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Figure11 Cladogram summarIsIng relationships
betweentaxadiscussedin the text, including
the new forms Portalodus, Aztecodus,and
Anareodusdescribedhere. Synapomorphies
(as discussedin the text) are: 1, phoebodont
tooth crown (having three main cusps,
central cusp slightly smaller). 2, single
button on lingual torus. 3, basewith labial
extension.4, lingual torus lost. 5, crenulated
mesial cutting ridge. 6, accessorylateral
cusps. 7, diplodont tooth crown (central
cusps much reducedor absent, two main
lateral cusps). 8, diplodont tooth crown
(inferred parrallelism). 9, spine detached
from dorsal fin, with pectoral or occipital
attachment.10,squamationlost.

that a ctenacanth-likespine is primitive for
xenacanthsis not inconsistentwith Zangerl's
suggestionthat their dentition is derived from a
cladodont tooth type (see below). We therefore
concludethat objectionsto xenacanthaffinity for
Antarctilamtul basedon its 'ctenacanth-like'spines
areconcernedwith symplesiomorphy,andhaveno
foundation.

Teeth
Teethpresumablyoriginatedasmodified dermal

denticles,andprimitively canbe assumedto have
resembledscalesin bothsizeandmorphology(e.g.,
Williams 1985: 141). However, faced with the
morphological range of known Devonian shark
teeth (from diplodont to cladodont), either one
conditionmustbe interpretedasprimitive and the
others derived, or special argumentsmay be
invoked to justify a less parsimonioushypothesis
of an unknown primitive morphological type.
Zangerl (1981: 7) proposedthat the simplest
cladodonttooth form was a singleelongatecrown
anda small base,which could then be 'enhanced',
first by expansionof the base and addition of
cusps,andthenby modificationsin cuspsize.Thus
he regardedxenacanthteeth as of 'modified
cladodontdesign'(1981:63), therebyimplying that
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thecladodontconditionwasprimitive. Lund (1985:
15) agreed that a single simple cone was the
primitive tooth crown condition, using outgroup
comparisonwith osteichthyans,but notedthat the
'simplest condition known among mandibular
teethof chondrichthyanswasthecoronodontstate:
a distal-proximal series of subequalcusps fused
into a 'multicuspidunit'. Lund suggestedthat this
is plesiomorphic for elasmobranchs,and that
protacrodont(low, subequalcusps),diplodont,and
cladodonttypesarealternatederivedconditionsof
the tooth crown developedon a 'synapomorphic'
base.Thesealternativehypothesesof Zangerland
Lund were both apparentlyacceptedby Williams
(1985), who noted a tendencyto fusion in typical
anacanthbranchialdenticles,which could then be
modified into a typical cladodont dentition by
enhancementof the centralcusp,anddevelopment
of a lingual torus. Williams regardedthese two
features as advancedfor all anacanthoussharks
exceptCobelodus,which he suggestedexhibitedthe
primitive conditionfor anacanthoussharks(where
most teeth are small simple cones, with poorly
developedbases,resemblingthe small Petrodus),
like scales··on the headof Stethacanthusandother
form. However this interpretation has the
unparsimoniousconsequenceof requiring the
evolution of multicuspid teeth in anacanthsharks
independentlyof that in other elasmobranch
groups.

Supportfor Lund'shypothesisis providedby the
multicuspidbranchialdenticlesobservedin many
forms, including Antarctilamna(Young, 1982: plate
87, figures 9, 10). Howeverto interpretdiplodont,
cladodont and other types as alternatederived
conditions of the tooth crown requires the same
interpretationfor the 'phoebodontid'tooth type as
well, or any other combination. For heuristic
reasons therefore, we provisionally follow
Zangerl's interpretationthat the cladodont tooth
type (seenin a diversity of Palaeozoicsharks) is
plesiomorphicrelative to the diplodont type. We
note, however, that the known fossil record
(Leonodusof Mader 1986) suggeststhe opposite.
Thedifferencesin tooth morphologyandhistology
within the Family Xenacanthidae(e.g., ]ohnson
1980: 930; Zangerl 1981: figure 69; Hampe 1991)
may be seenas variationson the diplodont theme.
However the fact that the crown in xenacanthids
alwayscomprisesthreecuspswith anorthodentine
histology, which emergeseparatelyfrom the base,
may be derived featurescharacterisingthe family
(Hampe 1991), by which they are distinguished
from more primitive tooth types of Antarctilamtul
andphoebodontids(but histologyis not yet known
in these).

