase in Falcatus falcatus, from the Bear Gulch Limestone
(Chesterian, late Pennsylvanian). All illustrations from Lund (1985a), with annotations changed to agree
with those used in this work. A, MV 5386, lateral view of braincase and palatoquadrate; B, MV 5385,
lateral view of braincase and palatoquadrate; C, CM 23677, dorsal view of braincase; D, MV 6951, ventral
view of braincase; E, MV 6951, dorsal view of braincase. F, MV 5392b, lateral view of head skeleton.
5 mm scale bar shown in A, B, F; no scale was originally provided for C-E.
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Fig. 55.  Falcatus falcatus MV 4793, part and counterpart, Bear Gulch Limestone. Head in lateral view
(original specimen, uncoated). Anterior to right in A, to left in B. Scale bar = 5 mm.
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Fig. 56. Fualcatus falcatus MV 5392, part and counterpart, Bear Gulch Limestone. Head. A,

dorsolateral view, right side; B, ventrolateral view, left side. From silicone peels, blackened with graphite.
Scale bar = 5 mm.



94 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

falcatus are extremely small and resemble
those referred to Stethacanthus in their
multicuspid “‘cladodont” morphology, but
are otherwise poorly known.

DEscrIPTION: Lateral views of the
braincase show a deep, round orbit. The
postorbital flange of the palatoquadrate is
particularly deep, but the palatine ramus is
slender (as in the Stethacanthus specimens
described earlier). Large eye size is confirmed
by the presence of a ring of “sclerotics™
(sensu Lund, 1985a) consisting of numerous
plates extending around the margin of the
orbit (fig. 55). This ring extends ventrally as
far as the palatine part of the palatoquadrate
(which is concave below the orbit), and in
some specimens the eye itself may be
represented by dark (choroid?) pigment that
almost completely fills the orbit. The hard
tissue forming the sclerotic plates was de-
scribed as a ‘““smooth, dense, glossy mineral-
ization lacking any evidence either of fusion
of denticles or of Tome’s processes” (Lund,
1985a: 17), and was interpreted as acellular
bone. The ring presumably lay at the corneal-
scleral limbus of the eye, suggesting that it is
homologous to the ring of scleral ossicles of
osteichthyans, rather than to the scleral
cartilage that supports the eyeball in gnathos-
tomes generally (see discussion below).

In MV 5392, compression of the fossil has
flattened the left postnasal wall anteriorly so
that it covers and obscures the olfactory
capsule (fig. 56B). Unlike in “Cobelodus’, the
postnasal wall is strongly calcified and forms
a continuous surface that defines the front of
the orbit. This surface is penetrated by
a foramen centrally, possibly indicating the
position of the orbitonasal canal (which
marks the location of fusion between the
orbital cartilage and orbitonasal lamina in
modern gnathostomes; De Beer, 1937). The
postnasal wall extends as a short ventrolat-
erally directed process that may correspond
to the ectethmoid process (formed in carti-
lage lateral to the orbitonasal canal in
modern elasmobranchs; Holmgren, 1940;
Maisey, 1983, 2004b; Coates and Sequeira,
1998; Maisey et al., 2004). In other Falcatus
specimens, impressions of denticles associat-
ed with sensory canals show that the rostrum
extended a considerable distance anterior to
the postnasal wall and the olfactory capsules,
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especially in males (it may have been shorter
in females), but there is no evidence that the
cartilage forming the snout was calcified.
The dorsal surface of the braincase was
apparently narrower in Falcatus falcatus than
in Cobelodus aculeatus, Stethacanthulus mec-
caensis, or Akmonistion zangerli, with only
a narrow supraorbital shelf (indicated by
a row of pores for nerve ramules supplying
the supraorbital sensory canal; e.g., MV 6951,
CM 23677; fig. 48C, E). In this respect, the
braincase of Falcatus resembles smaller indi-
viduals referred to Stethacanthus (cf. fig. 51),
suggesting that either they were not fully
developed or Falcatus retained the juvenile
condition into adulthood. Lund (1985a)
found no evidence of a large posterior dorsal
fontanelle in Falcatus, and suggested that
there may have been have been only small,
paired openings for the endolymphatic ducts
(although these were not identified). The
olfactory capsules in F. falcatus lie close to
the midline on either side of a deep recess in
the roof of the braincase (probably marking
the position of the precerebral fontanelle).
According to Lund (1985a), the ventral
surface of the braincase has a strong inter-
nasal keel and a very narrow interorbital
region, and lacks suborbital shelves as well as
a basicranial fenestra. In the floor of the otic
region of MV 6951, however, he noted a Y-
shaped groove, with the arms of the Y
diverging anteriorly and each containing
a foramen (fig. 54D). Lund (1985a) hypoth-
esized that these grooves contained the lateral
aortae, and it is possible that the groove
marks the course of a median aorta, which
diverged into paired lateral aortae anteriorly,
as in “Cobelodus”, Cobelodus aculeatus, and
Akmonistion zangerli, since the stem of the Y
extends along much of the otic region and
terminates a short distance in front of the
occipital cotylus. The dorsal aorta in F.
falcatus may therefore have been enclosed
by cartilage only beneath the occipital arch,
emerging farther anteriorly before giving rise
to the internal carotid, orbital and efferent
hyoidean arteries. The foramina associated
with the arms of the Y-shaped groove may
have housed the orbital arteries on their way
to the orbits. Lund (1985a: fig. 9) also noted
the presence of small basicranial foramina
farther anteriorly (presumably below the
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orbit). These may be homologous to the
paired openings in “Cobelodus” that connect
the basicranial fenestra to the orbit, perhaps
allowing the internal carotids to enter the
orbits as postulated earlier. Lund (1985a: 8)
claimed that there is a marked basal angle in
Falcatus, but this is not evident in the
illustrations and there is no evidence of one
in the material examined. The anteroposter-
ior profile of the basicranium is similar to
that in “Cobelodus”, where a basal angle is
absent.

Lund (1985a) noted a large uncalcified
interorbital fenestra in Falcatus. This was
probably bridged in life by a membranous
septum and suggests that the cranial cavity in
Falcatus did not extend ventrally as far as the
basicranium (i.e., that its braincase was
tropibasic, as in “Cobelodus’). A suborbital
shelf (supposedly absent according to Lund,
1985a) may be represented by an area of
cartilage located ventral to the large in-
terorbital fenestra. Lund (1985a) identified
foramina for the orbital artery and palatine
ramus posteriorly in the floor of the orbit, as
well as foramina for the optic and olfactory
nerves farther anteriorly. However, if the
cranial cavity was confined to the dorsal part
of the orbit as in “Cobelodus”, these openings
could not have communicated with the
cranial cavity. A silicone peel of MV 5392B
shows at least one prominent opening within
the floor of the orbit, corresponding to the
canal connecting the basicranial fenestra and
the orbit in “Cobelodus and suggesting that
the internal carotid entered the orbit in
similar fashion (cf. figs. 14, 15, 56). Openings
identified by Lund (1985a) as optic and
olfactory foramina are positioned adjacent
to a slightly thickened part of the basicra-
nium. Comparison with “Cobelodus” sug-
gests that one of these openings probably
contained the efferent pseudobranchial ar-
tery, and that the thickened area adjacent to
it represents the orbital articulation. In that
case, the embryonic polar cartilage in Falca-
tus may have been as extensive as in
“Cobelodus”. Lund (1985a: 9, fig. 7) observed
a “notch and ventral facet on the ventral
surface of the ethmoid region for the ethmoid
articulation of the palatoquadrate” in MV
4750, and suggested that the palatoquadrate
was strongly braced against the braincase
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anteriorly. Although the opening identified
by Lund (1985a) as the olfactory foramen lies
only a short distance behind the capsule, the
olfactory nerve could not have exited here if
the braincase was tropibasic, but may instead
have passed through the antorbital wall
farther dorsally.

Other foramina identified by Lund (1985a)
in the posterior wall of the orbit of F. falcatus
seem to match those in “Cobelodus™, apart
from a foramen interpreted by Lund (1985a)
as the jugular canal. Comparison with
“Cobelodus” suggests that this opening prob-
ably contained the hyoidean ramus of the
facial nerve.

The postorbital arcade in MV 5392 is
slender but continuous, forming a delicate
rim to the posterior part of the orbit between
the sclerotic ring and the palatoquadrate
postorbital flange (fig. 56). A canal running
through the arcade was interpreted by Lund
(1985a: fig. 10) as containing the ‘“‘nerve for
infraorbital lateral line canal” (i.e., the buccal
ramus of the anterodorsal lateral line nerve).
A similar canal is present in the postorbital
arcade of “Cobelodus” (see above) and
Cladodoides (Gross, 1937, Maisey, 2005),
and may have housed the buccal maxillary
complex and/or the mandibular ramus of the
trigeminal nerve.

In MV 5392, the occipital arch appears to
be separated from the otic capsule by a persis-
tent otico-occipital fissure (identified as a ““nu-
chal crest” by Lund, 1985a). A foramen in the
lower part of the occipital region may have
contained a spino-occipital nerve rather than
the glossopharyngeal nerve as Lund (1985a)
suggested, since this nerve occupies a wide
glossopharyngeal canal between the floor of
the otic capsule and the hypotic lamina in
“Cobelodus” and other Paleozoic sharks (e.g.,
Cladodoides, Tamiobatis, Orthacanthus). In
chondrichthyans, a separate glossopharyn-
geal canal is present in hybodonts and
modern elasmobranchs (in which the hypotic
lamina has fused to the overlying capsular
wall) and in chimaeroids (in which the hypotic
lamina is not expanded beneath the otic
capsule and the nerve passes through the
basicranium ventrally, as in osteichthyans).
This reinterpretation of the glossopharyngeal
nerve passing through a persistent metotic
fissure in F. falcatus is important, because it
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was coded as not doing so in Falcatus and
Damocles by Coates and Sequeira (2001b). In
their phylogenetic analysis, this feature rep-
resented a reversal and helped unite these
forms with holocephalans (which were coded
in an identical fashion, although the relation-
ship of the glossopharyngeal nerve to the
basicranium differs in chimaeroids and
sharks; in the former, there is no hypotic
lamina or metotic fissure, whereas in the latter
the fissure is closed secondarily during
ontogeny and the hypotic lamina fuses to
the floor of the otic capsule; De Beer, 1937).

The palatoquadrate in Falcatus is closely
associated with the entire posterolateral
margin of the postorbital arcade (Lund,
1985a). The palatoquadrate attachment be-
hind the orbit may have been strengthened by
ligaments or extensive connective tissue,
suggesting that the original postorbital artic-
ulation was weak (and possibly rigid). The
palatoquadrates reach the ethmoid region
anteriorly, but the jaws are not “‘terminal”,
terminating instead on the ventral surface of
the head below the snout (as in many modern
elasmobranchs). Presence of an elongate
snout has been used to distinguish falcatids
from other symmoriiforms (Zangerl, 1990),
but the original extent of the rostrum in the
latter may have been underestimated because
it is extremely rare for parts of the braincase
anterior to the orbit to be preserved in fossil
sharks.

DAMOCLES SERRATUS Lund, 1986

MATERIAL EXAMINED: MYV 5449, com-
plete small individual lacking a dorsal spine,
with the head in ventrolateral view, and
a twisted caudal skeleton, part and counter-
part; MV 6158, dorsal spine in lateral view,
associated with scattered dermal denticles, part
and counterpart; MV 7685, small curled
skeleton with well-preserved head and de-
tached dorsal spine lying across caudal fin,
part and counterpart; all from Fergus County,
Montana; Bear Gulch Limestone, Bear Gulch
member, Heath formation, Upper Chesterian,
Namurian E2b, Upper Mississippian.

GENERAL REMARKS: Damocles serratus
is the second falcatid symmoriiform de-
scribed from the Bear Gulch Limestone of
Montana (Lund, 1986). Fewer specimens are
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known than for Falcatus falcatus and its
skeletal anatomy is less completely known.
No females have been identified satisfactori-
ly, although one specimen of uncertain
gender lacks a dorsal spine (MV 5449).
Where present, the spine resembles that of
Falcatus, but it 1s not associated with
a Stethacanthus-like “‘brush™ or a Falcatus-
like dorsal rod (although this could be fused
to the distal part of the spine). Lund (1986)
described the teeth of D. serratus as similar to
those of F. falcatus, although they may have
a shallower lingual torus. Damocles teeth
may also lack an apical button (as in
Stethacanthulus), but it has not been de-
termined whether this feature was absent or
present in Falcatus.

DeEescrIpTION:  The braincase in Damo-
cles serratus is known from only a few
specimens, all of which are preserved in
lateral or ventrolateral views (fig. 57). The
postnasal wall is short and poorly calcified.
As in Falcatus falcatus, ringlike denticles
mark the course of the cephalic sensory line
system and reveal that the snout extended
a considerable distance in front of the jaws
although there is no evidence of cartilage
mineralization in the rostrum (Lund, 1986:
fig. 5). There is a large, round orbit and the
otic region is short. No features of the orbital
wall are known, but a large sclerotic ring is
present and consists of numerous small plates
as in F. falcatus. The postorbital arcade is
delicate and short anteroposteriorly. Lund
(1986) suggested that variation in the length
of the otic region in D. serratus may be
growth related, although in MV 7685 and
CM 35472 (which are apparently closely
matched in size) there is considerable dis-
crepancy in the relative length of the otic
region. The occipital arch was short. It is
unknown whether there was a persistent
otico-occipital fissure.