Under this interpretation,the phoebodonttooth
type would representan intermediatestageof cusp
reduction.Phoebodontidteetharecharacterisedby
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Figure 12 Summary of biostratigraphic occurrence of
shark remains from the Aztec Siltstone,
using overall faunal list data from new sites
in Cook Mountains.

having three main cusps in the crown, with the
central cusp slightly smaller; and primitively there
is a bilobed base, Including smaller intermediates
there may be five cusps, but specimens with four
cusps are uncommon, and with six or seven
extremely rare (Ginter and Ivanov 1992). Apart
from reduction of the central cusp, the only other
tooth character possibly uniting the group is the
30-40° inclination of the lateral cusps away from
the central cusp mentioned by Zangerl (1981), but
this is seen in other forms (e.g., MCf1lurdodus) and is
not a clear-cut character. Thus on the evidence of
coronal morphology the phoebodontids would be
a paraphyletic grouping.
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Regarding the structure of the base, the bilobed
conditIOn in some phoebodont teeth was
considered primitive for the family by Ginter and
Ivanov (1992), presumably by outgroup
comparison with forms like stethacanthids (e.g.,
Lund 1985). However, in the latter, two tubercles
are developed on the dorsal surface, whereas in
phoebodont teeth, including those with a bilobed
base, and in all xenacanth teeth, a single 'button' is
developed on the dorsal surface of the lingual
torus. In Alltarctilaf1llla, re-examination of the tooth
figured by Young (1982: figure 3C) suggests that it
may be mcomplete, with the base possibly larger
and bilobed (M. Ginter, pers. comm.). One example
of a tooth from the holotype was reported to show
a 'button', but some others which apparently
lacked it (Young 1982: 827) may be abraded (M.
Ginter, pers. comm.), so the state of this character
needs confirmation.

The lingual torus is regarded as a derived
character by most authors, and is one of a variety
of mechanisms evolved within the Chondrichthyes
to maintain proper spacing between successive
teeth in a tooth family (Zangerl 1981: 8) until they
move up into a functional position (e.g., Hampe
1988a: figure 3). Thus the 'button' on the dorsal
surface of the lingual torus in Phoebodus fits into a
depression in the base of the overlying tooth
(Ginter and Ivanov 1992: figure 2), with teeth
presumably held together by inter-dental ligaments
(Lund 1985). In various cladodont teeth the lingual
torus may have two buttons developed, but the
single button in phoebodont and diplodont teeth
seems to be a consistent feature, and may be
interpreted as a synapomorphy uniting
'phoebodontids' as a paraphyletic stem-group to
xenacanths in the broad sense (see Figure 12). A
differentiated 'basal tubercle', developed from a
general 'labio-basal thickening' of some
phoebodonts (Ginter and Ivanov 1992: figure 2),
which in certain species (e.g., P. australiellsis, Long
1990: figure 40) is developed as a distinct 'ventro­
labial boss', may define a less inclusive group
(some Phoebodus species, and stem and crown­
group xenacanths; Figure 12). It should be noted
that Zidek (in Cappetta et al. 1993) has suggested
that in the Early Oevonian form Leollodus 'the
basolabial boss and basolingual margin show a
tendency toward splitting', on which evidence he
suggests a possible ctenacanthoid affinity. But this
resemblance, if confirmed, may be a
symplesiomorphy, in which case it would indicate
only that reduction of the central cusps preceded
the development of a single basal tubercle in the
Leollodus lineage. On the other hand, phoebodontid
teeth, as just discussed, demonstrate the opposite
situation, so there is clearly some homoplasy
involved in these detailed tooth characters.