Articulated specimens of Damocles show
that the otic process of the palatoquadrate
made extensive contact with the postorbital
arcade, suggesting that the jaw firmly at-
tached by ligaments and other connective
tissue although the postorbital articulation
(on the ventrolateral surface of the arcade)
was quite small. Lund (1986: fig. 4) recon-
structed the orbital attachment of the pala-
toquadrate as robust as in Falcatus.
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Features of the head and braincase in Damocles serratus, from the Bear Gulch Limestone

(Chesterian, late Pennsylvanian). All illustrations from Lund (1986) with annotations changed to agree with
those used in this work and adjusted for scale. A, B, CM 35473. A, lateral view of head skeleton; B, lateral
view of braincase. C, MV 7685, lateral view of braincase; D, CM 35472 (holotype), lateral view of braincase.
Scale bar = 5 mm (illustrations have been scaled according to information in original publication).

ORDER CLADOSELACHIDA DEAN 1909
FAMILY CLADOSELACHIDAE DEAN 1894

CLADOSELACHE Dean, 1894

GENERAL REMARKS: A comprehensive
revision of the well known late Devonian
shark Cladoselache is beyond the scope of the
present work; it will merely be noted here
that the systematics of Cladoselache are
currently in disarray. The late Michael
Williams (Cleveland Museum of WNatural
History) left notebooks in which he consid-
ered that Cleveland Shale Cladoselache re-
presents two different but closely related
genera, distinguishable mainly on the basis
of postcranial features. However, until his
unpublished findings can be analyzed and
properly documented, Cladoselache is pro-
visionally retained as a single genus.

Some investigators have separated Clado-
selache from other sharks at ordinal level
(e.g., Dean, 1909; Zangerl, 1981), whereas
others have classified it alongside forms that
are included here in the Symmoriiformes
(e.g., Denaea; Glikman, 1967). More recently,

Coates and Sequeira (2001b) have presented
competing phylogenetic analyses in which
Cladoselache either is a plesiomorphic sister
taxon to all symmoriiforms or is nested
within a clade comprising symmoriiforms
plus holocephalans. Although some morpho-
logical characters of the braincase were
included in their analyses, these did not
impact the alternative phylogenetic positions
of Cladoselache they postulated.

In addition to the Cleveland Shale mate-
rial, parts of a well-preserved three-dimen-
sional cladoselachian shark have been de-
scribed from the Chattanooga Shale of
Tennessee (Maisey, 1989). Although that
specimen has provided important informa-
tion about the visceral skeleton and muscu-
lature in cladoselachians, its cranium is
poorly preserved and relatively uninforma-
tive.

CRANIAL MORPHOLOGY: The braincase
in Cladoselache is known mainly from two
Cleveland Museum specimens described by
Harris (1938), both of which were identified
as C. kepleri (figs. 58, 59). These and other
specimens were extensively prepared by
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Fig. 58.
view of braincase. Scale bar = 10 mm.

Williams as part of an intended revision of
Cladoselache, and now provide much more
information on its cranial morphology. Un-
fortunately, all the specimens of Cladoselache
in which the braincase is exposed are
compressed dorsoventrally, and the original
depth of the cranium is therefore difficult to
estimate (as in Cobelodus aculeatus, Akmonis-
tion, and Stethacanthus). Well-preserved pa-
latoquadrates of Cladoselache have a shal-
lower otic process than in most symmorii-
forms, suggesting that the orbit was not as
deep as in those forms.

Several features of the braincase are re-
markably similar in Cladoselache and sym-
moriiforms. One feature of particular interest
is the presence of a single median fossa for the
dorsal aorta below the occipital region. This
fossa can be seen in at least two specimens
(CMNH 5769, 5611; figs. 58, 60), and shows
that the dorsal aorta was either unpaired as it
entered the basicranium, or that paired vessels
shared a single opening. Unlike in “Cobelo-
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Cladoselache kepleri, CMNH 5769, Cleveland Shale (late Devonian), Berea, Ohio. Ventral

dus”, however, the aorta apparently divided
almost immediately on entering the basicra-
nium, since the fossa in CMNH 5769 contains
a pair of openings that presumably contained
paired aortae. The aortic pattern in Cladose-
lache and symmoriiforms differs from that in
Paleozoic sharks such as Tamiobatis, Clado-
doides, and Orthacanthus, in which the aortae
had already separated behind the occiput and
the paired aortic canals are widely spaced.
The arrangement of basicranial foramina
in the floor of the otic region is also very
similar in Cladoselache, ‘Cobelodus”, and
Cobelodus aculeatus. The canals for the
lateral aortae emerge a short distance behind
the postorbital arcade (at which point each
aorta presumably gave rise to an internal
carotid, orbital and efferent hyoidean branch,
because the foramen for the orbital artery lies
but a short distance from the aortic foramen).
By contrast, in Paleozoic sharks such as
Tamiobatis, Cladodoides, and Orthacanthus,
the foramen for the lateral aorta and its
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Fig. 59. Cladoselache kepleri, CMNH 6233, Cleveland Shale, Berea, Ohio. Ventral view of braincase
partly overlain by palatoquadrate. Scale bar = 10 mm.
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Fig. 60.
lacking postorbital processes. Scale bar = 10 mm.

orbital artery are farther apart, presumably
leaving more of the arteries exposed beneath
the braincase.

Other unusual features of the braincase
shared by Cladoselache and symmoriiforms
include: presence of a distinct “waist”, or
narrowing of the otic region behind the
postorbital arcade; absence of a lateral otic
process; an extremely wide but anteroposter-
iorly short postorbital arcade; an expansive
jugular canal (e.g., CMNH 5769; fig. 58);
and possibly the presence of a periotic pro-
cess (e.g., CMNH 5611; fig. 60).

The dorsal surface of the braincase in
Cladoselache has not been described pre-
viously, but parts of it are visible in CMNH
6233 (fig. 61). Features of interest include the
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Cladoselache sp., CMNH 5611, Cleveland Shale, Berea, Ohio. Ventral view of braincase

presence of a notch in the lateral margin of
the supraorbital shelf, similar to that found in
Cobelodus aculeatus and Stethacanthulus
meccaensis, a small median opening probably
for the pineal organ, and a short occipital
arch separated from the otic region by an
otico-occipital fissure (the arch is either
incomplete or was uncalcified dorsally). In
this specimen, the roof of the otic region, the
medial capsular walls, and the semicircular
canals are either uncalcified or missing. The
floor of the medullary region is therefore
exposed, but the posterior dorsal fontanelle
(which presumably lay above this area)
cannot be observed.

A wide hypotic lamina is present (fig. 58),
an important similarity with other elasmo-



2007 MAISEY: BRAINCASE IN PALEOZOIC SHARKS 101

sup n

LWL

jc

med fl

Fig. 61. Cladoselache kepleri, CMNH 6233, Cleveland Shale, Berea, Ohio. Dorsal view of braincase
(opposite side of specimen shown in Fig. 55). Scale bar = 10 mm.
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branchs. There is no evidence of a glossopha-
ryngeal foramen in the basicranium, and the
nerve probably left the braincase via the otico-
occipital fissure. The otic region in Cladose-
lache and symmoriiforms is much shorter
than in Tamiobatis, Cladodoides, and Ortha-
canthus. In addition, the occipital cotylus in
Cladoselache and symmoriiforms is narrow
from side to side, whereas it is much wider in
forms such as Tamiobatis, Cladodoides, and
Orthacanthus. The phylogenetic significance
of these features is unclear because of their
wider occurrence in other gnathostomes.
Within chondrichthyans, however, a wide
occipital cotylus and widely spaced aortic
canals are unusual features that may repre-
sent apomorphic characters (possibly corre-
lated with elongation of the otic region).

Cladoselache has separate, paired foramina
for the anterior and posterior ramules of the
palatine ramus. A separate foramen for the
posterior ramule is also present in Clado-
doides and perhaps in Tamiobatis vetustus
(Maisey, 2005: figs. 5, 35). However, in
“Cobelodus” the passages for both palatine
ramules open into the roof of the groove for
the orbital artery (fig. 8), and a similar
arrangement is possible in Cobelodus aculea-
tus, because there is no evidence of separate
foramina for these ramules despite the fact
that the orbital artery was enclosed by a canal.
Both palatine ramules in C aculeatus may
have accompanied the orbital artery through-
out its canal, and may have accompanied the
orbital artery within its groove in ““Cobelo-
dus”. The presence of separate foramina for
the palatine ramules therefore distinguishes
Cladoselache from symmoriiforms.

A median basicranial fenestra and paired
internal carotid foramina are present in
Cladoselache, although it is not possible to
determine whether these openings communi-
cated with the cranial cavity or opened into
the orbit as in “Cobelodus”. There is a broad
suborbital shelf, extending anteriorly as far as
the orbital articulation. This articular surface
may indicate the posterior end of the
embryonic trabecular cartilage, as inferred
in “Cobelodus” and Cladodoides (Maisey,
2004a, 2005), suggesting that the polar
cartilage made an extensive contribution to
the basicranium in Cladoselache.
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While Cladoselache appears to share sev-
eral apomorphic cranial features with sym-
moriiforms, no definitive evidence of an
interorbital septum has been detected (al-
though one could be represented by a faint
ridge in CMNH 5769; fig. 58). Some doubt
therefore exists whether its braincase was
tropibasic or platybasic. Cladoselache has
customarily been classified in a separate
family or even order (e.g., Dean, 1894,
1909; Zangerl, 1981), but the observations
presented here suggest that such a remote
classification is unjustified and instead sup-
port the phylogenetic hypothesis that Clado-
selache is closely related to symmoriiforms
(Coates and Sequeira, 2001b).

DISCUSSION

TROPIBASIA IN SYMMORIIFORMS

For many years, the only Paleozoic sharks
in which the braincase was well known were
Tamiobatis, Cladodoides, and Orthacanthus
(Eastman, 1897; Gross, 1937, 1938; Romer,
1964; Schaeffer, 1981; Maisey, 2005). All
these forms have fundamentally identical
cranial morphology, with a platybasic chon-
drocranium, wide ethmoidal and orbital
regions, a stout postorbital process surround-
ing a moderately wide jugular canal, an
elongate otic region in which the lateral otic
process contains part of the posterior semi-
circular canal, and a moderately long occip-
ital region separated from the rest of the
braincase dorsally by a persistent otico-
occipital fissure.

A few previous investigators nevertheless
suspected the presence of an interorbital
septum in symmoriiforms (e.g., Zangerl and
Case, 1976; Williams, 1985). Zangerl and
Case (1976: 120) stated that in their original
(unpublished) reconstruction of the braincase
in Cobelodus aculeatus (based entirely on
compression fossils studied by means of
stereo X-rays) ‘“‘the medial walls of the orbits
were assumed to be close to the sagittal
plane, or actually formed an interorbital
septum.” Evidently it was their subsequent
misinterpretation of the three-dimensionally
preserved specimen found afterward (FMNH
PF 3090; figs. 37, 38) that caused them to
change their interpretation and to place the
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orbits on either side of the cranial cavity in
a ‘“‘conventional” platybasic arrangement.
Without the almost perfectly preserved
three-dimensional “Cobelodus” braincase, it
would be extremely difficult even now to
recognize a deep interorbital septum in
compression fossils of C. aculeatus.

Despite the impossibility of making onto-
genetic observations in fossils, it can still be
inferred on the basis of morphological
features that the embryonic orbital cartilage
in “Cobelodus” probably contributed to the
entire upper half of the orbit and had
a membranous or blastemic connection with
the trabeculae at the approximate level of the
optic foramen (fig. 2A). The orbital carti-
lages were entirely fused at the ventral
midline, forming an interorbital septum that
was poorly chondrified centrally but strongly
calcified where it met the polar cartilage and
parachordals. Although the position and
extent of the embryonic trabeculae can only
be inferred, the fact that the bucco-hypophy-
seal fenestra is separated from the cranial
cavity suggests that the trabeculae were fused
along much of the midline, probably forming
an extensive trabecula communis to which
the orbital cartilages were also fused. Thus, in
“Cobelodus”, the adult tropibasic condition
probably arose from a tropitrabic embryonic
one. The preoptic pila was incompletely
calcified in “Cobelodus™, but was apparently
better developed in Falcatus and Stetha-
canthulus, where there is broad contact
between the septum and postnasal wall.
Farther posteriorly in the orbit, cartilage
extending between the optic and ophthalmic
foramina in part probably represents the
metoptic pila. The ophthalmic foramen lies
immediately above the optic pedicel centrally
in the orbit, and the oculomotor foramen lies
farther posteriorly above and even slightly
behind the pedicel attachment area (forming
the base of the antotic pila in modern
elasmobranchs; see De Beer, 1931, 1937;
Holmgren, 1940; El-Toubi, 1949).

Cartilage extending behind the pedicel
includes the facial and trigeminal foramina,
and is therefore regarded here as having
formed in tissues derived both from the
antotic pila and from secondary chondrifica-
tion of the embryonic prootic fissure between
the pila and the otic capsule (including the

prefacial commissure). In “Cobelodus™, the
polar cartilage probably contributed to ap-
proximately one-third of the orbit floor, i.e.,
it was slightly less extensive than in Clado-
doides (fig. 2B). The pituitary vein presum-
ably lay within an extracranial subpituitary
space between the posterior ends of the
trabecular-polar cartilage and the parachor-
dals as in other gnathostomes (Allis, 1928).

The positions of the efferent pseudobran-
chial artery, optic pedicel, and pituitary vein
in both “Cobelodus and Cladodoides suggest
that the polar cartilage made an extensive
contribution to the braincase. By contrast, in
modern elasmobranchs (and in gnathostomes
generally), the polar cartilage is comparative-
ly small and the trabeculae commonly extend
into the posterior part of the orbit (fig. 1).
Thus, despite many obvious differences
between the neurocrania of ““Cobelodus™
and Cladodoides, early cranial development
in both forms was apparently characterized
by hypertrophy of the polar cartilage and
confinement of the trabeculae to the anterior
half of the orbit. Features that are typically
located in the posterior part of the orbit in
modern Notorynchus lie farther anteriorly in
Cladodoides (e.g., the oculomotor foramen,
bucco-hypophyseal chamber, optic pedicel,
efferent pseudobranchial foramen, and pala-
tobasal articulation; Maisey, 2005: fig. 27).
“Cobelodus” resembles Cladodoides in all
these respects, suggesting that hypertrophy
of the polar cartilage and related forward
displacement of features in the orbit is
a derived developmental condition shared
by Cladodoides and ““Cobelodus’.

These observations suggest that the un-
usual morphology of the neurocranium in
“Cobelodus” resulted from at least two
distinct evolutionary modifications to the
presumably conserved pattern of cranial
development seen in modern elasmobranchs.
The first step involved hypertrophy of the
polar cartilage, and probably arose in sharks
in which the adult braincase was still
morphologically platybasic (e.g., Clado-
doides, Tamiobatis, Cladodus; Maisey, 2005;
Ginter and Maisey, 2007). The second step
(in symmoriiforms such as “Cobelodus’)
involved deepening and expansion of the
orbit and development of an interorbital
septum (presumably involving extensive fu-
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sion of the embryonic trabeculae to form
a trabecula communis along the entire length
of the orbit), accompanied by an anterior
shift of the ventral arm of the lateral
commissure (at least relative to its position
in Cladodoides). Thus, hypertrophy of the
polar cartilage may have been a precursor
condition to the tropibasic adult condition in
symmoriiforms. The combined effect of these
ontogenetic changes apparently resulted in
a crowding together of the embryonic me-
toptic and antotic pilae. Consequently, much
of the interorbital septum in symmoriiforms
was presumably supported by (or formed in)
the polar cartilages on either side of the
hypophyseal chamber, and also by cartilage
derived from the antotic pila farther dorsally.
The anterior part of the interorbital septum
either did not chondrify or remained un-
calcified, but was probably connected to the
trabeculae by membranous tissue.

Comparison with Recent actinopterygians
suggests that the tropibasic adult morpholo-
gy found in symmoriiforms such as ““Cobelo-
dus” involved altered ontogenetic trajectories
of the trabeculae, which became more
extensively fused at the ventral midline and
formed a trabecula communis that extended
to meet the orbital cartilages (tropitrabic
condition), resulting in the development of
deep orbits that are barely separated medially
(probably correlated with relatively large eye
size and the related upward displacement of
the brain). However, there are significant
differences in the inferred extent of the
antotic pila and polar cartilage of “Cobelo-
dus” and in actinopterygians. In the latter,
loss of the antotic pila and reduction or loss
of the polar cartilage may be correlated with
the development of the posterior myodome.
By contrast, in “Cobelodus’ the antotic pila is
apparently retained (though possibly merged
with the metoptic pila), and a posterior
myodome is not developed. In addition, the
polar cartilage in “Cobelodus” seems to have
been much more extensive than in actinop-
terygians and osteichthyans generally.

The efferent pseudobranchial artery in
osteichthyans does not traverse the space
between the polar and trabecular cartilages as
in elasmobranchs (De Beer, 1924, 1937;
Holmgren, 1943), and an optic pedicel is
absent in all modern osteichthyans. Unlike in
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Fig. 62. Two early osteichthyan neurocrania in
lateral view, showing positions of landmark features
associated with the embryonic polar cartilage and
antotic pila in modern gnathostomes. A, The
primitive actinopterygian Ligulalepis sp., left side
(after Basden and Young, 2001); B, The primitive
sarcopterygian Achoania jarviki, right side of
ethmosphenoid region (after Zhu et al., 2001;
position of oculomotor foramen inferred from
Psarolepis romeri, after Yu, 1998). Scale bars =
5 mm.

elasmobranchs, therefore, these landmarks
cannot be used to identify the former extent
of the polar cartilage (although the site of the
foramen for the pituitary vein may similarly
indicate its posterior margin). A pedicel
attachment site has been identified in several
early osteichthyans (e.g., Ligulalepis, Psar-
olepis, Achoania, Stylolepis; Basden et al.,
2000; Basden and Young, 2001; Zhu et al.,
1999; Zhu et al., 2001; Zhu and Yu, 2002),
immediately behind the optic foramen and
anterodorsal to the foramen for the pituitary
vein (fig. 62). Perhaps significantly, in early
osteichthyans where the oculomotor foramen
has been identified (e.g., Psarolepis, Ligula-
lepis; Yu, 1998; Basden and Young, 2001), it
is positioned directly above the presumed
pedicel attachment area (i.e., as in sharks).
Despite the profoundly different course of
the efferent pseudobranchial artery with re-
spect to the polar and trabecular cartilages in
elasmobranchs and osteichthyans, the topo-
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graphic and developmental relationships of
the antotic pila and polar cartilage are
remarkably similar. If the optic pedicel, polar
cartilage, and trabeculae represent evolution-
ary novelties of the prechordal part of the
neurocranium in gnathostomes, then fusion
of the pedicel to the embryonic antotic pila
just above the dorsal margin of the polar
cartilage and immediately anterior to the
basisphenoid pillar may represent a conserved
gnathostome pattern that arose prior to
the divergence of osteichthyans and chon-
drichthyans.

SCLERAL OSSICLES

Scleral ossicles are present in many os-
teichthyans (including tetrapods) as well as in
placoderms, but ossicles are absent in mod-
ern chondrichthyans although the scleral
cartilage may form a capsule (Walls, 1942).
The only chondrichthyans in which scleral
ossicles have been identified are extinct and
all date from the Paleozoic (e.g., Falcatus,
Damocles, Cladoselache), suggesting that
these structures were lost early in chon-
drichthyan evolution and never reappeared.
The absence of bone in the scleral capsule of
chondrichthyans is in all probability related
to the acquisition of tesselated endoskeletal
calcification (replacing endoskeletal bone?),
since the capsular cartilage is calcified pris-
matically (like much of the endoskeleton) in
modern sharks such as Lamna. By contrast,
the absence of capsular bone in most
osteichthyans (other than teleosts; Franz-
Odendaal and Hall, 2006) probably repre-
sents a true reduction in ossification.

In modern amniotes, scleral ossicles de-
velop intramembranously in dermal (neural
crest) tissue forming the scleral mesenchyme
(Franz-Odendaal and Hall, 2006 and refer-
ences therein), and the same developmental
history can be postulated for these ossicles in
chondrichthyans such as Falcatus. By con-
trast, the scleral cartilage is formed directly in
ectomesenchymal tissue and can be cartilag-
inous (e.g., sarcopterygians, Lamna), mem-
branous (e.g., actinopterygians), or bony
(e.g., osteostracans, placoderms). The pres-
ence of scleral ossicles has been regarded as
a gnathostome synapomorphy (Maisey,
1986; Donoghue et al., 2000), although today
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these structures occur only in osteichthyans
(Latimeria, tetrapods and teleosts) and are
absent in modern dipnoans (Kemp, 1999;
Franz-Odendaal and Hall, 2006). Scleral
ossicles are nevertheless present in many
extinct basal sarcopterygians (Jessen, 1966;
Schultze, 1973; Janvier, 1996) and actinop-
terygians (e.g., Edinger, 1929; Walls, 1942;
Lund, 2000). Paradoxically, scleral ossicles in
acanthodians seem to be restricted to a highly
derived clade including Cassidiceps and
acanthodiforms (Hanke and Wilson, 2004:
character 2).

In some osteostracans and placoderms, the
scleral cartilage forms an ossified cup sur-
rounding the eye, to which a dermal sclerotic
component is fused (e.g., Tremataspis, Dick-
sonosteus; Janvier, 1981, 1985, 1996; Burrow
et al., 2005), but in many arthrodires (as well
as in petalichthyids and antiarchs), the scleral
cartilage was apparently unossified and
separate ossicles are present (e.g., Holonema,
Brachydeirus, Dunkleosteus, Lunaspis, Bo-
thriolepis; Gross, 1932, 1961; Miles, 1971).
Fusion between the scleral ossicles and
cartilage therefore seems to be restricted
phylogenetically to stem-group gnathostomes
such as osteostracans and placoderms (it has
not been recognized in any living or fossil
crown-group gnathostome). This distribution
led Franz-Odendaal and Hall (2006: fig. 5) to
propose that a fully ossified capsule may
represent the phylogenetically primitive
gnathostome condition. However, it is far
from clear whether the propensity for the
optic capsule to be extensively and/or heavily
ossified represents a cladistically primitive or
derived condition, given its disjunct phyloge-
netic distribution within craniates (and espe-
cially among placoderms). In this regard, it is
of interest that a strong developmental
relationship exists between the scleral carti-
lage and the corneal-scleral limbus (where the
ossicles are formed), because the scleral
cartilages of teleosts and birds and the
collagenous sclera of mammals first appear
as a ring adjacent to the limbus before
spreading posteriorly around the eye (Cou-
lombre and Coulombre, 1958; Franz-Oden-
daal and Hall, 2006). A similar development
can be postulated for placoderms and osteos-
tracans, except that the scleral and capsular
ossifications probably co-ossified at the
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Fig. 63.
No scale.

corneal-scleral limbus. Such co-ossification
has a relatively restricted systematic distribu-
tion, and could therefore be secondary from
both a developmental/ontogenetic and a phy-
logenetic perpective. Thus, absence of fusion
between the scleral ossicles and cartilage may
represent a highly conserved condition in
crown group gnathostomes.

A RECONSTRUCTION OF THE JAWS
IN “CoBELODUS”

The three-dimensional “Cobelodus’ crani-
um provides an opportunity to model a hy-
pothetical set of mandibular and hyoid
arches and replicate their original shape and
orientation, using other symmoriiforms as
a guide (fig. 63). Although the visceral
skeleton is not preserved in ‘“Cobelodus™,
the palatoquadrates of Cobelodus aculeatus,
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“Cobelodus™. Left side of head skeleton, with a reconstruction of the jaws and hyoid arch.

Stethacanthulus meccaensis, and Symmorium
reniforme all have a high postorbital flange,
suggesting a deep and round orbit as in
“Cobelodus”. Unfortunately, almost all the
comparative material is flattened and dis-
torted, obscuring the original curvature of
the jaw ramus as well as the three-dimen-
sional shape of individual cartilages.

The spatial dimensions and orientation of
the orbital and postorbital articulations in the
three-dimensional cranium provided the prin-
cipal constraints for the reconstruction pre-
sented here. The curvature of the palatine
rami and Meckel’s cartilage below the eth-
moid region was based on comparison with
other elasmobranchs, but also followed the
simple assumption that the tooth-bearing
regions of both jaws had to be approximately
parallel to each other in order for the teeth to
occlude properly and provide a continuous
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biting surface (a factor that is overlooked in
many previous reconstructions of extinct
elasmobranchs). The outward swing of the
jaw rami toward the mandibular joint was
also based on comparison with other elasmo-
branchs, but in addition was constrained by
the requirement of having the paired man-
dibular joints aligned along a single transverse
axis of rotation. Flat templates were scaled
and shaped according to these criteria, then
photographed and digitally superimposed on
a lateral view of the braincase.

In the reconstruction, with the postorbital
and orbital articulations aligned, it is possible to
fit the hyomandibula between the periotic
process and mandibular joint (allowing for
outward curvature of the jaw ramus), although
the absence of a definite hyomandibular facet
and variation in the position of the hyoman-
dibular head in articulated symmoriiform
fossils makes its position in “Cobelodus” highly
conjectural (hyomandibular support for the
mandibular arch in symmoriiforms is itself
a controversial matter; see below). In “Cobe-
lodus”, the mandibular joint lies some dis-
tance behind the occipital region, but the otic
region is short and there is little space behind
the orbit for the origin of maxillary levator or
first dorsal constrictor musculature.

The postorbital articulation is said to be
laterally directed in some symmoriiforms,
suggesting that it was covered by part of the
postorbital arcade (Zangerl and Case, 1976;
Williams, 1985; Coates and Sequeira, 1998).
However, in “Cobelodus”, the postorbital
articulation 1is clearly positioned on the
posterior surface of the arcade, and it is
difficult to imagine how it could meet the
lateral surface of the palatoquadrate. If such
a laterally directed surface was present in
“Cobelodus”, it may have formed a secondary
articulation or an attachment surface for
ligaments connecting the palatoquadrate to
the postorbital arcade above their primary
articulation, or it may have acted as an
insertion for tendons running from an
adductor y muscle (if present). The palato-
quadrate in Falcatus and Damocles probably
made broad contact with the postorbital
arcade and the attachment may have been
reinforced by ligaments (figs. 54-57). In
Notorynchus, ligaments holding the postor-
bital articulation preclude any anterior shift-
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ing of the jaws and no translation is possible,
any motion being restricted to the plane of
the articular surface (Luther, 1908; Wolfram,
1984). The same was probably true in
Paleozoic sharks with a postorbital articula-
tion, but motion may have been further
restricted in ““Cobelodus” and other symmor-
iifforms if additional ligamentous connections
were present dorsal to the articulation (e.g.,
extending from the otic process to the vertical
platform of the postorbital arcade).