In Omalodus and Portalodus, which have a labial
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extension instead of a lingual torus, the base must
have been held in the tooth row in a different way.
However it is not clear from its orientation whether
the labial projection functioned as a spacing device.

The arrangement of foramina and canals for
vascular supply to the tooth is another feature of
the base which may be different in closely related
forms. Hampe (1988b: figure 3a) described the
system in Orthacanthus as two parallel, labio­
lingually arranged canals connected to a cavity
below the crown, with a separate supply to the
small intermediate cusp. In contrast, in Triodus
there is a ramifying system to all three cusps
(Hampe 1989: figure 2). In Phoebodus gothicus there
is a single canal traversing the base (Gross 1973: 34,
figure 13b), and a similar foramen is observed on
the ventral face of the base in Antarctilamna (Figure
3A). However a different arrangement is seen in
Phoebodus austraIiensis, which has two large
transverse canals passing through the base (Long
1990: figure 4E). Although internal structure has
not been studied, Portalodus (Figure 6C) and
probably Mcmurdodus (Turner and Young 1987:
figure 3B) show labial and lingually placed
foramina on the base, with the intervening canal
partly or wholly enclosed, or expressed as a groove
across the ventral surface - a combination of the
supposedly distinctive types of vascularisation
pattern illustrated by Duffin and Ward (1983:
figure 4A-C). It is not clear at present that these
different patterns have any phylogenetic
significance.

Relationships of the new taxa
Based on the foregoing discussion, the three new

taxa described above may be placed in a
provisional cladistic framework (Figure 11). All the
new taxa are variants on the diplodont pattern,
with largest cusps placed at the lateral margins
rather than centrally, as in cladodont teeth.
However Aztecodus and Anareodus share features
not seen in Portalodus (crenulated cutting ridge,
small accessory cusps at lateral margins of crown),
which we assume to indicate a close relationship.
On the other hand, Portalodus resembles the genus
Omalodus erected by Ginter and Ivanov (1992: 62)
in the absence of a lingual torus, and development
of a labial extension to the base, which forms an
obtuse angle with the crown. By outgroup
comparison (e.g., Antarctilamna, ,Phoebodus',
'Cladodus' tooth types), the labial extension is
interpreted as a unique derived feature, whereas
the absence of a lingual torus must be a secondary
loss. On available evidence therefore we consider
Portalodus and Omalodus immediately related, and
Aztecodus and Anareodus immediately related as
two sister-group pairs. This implies that the
diplodont condition evolved independently in
Portalodus, and as discussed above there may be
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other evidence based on character distribution
which indicates further homoplasy in this feature.
However, for the present we suggest that the
diplodont condition of Antarctilamna,
Diplodoselache, and crown group xenacanths is a
synapomorphy by which those taxa are grouped
together. Lacking information on other features
(e.g., fin-spine morphology), the Aztecodus­
Anareodus clade does not have a clear position
either within or outside the Xenacanthida on
available evidence.

Biostratigraphy
The use of Devonian shark teeth in

biostratigraphy is becoming increasingly
important. Many new species have been recently
identified and their age ranges tied into well-dated
sections, some intercalated with marine sections
containing conodonts or spore zonations (Turner
1982, 1990, 1991, 1992, 1993; Turner and Young
1987; Long 1990; Ginter 1990; Ginter and Ivanov
1992). Ginter and Ivanov (1992: figure 9)
summarise the biostratigraphic distribution of
Phoebodus teeth through the Late Devonian of
eastern Europe in relation to the standard
conodont zonation. They note their absence thus
far from the early Frasnian, and rarity in the latest
Frasnian linguiformis Zone level in sequences in
Moravia (Hladil et al. in press) which may be due
to the Kellwasser extinction event. Phoebodont
maximum diversity apparently corresponds with
that of palmatolepid conodonts in the Famennian,
and their widespread distribution is indicated by
occurrences in Australia (Turner 1982), Thailand
(Long 1990), and Morocco (Derycke 1992).