Zangerl and Case (1976) determined that
the palatoquadrate flange and the postorbital
arcade in Cobelodus aculeatus were in close
proximity to each other for a considerable
distance above and below their actual artic-
ulation. The otic flange of the palatoquadrate
therefore extends some distance above the
primary articular surface. The articular
surface for the palatoquadrate is also situated
ventrolaterally in Stethacanthulus meccaensis
(Williams, 1985: fig. 6), and includes a lateral
“pocket” where it articulates with the post-
orbital arcade. The postorbital arcade in
Symmorium reniforme is comparatively stout
and triangular in dorsal view, with a thick-
ened transverse keel on its posterior border
(Williams, 1985). The arcade is also compar-
atively long anteroposteriorly in Akmonistion
zangerli (Coates and Sequeira, 1998). A
postorbital articulation was probably present
in Denaea fournieri, but no details are known
(Fournier and Pruvost, 1922).

A reconstruction of the main mandibular
musculature is presented here (fig. 64). Some
parts of the branchiomeric musculature are
difficult to reconstruct in extinct sharks
because the skeleton lacks muscle insertion
sites like those of osteichthyans. Comparison
with modern elasmobranchs (Luther, 1908;
Wilga, 2005) is helpful only at a very general
level, even in forms that superficially re-
semble early sharks (e.g., hexanchiforms,
Chlamydoselachus, Heterodontus). In Notor-
ynchus, the palatoquadrate levator and first
dorsal constrictor originate at the level of the
dorsal otic ridge (Luther, 1908; Daniel, 1934:
fig. 92), and this was probably also the case in
“Cobelodus”. The palatoquadrate levator of
Notorynchus originates on the lateral wall of
the otic capsule just behind the postorbital
process and in front of the spiracular canal.
From here, the muscle descends anteriorly
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Fig. 64.
jaws. No scale.

and meets the palatoquadrate in the posterior
part of the orbit. The anterior extent of the
palatoquadrate levator is constrained by the
position of the mandibular ramus of the
trigeminal nerve. In modern elasmobranchs,
the ramus invariably passes in front of the
palatoquadrate levator (Luther, 1908). In
“Cobelodus”, this ramus probably traverses
the jugular canal and postorbital arcade, and
it is therefore unlikely that the palatoqua-
drate levator extended into the orbit (the
palatoquadrate levator lies also entirely
behind the postorbital arcade in Squatina,
where the ventral part of the lateral commis-
sure is as strongly chondrified as in many
Paleozoic sharks).

The shortness of the otic region in
“Cobelodus” suggests that the second (hyo-

“Cobelodus”. Left side of head, with a reconstruction of main musculature associated with the

mandibular levator) and subsequent dorsal
constrictors probably originated entirely on
a fascia of the dorsal epaxial musculature (in
modern sharks, these generally arise from
a fascia above the gill clefts as well as from
the extrabranchial cartilages). A palatoqua-
drate spiracular notch has been reported in
some symmoriiforms (Lund, 1985b), and it
has therefore been assumed in the recon-
struction that a spiracular canal was present
between the first and second dorsal constric-
tors, oriented almost vertically between the
palatoquadrate and periotic process and
opening on the top of the head just behind
the postorbital arcade.

The extent of the mandibular adductor
musculature is fairly evident from the size
and extent of the adductor fossa on the
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palatoquadrate and Meckel’s cartilage. Most
of the dorsal adductor muscle mass in
“Cobelodus” presumably lay behind the post-
orbital arcade, and the dorsal (palatoqua-
drate) insertion area is much larger than the
ventral (meckelian) one. Unfortunately, in
“Cobelodus” there is no way to determine the
presence or the extent of smaller muscles
usually associated with the mandibular ad-
ductor in modern elasmobranchs (e.g., ad-
ductor y or superficial adductor, preorbital/
suborbital, labial levator). The inclusion of
an adductor vy in the reconstruction is highly
speculative. In Notorynchus, this muscle
originates near the mandibular joint and is
connected to the tip of the postorbital process
by a tendon (Luther, 1908). According to
Allis (1923), Chlamydoselachus has an adduc-
tor vy, but this is absent according to both
Luther (1908) and Shirai (1992); the latter
found only tendons and connective tissue in
its expected position.

The preorbital muscle has been omitted
from the reconstruction presented here al-
though one may have been present. In
primitive modern sharks, the preorbital
muscle is not usually strong and commonly
arises on the postnasal wall or ectethmoid
process, inserting on the fascia of the main
adductor muscle near the corner of the
mouth (e.g., Chlamydoselachus). By contrast,
in many dalatiiforms with a cutting-type
dentition (sensu Cappetta, 1987), the muscle
is massive and its origin has shifted poster-
iorly into the orbit (e.g., Etmopterus, Squa-
liolus). However, the preorbital muscle is
absent in the highly specialized dalatiid
Trigonognathus (which has an unusual
clutching-type dentition and highly protrusi-
ble jaws; fig. 4C). In advanced modern
lamniforms, the preorbital muscle has sepa-
rate dorsal and ventral heads (Wilga, 2005).
If a preorbital muscle was present in “Cobe-
lodus™, it is unlikely to have arisen on the
interorbital region as in modern Squaliolus,
or to have extended below the postorbital
arcade to insert on the mandibular adductor
or lower jaw, because such a course would
have been obstructed by the ventral part of
the postorbital arcade. Probably, any pre-
orbital muscle would have been rather weak.

Other symmoriiforms display a slightly
different postorbital arcade morphology from
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“Cobelodus’, and may therefore have differed
in the orientation and position of the post-
orbital articulation. In some forms, the post-
orbital articular fossa for the palatoquadrate
has been described as being approximately
midway along the arcade (e.g., Damocles,
Akmonistion; Lund, 1986; Coates and Se-
queira, 2001a: fig. 3). In others, the facet is
apparently closer to the dorsal margin of the
otic flange (e.g., CM 23654, referred to
Stethacanthus cf. S. productus; Lund, 1985b:
fig. 1). If such variation can be confirmed, it
would suggest considerable variation in the
origin, insertion, and distribution of the
mandibular musculature that may reflect
different feeding strategies and preferences
in symmoriiforms.

THE ANTERIOR
PALATOQUADRATE ARTICULATION

A detailed discussion of the anterior
palatoquadrate articulation has already been
presented elsewhere (Maisey, 2005), and only
a few points will be added here. Gegenbaur
(1872) considered that the anterior articular
surface in modern elasmobranchs corre-
sponded to the palatobasal articulation in
osteichthyans. However, Goodrich (1909:
414) suggested that the ‘“orbito-palatine”
articulation in modern hexanchiform sharks
could either represent a palatobasal articula-
tion (= “basal” articulation sensu Huxley,
1876) that had migrated anteriorly, or an
anterior (palatine) articulation that had mi-
grated posteriorly. While he considered the
former view more plausible (“‘the fact that it
articulates really with the basal or trabecular
and not antorbital region of the skull is strong
evidence that it is a true basal process’), he
also noted: ‘“‘the anterior articulation of the
palatoquadrate seems to be very far forward
in such early forms as the Acanthodii and
Pleuracanthini .... Further study of the fossils
may enable this point to be decided.”

Watson’s (1937) subsequent study seemed
to settle the issue (at least for acanthodians).
He considered that no basal process was
present in sharks, and that the absence of
a palatobasal articulation in elasmobranchs
was an important difference from Acanthodes.
He therefore distinguished the anterior pro-
cess of elasmobranchs as an orbital process.
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Miles (1965, 1973) reached essentially the
same conclusion and interpreted Acanthodes
with an osteichthyan-like palatobasal (basip-
terygoid) process. However, Holmgren (1943)
and Jarvik (1977, 1980) argued that the
articulation in Acanthodes is homologous
with the orbital articulation in squaloids and
hexanchiforms, but not to the palatobasal
articulation of osteichthyans. On the other
hand, De Beer (1931) and Gardiner (1984a)
have both argued that the elasmobranch
orbital and osteichthyan palatobasal articula-
tions are morphological homologs (a view
originally espoused by Huxley, 1876) because
they have the same topographical relationship
to the lateral head vein, the palatine ramus of
the facial nerve, and the embryonic polar
cartilage.

El-Toubi (1949: 262), defended Watson’s
(1937) position that no palatobasal articula-
tion is present in sharks, and argued that the
orbital process in Squalus changes its position
relative to the trabecular cartilage during
ontogeny and ““ does not articulate with
a fixed point in all developmental stages’.
However, during earlier developmental stages
when the palatoquadrate orbital process is
located farther anteriorly, it has only blas-
temic connection to the cranium and lacks
any real articulation. Although the palato-
quadrate in Squalus and Etmopterus shifts
posteriorly in ontogeny, the articular surface
formed for it on the trabecular cartilage does
not shift (Holmgren, 1940: figs. 55, 67, 79,
81), and is located at the posterior end of the
trabeculae from its first inception (like the
basitrabecular process in osteichthyans;
Goodrich, 1930).

By contrast, the anterior palatoquadrate
attachment in Heterodontus and galeomorphs
is associated with the lateral or anterolateral
part of the trabecular cartilage, and the
palatoquadrate connects with the ethmoidal
region (Holmgren, 1940). There is no corre-
sponding articular surface in more advanced
galeomorphs although ethmopalatine liga-
ments are often present (Wilga, 2005). In
Mitsukurina and Carcharias these ligaments
are paired, and in Alopias they are accompa-
nied by an unpaired palatonasal ligament,
but in other lamnids only a median ligament
is present. However, these ethmopalatine and
palatonasal ligaments are always connected
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to the anterior or antrolateral part of the
trabecular region, farther anteriorly than the
palatobasal articulation in other gnathos-
tomes but corresponding topographically to
the anterior articulation in Heterodontus and
galeomorphs. Nevertheless, Wilga (2005: 114,
fig. 6) inferred that the ethmopalatine liga-
ment in galeomorphs is homologous to the
sleeve-like ligament associated with the or-
bital articulation in hexanchiforms, despite
the different positions of these attachments.
The implied homology between these liga-
ments suggests that the orbital articulation
was secondarily lost, but that the ligamentous
part of the attachment become relocated
farther anteriorly on the lateral margin of
the trabeculae. However, even if the ethmo-
palatine attachment in galeomorphs is ho-
mologous only to the ligamentous part of the
orbital articulation in orbitostylic sharks
(and to the corresponding part of the
palatobasal articulation in other gnathos-
tomes), the ethmoidal articulation in Hetero-
dontus and orectoloboids is most parsimoni-
ously interpreted as a novel feature, perhaps
correlated with their unusually massive and
divided preorbital muscle that is oriented
vertically and inserts onto Meckel’s cartilage
rather than on the mandibular adductor as in
other sharks (Smith, 1942; Compagno, 1977;
Motta and Wilga, 1999).

THE POSTORBITAL ARTICULATION

In modern hexanchiform elasmobranchs,
there is a postorbital articular surface on the
primary postorbital process (fig. 65A-C).
However, there is no continuous postorbital
arcade and hexanchiforms lack a chondrified
lateral commissure (Holmgren, 1941). By
contrast, the postorbital articulation in many
Paleozoic sharks is located farther ventrolat-
erally than in hexanchiforms, presumably on
the distal part of the chondrified lateral
commissure (fig. 65D, E). Furthermore, the
articulation in hexanchiforms is lateral to the
exit of the otic lateral line nerve (= classical
“otic ramus of the trigeminal nerve’) and
dorsal to the lateral head vein whereas, in
Paleozoic sharks such as “Cobelodus” and
Cladodoides, the articulation is ventrolateral
to the presumed position of the otic lateral
line nerve and the lateral head vein.
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Fig. 65.

Views of the right postorbital process showing the different position of the postorbital

articulation in: A—C, Notorynchus cepedianus; A, lateral view (anterior to right); B, posterior view; C,
ventral view (anterior to top) D, ““Cobelodus’, posterior view; E, Cladodoides wildungensis, posterior view.

Not to scale.

Despite strong disagreement between phy-
logenetic hypotheses based on molecular and
morphological analyses of crown group
elasmobranchs (mainly involving the place-
ment of batoids; Maisey et al., 2004), there is
consensus that hexanchiforms (the only
extant elasmobranchs with a postorbital ar-
ticulation) do not lie at the base of the group.
A postorbital articulation is also absent in
hybodonts, the putative extinct sister group

to modern elasmobranchs (Maisey et al.,
2004). From a phylogenetic perspective,
therefore, amphistyly (sensu Goodrich,
1909) in hexanchiforms appears to be a cla-
distically derived condition. The alternative
possibility (that a postorbital articulation was
primitively present in crown-group elasmo-
branchs and was lost independently numer-
ous times in nonhexanchiforms) is consider-
ably less parsimonious.
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The postorbital articulation in hexanchi-
forms cannot therefore be considered primi-
tive, based on morphological and phyloge-
netic evidence. This conclusion has important
implications for those evolutionary hypothe-
ses of jaw suspension in elasmobranchs in
which the amphistylic condition in hexanchi-
forms has been regarded as a cladistically
primitive condition from which other patterns
supposedly arose (e.g., Wilga, 2005: fig. 7).

HYOMANDIBULAR INVOLVEMENT IN
JAW SUSPENSION

In modern batoids and orbitostylic sharks
(sensu Maisey, 1980), the hyomandibular
facet is located on the posterolateral wall of
the otic capsule, immediately in front of the
exit of the glossopharyngeal nerve (in batoids
and Pristiophorus, there are frequently two
articular fossae for the hyomandibula;
Holmgren, 1941). The hyomandibular facet
sometimes extends farther anteriorly (e.g.,
Squatina), and occasionally extends along the
entire otic region (e.g., Orectolobus). Howev-
er, in Heterodontus, Chiloscyllium, and ad-
vanced galeomorphs, the facet occupies only
the anterior part of the otic region (Holmg-
ren, 1941).

The hyomandibular articulation in extinct
sharks is usually located on the posterior part
of the capsule and is often associated with the
lateral otic process (e.g., Orthacanthus, Ta-
miobatis vetustus, ‘‘Tamiobatis sp.”, Egerto-
nodus basanus, Tribodus limae; Schaeffer,
1981; Maisey, 1983; Maisey and Carvalho,
1997). Akmonistion is so far the only sym-
moriiform in which a lateral otic process has
been identified (Coates and Sequeira, 2001a).
A more anterior position for the articulation
has been suggested in Tristychius arcuatus
(Dick, 1978: figs. 7, 9) and Synechodus
dubrisiensis (Maisey, 1985).

“Cobelodus™ lacks a distinct hyomandibu-
lar facet, suggesting that the hyomandibula
may only have been attached by ligaments
(possibly to the periotic process). In other
symmoriiforms, a comparatively weak liga-
mentous connection is also suggested by the
extremely variable position of the hyoman-
dibular head. For example, in Falcatus
falcatus and Damocles serratus, the hyoman-
dibula extends as far as the postorbital
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arcade and is mesial to the palatoquadrate
postorbital articulation (Lund, 1985a, 1986),
a quite different configuration from that
described in Akmonistion (Coates and Se-
queira, 2001a). In Cobelodus aculeatus, the
hyomandibular head has been described in
various positions; according to Zangerl and
Williams (1975), it reached the postorbital
arcade, but according to Zangerl and Case
(1976) it only extended about halfway along
the side of the otic capsule.

There is considerable variation in the
relative proportions of the hyomandibula
and ceratohyal in symmoriiforms. It is only
50% as long as the ceratohyal in Akmonistion
zangerli (Coates and Sequeira, 2001a: 443),
but in Cobelodus aculeatus it is approximately
60% as long. However, according to Williams
(1985: 98), the hyomandibula in Stetha-
canthulus meccaensis is much shorter (around
33% of ceratohyal length). The hyomandi-
bula in both Falcatus falcatus and Damocles
serratus is at least as long as the otic ramus of
the palatoquadrate (Lund, 1885a: fig. 8§;
1986: fig. 4). In D. serratus, the hyomandi-
bula is considerably longer than the cera-
tohyal (the length of the ceratohyal has not
been determined in F. falcatus). The hyo-
mandibula extends at least halfway along the
otic region in the Pennsylvanian Arkansas
symmoriiforms (i.e., approximately as far as
the periotic process in “Cobelodus’), but CT
scans show that the hyomandibular head lies
some distance from the neurocranium.

Collectively, these observations suggest
that the hyomandibula in symmoriiforms
was only attached loosely to the neurocra-
nium and that the attachment position was
more variable than in most elasmobranchs. A
short hyomandibula obviously will not extend
as far along the otic region as a longer one,
but its attachment to the neurocranium is also
governed in vivo by the angular relationship
of the hyomandibula to the neurocranium,
and by the width of the jaw ramus at the
mandibular joint. If the jaws curved outward
posteriorly (as in most modern elasmo-
branchs), even a comparatively long hyoma-
dibula might reach only the posterior part of
the otic region. Furthermore, if the hyoman-
dibula was held in place by ligaments, it need
not have extended the full distance between
the mandibular joint and the ligamentous



2007 MAISEY: BRAINCASE IN PALEOZOIC SHARKS 113

attachment site, and would easily become
displaced during fossilization, possibly ac-
counting for much of the positional variation.

It has been suggested that Cobelodus
aculeatus was aphetohyoidean (with a full
gill slit opened between the mandibular and
the hyoid arches, as had been postulated
earlier for Acanthodes by Watson, 1937),
supposedly providing empirical support for
Gegenbaur’s (1872) theory that a fully de-
veloped hyoidean gill cleft represents a prim-
itive evolutionary stage for gnathostomes
(Zangerl and Williams, 1975; Zangerl and
Case, 1976; Zangerl, 1981). However, the
interpretations on which those proposals
were based have been challenged both in
Acanthodes (Miles, 1968) and in Paleozoic
sharks (Maisey, 1984, 1989). Zangerl and
Williams (1975) claimed that there was no
connection between the epihyal and the
mandibular joint in C. aculeatus; however,
such a connection is also absent in modern
hexanchiforms, which are clearly not aphe-
tohyoidean and have a spiracle as well as
a ligamentous connection between Meckel’s
cartilage and the ceratohyal (Devillers, 1958).
Zangerl and Williams (1975) also considered
that the relative dimensions of the mandib-
ular and hyoid arch elements supported their
aphetohyoid interpretation, but that argu-
ment has also been refuted (Maisey, 1989:
185). Nevertheless, a hyomandibular articu-
lation has not been recognized in Cobelodus
aculeatus (Zangerl and Williams, 1975; Zan-
gerl and Case, 1976) and no strong evidence
for one exists in ““Cobelodus’, although one
may be present in other symmoriiforms (e.g.,
Falcatus, Akmonistion; Lund, 1985a; Coates
and Sequeira, 1998). Furthermore, if the
symmoriiform palatoquadrate referred to
Stethacanthus by Lund (1985b: fig. 5) has
a spiracular notch as he suggested, the
hyoidean gill cleft was presumably reduced
as in modern elasmobranchs.

It has also been argued that the hyoid arch
in chimaeroids is “unmodified” (as interpreted
by De Beer and Moy-Thomas, 1935) and that
it provides neontological support for the
aphetohyoid condition. In fact, this arch
displays several specialized features (Maisey,
1984), including: the lateral rather than medial
position of the “pharyngohyal” relative to the
efferent artery (corresponding to the batoid

pseudohyal; Watson, 1937); the ‘“‘pharyngo-
branchial”” is bypassed by the subspinalis
muscle and has no insertion for any inter-
pharyngobranchial muscle (Daniel, 1934);
closure of the hyoidean gill slit and absence
of a spiracular pseudobranch; absence of
epihyal rays; and absence of hyoid adductor
muscles. Additionally, the afferent vascular
supply (and water flow) through the pseudo-
branch of gnathostomes is “reversed” (Laur-
ent and Dunel-Erb, 1984), providing increased
oxygenation of arterial blood flowing to the
brain via the efferent pseudobranchial artery.
Although the pseudobranch is absent in
modern chimaeroids, the “pseudobranchial”
artery provides the principal blood supply to
the brain because the internal carotids are
aborted during ontogeny; De Beer and Moy-
Thomas, 1935). The hyoid arch in modern
chimaeroids therefore displays a suite of
apomorphic features contradicting its inter-
pretation as ‘“unmodified”, and in some
respects the hyoid arch of elasmobranchs is
actually more primitive (e.g., presence of
a pseudobranch, absence of a “pharyngohyal”
lateral to the efferent artery). The relationship
of the chimaeroid ‘‘pharyngohyal” to sur-
rounding vessels and muscles strongly sup-
ports its interpretation as a morphological
novelty. No conclusive evidence for an “un-
modified” hyoid arch has been found in
gnathostomes, and the aphetohyoid condition
is entirely conjectural.

The posterior postorbital process in pla-
coderms (e.g., Dicksonosteus; Goujet, 1984) is
typically associated with attachment areas for
the branchial arches, but the hyomandibular
facet is positioned much farther anteriorly
(on the anterior postorbital process). The
osteichthyan parampullary process typically
develops on the lateral wall of the posterior
ampulla rather than over the external semi-
circular canal (Gardiner, 1984a). In modern
and extinct osteichthyans, the first branchial
arch often articulates with (or is attached by
ligaments to) the parampullary process or the
opisthotic (e.g., Polypterus, Polyodon, Lati-
meria, Eusthenopteron, Kansasiella, Mimia,
Styloichthys; Jarvik, 1954; Poplin, 1974;
Gardiner, 1984a; Zhu and Yu, 2002). The
osteichthyan opisthotic forms in the ventro-
lateral wall of the otic capsule, surrounding
the external semicircular canal as well as the
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lower part of the posterior canal (including
the ampulla), and it also forms the posterior
part of the hyomandibular facet. The poste-
rior postorbital process in placoderms such
as Dicksonosteus may be homologous to the
parampullary process in osteichthyans, and it
is also possible that this process (plus the area
extending anteriorly to the hyomandibular
facet) corresponds to the opisthotic in
osteichthyans (Gardiner, 1984a). However,
the posterior postorbital process in placo-
derms and the parampullary process in
osteichthyans are not involved in hyoman-
dibular support, and there is no compelling
evidence to suggest homology between either
of them and the periotic process in ““Cobelo-
dus”, nor with the lateral otic process in
Tamiobatis and Orthacanthus.

CONCLUSIONS

1. Tropitrabia and platytrabia are re-
garded as ontogenetic conditions that are
frequently the precursors to the correspond-
ing adult state (tropibasia and platybasia),
but there are important exceptions. Ontoge-
netic data are unavailable for fossils and the
majority of extant species of gnathostomes,
but morphological features associated with
platybasia and/or tropibasia may provide
clues about the precursor ontogenetic condi-
tion.

2. The braincase in “Cobelodus” and some
other Paleozoic symmoriiform sharks is
morphologically tropibasic, but the extent
to which this characterizes symmoriiforms
generally is uncertain. The braincase of
Cobelodus aculeatus was misinterpreted as
platybasic by Zangerl and Case (1976). The
braincase in most modern elasmobranchs is
morphologically platybasic (although ventral
downgrowths of cartilage below the embry-
onic trabeculae are present in some etmop-
terids), but may be tropibasic in Squaliolus.
The extensive “medial area’ of the anterior
basicranium develops early in ontogeny;
therefore, if it is regarded as part of the
trabeculae, modern sharks may be character-
ized as tropitrabic. No morphological evi-
dence of an interorbital septum can be
recognized in placoderms, but the presence
of separate paired ethmoidal ossifications in
ptyctodonts suggests that there was a median
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preorbital cartilaginous area that may have
formed in the trabecula communis.

3. The embryonic polar cartilage in “Co-
belodus™ appears to have contributed exten-
sively to the prechordal basicranium, as in
Cladodoides. Tropibasia in “Cobelodus” may
therefore have been superimposed on an
already unusual pattern of cranial morphol-
ogy. Although tropibasia in osteichthyans
(especially actinopterygians) is very similar to
the pattern found in “Cobelodus”, their polar
cartilage is generally small or even absent.

4. The postorbital arcade in “Cobelodus™ is
unusual in several respects. The lateral
commissure is extremely wide and surrounds
a much larger jugular canal than in most
other elasmobranchs. The ventral attachment
of the arcade apparently extended to the
ventrolateral border of the polar cartilage,
instead of meeting the ventrolateral wall of
the otic capsule as in modern elasmobranchs.

5. The basicranial arterial circuit in “Co-
belodus” must have been considerably mod-
ified, because the internal carotids could not
have communicated with the cranial cavity
via the bucco-hypophyseal chamber. These
arteries either were absent or they met the
efferent pseudobranchials within the orbits
before entering the cranium. Nevertheless,
the arterial circuit inferred in ““Cobelodus™
represents a modification of the primitive
elasmobranch pattern and differs profoundly
from that of osteichthyans, in which the
combined internal carotid/efferent pseudo-
branchial enters the cranial cavity via the
basisphenoid pillar and not via the orbit.

6. The epiotic process in “Cobelodus” 1is
located farther anteriorly than the lateral otic
process of many other Paleozoic sharks. It is
uncertain whether these processes are homol-
ogous to each other, although both may be
associated with the hyomandibular attach-
ment.

7. The labyrinth of the inner ear is similar
to that of Cladodoides, modern chimaeroids,
and osteichthyans, and lacks the specializa-
tions found in modern elasmobranchs and
extinct hybodont sharks. In this respect, the
inner ear in ““Cobelodus” conforms to the
generalized crown-group gnathostome con-
dition.

8. The occipital region in ““Cobelodus™ is
short, but contains the same number of
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spino-occipital canals (five) as in Clado-
doides, where the occipital region is much
longer. The number of canals is probably
underreported in most fossil sharks, but there
is no obvious correlation between the length
of the occipital region and the number of
spino-occipital canals. The configuration of
the occipital region in “Cobelodus differs
from that in Cladodoides and other Paleozoic
sharks in several respects. Its occipital cotylus
is comparatively small and is elevated above
surrounding structures. The cotylus is also
reinforced by paired dorsal and ventral
paroccipital processes. Nevertheless, in ““Co-
belodus™ there is a persistent otico-occipital
fissure, regarded as a conserved crown-group
gnathostome feature shared with several
other Paleozoic chondrichthyans and with
primitive osteichthyans.

9. Cranial endocasts of “Cobelodus” and
Cladodoides suggest that the tegmentum was
elongated above the dorsum sellac and the
hypothalamus was displaced anteriorly. A
comparatively straight mesencephalon is also
inferred. Presence of a tight ““S” in the
mesencephalon around the posterior com-
missure is a potentially apomorphic character
of modern elasmobranchs that may be shared
with hybodonts and xenacanths.