Ginter and Ivanov (1992) give the earliest
occurrence of Phoebodus teeth as the Givetian of
North America (Paul Frank Quarry bone beds),
and they also record Givetian occurrences from
Poland, Australia, and the Kutsnetz Basin. Stritzke
(1986) figured a phoebodont tooth from the
hermanni-cristatus conodont zone of the Rhenish
Schiefergebirge, Germany. The new Antarctic taxa
are of similar age (see discussion in Young 1988:
16-19). The biostratigraphic distribution of the new
taxa in Antarctic sections is summarised in Figure
12, and corresponds to zones 6a-e in the scheme of
Young (1993), which are provisionally equated
with varcus to hermanni-cristatus Zone conodonts
(Givetian).

An older ' Phoebodus' tooth from the Jauf
Formation of Saudi Arabia (Forey et al. 1992) is a
considerably large tooth that has very small central
cusps. It has been studied by one of us GAL) and is
not regarded here as properly referred to the
genus. Zidek (in Cappetta et al. 1993) considered
the earliest Phoebodus to be of Eifelian age (P.
floweri, a form synonymised with P. fastigatus by
Ginter and Ivanov 1992), but his evidence of age is
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Figure 13 Antarctilamna prisca Young 1982. ere 21213, Bunga Beds, south coast of New South Wales. A, latex cast
showing impressions of the palatoguadrate (pg) previously illustrated by Young (1982, fig. 8C) and
associated meckelian cartilage (Mk, xl). B, latex cast of counterpart to A, showing associated gill-arch
elements (ga) and teeth (xl). e, detail of gill arch element shown in B, with associated teeth (x 4)., D, teeth
from lower left of e showing striations on labial side of cusps (upper tooth) and small cusplets lateral to
major cusps (lower tooth, base obscure; x 4). E, teeth from top right corner of e showing the button on the
lingual torus (x4).
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not provided. Omalodus bryanti Ginter and lvanov
1992, is recorded from the late Givetian of the
Kuznetsk Basin, but the original material of Wells
(1944) came from the same locality as Ph. floweri
(Kiddeville bone-bed, lower part of Boyle
Limestone), and this was also regarded by Wells
(1944) as Givetian in age.

Biogeography
The diversity of middle Palaeozoic

chondrichthyans from the Gondwana continents
resulting from new discoveries over the last 15
years indicates that a substantial part of their fossil
record is not represented in the well-studied
Palaeozoic successions of the Northern
Hemisphere. The only possible chondrichthyans
(based on teeth) from the Early Devonian of the
Euramerican or Asian terranes is material of
Doliodus problematicus from the Emsian of
Campbelltown, New Brunswick, Canada. This
material, now housed in the Natural History
Museum, London, was originally described by
Woodward (1892) as acanthodian teeth, and has
been re-examined by one of us OAL). Some teeth
(e.g., BMNH 7076) show a well-developed root
system with vascular canals present, a
characteristic of chondrichthyan teeth. Despite this,
most of the record of Early Devonian sharks is
from Gondwanan or neighbouring Gondwanan
terranes, suggestive of a Gondwana origin for the
chondrichthyans (exclusive of identifications based
on scales alone).

Apart from the diplodont teeth of several taxa in
the Aztec fauna dealt with above, similar teeth are
also known from southern Africa (Bokkeveld
Formation, upper Middle Devonian, Oelofson
1981), and South America and various parts of the
Middle East have yielded similar fin-spines (but
apart from Saudi Arabia, no teeth as yet). All of
these areas are thought to have been part of
Palaeozoic Gondwana, and a synthesis of these
occurrences is given in Lelievre et al. (1993).
Previous biostratigraphic and biogeographic
assessment of the Antarctic Aztec assemblage led
to the hypothesis of Gondwana origin for the
xenacanth clade, and subsequent dispersal into the
northern hemisphere (Young 1989a, 1990). This
was in accord with evidence from a range of taxa,
both invertebrate and vertebrate, indicating a biotic
dispersal episode, perhaps related to changes in
global palaeogeography (e.g., Young 1981, 1987).
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