10. The braincase in Cladoselache shares
some apomorphic characters with ““Cobelo-
dus”, although their phylogenetic significance
is still uncertain, including: division of the
dorsal aorta below or in front of the occipital
region; comparatively anterior location of
foramina for the lateral aortae between the
postorbital processes; a distinct narrowing of
the otic region behind the postorbital arcade;
absence of a lateral otic process and (possi-
bly) presence of a periotic process; an
extremely wide but anteroposteriorly short
postorbital arcade; and an expansive jugular
canal. In addition, Cladoselache, Cobelodus
aculeatus, and Stethacanthulus meccaensis
possess an unusual notch in the lateral
margin of the supraorbital shelf, although
this seems to be absent in “Cobelodus” and
several other symmoriiforms. However it has
not been determined whether Cladoselache
was tropibasic. Cladoselache has a wide
hypotic lamina, an important but previously
unrecognized character shared with other
elasmobranchs. Cladoselache and symmorii-
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forms primitively share a comparatively short
otic region and a narrow occipital cotylus.
The wide occipital cotylus and widely spaced
aortic canals in Tamiobatis, Cladodoides, and
Orthacanthus may be apomorphic features of
the otic region related to hypertrophy in
width as well as length.

11. The postorbital articulation in hexan-
chiforms is probably a derived feature. The
postorbital articulation in Paleozoic sharks is
not located on the primary postorbital pro-
cess as in hexanchiforms, but on cartilage
presumably formed in the lateral commis-
sure. In “Cobelodus”, there is evidence of an
additional attachment area (possibly for
ligaments) on the posterolateral surface of
the postorbital arcade, above the actual
postorbital articulation. This may help ex-
plain previous reports of a laterally directed
postorbital ““articulation’ in other symmorii-
forms. Such extra bracing of the symmorii-
form postorbital articulation is envisaged as
a modification of the primitive postorbital
articulation.

12. No hyomandibular facet has been
identified in ‘““Cobelodus”, but this does not
constitute evidence that it was aphetohyoi-
dean (with a complete hyoidean gill slit and
“unmodified” hyoid arch). Previous sugges-
tions that symmoriiforms were aphetohyoi-
dean are probably unfounded, although the
epihyal in “Cobelodus’ may have been only
loosely bound to the cranium by ligaments
(possibly attached to the periotic process).

13. The systematics and classification of
symmoriiform sharks are in disarray. Sym-
moriiforms collectively are probably mono-
phyletic, but the only group to present clearly
apomorphic characters within the order is the
family Falcatidae. The traditional distinction
between “‘symmoriids’ and ‘‘stethacanthids™
is probably invalid, because it has never been
convincingly demonstrated that “brushless”
(presumably female) ‘‘stethacanthids” ex-
isted, or that ‘“symmoriids” are anything
but female “‘stethacanthids”. Sex-linked di-
morphism of the spine-brush complex has
been demonstrated convincingly only in
falcatids. The enigmatic Permian shark Dwy-
kaselachus may be a symmoriiform rather
than a close relative of modern sharks as
suggested by Oelofsen (1986). The braincase
in Cladoselache shares some unusual features
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with “Cobelodus” that suggest a relationship
with symmoriiforms.

ACKNOWLEDGMENTS

Three of the people who encouraged me
to bring this project to fruition are no longer
with us: Rainer Zangerl, who originally
brought the three-dimensional ““Cobelodus™
braincase to my attention and generously
made it available for study; Bobb Schaeffer,
my friend, colleague, and mentor for many
years; and Michael Williams of the Cleve-
land Museum of Natural History, with
whom I had many discussions about early
shark anatomy. All are greatly missed. I
thank Michal Ginter for several discussions
about the Paleozoic chondrichthyan fossil
record. Philippe Janvier and Gavin Young
provided valuable reviews of this work.
Lance Grande kindly permitted me to study
the extensive collections of Pennsylvanian
chondrichthyan fossils and X-rays in the
Field Museum of Natural History, Chicago,
and I gratefully acknowledge the support of
the Robert O. Bass Visiting Scientist pro-
gram at the Field Museum. Royal Mapes
allowed me to study Paleozoic shark speci-
mens collected by him and currently de-
posited in the Zoology Department, Ohio
University, Athens, Ohio. I am grateful to
Dr. George Stanley at the University of
Montana Paleontology Center (UMPC) for
allowing me to borrow material for this
work. T thank Bruce Latimer and Michael
Ryan for giving me continued access to the
fossil fish collection at the Cleveland Muse-
um of Natural History. Timothy Rowe,
Richard Ketchum, and Matthew Colbert
(University of Texas at Austin) scanned the
“Cobelodus” and other symmoriiform speci-
mens from Arkansas. Jacob Mey at the
American Museum of Natural History)
helped considerably with imaging and visu-
alization of CT scans. Lisa Bergwall-Herzog
prepared X-rays of the Arkansas symmorii-
form specimens for me at the Field Muse-
um, and Lorraine Meeker (AMNH) pro-
vided photographic prints from various X-
rays. The author made the analyses of CT
scans and the contour-based digital images
at the American Museum of Natural Histo-
ry. Funding for the project (including

NO. 307

computer hardware, software licenses, and
scanning expenses) was provided by the
Herbert and Evelyn Axelrod Research Chair
in Paleoichthyology (an endowed fund in
the Division of Paleontology, AMNH).
Finally, I thank Maria da Gloria P. de
Carvalho for her wonderful support during
the preparation of this work.

REFERENCES

Allis, E.P. 1917. The prechordal portion of the
chondrocranium in Chimaera colliei. Proceed-
ings of the Zoological Society of London 87:
105-143.

Allis, E.P. 1923. The cranial anatomy of Chlamydo-
selachus anguineus. Acta Zoologica 4: 123-221.

Allis, E.P. 1928. Concerning the pituitary fossa,
the myodome and the trigemino-facialis cham-
ber in recent gnathostome fishes. Journal of
Anatomy 63: 95-141, 185-188.

Basden, A.M., and G.C. Young. 2001. A primitive
actinopterygian neurocranium from the early
Devonian of southeastern Australia. Journal of
Vertebrate Paleontology 21: 745-766.

Basden, A.M., G.C. Young, M.I. Coates, and A.
Ritchie. 2000. The most primitive osteichthyan
braincase? Nature 403: 185-188.

Bemis, W.E., and P.L. Forey. 2001. Occipital
structure and the posterior limit of the skull in
actinopterygians. In P.E. Ahlberg (editor),
Major events in early vertebrate evolution:
paleontology, phylogeny, genetics, and develop-
ment: 351-369. New York: Taylor and Francis,
for the Systematics Association.

Brown, R.W. 1965. Composition of scientific
words. Washington, D.C.: Smithsonian Institu-
tion Press.

Burrow, C.J., A.S. Jones, and G.C. Young. 2005.
X-ray microtomography of 410 million year old
optic capsules from placoderm fishes. Micron
36: 551-557.

Cappetta, H. 1987. Chondrichthyes II. Mesozoic
and Cenozoic Elasmobranchii. /n H.-P. Schultze
(editor), Handbook of Paleoichthyology, vol.
3B. Stuttgart: Gustav Fischer Verlag.

Carlson, B.M. 1981. Summary. /n T.G. Connelly,
L.L. Brinkley, and B.M. Carlson (editors),
Morphogenesis and pattern formation: 289—
293. New York: Raven Press.

Case, E.C. 1933. Progressive chondrification in the
Stegocephalia. Proceedings of the American
Philosophical Society 72: 265-283.

Coates, M.I., and S.E.K. Sequeira. 1998. The
braincase of a primitive shark. Transactions of
the Royal Society of Edinburgh Earth Sciences
89: 63-85.



2007

Coates, M.I., and S.E.K. Sequeira. 2001a. A new
stethacanthid chondrichthyan from the Lower
Carboniferous of Bearsden, Scotland. Journal
of Vertebrate Paleontology 21: 438-459.

Coates, M.1., and S.E.K. Sequeira. 2001b. Early
sharks and primitive gnathostome interrelation-
ships. In P.E. Ahlberg (editor), Major events in
early vertebrate evolution: paleontology, phy-
logeny, genetics and development: 241-262.
New York: Taylor and Francis for the System-
atics Association.

Compagno, L.J.V. 1977. Phyletic relationships of
living sharks and rays. American Zoologist 17:
303-322.

Cope, E.D. 1891. On the characters of some
Paleozoic fishes. Proceedings of the United
States National Museum 14: 447-463.

Cope, E.D. 1893. On Symmorium, and the position
of the cladodont sharks. American Naturalist
28: 999-1001.

Cope, E.D. 1894. New and little known Paleozoic
and Mesozoic fishes. Journal of the Academy of
Natural Sciences of Philadelphia, 2°¢ ser. 9:
427-448.

Coulombre, A.J., and J.L. Coulombre. 1958. The
role of intraocular pressure in the development
of the chick eye. Archives of Ophthalmology 59:
502-506.

Daget, J. 1964. Le crane des Teleosteens. Mém-
oires du Muséum National d’Histoire Naturelle,
Serie A 31: 163-341.

Daniel, J.F. 1934. The Elasmobranch fishes.
Berkeley: University of California.

Dean, B. 1894. Contributions to the study of
Cladoselache (Cladodus). Journal of Morpholo-
gy 9: 85-115.

Dean, B. 1909. Studies on fossil fishes (sharks,
chimaeroids and arthrodires). Memoirs of the
American Museum of Natural History 9: 209—
287.

De Beer, G.R. 1924. Contributions to the study of
the development of the head in Heterodontus.
Quarterly Journal of Microscopical Science 68:
39-65.

De Beer, G.R. 1931. The development of the skull
in Scyllium (Scyliorhinus) canicula L. Quarterly
Journal of Microscopical Science, n. ser. 74:
591-652.

De Beer, G.R. 1937. The development of the
vertebrate skull. Oxford: Clarendon Press.

De Beer, G.R., and J.A. Moy-Thomas. 1935. On
the skull of Holocephali. Philosophical Transac-
tions of the Royal Society of London (B) 224:
287-312.

Denison, R. 1979. Acanthodii. /n H.-P. Schultze
(editor), Handbook of Paleoichthyology, Vol. 5.
Stuttgart: Gustav Fischer Verlag.

MAISEY: BRAINCASE IN PALEOZOIC SHARKS 117

Devillers, C. 1958. Le crane des poissons. In P.-P.
Grassé (editor), Traité de zoologie 13(1):
551-687. Paris, Masson.

Dick, J.R.F. 1978. On the Carboniferous shark
Tristychius arcuatus Agassiz from Scotland.
Transactions of the Royal Society of Edinburgh
70: 63-109.

Donoghue, P.C.J., P.L. Forey, and R. Aldridge.
2000. Conodont affinity and chordate phyloge-
ny. Biological Review 75: 191-251.

Duffin, C.J., and M. Ginter. 2006. Comments on
the selachian genus Cladodus Agassiz, 1843.
Journal of Vertebrate Paleontology 26: 253-266.

Eastman, C.R. 1897. Tamiobatis vetustus: a new
form of fossil skate. American Journal of
Science 4th. ser. 4: 85-90.

Edinger, T. 1929. Uber knocherne Scleralringe.
Zoologische Jahrbuecher Abteilung fuer Anato-
mie und Ontogenie der Tiere 51: 163-226.

El-Toubi, M.R. 1949. The development of the
chondrocranium of the spiny dogfish, 4canthias
vulgaris (Squalus acanthias). Part 1. Neurocra-
nium, mandibular and hyoid arches. Journal of
Morphology 84: 227-280.

Fournier, G., and P. Pruvost. 1922. Description
des poissons élasmobranches du marbre noir de
Denée. Mémoires de la Société Géologique du
Nord 9: 1-23.

Franz-Odendaal, T.A., and B.K. Hall. 2006.
Skeletal elements within teleost eyes and a dis-
cussion of their homology. Journal of Morphol-
ogy 267: 1326-1337.

Fiirbringer, M. 1897. Uber die spino-occipitalen
Nerven der Selachier und Holocephalen und
ihre vergleichende Morphologie. Festschrift von
Carl Gegenbaur, Vol. 3. Leipzig.

Gardiner, B.G. 1984a. The relationships of the
palaconiscid fishes, a review based on new
specimens of Mimia and Moythomasia from
the Upper Devonian of Western Australia.
Bulletin of the British Museum (Natural Histo-
ry) Geology 37(4): 173-428.

Gardiner, B.G. 1984b. The relationships of placo-
derms. Journal of Vertebrate Paleontology 4:
379-395.

Geerincks, T., M. Brunain, and D. Adriaens. 2005.
Development of the chondrocranium in the
suckermouth armored catfish Ancistrus cf.
triradiatus (Loricariidae, Siluriformes). Journal
of Morphology 266: 331-355.

Gegenbaur, C. 1872. Untersuchungen zur vergle-
ichenden Anatomie der Wirbelthiere. III. Das
Kopfskelet der Selachier, ein Beitrag zur
Erkenntniss der Genese des Kopfskeletes der
Wirbelthiere. Leipzig: Engelmann.

Ginter, M. 1998. Taxonomic problems with
Carboniferous ‘“cladodont-level” sharks. In M.



118 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

Ginter and M.V.H. Wilson (editors), Ichthyolith
Issues, Special Publication 4: 14-16.

Ginter, M. 1999. Famennian-Tournaisian chon-
drichthyan microremains from the eastern
Thuringian Slate Mountains. Abhandlungen
und Berichte fiir Naturkunde 21: 25-47.

Ginter, M. 2002. Taxonomic notes on ““Phoebodus
heslerorum” and Symmorium reniforme (Chon-
drichthyes, Elasmobranchii). Acta Palaeontolo-
gica Polonica 47(3): 547-555.

Ginter, M., A. Ivanov, and O. Lebedev. 2005. The
revision of “Cladodus occidentalis, a late Pa-
leozoic ctenacanthiform shark. Acta Palaconto-
logica Polonica 50(3): 623-631.

Ginter, M., and J.G. Maisey. 2007. The braincase
and jaws of Cladodus from the lower Carbon-
iferous of Scotland. Palaeontology 50(2): 1-
18.

Glikman, L.S. 1967. Subclass Elasmobranchii. In
D.V. Obruchev (editor), Fundamentals of Pale-
ontology, Vol. XI, Agnatha, Pisces: 292-419.
Jerusalem: Israel Program for Scientific Trans-
lation.

Goodrich, E.S. 1909. Cyclostomes and Fishes. In
E.R. Lancaster (editor), A Treatise on Zoology,
Vol. 9, Vertebrata Craniata. London: A&C
Black.

Goodrich, E.S. 1930. Studies of the structure and
development of vertebrates. London: Macmillan.

Goujet, D. 1984. Les poissons Placodermes du
Spitzberg. Arthrodires Dolichothoraci de la
Formation de Wood Bay (Dévonien Inferieur).
Paris: Cahiers de Paléontologie, Centre Nation-
al de la Recherche Scientifique.

Goujet, D. 2001. Placoderms and basal gnathos-
tome synapomorphies. /n P.E. Ahlberg (editor),
Major events in early vertebrate evolution:
palaeontology, phylogeny, genetics and devel-
opment: 209-222. New York: Taylor and
Francis for the Systematics Association.

Grogan, E.D., and R. Lund. 2000. Debeerius
ellefseni (Fam. nov., Gen. nov., Spec. nov.), an
autodiastylic chondrichthyan from the Missis-
sippian Bear Gulch Limestone of Montana
(USA), the relationships of the Chondrichthyes,
and comments on gnathostome evolution.
Journal of Morphology 243: 219-245.

Gross, W. 1932. Die Arthrodire Wildungens.
Geologische und Paldontologische Abhandlun-
gen, Neue Folge 19: 1-61.

Gross, W. 1933. Die Wirbelthiere des Rheinischen
Devons. Abhandlungen der Preussischen Geo-
logischen Landesanstalt 154: 1-83.

Gross, W. 1937. Das Kopfskelett von Cladodus
wildungensis Jaekel. 1. Teil. Endocranium und
Palatoquadratum. Senckenbergiana 19: 80—
107.

NO. 307

Gross, W. 1938. Das Kopfskelett von Cladodus
wildungensis Jaekel. 2. Teil. Der Kieferbogen.
Senckenbergiana 20: 123-145.

Gross, W. 1961. Lunaspis broili und Lunaspis
heraldi aus dem Hunsriickschiefer (Unterdevon,
Rheinland). Notizblatt des Hessisches Land-
esanstalt fir Bodenforschung 89: 17-43.

Hall, B.K. 1988. The embryonic development of
bone. American Scientist 76: 174-181.

Hanke, G.F., and M.V.H. Wilson. 2004. New
teleostome fishes and acanthodian systematics.
In G. Arratia, M. Wilson, and R. Cloutier
(editors), Recent advances in the origin and
radiation of early vertebrates: 189-216. Munich:
Pfeil.

Harris, J.E. 1938. The neurocranium and jaws of
Cladoselache. Scientific Publications of the
Cleveland Museum of Natural History 8: 8-12.

Holmgren, N. 1940. Studies on the head in fishes.
Part I. Development of the skull in sharks and
rays. Acta Zoologica (Stockholm) 21: 51-267.

Holmgren, N. 1941. Studies on the head in fishes.
Part II. Comparative anatomy of the adult
selachian skull with remarks on the dorsal fins
in sharks. Acta Zoologica (Stockholm) 22:
1-100.

Holmgren, N. 1942. Studies on the head in fishes.
Part II1. The phylogeny of elasmobranch fishes.
Acta Zoologica (Stockholm) 23: 129-261.

Holmgren, N. 1943. Studies on the head in fishes.
Part 1V. General morphology of the head in
fish. Acta Zoologica (Stockholm) 24: 1-188.

Hotton, N. 1952. Jaws and teeth of American
xenacanth sharks. Journal of Paleontology 26:
489-500.

Huxley, T.H. 1876. Contributions to morphology.
Ichthyopsida. No. 1. On Ceratodus forsteri, with
observations on the classification of fishes.
Proceedings of the Zoological Society of Lon-
don 1876: 24-59.

Huxley, T.H. 1880. On the application of the laws
of evolution to the arrangement of the Verteb-
rata and more particularly of the Mammalia.
Proceedings of the Zoological Society of Lon-
don 1880: 649-662.

Ivanov, A. 1999. Late Devonian— early Permian
chondrichthyans of the Russian arctic. Acta
Palaeontologica Polonica 49(3): 267-285.

Janvier, P. 1981. Norselaspis glacialis n.g., n. sp. et
les relations phylogénétiques entre les Kiaeras-
pidiens (Osteostraci) du Dévonien inférieur du
Spitzberg. Palaeovertebrata 11: 19-131.

Janvier, P. 1984. The relationships of the Osteos-
traci and Galeaspida. Journal of Vertebrate
Paleontology 4: 344-358.

Janvier, P. 1985. Les Thyestidiens (Osteostraci) du
Silurien de Saaremia (Estonie). Premiére partie:



2007

Morphologie et anatomie. Annales de Paléon-
tologie 71(2): 83-147.

Janvier, P. 1996. Early vertebrates.
Clarendon Press.

Janvier, P., and M. Suarez-Riglos. 1986. The
Silurian and Devonian vertebrates of Bolivia.
Bulletin de I'Institut Francais d’Etudes Andines
15(3, 4): 73-114.

Jarvik, E. 1954. On the visceral skeleton in
Eusthenopteron with a discussion of the para-
sphenoid and palatoquadrate in fishes. Kun-
gliga Svenska VetenskapsAkademiens Handlin-
gar 5: 1-104.

Jarvik, E. 1977. The systematic position of
acanthodian fishes. In S.M. Andrews, R.S.
Miles, and A.D. Walker (editors), Problems in
vertebrate evolution: 199-224. London: Aca-
demic Press.

Jarvik, E. 1980. Basic structure and evolution of
vertebrates. London: Academic Press.

Jessen, H. 1966. Die Crossopterygier des Oberen
Plattenkalkes (Devon) der Bergisch-Gladbach-
Paffrather Mulde (Rheinisches Schiefergebirge)
unter Beriicksichtigung von americkanischem
und europdischem Onychodus-Material. Arkiv
fur Zoologi 18: 305-391.

Jollie, M. 1962. Chordate morphology. London:
Chapman and Hall.

Jollie, M. 1971. Some developmental aspects of the
head skeleton of the 35-37 Squalus acanthias
foetus. Journal of Morphology 133: 17-40.

Kemp, A. 1999. Ontogeny of the skull of the Austra-
lian lungfish Neoceratodus forsteri (Osteichthyes:
Dipnoi). Journal of Zoology 248: 97-137.

Laurent, P., and S. Dunel-Erb. 1984. The pseudo-
branch: morphology and function. In W.S.
Hoar and D.J. Randall (editors), Fish physiol-
ogy 10B: 285-323. Orlando: Academic Press.

Long, J.A. 1997. Ptyctodontid fishes from the late
Devonian Gogo Formation, Western Australia,
with a revision of the European genus Crenur-
ella Grvig 1960. Geodiversitas 19: 515-556.

Lund, R. 1974. Stethacanthus altonensis (Elasmo-
branchii) from the Bear Gulch Limestone of
Montana. Annals of Carnegie Museum 43, art.
8: 161-178.

Lund, R. 1985a. The morphology of Fualcatus
falcatus (St. John and Worthen), a Mississippian
stethacanthid chondrichthyan from the Bear
Gulch Limestone of Montana. Journal of
Vertebrate Paleontology 5: 1-19.

Lund, R. 1985b. Stethacanthid elasmobranch
remains from the Bear Gulch Limestone (Na-
murian E2b) of Montana. American Museum
Novitates 2828: 1-24.

Lund, R. 1986. On Damocles serratus, nov. gen. et
sp. (Elasmobranchii: Cladodontida) from the
Upper Mississippian Bear Gulch Limestone of

Oxford:

MAISEY: BRAINCASE IN PALEOZOIC SHARKS 119

Montana. Journal of Vertebrate Paleontology
6(1): 12—-19.

Lund, R. 2000. The new actinopterygian order
Guildayuchthyiformes from the Lower Carbon-
iferous of Montana (USA). Geodiversitas 22:
171-206.

Lund, R., and E. Grogan. 2004. Five new
euchondrocephalan Chondrichthyes from the
Bear Gulch Limestone (Serpukhovian, Namur-
ian E2b) of Montana. In G. Arratia, M. Wilson,
and R. Cloutier (editors), Recent advances in
the origin and radiation of early vertebrates:
505-531. Munich: Pfeil.

Luther, A. 1908. Untersuchungen iiber die vom N.
trigeminus innervierte Muskulatur der Selachier
(Haie und Rochen). Acta Societatis Scientiarum
Fennicae 36: 1-168.

Maisey, J.G. 1980. An evaluation of jaw suspen-
sion in sharks. American Museum Novitates
2706: 1-17.

Maisey, J.G. 1983. Cranial anatomy of Hybodus
basanus Egerton from the Lower Cretaceous of
England. American Museum Novitates 2758:
1-64.

Maisey, J.G. 1984. Chondrichthyan phylogeny:
a look at the evidence. Journal of Vertebrate
Paleontology 4(3): 359-371.

Maisey, J.G. 1985. Cranial morphology of the
fossil elasmobranch Synechodus dubrisiensis.
American Museum Novitates 2804: 1-28.

Maisey, J.G. 1986. Heads and tails: a chordate
phylogeny. Cladistics 2: 201-256.

Maisey, J.G. 1987. Cranial anatomy of the Lower
Jurassic shark Hybodus reticulatus (Chon-
drichthyes: Elasmobranchii), with comments
on elasmobranch systematics. American Muse-
um Novitates 2878: 1-39.

Maisey, J.G. 1989. Visceral skeleton and muscu-
lature of a late Devonian shark. Journal of
Vertebrate Paleontology 9(2): 174-190.

Maisey, J.G. 2001a. A primitive chondrichthyan brain-
case from the Middle Devonian of Bolivia. /n P.E.
Ahlberg (editor), Major events in early vertebrate
evolution: paleontology, phylogeny, genetics,
and development: 263-288. New York: Taylor
and Francis, for the Systematics Association.

Maisey, J.G. 2001b. Remarks on the inner ear of
elasmobranchs and its interpretation from
skeletal labyrinth morphology. Journal of Mor-
phology 250: 236-264.

Maisey, J.G. 2004a. Endocranial morphology in
fossil and Recent chondrichthyans. In G.
Arratia, M. Wilson, and R. Cloutier (editors),
Recent advances in the origin and radiation of
early vertebrates. 139-170. Munich: Pfeil.

Maisey, J.G. 2004b. Morphology of the braincase
in the broadnose sevengill shark Notorynchus
(Elasmobranchii, Hexanchiformes), based on



120 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

CT scanning. American Museum Novitates
3351: 1-52.

Maisey, J.G. 2005. Braincase of the Upper
Devonian shark  Cladodoides — wildungensis
(Chondrichthyes, Elasmobranchii), with obser-
vations on the braincase in early chondrichth-
yans. Bulletin of the American Museum of
Natural History 288: 1-103.

Maisey, J.G., and M.E. Anderson. 2001. A
primitive chondrichthyan braincase from the
early Devonian of South Africa. Journal of
Vertebrate Paleontology 21(4): 702-713.

Maisey, J.G., and M.R. de Carvalho. 1997. A new
look at old sharks. Nature 385: 779-780.

Maisey, J.G., G.J.P. Naylor, and D.J. Ward. 2004.
Mesozoic elasmobranchs, neoselachian phylog-
eny and the rise of modern elasmobranch
diversity. In G. Arratia and A. Tintori (editors),
Mesozoic fishes 3—systematics, paleoenviron-
ments and biodiversity. 17-56. Munich: Pfeil.

Marinelli, W. 1936. Kranium und Visceralskelett.
A. Allgemeine Probleme. In E. Bolk, E.
Goppert, E. Kallius, and W. Lubosch (editors),
Handbuch der vergleichende Anatomie der
Wirbelttiere 4: 207-232. Berlin and Wien:
Urban and Schwarzenberg.

Martin, R.F. 1972. Osteology and evolution in
neotropical Bufo. American Midland Naturalist
88(2): 301-317.

Miles, R.S. 1965. Some features of the cranial
morphology of acanthodians and the relation-
ships of the Acanthodii. Acta Zoologica (Stock-
holm) 46: 233-255.

Miles, R.S. 1967. Observations on the ptyctodont
fish, Rhamphodopsis Watson. Journal of the
Linnean Society of London (Zoology) 47:
99-120.

Miles, R.S. 1968. Jaw articulation and suspension
in Acanthodes and their significance. In T. Orvig
(editor), Current problems of lower vertebrate
phylogeny: 109-127. Stockholm: Almgqvist and
Wiksell.

Miles, R.S. 1971. The Holonematidae (placoderm
fishes), a review based on new specimens of
Holonema from the Upper Devonian of Western
Australia. Philosophical Transactions of the
Royal Society of London 263: 191-234.

Miles, R.S. 1973. Relationships of acanthodians.
In P.H. Greenwood, R.S. Miles, and C.
Patterson (editors), Interrelationships of fishes:
63-103. London: Academic Press.

Miles, R.S., and G. Young. 1977. Placoderm
interrelationships reconsidered in the light of
new ptyctodontids from Gogo, Western Aus-
tralia. /n S.M. Andrews, R.S. Miles, and A.D.
Walker (editors), Problems in vertebrate evolu-
tion: 123-198. London: Linnean Society.

NO. 307

Miller, R.F., R. Cloutier, and S. Turner. 2003. The
oldest articulated chondrichthyan from the
Early Devonian period. Nature 425: 501-504.

Motta, P.J., and C.D. Wilga. 1999. Anatomy of
the feeding mechanism in the nurse shark
Ginglymostoma cirratum. Journal of Morpholo-
gy 24: 1-29.

Newberry, J.S. 1889. The Paleozoic fishes of North
America. United States Geological Survey
Monograph 16: 1-340.

Norris, H.W., and S.P. Hughes. 1920. The cranial,
occipital and anterior spinal nerves of the
dogfish, Squalus acanthias. Journal of Compar-
ative Neurology 31: 293-402.

Oclofsen, B.W. 1986. A fossil shark neurocranium
from the Permo-Carboniferous (lowermost Ecca
Formation) of South Africa. /n T. Uyeno, R.
Arai, T. Taniuchi, and K. Matsuura (editors),
Indo-Pacific fish biology: proceedings of the
Second International Conference on Indo-Pa-
cific Fishes: 107-124. Tokyo: Ichthyological
Society of Japan.

Orvig, T. 1962. Y a-t-il une relation directe entre
les Arthrodires ptyctodontides et les Holocé-
phales? In J.P. Lehman (editor), Problemes
actuels de paléontologie: evolution des Verté-
brés: 49-61, Colloques Internationaux du Cen-
tre national de la Recherche scientifique, Paris.

Orvig, T. 1975. Description, with special reference
to the dermal skeleton, of a new radotinid
arthrodire from the Gedinnian of Arctic Ca-
nada. Colloques Internationaux du Centre
national de la Recherche scientifique 218: 41-71.

Pehrson, T. 1922. Some points in the cranial
development of teleostomian fishes. Acta Zool-
ogica (Stockholm) 3: 1-63.

Poplin, C. 1974. Etude de quelques Paléoniscoidés
pennsylvaniens du Kansas. Cahiers de Paléon-
tologie, Centre national de la Recherche scien-
tifique, Paris.

Rieppel, O., and H. Zaher. 2000. The braincase of
mosasaurs and Varanus, and the relationships of
snakes. Zoological Journal of the Linnean
Society 129: 489-514.

Ristovska, M., B. Karaman, W. Verraes, and D.
Adriaens. 2006. Early development of the
chondrocranium in Salmo letnica (Karaman,
1924) (Teleostei: Salmonidae). Journal of Fish
Biology 68: 458-480.

Rizkalla, W. 1976. The hypophysis of the marine
teleost fish, Mugil auratus Risso. Acta Agrono-
mica Academiae Scientiarum Hungaricae 27:
155-162.

Romer, A.S. 1964. The braincase of the Paleozoic
shark Tamiobatis. Bulletin of the Museum of
Comparative Zoology at Harvard University
131: 89-105.



2007

Schaeffer, B. 1981. The xenacanth shark neuro-
cranium, with comments on elasmobranch
monophyly. Bulletin of the American Museum
of Natural History 169: 3-66.

Schauinsland, H.H. 1903. Beitrage zur Entwick-
elungsgeschichte und anatomie der Wirbeltiere.
1. Sphenodon, Callorhynchus, Chameleo. Z.oolo-
gica, Heft 39: Stuttgart.

Schultze, H-P. 1973. Crossopterygier mit heterzer-
ker schwanzflosse aus dem Oberdevon Kana-
das, nebst einer beschreibung von Onychodon-
tida-resten aus dem Karbon der USA.
Palaeontographica Abteilung A, Palacozoolo-
gie-Stratigraphie 143: 188-208.

Sequeira, S.E.K., and M.I. Coates. 2000. Reassess-
ment of **Cladodus” neilsoni Traquair: a primitive
shark from the Lower Carboniferous of East
Kilbride, Scotland. Palaeontology 43: 153-172.

Sewertzoff, A.N. 1899. Die Entwickelung des
Selachierschiadels. Ein Beitrag zur Theorie der
korrelativen Entwickelung. Festschrift Carl von
Kuppfer. Jena: Fischer.

Shirai, S. 1992. Squalean phylogeny: a new frame-
work of “squaloid” sharks and related taxa.
Sapporo: Hokkaido University Press.

Shirai, S., and K. Nakaya. 1990. Interrelationships
of the Etmopterinae (Chondrichthyes, Squali-
formes). In H.W. Pratt, S.H. Gruber, and T.
Taniuchi (editors), Elasmobranchs as living
resources: advances in biology, systematics,
and the status of the fisheries. U.S. National
Oceanic and Atmospheric Administration Tech-
nical Report 90(1990): 353-362.

Shirai, S., and O. Okamura. 1992. Anatomy of
Trigonognathus kabeyai, with comments on
feeding mechanism and phylogenetic relation-
ships (Elasmobranchii, Squalidae). Japanese
Journal of Ichthyology 39(2): 139-150.

Smith, B.G. 1942. The heterodontid sharks: their
natural history, and the external development of
Heterodontus japonicus based on drawings by
Bashford Dean. In The Bashford Dean Memo-
rial Volume: Archaic Fishes 8: 649-770. New
York: American Museum of Natural History.

St. John, O.H., and A.H. Worthen. 1883. Descrip-
tions of fossil fishes; a partial revision of the
cochliodonts and psammodonts. Geological
Survey of Illinois 7: 55-264.

Stensiod, E. 1948. On the Placodermi of the Upper
Devonian of East Greenland. II. Antiarchi: Sub-
family Bothriolepinae. Palacozoologica Groen-
landica 2: 1-622.

Stensio, E. 1963a. Anatomical studies of the
arthrodiran head. 1. Preface, geological and
geographical distribution, the organization of
the arthrodires, the anatomy of the head in the
Dolichothoraci, Coccosteomorphi and Pachyos-
teomorphi. Taxonomic appendix. Kungliga

MAISEY: BRAINCASE IN PALEOZOIC SHARKS 121

Svenska Vetenskapsakademiens Handlingar 9:
1-419.

Stensid, E. 1963b. The brain and the cranial nerves
in fossil, lower craniate vertebrates. Skrifter av
det norske Videnskaps-Akademi I Oslo 1, Ny
Serie 13: 5-120.

Summers, A.P. 2000. Stiffening the stingray skele-
ton - an investigation of durophagy in myliobatid
stingrays (Chondrichthyes, Batoidea, Myliobati-
dae). Journal of Morphology 243: 113-126.

Vandewalle, P., A. Chikou, P. Laleye, E. Parmen-
tier, F. Huriaux, and B. Focant. 1999. Early
development of the chondrocranium in Chry-
sichthys auratus. Journal of Fish Biology 55:
795-808.

Vandewalle, P., G. Germeau, P. Besancenet, E.
Parmentier, and E. Baras. 2005. Early develop-
ment of the head skeleton in Brycon moorei
(Pisces, Ostariophysi, Characidae). Journal of
Fish Biology 66: 996-1024.

Van Wijhe, J.W. 1922. Frithe Entwickelungsstu-
dien des Kopf- und Rumpfskeletts von
Acanthias vulgaris. Bijdragen tot der Dierkunde
22: 271-298.

Walls, G.L. 1942. The vertebrate eye and its
adaptive radiation. Michigan: Cranbrook In-
stitute of Science.

Watson, D.M.S. 1925. The structure of certain
palaeoniscoids and the relationship of that group
with other bony fishes. Proceedings of the
Zoological Society of London 1925: 815-870.

Watson, D.M.S. 1926. The evolution and origin of
the amphibia. Philosophical Transactions of the
Royal Society of London (B) 214: 189-257.

Watson, D.M.S. 1937. The acanthodian fishes.
Philosophical Transactions of the Royal Society
of London (B) 228(549): 49-146.

Wedden, S.E., J.R. Ralphs, and C. Tickle. 1988.
Pattern formation in the facial primordia. De-
velopment Supplement 103: 141-153.

Wilga, C.D. 2005. Morphology and evolution of
the jaw suspension in lamniform sharks. Journal
of Morphology 265: 102-119.

Williams, M.E. 1985. The “‘cladodont level’” sharks
of the Pennsylvanian black shales of central
North America. Palaecontographica Abteilung
A, Palaeozoologie-Stratigraphie 190: 83-158.

Witmer, L.M. 1995. The extant phylogenetic
bracket and the importance of reconstructing
soft tissues in fossils. /n J. Thomasen (editor),
Functional morphology in vertebrate paleontol-
ogy: 19-33. Cambridge: Cambridge University
Press.

Wolfram, K.E. 1984. The functional anatomy of
the jaw suspension of Notorynchus cepedianus
(Chondrichthyes, Selachii), with application to
fossil forms. Unpublished M.Sc. thesis, Univer-
sity of Nebraska. 249 pp.



122 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

Wolpert, L. 1983. Constancy and change in the
development and evolution of pattern. /n B.C.
Goodwin, N. Holder, and C.C. Wylie (editors),
Development and evolution: 45-57. Cambridge:
Cambridge University Press.

Wood, S.P. 1982. New basal Namurian (Upper
Carboniferous) fishes and crustaceans found
near Glasgow. Nature 297: 574-577.

Yano, K., K. Mochizuki, O. Tsukada, and K.
Suzuki. 2002. Further description and notes of
natural history of the viper dogfish, Trigonog-
nathus kabeyai from the Kumano-nada Sea and
the Ogasawara Islands, Japan (Chondrichthyes:

Etmopteridae). Ichthyological Research 50:
251-258.
Young, G.C. 1979. New information on the

structure and relationships of Buchanosteus
(Placodermi, Euarthrodira) from the early
Devonian of New South Wales. Zoological
Journal of the Linnean Society 66: 309-352.

Young, G.C. 1980. A new early Devonian
placoderm from New South Wales, Australia,
with a discussion of placoderm phylogeny.
Palacontographica Abteilung A, Palaecozoolo-
gie—Stratigraphie 167: 10-76.

Young, G.C. 1984. Reconstruction of the jaws and
braincase in the Devonian placoderm Bothrio-
lepis. Palaeontology 27: 635-661.

Young, G.C. 1986. The relationships of placoderm
fishes. Zoological Journal of the Linnean
Society 88: 1-57.

Young, G.C. 1991. The first armoured agnathan
vertebrates from the Devonian of Australia. In
M.M. Chang, Y.H. Liu, and G.R. Zhang
(editors), Early vertebrates and related problems
of evolutionary biology: 67-85. Beijing: Science
Press.

Young, J.Z. 1981. The life of vertebrates, 3rd ed.
Oxford: Oxford University Press.

Yu, X. 1998. A new porolepiform-like fish,
Psarolepis romeri, gen. et sp. nov. from the
Lower Devonian of Yunnan, China. Journal of
Vertebrate Paleontology 18: 261-274.

Zangerl, R. 1965. Radiographic techniques. /n B.
Kummel and D. Raup (editors), Handbook of
paleontological techniques: 305-320. San Fran-
cisco: Freeman and Co.

NO. 307

Zangerl, R. 1966. A new shark of the family
Edestidae, Ornithoprion hertwigi from the Penn-
sylvanian Mecca and Logan Shales of Indiana.
Fieldiana Geology 16: 1-43.

Zangerl, R. 1973. Interrelationships of early
chondrichthyans. /n P.H. Greenwood, R.S.
Miles, and C. Patterson (editors), Interrelation-
ships of fishes: 1-14. London: Academic Press.

Zangerl, R. 1981. Chondrichthyes I. Paleozoic
Elasmobranchii. /n H.-.P. Schultze (editor),
Handbook of paleoichthyology, vol. 3A. Stutt-
gart: Gustav Fischer Verlag.

Zangerl, R. 1990. Two new stethacanthid sharks
(Stethacanthidae, Symmoriida) from the Penn-
sylvanian of Indiana, U.S.A. Palaeontographica
Abteilung A, Palaeozoologie-Stratigraphie 213:
115-141.

Zangerl, R., and G.R. Case. 1976. Cobelodus
aculeatus (Cope), an anacanthous shark from
Pennsylvanian black shales of North America.
Palacontographica Abteilung A, Palaeozoolo-
gie—Stratigraphie 154: 107-157.

Zangerl, R., and E.S. Richardson. 1963. The
paleoecological history of two Pennsylvanian
black shales. Fieldiana Geology: Memoirs 4:
1-352.

Zangerl, R., and M.E. Williams. 1975. New
evidence on the nature of the jaw suspension
in Palaeozoic anacanthous sharks. Palaeontol-
ogy 18(2): 333-341.

Zhu, M., and X. Yu. 2002. A primitive fish close to
the common ancestor of tetrapods and lungfish.
Nature 418: 767-770.

Zhu, M., X. Yu, and P.E. Ahlberg. 2001. A
primitive sarcopterygian fish with an eyestalk.
Nature 410: 81-84.

Zhu, M., X. Yu, and P. Janvier. 1999. A primitive
fossil fish sheds light on the origin of bony
fishes. Nature 397: 607-610.

Zidek, J. 1992. Late Pennsylvanian Chondrichthyes,
Acanthodii, and deep-bodied Actinopterygii from
the Kinney Quarry, Manzanita Mountains, New
Mexico. New Mexico Bureau of Mines and
Mineral Resources Bulletin 138: 145-182.

Zidek, J. 1993. A large stethacanthid shark
(Elasmobranchii, Symmoriida) from the Missis-
sippian of Oklahoma. Oklahoma Geology
Notes 53: 4-15.



